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 Transition metal catalyzed alkene isomerization is a simple concept involving the 

atom ecomonical migration of carbon-carbon double bonds, however challenges to be 

met include achieving high positional and stereochemical selectivity, substrate generality, 

and simplicity of catalyst use.  Alkene isomerization is an important technology in 

industry that contributes to an array of applications, including the SHOP process, 

DuPont’s adiponitrile process, Takasago synthesis of (-)-menthol, and for the synthesis of 

fragrances, to name a few. 
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This thesis describes the successful discovery and development of a novel 

bifunctional catalyst for alkene isomerization which has circumvented many of the 

general obstacles mentioned above.  Notable and attractive features of the ruthenium 

catalyst include the following: the ability to isomerize a variety of heterofunctionalized 

alkenes, efficient activity under mild conditions, low loading of catalyst (even as low as 

0.01-0.05 mol%), and formation of exclusively (E)-isomer products of high purity.  

Isomerization over as many as thirty bonds was seen, leading to the term “alkene zipper” 

catalyst. Kinetic studies show that our catalyst migrates double bonds over 3.5 million 

times faster than it performs E-to-Z-geometrical isomerism.  Isomerization of neat 

substrate has also been demonstrated , in addition to the near quantitative isolation of 

pure (E)-product on a multigram scale. 

A second area developed herein is sequential methathesis – isomerization of 

alkenes, by which differentially functionalized long carbon chains can be constructed in 

two steps. Chains with two combinations of end groups could be made, either alcohol and 

aldehyde, or aliphatic ether and enol ether. Preliminary studies show that from the latter, 

additional end groups could be created. 
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Chapter 1 

 

Importance and Scope of Alkene Isomerization 
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Chapter 1 

Importance and Scope of Alkene Isomerization 

 

Our present industrialized society would be impossible without catalysis.  Catalysis is 

both ecologically and economically significant.
1
  Nearly 95% of all products in the 

chemical industry involve catalysis at some stage in their production.
2
  In 2007, the 

annual demand for catalysts worldwide was estimated to exceed 850,000 tons with a 

projected increase annually by approximately 4% through 2012.
3
  The significant impact 

the field of catalysis provides on a global basis can be demonstrated by the value of the 

products produced through catalysis, which has exceeded 900 billion dollars per year.
4,5

  

Advances in catalysis are a fundamental factor in the economic viability of the chemical 

industry, namely by reducing energy requirements and minimizing materials, waste, and 

pollution. Catalysts are generally classified as heterogeneous or homogeneous, where in 

the heterogeneous case the phase of the catalyst is different than that of the reactants; an 

important example would be the solid catalytic converter for automobile exhaust gases.  

Homogeneous catalysts, where reactant(s) and catalyst are in one phase, are commonly 

used for high purity, high-value chemical production.  The most prevalent example of 

homogenous catalysis in industry is the oxo process, otherwise known as 

hydroformylation,
4
 which produces aldehydes from alkenes using transition metals, 

followed by reduction to alcohols to be converted to detergents and plasticizers.   

Heterogeneous catalysis is of greater importance on the industrial scale accounting for 

approximately 80% of all catalytic processes. 
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Alkenes, specifically ethylene and propylene, are an extremely significant commodity 

being that they are the fundamental building blocks for a vast family of petrochemicals.
6
  

Historically, the industry evolved around maximizing ethylene production by the 

technology of steam cracking, with propylene as a byproduct.  In 2005, the global 

ethylene production capacity for ethylene and propylene was 107 and 67 million tons, 

respectively.
7
  In 2010, world production of ethylene was over 138 million tons,

8
 and one 

year later, in 2011, global ethylene supplies reached 141 million tons per year.
9
  Alkenes 

are major commercial petrochemicals that serve a significant importance as chemical 

feedstocks.  

Reactions involving alkenes are principal transformations in industry, producing 

products for a wide variety of applications.  One of these valuable reactions is the 

isomerization of alkenes, whether it be double bond migration, skeletal isomerism, or 

geometrical isomerism, all of which have been well studied and widely adopted in both 

academic and industrial settings.  

Alkene isomerization has been observed since the early 1900’s,
10

 where early reports 

involved efforts by petroleum companies to increase the octane ratings of olefin 

containing stocks.
11,12

  Oil refineries separate crude oil into components used as fuels, 

lubricants, and feedstocks which are converted into useful products for everyday life.  

Gasoline is typically composed of octane, where the octane rating is a measure of fuel 

performance.  The higher the octane rating, the more compression the fuel can withstand, 

thus the better performance.  Alternatively, low octane fuels lead to premature detonation 

causing engine knock which causes severe engine damage.  Chemists have explored 

various ways to increase the octane rating in fuels.  Attempts made to increase the octane 



4 

 

 

 

number of fuels by petroleum companies involved the analysis of the fuel components.  

Besides branched hydrocarbons, olefins were found to increase the octane ratings over 

those of the corresponding parent alkane (Figure 1.1).   

 
 

Figure 1.1.  Octane rating of linear and branched olefins 

 

 

Different isomerization reactions were employed to convert low octane streams to 

higher octane streams.  Isomerization to increase the octane rating of gasoline involves 

skeletal isomerization to form branched chains.  Researchers also found conditions to 

suppress skeletal isomerization in favor of double bond migration, which also provides an 

increase in octane rating,
13

 and by varying catalyst and conditions it was discovered that 

double bond migration or skeletal isomerization can be selectively achieved.
13,14

  It was 

discovered that olefinic hydrocarbons in gas contribute to toxic exhaust emissions,
15

 

which promoted an upgrade in olefinic stocks by isomerization followed by 

hydrogenation to increase the antiknock value while low in unsaturates.
16

  Modern 

refinery processes for producing fuels incorporate blending various refinery streams to 

make gasoline with different characteristics, and one of these important refinery streams 

is the isomerate stream.  The history of producing gasoline in the petrochemical industry 

is a good introduction and utilization of isomerization in chemical compounds. 
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The following discussion of alkene chemistry will focus on the isomerization, or 

migration, of alkenes by moving hydrogens (Figure 1.2), rather than cover skeletal, or 

branched, isomerization by moving substituents like Cl, OAc, CN, or OH.  After a brief 

overview of two common alkene isomerization mechanisms, a survey of a variety of 

alkene isomerization applications, spanning petrochemical, perfume and fragrance, and 

medicinal areas of industry will be introduced. 

 
 

Figure 1.2. Alkene Isomerization: C=C bond migration 

 

 

Alkene isomerization involving hydrogen movement is generally thought to occur 

by way of either π-allyl or alkyl intermediates,
17,18

 where it appears that the nature of the 

metal complex determines the mode of reactivity.  The π-allyl mechanism involves 

coordination of an alkene to execute a 1,3-hydrogen shift (Figure 1.3).  As illustrated for 

a terminal olefin, activation of an allylic C-H bond at γ position is thought to afford an ƞ
3
-

π-allyl metal-hydride intermediate, in which the metal subsequently delivers the hydride 

to the α-position followed by substrate dissociation.  Typical metal systems thought to 

operate by the 1,3-hydrogen shift pathway are Fe(CO)5,
19

 Fe3(CO)12, Pd(NCPh)2Cl2,
20

 

and ClRh(PPh3)3.
21-23
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Figure 1.3. Comparison of the two most prevalent alkene isomerization catalytic cycles: 

a) allyl mechanism, b) alkyl mechanism 

 

 

The second alkene isomerization mechanism, which appears to be the more 

common one, starts with a transition metal hydride (Figure 1.3, pathway b).
24

  The alkyl 

mechanism is proposed to proceed via Markovnikov insertion of a coordinated alkene 

into a metal-hydride bond, either present in the added catalyst or created in-situ, affording 

a metal σ-alkyl intermediate.  β-Hydrogen elimination from the σ-alkyl species, at the γ-

position of the substrate, gives rise to the isomerized alkene with concomitant 

regeneration of metal hydride to complete the 1,2-hydrogen shift.  Typical metal hydrides 

which are thought to act in this way include HCo(CO)4,
24

[HNi(PPh3)3]
+
,
25

 and 

HRuCl(PPh3)3.
26
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Figure 1.4. Fate of D migration offers mechanistic evidence for both the π–allyl or alkyl 

alkene isomerization pathway 

 

 

The distinction between the allyl and alkyl mechanisms can typically be made by 

using deuterium labeled alkenes (Figure 1.4).  Depending on the 
2
H incorporation of the 

product alkene as determined by NMR spectroscopy,
27

 either the 1,2- or the 1,3-

migration pathway can be detected. 

Olefin functionalization is a fundamental catalytic process of which is pertinent 

for organic synthesis on the laboratory scale, but also for voluminous scale industrial 

processes.
28,29

  For instance, the manufacture of plasticizers, rubbers, and detergents, the 

process of alkene isomerization is representative of an integral operation on a million ton 

scale.  Furthermore, this methodology is often used in the pharmaceutical and fragrance 

industry, as presented below. 

 

1.1. Alkene isomerization in industry 

The DuPont adiponitrile process
24,30-32

 is the largest use of homogenously 

catalyzed hydrocyanation, accounting for approximately 75% of the world’s production 

of adiponitrile (1.1),
33

 an important precursor to nylon 6,6.  Industrial synthesis of 

adiponitrile from butadiene (Figure 1.5) occurs in three stages: a first hydrocyanation (to 
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form a mononitrile), olefin isomerization, and a second hydrocyanation to form 

adiponitrile.  Though hydrocyanation is beyond the scope of this section, the 

isomerization step is imperative to achieve maximum yields of adiponitrile. 

 

Figure 1.5. Industrial synthesis of adiponitrile from butadiene 

 

Two modes of isomerization occur during DuPont’s adiponitrile process.  A 

nickel(0) tetrakis(phosphite) catalyst in the presence of HCN and a Lewis acid react with 

butadiene to afford mononitrile isomers, the desired product 1.3 and undesired 1.4, where 

the selectivity is dependent on ligand sterics.
28,34

  Branched mononitrile 1.4 undergoes a 

skeletal rearrangement to afford the desired linear mononitrile 1.3 (Figure 1.6), with the 

proposed mechanism stating with oxidative addition of the C(3)-CN bond to regenerate 

intermediate 1.2. 

 

Figure 1.6.  Reactions involved in the first hydrocyanation step in the DuPont 

adiponitrile process, leading to pentenenitrile 1.3 
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Pentenenitrile 1.3 undergoes a key olefin isomerization that is imperative for the 

maximum conversion to the desired final product, adiponitrile.  Fortunately and 

surprisingly, isomerization to the terminal position (forming 1.5) is more kinetically 

favorable than to conjugated nitrile 1.6 (Figure 1.7, part a).
28,32-35

  The kinetic preference 

of 1.5 over the more thermodynamically favored conjugated nitrile 1.6 is crucial because 

1.6 is a catalyst poison. 

 

Figure 1.7. Later steps in DuPont’s adiponitrile process: a) isomerization and final 

hydrocyanation, b) proposed intermediate in significant isomerization step 

 

 

The key intermediate in the proposed cycle for the selective isomerization of 1.3 

to 1.5 is an 18-electron, coordinatively saturated cationic nickel-hydride complex (Figure 

1.7, part b).  Dissociation of a phosphite ligand is needed for an open coordination site for 

the substrate to bind, where the isomerization proceeds in a kinetically controlled fashion 

to selectively afford 1.5,
35-39

 with subsequent anti-Markovnikov hydrocyanation to 

generate adiponitrile, 1.1. Lewis acid additives can prove to be beneficial, though the 

precise mechanistic role remains under debate.
25,30,32,33,35,36,38-43
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Shortly after DuPont’s adiponitrile process became commercialized, another 

remarkable process that employs alkene isomerization was implemented in the chemical 

industry.  The Shell Higher Olefin Process (SHOP) is an important catalytic method that 

was commercialized by Royal Dutch Shell in 1977 to generate α-olefins of preferred 

length, from ethylene, and subsequently the corresponding aldehydes and fatty alcohols 

for detergents and surfactants.
4,44,45

  The SHOP process incorporates the following 

reactions: oligomerization (Figure 1.8), double bond isomerization, and metathesis 

(Figure 1.9). 

 

Figure 1.8. Oligomerization of ethylene by Ni catalyst 

 

 

 The starting material is ethylene, which is generated by the petroleum industry by 

steam cracking of hydrocarbons.  The SHOP process differs from the many ethylene 

polymerizations which seek to produce very high molecular weight material (e.g. Zeigler-

Natta conditions, or more modern variants).
46

  Instead, in SHOP, ethylene undergoes 

polymerization using a nickel catalyst and chelating phosphanylenolato ligand,
4,30,32,47

 to 

afford a series of olefin fractions, C4-C10, C12-C20, and C20+ (Figure 1.9).  The olefins are 

then separated by size, where the desired end product C12-C20 fraction undergoes linear 

hydroformylation, and the short C4-C10 and long C20+ are combined to undergo alkene 

isomerization.
45
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Figure 1.9. SHOP process steps: a) alkene isomerization and b) methathesis 

 

 

The alkene isomerization reaction of long chain olefins, such as 1.8 to 1.9, is 

accomplished industrially using Na/K on Al2O3 or MgO, typical heterogeneous 

isomerization catalysts, which require temperatures spanning 80-140 
o
C and pressures of 

50-250 psi.
44,48,49

  This important isomerization step during the SHOP process ensures 

that approximately 90% of the α-olefins are converted to internal olefins, which are then 

subjected to the metathesis reaction.   The metathesis, under conditions similar to that for 

isomerization, of the lower and higher internal olefins, such as butadiene and 1.9, affords 

a mixture of olefins such as 1.10 and 1.11, which are then separated by distillation.  By 

recycling to full consumption, all ethylene employed in the first polymerization step can 

be converted by SHOP into the desired products, α-olefins or internal olefins. 

 Alkene isomerization is not limited to acyclic, linear substrates.  The industrial 

synthesis of co-monomer ethylidene norbornene (1.14), sometimes referred to as ENB, 

also utilizes alkene isomerization.
24,28,32

  When producing 1.14, greater than 99.7% 

conversion is needed to meet government health regulations
50

 for the generation of 

ethylene/propylene elastomers and synthetic rubber, known as ethylene-propylene-diene-

monomer (EPDM).  Vinyl norbornene (1.12) is synthesized from a Diels-Alder reaction 

between butadiene and freshly cracked cyclopentadiene. 
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Figure 1.10. Ethylidene norbornene (1.14) formation by catalyzed isomerization of vinyl 

norbornene (1.12) 

 

The isomerization of vinyl norbornene (1.12) to ethylidene norbornene (1.14) 

proceeds by a strong base or Ti based Zeigler catalyst (Figure 1.10).  It is presumed that 

path a can be followed by Na on Al2O3 or potassium tert-butoxide to afford ENB by 

allylic deprotonation, and subsequent reprotonation of the delocalized anionic 

intermediate.
51,52

  Path b is proposed to operate through a titanium-hydride addition 

across the alkene (1.13), with subsequent β-hydride elimination to generate desired 

product 1.14.
32,53

 

The substrate examples so far have been hydrocarbons, but significantly, alkene 

isomerizations can also tolerate oxygenated functional groups.  In the BASF synthesis of 

Vitamin A, the crucial C8 component 1.15 can be afforded in a commercially attractive 

yield from simple petrochemical raw materials.
24,28,54

  Acetone, formaldehyde, and 

isobutene are combined in a selective one pot reaction at high temperature and pressure to 

afford enone 1.15.  Disubsituted alkene 1.15 is subsequently treated with a Pd catalyst 
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(for example Pd black or PdCl2)
55

 to form the more stable, trisubstituted isomer 1.16 

(Figure 1.11). 

 

Figure 1.11. BASF synthesis of methyl heptenone 

 

 

Methyl heptenone 1.16 is an industrially important, versatile intermediate used to 

generate a variety of compounds, for instance β-ionone, along with Vitamin A, β-

carotene, and related compounds (Figure 1.12).
54-58

  

 
 

Figure 1.12. Methyl heptenone (1.16) as versatile intermediate in the syntheses of a) β-

ionone, b) linalool, c) β-carotene, and d) Vitamin A 

 

 

Asymmetric catalysis is an important approach to asymmetric synthesis for the 

generation of specific optical isomers of biologically active compounds, and 

isomerization of olefins offers impressive examples.  In theory, a chiral metal complex 

that is coordinated to one side of a prochiral alkene should be able to produce one optical 

isomer of product alkene.  Takasago Perfumery
59

 first illustrated this possibility for the 
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enantioselective isomerization of an allylic amine with a Co system, however Noyori 

later joined forces to optimize what gave rise to the industrial synthesis of (-)-menthol 

(1.23) (Figure 1.13).
4,24,28,30-32,60-62

  (-)-Menthol is a major fragrance and flavoring 

chemical used in medications, scents, toothpaste, food flavoring, and cigarettes, to name 

a few applications, whereas its enantiomer, (+)-menthol, is described as having a musty 

and unpleasant odor.  Of all eight possible isomers of the menthol skeleton, only (-)-

menthol  has the characteristic peppermint odor, greatest cooling activity, and ability to 

induce analgesia.
63

  (-)-Menthol can be obtained from the natural source, the common 

plant mint, or industrially, from chemical manufacturing.  The massive demand for (-)-

menthol (4500 tons/year)
4
 means that it must be manufactured. 

 
 

Figure 1.13. Takasago synthesis of (-)-menthol (1.23) 

 

 

The pyrolysis of β-pinene (1.17), an abundant natural terpene, affords myrcene 

(1.18) that is treated with lithium diethylamide for the generation of diethyl geranylamine 

(1.19).  The key enantiodetermining step is an elegant isomerization of 1.19 using a Rh
I
-

S-BINAP catalyst (1.20) to provide R-(-)-diethyl-E-citronellalamine (1.21) (96-99% e.e.) 
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and selectively installs the first of three chiral centers
4,30,31,64

 with a turnover greater than 

400,000.
30,32,64

  Citronellal (1.22) is generated from the hydrolysis of enamine 1.21, 

which is finally cyclized and reduced to create the last two of three chiral centers of 1.23.  

This remarkable synthesis of (-)-menthol creates three necessary chiral centers, where the 

key enantioselective isomerization illustrates one of the most effective applications of 

transition metal mediated asymmetric reactions in the homogenous phase. 

The flavor and fragrance industry has transformed from an artisanal effort to an 

industrial concern, now responsible for a total worldwide market of $16 billion.
65

  Allylic 

compounds like trans-anethole and trans-isoeugenol have high industrial demand as 

intermediates for the manufacture of various perfumes.  Trans-anethole is also important 

in applications such as the food and alcoholic beverage industry, and is profitable in oral 

sanitation products.  Isoeugenol has utility in antiseptic and analgesic medications, as 

well as vanillin production.  These alkenyl aromatics are industrially attractive
24,66

 and 

can be created by alkene isomerization (Figure 1.14) of naturally occurring allylic 

isomers. 

 

Figure 1.14. Base catalyzed isomerization of allylic aromatics to industrially important 

alkenyl compounds 

 

 

Although this discussion focuses mainly on transition metal catalysis, for 

comparative purposes we mention that strong bases have also been used to afford 

important compounds for everyday use.  Presently, the most common method for the 
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generation of alkenyl aromatics in industry is base catalysis at elevated temperatures.
67-69

  

Stoichiometric, and even excess amounts of base like KOH or NaOH in alcoholic 

solution transform allyl aromatics estragole (1.24) and eugenol (1.26) to the 

corresponding alkenyl aromatics trans-anethole (1.25) and trans-isoeugenol (1.27), 

respectively.  Under these conditions, 56% conversion is achieved with modest E:Z 

selectivity [82:18] in 12 hours.
70

  This methodology does have drawbacks including the 

following: the use of strong base in stoichiometric amounts, longer reaction times, 

incomplete conversion of reactant, low selectivity for the trans-isomer, high 

temperatures, caustic waste, and the likely need to separate the cis-isomer. 

 

Figure 1.15. Transition metal complexes, not used in industry, for the isomerization of 

fragrance type compounds 

 

 

Transition metal catalysts (Figure 1.15) appear to offer promising alternatives.  

Rhodium catalyzed isomerization of 1.26 to 1.27 was achieved in 92% yield (90% E-

1.27) in 2 h with 1.28.
71

 In an attempt to optimize the transformation, a screening with 

Pd, Rh, and Ru with phosphines, arsines, and stibines provided a metal complex capable 

of higher conversions to 1.27,
72

 where ruthenium complex 1.29 was most effective, 

forming 1.27 with 97% conversion (87% E-1.27 selectivity) in 5 h at 491 K.  According 

to food regulations, the trans-isomer (of commercial value for various applications) can 

have no more than 1% of cis-isomer impurity due to its toxicity and unpleasant taste.
70
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Recent improvements for trans-selectivity has been reported using Ru complexes 1.30 

and 1.31, where in 15 min and under 10 min, respectively, 99% E-1.27, with no Z-1.27, 

was detected.
73

 Industrial demand for such compounds has increased, suggesting that 

milder and more selective catalysts will find additional uses in the flavor and fragrance 

industry. 

Another class of isomerized alkene with societal benefit are certain fatty acids.  

Fatty acids and their derivatives are important long chain compounds that have a wide 

variety of uses in polymers, detergents, surfactants, lubricants, paint and oil additives, 

alkyd resins, cosmetics, and in the food industry.
74,75

  These fatty compounds are 

available through renewable resources, like fats, oils, or waxes of either plant or animal 

origin, in addition to synthetic resources from petrochemicals.  Fatty acids exist in 

saturated or unsaturated forms, where natural unsaturated fatty acids exist mostly in the 

cis-configuration, and can have multiple unsaturations, called polyunsaturated.  

Unsaturated fats are hydrogenated to form the reduced saturated fats, which benefit from 

reduced tendency to oxidation and rancidity.  During hydrogenation of unsaturated fats, 

partial hydrogenation as well as alkene isomerization can occur.  Hardening of fats is 

practiced on the industrial scale most commonly over Ni-based heterogeneous catalysts, 

however Pd is also used.
74

  Partial hydrogenation of fatty chemicals increases the 

proportion of trans-isomers, which was once considered useful for margarine products
76-

78
 but is now considered deleterious for health reasons.  For instance, the melting point of 

oleic acid (1.32) could be raised by forming elaidic acid (1.33), the major trans-fat 

present in hydrogenated vegetable oils (Figure 1.16).
79,80
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Figure 1.16. Nickel catalyzed cis-trans isomerization of unsaturated fats 

 

 

The isomerization of polyunsaturated fats also have commercial importance due 

to highly reactive nature of the corresponding conjugated dienoic compounds toward 

polymerization.
81-83

  These conjugated fatty acids and derivatives are utilized for 

technical applications like alkyd resins, soaps, lubricants, and plasticizers, in addition for 

the use as health supplements.
77,84,85

  Scientific interest in conjugated linoleic acid (CLA) 

and the biological effects of single isomers has progressed.
84-86

  The selective preparation 

of CLA is done by alkaline isomerization of oils rich in linoleic acid (1.34a), like 

soybean and safflower oil, to create two CLA isomers, 9c11t (1.35a) and 10t12c (1.36a) 

(Figure 1.17, condition a).
87

  The amount of CLA afforded after base catalyzed 

isomerization is dependent on the concentration of linoleic acid in the starting oil.
88

 

 

 

Figure 1.17. Unconjugated dienes 1.34a and 1.34b exhibit conjugation to 1.35a/1.36a 

and 1.35b/1.36b in a series of conditions, respectively 
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Progress in transition metal mediated isomerization of unconjugated oils like 1.34 

has been made in the past decade.  A high conversion of methyl linoleate (1.34b) to 95% 

of the conjugated counterparts, 1.35b/1.36b, has been reported using a Ru complex 

(Figure 1.17, condition b) in 24 h at 60 
o
C.

89
  However, byproducts like partial 

hydrogenation to methyl oleate and polymerization have been noted.  After screening 

many different complexes, an optimized Rh system (Figure 1.17, condition c) has 

achieved the conjugation of soybean oil in 95% yield.
85

  This system has also been 

applied to safflower, sunflower, walnut, corn, sesame, peanut, and fish oils with the hope 

of further optimization of this homogeneous system for industrial use for the production 

of CLA.
84,85,90

 

 The newest industrial process that utilizes alkene isomerization has gone 

commercial within the past decade.  Traditionally, the primary source of propylene has 

been as a byproduct from conventional steam cracking and refinery conversion processes.  

The Phillips Triolefin Process was first commercialized in 1965 by Phillips Petroleum 

Co. which generated butene and ethylene by the disproportionation of propene, ethylene 

being the product of interest.
91-94

  The traditional process of propylene production, as a 

byproduct via steam cracking, did not meet the increase in demand for propylene, so the 

Phillips Triolefin Process was shut down in 1972. Much more recently, an alternative 

industrial source of “propylene-on-purpose” became urgently needed.  The Olefins 

Conversion Technology (OCT) process, licensed by ABB Lummus, is the reverse of the 

Phillips Triolefin Process.
91,92,95,96

  This catalytic technology facilitates the selective and 

low capital conversion of low-value olefinic feed stocks of C4’s (butenes) and ethylene to 
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meet recent demand for propylene (Figure 1.18).  The OCT process can be used with a 

variety of surplus C4 streams, such as steam cracker C4’s, fluid catalytic cracker (FCC) 

C4’s, or natural gas liquids.
97

 

 

Figure 1.18. Olefins conversion technology (OCT) produces propene 

 

 

A mixture of fresh C4’s and C4 recycle from a previous OCT pass are mixed with 

ethylene feed and ethylene recycle.  The mixed feed is sent through a guard bed, where 

trace impurities are removed.  The mixed feed then enters the vapor phase fixed bed 

reactor, which contains both the metathesis catalyst and isomerization catalyst.  The C4 

feed contains a mixture of 1-butene and 2-butene.  Any 1-butene in the reactor will be 

isomerized by a common isomerization catalyst,
98

 MgO, to 2-butene.  2-Butene is the 

necessary alkene consumed during the metathesis reaction with ethylene to produce 

propene.  Tungsten oxides are preferred as catalyst in this application due to low-

sensitivity to any trace impurities in the feed, and reactors are regenerated on a regular 

basis.
94,96

  The butene conversion is approximately 65-70% per pass, and the propylene 

selectivity is greater than 90% per pass at temperatures > 260 
o
C and 30-35 bar.

94,99
  The 

OCT process has facilitated a propylene boost technology for the industrial production of 

polypropylene, (poly) acrylonitrile, acrolein, and acrylic acid. 

In summary, transition metal catalyzed alkene isomerization has wide industrial 

prominence.  Alkene isomerization has been used to aid society in the production of 

better or cheaper gasoline, nylon, detergents, plasticizers, soaps, waxes, paint additives, 
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oil additives, coatings, lubricants, food, cosmetics, rubbers, fragrances, flavoring, 

supplements, among others.  Furthermore, with the rising prominence of alkene 

metathesis in industry, it is likely that the utility of alkene isomerization either pre- or 

post-metathesis will increase. In short, the inclusion of additional uses for the alkene 

isomerization methodology in the future is certain. 

 

1.2. Non-industrial alkene isomerizations 

 A variety of transition metal catalysts have been developed for the migration of 

functionalized and non-functionalized alkenes.  The development is not limited to 

industry: major developments have been made through academic and national laboratory 

research. Traditionally, isomerization of olefins were carried out in extremely high 

temperatures ( > 300 
o
C)

100
 or with stoichiometric amounts harsh reagents, like strong 

bases
101

 which causes the generation of excess caustic waste.  Zeolites
102,103

 and other 

heterogeneous systems
104

 have also been reported to isomerize alkenes.  The following 

discussion on the reagents that promote alkene isomerization of non-functionalized 

alkenes, alkenols, and functionalized alkenes will be limited to transition metal catalysts. 

 

1.2.1. Non-functionalized alkenes 

The earliest cases documented on the isomerization of alkenes involved substrates 

that bear no functionality and introduced earlier in the chapter.  Heavy crude oil, or 

petroleum, is thermally cracked to obtain lighter and more valuable compounds, like 1-

olefins.  The importance and use of 1-alkenes was discussed above, for instance, 1-
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alkenes are essential in the SHOP process (Figure 1.8).  The following subsection 

reviews a selection of isomerizations of unfunctionalized alkenes, but is not meant to be a 

comprehensive review, starting with Group IV metals and working toward the right of the 

transition series. 

Titanocene dichloride (Cp2TiCl2) can be reduced with NaC10H8
105

 or Grignard 

reagent
106

 to form an active species in situ for the isomerization of monosubstituted 1-

alkenes to 2-alkenes.  The isomerization of 1,5-hexadiene can be tailored to afford 

geometrical isomers of 2,4-hexadiene or the cyclization product exo- or endo- methyl-

cyclopentene with high loading of substituted titanium complexes. 

Iron carbonyl complexes have been explored thoroughly in the literature, even for 

the isomerization of alkenes, and will be discussed further at a later time.  Paired with a 

light source, triiron dodecacarbonyl is used as a catalyst that shows efficient 

isomerization over multiple carbon-carbon bonds.  Iron catalysts are of interest because 

of the low cost of first-row transition metals. Beller and co-workers
107

 made small 

adjustments to the protocol for the selective isomerization of alkenes over one bond.  

Reintroducing the triiron cluster, successful attempts at monoisomerization were 

achieved with only 1 mol% Fe3(CO)12 with aqueous base in hot diglyme.  Reaction at 

room temperature very slowly leads to the 2-isomer, but even after nearly 17 days only 

50% of the product is given (Figure 1.19).  When the temperature is increased to 80 
o
C, 

transformation of the terminal alkene occurs within 1 hour with comparable (E/Z) 

selectivity to the room temperature reaction.  A longer alkene requires a longer reaction 

time and higher temperature to ensure reaction completion. 
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Figure 1.19. Monoisomerization with 1 mol% Fe3(CO)12 and  

3N KOH in diglyme at 80 
o
C 

 

 

A variety of metal carbonyl compounds were screened to evaluate the 

isomerization of 1-pentene to 2-pentene (Table 1.1).
108

  Many of these mono-, bi-, and tri-

nuclear metal carbonyls can, indeed, isomerize terminal olefins, however with different 

activity.  Rhenium and tungsten complexes are inactive, and the increase of ligand steric 

bulk leads to a decrease in isomerization.  Osmium, molybdenum, and cobalt were able to 

show activity, but Ru3(CO)12 had the best activity with turnover numbers of 10,000 for 

the isomerization of 1-pentene to 2-pentene.  Neither effects of catalyst concentration, nor 

product distribution of cis- and trans- isomers were discussed.  
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Table 1.1. Comparison of cluster catalysts for the isomerization of 1-pentene to 2-

pentene in toluene at 80 
o
C 

catalyst time % conversion 

Ru3(CO)12 3 h 100 

Ru3(CO)11((2-pentenyl)PPh2) 8 h  100 

[Ru(CO)2(MeCO2)2]n 10 d 66 

[Ru2(CO)4(μ-MeCO2)2(CH3CN)2] 5 d 100 

[Ru2(CO)4(μ-MeCO2)2(μ-dppm)2PF6] 10 d 35 

Os3(CO)12 10 d 100 

Re2(CO)10 10 d 4 

Co2(CO)8 3 d 100 

W(CO)6 10 d 0 

Mo(CO)6 10 d 80 

 

Figure 1.20 illustrates the cobalt-catalyzed dehydrohalogenation of 2-haloalkanes.  

The original report published uses a combination of CoCl2, N-heterocyclic carbene, and a 

Grignard reagent at room temperature to generate 1-alkenes from 2-haloalkanes.
109

  

Under prolonged heating, the terminal alkene was isomerized one bond to the trans-2-

alkene, with only trace amounts of other internal alkene isomers, which led Yorimitsu 

and Oshima to explore the cobalt-catalyzed isomerization of 1-alkenes to (E)-2-alkenes.  

 

Figure 1.20. Cobalt-catalyzed dehydrohalogenation of 2-haloalkanes  

to form 2-alkenes 

 

 

Further variation of conditions used in the dehydrohalogenation studies allowed 

an advancement in learning about cobalt-catalyzed isomerization.  Reducing the amount 
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of Grignard reagent still allows high selectivity toward the (E)-2-isomer, with only trace 

amounts of other alkene products (Table 1.2, entry 1).  The nature of the Grignard reagent 

is crucial: Me3SiCH2MgCl raises somewhat the yield of 2-alkene but also that of 3-alkene 

(entry 2), and more simple Grignard reagents lower both regio- and stereoselectivity 

(entries 3 and 4).  If the N-heterocyclic carbene ligand is exchanged for a smaller NHC 

(entry 5), regioselectivity is reduced, and phosphine ligands and bidentate ligands are far 

inferior (entries 6 and 7).  With the optimal NHC precursor, cobalt (II) dichloride is the 

only metal that can promote the isomerization reaction (entries 8 and 9). 

Table 1.2. Selective isomerization of 1-tetradecene to 2-tetradecene with cobalt 
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The effect of sterics in proximity to the alkene is obvious, because when 4-

methyl-1-tetradecene was treated under the conditions mentioned in Table 1.2 at 50 
o
C, it 

failed give full conversion to the 2-alkene.  One equivalent of the Grignard reagent was 

added, in addition to a temperature increase to 100 
o
C, for completion (Figure 1.21).  A 

sluggish reaction presented itself when a quaternary carbon is in close vicinity to the 

double bond only 51% yield of the trans-2-alkene among unidentified byproducts. 

 

Figure 1.21. Steric hindrance in close proximity to alkene affects isomerization 

 

 

Isomerization of variety of terminal alkenes (octene, decene, dodecene, 

tetradecene, hexadecene, octadecene) was carried out with PdCl2 and triethylsilane at 

room temperature.
110

  The reaction performed better in the absence of solvent, over a 

period of 6 h.  The reaction lacks selectivity for any one isomer, where the product 

distribution involves 1-, 2-, 3-, and n-alkenes (2-alkene > 50% of mixture), including the 

fully saturated alkane. 
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Adding functionality to the monounsaturated backbone will alter the requirements 

and demands of carbon-carbon double bond migration.  Alkenes with functional groups 

can be segregated by various criteria.  For simplicity, these alkenes will be divided into 

two categories: alkenols, which an alcohol is in close proximity (usually allylic or 

homoallylic) to the alkene, and the remaining olefins that bear functionality, 

functionalized alkenes.     

 

1.2.2. Redox: alkenols to carbonyls 

Alkenes that possess an alcohol functional group can be called alkenols.  As a 

class, alkenols encompass examples with short chain lengths between the two 

functionalities, long chains between the two functionalities, not to mention other 

substituents that decorate the compound.  The distance between alcohol and alkene is one 

useful way to categorize alkenols, where allylic alcohols are a special class, for which 

many isomerization catalysts are known, whereas homoallylic or more remotely 

separated examples comprise a second class, for which far fewer catalysts are known. 

The facile conversion of allylic alcohols to the corresponding carbonyl compound 

can be done in one step with transition metal catalyzed isomerization (Figure 1.22, 

pathway b), which is much more efficient than two-step pathway a, reduction of the 

alkene followed by alcohol oxidation. A variety of mechanisms have been suggested for 

pathway b, as will be discussed below.   



28 

 

 

 

 

Figure 1.22. Redox isomerization of alkenols: pathway (a) two step  

synthetic process, pathway (b) one step catalytic process 

 

 

Both allylic alcohols and carbonyl compounds are synthetically important and 

versatile intermediates.  The alkenol isomerization methodology is especially effective to 

create a variety of useful carbonyl compounds for synthesis.  The catalytic route of 

affording carbonyl compounds from allylic compounds via isomerization has many 

benefits: atom economy,
111

 absence of reactive and/or toxic reducing and oxidizing 

agents, devoid of caustic waste, and effectiveness on a large scale.   

Transition metals that most commonly are referenced in the literature for 

isomerization of allylic alcohols belong to Groups 8, 9, and 10.  Numerous examples of a 

variety of catalysts in this category will be included, in addition to a single example 

involving an earlier transition metal.  The following subsection reviews a selection of 

isomerizations of alkenols, but is not meant to be a comprehensive review, starting with 

Group VI metals and working toward the right of the transition series. 

Allylic alcohols were reported to undergo hydrogen transfer reaction with Group 

6 transition metal catalyst trans-Mo(N2)2(dppe)2 in refluxing benzene or xylene.
112

  

Hydrogen transfer was not the sole reaction observed, but varying ratios of three products 
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in particular were found when 20 mol% catalyst was used (Table 1.3).  Decreasing the 

amount of catalyst still allowed the reaction to proceed, but byproducts could not be 

eliminated.
113

   

Table 1.3.  Isomerization of allylic alcohols with trans-Mo(N2)2(dppe)2. In cases where 

side products are also formed, ratios of products are shown 

 

 

An overwhelming majority of the transition metal catalysts that catalyze the 

isomerization of alkenes belong to the transition metals in Group 8 and 9.  The elements 

in Group 8 that have been studied most for this reaction are iron and ruthenium. 

In the early 1960’s, it was discovered that iron pentacarbonyl had the ability to 

isomerize allyl alcohol to propanal.
114

  Experimental details were lacking, so researchers 

at The Proctor & Gamble Company explored this aspect, in addition to the substrate 

scope.
115

  It was found that within 2-6 hours, linear secondary alkenols are converted to 

ketones with 10-20 mol% Fe(CO)5 in hydrocarbon solvent at 110-125 
o
C.  Allylic and 

homoallylic alcohols undergo isomerization to product ketone in 60-80% (Figure 1.23), 

where other substrates were less reactive. 



30 

 

 

 

 

Figure 1.23.  Allylic and homoallylic alcohol isomerization with iron pentacarbonyl  

 

 

 Iron pentacarbonyl proved to be unsatisfactory in reactions with linear primary 

unsaturated alcohols and cyclic unsaturated alcohols because under the reaction 

conditions, the poisonous and volatile catalyst undergoes decomposition to precipitated 

iron metal.  Reducing the amount of catalyst to a range of 1-5 mol% of Fe(CO)5 and 

irradiating the reaction mixture in pentane improved results.
115

  After prolonged 

irradiation with a 200 W high pressure mercury lamp, loss of product was observed due 

to dimerization. 

Table 1.4.  Comparison of iron complexes as catalyst for the isomerization of alkenols 

 

 

 The search continued for the improvement of iron-catalyzed isomerization of 

alkenols.  Solid and easier-to-handle iron complexes Fe2(CO)9
116

 and Fe3(CO)12
117

 in 

hydrocarbon solvents, warm and irradiated, respectively, were presented as a better than  

Fe(CO)5.  Significantly, yields improved with these catalysts for isomerization of the 
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cyclic alkenols (Table 1.4).  The loading of iron is considerably high in these cases, 20-80 

mol% Fe3(CO)12, which means 60-240 mol% iron is used.  Diiron nonacarbonyl
116

 and 

triiron dodecacarbonyl
117

 are also effective in the migration of the double bond in 9-

decen-1-ol to decanal, a noticeably longer chain length migration compared to two bonds 

in the allylic case. 

 Iron carbonyl catalyzed isomerization of alkenols has been studied in quite some 

detail.  Experimental results were consistent with the proposed mechanism following the 

π-allyl metal hydride pathway;
114

 if the isomerization is allowed to proceed in a 

pressurized CO atmosphere, the reaction ceases, suggesting CO dissociation from the 

metal.
118

  Monitoring for detectable catalytically active intermediates during the reaction 

would lend rationale for a of mechanistic pathway, 
114

 although non-detectable 

intermediates in a given reaction mixture may also have the potential of being 

catalytically active.  The second pathway, metal-hydride addition-elimination, is also 

ruled out.  

 An experiment was set up to provide clues by which mechanism the iron-

mediated isomerization may proceed (Figure 1.24), where two epimeric alcohols were 

synthesized and treated with Fe(CO)5.
119

  The (S)-alkenol generated the expected ketone 

product, whereas no change occurred with the (R)-isomer.  Most likely, one can imagine 

the Fe coordinates on the least hindered exo side.  The (R)-alkenol would need to undergo 

a antarafacial sigmatropic 1,3-hydrogen shift, whereas the (S)-alkenol could give an Fe-H 

species to complete the isomerization to the ketone.  This experiment rules out the 

possibility of a sigmatropic shift on the opposite side of the metal, however this shift can 

occur when the metal is on the same side. 
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Figure 1.24. Isomerization of allyl alcohol epimers with iron pentacarbonyl 

 

 

None of the experiments done previously have resolved if this reaction is 

intermolecular or intramolecular, so a crossover experiment was developed with the 

deuterated analogue of the (S)-alkenol and 2-cyclohexenol (Figure 1.25).
120

  The 

experiments illustrated in Figure 1.24 and 1.25 are in agreement with an intramolecular 

process, because no deuterium was exchanged between substrates. 

 

Figure 1.25. Crossover experiment to prove intramolecular  

isomerization with Fe(CO)5 

 

 

In summary, the isomerization of alkenols to the corresponding carbonyl 

compounds with iron have been well-studied and documented.  Most reactions require 

high loadings of Fe to afford ketones and aldehydes in moderate to high yield.  The high 

amounts of Fe used makes the efficiency in terms of activity rather poor, so the search 

continued find a more active isomerization system. 
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Ruthenium and rhodium dominate the field for catalysis of allylic alcohol 

isomerizations.
121

  Many ruthenium complexes are synthesized from a versatile precursor 

RuCl3
.
xH2O, including [RuCl2(PPh3)3] which can subsequently be converted into the 

more active hydride complex, [Ru(H)Cl(PPh3)3], for isomerization.
122

 

[Ru(acac)3] is another complex that can be made from RuCl3
.
xH2O and is capable 

of alkene isomerization.  Unsubstituted olefins are readily isomerized (2-butanone in 15 

min at 100 
o
C from 3-buten-2-ol) and substituted olefins required extra time and higher 

temperature (ethyl phenyl ketone in 2 h at 130 
o
C from phenyl allyl alcohol).  The 

addition of PPh3 and a Brønsted acid to [Ru(acac)3] led to a more active catalyst, however 

an induction period of 3 h prompted the researchers of Shell in Amsterdam to search for a 

better ligand.  When PPh3 is replaced by phenanthroline, initial reactivity is doubled,
123

  

and the improved rate is accompanied by selectivity for isomerizing allylic alcohols in 

the presence of dienes (Table 1.5).  As previously observed internal olefins are 

isomerized less efficiently, especially with butadiene addition (entries 4 and 5). 
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Table 1.5.  Allylic alcohol isomerization with Ru(acac)3 in the presence of dienes 

 

 

In the early 1990’s, Trost and Kulawiec
124

 explored the redox isomerization of 

allylic alcohols using a cyclopentadienyl ruthenium catalyst (1.39).  Allylic alcohol 1.37 

was converted to corresponding ketone 1.38 [Figure 1.26, (a)] but various conditions had 

to be explored in order to optimize product yield.  At room temperature only 44% of the 

ketone was formed after 7 d, but increasing the temperature to 60 
o
C for 8.5 h allowed for 

69% of 1.38.  The addition of NH4PF6, as a buffer and chloride scavenger, results in a 

more favorable yield of 1.38 (81%) in less time (2 h) at 100 
o
C. 

Exploration of the substrate scope for the redox isomerization using 

CpRu(PPh3)2Cl (1.39) confirmed that an alcohol needs to be in the allylic position for 

isomerization to occur (Figure 1.26, entry 1).  Remote alkenes are unaffected under the 

conditions successful for allylic alcohols (Figure 1.26, entry 2).  Cyclopentadienyl 

ruthenium (II) catalyst 1.39 is selective toward the redox isomerization of allylic 

alcohols, however sluggish reactivity was seen (Figure 1.26, entries 3 and 4), possibly 

due to the fact the catalyst is substitutionally inert.  Indenyl analogue 1.40 was proposed 
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to enhance the rate of reaction,
125

 with respect to the cyclopentadienyl complex 1.39, by 

opening of a coordination site by ring slippage (indenyl effect).  The rate of reaction, 

indeed, is accelerated with catalyst 1.40 (Figure 1.26, entries 3 and 4). 

 

Figure 1.26.  Redox isomerization of allylic alcohols with Trost’s Ru complexes 

 

 

In the late 1990’s, Kirchner and co-workers
126

 made some adjustments to Trost’s 

catalytic system for allyl alcohol isomerization.  The most influential change to the CpRu 

complex was to increase the lability of the ligands, by using acetonitrile ligands.  

Monophosphine complexes 1.41-1.43 were synthesized by reacting stoichiometric 

amounts of phosphine and [CpRu(NCCH3)3]PF6, and the products showed high activity 

for the isomerization of allyl alcohols (Figure 1.27) 
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Figure 1.27.  Redox isomerization of allylic alcohols with Kirchner’s Ru complexes 

 

 

The new modifications to the CpRu complex did improve aspects of the 

isomerization reaction.  With monophosphine complexes 1.41-1.43, at 57 
o
C only 1 

mol% Ru(II) was needed to afford high yields of the corresponding carbonyl compounds.  

As seen in Figure 1.27, complexes 1.41-1.43 will only react with allylic alcohols.  

Although there have been improvements with the conditions presented by Kirchner, in 

some cases byproduct Z is found from what could be a catalytic tandem process.  Both 

the yield and product distribution appear to be dependent on the substrate and the ligand 

(Figure 1.27, part b).  The steric bulk of cinnamyl alcohol (entry 3) eradicates the 

formation of tandem product Z with catalysts 1.41 and 1.42, however when the catalyst 

bears sterically hindered PCy3 (like 1.43), no aldehyde is formed.   



37 

 

 

 

Secondary allylic alcohols were converted to the corresponding ketones using a 

Ru source lacking phosphine ligands.  Within an hour at reflux in acetonitrile,  2 mol% 

[Cp*Ru(NCCH3)3]PF6 (Cp* = pentamethylcyclopentadienyl) promotes the isomerization, 

but only with an added base, creating near quantitative yield of ketone.
127

   

Just recently, a supramolecular catalyst has been reported to be active in the 

isomerization of allyl alcohols.
128

  Reactions taking place in a supramolecular cavity can 

allow substrates to be in close proximity to accelerate bimolecular reactions and influence 

regioselectivity, however suffer from product inhibition and require high catalyst 

concentrations.  Bergman and co-workers encapsulated Kirchner’s CpRu complex 1.42 

within the aqueous supramolecular host pictured in Figure 1.28. 

 
Figure 1.28. Space-filling and schematic representation of supramolecular assembly 

 

 

The encapsulated Ru catalyst is “selective,” so selective that only terminal and 

non-sterically hindered alkenes are isomerized.  Some substrates were completely 

unreactive and some substrates would inhibit catalysis by coordination to the 

encapsulated metal.  The encapsulated catalyst is thus a great proof of concept for the 

development of “green” catalysts and protection against decomposition, but is extremely 

limited in its scope of reaction, for the reasons mentioned above. 
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Ruthenium has proven to be a very successful metal center to create catalysts for 

alkenol isomerization, however Group 9 transition metals are also lucrative for the 

isomerization of alkenes.  After the discovery of Fe(CO)5, the efficiency of [HCo(CO)4] 

as an alkene isomerization catalyst was researched.
129

  The reaction was carried out in an 

atmosphere of CO, and produced low yields when unfunctionalized and functionalized 

alkenes were used, because of competitive hydroformylation.  

Rhodium is an efficient transition metal in the catalysis of isomerization, as was 

seen previously in the Takasago synthesis of (-)-menthol (Figure 1.12) but also in 

commercial applications of asymmetric hydrogenation, hydroformylation involving 

alkene isomerization, etc.
130

  In isomerization, a new chiral carbon could be generated if 

the starting alkene is asymmetrically substituted (Figure 1.29, a).
131

  Furthermore, as 

shown in Figure 1.29, b, isomerization of a racemic mixture of allylic alcohols under 

kinetic resolution by the catalyst could lead to one enantiomer, if the catalyst selectively 

interacts with one of the two faces of the alkene.
132,133

 

 

Figure 1.29. Asymmetric isomerization of allylic alcohols: a) prochiral allylic alcohol 

and b) kinetic resolution of racemic mixture of allylic alcohols 

 

 

 Examples of both processes are known, although the latter type has been reached 

with greater difficulty.  Entry 1 of Table 1.6 was included in one of the first studies on 

asymmetrical isomerization of allylic alcohols.  An extremely low e.e. was afforded, even 
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with chiral ligand DIOP.  Enantiomeric BINAP ligands have been employed in a plethora 

of asymmetric catalysts, in addition to being patented for the use in isomerization 

catalysts.  The asymmetric [Rh(R)-(+)-BINAP(cod)]
+
 catalyzed transformation of allylic 

alcohols result with e.e. values up to 53% (entry 2), which are much lower values 

reported for the asymmetric isomerization of allylic amines using the same catalyst 

system.
130

  Rh with (S)-BINAP allows for the stereoselective isomerization of meso-1,4-

diols for the formation of hydroxyketones in high e.e., though vinyl silyl ethers offer even 

better e.e. (entry 3).
134

  Kinetic resolution of hydroxycyclopentenones with an Rh (R)-

BINAP complex to obtain high purity ( >99% e.e.) of the (R)-hydroxycyclopentenones 

(27% chemical yield), resulted in prolonged reaction times (14 days) (entry 4).
131

 

Table 1.6. Asymmetric allylic isomerization with various Rh complexes 
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Bergens and Bosnich studied allylic alcohol isomerizations catalyzed by the 

hydrogenation product of Rh(diphos)2(ClO4) (Table 1.7).
135

  Consumption of the parent 

compound, allyl alcohol occurs in 14 min, affording a 1:1 ratio of geometrical isomers in 

89% yield.  Over a longer period (minutes to hours), the enol tautomerizes to the 

aldehyde. 

Table 1.7. Isomerization of allylic alcohols by Rh(diphos)2(ClO4) activated by H2 

 

 
  

Rhodium transition metal catalysts allow for a variety of allylic alcohols to be 

isomerized.  Typically, Rh does not allow TONs over 100 for isomerization and is quite 

expensive,
136

 however no other metal can deliver chiral products in a facile manner when 

paired with chiral ligands. 

 Moving to consider third-row metals, precatalyst [Ir(COD)(PhCN)(PPh3)](ClO4) 

is first reacted under hydrogen atmosphere at room temperature, followed by addition of 

allyl alcohol, giving (Z)-enol of allyl alcohol as major product, before slow 

tautomerization to the aldehyde.
137

  Using a more active catalyst, [Ir(CO)(PPh3)2](ClO4), 

for the isomerization of allylic alcohols in an atmosphere of H2, the products are rapidly 

formed but with slight impurity of the hydrogenation product..  [Ir(CO)(PPh3)2](ClO4) 

completes isomerization of 3-buten-2-ol quicker than the corresponding Rh 
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analogue.
138,139

  Another iridium hydride complex for alkenol isomerization is IrH5(i-

Pr3P)2.  The active species is thought to be formed by the liberation of H2 from the 

pentahydride complex at 100-110 
o
C to give IrH3(i-Pr3P)2.

140
  The yields of the 

isomerization reaction are good, although the hydrogenation product is formed in some 

cases (Table 1.8). 

Table 1.8. Alkenol isomerization with 0.2 mol% IrH5(i-Pr3P)2 with hydrogenation 

byproducts 

  

 

 The mechanism proposed for this reaction to proceed is based on liberation of a 

molecule of H2 on heating to form IrH3L2, which is presumed to be the active species 

(Figure 1.30).
141

 Coordination of the unsaturated alcohol is proposed to occur, followed 

by alkene insertion into an iridium-hydride bond, with subsequent β-elimination to afford 

the enol product.  The ketone is presumed to form by tautomerization of the dissociated 

enol.
140
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Figure 1.30. Proposed mechanism for isomerization of allyl alcohol with iridium 

pentahydride complex 

 

 

 Group 9 metals rhodium and iridium have been noteworthy in the homogenous 

catalysis of alkenol isomerization, whereas transition metals in group 10 (nickel, 

palladium, and platinum) are quite sparse in the alkenol isomerization literature.  Nickel 

catalyzed isomerization, skeletal and positional, of simple alkenes and some dienes has 

been researched, but the isomerization of allylic alcohols with nickel has not received 

much attention.  The first report used two equivalents of bis-phosphine ligand per Ni(0) 

to form the square planar complex [Ni(dppb)2] (Figure 1.31).
142

  In benzene, the Ni 

complex is combined with HCN in a 1:4 ratio to generate the active species, of which 

converts allyl alcohol to propanal in 25 minutes (TON =125).  The loss of reactivity 

occurs in the absence of HCN, when TFA (trifluoroacetic acid) is substituted for HCN, 

and when the pre-formed complex [Ni(CN)2(dppb)] is used instead of catalyst formation 

in situ.  A bis-phosphite complex, [Ni(P(O-o-Tol)3)2(C2H4)], was discovered to isomerize 
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unsubstituted alkenols (Figure 1.31), but deactivation of the catalyst ensues within 2 h in 

the presence of substituted alkenols.
143

  In 1979, a bidentate thiophosphine, [HNi(P-

SEt)2]B(C6H5)4, was observed to participate in isomerization of alkenols, with activation 

by an acid co-catalyst,
144

  though the publication is lacking any experimental details. 

 

Figure 1.31. Various nickel complexes for the isomerization of alkenols 

 

 

Some 20 years after the last publication on nickel catalyzed allyl alcohol 

isomerization, the [Ni(dppb)2] complex that first displayed this type of reactivity was 

revisited.  This complex was made in situ from [Ni(cod)2].
145

  After screening for the 

preferred acid co-catalyst, TFA proved to be better in this system than AcOH or HCl.  

Two equivalents of the acid are preferred; a lower concentration of TFA gives a slower 

reaction, meanwhile a higher concentration of TFA gives more acid-catalyzed side 

reactions.  Unfortunately, this system suffers serious drawbacks considering that the 

catalyst deactivates completely after 60 turnovers, which is proposed to occur by product 

aldehyde coordination to the metal. 

Isomerization of allylic alcohol using nickel complexes is still a new area.  The 

work using palladium for allyl alcohol isomerization is also scarce.  What small amount 
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of palladium-catalyzed isomerizations are covered in the literature involves 

functionalized alkenes other than alkenols (see next subsection). 

Platinum hydride chemistry was studied for the possibility of carbon-carbon bond 

migration because of insertion of olefins occurs in a facile manner.
146

  With alkenes other 

than allyl alcohol, the coordinatively unsaturated platinum hydrido complex trans-

[PtH(PR3)2(acetone)]
+
X

-
 reversibly adds the alkene substrate to form four-coordinate 

intermediate trans-[PtH(PR3)2(olefin)]
+
X

-
 . 

 
 

Figure 1.32.  Formation of propanal and π-allyl platinum complexes from equimolar 

amounts of allyl alcohol and platinum hydride 

 

 

 However, catalysis does not ensue with trans-[PtH(PR3)2(acetone)]
+
X

- 
when allyl 

alcohol is the substrate (Figure 1.32).  The conversion of allyl alcohol to propionaldehyde 

is stoichiometric with this series of Pt-H complexes.  Only a 50% yield of aldehyde is 

observed, where the remaining substrate reacts with the metal complex to form a 

[Pt(allyl)(PR3)2]
+
X

-
 complex (Figure 1.32).  Allyl ethers do not undergo the same 

reactivity with the Pt-H species as allylic alcohols, but experience catalyzed double bond 

migration and will be discussed in a later section. 

When the correct transition metal catalyst and conditions are utilized, the 

isomerization of alkenes can be a completely atom-economical process, moreover, allylic 

alcohol isomerization generates an elegant route to carbonyl compounds that have several 
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useful applications.  Many catalysts poison product mixtures with impurities from side 

reactions, substrate or catalyst degredation, or isomers of the desired product.  Clean 

rapid transformations are one of the fundamental requirements for how a catalyst 

behaves.  Some metal complexes work well on allylic alcohols, where some do not like 

the Pt complex in Figure 1.32, causing degradation of the substrate or product of interest.  

The goal is to have superior reaction conditions in terms of yield, turnover, rate, and 

selectivity in order to proceed in a mild a facile manner.  

 

1.2.3. Heterofunctionalized alkenes 

 The isomerization of alkenes is not only limited to substrates comprised of only 

hydrocarbon or allylic alcohol moieties, but also to alkene substrates incorporating 

heteroatoms devoid of the allylic alcohol functionality.  The most frequently used 

transition metal catalysts are ruthenium and rhodium phosphine complexes, however 

other metals not limited to iridium, palladium, and iron are capable of shifting carbon-

carbon double bonds. 

 
 

Figure 1.33.  Different catalysts give different isomeric product distributions 

 

 

 For most catalysts, the outcome of alkene isomerization can be inconsistent, and 

depends on many factors.  The yield and product distribution may change with transition 

metal modification, phosphine, and solvent (e.g., Figure 1.33).  These alterations may 

also effect the time and temperature it takes for the reaction to complete.  The following 
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subsection will discuss select examples of transition metal catalyzed alkene isomerization 

of functionalized alkenes, but is not meant to be a comprehensive review, starting with 

Group VI metals and working toward the right of the transition series. 

Chromium carbonyls have been applied to the isomerization of diene allyl ethers 

to create the corresponding conjugated enol ethers.
147

 In acetone, chromium complex 

[Cr(CO)3(naphthalene)] affords products with extremely high stereoselectivity.  The 

diene is proposed to coordinate to the metal in a cisoid conformation, followed by 

rearrangement to an 
5
-chromium hydride intermediate, which then may provide the 

controlled migration to form the silyl dienol ether (Figure 1.34, top pathway).  The 

alternative conformational isomers in the bottom pathway of Figure 1.34 are envisaged to 

suffer from severe steric repulsion, thus are not formed. 

 
Figure 1.34.  Stereocontrolled formation of sily dienol ethers based on proposed 

intermediates of the top route 

 

 

 Dienol silyl ethers of the allylic type were combined with [Cr(CO)3(naphthalene)] 

in degassed acetone at ambient temperature for 4 h to produce the dienol silyl ethers of 

the vinylic type.  The isomeric identity of the conjugated product was justified by 
1
H 
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NMR nuclear Overhauser effect (nOe), which is conformation that indeed this 

isomerization of olefins is stereoselective. 

 
 

Figure 1.35.  Chromium carbonyl isomerization to synthetically useful intermediate for 

Diels Alder reactions 

 

 

 A (2E,7Z,9E)-decatrienoate (Figure 1.35) is produced exclusively by chromium-

mediated isomerization of the related (2E,6E,8Z)-triene in good yield.  To display the 

synthetic utility of the conjugated triene product, heating said product in toluene 

implements a Diels-Alder reaction ultimately resulting in a single (racemic) endo-

bicyclononene adduct.  Although the loading of [Cr(CO)3(naphthalene)] is high, this 

methodology leads to the impressively controlled formation of silyl dienol ethers and 

ultimately functionalized six-membered rings with establishment of relative 

stereochemistry. 

 Catalysts derived from transition metals in Group 8 are the most abundant 

complexes to isomerize the double bond in olefins.  Using iron pentacarbonyl (Table 1.9), 

migration of the alkene is facilitated by either heating or irradiation, with ultraviolet light, 

of the substrate and catalyst mixture.  Compounds bearing an allyl moiety were combined 

with catalytic amounts (5 mol%) of Fe(CO)5 and irradiated with a 50 Watt mercury lamp 

under an inert atmosphere (Table 1.9).
148
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Table 1.9.  Isomerization of O- and C- allyl derivatives using 5 mol% Fe(CO)5 by 

irradiation 

 

entry substrate product time E:Z ratio 

 

1   

 

11 h 

 

56:44 

 

2 

  

 

2.5 h 

 

48:52 

3   14 h 
Z,Z = 26% 
E,Z = 43% 

E,E = 31% 

 

4 

  

 
R = H   14 h 

R = F    14 h 

 
R = H   95:5 

R = F  98:2 

 
5 

 
 

 
 

 

 
35 h 

 

 
41:34 

 

 

 The propenyl products produced in Table 1.9 are trans-rich stereoisomeric 

mixtures.  Entries 1-4 show quantitative conversion upon irradiation, where ethyl and 

phenyl propenyl ethers (entries 1 and 2, respectively) are formed as (E)- and (Z)-isomers 

in nearly 1:1 ratio.  Irradiation of diallyl ether supplies an isomeric mixture of dipropenyl 

ethers (entry 3).  Allylbenzene and allyl pentafluorobenzene are isomerized to primarily 

all trans- counterparts by both irradiation and heating (entry 4).  Homoallylic alcohol 

butenyl methyl ether (entry 5) isomerizes into a mixture consisting of 75% enol ether and 

25% of 2-butenyl methyl ether. 
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Table 1.10.  Light induced isomerization of nitrogen containing alkenes with iron 

substrate loading solvent temp (
o
C) time conversion 

 200 mol% C6H6 80 22 h 12% 

 
- - - - decomposition 

 

100 mol% xylene 138 15 h 83% 

 

Since iron pentacarbonyl has the ability to isomerize allylic substrates with carbon 

and oxygen atoms, substrates containing a nitrogen atom in the allylic position were 

contemplated.  Stoichiometric amounts of Fe(CO)5 were used for the isomerization of N-

allylamides and –imides in hot aromatic solvent, whereby not producing adequate results 

(Table 1.10).
149

  Exchange of aromatic solvents to polar solvents (methanol or acetone) 

and reducing the loading to 5 mol%, some N-allyl amides, ureas, and carbamates were 

converted to their N-propenyl analogues.
150

  For example, irradiation of N-allyl-N’-

phenyl urea and 5 mol% catalyst in methanol led to complete isomerization in less than 

4.5 h and an increase in cis:trans ratio over time. 

Silyl enol ethers are important synthetic intermediates in organic chemistry that 

are typically formed from carbonyl compounds.  The alkene isomerization methodology 

became adapted for the novel transition metal mediated transformation of silyl enol ethers 

from allyl silyl ethers.  Earlier work using ruthenium hydride complexes for the 

conversion of allyl alcohols to carbonyl compounds led to the anticipation that the same 

could be done with silyl ethers.   
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Dihydrido tetrakis(triphenylphosphine) ruthenium, H2Ru(PPh3)4, had been 

previously used as a vehicle for transfer hydrogenation between alcohols and ketones.  A 

variety of allyl silyl ethers were screened for the isomerization reaction using the 

ruthenium dihydride complex in anhydrous benzene at 150 
o
C.

151
  Many of the substrates 

went to full completion to afford cis/trans- mixtures of the corresponding silyl enol ethers 

(Table 1.11, entries 1 and 3).  The conjugated and sterically hindered starting materials 

(entries 2 and 4, respectively) were unable to undergo full conversion and did not form 

any other detectable side products.  Higher reaction temperatures resulted in 

decomposition of both the substrate and catalyst, and other ruthenium dihydride 

tetrakis(phosphine) complexes bearing different R groups on the phosphine did not give 

results different from those using the PPh3 ligand.  Dihydrido 

tetrakis(triphenylphosphine) ruthenium produces silyl enol ethers in quantitative yield 

when the olefin is unconjugated and not sterically hindered, but the E/Z selectivity is 

poor, perhaps a reflection of the comparable thermodynamic stabilities of (E)- and (Z)- 

enol ether derivatives.
152-154

    

Krompiec and Kuznik of Poland have published many manuscripts on the 

isomerization of alkenes.  Another ruthenium hydride complex, RuClH(CO)(PPh3)3, was 

evaluated for the conversion of O-allyl systems, allyl alkyl ethers and allyl silyl ethers.
155

     

Allyl alkyl ethers treated with RuClH(CO)(PPh3)3 (0.5-1.25 mol%) under moderate 

conditions, create more cis-enol ethers than the geometrical trans-isomer (Table 1.12). 
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Table 1.11. Isomerization of allyl silyl ethers to silyl enol ethers using 0.2 mol% 

H2Ru(PPh3)4 at 150 
o
C in anhydrous benzene 

entry substrate product 
time 

(h)  
yield E:Z 

1   20 100% 45:55 

2 

  

13 71% 32:68 

3 
  

17 92% - 

4 
  

23 27% n.d.
a
 

 a
 n.d. =  not determined 

 

Allyl trityl ether isomerized to nearly exclusively the Z-isomer (entry 4).  Allyl silyl 

ethers, like entry 5, are reacted to full conversion and form greater amounts of the cis-

isomer as the allyl moiety gets closer to the silyl ether.  An alkyne functionality within a 

substrate impedes the isomerization reaction, where it is proposed that the Ru-H adds 

across the alkyne, which has been documented in literature.  Allyl benzyl ethers were 

attempted, however the reaction failed.  No propenyl benzyl ether was detected, even at 

higher temperatures. 

 Isomerization of more than one allyl moiety in a single molecule is demonstrated 

by polyallyl alkyl ether isomerization using 0.2 – 1.3 mol% RuClH(CO)(PPh3)3.
155

  In 

each case, the polyvinyl alkyl ethers can be generated, but as the branching increases on 

the alkyl tether between the ethers, the conversion becomes more difficult (Figure 1.36). 
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Table 1.12. Isomerization of allyl ethers with [RuClH(CO)(PPh3)3] 

entry substrate product mol% solvent temp 
time 

(h)  
E:Z 

1   0.5 CH2Cl2 
60 

80 

1 

6 

1:1.1 

1:2 

2   
0.5 THF 

 

60 

120 

 

2 

1 

 

1:3 

1:1.5 

 

 
3   

 

1.25 

 

THF 

 

80 

 

3 

 

1:2.7 

4 

  

1 THF 60 1 1:71 

5 
  

0.2 THF 60 2 1:3 

6 

  
0.5 - 80 3 

no 
isom 

  

Krompiec and co-workers expanded the substrate scope of alkene isomerization to 

allyl amines
156,157

 and allyl amides
157,158

 with ruthenium complex RuClH(CO)(PPh3)3 

(Table 1.13).  In contrast to the O-allyl isomerizations using RuClH(CO)(PPh3)3, the 

product of N-allyl amine isomerization was selective for a geometrical isomer, the (E)-

isomer. N-Allyl amide substrate products resulted in E/Z mixtures, like that of the O-allyl  

 
 

Figure 1.36.  Conversion comparison of various polyethers with 0.2 mol% 

[RuClH(CO)(PPh3)3] in THF at 60 
o
C after 1 h 
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systems.  Entries 1 and 2 illustrate the domination of trans-enamine products, and it is 

proposed that the increased steric bulk about the nitrogen atom in entry 2 hinders the 

exclusive formation of the (E)-isomer.  N-Propenyl amides were afforded in full 

conversion with RuClH(CO)(PPh3)3, where secondary amides require higher temperature, 

and the products were isolated in some cases in moderate to good yield (entries 3-8).  It is 

assumed that when a substrate has more steric bulk, steric effects in the transition state 

during isomerization favor cis-enamide formation (Figure 1.37).  

Table 1.13. Isomerization of allylamine substrates to propyl amine substrates using 

RuClH(CO)(PPh3)3
a
 

entry substrate 
mol

% 
product 

temp 

(
o
C) 

time 

(h) 
yield E:Z 

1
b
 

 

1.5 

 

60 2 >99 100:0 

2
b
 

 

0.8 

 

100 3 >98 89:11 

3
b
 

 

1.0 

 

80 2 
100 

(85) 
59:41 

4
b
 

 

1.7 

 

80 3 
100 
(84) 

67:33 

5
c
 

 

2.3 

 

80 3 100 42:58 

6
c
 

 

1.0 

 

120 3 100 79:21 

 

 

 

 

 



54 

 

 

 

Table 1.13 continued. 

entry substrate 
mol

% 
product 

temp 

(
o
C) 

time 

(h) 
yield E:Z 

7 

 

0.5 

 

120 2 
100 
(93) 

85:15 

 

 
 

8 

 

 

1.0 

 

120 2 
100 
(70) 

44:66 

aYields and E:Z ratios determined by GCMS and 1H NMR and isolated yields are enclosed in parenthesis, 
b
Benzene used as solvent, 

c
THF used as solvent. 

 

Selective isomerization of N-allyl-N-arylethanamides using RuClH(CO)(PPh3)3 

like those of entry 4 in Table 1.13 is quantitative.  Different substitutions on the aryl ring 

still allowed for good yield of the corresponding vinyl amide, in addition to strong (E)-

selectivity.
159

  Ortho-, meta-, and para-substitutions of a variety of functionality (Cl, Br, 

NO2, OMe, etc.) have no adverse effect on the ratio of geometrical isomers.  Researchers 

have speculated that the high trans-formation is due to a specific coordination of the 

metal atom by the aryl substituent (Figure 1.37),
160

 though due to sterics remains unclear. 

Vinyl sulfides, sulfoxides, and sulfones are of particular interest to synthetic 

organic chemists.  Krompiec and co-workers explored the isomerization of S-allyl 

systems with the successful ruthenium hydride complex, RuClH(CO)(PPh3)3 (Table 

1.14).
161

  The transformation of allyl thioethers like those in entry 1 was attempted in 

both benzene and THF, where the enol thioether was not detected, but propene was 

released and generated an inactive [Ru] species for the isomerization reaction.  Entry 2 
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shows that when allyl t-butyl thioether is subjected to the conditions of catalysis with 2 

mol% [Ru] in benzene 96% of the mixture is the cis-enol thioether at 3 h, the amount of 

the (Z)-selectivity diminishes over time (6 h, Z/E ratio = 14.5).  The same trend is 

observed when the solvent is changed from benzene to tetrahydrofuran.  When the 

solvent system with the substrate in entry 2 is a 1:1 mixture of benzene and THF, further 

decrease in the cis-product is seen in 10 hours (Z/E ratio = 2.1).  Allyl trityl thioether 

showed the same trends as allyl t-butyl thioether, in addition to an increase in catalyst to 

10 mol% allows for a decline in the selectivity for the (Z)-enol thioether (entry 3).  Allyl 

phenyl sulfoxide (entry 4) resulted in no isomerization products, but degredation of the 

substrate showed identical results as entry 1, where propene liberation and deactivation of 

the catalyst occurs.  Bulky allyl sulfone in entry 5 converted to the expected vinyl 

product, but as mostly the (E)-isomer.  Modification of conditions (i.e. solvent, time, and 

catalyst loading) did not alter the ratio of geometrical isomers formed. 

Product outcome of the isomerization reaction with RuClH(CO)(PPh3)3 follows a 

trend that appears to be dependent on the functional group of the substrate.  The 

formation of mixtures rich in trans-product occurs when the beginning alkenes either 

bear functionality capable of hydrogen bonding (which is not shown), like an oxygen on 
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Table 1.14.  Isomerization of S-allyl compounds catalyzed by RuClH(CO)(PPh3)3 

entry substrate mol% product 
temp 

(
o
C) 

time 

(h) 
yield

a
 Z:E 

1 

 

3
b
 

10
d
 

 

60 

80 

6 

2 

0
c
 

0
c
 

- 

- 

2 
 

2
d
 

3
b
 

2
e
  

80 

80 
80 

3 

8 
10 

100 

100 
100 

24:1 

6.5:1 
2.1:1 

3 

 

2
b
 

2.5
b
 

10
d
 

 

80 

60 

80 

3 

2 

2 

100 

100 

100 

20:1 

13:1 

2.5:1 

4 

 

2
b
 

10
d
 

 

60 

80 

6 

2 

0
c
 

0
c
 

- 

- 

5 

 

2
d
 

24
d
 

 

80 
80 

6 
4 

100 
100 

6:94 
6:94 

aYields determined by 1H NMR spectroscopy. bBenzene used as solvent. cPropene formed, assume no other 

product formation. dTwo separate reactions where in one, solvent is benzene and the other THF, eBenzene 

and THF (1:1) solvent system used.  

 

an amide or sulfone, in addition to a moiety of the molecule capable of coordination to 

the metal center, like an arene (Figure 1.37, a).  Cis-product formation dominates with 

this catalyst system with allyl amines, allyl ethers, and thioethers based on the proposed 

intermediates illustrated in Figure 1.37, b. 
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Figure 1.37. Proposed structure of β-elimination transition states in double bond 

migration for a) (E)-product formation, and b) (Z)-product formation 

 

 

Krompiec and co-workers have contributed a significant portion of research in 

alkene isomerization.  The discovery of the ability of RuClH(CO)(PPh3)3 to successfully 

isomerize a number of functionalized allyl compounds makes it one of the most versatile 

isomerization catalysts. 

The chemistry of cyclopentadienyl ruthenium compounds is a major focus of this 

thesis. CpRu species have been used in allylic alcohol isomerizations (see above), but to 

our knowledge only one report exists regarding isomerizations of other alkenes. Kirchner 

and co-workers reported that cationic complexes of the type [CpRu(EPh3)(NCCH3)2]PF6, 

where E = P, As, Sb, were afforded quantitatively upon treatment of Ru precursor 

[CpRu(NCCH3)3]PF6 with one equivalent of monodentate ligand EPh3.
162

  Each complex 

isomerizes allyl phenyl ether to completion in 24 h with comparable E:Z selectivity 

(>99:1), but when the ligand was a phosphine (E = P) the catalyst significantly 

outperformed the other complexes (E = As, Sb) in reactivity (TON = 303, 15, 14 in THF, 

respectively). 
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Many metathesis catalysts are based on ruthenium. Alkene isomerization is an 

unwanted side reaction that changes product distribution during alkene metathesis.
163,164

  

The species responsible for the isomerization of alkenes is proposed to be a ruthenium 

hydride, derived from catalyst decomposition.
163

  Several papers report attempts at 

optimizing isomerization yields by the modification of metathesis catalysts and reaction 

conditions.
165

  The ruthenium hydride that is active for the isomerization of olefins has 

been made in situ from a metathesis catalyst in the presence of an enol silyl ether (Figure 

1.38).
166

 

 
Figure 1.38.  Grubb’s methathesis catalyst decomposition to ruthenium hydride active 

for isomerization 

 

 

 The active ruthenium hydride complex (which resembles RuClH(CO)(PPh3)3 

discussed a few pages previously) can add reversibly to the alkene to promote 

isomerization one chain position at a time.  One route to creating related Ru-H 

complex(es) in situ involves stirring Grubbs’ metathesis catalyst in methanol under 

reflux.
167

  A variety of C-allyl isomerizations were reported based on this method using 

10 mol% [Ru] in yields up to 96%, with a range of E:Z ratios.
168

  One publication refers 

to Grubbs’ 1
st
 generation metathesis catalyst (PCy3)2Cl2Ru=CHPh as the optimum 

complex for N-allyl isomerization at 40 
o
C in CH2Cl2, whereas Grubbs’ 2

nd
 generation 
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catalyst Cl2(IMes)(PCy3)Ru=CHPh isomerizes O-allyl compounds at ambient 

temperature in CH2Cl2.
169

  Using metathesis catalysts in the isomerization of terminal 

olefins has been employed in some natural products.  A key step in the synthesis of (-)-

allosamizoline utilizes double bond migration of the allyl to the propenyl cyclopentane in 

quantitative yield (Figure 1.39).
170

 

 

 

Figure 1.39.  Isomerization as a key step in natural product 

synthesis of (-)-allosamizoline 

 

 

 Rhodium catalyzed isomerization of functionalized alkenes has been studied for 

quite some time, though less extensively than that of ruthenium.
171

  Isomerization of N-

functionalized alkenes is an important methodology in industry, as previously discussed 

with the Takasago synthesis of (-)-menthol (Figure 1.12). 

 As Krompiec and co-workers studied the isomerization of functionalized alkenes 

with RuClH(CO)(PPh3)3, the activity of rhodium complex RhH(CO)(PPh3)3 was 

documented.
157,158

  Like the ruthenium hydride, the rhodium hydride is an efficient 

transition metal complex for the isomerization of N-allyl amines selective for (E)-product 

isomers (Table 1.15). 
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Table 1.15.  N-Allylamines catalyzed by RhH(CO)(PPh3)3
a
 

entry substrate 
mol

% 
product 

temp 

(
o
C) 

time 

(h) 
yield E:Z 

1 
 

1.0 
 

60 2 >98 100:0 

 

2 
 

1.3 
 

80 2 >98 100:0 

3 

 

2.5 

 

60 2 >98 

 

83:10:7:0
:0

b
 

4 

 

1.0 

 

80 2 100 58:42 

aReactions proceed in benzene.  Yields and E:Z ratiosdetermined by GCMS and 1H NMR. 
bEEEE/EEEZ/EEZZ/EZZZ/ZZZZ. 

 

Rhodium complex [Rh(binap)(solvent)2]
+
 is an efficient catalyst for the redox 

isomerization of allylic alcohols to aldehydes or ketones, where the intermediate is a 

reactive enol.  Bergens and Bosnich explored the potential for the persistence of these 

enols with [Rh(diphosphine)(solvent)2]
+
 from allyl alcohols.

135
  Discussion of these 

results could belong in the previous section (Chapter 1, Section 1.2.2), regarding the 

isomerization of alkenols, because the products of isomerization are carbonyl 

compounds.  However, discussion of the Bergens and Bosnich research is presented in 

this section because enols are the products analyzed.   Figure 1.40 (a), shows examples of 

enols as a cis:trans mixture, rich in the cis-conformation, as they persist before 

tautomerizing to the corresponding carbonyl compound. 
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Figure 1.40. Catalytic production of enols with [Rh(diphos)]

+ 

 

 

Diphosphines, like bis(diphenylphosphino)ethane (dppe) and 

bis(diphenylphosphino)naphthalene (BINAP), are prevalent ligands in catalysis (Figure 

1.40, b).  The cationic complex [Rh(diphos)(solvent)2]
+
 is coordinatively unsaturated due 

to the highly labile nature of the solvento ligands.  The proposed mechanistic profile of 

enol generation using [Rh(diphos)]
+
 can be illustrated by Figure 1.41 (a).  Dissociation of 

one solvento ligand opens a site for olefin coordination.  Loss of the second solvento 

ligand and α-hydrogen abstraction forms the hydrido-π-allyl intermediate, and subsequent 

transfer of the hydride to the CH3 carbon generates the enol product.
135

  Cis-trans- 

mixtures occur during this process, and there are possible steps in the catalytic cycle 

where the stereoselection could prevail (Figure 1.41, b).  
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Figure 1.41.  Rhodium catalyzed isomerization of allyl alcohol a) proposed catalytic 

cycle, b) proposed transition states with labeled atoms that lead to product selectivity 

 

 

 The top pathway of Figure 1.41 (b) is proposed to form the (E)-enol by 

abstraction of the unlabeled proton to afford the Rh-allyl intermediate where the –OH is 

syn, with the final hydride transfer that leads to the (E)-enol.  When the labeled proton is 

abstracted, rotation about the carbon-carbon bond must occur to form the Rh-allyl 

intermediate where the –OH is anti, as in the bottom pathway. Generation of the (Z)-enol 

would occur after the final hydride transfer to the methyl carbon. 
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Catalytic activity is sensitive to the kinds and properties of the ligands used, 

where allyl amines, allyl alcohols, allyl ethers, and N-allyl amides are substrates upon 

which  [Rh(diphos)]
+
 can act.  The BINAP ligand was far superior to other ligands, such 

as dppe, on account to the activity and selectivity when used for double bond migration 

of allylic compounds.  To determine the pathway in which the isomerization proceeds, a 

labeling study using [Rh(BINAP)(cod)]
+
  was performed.

130
  [Rh(BINAP)(cod)]

+
 

catalyzed isomerization of the labeled allyl amine, 1,1-d2-allyl amine, affording only one 

product, 1,3-d2-allyl amine.  When the labeled allyl amine is in solution with protio-allyl 

amine and subjected to catalysis, thorough analysis of the product mixture determined the 

absence of any mono-deuterated species.  The labeled experiments of allyl alcohols and 

allyl amines (Figures 1.41 (b) and 1.42, respectively) are convincing that the 

[Rh(diphos)]
+
 isomerizations proceed by π-allyl intramolecular 1,3-hydrogen shift. 

 
 

 

Figure 1.42. Experiment of labeled compound to demonstrate  

intramolecular 1,3-hydrogen shift 

 

 

Using rhodium as the metal center for some alkene isomerization catalysts has the 

the advantage of stereochemical control.  Optically active compounds can be generated 

by the facile transformation of allylic compounds by a metal complex bearing a chiral 

ligand.  Ligands commonly used in asymmetric catalysis are (R)-(+)-BINAP and (S)-(-)-
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BINAP, where the enantioselectivity of forming (E)-enamines by isomerization of the 

corresponding allyl amine is as high as 99% e.e.
130

  

 
 

Figure 1.43.  Stereochemical correlation between substrate geometry, chirality of 

BINAP, and product configuration 

 

 

 Using enantiomerically pure allyl amine substrates and BINAP ligand affords 

maximum yield of optically active chiral product enamine.
172

  A unique and attractive 

feature in this [Rh(BINAP)] catalyzed transformation is the stereochemical correlation 

between the geometries of the substrates, products, and chirality of the ligand (Figure 

1.43).  Both (E)- and (Z)- allyl amines are readily accessible from natural resources or 

petroleum, respectively, which gives economical options to select a substrate to afford a 

certain conformation of product by changing the chirality of the ligand.
136

 

The activation of [Ir(cod)(PPh2Me)2]PF6 with H2 for the conversion of allylic 

alcohols to their corresponding carbonyl compounds was discussed previously.  This Ir-

mediated system also shows the ability to act upon allyl ethers.
173

  The trans-propenyl 

ethers are formed with high stereoselectivity (E/Z > 30) and low loadings of catalyst 

(0.12 mol% Ir), but are limited to sterically unencumbered allylic ethers (Figure 1.44). 
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Figure 1.44.  Allyl ether isomerization with H2-activated [Ir(cod)(PMePh2)2]PF6 in THF 

at RT 

 

 

Further applications of the Ir-catalyzed isomerization involve Lewis acidic 

substrates. Allylic boronic acids and boronates are significant reagents in organic 

synthesis for stereoselective reactions with carbonyl compounds and imines, and an 

effective coupling partner for coupling reactions, however are somewhat unstable.
174

  

Diastereoselective synthesis of anti-1,2-diols from carbonyl compounds can be achieved 

by (E)-(γ-alkoxyallyl) boronates, though have conformational instability of the 

corresponding anion.
175

  An alternative method to avoid this problem was developed by 

Miyaura and co-workers
176

 by the generation of (γ-(silyloxy)allyl) boronic esters by Ir-

catalyzed isomerization of its vinyl boronic ester counterpart (Figure 1.45).  

The vinyl boronic esters were prepared by the hydroboration of propargyl silyl 

ether, where conversion to the chiral diol ester before isomerization (as shown in Figure 

1.45, a) or isomerization of the vinyl boronate before generation of the chiral ester (as 

shown in Figure 1.45, b) can occur before aldehyde addition to afford the anti-1,2-diols 

(as shown in Figure 1.45, c). 
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Figure 1.45.  Isomerization methodology based on catalyst from H2 and 

[Ir(cod)(PMePh2)2]PF6 for the formation of chiral allyl boronic esters 

 

 

The isomerization of various chiral vinyl boronic esters to the corresponding allyl 

boronic esters were catalyzed by the activation of [Ir(cod)(PPh2Me)2]PF6 with H2 in THF 

at ambient temperature in 20 min (Figure 1.45, a).  Yields were moderate to good with 

high stereoselectivity.  The starting material and product are an inseparable mixture, 

however can be used as such because the only the allylborate will add to the aldehyde for 

the anti-1,2-diol formation. 

Identically, the di-iso-propyl allyl boronic ester was isomerized with the H2 

activated [Ir(cod)(PPh2Me)2]PF6 complex in THF (Figure 1.45, b).  The initial 

stereoselectivity of the double bond isomerization was high (E > 99%), but upon 

prolonged reaction time for reaction completion cis/trans isomerism would occur (E:Z 

ratio = 67:33).  The loss of stereoselectivity in THF after longer reaction time encouraged 

use of EtOAc, where quantitative isomerization with no change in initial cis/trans ratio 

was observed.  Operational convenience was gained with the isomerization displayed in 

Figure 1.45, b, since this allyl boronate can be reacted with a variety of chiral diols for 
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the ester exchange for the allylboration of aldehydes resulting in highly selective anti-

1,2-diols. 

Catalysis with [Ir(cod)(PPh2Me)2]PF6 activated by H2 in THF is perhaps the best 

alkene isomerization method prior to the work described in this thesis.  Allylic alcohols, 

ethers, (silyloxy)allyl boronates, and silyl ethers react with this complex.  Enol ethers can 

be formed from the isomerization of allyl ethers, but generally a mixture of (E) and (Z) 

isomers results.  For instance, Ru isomerization affords mixtures that are predominately 

cis-enol ethers,
151,155

 and product mixtures rich in trans-enol ethers have just been 

discussed.
173

  Figure 1.49 shows results of the activated [Ir(cod)(PPh2Me)2]PF6 - H2 

promoted isomerization of allyl silyl ethers to the silyl enol configuration.
177

  Trans-

selectivity is observed for the shorter substrates (E:Z = 99:1), but is lost in prolonged 

reaction time (E:Z = 38:62), and as the amount of atoms increase in a linear (E:Z = 88:12) 

or in a branched fashion (E:Z = 72:28).  Complete loss of reactivity occurred with 

numerous secondary allyl silyl ethers, which lead to screening of phosphines and solvents 

to optimize the reaction. 
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Figure 1.46.  Isomerization of allyl silyl ethers with PMePh2 and PPr3 ligands on [Ir] 

 

 

 Mixtures of phosphines and [Ir(cod)2]PF6 were hydrogenated to screen the 

potential isomerization activity.  Some trialkylphosphines (PR3, where R = Et, Pr, Bu) 

were found to be proficient for isomerization and others were ineffective (when R = Me 

or Cy), including bidentate phosphines.  The best results were observed when the ligand 

is PPr3, affording the (E)-isomer when acting upon primary allyl silyl ethers and the (Z)-

isomer  when acting upon secondary allyl silyl ethers (Figure 1.46). 

The isomerization product properties of allyl silyl ethers with the in situ 

generation of active catalyst [Ir(cod)2]PF6 - 2PPr3, by H2, are characteristic based on 

solvent.
178

  In acetone high yield and high selectivity is maintained, but is further 

accelerated in a mixed solvent system of acetone and methylene chloride with loss of 
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geometric selectivity (Table 1.16).  Higher catalytic efficiency for secondary allyl ethers 

was seen with this system in a mixed solvent, where the (Z)-enol dominates. 

Table 1.16.  [Ir(cod)2]PF6 – 2 PPr3 activated by H2 affords (E)-enol ethers in acetone 

from primary allyl ethers and (Z)-enol ethers in CH2Cl2/acetone from secondary allyl 

ethers 
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 C-Vinyl glycosides are carbohydrates where the anomeric carbon contains a vinyl 

substituent.  Vinyl glycosides are very important synthetic intermediates.  They have 

been used as chiral auxiliaries for cycloaddition reactions,
179

 can undergo Claisen 

rearrangement upon heating for derivatization of branched glycals,
180

 and are typically 

made with mercury, or low yielding over multiple steps.
181

  Glycals are enol ethers of 

glycosides, and when the double bond is not within the ring of the carbohydrate it is 

referred to as an exo-glycal.  Exo-glycals are important intermediates for the synthesis of 

biologically active molecules.
182

  The controlled isomerization of C-allyl glycoside to 

(E)-vinyl glycoside or further to (Z)-exo-glycal (Figure 1.47, a) was deduced by the 

screening of transition metal complexes for olefin isomerization (Figure 1.47, b).
183

 

 
 

Figure 1.47.  Isomerization of C-allyl glycosides: a) Affording (E)-vinyl glycoside and 

(Z)-exo-glycal upon further double bond migration; b) Conditions and results 

 

 

 Hydrogenated [Ir(cod)(PPh2Me)2]PF6 gives superior results compared to those 

using the Pd(II) complexes attempted, for the stereoselective double bond migration to 

the (E)-vinyl glycoside.  Depending on the sugar and protecting groups, prolonged 

reaction time allows selective formation of the (Z)-exo-glycal. 
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Table 1.17.  Selective isomerization of C-allyl glycosides into (E)-vinyl glycosides with 

hydrogenated [Ir(cod)(PPh2Me)2]PF6 

entry substrate time product yield 

1 

 

24 h 

 

84 

2 

 

48 h 

 

65 

3 

 

48 h 

 

84 

4 

 

48 h 

 

83 

5 

 

48 h 

 

90 

6 

 

48 h 

 

92 

7 

 

48h 

 

89 

8 

 

48 h 

 

77 

 

Isomerization of a variety of allyl carbohydrates with a variety of protecting 

groups with 10 mol% activated [Ir(cod)(PPh2Me)2]PF6 to the (E)-vinyl moiety are shown 
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in Table 1.17.   Protected C-allyl mannosides (entries 1-3), galactosides (entries 4-6) and 

ribosides (entries 7 and 8) were smoothly converted into their corresponding (E)-vinyl 

analogues in high yields within 48 h. 

Iridium-catalyzed alkene isomerization has been dominated by hydrogenated 

complex [Ir(cod)(PPh2Me)2]PF6.  A drawback to this protocol, however, is the 

pretreatment of catalyst solution with excess hydrogen gas.  This methodology has fared 

well due to the variety of substrates that are converted to their respective products in high 

selectivity. 

Group 10 metals that generate catalytic complexes proficient in the movement of 

alkenes of heterofunctionalized compounds.  Nickel complexes have been reported for 

allylic rearrangements, and were tested for the possible isomerization of acyclic allyl 

ethers with chelating bis(phosphine) ligands.  The nickel bis(phosphine) complexes were 

activated with LiBHEt3, for the isomerization to take place.
184

  The activity of the nickel 

complexes is responsive to the chelate ring and bite angle formed with the metal.  The 

reaction failed with bis(diphenylphosphino)ethane (dppe), however using 

bis(diphenylphosphino)butane (dppb) high yields of product are formed in high (Z)-

selectivities, an intriguing result occurring for reasons that are not clear.  Upon activation 

with LiBHEt3, NiCl2(dppb) was able to selectively isomerize a variety of allylic 

substrates (Table 1.18) with a limitation in selectivity being substitution on C(1) of the 

allyl moiety (entry 3). 
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Table 1.18.  Alkene isomerization of allyl ethers with NiCl2(dppb)/LiBHEt3 

entry substrate temp time product yield 
Z:E 

ratio 

1 

 

RT 18 h 

 

83 >99:1 

2 

 

RT 18 h 

 

83 96:4 

3 

 

reflux 48 h 

 

84 75:25 

4 

 

RT 1 h 

 

87 95:5 

 

Nickel-catalyzed one-bond migration of eugenol to isoeugenol has been explored 

with hydrotalcites.  In a screening study, a Ni(II) Al binary hydrotalcite, abbreviated as 

NiAl3-HT, formed isoeugenol in 6 h at 200 
o
C in DMF (77%, E:Z = 84:16).

185
  

Improvement of the product yield and distribution by a Ni(0)-phosphine-cyanide complex 

was pioneered based on a Rh analogue used industrially to make geranylacetone, an 

intermediate in the synthesis of vitamin E.
186

  The phosphine ligand is the sodium salt of 

tri(m-sulfophenyl)phosphine (TPPTS), which allows the catalysis to progress in water.  

(E)-Isoeugenol is afforded in these conditions in 15 min in high yield and fairly high 

selectivity (99%, E:Z = 92:8).A variety of allyl phenyl ethers decorated with alkyl 

substituents were reported to isomerize to the corresponding propenyl ethers in refluxing 

benzene with PdCl2(NCPh)2.
187

  Initially, Golborn and Scheinmann were looking at the 
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effect of Lewis acids or transition metals on the possible Claisen rearrangement of allyl 

phenyl ethers, and how this may be involved in biogenesis of some natural products.
187

  

Substitution about the allyl functionality of these compounds certainly has an effect when 

it comes to isomerization with the Pd complex (Figure 1.48).  Allyl phenyl ether is 

quantitatively converted to an E:Z mixture rich in the Z-isomer within 8 h, and when 

methyl substituents are included so that the geometry about the alkene is linear the 

conversion is not as efficient, even with high loadings of Pd.  Trisubstituted starting 

materials are slow to react.  Further heating and higher catalyst loading had no impact on 

further reactivity or the cis:trans ratio.  

 

Figure 1.48. Isomerization and E:Z ratios (in brackets) of allyl phenyl ethers using 

Cl2Pd(NCPh)2 a) linear about the double bond and b) branched about the double bond 

 

 

 Isomerization of the alkene is proposed to involve the suprafacial transfer of 

hydrogen by one of two mechanisms; the 1,3-hydrogen transfer by a π-allyl Pd-H 

complex, or the concerted 1,3-hydrogen shift on an Pd-olefin coordination complex 

where the suprafacial hydrogen migration occurs on the side opposite to the metal.
187

  

Isomerization by either of these mechanistic pathways affords the same cis- or trans-

product.  For the starting material (Figure 1.49), conformation A could lead to the cis-

product by both mechanistic pathways, and similarly the trans-product can be formed 



75 

 

 

 

from conformation B.  The (Z)-product dominates in the double bond migration by 

PdCl2(NCPh)2, so by whatever mechanism isomerization occurs, the preferred pathway 

appears to involve conformation A. 

 

Figure 1.49.  Propenyl ethers formed by one of two starting material conformations (A or 

B) with Pd-H 

 

 

 Substrates 1-methyl allyl and 3-methyl allyl phenyl ethers (Figure 1.44) are 

somewhat hindered, but isomerization occurs.  However, unreactive 2-methallyl and 3,3-

dimethyl allyl phenyl ether are more hindered about the alkene, which may hinder π-allyl 

complex formation and preclude reaction.  

An improvement to Pd-catalyzed alkene isomerization was made by RajanBabu 

and co-workers derived from [(allyl)PdCl]2, a triarylphosphine, and silver triflate.
188

  This 

metal, ligand, and additive combination was originally screened for the hydrovinylation 

of alkenes, where varying amounts of isomerization of the starting alkene was detected.  

Optimization of conditions of catalysis for double bond migration led to reaction of 1,1’-

disubstituted alkenes (Table 1.19, entries 1-4).  Trisubstituted alkenes were formed in 
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excellent yield (entries 1-3) with moderate E:Z selectivity (entries 2 and 3), however no 

isomerization, rather polymerization of the furyl derivative occurred (entry 4).  Entry 5 

shows isomerization of the monosubstituted terminal alkene to a mixture of (E)- and (Z)-

2-alkenes, 10% starting 1-alkene, and 9% other isomeric alkenes.  The homoallylic aryl 

ether in entry 5 undergoes a one bond migration to a mixture of geometrical isomers in a 

5.9-to-1 ratio in favor of the trans-2-alkene.  Although sensitive to steric effects, the 

RajanBabu multicomponent catalyst mixture yields isomerization products of di- and 

trisubstituted substitution in varying E:Z ratios. 

Table 1.19.  Isomerization of terminal alkenes into 2-alkenes using RajanBabu’s 

multicomponent in situ generated Pd catalyst 

 

entry substrate product time 
yield 

[E:Z ratio]
a
 

1 

  

8h 94% 

2 

  

16h 

 

87% 
[19:1] 

 

3 

  

 

12h 

 
 

99% 

[2:1] 

 

4 
  

 

-- 

 

polymer 

 

5
b
 

  

24h 

 

80% 

[3.7:1] 
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Table 1.19 contiued. 

entry substrate product time 
yield 

[E:Z ratio]
a
 

6
c
 

  

24h 
 

96% 

[5.9:1] 

aDetermined by NMR spectroscopy or GC. b10% starting material remains and 9% 

                     unidentified compound. cRemaining material in mixture is starting material. 

 

 The transformation of 1-alkenes to 2-alkenes was successfully achieved with the 

few examples tested, and the E:Z ratio of the newly formed olefin was moderate.  An 

improvement to RajanBabu’s multicomponent Pd-catalyzed alkene isomerization was 

made by an in situ formation of a palladium hydride complex by the equimolar mixture 

of Pd(dba)2, P(tBu)3, and isobutyryl chloride (iPrCOCl).
189

  A variety of alkenes were 

isomerized by this catalyst combination with stereocontrol in many but not all cases 

(Figure 1.50).  
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Figure 1.50.  Selective isomerization of terminal alkenes into 2-alkenes using Strukul’s 

multicomponent in situ generated Pd catalyst 

 

 

 Isomerization of allyl benzene compounds using 0.5 mol% Pd in toluene provided 

the more stable trans-propenyl benzene analogues in excellent yield.  Initial screening 

was performed at 50 
o
C, but was increased to 80 

o
C for the isomerization to occur.  Other 

functionalities besides C-allyl systems were compatible for reactivity with this catalyst 

mixture.  An increase to 1 mol% Pd proved effective for the isomerization of O-allyl 

systems, O-allylic glycosides, and N-allyl systems.  The in situ formation of a highly 

efficient palladium hydride catalyst performed with striking functional group tolerance 

and high yield, and is far superior over the other Pd catalysts for the isomerization of 

alkenes. 
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Platinum has a variety of industrial uses, mostly to complete combustion of 

hydrocarbons in the catalytic converter of automobiles and to hydrogenate vegetable oils.  

A few Pt-based catalysts have been synthesized that have the ability to isomerize 

functionalized alkenes. 

After identification of PtH(ClO4)(PPh3)3-catalyzed isomerization of allyl methyl 

ether,
190

 various Pt sources were screened for the attempt of optimizing the reaction 

(Table 1.20).
191

  The cis-selective product formation occurred with 1.7 mol% 

PtH(ClO4)(PPh3)3 in benzene.  Modification of the solvent and increasing the catalyst 

concentration and reaction time leads to less product formation and less selective product 

distribution.  Results similar to those obtained with PtH(ClO4)(PPh3)3 were observed 

when 3 mol% [PtH(PPh3)2(acetone)]BF4 in acetone.  Allyl ethers react with these Pt-H 

complexes, unlike the previously mentioned interactions when allyl alcohol is added and 

catalytic activity is not observed, but 50% conversion to the aldehyde and the remaining 

substrate forms a cationic Pt(allyl) species (Figure 1.32).
146

  The reaction suffered 

severely when PtH(SnCl3)(PPh3)2 was added to the alkene, because unidentified 

precipitates gradually appeared.  A slower conversion to the propenyl methyl ether 

product with Pt-H complex PtH(NO3)(PPh2Me)2 but maintained higher stereocontrol in 

respect to the other Pt-H complexes tested.  The initially high amount of cis-product in 

the reaction is proposed to be kinetically controlled, and slower cis- to trans- 

interconversion appears to proceed more slowly in some solvents. 
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Table 1.20. Screening Pt-H complexes for the isomerization of allyl methyl ether 

 

 

complex amount solvent 
time 

(min) 
% cis- % trans- 

Z:E 

ratio 

PtH(ClO4)(PPh3)2 

1.7 mol% 

3 mol% 

 

 
3 mol% 

C6H6 

CH2Cl2 

 

 
acetone 

60 

6 

15 

60 
7 

60 

~100 

38 

59 

68 
49 

88 

trace 

trace 

7 

15 
2 

6 

- 

- 

8.5 

4.5 
25 

14 

[PtH(PPh3)2(acetone)]BF4 
3 mol% acetone 5 

30 
48 
86 

2 
7 

24 
12 

PtH(SnCl3)(PPh3)2 

 

4 mol% 

4 mol% 

CH2Cl2 

acetone 

35 

15 

14 

5 

7 

5 

0.5 

1 

PtH(NO3)(PPh2Me)2 
4 mol% CH2Cl2 90 

1 day 
43 
86 

trace  
2.5 

- 
35 

 

 Alkenyl aromatic compounds where the propenyl substituent has the arene in the 

vinyl position are fragrances such as anethole, isoeugenol, and isosafrole.  Isomerization 

to make these compounds on the industrial scale from the allyl analogue occurs at high 

temperatures with stoichiometric base, only to afford (E)- and (Z)-mixtures that need to 

be separated.  The (E)-isomer is marketed, yet the content of (Z)-isomer is required to be 

less than 1% content for human use due to unpleasant taste and slight toxicity.   

Aquo platinum complex with bidentate phosphine ligand (dppb) was discovered 

for the isomerization of some alkenyl aromatic compounds (Figure 1.51).
192

  Allyl 

benzene proceeded with high conversions and high (E)-selectivity, whereas allyl anisole 

and allyl phenyl ether proved to proceed in low conversion.  Anethole resulted in a 3:1 
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ratio in favor of the trans-isomer, and propenyl phenyl ether commenced to the cis-

isomer exclusively.   

 

Figure 1.51.  Isomerization of alkenyl aromatics with Pt(dppb)(H2O)(C6F5) 

 

 

 In some cases, Pt(dppb)(H2O)(C6F5) exhibits excellent stereoselective product 

distribution with relatively low loading (1 mol%) (Figure 1.51), however are extremely 

substrate dependent.  For instance, propenyl benzene was formed mostly as the trans-

isomer, whereas propenyl phenyl ether was exclusively formed as the cis-isomer.  In 

short, [Pt(dppb)(H2O)(C6F5)] is an efficient catalyst for the isomerization of alkenyl 

aromatics, but the product outcome may be unpredictable. 

 

1.3. Final Comments 

 Alkene isomerization methodology is definitely important in a variety of ways.  

Moving carbon-carbon double bonds is a required reaction in many industrial processes 

in order to create compounds that we use each day.  Typically, mixtures of alkene 
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products are obtained after isomerization and separation is necessary in most instances 

before their use.  For example, isoeugenol is created by the isomerization of eugenol, and 

can form as a mixture of (E)- and (Z)-isomers.  Only one isomer can be used in the 

fragrance industry, (E)-isoeugenol, and the unwanted (Z)-conformer must be removed, 

which can add to cost of the product.  Not only is the positional movement of the double 

bond important, but the geometrical outcome is critical. 

 A variety of transition metals, ligands, solvent, and temperatures have been 

explored for carbon-carbon double bond migrations.  The optimum catalyst for the alkene 

isomerization transformation should display high performance for substrate conversion, 

and high selectivity to afford the product of interest.  Ideally, for ease of use, the optimal 

catalyst should not require mixing several components, nor require additives, nor require 

prior catalyst activation.  The catalyzed reaction should be fast without adding energy, 

such as heat or light, to the system.  The characteristics just mentioned would provide an 

exceptional catalyst for the isomerization of alkenes, in hope of solving some of the 

existing problems with current catalysts and the conditions in which they operate. 

________________________________________________________________________ 

 

Some of the contents of Chapter 1 are similar to the material published in the following:  

 

●Casey R. Larsen and Douglas B. Grotjahn.  “Alkene Isomerization in Industry” Applied 

Homogenous Catalysis with Organometallic Compounds, 2012, In Press. 

 

________________________________________________________________________ 
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isomerization catalyst 

 

2.1. Bifunctional Catalysis 

Nature has made certain biological chemical reactions quite facile and extremely 

rapid by the creation of enzymes, which are proteins that catalyze these reactions.  

Usually enzymes are substrate and reaction specific, meaning that display remarkable 

stereospecificity, regioselectivity, and chemoselectivity.  A specific category of enzymes 

called isomerases enable the interconversion of constitutional isomers, where bond 

connectivity is altered, or of stereoisomers, where stereochemical configuration is 

changed.  Isomerases are bifunctional enzymes, because they utilize more than one 

functional group during the catalysis.   

 
 

Figure 2.2. Triose phosphate isomerase catalyzes interconversion of dihydroxy-acetone 

phosphate (DHAP) to (R)-glyceraldehyde-3-phosphate (GAP) 

 

 

An important step in glycolysis (Figure 2.1) is a reversible interconversion of 

triose phosphate isomers, of which is catalyzed by an enzyme called triose phosphate 

isomerase.  Triose phosphate isomerase catalytically promotes a stereospecific 1,2-proton 
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shift of dihydroxyacetone phosphate (DHAP) to give (R)-glyceraldehyde-3-phosphate 

(GAP) through an isomeric (and achiral) cis-enediolate phosphate intermediate.
1
   

 

 

Figure 2.2. Dimethylallyl pyrophosphate (DMAPP) formation from isopentenyl 

pyrophosphate (IPP) by isopentenyl pyrophosphate isomerase [boldface Glu is anterior 

and gray Cys is behind the reacting alkene 

 

 

 

Isopentenyl diphosphate isomerase is the enzyme involved in the key step of an 

antarafacial [1,3] proton migration by an electrophilic addition-elimination pathway for 

the generation of dimethylallyl pyrophosphate (DMAPP, Figure 2.2),
2
 the required 

compound in  isoprenoid biosynthesis, where prenyl transfer reactions are used to 

construct carbon skeletons for important classes of compounds, such as sterols, 

carotenoids, dolichols, and ubiquinones.
3
  The transformation suggests that involvement 

of two bases, one in the conjugate acid form, are required to shuttle protons from the 

unreactive homoallylic substrate isopentenyl pyrophosphate (IPP) to form the 

electrophilic substrate DMAPP.
4
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Figure 2.3. Isomerization to selectively form 2-trans-enoyl CoA by the enoyl  

CoA isomerase enzyme 

 

 

The conversion of cis-trans-double bonds of fatty acids is a metabolic process 

performed by the enzyme enoyl CoA isomerase.  Enoyl CoA isomerase selectively 

converts 3-cis-enoyl-CoA or 3-trans-enoyl CoA into 2-trans-enoyl-CoA, where the fatty 

acid tail labeled as R can be of variable length (Figure 2.3).
5
  It is deduced that only one 

base, Glu158, participates in the double bond migration.  Anionic Glu158 is proposed to 

abstract a proton from C2 of 3-enoyl-CoA, with subsequent proton donation to C4 to 

form 2-trans-enoyl-CoA.  The trans-conjugated biological molecule products of the 

isomerization reaction are further degraded and metabolized. 

Alcohol dehydrogenase is an enzyme that converts alcohols to aldehydes and 

ketones, and unlike the previously mentioned enzymes, the active site of alcohol 

dehydrogenase contains a Lewis acidic Zn(II) ion.
6
  A Lewis acidic metal ion is typical of 

many metalloenzymes, where it is bound tightly to the protein and nearby organic 

functional groups of amino acids that are capable of hydrogen bonding or proton 

donation (Figure 2.4).  It is proposed that the combined cooperative effects of the 

transition metal ion and the nearby Brønsted-Lowry acids and bases are responsible for 

facilitating the chemistry that occurs within the active site. 
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Figure 2.4.  Alcohol dehydrogenase utilizes bifunctional catalysis 

 

 

A catalyst is termed bifunctional as the name suggests, when it includes and 

utilizes two different functionalities during catalysis,
7
 as seen for the enzymes just 

discussed.    Bifunctional catalysts can be categorized into: (a) metal-free organocatalysts, 

featuring moieties capable of hydrogen bonding and proton transfer, like the isomerases 

presented above (Figures 2.1-2.3), (b) those with a Lewis acidic metal and Bronsted-

Lowry base, where the d electrons of the metal do not participate in the catalysis (Figure 

2.4), and (3) those with a transition metal, the d electrons of which are capable of 

participating in the catalysis, along with an internal acid or base.  Bifunctional catalysts in 

the third class are the relevant type for this thesis.  

Nature has inspired chemists to look at and borrow the features of naturally 

occurring enzymatic catalysts, thus bifunctional catalysis has become an increasingly 

studied and researched discipline.  Two very notable examples of organometallic 

complexes that define bifunctional catalysis are ruthenium complexes for transfer 

hydrogenation developed by Shvo
8
 and Noyori (Figure 2.5). 
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Figure 2.5.  Extensively studied organometallic bifunctional catalysts for transfer 

hydrogenation in the literature 

 

 

Extensive research has been done on these complexes, and a number of synthetic 

applications have emerged utilizing bifunctional catalysis for efficient reactivity.  The 

binuclear complex developed by Shvo
9
 is a useful catalyst for the transfer of two 

hydrogen atoms from alcohols, amines, and dihydrogen to alkenes, alkynes, carbonyl 

groups, and imines. Noyori’s Ru catalyst is used for enantioselective hydrogenation of 

carbonyl compounds,
10

 which has also been implemented in the industrial production of  

(-) menthol discussed in Chapter 1.   

The two ruthenium complexes are proposed to operate via key intermediates 

where the metal and ligand act in concert with the substrate to complete product output 

(Figure 2.6).  Shvo’s complex is a dimeric precatalyst that forms oxidizing and reducing 

monomers upon dissociation in solution, where the reducing species is active for transfer 

hydrogenation.  Two competing interactions, the inner-sphere and the outer-sphere, have 

been proposed for the interaction between the alcohol substrate and bifunctional metal 

complex.  Most recently, Casey’s group has provided compelling arguments that the key 

interaction is defined by the outer-sphere pathway, where the ligand and metal are 
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cooperatively acting in the transfer process involving a hydride and proton (Figure 2.6, 

a).
9
  Noyori’s catalyst is also proposed to perform transfer hydrogenation by an outer-

sphere mechanism featuring cooperativity of the ruthenium metal and the amine ligand 

(Figure 2.6, b).
11

  The outer-sphere mechanism is more commonly accepted for transfer 

hydrogenation reactions
12

 over the inner-sphere mechanism showing that hydrogen 

bonding and proton transfer is a proposed key intermediate, like those illustrated in 

Figure 2.6. 

 
 

Figure 2.6.  The proposed bifunctional nature of the a) Shvo and b) Noyori catalysts 

 

  

One of the major goals of the Grotjahn group has been the creation of bifunctional 

catalysts for reactions that may be accelerated by hydrogen bonding or proton transfer.
13-

18
  The design principle borrowed from Nature’s enzymes is that hydrogen bonding or 

proton transfer to and from polar reactants, intermediates, or most importantly, transition 

states may speed catalysis by the organometallic system.  Hemilabile ligands can be 

utilized in coordination chemistry to enhance such reactivity, and adopt a chelate form 

with two different donor centers.  The contrasting metal-ligand bond strengths allow an 

activating effect where one atom remains coordinated to the transition metal center, and 

the more weakly coordinated atom of the ligand is labile, creating an open coordination 

site at the metal center.  This concept of hemilability is illustrated by Figure 2.7, where a 
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catalytically inactive chelate form (part a, left) can open under correct circumstances 

permitting a coordination site vacancy.  Figure 2.7, part b conveys the prospect of the 

activated complex when a polar substrate is bound to the metal, showing a second role for 

a hemilabile ligand – bifunctionality, where the pendant ligand(s) are capable of donation 

of a proton or acceptance of hydrogen bonds, interactions which when applied to 

transitions states could lower activation energies of key turnover-limiting steps and 

increase reaction rates.
19

  

 
 

Figure 2.7.  Hemilabile ligands proposed to participate in bifunctional catalysis: (a) 

Dynamics of metal complex with (heteroaryl)phosphine.  (b) Bifunctional  

interactions exemplified by the case of bound water 

 

 

 Following the schematic illustrated in Figure 2.7, the properties of hydrogen 

bonding or proton transfer, in addition to the catalytic efficiency, will be varied using the 

ligand properties.  The electronics and sterics of the ligand(s) are key to making this 

come to fruition. 
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2.2. Catalyst Development 

Organometallic chemists have been in the business of developing and optimizing 

specialty ligands to accommodate certain reactions.  One specific example has already 

been discussed in Chapter 1, where asymmetric reactions can be controlled by chiral 

ligands, such as BINAP.  N-Heterocyclic carbene ligands have had much success in the 

literature, catalyzing a wide variety of reactions.  The focus of this research is on N-

heterocyclic phosphine ligands. 

Changes in the sterics, electronics, and basicity of a phosphine can occur with the 

modification of one or more of the R groups attached to the phosphorus atom.
20

  Novel 

phosphines were created by the integration of one, two, or three heterocycles as bidentate 

ligands with a phosphorus atom and a nitrogen donor atom.  Tris(indolyl) phosphines 

were documented as early as the 1930’s
21

 and the first report on the preparation of 

pyridylphosphines was made in 1944.
22

  Phosphines containing N-,
23-26

 O-,
23

 and even S-

based
23,27

 heterocycles have been made, however there are few reports on the catalysis 

using these species.  Countless pyridylphosphines
23-25

 have been synthesized with some 

examples of their novel use noted above, while imidazolylphosphines are more negligible 

in the literature.
28-35

  In the 1990’s, Shell revealed that pyridylphosphines significantly 

increased the rate and selectivity for the Pd-catalyzed methoxycarbonylation of propyne 

(Figure 2.8, a).
36,37

  The Shell work is important because it represents the only known 

benefit of using (heteroaryl)phosphines in catalysis, before work in the Grotjahn group 

(see below). Following the initial Grotjahn work, advancements have been made outside 

the Grotjahn group using pyridylphosphines include enhanced catalysis of in situ anti-
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Markovnikov alkyne hydration,
38

 applications of alkyne hydration for selective organic 

synthesis,
39-41

 and nitrile hydration.
42

   

 
 

Figure 2.8. N-heterocyclic phosphines: a) proposed role for bifunctional heterocyclic 

phosphine Pd-catalysis observed by Shell, b) Grotjahn group’s imidazolyl  

and pyridyl phosphine ligand scaffolds 

 

 

 The Grotjahn group has developed a library of N-heterocyclic phosphine ligands 

with the goal of improving catalysis (Figure 2.8, b).  We strive to build the phosphines 

such that the steric and electronic properties cover a diverse profile to accommodate a 

wide variety of reactivity when paired with a transition metal.
43

  We start by having a 

scaffold that includes a heterocycle, like pyridine or imidazole, on the phosphorus atom.  

The R
1 

groups immediately attached to the phosphorus atom affect both sterics and 

electronics of the ligand, as with traditional organometallic catalysts.  In contrast, the 

steric hindrance of the R
3
 group on the heterocycle influences the tendency of the 

heterocycle to chelate to the metal.  And finally, the heterocycle is the part of the ligand 

that has the most important job: hydrogen bonding or proton donation during catalysis. 

Thus, it is reasonable that the basicity and steric hindrance of the pendant heterocycle 

would be crucial. 



105 

 

 

 

 
 

Figure 2.9.  Selected prior bifunctional metal complexes from the Grotjahn group 

 

 

Significant examples from the Grotjahn lab of bifunctional interaction with a 

polar or protic substrate are illustrated in Figure 2.9.  The pyrazole complex developed by 

Sang Van highlights a way for the metal coordinated pyrazole to donate a hydrogen bond 

intramolecularly (by the free N-H) to the nearby Pd bound halide ligand (Cl).
44

  The R
1
 

group on the pyrazole adds necessary steric hindrance to inhibit incoming intermolecular 

hydrogen bond acceptors.  A metal complex by Dan Lev has shown remarkable 

reactivity.  The bis(phosphine) complex catalyzes the anti-Markovnikov hydration of 

alkynes,
16

 and more recently, Reji Nair explored hydration with subsequent cyclization of 

bis(alkynes) to indole derivatives.
45,46

  A platinum complex that activates water or other 

protic compounds by O-H activation was developed by Yi Gong.
17

  The N-H of the 

imidazole is necessary for this type of interaction (versus N-Me) to create a binding 

pocket for the anionic O-containing ligand on Pt.  The examples mentioned illustrate the 

wide range and potential of bifunctional heterocyclic ligands and their complexes with 

substrates capable of hydrogen donation or proton acceptance.  
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 There are many desirable reactions between nonpolar and polar substrates, like 

the addition of water or amines to alkynes or alkenes, which are potentially useful to 

chemists in a variety of ways.  The atom economical method of addition of heteroatom 

groups to hydrocarbons can be stereoselective, by creating a new chiral center, or 

regioselective, by Markovnikov or anti-Markovnikov addition.
47

 

 
 

Figure 2.10.  Alkyne hydration using bifunctional catalysis developed  

by the Grotjahn group 

 

 

 One of the chief successes in bifunctional catalysis discovered by the Grotjahn 

group involves the previously mentioned ruthenium complex in Figure 2.8 for the 

selective anti-Markovnikov hydration of terminal alkynes (Figure 2.10),
16

 which will 

now be discussed in more detail. Acid- or metal-catalyzed addition of water to alkynes 

typically results in the formation of the Markovnikov product, where in the case of 

terminal alkynes the ketone will result.  In contrast, the Lev catalyst forms exclusively 

aldehyde (10,000 to 1 selectivity in one case closely examined). Furthermore, the half-

life for forming aldehyde by the addition of water without a catalyst was experimentally 

determined to exceed 600,000 years.  The alkyne hydration catalyst reduces the half-life 
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of the same reaction to 1.3 minutes, an enzyme-like acceleration of at least 2.4 x 10
11

-

fold. 

 
 

Figure 2.11. Proposed role of proton transfer in the key step of catalysis by 

(heteroaryl)phosphine complexes: a) alkyne hydration, b) alkene isomerization 

 

 

The alkyne hydration reaction in Figure 2.10 has been extensively studied in the 

Grotjahn lab with a variety of spectroscopic techniques,
15,16

 in addition to DFT 

calculations in collaboration with Prof. Andrew Cooksy.
48

   The pendant base of the 

alkyne hydration catalyst dramatically accelerates the alkyne to vinylidene 

transformation, and subsequent addition of water.  The proposed key step for the success 

of this reaction is depicted in Figure 2.11 (a), where the pendant pyridyl base activates a 

water molecule for nucleophilic attack on the vinylidene.  Using this hypothesis, can a 

similar process facilitate alkene isomerization, which was reviewed extensively in 

Chapter 1?  Our rationale for extending (heteroaryl)phosphine chemistry to alkenes is 

shown in Figure 2.11: perhaps an internal pendant base can interact with a C-H bond on 

the substrate to aid in isomerization, by transposing the acidified proton and the double 
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bond.  If accomplished, we would enable a waste-free, atom-economical reaction for the 

selection construction of organic molecules. 

In order to optimize a catalyst, initial screening experiments were conducted on 

the alkenes 1-pentene and 4-penten-1-ol, representing two different classes of substrate, 

one lacking any polar or protic group and the other featuring the alkene and OH separated 

by three carbons.  Nuclear magnetic resonance (NMR) spectroscopy was the instrument 

selected for analysis of alkene mixture, by 
1
H NMR, and catalyst, by 

31
P NMR 

spectroscopy.  1-Pentene was selected as a test substrate for facile identification, 

considering there are only two positional isomers: 1-pentene and 2-pentene.  4-Penten-1-

ol was selected as a substrate to establish if we could perform multiple bond migration of 

alkenols, because such substrates were inert to many of the catalysts which work for 

allylic alcohols, as discussed in Chapter 1.   

 
 

Figure 2.12.  Catalyst screening conditions with test substrates for the alkene 

isomerization reaction 
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 Catalyst screening for the isomerization of selected test substrates was done by 

former group members Jeffery Gustafson, Reji Nair, Abhinandini Sharma and myself 

over the course of summer 2005.  Stock solutions of the precursor, [CpRu(NCCH3)3]PF6, 

and phosphines were made in deoxygenated acetone-d6 in the glove box.  In the glove 

box, equimolar amounts of the precursor and phosphine (0.01 mmol each) were added to 

a resealable J. Young NMR tube that contained tetrakis(trimethylsilyl)methane, 

C(SiMe3)3, as an internal standard.  The mixture was diluted with more acetone-d6 

solvent to reach an adequate volume for 
31

P NMR spectroscopic confirmation that free 

phosphine had complexed to the metal.  Back in the glove box, substrate was added (0.5 

mmol) and deoxygenated acetone-d6 was added until the total reaction volume in each 

case was 1 mL, for consistency in reaction concentration (Figure 2.12). 

 The reactions were analyzed both after 1 and 24 h after combination of substrate 

to catalyst, where the reaction was allowed to proceed at room temperature.  If at the 

latter time point starting material remained, the reaction temperature was increased to 70 

o
C.  Table 2.1 shows results using the different combinations of phosphines and CpRu 

fragment for the generation of 2-pentene. 
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Table 2.1.  Amount of 2-pentene generated from 1-pentene using phosphine and 

[CpRu(NCCH3)3]PF6 
a
 

 

entry phosphine time yield entry phosphine time yield 

1 

 

1 h 
24 h 

24 h* 

0 
0 

trace 

10 

 

1 h 

24 h 

93% 

99% 

2 

 

1 h 
24 h 

24 h* 

trace 
< 1% 

25% 
11

b
 

 

1 h 98% 

3 

 

1 h 

24 h 

24 h* 

n.d. 

88% 

99% 
12

b
 

 

1 h 
24 h 

82% 
99% 

4 

 

1 h 

24 h 

14% 

99% 
13

b
 

 

1 h 

24 h 

31% 

97% 

5 

 

1 h 
24 h 

15% 
99% 

14
b
 

 

1 h 

24 h 

24 h* 

1% 

17% 

88% 
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Table 2.1 continued. 

 

entry phosphine time yield entry phosphine time yield 

6 

 

1 h 

24 h 

24 h* 

trace 

18% 

90% 

15 

 

1 h 99% 

7 

 

1 h 

24 h 

12% 

98% 
16 

 

1 h 

24 h 

99% 

97% 

8 

 

24 h 

6 h* 
96 h* 

0 

37% 
45% 

17
b
 

 

1 h 

24 h 
24 h* 

0 

trace 
50% 

9 

 

1 h 

24 h 

24 h* 

8% 

92% 

97% 
18

b
 

 

1 h 95% 

a Ru precursor and phosphine (0.01 mmol each), 1-pentene (0.50 mmol) in deoxygenated acetone-d6 
monitored at certain time intervals at room temperature and 70 oC (indicated by *) by 1H NMR 

spectroscopy. Yields are for 2-pentene.  b Reactions done by me; the remaining were done by Jeffery 

Gustafson and Reji Nair. 

 

 

 The N-heterocyclic phosphines screened for the isomerization of 1-pentene to 2-

pentene included phosphines with imidazol-2-yl and pyrid-2-yl substituents, and also 

variations in ancilliary groups on P (tBu, iPr, Ph, and Me).  Entry 1 in Table 2.1 

showcases that control ligand PPh3 is ineffective, demonstrating that a heterocycle is 

imperative for this catalyst system to promote isomerization.  Diphenyl pyridyl phosphine 

ligands appear to require an alkyl substituent on C6 of pyridine to facilitate isomerization 

(entries 3-5), which is a similar observation made when the ligand has di-iso-propyl 

groups connected to the phosphorus ligand (entries 6 and 7).  Nearly all imidazolyl 
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phosphines screened completed the isomerization to 2-pentene, where some were far 

faster than the pyridyl analogs (entries 15, 16, 18). 

Table 2.2.  Amount of internal pentenol isomers and pentanal generated from 4-penten-1-

ol using phosphine and [CpRu(NCCH3)3]PF6 
a
 

 

entry phosphine time yield of isomers yield of aldehyde 

1 

 

1 h 
24 h 

24 h* 

0 
trace 

30% 

0 
0 

0 

2 

 

1 h 

24 h 
24 h* 

3% 

5% 
40% 

trace 

trace 
9% 

3 

 

24 h 

24 h* 

20% 

52% 

6% 

32% 

4 

 

1 h 
24 h 

40 h*
c
 

16% 
75% 

36% 

3% 
15% 

39% 

5 

 

1 h 

24 h 

24 h* 
40 h*

c
 

5% 

37% 

57% 
52% 

0 

5% 

21% 
28% 

6 

 

1 h 

24 h 

24 h* 

21% 

32% 

55% 

0 

0 

trace 
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Table 2.2. continued. 

 

entry phosphine time yield of isomers yield of aldehyde 

7 

 

1 h 

40 h 

24 h* 

22 

40 

47% 

0 

0 

22% 

8 

 

24 h 

6 h* 

96 h* 

0 

25% 

25% 

0 

12% 

12% 

9 

 

1 h 

24 h 

24 h* 
48 h*

c
 

6% 

9% 

61% 
60% 

0 

trace 

5% 
11% 

10 

 

1 h 

24 h 

24 h*
c
 

96 h*
c
 

10% 

37% 

33% 
6% 

1% 

7% 

53% 
85% 

11
b
 

 

1 h 
24 h 

24 h* 

15% 
45% 

18% 

trace 
28% 

55% 

12
b
 

 

1 h 
24 h 

24 h*
c
 

48 h*
c
 

12% 
14% 

34% 

4.2% 

0 
0 

40% 

70% 

13
b
 

 

1 h 

24 h 

24 h* 

5% 

6% 

28% 

1% 

3% 

29% 
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Table 2.2 continued. 

 

Entry phosphine time yield of isomers yield of aldehyde 

14
b
 

 

1 h 
24 h 

25% 
50% 

0 
0 

15 

 

1 h 

24 h 

90% 

0 

10% 

99% 

16 

 

1 h 

24 h 
24h* 

50% 

33% 
44% 

0% 

7% 
51% 

17
b
 

 

1 h 

24 h 

24 h* 

0 

trace 

63% 

0 

trace 

2% 

18
b
 

 

1 h 
24 h 

70 h* 

trace 
16% 

77% 

0 
2% 

10% 

 a Ru precursor and phosphine (0.01 mmol each), 4-penten-1-ol (0.50 mmol) in deoxygenated 

acetone-d6 monitored at certain time intervals at room temperature and 70 oC (indicated by *) by 1H NMR 

spectroscopy. Yields are for the mixture of isomers and aldehyde.  b Reactions done by me; remainder were 

done by Jeffery Gustafson and Reji Nair.  c Reaction mixture contains unidentified species. 

 

 

Many phosphine and Ru precursor combinations led to optimum reactivity with 1-

pentene, however as expected 4-penten-1-ol proved more challenging (Table 2.2).  In the 

majority of cases, very slight reactivity was seen and mixtures of starting material, 

isomers, and less commonly, product aldehyde were seen as determined by 
1
H NMR 
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spectroscopy.  The 4-penten-1-ol screen allowed us to narrow our search to one 

phosphine that provided striking results, complete isomerization at ambient temperature 

within 24 hours (entry 15). 

From the preliminary studies summarized in Tables 2.1 and 2.2, the phosphine 

ligand in 2.1 emerged as a superior choice for its ability to promote isomerization of both 

substrates.  When equimolar amounts of [CpRu(NCCH3)3]PF6 and the phosphine are 

mixed in an acetone solution, solvent removal leads to the chelated complex 2.1 in nearly 

quantitative yield (Figure 2.13).  Complex 2.1 showed diagnostic NMR data consistent 

with a chiral structure and four unique diastereotopic methyl groups. 

 
 

Figure 2.13. Synthesis of the optimal catalyst (2.1) for alkene isomerization 

 

 

 In practice, delicate manipulation of the reaction in Figure 2.13 is required, 

involving several cycles of acetone addition and removal under vacuum to completely rid 

the complex of excess traces of acetonitrile.  If these actions are not performed, the 

residual catalyst tends to form an extremely hard and brittle, glassy solid; attempts to 

scrape out the material can shatter the containing glassware.  The preferred consistency of 

the complex is an orange fluffy solid, which can be obtained by evaporation of the final 

acetone solution without stirring, allowing the residue to become a foam.  After countless 

attempts for the crystallization of complex 2.1 (over a duration of approximately 2 ½ 
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years), the exchange of counterion from PF6
-
 to BAr

f-
 in solvent afforded complete 

conversion to 2.1-BAr
f
 (BAr

f
 = tetrakis(3,5-trifluoromethyl)phenyl borate) .                                       

 
 

Figure 2.14.  Crystal structure of 2.1-BAr
f
 with selected bond lengths and angles  

(anion omitted for clarity) 

 

 

 The acquired 2.1-BAr
f
 complex was crystallized by vapor diffusion of hexanes 

into diethyl ether to elucidate the actual structural identity of the cation (Figure 2.14).  

The ruthenium-nitrogen bond distance of the 2.1 cation is shorter than the ruthenium-

phosphorus bond distance; 2.202 Å and 2.3440 Å, respectively, which is a common trend 

seen in literature for metal complexes bearing a chelating ligand composed of both soft 

phosphorus and hard nitrogen donors.
49-52

   

 The air sensitive Ru precursor [CpRu(NCCH3)3]PF6 can be purchased, but is 

relatively expensive. At one point in the research, we decided to make the complex in-

house from RuCl3 xH2O (see experimental) following literature protocol.  At another 
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point, we obtained a commericial sample of [CpRu(NCCH3)3]PF6.  After careful analysis, 

it was discovered by 
1
H NMR spectroscopic analysis that 7.5 to 10 mol% of another 

complex was present, tentatively identified as CpRu(cymene)
+
 (with an assumed PF6 

anion), which may be unreacted starting material from irradiation in acetonitrile for 

[CpRu(NCCH3)3]PF6 formation.  A protocol for the purification and recrystallization of 

this mixture was developed to obtain high purity [CpRu(NCCH3)3]PF6, and its X-ray 

crystal structure was determined (please see experimental section for details). 

To optimize the reaction conditions for alkene isomerization, former group 

member Abhinandini Sharma performed the reaction of 4-penten-1-ol and 2 mol% 2.1 in 

a variety of solvents (Table 2.3).  The reaction proceeded well and went to completion in 

both CD2Cl2 and acetone-d6.  When THF-d8 was used as solvent, the reaction did not fare 

as well as in the previously mentioned solvents.  A very sluggish transformation occurred 

in CD3OD, with no detectable aldehyde.  Acetone-d6 remained the preferred solvent for 

the isomerization of alkenes using 2.1. 

Table 2.3.  Solvent effects on isomerization of 4-penten-1-ol using catalyst 2.1 

 

 

solvent 2 h 5 h 24 h 

CD2Cl2 98% -- -- 
acetone-d6 >99% -- -- 

THF-d8 90% 91% 91% 

CD3OD 0 Isomers only -- 
Experiments done by Abhinandini Sharma 
 

 

Having two complexes in hand with identical cations but different anions, 2.1 and 

2.1-BAr
f
, the isomerization of 4-penten-1-ol was compared (Figure 2.15).  The original 
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isomerization catalyst 2.1 transforms the starting material and isomers to aldehyde 

product within 24 h at room temperature, where the enol isomer is absent during duration 

of catalysis.  The BAr
f
 analogue also allows for reaction completion, but in slower time, 

and surprisingly, these conditions allow build-up of the enol that is observed by 
1
H NMR.  

Each complex is active, however the faster catalyst, 2.1, was used in subsequent alkene 

isomerizations. 

 
 

Figure 2.15.  Reactivity comparison of 2.1 and 2.1-BAr
f
 with 4-penten-1-ol 

 

 

 Further modification of alkene isomerization complex 2.1 was attempted in search 

of improved or altered reactivity.  Attempts to swap the labile acetonitrile ligand for an 

anionic ligand to create a neutral complex were made using a variety of hydride sources 

(Figure 2.16).  Mixtures of hydride species were synthesized by treatment of 2.1 with 

various reagents in methanol.  The addition of NaH to 2.1 also resulted in multiple 

hydride species.  Each of the reaction attempts to make the neutral species from 2.1 

formed complicated mixtures that could neither be purified, nor conclusively identified. 
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Figure 2.16.  Attempts to form a neutral complex from 2.1 using hydride sources  

 

 

The hydride route to making a neutral species was not further investigated, 

however other attempts to the goal of replacing neutral acetonitrile ligand with an anionic 

ligand were still examined.  Multiple conditions were attempted to make a neutral 

complex with an iodo- or chloro- ligand (Figure 2.17).  Again, each of the reactions 

provided complicated mixtures, therefore were not further pursued.   

 
 

Figure 2.17.  Unsuccessful quest for neutral isomerization complexes  

using halides as anionic ligands  

 

 

 Substitution of the acetonitrile ligand for a different nitrile, like benzonitrile, may 

provide a difference in reactivity (Figure 2.18, a).  Dissolving [CpRu(NCCH3)3]PF6 in 
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excess benzonitrile proved to be problematic.  The tris(benzonitrile) complex was 

accompanied by three other CpRu
+
 species, most likely containing arene-bound ligands, 

judging from new signals between 6.65 and 7.00 ppm.  Another approach to forming 2.1-

PhCN was to dissolve 2.1 in deoxygenated acetone and add 1 equivalent of benzonitrile.  

Repeated addition and evaporation of solvent afforded 2.1-PhCN in good yield.  Though 

substrate scope was limited using 2.1-PhCN, results of isomerization were comparable to 

those obtained with 2.1 (see Experimental Details). 

 
 

Figure 2.18.  Ligand substitution of acetonitrile for benzonitrile  

a) on CpRu
+
 precursor and b) on alkene isomerization catalyst 2.1 

 

2.3. Scope and Limitations of catalyst 2.1 

Here we highlight the scope of catalyst 2.1, identified through the screening 

process described above, whose notable and attractive features include the following (a) 

ability to isomerize a variety of heterofunctionalized alkene derivatives, (b) formation of 

(E)-isomer products of high purity, (c) useful activity in many cases at low loadings (2-5 

mol%), and (d) a heterocyclic ligand which appears to act not merely as a hemilabile 

group, but rather as an internal base.    
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Figure 2.19.  
1
H NMR spectroscopy for reaction analysis; a) use of internal standard for 

integral calculation, b) monitoring progression of reaction 

 

 

 The catalyst discovery was a joint effort between Prof. Doug Grotjahn, former 

group members, Jeffery Gustafson and Reji Nair, and myself, however my colleagues 

moved on to other endeavors and I carried on with all of the studies described below, 

with the exception of the longer-chain substrates in Figure 2.20.  The reactions were 

performed in a J. Young resealable NMR tube, to maintain an inert atmosphere and to 

analyze reaction progression by NMR spectroscopy. In the glove box, the alkene 

substrate, C(SiMe3)4, as internal standard, and deoxygenated acetone-d6 were combined.  

An initial 
1
H NMR spectrum was acquired, and the internal standard peak was referenced 

and carefully integrated, setting the integral value to be used in subsequent analyses of 

the same reaction (Figure 2.19, a).  Back in the glove box, the catalyst was added to the J. 

Young tube and the reaction was allowed to proceed at either room temperature or 70 
o
C.  

1
H NMR data were acquired at allotted time intervals (Figure 2.19, b). One distinct 

advantage of going to all the trouble of performing reactions in the NMR tube, as 

opposed to analyzing aliquots by TLC or GC, is that in many cases we could see peaks 
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for catalyst or in some cases catalytic intermediates or degradation products, both in 
1
H 

and 
31

P NMR spectra.  

The catalyst screening and preliminary optimization of conditions of the last 

section may be summarized as follows: because 4-penten-1-ol represented a more 

challenging class of substrate, its isomerization to pentanal was optimized with respect to 

solvent, catalyst amount, and reaction temperature.  At the 2 mol% level, heating at 70 
o
C 

was advised, whereas by using 5 mol%, reactions could be completed at 25 
o
C.  Acetone 

emerged as the solvent of choice, although dichloromethane could also be used (Table 

2.3).  The effects of a hydroxyl group on a substrate were apparent by noting that under 

the optimized conditions, isomerization of 1-pentene to (E)-2-pentene required only 

minutes at room temperature using 2 mol% catalyst.   

Because isomerization of 4-penten-1-ol was successful, where many catalysts 

would fail, alkenols of longer chain lengths were attempted (Figure 2.20).  In general, full 

isomerization of the alkenols required heating at 70 
o
C.  Alkenes incorporating a 

secondary alcohol, like 2.2 and 2.6, were observed to undergo a more facile migration to 

the desired corresponding carbonyl compound, 2.3 and 2.7, respectively, compared to 

their primary alcohol analogs (2.4 and 2.8).  Synthesis of long chain alkenols 2.10 and 

2.12 was performed by Prof. Doug Grotjahn, with my help.  The isomerization of these 

long hydrocarbons required higher loading of catalyst is prolonged reaction time, most 

likely due to the random walk of the “alkene zipper” catalyst because 
1
H NMR 

spectroscopic evidence suggests that there are mixtures of intermediate internal alkenes 

during the monitoring period.  Most dramatically, alkenols can undergo isomerization 

over 9, 22, and even 30 positions with bifunctional catalyst 2.1! 
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Figure 2.20.  Alkenol isomerization as a function of chain length   

 

 

The atom economical redox isomerization examples in Figure 2.20 catalyzed with 

2.1 surpass the literature examples by far.  The well-studied allylic alcohol to carbonyl 

compound conversion has been performed with other CpRu complexes (Figure 2.21), as 

well as many other catalysts.  To reiterate important points discussed in Chapter 1, the 

complexes shown in Figure 2.21 only operate on allylic alcohols, require extra heat and 

catalyst, and also generate byproducts.
53,54

 Far fewer catalysts exist for the movement of 
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a more remote double bond (n > 2), but the results in Figure 2.20 shows that alkene 

isomerization catalyst 2.1 is in a league of its own, leading to the term “alkene zipper.”
55

     

 
 

Figure 2.21. Allylic alcohol isomerization using CpRu complexes from literature 

 

 

The apparent record for alkene isomerization of any kind, until now, is over 20 

positions by stoichiometric amounts of the reagent Cp2ZrHCl generated in situ (Figure 

2.22, a).
56

  The apparent record for catalyzed double bond movement is on 9-decen-1-ol, 

which is a 9 carbon migration, using Fe3(CO)12 (Figure 2.22, b).
57

  However, 30 mol% 

was required, which means that nearly a mole of metal was used per mole of alkenol. 

 
 

Figure 2.22.  The furthest-known double bond isomerizations in literature 

 

 



125 

 

 

 

Catalyst 2.1 has proven to be efficient in the redox isomerization of alkenols 

(Figure 2.20), but also the selective isomerization of an array of multifunctional alkenes 

(Table 2.4).  Full isomerization of substrates that contain polar functional groups, like OH 

and amide, occur at 70 
o
C, whereas partial isomerization of these compounds or full 

isomerization of nonpolar substrates could be done at 25 
o
C.  Entry 1 shows that test 

substrate 1-pentene is fully converted to 2-pentene by the time the sample and catalyst go 

from inside the glove box to inside the probe of the NMR, which can range between 5 

and 10 minutes.  Diene 2.16 was converted to (E,E)-2.17 within 18 h, but after prolonged 

reaction time, geometrical isomerism allows cis-alkene formation.  Diallyl ether 2.20 is 

converted cleanly to (E,E)-dipropenyl ether 2.21 within 40 min, with the absence of any 

other isomer or byproduct (entry 4).  Remarkably, diallyl ether gave (E,E)-dipropenyl 

ether in high yield without Claisen rearrangement of the intermediate allyl propenyl ether 

and without and detectable (Z,E)-isomer, providing rapid entry under neutral conditions 

to a little explored class of compounds which have typically been made as mixtures using 

strong base.  Silyl ether 2.22 gave enol ether (E)-2.23 in 4 h. 
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Table 2.4.  Scope and limitations of alkene isomerization catalyst 2.1
a
 

entry substrate 
mol
% 

temp 
(
o
C) 

product 
time 
(h) 

yield 

1  2 25  <0.2 95% 

2 

 

3 70 
 

18 90%
b
 

3 
 

2 70 

 

24 77%
c
 

4 
 

2 25 
 

<0.6 96% 

5 

 

5 70 

 

4 90% 

6 

 

2 25 

 

4 70%
d
 

7 

 

2 25 

 

26 75%
e
 

8 

 

2 70 

 

2 96% 

9 

 

2 25 

 

2 86% 

10 
 

2 70 
 

20 
287 

37% 
64% 

11 

 

2 25 

 

192 45% 

12 

 
5 70 

 
22 71% 

13 

 

2 70 

 

24 91% 

aYields determined by 1H NMR spectroscopy and internal standard in acetone-d6 unless otherwise 

indicated.  bSmall amounts of detectable (Z)-alkene in mixture, which increases with prolonged reaction 

time and heating.  cIsomers present. dEquilibrium ratio of 70:30 in favor of trisubstituted product, which is 

reached from either side within 2-4 h using 2 mol% 2.1 at 70 oC.  eIsolated. 



127 

 

 

 

  

Branched alkenes, like 2.24, have been subjected to alkene isomerization 

conditions demonstrating different results.  Disubstituted starting material 2.24 and 

trisubstituted product 2.25 exist in an equilibrium ratio of 30:70 in favor of 2.25, which 

will be discussed more in depth later in this chapter.  The protected N-containing alkene 

2.27 is isolated in 75% in 4 h at room temperature.  Allyl ester 2.28 is converted to the 

(E)-enol ester 2.29 with small traces detectable by 
1
H NMR spectroscopy.  Pentenoic acid 

(2.30) undergoes a facile conversion to its α,β-unsaturated carboxylic acid (2.31) at room 

temperature.  Geraniol (2.32) was slowly converted to (E)-isogeraniol (2.33) in 61%, 

where 29% remained as starting material.  Each of the substrates illustrated are cleanly 

and selectively isomerized to exclusively its trans-counterpart in efficient conversion 

under mild conditions. 

 
 

Figure 2.23.  Expected and unexpected reactivity with esters and acids 
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 Unexpected reactivity was noticed when certain functional groups were present.  

Allyl ester 2.28 gave the intended product in 2 h, as seen in Table 2.4.  The synthesis of 

aryl ester 2.40 and alkyl ester 2.42 was carried out with the acyl chloride and 4-penten-1-

ol.  When the two esters were each combined with 2 mol% 2.1, an unexpected reaction 

mixture resulted.  Further investigation using 2D NMR spectroscopy identified the 

alkenyl compound as 1,3-pentadiene (2.44).   An ester bearing the extra carbons of a 

pentenyl chain (as opposed to an allyl chain) appears to allow for additional bond 

movement, unexpectedly followed by the elimination of the carboxylate portion of the 

molecule, resulting in 1,3-pentadiene and the carboxylic acid.  If the carboxylate moiety 

of the compound is oriented in the opposite fashion, like in pentenoic acid (2.30), the 

isomerization is halted and creates the α,β-unsaturated carbonyl compound 2.31.  The  

results of Figure 2.23 spurred further scope and limitation studies on complex 2.1. 

 
 

Figure 2.24.  Surprising ring opening and ring closing ability of catalyst 2.1 

 

 

Additional surprises occur when epoxy alkenes or ene diol 2.45 are subjected to 

2.1 (Figure 2.24): the substrates either undergo cyclization or the opening of the ring.  
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From the information presented thus far, we would expect 2-buten-1,4-diol to be 

converted to α,ω-hydroxyaldehyde 2.46, however the latter species must have undergone 

an intramolecular cyclization as well as oxidation (presumably a transfer hydrogenation 

to the solvent, though this point needs to be investigated further) in order to yield lactone 

2.47.  Epoxides 2.48 and 2.50 were prompted to open to the corresponding enals E-2.49, 

Z-2.49, and E-2.51 when catalyst 2.1 was added.  Vinyl oxirane 2.48 results in both cis- 

and trans-enals, where the enal formed from isomerization of 2.50 only exists in the 

trans-isomer.  Although only one isomer of enal was detected, the reaction mixture was 

rather messy and contained other byproducts, the portions of which which were identified 

with certainty being shown in the Figure. 

Alkene isomerization catalyst 2.1 has displayed unique and broad reactivity; 

converting alkenols to the corresponding carbonyl compounds, isomerizing a variety of 

heterosubstituted alkenes to the (E)-isomer with high selectivity, and in addition to the 

surprising elimination of carboxylic acids to form dienes from pentenyl esters.  The 

conjugation of dienes has also been demonstrated to be a favorable reaction catalyzed by 

2.1, and the product existing as the trans-trans-diene is worth mentioning.  Because 2.1 

can migrate an alkene over an extended chain of carbon-carbon bonds, we attempted 

isomerize monounsaturated and polyunsaturated fats and oils. 

Fatty acids and derivatives are used in a wide range of applications, from soaps to 

detergents to surfactants and more, as explained in Chapter 1.  A select few mono- and 

polyunsaturated oils were selected to investigate the reactivity of the long cis-organic 

fatty acids and derivatives with the alkene isomerization catalyst 2.1 (Figure 2.25).  The 

double bond position in polyunsaturated fats can be identified by the carbon number of 
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the acid (for example, in the case of linoleic acid 2.56, there is a 9,10- and a 12,13-double 

bond, Figure 2.25) or by the more colloquial designations of -3, -6, or -9 (Figure 

2.25). When the catalyst is added to monounsaturated fatty acid oleic acid (2.54), the 

reaction did not proceed as anticipated.  The mixture contained mainly unreacted starting 

material, intended α-β-unsaturated carbonyl compound 2.55 (tentatively identified, <4%), 

and resulting isomers, a combination of the other internal isomers.  When 

polyunsaturated compounds 2.56, 2.58, and 2.60 are subjected to 1-5 mol% catalyst, 

conjugation of the double bonds occurs, as identified by
 1

H NMR spectroscopy.  In each 

of the polyunsaturated compounds with catalyst 2.1 the starting material was fully 

consumed, providing the corresponding conjugate linoleic acids (CLA). Our data suggest 

mixtures of closely related (E,Z)-products; the literature reports formation of mixtures 

arising from movement of either double bond toward the other.
58-61

 For example, in the 

case of 9,12-dienes 2.56 and 2.58, both 9,11- (2.57a and 2.57b) and 10,12-diene (2.59a 

and 2.59b) products form. The assignment of initial products as (E,Z) follows from the 

presence in the 
1
H NMR spectra of four clearly seprated alkene CH signals, over a 

chemical shift range of about 1 ppm, suggesting a high degree of asymmetry in the diene 

unit. Compounds 2.57 and 2.59 initially formed as (E,Z)-dienes, but become (E,E)-

isomers after prolonged reaction times, with simpler proton NMR spectra because of 

greater local symmetry in the diene unit.  Conjugated triene 2.61 is formed as more than 

one geometrical isomer (Figure 2.51). Either acid or ester functional groups are tolerated.  
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Figure 2.25. Conjugation of unsaturated fatty acids and their derivatives using 2.1 

 

 

 Natural polyunsaturated fatty acids and derivatives have more than one cis- 

carbon-carbon double bond separated by methylene spacers, and are nutritionally 

beneficial.
61

  As described in Chapter 1, natural polyunsaturated compounds are 

converted into their conjugated counterparts to be useful for industrial applications, 

which is typically carried out by strong bases at high temperatures.  Figure 2.25 displays 

the potential of catalyst 2.1, even acting upon long chain polyunsaturated fatty acid 

derivatives. 

Based on the unexpected result that branched alkenes 2.24 and 2.32 formed 

mixtures of isomers, other branched substrates were explored (Figure 2.26).  Evaluating 

the addition of both 2 mol% and 5 mol% of 2.1, disubstituted 2.24 is isomerized to 

trisubstituted alkene 2.25, and equilibrates to a 30:70 mixture of 2.24 to 2.25, 
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independent of catalytic loading of 2.1.  Geraniol (2.32) also equilibrates, but very 

slowly, to a mixture of branched products, with absolutely no hint of the intended product 

aldehyde 2.67.  A very facile transformation of secondary alcohol 2.2 to ketone 2.3 is 

exhibited with catalyst 2.1 with no detection of the enol by 
1
H NMR.  However, if 

secondary alcohol 2.2 is protected as a silyl ether (compound 2.69), catalyst 2.1 cleanly 

gives 2.70, is created, which does not go on to form enol ether 2.71.  In hydrocarbon 

2.72, the atom connectivity of 2.69 is mimicked, and here too, the double bond moves 

over by only one position (2.73), with no further migration.   

 
 

Figure 2.26.  Isomerization of branched substrates with catalyst 2.1 
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 The results summarized from Figure 2.26 provide vital information about alkene 

isomerization catalyst 2.1 and the scope and limitations of substrates with branching 

points.  When the alkene is incorporated in the branch portion of the substrate, such as in 

2.24 and 2.32, the alkene remains tethered, or rooted, to the more substituted hydrocarbon 

branch, but has the capability of migrating on each side of the branch, thus compounds 

2.66 and 2.67 are not formed in these isomerization conditions.  The other type of 

branching, like that in 2.69 and 2.72, is different in the sense that the alkene is not rooted 

to the branch.  In this type of substrate, the branch in the hydrocarbon chain impedes 

isomerization as the olefin approaches the branch to form an α,β-unsaturation juxtaposed 

to the branch (2.71 and 2.74).  The differing branched substrates in Figure 2.26 do not 

behave like linear substrates, but depending on where the alkene is located relative to the 

branch in the hydrocarbon chain, the resulting products have a very distinct trend. Below 

the proposed mechanism of alkene isomerization is discussed in detail, but for now, we 

note that all of the results in Figure 2.26 would be consistent with a high kinetic 

preference for forming allyl-metal intermediates with alkyl substituents in the exo 

position of the allyl, and an equally strong avoidance of forming species with an alkyl 

group (even as small as a methyl group) in an endo position.  

The insight gained from the isomerization of branched substrates magnified the 

prospects possible by bifunctional catalyst 2.1, and thus were pursued.  The exploration 

of 1,1’-disubstituted alkene isomerization to the trisubstituted alkene has received little 

attention.  Exceptions are a sulfur dioxide/polysulfone catalyst system,
62

 and a recent 

accidental discovery by Rajan Babu and co-workers during optimization studies of 

asymmetric hydrovinylation of 1,1’-disubstituted alkenes using either [(allyl)NiBr]2 or 
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[(allyl)PdCl]2 as the metal precursor, P(o-Tol)3, and AgOTf in CH2Cl2,
63

 which was 

discussed in Chapter 1.  The conversion of 1,1’-disubstituted alkene 2.63 is achieved by 

ruthenium catalyst 2.1 to the (E)-trisubstituted alkene, (E)-2.64, with the absence of the 

(Z)-analogue, (Z)-2.64 (Table 2.5, Grotjahn Isomerization Strategy).
64

 

Table 2.5.  Comparison of two isomerization strategies: isomerization using catalyst 2.1 

and isomerization using RajanBabu isomerization conditions 

 

 
 

2.75 (E)-2.76 (Z)-2.76   2.75
a
 (E)-2.76

a
 (Z)-2.76

a
 

1 h 91% 10% 0  2 h 60% 37% 4% 

2 h 87% 16% 0  3 h 52% 43% 5% 
5 h 71% 31% 0  5 h 8% 85% 7% 

29 h 30% 70% 0  24 h 3% 90% 7% 

4 d 17% 82% 0      
a results obtained using RajanBabu isomerization conditions adapted from literature with our substrate 2.75 

 

At 29 h, the mixture contained starting alkene 2.75 and product alkene (E)-2.76 in 

a ratio of 30:70 and 20:80 after 4 days.  The work of RajanBabu’s group includes a 

substrate like 2.75, but with a Cl at the para-position.  When terminal olefin 2.75 is 

subjected to RajanBabu conditions, the (Z)-2.76 begins to form at an early stage, 

ultimately converting to a mixture of (E/Z)-2.76 (12.8:1) with trace 2.75 (Table 2.5, 

RajanBabu Isomerization Strategy). 

In order to determine why the two catalyst systems give different isomeric ratios, 

a series of experiments were conducted.  Based on previous work, catalyst 2.1 undergoes 



135 

 

 

 

a random walk along the substrate backbone, thus indicative of reversibility.  The 

branched alkenes appear to exist in an equilibrium state between starting disubstituted 

alkene and product (E)-trisubstituted alkene.  To better understand the origins of 

selectivity, a mixture of the two isomers, E-2.76 and Z-2.76 in 44:56 ratio, made by 

classical Wittig olefination of acetophenone with [Ph3PEt]
+
Br

-
, and subjected to catalyst 

2.1 at 70 
o
C.  As in the forward reaction, the reverse reaction achieves approximately the 

same equilibrium ratio between 2.75:(E)-2.76, where the (Z)-isomer remains untouched 

(Figure 2.27).  The same 44:56 (E/Z)-2.76 mixtue was added dropwise to RajanBabu 

catalyst generated in situ, but significantly, no change was detected after 48 h.  To test 

whether there was an absence of active catalyst from RajanBabu conditions or whether 

the catalyst had been present but unable to interact with (E/Z)-2.76, an additional alkene, 

2.22, was added to the reaction (Figure 2.27).  After 5 h, it was evident that an active 

catalytic species was indeed present, considering that silyl ether 2.22 was detected in only 

trace amounts, where the internal isomer(s) was the major silyl ether species (2.22a 

and/or 2.22b cannot be distinguished due to overlapping 
1
H NMR resonances). 



136 

 

 

 

 
 

Figure 2.27.  Different conditions of alkene isomerization catalysis affords  

different kinetic mixtures of products 

 

 

A compilation of E/Z equilibria has been generated for experimental and 

calculated values for the thermodynamic relationship of (E/Z)-2.76, however the 

thermodynamic equilibrium rato of a mixture of 2.75 and (E/Z)-2.76 has not been 

reported to date.
65

  Seeing that the (E/Z)-2.76 mixture remains intact with active 

RajanBabu catalyst, we propose that the isomerization conditions discovered by 

RajanBabu are not reversible, and thus both RajanBabu and Grotjahn isomerization 

conditions result in different kinetically controlled mixtures.  In addition to kinetic 

reversibility, 2.1 produces one trisubstituted isomer exclusively, the (E)-isomer. 
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2.4. Mechanistic Studies of Catalyst 2.1 

Bifunctional catalyst 2.1 has a unique reactivity and selectivity profile for the 

isomerization of a wide array of heterofunctionalized alkenes, where the double bond can 

undergo migration up to 30 positions along a hydrocarbon chain!  Further application of 

2.1 and our alkene isomerization methodology includes H/D exchange, explored by Ph.D 

candidate Gülin Erdoğan,
66,67

 whose results will be discussed now for their mechanistic 

insight.  

 
 

Figure 2.28.  Mild and selective isomerization and deuteration of alkenes with 

isomerization catalyst 2.1 in the presence of D2O 

 

 

The exchange of hydrogen for deuterium at the allylic positions of alkenes 

catalyzed by 2.1 in D2O provides selective isotopically labeled compounds (Figure 2.28).  

Deuteration of propene C1 and C3 positions increased over time, where in contrast, the 

proton at C2 was retained, even after prolonged reaction time (60 days).  Isomerization of 

diallyl ether gave (E,E)-dipropenyl ether without any detectable (E,Z)- or (Z,Z)-isomer 

and when deuterium oxide was introduced into the medium, H/D exchange is seen only at 

C1 and C3, consistent with the propene results.  In contrast to substrates bearing isolated 

allyl groups, when butene and propene were exposed to D2O and 2.1, there was full 
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deuterium incorporation along the molecule within 24 hours.  Presumably 
3
-allyl 

intermediates form along the chain of butene and pentene, allowing all positions to 

become allylic during isomerization, which may explain H/D exchange at the previously 

unreactive vinylic positions.  A beneficial application of alkene isomerization with 

bifunctional ruthenium complex 2.1 is the selective incorporation of deuterium isotopes 

into an alkene at allylic positions, in addition to the contribution of how isomerization 

complex 2.1 interacts with alkene substrates. 

Preliminary experiments are thus far consistent with the mechanistic hypothesis 

advanced in Figure 2.29.  Rather surprisingly, bubbling ethylene (~25 equivalents) into 

an acetone solution of 2.1 leads to formation of free acetonitrile and an ethylene complex 

similar to 2.77, rather than a chelate-opened species.  Therefore, we propose that the first 

step of the catalytic cycle is exchange of acetonitrile for alkene, forming 2.77.  The role 

of the basic nitrogen of the imidazole could then be deprotonation at an allylic position, 

forming 2.78 with an anionic allyl and protonated heterocyclic ligand, which could then 

return the proton to either end of the allyl moiety, and promote isomerization. 

 
 

Figure 2.29.  Proposed mechanism of alkene isomerization complex 2.1 
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 Additional compelling evidence for the role of the heterocycle in the catalyst is 

that complex 2.80 is 330 times slower at isomerizing 1-pentene than is 2.1 and, moreover, 

is 10,000 times slower at isomerizing 4-penten-1-ol (Figure 2.30).  Our mechanistic 

hypothesis for high (E)-selectivity is that either the transition states (i.e. from 2.77 to to 

allyl complex 2.78) or intermediates (e.g., 2.78) leading to (Z)-alkene are sufficiently 

high in energy to leave the system shuttling between terminal and (E)-alkene(s), creating 

“semi-thermodynamic” mixtures consisting of almost exclusively these later isomers.  

 
 

Figure 2.30.  The heterocycle is necessary for catalysis using our alkene  

isomerization system and enhancing relative reaction rates 

 

 

The mechanistic hypothesis in Figure 2.29 helps rationalize the unusual ability of 

2.1 to convert geraniol (2.32) to (E)-iso-geraniol (2.33) rather than to the aldehyde (2.67), 

because formation of the enol isomer would require the catalyst to form an allyl 

intermediate like (Z)-2.78 (Figure 2.31). The isomerizations of geraniol which were 

observed could all be explained by intervention of allyl-metal intermediates, but ones 

where the alkyl substituents were all in the exo positions of the allyl ligand, avoiding 

completely the formation of an intermediate like Z-2.78 (in Figure 2.29) or Z-ger (in 

Figure 2.31).  
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Figure 2.31.  Branched substrate results based on proposed mechanism: a) E-ger 

intermediate may be responsible for isogeraniol formation, b) the exo-methyl (in red) in 

hypothetical Z-ger intermediate may prevent its formation  

 

 

 The other substrates of Figure 2.26 which fit this pattern are 2.24, 2.69, and 2.72.  

Figure 2.32 provides a basis for the formation of observed products 2.25, 2.70, and 2.73 

from starting alkenes 2.24, 2.69, and 2.72, respectively, through the proposed 

intermediates 2.81 and 2.83.  Compounds 2.66, 2.71, and 2.74 are not observed in the 

presence of isomerization catalyst 2.1, presumably because intermediates 2.82 and 2.84 

contain exo-substituents (in red) that may inhibit further migration of the carbon-carbon 

double bonds (Figure 2.32). 

 
 

Figure 2.32.  Position of substrate branch controls reactivity based on proposed 

mechanism: a) exo-substituent incorporated into the alkene and b) exo-substituent 

remotely located from the alkene 

 



141 

 

 

 

 

Finally, we note that, since isomerization of the longer susbstrates presumably 

occurs by a random walk of the double bond up and down the chain en route to the most 

stable isomer, the observed movement of the double bond is actually just lower estimate 

of the number of times the catalyst acts on a substrate. 

 

2.5. Deactivation of alkene isomerization catalyst 2.1 

When a large catalyst loading of 2.1 is employed on certain substrates, namely 

alkenols with a primary alcohol function which eventually becomes and aldehyde, both 

the catalyst and a portion of the substrate (2.85) appear to degrade (Figure 2.33).  Catalyst 

is converted to an equimolar amount of a different species during the course of the 

reaction. The consumption of 2.1 is matched by appearance of a new complex (2.87) 

identified by its 
31

P NMR resonance at δ 77.83 ppm, which tends to be seen as long as 

enol 2.86 is present (as determined from 
1
H NMR spectra).  Eventually, the new complex 

converts to a species identified by its 
31

P resonance at δ 42.14 ppm in acetone-d6 (and δ 

48 ppm in CD2Cl2) and the organic fragments containing the corresponding carbonyl 

compound 2.88 and an alkane, which has been tentatively identified as ethane. 

 

Figure 2.33. Isomerization of allyl alcohol leads to fragmentation of substrate and 

deactivation of catalyst complex 
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 The decarbonylation of aldehydes has been well-documented in the literature to 

form the corresponding alkane lacking one carbon, and a metal-CO complex bearing the 

lost carbon.
68-71

  The process of decarbonylation has been documented to have occurred 

to isomerization product aldehyde using trans-[Mo(CO)2(dppe)2], thus the yield of 

isomerization product suffered significantly.
72

  Alkenol substrates may isomerize by way 

of enol intermediates before aldehyde formation.  If catalyst 2.1 is performing 

decarbonylation, what is the mechanism and what can we do to avoid this side reaction? 

 Deactivation of catalyst 2.1 and degradation of the organic alkene appears to be 

substrate specific, occurring with primary alkenols which convert to aldehydes, not with 

secondary alcohols which convert to ketones.  Applying the general proposed mechanism 

for alkene isomerization shown in Figure 2.29 (above) to the case of allyl alcohol (Figure 

2.34), dissociation of the acetonitrile ligand and alkene binding would form complex 

2.90.  The imidazole pendant base is proposed to abstract an allylic proton to form π-allyl 

complex 2.91, which can donate the imidazolium proton to the neighboring carbon (2.92) 

to promote isomerization to 2.86.  
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Figure 2.34.  Proposed pathway leading to substrate decarbonylation to form the 

corresponding alkyl species and deactivated Ru complex 

 

 

 Further conversion of enol to aldehyde may either be metal-catalyzed as shown in 

Figure 2.34 or could be catalyzed by protic species in the reaction medium.  Aldehydes 

have been documented to undergo decarbonylation with transition metals to form the 

corresponding hydrocarbon species and CO-metal complex.  Similar reactivity has also 

been documented during the isomerization of allylic alcohols.
73,74

  Possible metal-

containing intermediates between enol and aldehyde include allyl complex 2.92, -

complex 2.93, or acyl complex 2.94.  Existence of an enol complex during the duration of 

the reaction is a possibility based on collected spectroscopic evidence mentioned in 

Figure 2.33.  When the alkenols is allyl alcohol, the primary alkenol substrate and 

catalyst 2.1 form a byproduct speculated to be ethane (2.89) and 2.1-CO via a 

decarbonylation pathway as shown in Figure 2.34 (or a derivation thereof).  Isomerization 

of primary alkenols likely proceeds through an enol intermediate before aldehyde 

formation, so which of these isomers illustrated in Figure 2.34 the likely culprit for this 

degradation side reaction? 
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Figure 2.35.  Decarbonylation of unenolizable tolualdehyde by 2.1 

 

 

 In order to determine if a non-enolizable aldehyde would undergo 

decarbonylation by catalyst 2.1, aromatic aldehyde 2.95 was combined with 2.1 (20 

mol%) in acetone.  The mixture was allowed to proceed at 70 
o
C and monitored by NMR 

spectroscopy.  Disappearance of 2.1 was observed by 
31

P NMR spectroscopy with 

concurrent appearance of a new 
31

P containing species (Figure 2.35).  
1
H NMR spectra 

confirm the loss of aldehyde in correlation with the 
31

P findings, and appearance of peaks 

consistent with presence of toluene. 

 
 

Figure 2.36.  Authentic CO-complex formation by CO addition to complex 2.1  

 

 

Conclusive identification of the new species as 2.1-CO was accomplished by 

independent synthesis: to a solution of 2.1 in deoxygenated acetone, CO(g) was bubbled to 

the point of saturation (Figure 2.36).  
31

P NMR spectra of the reaction mixture showed a 

new 
31

P resonance at δ42.02 ppm, virtually identical with data from complex made from 

2.1 and tolualdehyde (Figure 2.35). 
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Slight differences are depicted in the three reactions discussed above proposed to 

form a CO-complex of 2.1 and are summarized in a consice manner in Figure 2.37 below.  

Isomerization of allyl alcohol proceeds through a shortly lived 
31

P intermediate, followed 

by the formation of another CpRu
+
 phosphine species, thought to incorporate a CO 

ligand, 
31

P δ42.14 ppm (Figure 2.33).  To determine toxicity of the enol intermediate 

versus the aldehyde, tolualdehyde and catalyst 2.1 formed a new complex, 
31

P δ42.26 

ppm, with consumption of the aldehyde (Figure 2.35).  And finally, authentic CO-

complex was synthesized by bubbling CO through an acetone solution of 2.1, 
31

P NMR 

δ42.02 ppm (Figure 2.36). 

 
 

Figure 2.37.  Summary of 2.1-CO complexes in acetone-d6 formed by a  

variation of conditions 

 

 

Each of the reactions have similar 
31

P NMR resonances in acetone-d6, however  

the resulting complex from allyl alcohol and 2.1 forms a complex with 
31

P shift at δ 48.14 

ppm in CD2Cl2.  This species may contain a CO ligand on the chelated complex, where 

the other may contain a CO ligand on the unchelated complex with an acetonitrile ligand, 
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or may be due to solvent effects.  The isomerization of an isotopically labeled primary 

alcohol with 2.1 may be the tool to assist the interpretation of these results. 

To help understand the reactivity of complex 2.1, synthesis of 
13

C labeled allyl 

alcohol was contemplated, but avoided because of the expensive reagents and volatility.  

Cinnamyl alcohol (2.94), an aromatic allylic alcohol, was deliberated for this effort.  

Reactivity of cinnamyl alcohol and allylic alcohol with 2.1 may be incomparable, 

considering the allylic alcohol of cinnamyl alcohol is conjugated with the aromatic ring 

and may not isomerize.  To confirm isomerization of 2.94 possible, the aromatic allylic 

alcohol was treated with 4.7 mol% 2.1.    

Table 2.6.  Amounts of identifiable species in mixture formed during isomerization of 

cinnamyl alcohol with 2.1
a
 

 

 
10 min 60 min 2 h  10 min 60 min 2 h 

organic 

species 

   CpRu
+
 

species 

(P, ppm) 

   

2.97 74.7% 42.3% 30.3% 37 1.3% 0.8% 0.5% 

(E)-2.98 20.6% 35.9% 31.5% 77 1.4% 1.1% 0.5% 

(Z)-2.98 4.6% 9.5% 9.7%     

2.99 0 13.6% 27.5% 42 0 1.1% 2.1% 
aAll yields determined by 1H NMR and internal standard (see experimental details) 

 

Isomerization of cinnamyl alcohol (2.97) with catalyst 2.1 proved to be 

advantageous in the sense that the 
1
H NMR shows enol intermediate 2.98 persists at room 

temperature for over 2 h (Table 2.6).  In addition to the organic enol intermediate, the 
31

P 

NMR spectrum shows that the amount of a new phosphorus-containing species that 
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appears to be correlated with the amount of enol intermediate can also be observed when 

cinnamyl alcohol is the substrate.  The preliminary findings in Table 2.6 encouraged us to 

study an isotopically labeled compound to clarify identity of the product mixture.    

 
 

Figure 2.38.  Synthesis of 
13

C labeled cinnamyl alcohol 

 

 

 A straightforward synthesis to afford 
13

C isotopically labeled cinnamyl alcohol is 

presented in Figure 2.38.  To a -78 
o
C solution of phenyl acetylene in dry and 

deoxygenated THF, n-BuLi was added dropwise followed by 
13

C-paraformaldehyde. The 

mixture was slowly brought to room temperature, and upon reaction completion the 

reaction was worked up to afford 2.97-
13

C in good yield.  The desired 
13

C-cinnamyl 

alcohol (2.97-
13

C) was afforded by the reduction of alkyne 2.100.  The treatment of 2.97-

13
C with catalytic amounts of catalyst 2.1 will be done in due time, and monitored by 

variable temperature NMR to determine interactions and the generation of possible enol 

intermediates such as those proposed in Figure 2.34.  

 Primary alkenols were not the only type of substrate from which interaction with 

catalyst 2.1 leads to new species.  Diallyl ether (2.20) and catalyst 2.1 form an 

intermediate species detectable by 
1
H and 

31
P NMR when high concentrations of the 

catalyst are used (Figure 2.39).  The disappearance of active catalyst 2.1 mirrors the 

emergence of an unknown intermediate characterized by a 
31

P chemical shift of δ 63.30 
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ppm (partial structure 2.101).  Disappearance of this short lived species again mirrors the 

appearance of a third metal complex, assigned to be 2.1-CO. 

 
 

Figure 2.39.  Formation of possible metal-substrate complex with isomerization  

catalyst  2.1 and a) diallyl ether and b) 1,4-cyclohexadiene  

 

 

 This chapter has reported successful isomerization of non-conjugated dienes with 

catalyst 2.1 conjugated isomers (see Table 2.4, entry 2 and Figure 2.25).  A useful 

application of the alkene isomerization catalyst could transform inexpensive materials, 

like 1,5-hexadiene (2.16) and 1,4-cyclohexadiene (2.102), to the more expensive isomer, 

2,4-hexadiene (2.17) and 1,3-cyclohexadiene (2.103), respectively, but  unfortunately 

only one of these reactions work, the formation of diene 2.17.   The combination the of 

cyclic diene 2.102 and catalyst 2.1 creates a complex mixture, including a species where 

2.102 has bound to the metal in an unknown manner, along with liberation of free 

phosphine, which could signal the formation of CpRu(diene)(CH3CN)
+
.   
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 Interaction of the alkene isomerization catalyst 2.1 with substrates is definitely 

detected, where some of these interactions lead to products to be scrutinized.  The 

catalyst 2.1 is also extremely air sensitive, and must be kept in inert conditions for the 

duration of the reaction.  The resealable J. Young NMR tubes that are used to monitor the 

contents in the reaction mixture have seals made of Teflon, in which isolate the reaction 

from the atmosphere.  The seals break down with increased usage, and allow air to 

contaminate the inert atmosphere inside the vessel.  In order to gain information about 

catalyst 2.1 under less than strictly air-free conditions 2.1 (
31

P δ 37 ppm) was exposed to 

air; the color darkened from orange to brown, and eventually to black, with emergence of 

a new resonance (
31

P δ 51 ppm).  The site of oxidation from air exposure is unknown, 

therefore prior oxidation of the phosphine itself with subsequent complexation to Ru was 

performed.  Different oxidation conditions were employed with phosphine 2.105; (a) 

exposed to air (
31

P δ 48 ppm), (b) treated with H2O2 (
31

P δ 50 ppm), and (c) oxidized with 

m-CPBA (
31

P δ 48 ppm) (Figure 2.40, a).  The phosphine oxidation with m-CPBA had 

the cleanest outcome, and the resulting product was complexed with precursor 

[CpRu(NCCH3)3]PF6 (Figure 2.40, b). 
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Figure 2.40.  A deliberate attempt in making an oxidized form of the alkene 

isomerization catalyst: (a) Oxidation of the phosphine (b) and complexation to Ru 

 

 

Upon complexation of oxidized phosphine with Ru precursor, a new 
31

P species 

arrives, characterized by 
31

P δ 73 ppm.  The binding mode of the resulting complex 

bearing an oxidized phosphine is likely through the oxygen (Figure 2.40, b).
75,76

  The 

reactivity of the modified alkene isomerization catalyst by oxidation of the phosphine 

was tested for reactivity with 1-pentene and 4-penten-1-ol.  Isomerization occurred in 

moderation in each case, see experimental details. 

 

2.6. Concluding remarks 

In summary, 2.1 is unusual in its activity, selectivity, and unprecedented ability to 

move unhindered double bonds over many positions.  Novel bifunctional catalyst 2.1 is 

far superior to those complexes that catalyze the isomerization of alkenes presented in 

Chapter 1.  This alkene isomerization methodology is a single component addition, as 

opposed to a multiple component addition (like RajanBabu conditions) or catalyst 

activation by prior reaction with hydrogen gas.  Catalyst 2.1 can operate at ambient 
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conditions, where many other isomerization systems require high temperatures.  

Generally, when catalyst 2.1 is used for alkene isomerization, a single product of 

isomerization is afforded, whereas other isomerization conditions sometimes create 

multiple products in the mixture.  Thus far, one outstanding characteristic of 2.1 is 

formation of exclusively (E)-isomer products.  Additional studies were carried out to 

explore the possibility of an extremely selective transition metal mediated transformation 

of alkenes to high purity trans-alkenes. 

 

2.7. Experimental details 

2.7.1. Synthesis of metal precursor [CpRu (NCCH3)3]PF6  

EtOH



Ru
Cl

Cl
Ru

Cl

Cl
PF6

Br

Br

Ru
CH3CN

hv

Br2

PF6

Ru NCCH3

NCCH3

H3CCN

HMPA

CH2Cl2

-78 
o
C to RT

LiCl, Li2CO3

160 
o
C

RuCl3  xH2O

1. Cyclopentadiene
    K2CO3, EtOH

2. NH4PF6

 
 

Figure 2.41.  First route for the synthesis of precursor [CpRu(NCCH3)3]PF6 

 

 

Synthesis of 1,2-dibromocyclohexane:
77

 

 Cyclohexene was treated for epoxides prior to use by an aqueous ferrous sulfate 

wash (2 x 250 mL), deionized water wash (2 x 100 mL), drying over magnesium sulfate, 

and filtration.  In a 3-neck round bottomed flask equipped with magnetic stir bar, 

thermometer, and addition funnel under nitrogen, cyclohexene (149.8 g, 1.85 mol) and 

dry, deoxygenated methylene chloride (400 mL) were combined and allowed to stir at -78 
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o
C.  Bromine (80 mL, 1.56 mol) and methylene chloride (40 mL) were added dropwise to 

the flask, from the addition funnel, over 4 ½ h.  The mixture was allowed warm to room 

temperature, and excess solvent and cyclohexene was removed under vacuum.  The 

product was isolated as a liquid (367.66 g, 97.6%). 

 

Synthesis of 1,3-cyclohexadiene:
77

 

 A 3-neck round bottomed flask was equipped with a magnetic stir bar, addition 

funnel, and distillation column.  The apparatus was charged with LiCl (16.86 g, 0.3978 

mol) and Li2CO3 (26.82 g, 0.363 mol), followed by the addition of hexamethylphosphoric 

triamide (HMPA) (80 mL, 0.456 mol) under nitrogen.  The stirring mixture was brought 

to a temperature of 160 
o
C, with subsequent addition of 1,2-dibromocyclohexane (153.77 

g, 0.6357) at 160 
o
C, during which time 1,3-cyclohexadiene instantly distilled from the 

reaction mixture.  Colorless liquid product was isolated (33.08 g, 65.1%). 

 

Synthesis of [(C6H6)RuCl2]2: 

Ruthenium (III) chloride trihydrate (0.998 g, 0.0047 mol) and deoxygenated 

ethanol (50 mL) was combined into a Schlenk flask equipped with a magnetic stir bar and 

allowed to stir under an inert atmosphere.  1,3-Cyclohexadiene (5.79 g, 0.072 mol) was 

added to the flask while stirring and allowed to reflux for 7 h.  Upon cooling, the contents 

were filtered and washed with methanol (3 x 8 mL).  A red powder was isolated in g 

(xx%). 
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Synthesis of [CpRu(C6H6)]PF6:
78

 

 A 3-neck round bottomed flask equipped with stir bar was charged with finely 

ground potassium carbonate (13.45 g, 0.0973 mol) and [(C6H6)RuCl2]2 (7.60 g, 0.0147 

mol).  Deoxygenated ethanol (311 mL) was added and the mixture allowed to stir under 

nitrogen.  Freshly cracked cyclopentadiene (18.4 g, 0.278 mol) was added to the stirring 

mixture, and allowed to reflux for 9 h once the addition was complete.  Upon cooling, the 

contents were filtered through Celite, the filter cake washed with ethanol (150 mL total), 

and the combined filtrates reduced to quarter volume.  Ammonium hexafluorophosphate 

(10.12 g, 0.062 mol) was added to the remaining mixture and a tan precipitate formed 

immediately.  The remaining ethanol was removed under vacuum, and the resulting 

residue was stored at 0 
o
C for 14 h.  The residue was further dried in vacuo, and 

crystallized from acetone and diethyl ether.  The product was isolated as a brown solid: 

8.56 g (75.1%). 

 

Synthesis of [CpRu(NCCH3)3]PF6:
78

 

The sandwich complex [CpRu(C6H6)]PF6 was placed into a quartz reactor designed for 

air free chemistry and irradiation by a light source.  Dry, deoxygenated acetonitrile (500 

mL) was cannula transferred into the vessel under argon.  The solution was allowed to 

stir, and was irradiated with a 450 W Hg lamp.  Cycles of solvent evaporation and fresh 

solvent addition occurred until the starting arene complex was fully converted to the 

product.  An air sensitive orange power was afforded. 
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Figure 2.42.  Second route for the synthesis of precursor [CpRu(NCCH3)3]PF6 

 

 

Synthesis of ruthenocene:
79

 

 In a Schlenk flask equipped with a magnetic stir bar, RuCl3 xH2O (15.68 g, 59.6 

mol) and 200 proof EtOH was combined under nitrogen.  Cyclopentadiene (75 mL) was 

added to the reaction mixture, followed by Zn dust (24.31 g, 371.9 mmol) addition over 

80 min.  The reaction was allowed to stir overnight, filtered, the solid washed with 

toluene (4 x 45 mL); concentration of the filtrate afforded a black solid.  The black solid 

was passed through a silica plug in toluene.  Evaporation of solvent afforded 8.11 g 

product (59%). 

 

Synthesis of [CpRu(naphthalene)]PF6:
79

 

 In a Schlenk flask equipped with a magnetic stir bar the following was combined: 

ruthenocene (4.46 g, 19.17 mmol), naphthalene (25.09 g, 19.86 mmol), aluminum 

chloride (2.56 g, 19.07 mmol), and aluminum powder (260.1 mg, 9.57 mmol).  Decalin 

was pretreated over molecular sieves, and added (160 mL) to the reaction flask under 

nitrogen.  TiCl4 (1.25 mL) was added to the mixture, which was heated under reflux.  

Upon reaction completion, the contents were allowed to cool to room temperature and a 

combination of ice (350 cc), 12 M HCl (35 mL), and 30% H2O2 (30 mL) was added to 

dissolve all solids.  The layers were separated, the organic phase was washed with fresh 

deionized H2O (100 mL), and the aqueous layers were combined, which were then 
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washed with petroleum ether (3 x 75 mL).  The flask containing the aqueous phase was 

submerged in an ice bath, and an aqueous solution of KPF6 (5.49 g) was added.  The 

mixture was extracted with CH2Cl2 (4 x 100 mL), the organic extracts dried over Na2SO4, 

and run through a silica plug in CH2Cl2.  The filtrate was concentrated to a minimal 

volume, the flask placed in an ice bath, and hexanes were added to precipitate out the 

CpRu(naphthalene)
+
 cation.  Crystallizations were repeated until high purity of air-stable 

yellow solid product is obtained (2.40 g, 29.0%). 

 

Synthesis of [CpRu(NCCH3)3]PF6:
79

 

 In the glove box, [CpRu(naphthalene)]PF6 (522.7 mg, 1.19 mmol) was added to a 

vial equipped with magnetic stir bar and dissolved in dry and deoxygenated acetonitrile 

(7 mL).  The solution was allowed to stir overnight.  Dry and deoxygenated hexanes (5 

mL) was added, the mixture allowed to stir, and the hexane phase separated for 

naphthalene removal.  The extraction process was repeated two more times, and the 

acetonitrile phase was concentrated to yield 469.0 mg (90.7%) of the tris(acetonitrile) 

precursor.  

 

Purification of [CpRu(NCCH3)3]PF6 by recrystallization: 

 Crystallization by vapor diffusion of dry, deoxygenated diethyl ether into a 

concentrated acetonitrile solution of the [CpRu(NCCH3)3]PF6  affords the precursor in 

high purity.  When this procedure is carried out on a small scale (< 1 g), only 2 – 3 

crystallizations are required, but when carried out on a larger scale, additional cycles of 

recrystallization were necessary to achieve high purity. 
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High purity crystals suitable for the first x-ray diffraction structure of 

[CpRu(NCCH3)3]PF6 were grown.  

 
 

Figure 2.43.  Crystal structure of [CpRu(NCCH3)3]PF6 

 

 

For information on atomic coordinates, bond lengths and angles for 

[CpRu(NCCH3)3]PF6 refer to Table 2.44. 

Table 2.7. Crystal data and structure refinement for [CpRu(NCCH3)3]PF6 

Identification code  CL-551 

Empirical formula  C11 H14 F6 N3 P Ru 

Formula weight  434.29 

Temperature  100(2) K 

Wavelength  0.71073 Å 

Crystal system  Tetragonal 

Space group  P4(2)/mmc 

Unit cell dimensions a = 6.8352(13) Å α= 90°. 

 b = 6.8352(13) Å β= 90°. 
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Table 2.7 continued. 

  

 c = 16.552(3) Å γ = 90°. 

Volume 773.3(3) Å3 

Z 2 

Density (calculated) 1.865 Mg/m3 

Absorption coefficient 1.178 mm-1 

F(000) 428 

Crystal size 0.35 x 0.25 x 0.17 mm3 

Crystal color, habit Orange Block 

Theta range for data collection 2.46 to 28.35°. 

Index ranges -9<=h<=8, -9<=k<=8, -21<=l<=16 

Reflections collected 3962 

Independent reflections 544 [R(int) = 0.0455] 

Completeness to theta = 25.00° 99.5 %  

Absorption correction Multi-scan 

Max. and min. transmission 0.8249 and 0.6833 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 544 / 84 / 90 

Goodness-of-fit on F2 1.072 

Final R indices [I>2sigma(I)] R1 = 0.0260, wR2 = 0.0630 

R indices (all data) R1 = 0.0268, wR2 = 0.0634 

Extinction coefficient 0.0030(12) 

Largest diff. peak and hole               0.173 and -0.467 e.Å-3 

 

 

2.7.2. Catalyst Screening process summarized in Figures 2.1 and 2.2  

Stock solutions of the CpRu precursor and phosphines in deoxygenated acetone-

d6 were made in the glove box.  Test substrates used: 1-pentene and 4-penten-1-ol.  

Analysis was performed by 
1
H NMR spectroscopy to monitor the alkene mixture, and 

31
P 

NMR spectroscopy to monitor the state of the catalyst. 
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Stock solution preparation of [CpRu(NCCH3)3]PF6 called CpRu stock solution 

In a glove box, a solution of [CpRu(NCCH3)3]PF6 (0.25 mmol) in deoxygenated 

acetone-d6 was prepared in a 10 mL volumetric flask. The stock solution was transferred 

to a scintillation vial and was stored in the glove box freezer and warmed to room 

temperature before use. 

 

Stock solution preparation of the various phosphines called phosphine stock 

solution 

In a glove box, stock solutions of the phosphines used in the screening process 

were prepared in a 10 mL volumetric flask in deoxygenated acetone-d6 (10 mL), and 

transferred to a scintillation vial. 

 

General Procedure for catalyst screening  

In a resealable J. Young tube in the glove box, CpRu stock solution (0.4 mL), 

tetrakis(trimethylsilyl)methane (~ 1 mg, as internal standard) and phosphine stock 

solution (0.4 mL) were added. The NMR tube was sonicated for 10 min for the internal 

standard to fully dissolve, and NMR spectra were acquired (
1
H and 

31
P) initially and after 

60 min. After ensuring that the complexation was complete, the substrate (0.5 mmol) was 

added and NMR spectra were acquired at regular intervals to monitor the isomerization 

process. The data acquired from the screening on test substrates 1-pentene and 4-penten-

1-ol are reported in Tables 2.1 and 2.2, respectively. 
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2.7.3. Alkene isomerization catalyst and derivative preparation 

Preparation of alkene isomerization catalyst 2.1: 

In a glove box, ruthenium precursor CpRu(CH3CN)3PF6 (785.6 mg, 1.809 mmol) 

was combined in a scintillation vial equipped with a magnetic stir bar and deoxygenated 

acetone (9 mL).  The phosphine (460.1 mg, 1.810 mmol) was added dropwise in 

deoxygenated acetone (3 mL), and the resulting solution was allowed to stir overnight at 

room temperature under an atmosphere of nitrogen.  The solvent was removed in vacuo, 

without stiring, and the residue left under vacuum until a flakey powder (in this case, 24 h 

total over 2 d, however could be longer).  The product as orange rust colored powder was 

obtained in 94.4% yield (1.036 g).  

 The synthesis of catalyst 2.1 is also possible on a large scale by air-free 

techniques: manipulation of reaction on a Schlenk line and cannula transfer of 

deoxygenated acetone. 

1
H NMR (500 MHz, acetone-d6) δ 1.07 (dd, J = 7.0, 16.5, 3H), 1.18 (dd, J = 7.3, 18, 3H), 

1.33 (dd obscured by neighboring peak, 3H), 1.36 (s, 9 H), 1.48 (dd, J = 7.0, 17.5, 3H), 

2.45 (d, J = 1.5, 3 H), 2.77-2.85 (m, 1 H), 3.03-3.10 (m, 1H), 3.79 (s, 3 H), 4.60 (s, 5 H), 

7.02 (s, 1 H) ppm.   
13

C NMR (125.7 MHz, acetone-d6) δ 3.75 (s), 19.61 (s), 20.10 (d, J = 

6.3), 20.67 (d, J = 2.5), 25.55 (d, J = 15.0), 26.19 (d, J = 25.0), 32.21 (s), 34.79 (s), 

71.18 (s), 120.63 (s), 129.07 (s), 149.58 (d, J = 28.7), 153.77 (d, J = 12.5) ppm. 
31

P 

NMR (500 MHz, acetone-d6) δ 37.71 (s) ppm.  Elemental analysis calculated for 

C21H35F6N3P2Ru (606.54): C, 41.65; H, 5.66; N, 6.94.  Found: C, 41.59; H, 5.77; N, 6.45. 
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Preparation of alkene isomerization catalyst 2.1-BAr
f
: 

In a glove box, complex 2.1 (54.7 mg, 0.0901 mmol) was combined in a scintillation vial 

equipped with a magnetic stir bar and deoxygenated diethyl ether (3 mL). The NaBAr
f 

[sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate or Na[B[3,5-(CF3)2C6H3]4] (79.6 

mg, 0.0898 mmol) was added in deoxygenated diethyl ether (4 mL), and the resulting 

solution was allowed to stir overnight at room temperature under an atmosphere of 

nitrogen.  Deoxygenated H2O (4 mL) was added to the solution and the organic layer 

separated and concentrated in vacuo to afford 2.1-BAr
f
 (108.8 mg, 91.4%).  

Crystallization of 2.1-BAr
f 

by vapor diffusion (diffusion of hexanes into THF) yielded 

the structure illustrated in Figure 2.14. 
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Figure 2.44.  Crystal structure of 2.1-BAr
f
 (only the cation is shown) 

 

 

For information on atomic coordinates, bond lengths and angles for 2.1-BAr
f
, 

refer to Tables 2.47-2.50.. 

 

Table 2.8.  Crystal data and structure refinement for 2.1-BAr
f
 

Identification code  CL400 

Empirical formula  C53H4B F24N3PRu 

Formula weight  1324.79 

Temperature  150(2) K 

Wavelength  0.71073 Å 

Crystal system  Tetragonal 
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Table 2.8. continued. 

 

Space group  I4(1)cd 

Unit cell dimensions a = 25.6495(16) Å α= 90°. 

 b = 25.6495(16) Å β= 90°. 

 c = 34.577(2) Å γ = 90°. 

Volume 22748(3) Å3 

Z 16 

Density (calculated) 1.547 Mg/m3 

Absorption coefficient 0.421 mm-1 

F(000) 10656 

Crystal size 0.33 x 0.28 x 0.10 mm3 

Theta range for data collection 1.59 to 26.74°. 

Index ranges -32<=h<=32, -30<=k<=32, -28<=l<=43 

Reflections collected 63154 

Independent reflections 10565 [R(int) = 0.0520] 

Completeness to theta = 25.00° 100.0 %  

Absorption correction Multi-scans 

Max. and min. transmission 0.9591 and 0.8735 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 10565 / 1 / 811 

Goodness-of-fit on F2 1.025 

Final R indices [I>2sigma(I)] R1 = 0.0442, wR2 = 0.1091 

R indices (all data) R1 = 0.0548, wR2 = 0.1168 

Absolute structure parameter -0.03(3) 

Largest diff. peak and hole 1.485 and -0.675 e.Å-3 

 

General procedure for ligand exchange for the preparation of neutral complex 

 

 In a glove box, a scintillation vial equipped with a magnetic stir bar contains 

catalyst 2.1 (1 equiv) in deoxygenated MeOH (3 mL).  To this solution, formate salt (1.2 
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equiv) in MeOH was added.  The reaction was allowed to progress at ambient 

temperature and at 70 
o
C.  Analysis by 

1
H and 

31
P NMR spectroscopy was performed on 

each reaction, showing that a mixture of compounds had formed.   

 

General procedure for ligand exchange with halides 

  

 

  

In a glove box, a scintillation vial equipped with a magnetic stir bar contains catalyst 2.1 

(1 equiv) in deoxygenated solvent (5 mL solvent per 0.04 mmol 2.1).  To this solution, 

halide source (1.0-1.5 equiv) in solvent was added.  The reaction was allowed to progress 

at ambient temperature and at 70 
o
C.  The mixtures were extracted with pentane, and the 

organic layer was reduced.  Analysis by 
1
H and 

31
P NMR spectroscopy was performed on 

each reaction, showing a complex mixture of compounds. 
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Procedure for the preparation of cyclopentadienyl ruthenium tris(benzonitrile) 

hexafluorophosphate [CpRu(PhCN)3]PF6 

 

 In a glove box, a round bottomed flask equipped with a stir bar contained a 

solution of CpRu(CH3CN)3PF6 (654.0 mg, 1.51 mmol) in benzonitrile (~7.5 mL).  The 

mixture was allowed to stir under nitrogen, and the small amount of liberated acetonitrile 

and excess benzonitrile was removed by vacuum distillation.  
1
H NMR spectra showed 

no trace of CH3CN, but four different Cp species.  The excess PhCN most likely 

coordinates in a variety of fashions, leading to multiple species. Partial 
1
H NMR (500 

MHz, acetone-d6) δ 4.77 (54%), 4.81 (14%), 5.75 (10%), 5.78 (22%). 

 

Procedure for the preparation of 2.1-PhCN 

 In a glove box, catalyst 2.1 (85.5 mg, 0.140 mmol) was dissolved in a scintillation 

vial equipped with a magnetic stir bar in deoxygenated acetone.  One equivalent of 

deoxygenated benzonitrile (14.4 mg, 0.139 mmol) was added, and allowed to stir over 

night.  The solvent was removed under vacuum, and fresh deoxygenated acetone was 

added.  This process was repeated four more times to ensure complete ligand exchange.  

The benzonitrile complex 2.1-PhCN was isolated as an orange solid (82.4 mg, 88.5%). 

1
H NMR (500 MHz, acetone-d6) δ 7.73-7.80 (m, 1H), 7.71 (d, J = 7, 2H), 7.61 (t, J = 8, 

2H), 7.07 (s, 1H), 4.78 (s, 5H), 3.84 (s, 3H), 3.07-3.17 (m, 1H), 2.88-2.98 (m, 1H), 1.54 

(dd, J = 7, 18, 3H), 1.36-1.43 (m, 3H), 1.40 (s, 9H), 1.26 (dd, J = 7.5, 16.5, 3H), 1.15 

ppm (dd, J = 7, 16.5, 3H).  
31

P NMR (202.379 MHz, acetone-d6) δ 37.17. 
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2.7.4. Results for Alkene Isomerization catalysis using 2.1 

General procedure for catalytic reactions 

In a glove box, internal standard C(SiMe3)4 (small weighed amount, typically 0.5 

mg) and substrate (0.50 mmol) were combined with acetone-d6 (~700 μL), and an initial 

NMR spectrum was acquired. Back in the glovebox, to this mixture was added catalyst 

2.1 (6.3 mg, 0.01 mmol; 2 mol%) followed by enough acetone-d6 to reach a final volume 

of 1.0 mL. If the mixture was heated at 70 
o
C in an oil bath it was done so for the times 

given but unless otherwise specified, spectra were acquired at NMR probe temperature of 

30 
o
C. 

The value of the integral for the singlet due to the internal standard, C(SiMe3)4, 

was set equal to 10.00 integral units in each case (Figure 2.19). Data were acquired using 

a Varian 500 MHz spectrophotometer, with sixteen 15
o
 pulses and 20 second delays 

between pulses. Tables show key NMR resonances which could be used to reliably 

determine yields. The remaining 
1
H resonances for starting material and product 

overlapped and so were not used. 

 

Chapter 2, Figure 2.20: Isomerization of pent-4-en-2-ol 

(2.2) at 70 
o
C.                         

Following the general procedure, pent-4-en-2-ol 

(2.2) (43.1 mg, 0.50 mmol) and catalyst 2.1 (6.3 mg, 0.01 

mmol, 2 mol %) were used.  

For the alkenols (2.3) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.86 (tdd, 

Jcx = 7, Jcy = 7.5 (or the reverse), Jbc = 10.3, Jac = 17.3, 1H), 5.03 (d, J = 17.5, 1H), 4.98 
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(d, J = 10.5, 1H), 3.76 (~ septet, J ≈ 6, 1H), 3.49 (d, J = 4.5, 1H), 2.16 (ttd, Jax = Jbx = 1.5, 

Jcx = Jzx = 6.5, Jcy = 6, Jzy = 7, (or the reverse with protons x and y), Jxy = 14, 2H), 1.11 

ppm (d, J = 6, 3H).   

For the 2-pentanone (2.3) in the mixture: (500 MHz, acetone-d6) δ 2.41 (t, J = 7.2, 

2H), 2.06 (s, 3H), 1.53 (sextet, J = 7.5, 2H), 0.87 ppm (t, J = 7.5, 3H).                                       

Table 2.9.  Isomerization of 4-penten-2-ol (2.2) to 2-pentanone (2.3) using 2 mol% 

catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.   

Time at 70 
o
C 0 h 1 h 2 h 

CH2CHCH2CH(OH)CH3 (5.86 ppm) 81.76 0 0 

CH2CHCH2CH(OH)CH3 (3.76 ppm) 84.25 0 0 

CH2CHCH2CH(OH)CH3 (3.49 ppm) 77.76 0 0 

CH2CHCH2CH(OH)CH3 (1.11 ppm) 224.31 0 0 

units per proton
a
 78.01 0 0 

% alkenol remaining
b
 100 0 0 

CH3CH2CH2COCH3 (2.41 ppm) 0 153.04 157.67 

CH3CH2CH2COCH3 (1.53 ppm) 0 158.68 165.32 

CH3CH2CH2COCH3 (0.87 ppm) 0 220.14 223.94 

Units per proton
a
 0 75.98 78.0 

% yield of product
c
 0 97.4 100 

 a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 2, Figure 2.20: Isomerization of 4-penten-1-ol (2.4) at 70 
o
C. 

Following the general procedure, 4-penten-1-ol (2.4) (43.1 mg, 0.50 mmol) and 

catalyst 2.1 (6.3 mg, 0.01 mmol, 2 mol%) were used, and the reaction was carried out 70 

o
C.   
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For the substrate (2.4) in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 5.83 

(tdd, J = 6.8, 10.4, 17.2, 1H), 5.00 (tdd, J = 2, 2, 17.2, 1H), 4.91 (tdd, J = 1.2, 2, 10, 1H), 

3.47-3.60 (m, 3H), 2.11 (tdd, J = 1.6, 6.8, 6.8, 2H), 1.58 ppm (tt, J = 6.8, 7.2, 2H).   

For the product pentanal (2.5) in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 

9.72 (t, J = 1.6, 1H), 4.22 (dt, J = 2, 7.2, 2H), 1.57 (tt, J = 7.2, 7.2, 2H), 1.34 (~ sextet, J ≈ 

7.2, 2H), 0.90 ppm (t, J = 7.2, 3H). 

Table 2.10.  Isomerization of 4-pentenol (2.4) to pentanal (2.5) using 2 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.   

Time 0 h 1 h 2 h 

C(H)HCHCH2CH2CHOH 
(5.83 ppm) 

67.15 0 0 

C(H)HCHCH2CH2CHOH 

(5.00 ppm) 
68.66 0 0 

C(H)HCHCH2CH2CHOH 
(4.91 ppm) 

68.93 0 0 

units per proton
a
 

 
68.24 0 0 

% starting material remaining
b
 

 
100 0 0 

CH3CH2CH2CH2CHO 
(9.72 ppm) 

0 62.38 62.47 

CH3CH2CH2CH2CHO 

(2.42 ppm) 
0 131.58 130.74 

units per proton
a
 

 
0 64.65 64.40 

% pentanal in the mixture
c
 

 
0 94.7 94.4 

a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 2, Figure 2.20: Isomerization of undec-10-en-2-ol (2.6) at 70 
o
C  

Following the general procedure undec-10-en-2-ol (2.6) (85.5 mg, 0.50 mmol) 

and catalyst 2.1 (15.8.0 mg, 0.026 mol, 5 mol%) were used.   
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For undec-10-en-2-ol (2.6) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.80 

(tdd, J  = 6.5, 10.5, 17.5, 1H), 4.98 (tdd, J  = 1.5, 2, 17.5, 1H), 4.90 (tdd, J = 1, 2.5, 10.5, 

1H), 3.69 (~ septet, J ≈ 6.5, 1H), 3.39 (d, J = 4.5, 1H), 2.04 (ttd, J = 1.5, 7.5, 2H), 1.21-

1.49 (m, 12H), 1.11 ppm (d, J = 6.5, 3H).   

For 2-undecanone (2.7) in the mixture: (500 MHz, acetone-d6) δ 2.42 (t, J = 7.5, 

2H), 2.06 (br s, 3H), 1.52 (quintet, J = 7, 2H), 1.28 (br s, 12H), 0.88 ppm (t, J = 7, 3H); 

13
C NMR (125.71 MHz, acetone-d6) δ 208.01, 43.86, 32.71, 30.32, 30.31, 30.12, 30.01, 

29.77, 24.58, 23.42, 14.44 ppm. 

Table 2.11.  Isomerization of undec-10-en-2-ol (2.6) to 2-undecanone (2.7) using 5 mol% 

catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the 10-undecen-2-ol and 

product 2-undecanone. 

Time at 70 
o
C 0 h 1 h 4 h 

H2C=CH(CH2)7CH(OH)CH3 (5.80 ppm) 29.15 0 0 

HHC=CH(CH2)7CH(OH)CH3 (4.98 ppm) 29.37 0 0 

HHC=CH(CH2)7CH(OH)CH3 (4.90 ppm) 29.34 0 0 

units per proton
a
 29.29 0 0 

% alkenol remaining
b
 100 0 0 

CH3(CH2)7CH2COCH3 (2.42 ppm) 0 31.93 56.64 

units per proton
a
 0 15.97 28.32 

% yield of undecanone
c
 0 54.5 96.7 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 2, Figure 2.20: Isomerization of dec-9-en-1-ol (2.8) at 70 
o
C. 

Following the general procedure, dec-9-en-1-ol (2.8) (78.5 mg, 0.50 mmol) and 

catalyst 2.1 (15.4 mg, 0.025 mol, 5 mol %) were used.   

For decenol (2.8) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.81 (tdd, J  = 

6.8, 10.5, 17.5, 1H), 4.98 (tdd, J  = 1.5, 2, 17.5, 1H), 4.90 (tdd, J = 1, 2.5, 10.5, 1H), 3.52 
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(dt, J = 5, 6.5, 2H), 3.41 (t, J = 5.5, 1H), 2.01-2.07 (m, 2H), 1.50 (tt, J = 6.5, 7.5, 2H), 

1.27-1.42 ppm (m, 10H).   

For decanal (2.9) in the mixture: (500 MHz, acetone-d6) δ 9.72 (t, J = 1.5, 1 H), 

2.41 (dt, J = 2, 7, 2H), 1.60 (br t, J = 17, 2H), 1.22-1.38 (m, 14H), 0.88 ppm (t, J = 7, 

3H).                        

Table 2.12. Isomerization of 9-decenol 

(2.8) to decanal (2.9) using 5 mol% 

catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for dec-9-en-1-ol and 

product decanal.   

Time at 70 
o
C 0 h 1 h 4 h 7 h 

proton a (5.81 ppm) 41.45 0 0 0 

proton b (4.98 ppm) 41.81 0 0 0 

proton c (4.90 ppm) 42.11 0 0 0 

proton d (3.41 ppm) 42.76 0 0 0 

units per proton
a
 42.03 0 0 0 

% alkenol remaining
b
 100 0 0 0 

proton a’ (9.72 ppm) 0 28.36 34.17 34.81 

protons b’ (2.41 ppm) 0 59.08 72.06 72.54 

units per proton
a
 0 29.15 35.41 35.78 

% yield of decanal
c
 0 69.3 84.2 85.1 

a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 2, Figure 2.20: Isomerization of tetracos-23-en-2-ol (2.10) at 70 
o
C.   

(Reaction performed by D. Grotjahn) In a glove box, a J. Young tube was charged 

with internal standard (Me3Si)4C (0.4 mg) and tetracos-23-en-2-ol (10.9 mg, 0.0309 

mmol) and acetone-d6 (0.50 mL) was used in portions to rinse all solids down the tube 

walls. The tube was sealed and the tube warmed briefly in order to dissolve all solids. An 

HO

O

H

H
H

a

b

 c

 d

a'

b'
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initial NMR spectrum was taken. Afterwards, in the glovebox catalyst 2.1 (3.8 mg, 

0.0062 mmol, 20 mol%) was added followed by enough acetone-d6 to reach a final 

volume of 0.60 mL. Within ½ h, 
1
H and 

31
P NMR spectra were acquired before the tube 

was heated in a 70 
o
C oil bath for the times given but analyzed at ambient NMR probe 

temperature, until 24 h and later, when partial crystallization of product at ambient 

temperatures required heating the probe and sample to 55 
o
C.   

For the alkenol (2.10) in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 5.82 (tdd, 

J = 6.7, 10.3, 17.0 Hz, 1H), 4.99 (tdd, J = 1.6, 1.8, 17.0 Hz, 1H), 4.91 (~quintet of d, J ≈ 

1.3, 10.3 Hz, 1H), 3.76 (~ sextet, J ≈ 7, 1H), 3.27 (d, J = 4.5, 0.8H – partial exchange 

with HDO in solvent), 2.00-2.09 (m, partial overlap with resonance from solvent), 1.20-

1.50 (m, 41H vs. 38H theoretical number), 1.10 ppm (d, J = 6.3 Hz, 3H).   

For the tetracosan-2-one (2.11) in the mixture: (55 
o
C, 500 MHz, acetone-d6) δ 

2.42 (t, J = 7.5, 2H), 2.07 (s, 3H), 1.54 (~quintet, J ≈ 7, 2H), 1.24-1.44 (m), 0.89 ppm (~ 

t, J ≈ 6.8 Hz, 3H).  

Table 2.13. Isomerization of tetracos-23-en-2-ol (2.10) to tetracosan-2-one (2.11) using 

20 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting alkenol, 

intermediate alkenols, and product ketone. 

 

Time at 70 
o
C 

Before 2.1, 

0 h 
10 min / RT 5 h 24 h 87 h 

CH2=CH(CH2)20CH(OH)CH3 

(5.82, 4.99, 4.91 ppm) 

5.77 + 5.81 + 

5.78 
0 0 0 0 

RCH(OH)CH3                

(3.76, 1.10 ppm) 

5.86 + 16.89 
d d d d 

units per proton
a
 5.73 0 0 0 0 

% starting material 

remaining
b
 

100 0 0 0 0 

 



171 

 

 

 

Table 2.13 continued. 

 

Time at 70 
o
C 

Before 2.1, 

0 h 
10 min / RT 5 h 24 h 87 h 

RCH=CH(CH2)nCH(OH)CH3 

(m, 5.3-5.5 ppm) 
0 11.64 5.84 1.55 

<0.5
e
 

 

RCH=CH(CH2)nCH(OH)CH3 

(m, 3.69 ppm) 
0 5.85 2.94 0.85 <0.4 

units per proton
a
 0 5.83 2.93 0.80 <0.25 

% intermediate alkenols 

remaining
b
 

0 101.7 51.1 14.0 <5 

CH3(CH2)20CH2COCH3   

(2.43 ppm) 
0 0 5.68 10.17 11.64 

units per proton
a
 0 0 2.84 5.09 5.82 

% yield of product
c
 0 0 49.6 88.8 101.7 

(C5H5)Ru of 2 (4.61 ppm) 0 3.97 3.42 2.51 0.88 
aCalculated by taking the average of integrations of the specified resonances.  bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
dOverlaps with peak for isomers of starting alkenol. eUnidentified peaks partially overlapping make precise 

determination impossible.  

 

 

Isolation of the product 2.11:  

The contents of the J. Young tube were poured into a vial in air and the tube 

rinsed with several small portions of CH2Cl2. After evaporation of solvent on the rotary 

evaporator, the residue was taken up in CH2Cl2 and applied to a flash silica column (1 cm 

diameter x 10 cm length), which was eluted with CH2Cl2. Product-containing fractions 

were combined and concentrated. The residue was taken up in pentane and concentrated, 

and the residue stored under oil pump vacuum, leaving tetracosan-2-one (9.9 mg, 91%).  

1
H NMR (CDCl3, 500 MHz) δ 2.42 (t, J = 7.4 Hz, 2H), 2.14 (s, 3H), 1.57 (~ 

quintet, J ≈ 7 Hz, 2H), 1.20-1.35 (m, 38.9H vs. 38H theoretical number), 0.89 ppm (~ t, J 

≈ 7 Hz, 3H).  
13

C NMR (CDCl3, 125.7 MHz) δ 209.7, 44.1, 32.1, 29.922 (large slightly 
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broad peak), 29.897, 29.882, 29.875, 29.831, 29.699, 29.626, 29.585, 29.410, 24.1, 22.9, 

14.3 ppm. IR 2927 and 2854 (s, CH), 1710 (s, C=O). HRMS (EI) observed m/z 

352.3702; calculated for C24H48O, 352.3700. Synthesis of the product has been reported 

twice in primary journals 

 

Chapter 2, Figure 2.20: Isomerization of dotriacont-31-en-2-ol (2.12) at 70 
o
C.   

(Reaction performed by D. Grotjahn) In a glove box, a J. Young tube was charged 

with internal standard (Me3Si)4C (0.9 mg) and dotriacont-31-en-2-ol (2.12) (13.9 mg, 

0.030 mmol) and acetone (0.50 mL) and acetone-d6 (0.10 mL) was used in portions to 

rinse all solids down the tube walls. The tube was sealed. In order to dissolve all solids, 

all NMR spectra were acquired with the sample in a probe preheated to 60 
o
C. An initial 

NMR spectrum was taken. Afterwards, in the glovebox catalyst 2.1 (5.5 mg, 0.0091 

mmol, 30 mol%) was transferred from a vial using enough acetone to reach a final 

volume of 0.75 mL. The tube was heated in a 70 
o
C oil bath for the times given but 

analyzed at 55 
o
C NMR probe temperature. A solvent mixture consisting of mostly 

undeuterated acetone was used to minimize deuteration of the product ketone.  

For the alkenols (2.12) in the mixture: 
1
H NMR (500 MHz, 60 

o
C, acetone and 

acetone-d6, 6.5 to 1) δ 5.83 (tdd, J = 6.7, 10.3, 17.0 Hz, 1H), 4.99 (~quartet of d, J ≈ 1.8, 

17.0 Hz, 1H), 4.91 (~quintet of d, J ≈ 1.2, 10.3 Hz, 1H), 3.71 (~ sextet, J ≈ 6, 1H), (signal 

for 2H near 2 ppm obscured by solvent resonances), 1.28-1.48 (m, 55.6H vs. 54H 

theoretical number), 1.12 ppm (d, J = 6.3 Hz, 3H).   

For the dotriacontan-2-one (2.13) in the mixture: (55 
o
C, 500 MHz, acetone and 

acetone-d6, 6.5 to 1) δ 2.43 (t, J = 7.5, 2H), (methyl singlet near 2.0 ppm obscured by 



173 

 

 

 

solvent resonance), 1.55 (~quintet, J ≈ 7, 2H), 1.24-1.38 (m), 0.90 ppm (~ t, J ≈ 6.8 Hz, 

3H).  

Table 2.14. Isomerization of dotriacont-31-en-2-ol (2.12) to dotriacontan-2-one (2.13) 

using 30 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting alkenol, 

intermediate alkenols, and product ketone.   

 

Time at 70 
o
C 0 h 1 h 24 h 48 h 72 h 

CH2=CH(CH2)28CH(OH)CH3    

(5.83, 4.99, 4.91 ppm) 
4.94 + 9.59 0 0 0 0 

RCH(OH)CH3 

(3.71, 1.12 ppm) 
5.20 + 13.36 

e e
 

e
 

e
 

Units per proton
a
 4.72 0 0 0 0 

% starting material 

remaining
b
 

100 0 0 0 0 

RCH=CH(CH2)nCH(OH)CH3 

(m, 5.3-5.5 ppm) 
-- 9.48 2.71 0.80 0.31 

RCH=CH(CH2)nCH(OH)CH3 

(m, 3.69 ppm) 
-- 5.37 1.82 ~ 0.6

d 
nd 

Units per proton
a
 -- 4.95 1.51 0.40 0.16 

% intermediate alkenols 
remaining

c
 

-- 105 32 8.5 3.4 

CH3(CH2)28CH2COCH3 

(2.43 ppm) 
-- 0 not  clear 7.13 8.47 

Units per proton
a
 -- 0 nd 3.57 4.24 

% yield of product
c
 -- 0 nd 76 90 

(C5H5)Ru of 2 (4.61 ppm) -- 3.85 3.13 2.57 2.18 
 a Calculated by taking the average of integrations of the resonances listed. bCalculated by dividing units per 

proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. d 

Unidentified peak partially overlapping with this resonance prompted discarding this value from 

calculations. e Overlaps with peak for isomers of starting material.  

 

Isolation of product dotriacontan-2-one (2.13):  

The contents of the J. Young tube were poured into a vial in air and the tube 

rinsed with several small portions of CH2Cl2. After evaporation of solvent on the rotary 

evaporator, the residue was taken up in CH2Cl2 and applied to a flash silica column (1 cm 

diameter x 10 cm length), which was eluted with CH2Cl2. Product-containing fractions 
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were combined and concentrated. The residue was taken up in pentane and concentrated, 

and the residue stored under oil pump vacuum, leaving 13.7 mg of solid which contained 

some impurities (phthalate ester and grease?) by 
1
H NMR. The sample was heated to 

boiling with hexanes (0.3 mL) and allowed to cool first at ambient temperature and then 

in the freezer overnight. The cold supernatant was removed by pipet and the solid rinsed 

with cold pentane. After storage under oil pump vacuum for 42 h, product dotriacontan-

2-one (11.3 mg, 81% yield) remained. 
1
H NMR (CDCl3, 400 MHz)  2.42 (t, J = 7.4 Hz, 

2H), 2.14 (s, 3H), 1.57 (~ quintet, J ≈ 7 Hz, 2H, larger integral because of water peak), 

1.20-1.35 (m, 51.5H vs. 54H theoretical number), 0.89 ppm (~ t, J ≈ 7 Hz, 3H). 
13

C NMR 

(CDCl3, 100.5 MHz)  209.5, 44.1, 32.2, 30.031, 29.925 (large somewhat broad peak), 

29.903, 29.884, 29.878, 29.836, 29.826, 29.702, 29.629, 29.585, 29.428, 24.1, 22.9, 14.3 

ppm. IR 1709 (s, C=O). HRMS (EI) observed m/z 464.4964; calculated for C32H64O, 

464.4952. 

 

Chapter 2, Table 2.4, entry 2: Isomerization of 1,5-hexadiene (2.16) at room 

temperature for 4.5 h and 70 
o
C thereafter 

 

Following the general procedure, 1,5-hexadiene (2.16) (40.9 mg, 0.50 mmol) and 

catalyst 2.1 (6.2 mg, 0.01 mmol, 2 mol %) were used.  The reaction was allowed to 

proceed at room temperature for 4.5 h, and 70 
o
C thereafter. 

For 1,5-hexadiene (2.16) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.74-

5.89 (m, 2H), 4.97-5.05 (d of narrow m, J = 17.2, 2H), 4.89-4.96 (d of narrow m, J = 10, 

2H), 2.08-2.17 ppm (m, 4H).  
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For the (E,E)-2,4-hexadiene (2.17) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 5.89-6.10 (m, 2H), 5.44-5.60 (m, 2H), 1.67 ppm (d, J = 7.5, 6H).  

Table 2.15.  Isomerization of 1,5-hexadiene (2.16) to (E, E)-2,4-hexadiene (2.17) using 2 

mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.  

Time 0 h 1 h 3 h 4.5 h 20 h 43 h 

 
(5.74-5.89 

ppm) 

210.51 154.61 131.76 115.20 0 0 

 
(4.97-5.50 

ppm) 

203.82 152.19 130.55 112.88 0 0 

 
(4.89-4.96 

ppm) 

213.02 159.50 133.91 113.91 0 0 

 
(2.08-2.17 

ppm) 

417.29 276.12 232.10 195.36 0 0 

units per 

proton
a
 

104.46 75.41 62.83 53.74 0 0 

% starting 
material 

remaining
 b

 

100 72.2 60.1 51.4 0 0 

 
(2.71 ppm) 

0 32.21 33.93 33.38 0 0 

units per 
proton

a
 

0 16.11 16.97 16.69 0 0 

% intermediate 

remaining
 b

 
0 15.4 16.2 15.9 0 0 

 
(5.89-6.10 

ppm) 

0 32.79 54.86 85.51 187.40 192.10 

 
(5.44-5.60 

ppm) 

0 32.92 54.03 83.64 182.00 184.57 

units per 
proton

a
 

0 16.43 27.22 42.29 92.35 94.17 

% yield of 

product
 c
 

0 15.7 26.1 40.5 88.4 90.1 

a Calculated by taking the average of integrations of the specified resonances. b Calculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Prolonged reaction time at 70 
o
C increases the amount of (Z,E/Z)-hexadiene 2.17. 

 

 

Chapter 2, Table 2.4, entry 3: Isomerization of 2,4-hexadien-1-ol (2.18) at 70 
o
C 

 

Following the general procedure, 2,4-hexadiene-1-ol (2.18) (59.9 mg, 0.61 mmol) 

and catalyst 2.1 (16.2 mg, 0.027 mmol, 4 mol%) were used.  The reaction was allowed to 

proceed at 70 
o
C. 

For 2,4-hexadiene-1-ol (2.18) in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 

6.12-6.23 (m, 1H), 5.99-6.12 (m , 1H), 5.58-5.72 (m, 2H), 4.06 (d, J = 4.8, 1H), 3.66 (br 

s, 1H), 1.71 ppm (dd, J = 1.2, 6.8, 3H). 

For the (E)-3-hexenal in the mixture:  
1
H NMR (500 MHz, acetone-d6) δ 9.71 (t, J 

=, 1H), 5.36-5.51 (m, 2H), 2.46 (dt, J =, 1H), 2.22-2.31 (m, 2H), 1.60 ppm (d of narrow 

m, J = 7.5, 6H). 

For the (E)-2-hexenal (2.19) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

9.51 (d, J = 7.5, 1H), 6.97 (td, J = 7.5, 15.5, 1H), 6.06 (ddd, J = 1.5, 7.5, 15.5, 1H), 1.67 

ppm (d, J = 7.5, 6H).  

Table 2.16.  Isomerization of 2,4-hexadiene-1-ol (2.18) to (E)-2-hexenal (2.19) using 4 

mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.  
Time 0 h 2 h 5 h 24 h 

 
(6.12-6.23 ppm) 

148.86 -- -- -- 

 
(5.58-5.72 ppm) 

302.39 -- -- -- 

 
(4.06 ppm) 

302.43 -- -- -- 

 
(1.71 ppm) 

452.03 25.08 15.77 12.30 
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Table 2.16 continued. 

 
Time 0 h 2 h 5 h 24 h 

units per proton
a
 150.7 8.36 5.26 4.10 

% starting material 
remaining

 b
 

100 5.5 3.5 2.7 

 
(9.71 ppm) 

0 26.07 12.65 14.31 

units per proton
a
 0 26.07 12.65 14.31 

% intermediate 
remaining

 b
 

0 17.3 8.4 9.5 

 
(9.51 ppm) 

0 106.37 103.19 116.72 

 
(6.97 ppm) 

0 109.93 110.30 118.47 

units per proton
a
 0 71.8 106.7 117.60 

% yield of product
 c
 0 47.6 70.8 78.0 

a Calculated by taking the average of integrations of the specified resonances. b Calculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 
 

Figure 2.45.  2D NMR data (COSY) of isomerization mixture containing of 2,4-

hexadienol (2.18) to 2-hexenal (2.39) by way of isomer 3-hexenal 

 

 

Chapter 2, Table 2.4, entry 4: Isomerization of diallyl ether (2.20) at room 

temperature. 

 

Following the general procedure, diallyl ether (2.20) (49.0 mg, 0.50 mmol) and 

catalyst 2.1 (6.3 mg, 0.01 mmol, 2 mol %) were used. The reaction proceeds at room 

temperature.  
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For diallyl ether (2.20) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.90 

(tdd, J = 5.5, 10.5, 17.5, 2H), 5.25 (dtd, J = 1.5, 1.5, 17, 2H), 5.11 (dtd, J = 1.5, 2, 10.5, 

2H), 3.95 ppm (td, J = 1.5, 5.5, 4H).  

For the (E, E)-dipropenyl ether (2.21) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 6.30 (qd, J = 1.5, 12, 1H), 5.00 (qd, J = 6.8, 12, 2H), 1.53 ppm (dd, J = 1.8, 

7, 3H). 
13

C NMR (125.72 MHz, acetone-d6) δ 144.96, 104.13, 12.31 ppm.  

Table 2.17.  Isomerization of diallyl ether (2.20) to (E, E)-dipropenyl ether (2.21) using 2 

mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.  

Time 0 h 40 min 7 h 

(CH2CHCH2)2O (5.90 ppm) 72.01 0 0 

(CH2CHCH2)2O (3.95 ppm) 145.25 0 0 

units per proton
a
 36.20 0 0 

% starting material remaining
 b

 100 0 0 

(E, E)-(CH3CHCH)2O (6.30 ppm) 0 71.41 71.89 

(E, E)- (CH3CHCH)2O (1.53 ppm) 0 206.03 209.16 

units per proton
a
 0 34.68 35.13 

% yield of product
 c
 0 95.8 97.0 

a Calculated by taking the average of integrations of the specified resonances. b Calculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

nOe data: Irradiation of the signal at δ 6.30 ppm led to 

1.06% enhancement of the signal at δ 1.53, in 

addition to <0.04% enhancement of the signal at δ 

5.00 ppm.    

            

 

 

O

H

H

<0.04%

1.0%

5.00

1.53

6.30
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Chapter 2, Table 2.5, enty 5: Isomerization of tert-butylpent-4-enyloxydimethyl-

silane (2.22) at 70 
o
C. 

 

Following the general procedure, tert-butylpent-4-enyloxydimethylsilane (2.22) 

(100.8 mg, 0.50 mmol) and catalyst 2.1 (15.9 mg, 0.026 mmol, 5 mol%) were used.   

For the silyl ether (2.22) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.83 

(tdd, J = 7, 10, 17, 1H), 5.00 (tdd, J = 1.5, 2, 17, 1H), 4.92 (tdd, J = 1, 2.5, 10.5, 1H), 

3.64 (t, J = 6, 2H), 2.10 (tq, J = 1.5, 6.5, 2H), 1.59 (td, J = 6.5, 15, 2H), 0.90 (s, 9H), 0.50 

ppm (s, 6H); 
13

C NMR (125.72 MHz, acetone-d6) δ 139.28, 136.31, 134.75, 130.57, 

128.61, 115.10, 64.02, 32.66, 30.81, 27.36, 19.84.   

For the silyl enol ether (2.23) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

6.28 (td, J = 1, 11.5, 1H), 4.93 (td, J = 7.5, 12, 1H), 1.86 (dq, J = 1, 7, 2H), 1.33 (dt, J = 

7, 7, 2H), 0.92 (s, 9H), 0.13 ppm (s, 6H).   

Table 2.18. Isomerization of tert-butylpent-4-enyloxydimethylsilane (2.22) to tert- 

butylpent-2-enyloxydimethylsilane (2.23) using 5 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting silyl ether and 

product silyl enol ether.   

Time at 70 
o
C 0 h 1 h 2 h 4 h 

CH(H)CHCH2CH2CH2OSiMe2tBu 
(5.83 ppm) 

27.33 0 0 0 

CH(H)CHCH2CH2CH2OSiMe2tBu 

(5.00 ppm) 
27.51 0 0 0 

CH(H)CHCH2CH2CH2OSiMe2tBu 
(4.92 ppm) 

27.80 0 0 0 

Units per proton
b
 

 
27.55 0 0 0 

% starting material remaining
a
 

 
100 0 0 0 

(E)-CH3CH2CH2CHCHOSiMe2tBu 

(6.28 ppm) 
0 23.22 24.01 23.82 

(Z)-CH3CH2CH2CHCHOSiMe2tBu 

(6.23 ppm) 
0 0.32 1.03 0.95 

CH3CH2CH2CHCHOSiMe2tBu 

(4.93 ppm) 
0 23.41 24.13 24.89 
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Table 2.18 continued. 

 

Time at 70 
o
C 0 h 1 h 2 h 4 h 

Units per proton
b
 

 
0 23.37 24.59 24.83 

% yield of product
c
 

 
0 84.8 89.3 90.1 

CH3CH2CH2CH2CHO 

9.72 ppm 
0 0 0 0 

Units per proton 
 

0 0 0 0 

% yield of aldehyde 

 
0 0 0 0 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 
dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Chapter 2, Table 2.4, entry 6: equilibration of tert-butyl-3-methylbut-3-enyloxy-

diphenyl silane (2.24) at 70 
o
C with tert-butyl-3-methylbut-2-enyloxy-diphenyl silane 

(2.25) 

 

Following the general procedure, tert-butyl-3-methylbut-3-enyloxydiphenylsilane 

(2.24) (162.2 mg, 0.50 mmol) and catalyst 2.1 (6.4 mg, 0.01 mmol, 2 mol %) were used.   

For the substrate (2.24) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.68-

7.73 (m, 4H), 7.37-7.45 (m, 6H), 4.73-4.77 (m, 1H), 4.68-4.73 (m, 1H), 3.80 (t, J = 6.5, 

2H), 2.29 (br t, J = 6.5, 2H), 1.66-1.69 (m, 3H), 1.05 ppm (s, 9H).   

For the product tert-butyl-3-methylbut-2-enyl-oxydiphenyl silane (2.25) in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.69-7.74 (m, 4H), 7.37-7.45 (m, 6H), 5.40 

(qt, J = 1.5, 6.5, 1H), 4.24 (d, J = 6.5, 2H), 1.66 (s, 3H), 1.45 (s, 3H), 1.05 ppm (s, 9H). 
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Table 2.19.  Equilibrium of tert-butyl-3-methylbut-3-enyloxy-diphenyl silane (2.24) with 

tert-Butyl-3-methylbut-2-enyloxy-diphenyl silane (2.25) at 70 
o
C using 2 mol% catalyst 

2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time at 70 
o
C 0 h 1 h 4 h 18 h 47 h 

CH2C(CH3)CH2CH2OSiPh2tBu 

(4.68-4.73 and 4.73-4.77 ppm) 
126.55 41.28 41.81 43.87 38.89 

CH2C(CH3)CH2CH2OSiPh2tBu  
(3.80 ppm) 

124.37 43.56 43.72 45.16 39.80 

CH2C(CH3)CH2CH2OSiPh2tBu  

(2.30 ppm) 
122.37 39.59 40.07 42.66 38.01 

units per proton
a
 62.22 20.74 20.93 21.94 19.45 

% starting material remaining
b
 100 33.3 33.6 35.2 31.2 

(CH3)2CCHCH2OSiPh2tBu  
(5.40 ppm) 

0 41.34 42.29 44.30 39.57 

(CH3)2CCHCH2OSiPh2tBu  

(4.23 ppm) 
0 81.21 82.45 86.90 77.93 

units per proton
a
 0 4.085 41.58 43.73 39.17 

% yield of product
c
 0 65.7 66.8 70.2 62.9 

a Calculated by taking the average of integrations of the specified resonances.  bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0.  

 

Chapter 2, Table 2.4, like entry 6, but at room temperature: equilibration of tert-

butyl-3-methylbut-3-enyloxy-diphenylsilane (2.24) with tert-butyl-3-methylbut-2-

enyloxy-diphenylsilane (2.25)   

 

Same as reaction conducted at 70 
o
C, but tert-butyl-3-methylbut-3-

enyloxydiphenylsilane (2.24) (162.2 mg, 0.50 mmol) and catalyst 2.1 (6.4 mg, 0.010 

mmol, 2 mol %) were used, and the reaction was carried out at room temperature.  
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Table 2.20.  Equilibrium of tert-butyl-3-methylbut-3-enyloxy-diphenyl silane (2.24) with 

tert-Butyl-3-methylbut-2-enyloxy-diphenyl silane (2.25) at 25 
o
C using 2 mol% catalyst 

2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields.  

Time 0 h 2 h 4 h 26 h 

CH2C(CH3)CH2CH2OSiPh2tBu  
(4.73 ppm) 

120.00 84.74 78.61 36.65 

CH2C(CH3)CH2CH2OSiPh2tBu  

(3.80 ppm) 
117.05 86.39 79.72 37.58 

CH2C(CH3)CH2CH2OSiPh2tBu  
(2.29 ppm) 

112.88 81.12 75.43 35.17 

units per proton
a
 57.53 42.04 38.96 18.2 

% starting material remaining
b
 100 71.5 66.6 31.0 

(CH3)2CCHCH2OSiPh2tBu  

(5.40 ppm) 
0 15.11 24.44 40.19 

(CH3)2CCHCH2OSiPh2tBu  
(4.24 ppm) 

0 29.54 48.12 79.28 

units per proton
a
 0 14.88 24.19 39.06 

% yield of product
c
 0 25.9 42.0 67.9 

a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0.  

 

Chapter 2, Table 2.4, reverse reaction of entry 6: equilibration of tert-butyl-3-

methylbut-2-enyloxy-diphenylsilane (2.25) at room temperature with tert-butyl-3-

methylbut-3-enyloxy-diphenylsilane (2.24)  

 

Same as the previous entry, but tert-butyl-3-methylbut-2-enyloxydiphenylsilane  

(2.25) (161.4 mg, 0.50 mmol) and catalyst 2.1 (6.3 mg, 0.010 mmol, 2 mol %) were used, 

and the reaction was carried out at room temperature.   

Table 2.21.  Equilibrium of tert-butyl-3-methylbut-2-enyloxy-diphenyl silane (2.25) with 

tert-Butyl-3-methylbut-3-enyloxy-diphenyl silane (2.24) at 25 
o
C using 2 mol% catalyst 

2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 2 h 20 h 190 h 

CH2C(CH3)CH2CH2OSiPh2tBu  
(5.40 ppm) 

29.89 19.53 19.38 19.01 
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Table 2.21 continued. 

 

Time 0 h 2 h 20 h 190 h 

CH2C(CH3)CH2CH2OSiPh2tBu  

(4.24 ppm) 

58.90 39.32 38.97 38.42 

CH2C(CH3)CH2CH2OSiPh2tBu  
(1.46 ppm) 

82.04 56.26 54.05 54.38 

units per proton
a
 28.47 19.19 18.73 18.64 

% starting material remaining
b
 100 67.4 65.8 65.5 

(CH3)2CCHCH2OSiPh2tBu  

(4.73 ppm) 

0 19.19 19.16 18.73 

(CH3)2CCHCH2OSiPh2tBu  

(3.81 ppm) 

0 20.51 19.86 19.17 

units per proton
a
 0 9.93 9.76 9.48 

% yield of product
c
 0 34.9 34.3 33.3 

a 
Calculated by taking the average of integrations of the specified resonances. 

b
Calculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 2, Table 2.4, entry 7: Isomerization of N-tosyl-N-BOC-pent-4-en-1-amine 

(2.26) to (E)-N-tosyl-N-BOC-pent-3-en-1-amine (2.27) at room temperature 

 

Following the general procedure, alkene 2.26 (168.9 mg, 0.50 mmol) and catalyst 

2.1 (6.3 mg, 0.01 mmol, 2 mol %) were used.  The reaction was allowed to proceed at 

ambient temperature for 4 h, at which point the mixture was purified by flash 

chromatography over silica (6 in x ¾ in) using a gradient of 100% petroleum ether to 5% 

diethyl ether in petroleum ether.  After concentration by rotary evaporation, white 

crystals were isolated in 78% yield (131.9 mg), which included approximately 3% of the 

starting material.   

For starting material (2.26) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.84 

(tdd, J = 6.7, 10.5, 17, 1H), 5.07 (tdd, J = 1.5, 2, 17.5, 1H), 4.99 (tdd, J = 1, 2, 10, 1H), 

4.24 (t, J = 6.5, 2H), 3.07 (s, 3H), 2.18 (tdt, J = 1.3, 7, 7, 2H), 1.83 (quintet, J = 7.6, 2H) 

ppm.   
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For the product (2.27) isolated: 
1
H NMR (400 MHz, acetone-d6) δ 7.81-7.87 (m, 

2H), 7.43 (d, J = 8.4, 2H), 5.48-5.57 (m, 1H), 5.34-5.48 (m, 1H), 3.83 (~t, J ≈ 7.2, 2H, 

AA’ of AA’BB’), 2.43 (s, 3H), 2.34-2.43 (m, 2H), 1.63 (qd, J = 1.2, 6.4, 2H), 1.33 ppm 

(s, 9H). 
13

C NMR (125.71 MHz, acetone-d6)  δ 151.78, 145.21, 138.98, 130.27, 128.85, 

128.46, 128.17, 84.38, 47.52, 34.26, 28.10, 21.56, 18.23 ppm.  
13

C NMR (125.71 MHz, 

CDCl3) 150.98, 143.98, 137.67, 129.19, 128.12, 127.90, 126.89, 83.98, 46.88, 33.45, 

27.90, 21.59, 17.99 ppm.  Elemental analysis calculated for C17H25NO4S (339.45): C, 

60.15; H, 7.42; N, 4.13. Found: C, 60.53; H, 7.62; N, 4.59. 

 

Chapter 2, Table 2.4, entry 8: Isomerization of allyl 4-methyl benzoate (2.28). 

Following the general procedure, allyl 4-methyl benzoate (2.28) (89.1 mg, 0.51 

mmol) and catalyst 2.1 (6.3 mg, 0.01 mol, 2 mol%) were used, and the reaction was 

carried out 70 
o
C.   

For the substrate allyl 4-methyl benzoate (2.28) in the mixture: 
1
H NMR (400 

MHz, acetone-d6) δ 7.90-7.97 (AA’ m of AA’BB’, 2H), 7.28-7.34 (BB’ m of AA’BB’, 

2H), 6.08 (tdd, J = 5.6, 10.8, 17.2, 1H), 5.41 (dtd, J = 1.6, 1.6, 17.2, 1H), 4.80 (td, J = 

1.6, 5.6, 2H), 2.40 ppm (s, 3H).   

For the product (E)-propenyl 4-methyl benzoate (2.29) in the mixture: 
1
H NMR 

(400 MHz, acetone-d6) δ 7.92-7.99 (AA’ m of AA’BB’, 2H), 7.32-7.37 (BB’ m of 

AA’BB’, 2H), 7.30 (qd, J = 1.5, 12.5, 1H), 5.61 (qd, J = 7, 12.5, 1H), 2.41 (t, J = 6, 3H), 

1.69 ppm (dd, J = 2, 7.5, 3H).  Partial data for tentatively identified (Z)-propenyl 4-

methyl benzoate in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.25 (qd, J = 2, 6, 

1H), 5.08 (qd, J = 7, 7, 1H), 1.79 ppm (dd, J = 2, 7, 1H). 
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Table 2.22.  Isomerization of allyl 4-methyl benzoate (2.28) to propenyl 4-methyl 

benzoate (2.29) using 2 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields.   

Time 0 h 1 h 3 h 24 h 

 

155.78 9.00 7.76 9.66 

 

161.35 7.89 8.14 9.14 

  

319.81 16.12 16.26 16.32 

units per proton 159.24 8.25 8.04 8.78 

% starting material remaining 100 5.2 5.0 5.5 

 

0 151.43 145.83 147.61 

 

0 438.30 423.58 422.39 

units per proton 0 147.43 142.35 142.50 

% yield product 0 92.6 89.4 89.4 

 

0 8.10 11.25 15.07 

 

0 25.13 32.51 37.36 

units per proton 0 8.31 10.94 13.11 

% yield cis-isomer 0 5.2 6.9 8.2 
a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 2, Table 2.4, entry 9: Isomerization of 4-pentenoic acid (2.30) at 25 
o
C 

Following the general procedure, 4-pentenoic acid (2.30) (50.3 mg, 0.49 mmol) 

and 5 mol% catalyst 2.1 (15.9 mg; 0.0262 mmol, 5 mol%) were used.   

For 4-pentenoic acid (2.30) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.86 (tdd, J = 7.5, 10, 17, 1H), 5.06 (tdd, J = 1.5, 1.5, 17.5, 1H), 4.96 (tdd, J = 1, 2, 10, 

1H), 2.36-2.42 (m, 2H), 2.28-2.36 ppm (m, 2H).   

For 3-pentenoic acid in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.51-5.62 

(m, 2H), 2.99 (qd, J = 1.5, 5.5, 2H), 1.64-1.67 ppm (m, 3H). 

For the product 2-pentenoic acid (2.31) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 6.98 (td, J = 6.5, 16, 1H), 5.80 (td, J = 1.5, 16, 1H), 2.18-2.28 (m, 2H), 1.06 

ppm (t, J = 7.5, 3H).   

Table 2.23.  Isomerization of 4-pentenoic acid (2.30) to 2-pentenoic acid (2.31) using 5 

mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields.  

Time at RT 0 h 1 h 2.5 h 5.75 h 8 h 

 
(5.06 ppm) 

108.52 5.94 3.02 2.06 0 

 
(4.96 ppm) 

106.70 4.98 2.59 1.91 0 

Units per proton 107.17 5.46 2.80 1.99 0 

% Starting Material 
Remaining 

100 5.1 2.6 1.8 0 

 
(5.51-5.62 ppm) 

0 156.15 93.26 51.84 44.46 
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Table 2.23 continued. 

 

Time at RT 0 h 1 h 2.5 h 5.75 h 8 h 

 
(2.99 ppm) 

0 159.54 93.40 49.31 42.86 

 
(1.64-1.67 ppm) 

0 233.52 134.27 72.92 59.76 

Units per proton 
 

0 78.45 45.85 24.87 21.01 

%  compound in mixture 

 
0 73.2 42.8 23.2 19.6 

 
(6.98 ppm) 

0 27.83 59.01 81.81 87.11 

 
(5.80 ppm) 

0 25.39 56.52 80.15 84.56 

Units per proton 0 26.61 57.76 80.98 85.84 

% compound in mixture 0 25.3 53.9 75.6 80.1 
aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 
hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Chapter 2, Table 2.4, entry 10: Isomerization of geraniol (2.32) at room 

temperature. 

Following the general procedure, geraniol (2.32) (77.1 mg, 0.50 mmol) and 

catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol %) were used.   

For geraniol (2.32) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.36 (sextet 

of triplets, J = 1.5, 6.5, 1H), 5.12 (septet of triplets, J = 1.5, 7, 1H), 4.06 (dt, J = 0.5, 5.5, 

2H), 3.42 (t, J = 5.5, 1H), 2.09 (~dq, J  ≈ 1, 7.5, 2H), 1.99 (~t, J ≈ 7.5, 2H), 1.66 (s, 3H), 

1.63 (s, 3H), 1.60 ppm (s, 3H).   
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For the (E)-isogeraniol (2.33) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.02 – 5.21 (md, 2H), 3.58 (t, J = 6.5, 2H), 2.68 (dt, J = 0.5, 7, 2H), 2.18 (dt, J = 1, 7, 

2H), 1.65 (d, J = 1, 3H), 1.64 (d, J = 1, 3H), 1.61 ppm (d, J = 1, 3H). 

       

 

Table 2.24.  Isomerization of geraniol (2.32) to iso-geraniol (2.33) using 2 mol% catalyst 

2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time at RT 0 h 1.5 h 20 h 74 h 97 h 241 h 287 h 

proton a (5.36 ppm) 91.98 83.28 52.40 30.70 27.61 21.11 23.71 

protons b (4.06 ppm) 184.33 167.70 103.74 60.79 54.42 42.06 46.71 

units per proton
a
 92.10 83.66 52.05 30.49 27.34 21.06 23.47 

% geraniol remaining
b
 100 90.8 56.5 33.1 29.4 22.0 25.4 

protons a’ (3.58 ppm) 0 18.69 71.47 116.25 118.84 124.94 142.63 

protons b’ (2.68 ppm) 0 16.05 62.39 100.40 102.78 107.58 123.54 

protons c’ (2.18 ppm) 0 20.53 70.20 112.20 114.99 121.49 138.48 

units per proton
a
 0 9.21 34.01 54.81 56.10 59.00 67.44 

% (E)-iso-geraniol
c
 0 10.0 36.9 59.5 60.9 64.0 73.2 

protons z (4.68 ppm) 0 10.64 18.36 20.26 20.16 20.03 21.92 

units per proton
a
 0 5.32 9.18 10.13 10.08 10.02 10.96 

% other isomer in mixture
c
 0 5.8 10.0 11.0 10.9 10.9 11.9 

a Calculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0.  cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Figure 2.46.  2D NMR data (COSY, HMBC, HSQC) of isomerization of geraniol (2.32) 

to iso-geraniol (2.33) and isomer 2.67 

 

 

Interpretation of COSY, HMQC and HMBC data were complicated by 

overlapping of some of the resonances.  The double-headed arrows indicate correlations 

observed, with proton NMR data at left and carbon data at right and in parentheses. 

 
 

Figure 2.47.  nOe data for geraniol (2.32) and iso-geraniol (2.33) 

 

 

nOe data: Irradiation of the signal at  δ 2.19 lead to enhancement of the signal at δ 3.58, 

in addition to enhancement at δ 5.02 – 5.21.  Irradiation of the signal at δ 2.68 lead to 

enhancement of the signal at δ 5.02 – 5.21, in addition to enhancement of the signal in the 

methyl region. 
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Chapter 2, Table 2.4, entry 11: Isomerization of tert-butyldimethyl-3,7-dimethyl-2, 

6-octadienyloxysilane at room temperature. 

 

Same as entry 1, but tert-butyldimethyl-3,7-dimethyl-2,6-octadienyloxysilane 

(2.34) (185.2 mg, 0.50 mmol) and catalyst 2.1 (6.3 mg, 0.01 mmol, 2 mol%) were used.   

For tert-butyldimethyl-3,7-dimethyl-2,6-octadienyloxysilane (2.34) in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.27-5.32 (m, 1H), 5.08-5.14 (m, 1H), 4.19 

(dd, J = 1, 7.5, 2H), 2.10 (m, 1H), 2.01 (m, 2H), 1.66 (s, 3H), 1.63 (s, 3H), 1.59 (s, 3H), 

0.89 (s, 9H), 0.057 ppm (s, 6H).   

For the product tert-butyldimethyl-3,7-dimethyl-2,5-octadienyloxy silane (2.35) 

in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 3.68 (t, J = 7, 2H), 2.68 (t, J = 7, 2H), 

2.17 (t, J = 7, 2H), 1.66 (s, 3H), 1.64 (s, 3H), 1.61 (s, 3H), 0.8 (s, 9H), 0.040 (s, 6H).   

 

Table 2.25.  Isomerization of tert-butyldimethyl-3,7-dimethyl-2,6-octadienyloxy silane 

(2.34) to tert-butyldimethyl-3,7-dimethyl-2,5-octadienyloxy silane (2.35) using 2 mol% 

catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting compound, tert-

butyldimethyl-3,7-dimethyl-2,6-octadienyloxysilane (2.34) and product (2.35).   

 

Time 0 h 2 h 24 h 75 h 146 h 192 h 

Proton a 

5.33-5.38 ppm 

71.78 63.83 50.41 31.81 27.54 23.07 

Protons b 

4.06 ppm 

142.82 127.13 101.42 72.12 56.37 47.28 

Units per 
Proton 

71.53 63.65 50.61 34.64 27.97 23.45 

%  starting material 

remaining 

100 88.9 70.8 48.4 39.1 32.7 
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Table 2.25 continued.   

 
Time 0 h 2 h 24 h 75 h 146 h 192 h 

Protons a’ 

3.68 ppm 

0 0 17.18 37.55 56.37 67.05 

Protons b’ 

2.68 ppm 

0 0 17.22 32.38 58.13 59.38 

Protons c’ 

2.17 ppm 

0 0 17.51 36.08 66.19 67.64 

Units per  

proton 

0 0 8.65 17.79 30.12 32.35 

% product 

in mixture 

0 0 12.1 24.9 42.1 45.2 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Chapter 2, Table 2.4, entry 12: Isomerization of 1-tert-butylthio-4-pentene at 70 
o
C.     

Same as entry 1, 1-tert-butylthio-4-pentene (2.36) (79.2 mg) was used.  The 

catalytic load was increased to 5 mol% 2.1 (15.9 mg), and the reaction was allowed to 

proceed at 70 
o
C. 

For 1-tert-buylthio-4-pentene (2.37) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 5.81 (tdd, J = 6.8, 10.5, 17, 1H), 5.02 (tdd, J = 1.5, 2.0, 17.5, 1H), 4.95 (tdd, J = 1.0, 

2.0, 10.0, 1H), 2.54 (t, J = 7.5, 2H ), 2.15 (tdt, J = 1.5, 6.5, 7, 2H), 1.63 (tt, J = 7.5, 7.5, 

2H), 1.29 ppm (s, 9H).   

For the product enol thioether (2.38) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 6.16 (td, J = 1.5, 15, 1H), 5.83 (td, J = 7.0, 15.0, 1H), 2.10 (dq, J = 1.5, 7.0, 2H), 

1.41 (q, J = 7.0, 2H), 1.29 (s, 9H), 0.90 ppm (t, J = 7.5, 3H).   
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Table 2.26.  Isomerization of 1-tert-butylthio-4-pentene (2.37) to the enol thioether 2.38 

using 5 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting compound, 1-tert-

butylthio-4-pentene, and product 

Time at 70 
o
C 0 h 

10 min 
RT 

20 min 
Heat 

2 h Heat 22 h Heat 

CH2CHCH2CH2CH2S-t-Bu 

5.02 ppm 
60.41 14.25 0 0 0 

CH2CHCH2CH2CH2S-t-Bu 
4.95 ppm 

57.61 13.76 0 0 0 

Units per proton 59.01 14.01 0 0 0 

% Starting Material 

Remaining 
100 23.7 0 0 0 

CH3CH2CH2CHCHS-t-Bu 
6.16 ppm 

0 0 12.51 32.66 38.78 

CH3CH2CH2CHCHS-t-Bu 

5.83 ppm 
0 0 14.45 33.72 41.23 

CH3CH2CH2CHCHS-t-Bu 
0.90 

0 0 48.04 109.85 129.48 

Units per proton 0 0 15.00 35.25 41.90 

% Enol thioether in 

mixture 
0 0 25.4 59.7 71.0 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 
dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 
 

Figure 2.48.  2D NMR data (COSY and HMQC) on enol thioether 2.37 
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Chapter 2, Figure 2.23: Isomerization of 4-pentenyl-benzoate (2.40) at 70 
o
C. 

Same as entry 1, but 4-pentenyl-benzoate (2.40) (96.1 mg, 0.50 mmol) and 

catalyst 2.1 (6.1 mg, 0.01 mmol) were used.   

For the ester (2.40) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 8.01-8.06 

(m, 2H), 7.60-7.65 (m, 1H), 7.48-7.58 (m, 2H), 5.89 (tdd, J = 6.5, 10.5, 17.5, 1H), 5.09 

(tdd, J =1.5, 2, 17, 1H), 5.03 (tdd, J = 1.5, 1.5, 10.5, 1H), 4.35 (t, J = 6.8, 2H), 2.23 (td, J 

= 6.5, 7, 2H), 1.89 ppm (td, J = 6.8, 14.5, 2H).   

For 1,3-pentadiene (2.44) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 6.30 

(td, J = 10.5, 17, 1H), 6.02-6.11 (m, 1H), 5.65-5.76 (m, 1H), 5.04 (md, J = 17.5, 1H), 

4.90 (md, J = 10.5, 2H), 1.71 ppm (d, J = 7.5, 3H). 

Table 2.27. Isomerization of 4-pentenyl-benzoate (2.40) to form 1,3-pentadiene (2.44) 

using 2 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting ester and product 

enol ester.   

Time 0 h 2 h 23 h 50 h 90 h 

C6H5CO(O)CH2CH2CH2CHCH2 

5.89 ppm 
52.79 6.08 3.97 0 0 

C6H5CO(O)CH2CH2CH2CHCH2 
4.99 ppm 

53.42 1.38 1.08 0 0 

C6H5CO(O)CH2CH2CH2CHCH2 

2.24 ppm 
103.37 2.73 2.13 1.24 0 

C6H5CO(O)CH2CH2CH2CHCH2 
1.87 ppm 

101.72 2.52 1.98 0 0 

Units per proton 

 
52.10 2.11 1.52 0.21 0 

% starting material remaining 

 
100 4.0 2.9 0.4 0 

CH3CHCHCHCH2 

6.30 ppm 
0 1.72 30.60 41.07 44.62 

Units per proton 

 
0 1.72 30.60 41.07 44.62 
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Table 2.27 continued.  

 

Time 0 h 2 h 23 h 50 h 90 h 

% yield of product 

 
0 3.3 58.7 78.8 85.6 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 
dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

 
 

Figure 2.49.  COSY data for product 1,3-pentadiene (2.44) 

 

 

Chapter 2, Figure 2.23: Isomerization of 4-pentenyl 2,2-dimethylpropanoate (2.42) 

at 70 
o
C 

 

Same as entry 1, but 4-pentenyl 2,2-dimethylpropanoate (2.42) (85.1 mg, 0.50 

mmol) and catalyst 2.1 (6.1 mg, 0.01 mmol) were used.   

For the ester (2.42) in the mixture: 
1
H NMR (200 MHz, acetone-d6) δ 5.84 (m, 

1H), 4.88-5.12 (m, 2H), 4.04 (t, J = 6.4, 2H), 2.05-2.22 (m, 2H), 1.62-1.80 (m, 2 H), 1.17 

ppm (s, 1 H).   

For the product 1,3-pentadiene (2.44) in the mixture: 
1
H NMR (200 MHz, 

acetone-d6) δ 6.30 (td, J = 10.2, 17, 1H), 5.92-6.16 (m, 1H), 5.69 (m, 1H), 5.04 (d, J = 

16.4, 1H), 4.89 (d, J = 9.8, 1H), 1.72 ppm (d, J = 5.8, 3H). 
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Table 2.28. Isomerization of 4-pentenyl 2,2-dimethylpropanoate (2.42) to form 1,3-

pentadiene (2.44) using 2 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting ester and product 

enol ester.   

Time 0 h 2 h 50 h 99 h 819 h 

t-BuCO(O)CH2CH2CH2CHCH2 
5.84  ppm 

58.27 16.79 0 0 0 

t-BuCO(O)CH2CH2CH2CHCH2 

4.88-5.12 ppm 
111.76 22.01 0 0 0 

t-BuCO(O)CH2CH2CH2CHCH2 
4.04 ppm 

108.29 93.65 0 0 0 

Units per proton 

 
55.66 26.49 0 0 0 

% starting material remaining 
 

100 47.6 0 0 0 

CH3CHCHCHCH2 

6.30 ppm 
0 0 7.10 26.50 33.08 

Units per proton 
 

0 0 7.10 26.50 33.08 

% yield of product 

 
0 0 12.7 47.6 59.4 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 
hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Chapter 2, Figure 2.24:  Isomerization of 2-buten-1,4-diol 

General procedures followed, where 2-buten-1,4-diol (44.3 mg, 0.50 mmol) 

(2.45) and  catalyst 2.1 (6.1 mg, 0.025 mmol, 2 mol%) were used.  The reaction 

proceeded at 70 
o
C. 

For the diol 2-buten-1,4-diol (2.45) in the mixture: 
1
H NMR (400 MHz, acetone-

d6) δ 5.59 (m, 2H), 4.13 (t, J = 4, 4H), 3.84 ppm (t, J = 5, 2H).   

For the product γ-butyrolactone (2.47) in the mixture: 
1
H NMR (400 MHz, 

acetone-d6) δ4.29 (t, J = 6.8, 2H), 2.42 (dt, J = 0.8, 8, 2), 2.26 ppm (m, 2H).  
13

C NMR 

(100.52 MHz, acetone-d6) δ178.03, 69.02, 28.14, 22.90 ppm. 
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Table 2.29.  Isomerization of 2-buten-1,4-diol (2.45) to γ-butyrolactone (2.47) using 2 

mol% catalyst 2.1 

Time at 70 
o
C 0 h 1 h 24 h 

 
5.59 ppm 

86.02 6.00 0 

 
4.13 ppm 

175.58 13.64 0 

Units per proton 43.60 3.27 0 

% Starting Material 

Remaining 

100 7.5 0 

4.29 ppm 

0 47.35 73.73 

2.42 ppm 

0 48.70 74.68 

2.26 ppm 

0 49.13 75.42 

Units per proton 0 24.20 37.31 

% product remain 0 55.5 85.6 
aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0 
 

Chapter 2, Figure 2.24:  Isomerization of vinyl oxirane 

General procedures followed, where vinyl oxirane (2.48) (35.9 mg, 0.51 mmol) 

and 2 mol% catalyst 2.1 (6.2 mg, 0.01 mmol, 2 mol%) were used.  The reaction was 

allowed to proceed at 70 
o
C.  

For the vinyl oxirane 2.48 in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 5.44-

5.60 (m, 2H), 5.21-5.28 (m, 1H), 3.27-3.34 (m, 1H), 2.85-2.90 (m, 1H), 2.58 ppm (dd, J 

= 2.4, 5.6, 1H).   

For the product enal E-2.49 in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ9.49 

(d, J = 6.4, 1H), 6.91-7.03 (m, 1H), 6.05-6.12 (m, 1H), 2.00 ppm (dd, J = 1.2, 6.8, 3H).  
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For the product enal Z-2.49 in the mixture: 
1
H NMR (400 MHz, acetone-d6) 

δ10.13 (d, J = 6.4, 1H), 6.71-6.82 (m, 1H), 5.83-5.92 (m, 1H), 2.17 ppm (dd, J = 1.2, 6.4, 

3H). 

Table 2.30.  Isomerization and ring opening of vinyl oxirane (2.48) to enal (2.49) using 2 

mol% catalyst 2.1 

Time at 70 
o
C 0 h 1 h 4 h 244 h 

 
(3.27-3.34 ppm) 

49.94 36.59 26.02 0 

Units per proton 49.94 36.59 26.02 0 

% starting material 
remaining 

100 73.3 52.1 0 

 
(9.49 ppm) 

0 2.68 7.03 22.76 

 
(6.91-7.03 ppm) 

0 3.24 7.66 23.77 

 
(6.05 – 6.12) 

0 3.90 7.83 21.12 

 
(2.00 ppm) 

0 8.17 20.82 69.40 

Units per proton 0 3.00 7.22 23.01 

% (E)-enal in 
mixture 

0 6.0 14.5 46.1 

 
(6.71-6.82 ppm) 

0 0 1.43 9.82 

Units per proton 0 0 1.43 9.82 

% (Z)-enal in 

mixture 
0 0 2.9 19.7 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0 
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Chapter 2, Figure 2.24:  Isomerization of butenyloxirane 

General procedures followed, where butenyloxirane (2.50) (50.0 mg, 0.5 mmol) 

and 2 mol% catalyst 2.1 (6.2 mg, 0.01 mmol, 2 mol%) were used.  The reaction was 

allowed to proceed at 70 
o
C. 

For the butenyl oxirane 2.50 in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 

5.86 (tdd, J = 6.8, 10.4, 17.2, 1H), 5.04 (tdd, J =1.6, 2, 17.2, 1H), 4.95 (tdd, J = 1.2, 2, 

10.4, 1H), 2.81-2.89 (m, 1H), 2.62-2.67 (m, 1H), 2.40 (dd, J = 2.4, 5.2, 1H), 2.11-2.17 

(m, 2H), 1.49-1.66 ppm (m, 2H).   

For the product enal E-2.51 in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 

9.51 (d, J = 8, 1H), 6.96 (td, J = 6.8, 16, 1H), 6.07 (tdd, J = 1.6, 8, 16, 1H), 2.30-2.38 (m, 

2H), 1.54 (q, J = 7.6, 2H), 0.95 ppm (t, J = 7.6, 3H).  
 
 

For the other aldehyde species in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 

9.71 ppm (t, J = 1.6, 1H). 

For the internal isomeric compound(s) in the mixture: 
1
H NMR (400 MHz, 

acetone-d6) δ 5.38-5.51 ppm (m, 2H). 

Table 2.31.  Isomerization and ring opening of butenyloxirane (2.50) using 2 mol% 

catalyst 2.1 

Time at 70 
o
C 0 h 1 h 2 h 4 h 244 h 

 
(5.86 ppm) 

38.31 n/a trace trace 0 

 
(5.04 ppm) 

38.82 0.89 trace trace 0 

 
(4.95 ppm) 

38.79 0.85 trace trace 0 
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Table 2.31 continued. 

 

Time at 70 
o
C 0 h 1 h 2 h 4 h 244 h 

Units per proton 38.64 0.87 trace trace 0 

% starting material 
remaining 

100 2.3% trace trace 0 

 
(9.51 ppm) 

0 13.89 18.75 20.33 20.34 

 
(6.96 ppm) 

0 15.50 19.42 21.56 20.75 

 
(6.07 ppm) 

0 n/a n/a 23.37 21.24 

Units per proton 0 14.70 19.09 21.75 20.78 

% enal in mixture 0 38.0% 49.4% 56.3% 53.8% 

 
(9.71 ppm) 

0 4.96 5.86 6.48 6.59 

Units per proton 0 4.96 5.86 6.48 6.59 

% compound in 

mixture 
0 12.8% 15.2% 16.8% 17.1% 

 
(5.38-5.51 ppm) 

0 21.51 18.74 21.54 19.97 

Units per proton 0 10.76 9.37 10.77 9.99 

% compound(s) in 

mixture 
0 27.8% 24.2% 27.8% 25.9% 
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Figure 2.50.  COSY data for product 2-hexenal (2.51) and tentative product 

 

 

Chapter 2, Figure 2.25: Isomerization of methyl oleate (2.54) at 70 
o
C 

General procedures followed, where methyl oleate (2.54) and 5 mol% catalyst 2.1 

(15.25 mg, 0.025 mmol) were used.  The reaction was allowed to proceed at 70 
o
C. 

For methyl oleate (2.54) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.34 (t, 

J = 4.5, 2H), 3.59 (s, 3H), 2.27 (t, J = 7.5, 2H), 2.04 (m, 4H), 1.58 (t, J = 7.5, 2H), 1.29-

1.36 (m, 20H), 0.88 ppm (t, J = 7, 3H).   

For the product (2.55) in the mixture: (500 MHz, acetone-d6) δ 6.92 (mtd, J = 7, 

15.5, 1H), 5.82 ppm (td, J = 1, 16, 1H). 

 

Table 2.32.  Isomerization of methyl oleate (2.54) using 5 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting compound, methyl 

oleate, and product 
Time at 

70 
o
C 

0 h 2 h 7 h 68 h 92 h 138 h 194 h 

Protons a 

5.34 ppm 
92.99 56.38 28.12 18.74 14.34 14.34 14.48 

Protons b 

2.04 ppm 
182.95 116.34 63.69 43.24 46.42 45.52 80.86 

Protons c 

1.58 ppm 
85.28 75.05 72.10 71.03 70.05 59.57 66.86 
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Table 2.32. continued. 

 
Time at 

70 
o
C 

0 h 2 h 7 h 68 h 92 h 138 h 194 h 

Units per 
proton 

45.15 30.97 20.48 16.62 16.35 14.92 20.28 

% starting 

material 
100 68.6 45.3 36.8 36.2 33.0 45.0 

Proton a’ 
6.92 

0 0.64 1.56 2.00 0.77 1.08 1.92 

Proton b’ 

5.82 
0 0.49 1.30 1.36 1.41 0.69 1.61 

Units per 
Proton 

0 0.565 1.43 1.65 1.09 0.885 1.765 

% product 

 
0 1.25 3.2 3.7 2.4 2.0 3.9 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 
hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Chapter 2, Figure 2.25: Isomerization of linoleic acid (2.56) at 70 
o
C 

General procedures followed, where linoleic acid (2.56) (101.3 mg, 0.37 mmol) 

and catalyst 2.1 (11.5 mg, 0.019 mmol, 5 mol%) were used.   

For linoleic acid (2.56) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.29-

5.41 (m, 4H), 2.80 (t, J = 6.5, 2H), 2.28 (t, J = 7.5, 2H), 2.02-2.13 (m, 4H), 1.59 

(~quintet, J ≈ 7.5, 2H), 1.26-1.41 (m, 14H), 0.89 ppm (~t, J ≈ 7, 3H).   

For the products in the mixture: (500 MHz, acetone-d6) δ 6.30-6.39 (m, 1H), 5.94 

(t, J = 10.5, 1H), 5.65 (td, J = 7.5, 15, 1H), 5.28 (td, J = 7.5, 10.5, 1H), 2.28 (t, J = 7.5, 

2H), 2.13-2.20 (m, 2H), 2.10 (~q, J ≈ 7.5, 2H), 1.54-1.63 (m, 2H), 1.24-1.44 (m, 14H), 

0.85-0.92 ppm (m, 3H) . 
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Table 2.33.  Conjugation of linoleic acid using 5 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting compound, methyl 

oleate, and product 

Time at 70 
o
C 0 h 90 min 2.5 h 

Protons a 
5.29-5.41 ppm 

67.38 NA NA 

Protons b 

2.80 ppm 
33.54 0.86 0 

Units per proton 16.82 0.43 0 

% starting material 100 2.6 0 

Protons c
d
 

2.13-2.20 ppm 
0 30.73 31.76 

Protons d
d
 

2.10 ppm 
0 31.06 30.52 

Units per Proton 0 15.45 15.57 

% conjugated product 0 91.9 92.6 
aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 
hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0.  d Integrations may be skewed due to overlap with neighboring peaks or solvent signals.   NA is not 

available due to overlap. 

 

 
 

Figure 2.51.  2D NMR data (COSY and HMQC) for conjugated linoleic acid 

(2.57a/2.59b) 

 

Chapter 2, Figure 2.25: Isomerization of methyl linoleate (2.58) at 70 
o
C 

General procedures followed, where methyl linoleate (2.58) (102.9 mg, 0.35 

mmol) and catalyst 2.1 (2.3 mg, 0.0038 mmol, 1 mol%) were used.   
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For methyl linoleate (2.58) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.28-5.41 (m, 4H), 3.60 (s, 3H), 2.79 (t, J = 6.5, 2H), 2.28 (t, J = 7.5, 2H), 2.02-2.12 (m, 

4H), 1.59 (~quintet, J ≈ 7, 2H), 1.23-1.45 (m, 14H), 0.89 ppm (~t, J ≈ 7, 3H).   

For the products (2.57b/2.59b) in the mixture: (500 MHz, acetone-d6) δ 6.29-6.41 

(m, 1H), 5.93 (t, J = 11, 1H), 5.65 (td, J = 7.5, 15, 1H), 5.23-5.32 (td, J = 7.5, 11, 1H), 

3.60 (s, 3H), 2.28 (t, J = 7.5, 2H), 2.06-2.20 (m, 4H), 1.58 (~quintet, J ≈ 7.5, 2H), 1.23-

1.45 (m, 14H), 0.84-0.92 ppm (m, 3H). 

 

Table 2.34.  Conjugation of methyl linoleate (2.58) using 1 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting compound, methyl 

oleate, and product. 

Time at 70 
o
C 0 h 1 h 2 h 4 h 

Protons a 
5.28-5.41 ppm 

115.48 NA NA NA 

Protons b 

2.80 ppm 
58.03 12.94 5.91 0 

Units per 
proton 

28.92 6.47 2.96 0 

% starting 

material 
100 22.3% 10.2% 0 

Alkene Proton 
6.29-6.41 

0 22.24 24.66 23.61 

Alkene Proton 

5.94 
0 22.26 24.69 23.46 

Units per 
Proton 

0 22.25 24.68 23.54 

% product 0 76.7% 85.0% 81.1% 

Protons c + d
d
 0 117.5 119.69 110.66 

Units per 

Proton 
0 29.38 29.94 27.66 

% product 0 >100 >100 95.6% 
aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0.  dIntegration includes peak value and acetone solvent value.  Reliable unit per proton value was 
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obtained and subtracted from the initial total integral, of proton signal and acetone solvent signal, at time 0 

to obtain the reliable acetone value.  At each time, this value of acetone was subtracted from the total 

integral to obtain the value for Protons c + d.  NA is not available due to overlap. 

 

Chapter 2, Figure 2.25: Isomerization of methyl linolenate (2.60) at 70 
o
C 

General procedures followed, where methyl linolenate (2.60) (52.9 mg, 0.18 

mmol) and catalyst 2.1 (2.7 mg, 0.0044 mmol, 2.4 mol%) were used.   

For methyl linolenate (2.60) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.26-5.43 (m, 6H), 3.60 (s, 3H), 2.78-2.88 (m, 4H), 2.28 (t, J = 7.5, 2H), 2.06-2.13 (m, 

4H), 1.55 (~quintet, J ≈ 7.5, 2H), 1.27-1.42 (m, 12H), 0.96 ppm (t, J = 7.5, 3H). 

For the mixture of products (2.61) in the mixture: (500 MHz, acetone-d6) δ 3.61 

(s, 3H), 2.29 (t, J = 7.5, 2H), 2.07-2.22 (m, 4H), 1.58 (~quintet, J ≈ 7, 2H), 1.25-1.45 (m, 

12H). 

Table 2.35.  Conjugation of methyl linolenate (2.60) using 2.4 mol% catalyst 2.1 

Time at 70 
o
C 0 h 1 h 2 h 22 h 

Protons a 
5.26-5.43 ppm 

53.61 NA NA NA 

CH3OC(O)-R 

3.60 ppm 

26.86 NA NA NA 

Protons b 

2.78-2.88 ppm 

36.05 2.59 + 4.85 1.33 + 2.98 0 

Protons c 

2.28 ppm 

18.27 NA NA NA 

Units per 

proton 

8.99 1.86 1.08 0 

% starting 

material  

100 20.7 12.0 0 

Protons d + e
d
 

2.07-2.22 ppm 

0 53.19 51.27 48.18 

Units per  

Proton 

0 8.99 12.82 9.10 

% Conjugated  

Product 

0 100  >100 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0.  dIntegration includes peak value and acetone solvent value.  Reliable unit per proton value was 
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obtained and subtracted from the initial total integral, of proton signal and acetone solvent signal, at time 0 

to obtain the reliable acetone value.  At each time, this value of acetone was subtracted from the total 

integral to obtain the value for Protons d + e.  NA is not available due to overlap. 

 

 

2.7.5.  Intentional and unintentional alteration of the catalyst 

 
 

Conversion of catalyst 2.1 into 2.1-CO with stoichiometric amounts of allyl alcohol: 

 Following the general procedure, but catalyst 2.1 (31.9 mg, 0.0525 mmol, 10 

mol%) was added first.  After the initial 
1
H and 

31
P acquisition of catalyst in acetone-d6 

solution, allyl alcohol (30.9 mg, 0.532 mmol) was added.  The reaction was allowed to 

proceed at room temperature. 

 For catalyst 2.1 in the mixture: 
1
H NMR (partial due to overlap) (500 MHz, 

acetone-d6) δ 7.02 (s, 1H), 4.60 (s, 5H), 3.80 (s, 3H), 3.01 (m, 1H), 2.75 (m, 2.85), 2.45 

(s, 3H), 1.37 ppm (s, 9H).  
31

P NMR (80.948 MHz, acetone-d6) δ 38.56 ppm. 

 For complex 2.74 in the mixture (partial due to overlap): 
1
H NMR (500 MHz, 

acetone-d6) δ 5.00 (s, 5H), 3.79 ppm (s, 3H).  
31

P NMR (80.948 MHz, acetone-d6) δ 

78.93 ppm. 

 For 2.1-CO in the mixture (partial due to overlap): 
 1

H NMR (500 MHz, acetone-

d6) δ 7.18 (s, 1H), 5.53 (s, 5H), 3.88 (s, 3H), 3.15-3.21 (m, 1H), 3.04-3.15 (m, 1H), 1.27 

ppm (s, 9H).  
31

P NMR (80.948 MHz, acetone-d6) δ 42.20 ppm.  IR 1963.0 cm
-1

. 
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Table 2.36.  Allyl alcohol isomerization in CD2Cl2 leads to short lived enol intermediate 

CD2Cl2 2.81 (E)-2.82 (Z)-2.82 2.84 Major 
31

P species 

5 min 49.7% 19.8% 3.6% 24.6% δ 77.92 ppm 
20 min 17.9% 11.3% 1.5% 63.4% δ 40.98 ppm 

35 min 7.0% 5.7% 1.0% 75.5% δ 40.98 ppm 

50 min 3.4% 0 0 82.9% δ 40.98 ppm 
aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 
hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Formation of 2.1-CO by non-enolizable aldehyde with catalyst 2.1: 

 

 
 

 In a glove box, freshly deoxygenated tolualdehyde (5.9 mg, 0.049 mmol) and 

internal standard were dissolved in deoxygenated acetone-d6 (~600 μL) in a resealable J. 

Young tube, and an initial 
1
H NMR spectrum was acquired.  A solution of catalyst 2.1 

(6.2 mg, 0.0102 mmol, 20.8 mol%) in acetone-d6 was added to the J. Young tube and the 

tube placed into a 70 
o
C oil bath. 

 For the tolualdehyde (2.92) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

9.98 (s, 1H), 7.79-7.84 (m, 2H), 7.41 (d, J = 8.2, 2H), 2.43 ppm (s, 3H). 

 For the toluene (2.93) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.20-7.37 

(m, 5H), 2.31 ppm (s, 3H). 

 For catalyst 2.1 in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.02 (s, 1H), 

4.60 (s, 5H), 3.80 (s, 3H), 3.80 (s, 3H), 1.37 ppm (s, 9H).  
31

P NMR (80.948 MHz, 

acetone-d6) δ 38.56 ppm. 
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 For 2.1-CO in the mixture (partial due to overlap): 
 1

H NMR (500 MHz, acetone-

d6) δ 5.53 (s, 5H), 3.90 (s, 3H), 3.15-3.21 (m, 1H), 3.04-3.15 (m, 1H), 1.27 ppm (s, 9H).  

31
P NMR (80.948 MHz, acetone-d6) δ 42.26 ppm. 

Table 2.37.  Decarbonylation of tolualdehyde (2.92) with 2 mol% 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the starting tolualdehyde, 

toluene, and Cp 
1
H of each complex remaining at time specified.

a
 

 0 min 1 h 2 h 24 h 72 h 

 
9.98 ppm 

7.83 7.76 7.62 6.84 6.66 

units per proton
b
 7.83 7.76 7.62 6.84 6.66 

% in mixture
c
 100 99.1 97.3 87.4 85.0 

 
2.31ppm 

0 0.78 1.13 3.14 3.62 

units per proton
b
 0 0.26 0.38 1.05 1.21 

% in mixture
c
 0 3.3 4.8 13.4 15.4 

 
4.60 ppm 

0 4.89 3.96 0.60 0.06 

units per proton
b
 0 0.98 0.79 0.12 0.01 

% in mixture
c
 0 12.5 10.1 1.5 0.1 

 
5.53 ppm 

0 1.18 1.93 4.79 5.87 

units per proton
b
 0 0.24 0.39 0.96 1.17 

% in mixture
c
 0 3.1 4.9 12.2 15.0 
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Formation of authentic 2.1-CO complex: 

 

 
 

 In a glove box, catalyst 2.1 (15.3 mg, 0.025 mmol) was dissolved in deoxygenated 

acetone-d6 in a resealable J. Young tube, and initial 
1
H NMR and 

31
P NMR were acquired 

of the starting complex.  Carbon monoxide gas was bubbled through the catalyst solution.  

A new 
31

P peak emerged at δ 42.41 ppm. 

 

Chapter 2, Table 2.6: Isomerization of cinnamyl alcohol (2.94) at RT: 

 In a glove box, cinnamyl alcohol (2.94) (76.7 mg, 0.572 mmol), internal standard, 

and deoxygenated acetone-d6 were combined into a resealable J. Young tube and an 

initial 
1
H NMR was acquired.  Catalyst 2.1 (15.9 mg, 0.0262 mmol, 4.6 mol%) was 

added to the NMR tube in acetone-d6 to generate a final reaction volume of 1 mL.  The 

reaction was allowed to proceed at RT and 
1
H NMR acquired at time specified. 
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 For the cinnamyl alcohol in the mixture (2.94): 
1
H NMR (500 MHz, acetone-d6) δ 

7.41 (d, J = 8, 2H), 7.30 (t, J = 7.5, 2H), 7.21 (t, J = 7.5, 1H), 6.62 (d, J = 16, 1H), 6.40 

(td, J = 6, 16, 1H), 4.25 (s, 2H), 3.99 ppm (s, 1H). 

For the trans-enol in the mixture (E-2.95): partial 
1
H NMR (500 MHz, acetone-

d6) δ 6.46 (br d, J = 12.5, 1H), 4.94 (td, J = 7.5, 12, 1H), 3.19 ppm (d, J = 7.5, 2H). 

For the cis-enol in the mixture (Z-2.95): partial 
1
H NMR (500 MHz, acetone-d6) δ 

6.49 (d, J = 6, 1H), 4.38-4.45 (m, 1H), 3.44 ppm (dd, J = 1.5, 7.5, 2H). 

For the cinnamaldehyde in the mixture (2.96): partial 
1
H NMR (500 MHz, 

acetone-d6) δ 9.76 (t, J = 1.5, 1H), 2.87-2.94 (m, 2H), 2.75 ppm (dt, J = 1, 7.5, 2H). 

Table 2.38.  Isomerization of cinnamyl alcohol 

Integrations in arbitrary units of key 
1
H NMR signals for the starting cinnamyl aldehyde, 

intermediate enols, product aldehyde, and corresponding catalyst remaining at time 

specified.
a
 

 0 min 
10 

min 

15 

min 

30 

min 

50 

min 

75 

min 

100 

min 

120 

min 

150 

min 

 
6.62 ppm 

80.59 66.29 60.46 50.67 42.64 35.54 31.07 27.48 22.30 

 
6.40 ppm 

81.20 66.54 60.82 50.79 43.20 35.96 31.16 28.35 22.76 

 
4.25 ppm 

160.83 136.18 121.62 99.35 83.48 69.28 59.93 52.30 43.55 

units per proton
b
 80.66 67.25 60.73 50.20 42.33 35.20 30.54 27.03 22.15 

% in mixture
c
 100 83.4 75.3 62.2 52.5 43.6 37.9 33.5 27.5 

 
4.94 ppm 

0 9.31 14.86 22.48 27.63 31.06 32.61 33.93 33.74 

 
3.19 ppm 

0 19.16 30.78 46.78 56.69 62.96 66.76 68.49 68.81 

units per proton
b
 0 9.49 15.21 23.09 28.11 31.34 33.12 34.14 34.18 
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Table 2.38 continued. 

 

 0 min 
10 

min 

15 

min 

30 

min 

50 

min 

75 

min 

100 

min 

120 

min 

150 

min 

% in mixture
c
 0 11.8 18.9 28.6 34.8 38.9 41.1 42.3 42.4 

 
3.44 ppm 

0 2.87 4.56 8.05 11.41 14.79 17.87 20.13 23.94 

units per proton
b
 0 1.44 2.28 4.03 5.71 7.40 8.94 10.07 11.97 

% in mixture
c
 0 1.8 2.8 5.0 7.1 9.2 11.1 12.5 14.8 

 
9.76 ppm 

0 0 0 n/a 2.49 3.87 5.15 6.50 8.13 

 
2.87-2.94 pppm 

0 0 0 2.08 5.49 8.09 10.76 13.17 17.02 

units per proton
b
 0 0 0 1.04 2.66 3.99 5.30 6.56 8.38 

% aldehyde
c
 0 0 0 1.3 3.3 4.9 6.6 8.1 10.4 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

Table 2.39.  Catalyst composition during isomerization of cinnamyl alcohol 

Integrations in arbitrary units of key 
1
H NMR signals for the starting cinnamyl aldehyde, 

intermediate enols, product aldehyde, and corresponding catalyst remaining at time 

specified.
a
 

 
0 

min 

10 

min 

15 

min 

30 

min 

50 

min 

75 

min 

100 

min 

120 

min 

150 

min 

 

0 11.10 9.68 8.13 7.38 7.12 6.69 6.43 6.31 

units per proton
b
 0 2.22 1.94 1.63 1.48 1.42 1.34 1.29 1.26 

% complex remaining
c
 0 2.8 2.4 2.0 1.8 1.8 1.7 1.6 1.6 
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Table 2.39 continued. 

 

 
0 

min 

10 

min 

15 

min 

30 

min 

50 

min 

75 

min 

100 

min 

120 

min 

150 

min 

 

0 5.21 6.38 7.55 7.96 8.19 7.92 7.73 7.37 

units per proton
b
 0 1.04 1.28 1.51 1.59 1.64 1.58 1.55 1.47 

% complex remaining
c
 0 1.3 1.6 1.9 2.0 2.0 2.0 1.9 1.8 

 

0 0 0 0.53 1.16 1.53 1.86 2.58 2.94 

units per proton
b
 0 0 0 0.11 0.23 0.31 0.37 0.52 0.59 

% complex remaing
c
 0 0 0 0.1 0.3 0.4 0.5 0.6 0.7 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

 

Synthesis of 
13

C-cinnamyl alcohol (2.97-
13

C): 

H

H

13
C

H

O
13

C
OH

HH

13
C

OH

H H

LiAlH4

1. n-BuLi, THF

   -78
 o

C       RT

2.  NH4Cl, H2O THF, 0 
o
C

94% 78%

2.100 2.97-
13

C  

Synthesis of 2.100:  A 50 mL Schlenk flask equipped with a magnetic stir bar was 

charged with phenyl acetylene (569.9 mg, 5.579 mmol).  Dry and deoxygenated THF (20 

mL) was added to the flask under nitrogen and submerged into dry ice/acetone bath.  n-

BuLi (2.25 mL, 5.625 mmol) was added dropwise over nine minutes, followed by the 

addition of 
13

C-paraformaldehyde (171.4 mg, 5.526 mmol), and the mixture was allowed 
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to warm to room temperature.  Upon reaction completion (via TLC), the reaction mixture 

was washed with saturated NH4Cl, aqueous extracted by Et2O (3 x 15 mL), dried over 

Na2SO4, and dried in vacuo.  Product 2.100 was isolated as a clear, colorless oil in 94.2% 

yield (692.9 mg).  
1
H NMR (600 MHz, acetone-d6) δ 7.39-7.42 (m, 2H), 7.32-7.36 (m, 

3H), 4.27 (br s, 2H) ppm.  
13

C NMR (150.772 MHz, acetone-d6) δ 131.32, 128.39, 

128.17, 123.21, 88.92 (d, J = 72.8), 83.66 (d, J = 12.1), 50.14 ppm (m, 
13

CH2OH). 

Synthesis of 2.97-
13

C:  A 50 mL Schlenk flask equipped with a magnetic stir bar was 

charged with LiAlH4 (119.0 mg, 3.136 mmol).  Dry and deoxygenated THF (7 mL) was 

added to the flask under nitrogen and the flask placed into an ice-water bath.  Alkynol 

2.100 (437.6 mg, 3.286 mmol) in THF (2 mL) was added to the flask over 40 min, and 

the reaction was allowed to warm to room temperature.  Upon reaction completion (via 

TLC), ice cold water (15 mL) was added to the reaction mixture, which turned green in 

color.  The mixture was then extracted with Et2O (4 x 20 mL each) and the combined 

extracts were filtered to break up the emulsion.  The combined extracts were then washed 

with 3M HCl (15 mL), saturated NaCO3 solution (15 mL), saturated brine solution (15 

mL), dried over Na2SO4, and dried in vacuo.  The crude yellow oil (390.7 mg) was 

purified by column chromatography (2.5 in x 1.5 in) with 25% ethyl acetate in petroleum 

ether.  The product 2.97-
13

C was isolated as a white solid in 78.1% yield (331.0 mg).  
1
H 

NMR (500 MHz, acetone-d6) δ 7.43 (d, J = 7.5, 2H), 7.33 (t, J = 7.5, 2H), 7.23 (t, J = 7.5, 

1H), 6.63 (dd, J = 7, 16, 1H), 6.42 (qd, J = 5, 16, 1H), 4.26 (doublet of narrow multiplets, 

J = 140.5, 1H), 3.81-3.93 ppm (br s, 1H).  
13

C NMR (125.723 MHz, acetone-d6) δ 138.39 

(d, J = 5.9), 131.24 (d, J = 47.0), 130.07, 129.47, 128.13, 127.19, 63.40 ppm (
13

CH2OH). 
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Formation of complex 2.101 during isomerization of diallyl ether: 

 Following the general procedure, diallyl ether and catalyst 2.1 was used.  The 

reaction was allowed to proceed at.  To the isomerized mixture containing diallyl ether 

(2.21) and complex 2.101, CO(g) was bubbled through the solution in intervals. 

For catalyst 2.1 in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.01 (s, 1H), 

4.60 (s, 5H), 3.79 (s, 3H), 2.44 (s, 3H), 1.36 ppm (s, 9H).  
31

P NMR (202. MHz, acetone-

d6) δ 37.311 ppm. 

For complex 2.101 in the mixture:  
1
H NMR (500 MHz, acetone-d6) δ 7.02 (s, 

1H), 5.56 (s, 5H), 3.58 (s, 3H), 1.25 ppm (s, 9H).  
31

P NMR (202. MHz, acetone-d6) δ 

63.30 ppm. 

 For 2.1-CO in the mixture (partial due to overlap): 
 1

H NMR (500 MHz, acetone-

d6) δ 7.18 (s, 1H), 5.52 (s, 5H), 3.87 (s, 3H), 1.27 ppm (s, 9H).  
31

P NMR (202. MHz, 

acetone-d6) δ 40.95 ppm. 
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Figure 2.52.  1,4-Cyclohexadiene addition to catalyst 2.1 generates a new complex and 

forces dissociation of phosphine ligand 

 

 

Isomerization of 1,4-cyclohexadiene (2.102): 

 Following the general procedure, diene 2.102 (45.9 mg, 0.573 mmol) and catalyst 

2.1 (15.9 mg, 0.026 mmol, 4.6 mol%) used.  The reaction was allowed to proceed at 70 

o
C. 

 For 1,3-cyclohexadiene (2.102) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.65 (dt, J = 1, 7.5, 4H), 2.61 ppm (d, J = 1, 4H). 

 For 1,4-cyclohexadiene (2.103) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

5.82-5.89 (m, 2H), 5.74-5.81 (m, 2H), 2.09-2.12 ppm (m, 4H). 

Table 2.40.  Isomerization of 1,4-cyclohexadiene (2.102) to 1,3-cyclohexadiene (2.103) 

using 2 mol% catalyst 2.1 

Integrations in arbitrary units of key 
1
H NMR signals for the components of the 

isomerization mixture remaining at time specified.
a
 

 0 h 15 min RT 21 h heat 88 h heat 

 
5.65 ppm 

388.40 389.28 353.41 326.08 

Units per 
protonb 

97.10 97.32 88.35 81.52 

% in mixture
c
 100 >100 91.0 83.9 

 
5.82-5.89 ppm 

0 0 13.04 12.58 
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Table 2.40 continued. 

 

 0 h 15 min RT 21 h heat 88 h heat 

Units per proton
b
 0 0 6.52 6.29 

% in mixture
c
 0 0 6.7 6.5 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0. 

Table 2.41.  Catalyst components of the mixture during isomerization of 1,4-

cylohexadiene (2.102) to 1,3-cyclohexadiene (2.103) 

Integrations in arbitrary units of key 
1
H NMR signals for the components remaining at 

time specified.
a
 

 0 min 15 min RT 21 heat 88 h heat 

 

0 10.12 0 0 

units per proton
b
 0 2.02 0 0 

% complex remaining
c
 0 2.1 0 0 

 

0 trace 11.35 10.50 

units per proton
b
 0 trace 2.27 2.10 

% complex in mixture
c
 0 trace 2.3 2.1 

 

0 1.17 13.22 12.56 

units per proton
b
 0 0.23 2.64 2.51 

% comples in mixture
c
 0 0.2 2.7 2.9 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0.
d 1H NMR acquisition parameters resulted in inaccurate integrals (1 scan, 1 sec delay time). 
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Preparation of phosphine oxide 2.106:  In a glove box, a scintillation vial equipped 

with stir bar was added phosphine 2.105 (279.9 mg, 1.10 mmol) and dry and 

deoxygenated methylene chloride (3 mL).  The solution was submerged in an ice bath 

and meta-chloroperoxybenzoic acid (284.5 mg, 1.65 mmol) was added and allowed to stir 

at room temperature.  White solid precipitated out of the solution, and methylene chloride 

(4 mL) was added.  The organic fraction was washed with Na2SO3 (2 x 5 mL), deionized 

water (5 mL), dried over Na2SO4, and concentrated.  Hexanes (3 mL) was added and 

concentrated to afford 2.106 as a white solid in 84.1% yield (249.9 mg).  
1
H NMR (500 

MHz, acetone-d6) δ 6.93 (d, J = 1.6, 1H), 3.99 (s, 3H), 2.37 (m, 2H), 1.24 (s, 9 H), 1.11 

ppm (s, 12H).  
13

C NMR (125.7 MHz, acetone-d6) δ 119.81 (s), 34.38 (s), 32.44 (s), 30.58 

(s), 28.05 (s), 27.34 (s), 16.38, 153.77 ppm.   
31

P NMR (202 MHz, acetone-d6) δ 48.09 (s) 

ppm.   Elemental analysis calculated for C14H27N2OP (270.22): C, 62.2%; H, 10.1%; N, 

10.3%.   Found: C, 61.8%; H, 10.0%; N, 10.4%. 

 

Preparation of complex 2.107:  In a glove box, a scintillation vial equipped with stir bar 

was added phosphine oxide 2.106 (25.5 mg, 0.0944 mmol) and [CpRu(NCCH3)3]PF6 

(41.2 mg, 0.0947 mmol) in deoxygenated acetone and allowed to stir at ambient 

temperature overnight.  The reaction was concentrated, and additional solvent was added 

followed by removal en vacuo.  
1
H NMR (399.765 MHz, acetone-d6) δ 7.51 (d, J = 2, 

1H), 4.06 (s, 5H), 3.91 (s, 3H), 2.61-2.75 (m, 2H), 2.49 (bs s, 3H), 1.56 (s, 9 H), 1.38 

ppm (dd, J = 6.8, 16.4, 6H).  
31

P NMR (202 MHz, acetone-d6) δ 73.76 (s) ppm. 
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Isomerization of 4-pentenol with complex 2.107: 

 Following the general procedure, 4-pentenol (2.4) (43.1 mg, 0.50 mmol) and 

complex 2.107 (6.3 mg, 0.01 mmol, 2 mol%) were used.  The reaction was allowed to 

proceed at room temperature. 

Table 2.42.  Isomerization of 4-pentenol (2.4) to 3-pentenol using 2 mol% complex 

2.107 

Integrations in arbitrary units of key 
1
H NMR signals for the components of the 

isomerization mixture remaining at time specified.
a
 

 0 h 1 h 2 h 5 h 24 h
d
 

 
 5.00 ppm 

196.87 148.36 143.48 132.40 73.30 

 
4.93 ppm 

193.84 148.61 145.40 133.98 68.42 

Units per proton
b
 195.36 148.49 144.44 133.19 70.86 

% in mixture
c
 100 76.0 73.9 68.2 36.3 

 
5.39-5.55 ppm 

0 75.36 92.03 106.24 206.41 

Units per proton
b
 0 37.68 46.02 53.12 103.21 

% in mixture
c
 0 19.3 23.6 27.2 53.2 

aCalculated by dividing units per proton of starting material at time indicated by units per proton value at 

hour 0.  b Calculated by taking the average of integrations of the specified resonances.  cCalculated by 

dividing units per proton of product at time indicated by the units per proton value of starting material at 

hour 0.
d
1 mol% more complex 2.107 was added at hour 5, thus for 19 hours the reaction had additional 

2.107 
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2.7.6. X-ray diffraction data 

Table 2.43.  Atomic coordinates (x 10
4
) and equivalent isotropic displacement 

parameters (A
2
 x 10

3
) for [CpRu(NCCH3)3]PF6  [U(eq) is defined as one third of the trace 

of the orthogonalized U
ij
 tensor] 

________________________________________________________________________________  

Atom x y z U(eq) 

_________________________________________________________________________   

Ru(1) 3550(1) 0 0 19(1) 

P(1) 5000 5000 2500 19(1) 
F(1) 5000 5000 1533(1) 30(1) 

F(2) 3344(2) 3344(2) 2500 31(1) 

N(1) 1787(12) 0 1042(5) 20(2) 
N(2) 1720(8) 2118(9) 487(3) 20(1) 

C(1) 1008(13) 0 1651(6) 19(2) 

C(2) 0 0 2500 26(1) 

C(3) 926(10) 3379(10) 804(4) 21(1) 
C(4) 0 5000 1206(2) 26(1) 

C(5) 3879(15) 763(14) 691(5) 21(2) 

C(7) 3905(15) 1963(17) 0 22(2) 

C(6)   3780(14) 1215(14) 417(6) 22(2) 
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Table 2.44.  Bond lengths [Å] and angles [
o
] for [CpRu(NCCH3)3]PF6 

_____________________________________________________  

Ru(1)-C(6)#1  1.091(9) 

Ru(1)-C(6)#2  1.091(9) 

Ru(1)-C(6)#3  1.091(9) 

Ru(1)-C(6)  1.091(9) 

Ru(1)-C(5)#1  1.277(9) 

Ru(1)-C(5)#2  1.277(9) 

Ru(1)-C(5)#3  1.277(9) 

Ru(1)-C(5)  1.277(9) 

Ru(1)-C(7)  1.363(12) 

Ru(1)-C(7)#2  1.363(12) 

Ru(1)-Ru(1)#4  1.9816(12) 

Ru(1)-N(2)  2.077(6) 

P(1)-F(1)#5  1.601(2) 

P(1)-F(1)  1.601(2) 

P(1)-F(2)#6  1.6012(15) 

P(1)-F(2)#7  1.6012(15) 

P(1)-F(2)#5  1.6012(15) 

P(1)-F(2)  1.6013(15) 

N(1)-C(1)  1.139(12) 

N(1)-C(5)  1.629(12) 

N(1)-C(5)#2  1.629(12) 

N(1)-N(2)  1.715(7) 

N(1)-N(2)#2  1.715(7) 

N(1)-C(6)#2  1.902(12) 

N(1)-C(6)  1.902(12) 

N(2)-C(3)  1.145(9) 

N(2)-C(6)  1.542(11) 

N(2)-N(2)#3  1.614(10) 

N(2)-C(7)  1.701(10) 

N(2)-C(5)  1.774(11) 

C(1)-C(1)#8  1.378(18) 

C(1)-C(2)  1.565(9) 

C(2)-C(1)#9  1.566(9) 

C(2)-C(1)#8  1.566(9) 

C(2)-C(1)#10  1.566(9) 

C(3)-C(3)#11  1.267(14) 

C(3)-C(4)  1.439(7) 

C(4)-C(3)#11  1.439(7) 

C(4)-C(3)#12  1.439(7) 

C(4)-C(3)#13  1.439(7) 

C(5)-C(6)  0.553(9) 

C(5)-C(5)#2  1.043(19) 

C(5)-C(7)  1.408(10) 

C(5)-C(6)#2  1.428(12) 

C(5)-C(5)#14  1.53(2) 

C(5)-C(6)#14  1.692(9) 

C(5)-C(5)#15  1.854(19) 

C(5)-C(6)#3  1.862(16) 

C(5)-Ru(1)#4  2.161(10) 

C(7)-C(6)  0.863(11) 

C(7)-C(6)#3  0.863(11) 

C(7)-C(5)#3  1.407(10) 

C(7)-C(7)#16  1.50(2) 

C(7)-N(2)#3  1.701(10) 

C(7)-C(6)#14  1.800(14) 

C(7)-C(6)#16  1.800(14) 

C(7)-Ru(1)#4  2.196(10) 

C(6)-C(6)#3  1.381(19) 

C(6)-C(5)#2  1.428(12) 

C(6)-C(6)#2  1.661(19) 

C(6)-C(6)#14  1.667(19) 

C(6)-C(5)#14  1.692(9) 

C(6)-C(7)#16  1.800(14) 

C(6)-C(5)#3  1.862(16) 
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Table 2.44 continued. 

 

C(6)#1-Ru(1)-C(6)#2 78.5(11) 

C(6)#1-Ru(1)-C(6)#3 99.1(11) 

C(6)#2-Ru(1)-C(6)#3 163.5(10) 

C(6)#1-Ru(1)-C(6) 163.5(10) 

C(6)#2-Ru(1)-C(6) 99.1(11) 

C(6)#3-Ru(1)-C(6) 78.5(11) 

C(6)#1-Ru(1)-C(5)#1 25.5(6) 

C(6)#2-Ru(1)-C(5)#1 103.3(8) 

C(6)#3-Ru(1)-C(5)#1 73.7(8) 

C(6)-Ru(1)-C(5)#1 148.5(5) 

C(6)#1-Ru(1)-C(5)#2 103.3(8) 

C(6)#2-Ru(1)-C(5)#2 25.5(6) 

C(6)#3-Ru(1)-C(5)#2 148.5(5) 

C(6)-Ru(1)-C(5)#2 73.7(8) 

C(5)#1-Ru(1)-C(5)#2 127.2(8) 

C(6)#1-Ru(1)-C(5)#3 73.7(8) 

C(6)#2-Ru(1)-C(5)#3 148.5(5) 

C(6)#3-Ru(1)-C(5)#3 25.5(6) 

C(6)-Ru(1)-C(5)#3 103.3(8) 

C(5)#1-Ru(1)-C(5)#3 48.2(8) 

C(5)#2-Ru(1)-C(5)#3 159.8(9) 

C(6)#1-Ru(1)-C(5) 148.5(5) 

C(6)#2-Ru(1)-C(5) 73.7(8) 

C(6)#3-Ru(1)-C(5) 103.3(8) 

C(6)-Ru(1)-C(5) 25.5(6) 

C(5)#1-Ru(1)-C(5) 159.8(9) 

C(5)#2-Ru(1)-C(5) 48.2(8) 

C(5)#3-Ru(1)-C(5) 127.2(8) 

C(6)#1-Ru(1)-C(7) 136.3(6) 

C(6)#2-Ru(1)-C(7) 136.3(6) 

C(6)#3-Ru(1)-C(7) 39.3(6) 

C(6)-Ru(1)-C(7) 39.3(6) 

C(5)#1-Ru(1)-C(7) 111.8(4) 

C(5)#2-Ru(1)-C(7) 111.8(4) 

C(5)#3-Ru(1)-C(7) 64.3(4) 

C(5)-Ru(1)-C(7) 64.3(4) 

C(6)#1-Ru(1)-C(7)#2 39.3(6) 

C(6)#2-Ru(1)-C(7)#2 39.3(6) 

C(6)#3-Ru(1)-C(7)#2 136.3(6) 

C(6)-Ru(1)-C(7)#2 136.3(6) 

C(5)#1-Ru(1)-C(7)#2 64.3(4) 

C(5)#2-Ru(1)-C(7)#2 64.3(4) 

C(5)#3-Ru(1)-C(7)#2 111.8(4) 

C(5)-Ru(1)-C(7)#2 111.8(4) 

C(7)-Ru(1)-C(7)#2 159.5(9) 

C(6)#1-Ru(1)-Ru(1)#4 81.7(5) 

C(6)#2-Ru(1)-Ru(1)#4 81.7(5) 

C(6)#3-Ru(1)-Ru(1)#4 81.7(5) 

C(6)-Ru(1)-Ru(1)#4 81.7(5) 

C(5)#1-Ru(1)-Ru(1)#4 79.9(4) 

C(5)#2-Ru(1)-Ru(1)#4 79.9(4) 

C(5)#3-Ru(1)-Ru(1)#4 79.9(4) 

C(5)-Ru(1)-Ru(1)#4 79.9(4) 

C(7)-Ru(1)-Ru(1)#4 79.8(4) 

C(7)#2-Ru(1)-Ru(1)#4 79.8(4) 

C(6)#1-Ru(1)-N(2) 149.7(5) 

C(6)#2-Ru(1)-N(2) 111.8(6) 

C(6)#3-Ru(1)-N(2) 78.6(6) 

C(6)-Ru(1)-N(2) 46.4(5) 

C(5)#1-Ru(1)-N(2) 137.6(5) 

C(5)#2-Ru(1)-N(2) 92.4(4) 

C(5)#3-Ru(1)-N(2) 99.7(4) 

C(5)-Ru(1)-N(2) 58.2(5) 

C(7)-Ru(1)-N(2) 54.6(4) 

C(7)#2-Ru(1)-N(2) 142.5(4) 

Ru(1)#4-Ru(1)-N(2) 127.05(15) 

F(1)#5-P(1)-F(1) 180.0 

F(1)#5-P(1)-F(2)#6 90.0 
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Table 2.44 continued. 

 

F(1)-P(1)-F(2)#6 90.0 

F(1)#5-P(1)-F(2)#7 90.0 

F(1)-P(1)-F(2)#7 90.0 

F(2)#6-P(1)-F(2)#7 90.0 

F(1)#5-P(1)-F(2)#5 90.0 

F(1)-P(1)-F(2)#5 90.0 

F(2)#6-P(1)-F(2)#5 90.0 

F(2)#7-P(1)-F(2)#5 180.0 

F(1)#5-P(1)-F(2) 90.0 

F(1)-P(1)-F(2) 90.0 

F(2)#6-P(1)-F(2) 180.0 

F(2)#7-P(1)-F(2) 90.0 

F(2)#5-P(1)-F(2) 90.0 

C(1)-N(1)-C(5) 136.5(8) 

C(1)-N(1)-C(5)#2 136.5(8) 

C(5)-N(1)-C(5)#2 37.3(7) 

C(1)-N(1)-N(2) 117.5(4) 

C(5)-N(1)-N(2) 64.0(4) 

C(5)#2-N(1)-N(2) 95.9(5) 

C(1)-N(1)-N(2)#2 117.5(4) 

C(5)-N(1)-N(2)#2 95.9(5) 

C(5)#2-N(1)-N(2)#2 64.0(4) 

N(2)-N(1)-N(2)#2 115.2(6) 

C(1)-N(1)-C(6)#2 144.7(6) 

C(5)-N(1)-C(6)#2 46.9(4) 

C(5)#2-N(1)-C(6)#2 15.7(4) 

N(2)-N(1)-C(6)#2 95.5(5) 

N(2)#2-N(1)-C(6)#2 50.1(4) 

C(1)-N(1)-C(6) 144.7(6) 

C(5)-N(1)-C(6) 15.7(4) 

C(5)#2-N(1)-C(6) 46.9(4) 

N(2)-N(1)-C(6) 50.1(4) 

N(2)#2-N(1)-C(6) 95.5(5) 

C(6)#2-N(1)-C(6) 51.8(6) 

C(1)-N(1)-Ru(1) 172.9(8) 

C(5)-N(1)-Ru(1) 37.3(4) 

C(5)#2-N(1)-Ru(1) 37.3(4) 

N(2)-N(1)-Ru(1) 64.9(3) 

N(2)#2-N(1)-Ru(1) 64.9(3) 

C(6)#2-N(1)-Ru(1) 31.1(3) 

C(6)-N(1)-Ru(1) 31.1(3) 

C(3)-N(2)-C(6) 140.2(6) 

C(3)-N(2)-N(2)#3 117.2(4) 

C(6)-N(2)-N(2)#3 85.7(4) 

C(3)-N(2)-C(7) 132.8(7) 

C(6)-N(2)-C(7) 30.4(4) 

N(2)#3-N(2)-C(7) 61.7(2) 

C(3)-N(2)-N(1) 113.8(5) 

C(6)-N(2)-N(1) 71.2(5) 

N(2)#3-N(2)-N(1) 122.4(3) 

C(7)-N(2)-N(1) 100.2(5) 

C(3)-N(2)-C(5) 134.4(6) 

C(6)-N(2)-C(5) 17.4(4) 

N(2)#3-N(2)-C(5) 101.0(3) 

C(7)-N(2)-C(5) 47.7(4) 

N(1)-N(2)-C(5) 55.6(4) 

C(3)-N(2)-Ru(1) 171.0(5) 

C(6)-N(2)-Ru(1) 30.8(3) 

N(2)#3-N(2)-Ru(1) 67.14(14) 

C(7)-N(2)-Ru(1) 40.8(4) 

N(1)-N(2)-Ru(1) 66.6(3) 

C(5)-N(2)-Ru(1) 37.7(3) 

N(1)-C(1)-C(1)#8 117.8(6) 

N(1)-C(1)-C(2) 178.3(9) 

C(1)#8-C(1)-C(2) 63.9(3) 

C(1)-C(2)-C(1)#9 143.7(4) 

C(1)-C(2)-C(1)#8 52.2(7) 

C(1)#9-C(2)-C(1)#8 143.7(4) 
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Table 2.44 continued. 

 

C(1)-C(2)-C(1)#10 143.7(4) 

C(1)#9-C(2)-C(1)#10 52.2(7) 

C(1)#8-C(2)-C(1)#10 143.7(4) 

N(2)-C(3)-C(3)#11 118.3(4) 

N(2)-C(3)-C(4) 177.8(6) 

C(3)#11-C(3)-C(4) 63.9(3) 

C(3)#11-C(4)-C(3)#12 124.9(6) 

C(3)#11-C(4)-C(3)#13 100.7(5) 

C(3)#12-C(4)-C(3)#13 52.2(5) 

C(3)#11-C(4)-C(3) 52.2(5) 

C(3)#12-C(4)-C(3) 100.7(5) 

C(3)#13-C(4)-C(3) 124.9(6) 

C(6)-C(5)-C(5)#2 124.0(16) 

C(6)-C(5)-Ru(1) 58.1(14) 

C(5)#2-C(5)-Ru(1) 65.9(4) 

C(6)-C(5)-C(7) 7.8(15) 

C(5)#2-C(5)-C(7) 125.6(6) 

Ru(1)-C(5)-C(7) 60.8(6) 

C(6)-C(5)-C(6)#2 105.2(19) 

C(5)#2-C(5)-C(6)#2 18.7(4) 

Ru(1)-C(5)-C(6)#2 47.2(5) 

C(7)-C(5)-C(6)#2 107.1(8) 

C(6)-C(5)-C(5)#14 97.0(18) 

C(5)#2-C(5)-C(5)#14 90.000(2) 

Ru(1)-C(5)-C(5)#14 100.1(4) 

C(7)-C(5)-C(5)#14 89.3(6) 

C(6)#2-C(5)-C(5)#14 92.7(7) 

C(6)-C(5)-N(1) 111(2) 

C(5)#2-C(5)-N(1) 71.3(3) 

Ru(1)-C(5)-N(1) 92.0(6) 

C(7)-C(5)-N(1) 119.2(8) 

C(6)#2-C(5)-N(1) 76.6(7) 

C(5)#14-C(5)-N(1) 151.4(4) 

C(6)-C(5)-C(6)#14 78.1(19) 

C(5)#2-C(5)-C(6)#14 100.5(5) 

Ru(1)-C(5)-C(6)#14 90.0(6) 

C(7)-C(5)-C(6)#14 70.3(7) 

C(6)#2-C(5)-C(6)#14 97.6(9) 

C(5)#14-C(5)-C(6)#14 18.9(3) 

N(1)-C(5)-C(6)#14 169.8(6) 

C(6)-C(5)-N(2) 56.7(16) 

C(5)#2-C(5)-N(2) 121.5(4) 

Ru(1)-C(5)-N(2) 84.1(5) 

C(7)-C(5)-N(2) 63.4(6) 

C(6)#2-C(5)-N(2) 113.3(9) 

C(5)#14-C(5)-N(2) 146.3(4) 

N(1)-C(5)-N(2) 60.3(4) 

C(6)#14-C(5)-N(2) 129.8(6) 

C(6)-C(5)-C(5)#15 114.5(18) 

C(5)#2-C(5)-C(5)#15 55.8(6) 

Ru(1)-C(5)-C(5)#15 85.1(5) 

C(7)-C(5)-C(5)#15 108.5(7) 

C(6)#2-C(5)-C(5)#15 60.4(6) 

C(5)#14-C(5)-C(5)#15 34.2(6) 

N(1)-C(5)-C(5)#15 123.0(8) 

C(6)#14-C(5)-C(5)#15 47.2(5) 

N(2)-C(5)-C(5)#15 168.8(4) 

C(6)-C(5)-C(6)#3 25.1(12) 

C(5)#2-C(5)-C(6)#3 99.5(5) 

Ru(1)-C(5)-C(6)#3 34.8(4) 

C(7)-C(5)-C(6)#3 26.2(5) 

C(6)#2-C(5)-C(6)#3 80.9(7) 

C(5)#14-C(5)-C(6)#3 92.1(5) 

N(1)-C(5)-C(6)#3 111.9(8) 

C(6)#14-C(5)-C(6)#3 74.9(6) 

N(2)-C(5)-C(6)#3 72.3(5) 

C(5)#15-C(5)-C(6)#3 97.1(5) 

C(6)-C(5)-Ru(1)#4 78.4(17) 
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Table 2.44 continued. 

 

C(5)#2-C(5)-Ru(1)#4 76.0(2) 

Ru(1)-C(5)-Ru(1)#4 64.5(4) 

C(7)-C(5)-Ru(1)#4 72.5(6) 

C(6)#2-C(5)-Ru(1)#4 69.0(6) 

C(5)#14-C(5)-Ru(1)#4 35.6(3) 

N(1)-C(5)-Ru(1)#4 145.6(6) 

C(6)#14-C(5)-Ru(1)#4 29.9(4) 

N(2)-C(5)-Ru(1)#4 134.6(5) 

C(5)#15-C(5)-Ru(1)#4 36.1(3) 

C(6)#3-C(5)-Ru(1)#4 63.1(5) 

C(6)-C(7)-C(6)#3 106.2(18) 

C(6)-C(7)-Ru(1) 53.1(9) 

C(6)#3-C(7)-Ru(1) 53.1(9) 

C(6)-C(7)-C(5)#3 107.7(12) 

C(6)#3-C(7)-C(5)#3 5.0(9) 

Ru(1)-C(7)-C(5)#3 54.9(6) 

C(6)-C(7)-C(5) 5.0(9) 

C(6)#3-C(7)-C(5) 107.7(12) 

Ru(1)-C(7)-C(5) 54.9(6) 

C(5)#3-C(7)-C(5) 108.7(12) 

C(6)-C(7)-C(7)#16 95.7(9) 

C(6)#3-C(7)-C(7)#16 95.7(9) 

Ru(1)-C(7)-C(7)#16 100.2(4) 

C(5)#3-C(7)-C(7)#16 90.7(6) 

C(5)-C(7)-C(7)#16 90.7(6) 

C(6)-C(7)-N(2)#3 109.2(11) 

C(6)#3-C(7)-N(2)#3 64.6(8) 

Ru(1)-C(7)-N(2)#3 84.6(6) 

C(5)#3-C(7)-N(2)#3 68.9(6) 

C(5)-C(7)-N(2)#3 114.2(9) 

C(7)#16-C(7)-N(2)#3 151.4(2) 

C(6)-C(7)-N(2) 64.6(8) 

C(6)#3-C(7)-N(2) 109.2(11) 

Ru(1)-C(7)-N(2) 84.6(6) 

C(5)#3-C(7)-N(2) 114.2(8) 

C(5)-C(7)-N(2) 68.9(6) 

C(7)#16-C(7)-N(2) 151.4(2) 

N(2)#3-C(7)-N(2) 56.6(5) 

C(6)-C(7)-C(6)#14 67.2(10) 

C(6)#3-C(7)-C(6)#14 103.0(11) 

Ru(1)-C(7)-C(6)#14 82.9(6) 

C(5)#3-C(7)-C(6)#14 99.1(8) 

C(5)-C(7)-C(6)#14 62.2(6) 

C(7)#16-C(7)-C(6)#14 28.5(4) 

N(2)#3-C(7)-C(6)#14 166.3(8) 

N(2)-C(7)-C(6)#14 127.4(4) 

C(6)-C(7)-C(6)#16 103.0(11) 

C(6)#3-C(7)-C(6)#16 67.2(10) 

Ru(1)-C(7)-C(6)#16 82.9(6) 

C(5)#3-C(7)-C(6)#16 62.2(6) 

C(5)-C(7)-C(6)#16 99.1(8) 

C(7)#16-C(7)-C(6)#16 28.5(4) 

N(2)#3-C(7)-C(6)#16 127.4(4) 

N(2)-C(7)-C(6)#16 166.3(8) 

C(6)#14-C(7)-C(6)#16 45.1(7) 

C(6)-C(7)-Ru(1)#4 73.5(9) 

C(6)#3-C(7)-Ru(1)#4 73.5(9) 

Ru(1)-C(7)-Ru(1)#4 62.6(4) 

C(5)#3-C(7)-Ru(1)#4 69.8(6) 

C(5)-C(7)-Ru(1)#4 69.8(6) 

C(7)#16-C(7)-Ru(1)#4 37.6(3) 

N(2)#3-C(7)-Ru(1)#4 137.2(6) 

N(2)-C(7)-Ru(1)#4 137.2(6) 

C(6)#14-C(7)-Ru(1)#4 29.6(3) 

C(6)#16-C(7)-Ru(1)#4 29.6(3) 

C(5)-C(6)-C(7) 167(2) 

C(5)-C(6)-Ru(1) 96.4(18) 

C(7)-C(6)-Ru(1) 87.6(11) 
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Table 2.44 continued. 

 

C(5)-C(6)-C(6)#3 145.1(16) 

C(7)-C(6)-C(6)#3 36.9(9) 

Ru(1)-C(6)-C(6)#3 50.7(6) 

C(5)-C(6)-C(5)#2 37.3(14) 

C(7)-C(6)-C(5)#2 144.1(11) 

Ru(1)-C(6)-C(5)#2 59.1(7) 

C(6)#3-C(6)-C(5)#2 108.5(4) 

C(5)-C(6)-N(2) 105.8(19) 

C(7)-C(6)-N(2) 85.0(10) 

Ru(1)-C(6)-N(2) 102.8(7) 

C(6)#3-C(6)-N(2) 94.3(4) 

C(5)#2-C(6)-N(2) 113.5(9) 

C(5)-C(6)-C(6)#2 56.0(16) 

C(7)-C(6)-C(6)#2 126.3(9) 

Ru(1)-C(6)-C(6)#2 40.5(6) 

C(6)#3-C(6)-C(6)#2 90.000(1) 

C(5)#2-C(6)-C(6)#2 18.7(4) 

N(2)-C(6)-C(6)#2 113.6(4) 

C(5)-C(6)-C(6)#14 83.0(18) 

C(7)-C(6)-C(6)#14 84.3(9) 

Ru(1)-C(6)-C(6)#14 98.3(5) 

C(6)#3-C(6)-C(6)#14 90.001(1) 

C(5)#2-C(6)-C(6)#14 87.3(7) 

N(2)-C(6)-C(6)#14 156.0(4) 

C(6)#2-C(6)-C(6)#14 90.000(1) 

C(5)-C(6)-C(5)#14 64.1(18) 

C(7)-C(6)-C(5)#14 103.2(10) 

Ru(1)-C(6)-C(5)#14 99.6(8) 

C(6)#3-C(6)-C(5)#14 105.5(3) 

C(5)#2-C(6)-C(5)#14 72.4(8) 

N(2)-C(6)-C(5)#14 156.5(8) 

C(6)#2-C(6)-C(5)#14 79.5(5) 

C(6)#14-C(6)-C(5)#14 18.9(3) 

C(5)-C(6)-C(7)#16 111.5(19) 

C(7)-C(6)-C(7)#16 55.8(10) 

Ru(1)-C(6)-C(7)#16 95.7(7) 

C(6)#3-C(6)-C(7)#16 67.4(3) 

C(5)#2-C(6)-C(7)#16 110.4(9) 

N(2)-C(6)-C(7)#16 135.9(7) 

C(6)#2-C(6)-C(7)#16 106.5(4) 

C(6)#14-C(6)-C(7)#16 28.5(4) 

C(5)#14-C(6)-C(7)#16 47.4(4) 

C(5)-C(6)-C(5)#3 135(2) 

C(7)-C(6)-C(5)#3 46.1(8) 

Ru(1)-C(6)-C(5)#3 41.9(5) 

C(6)#3-C(6)-C(5)#3 9.8(5) 

C(5)#2-C(6)-C(5)#3 98.9(7) 

N(2)-C(6)-C(5)#3 100.0(7) 

C(6)#2-C(6)-C(5)#3 80.5(5) 

C(6)#14-C(6)-C(5)#3 87.9(5) 

C(5)#14-C(6)-C(5)#3 101.5(7) 

C(7)#16-C(6)-C(5)#3 68.7(5) 

C(5)-C(6)-N(1) 52.9(17) 

C(7)-C(6)-N(1) 139.9(11) 

Ru(1)-C(6)-N(1) 84.8(6) 

C(6)#3-C(6)-N(1) 123.0(4) 

C(5)#2-C(6)-N(1) 56.5(6) 

N(2)-C(6)-N(1) 58.6(4) 

C(6)#2-C(6)-N(1) 64.1(3) 

C(6)#14-C(6)-N(1) 135.8(4) 

C(5)#14-C(6)-N(1) 116.9(5) 

C(7)#16-C(6)-N(1) 164.2(6) 

C(5)#3-C(6)-N(1) 119.3(7) 
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Table 2.45.   Anisotropic displacement parameters  (Å2x 103) for [CpRu(NCCH3)3]PF6.  

The anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 

h k a* b* U12 ] 

______________________________________________________________________________  

Atoms U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

Ru(1) 15(1)  25(1) 16(1)  0 0  0 

P(1) 18(1)  18(1) 20(1)  0 0  0 

F(1) 40(1)  30(1) 20(1)  0 0  0 

F(2) 28(1)  28(1) 37(1)  3(1) -3(1)  -10(1) 

N(1) 17(3)  21(3) 20(3)  0 -1(3)  0 

N(2) 18(2)  24(3) 19(2)  1(2) -1(2)  -3(2) 

C(1) 16(4)  20(3) 22(3)  0 -2(3)  0 

C(2) 23(1)  23(1) 33(3)  0 0  0 

C(3) 21(3)  21(3) 19(2)  3(2) -4(2)  -4(2) 

C(4) 23(2)  31(2) 24(2)  0 0  0 

C(5) 20(3)  28(4) 14(3)  0(3) 3(3)  1(3) 

C(7) 19(4)  20(4) 28(4)  0 0  6(3) 

C(6) 19(3)  22(4) 24(4)  -7(3) 2(3)  3(3) 
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Table 2.46.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 

10 3) or [CpRu(NCCH3)3]PF6 

____________________________________________________________________________ 

Hydrogen x y  z  U(eq) 

____________________________________________________________________________ 

  

H(1) 1270(30) 0 2353(17) 26 

H(2) 0 5000 1740(12) 26 

H(3) 1220(30) 5000 1070(20) 26 

H(5) 3930(120) 1220(120) 1200(20) 26 

H(7) 4280(140) 3230(60) 0 26 

H(6) 3740(110) 2280(80) 730(40) 26 

 

Table 2.47.  Atomic coordinates  ( x 104) and equivalent  isotropic displacement 

parameters (Å2x 103) for 2.1-BAr
f
.  [U(eq) is defined as one third of  the trace of the 

orthogonalized Uij tensor] 

_____________________________________________________________________________ 

Atom x y z U(eq) 

_____________________________________________________________________________ 

B(1) 5064(2) 7633(2) 2491(1) 18(1) 

C(1) 4658(2) 7296(2) -323(1) 23(1) 

C(2) 4216(2) 7944(2) -567(1) 28(1) 

C(3) 4318(2) 8055(2) -190(1) 26(1) 

C(4) 4165(2) 8528(2) 40(2) 31(1) 

C(5) 3815(2) 8358(2) 377(2) 47(1) 

C(6) 4668(2) 8792(2) 196(2) 40(1) 

C(7) 3877(2) 8915(2) -216(2) 47(1) 

C(8) 4419(2) 7211(2) -1028(2) 43(1) 

C(9) 4490(2) 6211(2) -141(2) 31(1) 

C(10) 4704(2) 5697(2) 17(2) 42(1) 

C(11) 3983(2) 6360(2) 53(2) 38(1) 

C(12) 5530(2) 6520(2) -413(1) 30(1) 
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Table 2.47 continued. 

 

Atom x y z U(eq) 

C(13) 5762(2) 6957(2) -657(2) 40(1) 

C(14) 5951(2) 6283(2) -153(2) 43(1) 

C(15) 4483(2) 7159(2) 894(2) 42(1) 

C(16) 4769(2) 7613(2) 982(2) 45(1) 

C(17) 5296(2) 7468(2) 1018(2) 48(2) 

C(18) 5341(2) 6922(2) 952(2) 44(1) 

C(19) 4835(3) 6739(2) 882(2) 48(1) 

C(20) 6018(2) 7926(2) 129(2) 32(1) 

C(21) 6482(2) 8241(2) 19(2) 59(2) 

C(22) 4733(1) 7919(1) 2149(1) 18(1) 

C(23) 4922(2) 8368(2) 1970(1) 20(1) 

C(24) 4630(2) 8647(2) 1704(1) 22(1) 

C(25) 4122(2) 8494(2) 1611(1) 24(1) 

C(26) 3926(2) 8050(2) 1792(1) 21(1) 

C(27) 4225(2) 7773(1) 2052(1) 19(1) 

C(28) 4855(2) 9118(2) 1508(1) 31(1) 

C(29) 3382(2) 7880(2) 1695(2) 30(1) 

C(30) 4912(1) 7013(1) 2532(1) 17(1) 

C(31) 4794(2) 6699(2) 2213(1) 20(1) 

C(32) 4684(2) 6174(2) 2252(1) 23(1) 

C(33) 4691(2) 5933(2) 2611(2) 34(1) 

C(34) 4815(2) 6234(2) 2933(2) 34(1) 

C(35) 4921(2) 6765(1) 2887(1) 24(1) 

C(36) 4552(2) 5859(2) 1903(2) 44(1) 

C(37) 4815(4) 6008(2) 3325(2) 84(3) 

C(38) 5696(1) 7645(1) 2418(1) 18(1) 

C(39) 6054(2) 7656(2) 2722(1) 22(1) 

C(40) 6592(2) 7641(2) 2658(1) 26(1) 

C(41) 6797(2) 7612(2) 2291(1) 28(1) 

C(42) 6444(2) 7592(2) 1982(1) 23(1) 

C(43) 5913(1) 7604(2) 2047(1) 20(1) 

C(44) 6956(2) 7700(2) 2995(2) 37(1) 
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Table 2.47 continued. 

 

Atom x y z U(eq) 

C(45) 6648(2) 7529(2) 1580(1) 32(1) 

C(46) 4892(1) 7953(1) 2883(1) 21(1) 

C(47) 4419(2) 7841(2) 3071(1) 25(1) 

C(48) 4247(2) 8117(2) 3389(2) 33(1) 

C(49) 4535(2) 8530(2) 3537(2) 41(1) 

C(50) 4996(2) 8659(2) 3348(2) 40(1) 

C(51) 5170(2) 8376(2) 3027(1) 30(1) 

C(52) 3736(2) 7984(2) 3572(2) 46(1) 

C(53) 5325(3) 9093(2) 3497(2) 64(2) 

F(1) 5335(1) 9235(1) 1632(1) 60(1) 

F(2) 4587(1) 9552(1) 1582(1) 54(1) 

F(3) 4876(2) 9058(1) 1133(1) 61(1) 

F(10) 4566(3) 6193(2) 3564(1) 167(4) 

F(11) 4859(1) 5500(1) 3335(1) 42(1) 

F(12) 5358(3) 6155(2) 3503(2) 118(2) 

F(13) 6754(1) 7534(2) 3326(1) 52(1) 

F(14) 7108(1) 8187(1) 3048(1) 58(1) 

F(15) 7403(1) 7430(2) 2941(1) 66(1) 

F(16) 6516(1) 7082(1) 1422(1) 58(1) 

F(17) 6448(1) 7903(1) 1342(1) 49(1) 

F(18) 7163(1) 7589(2) 1551(1) 55(1) 

F(19) 3613(1) 7485(1) 3539(1) 59(1) 

F(20) 3350(2) 8244(2) 3424(2) 120(2) 

F(21) 3737(2) 8070(2) 3957(1) 80(1) 

F(22) 5734(4) 8920(2) 3690(2) 190(5) 

F(23) 5097(3) 9399(3) 3732(2) 213(5) 

F(24) 5548(2) 9376(2) 3239(1) 83(1) 

F(4A) 3270(4) 7411(3) 1816(4) 73(4) 

F(5A) 3031(5) 8188(5) 1830(5) 95(6) 

F(6A) 3300(4) 7864(5) 1325(2) 81(4) 

F(7A) 4991(3) 5819(5) 1651(3) 61(3) 

F(8A) 4350(4) 5440(3) 1928(2) 51(2) 
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Table 2.47 continued. 

 

Atom x y z U(eq) 

F(9A) 4228(3) 6165(2) 1632(2) 47(2) 

F(4B) 3165(7) 7622(9) 1987(7) 84(7) 

F(5B) 3054(9) 8244(8) 1659(7) 69(9) 

F(6B) 3325(8) 7596(11) 1399(9) 150(17) 

F(7B) 4709(5) 5996(3) 1603(2) 76(3) 

F(8B) 4733(4) 5338(2) 1961(2) 65(2) 

F(9B) 4041(3) 5731(4) 1918(2) 72(2) 

N(1) 4600(1) 7646(1) -41(1) 19(1) 

N(2) 4430(2) 7464(1) -653(1) 29(1) 

N(3) 5667(1) 7685(1) 207(1) 27(1) 

P(1) 4981(1) 6742(1) -108(1) 21(1) 

Ru(1) 5040(1) 7285(1) 436(1) 21(1) 

 

Table 2.48.   Bond lengths [Å] and angles [°] for 2.1-BAr
f 

_________________________________________________  

B(1)-C(22)  1.630(6) 

B(1)-C(38)  1.640(5) 

B(1)-C(46)  1.642(6) 

B(1)-C(30)  1.644(5) 

C(1)-N(1)  1.333(5) 

C(1)-N(2)  1.350(6) 

C(1)-P(1)  1.808(4) 

C(2)-C(3)  1.361(6) 

C(2)-N(2)  1.381(6) 

C(3)-N(1)  1.375(5) 

C(3)-C(4)  1.503(6) 

C(4)-C(7)  1.522(7) 

C(4)-C(5)  1.535(7) 

C(4)-C(6)  1.553(6) 

C(8)-N(2)  1.451(6) 

C(9)-C(11)  1.510(7) 

C(9)-C(10)  1.529(6) 

C(9)-P(1)  1.860(4) 

C(12)-C(13)  1.524(7) 

C(12)-C(14)  1.529(7) 

C(12)-P(1)  1.849(4) 

C(15)-C(19)  1.406(8) 

C(15)-C(16)  1.410(8) 

C(15)-Ru(1)  2.158(5) 

C(16)-C(17)  1.406(9) 

C(16)-Ru(1)  2.180(5) 

C(17)-C(18)  1.423(8) 

C(17)-Ru(1)  2.167(5) 

C(18)-C(19)  1.401(8) 

C(18)-Ru(1)  2.155(5) 

C(19)-Ru(1)  2.150(5) 

C(20)-N(3)  1.125(6) 
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Table 2.48 continued. 

 

C(20)-C(21)  1.488(7) 

C(22)-C(23)  1.394(5) 

C(22)-C(27)  1.396(5) 

C(23)-C(24)  1.388(6) 

C(24)-C(25)  1.398(6) 

C(24)-C(28)  1.500(6) 

C(25)-C(26)  1.394(6) 

C(26)-C(27)  1.381(6) 

C(26)-C(29)  1.500(6) 

C(28)-F(3)  1.306(6) 

C(28)-F(2)  1.333(5) 

C(28)-F(1)  1.339(6) 

C(29)-F(6B)  1.263(19) 

C(29)-F(5B)  1.264(17) 

C(29)-F(5A)  1.288(13) 

C(29)-F(6A)  1.295(9) 

C(29)-F(4A)  1.306(10) 

C(29)-F(4B)  1.33(2) 

C(30)-C(35)  1.380(6) 

C(30)-C(31)  1.400(6) 

C(31)-C(32)  1.384(6) 

C(32)-C(33)  1.385(7) 

C(32)-C(36)  1.491(6) 

C(33)-C(34)  1.391(7) 

C(34)-C(35)  1.399(5) 

C(34)-C(37)  1.475(8) 

C(36)-F(7B)  1.168(9) 

C(36)-F(8A)  1.197(8) 

C(36)-F(9B)  1.353(9) 

C(36)-F(7A)  1.428(12) 

C(36)-F(8B)  1.428(9) 

C(36)-F(9A)  1.481(9) 

C(37)-F(10)  1.147(8) 

C(37)-F(11)  1.309(7) 

C(37)-F(12)  1.570(12) 

C(38)-C(39)  1.395(6) 

C(38)-C(43)  1.403(6) 

C(39)-C(40)  1.398(6) 

C(40)-C(41)  1.378(7) 

C(40)-C(44)  1.500(6) 

C(41)-C(42)  1.400(6) 

C(42)-C(43)  1.382(5) 

C(42)-C(45)  1.493(6) 

C(44)-F(14)  1.322(6) 

C(44)-F(13)  1.327(6) 

C(44)-F(15)  1.352(6) 

C(45)-F(16)  1.315(6) 

C(45)-F(18)  1.334(5) 

C(45)-F(17)  1.364(6) 

C(46)-C(51)  1.391(6) 

C(46)-C(47)  1.405(6) 

C(47)-C(48)  1.380(6) 

C(48)-C(49)  1.390(7) 

C(48)-C(52)  1.496(7) 

C(49)-C(50)  1.391(7) 

C(50)-C(51)  1.398(6) 

C(50)-C(53)  1.489(8) 

C(52)-F(20)  1.299(7) 

C(52)-F(19)  1.324(6) 

C(52)-F(21)  1.348(7) 

C(53)-F(23)  1.273(8) 

C(53)-F(24)  1.282(7) 

C(53)-F(22)  1.321(11) 

F(4A)-F(4B)  0.84(2) 

F(4A)-F(6B)  1.53(4) 

F(5A)-F(5B)  0.61(3) 

F(5A)-F(4B)  1.59(2) 

F(6A)-F(6B)  0.74(3) 
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Table 2.48 continued. 

 

F(6A)-F(5B)  1.64(3) 

F(7A)-F(7B)  0.871(12) 

F(7A)-F(8B)  1.764(15) 

F(8A)-F(8B)  1.024(11) 

F(8A)-F(9B)  1.089(11) 

F(9A)-F(7B)  1.311(14) 

F(9A)-F(9B)  1.567(11) 

N(1)-Ru(1)  2.202(4) 

N(3)-Ru(1)  2.064(4) 

P(1)-Ru(1)  2.3440(12) 

 

C(22)-B(1)-C(38) 113.2(3) 

C(22)-B(1)-C(46) 103.5(3) 

C(38)-B(1)-C(46) 112.6(3) 

C(22)-B(1)-C(30) 111.9(3) 

C(38)-B(1)-C(30) 105.4(3) 

C(46)-B(1)-C(30) 110.3(3) 

N(1)-C(1)-N(2) 110.8(3) 

N(1)-C(1)-P(1) 106.1(3) 

N(2)-C(1)-P(1) 142.8(3) 

C(3)-C(2)-N(2) 108.4(4) 

C(2)-C(3)-N(1) 107.5(4) 

C(2)-C(3)-C(4) 128.8(4) 

N(1)-C(3)-C(4) 123.8(4) 

C(3)-C(4)-C(7) 110.2(4) 

C(3)-C(4)-C(5) 108.9(4) 

C(7)-C(4)-C(5) 110.1(4) 

C(3)-C(4)-C(6) 108.6(4) 

C(7)-C(4)-C(6) 108.7(4) 

C(5)-C(4)-C(6) 110.2(4) 

C(11)-C(9)-C(10) 111.6(4) 

C(11)-C(9)-P(1) 111.8(3) 

C(10)-C(9)-P(1) 111.4(3) 

C(13)-C(12)-C(14) 110.0(4) 

C(13)-C(12)-P(1) 112.7(3) 

C(14)-C(12)-P(1) 108.9(4) 

C(19)-C(15)-C(16) 107.8(5) 

C(19)-C(15)-Ru(1) 70.7(3) 

C(16)-C(15)-Ru(1) 71.9(3) 

C(17)-C(16)-C(15) 107.4(5) 

C(17)-C(16)-Ru(1) 70.6(3) 

C(15)-C(16)-Ru(1) 70.2(3) 

C(16)-C(17)-C(18) 109.0(5) 

C(16)-C(17)-Ru(1) 71.6(3) 

C(18)-C(17)-Ru(1) 70.3(3) 

C(19)-C(18)-C(17) 106.4(5) 

C(19)-C(18)-Ru(1) 70.8(3) 

C(17)-C(18)-Ru(1) 71.3(3) 

C(18)-C(19)-C(15) 109.4(5) 

C(18)-C(19)-Ru(1) 71.2(3) 

C(15)-C(19)-Ru(1) 71.2(3) 

N(3)-C(20)-C(21) 179.2(6) 

C(23)-C(22)-C(27) 116.1(4) 

C(23)-C(22)-B(1) 120.7(3) 

C(27)-C(22)-B(1) 122.6(3) 

C(24)-C(23)-C(22) 122.2(4) 

C(23)-C(24)-C(25) 120.7(4) 

C(23)-C(24)-C(28) 120.6(4) 

C(25)-C(24)-C(28) 118.7(4) 

C(26)-C(25)-C(24) 117.6(4) 

C(27)-C(26)-C(25) 120.9(4) 

C(27)-C(26)-C(29) 120.8(4) 

C(25)-C(26)-C(29) 118.3(4) 

C(26)-C(27)-C(22) 122.4(4) 

F(3)-C(28)-F(2) 108.3(4) 

F(3)-C(28)-F(1) 107.7(4) 

F(2)-C(28)-F(1) 103.1(4) 

F(3)-C(28)-C(24) 111.6(4) 
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F(2)-C(28)-C(24) 112.8(4) 

F(1)-C(28)-C(24) 112.9(4) 

F(6B)-C(29)-F(5B) 105.6(19) 

F(6B)-C(29)-F(5A) 124.6(13) 

F(5B)-C(29)-F(5A) 27.8(13) 

F(6B)-C(29)-F(6A) 33.4(16) 

F(5B)-C(29)-F(6A) 79.5(12) 

F(5A)-C(29)-F(6A) 105.3(9) 

F(6B)-C(29)-F(4A) 72.9(16) 

F(5B)-C(29)-F(4A) 124.5(12) 

F(5A)-C(29)-F(4A) 107.2(9) 

F(6A)-C(29)-F(4A) 104.7(7) 

F(6B)-C(29)-F(4B) 106.3(15) 

F(5B)-C(29)-F(4B) 99.5(14) 

F(5A)-C(29)-F(4B) 74.8(11) 

F(6A)-C(29)-F(4B) 131.8(10) 

F(4A)-C(29)-F(4B) 37.4(9) 

F(6B)-C(29)-C(26) 117.1(10) 

F(5B)-C(29)-C(26) 115.2(12) 

F(5A)-C(29)-C(26) 113.0(7) 

F(6A)-C(29)-C(26) 112.3(6) 

F(4A)-C(29)-C(26) 113.7(5) 

F(4B)-C(29)-C(26) 111.4(9) 

C(35)-C(30)-C(31) 116.1(3) 

C(35)-C(30)-B(1) 121.2(4) 

C(31)-C(30)-B(1) 122.6(4) 

C(32)-C(31)-C(30) 121.8(4) 

C(31)-C(32)-C(33) 121.3(4) 

C(31)-C(32)-C(36) 119.6(4) 

C(33)-C(32)-C(36) 119.1(4) 

C(32)-C(33)-C(34) 118.2(4) 

C(33)-C(34)-C(35) 119.5(5) 

C(33)-C(34)-C(37) 121.2(4) 

C(35)-C(34)-C(37) 119.2(5) 

C(30)-C(35)-C(34) 123.1(4) 

F(7B)-C(36)-F(8A) 119.0(7) 

F(7B)-C(36)-F(9B) 116.2(8) 

F(8A)-C(36)-F(9B) 50.1(6) 

F(7B)-C(36)-F(7A) 37.6(7) 

F(8A)-C(36)-F(7A) 108.9(8) 

F(9B)-C(36)-F(7A) 140.5(7) 

F(7B)-C(36)-F(8B) 107.2(7) 

F(8A)-C(36)-F(8B) 44.9(6) 

F(9B)-C(36)-F(8B) 94.7(7) 

F(7A)-C(36)-F(8B) 76.3(7) 

F(7B)-C(36)-F(9A) 57.9(8) 

F(8A)-C(36)-F(9A) 106.2(7) 

F(9B)-C(36)-F(9A) 67.0(5) 

F(7A)-C(36)-F(9A) 95.4(7) 

F(8B)-C(36)-F(9A) 140.2(5) 

F(7B)-C(36)-C(32) 118.5(6) 

F(8A)-C(36)-C(32) 121.8(7) 

F(9B)-C(36)-C(32) 108.7(5) 

F(7A)-C(36)-C(32) 110.7(6) 

F(8B)-C(36)-C(32) 108.6(5) 

F(9A)-C(36)-C(32) 110.7(4) 

F(10)-C(37)-F(11) 116.3(7) 

F(10)-C(37)-C(34) 119.9(7) 

F(11)-C(37)-C(34) 114.6(5) 

F(10)-C(37)-F(12) 96.4(8) 

F(11)-C(37)-F(12) 98.7(6) 

C(34)-C(37)-F(12) 105.4(6) 

C(39)-C(38)-C(43) 115.5(3) 

C(39)-C(38)-B(1) 122.3(4) 

C(43)-C(38)-B(1) 122.1(3) 

C(38)-C(39)-C(40) 122.1(4) 

C(41)-C(40)-C(39) 121.5(4) 

C(41)-C(40)-C(44) 118.9(4) 
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Table 2.48 continued. 

 

C(39)-C(40)-C(44) 119.4(4) 

C(40)-C(41)-C(42) 117.4(4) 

C(43)-C(42)-C(41) 120.9(4) 

C(43)-C(42)-C(45) 119.9(4) 

C(41)-C(42)-C(45) 119.2(4) 

C(42)-C(43)-C(38) 122.7(4) 

F(14)-C(44)-F(13) 107.4(4) 

F(14)-C(44)-F(15) 104.7(4) 

F(13)-C(44)-F(15) 106.6(4) 

F(14)-C(44)-C(40) 112.7(4) 

F(13)-C(44)-C(40) 113.2(4) 

F(15)-C(44)-C(40) 111.7(4) 

F(16)-C(45)-F(18) 108.8(4) 

F(16)-C(45)-F(17) 105.4(4) 

F(18)-C(45)-F(17) 104.3(4) 

F(16)-C(45)-C(42) 113.0(4) 

F(18)-C(45)-C(42) 113.9(4) 

F(17)-C(45)-C(42) 110.8(4) 

C(51)-C(46)-C(47) 115.7(4) 

C(51)-C(46)-B(1) 123.2(3) 

C(47)-C(46)-B(1) 120.8(3) 

C(48)-C(47)-C(46) 122.8(4) 

C(47)-C(48)-C(49) 120.9(4) 

C(47)-C(48)-C(52) 120.2(5) 

C(49)-C(48)-C(52) 118.8(4) 

C(48)-C(49)-C(50) 117.4(4) 

C(49)-C(50)-C(51) 121.3(4) 

C(49)-C(50)-C(53) 119.9(5) 

C(51)-C(50)-C(53) 118.8(5) 

C(46)-C(51)-C(50) 121.8(4) 

F(20)-C(52)-F(19) 106.2(6) 

F(20)-C(52)-F(21) 107.9(5) 

F(19)-C(52)-F(21) 104.2(4) 

F(20)-C(52)-C(48) 112.6(4) 

F(19)-C(52)-C(48) 113.0(4) 

F(21)-C(52)-C(48) 112.3(5) 

F(23)-C(53)-F(24) 107.5(6) 

F(23)-C(53)-F(22) 104.4(8) 

F(24)-C(53)-F(22) 100.9(7) 

F(23)-C(53)-C(50) 114.9(6) 

F(24)-C(53)-C(50) 115.8(5) 

F(22)-C(53)-C(50) 112.0(6) 

F(4B)-F(4A)-C(29) 72.8(16) 

F(4B)-F(4A)-F(6B) 119(2) 

C(29)-F(4A)-F(6B) 52.3(8) 

F(5B)-F(5A)-C(29) 74(3) 

F(5B)-F(5A)-F(4B) 121(3) 

C(29)-F(5A)-F(4B) 53.8(9) 

F(6B)-F(6A)-C(29) 71(2) 

F(6B)-F(6A)-F(5B) 110(2) 

C(29)-F(6A)-F(5B) 49.4(7) 

F(7B)-F(7A)-C(36) 54.8(9) 

F(7B)-F(7A)-F(8B) 99.7(12) 

C(36)-F(7A)-F(8B) 51.9(6) 

F(8B)-F(8A)-F(9B) 151.3(9) 

F(8B)-F(8A)-C(36) 79.6(8) 

F(9B)-F(8A)-C(36) 72.4(6) 

F(7B)-F(9A)-C(36) 49.0(4) 

F(7B)-F(9A)-F(9B) 95.8(6) 

C(36)-F(9A)-F(9B) 52.6(4) 

F(4A)-F(4B)-C(29) 69.9(18) 

F(4A)-F(4B)-F(5A) 115(2) 

C(29)-F(4B)-F(5A) 51.5(9) 

F(5A)-F(5B)-C(29) 78(2) 

F(5A)-F(5B)-F(6A) 125(3) 

C(29)-F(5B)-F(6A) 51.1(9) 

F(6A)-F(6B)-C(29) 75.7(15) 

F(6A)-F(6B)-F(4A) 128(2) 
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C(29)-F(6B)-F(4A) 54.8(12) 

F(7A)-F(7B)-C(36) 87.6(12) 

F(7A)-F(7B)-F(9A) 160.1(14) 

C(36)-F(7B)-F(9A) 73.1(8) 

F(8A)-F(8B)-C(36) 55.5(5) 

F(8A)-F(8B)-F(7A) 96.6(7) 

C(36)-F(8B)-F(7A) 51.8(5) 

F(8A)-F(9B)-C(36) 57.5(5) 

F(8A)-F(9B)-F(9A) 106.6(8) 

C(36)-F(9B)-F(9A) 60.4(5) 

C(1)-N(1)-C(3) 107.3(4) 

C(1)-N(1)-Ru(1) 102.0(2) 

C(3)-N(1)-Ru(1) 150.6(3) 

C(1)-N(2)-C(2) 106.0(4) 

C(1)-N(2)-C(8) 128.4(4) 

C(2)-N(2)-C(8) 125.6(4) 

C(20)-N(3)-Ru(1) 171.2(4) 

C(1)-P(1)-C(12) 110.9(2) 

C(1)-P(1)-C(9) 103.8(2) 

C(12)-P(1)-C(9) 104.8(2) 

C(1)-P(1)-Ru(1) 83.83(14) 

C(12)-P(1)-Ru(1) 126.28(16) 

C(9)-P(1)-Ru(1) 121.94(17) 

N(3)-Ru(1)-C(19) 142.2(2) 

N(3)-Ru(1)-C(18) 104.69(19) 

C(19)-Ru(1)-C(18) 38.0(2) 

N(3)-Ru(1)-C(15) 150.61(19) 

C(19)-Ru(1)-C(15) 38.1(2) 

C(18)-Ru(1)-C(15) 64.2(2) 

N(3)-Ru(1)-C(17) 90.75(19) 

C(19)-Ru(1)-C(17) 63.2(2) 

C(18)-Ru(1)-C(17) 38.4(2) 

C(15)-Ru(1)-C(17) 63.3(2) 

N(3)-Ru(1)-C(16) 112.8(2) 

C(19)-Ru(1)-C(16) 63.4(2) 

C(18)-Ru(1)-C(16) 64.2(2) 

C(15)-Ru(1)-C(16) 37.9(2) 

C(17)-Ru(1)-C(16) 37.7(2) 

N(3)-Ru(1)-N(1) 84.46(13) 

C(19)-Ru(1)-N(1) 133.3(2) 

C(18)-Ru(1)-N(1) 169.97(17) 

C(15)-Ru(1)-N(1) 105.82(17) 

C(17)-Ru(1)-N(1) 139.4(2) 

C(16)-Ru(1)-N(1) 108.78(19) 

N(3)-Ru(1)-P(1) 92.21(11) 

C(19)-Ru(1)-P(1) 99.94(16) 

C(18)-Ru(1)-P(1) 115.48(16) 

C(15)-Ru(1)-P(1) 117.18(16) 

C(17)-Ru(1)-P(1) 153.17(18) 

C(16)-Ru(1)-P(1) 154.54(17) 

N(1)-Ru(1)-P(1) 67.46(9) 
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Table 2.49.   Anisotropic displacement parameters  (Å2x 103) for 2.1-BAr
f
.  The 

anisotropic displacement factor exponent takes the form:  -2π2[ h2 a*2U11 + ...  + 2 h k 

a* b* U12 ] 

______________________________________________________________________________  

 U11 U22  U33 U23 U13 U12 

______________________________________________________________________________  

B(1) 18(2)  18(2) 18(2)  1(2) 0(2)  -2(2) 

C(1) 22(2)  23(2) 23(2)  -1(2) -5(2)  3(2) 

C(2) 32(2)  23(2) 30(3)  6(2) -4(2)  5(2) 

C(3) 22(2)  23(2) 33(3)  5(2) 0(2)  3(2) 

C(4) 27(2)  25(2) 41(3)  -4(2) 0(2)  4(2) 

C(5) 38(2)  39(3) 63(4)  0(3) 18(3)  10(2) 

C(6) 44(3)  28(2) 48(3)  -12(2) 1(2)  0(2) 

C(7) 48(3)  32(3) 62(4)  -6(2) -10(3)  19(2) 

C(8) 55(3)  44(3) 29(3)  -8(2) -11(2)  4(2) 

C(9) 35(2)  26(2) 32(3)  2(2) -12(2)  -5(2) 

C(10) 50(3)  27(2) 48(3)  3(2) -13(3)  -2(2) 

C(11) 35(2)  39(3) 40(3)  -1(2) 1(2)  -8(2) 

C(12) 30(2)  26(2) 35(3)  -4(2) 5(2)  5(2) 

C(13) 40(3)  37(3) 43(3)  2(2) 18(2)  5(2) 

C(14) 33(3)  44(3) 52(4)  4(3) 9(2)  16(2) 

C(15) 36(3)  62(3) 26(3)  4(2) 12(2)  -4(2) 

C(16) 65(4)  45(3) 24(3)  -8(2) 10(3)  8(3) 

C(17) 61(4)  63(4) 20(3)  1(3) -8(3)  -19(3) 

C(18) 43(3)  63(4) 27(3)  11(3) -4(2)  13(3) 

C(19) 81(4)  34(3) 27(3)  8(2) 1(3)  -5(3) 

C(20) 26(2)  28(2) 44(3)  3(2) -5(2)  2(2) 

C(21) 33(3)  42(3) 102(6)  16(3) 6(3)  -8(2) 

C(22) 19(2)  16(2) 20(2)  -6(2) 3(2)  2(1) 

C(23) 17(2)  19(2) 25(2)  0(2) 2(2)  -1(1) 

C(24) 25(2)  18(2) 24(2)  2(2) 5(2)  1(2) 

C(25) 25(2)  22(2) 24(2)  -3(2) 1(2)  6(2) 

C(26) 25(2)  19(2) 21(2)  -3(2) 2(2)  2(2) 
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 U11 U22  U33 U23 U13 U12 

C(27) 21(2)  17(2) 20(2)  -3(2) 4(2)  1(1) 

C(28) 39(3)  28(2) 26(3)  9(2) 3(2)  2(2) 

C(29) 23(2)  28(2) 39(3)  1(2) -8(2)  0(2) 

C(30) 16(2)  13(2) 23(2)  1(2) 2(2)  0(1) 

C(31) 19(2)  23(2) 20(2)  -1(2) -2(2)  3(2) 

C(32) 20(2)  20(2) 27(2)  -7(2) -3(2)  1(2) 

C(33) 46(3)  11(2) 44(3)  -6(2) 13(2)  -4(2) 

C(34) 59(3)  18(2) 25(2)  0(2) 8(3)  2(2) 

C(35) 38(2)  16(2) 20(2)  -5(2) 2(2)  5(2) 

C(36) 42(3)  46(3) 44(4)  -27(3) -12(3)  4(2) 

C(37) 186(9)  27(3) 38(4)  11(3) 20(5)  17(4) 

C(38) 16(2)  19(2) 18(2)  0(2) 0(2)  -3(1) 

C(39) 27(2)  25(2) 15(2)  -4(2) 0(2)  -4(2) 

C(40) 25(2)  26(2) 26(2)  -2(2) -7(2)  -1(2) 

C(41) 19(2)  33(2) 31(3)  2(2) -3(2)  0(2) 

C(42) 22(2)  25(2) 21(2)  -1(2) 5(2)  0(2) 

C(43) 14(2)  28(2) 18(2)  -1(2) -4(2)  -1(2) 

C(44) 30(2)  49(3) 32(3)  4(2) -9(2)  -7(2) 

C(45) 22(2)  52(3) 23(2)  2(2) 3(2)  2(2) 

C(46) 28(2)  17(2) 18(2)  4(2) 4(2)  4(1) 

C(47) 27(2)  20(2) 28(2)  2(2) 9(2)  1(2) 

C(48) 38(2)  28(2) 33(3)  2(2) 18(2)  5(2) 

C(49) 63(3)  23(2) 37(3)  -6(2) 25(3)  0(2) 

C(50) 68(3)  24(2) 29(3)  -5(2) 19(2)  -14(2) 

C(51) 41(2)  22(2) 26(3)  -3(2) 13(2)  -5(2) 

C(52) 52(3)  39(3) 46(3)  9(2) 27(3)  9(2) 

C(53) 114(6)  42(3) 37(4)  -24(3) 31(4)  -36(4) 

F(1) 53(2)  63(2) 63(2)  36(2) -17(2)  -34(2) 

F(2) 65(2)  26(2) 71(2)  16(2) 20(2)  4(1) 

F(3) 109(3)  48(2) 27(2)  5(2) 13(2)  -28(2) 

F(10) 369(10)  71(3) 60(3)  51(2) 120(5)  125(5) 

F(11) 61(2)  20(1) 44(2)  9(1) 4(2)  -2(1) 
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Table 2.49 continued. 

 

 U11 U22  U33 U23 U13 U12 

F(12) 213(7)  59(3) 82(3)  16(2) -74(4)  -36(3) 

F(13) 48(2)  79(2) 30(2)  18(2) -17(1)  -19(2) 

F(14) 71(2)  55(2) 47(2)  0(2) -27(2)  -30(2) 

F(15) 33(2)  103(3) 61(2)  -3(2) -23(2)  11(2) 

F(16) 66(2)  71(2) 35(2)  -22(2) 21(2)  -8(2) 

F(17) 37(2)  83(2) 28(2)  15(2) 9(1)  11(2) 

F(18) 20(1)  107(3) 38(2)  6(2) 10(1)  5(2) 

F(19) 51(2)  50(2) 76(3)  1(2) 33(2)  -8(2) 

F(20) 56(2)  136(4) 168(5)  106(4) 67(3)  62(3) 

F(21) 95(3)  87(3) 58(3)  -18(2) 53(2)  -26(2) 

F(22) 330(11)  98(4) 143(6)  52(4) -159(7)  -137(6) 

F(23) 243(8)  151(6) 244(9)  -174(6) 194(7)  -151(6) 

F(24) 134(4)  63(2) 51(2)  -13(2) 24(2)  -63(2) 

F(4A) 54(6)  36(4) 130(11)  37(5) -60(7)  -27(3) 

F(5A) 20(4)  101(11) 163(13)  -89(9) 16(6)  -7(5) 

F(6A) 42(4)  164(11) 38(4)  5(6) -19(3)  -40(6) 

F(7A) 46(5)  98(9) 39(6)  -29(5) -1(4)  13(4) 

F(8A) 79(6)  17(3) 56(5)  1(3) -17(5)  -20(4) 

F(9A) 58(4)  34(3) 48(4)  -13(3) -32(4)  14(3) 

F(4B) 26(6)  140(20) 90(15)  58(12) -20(7)  -29(11) 

F(5B) 40(10)  28(7) 140(20)  16(12) -46(13)  9(5) 

F(6B) 55(9)  160(20) 240(40)  -180(30) 37(16)  -34(13) 

F(7B) 168(11)  43(4) 16(4)  -11(3) 0(6)  -48(6) 

F(8B) 110(6)  34(3) 50(4)  -21(3) -23(4)  17(4) 

F(9B) 61(4)  95(6) 61(5)  -35(4) -21(4)  -14(4) 

N(1) 18(2)  19(2) 22(2)  -5(1) 0(1)  3(1) 

N(2) 35(2)  26(2) 27(2)  -2(2) -7(2)  5(2) 

N(3) 23(2)  27(2) 31(2)  -3(2) -5(2)  8(2) 

P(1) 23(1)  19(1) 22(1)  -2(1) -2(1)  3(1) 

Ru(1) 20(1)  24(1) 20(1)  -2(1) -2(1)  1(1) 
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Table 2.50.   Hydrogen coordinates ( x 104) and isotropic  displacement parameters (Å2x 

10 3) for 2.1-BAr
f
 

___________________________________________________________________________ 

 x  y  z  U(eq) 

___________________________________________________________________________ 

  

H(2) 4030 8161 -742 34 

H(5A) 3501 8189 275 70 

H(5B) 3716 8664 530 70 

H(5C) 4005 8111 542 70 

H(6A) 4852 8550 367 60 

H(6B) 4574 9107 341 60 

H(6C) 4894 8887 -21 60 

H(7A) 4113 9046 -416 71 

H(7B) 3752 9208 -58 71 

H(7C) 3579 8742 -338 71 

H(8A) 4653 7395 -1205 64 

H(8B) 4063 7220 -1131 64 

H(8C) 4532 6848 -1001 64 

H(9) 4413 6156 -422 38 

H(10A) 4787 5738 292 62 

H(10B) 5020 5602 -125 62 

H(10C) 4442 5423 -14 62 

H(11A) 3726 6082 13 57 

H(11B) 3853 6685 -59 57 

H(11C) 4042 6407 330 57 

H(12) 5399 6241 -591 37 

H(13A) 5901 7229 -487 60 

H(13B) 5490 7105 -824 60 

H(13C) 6044 6817 -818 60 

H(14A) 6231 6141 -314 65 

H(14B) 5798 6004 3 65 

H(14C) 6092 6554 17 65 

H(15) 4096 7136 863 50 
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Table 2.50 continued. 

 x  y  z  U(eq) 

H(16) 4623 7971 1021 54 

H(17) 5589 7707 1086 58 

H(18) 5665 6707 974 53 

H(19) 4737 6366 839 57 

H(21A) 6785 8122 167 88 

H(21B) 6415 8609 77 88 

H(21C) 6550 8200 -258 88 

H(23) 5263 8487 2034 25 

H(25) 3919 8685 1430 28 

H(27) 4080 7471 2170 23 

H(31) 4790 6851 1962 25 

H(33) 4614 5573 2636 40 

H(35) 5004 6965 3110 29 

H(39) 5928 7674 2980 26 

H(41) 7163 7604 2248 33 

H(43) 5684 7584 1831 24 

H(47) 4210 7565 2975 30 

H(49) 4422 8717 3759 49 
H(51)                              5486         8475                   2905                     36  

 

_____________________________________________________________ 

 

The contents of Chapter 2 are excerpts from the material published in the following:  

 

●Douglas B. Grotjahn, Casey R. Larsen, Jeffery L. Gustafson, Reji Nair, Abhinandini 

Sharma.  “Extensive Isomerization of Alkenes Using a Bifunctional Catalyst: An Alkene 

Zipper”  Journal of the American Chemical Society 2007, 129, 9592-9593.  
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●Douglas B. Grotjahn, Casey R. Larsen, Gulin Erdogan, Jeffrey L. Gustafson, 

Abhinandini Sharma, Reji Nair. “Bifunctional Catalysis of Alkene Isomerization and its 

Applications” Catalysis of Organic Reactions, Chemical Industries (Boca Raton, FL, 

United States) 2009, 123, 379. 

 

●Casey R. Larsen and Douglas B. Grotjahn.  “New Insights on Kinetic Versus 

Thermodynamic Ratios in Catalyzed Alkene Isomerization”  Topics in Catalysis, 2010, 

53, 1015.  The dissertation author was the primary researcher for the data presented and 

co-author on the papers included. The co-authors listed in these publications also 

participated in the research. 

________________________________________________________________________ 
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Chapter 3 

Selective monoisomerization to (E)-alkenes 

 

 Catalyzed isomerization of alkenes is an example of atom economical 

chemistry.
1,2

  As previously discussed in Chapter 1, particularly useful alkene 

isomerizations include those of allyl alcohols into the corresponding carbonyl 

compounds,
1-5

 allyl ethers into their enol ethers,
6
 and allylamines into their enamines.

7
  

Thus, alkene isomerization has attracted synthetic interest.  However, the drawback of 

many known transition metal isomerization catalysts is the lack of E:Z selectivity of 

olefinic product formation. 

Though many metal catalysts (e.g. Ru,
8-16

 Ir,
17-20

 Fe,
13,16

 Ni,
21-23

 Pd,
21,24,25

 Pt,
26,27

 

and Rh
13,16,28

) are capable of performing alkene isomerization, challenges in the field 

include achieving high positional and stereochemical selectivity, substrate generality, and 

simplicity of catalyst use.  For example, there are many O-allyl
6
 and N-allyl

7
 susbtrates 

for which isomerization over only one position is possible.  Here the challenge is to 

obtain only the (E) or (Z) isomer.  The preparation of enamines from allyl amines with 

high (E) selectivity has been catalyzed by rhodium complexes.
28

 In the oxygen case, the 

generation of predominately trans-enol ethers from allylic ethers occurs using an 

activated iridium catalyst
17-20

 whereas a Ru hydride complex generates a mixture 

featuring the energetically more stable cis-enol ether (Z > 55-68%).
12

 These systems vary 

in the cis:trans selectivity, which is reported to be substrate dependent.  Metathesis 

catalysts occasionally isomerize olefins as a side reaction;
29,30

 subsequent modification 
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and optimization, for example by Wipf and Donohoe, has expanded this methodology to 

use in natural product synthesis.
9,10,14,21,31

 However, many of these systems require the 

use of additives, are tolerant of alkenes of only one functionality, and most importantly, 

have difficulty controlling E:Z selectivity in a general way for all substrate classes. 

We have previously disclosed complex 2.1 as an “alkene zipper” for 

isomerization of alkenes with a wide variety of functional groups under mild conditions 

(Figure 1).
8,32

  The ability of 2.1 to isomerize an alkene up to 30 positions along an alkyl 

chain highlights its activity.  In contrast, here our goal was to see if the activity of 2.1 

could be controlled to perform selective alkene migrations over only one bond 

(monoisomerization), while still maintaining high stereocontrol for (E)-isomeric products 

over a wide substrate scope.  Our results here show the success of this approach, 

including the synthesis of sensitive enol and enamide derivatives, even in cases where 

further tautomerization to a carbonyl or imine function is possible. 

 
 

Figure 3.1.  Alkenol isomerization over up to 30 bonds with catalyst 2.1. 

 

A second general goal was to lower catalyst loading from ≥2 mol%, as we 

previously reported. Indeed, in many cases we find that loadings 20 to 200 times lower 

than 2 mol% can be used.  Finally, we quantitate the extremely high kinetic selectivity of 



248 

 

 

 

2.1 by determining in one case that the rate of forming internal (E)-alkene from terminal 

isomer is over 10
6
 times faster than the rate of (E) to (Z) isomerization. 

 

3.1. (E)-selective isomerization of linear alkenyl substrates 

Table 3.1 shows results for substrates which can only undergo a single 

isomerization, whereas Table 3.2 focuses on those compounds which can in principle be 

isomerized further to another alkene isomer.  In all cases, the rapid generation of 

exclusively (E)-alkenes was observed.  Both diallyl ether (2.20) and sulfonamide 3.1 gave 

(E,E)-dipropenyl products (Table 3.1, entries 1-2).  Compound 3.1 was previously 

unknown, whereas 2.20 had been made but only as a mixture with its geometrical 

isomers.
18

  The sulfonamide case may be slower because the larger N-Ts unit hinders the 

catalyst; in support of this notion, buildup of the intermediate (allyl)(propenyl) isomer 

was seen before reaction completion. Other allyl ethers (entries 3-5) are all rapidly 

transformed into the corresponding (E)-propenyl ethers as the sole product, even with as 

little as 0.05 mol% 3.5 (entry 4).  Allyl substituted cyclohexanols 3.9 and 3.11 (entries 7-

8) show the facile production of exclusively (E)-isomer.  Sensitive control using substrate 

sterics is shown by much slower reaction of 3.13 (entry 9).  Presumably 1,3-diaxial 

interactions as 2.1 acts on the allyl unit account for the observed differences between 3.11 

and 3.13.  In short, a wide variety of (E)-propenyl substituted compounds can be 

generated by catalyst 2.1 with very high selectivity. 

Alkenyl aromatics such as trans-anethole and iso-eugenol are important in the 

pharmaceutical and fragrance industries and are extracted from natural sources or are 

generated from allyl aromatic isomers by the use of excess base and heat, thus creating 
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large amounts of caustic  waste (using aq. NaOH or KOH, 56% conversion (E:Z) 82:18 in 

12 h at 200 
o
C).

22,23
 Kannan catalyzed the isomerization of eugenol to iso-eugenol with 

hydrotalcites at 200 
o
C (<77%, E:Z selectivity only 84:16).

23
 To overcome such 

drawbacks, Sharma
22

  screened RuCl2(PPh3)3 and RuCl3(AsPh3)2 in a variety of solvents 

over 3 h at 85 
o
C.  The conversion (>99%) and selectivity for each of the valuable alkenyl 

aromatics were good (<95.6% trans-), however about 4% cis-isomer remained even after 

extensively optimizing reaction conditions.
22 

Table 3.1.  Selective monoisomerization to generate (E)-propenyl products
a 

 

entry reactant product 
mol% 

2.1 

time 

(h) 
yield 

1 

  

0.5 1.25 96 

2 

  

5 24 
 

96 

 91
b
 

3 
  

2 <0.1 98 

4 

  

0.05 0.6 99 

5 
  

2 0.25 95 

6
c
 

  

2 2 96 

7 

  

2 24 91 

8 

  

2 24 92 
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Table 3.1 continued. 

 

entry reactant product 
mol% 

2.1 

time 

(h) 
yield 

9
d
 

  

2 120 <2 

10 

  

0.01 

0.05 
0.1

e
 

24 

0.3 
<0.16 

99 

100 
 86

b
 

11 

  

0.05 

0.1 

0.6 

<0.16 

99 

>100 

12 

  

0.1 0.25 
 

95 

 92
b
 

aAcetone-d6, RT,  NMR yield.  bIsolated.  c70 oC; produces ~5% of (Z)-2.28.  dNo reaction (estimated limit 

of detection  ~2%)..  eNeat reaction; product (4.59 g) isolated distillation. 

 

 

The most impressive result to date appears to be 99% trans-anethole (80 
o
C, 15 

min), in a variety of solvents, using 1 mol% [RuCl2(ƞ
6
-PhOCH2CH2OH)(P(OMe)3)].

33 
  

In contrast, using much lower loadings of 1 without heating, both (E)-iso-eugenol (3.16) 

and (E)-anethole (3.18) were each afforded in >99% yield in <13 min (0.1 mol% 2.1) 

and 40 min (0.05 mol% 2.1), respectively, where in each case no trace of the (Z)-isomer 

is detected (detection limit <0.1%).  Significantly for green chemistry, 2.1 (0.1 mol%) 

acts on neat 3.15 within 10 min and pure 3.16 can be distilled on a multigram scale.  

Significantly, even days after completion of isomerization, (Z)-alkenes are undetectable 

under our conditions.  
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Table 3.2 shows a variety of systems where a selectively mono- isomerized 

product can be obtained in high yield, before further alkene movement occurs.  

Hydrocarbon 2.72 resisted further isomerization even after 48 h, forming only 9% of 

trisubstituted isomer, which is consistent with catalyst approach to the isopropyl C-H 

being hindered by branching.  The ring of cyclohexanone derivative 3.21 also presents 

branching, and 3.22 is obtained exclusively as its (E)-isomer within 45 min.  The 

dramatic kinetic selectivity of 2.1 is shown by the fact that after 77 h (100x longer than 

the time required to obtain 3.22), only 2% of conjugated isomer (see experimental) is 

formed, where this conversion may be catalyzed by 2.1 or by acid- or base-catalyzed 

enolization. 

Table 3.2.  Monoisomerization of linear alkene substrates
a
 

entry reactant product time yield 

1 

  

0.5 95 

2 

  

0.75 95 

3 

  
23 84

b
 

4 

  

4 75
c
 

              aAcetone-d6, RT, 2 mol% 2.1.  NMR yield.  b5 mol% 2.1, 11% 3.23 remaining (ratios of products). 
         cIsolated. 
 

Linear pent-4-en-1-yl systems 3.23 and 2.26 build up synthetically useful amounts 

of the trans-mono-isomerized species shown.  The substituents on 3.23 may hinder 

catalyst approach to the H at C-2 as required for further isomerization, however a similar 
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result in the case of 2.26 suggests that other factors (e.g. substituent electronics) may play 

a role.  In all cases shown, high selectivity for the (E)-2-alkene prevails. 

 

3.2 Isomerization of disubsituted alkenyl substrates 

The effects of branching presented by 1,1’-disubstituted alkenes was explored 

(Table 3).  Of mechanistic more than practical interest, a polysulfone catalyst has shown 

to catalyze olefin migration in similar substrates at RT in high yields.
34

  RajanBabu
21

 

recently optimized a multicomponent alkene isomerization system made from 5 mol% of 

[(allyl)PdCl]2 or [(allyl)NiBr]2, phosphine ligand, AgOTf, and an additive.  The ratio of 

E:Z components within the product mixture was suggested to be based on the additive, 

and also appears to vary with substrate.  In contrast, using single-component catalyst 2.1, 

only the E-isomer of the product is formed, though in some cases in equilibrium with 

starting material.  Branched alkene ether 3.25 is completely transformed into its enol 

ether 3.26, and branched hydrocarbons 3.27 and 3.29 are fully converted to trisubstituted 

alkenes 3.28 and 3.30, respectively, all in less than 2 h (Figure 3.2).   

 
 

Figure 3.2.  Isomerization to completion with branched substrates. 
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Alkenes in Table 3.3 reach an equilibrium mixture of terminal and internal 

alkenyl isomers.  Disubstituted alkene 2.22, studied previously,
8
  affords an equilibrium 

mixture (30:70) of the starting disubstituted alkene 2.22 and product trisubstituted alkene 

2.23.  In each case, ~80% conversion to the corresponding (E)-trisubstituted product is 

achieved.  After isomerization of 2.22, 2.75 and 3.31 to (respectively) 2.23, 2.76, and 

3.32, the resulting mixture was purified and the trisubstituted alkene products isolated.  

When trisubstituted alkenes 2.23, 2.76, and 3.32 were subjected to 2.1 for isomerization, 

mixtures were regenerated of tri- and disubstituted alkenes in the same ratios as seen the 

forward reactions.   

Table 3.3.  Equilibration of 1,1’-disubstituted alkenes and the (E)-trisubstituted isomer
a 

 

 

 
   aAcetone-d6, 2 mol% 2.1, 70 oC , NMR yield, equilibrium ratios also reached from  

                       reverse, b5 mol% 2.1 
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Trisubstituted alkenes 2.76 and 3.32 were subjected to RajanBabu conditions in 

several separate attempts, but did not react, which leads to the conclusion the two catalyst 

systems differ in kinetic selectivity.
35

  The RajanBabu catalyst system polymerized 3.33, 

whereas entry 6 shows the mildness and functional group tolerance of 2.1 in its ability to 

isomerize 3.33 to (E)-3.34.  In summary, each disubstituted alkene is converted to the 

more stable trisubsutitited alkene, and where an E/Z mixture is possible, only the E-

analog is formed. 

 

3.3. Formation of important synthetic intermediates by isomerization 

Especially notable results (Table 3.4) using 2.1 are formation of sensitive enols 

and enamides.  Typically enols are short lived due to favorable tautomerization to the 

keto forms, yet enols
36

 and enamides
37

 are useful synthetic intermediates and subunits in 

biologically active natural products, respectively.  Bosnich
36

 generated simple enols via 

double bond migration using [Rh(diphos)(solvent)2]ClO4 activated by H2, where it is 

thought that isomerization proceeds by alkene insertion into a Rh-H bond.  The cis:trans 

ratios of the enols and the rate of subsequent tautomerization depended strongly on 

substrate.  In the Bosnich work, allyl alcohol 2.81 gave 89% of enol 2.82 as an isomeric 

mixture (E/Z = 1:1), along with 11% aldehyde, in 14 min at RT, whereas 2-phenylallyl 

alcohol led to 47% of the corresponding enol in all (Z)-configuration after 2 h.  Table 4 

illustrates the unique capability of 2.1 in giving (E)-enols and (E)-enamides.  

Remarkably, after 5 min (E)-enol 2.82 is seen (93%) along with 3% of the (Z)-isomer, 

where both subsequently tautomerize to propanal.  2-Methyl-2-propenol (3.35) is 

quantitatively converted to the corresponding enol 3.36 after 60 min with 0.1 mol% 2.1, 
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whereas according to Bosnich the keto analog (4%) of 3.36 begins to appear at 16 min 

and is completely tautomerized in 8 days.
36

  Amino acid allyl amides, such as 3.37, were 

treated with Grubbs’ metathesis catalyst, and isomerized products were significant 

components of the mixture [20% (E)-3.38 and 30% (Z)-3.38].
37

  In contrast, the action of 

2.1 on 3.37 within 5 min exclusively forms (E)-3.38.  The success of 2.1 in making (E)-

enol and enamide derivatives with very high selectivity is especially notable, because the 

(E) and (Z) geometrical isomers of such compounds are well-documented to be of 

comparable thermodynamic stability, with the (Z) form even predominating in some 

cases.
36,38-40 

Table 3.4. Formation of enols and primary enamide derivatives 

entry substrate product 
time 

(min) 
yield 

1
a
 

  
5 

 

96
c
 

[31:1] 

2
b
 

  

60 97 

3 

  

40
d
 

5
e
 

 

96 

99 
  [78]

f
 

aAcetone-d6, RT, 3 mol% 2.1.  NMR yield.  b0.1 mol% 2.1.  cAlso in mixture: 3% propanal and unreacted 

2.81.  d0.6 mol% 2.1.  e2 mol% 2.1.  fIsolated. 

 

 

 

3.4. Isomerization of bioactive substrates 

Figure 3.5 shows further examples of chemo- and stereoselective isomerization of 

polyfunctional biologically active compounds by 2.1.  Carbohydrate 3.39 is a key starting 

material in the generation of an irreversible inhibitor of yeast hexokinase,
41,42

 and both 

allyl and propenyl functional groups such as those in 3.39 and 3.40 are used as protecting 
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groups.
43,44

  Compounds like 3.40, but with varying E/Z ratios, are made from isomers 

like 3.39 under strongly basic conditions (t-BuOK in DMSO
43

).  Glucopyranoside 3.39 is 

converted by 2.1 with very low catalytic loading to (E)-propenyl isomer 3.40, isolated in 

96% yield. 

 
Figure 3.3.  Alkene isomerization of biologically active molecules at very  

low catalytic loading of 2.1 

 

 

Bioallethrin (3.41) is a flexible pyrethroid pesticide
45

 with three olefinic bonds.  

Pyrethroids demonstrate insecticidal actions based on their ability to adopt a certain 

conformation.
46

 Novel pyrethroid 3.42 is formed as a single alkene isomer, without 

perturbing the allylic ester functionality or the other two alkene units.  Catalyst 2.1 

enables selective structural alterations with the potential of leading to novel bioactive 

compounds.  

Catalyst 2.1 is capable of remarkable reactivity in the migration of alkenes of 

many types.  The majority of the examples provided in the current chapter are of 

substrates with short alkenyl groups, for the exception of those in Table 3.2, that yield 

trans-product.  Controlling the isomerization of long chain substrates, such that a 
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terminal alkene only migrates inward over only one carbon-carbon bond, forming the 2-

alkene, would make the isomerization process even more attractive. 

 

3.5.  Selective monoisomerization by competitive ligand  

and substrate binding 

When ethylene is bubbled through an acetone solution of 2.1, the ethylene 

complex and free acetonitrile is observed by 
1
H NMR.  To this same solution, nitrogen 

gas can be passed through to liberate ethylene from the reaction vessel to regenerate the 

isomerization catalyst 2.1.  From these observations it can be deduced that alkene and 

acetonitrile compete for coordination.  Perhaps if additional acetonitrile is added to an 

isomerization reaction mixture of alkene and catalyst, isomerization can be controlled 

with longer chain substrates. 

Table 3.5. Inhibition inhibition of 4-pentenol with various amounts of added acetonitrile 

 

% compound in 

reaction mixture
a
 

2.4 3.43 2.5 

1 equiv    

1 h 3.4 74.7 6.4 

2 h 2.7 63.1 15.9 

5 h 1.7 39.2 40.0 

24 h 
 

trace 7.5 79.5 

1.5 equiv    

1 h 13.8 77.4 0.3 

2 h 4.9 85.7 1.3 

5 h 3.9 80.9 6.6 

24 h 2.2 57.3 28.7 
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Table 3.5 continued. 

 

% compound in 

reaction mixture 
2.4 3.43 2.5 

2 equiv    

1 h 11.2 81.9 0.6 

2 h 4.7 83.9 2.0 

5 h 

 

3.2 

 

73.7 9.3 

5 equiv    

1 h 61.9 39.9 0.04 

2 h 40.8 59.5 0.25 

5 h 12.3 81.9 1.5 

24 h 3.2 74.7 14.1 
                                          aMonitored by 1H NMR. 

 

4-Penten-1-ol was used as a test substrate to test the hypothesis that added 

acetonitrile would inhibit rate of double bond migration (Table 3.5).  The reactions were 

executed in the same manner as the other catalytic reactions, except that differing 

amounts of acetonitrile were added to determine a preferential amount of the competing 

ligand for the select formation of 3-penten-1-ol.  At ambient temperature, > 83% of the 

monoisomerized species, 3.43, is seen after 2 hours when 1.5 to 2 equivalents of 

acetonitrile is added to the reaction.  Adding 5 equivalents of acetonitrile further delays 

the formation of 3.43. 

Selective monoisomerization of 4-penten-1-ol to 3-penten-1-ol with 2.1 can be 

achieved by the facile addition of acetonitrile, which operates as a competing ligand with 

the alkene.  The idea has been demonstrated on alkenols, so the next step would be to test 

this strategy on a longer chain unfunctionalized olefin.  The catalyzed isomerization of 1-

decene in the presence of 3 equivalents of acetontrile at room temperature (Table 3.6) 

proceeded at a sluggish pace, forming only 23% of intended 2-decene at 24 hours.  The 
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reaction was then heated at 70 
o
C, which did speed up the double bond migration.  With 

the added acetonitrile, the concentration of 2-decene remained fairly constant over time.  

Adding an amount of competing ligand allows control over the alkene zipper catalyst if 

desired. 

Table 3.6.  Inhibition of isomerization with added acetonitrile 

 

 
1 h 2 h 5 h 24 h 

15 

min* 
1 h* 2 h* 

2.25 

h* 
68 h* 

3.53 97.4 94.8 93.2 77.8 61.6 36.6 17.2 13.1 9.7 

3.54 1.9 3.0 7.0 23.2 35.9 60.0 77.3 79.4 83.4 

3.55 0 0 0 0 0 2.6 5.0 5.7 6.9 

aAcetone-d6, 2 mol% 2.1, 3 equiv NCCH3, NMR yield, RT then *70 oC.. 

  

 

3.6.  Quantitating relative rates of positional and  

geometrical isomerization 

Qualitative observation of the high (E)-selectivity of 2.1 prompted us to perform 

more quantitative studies.   Although first-year organic students are taught that trans 

alkenes are more stable than cis isomers because of reduced steric strain, there are classes 

of alkenes have been documented to exhibit a thermodynamic preference for cis- rather 

than trans-configuration.
38-40

  Examples include enol ethers (like 3.4, 3.6, and 3.8), 

enamines (like 3.38), and others not mentioned in this thesis (e.g., hydrazones, oximes, 
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and nitrones).  Because the (E)- and (Z)-isomers of many enols and enamides are of 

comparable stability, an allyl ether substrate which would form an enol ether was chosen, 

because at equilibrium there would be a relatively high amount of (Z)-product, which 

would be more easily detected.  

Compelling evidence for unusually high kinetic selectivity using 2.1 comes from 

observing mixtures from 2.20 and 2.1 long after complete formation of 2.21.  Strikingly, 

whereas 2 mol% of 2.1 isomerized 2.20 within 6 min, even when 20 mol% of 2.1 was 

applied, after 25 d, only 10% of (Z)-2.21 was seen (Figure 3.6).  Over the extended time 

period, only 4.6 mol% of 2.1 remained, and 8.7 mol% of an unknown CpRu species was 

detected, complicating the kinetic analysis. The unknown species showed different 

spectroscopic data (
31

P NMR δ 63.3 ppm and Cp resonance 
1
H NMR δ 5.56 ppm) than 

those of 2.1 (
31

P NMR δ 37.3 ppm and Cp resonance 
1
H NMR δ 4.60 ppm), but could not 

be identified.  Only upon seeing the first detectable amounts of (E, Z)-2.21 18 hours after 

catalyst addition, was formation of proposed inactive species X observed (please refer to 

experimental details), so perhaps X is derived from (E, Z)-2.21.   

 
 

Figure 3.4.  Alkene positional isomerization is much faster than 

geometrical isomerization. 
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 Complete analysis of these and similar reactions over several time points allowed 

us to conclude that the ratio of rates for isomerization of 2.20 to (E)-2.21 and of further 

isomerization of (E)-2.21 to (Z)-2.21 must be over 3,600,000 to 1, a remarkable result.  

For simplicity of the analysis, because we could not determine the identity and 

reactivity of X, we assumed that the new species X was catalytically inactive. Our goal 

was to determine the ratio of k term-E to k E-Z. If indeed X (seen only after extended periods 

of time, long after the terminal-to-E-internal reaction was finished) was active in 

promoting E to Z isomerization, then 3,600,000 to 1 is a lower bound for the actual ratio 

of reactions catalyzed by 2.1.  

 

3.7. Possible origins of (E)-selectivity 

Catalyst 2.1 has proven to be a highly efficient catalyst for alkene isomerization 

of quite a variety of substrates.  A significantly notable observation is the high (E)-purity 

alkene products generated.  Ph.D. candidate Gulin Erdogan performed a calculation of 

catalyst 2.1 with propene, and the most likely conformation of the alkene to the metal 

(Figure 3.7, a).  Figure 3.7 illustrates the steric environment the isopropyl groups (in 

bold) on the phosphine provides to the complexed alkene.  The DFT-calculated complex 

of propene derived from 2.1 is exhibited in Figure 3.7 (a), where the endo-isopropyl may 

result in a steric environment running interference for any potential cis-substrate 

coordination.  In order to envision this hypothesis properly, the alkene must be larger for 

the capability to exist in both the cis- and trans-conformation.   
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Figure 3.5.  The relationship of endo-isopropyl group of phosphine and bound alkene: a) 

DFT-calculated complex of propene derived from 2.1 (source: Gulin Erdogan), b) trans-

butene complex steers clear of steric hindrance, and c) coordination of cis-butene may be 

obstructed by endo-isopropyl group. [Alkenes enclosed in black for contrast and clarity] 

 

 

2-Butene is the simplest alkene for which there are two geometrical isomers.  If 

trans-2-butene enters the coordination sphere of complex 2.1, the binding may be 

unaffected by the presence of the endo-isopropyl substituent on the phosphine (Figure 

3.7, b).  In contrast, if  cis-2-butene rather than propene is imagined to occupy the alkene 

coordination site shown in Figure 3.7 (a), one can imagine steric interaction of the endo 

isopropyl group with the nearby butene methyl group (Figure 3.7, c).   In short, a cis-

alkene being bound to the catalyst appears to be less likely than a trans-alkene being 

bound. 

 

3.8.  Concluding Remarks 

In summary, we show that very active catalyst 2.1 can be controlled to provide 

monoisomerized alkene products with very high (>10
6
 to 1) kinetic (E)-selectivity.  These 

features are expected to make 2.1 an attractive tool in synthesis, in part because the 
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addition of an allylic substituent (e.g. to a carbonyl) is frequently easier than the 

installation of a propenyl analog. Using 2.1, allylic moieties can then be readily and 

cleanly converted to propenyl units in a controlled manner.  Moreover, 2.1 allows facile 

access to the (E)-alkenyl aromatic compounds useful in the pharmaceutical and fragrance 

industries.  Catalyst 2.1 achieves high (E)-selectivity in cases well-documented to be of 

comparable thermodynamic stability as their (Z)-isomers, such as enols, enol ethers, and 

enamides.  In addition, the very mild, neutral reaction conditions under which 2.1 

operates allow formation of enols, enamides, β,γ-unsaturated carbonyl compounds, and 

even multifunctional bioactive molecules.  We believe that the heterocyclic phosphine 

ligand of 2.1 acts as a hemilabile base acting in cooperation with the metal to promote 

these selective transformations.  Mechanistic studies are in progress to allow a greater 

understanding of the bifunctional system and further alter and enhance its unique 

reactivity, in addition to the possible applications and new chemistry catalyst 2.1 can 

provide.  

 

3.9. Experimental Details 

3.9.1. General information  

General Information.  Reactions were perfomed under dry nitrogen, using a combination 

of Schlenk line and glovebox techniques.  Acetone-d6 received from Cambridge Isotope 

Labs was further deoxygenated by bubbling nitrogen gas through the liquid.  Methylene 

chloride-d2 received from Cambridge Isotope Labs was distilled over calcium hydride 
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and deoxygenated via freeze pump thaw technique.  NMR tube reactions were performed 

in resealable NMR tubes (J. Young). 

 Unless otherwise specified, NMR data were measured at 30 
o
C.  Varian 

spectrometers were used: a 500-MHz INOVA (500 MHz listed below for 
1
H = 499.940 

MHz and 125.7 MHz for 
13

C = 125.718 MHz), and a 400-MHz Varian NMR-S (400 

MHz listed below for 
1
H = 399.763 MHz and 100 MHz for 

13
C = 100.525 MHz). 

 
1
H and 

13
C NMR chemical shifts are reported in ppm downfield from tetrakis-

(trimethylsilyl)methane and referenced to solvent resonances (
1
H NMR: δ 2.05 for 

CHD2COCD3 and 
13

C NMR: δ 29.92 for CD3COCD3).  
1
H NMR signals are given 

followed by multiplicity, coupling constants J in Hertz, integration in parentheses.  For 

complex coupling patters, the first coupling constant listed corresponds to the first 

splitting listed, e.g. for (dt, J = 3.2, 7.9, 1H) the doublet exhibits the 3.2-Hz coupling 

constant.   

 Elemental analyses were performed at NuMega Laboratories (San Diego).  

Preparation of catalyst 2.1  

Catalyst was made essentially as reported previously:
1
 tris(acetonitrile) 

cyclopentadienylruthenium (II) hexafluorophosphate (265.1 mg, 0.6096 mmol) was 

weighed in a scintillation vial equipped with a magnetic stir bar in a glove box, and 

deoxygenated acetone (4 mL) was added.  In a separate vial, the requisite phosphine 

(154.8 mg, 0.6090 mmol) was weighed and deoxygenated acetone (1.5 mL) was added.  

The phosphine dissolved in acetone was added dropwise to the ruthenium complex 

solution, and deoxygenated acetone (2 x 1 mL total) was used to rinse the vial. The 

mixture was allowed to stir in the glove box at ambient temperature overnight.  The 
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solvent was then evaporated under vacuum for 3 days, which yields catalyst 2.1 as a 

yellow-orange powder (362.1 mg, 98.0%). The complex is now available from Strem 

Chemicals.  

Stock solution of catalyst 2.1 for experiments using loadings 0.01-0.5 mol%: 

In the glove box, a 2 mL volumetric flask was charged with catalyst 2.1 (12.1 mg, 

0.0199 mmol).  The volumetric flask was filled to the 2 mL mark with deoxygenated 

acetone-d6 to generate a catalyst stock solution (0.01 mM) for reactions that utilize low 

catalytic loading (0.01 mol%-0.5 mol%) of catalyst 2.1. 

General procedure for catalytic reactions 

 In a glovebox, internal standard (Me3Si)4C (small weighed amount, typically 0.5 

mg) and substrate (0.50 mmol) were combined with acetone-d6 (~700 µL), and an initial 

NMR spectrum was acquired.  Back in the glovebox, to this mixture was added catalyst 

2.1 [(6.0 mg, 0.01 mmol; 2 mol%) or (26 to 108 μL of 0.01 mM stock solution)] followed 

by enough acetone-d6 to reach a final volume of 1.0 mL.  The reaction was allowed to 

proceed at room temperature, however if the mixture was heated at 70 
o
C in an oil bath, it 

was done so for the times given. Unless otherwise specified, spectra were acquired at 

NMR probe temperature of 30 
o
C. 

 The value of the integral for the singlet due to the internal standard, (Me3Si)4C, 

was set equal to 10.00 integral units in each case.  Data were acquired using either a 

Varian 400 MHz or 500 MHz spectrophotometer, with sixteen 15
o
 pulses and 20 second 

delays between pulses.  Tables show key NMR resonances which could be used to 

reliably determine yields.  The remaining 
1
H resonances for starting material and product 

overlapped and so were not used.  Approximate limit of detection 0.1-0.5% 



266 

 

 

 

 

3.9.2. Preparation of various substrates for catalytic reactions 

Synthesis of N,N-diallyl toluenesulfonamide (3.1):  

To a dry Schlenk flask equipped with magnetic stir bar were added diallylamine 

(1.03 g, 10.0 mmol) and dry and deoxygenated methylene chloride (42 mL).  To the 

stirring mixture, triethylamine (1.18g, 11.6 mmol) was added under a nitrogen 

atmosphere.  Tosyl chloride (2.09 g, 10.9 mmol) was added to the mixture, while stirring, 

over 90 sec.  The reaction was monitored via TLC, and when complete was washed with 

1 N HCl (2 x 40 mL each), sodium bicarbonate (2 x 40 mL each), water (2 x 50 mL 

each), dried over Na2SO4, and concentrated, giving 3.1 (2.09 g, 81.0%) as a clear brown 

liquid. 

Synthesis of 1-allyl cyclohexan-1-ol (3.9):   

To a dry three neck flask equipped with a magnetic stir bar, reflux condenser, and 

addition funnel were added magnesium turnings (2.32 g, 95.4 mmol).  Dry and 

deoxygenated diethyl ether (50 mL) from a solvent still was added by syringe and the 

mixture was stirred under nitrogen.  The addition funnel was charged with allyl bromide 

(7.76 g, 64.1 mmol), which was added dropwise over 1 h, with cooling with an ice bath 

as needed. The mixture was diluted with additional ether (3 mL).  Cyclohexanone (4.88 

g, 49.8 mmol) was added to the mixture.  The reaction was complete after 3 h as 

monitored via TLC.  The reaction mixture was poured into a slurry of ice and 1 N HCl 

(~150 mL), and transferred to a separatory funnel.  Additional diethyl ether (~100 mL) 

was added and the aqueous layer was separated.  The aqueous fraction was further 

extracted with diethyl ether three times (100 mL each), and all organic fractions were 
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combined and washed with deionized water twice (100 mL each), brine (100 mL), dried 

over Na2SO4, filtered, and the filtrate concentrated.  The crude material was purified via 

silica column chromatography (8 in x 2 ½ in) with hexanes and an increasing polarity 

gradient using ether.  Pure 3.9 was afforded as a clear, colorless oil (5.23 g, 74.9% yield). 

Synthesis of 1-allyl 4-tert-butylcyclohexan-1-ol (3.11):   

A dry Schlenk flask equipped with a magnetic stir bar was charged with 

magnesium turnings (4.698 g, 0.193 mol).  Dry and deoxygenated diethyl ether (75 mL) 

was added via syringe from solvent stills and the resulting mixture was stirred under a 

nitrogen atmosphere.  Allyl bromide (15.40 g, 0.127 mol) and dry and deoxygenated 

ether were added to an addition funnel, and the resulting solution was added dropwise 

over 70 min.  Upon spontaneous reflux, diethyl ether (15 mL) was added to the reaction 

flask to dilute the mixture.  After allyl bromide addition, the reaction was heated to a 

gentle reflux for 60 min.  4-tert-butylcyclohexanone (13.949 g, 0.0904 mol) in dry and 

deoxygenated diethyl ether (20 mL) was added to the Grignard reagent at room 

temperature over 90 min, and the mixture was stirred overnight.  The reaction mixture 

was poured into an mixture of ice and 1 N HCl (~400 mL), and transferred to a 

separatory funnel.  Ether was added (~250 mL), and the aqueous layer removed.  The 

organic fraction was washed with deionized water twice (50 mL each), washed with brine 

solution four times (75 mL each), dried over Na2SO4, filtered, and the filtrate 

concentrated.  The two isomers formed
49

 were separated via column chromatography 

(SiO2, 9 in x 2 ½ in column), eluting 3.11 with hexanes and a gradient increasing 2% 

diethyl ether, affording pure 3.11 (5.58 g) as a clear, colorless oil. 
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General procedure for Wittig reaction of ketone to corresponding exocyclic alkene: 

A dry Schlenk flask equipped with a stir bar was charged with methyltriphenyl 

phosphonium iodide.  Dry and deoxygenated THF from solvent stills was added to the 

flask under nitrogen, and the resulting suspension was stirred.  The flask was lowered 

into an ice bath, and n-BuLi (1.6 M in hexanes) was added dropwise while stirring under 

nitrogen.  The reaction mixture prior to addition of n-BuLi was a white suspension, but 

during dropwise addition of base became a yellow suspension, finally becoming a clear 

red-orange solution.  Ketone in dry and deoxygenated THF was added dropwise to the 

mixture over minutes.  Soon after ketone addition, a precipitate was seen.  When the 

reaction is completed as determined by TLC (10-20 h), deionized water was added, 

forming two clear layers. The organic layer was washed with water (3 times), brine (3 

times), dried over magnesium sulfate, and the filtrate concentrated in vacuo.  Purification 

via column chromatography afforded exocyclic alkene.  All compounds were eluded with 

pentanes and ether due to the high volatility. 

Synthesis of 1-methylene-1,2,3,4-tetrahydronaphthalene (3.29):   

Following the general procedure for Wittig reaction of ketone to exocyclic alkene, 

methyltriphenylphosphonium iodide (2.03 g, 5.0 mmol), n-BuLi (3.15 mL, 5.0 mmol), 

and ketone (611.3 mg, 4.2 mmol) was used in dry and deoxygenated THF (12 mL) was 

used to afford 737.3 mg of 17 (>100%, some pentane still present). 

Synthesis of (but-1-en-2-yl)benzene (2.75):   

Following the general procedure for Wittig reaction of ketone to exocyclic alkene, 

methyltriphenylphosphonium iodide (601.9 mg, 1.5 mmol), n-BuLi (0.95 mL, 1.5 mmol), 
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and ketone (201.9 mg, 1.5 mmol) was used in dry and deoxygenated THF (9 mL) was 

used to afford 80 mg (40.6%) of 2.75. 

Synthesis of 4-(but-1-en-2-yl)anisole (3.31):   

Following the general procedure for Wittig reaction of ketone to exocyclic alkene, 

methyltriphenylphosphonium iodide (2.03 g, 5.0 mmol), n-BuLi (3.1 mL, 5.0 mmol), and 

ketone (0.69 g, 4.2 mmol) was used in dry and deoxygenated THF (10 mL) was used to 

afford 473.8 mg (69.3%) of 3.31. 

Synthesis of 2-(but-1-en-2-yl)furan (3.33):   

Following the general procedure for Wittig reaction of ketone to exocyclic alkene, 

methyltriphenylphosphonium iodide (8.28 g, 20.4 mmol), n-BuLi (12.9 mL, 20.6 mmol), 

and propionyl furan (2.52 g, 20.3 mmol) was used in dry and deoxygenated THF was 

used to afford 1.36 g (55.5%) of 3.33. 

 

3.9.3. Results of (E)-selective catalysis using catalyst 2.1 

Chapter 3, Table 3.1, entry 1: Isomerization of diallyl ether (2.20)   

Following the general procedure, diallyl ether 2.20 (51.1 mg, 0.52 mmol) and 

catalyst 2.1 (1.6 mg, 0.0026 mmol, 0.5 mol%) were used.  The reaction proceeded at 

room temperature.  

 For diallyl ether (2.20) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.90 

(tdd, J = 5.5, 10.5, 17.5, 2H), 5.25 (dtd, J = 1.5, 1.5, 17.0, 2H), 5.11 (dtd, J = 1.5, 2.0, 

10.5, 2H), 3.95 ppm (td, J = 1.5, 5.5, 4H).  
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For the (E, E)-diprop-1-en-1-yl ether (2.21) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 6.30 (qd, J = 1.5, 12.0, 2H), 5.00 (qd, J = 6.8, 12.0, 2H), 1.53 ppm (dd, J = 

1.8, 7.0, 6H). 

Table 3.7. Isomerization of diallyl ether (2.20) to prop-1-en-1-yl ether (2.21) using 0.5 

mol% catalyst 2.1  

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

 0 h 9 min 18 min 28 min 38 min 47 min 65 min 75 min 

 
(3.95 ppm) 

185.97 2.34 0 0 0 0 0 0 

units per proton
a
 46.49 0.59 0 0 0 0 0 0 

% remaining
b
 100 1.3 0 0 0 0 0 0 

 
(4.77 ppm) 

0 28.52 16.58 8.51 3.26 1.23 n/a 0 

 
(4.16 ppm) 

0 58.20 33.71 16.30 6.61 2.42 0.66 0 

units per proton
a
 0 28.91 16.76 8.27 3.29 1.21 0.33 0 

% remaining
c
 0 62.2 36.1 17.8 7.1 2.6 0.7 0 

 
(6.30 ppm) 

0 32.95 57.57 74.65 83.28 86.82 89.53 90.41 

 
(5.00 ppm) 

0 32.05 56.53 73.16 81.73 85.02 87.39 88.74 

units per proton
a
 0 16.25 28.53 36.95 41.25 42.96 44.23 44.79 

% remaining
d
 0 35.0 61.4 79.5 88.7 92.4 95.1 96.3 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value 

of starting material at hour 0. 

 

nOe data: Irradiation at δ 6.30 ppm led to 1.06% 

enhancement of the signal at δ 1.53, in addition to <0.04% 

enhancement of the signal at δ 5.00 ppm.  
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Chapter 3, Table 3.1, entry 2: Isomerization of N,N-diallyl-toluenesulfonamide 

  Following the general procedure, N,N-diallyl-toluenesulfonamide 3.1 (129.2 mg, 

0.50 mmol) and catalyst 2.1 (15.5 mg, 0.025 mmol, 5 mol%) were used.  The reaction 

proceeded at room temperature.  

 For N,N-diallyl-toluenesulfonamide (3.1) in the mixture: 
1
H NMR (400 MHz, 

acetone-d6) δ 7.71-7.78 (AA’ m of AA’BB’, 2H), 7.37-7.43 (BB’ m of AA’BB’, 2H), 

5.65 (tdd, J = 6.4, 10.0, 17.2, 2H), 5.17 (dtd, J = 1.6, 1.6, 17.2, 2H), 5.11 (tdd, J = 1.2, 

1.6, 10.4, 2H),  3.80 (dd, J = 1.2, 6.4, 4H), 2.41 ppm (s, 3H).  

 For the (E)-N-allyl-N-prop-1-en-1-yl-toluenesulfonamide in the mixture: 
1
H NMR 

(400 MHz, acetone-d6) δ 5.58 (qd, J = 1.6, 14.0, 1H), 4.76 (qd, J = 6.4, 14.0, 1H), 3.99 

(td, J = 1.6, 5.2, 2H), 1.62 ppm (dd, J = 1.6, 6.4, 3H). 

For the (E, E)-N,N-diprop-1-en-1-yl sulfonamide (3.2) in the mixture: 
1
H NMR 

(400 MHz, acetone-d6) δ 7.62-7.68 (AA’ m of AA’BB’, 2H), 7.37-7.42 (BB’ m of 

AA’BB’, 2H), 6.08 (qd, J = 1.6, 14.0, 2H), 5.37 (qd, J = 6.8, 14.0, 2H), 2.41 (s, 3H), 1.67 

ppm (dd, J = 1.6, 6.8, 6H).  
13

C NMR (400 MHz, acetone-d6) δ 144.81, 137.13, 130.62, 

128.02, 126.95, 119.40, 21.50, 15.31 ppm. 

The double headed arrows indicate correlations observed, with proton NMR data 

at the left and carbon data at the right and in parentheses.   
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Figure 3.6.  2D NMR data (COSY, HSQC, HMBC) for (E, E)-N,N-dipropenyl 

sulfonamide (3.2). 

 

 

The NMR solution was concentrated to minimal volume in preparation for 

isolation of 3.2.  A small silica plug in 1:1 petroleum ether and diethyl ether was used to 

purify 3.2.  The solution was concentrated affording 116.3 mg (90.9%) of analytically 

pure 3.2 as a colorless solid. Elemental analysis calculated for C13H17NO2S (251.201): C, 

62.10; H, 6.82; N,  5.57.  Found: C, 61.68; H, 7.01; N, 5.62. 

Table 3.8. Isomerization of N,N-diallyl-toluenesulfonamide (3.1) to (E, E)-N,N-diprop-1-

en-1-yl sulfonamide (3.2) using 5 mol% catalyst 2.1  

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h 2 h 5 h 7 h 24 h 

 

239.40 154.16 107.10 29.34 14.20 0 

units per proton
a
 59.85 38.54 26.78 7.34 3.55 0 

% starting material 
remaining

b
 

100 64.4 44.7 12.3 5.9 0 

 

0 20.78 29.81 37.02 31.28 0 
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Table 3.8 continued. 

 

Time 0 h 1 h 2 h 5 h 7 h 24 h 

 

0 20.25 31.27 37.09 32.27 0 

units per proton
a
 0 20.52 30.54 37.06 31.78 0 

% yield of compound
c
 0 34.3 51.0 61.2 53.1 0 

 

0 3.17 9.82 44.39 67.14 117.16 

 
0 3.97 11.38 44.18 68.03 117.61 

units per proton
b
 0 1.79 5.30 22.14 33.79 58.69 

% yield of product
c
 0 3.0 8.9 37.0 56.5 98.1 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1, entry 3: Isomerization of allyl propyl ether   

Following the general procedure, allyl propyl ether (3.3) (51.0 mg, 0.50 mmol) 

and catalyst 2.1 (6.0 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at 

room temperature. 

 For allyl propyl ether (3.3) in the mixture: 
1
H NMR (400 MHz, acetone-d6) δ 5.88 

(tdd, J = 5.2, 10.4, 17.2, 1H), 5.23 (dtd, J = 1.6, 1.6, 17.7, 1H), 5.08 (tdd, J = 1.6, 2.0, 

10.4, 1H), 3.92 (td, J = 1.6, 5.2, 2H), 3.35 (t, J = 6.8, 2H), 1.54 (qt, J = 6.8, 7.2, 2H), 0.89 

ppm (t, J = 7.2, 3H).  

For the prop-1-en-1-yl propyl ether (3.4) in the mixture: 
1
H NMR (400 MHz, 

acetone-d6) δ 6.23 (qd, J = 1.6, 12.8, 1H), 4.70 (qd, J = 6.8, 1H), 3.56 (t, J = 6.8, 2H), 

1.59 (qd, J = 7.6, 7.6, 2H), 1.50 (dd, J = 1.6, 6.8, 3H), 0.91 ppm (t, J = 7.6, 3H). 
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Table 3.9. Isomerization of allyl propyl ether (3.3) to prop-1-en-1-yl propyl ether (3.4) 

using 2 mol% catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 10 min 

CH(H)CHCH2O(CH2)2CH3 (5.88 ppm) 35.44 0 

CH(H)CHCH2O(CH2)2CH3 (5.23 ppm) 36.37 0 

CH(H)CHCH2O(CH2)2CH3 (5.08 ppm) 36.58 0 

CH(H)CHCH2O(CH2)2CH3 (3.35 ppm) 70.23 0 

units per proton
a
 35.72 0 

% starting material remaining
b
 100 0 

CH3CHCHO(CH2)2CH3 (6.23 ppm) 0 35.66 

CH3CHCHO(CH2)2CH3 (4.70 ppm) 0 35.72 

CH3CHCHO(CH2)2CH3 (3.56 ppm) 0 69.09 

units per proton
a
 0 35.12 

% yield of product
c
 0 98.3 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1, entry 4: Isomerization of allyloxy tert-butyldimethylsilane 

 Following the general procedure, allyl silyl ether 3.5 (86.8 mg, 0.50 mmol) and 

catalyst 2.1 (25.9 μL of 0.01 mM stock solution, 0.259 μmol, 0.05 mol%) were used.  

The reaction proceeded at room temperature. 

 For allyloxy tert-butyldimethylsilane (3.5) in the mixture: 
1
H NMR (400 MHz, 

acetone-d6) δ 5.91 (tdd, J = 4.8, 10.0, 16.8, 1H), 5.25 (dtd, J = 2.4, 2.4, 17.6, 1H), 5.03 

(tdd, J = 1.6, 2.0, 10.4, 1H), 4.17 (td, J = 2.0, 4.4, 2H), 0.91 (s, 9H), 0.07 ppm (s, 6H).  

For the (E)-tert-butyldimethyl(prop-1-enyloxy)silane (3.6) in the mixture: 
1
H 

NMR (400 MHz, acetone-d6) δ 6.27 (qd, J = 1.6, 12.0, 1H), 4.91 (qd, J = 6.8, 12.0, 1H), 

1.48 (dd, J = 2.0, 6.8, 3H), 0.91 (s, 9H), 0.18 ppm (s, 6H). 
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Table 3.10. Isomerization of allyloxy tert-butyldimethylsilane (3.5) to (E)-tert-butyl 

dimethyl(prop-1-enyloxy)silane (3.6) with 0.05 mol% 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 8 min 24 min 38 min 

CH(H)CHCH2OSiMe2tBu 

(5.91 ppm) 
32.88 9.21 1.32 0 

CH(H)CHCH2OSiMe2tBu 

(5.25 ppm) 
33.40 9.30 1.29 0 

CH(H)CHCH2OSiMe2tBu 

(5.03 ppm) 
33.43 9.39 1.39 0 

CH(H)CHCH2OSiMe2tBu 

(4.17 ppm) 
67.78 18.93 2.64 0 

units per proton
a
 33.50 9.37 1.33 0 

% starting material remaining
b
 100 27.9 3.9 0 

CH3CHCHOSiMe2tBu 

(6.27 ppm) 
0 23.75 31.77 33.56 

CH3CHCHOSiMe2tBu 

(4.91 ppm) 
0 23.53 31.17 32.90 

CH3CHCHOSiMe2tBu 

(1.48 ppm) 
0 71.66 94.53 100.01 

units per proton
a
 0 23.79 31.49 33.29 

% yield of product
c
 0 71.0 94.1 99.4 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1, like entry 4, but using 0.1 mol% catalyst 2.1: Isomerization of 

allyloxy tert-butyldimethylsilane 

 

   Following the general procedure, allyl silyl ether 3.5 (86.8 mg, 0.50 mmol) and 

catalyst 2.1 (50.8 μL of 0.01 mM stock solution, 0.508 μmol, 0.10 mol%) were used.  

The reaction proceeded at room temperature. 
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Table 3.11. Isomerization of allyloxy tert-butyldimethylsilane (3.5) to (E)-tert-butyl 

dimethyl(prop-1-enyloxy)silane (3.6) with 0.1 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 13 min 

CH(H)CHCH2OSiMe2tBu  

(5.91 ppm) 
48.21 0 

CH(H)CHCH2OSiMe2tBu  

(5.25 ppm) 
48.76 0 

CH(H)CHCH2OSiMe2tBu 

 (5.03 ppm) 
48.79 0 

CH(H)CHCH2OSiMe2tBu  

(4.17 ppm) 
98.36 0 

units per proton
a
 48.82 0 

% starting material remaining
b
 100 0 

CH3CHCHOSiMe2tBu  

(6.27 ppm) 
0 48.53 

CH3CHCHOSiMe2tBu  

(4.91 ppm) 
0 48.53 

CH3CHCHOSiMe2tBu  

(1.48 ppm) 
0 146.47 

units per proton
a
 0 48.71 

% yield of product
c
 0 99.8 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.1, entry 5: Isomerization of allyl phenyl ether   

Following the general procedure, allyl phenyl ether 3.7 (67.5 mg, 0.50 mmol) and 

catalyst 2.1 (5.7 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at room 

temperature. 

 For allyl phenyl ether (3.7) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

7.25-7.31 (m, 2H), 6.91-6.97 (m, 3H), 6.07 (tdd, J = 5.0, 10.5, 17.0, 1H), 5.42 (tdd, J = 

1.5, 2.0, 17.0, 1H), 5.24 (dtd, J = 1.5, 1.5, 11.0, 2H), 4.56 ppm (td, J = 1.5, 5.0, 2H).  
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For the (E)-propenyl phenyl ether (3.8) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.30-7.36 (m, 2H), 7.03 (tt, J = 1.0, 6.5, 1H), 6.96-7.01 (m, 2H), 6.56 (dtd, 

J = 1.5, 1.5, 12.0, 1H), 5.33 (qd, J = 7, 12.0, 1H), 1.66 ppm (dd, J = 1.5, 7.0, 3H). 

Table 3.12. Isomerization of allyl phenyl ether (3.7) to (E)-prop-1-en-1-yl phenyl ether 

(3.8) using 2 mol% catalyst 2.1   

integrals in arbitrary units and derived per cent starting material remaining and product 

yields. 

Time 0 h 15 min 30 min 45 min 4 h 

CH(H)CHCH2OPh (6.07 ppm) 70.72 19.35 2.43 0 0 

CH(H)CHCH2OPh (5.42 ppm) 72.05 19.86 3.37 0 0 

CH(H)CHCH2OPh (5.24 ppm) 71.98 20.00 2.66 0 0 

CH(H)CHCH2OPh (4.56 ppm) 142.52 38.03 4.89 0.95 0 

units per proton
a
 71.45 19.45 2.67 0.19 0 

% starting material remaining
b
 100 27.2 3.7 0.3 0 

CH3CHCHOPh (6.56 ppm) 0 50.72 66.64 68.24 69.05 

CH3CHCHOPh (5.33 ppm) 0 50.67 65.54 67.72 67.39 

units per proton
a
 0 50.70 66.09 67.98 68.22 

% yield product
c
 0 71.0 92.5 95.1 95.5 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.1, entry 6: Isomerization of allyl 4-methyl benzoate (2.28) at 70 
o
C   

 

Following the general procedure, allyl 4-methyl benzoate 2.28 (89.1 mg, 0.51 

mmol) and catalyst 2.1 (6.3 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded 

at 70 
o
C. 

 For allyl 4-methyl benzoate (2.28) in the mixture: 
1
H NMR (400 MHz, acetone-

d6) δ 7.90-7.97 (AA’ m of AA’BB’, 2H), 7.28-7.34 (BB’ m of AA’BB’, 2H), 6.08 (tdd, J 

= 5.6, 10.8, 17.2, 1H), 5.41 (dtd, J = 1.6, 1.6, 17.2, 1H), 5.26 (tdd, J = 1.2, 1.6, 10.4, 1H), 

4.80 (td, J = 1.6, 5.6, 2H), 2.40 (s, 3H).  
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For the (E)-prop-1-en-1-yl 4-methyl benzoate (2.29) in the mixture: 
1
H NMR (500 

MHz, acetone-d6) δ 7.92-7.99 (AA’ m of AA’BB’, 2H), 7.32-7.37 (BB’ m of AA’BB’, 

2H), 7.30 (qd, J = 1.5, 12.5, 1H), 5.61 (qd, J = 7.0, 12.5, 1H), 2.41 (t, J = 6.0, 3H), 1.69 

ppm (dd, J = 2.0, 7.5, 3H). 

Partial data for tentatively identified (Z)-propenyl 4-methyl benzoate in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.25 (qd, J = 2.0, 6.0, 1H), 5.08 (qd, J = 7.0, 

7.0, 1H), 1.79 (dd, J = 2.0, 7.0, 3H). 

Table 3.13. Isomerization of allyl 4-methyl benzoate (2.28) to prop-1-en-1-yl 4-methyl 

benzoate (2.29) using 2 mol% catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h 3 h 24 h 

 

155.78 9.00 7.76 9.66 

 

161.35 7.89 8.14 9.14 

  

319.81 16.12 16.26 16.32 

units per proton 159.24 8.25 8.04 8.78 

% starting material remaining 100 5.2 5.0 5.5 

 

0 151.43 145.83 147.61 

 

0 438.30 423.58 422.39 
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Table 3.13 continuned. 

 

Time 0 h 1 h 3 h 24 h 

units per proton 0 147.43 142.35 142.50 

% yield product 0 92.6 89.4 89.4 

 

0 8.10 11.25 15.07 

 

0 25.13 32.51 37.36 

units per proton 0 8.31 10.94 13.11 

% yield cis-isomer 0 5.2 6.9 8.2 
aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 
per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1 entry 7: Isomerization of 1-allylcycohexan-1-ol   

Following the general procedure, 1-allylcyclohexan-1-ol 3.9 (70.4 mg, 0.50 

mmol) and catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeds 

at room temperature. 

 For 1-allyl-cyclohexan-1-ol (3.9) in the mixture: 
1
H NMR (500 MHz, acetone-d6) 

δ 5.87-5.98 (m, 1H), 5.01-5.04 (m, 1H), 4.97-5.01 (m, 1H), 2.97 (s, 1H), 2.18 (td, J = 1.0, 

1.5, 7.5, 2H), 1.58-1.76 (m, 2H), 1.46-1.55 (m, 3H), 1.32-1.46 ppm 

(m, 4H).  

 For the 1-(prop-1-en-1-yl)cyclohexan-1-ol (3.10) in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.63 (qd, J = 6.0, Jab = 15.5, 1H), 5.56 (td, J 

= 1.0, 1.5, Jab = 15.5, 1H), 3.12 (s, 1H), 1.62-1.73 (m, 2H), 1.63 (dd, J = 1.5, 6, 3H), 

1.47-1.55 (m, 3H), 1.37-1.47 ppm (m, 4H). 

 



280 

 

 

 

 

Table 3.14. Isomerization of 1-allyl-cyclohexan-1-ol (3.9) to 1-(prop-1-en-1-yl)-

cyclohexan-1-ol (3.10) using 2 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h 2 h 5 h 24 h 48 h 

 

184.74 139.32 112.08 62.93 16.18 16.63 

 

370.95 282.59 226.73 127.04 33.27 32.82 

 units per protona 185.23 140.63 112.94 63.32 16.48 16.48 

 % starting material remainingb 100 75.9 61.0 34.2 8.9 8.9 

 

0 80.28 69.81 118.77 335.45 332.05 

units per protona 0 80.28 69.81 118.77 167.73 166.03 

% yield of productc 0 21.7 37.7 64.1 90.5 89.6 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1, entry 8: Isomerization of 1-allyl-4-tert-butylcycohexan-1-ol 

  Following the general procedure, 1-allyl-4-tert-butylcyclohexan-1-ol 3.11 (91.1 

mg, 0.50 mmol) and catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol%) were used.  The reaction 

proceeded at room temperature. 

 For 1-allyl-4-tert-butylcyclohexan-1-ol (3.11) in the mixture: 
1
H NMR (500 

MHz,acetone-d6) δ 5.87-5.98 (m, 1H), 5.02 (d, J = 1.5, 1H), 4.97-5.01 (m, 1H), 2.87 (s, 

1H), 2.15 (d, J = 7.5, 2H), 1.65 (dtd, J = 3.0, 3.0, 7.0, 2H), 1.52 (dd, J = 3.0, 12.0, 2H), 

1.45 (dq, J = 3.5, 12.5, 2H), 1.29 (dt, J = 4.5, 13.0, 2H), 0.86 ppm (s, 9H).  
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For the 1-(prop-1-en-1-yl)-4-tert-butyl-cyclohexan-1-ol (3.12) in the mixture: 
1
H 

NMR (500 MHz, acetone-d6) δ 5.62 (qd, J = 6.5, 15.5, 1H), 5.54 (dd, J = 1.0, 15.5, 1H), 

2.95 (br s, 1H), 1.63 (dd, J = 1.0, 6.0, 3H), 1.59-1.66 (m, 2H), 1.44-1.54 (m, 4H), 1.32-

1.41 (m, 2H), 0.86 ppm (s, 9H). 

Table 3.15. Isomerization of 1-allyl-4-tert-butylcyclohexan-1-ol (3.11) to 1-(prop-1-en-

1-yl)-4-tert-butyl-cyclohexan-1-ol (3.12) using 2 mol% catalyst 2.1  

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h  2 h 5 h 24 h 

  

83.99 52.11 32.91 10.32 7.13 

  

167.30 105.61 67.67 19.50 14.52 

 units per proton
a
 83.76 52.57 33.53 9.94 7.22 

 % starting material remaining
b
 100 62.8 40.0 11.9 8.6 

 

0 31.65 50.56 74.97 77.37 

 

0 31.82 50.39 73.64 76.31 

units per proton
a
 0 31.74 50.48 74.31 76.84 

% yield of product
c
 0 37.9 60.3 88.7 91.7 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.1, entry 10a: Isomerization of eugenol using 0.01 mol% catalyst 

2.1 

 Following the general procedure, eugenol 3.15 (83,2 mg, 0.51 mmol) and catalyst 

2.1 (5.2 μL of 0.01 mM stock solution, 0.052 μmol, 0.01 mol%) were used.  The reaction 

proceeded at room temperature. 
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Table 3.16. Isomerization of eugenol (3.15) to trans-isoeugenol (3.16) using 0.01 mol% 

catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 0.5 h 1 h 2.2 h 6 h 24 h 45 h 

 

125.21 96.06 76.58 56.12 23.06 1.35 0 

 

253.25 197.90 155.00 117.39 47.49 2.23 0 

 

252.21 197.63 155.58 115.02 46.05 2.16 0 

units per proton
a
 126.13 98.32 77.43 57.71 23.32 1.15 0 

% starting 

material 

remaining
b
 

100 77.9 61.4 45.7 18.5 0.9 0 

 

0 27.46 49.15 70.90 102.58 124.94 125.50 

 

0 28.28 49.37 72.12 103.05 125.73 126.33 

 

0 82.24 145.10 213.29 307.45 373.02 372.31 

units per proton
a
 0 27.59 48.72 71.26 102.62 124.74 124.83 

% yield of 

product
c
 

0 21.9 38.6 56.5 81.4 98.9 99.0 
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aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
 

Chapter 3, Table 3.1, entry 10b: Isomerization of eugenol using 0.05 mol% catalyst 

2.1  

Following the general procedure, eugenol 3.15 (82.9 mg, 0.50 mmol) and catalyst 

2.1 (26.0 μL of 0.01 mM stock solution, 0.26 μmol, 0.05 mol%) were used.  The reaction 

proceeded at room temperature. 

 For eugenol (3.15) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.26 (s, 1H), 

6.78 (d, J = 2.0, 2H), 6.77 (d, J = 8.0, 1H), 6.64 (dd, J = 2.0, 8.0, 1H), 5.95 (tdd, J = 6.5, 

10.0, 17.0, 1H), 5.06 (dtd, J = 2.0, 2.0, 17.0, 1H), 5.00 (tdd, J = 1.0, 2.0, 10.0, 1H), 3.81 

(s, 3H), 3.29 ppm (d, J = 7.0, 2H).  

For trans-isoeugenol (3.16) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

7.44 (s, 1H), 6.99 (d, J = 1.5, 1H), 6.80 (dd, J = 2.0, 8.0, 1H), 6.76 (d, J = 8.0, 1H), 6.32 

(qd, J = 2.0, 15.5, 1H), 6.09 (qd, J = 7.0, 15.5, 1H), 3.84 (s, 3H), 1.81 ppm (dd, J = 2.0, 

7.0, 3H). 

Table 3.17. Isomerization of eugenol (3.15) to trans-isoeugenol (3.16) using 0.05 mol% 

catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 10 min 20 min 

 

134.07 2.96 0 

    

273.16 5.85 0 

 



284 

 

 

 

Table 3.17 continued. 

 

Time 0 h 10 min 20 min 

 

271.26 5.49 0 

 units per proton
a
 135.70 2.86 0 

 % starting material 

remaining
b
 

100 2.1 0 

 

0 135.32 136.60 

 

0 135.71 137.61 

 

0 402.95 411.07 

units per proton
a
 0 134.80 137.06 

% yield of product
c
 0 99.3 100.9 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.1, like entry 10b, but isomerization of eugenol using 0.1 mol% 

catalyst.   

 

Following the general procedure, eugenol 3.16 (83.5 mg, 0.51 mmol) and catalyst 

2.1 (51.0 μL of 0.01 mM stock solution, 0.51 μmol, 0.10 mol%) were used.  The reaction 

proceeded at room temperature 



285 

 

 

 

Table 3.18. Isomerization of eugenol (3.16) to trans-isoeugenol (3.17) using 0.1 mol% 

catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 12 min 

 

40.44 0 

    

81.96 0 

 

81.37 0 

 units per proton
a
 40.75 0 

 % starting material remaining
b
 100 0 

 

0 41.53 

 

0 41.21 

 

0 121.22 

units per proton
a
 0 40.79 

% yield of product
c
 0 >100 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.1, entry 10c: Isomerization of eugenol under neat conditions 

using 0.1 mol% catalyst 2.1 

 

In the glove box, a round bottomed flask equipped with stir bar was added 

eugenol 3.16 (5.3182 g, mol) and catalyst 2.1 (19.1 mg, 0.0315 mmol, 0.097 mol%).  The 

reaction was allowed to proceed at room temperature.  Immediately following catalyst 

addition the reaction mixture became warm, which has not been noticed when solvent is 

used.  Aliquots were removed at the following times: 3 min, 10 min, 13 min, 20 min, and 

diluted with deoxygenated CDCl3.  
1
H NMR (500 MHz, CDCl3) determined 90% and 

100% conversion to 3.17 at 3 and 10 min, respectively.  The reaction mixture was 

purified by vacuum distillation (102 
o
C, 2 torr) to afford colorless 3.17 (4.59 g, 86.2%) 

which solidified. 

 

Figure 3.7.  Graphic view illustrating the complete isomerization of eugenol (3.16) to 

trans-isoeugenol (3.17) with: a) 0.01 mol% 2.1, b) 0.05 mol% 2.1, and c) 0.1 mol% 2.1. 

 

 

Figure 3.7 represents full conversion of reactant eugenol (3.16) to trans-

isoeugenol (3.17) with catalyst 2.1, demonstrating how the reaction proceeds at a rapid 

rate using even as low as 0.05 mol% 2.1 (black line).  This graphic view summarizes the 
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results from Tables 3.16-3.18 in a visually attractive manner, presenting the introduction 

of 3.17 (blue line) with concominent disappearance of 3.16 (red line) using 0.01 mol% 

catalyst 2.1. 

 

Chapter 3, Table 3.1, entry 11a: Isomerization of allyl anisole using 0.05 mol% 

catalyst 2.1.  

Following the general procedure, allyl anisole 3.18 (76.5 mg, 0.50 mmol) and 

catalyst 2.1 (26.2 μL of 0.01 mM stock solution, 0.262 μmol, 0.05 mol%) were used.  

The reaction proceeded at room temperature. 

 For allyl anisole (3.18) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.06-

7.11 (BB’ m of AA’BB’, 2H)), 6.81-6.86 (AA’ m of AA’BB’ 2H), 5.93 (tdd, J = 6.8, 

10.0, 16.9, 1H), 5.03 (tdd, J = 1.6, 2.0, 17.1, 1H), 4.99 (tdd, J = 1.0, 2.0, 10.0, 1H), 3.73 

(s, 3H), 3.30 ppm (d, J = 6.8, 2H).  

For the trans-anethole (3.19) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

7.22-7.31 (AA’ m of AA’BB’, 2H), 6.80-6.87 (BB’ m of AA’BB’, 2H), 6.36 (dd, J = 1.5, 

16.0, 1H), 6.11 (qd, J = 6.5, 16.0, 1H), 3.77 (s, 3H), 1.82 ppm (dd, J = 1.5, 6.5, 3H). 

Table 3.19. Isomerization of allyl anisole (3.18) to trans-anethole (3.19) using 0.05 

mol% catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 7 min 17 min 25 min 40 min 

  

85.76 51.67 22.15 5.04 0 
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Table 3.19 continued. 

 

Time 0 h 7 min 17 min 25 min 40 min 

 

175.92 105.45 43.77 9.83 0 

 

177.53 105.70 43.86 9.59 0 

 units per proton
a
 87.84 52.56 21.96 4.89 0 

 % starting material 

remaining
b
 

100 59.8 25.0 5.6 0 

  

0 35.79 65.73 82.65 86.93 

 

0 36.48 66.31 83.32 88.02 

 

0 106.04 197.06 249.74 260.22 

units per proton
a
 0 35.66 65.82 83.14 87.03 

% yield product
c
 0 40.6 25.0 94.7 99.1 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.1, entry 11b: Isomerization of allyl anisole   

Following the general procedure, allyl anisole 3.18 (158.2 mg, 1.07 mmol) and 

catalyst 2.1 (108 μL of 0.01 mM stock solution, 1.08 μmol, 0.10 mol%) were used.  The 

reaction proceeded at room temperature. 
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Table 3.20. Isomerization of allyl anisole (3.18) to trans-anethole (3.19) using 0.1 mol% 

catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 10 min 

  

224.20 0 

 

460.85 0 

 

458.99 0 

 units per proton
a
 228.81 0 

 % starting material 

remaining
b
 

100 0 

  

0 230.14 

 

0 231.41 

 

0 686.70 

units per proton
a
 0 229.60 

% yield product
c
 0 >100 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.1, entry 12: Isomerization of (4-allyl-2-methoxyphenoxy) tert-

butyldimethyl silane.   

 

Following the general procedure, (4-allyl-2-methoxyphenoxy) tert-butyldimethyl 

silane (3.20) (81.8 mg, 0.29 mmol) and catalyst 2.1 (30.0 μL of 0.01 mM stock solution, 

0.3 μmol, 0.10 mol%) were used.  The reaction proceeded at room temperature. 

 For (4-allyl-2-methoxyphenoxy) tert-butyldimethyl silane (3.20) in the mixture: 

1
H NMR (500 MHz, acetone-d6) δ 6.78 (d, J = 2.0, 1H), 6.76 (d, J = 8.5, 1H), 6.63 (dd, J 

= 2.0, 8.5, 1H), 5.95 (tdd, J = 2.0, 10.0, 17.0, 1H), 4.98-5.10 (m, 2H), 3.78 (s, 3H), 3.30 

(d, J = 7.0, 2H), 0.99 (s, 9H), 0.14 ppm (s, 6H).  

For (E)-(2-methoxy-4-(propenyl)phenoxy) (tert-butyl)dimethyl silane (3.21) in 

the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 6.98 (d, J = 1.5, 1H), 6.89 (dd, J = 1.5, 

8.5, 1H), 6.76 (d, J = 8.5, 1H), 6.33 (dd, J = 1.5, 16.0, 1H), 6.13 (qd, J = 6.5, 13.5, 1H), 

3.82 (s, 3H), 1.81 (dd, J = 1.5, 6.5, 3H), 0.99 (s, 9H), 0.15 ppm (s, 6H). 

Table 3.21. Isomerization of (4-allyl-2-methoxyphenoxy) tert-butyl dimethyl silane 

(3.20) to (E)-(2-methoxy-4-(propenyl)phenoxy) (tert-butyl)dimethyl silane (3.21) using 

0.1 mol% catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 15 min 

 

23.64 0 

    

47.83 0 
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Table 3.21 continued. 

 

Time 0 h 15 min 

 

47.28 0 

 units per proton
a
 23.75 0 

 % starting material remaining
b
 100 0 

 

0 22.78 

 

0 22.74 

 

0 67.29 

units per proton
a
 0 22.56 

% yield of product
c
 0 95.0 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.2, entry 1: Isomerization of 2-methyl-4-pentene (2.72)   

Following the general procedure, 2-methyl-4-pentene 2.72 (42.8 mg, 0.50 mmol) 

and catalyst 2.1 (5.4 mg, 0.009 mmol, 1.8 mol%) were used.  The reaction proceeded at 

room temperature. 

 For the 2-methyl-4-pentene (2.72) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 5.79 (tdd, J = 7.0, 10.0, 17.0, 1H), 4.93-5.01 (m, 2H), 1.94 (dddd, J = 1.0, 1.5, 7.0, 

7.0, 2H), 1.64 (septet, J = 7.0, 1H), 0.89 ppm (d, J = 7.0, 6H).  
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For the 2-methyl-3-pentene (2.73) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 5.31-5.43 (m, 2H), 2.16- 2.27 (m, 1H), 1.60 (dd, J = 1.0, 4.5, 2H), 0.94 ppm (d, J = 

6.5, 6H). 

Table 3.22. Isomerization of 2-methyl-4-pentene (2.72) to 2-methyl-3-pentene (2.73) 

using 1.8 mol% catalyst 2.1  

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 15 min 30 min 90 min 105 min 2 h 

CH2CHCH2CH(CH3)2  

(5.79 ppm) 

64.93 9.35 2.67 2.24 2.52 2.28 

CH2CHCH2CH(CH3)2  

(4.93-5.01 ppm) 

131.63 18.15 6.17 5.33 5.54 5.35 

units per proton
a
 65.52 9.17 2.94 2.52 2.69 2.54 

% starting material
b
 100 13.9 4.5 3.9 4.1 3.9 

CH3CHCHCH(CH3)2  

(5.31-5.43 ppm) 

0 114.13 124.79 125.57 124.45 124.66 

CH3CHCHCH(CH3)2  

(2.16-2.27 ppm) 

0 58.67 63.76 63.97 62.84 63.68 

units per proton
a
 0 57.60 62.85 63.18 62.43 62.78 

% yield product
c
 0 87.9 95.9 96.4 95.3 95.8 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.2, entry 2: Isomerization of 2-allylcyclohexanone  

Following the general procedure, 2-allylcyclohexanone 3.21 (69.5 mg, 0.50 

mmol) and catalyst 2.1 (6.4 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded 

at room temperature. 

 For 2-allyl-cyclohexanone (3.21) in the mixture: 
1
H NMR (500 MHz,acetone-d6) 

δ 5.73-5.83 (m, 1H), 4.99 (tdd, J = 1.5, 2.0, 17.0, 1H), 4.94 (tdd, J = 1.0, 1.0, 10.0, 1H), 

2.43-2.52 (m, 1H), 2.30-2.43 (m, 2H), 2.26 (tddd, J  = 1.5, 1.5, 1.5, 13.0, 1H), 2.07-2.15 
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(m, 1H), 1.98-2.07, 1.87-1.97 (m, 1H), 1.84 (dttd, J  = 1.5, 2.0, 2.0, 13.0, 1H), 1.65-1.76 

(m, 1H), 1.55-1.65 (m, 1H),  1.31 ppm (dtd, J = 3.5, 12.0, 13.0, 1H).  

For the 2-(prop-1-en-1-yl)cyclohexanone (3.22) in the mixture: 
1
H NMR (500 

MHz, acetone-d6) δ 5.63 (qdd, J = 1.5, 7.5, 15.5, 1H), 5.41 (dqd, J = 1.0, 6.5, 15.5, 1H), 

3.01 (m, 1H), 2.23-2.37 (m, 2H), 1.94-2.06 (m, 2H), 1.79-1.88 (m, 1H), 1.63-1.78 (m, H), 

1.65 (qd, J = 1.0, 6.5, 3H), 1.52-1.62 ppm (m, 1H). 

Table 3.23. Isomerization of 2-allyl cyclohexanone (3.21) to 2-(prop-1-en-1-yl) 

cyclohexanone (3.22) using 2 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 30 min 45 min 1 h 6 h 

 

59.19 11.12 6.18 3.73 3.58 

 

120.37 23.27 11.74 10.03 8.58 

units per proton
a
 59.85 11.46 5.97 4.59 4.05 

% starting material 

remaining
b
 

100 19.2 9.9 7.6 6.7 

   

0 48.63 56.01 54.71 54.78 

 

0 49.53 57.38 56.48 55.72 

units per proton
a
 0 49.08 56.70 55.60 55.25 

% yield product
c
 0 82.4 94.7 92.9 92.3 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 
per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.2, entry 3 : Isomerization of pent-4-enyl methanesulfonate 

  Following the general procedure, pent-4-enyl methanesulfonate 3.23 (79.7 mg, 

0.49 mmol) and catalyst 2.1 (8.9 mg, 0.015 mmol, 3 mol%) were used.  The reaction 

proceeded at room temperature. 

For pent-4-enyl methanesulfonate (3.23) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ  5.85 (tdd, J = 6.8, 10.4, 17.2, 1H), 5.07 (tdd, J = 1.6, 1.6, 16.8, 1H), 4.99 

(tdd, J = 1.2, 2.0, 10.0, 1H), 4.24 (t, J = 6.4, 2H), 3.07 (s, 3H), 2.13-2.24 (m, 2H), 1.78-

1.88 ppm (m, 2H).  

For the pent-3-enyl methanesulfonate (3.24) in the  mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 5.60 (tqd, J = 1.4, 6.3, 15.3, 1H), 5.45 (qtd, J = 1.6, 6.7, 15.3, 1H), 4.20 (t, 

J = 6.7, 2H), 3.06 (s, 3H), 2.41 (tq, J = 1.3, 6.7, 2H), 1.65 ppm (tdd, J = 1.3, 1.4, 6.4, 3H).  

Table 3.24. Isomerization of pent-4-enyl methanesulfonate (3.23) to pent-3-enyl methane 

sulfonate (3.24) using 3 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 5 min  1 h 2 h 23 h 

  

51.58 24.17 15.40 12.14 8.21 

  
51.69 23.21 14.26 11.01 7.33 

 

51.73 23.08 14.41 11.23 7.46 

 

102.29 47.46 30.16 23.64 15.20 

  

101.91 46.96 30.44 24.55 16.08 
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Table 3.24 continued. 

 

Time 0 h 5 min  1 h 2 h 23 h 

units per proton
a
 51.31 23.57 14.95 11.79 6.69 

% starting material remaining
b
 100 45.9 29.1 22.9 13.0 

 
(5.60 ppm) 

0 28.52 36.50 38.66 42.37 

 
(5.44 ppm)  

0 29.96 38.36 40.08 43.64 

 
(2.41 ppm) 

0 58.28 74.85 78.68 85.54 

 
(1.65 ppm) 

0 87.14 112.17 118.81 129.09 

units per proton
a
 0 29.13 37.41 39.46 42.95 

% yield product
c
 0 56.8 72.9 76.9 83.7 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.2, entry 4: Isomerization of N-tosyl-N-BOC-pent-4-en-1-amine 

(2.26) to (E)-N-tosyl-N-BOC-pent-3-en-1-amine (2.27) 

   

Following the general procedure, alkene 2.26 (168.9 mg, 0.50 mmol) and catalyst 

2.1 (6.3 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at ambient 

temperature for 4 h, at which point the mixture was purified by flash chromatography 

over silica (6 in x ¾ in) using a gradient of 100% petroleum ether.  After concentration 

by rotary evaporation, white crystals were isolated in 78% yield (131.9 mg), which 

included approximately 3% of the starting material.  

For the (E)-alkene product 2.27 isolated: 
1
H NMR (400 MHz, acetone-d6) δ 7.81-

7.87 (m, 2H), 7.43 (d, J = 8.4, 2H), 5.48-5.57 (m, 1H), 5.34-5.48 (m, 1H), 3.83 (~t, J = 

7.2, 2H, AA’ of AA’BB’), 2.43 (s, 3H), 1.63 (qd, J = 1.2, 6.4, 2H), 1.33 ppm (s, 9H).  
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Elemental analysis calculated for C17H25NO4S (339.43): C, 60.15; H, 7.42; N, 4.13.  

Found: C, 60.53; H, 7.62; N, 4.59. 

 

 

Chapter 3, Figure 3.2, entry 1: Isomerization of (2-methyl-allyloxy)benzene 

Following the general procedure, (2-methylallyloxy)benzene 3.25 (88.5 mg, 0.50 

mmol) and catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded 

at room temperature. 

 For (2-methylallyloxy)benzene (3.25) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.25-7.31 (m, 2H), 6.90-6.98 (m, 3H), 5.10 (d, J = 1.0, 1H), 4.97 (d, J = 

1.0, 1H), 4.47 (s, 2H), 1.82 ppm (d, J = 0.5, 3H).  

For the (2-methylpropenyloxy)benzene (3.26) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.28-7.33 (m, 2H), 6.96-7.03 (m, 3H), 6.33 (septet, J = 1.5, 1H), 1.69 (d, J 

= 1.5, 3H), 1.68 ppm (d, J = 1.5, 3H). 

Table 3.25. Isomerization of (2-methylallyloxy)benzene (3.25) to 2-(methylpropenyloxy) 

benzene (3.26) using 2 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h 2 h 5 h 29 h 

CH(H)C(CH3)CH2OPh  

(5.10 ppm) 

132.01 88.11 65.67 30.43 0 

CH(H)C(CH3)CH2OPh  

(4.97 ppm) 

130.95 93.35 71.75 29.95 0 

CH(H)C(CH3)CH2OPh  

(4.47 ppm) 

262.94 174.74 130.47 60.61 1.21 

units per proton
a
 131.48 89.05 66.97 30.25 0.24 

% starting material 

remaining
b
 

100 67.7 50.9 23.0 0.2 

(CH3)2CCHOPh  

(6.33 ppm) 

0 44.04 65.92 100.37 130.20 
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Table 3.25 continued. 

Time 0 h 1 h 2 h 5 h 29 h 

(CH3)2CCHOPh  

(1.70 ppm) 

0 265.54 398.82 605.77 781.47 

units per proton
a
 0 44.23 66.39 100.88 130.24 

% yield product
c
 0 33.6 50.5 76.7 99.1 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Figure 3.2, entry 2: Isomerization of methylenecyclohexane   

Following the general procedure, methylene cyclohexane 3.27 (48.7 mg, 0.50 

mmol) and catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded 

at 70 
o
C. 

 For methylenecyclohexane (3.27) in the mixture: 
1
H NMR (500 MHz, acetone-d6) 

δ 4.56 (t, J = 1.0, 2H), 2.08-2.15 (br m, 4H), 1.53 ppm (br s, 6H).  

For the 1-methyl-cyclohexene (3.28) in the mixture: 
1
H NMR (500 MHz, acetone-

d6) δ 5.36 (qdd, J = 1.8, 1H), 1.91-1.96 (m, 2H), 1.85-1.91 (br m, 2H), 1.57-1.64 (m, 5H), 

1.49-1.56 ppm (m, 2H). 

Table 3.26. Isomerization of methylenecyclohexane (3.27) to 1-methyl-cyclohexene 

(3.28) using 2 mol% catalyst 2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 1 h 2 h 24 h 

 

216.94 8.39 2.11 1.97 

 units per proton
a
 108.47 4.19 1.06 0.98 

 % starting material 

remaining
b
 

100 3.9 1.0 0.9 
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Table 3.26 continued. 

Time 0 h 1 h 2 h 24 h 

  

0 103.62 105.09 106.88 

units per proton
a
 0 103.62 105.90 106.88 

% starting material 

remaining
c
 

0 95.5 96.9 98.5 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Figure 3.2, entry 3: Isomerization of 1-methylene-1,2,3,4-tetra 

hydronaphthalene 

   

Following the general procedure, exo-cyclic alkene 3.29 (72.4 mg, 0.50 mmol) 

and catalyst 2.1 (6.1 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at 

room temperature. 

 For 1-methylene-1,2,3,4-tetrahydronaphthalene (3.29) in the mixture: 
1
H NMR 

(500 MHz, acetone-d6) δ 7.64-7.70 (m, 1H), 7.07-7.19 (m, 3H), 5.50 (d, J = 1.0, 1H), 

4.94 (d, J = 1.5, 1H), 2.82 (t, J = 6.5, 2H), 2.53 (tt, J = 1.5, 6.5, 2H), 1.79-1.86 ppm (m, 

2H).  

For 4-methyl-1,2-dihydronaphthalene (3.30) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.21-7.22 (m, 1H), 7.15-7.21 (m, 1H), 7.12 (d, J = 2.0, 2H), 5.86 (qt, J = 

1.5, 4.5, 1H), 2.72 (t, J = 7.5, 2H), 2.17-2.24 (m, 2H), 2.03 ppm (q, J = 1.5, 3H). 
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Table 3.27. Isomerization of 1-methylene-1,2,3,4-tetrahydronaphthalene (3.29) to 4-

methyl-1,2-dihydronaphthalene (3.30) using 2 mol% catalyst 2.1  

Preliminary data (measured integrals in arbitrary units) and derived per cent starting 

material remaining and product yields. 

Time 0 h 1 hr 2 hr 

   

72.55 2.00 0 

  

72.10 2.13 0 

 units per proton
a
 72.33 2.07 0 

% starting material remaining
b
 100 2.9 0 

  

0 70.06 71.06 

units per proton
a
 0 70.06 71.06 

% yield of product
c
 0 96.9 98.2 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.3, entry 1: equilibration of tert-butyl-3-methylbut-3-enyloxy-

diphenylsilane (2.24) at 70 
o
C with tert-butyl-3-methylbut-2-enyloxydiphenylsilane 

(2.25) 

 

Following the general procedure, tert-butyl-3-methylbut-3-enyloxydiphenylsilane, 

2.24, (162.2 mg, 0.50 mmol) and catalyst 2.1 (6.4 mg, 0.01 mmol, 2 mol%) were used.   

For the substrate tert-butyl-3-methylbut-3-enyloxydiphenylsilane (2.24) in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.68-7.73 (m, 4H), 7.37-7.45 (m, 6H), 4.73-

4.77 (m, 1H), 4.68-4.73 (m, 1H), 3.80 (t, J = 6.5, 2H), 2.29 (br t, J = 6.5, 2H), 1.66-1.69 

(m, 3H), 1.05 ppm (s, 9H). 
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For the product tert-butyl-3-methylbut-2-enyloxydiphenylsilane (2.25) in the 

mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.69-7.74 (m, 4H), 7.37-7.45 (m, 6H), 5.40 

(qt, J = 1.5, 6.5, 1H), 4.24 (d, J = 6.5, 2H), 1.66 (s, 3H), 1.45 (s, 3H), 1.05 (s, 9H).   

Table 3.28. Equilibration of tert-butyl-3-methylbut-3-enyloxy-diphenylsilane (2.24) at 70 
o
C with tert-butyl-3-methylbut-2-enyloxydiphenylsilane (2.25) using 2 mol% catalyst 2.1 

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yield. 

Time 0 h 1 h 4 h 18 h 47 h 

 

126.55 41.28 41.81 43.87 38.89 

 

124.37 43.56 43.72 45.16 39.80 

 

124.37 39.59 40.07 42.66 38.01 

units per proton
a
 62.22 20.74 20.93 21.94 19.45 

% starting material remaining
b
 100 33.3 33.6 35.2 31.2 

 

0 41.34 42.29 44.30 39.57 

 

0 81.21 82.45 86.90 77.93 

units per proton
a
 0 40.85 41.58 43.73 39.17 

% yield of product
c
 0 65.7 66.8 70.2 62.9 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.3, like entry 1, but at room temperature: equilibration of tert-

butyl-3-methylbut-3-enyloxy-diphenylsilane (2.24) with tert-butyl-3-methylbut-2-

enyloxy-diphenylsilane (2.25)   
 

Same as reaction conducted at 70 
o
C, but tert-butyl-3-methylbut-3-

enyloxydiphenylsilane (2.24) (162.2 mg, 0.50 mmol) and catalyst 2.1 (6.4 mg, 0.01 

mmol, 2 mol%) were used, and the reaction was carried out at room temperature. 

Table 3.29.  Equilibration of tert-butyl-3-methylbut-3-enyloxy-diphenylsilane (2.24) at 

room temperature with tert-butyl-3-methylbut-2-enyloxy-diphenylsilane (2.25) using 2 

mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 2 h 4 h 26 h 

 

120.00 84.74 78.61 36.65 

 

117.05 86.39 79.72 37.58 

 

112.88 81.12 75.43 35.17 

units per proton
a
 57.53 42.04 38.96 18.20 

% starting material remaining
b
 100 71.5 66.6 31.0 

 

0 15.11 24.44 40.19 

 

0 29.54 48.12 79.28 

units per proton
a
 0 14.88 24.19 39.06 

% yield of product
c
 0 25.9 42.0 67.9 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.3, entry 1, the reverse reaction: equilibration of tert-butyl-3-

methylbut-2-enyloxy-diphenylsilane (2.25) at room temperature with tert-butyl-3-

methylbut-3-enyloxy-diphenylsilane (2.24) 

 

Same as the previous entry, but tert-butyl-3-methylbut-2-enyloxydiphenylsilane 

2.25 (161.4 mg, 0.50 mmol) and catalyst 2.1 (6.3 mg, 0.01 mmol, 2 mol%) were used, 

and the reaction was carried out at room temperature. 

Table 3.30.  Equilibration of tert-butyl-3-methylbut-2-enyloxy-diphenylsilane (2.25) at 

room temperature with tert-butyl-3-methylbut-3-enyloxy-diphenylsilane (2.24) using 2 

mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 2 h 20 h 190 h 

  

29.89 19.53 19.38 19.01 

  

58.90 39.32 38.97 38.42 

Units per proton
a
 29.59 19.61 19.45 19.14 

% starting material remaining
b
 100 66.3 65.7 64.7 

  

0 19.19 19.16 18.73 

 

0 20.51 19.86 19.17 

units per proton
a
 0 9.93 9.76 9.48 

% yield of product
c
 0 34.9 34.3 33.3 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 
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Chapter 3, Table 3.3, entry 2: Equilibration of (but-1-en-2-yl)benzene (2.75) with 

[(E)-but-2-en-2-yl]benzene (2.76) 

 

Following the general procedure, alkene 2.75 (66.6 mg, 0.50 mmol) and catalyst 

2.1 (15.4 mg, 0.026 mmol, 5 mol%) were used.  The reaction proceeded at 70 
o
C.  

 For (but-1-en-2-yl)benzene (2.75) in the mixture: 
1
H NMR (500 MHz, acetone-d6) 

δ 7.40-7.45 (m, 2H), 7.28- 7.34 (m, 2H), 7.22-7.28 (m, 1H), 5.27 (t, J = 0.5, 1H), 5.05 

(dt, 
2
JHH ≈ 

4
JHH ≈ 1.5, 1H), 2.51 (ddq, J  = 0.5, 1.0, 7.5, 2H), 1.06 ppm (t, J = 7.5, 3H). 

  For the [(E)-but-2-en-2-yl]benzene (2.76) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.32-7.36 (m, 2H), 7.23-7.26 (m, 1H), 7.18-7.23 (m, 2H), 5.57 (qq, J = 1.5, 

7.0, 1H), 2.00 (quintet, J = 1.5, 3H), 1.56 ppm (qd, J = 1.5, 7.0, 3H).  

Table 3.31. Isomerization of (but-1-en-2-yl)benzene (2.75) to [(E)-but-2-en-2-yl]benzene 

(2.76) using 5 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 1 h 2 h 5 h 29 h 

 

 (5.27 ppm) 

 

 

165.08 

 

 

151.97 

 

 

143.34 

 

 

117.42 

 

 

50.32 

 
(5.05 ppm) 

 

 

165.64 

 

 

152.27 

 

 

143.33 

 

 

116.93 

 

 

50.67 

 units per proton
a
 165.36 152.12 143.34 117.18 50.49 

 % starting material 

remaining
b
 

100 91.1 86.7 70.9 30.5 

 
 (5.57 ppm) 

 

 

0 

 

 

17.02 

 

 

26.62 

 

 

51.44 

 

 

116.35 
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Table 3.31 continued. 

 

Time 0 h 1 h 2 h 5 h 29 h 

units per proton
a
 0 17.02 26.62 51.44 116.35 

% yield of product
c
 0 10.3 16.1 31.1 70.3 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.3, entry 3: Equilibration of 4-(but-1-en-2-yl)anisole with 4-[(E)-

but-2-en-2-yl]anisole.   

 

Following the general procedure, terminal alkene 3.31 (86.6 mg, 0.53 mmol) and 

catalyst 2.1 (6.4 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at 70 
o
C. 

For 4-(but-1-en-2-yl)anisole (3.31) in the mixture:  
1
H NMR (500 MHz, acetone-

d6) δ 7.35-7.40 (AA’ m of AA’BB’ system, 2H), 6.86-6.91 (BB’ m of AA’BB’ system, 

2H), 5.22 (td, J = 0.7, 1.5, 1H), 4.98 (dt, 
2
JHH ≈ 

4
JHH ≈ 1.5, 1H), 2.50 (ddq, J = 0.5, 0.7, 

7.5, 2H), 1.08 ppm (t, J = 7.5, 3H).   

 

For the 4-[(E)-but-2-en-2-yl]anisole (3.32) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 7.11-7.15 (AA’ m of AA’BB’ system, 2H), 6.87-6.92 (BB’ m of AA’BB’ 

system, 2H), 5.52 (qq, J = 1.5, 7.0, 1H), 3.80 (s, 3H), 1.98 (quintet, J = 1.5, 3H), 1.58 

ppm (qd, J = 1.5, 7.0, 3H). 
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Table 3.32. Equilibration of 4-(but-1-en-2-yl)anisole with 4-[(E)-but-2-en-2-yl]anisole 

using 2 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 1 h 2 h  4h 21 h 

  

49.26 42.24 37.13 28.18 11.74 

 

49.32 42.69 36.74 28.30 11.84 

 units per proton
a
 49.29 42.47 36.94 28.24 11.79 

 % starting material 

remaining
b
 

100 86.1 74.9 57.3 23.9 

  

0 7.46 13.58 20.77 37.16 

 

0 28.60 44.06 69.97 116.11 

units per proton
a
 0 9.02 14.41 22.69 38.32 

% yield of product
c
 0 18.3 29.2 46.0 77.7 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Isolation of the product 4-[(E)-but-2-en-2-yl]anisole (3.32): 

The reaction mixture (169.2 mg) of 3.31 and 3.32 from NMR tube reactions was 

separated by column chromatography using silica impregnated with silver nitrate
47

 in a 

column (2 ½ in x ¾ in), and using pentane to elute.  The alkenes are volatile.  Pure 3.32 

was afforded: 54.9 mg (32.4%).  Of the original crude mixture, using the 20:80 of 

3.31:3.32, only 135.3 mg should be 3.32.  Using this calculation, 40.6% of 3.32 was 

obtained in a pure state. 
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Chapter 3, Table 3.3, like entry 3, but the reverse reaction: Equilibration of 4-[(E)-

but-2-en-2-yl]anisole with 4-(but-1-en-2-yl)anisole using 2.5 mol% catalyst 2.1.   
 

Following the general procedure, trisubstituted alkene 3.32 (52.9 mg, 0.33 mmol) 

and catalyst 2.1 (4.9 mg, 0.08 mmol, 2.5 mol%) were used.  The reaction proceeded at 70 

o
C. 

Table 3.33. Equilibration of 4-[(E)-but-2-en-2-yl]anisole (3.32) with 4-(but-1-en-2-yl) 

anisole (3.31) using 2.5 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 2 h 5 h 24 h 72 h 168 h 

 

60.19 57.38 55.91 50.39 48.49 47.81 

units per proton
a
 60.19 57.38 55.91 50.39 48.49 47.81 

 % starting material 

remaining
b
 

100 95.3 92.9 83.8 80.6 79.4 

  

0 1.88 3.35 7.94 10.08 10.29 

 

0 1.76 3.28 7.92 10.08 10.47 

units per proton
a
 0 1.82     

% yield of product
c
 0 3.0 5.5 13.1 16.7 17.2 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.3, like entry 3, but using 5 mol% catalyst 2.1: Equilibration of 4-

(but-1-en-2-yl)anisole with 4-[(E)-but-2-en-2-yl]anisole.   

 

Following the general procedure, alkene 3.31 (82.6 mg, 0.51 mmol) and catalyst 

2.1 (15.8 mg, 0.026 mmol, 5 mol%) were used.  The reaction proceeded at 70 
o
C.   
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Table 3.34. Equilibration of 4-(but-1-en-2-yl)anisole (3.31) with 4-[(E)-but-2-en-2-yl] 

anisole (3.32) using 5 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 1.5 h 2.5 h 3.5 h 20.5 h 44.5 h 

 

146.25 118.58 102.93 93.63 33.70 30.21 

 

147.21 118.16 103.12 93.62 33.88 30.72 

units per proton
a
 146.73 118.37 103.03 93.63 33.79 30.47 

 % starting material 

remaining
b
 

100 80.7 70.2 63.8 23.0 20.8 

  

0 32.43 44.71 54.28 116.71 118.32 

 

0 111.27 139.99 174.29 365.09 371.62 

units per proton
a
 0 35.93 46.18 57.14 120.45 122.49 

% yield of product
c
 0 24.5 31.5 38.9 82.1 83.5 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.3, entry 4: Isomerization of 2-(but-1-en-2-yl)furan 

Following the general procedure, alkene 3.33 (61.9 mg, 0.51 mmol) and catalyst 

2.1 (5.7 mg, 0.01 mmol, 2 mol%) were used.  The reaction proceeded at 70 
o
C. 

  

For 2-(but-1-en-2-yl)furan (3.33) in the mixture: 
1
H NMR (600 MHz, 
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acetone-d6) δ 7.48 (dd, Jac = 0.6, Jab = 1.8, 1H), 6.43 (dd, Jab = 1.8, Jbc = 3.6, 1H), 6.42 

(pseudo dd, Jac = 0.6, Jbc = 3.6, 1H), 5.48 (br s, 1H), 4.98 (td, J = 1.2, 1.8, 2H), 2.39 (ddq, 

J = 0.9, 7.5, 2H), 1.15 ppm (t, J = 7.5, 2H).    

For product 2-[(E)-but-2-en-2-yl] furan (3.34) in the mixture: 
1
H NMR  (500 

MHz, acetone-d6) δ 7.53 (d, J = 1.5, 1H), 6.46 (dd, J = 1.5, 2.5, 1H), 6.36 (d, J = 2.5, 

1H), 5.52 (qq, J = 1.0, 6.0, 1H), 1.98 (qd, J = 1.0, 1.5, 3H), 1.91 ppm (qd, J = 1.0, 6.0, 

3H). 

Table 3.35. Isomerization of 2-(but-1-en-2-yl)furan (3.33) to  2-[(E)-but-2-en-2-yl] furan 

(3.34) using 2 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 1 h 2 h 5 h 23 h 

   

59.14 31.06 19.75 12.81 13.19 

 

59.36 29.46 18.24 11.72 11.51 

 

121.58 62.33 40.24 26.89 26.02 

units per proton
a
 60.02 30.71 19.56 12.85 12.68 

%  starting material 

remaining
b
 

100 51.2 32.6 21.4 21.1 

 

0 31.08 41.75 48.89 48.95 

 

0 92.97 124.53 143.39 144.24 
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Table 3.35 continued. 

 

Time 0 h 1 h 2 h 5 h 23 h 

 

0 92.79 120.66 141.86 142.72 

units per proton
a
 0 30.98 38.25 47.73 47.99 

% yield of product
c
 0 51.6 68.3 79.5 80.0 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 
per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

 

Chapter 3, Table 3.4, entry 1: Isomerization of allyl alcohol (2.81)   

Following the general procedure, allyl alcohol (2.81) (30.9 mg, 0.53 mmol) and 

catalyst 2.1 (9.1 mg, 0.01 mmol, 3 mol%) were used.  The reaction proceeded at room 

temperature. 

 For allyl alcohol (2.81) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.95 

(tdd, J = 5.0, 10.5, 17.5, 1H), 5.23 (tdd, J = 2.0, 2.0, 17.0, 1H), 5.01 (tdd, J = 1.5, 2.0, 

10.5, 1H), 4.05 (td, J = 1.5, 4.5, 2H), 3.72 ppm (t, J = 5.5, H). 

For the (E)-enol (E-2.82) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 6.88 

(br s, 1H, overlaps with (Z)-enol), 6.29 (dd, J = 1.5, 7.5, 1H, overlaps with (Z)-enol), 4.72 

(qd, J = 6.7, 12.2, 2H), 1.45 ppm (dd, J = 1.6, 6.7, 3H). 

For the (Z)-enol (Z-2.82) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 6.88 

(br s, 1H, overlaps with (E)-enol), 6.29 (dd, J = 1.5, 7.5, 1H, overlaps with (E)-enol), 

4.19 (td, J = 7.0, 7.0, 1H), 1.52 ppm (dd, J = 2.0, 7.0, 3H). 

For the propanal (2.84) in the mixture : 
1
H NMR (500 MHz, acetone-d6) δ 9.73 (t, 

J = 1.5, 1H), 2.44 (dq, J = 1.5, 7.5, 2H), 1.02 (t, J = 7.0, 3H). 
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The generation of enol from the alcohol is quite rapid and concentration of enol 

reaches a maximum within about 5 min at ambient temperature.  However, the rate of 

conversion from the enol to the aldehyde appears to be dependent on the batch of catalyst 

used.  Also depending on the batch of catalyst used was the ratio of E- and Z-enols. 

Catalyst 1 was prepared using various samples of ruthenium precursor, synthesized 

according to literature
48

 and obtained commercially, where the former source led to the 

results reported above.  

Table 3.36. Isomerization of allyl alcohol (2.81) to a mixture of (E)-enol (E-2.82) and 

(Z)-enol (Z-2.82), and aldehyde generation using 3 mol% catalyst 2.1   

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 5 min 20 min  35 min 

 

(5.95 ppm) 

123.91 3.72 0 0 

 

(5.23 ppm) 
128.03 3.87 0 0 

 

(4.05 ppm) 

258.27 7.51 0 0 

units per proton
a
 127.55 3.78 0 0 

% starting material 

remaining
b
 

100 3.0 0 0 

 

(4.72 ppm) 

0 114.99 109.90 99.74 

 

(1.45 ppm) 
0 357.52 340.64 307.84 

units per proton
a
 0 118.13 112.64 101.90 

% yield of (E)-enol 

intermediate
c
 

0 92.6 88.9 79.9 
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Table 3.36 continued. 

 

Time 0 h 5 min 20 min  35 min 

 
(1.52 ppm) 

0 11.90 16.66 21.27 

units per proton
a
 0 3.96 5.55 7.09 

% yield of (Z)-enol 

intermediate
c
 

0 3.1 4.4 5.6 

 
(9.73 ppm) 

0 3.76 11.38 17.50 

 
(2.44 ppm) 

0 8.16 24.88 39.74 

units per proton
a
 0 3.97 12.64 19.08 

% propanal in the 

mixture
c
 

0 3.1 9.9 14.9 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 
units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Chapter 3, Table 3.4, entry 2: Isomerization of 2-methylprop-2-en-1-ol   

Following the general procedure, 2-methylprop-2-en-1-ol 3.35 (37.2 mg, 0.52 

mmol) and catalyst 2.1 (52 μL, 0.52 μmol, 0.1 mol%) were used.  The reaction proceeded 

at room temperature. 

 For 2-methylprop-2-en-1-ol (3.35) in the mixture: 
1
H NMR (400 MHz, acetone-

d6) δ 4.92-4.97 (m, 1H), 4.75 (qd, J = 1.2, 5.6, 1H), 3.95 (br s, 2H), 3.83 (br s, 1H), 1.69 

ppm (s, 2H).  

For the 2-methylprop-1-en-1-ol (3.36) in the mixture: 
1
H NMR (500 MHz, 

acetone-d6) δ 6.45 (br s, 1H), 6.19 (s, 1H), 1.55 (d, J = 0.8, 3H), 1.48 ppm (d, J = 0.8, 

3H). 
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Table 3.37. Isomerization of 2-methylprop-2-en-1-ol (3.35) to 2-methylprop-1-en-1-ol 

(3.36) using 0.1 mol% catalyst 2.1  

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h  20 min  35 min  45 min 60 min 

 
(4.75 ppm) 

67.30 14.44 3.75 0.79 0 

 
(3.95 ppm) 

 

137.53 

 

 

 

29.14 

 

 

 

7.78 

 

1.68 0 

units per proton
a
 68.28 14.53 3.84 0.82 0 

% starting material 

remaining
b
 

100 21.3 5.6 1.2 0 

 
(6.19 ppm) 

0 

 

53.05 

 

 

63.08 

 

 

65.24 

 

65.97 

 
(1.55 ppm) 

0 157.37 

 

190.22 

 

196.66 198.02 

units per proton
a
 0 52.61 63.33 65.48 66.00 

% yield product
c
 0 77.0 92.7 95.9 96.7 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

Chapter 3, Table 3.4, entry 3a: Isomerization of (S)-tert-butyl-(1-(allylamino)-1-oxo-

3-phenylpropan-2-yl carbamate.   

 

Following the general procedure, (S)-tert-butyl-(1-(allylamino)-1-oxo-3-

phenylpropan-2-yl carbamate 3.37 (21.9 mg, 0.0.718 mmol) and catalyst 2.1 (0.440 mL lf 

0.001 M solution, 0.000440 mmol, 0.6 mol%) were used.  The reaction proceeded at 

room temperature. 

 For (S)-tert-butyl-(1-(allylamino)-1-oxo-3-phenylpropan-2-yl carbamate (3.37) in 

the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.16-7.32 (m, 5H), 5.98 (br s, 1H), 5.79 

(tdd, J = 5.2, 10.4, 16.8, 1H), 5.12 (tdd, J = 1.6, 1.6, 17.2, 1H), 5.01 (dd, J = 1.2, 10.0, 
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1H), 4.29-4.42 (br m, 1H), 3.80 (br t, J = 5.6, 2H), 3.13 (dd, J = 5.6, 13.6, 1H), 2.86-2.97 

(m, 1H), 1.34 ppm (s, 9H).  

For the (S)-tert-butyl-(1-(E)-propenylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.38) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 8.88 ( br s, 1H), 7.16-

7.32 (m, 5H), 6.60-6.75 (m, 1H), 6.00 (br s, 1H), 5.12-5.30 (m, 1H), 4.22-4.40 (br m, 

1H), 3.13 (dd, J = 5.5, 13.6, 1H), 2.84-2.97 (m, 1H), 1.62 (dd, J = 2, 6.8  3H), 1.33 ppm 

(s, 9H). 

Table 3.38.  Isomerization of (S)-tert-butyl-(1-(allylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.37) to (S)-tert-butyl-(1-(E)-propenylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.38) using 0.6 mol% catalyst 2.1 

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 min 8 min
d
 12 min

d
 20 min

d
 25 min

d
 30 min

d
 40 min 

 

2.56 1.34 0.81 0.28 0.04 0 0 

 

5.28 3.55 2.22 n.d. n.d. 0 0 

 

5.19 4.03 2.44 0.94 0.10 0 0 

units per proton
a
 2.60 1.78 1.09 0.41 0.05 0 0 

% starting material 
remaining

b
 

100 68.6 42.1 15.6 1.7 0 0 

 

0 0.63 1.39 1.92 2.19 2.21 2.49 
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Table 3.38 continued. 

 

Time 0 min 8 min
d
 12 min

d
 20 min

d
 25 min

d
 30 min

d
 40 min 

 

0 0.90 1.47 2.06 2.37 2.42 2.49 

units per proton
a
 0 0.77 1.43 1.99 2.28 2.32 2.49 

% yield product
c
 0 29.4 55.0 76.5 87.7 89.0 95.8 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0.  
dParameters for NMR acquisition and data collection: d1 = 1 sec, pw = 45 o, 1 scan. 

 

 

Chapter 3, Table 3.4, entry 3b: Isomerization of (S)-tert-butyl-(1-(allylamino)-1-oxo-

3-phenylpropan-2-yl carbamate 

   

Following the general procedure, (S)-tert-butyl-(1-(allylamino)-1-oxo-3-

phenylpropan-2-yl carbamate 3.37 (38.1 mg, 0.125 mmol) and catalyst 2.1 (1.5 mg, 

0.0025 mmol, 2 mol%) were used.  The reaction proceeded at room temperature. 

 For (S)-tert-butyl-(1-(allylamino)-1-oxo-3-phenylpropan-2-yl carbamate (3.37) in 

the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 7.16-7.32 (m, 5H), 5.98 (br s, 1H), 5.79 

(tdd, J = 5.2, 10.4, 16.8, 1H), 5.12 (tdd, J = 1.6, 1.6, 17.2, 1H), 5.01 (dd, J = 1.2, 10.0, 

1H), 4.29-4.42 (br m, 1H), 3.80 (br t, J = 5.6, 2H), 3.13 (dd, J = 5.6, 13.6, 1H), 2.86-2.97 

(m, 1H), 1.34 ppm (s, 9H).  

For the (S)-tert-butyl-(1-(E)-propenylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.38) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 8.88 ( br s, 1H), 7.16-

7.32 (m, 5H), 6.60-6.75 (m, 1H), 6.00 (br s, 1H), 5.12-5.30 (m, 1H), 4.22-4.40 (br m, 

1H), 3.13 (dd, J = 5.5, 13.6, 1H), 2.84-2.97 (m, 1H), 1.62 (dd, J = 2, 6.8  3H), 1.33 ppm 

(s, 9H). 
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Table 3.39. Isomerization of (S)-tert-butyl-(1-(allylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.37) to (S)-tert-butyl-(1-(E)-propenylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.38) using 2 mol% catalyst 2.1  

Primary data (measured integrals in arbitrary units) and derived per cent starting material 

remaining and product yields. 

Time 0 h 10 min 

  

63.92 0 

  

128.36 0 

 

128.58 0 

 units per proton
a
 64.17 0 

 % starting material remaining
b
 100 0 

 

0 63.56 

 

0 63.76 

units per proton
a
 0 63.66 

% yield product
c
 0 99.2 

a
Calculated by taking the average of integrations of the specified resonances. 

b
Calculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

Isolation of (S)-tert-butyl-(1-(E)-propenylamino)-1-oxo-3-phenylpropan-2-yl 

carbamate (3.38):   

 

After completion of reaction, the reaction mixture was concentrated in vacuo.  

The concentrated mixture was passed through a silica plug and 27a was isolated as white 

crystals in 78% yield (29.5 mg). 
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Chapter 3, Table 3.5, entry 1: Isomerization of allyl-tetra-O-acetyl-β-D-

glucopyranoside (3.39)   

 

Following the general procedure, allyl-tetra-O-acetyl-β-D-glucopyranoside (3.39) 

(160.1 mg, 0.412 mmol) and catalyst 2.1 (46 μL of 0.01 mM solution, 0.1 mol%) were 

used.  The reaction proceeded at room temperature.  After full conversion to product 

3.40, the mixture was concentrated and passed through a small silica plug using EtOAc.  

After concentration of the filtrate, 153.5 mg (95.9%) of 3.40 as a white solid was 

afforded.  Elemental Analysis Calculated: C = 52.52%; H = 6.23%.  Found: C = 52.32%; 

H = 5.95%. 

 For allyl-tetra-O-acetyl-β-D-glucopyranoside (3.39) in the mixture: 
1
H NMR (500 

MHz, acetone-d6) δ 5.89 (ddt, J = 5.5, 10.5, 17.5, 1H), 5.22-5.31 (m, 2H), 5.15 (tdt, J = 

1.0, 2.0, 10.5, 1H), 5.02 (t, J = 9.5, 1H), 4.93 (dd, J = 9.5, 9.5, 1H), 4.77 (d, J = 8.0, 1H), 

4.30 (tdd, J = 1.5, 5.0, 13.5, 1H), 4.26 (dd, J = 5.0, 12.5, 1H), 4.08-4.16 (m, 2H), 3.93 

(ddd, J = 5.0, 5.0, 10.0, 1H), 2.02 (s, 3H), 1.989 (s, 3H), 1.987 (s, 3H), 1.94 ppm (s, 3H).  

For the (E)-propenyl-tetra-O-acetyl-β-D-glucopyranoside (3.40) in the mixture: 

1
H NMR (500 MHz, acetone-d6) δ 6.30 (dd, J = 1.5, 12.5, 1H), 5.24-5.32 (m, 1H), 5.02-

5.10 (m, 2H),  4.95-5.01 (m, 2H), 4.26 (dd, J = 5.0, 12.5, 1H), 4.11 (dd, J = 2.5, 12.5, 

1H), 4.01 (ddd, J = 5.0, 5.0, 10.0, 1H), 2.02 (s, 3H), 1.990 (s, 3H), 1.989 (s, 3H), 1.94 (s, 

3H), 1.52 ppm (dd, J = 1.5, 7.0, 3H).  
13

C NMR (125.723 MHz, acetone-d6) δ 170.74, 

170.36, 170.05, 169.68, 144.81, 105.1, 100.15, 73.48, 72.71, 71.92, 69.29, 62.73, 20.66, 

20.65, 20.61, 20.58, 12.36 ppm. 
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Table 3.40. Isomerization of allyl-tetra-O-acetyl-β-D-glucopyranoside (3.39) to 

propenyl-tetra-O-acetyl-β-D-glucopyranoside (3.40) using 0.1 mol% catalyst 2.1  

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 
Time 0 h 10 min 20 min 30 min 40 min 50 min 60 min 70 min 80 min 100 min 

 

104.00 82.01 69.77 56.25 44.47 32.58 21.59 11.97 4.55 0 

 

106.04 84.07 71.61 58.37 46.44 34.50 23.70 13.58 6.22 0 

 

105.07 82.70 69.94 56.41 44.57 32.72 21.75 12.13 3.11 0 

 

105.87 83.52 71.49 57.87 46.13 33.93 22.84 13.30 5.05 0 

units per protona 105.25 83.08 70.70 57.23 45.40 33.43 22.47 12.75 4.73 0 

% starting material 

remainingb 
100 78.9 67.2 54.4 43.1 31.8 21.4 12.1 4.5 0 

 

0 21.34 34.04 47.28 59.52 71.19 81.94 91.11 98.46 102.36 

 

0 23.73 35.93 48.62 60.88 72.28 83.38 92.09 98.66 102.91 

 

0 62.33 99.38 137.03 172.19 208.10 238.58 266.41 286.60 298.02 

units per protona 0 21.48 33.87 46.59 58.52 70.31 80.78 89.92 96.74 100.66 

% yield productc 0 20.4 32.2 44.3 55.6 66.8 76.8 85.4 91.9 95.6 
aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 



318 

 

 

 

 

NMR spectral data of 3.40 

 

 

The ROESY spectral data are consistent with the propenyl group of 3.40 in the trans-

configuration. 

 

 

 

 
 

 

 

 

Figure 3.8. ROESY data of propenyl-tetra-O-acetyl-β-D-glucopyranoside (3.40): 

Irradiation of the signal at δ 6.30 ppm led to an enhancement of the signal at δ 1.52 ppm. 
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Figure 3.9.  ROESY data of propenyl-tetra-O-acetyl-β-D-glucopyranoside (3.40): 

Irradiation of the signal at δ 5.28 ppm led to no enhancement of the signals at δ 6.30 and 

1.52 ppm. 
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Figure 3.10.  ROESY data of propenyl-tetra-O-acetyl-β-D-glucopyranoside (3.40): 

Irradiation of the signal at δ 1.52 ppm led to an enhancement of the signal at δ 6.30 ppm. 
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Chapter 3, Table 3.5, entry 2: Isomerization of bioallethrin (3.41)   

Following the general procedure, bioallethrin [(3-allyl-2-methyl-4-oxo-2-

cyclopentenyl) chrysanthemummonocarboxylic acid ester] (3.41) (283.6 mg, 0.938 

mmol) and catalyst 2.1 (96 μL, 0.1 mol%) were used.  The reaction proceeded at room 

temperature.  After full conversion to product 3.42, the mixture was concentrated and 

passed through a small silica plug using 17% acetone in hexanes.  After concentration of 

the filtrate, 269.5 mg (95.0%) of a colorless oil was afforded. 

 For bioallethrin (3.41) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 5.69-

5.83 (m, 2H), 4.93-5.06 (m, 3H), 2.97 (d, J = 6.0, 2H), 2.79 (ddd, J = 6.5, 6.5, 18.0, 1H), 

2.17 (ddd, J = 2.0, 18.5, 37.5, 1H), 1.99-2.07 (m, 4H), 1.68-1.73 (m, 6H), 1.49 (dd, J = 5, 

8.5, 1H), 1.26 (d, J = 9.5, 3H), 1.14 ppm (d, J = 6.5, 3H); 

 
13

C NMR (125.723 MHz, acetone-d6)  δ 203.29/203.27, 172.51/172.44, 166.17/166.16, 

141.75/141.71, 136.07/136.04, 134.96, 122.01/121.90, 116.03/116.02, 73.96/73,64, 

42.56/42.11, 35.24/35.16, 33.54./33.43, 29.30/29.27, 27.63, 25.69, 22.36/22.33, 

20.87/20.72, 18.62, 14.08/133.99 ppm. 

For the (E)-(2-methyl-4-oxo-3-propenyl-2-cyclopentenyl) chrysanthemummono-

carboxylic acid ester (3.42) in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 6.78-6.91 

(m, 1H), 6.17 (d, J = 16, 1H),  5.73 (dd, J = 6.0, 42.5, 1H), 4.92-5.04 (m, 1H), 2.81 (td, J 

= 4.5, 19.0, 1H), 2.20 (dd, J = 18.5, 36.5, 1H), 2.01-2.12 (m, 4H), 1.82 (d, J = 6.5, 3H), 

1.70 (br s, 6H), 1.49 (dd, J = 5, 8.5, 1H), 1.27 (d, J = 10, 3H), 1.14 ppm (d, J = 6.5, 3H);   

13
C NMR (125.723 MHz, acetone-d6) δ 203.13/203.12, 172.56/172.49, 163.65/163.64, 

138.03/137.99, 136.10/136.07, 133.77, 122.04/122.02, 120.97, 73.56/73.23, 43.27/42.83, 
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35.30/35.22, 33.53/33.40, 29.32/29.28, 25.68, 22.36/22.33, 20.89/20.75, 19.60, 

18.62/18.61, 14.11/14.01 ppm. 

 

Bioallethrin used as purchased from Sigma-Aldrich. The 
13

C NMR spectrum of 

the starting material was found to be consistent with the literature;
45,51

 the two 

stereoisomers of bioallethrin have many unique 
13

C signals .  Thus, product (E)-3.42 

contains the two stereoisomers as evidenced by 
13

C NMR and 2D data. 

 

Table 3.41. Isomerization of bioallethrin (3.41) to (E)- )-(2-methyl-4-oxo-3-propenyl-2-

cyclopentenyl) chrysanthemummonocarboxylic acid ester (3.42) using 0.1 mol% catalyst 

2.1   

Measured integrals in arbitrary units and derived per cent starting material remaining and 

product yields. 

Time 0 h 10 min 20 min 50 min 70 min 80 min 

 

43.68 158.45 107.86 14.52 2.31 0 

units per proton
a
 21.84 79.23 53.93 7.26 1.16 0 

% starting material 

remaining
b
 

100 59.7 40.6 5.5 0.9 0 

 

0 50.00 76.24 124.84 130.44 128.03 

 

0 50.03 76.66 123.81 129.35 127.57 
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Table 3.44 continued. 

 

Time 0 h 10 min 20 min 50 min 70 min 80 min 

 

0 151.40 225.17 363.32 386.14 386.91 

units per proton
a
 0 50.29 75.61 122.39 129.19 128.50 

% yield product
c
 0 37.9 57.0 92.2 97.3 96.8 

aCalculated by taking the average of integrations of the specified resonances. bCalculated by dividing units 

per proton of starting material at time indicated by units per proton value at hour 0. cCalculated by dividing 

units per proton of product at time indicated by the units per proton value of starting material at hour 0. 

 

 

 

 

 
Figure 3.11.  

1
H NMR spectrum of bioallethrin (3.41) starting material. 
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Figure 3.12.
  1

H NMR spectrum of (E)-(2-methyl-4-oxo-3-propenyl-2-cyclopentenyl) 

chrysanthemummonocarboxylic acid ester (3.42) product 

 

 

 

Homo- and heteronuclear 2-dimensional NMR data for  3.42 
 

Interpretation of COSY, HMQC and HMBC data was complicated by overlapping 

of some of the resonances, and because of the two stereoisomers present in the mixture. 

The double-headed arrows indicate correlations observed, with proton NMR data at left 
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and carbon data at right and in parentheses.  In cases where two closely spaced signals 

were seen pertaining to the same proton or carbon, but from each stereoisomer, the 

chemical shift values were averaged to simplify the presentation.   

  

 
 

 

Figure 3.13.  2D NMR data (COSY, HSQC, HMBC) for product (E)-(2-methyl-4-oxo-3-

propenyl-2-cyclopentenyl) chrysanthemummonocarboxylic acid ester (3.42) 

 



326 

 

 

 

3.9.4. Selective monoisomerization of alkenes by the addition of 

acetonitrile 

 

Isomerization of 4-pentenol using 1 equivalent of free acetonitrile:   

Following the general procedure, 4-penten-1-ol (2.4) (43.5 mg, 0.51 mmol), 

deoxygenated acetonitrile-d3 (22.4 mg, 0.51 mmol; 1 equiv), and catalyst 2.1 (6.4 mg, 

0.01 mmol; 2 mol%) was used.  The reaction was allowed to proceed at room 

temperature.  Results in Table 3.5. 

Isomerization of 4-pentenol using 1.5 equivalents of free acetonitrile:   

Following the general procedure, 4-penten-1-ol (2.4) (44.5 mg, 0.52 mmol), 

deoxygenated acetonitrile-d3 (33.4 mg, 0.76 mmol; 1.5 equiv), and catalyst 2.1 (6.2 mg, 

0.01 mmol; 2 mol%) was used.  The reaction was allowed to proceed at room 

temperature.  Results in Table 3.5. 

Isomerization of 4-pentenol using 2 equivalents of free acetonitrile:   

Following the general procedure, but 4-penten-1-ol (2.4) (43.8 mg, 0.51 mmol), 

deoxygenated acetonitrile-d3 (44.7 mg, 1.02 mmol; 2 equiv), and catalyst 2.1 (6.4 mg, 

0.01 mmol; 2 mol%) was used.  The reaction was allowed to proceed at room 

temperature.  Results in Table 3.5. 

Isomerization of 4-pentenol using 5 equivalents of free acetonitrile:   

Following the general procedure, but 4-penten-1-ol (2.4) (43.6 mg, 0.51 mmol), 

deoxygenated acetonitrile-d3 (112.2 mg, 2.55 mmol; 5 equiv), and catalyst 2.1 (6.3 mg, 

0.01 mmol; 2 mol%) was used.  The reaction was allowed to proceed at room 

temperature.  Results in Table 3.5. 
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Isomerization of 1-decene using 3 equivalents of free acetonitrile:   

Following the general procedure, but 1-decene (70.1 mg, 0.50 mmol), 

deoxygenated acetonitrile-d3 (66.5 mg, 1.51 mmol; 3 equiv), and catalyst 2.1 (6.0 mg, 

0.01 mmol; 2 mol%) was used.  The reaction was allowed to proceed at room 

temperature.  Results in Table 3.6. 

Selective isomerization of 1-hexene to (E)-2-hexene devoid of acetonitrile: 

 Following the general procedure, 1-hexene (43.9 mg, 0.52 mmol) and catalyst 2.1 

(5.2 μL of 0.01 mM solution of 2.1, 0.052 μL, 0.01 mol%) was used.  The reaction was 

allowed to proceed at room temperature. 

Table 3.42.  Selective monoisomerization of 1-hexene to >90% (E)-2-hexene, devoid of 

added acetonitrile, using 0.01 mol% catalyst 2.1 

  
1-hexene 

 
2-hexene 

 
3-hexene 

10 min 85.5 14.1 0 

20 min 68.1 31.1 0 

30 min 52.9 46.2 0.4 

40 min 40.9 57.9 0.5 

55 min 30.0 68.3 1.2 

70 min 19.3 79.5 1.7 

85 min 11.7 86.5 2.7 

100 min 6.1 90.7 3.8 

2 h 3.9 91.3 5.4 

2.5 h 1.9 90.3 8.3 

3 h 1.8 88.5 10.4 

4.5 h 1.6 83.8 12.1 

6 h 1.7 79.0 16.6 

55 h 1.5 78.0 17.6 

Primary data (measured integrals in arbitrary units) and derived per cent starting material remaining and 

product yields.  Calculated by taking the average of integrations of specific resonances. 
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3.9.5. Experimental data showing kinetic selectivity 

 

Relative rates of isomerization of diallyl ether isomers using catalyst 2.1 

                        

 
Figure 3.14.  Schematic of isomerization pathways: Reaction A – positional 

isomerization and Reaction B – geometrical isomerization. 

 

 

Experimental values were obtained by procedures described below.   

 

The following rate expression was used 

 

Reaction A: [(E,E)-2.21] = [2.20] * (1-exp
(γ*exp(-k2*t))/exp(γ))

) 

Reaction B: [(E,Z)-2.21] = [(E,E)-2.21] * (1-exp
(γ*exp(-k2*t))/exp(γ))

) 

 

where γ = [2.1]*kA/k2 

 kA = rate of alkene isomerization 

 k2 = rate of catalyst 2.1 becoming unknown complex X 

 

 
 

Figure 3.15.  Active catalyst 2.1 transformation to inactive catalyst X effects reaction 

rate of isomerization. 
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NMR peaks for (E,E)-2.21, (E,Z)-2.21 and catalyst 2.1 were used. It was found 

that the amount of catalyst decreased over longer reaction times; for example after >2 

weeks approximately half of catalyst had transformed to a second species X. Thus, 

determination of kB and the ratio of kA to kB required software (Microsoft 2007 Excel 

Solver) to obtain a set of parameter values that best describe the experimental values.   

For the X in the mixture: 
31

P NMR (202.4 MHz, acetone-d6) δ 63.31 ppm.  
1
H 

NMR (500 MHz, acetone-d6) δ 7.02 (s, 1H), 5.56 (s, 5H), 3.58 (s, 3H), 1.25 ppm (s, 9H).  

In Reaction A, the experimental values found are defined as [(E,E)-2.21]exp.  

Excel Solver was implemented to fit kA, k2, and [(E,E)-2.21]calc by minimization of the 

square of the difference between [(E,E)-2.21a]exp and [(E,E)-2.21]calc values = ([(E,E)-

2.21]exp-[(E,E)-2.21]calc)
2
. 

In Reaction B, the experimental values found are defined as [(E,Z)-2.21]exp.  Excel Solver 

was implemented to fit kB, k2, and [(E,Z)-2.21]calc by minimization of the square of the 

difference between [(E,Z)-2.21]exp and [(E,Z)-2.21]calc values = ([(E,Z)-2.21]exp-[(E,Z)-

2.21]calc)
2
. 

Reaction A 

The reaction of 2.20 to (E,E)-2.21, using 2 mol% 2.1, is such a rapid 

transformation, that the reaction was over before enough data points could be obtained, 

and the amount of experimental uncertainty in rates was too great.  In order to slow down 

the isomerization reaction to quantitate the early stages of the reaction, only 0.5 mol% 

was used. 
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Isomerization of diallyl ether (2.20) to (E,E)-dipropenyl ether [(E,E)-2.21] 

Mostly following the general procedure, diallyl ether 2.20 (51.1 mg, 0.5207 

mmol) and catalyst 2.1 (1.6 mg, 0.00263 mmol, 0.5 mol%) were used.  Spectra were 

acquired at the times specified at NMR probe temperature of 30 
o
C. 

To use the equation above, the concentrations of terminal alkene 2.20 and internal 

alkene (E,E)-2.21 need to be determined.  The concentration of terminal alkene 2.20 was 

determined to be 0.5207 M from the mass of added 2.20 and the total volume of the 

reaction mixture.  Key 
1
H NMR resonances which could be used to reliably determine 

yields were calculated by dividing units per proton of product at time indicated by the 

units per proton value of starting material at hour 0, to afford % of (E,E)-2.21, and thus 

[(E,E)-2.21].   

 

Table 3.43.  Experimental results and derived quantities for the isomerization of diallyl 

ether (2.20) to (E,E)-dipropenyl ether [(E,E)-2.21] 

Time 

(min) 

[2.20] % (E,E)-

2.21 

[(E,E)-

2.21] 

% 2.1 [2.1]  [X]   

9 0.5207 35.0 0.1822 0.5 0.00260 0  

18 0.5207 61.4 0.3197 0.5 0.00260 0  

28 0.5207 79.5 0.4139 0.5 0.00260 0  

38 0.5207 88.7 0.4619 0.5 0.00260 0  

47 0.5207 92.4 0.4811 0.5 0.00260 0  

56 0.5207 94.9 0.4941 0.5 0.00260 0  

65 0.5207 95.1 0.4952 0.5 0.00260 0  

75 0.5207 96.3 0.5014 0.5 0.00260 0  
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Table 3.40 continued. 

 

[2.21]exp [2.21]calc ([2.21]exp-[2.21]calc)
2
   

0.1822 0.1948 1.566E-04 kA 19.76673 

0.3197 0.3189 7.248E-07 k2 -2.52E-03 

0.4139 0.4037 1.05E-04 γ -20.3914 

0.4619 0.4538 6.449E-05 [2.20] 0.5207 

0.4811 0.4808 1.274E-07 Chi Sq 6.147E-04 

0.4941 0.4971 8.957E-06 St. dev 0.0093705 

0.4952 0.5069 1.387E-04   

0.5014 0.5133 1.400E-04   

 

 

The rate constant, kterm-E, for terminal to internal isomerization (2.0 to (E)-2.21 

using 0.5 mol% 2.1) is 19.77 M
-1

  min
-1

.  Because the catalyst loading of 2.1 is 4 times 

less than that under standard conditions, the calculated rate constant using 2 mol% 2.1 is 

79.08 M
-1

 min
-1

. 

 

Reaction B 

Over a significant amount of time, (E,E)-2.21 slowly transformed to geometrical 

isomer (E,Z)-2.21.
 

Geometrical isomerization of (E,E)-dipropenyl ether to (E,Z)-dipropenyl ether.   

 Mostly following the general procedure, diallyl ether 2.20 (51.4 mg, 0.523 mmol) 

and catalyst 2.1 (61.5 mg, 0.101 mmol, 19.3 mol%) were used to form (E)-2.21 quickly, 

which was then observed to isomerizes slowly to its (E,Z) isomer.  Spectra were acquired 

at the times specified at NMR probe temperature of 30 
o
C. 
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To use the equation above, [(E,E)-2.21] needed to be determined.  The 

concentration of terminal alkene 2.20 used was 0.523 M as determined by the mass added 

and the reaction volume.  Key 
1
H NMR resonances which could be used to reliably 

determine yields were calculated by dividing units per proton of product at time indicated 

by the units per proton value of starting material at time 0, to afford % of (E,E)-2.21, thus 

[(E,E)-2.21].  In turn, using the same methodology, % of (E,Z)-2.21 and [(E,Z)-2.21] 

could be identified.   

Table 3.44.  Experimental results and derived quantities for the geometrical 

isomerization of (E,E)-dipropenyl ether to (E,Z)-dipropenyl ether 

Time 

(h) 

% (E,E)-

2.21 

[(E,E)-

2.21] 

% (E,Z)-

2.21 

[(E,Z)-

2.21] 

% 2.1  [2.1]  % X  [X]  

0.25 94.8 0.4958 0 0 12.0 0.0628 0 0 

1.75 96.6 0.5052 0 0 12.4 0.0649 0 0 

18 94.2 0.4927 3.4 0.0178 11.8 0.0617 0.6 0.00314 

23.5 94.2 0.4927 2.7 0.0141 11.6 0.0607 0.7 0.00366 

48 92.7 0.4848 4.4 0.0230 10.7 0.0560 1.7 0.00889 

72 91.6 0.4791 5.3 0.0277 9.7 0.0507 2.7 0.0141 

477 82.6 0.4320 8.9 0.0465 4.7 0.0246 8.9 0.0465 

552 83.1 0.4346 9.5 0.0497 4.6 0.0241 8.7 0.0455 

 

  [(E,Z)]exp [(E,Z)]calc ([(E,Z)]exp-[(E,Z)]calc)
2
 

  0 0.0001738 3.0196E-08 

kB 2.198E-04 0 0.001203 1.446E-06 

k2 2.316E-04 0.01778 0.01097 4.635E-05 

γ 0.09583 0.01412 0.01378 1.181E-07 

[2.21] 0.523 0.02301 0.02383 6.763E-07 

Chi. Sq 6.287E-05 0.02772 0.03075 9.177E-06 

St. dev. 0.002997 0.04655 0.04773 1.404E-06 

  0.04969 0.04777 3.664E-06 
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The rate constant, kB, for trans- to cis- isomerism of (E,E)-2.21 to (E,Z)-2.21, 

using 20 mol% 2.1) using this methodology is = 2.198 x 10
-4

 M
-1

min
-1

.  Because the 

catalyst loading of 2.1 was 10 times more than that under standard conditions, the 

calculated rate constant using 2 mol% 2.1 would be 2.198 x 10
-5

 M
-1

 min
-1

. 

Table 3.45.  Summary of rate and half life values described in Tables 3.40 and 3.41 

 k (M
-1

 min
-1

) 

Terminal to Internal (kA) 79.08 

(E,E) to (E,Z) (kB) 2.198 x 10
-5

 

 

Terminal to internal isomerization using 2.1 is 3,600,000 times faster than trans- 

to cis- geometrical isomerization. 

 

Generation of authentic (Z,Z)- and (E,Z)-dipropenyl ether  

In a glove box, a conical vial equipped with a magnetic stir bar was charged with 

potassium tert-butoxide (44.5 mg, 0.397 mmol) and anhydrous dimethylsulfoxide was 

added until base dissolved (0.3 mL).  Diallyl ether (111.3 mg, 1.13 mmol) was added to 

the vial in DMSO (0.1 mL).  The vial was closed with a teflon-lined cap and the bottom 

submerged in an oil bath at 70 
o
C for 2 h.  After cooling, water (3 mL) was added to the 

reaction mixture, and pentane (3 x 4 mL) was used to extract product.  The extracts were 

combined and washed with water (3 x 3 mL).  N2 was passed over the organic phase to 

evaporate pentane due to high volatility of the product.  
1
H NMR spectroscopy confirmed 

that the product consisted of a (90:10) mixture of (Z,Z)- and (E,Z)-dipropenyl ethers. 

For the (Z,Z)-dipropenyl ether in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

6.31 (qd, J = 1.5, 6, 2H), 4.52 (qd, J = 6.5, 6.5, 2H), 1.62 ppm (dd, J = 1.5, 6.5, 6H).  
13

C 

NMR (125.723 MHz, acetone-d6) δ 144.89, 102.92, 9.46 ppm. 
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 For the (E,Z)-dipropenyl ether in the mixture: 
1
H NMR (500 MHz, acetone-d6) δ 

6.41 (qd, J = 1.5, 12, 1H), 6.24 (qd, J = 1.5, 6.5, 1H), 5.03 (qd, J = 6.5, 12, 1H), 4.55 

(overlapping with (Z,Z)-isomer), 1.56 (dd, J = 1.5, 5.5, 3H), 1.55 ppm (dd, J = 1.5, 5.5, 

3H).  
13

C NMR (125.723 MHz, acetone-d6) δ 146.01, 143.62, 103.88, 103.16, 12.32, 9.46 

ppm. 

The literature states that the equilibrium ratio of the three isomers (Z,Z : E,Z : E,E) 

is 42 : 46 : 12.
50

 

 

________________________________________________________________________ 

 

The contents of Chapter 3 are excerpts from the material published in the following:  

 

●Casey R. Larsen and Douglas B. Grotjahn.  “Stereoselective Alkene Isomerization Over 

One Position” Journal of the American Chemical Socienty, 2012, 134, 10357. The 

dissertation author was the primary researcher for the data presented. 

 

________________________________________________________________________ 
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Chapter 4 

Sequential metathesis and isomerization for the formation  

of long chain intermediates 

 

4.1. Importance and application of olefin metathesis 

 This chapter looks at combining the power of selective olefin isomerization with 

C-C bond formation by olefin metathesis in fine chemical synthesis. Olefin metathesis 

was discovered about 50 years ago in industry, and was first a reaction performed using 

ill-defined catalysts.
1
 However, as the olefin metathesis mechanism became better 

understood through development of well-defined molecular catalysts,
2,3

 and its scope 

expanded because of water- and functional-group tolerant catalysts,
4,5

 it is fair to say that 

olefin metathesis revolutionized fine chemical and organic synthesis, as well as polymer 

chemistry.
6,7

 Olefin metathesis involves the redistribution of alkenes by bond making and 

bond breaking and can be classified by cross metathesis, ring-opening metathesis, ring 

closing metathesis, ring opening metathesis polymerization, acyclic diene metathesis and 

ethenolysis (Figure 4.1). Until the very recent development of the first Z-selective 

metathesis catalysts,
8-12

 when making olefins which can accommodate trans-double 

bonds, metathesis will tend to generate product E and Z isomers under thermodynamic 

control. Ruthenium and molybdenum are the most commonly used metals in well-defined 

molecular olefin metathesis catalysts.
13

 The Nobel Prize in Chemistry in 2005 was 

awarded to Richard Schrock, Robert Grubbs, and Yves Chauvin for their advancement of 

the field.  Olefin metathesis is an ever-growing technology with an immense potential. 
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Figure 4.1.  Olefin metathesis as a core technology: Cross metathesis, ethenolysis, ring 

opening metathesis polymerization, ring closing, and ring opening metathesis 

 

 

Olefin metathesis has opened doors to industrial routes to important 

petrochemicals, oleochemicals, polymers, and specialty chemicals, as was mentioned in 

Chapter 1.  Metathesis is one of the key reactions in the SHOP process, an industrial 

process that produces high volumes of α-olefins by oligomerization, metathesis, and 

isomerization.  These higher olefins can be converted into fatty acids, which are 

precursors for detergents and plasticizers. 

 Materia, Inc. is a small catalyst technology company started by Robert Grubbs in 

Pasadena, California whose mission is to utilize olefin metathesis as a core technology in 

creating better, greener and more cost-competitive processes and products in both the fine 

chemical and polymer areas.
14,15

  At Materia, teams have developed a successful 

methodology that employs metathesis as a key step for the generation of insect 

pheromones, which are important bio-rational alternatives to chemical pesticides.
16

  This 

strategy is beneficial for the production of insect pheromones, as it utilizes commodity 

materials (like seed oils and α-olefins) as starting materials, the reactions are ran in the 
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absence of solvent, unreacted starting materials are recycled, very small amounts of waste 

are generated, and the reactions are run at or near ambient temperature. 

 Although dozens of ruthenium-based metathesis catalysts continue to be 

developed to tailor their reactivity and selectivity, there are a few prominent examples in 

the literature (Figure 4.2).   The commonality between the ruthenium complexes are the 

two chloride ligands and the alkylidene.  First-generation Grubbs catalysts have two 

tricyclohexyl phosphine ligands, where the replacement of one of those ligands by an N-

heterocyclic carbene ligand provides the second-generation catalyst, a modification 

which increases the reactivity and selectivity.  The first generation (4.1-4.3) and second 

generation (4.4 and 4.5) catalysts are very active, but replacement of the phosphine co-

ligand and modification of the alkylidene to a chelating ligand provides the Hoveyda-

Grubbs catalyst (4.6), which is yet more active. 

 

 
 

Figure 4.2.  Prominent metathesis catalysts: first and second generation  

ruthenium complexes. 
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4.2. Relationship between metathesis and isomerization 

 As previously mentioned, teams at Materia have been exploring metathesis 

chemistry to improve routes to various synthetic targets.  One target of interest is a 

biologically active compound, a pheromone of the Peach Twig Borer (Anarsia 

lineatella), which is a pest of peaches, plums, nectarines, and almonds.  The pheromone 

is composed 83:17 ratio of (E)-5-decenyl acetate (4.9) and (E)-decenol (Figure 4.3).
17

  

The pheromone is used by the same species for communication, where the use of the 

female’s sex attractant to confuse the male and disrupt mating is an effective and 

environmentally friendly technique in controlling insect populations.
18,19

  Of special 

relevance to the work described in this chapter, a key necessity of all methods to form the 

pheromone is avoiding any double bond migrated isomers (< 0.1%), as (E)-4-decenyl 

acetate or (E)-6-decenyl acetate are inhibitors in the Peach Twig Borer pheromone to the 

moths (Figure 4.3).
20

 

Various metathesis catalysts were screened for the cross metathesis of 5-decene 

(4.7) with 1,10-diacetoxy-5-decene (4.8) to determine the possibility for adequate 

reaction conditions involving metathesis conditions to produce 4.9 (Figure 4.3).
16

  

Catalysts 4.1, 4.2, 4.3, 4.4, and 4.6 were screened for the metathesis of 4.7 and 4.8 at 0.2 

mol% loading at 45 
o
C for 20 hours.  Unlike metathesis reactions which evolve ethylene 

which can be easily removed, with larger alkenes in closed systems, the metathesis 

reactions create equilibrium mixtures, so using equivalent amounts of alkenes 4.7 and 4.8 

will produce product 4.9 in a maximum yield of about 50%.  However, recovery of 
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unreacted starting material by vacuum distillation allows recycling and an overall 

increase in yield. 

 
 

 

Figure 4.3. Commercial products utilize the cross metathesis technology: peach  

twig borer pheromone (E)-5-decenyl acetate (4.9) 

 

 

 The Materia screening narrowed down catalysts that are more active than the 

others; reactions which utilize catalyst 4.4 were completed within 10 minutes, whereas 

catalysts 4.1, 4.2, and 4.3 afforded only partial completion (10.5-33.4%) even after 6 

hours (Table 4.1, entries 1-2).  Unfortunately, although catalyst 4.4 rapidly forms desired 

alkene 4.9, impurities 4.10 (3.4–6.5%) are also formed within 10 minutes with a dramatic 

increase when subjected to prolonged reaction times (20 hours) (entry 2).  The reaction 

conditions were altered in order to maintain the high yield of 4.9 yet keep formation of 

impurities to a minimum.  Allowing the reaction to proceed at lower temperatures proved 

to be advantageous reaction conditions for a 1:1 ratio of substrate alkenes 4.7 and 4.8 and 

0.2 mol% catalyst 4.4 at 5 
o
C to afford 4.9 in 49% yield (<0.1% double bond migration 

impurity) in 18 hours (entry 3). 
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Table 4.1.  Formation of 4.9 by cross metathesis of 4.7 and 4.8 using 0.2 mol% catalyst 

entry
a
 metathesis catalyst temp yield of 4.9 impurities (4.10) 

1 4.1, 4.2, 4.3 45 
o
C 10.5% - 33.4% (6 h) n/a 

2 4.4 45 
o
C 50% (10 min) 

3.4% - 6.5% (10 min) 

< 17.5% (20 h) 

3
b
 4.4 5 

o
C 49% (18 h) < 0.1% (18 h) 

      aReaction performed in CH2Cl2 (1.67 M).  bReaction performed neat. 

  

 

This research is an example of the effort needed to experimentally obtain 

adequate metathesis conditions for the generation of the Peach Twig Borer pheromone 

(4.9) and demonstrates the diversity and versatility of Ru based metathesis catalysts.  The 

reactivity differences between the first generation (4.1-4.3) and second generation (4.4) 

catalysts are significant enough to make the difference between a commercially viable 

process and a useless or expensive one.  Evolution of metathesis catalysts can allow a 

catalyst to be tailored for a specific reaction, in addition to alteration of the activity by 

modification of the reaction conditions. 

Alkene isomerization has been reported to be an unwanted side reaction during 

olefin metathesis, thus detracting from the yield of the metathesis product.  Modification 

of reaction conditions like catalyst and temperature (Table 4.1), in addition to solvent 

during the metathesis reaction can lead to important changes in product distribution.  The 

metathesis of 3,4-dimethoxyallylbenzene (4.11) was administered in assorted solvents 

and the distribution of products was compared, by looking at products of self-metathesis 

(4.12), isomerization (4.13), isomerization followed by cross metathesis (4.14), and 

isomerization followed by self-metathesis (4.15)  (Figure 4.4).
21

    A complex distribution  
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Figure 4.4.  Product distribution during metathesis using 4.4 showing effects of solvent 

  

 

of products with no evident pattern was detected, nor was selectivity encountered. 

However, when MeOH was used as solvent only products of isomerization were 

observed, thus guiding the authors to report the thermal modification of 4.4 in refluxing 

methanol as double bond migration conditions.  

Table 4.2.  Solvent effects:  Olefin isomerization seen during the preferred ring-closing 

metathesis reaction using 4.4. 

 

 

Solvent RCM product 4.17 
Isomerization 
product 4.18 

Benzene 50-70 30-50 

Toluene 20 80 

DCE 90 10 

DME 0 100 
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The isomerization of alkenes is a competitive process to metathesis that can be 

influenced by performing the reaction in different solvents, not solely occurring in 

methanol.  The RCM of 4.16 was envisaged to form the elaborately decorated 

cyclooctene 4.17 but purification was rendered difficult by small amounts of impurity.
22

  

The selection of solvent and the perturbation of product distribution was investigated, 

where DCE allowed formation of primarily cyclized product 4.17 and DME resulted in 

4.18 as the sole product of isomerization (Table 4.2).  The solvent-influenced results 

reported in Table 4.2 are far less complex than the corresponding results in Figure 4.4, 

which can conclude that choice of solvent is indeed crucial for the desired product, and 

also the substrate themselves tend to impinge on the content of products at the end of the 

reaction. 

Table 4.3.  Differences in yield and product ratios based on identity of remote 

functionality 

 
 

 
R = 

4.20 

(E:Z ratio) 
4.21 

 
4.22 

(E:Z ratio) 

a 
H 

(glycine) 

48% 

(1.4:1) 
0% 

14% 

(1.8:1) 

b 
CH2Ph 

(phenylalanine) 

50% 

(1:1.5) 
0% 

26% 

(1:5.5) 

c 
CH2Indole 

(tryptophan) 

50% 

(1:1.3) 
0% 

40% 

(1.7:1) 
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 The effect of alkene type on cross metathesis has been researched and has been 

observed to influence the reaction progress and stereochemical outcome.  Table 4.3 

illustrates how altering the R group (a, b, c) of allyl amide 4.19 affects both the product 

distribution and E:Z ratio when in the presence of catalyst 4.1.
23

    Each reaction is devoid 

of 4.21 (the product of metathesis) and has a differing ratio of 4.20:4.22 (the product of 

isomerization:the product of isomerization with subsequent metathesis) and their 

geometrical counterparts.  These results agree with previous observations of 

isomerization being the dominant outcome of allyl amines under metathesis conditions,
24

 

however demonstrate remote functionality of the substrate is influential on the 

consequences of the reaction. 

 During the exploration of furnishing heterocycles, by way of metathesis, Nishida 

and co-workers recognized unintended results.
25

  To the alkene 4.23 and 

vinyloxytrimethylsilane (4.24) was added metathesis catalyst 4.4 resulting in absence of 

the expectant metathesis product, but quantitive isomerization of terminal olefin 4.23 to 

corresponding propenyl analogue 4.25 (Figure 4.5, a).  Several other terminal alkenes 

were monitored under the reaction conditions, and moderate to excellent yield of the 

isomerization species were obtained.  Spectroscopic analysis of a stoichiometric reaction 

between enol silyl ether 4.24 and catalyst 4.4 strongly suggests a new complex (4.26) was 

generated (Figure 4.5, b).
26

  This finding is in agreement with literature precedents which  

nearly unanimously point to decomposition of Ru-alkylidene metathesis catalysts to 

isomerization-active Ru-H species.   
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Figure 4.5.  Attempted cross metathesis of alkene 4.23 and silyl enol ether 4.24 leads to 

unexpected reactivity: a) isomerization of 4.23 to 4.25 and b) formation of Ru-H 

 

 

 The intensive study of olefin metathesis over the past decades eventually lead to 

the proposed mechanistic insight on the olefin metathesis reaction by Yves Chauvin. 
27

.  

It is now generally accepted that the key step of alkene metathesis is a [2+2] 

cycloaddition and its reverse, sometimes known as the Chauvin mechanism (or dance!)  

(Figure 4.6, pathway a).  Ligand dissociation would lead to the active metal carbene 

species A.  Key intermediate metallocyclobutane species C is thought to be formed from 

alkene complex B, and then the four membered ring is thought to fragment in the 

opposite direction to create new metal carbene D and liberate ethylene.  Metal carbene D 

would then react with another alkene to create another metallocyclebutane F and upon 

fragmentation, where a new alkene would be created and original metal carbene species 

A regenerated to re-enter the catalytic cycle.  Intense experimental detail has provided the 

understanding that the key intermediates within the catalytic cycle are the metal carbene 

(A and D) and metallocyclobutane (C and F) species.   
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Figure 4.6.  Generally accepted mechanism of metathesis and proposed pathway 

involving a π-allyl complex leading to isomerization 

 

 

As discussed above, a generally annoying and unwanted side reaction of the 

alkene metathesis reaction is the isomerization of the double bond.  Decomposition of 

metathesis active metal-carbene species is proposed to lead to the unwanted reaction of 

C=C migration by way of isomerization active metal-hydride species.
28

  There are a 

considerable number of transition metal compounds that promote alkene isomerization by 

way of two major mechanistic pathways; the alkyl and the allyl mechanism (Chapter 1, 

Figure 1.3), where in fact it is well-known that Ru-hydride complexes partake in this 

accomplishment (Chapter 1, Tables 1.11-1.15).
29-33

  The isomerization reaction during 

alkene metathesis is proposed to occur via the allyl-type mechanism (G to H, Figure 

4.6),
22

 however the alkyl pathway cannot be ruled out.  Deprotonation at the allylic 

position of complex B would lead to a π-allyl complex (G), which would then be 
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responsible for double bond migration.  It is proposed that either hydride complex H 

forms, or trapping of the allylic H by migration to the carbene would afford a species like 

I, followed by the formation of the isomerization product and original metal-carbene 

complex. 

 Considering a pathway in the metathesis of alkenes can unexpectedly and 

unwantingly promote isomerization in a random fashion and create a variety of products 

in arbitrary distribution, the possibility that the controlled pair of reactions (metathesis 

and isomerization) could serve a valuable purpose. 

 

4.3. Tandem metathesis-isomerization 

Many examples of reaction cascades composed of ring-opening, ring-closing, or 

cross metathesis sequences that encounter favorable results in target molecules have been 

disclosed,
34,35

 but fewer that involve a metathesis step followed by a non-metathesis step.
36-

38
  However, as will be discussed here, even fewer examples exist of sequential 

transformations utilizing both metathesis and isomerization, thus a challenge can be 

identified: find catalyst and conditions that can perform this selectively.  Snapper and co-

workers witnessed isomerization of alkenes interfering with the metathesis process but 

optimized the conditions to sequentially and selectively facilitate ring closing metathesis 

followed by alkene isomerization in one pot.
39
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Figure 4.7.  Cyclic enol ethers formed by tandem ring closing metathesis of  

dienes, followed by H2 activated isomerization 

 

 

 Cyclic enol ethers 4.29 were created in one pot (Figure 4.7).
36,39

  Acyclic dienes 

4.27 were treated with metathesis catalysts 4.1 and 4.4 and a series of additives and 

solvents were screened for the conditions that enhanced the isomerization reaction.  The 

conclusions of the screening deemed that Grubbs second generation catalyst (4.4) with 

small amounts of H2 in CH2Cl2 forms the best olefin isomerization catalyst (although 

some hydrogenation occurred).  These observations are consistent with the literature, 

proposing that metathesis catalysts undergo degradation to form a metal hydride to 

promote the isomerization in place of metathesis.  A series of acyclic dienes that follow 

the schematic of Figure 4.7 were used to form enol ethers in one pot in moderate to good 

yield (46 – 74%).  

 Tandem, or cascade, reactions furnish an increase in molecular complexity in one 

operation by a consecutive series of reactions.
40,41

  Biochemical pathways have taken 

advantage of cascade reactions on the molecular level for extremely efficient processes 

such as the complement cascade
42,43

 and coagulation.
44

  Borrowing from Nature once 

more, chemists have developed many of these reactions to improve synthetic strategies: 

electrophilic, nucleophilic, radical, pericyclic, and metal mediated tandem type 

reactions.
45

  The Diels-Alder cycloaddition is a reaction that involves a single chemical 
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step for an efficient approach to multiple carbon-carbon bond construction to afford 

complex molecular structures.
46

  Tandem reactions are a fundamental objective to 

improve synthetic efficiency by increasing molecular complexity via shorter synthetic 

routes, avoidance of intermediate isolation, reduction of waste, and in an atom 

economical fashion. 

 The sequential RCM and isomerization illustrated in Figure 4.7 shows how cyclic 

enol ethers are formed from dienes via tandem organic reactions.  Perhaps the synthesis 

of α,ω-hydroxyaldehyde 4.31 could come to fruition via tandem catalysis. According to 

textbook organic chemistry, the conversion of diol 4.14 to α,ω-hydroxy-aldehyde 4.15 

would potentially involve reduction of the alkene and oxidation of one alcohol.  

Considering that diol 4.14 is symmetrical, the selective oxidation of one end of the 

molecule presents a demanding challenge.  An alternative synthetic strategy to obtain an 

attractive synthetic intermediate like α,ω-hydroxy-aldehyde 4.15 could possibly involve a 

sequential reaction.  Self-dimerization of alkenol 2.4 would provide a mixture of cis- and 

trans-4.30, and the desymmetrization of the resulting symmetrical diol to create 4.31 

could materialize by transition metal redox isomerization in a tandem or sequential 

manner (Figure 4.8). 

 
 

Figure 4.8.  Sequential metathesis and isomerization of alkenols would give useful ,-

dioxygenated long-chain molecules with different end groups 

 

 

 A tandem metathesis and isomerization sequence like that described in Figure 4.8 

could open new routes to various synthetically useful long chain intermediates.  The 
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development of a novel route for the synthesis of such compounds, like α,ω-hydroxy 

carboxylic acids, is highly desired.
47

  For instance, trans-hydroxydec-2-enoic acid (4.32) 

is one of the major constituents in a substance excreted by the mandibular and 

hypopharyngeal glands of worker bees for the longevity of the queen bee called royal 

jelly.
48

  Royal jelly has been used in medical products, cosmetics, and health food 

products because of its beneficial pharmacological properties,
49

 such as antitumor
50

 and 

antimicrobial
51

 activities, vasodilative and hypotensive activities,
52

 and anticancer 

properties.
50

  It appears as if no other natural source reported contains compound 4.32. 

 A previous synthetic route to trans-hydroxydec-2-enoic acid (4.32) involves six 

steps, some of which require purification along the way.
53

  Conceivably, by using 

metathesis and isomerization, the two step sequence (as seen in Figure 4.8) can 

potentially afford α,ω-hydroxy-aldehyde 4.31, which could then be converted to 4.32 by 

Wittig conditions with ylide 4.33 (Figure 4.9).   

 
 

Figure 4.9.  Royal jelly (4.32), a useful molecule, could be made from the product of 

metathesis and isomerization 

 

 

The alkene isomerization catalyst 2.1, whose reactivity has been discussed in 

Chapters 2 and 3 of this dissertation, has proven to be a very efficient and versatile 

complex working on a variety of functionalized alkenes of variable chain lengths.  The 

ability of 2.1 to migrate a carbon-carbon double bond over many positions (Chapter 2, 

Figure 2.20) highlights the ability of the catalyst to act on internal trans-alkenes.  Figure 



354 

 

 

 

4.8 introduces how metathesis of an alkene would be expected to generate the 

symmetrical metathesis product, which could subsequently be isomerized by 2.1 for the 

rapid and facile construction of a long chain with two different functional groups at each 

end.  Figures 4.10 and 4.11 present molecules that can be produced as C8 (from C5) and 

C18 (from C10), respectively, long chain intermediates with two different handles for 

further selective transformations. If favorable conditions were established, the two ether 

moieties (enol and alkyl) of the asymmetrical products (4.35, 4.38, 4.43, 4.46) would 

have the propensity to be converted separately to alcohol or aldehyde units, all without 

the need to selectively differentiate the two ends of the symmetrical metathesis product, 

which have two indistinguishable alkyl ethers. 

 

 

Figure 4.10. Metathesis of C5 substrates should afford C8 symmetrical compounds, 

which can become differentially functionalized by isomerization 

 

 

 Certain criteria need to be considered when selecting a metathesis catalyst, as is 

true for the selection of any catalyst, reagent, solvent, temperature, and time.  The 

metathesis catalyst ideally should have a high turnover number (TON), high turnover 
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frequency (TOF), an outstanding tolerance for a variety of functional groups.
54

  

Metathesis catalysts have surprisingly demonstrated a balance between catalyst stability 

and insensitivity to impurities while displaying high activity.  The Grubbs first generation 

catalysts (4.1-4.3) have a remarkable reactivity profile, with an excellent tolerance for a 

variety of functional groups with good activity, but limited lifetime in solution.  The 

evolution of metathesis complexes started with the introduction of Grubbs second 

generation catalysts (4.4, 4.5) where the new N-heterocyclic carbene (NHC) ligand 

enhanced the catalytic activity.  The phosphine-free Grubbs-Hoveyda catalyst 4.6, 

displays an improvement in activity, but the initiation of 4.6 is slower in comparison to 

4.4/4.5, most likely due to the steric and electronic properties of the hemilabile 

benzylidene ligand.  Each of the metathesis catalysts used in this particular research (4.1, 

4.2, 4.4-4.6) similarly have a Ru(II) center and two chloride ligands in a pentacoordinate 

environment, which does not necessarily indicate that the performance and outcome of 

the metathesis reaction will be identical, thus the selection of metathesis catalyst and 

reaction conditions is critically important to achieve optimal results. 
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Figure 4.11.  Metathesis of C10 substrates should afford C18 symmetrical compounds, 

which can become differentially functionalized by isomerization 

 

 

4.4. Development of a tandem metathesis-isomerization  

route to long-chain compounds 

 

 A variety of Ru metathesis catalysts were furnished by Materia for the screening 

of the metathesis reactions illustrated in Figures 4.10 and 4.11.  Additional considerations 

that need to be met for the sequential metathesis-isomerization include the compatibility 

of the metathesis catalyst to the alkene isomerization catalyst 2.1.  Ideally, this reaction 

would take place in one pot with no purification between each reaction.  Metathesis 

catalyst impurities by ligand leaching or decomposition should not interfere with the 
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reactivity of catalyst 2.1.  The efficiency of metathesis catalysts 4.1, 4.2, 4.4-4.6 to afford 

the desired product of metathesis was investigated. 

 It should be noted that half of a previous masters thesis from the group started to 

tackle this problem, with promising but decidedly incomplete preliminary results. 

Abhinandini Sharma (thesis submitted Fall 2011: “Synthesis of Platinum Complexes with 

Hindered Imidazolyl Phosphines with N-H Groups and Application of Alkene 

Isomerization to Synthesis of α,ω-Hydroxyaldehyde Derivatives”) used Grubbs 

generation 1 catalyst under vacuum on neat substrate to perform metathesis, which 

reduced tendency for premature isomerization. However, the subsequent isomerization 

step was difficult. In short, unanticipated challenges of reducing sequential metathesis-

isomerization were found, and were resolved here.  

 Various attempts to perform metathesis on the short alkenol, 4-penten-1-ol (2.4), 

by an assortment of metathesis catalysts, show the diversity in product distribution (Table 

4.4).  Some complexes are more prone to isomerize unreacted starting material or 

isomerize the symmetrical molecule that has already gone through metathesis.  Each of 

the reactions provided isomerization, to an extent, in addition to remaining unreacted 

starting material. 
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Table 4.4.  Screening for the preferred conversion of 4-penten-1-ol (2.4) to oct-4-en-1,8-

diol (4.30) using an assortment of metathesis catalysts 

 
metathesis 

catalyst 

mol

% 
solvent temp time 2.4 4.30 

aldehyde 

(2.5 +4.31) 

4.4 1 acetone-d6 RT 24 h 73% <27% 0.5% 

4.6
a
 1 acetone-d6 RT 40 min 4% 82% 1% 

4.6 1.2 acetone-d6 RT 
2 h 

4 h 

9% 

9% 

85% 

84% 

2% 

4% 

4.2 1 acetone-d6 RT 
5 h 

24 h 

22% 

2% 

77% 

79% 

1% 

17% 
aNeedle insert into solution and purged with N2 for 2 min, 20% isomeric products 

 

 

Phosphine-free Hoveyda-Grubbs catalyst 4.6 was far superior in the formation of 

ene-diol 4.30 (entries 2 and 3).  In comparison to the amount of 4.30 generated, entries 2 

and 3 exhibited the least amount of aldehyde in the medium.  The more rapid liberation 

of ethylene by bubbling N2 through the solution led to an enhanced reaction, but more 

products of isomerization (entry 2).  The addition of 1,4-benzoquinone (10 mol%)
55

 

worked well in inhibiting isomerization during metathesis, but the downfall of using this 

additive is that it needed removal by purification so not to tamper with the isomerization 

step. 

The silyl ether derivative of 4-penten-1-ol (2.22) has an extreme difficulty 

forming only the metathesis product 4.34 (Table 4.5).  Even at 30 minutes after catalyst 

addition, various isomers of the C5 compound and the C8 compound were detected.  The 
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forced liberation of ethylene by bubbling N2 through the solution provided nearly all enol 

product (2.23+4.35), which is even worse than the results from the alkenol case above 

(Table 4.4, entry 2). 

Table 4.5. Silyl ether 2.22 in the presence of metathesis catalyst 4.6 leads to a 

competitive reaction between metathesis and isomerization
a
 

 

 

metathesis catalyst conditions desired product 4.34 
enol ether 

(2.23+4.35) 

1 mol% 4.6 reaction open to N2 41% 54% 

1 mol% 4.6 
N2 bubbled through 

solution 
5% 95% 

        aReaction proceeds at RT in acetone-d6.  Results are 6.5 h after catalyst addition. Identities of the two     

      enol derivatives were not established, but ratios of the two appeared to be in the range of 1 : 1 to 3 : 1. 

 

 Gratifyingly, the self-dimerization of the longer alkenol, 9-decenol (2.8), provided 

a much cleaner and selective reaction with Hoveyda-Grubbs catalyst 4.6 to generate the 

symmetrical C18 diol 4.39 in 97% yield (Figure 4.12).  The remaining compound in the 

mixture was starting material 2.8, where no traces of other internal alkene isomers or 

aldehyde species were detected by 
1
H NMR.    

 
 

Figure 4.12.  Metathesis of 9-decen-1-ol (2.8) to octadec-9-en-1,18-diol (4.39) 

 

 

 Experiencing facile metathesis of C10 substrates with good yield and minimal by-

product formation, and conversely metathesis of smaller C5 substrates creating a complex 
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mixture of three compounds (unreacted starting material and metathesis, and 

isomerization products) prompted a search for a catalyst that can metathesize shorter 

substrates without isomerization.  Independently from our work, the Grubbs group 

recently reported successful metathesis of 4-penten-1-ol using a bulkier version of 4.6, 

with sterically hindering N-aryl and N-alkyl substituents (4.47, Figure 4.13).
56

  Hindered 

Ru-NHC catalyst 4.47 is inactive at ambient temperature but initiates at elevated 

temperatures.  Although alkene isomerization did not seem to interfere, we prefer not to 

have to use elevated temperatures in our methodology. 

 
 

Figure 4.13.  Modified Hoveyda-Grubbs catalyst 4.47 with hindered NHC  

exhibits latent behavior toward metathesis 

 

 

 Focusing back to the Ru metathesis catalysts in hand for the transformation of 

interest, the difficulty of self-dimerization of 4-pentenol (2.4) (Table 4.4) may be 

explained by degradation of the metathesis catalyst to an isomerization-active complex.  

This has been documented to occur in the presence of a primary alcohol which generates 

a Ru-CO complex
57-60

 and may attribute to the isomerization of substrate 2.4 (Figure 

4.14).  The potential mechanism for decomposition of Ru metathesis catalysts to CO 

complexes in alcohols has been studied.
61,62

  Activated complex 4.49 arises from 

phosphine dissociation, and alkoxide complex 4.51 can be generated from the addition of 
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methanol and loss of HCl.  Formaldehyde complex 4.52 may form via hydrogen transfer 

from alkoxide to carbene, followed by further overall hydrogen transfer from aldehyde to 

alkyl, with loss of toluene, which would generate proposed structure 4.53 that undergoes 

deinsertion to form hydride 4.54 (Figure 4.14, a). 

 
 

 

Figure 4.14.  Potential pathway for the decomposition of metathesis catalysts to CO 

complexes with a) methanol and b) a longer chain alcohol (2.4) 

 

 

 Isotopic labeling studies were consistent with the proposal made in Figure 4.14.
61

  

Longer chain alcohols have also been found to be effective at forming a Ru(H)(CO) 

complex documented to be active for isomerization, and Figure 4.14b shows a series of 

events postulated for alcohol 2.4. Why 9-decen-1-ol does not cause problems remains 
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unclear at this point, because it too should be able to perform all of the steps shown for 4-

penten-1-ol.  

 With preliminary results (Table 4.4) showing high conversion (85% or more) of 

4-penten-1-ol to 4.30, we set out to examine the subsequent isomerization step.  Intended 

product α,ω-hydroxyaldehyde 4.31 was the major constituent detected in the reaction 

mixture, where the unreacted diol 4.30 was encountered as the other component.  Both 

the 
1
H and 

31
P NMR show death of the alkene isomerization catalyst, forming the 

corresponding CO complex (for CO complex and 2.1, respectively, 
1
H Cp δ 5.25 and 

4.86 and 
31

P δ 40.9 and 49.1 ppm).  In Chapter 2, we discussed catalyst death in the case 

of primary alcohol substrates, which are thought to produce toxic enol intermediates.  

Table 4.6. One-pot sequential metathesis using Hoveyda-Grubbs catalyst 4.6 of 4-

pentenol (2.4) followed by isomerization using 2.1 

 

 
 

entry
a
 mol% 2.1 

% 4.30 at 

point of 2.1 

addition 

% RCHO at 

point of 2.1 

addition 

% 4.31 at times after 2.1 

addition 
time of 

death of 2.1 

1 h 2 h 29 h 

1 1 mol% 84% 12% 28% 34% 50% 1 h 

2 5 mol% 82% 1%
b
 25% - - 1 h 

3
c
 + 5 mol% n/a n/a - 60% - 1 h 

4
d
 1 mol% 61% 33% 37%

 d
 37%

 d
 38%

 d
 - 

     aReactions preformed in resealable J. Young NMR tube under inert atmosphere in deoxygenated acetone-   

   d6.  Reactions proceed at 70 oC and monitored by 1H NMR.  bInternal alkene isomers at 2.1 addition  =     

   13%.  cAdditional 5 mol% 2.1 added to entry 2 after 1 h. dEntry 4 reaction solvent is CD2Cl2 and   

  documented at 24, 48, and 168 h. 
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Unfortunately, the metathesis reaction results in internal alkenes that exist in a 

cis:trans mixture in about 1 to 4 ratio, and from the earlier studies (Chapter  3, Figure 

3.5) it as proposed that due to sterics about the Ru center as result of the endo-isopropyl 

groups of the phosphine, only trans-alkenes can fit into the coordination site that is active 

for isomerization.  The principle of microscopic reversibility means that if only trans 

internal alkene is formed using 2.1 from terminal alkenes, then only trans internal 

alkenes will be acted upon by the catalyst. In other words, cis-alkenes are thought to be 

too encumbered to fit, thus are inert to isomerization. For a confirmatory example, see 

lack of isomerization of the cis alkene methyl oleate 2.54, Chapter 2, Figure 2.25. 

In order to determine if trans selectivity applied here, substrates 4.30 and 4.34 

were studied in a purified state, as ca. 4 to 1 mixtures of E and Z isomers in each case 

(Figure 4.15).  

 
 

Figure 4.15.  Isomerization of purified metathesis products 

 

 

The initial positional isomerization of (E/Z)-4.30 and (E/Z)-4.34 was quite rapid, 

giving within an hour starting material and product in equimolar amounts.  However, 

further reaction of 4.30 and 2.1 did not go to completion to α,ω-hydroxyaldehyde 4.31.  
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Similarly, upon detailed inspection of the 
1
H NMR spectra, the (E)-isomer of 4.34 is 

consumed whereas the (Z)-isomer remains for up to 48 h at 70 
o
C. 

As discussed previously in Chapter 3, catalyst 2.1 is selective in the construction 

of exclusively trans-alkene products.  Figure 4.16 strongly suggests (see also discussion 

of Figure 3.5 in chapter 3) that the endo-isopropyl group on the phosphine should hinder 

coordination of a cis-alkene to the metal center.  Perhaps 2.1 does not act quickly on (Z)-

alkenes because coordination to the metal is too hindered.  Reducing the steric demand of 

the R groups on the phosphorus should allow both cis- and trans- alkenes to react or be 

made by analogs of 2.1. 

 
Figure 4.16.  The relationship of endo-isopropyl group of phosphine and bound alkene: 

a) DFT-calculated complex of propene derived from 2.1 (source: Gulin Erdogan), b) 

trans-butene complex steers clear of steric hindrance, and c) coordination of cis-butene 

may be obstructed by endo-isopropyl groups.  [Alkenes enclosed in black for contrast and 

clarity] 

 

 

 Catalyst screening data from 2005 (Chapter 2, Tables 2.1 and 2.2) guided the 

search for a new phosphine was for the synthesis of an analogue of the alkene 

isomerization catalyst 2.1.  The modified version of alkene zipper catayst 2.1 was made 
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with a phosphine bearing the identical hindered imidazolyl heterocycle, but phenyl 

groups, instead of i-Pr groups, on the phosphine to obtain the catalyst mixture 4.57 

(Figure 4.17).  Unfortunately, this phosphine does not give complete formation of the 

chelate complex 4.57a, even after prolonged storage under high vacuum.  Attempts to 

separate the two complexes (chelate 4.57a and bis(acetonitrile) species 4.57b) by 

chromatography or crystallization were not successful, hence 4.57 was employed as a 

mixture of the two components (4.57a + 4.57b = 4.57). We note that studies on 2.1 

(chapter 3, section 3.5) showed that the presence of one mole of nitrile per substrate 

molecule does inhibit isomerization, but only to an extent. The presence of less than one 

“extra” mole of nitrile per chelate complex 4.57a (less than 5 or 10% the amount per 

mole of substrate) could be argued to have only a negligible effect on catalyst turnover. 

 

Figure 4.17.  Synthesis of diphenyl analog of 2.1, creating 4.57a and 4.57b 

(4.57a + 4.57b = 4.57) 

 

 

 The ability for mixture 4.57 to isomerize the substrates of interest, 9-decen-1-ol 

(2.8) and its hindered silyl ether derivative (4.44) was evaluated in CD2Cl2 at 70 
o
C 

(Figure 4.18).  Gratifyingly, isomerization of alkenol 2.8 and ether 4.44 with diphenyl 

catalyst 4.57 is more reactive on the lengthy substrates, however lacks the trans-

selectivity of 2.1.   
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O

H

OSi OSi

OH

4.44 4.58

10 mol% 4.57

5 mol% 4.57

CD2Cl2, 70 
o
C

CD2Cl2, 70 
o
C

2.8 2.9
1 h  95%

1 h   69% 4.58

    E:Z = 1:1.2

5 h   78% 4.58

    E:Z = 1:2.2
 

 

Figure 4.18.  Control reactions showing successful isomerization using 4.57 

 

The isomerization of terminal olefins was successful with catalyst 4.57, but still, 

more importantly, optimal conditions needed to be met found to afford maximum yield of 

the desired product.  The first step in this process used purified diol 4.39, so as to select 

proper catalyst, loading of the catalyst, order of catalyst addition, solvent, temperature, 

and time for optimal conditions for the desymmetrization. 

Table 4.7.  Summary of isomerization conditions for the conversion of purified diol 4.39 

to α,ω-hydroxyaldehyde 4.40 

 

entry cat (mol%) solvent time % yield 4.40
a
 

1 2.1 (5 mol%) acetone-d6 
24 h 
72 h 

50% 
59% 

2 2.1 (20 mol%) acetone-d6 5 h 85%
b
 

3 4.57 (7 mol%) CD2Cl2 1 h 100% 

4 4.57 (10 mol%) acetone-d6 7 h 65%
c
 

                     aReactions monitored by 1H NMR. b66% of remaining 4.39 in cis-conformation.  

              c63% of remaining 4.39 in cis-conformation. 
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Table 4.7 summarizes results for various reactions performed for the 

isomerization purified diol 4.39 to a molecule with two different functional groups, the 

α,ω-hydroxyaldehyde 4.40.  Each catalyst, 2.1 and 4.57, has the ability to isomerize the 

internal diol to the desired product, and it appears as if the loading has an influence on the 

reactivity with this particular substrate. 

Table 4.8.  Summary of isomerization conditions for the conversion of symmetrical 

purified diether 4.42 to 4.43 

 

entry catalyst(s) (mol%) solvent time 
% yield 4.43

a 

[E:Z ratio] 

1
b
 2.1 (20 mol%) acetone-d6 

26 h 

73 h 

63% [6.2:1] 

62% [2.9:1] 

2 2.1 (20 mol%) CD2Cl2 
26 h 

73 h 

56%
 
[12.8:1] 

57% [7.3:1] 

3 
2.1 (10 mol%) 

4.57 (10 mol%) 
acetone-d6 

2 h 

16 h
c
 

78% [1:1.4] 

83% [1:1.7] 

4 2.1 (10 mol%) acetone-d6 
5 h 

46 h
c
 

53%
 
[22:1] 

61% [3.2:1] 

 a
Reactions monitored by 

1
H NMR. 

b
At 5 h, ratio of (E)- and (Z)-4.43 = 30.2 : 1. 

c
Additional 

10 mol% 2.1 added after 5 h data acquisition. 

 

Table 4.8 documents the results for the exploration of the various reactions 

performed for the isomerization purified bis(silyl ether) 4.42 to a molecule bearing two 

differing functionalities, 4.43.  Each catalyst, 2.1 and 4.57 isomerizes the symmetrical 

alkene to the desired product, but with different results.  Catalyst 2.1 creates the enol silyl 
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ether 4.43 that is rich in the trans-isomer (as much as 22 to 1, but degrading with time), 

whereas catalyst 4.57 results in a mixture that is rich in the cis-isomer.  Addition of both 

alkene isomerization catalysts (entry 3) pushes the reaction farther to the products, 

compared to only using one isomerization catalyst. 

Table 4.9 illustrates the effect of catalyst and solvent on the isomerization of 

purified bis(silyl ether) 4.45 to 4.46.  Each catalyst, 2.1 and 4.57, isomerizes the 

symmetrical alkene to the desired product, but the less selective and sterically hindered 

catalyst 4.57 in CD2Cl2 is far superior.  Alkene isomerization catalyst 2.1 creates the enol 

silyl ether 4.46 in exclusively trans-geometry, whereas catalyst 4.57 results in a mixture 

that is rich in the cis-isomer, probably the thermodynamic ratio.   

Table 4.9.  Summary of isomerization conditions for the conversion of symmetrical 

diether 4.45 to 4.46 

 

 

entry cat (mol%) solvent time 
% yield 4.46

a 

[E:Z ratio] 

1 2.1 (10 mol%) acetone-d6 24 h 36% [100% (E)] 

2 4.57 (10 mol%) CD2Cl2 
3 h 

16 h 
72%

 
[0.7:1] 

84% [0.5:1] 
            aReactions monitored by 1H NMR.  

 

Since the catalyst mixture 4.57 can indeed catalyze olefin migration, 

incorporation and/or comparison of selective trans-catalyst 2.1 and cis-/trans-tolerant 
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mixture 4.57 for isomerization may assist the resolution of the challenges experienced in 

isomerization of symmetrical olefins to a long chain intermediate with two different 

functional groups. 

Having found a solution to the isomerization challenge, we turned attention to 

alternative metathesis conditions, compatible with subsequent isomerization. A report 

describing heterogeneous 2
nd

 generation Hoveyda-Grubbs catalyst portrayed an attractive 

alternative, also with the possibility of large scale reactions.
63

  For her research, group 

member Gulin Erdogan synthesized the metathesis catalyst on silica as described in the 

publication.  According to Van Berlo and co-workers, tetradec-7-ene was produced 

quantitatively from 1-octene, and likewise stilbenoid derivatives result from methathesis 

of functionalized styrenes.  However, in my hands, this silica-supported solid phase 

catalyst system did not give clean (or complete) metathesis and the isolation of pure 

products was not possible, thus this approach was abandoned. 

 By a stroke of luck, an opportune metathesis catalyst emerged.  Prof. Karol Grela 

from the Institute of Organic Chemistry, Polish Academy of Sciences (IOC PAS) in 

Poland paid the Grotjahn group a visit during a seminar tour he was making in the United 

States.  The pivotal constituent of his research is development and optimization of 

transition metal catalysts for alkene and alkyne metathesis. On the basis of mutual 

interest, Prof. Grela and co-workers received alkene isomerization catalyst 2.1 in 

exchange for a modified Hoveyda-Grubbs metathesis catalyst entitled nitro-Grela 

metathesis catalyst (4.57). 
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Figure 4.19.  Nitro-Grela metathesis catalyst 4.59 

 

The nitro-Grela metathesis catalyst 4.59 incorporates Grubbs’ second generation 

NHC and Hoveyda’s hemilabile phenyl alkylidene (with a Grela twist) (Figure 4.19).  

The nitro substitution on the alkylidene is thought to enhance reactivity through 

electronic activation, where the electron withdrawing ability weakens the chelation of the 

iso-propoxy moiety for the affective formation of the catalytically active species.
54,64,65

  

Metathesis catalyst 4.59 can furnish metathesis products from demanding and 

challenging substrates.
65,66

  Chiral vinyl phosphine oxide 4.60 can self-dimerize to form 

4.61, which is a versatile synthetic intermediate for the preparation of chiral bidentate 

phosphine ligands.  When this reaction was performed using 4.4 and 4.6, the results 

clearly show that 4.59 works on challenging substrates. 

When the nitro-Grela catalyst 4.59 is employed in the metathesis of the substrates 

in Figures 4.10 and 4.11, the transformation is clean and facile in most cases.  However, 

like the previous metathesis catalysts attempted, the shorter substrates with five carbons 

resulted in an array of products (maximum 4.30 of 66% in 140 min and 4.34 of 51% in 60 
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min; see experimental details).  The nitro-Grela catalyst provided to be the quickest and 

most efficient metathesis catalyst for our purposes, with the least amount of undesired 

byproducts when the C10 substrates were reacted.  Consequently, the sequential 

metathesis and isomerization methodology progressed using the nitro-Grela complex for 

metathesis. 

 From the observations in Tables 4.7 to 4.9, we conclude that an optimized catalyst 

system for the isomerization of long chain symmetrical molecules incorporates new 

catalyst mixture 4.57 that can act on and create cis-alkenes, as well as trans-isomers, in 

methylene chloride-d2.  Certainly an even more attractive approach to the formation of 

the α,ω-hydroxyaldehydes and α,ω-alkyl enol silyl ethers would be demonstrated by 

avoiding purification between the metathesis and isomerization steps.  The sequence 

would involve a one-pot reaction; first achieving metathesis by opportune metathesis 

catalyst, 4.59, followed by isomerization whereby the isomerization catalyst is added into 

mixture containing metathesis catalyst. 

 The sequential metathesis, with nitro-Grela metathesis catalyst 4.59, and 

isomerization, individually or with a combination of 2.1 and/or 4.57, in one pot was 

executed in a number of solvents under a variety of conditions.   

 The metathesis of 4.41 with 1 mol% 4.59 in proceeds nicely and is complete in 4 

h (not stirring).  To the same reaction, 10 mol% each 2.1 and 4.57 was added to act as a 

“broad-spectrum” catalyst and the reaction was allowed to proceed at 70 
o
C.  The 

reactions were screened in CD2Cl2 and acetone-d6.  The initial reaction rate in both cases 

was rapid.  The yield of final product 4.43 in the specific reaction defined in Table 4.10 
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appears to top out within an hour of catalyst introduction, whereas the isomerization that 

occurs thereafter is cis-trans-isomerism.   

Table 4.10. One-pot metathesis-isomerization of 4.41 in situ to silyl enol ether 4.43, 

using a mixture of two catalysts, 2.1 and 4.57 

 

catalyst:  added together: 

10 mol% both 2.1 and 4.57 

 solvent: CD2Cl2   
 

 
0 h 1 h 2 h 3 h 5 h 

4.42 
[E:Z ratio] 

100% 
[4.5:1] 

42.7% 
[3.4:1] 

39.9% 
[3.5:1] 

39.4% 
[3.5:1] 

39.0% 
[3.2:1] 

4.43 
[E:Z ratio] 

-- 
70.9% 
[2.3:1] 

68.6% 
[2.3:1] 

68.3% 
[2.4:1] 

67.3% 
[2.5:1] 

catalyst:  added together: 
10 mol% both 2.1 and 4.57 

 solvent: acetone-d6 
   

 0 h 1 h 2 h 4 h 45 h 

4.42 

[E:Z ratio] 

100 

[4.9:1] 
30.3% 28.6% 27.8% 26.0% 

4.43 
[E:Z ratio] 

-- 60.8% 
[3.5:1] 

62.7% 
[3.4:1] 

62.3% 
[3.1:1] 

67.9% 
[2.1:1] 

 

 

A small adjustment to the catalyst addition described in Table 4.10 was made for 

the attempt of either increasing the yield of long chain enol silyl ether 4.43, and the 

results are illustrated in Table 4.11.  After metathesis using nitro-Grela catalyst 4.59 was 

complete, 10 mol% of alkene isomerization catalyst 2.1 was introduced and the progress 
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monitored by 
1
H NMR spectroscopy.  Allowing approximately 52-56% 4.43 to form over 

two days at 70 
o
C, the catalyst mixture 4.57 was added to the already Ru-rich solution.  

Acetone-d6 solvent, again, yields more of the desired trans-product, but CD2Cl2 forms a 

larger amount of the desired silyl enol ether 4.43. 

Table 4.11. One-pot metathesis-isomerization of 4.41 in situ to silyl enol ether 4.43, 

using first 2.1 and then 4.57 

 

 catalyst:  first, 10 mol% 2.1 
added, then* an 

additional 10 mol% 4.57 added 

 solvent: CD2Cl2   
  

 
0 h 2 h 5 h 19 h 48 h 2h* 48 h* 

4.42 

[E:Z 

ratio] 

100% 
[4.8:1] 

85.0 
[4.6:1] 

74.4% 
[3.8:1] 

54.3% 
[3.0:1] 

45.5% 
[2.8:1] 

43.9% 
[2.8:1] 

42.2% 
[2.7:1] 

4.43 
[E:Z 

ratio] 

-- 
19.8% 

[13.1:1] 

31.8% 

[13.5:1] 

48.4% 

[20.0:1] 

51.7% 

[11.9:1] 

62.9% 

[1.5:1] 

71.0% 

[1.5:1] 

 catalyst:  first, 10 mol% 2.1 
added, then* an 

additional 10 mol% 4.57 added 

 solvent: acetone-d6 

    

 0 h 1 h 2 h 3 h 45 h 1 h* 2 h* 

4.42 

[E:Z 
ratio] 

100 

[4.4:1] 

73.7% 

[3.4:1] 

59.3% 

[2.7:1] 

52.9% 

[2.5:1] 

38.4% 

[3.6:1] 

39.0% 

[3.3:1] 

36.6% 

[3.6:1] 

4.43 

[E:Z 
ratio] 

-- 
27.6% 

[8.5:1] 

39.2% 

[10.9:1] 

44.8% 

[12.6:1] 

58.9% 

[5.6:1] 

66.8% 

[3.3:1] 

66.0% 

[3.1:1] 

 

Similar, but more sterically hindered, silyl ether 4.44 undergoes a clean and facile 

self-dimerization to afford internal alkene 4.45.  The simultaneous addition of both 
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isomerization catalysts (2.1 and 4.57) leads to a more rapid isomerization (Table 4.12).  

However, a low yielding route to the exclusively trans-4.46 enol silyl ether is available 

by only using the more selective alkene isomerization catalyst 2.1 with purification is 

required before geometrical isomerization begins.  

Table 4.12. One-pot metatesis-isomerization of 4.44 formed in situ to silyl enol ether 

4.46, using a mixture of two catalysts, 2.1 and 4.57 

 

 

catalyst:  added together: 

10 mol% both 2.1 and 4.57 

 
solvent: acetone-d6 

     

 
0 h 1 h 2 h 4 h  45 h  

4.45 

[E:Z] 

100% 
[5.1:1] 

37.5% 
 

35.6% 
 

34.2% 
 

 
33.8% 

 
 

4.46 

[E:Z] 

-- 59.9% 

[3.2:1] 

59.5% 

[2.9:1] 

58.6% 

[2.9:1] 

 63.3% 

[2.2:1] 

 

catalyst:  first, 10 mol% 2.1 

added, then* an 

additional 10 mol% 2.1 added 

 solvent: acetone-d6 

     

 0 h 1 h 5 h 1 h* 5 h* 26 h* 69 h* 

4.45 

[E:Z] 

100 

[4.7:1] 

68.4% 

[3.2:1] 

58.3% 

[2.6:1] 

54.4% 

[2.8:1] 

50.5% 

[3.1:1] 

48.7% 

[4.1:1] 

45.7% 

[3.8:1] 

4.46 

[E:Z] 

-- 25.8% 
[all (E)-] 

37.5% 
[all (E)-] 

42.9% 
[all (E)-] 

46.3% 
[27.9:1] 

51.9% 
[11.7:1] 

56.9 
[8.5:1] 
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The metathesis-isomerization methodology described herein allows for 

construction of versatile long chain molecules using two catalytic steps in one reaction 

vessel.  The C=C bond formation of metathesis creates a long symmetrical compound, 

and the migration of the carbon-carbon double bond provides a facile route for the 

synthesis of a compound with two different functionalities at each end from a 

symmetrical starting material.   

α,ω-Hydroxyaldehyde 4.40 that is the product of metathesis and isomerization of 

9-decenol in corporate two very different functionalities at each end of the linear chain, 

an alcohol and an aldehyde.  For further functionalization and utility in applications, 

chemo-specific transformations can be carried out for the selective reactivity at the 

alcohol, thus forming 4.62, or at the aldehyde, thus forming 4.63 (Figure 4.20). 

 
 

Figure 4.20.  Selective functionalization of metathesis-isomerization product 4.40 

 

 

 The distinction between alcohol and carbonyl chemistry is well-documented and a 

lot less tedious comparison for functionalization in respect to the alkyl and enol silyl 

ether moieties of molecules like that of 4.43.  Silyl ethers are an extremely common go-to 

protecting group in synthetic chemistry as a result of the facile installment and cleavage 

of the substituent.  Enol silyl ethers on the other hand, have a wide range of reactivity to 
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form a wide array of further functionalized compounds, however there is a possibility that 

removal of one functional group might cause removal of the other.  The optimal situation 

would involve the selective cleavage of the alkyl silyl ether of 4.43 to afford 4.64, and 

alternate conditions that are only reactive with the enol to yield 4.65 (Figure 4.21).  

Hydrolysis of silyl enol ethers can occur in an acidic medium, but similarly the cleavage 

of alkyl silyl ethers also occur under acidic conditions, thus conditions that favor one 

reaction over the other would resolve this.    

 
 

Figure 4.21.  Selective functionalization of metathesis-isomerization product 4.43 

 

 

Extensive research has been published on the deprotection of silyl ethers, and 

additional routes different from the classical acid hydrolysis or removal by a fluoride 

source.  Neutral alumina,
67

 ceric ammonium nitrate (CAN) in MeOH,
68

 and pyridinium 

para-toluenesulfonate (PPTS) in EtOH
69

 have been documented to cleave silyl ethers.  In 

addition, silver salts have been used as Lewis acids for catalytic oxidation reactions
70

 and 

are known to interact with alkenes.
71
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Figure 4.22.  Preliminary results on the selective functionalization of  

a) alkyl silyl ethers and b) enol silyl ethers 

 

 

 Simple alkyl and enol silyl ethers were screened against reagents with the 

potential for selective cleavage of the oxygen-silicon bond (Figure 4.22).  Weakly acidic 

pyridinium para-toluenesulfonate in ethanol exclusively reacts with the alkyl silyl ether 

(Figure 4.22, a) and inert to cleaving the enol silyl ether (Figure 4.22, b).  Silver triflate in 

aqueous methylene chloride requires heat to hydrolyze the enol silyl ether, where ceric 

ammonium nitrate in methanol performs the deprotection in a facile manner, where the 

resulting alcohol most likely becomes further oxidized.  Unfortunately, CAN in MeOH 

was not introduced to the alkyl silyl ether for comparison. 

 In order to apply these preliminary results to selective cleavage of one side of the 

α,ω-alkylenol disilyl ether, the next step to be taken is purification of one of the long 

chain intermediates after sequential metathesis-isomerization (4.35, 4.38, 4.43, 4.46) and 

monitoring for the selective deprotection of interest. 

  

 

4.5.  Final Comments 

The one-pot sequential metathesis-isomerization hypothesis came to fruition 

through an intense exploratory regimen, providing experimental options leading to the 

desired asymmetrical product in high yield, preference of forming the trans-product, or 
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the most rapid reaction time.  The long chain molecules are molecules that have been 

constructed in a facile manner with great potential.  Such compounds can undergo 

reactions specifically tailored to the desired end product by the chemoselectivity 

introduced by taking a symmetrical molecule with equally reactive functionality on each 

side and manipulate it by alkene isomerization.  These preliminary results will be 

optimized and reported in due time. 

 

 

________________________________________________________________________ 

 

Chapter 4, in part is currently being prepared for submission for publication of the 

material. Casey R. Larsen, Abhinandini Sharma, Douglas B. Grotjahn. The dissertation 

author was the primary researcher for the data presented. 

 

________________________________________________________________________ 

 

4.6. Experimental Details 

4.6.1. General Information 

Reactions were perfomed under dry nitrogen, using a combination of Schlenk line 

and glovebox techniques.  Acetone-d6 received from Cambridge Isotope Labs was further 

deoxygenated by bubbling nitrogen gas through the liquid.  Methylene chloride-d2 

received from Cambridge Isotope Labs was distilled over calcium hydride and 
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deoxygenated via freeze-pump-thaw technique.  NMR tube reactions were performed in 

resealable NMR tubes (J. Young). 

 Unless otherwise specified, NMR data were measured at 30 
o
C.  Varian 

spectrometers were used: a 500-MHz INOVA (500 MHz listed below for 
1
H = 499.940 

MHz and 125.7 MHz for 
13

C = 125.718 MHz), and a 400-MHz Varian NMR-S (400 

MHz listed below for 
1
H = 399.763 MHz and 100 MHz for 

13
C = 100.525 MHz). 

 
1
H and 

13
C NMR chemical shifts are reported in ppm downfield from tetrakis-

(trimethylsilyl)methane and referenced to solvent resonances (
1
H NMR: δ 2.05 for 

CHD2COCD3 and 
13

C NMR: δ 29.92 for CD3COCD3).  
1
H NMR signals are given 

followed by multiplicity, coupling constants J in Hertz, integration in parentheses.  For 

complex coupling patters, the first coupling constant listed corresponds to the first 

splitting listed, e.g. for (dt, J = 3.2, 7.9, 1H) the doublet exhibits the 3.2-Hz coupling 

constant. 

General Procedure for catalytic reactions 

In a glove box to a J. Young tube, substrate and internal standard in deoxygenated 

deuterated solvent was allowed to dissolve.  An initial 
1
H NMR spectrum was acquired.  

The catalyst(s) was added, and the reaction was allowed to progress under conditions 

specified.  
1
H and 

31
P NMR data were acquired at the times specified. 

The value of the integral for the singlet due to the internal standard, (Me3Si)4C, 

was set equal to 10.00 integral units in each case.  Data were acquired using either a 

Varian 400 MHz or 500 MHz spectrophotometer, with sixteen 15
o
 pulses and 20 second 

delays between pulses.  Tables show key NMR resonances which could be used to 
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reliably determine yields.  The remaining 
1
H resonances for starting material and product 

overlapped and so were not used.  Approximate limit of detection 0.1-0.5%. 

 

Substrate 
1
H NMR spectral data 

For the octadec-9-en-1,18-diol 4.39 in the mixture (ratio of trans to cis = 

approximately 4 to 1): 
1
H NMR (400 MHz, acetone-d6) δ 5.40 (tt, J = 1.6, 4, trans 2H), 

5.33-5.37 (m, cis 2H), 3.52 (t, J = 6.4, 4H), 3.30-3.45 (br s, 2H), 1.92-2.01 (m, 4H), 1.44-

1.55 (m, 4H), 1.25-1.42 ppm (m, 20H). 

Partial assignments for 18-hydroxyoctadecanal (4.40) in reaction mixtures: 
1
H 

NMR (500 MHz, acetone-d6) δ 9.72 (t, J = 1.5, 1H), 3.52 (t, J = 6.5, 2H), 3.32 (br s, 1H), 

2.41 (dt, J = 1.5, 6.5, 2H), 1.56-1.63 (m, 2H), 1.46-1.53 (m, 4H), 1.25-1.42 ppm (m, 

20H). 

Partial assignments for 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene (4.45) 

in reaction mixtures: 
1
H NMR (500 MHz, CD2Cl2) δ 7.66-7.72 (m, 4H), 7.35-7.45 (tm, 

6H), 5.41 (tt, J = 1.5, 3, trans 2H),  5.35- 5.39 (m, cis 2H), 3.69 (t, J = 6.5, 4H), 1.94-2.05 

(m, 4H), 1.56-1.63 (m, 4H), 1.31-1.42 (m, 8H), 1.24-1.31 (m, 20H), 1.06 ppm (br s, 

18H). 

Partial assignments for 1,18-di-(tert-butyldiphenylsilyloxy)octadec-1-ene (4.46) 

in reaction mixtures: 
1
H NMR (400 MHz, CD2Cl2) δ 7.67-7.73 (m, 8H), 7.36-7.47 (m, 

12H), 6.28 (td, J = 1, 10, trans 1H), 6.21 (td, J = 1, 5, cis 1H),  5.01 (td, J = 6.5, 10, cis 

1H), 4.50 (dt, J = 5, 6.5, cis 1H), 3.66-3.72 (m, 4H), 1.94-2.02 (m, 2H), 1.56-1.62 (m, 

4H), 1.31-1.42 (m, 8H), 1.24-1.31 (m, 20H), 1.06 ppm (br s, 18H). 
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4.6.2. Preparation of various substrates for catalytic reactions 

 

Synthesis of tert-butyldimethyl(pent-4-en-1-yloxy)silane (2.22) 

A flask equipped with a magnetic stir bar was charged with 4-penten-1-ol (1.229 

g, 14.2 mmol, 1 equiv).  Dry and deoxygenated CH2Cl2 (40 mL) was added and the flask 

submerged in an ice bath.  Imidazole (2.089 g, 30.7 mmol, 2.16 equiv) was added to the 

flask under N2, followed by tBuMe2SiCl (2.691 g, 17.9 mmol, 1.26 equiv) in CH2Cl2 (5 

mL).  The reaction was allowed to warm to RT as the contents were stirred.  Upon 

completion (determined using TLC), the reaction mixture was poured into EtOAc (60 

mL) and water was added (70 mL) and the phases separated.  The aqueous phase was 

extracted twice more with EtOAc (60 mL) each, the organic fractions combined and 

washed with water (3 x 60 mL each), dried over Na2SO4, filtered, and the filtrate 

concentrated in vacuo.  The crude product was purified by column chromatography 

(column: 9 in height x 2 in diameter) using 1% EtOAc in hexanes.  Clear and colorless oil 

2.22 was isolated in 82.4% yield (2.35 g). 

 

Synthesis of tert-butyldimethyl(dec-9-en-1-yloxy)silane (4.41) 

 A flask equipped with a magnetic stir bar was charged with 9-decen-1-ol (949.0 

mg, 6.07 mmol, 1 equiv).  Dry and deoxygenated CH2Cl2 (46 mL) was added and the 

flask submerged in an ice bath.  Imidazole (830.3 mg, 12.19 mmol, 2.01 equiv) was 

added to the flask under N2, followed by tBuMe2SiCl (1.139 g, 7.56 mmol, 1.25 equiv) in 

CH2Cl2 (5 mL).  The reaction was allowed to warm to RT as the contents were stirred.  
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Upon completion (determined using TLC), the reaction mixture was poured into EtOAc 

(100 mL) and water was added (150 mL) and separated.  The aqueous phase was 

extracted twice more with EtOAc (70 mL) each, the organic fractions combined and 

washed with water (3 x 100 mL each), dried over Na2SO4, filtered, and the filtrate 

concentrated in vacuo.  The crude product was purified by column chromatography 

(column: 7 ½ in height x 1 ¼ in diameter) using 100% hexanes.  Clear and colorless oil 

4.41 was isolated in 92.2% yield (1.515 g). 

 

Synthesis of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) by way of 

octadec-9-ene-1,18-diol (4.39) 

 

 A flask equipped with a magnetic stir bar was charged with 4.39 (581.5 mg, 2.45 

mmol, 1 equiv).  Dry and deoxygenated CH2Cl2 (20 mL) was added and submerged in an 

ice bath.  Imidazole (570.6 mg, 8.38 mmol, 3.42 equiv) was added to the flask under N2, 

followed by tBuMe2SiCl (739.9 mg, 4.91 mmol, 2.00 equiv) in CH2Cl2 (15 mL).  The 

reaction was allowed to warm to RT as the contents were stirred.  Upon completion 

(determined using TLC), the reaction mixture was poured into EtOAc (100 mL) and 

water was added (150 mL) and separated.  The aqueous phase was extracted with EtOAc 

(70 mL), the organic fractions combined and washed with water (3 x 90 mL each), dried 

over Na2SO4, filtered, and the filtrate concentrated in vacuo.  The crude product was 

purified by column chromatography (column: 6 in height x 1 ¼ in diameter) using 100% 

hexanes.  Clear and colorless oil 4.42 was isolated in 75.3% yield (789.6 mg). 
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4.6.3.  Metathesis screening results 

 
4.6.3.1.  Metathesis of 4-pentenol (2.4) to oct-4-en-1,8-diol (4.30) 

 

Using Grubbs Generation 1 (4.1):  

 A round bottomed flask was charged with 4-penten-1-ol (2.4) (513.2 mg, 5.96 

mmol), dry and deoxygenated CH2Cl2 (3 mL) and Grubbs Generation 1 metathesis 

catalyst 4.1 (286.1 mg, 0.348 mmol, 5.8 mol%).  The reaction was allowed to proceed at 

room temperature open to 1 atm N2 pressure. 

 

Using Grubbs Generation 2 (4.4):   

 A round bottomed flask was charged with 4-penten-1-ol (2.4) (999.0 mg, 12.0 

mmol), dry and deoxygenated CH2Cl2 (8 mL) and Grubbs Generation 2 metathesis 

catalyst 4.4 (29.0 mg, 0.352 mmol, 0.3 mol%).  A reflux condenser was attached and the 

reaction was allowed to proceed at 40 
o
C open to 1 atm N2 pressure. 

 

Using Hoveyda-Grubbs Generation 2 (4.6):   

 In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-penten-1-ol (2.4) (86.4 mg, 1.003 mmol), catalyst 4.6 (7.7 mg, 0.0123 mmol, 1.2 

mol%) and deoxygenated acetone-d6 (enough to make final reaction volume of 1 mL).  

The reaction was allowed to proceed at room temperature open to 1 atm N2 pressure. 
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Table 4.13. Metathesis of 4-penten-1-ol (2.4) with 1 mol% second generation Hoveyda-

Grubbs catalyst 4.6 in acetone-d6 at room temperature 

 

 2.5 h 3.5 h 6.5 h 

2.4 9% 8% 5% 

4.30 85% 84% 86% 

aldehyde species 2% 4% 7% 

Other internal isomers 8% 9% 2% 

                  Monitored by 1H NMR. 

 

Using a first generation catalyst (4.2):   

 In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-penten-1-ol (2.4) (89.0 mg, 1.03 mmol), catalyst 4.2 (8.3 mg, 0.0104 mmol, 1 mol%) 

and deoxygenated acetone-d6 (enough to make final reaction volume of 1 mL).  The 

reaction was allowed to proceed at room temperature open to 1 atm N2 pressure.  Catalyst 

was rather insoluble. 

Table 4.14. Metathesis of 4-penten-1-ol (2.4) with 1 mol% first generation catalyst 4.2 in 

acetone-d6 at room temperature 

 

 1 h 2 h 5 h 24 h 

2.4 90% 87% 89% 73% 

4.30 5% 6% 11% 27% 

aldehyde species - trace trace 0.5% 

                   Monitored by 1H NMR. 
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Using a second generation catalyst (4.5):   

 In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-pentenol (2.4) (88.9 mg, 1.03 mmol), catalyst 4.5 (8.5 mg, 0.0103 mmol, 1 mol%) and 

deoxygenated acetone-d6 (enough to make final reaction volume of 1 mL).  The reaction 

was allowed to proceed at room temperature open to 1 atm N2 pressure.  The catalyst was 

rather insoluble, however in 5 h diol 4.30 comprised the majority of the mixture (58.2%; 

also seen were 14% aldehyde and the remainder unreacted starting material 2.4)  

Table 4.15. Metathesis of 4-penten-1-ol (2.4) with 1 mol% second generation catalyst 4.5 

in acetone-d6 at room temperature 

 

 1 h 2 h 5 h 24 h 

2.4 83% 71% 22% 2% 

4.30 16% 27% 77% 79% 

aldehyde species - - 1% 17% 

                  Monitored by 1H NMR. 

 

Using nitro-Grela catalyst 4.59:   

 In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-penten-1-ol (2.4) (47.7 mg, 0.55 mmol), nitro-Grela catalyst 4.59 (3.8 mg, 0.0057 

mmol, 1 mol%) and deoxygenated CD2Cl2 (enough to make final reaction volume of 1 

mL).  The reaction was allowed to proceed at room temperature open to 1 atm N2 

pressure.   



386 

 

 

 

 

Table 4.16.  Metathesis of 4-penten-1-ol (2.4) with 1 mol% nitro-Grela metathesis 

catalyst 4.59 in CD2Cl2 at room temperature 

 

 20 min 90 min 2 h 20 min 27 h 123 h 

2.4 36.7% 13.3% 7.9% 2.6% 3.0% 

4.30 51.2% 62.9% 65.4% 62.4% 55.0% 

isomers 12.2% 23.9% 26.7% 28.9% 28.2% 

aldehyde - trace trace 6.1% 13.7% 

                     Monitored by 1H NMR 

 

4.6.3.2.  Metathesis of tert-butyldimethyl (pent-4-en-1-yloxy)silane (2.22) to 1,8-di-

(tert-butyldimethylsilyloxy)oct-4-ene (4.34) 

 

 

 

 

Using Hoveyda-Grubbs Generation 2 metathesis catalyst (4.6) – open to N2: 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

alkene (2.22) (202.9 mg, 1.01 mmol), Hoveyda-Grubbs Generation 2 metathesis catalyst 

4.6 (6.2 mg, 0.0099 mmol, 1 mol%) and deoxygenated acetone-d6 (enough to make final 

reaction volume of 1 mL).  The reaction was allowed to proceed at room temperature 

open to 1 atm N2 pressure. 
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Table 4.17. Metathesis of tert-butyldimethyl (pent-4-en-1-yloxy)silane (2.22) with 1 

mol% second generation Hoveyda-Grubbs catalyst 4.6 in acetone-d6 at room temperature 

 0 h 1 h 2 h 5 h 32 h 

 
61.15 4.15 3.14 2.35 trace 

units per proton 61.15 4.15 3.14 2.35 trace 

% starting material 100 6.8 5.1 3.8 trace 

 
0 47.04 37.60 36.32 36.52 

units per proton 0 23.52 18.80 18.16 18.26 

% compound in mixture 0 38.5 30.7 29.7 29.9 

 

0 7.45 7.71 7.41 8.64 

 

0 4.61 4.61 4.63 4.49 

Units per proton 0 4.02 4.11 4.01 4.38 

% compound in mixture 0 6.6 6.7 6.6 7.2 

 

0 10.19 12.12 12.41 12.51 

Units per proton 0 10.19 12.12 12.41 12.51 

% compound in mixture 0 16.7 19.8 20.3 20.5 

Monitored by 1H NMR 

 

Using Hoveyda-Grubbs Generation 2 metathesis catalyst 4.6 – bubbling N2 through 

solution: 

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

alkene (2.22) (200.4 mg, 1.00 mmol), Hoveyda-Grubbs Generation 2 metathesis catalyst 

4.6 (6.2 mg, 0.0099 mmol, 1 mol%) and deoxygenated acetone-d6 (enough to make final 

reaction volume of 1 mL).  A needle was inserted into the solution, where dry N2 was 

allowed to bubble through the solution at room temperature.   
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Table 4.18.  Metathesis of tert-butyldimethyl (pent-4-en-1-yloxy) silane (2.22) with 1 

mol% second generation Hoveyda-Grubbs catalyst 4.6 in acetone-d6 while bubbling N2 

through solution at room temperature 

 0 h 30 min 2.5 h 5.5 h 

 
103.34 0 0 0 

units per proton 103.34 0 0 0 

% starting material 100 0 0 0 

 

0 25.79 6.80 4.77 

units per proton 0 12.90 3.40 2.39 

% compound in mixture 0 12.5 3.3 2.3 

 
0 18.53 20.01 20.13 

 

0 8.24 7.94 7.50 

Units per proton 0 26.77 27.95 27.63 

% compound in mixture 0 25.9 27.0 26.7 

 

0 32.20 38.48 39.05 

Units per proton 0 32.20 38.48 39.05 

% compound in mixture 0 31.1 37.2 37.8 

       Monitored by 1H NMR 

 

4.6.3.3.  Metathesis of tert-butyldiphenyl(pent-4-en-1-yloxy)silane (4.36) to 1,8-di-

tert-butyldiphenyl silyloxyoct-4-ene (4.37) 
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Using nitro-Grela catalyst 4.59:  

In a glove box, the following were added to a resealable J. Young NMR tube:  

alkene (4.36) (165.5 mg, 0.51 mmol), nitro-Grela metathesis catalyst 4.59 (4.9 mg, 

0.0073 mmol, 1.4 mol%) and deoxygenated CD2Cl2 (enough to make final reaction 

volume of 1 mL).  The reaction was allowed to proceed at room temperature open to 1 

atm N2 pressure. 

Table 4.19. Metathesis of tert-butyldiphenyl (pent-4-en-1-yloxy) silane (4.36) with 1.4 

mol% nitro-Grela catalyst 4.59 in CD2Cl2 room temperature 

 

 1 h 2.5 h 

4.36 0 0 

4.37 32.9 23.4 

Enols 
(3 different enol species) 25/25/11 25/25/17 

               Monitored by 1H NMR 

 

4.6.3.4.  Metathesis of 9-decen-1-ol (2.8) to octadec-9-en-1,18-diol (4.39) 

 

 

 

Using Hoveyda-Grubbs Generation 2 catalyst (4.6):   

 To a round bottomed flask charged with 9-decen-1-ol (2.8) (545.9 mg, 3.49 

mmol), dry and deoxygenated CH2Cl2 (3 mL) and Hoveyda-Grubbs Generation 2 

metathesis catalyst 4.6 (66.5 mg, 0.106 mmol, 3 mol%).  A reflux condenser was attached 
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and the reaction was allowed to proceed at 40 
o
C open to 1 atm N2 pressure.  The reaction 

was not complete within 20 h. 

 

Using Grubbs Generation 1 catalyst (4.1):  

 To a round bottomed flask charged with 9-decen-1-ol (2.8) (565.9 mg, 3.62 

mmol), dry and deoxygenated CH2Cl2 (4 mL) and Grubbs Generation 1 metathesis 

catalyst 4.1 (119.5 mg, 0.145 mmol, 4 mol%).  A reflux condenser was attached and the 

reaction was allowed to proceed at 40 
o
C open to 1 atm N2 pressure.  

 

4.6.3.5.  Metathesis of tert-butyl dimethyl (dec-9-en-1-yloxy) silane (4.41) to 1,18-di-

(tert-butyl dimethylsilyloxy)octadec-9-ene (4.42) 

 

 

 

 

Using Grubbs Generation 1 (4.1):   

To a round bottomed flask charged with tert-butyldimethyl(dec-9-en-1-yloxy) 

silane (4.41) (697.9 mg, 2.58 mmol), dry and deoxygenated CH2Cl2 (4 mL) and Grubbs 

Generation 1 metathesis catalyst (97.9 mg, 0.119 mmol, 4.6 mol%).  The reaction was 

allowed to proceed at room temperature open to 1 atm N2 pressure. 
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4.6.3.6.  Metathesis of tert-butyl diphenyl(dec-9-en-1-yloxy)silane (4.44) to 1,18-di-

tert-butyldiphenylsilyloxy octadec-9-ene (4.45) 

 

 

 

Using Grubbs Generation 1 (4.1):  

To a round bottomed flask charged with tert-butyldiphenyl(dec-9-en-1-yloxy) 

silane (4.44) (703.5 mg, 1.78 mmol), dry and deoxygenated CH2Cl2 (4 mL) and Grubbs 

Generation 1 metathesis catalyst 4.1 (89.6 mg, 0.109 mmol, 6 mol%).  The reaction was 

allowed to proceed at room temperature open to 1 atm N2 pressure. 

 

Using Hoveyda-Grubbs Generation 2 (4.6):  

In a glove box, the following were added to a resealable NMR tube (J. Young):  

alkene (4.44) (98.7 mg, 0.25 mmol), Hoveyda-Grubbs Generation 2 metathesis catalyst 

(4.6) (5.9 mg, 0.0094 mmol, 3.8 mol%) and deoxygenated CD2Cl2 (enough to make final 

reaction volume of 1 mL).  The reaction was allowed to proceed at room temperature 

open to 1 atm N2 pressure. 
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4.6.3.7.  Inhibition of isomerization during metathesis by benzoquinone addition 

 

Metathesis of 4-pentenol (2.4) to oct-4-en-1,8-diol (4.30) with benzoquinone 

 

 

Using Grubbs Generation 2 (4.6):  

To a round bottomed flask charged with 4-penten-1-ol (2.4) (101.2 mg, 1.17 

mmol), dry and deoxygenated CH2Cl2 (3 mL), Grubbs Generation 2 metathesis catalyst 

4.6 (55.6 mg, 0.066 mmol, 5.6 mol%), and benzoquinone (12.3 mg, 0.113 mmol).  A 

reflux condenser was attached and the reaction was allowed to proceed at 33 
o
C open to 1 

atm N2 pressure. 

 

Metathesis of tert-butyldimethyl(pent-4-en-1-yloxy)silane (2.22) to 1,8-di-tert-butyl 

dimethylsilyloxyoct-4-ene (4.34) with benzoquinone 

 

  

Using Grubbs Generation 2 catalyst 4.4:  

To a round bottomed flask charged with 4-penten-1-ol ether (2.22) (339.0 mg, 

1.03 mmol), dry and deoxygenated CH2Cl2 (3 mL), Grubbs Generation 2 metathesis 

catalyst 4.4 (59.7 mg, 0.070 mmol, 6.8 mol%), and benzoquinone (12.3 mg, 0.113 

mmol).  A reflux condenser was attached and the reaction was allowed to proceed at 33 

o
C open to 1 atm N2 pressure. 



393 

 

 

 

4.6.3.8.  Metathesis using a silica-immobilized metathesis catalyst 

 

Silica-immobilized Hoveyda-Grubbs Generation 2 catalyst synthesized by group member 

Gulin Erdogan according to literature.
63

 

 

Using silica-immobilized Hoveyda-Grubbs Gen 2: 

To a round bottomed flask charged with silica-immobilized Hoveyda-Grubbs 

Generation 2 metathesis catalyst (359.3 mg, 0.7 mol%), 4-pentenol (2.4) (67.9 mg, 0.788 

mmol) and and dry and deoxygenated hexanes (8 mL) was added.  A reflux condenser 

was attached and the reaction was allowed to proceed at 65 
o
C open to 1 atm N2 pressure. 

 

Using silica-immobilized Hoveyda-Grubbs Gen 2: 

To a round bottomed flask charged with silica-immobilized Hoveyda-Grubbs 

Generation 2 metathesis catalyst (335.4 mg, 0.7 mol%), 9-decenol (2.8) (109.1 mg, 0.698 

mmol) and and dry and deoxygenated hexanes (8 mL) was added.  A reflux condenser 

was attached and the reaction was allowed to proceed at 65 
o
C open to 1 atm N2 pressure. 

 

Using silica-immobilized Hoveyda-Grubbs Gen 2: 

To a round bottomed flask charged with silica-immobilized Hoveyda-Grubbs 

Generation 2 metathesis catalyst (1.0918 g), tert-butyldimethyl(pent-4-en-1-yloxy)silane 

(2.22) (137.2 mg, 0.423 mmol) and dry and deoxygenated hexanes (9 mL) was added.  A 

reflux condenser was attached and the reaction was allowed to proceed at 50 
o
C open to 1 

atm N2 pressure. 
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Using silica-immobilized Hoveyda-Grubbs Gen 2: 

To a round bottomed flask charged with silica-immobilized Hoveyda-Grubbs 

Generation 2 metathesis catalyst (1.047 g), tert-butyldiphenyl(pent-4-en-1-yloxy)silane 

(4.36) (94.9 mg, 0.474 mmol) and dry and deoxygenated hexanes (9 mL) was added.  A 

reflux condenser was attached and the reaction was allowed to proceed at 50 
o
C open to 1 

atm N2 pressure. 

Results: neither did each of the reactions unfortunately go to completion, nor was the 

desired product isolable. 

 

4.6.4.  Isomerization of purified products of metathesis  

 

Susbtrates purified by column chromatography after metathesis 

 

Isomerization of octadec-9-en-1,18-diol 

 

Using 20 mol% catalyst 2.1 in acetone-d6   

In a glovebox, diol 4.39 (15.0 mg, 0.053 mmol) and C(SiMe3)4 used as internal 

standard, were combined with acetone-d6 (~600 µL), and an initial NMR spectrum was 

acquired.  Back in the glovebox, to this mixture was added catalyst 2.1 (6.4 mg, 0.01 

mmol; 20 mol%) followed by enough acetone-d6 to reach a final volume of 1.0 mL.  The 



395 

 

 

 

reaction was allowed to proceed at 70 
o
C in an oil bath, and 

1
H NMR spectra were 

acquired at NMR probe temperature of 30 
o
C. 

 

Using 10 mol% catalyst 4.57 in CD2Cl2  

In a glovebox, octadec-9-ene-1,18-diol 4.39 (14.9 mg, 0.050 mmol) and 

C(SiMe3)4 used as internal standard, were combined with CD2Cl2 (~600 µL), and an 

initial NMR spectrum was acquired.  Back in the glovebox, to this mixture was added 

catalyst 4.57 (3.4 mg, 0.005 mmol; 10 mol%) followed by enough CD2Cl2 to reach a final 

volume of 1.0 mL.  The reaction was allowed to proceed at 70 
o
C in an oil bath, and 

1
H 

NMR spectra were acquired at NMR probe temperature of 30 
o
C. 

 

Using 6.9 mol% catalyst 4.57 in CD2Cl2  

In a glovebox, octadec-9-ene-1,18-diol 4.39 (29.5 mg, 0.104 mmol) and 

C(SiMe3)4 used as internal standard, were combined with CD2Cl2 (~600 µL), and an 

initial NMR spectrum was acquired.  Back in the glovebox, to this mixture was added 

catalyst 4.57 (3.4 mg, 0.007 mmol; 6.9 mol%) followed by enough CD2Cl2 to reach a 

final volume of 1.0 mL.  The reaction was allowed to proceed at 70 
o
C in an oil bath, and 

1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

 

 



396 

 

 

 

Table 4.20. Summary of isomerization of purified 4.39 to -hydroxyaldehyde 4.40, 

using 2.1 or 4.57 in different solvents 

 
 

catalyst 

solvent 

5 mol% 2.1 
acetone-d6 

  
catalyst 

solvent 

7 mol% 4.57 

CD2Cl2 

 1 h 5 h 24 h 72 h    1 h 

4.39 82% 64% 45% 42%   4.39 0 

4.40 14% 34% 50% 59%   4.40 100 

 

catalyst 

solvent 

20 mol% 2.1 

acetone-d6 

catalyst 

solvent 

10 mol% 4.57  

acetone-d6 

 1 h 2 h 5 h  1h 2h x h x h 

4.39 45% 29% 12% 4.39 85% 79% 60% 30% 

[E:Z 

ratio] 

[1.4:1] [1:1.1] [1:2] [E:Z 

ratio] 

[3.5:1] [3.6:1] [3.1:1] [2.7:1] 

4.40 45% 61% 66% 4.40 9% 12% 33% 56% 

     Reaction monitored by 1H NMR 

 

Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 1,18-di-

(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) 

 

 

 

Using 20 mol% catalyst 2.1 in acetone-d6  

In a glovebox, 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene 4.42 (85.2 mg, 

0.165 mmol) and C(SiMe3)4 used as internal standard, were combined with acetone-d6 

(~800 µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this 

mixture was added catalyst 2.1 (20.9 mg, 0.034 mmol; 20.8 mol%) followed by enough 
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acetone-d6 to reach a final volume of 1.0 mL.  The reaction was allowed to proceed at 70 

o
C in an oil bath, and 

1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

 

Using 10 mol% catalyst 2.1 in acetone-d6   

In a glovebox, 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene 4.42 (90.9 mg, 

0.177 mmol) and C(SiMe3)4 used as internal standard, were combined with acetone-d6 

(~800 µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this 

mixture was added catalyst 2.1 (10.7 mg, 0.0176 mmol; 10 mol%) followed by enough 

acetone-d6 to reach a final volume of 1.0 mL.  After 23 hours, an additional portion of 

catalyst 2.1 (10.9 mg, 0.0179 mmol, 10 mol%) was added.  The reaction was allowed to 

proceed at 70 
o
C in an oil bath, and 

1
H NMR spectra were acquired at NMR probe 

temperature of 30 
o
C. 

Table 4.21. Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) using 10 mol% catalyst 2.1 in 

acetone-d6 at 70 
o
C 

 

 0 h 1 h 2 h 5 h 1 h 2 h 5 h 46 h 

(E)-4.42 86.4 60.0 47.0 35.5 33.1 33.5 33.0 30.2 

(Z)-4.42 13.6 14.2 14.0 12.7 12.3 11.1 11.5 7.7 

(E)-4.43 0 24.7 39.3 50.7 52.6 52.2 53.2 46.6 

(Z)-4.43 0 0.5 1.2 2.3 3.0 2.9 4.5 14.4 

Reaction monitored by 1H NMR 
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Using 21 mol% catalyst 4.57 in CD2Cl2   

In a glovebox, 1,18-di-tert-butyldimethylsilyloxyoctadec-9-ene 4.42 (86.9 mg, 

0.169 mmol) and C(SiMe3)4 used as internal standard, were combined with CD2Cl2 (~800 

µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this mixture 

was added catalyst 4.57 (21.8 mg, 0.036 mmol; 21.2 mol%) followed by enough CD2Cl2 

to reach a final volume of 1.0 mL.  The reaction was allowed to proceed at 70 
o
C in an oil 

bath, and 
1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

Table 4.22. Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) using 20 mol% catalyst 4.57 in 

CD2Cl2 at 70 
o
C 

 

 0 h 1 h 2 h 5 h 26 h 73 h 

(E)-4.42 84.9 81.9 70.8 56.1 30.9 29.7 

(Z)-4.42 15.0 15.3 13.7 13.0 10.7 9.5 

(E)-4.43 0 3.5 8.8 26.7 49.8 46.6 

(Z)-4.43 0 0 0 0 3.9 6.4 

Reaction monitored by 1H NMR 

 

Using 10 mol% each catalyst 2.1 and 4.57 in acetone-d6  

In a glovebox, 1,18-di-tert-butyldimethylsilyloxyoctadec-9-ene 4.42 (93.1 mg, 

0.181 mmol) and C(SiMe3)4 used as internal standard, were combined with acetone-d6 

(~800 µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this 

mixture was added catalyst 2.1 (10.9 mg, 0.0179 mmol; 10 mol%) and catalyst 4.57 (12.5 

mg, 0.0180, 10 mol%) followed by enough acetone-d6 to reach a final volume of 1.0 mL.  
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After 23 hours, an additional portion of catalyst 2.1 (10.9 mg, 0.0179 mmol, 10 mol%) 

was added to the reaction.  The reaction was allowed to proceed at 70 
o
C in an oil bath, 

and 
1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

Table 4.23. Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) using 10 mol% each catalyst 2.1 

and 4.57 acetone-d6 at 70 
o
C 

 

 0 h 1 h 2 h 5 h 1 h 2 h 

(E)-4.42 86.9 20.9 19.9 17.8 17.1 17.1 

(Z)-4.42 13.1 6.1 5.6 5.2 5.6 5.3 

(E)-4.43 0 34.1 32.5 29.9 30.3 30.3 

(Z)-4.43 0 36.9 45.8 48.9 52.7 51.4 

Reaction monitored by 1H NMR 

 

 

Table 4.24. Summary of the isomerization of purified 4.42 to 1,18-di-(tert-butyl 

dimethylsilyloxy)octadec-1-ene (4.43), using 2.1 in either CD2Cl2 or acetone-d6 

 
 

 

catalyst:   
20 mol% 2.1  

 
solvent: CD2Cl2 

 
 

 
 

 
0 h 1 h 2 h 5 h 26 h 73 h 

4.42 

[E:Z ratio] 

100% 

[5.6:1] 

97.2% 

[5.4:1] 

84.5% 

[5.2:1] 

69.1% 

[4.3:1] 

41.6 

[2.9:1] 

39.2% 

[3.1:1] 

4.43 

[E:Z ratio] 
-- 

3.5% 

[all (E)] 

8.8% 

[all (E)] 

26.7% 

[all (E)] 

53.7% 

[12.8:1] 

53.0% 

[7.3:1] 
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Table 4.24 continued. 

 

 
 

catalyst: 
20 mol% 2.1  

 solvent: acetone-d6 
    

 0 h 1 h 2 h 5 h 26 h 73 h 

4.42 

[E:Z ratio] 

100 

[6.9:1] 

84.1% 

[4.6:1] 

69.9% 

[3.7:1] 

51.7% 

[3.0:1] 

44.5% 

[3.6:1] 

37.3% 

[3.5:1] 

4.43 

[E:Z ratio] 
-- 

21.2% 

[all (E)] 

37.9% 

[all (E)] 

53.1% 

[30.2:1] 

62.9% 

[6.2:1] 

61.8% 

[2.9:1] 

Monitored by 1H NMR 

 

Table 4.25. Summary of the isomerization of purified 4.42 to 1,18-di-(tert-butyl 

dimethylsilyloxy)octadec-1-ene (4.43), using either 2.1 alone, or a mixture of two 

catalysts, 2.1 and 4.57 

 

 
 

 
 catalyst:  added together: 10 mol% 

both 2.1 and 4.57, then* an 

additional 10 mol% 2.1 added 

 solvent: acetone-d6      

 0 h 1 h 2 h 5 h 1 h* 2 h* 5 h* 48 h* 

4.42 

[E:Z 

ratio] 

100% 

[6.6:1] 

27.0% 

[3.4:1] 

25.5% 

[3.6:1] 

23.0% 

[3.4:1] 

22.7% 

[3.1:1] 

22.4% 

[3.2:1] 
18.4% 

18.2% 

[4.9:1] 

4.43 

[E:Z 

ratio] 

-- 
71.0% 
[1:1.1] 

78.3% 
[1:1.4] 

78.8% 
[1:1.6] 

83.0% 
[1:1.7] 

81.7% 
[1:1.7] 

79.2% 
[1:1.5] 

67.8% 
[1:1.6] 
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Table 4.25 continued. 

 

 
 
 

catalyst: first, 10 mol% 2.1 added, then* 

an additional 10 mol% 2.1 added 
 solvent: acetone-d6      

 0 h 1 h 2 h 5 h 1 h* 2 h* 5 h* 46 h* 

4.42 

[E:Z 

ratio] 

100% 
[6.4:1] 

74.2% 
[4.2:1] 

61.0% 
[3.4:1] 

48.2% 
[2.8:1] 

45.4% 
[2.7:1] 

44.6% 
[3.0:1] 

44.5% 
[2.9:1] 

37.9% 
[3.9:1] 

4.43 

[E:Z 

ratio] 

-- 

25.2% 

[49.4:1] 

40.5% 

[32.8:1] 

53.0% 

[22.0:1] 

55.6% 

[17.5:1] 

55.1% 

[18:1] 

57.7% 

[11.8:1] 

61.0% 

[3.2:1] 

  Reactions monitored by 1H NMR 

 

 

Isomerization of 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene (4.45) to 1,18-di-

(tert-butyldiphenylsilyloxy)octadec-1-ene (4.46) 

 

 

Using 10 mol% catalyst 2.1 in acetone-d6   

In a glovebox, 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene 4.45 (183.9 mg, 

0.242 mmol) and C(SiMe3)4 used as internal standard, were combined with acetone-d6 

(~800 µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this 
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mixture was added catalyst 2.1 (14.4 mg, 0.024 mmol; 9.8 mol%) followed by enough 

acetone-d6 to reach a final volume of 1.0 mL.  The reaction was allowed to proceed at 70 

o
C in an oil bath, and 

1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

 

Using 9 mol% catalyst 4.57 in CD2Cl2   

In a glovebox, 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene 4.45 (82.7 mg, 

0.16 mmol) and C(SiMe3)4 used as internal standard, were combined with CD2Cl2 (~800 

µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this mixture 

was added catalyst 4.57 (10.2 mg, 0.015 mmol; 9.2 mol%) followed by enough CD2Cl2 to 

reach a final volume of 1.0 mL.  The reaction was allowed to proceed at 70 
o
C in an oil 

bath, and 
1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 

 

Using 10 mol% catalyst 4.57 followed by addition of catalyst 2.1 in CD2Cl2   

In a glovebox, 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene 4.45 (63.5 mg, 

0.083 mmol) and C(SiMe3)4 used as internal standard, were combined with CD2Cl2 (~800 

µL), and an initial NMR spectrum was acquired.  Back in the glovebox, to this mixture 

was added catalyst 4.57 (5.8 mg, 0.0083 mmol; 10 mol%) followed by enough CD2Cl2 to 

reach a final volume of 1.0 mL.  To the reaction, catalyst 2.1 (4.3 mg, 0.0071 mmol, 8.5 

mol% and 5.9 mg, 0.0097 mmol, 11.7 mol%) was added in two portions to push the 

reaction to completion.  The reaction was allowed to proceed at 70 
o
C in an oil bath, and 

1
H NMR spectra were acquired at NMR probe temperature of 30 

o
C. 
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Upon completion, the reaction mixture was concentrated and passed through a 

silica plug, where product 4.46 was isolated as a white flaky solid in 91.8% yield (58.3 

mg). 

Table 4.26.  Summary of the isomerization of purified 4.45 to 1,18-di-(tert-butyl 

diphenylsilyloxy)octadec-1-ene (4.46), using either 2.1 or 4.57 

 
 

catalyst 

solvent 

10 mol% 2.1 

acetone-d6 
   

catalyst 

solvent 

10 mol% 4.57 

CD2Cl2 
  

 2 h 5 h 24 h   1h 3 h 16 h 

4.45 85% 76% 67%  4.45 

[E:Z] 

40% 

[3.7:1] 

34% 

[3.5:1] 

34% 

[3.8:1] 

4.46 

[E:Z] 

12% 

[1:0] 

21% 

[1:0] 

36% 

[1:0] 

 4.46 

[E:Z] 

63% 

[1:1] 

72% 

[0.7:1] 

84% 

[0.5:1] 

               Reactions monitored by 1H NMR 
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4.6.5.  Results of one-pot sequential metathesis-isomerization reactions 

 
4.6.5.1. One pot metathesis-isomerization of 4-penten-1-ol (2.4) to 8-hydroxyoctanal 

(4.31) 

 

 

 

 

Using Hoveyda-Grubbs Generation 2 catalyst 4.6 in CD2Cl2:  

In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-pentenol (2.4) (241.2 mg, 2.80 mmol), Hoveyda-Grubbs Generation 2 metathesis 

catalyst 4.6 (8.1 mg, 0.0013 mmol, 0.5 mol%) and deoxygenated CD2Cl2 (enough to 

make final reaction volume of 1 mL).  The reaction was allowed to proceed at room 

temperature. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (16.3 mg, 0.029, 

1 mol%) was added.  The reaction was allowed to proceed at 70 
o
C. 

Table 4.27.  One-pot metathesis-isomerization of 4-penten-1-ol (2.4) with second 

generation Hoveyda-Grubbs metathesis catalyst (4.6) in CD2Cl2 

 

 
Contents from 

metathesis 
24 h 48 h 168 h 

2.4 3% trace trace trace 

4.30 61% 63% 63% 62% 

aldehyde species 33% 37% 37% 38% 

                   Monitored by 1H NMR 
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Using Hoveyda-Grubbs Generation 2 catalyst in acetone-d6:  

In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-penten-1-ol (2.4) (83.9 mg, 0.97 mmol), Hoveyda-Grubbs Generation 2 metathesis 

catalyst 4.6 (6.4 mg, 0.010 mmol, 1 mol%) and deoxygenated acetone-d6 (enough to 

make final reaction volume of 1 mL).  The reaction was allowed to proceed at room 

temperature, open to N2 at 1 atm for 22 h. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (6.9 mg, 0.011, 

1.1 mol%) was added.  The reaction was allowed to proceed at 70 
o
C. 

Table 4.28. One-pot metathesis-isomerization of 4-penten-1-ol (2.4) with second 

generation Hoveyda-Grubbs metathesis catalyst (4.6) in acetone-d6 

 

 
result of 

metathesis 
1 h 2 h 5 h 29 h 76 h 

2.4 - - - - - - 

4.30 84% 70% 66% 60% 50% 46% 

aldehyde 

species 
12% 28% 34% 40% 50% 54% 

              Monitored by 1H NMR 

 

Using Hoveyda-Grubbs Generation 2 catalyst 4.6 in acetone-d6 with N2 bubbling 

through solution:  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

4-penten-1-ol (2.4) (83.9 mg, 0.97 mmol), Hoveyda-Grubbs Generation 2 metathesis 

catalyst 4.6 (6.1 mg, 0.0098 mmol, 1 mol%) and deoxygenated acetone-d6 (enough to 

make final reaction volume of 1 mL).  A long needle was inserted into the reaction 
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mixture where dry N2 was allowed to bubble through at room temperature.  At 40 min, 

the 
1
H NMR spectrum showed 82% conversion to 4.30 and 1% aldehyde. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (14.9 mg, 0.024, 

5 mol%) was added.  The reaction was allowed to proceed for 1 hour at 70 
o
C (4.31 = 

21%).  An additional portion of catalyst 2.1 (16.0 mg, 0.026 mmol, 5.2 mol%) was added 

and after 1 h at 70 
o
C, 

1
H NMR spectra revealed formation of 4.31 in the amount of 60%. 

 

4.6.5.2. One pot metathesis-isomerization 9-decen-1-ol (2.8) to 1,18-hydroxy-

octadecanal (4.40) 

 

 

 

Using Hoveyda-Grubbs Generation 2 metathesis catalyst 4.6 and isomerization 

catalyst 4.57 in CD2Cl2:   

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

9-decen-1-ol (2.8) (88.9 mg, 0.57 mmol), Hoveyda-Grubbs Generation 2 metathesis 

catalyst 4.6 (6.9 mg, 0.011 mmol, 1.9 mol%) and deoxygenated CD2Cl2 (enough to make 

final reaction volume of 1 mL).  The reaction was allowed to proceed at room 

temperature open to 1 atm N2.  At 2½ hours, the yield of 4.39 was 90.0% according to the 

1
H NMR spectrum (using internal standard to calculate), with no detection of aldehyde. 
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Back in the glove box, to the same reaction mixture, catalyst 4.57 (37.9 mg, 0.055 

mmol, 9.6 mol%) was added.  The reaction was allowed to proceed at 70 
o
C.  In 14 days 

after addition of catalyst 4.57, no change was observed.  

Table 4.29.  Moderate isomerization of octadec-9-ene-1,18-diol (4.39) to 18-hydroxy-

octadecanal (4.40) from a one pot metathesis reaction with second generation Hoveyda-

Grubbs catalyst 4.6 in CD2Cl2 

 

 1 h 26 h 

 
31.2 61.4 

 

23.6 64.3 

            Monitored by 1H NMR 

 

Using nitro-Grela metathesis catalyst (4.59) and isomerization catalyst 4.57 in 

acetone-d6 

 

Metathesis conditions explored included (a) slight vacuum to remove H2CCH2 as 

it formed, (b) keeping the reaction vessel open to N2 under 1 atm at room temperature, 

and (c) open to N2 under 1 atm at 43 – 45 
o
C. 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

9-decen-1-ol (2.8) (85.3 mg, 0.55 mmol), nitro-Grela metathesis catalyst (4.59) (3.7 mg, 

0.0055 mmol, 1 mol%) and deoxygenated CD2Cl2 (enough to make final reaction volume 

of 1 mL).  The reaction was allowed to proceed at room temperature open to 1 atm N2.  

Octadec-9-ene-1,18-diol 4.39 was afforded in 26 h. 

Back in the glove box, to the same reaction mixture, catalyst 4.57 (40.9 mg, 0.059 

mmol, 10.7 mol%) was added.  The reaction was allowed to proceed at 70 
o
C. 
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Table 4.30.  Isomerization of octadec-9-ene-1,18-diol (4.39) to 18-hydroxyocta-decanal 

(4.40) using 10 mol% catalyst 4.57 from a one pot metathesis reaction with nitro-Grela 

(4.59) in CD2Cl2 

 1 h 2 h 3 h 26 h 

 
12.8 19.1 16.1 10.9 

 

74.7 70.4 72.8 68.6 

Monitored by 1H NMR 

 

4.6.5.3. One pot metathesis-isomerization of tert-butyldimethyl(dec-9-en-1-

yloxy)silane (4.41) to 1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) 

 

 

 

 

Using nitro-Grela metathesis catalyst 4.6 and the simultaneous addition of 

isomerization catalysts 2.1 and 4.57 in acetone-d6  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

tert-butyldimethyl(dec-9-en-1-yloxy)silane (4.41) (126.0 mg, 0.457 mmol), nitro-Grela 

metathesis catalyst (4.59) (3.8 mg, 0.00565 mmol, 1.2 mol%) and deoxygenated CD2Cl2 

(enough to make final reaction volume of 1 mL).  The reaction was allowed to proceed at 

43 
o
C while open to 1 atm N2.  The solvent was removed upon completion, and fresh 

deoxygenated acetone-d6 was added. 
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Back in the glove box, to the same reaction mixture, catalyst 2.1 (10.6 mg, 0.0174 

mmol, 7.5 mol%) and 4.57 (9.7 mg, 0.0139 mmol, 6 mol%) was added.  The reaction was 

allowed to proceed at 70 
o
C. 

Table 4.31.  Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) with 7 mol% 2.1 and 10 mol% 

4.57 from a one pot metathesis with nitro-Grela (4.59) in acetone-d6 

 

 1 h 2 h 4 h 45 h 

4.42 30.3 28.6 27.8 26.0 

(E)-4.43 47.2 48.3 47.1 45.9 

(Z)-4.43 13.6 14.4 15.2 22.0 

Monitored by 1H NMR 

 

Using nitro-Grela metathesis catalyst 4.59 and the simultaneous addition of 

isomerization   catalysts 2.1 and 4.57 in CD2Cl2  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

tert-butyldimethyl(dec-9-en-1-yloxy)silane (4.41) (97.1 mg, 0.359 mmol), nitro-Grela 

metathesis catalyst (4.59) (3.9 mg, 0.0058 mmol, 1.6 mol%) and deoxygenated CD2Cl2 

(enough to make final reaction volume of 1 mL).  The reaction was allowed to proceed at 

room temperature, and a slight vacuum was applied to remove H2CCH2.  Fresh 

deoxygenated solvent was replenished, as some did evaporate when the system was under 

slight vacuum. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (12.1 mg, 0.0199 

mmol, 10.6 mol%) and 4.57 (12.8 mg, 0.0184 mmol, 9.8 mol%) was added.  The reaction 

was allowed to proceed at 70 
o
C. 
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Table 4.32.  Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) with 7 mol% 2.1 and 10 mol% 

4.57 from one pot with nitro-Grela catalyst 4.59 in CD2Cl2 

 

 0 h 1 h 2 h 3 h 5 h 

(E)-4.42 81.2 33.1 31.0 30.7 29.7 

(Z)-4.42 18.2 9.6 8.9 8.7 9.3 

(E)-4.43 0 49.5 48.0 48.2 48.0 

(Z)-4.43 0 21.4 20.6 20.1 19.3 

Monitored by 1H NMR 

 

 

Using nitro-Grela metathesis catalyst 4.59 and a staggered addition of isomerization   

catalysts: 4.57 followed by 2.1 in CD2Cl2  
 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

ether (4.41) (129.2 mg, 0.478 mmol), nitro-Grela metathesis catalyst (4.59) (3.3 mg, 

0.0049 mmol, 1 mol%) and deoxygenated CD2Cl2 (enough to make final reaction volume 

of 1 mL).  The reaction was allowed to proceed at 45 
o
C while open to 1 atm N2. 

Back in the glove box, to the same reaction mixture, catalyst 4.57 (16.9 mg, 

0.0243 mmol, 9.7 mol%) was added and allowed to proceed at 70 
o
C.  Ten hours after 

initial catalyst addition, catalyst 2.1 (16.4 mg, 0.027 mmol, 10.7 mol%) was added, and 

allowed to proceed at 70 
o
C. 
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Using nitro-Grela metathesis catalyst 4.59 and a staggered addition of isomerization   

catalysts: 2.1 followed by 4.57 in CD2Cl2  
 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

ether (4.41) (125.2 mg, 0.465 mmol), nitro-Grela metathesis catalyst (4.59) (3.9 mg, 

0.0058 mmol, 1.25 mol%) and deoxygenated CD2Cl2 (enough to make final reaction 

volume of 1 mL).  The reaction was allowed to procced at 44 
o
C while open to 1 atm N2. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (16.7 mg, 0.0275 

mmol, 11.8 mol%) was added and allowed to proceed at 70 
o
C.  Eleven days after initial 

catalyst addition, catalyst 4.57 (13.4 mg, 0.0193 mmol, 8.3 mol%) was added, and 

allowed to proceed at 70 
o
C. 

Table 4.33.  Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) with 12 mol% 2.1 followed by 

the addition of 8 mol% 4.57 from one pot with nitro-Grela 4.59 in CD2Cl2 

 

 0 h 1 h 2 h 5 h 19 h 11 d 1 h 2 h 48 h 

(E)-4.42 82.8 73.7 69.8 58.9 40.6 36.1 34.3 32.4 30.9 

(Z)-4.42 17.2 16.2 15.2 15.5 13.7 12.1 10.9 11.5 11.3 

(E)-4.43 0 10.7 18.4 29.6 46.1 36.1 38.6 37.5 42.2 

(Z)-4.43 0 1.6 1.4 2.2 2.3 24.2 24.2 25.4 28.8 

Monitored by 1H NMR 
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Using nitro-Grela metathesis catalyst 4.59 and a staggered addition of isomerization   

catalysts: 2.1 followed by 4.34 in acetone-d6  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

ether (4.41) (127.3 mg, 0.470 mmol), nitro-Grela metathesis catalyst (4.59) (4.0 mg, 

0.0059 mmol, 1.3 mol%) and deoxygenated CD2Cl2 (enough to make final reaction 

volume of 1 mL).  The reaction was allowed to procced at 44 
o
C while open to 1 atm N2.  

Upon completion, the solvent was removed and replaced with fresh deoxygenated 

acetone-d6. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (14.2 mg, 0.0234 

mmol, 10 mol%) was added and allowed to proceed at 70 
o
C.  Forty five hours after 

initial catalyst addition, catalyst 4.57 (14.4 mg, 0.0207 mmol, 8.8 mol%) was added, and 

allowed to proceed at 70 
o
C. 

Table 4.34.  Isomerization of 1,18-di-(tert-butyldimethylsilyloxy)octadec-9-ene (4.42) to 

1,18-di-(tert-butyldimethylsilyloxy)octadec-1-ene (4.43) with 10 mol% 2.1 followed by 9 

mol% 4.57 from one pot with nitro-Grela 4.59 in acetone-d6 

 

 0 h 1 h 2 h 3.15 h 45 h 1 h 2 h 

(E)-4.42 81.4 57.1 43.2 37.6 30.1 29.9 28.6 

(Z)-4.42 18.6 16.6 16.1 15.3 8.3 9.1 8.0 

(E)-4.43 0 24.7 35.9 41.5 50.0 51.3 50.0 

(Z)-4.43 0 2.9 3.3 3.3 8.9 15.5 16.3 

Monitored by 1H NMR 
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4.6.5.4. One pot metathesis-isomerization of tert-butyldiphenyl(dec-9-en-1-

yloxy)silane (4.44) to 1,18-di-(tert-butyldiphenylsilyloxy)octadec-1-ene (4.46) 

 

  

 

Using nitro-Grela catalyst 4.59 and the simultaneous addition of catalysts 2.1 and 

4.57 in acetone-d6  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

ether (4.44) (87.4 mg, 0.222 mmol), nitro-Grela metathesis catalyst (4.59) (1.9 mg, 

0.0028 mmol, 1.3 mol%) and deoxygenated CD2Cl2 (enough to make final reaction 

volume of 1 mL).  The reaction was allowed to proceed at 43 
o
C while open to 1 atm N2.  

Upon completion, the solvent was removed and replaced with fresh deoxygenated 

acetone-d6. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (6.8 mg, 0.011 

mmol, 10 mol%) and catalyst 4.57 (8.4 mg, 0.012 mmol, 9.5 mol%) was added, and 

allowed to proceed at 70 
o
C. 

Table 4.35.  Isomerization of 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene (4.45) to 

1,18-di-(tert-butyldiphenylsilyloxy)octadec-1-ene (4.46) with 10 mol% 2.1 and 9 mol% 

4.57 from one pot with nitro-Grela 4.59 in acetone-d6 

 

 0 h 1 h 2 h 4 h 45 h 

4.45 100 37.5 35.6 34.2 33.8 

(E)-4.46 0 45.8 44.4 43.6 43.8 

(Z)-4.46 0 14.1 15.1 15.0 19.5 
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Using nitro-Grela metathesis catalyst 4.59 and a staggered addition of isomerization   

catalysts 2.1 followed by another portion of 2.1 in acetone-d6  

 

In a glove box, the following were added to a resealable NMR tube (J. Young):  

ether (4.44) (97.8 mg, 0.25 mmol), nitro-Grela metathesis catalyst (4.59) (1.9 mg, 0.028 

mmol, 1.1 mol%) and deoxygenated CD2Cl2 (enough to make final reaction volume of 1 

mL).  The reaction was allowed to procced at 43 
o
C while open to 1 atm N2.  Upon 

completion, the solvent was removed and replaced with fresh deoxygenated acetone-d6. 

Back in the glove box, to the same reaction mixture, catalyst 2.1 (10.5 mg, 0.0173 

mmol, 7.2 mol%) was added and allowed to proceed at 70 
o
C.  Forty eight hours after 

initial catalyst addition, an additional portion of catalyst 2.1 (10.9 mg, 0.0180 mmol, 6.9 

mol%) was added, and allowed to proceed at 70 
o
C. 

Table 4.36.  Isomerization of 1,18-di-(tert-butyldiphenylsilyloxy)octadec-9-ene (4.45) to 

1,18-di-(tert-butyldiphenylsilyloxy)octadec-1-ene (4.46) with 7 mol% 2.1 followed by 

additional 7 mol% 2.1 in one pot with nitro-Grela 4.59 still present in acetone-d6 

 

 0 h 1 h 2 h 5 h 1 h
a
 2 h

a
 5 h

a
 26 h

a
 69 h

a
 

(E)-4.45 82.6 60.1 52.2 42.0 40.1 40.8 38.2 39.1 36.2 

(Z)-4.45 17.4 17.8 16.2 16.3 14.3 13.1 12.3 9.6 9.5 

(E)-4.46 0 17.0 25.8 37.5 42.9 42.9 44.7 47.8 50.9 

(Z)-4.46 0 0 0 0 0 1.3 1.6 4.1 6.0 

Monitored by 1H NMR.  aSecond portion of catalyst was added after data acquisition at 5 h. 
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4.6.6.  Selective deprotection reactions 

 

The following reactions from Figure 4.22 were monitored by TLC: 

 

 

Neutral alumina and tert-butyl diphenyl(pent-4-en-1-yloxy)silane (4.36)
67

 

A 50 mL round bottom flask was charged with Al2O3 (60-325 mesh) (10.68 g, 0.105 

mol), evacuated, and heated to 80 
o
C for 18 hours.  A catalytic amount of de-ionized 

water (321 μL) was added to the alumina and mixed.  Alkyl silyl ether 4.36 (239.2 mg, 

0.737 mmol) in hexanes (20 mL) was added to the flask while stirring. 

 

Silver triflate and tert-butyl dimethyl(pent-4-en-1-yloxy)silane (2.22)  

To a stirring solution of alkyl silyl ether 2.22 (26.4 mg, 0.132 mmol) in methylene 

chloride and water (1 mL each), AgOTf (38.7 mg, 0.151 mmol) was added. 

 

Pyridinium p-toluenesulfonate and tert-butyl dimethyl(pent-4-en-1-yloxy)silane 

(2.22)
69

 

To a stirring solution of alkyl silyl ether 2.22 (54.2 mg, 0.270 mmol) in EtOH (2 mL), 

PPTS (20.6 mg, 0.0816 mmol) was added. 

 

Ceric ammonium nitrate and tert-butyl dimethyl (pent-1-en-1-yloxy) silane (2.23)
68

 

To a stirring solution of enol silyl ether 2.23 (45.4 mg, 0.226 mmol) in MeOH (1.25 mL) 

submerged in an ice bath, ceric ammonium nitrate (146.3 mg, 0.266 mmol) was added. 
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Silver triflate and tert-butyl dimethyl(pent-1-en-1-yloxy)silane (2.23)  

To a stirring solution of enol silyl ether 2.22 (17.9 mg, 0.0893 mmol) in methylene 

chloride and water (1 mL each), AgOTf (32.9 mg, 0.128 mmol) was added.  The reaction 

proceeds at 43 
o
C (no reaction at RT). 

 

Pyridinium p-toluenesulfonate and tert-butyl dimethyl(pent-1-en-1-yloxy)silane 

(2.23)
69

 

To a stirring solution of enol silyl ether 2.23 (72.7 mg, 0.224 mmol) in EtOH (2 mL), 

PPTS (21.6 mg, 0.0859 mmol) was added. 

 

 

________________________________________________________________________ 

 

Chapter 4, in part is currently being prepared for submission for publication of the 

material. Casey R. Larsen, Abhinandini Sharma, Douglas B. Grotjahn. The dissertation 

author was the primary researcher for the data presented. 

 

________________________________________________________________________ 
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