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ABSTRACT 

 

Hydrogen Borrowing has emerged as an advantageous synthetic methodology due to its 

green chemistry nature.
1,2

  The concept of in-situ temporary alcohol oxidation followed by 

functionalization and reduction has been utilized to yield various functional groups with great 

success.  In this work a commercially available catalyst, RuCl2(PPh3)3, was used as catalyst and a 

protocol was developed for β-alkylation of secondary alcohols with primary alcohols via 

hydrogen borrowing.  The system was optimized for aromatic substrates with electron donating 

and withdrawing groups on both the primary and secondary alcohol under aerobic conditions 

garnering yields ranging from 66-100%.  The same catalyst was used for aliphatic primary 

alcohols and secondary aromatic alcohols giving yields from 75-100%.  The catalyst gave low 

yields when heterocyclic aromatic substrates or aliphatic secondary alcohols were used. 

A second system was developed for the same transformation catalyzed by potassium 

tert-butoxide under aerobic conditions and without use of a transition metal.  This protocol was 

limited to aromatic primary and secondary alcohols but gave high yields for substrates bearing 

electron donating or withdrawing groups on either alcohol.  The yields were comparable to the 

ruthenium catalyzed system with RuCl2(PPh3)3, ranging from 66-100%.  A mechanistic 

investigation revealed that the catalysis is initiated by oxygen and the enone intermediate 

produces catalytic turnover by acting as the hydrogen carrier.  Transfer hydrogenation between 
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the enone and the deprotonated alcohols is mediated by the potassium in a direct hydrogen 

transfer. 

The third system utilized for this transformation introduced a newly designed ruthenium 

catalyst, [Ru(terpy)(en)Cl][BPh4].  Two synthetic routes for making this catalyst were developed 

starting from Ru(terpy)Cl3 with a reducing agent, either triethylamine or zinc, in the presence of 

the ethylenediamine ligand to give relatively good yields ~50%.  The catalyst was tested for 

hydrogen borrowing with both aromatic and aliphatic alcohols.  The new catalyst emerged as an 

exceptional catalyst for aliphatic substrates for either primary or secondary aliphatic alcohols 

providing higher than previously reported yields of 62-100%. 

The combination of these three protocols widens the scope of this reaction enhancing the 

synthetic value of this methodology and approach to synthesis of secondary alcohols. 
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 CHAPTER 1 INTRODUCTION 

 

1.1 Transfer Hydrogenation 

The addition of dihydrogen to a molecule from a source other than H2 gas is referred to as 

transfer hydrogenation.  This is a mild method of oxidizing alcohols and amines (eq 2) or 

reducing ketones, aldehydes and imines (eq 1) where the catalyst mediates the transfer of 

hydrogen between the substrate and hydrogen donor or acceptor (Scheme 1.1).  The main 

advantage of this type of hydrogenation is the milder conditions that are employed as opposed to 

using a traditional metal catalyzed hydrogenation with hydrogen gas which sometimes requires 

the use of high pressure and temperatures. 

 

 

Scheme 1.1 Transfer hydrogenation using sacrificial hydrogen donor and acceptor 

 

Two main pathways for catalytic reduction of ketones or aldehydes by transfer 

hydrogenation have been proposed.  The first route is the direct hydrogen transfer often 

catalyzed by main group metals.  The second is the metal hydride route catalyzed by transition 

metals.  The direct path of hydrogen transfer is the Meerwein-Ponndorf-Verley (MPV) 
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Reduction.
3-6

  MPV was introduced in the early 1900’s as a method of reducing ketones and 

aldehydes into their corresponding alcohols using aluminum alkoxide as the catalyst.  The 

procedure calls for an alcohol as the sacrificial hydrogen donor in addition to the aluminum 

catalyst.  In the original MPV reaction aluminum isopropoxide was used as a catalyst and 

isopropanol as the hydrogen donor.  The reverse of the MPV reaction was presented by 

Oppenauer and is referred to as the Oppenauer oxidation
7
 where an alcohol is oxidized using 

acetone as the sacrificial hydrogen acceptor.  Given the reversibility of the reaction, reduction is 

normally done using excess isopropanol while the oxidation uses excess acetone in order to drive 

the reaction in the desired direction.  The reaction proceeds through a six-membered transition 

state with no metal hydride species involved (Scheme 1.2). 

 

 

Scheme 1.2 MPV reduction six-membered transition state 

 

Although the MPV offers several advantages such as: working under generally mild conditions, 

avoiding gaseous storage and delivery system and high chemoselectivity for ketones and imines, 

it also has drawbacks that cannot be ignored.  The most important drawback is the reaction’s 

reversibility (Scheme 1.3) and thus the need for a large excess of hydrogen donor. 
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Scheme 1.3 The reversible nature of the MVP reduction/Oppenauer oxidation 

 

The metal hydride pathway of transfer hydrogenation can be further divided into two categories, 

the inner sphere transfer hydrogenation and the outer sphere transfer hydrogenation.  The inner 

sphere hydride route is the older conventional route for transfer hydrogenation.  This method 

involves the direct coordination of the substrate to the metal center.  Some of the earliest 

examples of this type of transfer hydrogenation were shown in 1971 by Sasson
8,9

 utilizing 

RuCl2(PPh3)3 as the catalyst achieving moderate turnover frequency at high temperatures.  Later, 

Backvall
10

 has shown that the rate of reaction can be dramatically improved (Scheme 1.4) by 

adding a base. 

 

 

Scheme 1.4 Transfer hydrogenation with transition metal 

 

The proposed catalytic cycle
11

 for this system is shown in Figure 1.1.
11

  The catalyst enters the 

cycle with formation of a vacant site.  Isopropanol, the hydrogen donor, is deprotonated by the 

base followed by coordination of the alkoxide to the metal.  Next, a β-hydride elimination results 

in a release of the acetone by-product and formation of the metal hydride.  Subsequently, the 
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substrate carbonyl coordinates to the metal and the hydride is inserted into the carbonyl carbon to 

form the metal alkoxide species.  Protonation of the metal alkoxide by isopropanol releases the 

reduced substrate completing the cycle. 

 

 

Figure 1.1 The proposed catalytic cycle for metal hydride transfer hydrogenation
11

 

 

The reverse Oppenauer oxidation reaction was also improved by the addition of base
12,13

 to the 

same ruthenium catalyst as shown in Scheme 1.5.  In fact, the absence of base proved 

detrimental to the reaction and after 6 hours without any base no reaction was observed. 
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Scheme 1.5 Oppenauer oxidation with base and acetone hydrogen acceptor 

 

The second hydridic route of transfer hydrogenation is the outer sphere or metal-ligand 

bifunctional hydrogenation.  The term bifunctional
14

 was coined by Noyori in the 90’s and refers 

to the cooperative fashion in which the metal hydride and the ligand proton are delivered to 

reduce the carbonyl to an alcohol.  The catalyst which was unveiled by Noyori in 1995 was a 

new chiral ruthenium based catalyst with an N-sulfonylated 1,2-diamine (or an amino alcohol) 

chiral ligand that proved to be very efficient in asymmetric hydrogen transfer to ketones and 

imines
15

.  This was the first catalyst to introduce a new concept in carbonyl reduction where the 

carbonyl compound does not coordinate directly to the metal for the hydrogenation to occur.  In 

this catalytic system the reduction follows a concerted mechanism with a six-membered ring 

transition state.  The hydrogenation
16

 (Figure 1.2) starts with base-induced loss of HCl from the 

pre-catalyst 1, entering the catalytic cycle by forming a 16 electron ruthenium amido complex 

which can then convert into the amine hydrido reducing complex 2.  Thereafter, the carbonyl 

hydrogenation/catalyst regeneration proceeds according to Figure 1.2.  Transfer of dihydrogen to 

2 from a sacrificial H2-donor, such as 2-propanol, occurs via transition state A and produces the 

18-electron amine hydrido complex 3.  Substrate ketone (or aldehyde) hydrogenation occurs by 

the microscopic reverse pathway, producing the alcohol and regenerating 2.  Such hydrogen 
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transfer reactions are under thermodynamic control where the relative stability (free energy) of 

products and high concentration of sacrificial H2-donor provide the driving force for complete 

conversion.  An alternative H2 source in aqueous media is formic acid which regenerates the 

amine hydrido complex while releasing CO2 through intermediates such as 4a. 

 

 

Figure 1.2 Outer sphere hydrogenation of ketones via bifunctional metal-ligand catalysis 

 

Another example of a metal-ligand bifunctional catalyst is that of the Shvo catalyst. 

Although the Shvo catalyst was discovered much earlier,
17

 it wasn’t until 2001 that Casey
18

 

provided more evidence to suggest a concerted hydride and proton transfer.  The mechanism of 

this cycle starts with dissociation of the diruthenium bridging hydride, 5, to create the active 

catalyst 6, which reduces the ketone in a concerted fashion to result in the coordinatively and 
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electronically unsaturated species 7.  The active catalyst is regenerated upon reaction with 

hydrogen gas (Figure 1.3).
19

 

 

 

Figure 1.3 Shvo’s catalyst concerted reduction and regeneration 

 

1.2 Hydrogen Borrowing 

A subset of transfer hydrogenation, hydrogen borrowing
20

 or hydrogen autotransfer,
21

 is 

an important catalytic concept which allows for transformation of alcohols under milder 

conditions.  The concept is based on the premise of temporary oxidation of the alcohol to an 

aldehyde or ketone transferring the hydrogen garnered in that step to the metal catalyst.  The 

ketone/aldehyde can then undergo a transformation, typically a C-C or C-N bond formation 
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followed by a reduction aided by the metal catalyst returning the hydrogen to the product
2,22

 

(Figure 1.4). 

 

 

Figure 1.4 General scheme for alcohol activation 

 

This system of alcohol activation proved very desirable from a synthetic perspective 

given the limited reactivity and the need for prior activation.  Converting the alcohols to 

electrophilic species such as ketones or aldehydes using this methodology allow them to be used 

in subsequent reactions.  The reactivity of the intermediate oxidized species has been exploited 

in three general pathways to yield different classes of products.  The first pathway involves 

reaction of the ketone or aldehyde with an amine to form an imine which is then reduced to give 

an alkylated amine.
23

  The second route can be achieved by combining the aldehydes with a 

nucleophile in a Knoevenagel type reaction
24,25,26

 forming an alkene that is then reduced.  The 

third pathway, which is the focus of this work, is enolization of the ketone followed by an aldol 

condensation and reduction
27

 resulting in a higher carbon secondary alcohol (Figure 1.5).  The 

overall reaction is redox neutral for β-alkylation of alcohols. 
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Figure 1.5 Crossed aldol hydrogen borrowing pathway 

 

The first alcohol activation by dehydrogenation was discovered in the early 1900’s by 

Guerbet.  The Guerbet reaction,
28

 named for its discoverer, involves heating a linear primary 

alcohol in a basic solution with a metal catalyst, typically Raney nickel, yielding a β-branched 

primary alcohol.  The steps in the Guerbet reaction follow the same sequence much like the 

general scheme shown in Figure 1.5.  Oxidation of the primary alcohol yields an aldehyde and is 

followed by a self aldol condensation and a reduction to give the branched primary alcohol.  The 

Guerbet reaction suffers from a competing Cannizzaro reaction resulting in carboxylic acids as 

by-products.  In addition, the reaction requires very high temperatures,
28

 180 °C or higher in 

modified
29

 Guerbet reactions.  The use of dehydrogenation as an alcohol activation mode was 

realized and implemented decades after the Guerbet reaction.  Various groups including Yus,
30

 

Fujita
31

, and Williams
27

 have demonstrated hydrogen borrowing systems of secondary with 

primary alcohols using ruthenium and iridium catalysts with moderate to good yields (Figure 

1.6).  Of these works the procedure offered by Yus is somewhat different using 1,4-dioxane as a 
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solvent, a known hydrogen donor, thus rendering the system not a true hydrogen borrowing in 

the strictest sense of the definition. 

 

 

Figure 1.6 Yields of early hydrogen borrowing systems of alcohols 

 

After Fujita’s
31

 work was published in 2005 many other catalysts were shown as effective 

in catalyzing this type of transfer hydrogenation.  The majority of the catalysts that were brought 

henceforth used either ruthenium
32

 or iridium.
33

  Very few of the catalysts used for this 

methodology are commercially available
34

 like the [Cp
*
IrCl2]2 used in Fujita’s system.  In fact, 

the vast majority of the catalysts introduced contained privileged ligands that necessitate 

synthesis of the catalyst.
35-38

  Generally, most works that emerged later focused on aromatic 

substrates and ventured into the aliphatic alcohols sparingly.  It is clear from the plethora of 

works that β-alkylation of aromatic secondary alcohols with primary benzyl alcohols results in 

better yields than when used with aliphatic alcohols either primary or secondary regardless of the 

metal catalyst used.
34,35,39,40

  Typical yields of the alcohol product when using aliphatic alcohols 

varied from 5-70% yield as opposed to yields that were about 90% for aromatic substrates.  An 

interesting system was shown by Crabtree
41

 in 2010 that required no transition metal catalyst 
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while under aerobic conditions.  The methodology was limited to aromatic primary and 

secondary alcohols and offered no insight into the mechanistic aspects of the surprising 

transformation. 

Not surprisingly, so far there are no examples of asymmetric versions of alcohol 

activation using the hydrogen borrowing system for β-alkylation of alcohols.  The general design 

of the system poses fundamental difficulties for enantioselective catalysis.  Only one enantiomer 

of the racemic mixture of the secondary alcohol starting material can be oxidized when using an 

enantiopure catalyst giving a maximum 50% yield of product.  To overcome this problem, 

Nishibayashi
42

 devised an arrangement using two catalysts in tandem to give moderate yields 

and high enantiomeric excess.  In his system, Nishibayashi used a ketone and a primary alcohol 

in the presence of [Ir(cod)Cl]2 catalyst.  After 4 hours of reaction, an enantiopure ruthenium 

catalyst was added to perform the reduction in a classic transfer hydrogenation using isopropanol 

as a sacrificial hydrogen donor.  Considering the use of isopropanol and a ketone, already an 

activated “alcohol,” this system does not adhere to the hydrogen borrowing classification. 

 

 

1.3 Hydrogen Borrowing as a Green Chemistry Methodology 

Green Chemistry, a concept introduced in the early 1990’s, is defined as carrying out 

chemical processes in which hazardous material will not be used or generated.
1,43,44

  The 

emphasis in Green Chemistry is on the prerequisite designing process in order to achieve the 

desired goal.  To that end, twelve principles were established that can help chemists achieve 

sustainability.  The Twelve Principles of Green Chemistry include: (1) Prevention—prevention 
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of waste formation; (2) Atom Economy—maximizing incorporation of all the starting materials 

into the final product; (3) Less Hazardous Chemical Synthesis—development of synthetic routes 

that use and generate no material toxic to humans on environment; (4) Design Safer Chemicals—

product design that retains the functionality and reduces the toxicity; (5) Safer Solvents and 

Auxiliaries—reduction of the use of auxiliaries and or use of benign ones; (6) Design for Energy 

Efficiency—assessment and reduction in energy use during synthetic processes including high 

pressure and temperature; (7) Use of Renewable Feedstock—use of renewable sources in lieu of 

depletion of raw material; (8) Reduce Derivatives—limit additional steps of modification such as 

protecting groups or blocking groups in order to minimize waste production; (9) Catalysis—use 

of catalytic reagents rather than stoichiometric reagents; (10) Design for Degradation—design 

for products that lead to innocuous by-products upon degradation; (11) Real-Time Analysis for 

Pollution Prevention—analytical methodology developments that would allow for real-time 

monitoring and control of hazardous material formation; (12) Inherently Safer Chemistry for 

Accident Prevention—design of processes that would reduce the potential for chemical accidents 

such as fires, explosions and releases.  Naturally, no chemical process is designed to satisfy all 

twelve principles.  As such, the hydrogen borrowing approach falls under Green Chemistry as it 

satisfies six or possibly seven of the twelve principles: prevention, atom economy, less 

hazardous synthesis, safer solvents, catalysis, inherent safer chemistry and possibly energy 

efficiency.  Since there is no need for an external source of hydrogen in these systems, there is no 

generation of waste material as with traditional transfer hydrogenation.  Furthermore, the only 

by-product of the reaction is water.  Atom Economy (AE) or Atom Efficiency is a concept that 

was introduced by Trost
45,46

 in 1990.  The point of this principle is to maximize the incorporation 
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of the atoms of the starting materials into the product.  The AE is calculated from the ratio of the 

product’s molecular weight to the molecular weight of the starting material (eq 3). 

 

Based on this calculation, alcohols coupling hydrogen borrowing (Figure 1.5) have AE = 92%.  

The use of a catalyst in this hydrogen autotransfer system affects two aspects of the twelve Green 

Chemistry rules.  First, the catalyst is the oxidant thus negating the need for stoichiometric 

oxidizing agent.  Though some of the systems developed use relatively high loading
34

 of the 

metal catalyst, many use 1 mol% and as low as 0.4 mol% loading.
32

  Second, as most oxidizing 

agents that could be used to oxidize alcohols are environmentally unfriendly, it creates a less 

hazardous process for formation of the desired alcohol product.  Another category this 

methodology satisfies is the safer solvent.  While some of the earlier alcohol borrowing systems 

published used the more hazardous 1,4-dioxane as a solvent,
30,47

 later developed work used 

mainly toluene
44

 which is a better solvent in terms of toxicity
48

 as well as retaining the hydrogen 

transfer efficiency.  Toluene can be oxidized into benzoic acid making it a safer metabolite than 

the benzene analog.  The fact that no alkyl lithium or alkyl zinc reagents are used in the 

hydrogen borrowing process makes it inherently a safer chemical process.  Some of the 

alkylating reagents can be hazardous to work with, particularly the lithium reagents.  The 

hydrogen autotransfer could also be considered energy efficient when the transformation is very 

high yielding making the purification process easy and less energy consuming.  Falling under six 

or seven of the twelve principles of green chemistry, alcohol hydrogen borrowing emerges as an 

attractive Green Chemistry methodology. 
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1.4 C-C Bond Forming Methodologies for Secondary Alcohol Synthesis 

In general, there are two synthetic approaches to forming secondary alcohols other than 

the hydrogen borrowing system described above.  The first one is a two-step synthesis starting 

from a ketone and an aldehyde to make an enone in an aldol reaction.
49,50

  The second step is the 

reduction of the enone product to the fully saturated alcohol.  The advantage of using this 

methodology in forming a secondary alcohol is the general high yields of the aldol reaction
51

 and 

the relatively mild reaction conditions often used.  There are several disadvantages to that 

approach: the need for two separate steps (as opposed to one) and that a special metal catalyst 

and hydrogen are required for the second step going from the enone to the alcohol (Figure 1.7). 

 

 

Figure 1.7 Three steps required for formation of secondary alcohol using the aldol reaction 

 

The reduction of both the carbon-carbon double bond as well as the carbonyl, require special 

conditions.
52

  Use of the commercially available and typically used Pd/C results in the formation 

of an alkane as the carbonyl functionality is converted to a CH2 group.  Therefore, a modification 

of the Pd
53

 metal catalyst or use of another specially modified catalyst is required.  For example, 

InCl3 can be used together with sodium borohydride followed by quenching using methanol in 

order to reduce the carbonyl functionality to an alcohol. 
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The alternative is two separate reduction reactions,
54,55

 one with a stoichiometric amount 

of sodium borohydride or lithium aluminum hydride to reduce the carbonyl functionality.  Next a 

reduction of the alkene to an alkane group utilizing a hydrogenation catalyst.  The alternative to 

using typical hydrogenation catalyst is to use a transfer hydrogenation catalyst that can reduce 

conjugated double bonds avoiding a two-step reduction.  This approach to forming secondary 

alcohols, although high yielding, requires several steps which reduce the overall yield and 

necessitates either stoichiometric amounts of an expensive indium reagent or yet another 

synthesis of the specially modified palladium catalyst
53

 and excess hydrogen. 

The other common approach to forming secondary alcohols is a nucleophilic addition of 

an organometallic reagent to an aldehyde.  Over the years many organometallics reagents have 

been used some more successfully than others.  A few of the most common ones include 

lithium,
56

 zinc
57

 and magnesium alkylating agents (Figure 1.8).  Other more unique alkylating 

agents such as aryl stannanes,
58

 phenyl silanes,
59

 arylboronic acids
60

 and potassium 

aryltrifluoroborate
61

 were used in the presence of a rhodium catalyst giving moderate to good 

yields of the secondary alcohol depending on the structure of the substrates. 
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Figure 1.8 Nucleophilic additions of organometallic reagents to aldehyde 

 

In this class of reactions the most known and often used is the Grignard reaction.
62,63

  The 

Grignard reagent, though a milder reagent, is very similar to the organolithium reagents in its 

chemistry.  The major advantage of the Grignard reagent is that it is less hazardous to work with 

than the lithium reagents.  The Barbier reaction,
64

 a variant of the Grignard reaction, is another 

method used to form secondary alcohols.  In this reaction the organometallic reagent is formed in 

a reaction of the alkyl halide with magnesium, or another metal such as zinc, tin, or indium.  

Next, in a nucleophilc addition, the organometallic reagent is reacted with an aldehyde.  

However, all of the above reactions suffer from similar significant disadvantages.  The first is a 

required stoichiometric amount of alkylating reagents.  The second disadvantage has to do with 

the added step of the organometallic reagent preparation.  With the exception of some Grignard 

reagents, zinc reagents and some boronic acid compounds, the vast majority of alkylating 

reagents is not commercially available and needs to be synthesized.  The third disadvantage is 

the inherent sensitivity of many of these alkylating reagents to water and other acidic protons 

which destroy them given their strong basic nature.  In that respect, the Grignard reagent is 

notorious for its intolerance for any mildly acidic proton destroying the alkyl magnesium halides.  
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Some are also sensitive to oxygen like the dialkylzinc compounds.  A fourth disadvantage for 

some of the alkylating reagents is the prerequisite of other co-catalysts
57

 or activating agents, 

such as Lewis acids, rendering the synthesis more expensive and complex.  A main reason in 

favor of using these types of reactions is the ability to do it in enantioselective fashion.  To that 

end, many organozinc
65

 and boronic acid
66

 reagents have been used in the presence of additional 

chiral catalysts. 

It is obvious that unless one desires to make an enantiopure alcohol product, a catalytic 

one-pot synthesis approach is preferred to a stoichiometric reaction or several reactions on 

several fronts.  The lower cost of using a small amount of metal catalyst as opposed to 

stoichiometric amounts makes the hydrogen borrowing a more economical approach.  Also, the 

use of simple catalysts that are commercially available for hydrogen borrowing catalysis instead 

of making special organometallic reagents lowers the cost of synthesis.  From a Green Chemistry 

perspective, less waste and solvent is generated when following the hydrogen autotransfer 

scheme as opposed to the above alternative methods for synthesis of secondary alcohols. 

 

 

1.5 Dissertation Overview 

Considering the known hydrogen borrowing systems, most of the catalysts used for those 

are not readily available or easy to make.  Although the iridium dimer catalyst
31

 is commercially 

available, it is very expensive and oxygen sensitive.  It also requires relatively high catalytic 

loading for some of the substrates and proved only moderately effective for aliphatic substrates.  

Another commercially available catalyst, ferrocenecarbaldehyde, though not expensive, requires 
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unusual high catalytic loading (5-7.5 mol%) rendering the system more expensive than when 

using ruthenium or iridum.  In addition, the conditions used for some of the substrates using the 

iron catalyst were extreme (190 °C) and called for use of starting material as solvent.  Such a 

requirement for excess “hydrogen donor” is contradictory for achieving an efficient true 

hydrogen borrowing system.  Intrigued by the many advantages of alcohol hydrogen borrowing 

system it was evident that there was a need to develop a methodology of an affordable and 

accessible system utilizing a commercially available catalyst that would offer good yields of the 

alcohol product particularly for aliphatic alcohols.  With this goal in mind, we chose a 

well-known transfer hydrogenation catalyst, RuCl2(PPh3)3 that is commercially available.  This 

ruthenium catalyst was already shown to be an effective dehydrogenation catalyst
13

 as well as a 

transfer hydrogenation catalyst.
10

  Our immediate goal was to improve the yields of the aliphatic 

substrates and expand the scope of substrates conserving the true efficient nature of the hydrogen 

borrowing methodology. 

Observing that all the catalysts introduced had some limitations depending on the 

structure of the starting material, an investigation into the limitation of the chosen commercially 

available catalyst, RuCl2(PPh3)3, was conducted, specifically with aliphatic substrates.  To 

compensate for the limitations of the commercial catalyst and improve upon them, we also 

sought to design our own catalyst for this system.  In our design, we included considerations for 

a robust catalyst that would not be air sensitive and could possibly be water soluble.  Given these 

prerequisites, our metal of choice was ruthenium, in that it is a good metal for transfer 

hydrogenation and is not as air sensitive as most iridium catalysts.  We also wanted to test the 

possibility of metal ligand bifunctional transfer hydrogenation for this system; therefore we 
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included a diamine ligand as the N-H moiety proved to be crucial for outer sphere transfer 

hydrogenation catalytic performance.
67

  Our proposed catalyst designed to encompass all of the 

above mentioned requirements offered a different geometry (Figure 1.9) than that of the 

traditional piano stool bifuntional catalysts.  Metal complexes bearing a facially-bound arene or 

cyclophetadienyl ligand are often referred to as piano stool or half sandwich compounds.  In our 

design we chose a meridonal type ligand, the terpyridine ligand instead of the facial arene ligand.  

Such a design allows for other investigations into the geometric requirements of outer sphere 

transfer hydrogenation which we intended to take advantage of.  In particular, the requirement 

for a near flat six-membered transition state for bifunctional metal ligand transfer hydrogenation 

which is not possible with the newly designed catalyst could be investigated. 

 

 

Figure 1.9 Our newly designed catalyst for transfer hydrogenation 

 

 

Surprised by the β-alkylation of alcohols in the absence of a transition metal catalyst,
41

 

we wanted to study this system, and to test the scope of the reaction more carefully and explore 

the mechanistic aspects of the reactions.  The reaction pathway (Figure 1.5) is generally accepted 

to include oxidation catalyzed by the transition metal to form a hydride metal.  The metal 
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hydride is then used in the last step to reduce the aldol condensation product to form the 

saturated alcohol product.  However, in the absence of the metal catalyst several questions arose 

as to the nature of the process: (1) What species carries the hydrogen to be used in the reduction 

reaction?  (2) What is the true catalyst of the reaction under these conditions?  (3) Were aerobic 

conditions necessary for the reaction to work?  (4) What is the role of oxygen in this system?  (5) 

How important is the type of base used for this reaction and was the cation identity important to 

the reaction outcome?  Our goal was to study the system and answer all the above questions. 
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 CHAPTER 2 -ALKYLATION OF SECONDARY ALCOHOLS CATALYZED BY COMMERCIALLY 

AVAILABLE RUTHENIUM CATALYST 

 

2.1 Introduction 

Using hydrogen borrowing methodology as a synthetic route to make secondary alcohols 

has gained much interest since Fujita
31

 unveiled his scheme using [Cp
*
IrCl2]2 as a catalyst.  This 

procedure (Scheme 2.1) gave moderate to good yields, ranging from 55-88% of the alcohol 

depending on the structure of the substrate. 

 

 

Scheme 2.1 -Alkylation of secondary alcohols with primary alcohols catalyzed by iridium 

 

Though different substrates gave different yields, there seems to be no correlation 

between the classes of substrate to the yield; meaning both aromatic and aliphatic substrates gave 

comparable yields.  Also while the base and the catalytic loading were adapted depending on the 

substrate, the reaction time remained constant regardless of the substrate used.  There was no 

distinction in terms of reaction time or temperature between aliphatic and aromatic substrates.  

The catalytic loading was varied from 1-4% on a case by case basis and did not correspond to a 

class of compounds.  Furthermore, optimization for the catalysis was developed using an 

aromatic secondary alcohol and an aliphatic primary alcohol only.  No attempt to modify 

conditions based on the substrate nature was reported.  A year later Yus presented an alternative 

protocol
30

 using the known ruthenium solvento complex RuCl2(DMSO)4 as the catalyst (Scheme 
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2.2).  Although the work improved the yields significantly for aromatic substrates, it gave low 

yields for aliphatic alcohols.  Yet the most striking feature of this protocol was the reaction 

length of seven days making it a less attractive methodology for synthetic purposes.  Use of 

1,4-dioxane as a solvent provided an external source of hydrogen donor which is not the typical 

approach for hydrogen borrowing methodology.
68

 

 

 

Scheme 2.2 Ruthenium solvento catalyzing alcohols coupling scheme 

 

Overall the yields of the alcohol product ranged from 5-98% yield using RuCl2(DMSO)4 

as the catalyst which was a significant improvement on the first system with iridum.  Another 

study tested the scope of the catalysis with a wide variety of substrates including many aliphatic 

alcohols utilizing six known ruthenium catalysts.
32

  The results of the study were mixed and did 

not show improvement on the yields of the expected alcohol products.  The only improvement 

was the low catalytic loading of 0.4 mol% but that was counteracted with longer reaction time of 

24 hours and higher temperature of 120 °C.  A similar conclusion can be drawn from this study 

regarding the performance of the system when using aliphatic alcohols.  The yields were 

consistently low when an aliphatic primary or secondary alcohols were used as starting materials.  

The low yields when using aliphatic alcohols were not improved when Cu(OAc)2·H2O was used 

as a catalyst,
39

 or ferrocenecarboxaldehyde.
34

  In 2008, Crabtree
36

 unveiled two other known 

iridium and ruthenium complexes bearing a terpyridine ligand that improved reaction time.  The 
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ruthenium compound required longer reaction time, 1-7 hours, while the iridum compound 

required 0.5-3 hours.  However, the iridum showed lower selectivity for the desired alcohol 

product giving higher amounts of the carbonyl analogue (Scheme 2.3).  The product yields for 

either the ruthenium or iridium were moderate to good varying from 56-95%.  Surprisingly 

enough, the ruthenium gave better yields than the iridium catalyst for the few aliphatic substrates 

used. 

 

 

Scheme 2.3 Selectivity of product affected by metal used as catalyst 

 

Throughout the years a plethora of catalysts that could catalyze this transformation were 

presented using a variety of metals such as ruthenium, iridium, palladium, rhodium and 

nickel.
33,37,38,40,69-71

  While most adhered to the spirit of the hydrogen borrowing, (not using 

external sources of hydrogen donors or acceptor), some used H2 gas for a hydrogen source
72

 

while others used the alcohol starting material as the solvent thus providing the system with a 

sacrificial hydrogen donor.
34

  However, few studies attempted to improve the aliphatic scope and 

yields of this transformation.  Moved by the obvious gap in the field we sought to develop an 

economical system of hydrogen borrowing methodology for the alkylation of secondary alcohols 

adhering to Green Chemistry principles for both aromatic and aliphatic alcohols.  We particularly 

wanted to expand the scope of the aliphatic substrates used for this catalysis and improve its 
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outcome as a viable synthetic route to this class of alcohols.  As part of our goal we wanted to 

use an accessible metal catalyst that could be easily prepared or purchased. 

Herein we present a cost effective optimized catalytic system that offers high yields, 

particularly for primary aliphatic alcohols, utilizing a commercially available ruthenium catalyst. 

 

2.2 Designing the Catalytic System and Optimization of Aromatic Substrates 

Choosing the desired transition metal was the first step of the process.  Based on the 

works detailed above, we theorized that ruthenium would be a good choice since it gave good 

yields for aromatic and some of the aliphatic substrates.  Also, many of the ruthenium catalysts 

were not air sensitive which would make the system easier to work with as opposed to most of 

the iridium catalysts.  Therefore, as a first step, we screened a few known ruthenium catalysts 

using aromatic substrates.  Our first goal was to identify an effective catalyst and optimize the 

system for aromatic primary and secondary alcohols as they proved to give better yields.  We 

chose to test RuCl2(PPh3)3 since it is known as a good transfer hydrogenation catalyst.
8,9,73

  As a 

second choice we tested the known solvento ruthenium catalyst RuCl2(ACN)4 which has similar 

properties to the catalyst used by Yus.
30

  We experienced success with our first choice of 

catalyst, RuCl2(PPh3)3, and discovered that RuCl2(ACN)4 complex had a similar slow rate as the 

RuCl2(DMSO)4 complex (Scheme 2.4). 
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Scheme 2.4 Identifying a metal catalyst for our system 

 

When the RuCl2(ACN)4 complex was used we observed only 21% conversion by 
1
H NMR.  The 

same reaction under identical conditions using the RuCl2(PPh3)3 showed 66% conversion (based 

on consumption of the secondary alcohol).  The result of 66% conversion seemed promising and 

we chose to continue our work with the RuCl2(PPh3)3 complex.  We also selected benzyl alcohol 

and 1-phenylethanol as the reagents for our benchmark reaction and continued further 

optimizations using them.  The initial choice of solvent was based on other schemes
31,74

 which 

proved successful using toluene.  As a starting point we used 1mol% catalyst loading which 

seemed typical for this type of catalysis.  Using this scheme we started testing the various 

parameters on our benchmark reaction (Scheme 2.5).  Unless noted otherwise, the general 

conditions used for all the optimization reactions were as following: primary alcohol (1.0 mmol), 

secondary alcohol (1.0 mmol), base (100 mol%), catalyst (1 mol% relative to secondary alcohol), 

1,3,5-trimethoxybenzene (6.0 mg, used as internal standard) and 0.2 mL toluene stirred under 

nitrogen at 110 °C for 4 hours, denoted optimized conditions 1.  Conversions were determined 

by 
1
H NMR based on consumption of the secondary alcohol and yields were calculated by 

1
H 

NMR relative to an internal standard. 
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Scheme 2.5 Benchmark reaction used for optimizing reaction parameters 

 

Table 2.1 Preliminary optimization experiments using the benchmark reaction using KOH 

Entry
 

Catalyst Loading Time (h) Temperature (°C) Conversion (%)
 

Yield 3 (%)
 

 1 1 mol% 2 110 65 65 

 2
a 

1 mol% 2 130 95 62 

 3
a,b

 1 mol% 2 130 74 61 

 4 1 mol% 2 130 32 29 

a
 Reaction was run in microwave.  

b
 1.2 mol% of terpyridine were added. 

 

A few preliminary experiments (Table 2.1) using KOH as base showed that while higher 

temperatures (entries 2-3) increased the conversion it did not benefit the yields of the reaction.  

An insoluble residue was produced in the course of the reaction possibly explaining the lack of 

mass balance.  We also wanted to test the possibility of performing the reaction in microwave 

setting.  Indeed, the microwave reaction (entries 2, 3) increased the conversions from 32% to 

95% and the yield from 29% to 62% relative to standard conditions.  However, at lower 

temperatures (entry 1) the yield obtained was slightly better, 65%, and comparable to the 

microwave reaction, 62%, therefore we did not pursue further microwave reaction settings.  

Also, the terpyridine which was added did not improve the yields of the reaction.  The next 

parameter we wanted to explore was the base used in the reaction, continuing with the lower 

temperature setting of 110 °C and 1 mol% catalyst loading (Table 2.2). 
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Table 2.2 Assessing different bases for the reaction 

Entry
 

Time (h) Base Conversion (%)
 

Yield 3 (%)
 

1 2 KOH 65 65 

2
 

2 NaOH 90 53 

3 2 KOt-Bu 28 28 

4 2 DBU 0 0 

 

It was clear from the results that using an organic base such as DBU (entry 4) was not a 

good choice for this catalysis, likely since DBU is a much weaker base.  In other works DBU 

also proved to be ineffective for transfer hydrogenation.
75

  It was obvious that NaOH was not an 

effective base for the reaction given that the high conversion (entry 2) did not translate into high 

yields.  In fact it gave lower yields than KOH.  Although the potassium tert-butoxide appeared to 

be slow relative to potassium hydroxide we decided to further test both bases for longer reaction 

times (Table 2.3).  In addition to extending reaction time, we also varied the base loading to see 

the effect on the catalysis outcome.  As the reaction times were extended we started noticing 

some carbonyl product forming as well as the desired alcohol product (Scheme 2.6). 

 

 

Scheme 2.6 Benchmark reaction parameters for base optimization 
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Table 2.3 Optimization of base for catalysis 

Entry
 

Base Used Base Loading Conversion (%)
 

Yield 3 (%)
 

Yield 4 (%) 

1 KOH 50 mol% 100 70 6 

2
 

KOH 80 mol% 99 61 4 

3 KOH 100 mol% 96 69 4 

4 KOH 150 mol% 97 63 4 

5 KOt-Bu 50 mol% 92 63 0 

6 KOt-Bu 80 mol% 100 56 0 

7 KOt-Bu 100 mol% 99 81 0 

8 KOt-Bu 150 mol% 87 64 0 

 

We were pleased to discover that we got better selectivity when we used KOt-Bu as the 

base, giving no carbonyl product 4 at all while KOH gave some carbonyl product 4 in addition to 

the desired alcohol 3.  We also noted that 100 mol% base loading of KOt-Bu gave better yields 

than when using lower or higher loading.  We continued our optimization of the aromatic 

substrates turning our attention to the solvent choice and volume (Table 2.4).  Not surprisingly, 

we found toluene to be a better solvent for the reaction both due to its higher boiling point, as 

well as conserving the efficiency of hydrogen transfer (entries 1 and 4).  Formamide was an 

unsuitable solvent undergoing a reaction itself with the catalyst as was evident by the smell of 

ammonia that emanated from the reaction vessel.  In addition, a lower amount of solvent proved 

to give better yields as well. 
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Table 2.4 Optimization of solvent for catalysis 

Entry
 

Solvent Solvent Volume Temperature (°C) Conversion (%)
 

Yield 3 (%) 

1 toluene 0.2 mL 110 99 81 

2
 

toluene 1 mL 110 89 46 

3 formamide 0.2 mL 110 0 0 

4 1,4-dioxane 0.2 mL 100 68 37 

 

The last step in the optimization was to test the effect of oxygen on the reaction outcome.  

As we noticed in other studied systems, some performed the catalysis under aerobic 

conditions.
32,36,39

  Given that our catalysis was done in a closed system the amount of oxygen for 

the reaction was limited.  We then repeated the benchmark reaction without flushing with 

nitrogen prior to sealing the tube.  To our great delight, the reaction benefitted from the limited 

amount of oxygen, increasing the yields dramatically from 81% to 94%.  As a last step, we 

wanted to test the benefit of using slight excess of the primary alcohols as was done in some 

other studies.
31

  We found that the yield was even better when we used 1.2 equivalents of the 

primary alcohol relative to 1.0 equivalent of the secondary alcohol giving 99% yield for the 

catalysis.  We now had our final conditions for the catalysis for aromatic substrates that were 

very promising.  Next we tested the scope of the reaction for aromatic alcohols. 
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Table 2.5 Air vs. nitrogen optimization for the benchmark reaction of aromatic alcohols 

Entry
 

Base Used Air / N2 1° Alcohol Conversion (%)
 

Yield (%)
 

Ratio 3:4 

1 KOt-Bu N2 1 mmol 99 81 100:0 

2
 

KOt-Bu air 1 mmol 99 94 100:0 

3 KOt-Bu air 1.2 mmol 99 99 97:3 

 

 

2.3 Scope of Catalysis with Aromatic Substrates 

The general scheme of the reaction (Scheme 2.7) was used for all the substrates in Table 

2.6 unless noted otherwise. 

 

 

Scheme 2.7 General scheme for catalysis of aromatic alcohols 
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Table 2.6 Ruthenium catalyzed coupling of various aromatic secondary and primary alcohols 

Entry Ar1 Ar2 Conversion (%) Yield 3+4 (%) [ ]
a 

Ratio 3:4 

 1 Ph Ph 99 99 [95] 97:3 

 2 p-MeOC6H4 Ph 81 81 94:6 

 3 p-MeC6H4 Ph 93 90 100:0 

 4 p-ClC6H4 Ph 97 94 100:0 

 5 p-F3CC6H4 Ph 100 74 97:3 

 6 Ph p-MeOC6H4 100 100 96:4 

 7 Ph p-MeC6H4 100 100 95:5 

 8 Ph p-ClC6H4 99 99 [91] 100:0 

 9 Ph p-F3CC6H4 79 66 100:0 

 10
b
 Ph

 
ferrocenyl 100 67 [60] 91:9 

 11
b
 ferrocenyl

 
Ph 65 42 100:0 

 12
c
 Ph

 
2-furyl 95 66 92:8 

 13
c
 Ph

 
2-thiophenyl 96 43 100:0 

a
 [ ]Isolated yields.  

b
 0.3 mL toluene used.  

c
 Reaction was performed under nitrogen for 17 hours using 

KOH as base. 

 

The new optimized conditions for the catalysis were as described below.  Primary alcohol 

(1.2 mmol), secondary alcohol (1 mmol), base (100 mol%), catalyst (1 mol% relative to 

secondary alcohol), 1,3,5-trimethoxybenzene internal standard (6.0 mg) and 0.2 mL toluene were 

sealed with air trapped in the headspace of the reaction vessel and stirred for 4 hours at 110 °C 

(henceforth denoted optimized conditions 2).  Conversions and yields were determined by 
1
H 

NMR as previously described (Section 2.2).  Unless noted otherwise, all catalysis experiments of 

the aromatic substrates in Table 2.6 were run using optimized conditions 2.  As can be seen from 

Table 2.6, most aromatic substrates gave very good yields ranging from 66-100% of 3 (entries 
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1-9).  When the starting material was substituted with a trifluoromethyl group, the yields were 

only 66% or 74% of alcohol 3, markedly lower than reported in literature as 87% and 80% for 

entries 5 and 9 respectively.
30,31

  We are not sure why our catalyst performed so poorly on CF3 

substituted alcohols compared to other catalysts or substrates.  We noticed the formation of an 

additional gelatinous insoluble compound at the end of the reaction, possibly a polymeric 

species.  The absence of a nitro substituent on either the primary or secondary alcohol is noted 

for both our work as well as in the literature.  When we attempted to use p-nitrobenzyl alcohol, 

the reaction turned black within seconds forming an insoluble dark material that could not be 

identified and we have been unable to grow crystals of the solid for further analysis.  The rest of 

the substrates resulted in yields that were either comparable or better than previously reported.  

Noticeably, when a heteroatom aromatic substrate was used the yields were reduced 

considerably as was the case for entries 10-13 when we used thiophenyl, furyl or ferrocenyl 

substituted substrates.  The reported literature yields for using 2-thiophenemethanol as the 

primary alcohol with 1-phenylethanol was 90%
32

 with 85% isolated yield using 

cis-[Ru(6,6’-Cl2bpy)2(H2O)2] as catalyst.  In the same work, the reaction of 

2-(hydroxymethyl)furan and 1-phenylethanol with the same catalyst resulted in 84% and 76% 

isolated yield.  Yus
30

 has reported even better yields of 98% for the furyl alcohol using 

RuCl2(DMSO)4 as a catalyst but after seven days of reaction.  In general, the different metals 

used gave a range of results and differ greatly in the conditions used for catalysis.  A summary 

and comparison of selected previously reported systems and the results obtained for the 

benchmark reaction are reported in Table 2.7. 
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Table 2.7 Summary of various catalysts and conditions used in benchmark reaction of benzyl 

alcohol and 1-phenylethanol 

Catalyst 
Catalyst 

Loading 

Temp. 

(°C) 

Time 

(h) 

Conversion 

(%) 

Yield 

(%) 

Selectivity 

3:4 

RuCl2(PPh3)3 1 mol% 110 4 99% 99% 97:3 

[Cp
*
IrCl2]2

31
 2 mol% 110 17 NR 85% 88:12 

terpyIrCl3
36

 1 mol% 110 0.5 99 95 93:7 

terpyRuPPh3Cl
36

 1 mol% 110 1 94 65 100:0 

RuCl2(DMSO)4
30

 2 mol% 100 7 days
 

NR 95% NR 

Rh(acac)3
40

 1 mol% 100 12-16 NR 98% NR 

ferrocenecarboxaldehyde
34

 5 mol% 130 12 NR 97% NR 

a
Ruthenium

32
 

0.4 

mol% 
120 24 100 NR 92:8 

Cu(OAc)2·H2O
39

 1 mol% 120 24-30 99% NR 99:1 

ruthenacycle
35

 1 mol% 110 17 96% NR 97:3 

(COD)Ir(NHC)Cl
33

 1 mol% 110 2 94% 95% 100:0 

a
 Six different previously reported ruthenium compound screened as catalyst for this transformation. 

 

It is difficult to compare which system performed better when no yields are reported and 

only conversions are given.  As can be seen from our work as well as other works shown above, 

conversions do not always translate into yields.  Most systems report conversions that are 

upwards of 90%, yet the yields either spectroscopic or isolated, are substantially lower.  An 

example of such an extreme can be seen in our work entry 13 in Table 2.5 showing 96% 

conversion but only 43% yield of alcohol product.  Though not a complete list of works reported, 

Table 2.6 is a reasonably good representation of the various works and metals used for this 

catalytic system. 
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Table 2.8 Summary of improved aspects of catalysis for aromatic alcohols 

No. Product 

This Work Literature 

Yield / 

Selectivity
a
 

Catalyst
b
 Best Aspect

c
 

Inferior 

Aspect
d
 

1 

 

99% 

97:3 

Rh(acac)3 
selectivity: 

98:2 

time: 12-16 hr, 

cost 

terpyIrCl3 time: 0.5 hr 

yield: 95% 

selectivity: 

93:7 

cost 

ferrocenecarboxaldehyde cost 
time: 12 hr 

temp.: 130 °C 

2 

 

81% 

94:6 

Rh(acac)3 yield: 98% 
time:12-16 hr 

cost 

ruthenacycle
35

 time, 0.5 hr 

yield: 61% 

selectivity: 

87:13 

cost 

3 

 

90% 

100:0 

RuCl2(DMSO)4 yield: 98% time: 7 days 

ferrocenecarboxaldehyde cost 

yield: 80% 

time: 12 hr 

temp.: 130 °C 

(COD)Ir(NHC)Cl
33

 time: 2 hr 

yield: 73% 

selectivity: 

92:8 

cost 

4 

 

94% 

100:0 
ferrocenecarboxaldehyde cost 

yield: 81% 

time: 12 hr 

temp.: 130°C 

5 

 

100% 

96:4 

Rh(acac)3 
selectivity: 

98:2 

time: 12-16 hr, 

cost 

ferrocenecarboxaldehyde cost 

yield: 81% 

time: 12 hr 

temp.: 130 °C 

6 

 

100% 

95:5 

ferrocenecarboxaldehyde cost 

yield: 81% 

time: 12 hr 

temp.: 130 °C 

terpyRuPPh3Cl
36

 time: 2 hr 
yield: 62% 

cost 

7 

 

99% 

100:0 

terpyIrCl3 time: 2 hr 

yield: 95%, 

selectivity: 

96:4 

cost 

ferrocenecarboxaldehyde cost 

yield: 77% 

time: 12 hr 

temp.: 135 °C 
a Yields and selectivity in this work using 1 mol% RuCl2(PPh3)3 catalyst, 4 hours at 110 °C.  b Previously reported catalyst in 

literature.  c Literature’s best result compare to our system.  d Literature’s aspect that is not advantageous compare to our system. 
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Almost in all cases of the simpler aromatic substrates (substituted benzyl alcohols or substituted 

1-phenyletanol) we have been able to improve some aspect of the catalysis outcome either in 

yield, time or cost efficiency of the catalyst.  The aspects of improvement are summarized in 

Table 2.8.  Comparing the various systems, we improved products 1, 4-7 in terms of yield.  Of 

these products, the selectivity was enhanced for 4, 6, and 7.  In particular, the yield of alcohol 4 

was improved significantly in our system from best previously reported 81%.
34

  If we consider 

only true hydrogen borrowing systems, product 3 was also improved using our methodology.  At 

98% yield, Yus’s
30

 system gave a higher yield than our procedure (90%).  However, it included 

1,4-dioxane as a solvent which is a known hydrogen donor thus making the system slightly 

atypical in terms of hydrogen borrowing.  In addition, the reaction time was seven days as 

opposed to four hours in our scheme.  The synthesis of alcohol 6 was also appreciably improved 

in our system giving 100% yield where previously 81% was the best reported yield even though 

the selectivity in our system was only 95:5.  In terms of time we have improved the synthesis of 

alcohols 3-5 giving a high yield of 90% in four hours where previously 98% was achieved after 

seven days with an external hydrogen donor.  Without an external hydrogen donor, an iron 

catalyst gave the best yields of 81% after 12 hours of reaction at 130 °C.
34

  We have not been 

able to improve the yield, time or selectivity of alcohol 2 which gave 81% yield in our system 

and 98% yield using a rhodium catalyst that required 12-16 hours reaction time.  For a shorter 

reaction time a ruthenacycle produced lower yields of 61% compared to 81% in our work with 

half an hour of reaction as opposed to four hours in our scheme.  The cost was lowered in our 

system since the ruthenacycle required a lengthy synthesis and the rhodium catalyst is more 

costly.  Compound 7 was isolated using column chromatography (see experimental section) and 
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recrystallization.  The compound crystallized as white long needles from hexanes.  We have 

obtained a crystal structure of the compound which was not previously reported.  That offered a 

glimpse into the stereochemistry outcome of the catalysis given the chiral center present in the 

secondary alcohol.  According to expectation, we observed a racemic mixture in the crystal 

structure.  The solid crystallized in a less common achiral non-centro symmetric space group, 

Pna21 and the two enantiomers can be seen side by side in the crystal structure creating columns 

of the one enantiomer adjacent to the other enantiomer as shown in Figure 2.1. 

 

 

Figure 2.1 3-(4-Chlorophenyl)-1-phenylpropan-1-ol crystallizes as a racemate 

 

The two enantiomers crystallize side by side the (r) enantiomer can be seen on the left and the (s) 

enantiomer on the right in Figure 2.1.  The crystal also showed hydrogen bonding of medium 

strength given the H-bonding length of 1.96Å and O-O distance of 2.799 Å.
76

  The hydrogen 

bonding is between molecules of the same configuration where each molecule’s OH group is an 
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acceptor to the adjacent molecule and a donor to the other adjacent molecule.  The hydrogen 

boding can be seen as a zigzag chain, typical of ROH packing, along the c axis.  It is also 

interesting to note the chlorine-π interaction (3.3 Å length) where the Cl is edge on to the 

benzene ring of another molecule with the opposite chirality.  Finding this interaction in the 

crystal is not surprising given that Cl on aromatic rings show higher propensity for Cl-π 

interaction, particularly with this type of edge-on orientation which allows for favorable 

attraction interaction.
77

  The role of such aromatic interactions is well studied including their 

geometric parameters and importance in biological systems as a mechanism for molecular 

recognition.
78

  The importance of the Cl-π interaction particularly in the packing of host-guest 

compounds has been shown previously.
79

  The hydrogen bonding and Cl-π interaction are 

presented in Figure 2.2. 

 

 

Figure 2.2 Hydrogen bonding (blue) between the OH groups on neighboring molecules and the 

edge-on Cl-π interaction (purple) 
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Having explored the aromatic alcohols, we turned our attention to aliphatic substrates. 

 

 

2.4 Catalysis Optimization for Aliphatic Substrates 

Our first goal was to optimize reaction conditions for the base using an aliphatic primary 

alcohol.  Having gone through several choices of bases with the aromatic substrates we limited 

our optimization reactions to KOH and KOt-Bu.  We took into consideration the fact that 

KOt-Bu is more selective but slower than KOH.  Our first set of experiments tested base loading 

for both KOt-Bu and KOH (Table 2.9) using n-butanol and 1-phenylethanol as the benchmark 

reaction for aliphatic substrates (Scheme 2.10). 

 

 

Scheme 2.8 Benchmark aliphatic reaction scheme for base loading optimization 
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Table 2.9 Optimization of base for aliphatic substrates catalysis 

Entry
 Base 

Used 

Base 

Loading 

Time 

(h) 

Temp. 

(°C) 

Conversion 

(%)
 

Yield 3 

(%)
 

Yield 4 

(%) 

1 KOH 50 mol% 4 120 88 48 4 

2
 

KOH 80 mol% 4 120 87 49 4 

3 KOH 100 mol% 4 120 92 78 11 

4 KOH 150 mol% 4 120 92 51 3 

5 KOt-Bu 50 mol% 8 110 79 35 3 

6 KOt-Bu 80 mol% 8 110 82 50 2.5 

7 KOt-Bu 100 mol% 8 110 92 75 5 

8 KOt-Bu 150 mol% 8 110 79 70 3 

 

The results did not point to an obvious better choice.  As the reaction time increases the 

conversion is comparable for both KOH and KOt-Bu the latter showing better selectivity though 

not higher yields.  Based on these results, we decided to continue screening different conditions 

using both bases (Table 2.10) with the benchmark reaction shown in Scheme 2.10.  From entry 2 

we concluded that oxygen was detrimental to the aliphatic substrates unlike the aromatic ones.  

We further noted that the higher temperatures decrease the selectivity (entry 5), providing no 

advantage of KOH to KOt-Bu. 
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Table 2.10 Varying reaction time and temperature 

Entry Temp. (
o
C) Base Time (h) Yield (%)

 
Ratio 3:4 

 1 110 KOH 6 16 100:0 

 2a 110 KOt-Bu 6 40 100:0 

 3 110 KOH 8 40 95:5 

 4 110 KOt-Bu 8 80 94:6 

 5 120 KOH 4 89 88:12 

 6 110 KOH 17 73 90:10 

 7 110 KOt-Bu 17 63 95:5 
a
 Reaction vessel sealed with air in headspace. 

 

Therefore, we wanted to investigate changing the catalytic loading using both KOH and KOt-Bu 

(Table 2.11) with n-butanol and 1-phenylethanol. 

 

Table 2.11 Varying reaction time, temperature and catalyst loading 

Entry Temp. (
o
C) Catalyst loading Base Time (h) Yield (%)

 
Ratio 3:4 

1 120 1 mol % KOH 4 89 88:12 

2 120 2 mol % KOH 4 67 84:16 

3 120 2 mol % KOH 6 75 79:21 

4 110 1 mol % KOH 17 73 90:10 

5 110 1 mol % KOt-Bu 17 63 95:5 

6 110 2 mol % KOH 17 81 94:6 

 

From the data in Tables 2.10 and 2.11 we concluded that longer reaction times were better.  

Increasing the temperature with higher catalyst loading resulted in lower yield and selectivity 
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(entries 4-5).  The trend seemed the reverse for the aliphatic substrates than for the aromatic.  As 

the reaction time increased, KOH proved a better choice.  We decided that the best condition for 

the aliphatic substrates were 17 hours of reaction at 110 °C under nitrogen with KOH as the 

base, however we still performed almost all the reactions with both 1 mol% and 2 mol% catalyst 

loading. 

 

2.5 Scope of Catalysis with Aliphatic Alcohol Substrates 

We first tested a homologous series of aliphatic primary alcohols bearing a phenyl ring to 

see the effect the phenyl ring has on the catalysis as well as to determine the length of the carbon 

chains effect on the outcome of the catalysis.  As discussed earlier we also wanted to see the 

effect of the catalytic loading on the homologous series.  The new optimized conditions for 

catalysis with aliphatic primary alcohols were as described below.  Primary alcohol (1.2 mmol), 

secondary alcohol (1 mmol), base (100 mol%), catalyst (2 mol% relative to secondary alcohol), 

1,3,5-trimethoxybenzene internal standard (6.0 mg) and 0.2 mL toluene were flushed with 

nitrogen prior to sealing the reaction vessel.  The reaction was stirred for 17 hours at 110 °C 

(henceforth denoted optimized conditions 3).  Conversions and yields were determined by 
1
H 

NMR as previously described (Section 2.2).  Unless noted otherwise, all catalysis experiments of 

the aromatic substrates in Table 2.12 were run using standard conditions 3.  The scheme for the 

series is shown in Scheme 2.11. 
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Scheme 2.9 Homologous series of primary aliphatic alcohols bearing a phenyl ring 

 

 

Table 2.12 Homologous aliphatic primary alcohols with 1 mol% and 2 mol% catalyst loading 

Entry R2 
Catalyst 

Loading 
Conversion (%) Yield (%) [ ]

a 
Ratio 3:4 

1 PhCH2 1 mol% 80 42 88:12 

2 PhCH2CH2 1 mol% 92 89 87:13 

3 PhCH2CH2CH2 1 mol% 80 58 88:12 

4 PhCH2CH2CH2CH2 1 mol% 74 73 93:7 

5 PhCH2CH2CH2CH2CH2 1 mol% 90 88 90:10 

6 PhCH2 2 mol% 86 52 88:12 

7 PhCH2CH2 2 mol% 100 100 [92] 93:7 

8 PhCH2CH2CH2 2 mol% 97 97 93:7 

9 PhCH2CH2CH2CH2 2 mol% 97 97 94:6 

10 PhCH2CH2CH2CH2CH2 2 mol% 100 100 90:10 
a
 [ ]Isolated yields. 

 

The obvious improvement in yields and selectivity when 2 mol% of catalyst was used was 

promising.  With the exception of one substrate (entries 1, 6), all the alcohols resulted in yields 

higher than 90%.  A comparison of the above series with other works is not possible since no 

work has delved as extensively into the aliphatic scope of the reaction.  With the first goal 

obtained to expand the scope of the aliphatic of catalysis, further screening of other aliphatic 
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primary alcohols that do not bear a phenyl ring was conducted.  For the plain aliphatic alcohols 

we wanted to perform the reaction with KOH and with KOt-Bu to see if the reaction outcome 

would be improved with KOt-Bu.  All other conditions were as described for optimized 

conditions 3 using the same scheme as shown in Scheme 2.9. 

 

Table 2.13 Scoping plain aliphatic primary alcohols 

Entry R2 Base 
Catalyst 

Loading 
Conversion (%) Yield (%) [ ]

a 
Ratio 3:4 

1 propyl KOt-Bu 1 mol% 100 65 95:5 

2 butyl KOt-Bu 1 mol% 90 49 94:6 

3 pentyl KOt-Bu 1 mol% 100 64 94:6 

4 heptyl KOt-Bu 1 mol% 94 68 93:7 

5 octyl KOt-Bu 1 mol% 100 57 93:7 

6 propyl KOH 1 mol% 94 73 90:10 

7 butyl KOH 1 mol% 94 86 90:10 

8 pentyl KOH 1 mol% 87 75 91:9 

9 heptyl KOH 1 mol% 100 80 93:7 

10 octyl KOH 1 mol% 85 90 92:8 

11 propyl KOH 2 mol% 91 81 94:6 

12 butyl KOH 2 mol% 96 96 92:8 

13 pentyl KOH 2 mol% 81 75 89:11 

14 heptyl KOH 2 mol% 100 100 [91] 90:10 

15 octyl KOH 2 mol% 100 100 91:9 

16 iso-propyl KOH 2 mol% 94 84 97:3 

17 2-tetrahydrofuryl KOH 2 mol% 78 14 100:0 
a
 [ ]Isolated yields. 
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The results of catalysis for the plain aliphatic primary alcohols were also excellent.  It was clear 

that KOt-Bu was not as good a base for the aliphatic alcohols as KOH.  Higher catalytic loading 

also improved the yields of all substrates with one exception where the yield was slightly lower 

(entries 8, 13).  The improvements in yields for the aliphatic substrates over current literature 

reports are substantial for most products.  The case of 2-tetrahydrofurfuryl alcohol (entry 17) was 

interesting as it gave very little of the desired product and mostly an insoluble polymer-like 

product.  It is possible that a competing ring opening reaction leading to polymerization took 

place instead of the expected -alkylation.  The comparison of our system to previously reported 

systems is summarized in Table 2.14. 
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Table 2.14 Summary of improved aspects of catalysis for primary aliphatic alcohols 

No. Product 

This Work Literature 

Yield / 

Selectivity
a
 

Catalyst
b
 

Best 

Aspect
c
 

Inferior 

Aspect
d
 

1 

 

52% 

88:12 

[Cp
*
IrCl2]2

31
 

yield: 74% 

selectivity: 

100:0 

cost 

terpyRuPPh3Cl
36

 
yield: 72% 

time: 4 hr 
cost 

(COD)Ir(NHC)Cl
33

 
yield: 68% 

time: 1 hr 
cost 

2 

 

100% 

97:3 
[Cp

*
IrCl2]2 

selectivity: 

100:0 

yield: 83% 

cost 

3 

 

81% 

94:6 

[Cp
*
IrCl2]2 yield: 98% 

selectivity: 

90:10 

cost 

terpyRuPPh3Cl time: 4 hr 

yield: 84% 

selectivity: 

90:10 

terpyIrCl3
36

 time: 3 hr 
yield: 65% 

cost 

ferrocenecarboxaldehyde
e time: 1 hr 

cost 

temp.: 135 

°C 

yield: 72% 

4 

 

100% 

90:10 

[Cp
*
IrCl2]2 none 

yield: 87% 

selectivity: 

89:11 

cost 

terpyRuPPh3Cl time: 7 hr 

yield: 70% 

selectivity: 

90:10 

5 

 

84% 

97:3 
[Cp

*
IrCl2]2 none 

selectivity: 

90:10 

cost 

a
 Yields in this work using 2 mol% RuCl2(PPh3)3 catalyst, 17 hours at 110 °C.  

b
 Previously reported catalyst in 

literature.  
c
 Literature best result compare to our system.  

d
 Literature aspect that is not advantageous compare to our 

system.  
e
 10 mmol of secondary alcohol were used as sacrificial hydrogen donor. 

 

The summary highlights our success in improving several aspects of the catalysis for aliphatic 

primary alcohols.  With the exception of alcohol 1, all other alcohols were improved as described 

below.  Higher yields were obtained for alcohols 2, 4 and 5 significantly so in the case of 

alcohols 2 and 4.  Higher selectivity was achieved for compounds 3-5 and in the cases where an 
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iridium catalyst was used the cost was lowered using our scheme.  With this system we have 

improved not just the outcome of the catalysis but also expanded the synthetic tool box providing 

a high yielding alternative route to this class of alcohols.  For example, 1,6-diphenyl-1-hexanol 

(Table 2.12, entry 8) was previously synthesized by employing a Grignard reaction
80

 which gave 

only 54% yield.  Using our methodology the yield was increased to 97% with high selectivity—a 

90% yield of the desired alcohol. 

After our success with the aliphatic primary alcohols, we sought to further expand the 

scope of the reaction and tried more aliphatic substrates for the secondary alcohols with benzyl 

alcohol as the primary alcohol (Scheme 2.10). 

 

 

Scheme 2.10 Aliphatic secondary alcohols catalysis scheme 
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Table 2.15 Aliphatic secondary alcohols scope of catalysis
a 

Entry R1 Base Catalyst Loading Conversion (%) Yield (%)
 

Ratio 3:4 

1 t-butyl KOH 2 mol% 76 37 100:0 

2 pentyl KOH 1 mol% 77 47 100:0 

3 pentyl KOH 2 mol% 95 29 100:0 

4 hexyl KOH 1 mol% 76 36 100:0 

5 propyl KOH 2 mol% 100 35 100:0 

6 iso-butyl KOH 1 mol% 97 41 100:0 

7 iso-butyl KOt-Bu 1 mol% 84 29 100:0 

8 phenethyl KOt-Bu 1 mol% 0 0 NA 

a
 All reactions were conducted under nitrogen 

 

Unfortunately, we were unable to improve any of the substrates used and though the yields 

shown are low, they are in accord with several other systems.  It seems that the commercially 

available ruthenium catalyst is limited with respect to aliphatic secondary alcohols.  A 

comparison for the performance of our system and various previously reported procedures for 

aliphatic secondary alcohols are presented in Table 2.16. 
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Table 2.16 Comparison of our system and reported systems for secondary aliphatic alcohols 

No. Product 

This Work Literature 

Yield / 

Selectivity
a
 

Catalyst
b
 Best Aspect

c
 

Inferior 

Aspect
d
 

1 

 

0% 

ferrocenecarboxaldehyde 

yield: 94%, 

time: 12 hr 

cost 

temp.: 180 °C 

[Cp
*
IrCl2]2

31
 temp: 110 °C 

yield: 58% 

cost 

2 
 

47%
e 

100:0 

f
ruthenium

32
 

catalyst 
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68% 
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88:12 

Cu(OAc)2·H2O
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 cost 

time: 48 hr 

conversion: 

57% 

temp.: 160 °C 

3 

 

41% 

100:0 
Cu(OAc)2·H2O

39
 cost 

time: 48 hr 

conversion: 

68% 

temp.: 160 °C 
a
 Yields in this work using 2 mol% RuCl2(PPh3)3 catalyst, 17 hours at 110 °C.  

b
 Previously reported catalyst in 

literature.  
c
 Literature best result compare to our system.  

d
 Literature aspect that is not advantageous compare to 

our system.  
e
 Used 1 mol% catalyst loading.  

f
 Six different previously reported ruthenium compound screened as 

catalyst for this catalysis. 

 

Though we have not been able to expand and improve the scope of catalysis with aliphatic 

secondary alcohols, we had moderate success compared to previously known systems.  It is 

impossible to determine conclusively whether compounds 2 and 3 were improved since the other 

works cited only measured conversions.  The conversions in our system for compounds 2 and 3 

were 95% and 97% respectively while the best literature reported conversions of 57% and 68% 

respectively.  As previously mentioned, conversions do not necessarily translate directly to 

yields. 

In an attempt to gain some insight to the reaction’s mechanism we studied a series of 

reactions of electron withdrawing (EWG) and electron donating group (EDG) substituted 

1-phenylethanols with n-butanol (Scheme 2.11). 
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Scheme 2.11 Reaction scheme for EDG and EWG series substituted 1-phenylethanol and 

n-butanol 

 

 

Table 2.17 EDG and EWG series substituted 1-phenylethanol and n-butanol 

Entry Z Base Temp. (
o
C) Time (h) Conversion (%) Yield (%)

 
Ratio 3:4 

1 OMe KOH 120 4 100 81 78:22 

2 CH3 KOH 120 4 96 59 80:20 

3 H KOH 120 4 92 88 89:11 

4 Cl KOH 120 4 94 61 72:28 

5 CF3 KOH 120 4 82 47 91:9 

6 OMe KOt-Bu 110 8 100 47 85:15 

7 CH3 KOt-Bu 110 8 100 56 88:12 

8 H KOt-Bu 110 8 99 81 100:0 

9 Cl KOt-Bu 110 8 100 57 86:14 

10 CF3 KOt-Bu 110 8 85 37 100:0 

 

On first inspection it looks like the stronger EDG (OMe) and strongly EWG (CF3) gave lower 

yields than the mildly EDG (CH3) and EWG (Cl).  Such trends were also apparent when the 

series was repeated with aromatic substrates (Table 2.6, entries 1-5).  More importantly, it 

appears as though the selectivity is very poor when using a substituted secondary alcohol and a 
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primary alcohol.  The selectivity was worse when using KOH under these conditions (120 
o
C), 

while substituting the base with KOt-Bu at lower temperatures improved the selectivity but 

lowered the yield.  The poor selectivity is not surprising when compared to literature reports of 

similar substrates (Scheme 2.14).
31

  As can be seen from Fujita’s work, the selectivity was 

significantly affected when the aromatic ring on the secondary alcohol had a substituent, but no 

trend was apparent regarding the EDG or EWG.  Consistently in both works, the reaction of the 

trifluoro substituted alcohol gave lower yield and higher selectivity.  Though it is difficult to 

perform an exact comparison given the different reaction times, temperatures, base used and 

catalyst loading, a comparison of the selectivity in our work and Fujita’s work is shown in Table 

2.18.  As was demonstrated in this work the nature of the base greatly affects the selectivity as 

well as the temperature.  Lowering the temperature and using KOt-Bu as a base has improved 

our selectivity from 78:22 to 85:15 (Table 2.17, entries 1 and 6).  In fact, when we repeated the 

reaction (Table 2.17, entry 4) at 110 °C for 4 hours, we improved the yields from 61% to 76% 

and the selectivity was improved from 72:28 to 93:7.  After this study we conducted all further 

reactions at 110 °C concluding that that temperature was ideal for reaction yields and selectivity. 

 

 

Scheme 2.12 Fujita’s reaction scheme of EWG and EDG substituted 1-phenylethanol and 

n-butanol 
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Table 2.18 Comparison of selectivity in this work and Fujita’s 

Entry Z Base 
Catalyst 

loading 

Yield (%) 

Fujita
 

Ratio 3:4 

Fujita 

Ratio 3:4 

(this work) 

1 OMe NaOH 4.0 % Ir 91 76:24 78:22 

2 CH3 NaOH 4.0 % Ir 94 85:15 80:20 

3 H NaOt-Bu 1.0 % Ir 98 90:10 89:11 

4 Cl KOH 2.0 % Ir 92 85:15 72:28 

5 CF3 NaOt-Bu 1.0 % Ir 77 100:0 91:9 

 

 

2.6 Mechanistic Aspects of the Catalysis 

Considering the possible catalytic cycle of the reaction, several insights can be offered 

from the observations of our conducted experiments.  It is generally accepted that this type of 

transfer hydrogenation involves a metal hydride as the important intermediate
81-86 

in the catalytic 

cycle.  Such species has been observed directly in several works with ruthenium catalyst in 

transfer hydrogenation reactions, and a dihydride was suggested in several works bearing 

ruthenium in transfer hydrogenation catalysis.
81,86

 

Reactions of n-butanol with 1-phenylethanol in the presence of our ruthenium catalyst 

while varying the counter ion of the t-butoxide base showed an interesting trend where the 

alcohol yields increase in the following order K
+
 > Na+ > Li+ (Figure 2.3). 
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Figure 2.3 Effect of counter ion on alcohol yield 

 

This trend is the same one observed for the reactivity of enolates
87

 which is the 

intermediate in the aldol condensation portion of the reaction.  A similar trend was also observed 

during hydrogenation of benzophenone mediated by KOt-Bu when other alkali ions were 

varied.
88

  One possible explanation is the covalency of the metal oxygen bond which increases in 

the same order K
+
 > Na+ > Li+.

89
  As the covalency of the M-O is increased the compound is 

less ionic thus affecting the cation’s availability in the reaction medium.  Berkessel suggests that 

the bond covalency order is not solely responsible for this observation and points out the 

complexation of alkali ions to aromatic systems which have been described in the literature 

previously.
90-94

  The interaction of the aromatic moiety with the alkali ion is stronger for the case 

of potassium than sodium due to size differences.  Modeling studies have shown that the 

reactivity order follows the binding pocket size compatibility as opposed to covalency or Lewis 

acidity of the cation.
94

  The pocket was proved to be the right size for potassium interaction with 

the phenyl rings on the ligand.  Furthermore the dependency on the alkali ion supports 

participation of the cation in transfer hydrogenation which is noted in the case of Noyori’s 

catalyst as well.
94

  In fact, this π-cation interaction was suggested as the possible reason for the 
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slower transfer hydrogenation with aliphatic substrates that lack this feature.  In addition, the 

dependence on the metal ion implies more specific involvement in the rate determining step of 

the reaction, presumably the oxidation and not the aldol reaction part of the catalysis.  Given that 

we do not observe any accumulation of the oxidized starting material or of the enone
39

 when we 

stop the reaction at different intervals, we conclude that the aldol and the reduction steps are 

faster than the oxidation step.  This observation is also in agreement with observations made 

regarding the Guerbet reaction.
28

 

We also noted that the reaction progress was much faster under aerobic conditions for the 

aromatic substances.  That leads us to believe that the oxygen provides another pathway for the 

alcohol oxidation speeding up the rate of the reaction.
39

  However, it is advantageous that there is 

a limited amount of oxygen in our system, in which the catalysis benefits from it without 

forming the by-product carbonyl as observed in other works with a constant supply of oxygen.
41

  

The homologous series we ran (Table 2.12) showed a trend resulting in higher yields for even 

number carbon chains and lower yields for odd carbon chains, but only when we loaded 1 mol% 

of the catalyst.  The trend was no longer apparent when 2 mol% catalyst was used which gave 

higher yields across the board.  We ran the series in an attempt to explain why the first substrate 

in the series gave such poor yields.  However, as the number of carbons in the chain increases so 

does the degrees of freedom of possible secondary coordination of the arene to the metal.  The 

results did not support a possible arene coordination as a reason for the lack of activity for 

phenethyl alcohol (Table 2.12, entries 1, 6).  Upon further investigation we found that one of the 

by-products of the reaction was toluene.  That suggested that after oxidation of phenethyl alcohol 

by β-hydride elimination, decarbonylation took place by oxidative addition resulting in a CO 
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ligand and hydride on the ruthenium.  Subsequent reductive elimination releases toluene as a ny-

product leaving the CO on the ruthenium metal.  This decarbonylation would be a pathway to the 

catalyst degradation.  Decarbonylation of aldehydes with a metal catalyst has been known to 

occur and lead to catalyst degradation.
95-100

  A metal complex that is very similar in structure to 

the one used in our work, Ru(OAc)(PPh3)3Cl, proved to lose catalytic ability by decarbonylation 

of formaldehyde giving the species shown in Figure 2.4.
96

 

 

 

Figure 2.4 Degradation product formed by decarbonylation of aldehyde
96

 

 

Interestingly enough, when 3-phenyl-1-propanol was used as the primary alcohol we did not 

detect styrene as a by-product via a similar pathway.  Instead we obtained high conversions and 

high yields of the desired alcohol.  Our proposed catalytic cycle (Figure 2.5) starts in a similar 

fashion to the traditional metal transfer hydrogenation described in the first chapter.  The 

deprotonation of the alcohol starting material precedes the coordination to the ruthenium metal 

center for both the primary and secondary alcohols.  It is noteworthy that when we tried the 

reaction without base no product was formed, and a very small amount of benzaldehyde was 

present (less than 1%) suggesting that the base is needed for formation of the catalyst active 

species.  In the absence of an active catalyst no efficient oxidation of the starting material can 

take place or aldol condensation.  Next the ruthenium hydride is formed via β-hydride 
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elimination furnishing the ketone and aldehyde.  The next step, aldol condensation, may or may 

not involve the catalyst.  When reacting acetophenone and benzaldehyde with the catalyst in the 

absence of base only 19% of chalcone was obtained, while the base catalyzed aldol reaction is 

known to be very fast and high yielding.
101,102

  The next step, hydrogenation of the enone, is 

described in detail in Figure 2.6. 

 

 

Figure 2.5 Our proposed catalytic cycle for β-alkylation of secondary alcohols 

 

First the enone product coordinates to the ruthenium catalyst.  Although the figure describes a 

particular mode of coordination via the carbonyl oxygen, other coordination modes are also 
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possible.  Another possible mode is coordination of the ruthenium hydride to the alkene portion 

or by a hapto-4 coordination mode.  We cannot exclude any of these modes and it is also 

possible that all of them occur, in fact Sasson supports a η-4 intermediate in the reduction of an 

α, β-unsaturated carbonyl compounds.
9
  The hydride insertion into the alkene is followed by 

protonolysis of the conjugate acid formed in the first part of the catalytic cycle, supporting our 

observation of the catalytic nature of the base.  In a subsequent step the carbonyl product 

coordinates to a second ruthenium hydride species followed by a carbonyl insertion into the 

ruthenium hydride bond.  The last step of the cycle is protonolysis yielding the alcohol product 

and the ruthenium that can undergo the cycle again with another alcohol molecule.  Based on our 

results, we concluded that the hydrogenation of the enone proceeds first with reduction of the 

alkene group than of the carbonyl moiety (Figure 2.6), given that we never saw any evidence for 

an α, β-unsaturated carbinol regardless of reaction time. 

 

 

Figure 2.6 Hydrogenation of the enone product catalyzed by ruthenium 
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However, various groups have shown that the selectivity for reduction of the enone depends on 

the catalyst as well as the substrate.  In Carmona’s work the reduction proceeded preferentially at 

the carbonyl group using piano stool type catalysts with Rh, Ru and Ir metals.
103

  However, an 

iridium  complex with phosphine ligand gave the opposite trend with an exclusive reduction of 

the vinyl group.
104

  Yamasishi showed that a ruthenium catalyst is selective depending on the 

substrate.  An α, β-unsaturated aldehyde was reduced at the carbonyl group while the ketone 

analogue was selective towards reduction at the alkene group.
105

  Yet the most compelling reason 

for our assertion is Sasson’s work using benzyl alcohol and ethylene glycol as the hydrogen 

donor. 
8,9,106

  In both these cases, RuCl2(PPh3)3 was used as the catalyst which gave exclusive 

reduction of the vinyl group producing a ketone product. 

An alternate mechanism for transfer hydrogenation with RuCl2(PPh3)3 that includes a 

dihydride species was suggested by Bäckvall.
81,82

  In a study of transfer hydrogenation from 

cyclopentanol to acetone catalyzed by RuCl2(PPh3)3, an 
1
H NMR revealed a broad doublet of 

triplet at δ -10.15  which was interpreted as belonging to Ru(H)2(PPh3)3.  A further study of a 

racemization of α-deuterated 1-phenylethanol exhibited a significant loss of deuterium at the 

alpha position of the racemate.  The deuterium scrambling was attributed to formation of 

Ru(D)(H)PPh3 intermediate which interacted with acetophenone.  Bäckvall proposed a catalytic 

cycle that included a Ru
0
(PPh3)3 intermediate that undergoes an oxidative addition.  While the 

dihydride moiety is generally accepted and has been reported in various studies, the existence of 

an active Ru(0) has not been completely proven and an isotope exchange process was offered to 

explain the deuterium scrambling.
107-109
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Though a vacant cite is required for the ruthenium to enter the catalytic cycle, at least two 

possible ways of forming the alkoxide can be envisioned.  The first route consists of traditional 

ligand dissociation of triphenylphosphine to give a vacant site, followed by coordination of the 

ruthenium metal to the alcohol oxygen.  A reductive elimination of HCl can then yield the 

ruthenium alkoxide species (Figure 2.7).  An alternative route (route B, Figure 2.7) is a direct 

displacement of the chloride by the deprotonated alcohol. 

 

 

Figure 2.7 Possible entry routes of ruthenium into the catalytic cycle 

 

We are not sure if the occasional ketone by-product is a result of oxidation of the alcohol 

product or incomplete reduction due to inefficiency in the “hydrogen borrowing” system.  A 

control experiment of the benchmark reaction with air trapped in the vessel headspace but 

without the catalyst revealed 92% conversion and 91% yield of the alcohol product.  This result 

suggested that a competing reaction with a different pathway that does not require the catalyst 

was present.  The scope and mechanism of this background reaction was investigated and is 
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detailed in Chapter 3 of this work.  In particular, the role of oxygen will be further examined and 

discussed in the next two chapters.  At this point we submit that the additional pathway which is 

mediated by the base and oxygen is concurrent with the suggested traditional ruthenium 

catalyzed cycle. 

 

 

2.7 Conclusion 

We have developed a good synthetic protocol for higher carbon secondary alcohols that 

features green chemistry principles such as atom efficiency and minimum waste formation by 

employing hydrogen borrowing methodology.  Expanding the scope and improving both the 

aromatic and aliphatic substrates yields, this method is accessible and economical utilizing a 

commercially available ruthenium catalyst RuCl2(PPh3)3.  The yields are improved for most of 

the aromatic substrates when aerobic conditions are applied. 

 

 

2.8 Experimental 

1
H, 

13
C, and 

31
P NMR spectra were recorded at room temperature using CDCl3 as solvent 

on Varian MR 400 (400, 100.47, and 161 MHz respectively).  Column chromatography was 

performed using 230-400 mesh silica gel from silicycle.  All reagents were used as purchased 

from Sigma Aldrich or Alfa Aesar unless noted otherwise.  Microwave reactions were performed 

using CEM Discover microwave.  GCMS was performed on a Varian 3900 GC equipped with 
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Varian VF-1 ms (dimethylpolysiloxane) 30 m x 0.25 mm GC column coupled to Saturn 2100 

MS instrument in the electron ionization mode (EI). 

 

RuCl2(PPh3)3—Synthesis of the catalyst was scaled up based on a published procedure.
110

 

RuCl3·XH2O (260.0 mg, 1.0 mmol), triphenylphosphine (1.51 g, 5.8 mmol) and methanol (50 

mL) were combined in a roundbottom flask, equipped with a magnetic stir bar, and refluxed 

under nitrogen  for 4 hours.  After cooling to room temperature the reaction mixture was filtered 

to give a dark brown powder that was washed with methanol and diethyl ether then left to dry on 

the glass frit overnight (939.7 mg, 98% yield).  
31

P NMR (CDCl3, 161 MHz): δ 28.9 (s, PPh3). 

 

Catalyst Screening 

RuCl2(ACN)4—Benzyl alcohol (258.7 μL, 3.0 mmol), 1-phenylethanol (302.4 μL, 3.0 mmol ), 

KOH (156.1 mg, 3.0 mmol) RuCl2(ACN)4 (8.4 mg, .025 mmol) and toluene (0.5 mL) were 

combined in a roundbottom flask equipped with a stir bar and refluxed under nitrogen for 2 hours 

at 110 
o
C.  Next, the crude reaction mixture was diluted with dichloromethane (2.0 mL) and 

passed through a Celite plug.  A small aliquot was taken for 
1
H NMR in CDCl3.  The NMR 

showed 21% conversion based on the depletion of 1-phenylethanol. 

 

RuCl2(PPh3)3—Benzyl alcohol (104 μL, 1.0 mmol), 1-phenylethanol (121 μL, 1.0 mmol ), KOH 

(62.6 mg, 1.0 mmol), 1,3,5-trimethoxybenzene (4.8 mg, 0.029 mmol), RuCl2(PPh3)3 (9.7 mg, 

0.010 mmol) and toluene (0.2 mL) were combined in a roundbottom flask equipped with a stir 

bar and refluxed under nitrogen for 2 hours at 110 
o
C.  Next the crude reaction mixture was 
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diluted with dichloromethane (1.3 mL) and passed through a Celite plug.  A small aliquot was 

taken for 
1
H NMR in CDCl3.  The NMR showed 65% conversion based on the depletion of 

1-phenylethanol and 65% yield (Figure 2.8) based on the internal standard 

(1,3,5-trimethoxybenzene). 

 

 

Figure 2.8 
1
H NMR of screening RuCl2(PPh3)3 as catalyst 

 

Microwave Reactions 

Benzyl alcohol (104 μL, 1.0 mmol), 1-phenylethanol (121 μL, 1.0 mmol ), KOH (63 mg, 1.0 

mmol), 1,3,5-trimethoxybenzene (4.0 mg, 0.024 mmol), RuCl2(PPh3)3 (9.8 mg, 0.010 mmol) and 

toluene (0.2 mL) were combined in a microwave pressure vial equipped with a stir bar.  The vial 

was flushed with nitrogen and then sealed.  The vessel was inserted into the microwave for 

reaction at 130 °C, at 150 watts and maximum 275 psi for 2 hours.  After the reaction was cooled 

to room temperature, the crude reaction mixture was diluted with dichloromethane (1.3 mL) and 
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passed through a Celite plug.  A small aliquot was taken for 
1
H NMR in CDCl3.  The NMR 

showed 95% conversion based on the depletion of 1-phenylethanol and 62% yield based on the 

internal standard (1, 3, 5-trimethoxybenzene). 

 

 

Optimized Conditions 1 

1.0 mmol of primary alcohol, 1.0 mmol of secondary alcohol, potassium t-butoxide (100 mol%), 

1,3,5-trimethoxybenzene (6.0 mg), tolune (0.2 mL) and RuCl2(PPh3)3 (1 mol%) were combined 

in a 15 mL pressure vessel, flushed with nitrogen sealed and refluxed for 4 hours at 110 
o
C.  The 

mixture was than cooled to room temperature, diluted with dichloromethane (2.5 mL) and passed 

through a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  Conversion was 

determined by consumption of the secondary alcohol and the yield was determined by comparing 

to the internal standard. 

 

General procedure A for -alkylation of aromatic secondary alcohols and primary alcohols 

—Optimized Conditions 2 

Primary alcohol (1.2 mmol ), secondary alcohol (1.0 mmol), potassium t-butoxide (100 mol%), 

1,3,5-trimethoxybenzene (6.0 mg), toluene (0.2 mL) and RuCl2(PPh3)3 (1 mol% based on the 

secondary alcohol) were combined in a 15 mL pressure vessel with air trapped in the vessel head 

space and refluxed for 4 hours at 110 
o
C.  The mixture was than cooled to room temperature, 

diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An aliquot was taken 
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for 
1
H NMR with CDCl3.  Conversion was determined by consumption of the secondary alcohol 

and the yield was determined by comparing to the internal standard. 

 

Synthesis of 1,3-diphenylpropan-1-ol 

Benzyl alcohol (124.2, μL, 1.2 mmol), 1-phenylethanol (121, μL, 1.0 mmol), potassium 

tert-butoxide (118.0 mg, 1.0 mmol), toluene (0.2 mL) and RuCl2(PPh3)3 (9.8 mg, 0.01 mmol) 

were combined in a pressure tube equipped with a stir bar.  The reaction vessel was sealed with 

air in the headspace and refluxed at 110 
o
C for 4 hours.  Next the reaction was cooled down to 

room temperature, transferred to a round bottom flask with dichloromethane and the solvent was 

removed under vacuum.  The reaction mixture was then loaded on a silica gel column and 

separated using gradient mobile phase hexane/ethyl acetate (100:1-100:3).  The desired alcohol 

was isolated as a faint yellow oil (202 mg, 95% yield). 
1
H NMR: (400 MHz, CDCl3) 7.42-7.34 

(m, 7H), 7.28-7.21 (m, 3H), 4.67 (dd, J = 7.7 Hz, J = 5.5 Hz 1H), 2.83-2.67 (m, 3H), 2.21-2.02 

(m, 2H). 
13

C NMR: (100 MHz, CDCl3) δ144.72, 141.96, 128.58, 128.56, 127.65, 126.11, 125.95, 

73.83, 40.55, 32.14. 



Synthesis of 3-ferrocenyl-1-phenylpropan-1-ol 

Ferrocenylmethyl alcohol (217 mg, 1.0 mmol), 1-phenylethanol (121, μL, 1.0 mmol), potassium 

tert-butoxide (118.1 mg, 1.0 mmol), toluene (0.3 mL) and RuCl2(PPh3)3 (9.8 mg, 0.01 mmol) 

were combined in a pressure tube equipped with stir bar.  The reaction vessel was sealed with air 

in the headspace and refluxed at 110 
o
C for 17 hours.  Next the reaction was cooled down to 

room temperature, transferred to a round bottom flask with dichloromethane and the solvent was 
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removed under vacuum.  The reaction mixture was then loaded on a silica gel column and 

separated using gradient mobile phase hexane/ethyl acetate (100:1-100:10).  The desired alcohol 

was isolated as a yellow-orange oil (191 mg, 60% yield). 
1
H NMR: (400 MHz, CDCl3) 

7.25-7.37 (m, 5H, Ar), 4.70 (m, 1H), 4.04-4.07 (m, 9H, ferrocene), 2.43-2.51 (m, 1H), 2.31-2.38 

(m, 1H), 1.90-2.09 (m, 2H), 1.84 (bs, 1H, OH). 
13

C NMR: (100 MHz, CDCl3) δ 144.70, 128.27, 

127.66, 126.0, 88.57, 74.25, 68.58, 68.10, 67.97, 67.25, 40.06, 25.74. 

 

General procedure B for -alkylation of aromatic secondary alcohols and aliphatic 

primary alcohols—Optimized Conditions 3 

Primary alcohol (1.2 mmol ), secondary alcohol (1 mmol), potassium hydroxide (100 mol% 

based on secondary alcohol), 1,3,5-trimethoxybenzene (6.0 mg), tolune (0.2 mL) and 

RuCl2(PPh3)3 (19.6 mg, 0.02 mmol) were combined in a 15 mL pressure vessel, flushed with 

nitrogen and then sealed.  The reaction was refluxed for 17 hours at 110 
o
C.  The mixture was 

than cooled to room temperature, diluted with dichloromethane (2.5 mL) and passed through a 

Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  Conversion was determined by 

consumption of the secondary alcohol and the yield was determined by comparing to the internal 

standard. 

 

Synthesis of 3-(4-chlorophenyl)-1-phenylpropan-1-ol 

4-Chlorobenzyl alcohol (171.0 mg, 1.2 mmol), 1-phenylethanol (121, μL, 1.0 mmol), potassium 

tert-butoxide (118 mg, 1.0 mmol), toluene (0.2 mL) and RuCl2(PPh3)3 (9.8 mg, 0.01 mmol) were 

combined in a pressure tube equipped with stir bar.  The reaction vessel was sealed with air in 
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the headspace and refluxed at 110 
o
C for 4 hours.  Next the reaction was cooled down to room 

temperature, transferred to a round bottom flask with dichloromethane and the solvent was 

removed under vacuum.  The reaction mixture was loaded on a silica gel column and separated 

using gradient mobile phase hexane/ethyl acetate (100:1-100:3.5).  The desired alcohol was 

isolated as a white solid. (223 mg, 91% yield). 
1
H NMR: (400 MHz, CDCl3) 7.32-7.24 (m, 

7H), 7.16-7.11 (m, 3H), 4.57 (dd, J = 7.4 Hz, J = 5.9 Hz, 1H), 2.56 (t, J = 7.8 Hz, 2H), 2.06 (bs, 

OH), 1.82-1.57 (m, 4H), 1.49-1.38 (m, 1H), 1.34-1.23 (m, 1H). 
13

C NMR: (100 MHz, CDCl3) 

144.95, 142.64, 128.48, 128.44, 127.54, 125.96, 125.72, 1-74.57, 38.98, 35.92, 31.47, 25.59. 

 

Single crystal X-ray of 3-(4-chlorophenyl)-1-phenylpropan-1-ol 

The white solid was recrystallized from warm hexanes to give white needle-like crystals.  A 

single crystal X-ray analysis (Figure 2.9) was performed at 100 K using a Siemens platform 

diffractometer with graphite monochromated Mo-Kα radiation (λ = 0.71073 Å).  Data were 

integrated and corrected using the Apex 2 program.  The structures were solved by direct 

methods and refined with full-matrix least-square analysis using SHELX-97-2
111

 software and 

XSEED.
112

  Crystal structure data: C15H15ClO, M = 246.72, 1.20  0.80  0.58 mm
3
, 

orthorhombic, space group Pna21 (No. 33), a = 25.251(2), b = 10.0407(9), c = 4.8592(4) Å, V = 

1232.01(18) Å
3
, Z = 4, Dc = 1.330 g/cm

3
, F000 = 520, 2max = 56.8º, 10480 reflections collected, 

2881 unique (Rint = 0.0198).  Final GooF = 1.054, R1 = 0.0278, wR2 = 0.0763, R indices based 

on 2815 reflections with I >2sigma(I) (refinement on F
2
), 155 parameters.  Lp and absorption 

corrections applied, = 0.290 mm
-1

. 
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Figure 2.9 Single crystal X-ray of 3-(4-chlorophenyl)-1-phenylpropan-1-ol 

 

 

Synthesis of 1,5-diphenylpentan-1-ol 

3-Phenylpropan-1-ol (162.8, μL, 1.2 mmol), 1-phenylethanol (121, μL, 1.0 mmol), potassium 

hydroxide (63.0 mg, 1.0 mmol), toluene (0.2 mL) and RuCl2(PPh3)3 (9.8 mg, 0.01 mmol) were 

combined in a pressure tube equipped with stir bar.  The reaction vessel was flushed with 

nitrogen than sealed and refluxed at 110 
o
C for 17 hours.  Next the reaction was cooled down to 

room temperature, transferred to a round bottom flask with dichloromethane and the solvent was 

removed under vacuum.  The reaction mixture was loaded on a silica gel column and separated 

using gradient mobile phase hexane/ethyl acetate (100:1-100:3).  The desired alcohol was 

isolated as a colorless oil (221 mg, 92% yield). 
1
H NMR: (400 MHz, CDCl3) 7.32-7.24 (m, 

7H), 7.16-7.11 (m, 3H), 4.57 (dd, J = 7.5 Hz, J = 5.8 Hz, 1H), 2.56 (t, J = 7.8 Hz, 2H), 2.06 (bs, 
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OH), 1.82-1.57 (m, 4H), 1.49-1.38 (m, 1H), 1.34-1.23 (m, 1H). 
13

C NMR: (100 MHz, CDCl3) 

144.95, 142.64, 128.48, 128.44, 127.54, 125.96, 125.72, 1-74.57, 38.98, 35.92, 31.47, 25.59. 

 

Decarbonylation of phenethyl alcohol 

 

Figure 2.10 Catalysis with phenethyl alcohol resulted in catalyst decomposition 

 

Reaction in 1,4-dioxane solvent: phenethyl alcohol (143.7 μL, 1.2 mmol), 1-phenylethanol (1217 

μL, 1.0 mmol), potassium t-butoxide (63 mg, 1.0 mmol), 1,3,5-trimethoxybenzene (6.1 mg), 

1,4-dioxane (0.2 mL) and Ru Cl2(PPh3)3 (19.6 mg, 0.02 mmol) were combined in a 15 mL 

pressure vessel, flushed with nitrogen and then sealed.  The reaction was refluxed for 24 hours at 

110 
o
C.  The mixture was than cooled to room temperature, diluted with dichloromethane (2.5 

mL) and passed through a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  The 

NMR showed 4% toluene from the singlet corresponding to .toluene at δ 3.34 ppm (Figure 2.11).  

GCMS was also performed to confirm against a toluene standard.  Both the reaction mixture and 

the toluene had tr of 3.036 min (Figure 2.12) and gave the M
+
 peak at m/z = 92 corresponding to 

the molecular weight of toluene (Figure 2.13). 
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Figure 2.11
 1

H NMR of phenethyl alcohol in dioxane crude reaction mixture 

 

 

 

Figure 2.12 GCMS trace of reaction of phenethyl alcohol in dioxane compared to toluene 

standard 
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Figure 2.13 Mass spectrum of phenethyl alcohol reaction in dioxane compared to toluene 

standard 

 

Neat reaction: phenethyl alcohol (143.7 μL, 1.2 mmol), 1-phenylethanol (1217 μL, 1.0 mmol), 

potassium t-butoxide (63 mg, 1.0 mmol), 1,3,5-trimethoxybenzene (5.9 mg) and Ru Cl2(PPh3)3 

(19.6 mg, 0.02 mmol) were combined in a 15 mL pressure vessel, flushed with nitrogen and then 

sealed.  The reaction was refluxed for 24 hours at 110 
o
C.  The mixture was than cooled to room 

temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An 

aliquot was taken for 
1
H NMR with CDCl3.  The NMR showed 6% toluene from the singlet 

corresponding to .toluene at δ 3.34 ppm (Figure 2.14).  GCMS was also performed to confirm 

against a toluene standard.  Both the reaction mixture and the toluene had tr of 3.036 min (Figure 

2.15) and gave the M
+
 peak at m/z = 92 corresponding to the molecular weight of toluene (Figure 

2.16). 
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Figure 2.14
 1

H NMR of neat phenethyl alcohol crude reaction mixture 
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Figure 2.15 GCMS trace of reaction of phenethyl alcohol without solvent compared to toluene 

standard 

 

 

  

Figure 2.16 Mass spectrum of phenethyl alcohol reaction without solvent compared to toluene 

standard 
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Varying the base counter ion series (Figure 2.3) 

n-Butanol (91.4 μL, 1.2 mmol), 1-phenylethanol (1217 μL, 1.0 mmol), alkali t-butoxide (1.0 

mmol), 1,3,5-trimethoxybenzene (6.0 mg), toluene (0.2 mL) and Ru Cl2(PPh3)3 (9.8 mg, 0.01 

mmol) were combined in a 15 mL pressure vessel, flushed with nitrogen and then sealed.  The 

reaction was refluxed for 8 hours at 110 
o
C.  The mixture was than cooled to room temperature, 

diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An aliquot was taken 

for 
1
H NMR with CDCl3.  Conversion was determined by consumption of the secondary alcohol 

and the yield was determined by comparing to the internal standard.  NMR showed 75% yield 

for potassium, 68% for sodium and 39% for lithium. 
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 CHAPTER 3 NON-METAL CATALYZED -ALKYLATION OF SECONDARY ALCOHOLS 

 

3.1 Introduction 

The first transfer hydrogenation systems that made use of oxidation and condensation of 

alcohols was the Guerbet reaction.
2
  In this system a potassium alkanolate was heated to high 

temperatures with the corresponding alcohol, usually with nickel or palladium metal catalyst, 

where a condensation of the primary alcohol took place as well as disproportionation to give 

carboxylic acid and hydrogen gas.  This was the first example of alkylating alcohols to give 

higher carbon primary alcohols.  The reaction was typically run at extremely high temperatures 

of 160-180 °C.  Investigation into the reaction mechanism in later years found that the reaction 

can proceed without a metal catalyst albeit not as effectively and required an even higher 

temperature of 300 °C.
28

  This reaction marks the first non-metal catalyzed transfer 

hydrogenation of alcohols, particularly primary alcohols.  However, the protocol had a major 

drawback as it had a competing side reaction, the Cannizzaro reaction, particularly for the 

non-metal catalyzed reaction.  Base promoted transfer hydrogenation was first introduced with 

the MPV and Oppenauer oxidation reactions as detailed in chapter 1 of this work.  The 

sometimes forgotten Woodward variant of the Oppenauer oxidation was shown back in 1945.  In 

this version of transfer hydrogenation potassium tert-butoxide was used as a catalyst to oxidize 

quinine to quininone in the presence of benzophenone as the sacrificial hydrogen acceptor 

(Figure 3.1).
3
  In fac,t using the traditional aluminum t-butoxide for the Oppenauer oxidation was 

unsuccessful for oxidizing quinine due to complexation of the acidic aluminum with the basic 

nitrogen on the quinuclidine ring.  Woodward suggested that the transfer hydrogenation occurs in 
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a similar manner to the Oppenauer oxidation in which the alcohol is deprotonated and the 

hydrogen is then transferred to the sacrificial carbonyl containing compound. 

 

 

Figure 3.1 Woodward variant of the Oppenauer oxidation catalyzed by KOt-Bu 

 

Woodward argued that the same driving forces present in the Oppenauer oxidation, namely 

aluminum facilitating proton release and increasing the carbonyl acceptor capacity are present in 

any system bearing a primary or secondary alkoxide and a carbonyl compound though to a lesser 

degree.  He also showed the reverse process back to the quinine to be successful in the presence 

of sodium isopropoxide as the hydrogen source.  As expected, an excess of hydrogen acceptor 

was needed for a complete oxidation of quinine.  Although Woodward predicted the method to 

have limitation in cases where a subsequent condensation reaction could take place with the 

resulting carbonyl product, some systems have proved to work despite of the limitation.  

Adolfsson developed a protocol for transfer hydrogenation of ketones using lithium isopropoxide 

in isopropanol.
113

  Fast reaction times and high conversions were achieved in this system which 

was performed at 180 °C.  In 2009 Ley improved the aforementioned methodology and scaled it 

up for possible industrial application by designing a continuous flow system.
114

  Two additional 
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independent studies that year provided a procedure in which both ketones and aldehyde were 

reduced in the presence of catalytic amounts of potassium or sodium hydroxide using 

isopropanol as hydrogen donor.
115,116

  Ouali suggests that instead of the hydridic route, the 

formation of metal hydride, the intermediate is a six-membered ring like in the MPV reaction.  

Ouali’s catalytic cycle is presented in Figure 3.2.
116

 

 

 

Figure 3.2 Catalytic cycle for base mediated hydrogen transfer 

 

In step (1) isopropyl alcohol is deprotonated by the base creating the isopropoxide.  The second 

step is the coordination of the alkali metal to the ketone substrate and transferring the hydrogen 
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in a direct transfer via the six-membered ring transition state.  Next, the acetone is released and 

the now reduced ketone is protonated by a second molecule of isopropanol which undergoes an 

alkoxide exchange with the reduced substrate. 

An interesting system of ketones and aldehydes reduction that required no base or other 

metal catalyst at all was introduced by Strauss and Hoz.
117,118

  In both of these works high 

temperatures of 230 and 300 °C were required to accomplish the transformation.  An isotope 

labeling experiment excluded a radical mechanism and showed a transfer of the hydrogen from 

carbon to carbon most likely through a cyclic transition state similar to the MPV one (Figure 

3.3). 

 

 

Figure 3.3 Non-metal catalyzed transfer hydrogenation cyclic transition state 

 

Another hydrogen borrowing system for alcohols coupling that featured metal free catalysis 

resulting in good yield was reported lately.
119

  A close inspection of the protocol revealed that 

the reaction was catalyzed by benzaldehyde (20 mol% loading).  As far as catalysts go, 20% 

loading though typical of organocatalyzed reactions is considered very high compared to metal 

catalyzed reactions.  More importantly, the catalyst itself is the external hydrogen acceptor hence 

this system does not conform to the restrictions of the efficient hydrogen borrowing.  Another 

metal-free system made use of a ketone starting material which is already an “activated” 
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compound unlike the alcohols typically used in true hydrogen auto-transfer systems.
120

  In this 

procedure the ketone had two roles, one as the initiator of the reaction serving as the hydrogen 

acceptor the second was as a reactant. 

All of the abovementioned hydrogen transfer systems had an external source of hydrogen 

donor or acceptor in contrast to a true hydrogen borrowing system.  As was described in Chapter 

2 of this work, a control experiment was performed that excluded the ruthenium metal catalyst 

resulting in 92% conversion and 91% yield of the alcohol product for the benchmark reaction.  A 

literature search of similar observations led to work presented by Crabtree in which alcohols 

coupling was catalyzed by base in an open system to air.
41

  In that system potassium or sodium 

hydroxide were used as base under constant supply of air which resulted in good conversions and 

yields but moderate selectivity.  The work did not offer any insight into the mechanistic aspects 

of the reaction and was limited in scope.  Puzzeled and intrigued by this finding, we decided to 

further investigate the scope of the catalysis and probe into its mechanism (Figure 3.4).  In 

particular, we wanted to find out what is the true catalyst of the reaction.  Also, while base 

catalyzed transfer hydrogenation in the presence of hydrogen donor or acceptor is well known 

and documented, our system as well as Crabtree’s lack such species.  The most obvious aspect 

we wanted to examine was the identity of the hydrogen acceptor.  We also wanted to further our 

investigation looking into the role oxygen in the system given the observations made in the 

ruthenium catalyzed system (Chapter 2 of this work). 
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Figure 3.4 The catalytic system to probe 

 

 

3.2 Optimization of Base Catalyzed Reaction 

Based on the results of the control experiment we performed for the ruthenium catalyzed reaction 

shown in Scheme 3.1, we continued investigating the base catalyzed reaction using the same 

benchmark reaction. 

 

 

Scheme 3.1 Benchmark reaction investigated 

 

 

Table 3.1 Control Experiment of benchmark reaction reveals a background reaction 

Entry Catalyst Base Time (h) Conversion (%) Yield (%)
 

Ratio 3:4 

1 1 mol% Ru KOt-Bu 4 99 99 97:3 

2 none KOt-Bu 4 92 91 100:0 

3 none KOH 4 90 75 97:3 

 

Given our extensive optimization experiments with the ruthenium catalyzed system we kept most 

of the parameter the same as in the metal catalyzed system and we continued using benzyl 
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alcohol and 1-phenylethanol as the benchmark reaction.  All further reactions were performed 

using optimized conditions 2 (see section 2.7) but without a transition metal catalyst unless noted 

otherwise.  The first aspect we wanted to examine was the base given its importance in this 

scheme.  Determining that KOt-Bu was a better choice in terms of yield and selectivity we used 

the exact same conditions as in our optimized reaction conditions.  Next we examined the scope 

of the base catalyzed reaction varying both the primary and secondary alcohols (Scheme 3.2). 

 

 

3.3 Scope of the Base Catalyzed β-Alkylation of Secondary Alcohols 

 

 

Scheme 3.2 Catalysis scheme for scoping base mediated catalysis 
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Table 3.2 Scope of base catalyzed β-Alkylation of secondary alcohols 

Entry R
1

 R
2

 Base Time (h) Conversion (%) Yield (%)
 

Ratio 3:4 

1 Ph Ph KOt-Bu 4 92 91 100:0 

2 p-MeOC6H4 Ph KOt-Bu 4 100 100 95:5 

3 p-ClC6H4 Ph KOt-Bu 4 90 90 100:0 

4 p-CH3C6H4 Ph KOt-Bu 4 99 99 100:0 

5 m-CH3C6H4 Ph KOt-Bu 4 99 99 100:0 

6 p-(t-butyl)C6H4 Ph KOt-Bu 4 99 98 100:0 

7 p-CF3C6H4 Ph KOt-Bu 4 67 66 100:0 

8 Ph p-MeOC6H4 KOt-Bu 4 100 69 87:13 

9 Ph p-ClC6H4 KOt-Bu 4 100 100 100:0 

10
 

Ph p-CH3C6H4 KOt-Bu 4 100 87 100:0 

11
 

Ph p-F3CC6H4 KOt-Bu 4 95 78 100:0 

12
 

Ph
 

ferrocenyl KOt-Bu 4 54 53 100:0 

13
 

PhCH2CH2
 

Ph KOH 17 21 0  

14 heptyl
 

Ph KOH 17 26 4.5 100:0 

15 Ph
 

t-butyl KOH 17 71 47 100:0 

16 PhCH2CH2 t-butyl KOH 17 15 0  

17 2-furyl Ph KOH 17 30 13 100:0 

18
a 

PhCH=CH Ph KOt-Bu 4 38 0  

a
 Reaction product was 3-phenyl-1-propanol only (38%). 

 

 

3.4 Probing the Base Catalyzed Mechanism 

Examining the scope of the catalysis in Table 3.3 it appears that the base catalyzed 

reaction is limited mostly to aromatic alcohols, particularly primary aromatic alcohols.  The high 
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yields of the catalysis for aromatic substrates seem comparable to the metal catalyzed reaction 

presented in the previous chapter.  These results gave rise to additional questions as to the 

mechanism of the reaction and the reason for the distinct preference of the aromatic substrates 

over the aliphatic ones.  Curious as to the rationale for the aliphatic substrates proving 

non-reactive under these conditions, we set to probe the various mechanistic aspects of the 

reaction.  The benchmark reaction proved a good choice for further investigation into the 

reaction mechanism.  We used the benchmark reaction (Figure 3.7) to look further into the effect 

of oxygen on the catalysis (Table 3.3), the identity of the alkali counter ion (Table 3.8) and its 

role (Table 3.3), the hydrogen acceptor species in the reaction (Table 3.7), effect of the substrate 

structure on catalysis and identity of the catalysis intermediate (Tables 3.4, 3.6).  For all 

reactions we used primary alcohol (1.2 mmol), secondary alcohol (1 mmol), KOt-Bu (1.0 mmol), 

and 0.2 mL toluene were sealed with air trapped in the15 mL reaction vessel headspace and 

stirred for 4 hours at 110 °C unless noted otherwise. 

 

 

Scheme 3.3 Benchmark reaction used for probing the mechanistic aspects of base catalyzed 

reaction 
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Table 3.3 Experiments testing the effect of oxygen and role of counter ion 

Entry Base Air/N2 Time (h) Additive Conversion (%) Yield (%)
b 

 1 KOt-Bu air 4 none 92 91 

 2
a
 KOt-Bu N2 4 none 2 0 

 3
a
 Mg(Ot-Bu)2 N2 4 none 12 0 

 4 none air 4 none 8 0 

 5 KOt-Bu air 2 none 90 68 

 6 KOt-Bu air 2 1.0 mmol THF 74 53 

 7 KOt-Bu air 2 4.0 mmol THF 29 29 

 8 KOt-Bu air 4 0.2 mmol KCl 99 83 

 9 KOt-Bu air 4 0.9 mmol KCl 99 81 

 10 none air 4 1.0 mmol KCl 9 0 

 11 none air 4 

1.0 mmol KCl + 

5 mol% chalcone 
10 0 

a
 Reaction was set up in the glove box under a nitrogen blanket using dry and degassed reagents.  

b
 All 

reactions gave only 3 as the sole product. 

 

 

 

Scheme 3.4 Reaction scheme for identifying catalysis intermediate 
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Table 3.4 Adding external hydrogen acceptor to identify reaction intermediate 

Entry Time (h) H2 Acceptor Added Yield
 
3 (%) Yield

 
5 (%) 

1 4 1 mmol 1-octadecene 66 0 

2 2 3 mmol 1-octene 75 2 

3 2 6 mmol 1-octene 87 2 

4 1 6 mmol 1-octene 78 4 

5 0.5 6 mmol 1-octene 52 4.4 

 

 

 

Scheme 3.5 Oxidation of alcohol under basic aerobic conditions 

 

 

Table 3.5 Comparison of primary vs. secondary alcohol oxidation 

Entry Time (h) Base R
1 

R
2 

Conversion (%) Yield 6 (%) 

 1
a 

4 KOt-Bu Ph CH3 37 37 

 2 4 KOt-Bu Ph H 8 6 

 3
b 

17 KOH heptyl H 0 0 
a
 34% of self aldol condensation found.  

b
 Reaction open to air. 
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Table 3.6 Effect of substrate structure on catalysis based on Scheme 3.3 

Entry
 

R
1

 R
2

 

Air 

/N2 

Additive 
Time 

(h) 
Conversion (%) 

Yield 

(%)
 

Ratio 

3:4 

 1 Ph Ph air none 4 92 91 100:0 

 2 Ph Ph N2 none 4 2 0  

 3 Ph Ph N2 chalcone 4 31 24 100:0 

 4 p-MeOC6H4 Ph air none 4 100 100 95:5 

 5 p-MeOC6H4 Ph N2 none 4 7 0  

 6
b
 p-MeOC6H4 Ph N2 chalcone 4 53 52 100:0 

 7 Ph p-MeOC6H4 air none 4 100 69 87:13 

 8 Ph p-MeOC6H4 N2 none 4 7 0  

 9
b
 Ph p-MeOC6H4 N2 chalcone 4 56 42 100:0 

 10
a
 PhCH2CH2 Ph air none 17 21 0  

 11 PhCH2CH2 Ph N2 none 17 11 0  

 12
c
 PhCH2CH2 Ph N2 chalcone 17 55 41 83:17 

 13
a
 Ph

 
t-butyl air none 17 71 47 100:0 

 14 Ph t-butyl N2 none 17 8 0  

 15
c
 Ph t-butyl N2 chalcone 17 81 58 100:0 

KOt-Bu used for all entries unless notes otherwise.  All the reactions under N2 were set up in a glove box using dry 

and degassed reagents.  
a
 KOH used as base.  

b
 5 mol% chalcone used.  

c
 50 mol% chalcone used. 
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Table 3.7 Examining the hydrogen acceptor species using KOt-Bu as base 

Entry Time (h) 
Air 

/N2 
Additive Conversion (%) Yield (%)

 
Ratio 3:4

 

 1 4 air none 92 91 100:0 

 2
a
 4 N2 none 2 0  

 3 1 air none 69 67 100: 

 4 1 air 5 mol% chalcone 84 73 100:0 

 5 1 air 20 mol% chalcone 94 83 100:0 

 6 1 air 50 mol% chalcone 97 93 82:18 

 7
a
 1 N2 50 mol% chalcone 100 67 96:4 

 8
a
 4 N2 5 mol% chalcone 31 24 100:0 

 9
a
 4 N2 20 mol% chalcone 90 79 100:0 

 10
a
 24 N2 20 mol% chalcone 93 85 100:0 

 11
a
 4 N2 100 mol% dicumyl peroxide 27 27 100:0 

a
 Reaction was set up in the glove box under a nitrogen using dry and degassed reagents. 
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Table 3.8 Effect of alkali base counter ion 

Entry Base Time (h) Conversion (%) Yield (%)
 

Ratio 3:4 

1 KOt-Bu 4 92 91 100:0 

2 KOH 4 90 75 97:3 

3 KOt-Bu 1 82 65 100:0 

4 NaOt-Bu 1 84 61 100:0 

5 LiOt-Bu 1 45 24 88:12 

6 KOH 1 85 72 100:0 

7 NaOH 1 93 68 100:0 

8 LiOH 1 10 0  

9
a 

KOt-Bu 4 92 91 100:0 
a
 KOt-Bu was 99.99% pure analyzed for trace metal. 

 

 

3.5 Comparison of Metal and Non-Metal Catalysis 

It is clear from Table 3.3 that for the aromatic substrates the yields are comparable to the 

metal catalyzed reaction if not better.  For example entry 9 gave 100% yield under base 

catalyzed conditions and only 94% in the metal catalyzed reaction (Table 2.6, entry 4).  The only 

reaction to give lower yields (entries 7, 11) was when the arene had a trifluoromethyl group on 

either the primary or the secondary alcohol.  Comparing these entries to the corresponding metal 

catalyzed reactions, the yields were also lower at 74% for both reactions with even lower 

selectivity.  While the improvements in yields are not significant for the rest of the substrates, 

they do present a vast progress in terms of green chemistry and cost efficiency.  The ability to 

achieve good yields without any transition metal is more economical and easier for purification 
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purposes as well as less hazardous.  In some cases the selectivity was improved while the yield is 

lower or similar.  For example entry 4 gave only 99% yield of the alcohol product in the base 

catalyzed reaction while the metal catalyzed reaction yielded 100% but with a selectivity of 94:6.  

One might argue that a somewhat lower yield but higher selectivity is preferable, certainly in 

terms of purification.  One of the substrates that was greatly improved with the base catalyzed 

reaction is shown in entry 12.  Though giving only 53% yield, using the metal catalyzed reaction 

the same substrate gave 42% yield.  The most surprising improvement was in the case of using 

an aliphatic secondary alcohol, 3,3-dimethyl-2-butanol, with benzyl alcohol (entry 15).  The 

same reaction when catalyzed by metal gave 37% yield.  The best yield for this set of substrates 

currently reported took 3 days of reaction catalyzed by RuCl2(DMOS)4 .
30

  Given the poor 

performance of other aliphatic alcohols (entries 13, 14, 16), we were pleasantly surprised by this 

result.  Our system also compared favorably to the one developed by Crabtree
41

 both in terms of 

yield and selectivity.  A comparison of our system to Crabtree’s is detailed in Table 3.9. 
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Table 3.9 Comparison of this work and literature base catalyzed system 

Entry Product 
This Work Literature

41 

Yield (%) 
a 

Selectivity 
a 

Yield (%) 
b 

Selectivity 
b 

1 
 

91 100:0 99 78:12 

2 

 

90 100:0 79 87:13 

3 
 

99 100:0 94 66:34 

4 

 

100 100:0 68 95:5 

5 
 

87 100:0 71 90:10 

a
 Yield and selectivity in this work using KOt-Bu as base.  

b
 KOH base used for all entries 

 

The major difference between our protocol to that of Crabtree is that we have a limited amount 

of oxygen in our reaction.  Our scheme made use of a 15 mL reaction vessel with only the air 

trapped in the head space of the pressure tube available during catalysis.  A reflux set-up that was 

open to air was used in the other case.  We hypothesized that while oxygen is needed to initiate 

the reaction, excess supply of it can also oxidize the alcohol product accounting for the low 

selectivity in every case shown above.  The role of oxygen will be further discussed in section 

3.6.  The achievement of this system is more than improving on current literature best yields in 

similar settings; the high yields actually make this a valid and desired synthetic route to this class 

of aromatic secondary alcohol.  Having determined the capabilities and limitation of this base 

catalyzed system we turned our attention to the mechanism of the reaction. 
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3.6 Mechanistic Aspects of the Base Catalyzed Reaction 

Before investigating the catalysis mechanism and determining the true catalyst, we made 

sure that the reaction is not catalyzed by metal impurities from the base.  It is well known that 

small amounts of other metal impurities are present in most sources of metal compounds.  

Therefore, we acquired sublimed KOt-Bu 99.99% (Sigma-Aldrich) which was fully analyzed for 

trace metals by ICP-MS.  The largest metal contaminant was Na (109.2 ppm) followed by Rb 

(25.7) and Al (2.4 ppm) all other metals were present in much smaller amounts (less than 1 

ppm).  No ruthenium, iridium or rhodium were detected (0.1 ppm detection limit).  Catalysis 

using this pure base gave identical results of 91% yield to the lower purity KOt-Bu (95% pure) 

used regularly.  This suggests that no metal impurity was responsible for the catalysis.  If any of 

the typical transition metals used for this catalysis were present in lower than 0.1 ppm and were 

responsible for the catalysis—that would imply incredibly high TON on the order of 10
8
-10

9
.  

Therefore, we conclude that it is unlikely that any transition metal impurity is the true catalyst of 

the reaction.  Excluding metal contaminant as the possible catalyst leaves the potassium as the 

only other candidate.  When the catalysis was set up under nitrogen in the glove box with dry 

and degassed reagents and solvents, no product was detected (Table 3.3, entry 2).  Also, no 

oxidation of the starting material alcohol was seen in the NMR.  Changing the potassium for the 

divalent metal magnesium still did not yield any product or oxidized alcohol starting material 

(Table 3.3, entry 3).
121

  From these observations we concluded that the oxygen was needed for 

the reaction to occur.  However, as was pointed out earlier, our set up limits the amount of 

oxygen in the catalysis that is trapped in the headspace of a closed system with a 15 mL pressure 

tube.  A gross estimation of the oxygen dissolved in solution
122

 (~0.425 mL) is approximately 
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0.0176 mmol, which is a very low concentration.  Additional oxygen is available in the reaction 

vessel above the solution, ca. 0.13 mmol, which can garner an upper limit of 20 mol% oxygen 

(see experimental section for detailed calculations).  This amount of oxygen is not enough to 

oxidize all the 2.2 mmol of starting material alcohol.  The above considerations lead us to 

conclude that the oxygen is necessary to initiate the reaction.  When the reaction is conducted 

under nitrogen the alcohol starting material is the only species present and no hydrogen acceptor 

is available for the transfer hydrogenation to occur generating the ketone/aldehyde (Table 3.3, 

entry 2).  The potassium cation alone also cannot catalyze the reaction and no transfer 

hydrogenation or oxidation is observed when KCl was used as the potassium source (Table 3.3, 

entry 10).  In fact, even when chalcone was added to KCl to act as the hydrogen acceptor, no 

product formed and no oxidation took place.  The fact that no oxidation of the starting material is 

observed indicates that a deprotonated alcohol is the actual moiety being oxidized.
3
  

Deprotonating the alcohol weakens the C-H bond making it possible to remove the hydride 

which also accounts for the possible hydride transfer in the MPV reaction.  We tested the 

oxidation of the primary and secondary alcohols separately with base with air (Table 3.5 entries 

1-2).  We found that more of the 1-phenylethanol (37% oxidation) was oxidized than benzyl 

alcohol (6% oxidation).  A subsequent self aldol complicated the experiment as we saw 17% 

aldol product produced which translates into 34% acetophenone reacting with itself.  The 

aliphatic n-octanol was not oxidized at all even after 17 hours in a set up that was open to air 

(Table 3.5, entry 3).  A similar finding of preferential oxidation of the secondary aromatic 

alcohol versus the aromatic primary alcohol was reported for aerobic oxidation using sodium 

metal as the base.
123,124

  The same report shows no oxidation of aliphatic alcohols at all.
124

  The 
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literature reported oxidation potential of benzaldehyde (197 mV) is higher than acetophenone’s 

(118 mV) under basic conditions,
125

 which might be a contributing factor to this reaction.  We 

hypothesize that the reason the aliphatic alcohols do not undergo the catalysis in base with 

oxygen has to do with their reduction-potential.  A literature search of oxidation of alcohol under 

aerobic conditions has revealed that in general aliphatic alcohols are not oxidized easily even 

when metal catalysts are used.
126-130

  Also, the driving force of formation of the α, β-unsaturated 

carbonyl is absent for the aliphatic substrates.
131

  While the transfer hydrogenation part of the 

catalysis may not depend on the redox potential of the alcohols, the initiation step probably does.  

Doering also asserts in his work of cinchona alkaloids racemization that the process of transfer 

hydrogenation does not depend on oxidation-reduction potentials.
121

  That is to say the rate of the 

reaction does not depend on the alcohol’s redox potential.
125

  The lack of transfer hydrogenation 

(Table 3.3, entry 2) under nitrogen is in accord with Doering’s findings in which racemization of 

1-phenylethanol with potassium t-butoxide was inhibited by excluding oxygen, peroxides, and 

carbonyl containing compounds.  Similarly the aluminum isopropoxide did not yield any 

racemization until benzophenone, a hydrogen acceptor was added to the reaction.
121

  Pu also 

reported no oxidation of diphenylmethanol under nitrogen without base in the presence of CoCl3 

catalyst.
124

  Oxidation of alcohols in air has been noted previously in literature.  A fortuitous 

oxidation of the secondary alcohol after exposure to air in Danishefskey’s  system afforded the 

synthesis of the desired product.
132

  However, the lack of reactivity under nitrogen we found in 

our system is in direct contrast to Crabtree’s report of 15% yield of alcohol after a 20 hour 

reaction of benzyl alcohol, 1-phenylethanol and KOH.
41

  The report of reaction under nitrogen 

was perplexing to us initially, however careful search of the literature revealed that the alcohols 



 

92 

 

are stable to racemization or oxidation in inert solvent such as toluene for up to 18 hours 

according to Doering’s work with the cinchona alkaloids.
121

  After 18 hours, he observed a slow 

racemization process with the pyridine ring of the alcohol starting material serving as the 

hydrogen acceptor and a disproportionation of the starting material takes place.  Since our 

reaction times are short and most are shorter than 18 hours it is plausible that this process does 

not take place since we also do not see any evidence for the reduction of the arene group of the 

aromatic starting material.  Unfortunately, Crabtree does not specify if any reduced arene of the 

starting material is also produced under nitrogen.  With this careful process of elimination we 

established that the actual oxidizing agent in the reaction is the oxygen which can dehydrogenate 

the alcoholate alkali salt to the corresponding ketone/aldehyde.  We next considered the role of 

the potassium ion itself.  When 1 equivalent of THF was added to the reaction, the conversion as 

well as the yield dropped (Table 3.3, entries 5-6).  Increasing the load to 4 equivalents of THF 

decreased the conversion and even more from 90% to 74% with 1 equivalent and to 29% using 4 

equivalents (Table 3.3, entry 7).  Presumably, the THF forms the known coordination complex 

with the potassium making it less available for catalysis.
133

  That result is in agreement with 

Crabtree’s observation of reduced activity when a crown ether was added.
41

  Similary Cheung
32

 

also noted lower yields upon adding 15-crown-5 or cryptand C221, a known complexing agents 

for sodium ions (NaOH base was used in reaction), even though a ruthenium catalyst was 

employed in the reaction.  Based on these observations as well as Woodward’s result we believe 

the potassium serves as the catalyst for the transfer hydrogenation in a much like in the MPV 

reaction (figure 3.5). 
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Figure 3.5 Transfer hydrogenation catalyzed by potassium cation 

 

While the general accepted cascade of reactions of secondary alcohols β-alkylation 

follows the path of oxidation, aldol condensation and reduction of enone, without the traditional 

transition metal catalyst we had to consider whether the catalysis follows the same pathway.  

Therefore, identifying the reaction intermediate was necessary.  We have not been able to 

observe the chalcone, the presumed intermediate of the benchmark reaction, when we stopped 

the reaction at different intervals.  The two possible conclusions that emerge were that either the 

chalcone reduction is a very fast step or that the reaction takes a different pathway that does not 

include the chalcone.  Adding an external hydrogen acceptor, 1-octene, provided a competing 

pathway and the chalcone was then observed (Table 3.3, entries 2-5).  As we increased the 

amount of 1-octene and shortened the reaction time we saw more of the chalcone.  Yet, we could 

not see a substantial amount confirming our hypothesis that the reduction is a fast step and that 

the α, β-unsaturated ketone is a better hydrogen acceptor than 1-octene, rendering the chalcone a 

transient species in the catalysis.  Additional experiments looking at the efficient transfer 

hydrogenation to an olefin (Table 3.11) confirms our conclusion.  Considering the small amount 

of oxygen in our reaction procedure, the chalcone could be considered the true catalyst of the 

reaction since it moves the reaction forward.  The reduction of the chalcone probably by the 

alcohol starting material generates both the product and promotes the starting material to the next 
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step, activated carbonyl compounds that can undergo the condensation step.  If so, we wondered 

if the chalcone could replace the oxygen and also initiate the reaction.  Additional experiments 

(Table 3.7, entries 7-10) were carried to examine the question we posed.  Performing the reaction 

under nitrogen we added 5 mol%, 20 mol% and 50 mol% of chalcone to the reaction.  Indeed, 

when the chalcone was added, even under nitrogen, the chalcone was reduced to the 

corresponding alcohol product catalyzing the reaction.  Only when a high amount of chalcone, 

50 mol% (Table 3.7, entry 10) was added some carbonyl product was observed.  Such 

observation were expected since a large amount of hydrogen acceptor was used at once which 

probably does not occur in the normal course of catalysis.  Although the chalcone can replace the 

oxygen it is slower (Table 3.7, entries 10-11).  Addition of 20 mol% chalcone did start the 

reaction but achieved only 90% conversion and 79% yield.  Using the same loading of chalcone 

gave 93% conversion and 85% yield after 24 hours.  Our estimate of 20 mol% oxygen is 

probably close to the true concentration since we observe conversions that are closer to the ones 

observed under oxygen though at longer reaction times.  It is interesting that the system used by 

Liu used 20 mol% loading of the catalyst, benzaldehyde.
119

  Such loading it typical for 

organocatalyzed reactions
134,135

 and may suggest that our system could be defined as one given 

that the chalcone is the true catalyst and the oxygen only the initiator. 

The structure-activity study (Table 3.6) showed that neither aromatic nor aliphatic 

alcohols could enter the catalytic cycle under nitrogen without a hydrogen acceptor.  Aliphatic 

alcohols that gave very high yields in the metal catalyzed system such as 3-phenyl-1-proanol 

(93% yield alcohol product) showed no alcohol product and no oxidation of the starting material 

with base.  When 50 mol% of chalcone was added under nitrogen, the 3-phenyl-1propanol gave 
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41% yield after 17 hours (Table 3.6, entry 12).  This furthers supports the assertion that the 

transfer hydrogenation is not depended on the redox potential of the alcohol, however entering 

the catalytic cycle with oxygen may depend on it and that oxygen is not a strong enough oxidant 

to oxidize this primary alcohol.  Entry 15 in Table 3.6 shows higher yield of 58% achieved under 

nitrogen for the substrate than in air 47% when 50 mol% of chalcone was added to the reaction.  

The higher yield with the added chalcone suggests that there is less than 50 mol% oxygen in our 

catalytic system given the lower yields in air alone.  This is yet another confirmation for our 

estimate of 20 mol% oxygen in the system.  Examining the oxidant and substituting the oxygen 

with dicumyl peroxide resulted in lower yields of 27% product even though we loaded 100 

mol% of the peroxide.  Compared to ~20 mol% of oxygen in our reaction protocol vs. 100 mol% 

of peroxide indicates that dicumyl peroxide is not as effective an oxidant as oxygen. 

As with the metal catalyzed system we noticed a trend of yield dependency on the 

identity of the alkali base counter-ion.  Table 3.8 shows a trend of yield in order of K
+
 > Na

+
 > 

Li
+
 for both MOt-Bu and MOH series.  As explained previously, while the trend matches the 

enolate reactivity dependence of the counter-ion,
87

 our observations point to the oxidation being 

the rate determining step of the catalysis (see section 2.6 of this work).
136

  Therefore the 

observed trend implies direct involvement of the base alkali ion in the oxidation step.  The 

oxidation process can be broken into two successive steps (Figure 3.6). 
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Figure 3.6 Possible sequence of steps in oxidation of benzyl alcohol 

 

The first is the equilibrium step of the alcohol deprotonation which involves the alkali ion as well 

as the second step of the alcoholate’s reaction with the oxygen resulting in oxidation of the 

benzyl alcohol into benzaldehyde and hydroperoxide anion.
137

  The reason as to the trend has 

several explanations as discussed earlier.  One possible explanation for the dependence on the 

counter-ion is hard-soft acid base theory.
138

  According to this theory the second step (Figure 

3.11) would be preferred by the lithium and should have the opposite trend of Li
+
 > Na

+
 > K

+
.  

Our observation showed the exact reverse trend indicating that this principle is not the rationale 

behind our observations.  The other possibility is that the trend dependency stems from the 

interaction of the oxygen with the counter ion during the second step of the process.  In that case, 

potassium would have a better and stronger interaction with both species having a significantly 

larger ionic radius of 1.38 Å for K
+
 vs. 0.76 Å for Li

+
 and 1.02 Å for Na

+
.
139

  The first step 

would also be faster for potassium due to the higher covalency of the lithium base.
89

  Berkessel 

suggested that the covalency is not the exclusive cause for the observed order of reactivity and 

that π-cation interaction could be a reason for the trend.
88

  Chen’s who also observed similar 

dependency on the alkali ion identity with Noyori’s catalyst had performed forcefield calculation 
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to find a possible explanation.  The calculations showed that the deprotonated amide nitrogen 

together with the aryl residues on the TsDPEN ligand created an accidental binding site for the 

cation which was the perfect size for the potassium ion.  Experiments showed that the binding 

accelerated the direct hydrogenation route resulting in enhanced catalytic activity.
94

  Chen’s 

study further suggests a six-membered ring transition state that includes the potassium ion 

(Figure 3.7).  Berkessel claims that the aryl moiety on the diphenylmethanolate substrate can also 

have the π-cation interactions that can account for the trend observed for the alkali ion 

dependence.  Furthermore, he proposes that this π-cation interaction could explain the slower 

reactivity for the aliphatic substrates that lack this interaction. 

 

 

Figure 3.7 Intermediate complex suggested in Chen’s study (X) and six membered transition 

state suggested in Berkessel’s work (Y) 

 

Our modeling of the benzophenone molecule did not support such interaction in the 

six-membered ring transition state.  In fact, the only possible potassium interaction could come 

from another substrate not involved in the transition state.  If that is the case, then we should 

have observed increased reactivity for 3-phenyl-1-propanol which is an aliphatic bearing an aryl 



 

98 

 

group that is more flexible and can interact with the potassium cation more easily.  However, we 

saw no reaction when we used 3-phenyl-1-propanol as substrate (Table 3.6, entry 10).  Several 

possible explanations can account for that observation.  The first is that the π-cation interaction 

does not lower the transition state energy enough to overcome the higher activation barrier of the 

oxidation step for the aliphatic substrates.  The second possible explanation is that the arene 

residue on the 3-phenyl-1-propanol is too flexible and therefore does not bind strongly enough to 

the cation to create a lower energy transition state.  The last explanation is that this interaction 

does not take place at all and therefore has no effect on the reactivity of 3-phenyl-1propanol 

compared to other aliphatic substrates.  We do not have enough evidence currently to favor one 

explanation over the others.  Additional experiments would have to be carried out to determine 

the importance of the π-cation interactions.  For example, repeating the catalysis while varying 

the nature of the solvent π system, substituted arene solvent, would change the nature of the 

π-cation interaction.  Observing the effect of the different solvent on the catalysis could shed 

light on the importance of the π-cation interactions. 

A similar trend in reactivity of alkali metal ions was also found in Gagné’s work which 

included ester interchanges catalyzed by alkali-metal alkoxides.
140,141

  The fact that such a 

different type of chemistry displays the same dependence on the alkali cation suggests that a 

different phenomenon is responsible for this finding.  The solid state and solution aggregates of 

alkali metal alkoxides have been studied extensively for lithium, sodium and potassium.
92,142-147

  

Both the lithium and sodium t-butoxides are known to form hexamers while potassium forms 

mostly a tetramer (Figure 3.8).  It is also known that the types of structures are dependent on the 

solvent. 
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Figure 3.8 Aggregates structures of tert-butoxide alkali metals
141

 (used with permission from: 

Stanton, M. G.; Allen, C. B.; Kissling, R. M.; Lincoln, A. L.; Gagné, M. R. J. Am. Chem. Soc. 

1998, 120, 5981. Copyright (1998) American Chemical Society) 

 

In the gas phase as well as in solution LiOt-Bu adopts a hexameric structure of type B (Figure 

3.8) particularly in toluene.
148

  Unlike the lithium, potassium t-butoxide adopts a cubane like 

tetramer of type A in both solid state as well as in solution of toluene, ether and THF.
149,150

  

Sodium can exist in several forms depending on the solvent and can exist in more than one form 

in a particular solvent.  It most commonly exists as a hexamer of type B or even a nonamer.  It is 

known to exist as a hexamer in benzene and a tetramer in ether or THF.  Gagné suggested that 

there is an equilibrium process between the two forms of the sodium aggregate affecting the 

observed rate of reaction (Figure 3.9).  He further posits that the dependence on the alkali ion 

stems from the aggregate structure; which in turn affects the intermediate and rate of the 

reaction.  His hypothesis is that the scaffolding of the tert-butoxide forms prior to substrate 

coordination than activates the substrate by coordinating to the aggregate and delivering the 

nucleophile along the Bürgi-Dunitz angle via a six-membered transition state.  Although in our 
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system the type of reaction that occurs is different, it is possible that in a similar fashion the rate 

of reaction depends on the aggregate that form in solution.  In our system the difference between 

the potassium and sodium was not large while there was a big difference between the potassium 

and lithium.  The fact that the sodium can exist in both tetramer and hexamer and the potassium 

as tetramer, could explain their much higher reactivity than the lithium analogue which only 

exists as a hexamer. 

 

 

Figure 3.9 Equilibrium of NaOt-Bu between the tetramer and hexamer in hexane
141

 (used with 

permission from: Stanton, M. G.; Allen, C. B.; Kissling, R. M.; Lincoln, A. L.; Gagné, M. R. J. 

Am. Chem. Soc. 1998, 120, 5981. Copyright (1998) American Chemical Society) 

 

One of the interesting results of the base catalyzed system was of the reaction between 

cinnamyl alcohol and 1-phenylethanol (Table 3.2, entry 16) where none of the expected alcohol 

was formed.  Instead, we obtained 38% of 3-phenyl-1-propanol, the hydrogenated cinnamyl 

alcohol.  Bearing in mind the reaction mechanism, if the first step is oxidation of the alcohol, 

cinnamyl alcohol in this case, than the product of that first step is cinnamaldehyde.  The latter is 
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as good a hydrogen acceptor as the expected enone of the reaction perhaps better since it is less 

sterically hindered.  Next, the cinnamaldehyde is reduced to the primary alcohol and catalysis is 

terminated since the resulting aliphatic alcohol cannot be oxidized under these conditions (Table 

2.3, entry 13).  Intrigued by these results we tried a few competition experiments based on the 

scheme in Figure 3.6. 

 

 

Scheme 3.6 Competition experiments with cinnamyl alcohol 

 

 

Table 3.10 Summary of competition experiments with cinnamyl alcohol 

Entry Catalyst Additive Air/N2 Yield 7 (%) Yield 8 (%) Yield 9 (%)
 

 1 none none air 0 0 40 

 2
a
 none chalcone air 29 14 15 

 3
b
 RuCl2(PPh3)3 none air 0 10 30 

 4
b
 RuCl2(PPh3)3 none N2 0 26 16 

a
 1.0 equivalent of chalcone added.  

b 
1.0 mol% loading of catalyst based on secondary alcohol. 

 

Repeating the reaction this time with an external hydrogen acceptor, chalcone, resulted in 29% of 

the expected alcohol 7, 14% of alcohol 8 which is a hydrogenated alcohol 7 and 15% of the 

reduced cinnamyl alcohol, 9, (Table 3.13, entry 2).  Under these conditions the aldol 
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condensation is faster and since there is enough “good” hydrogen acceptor in the system some of 

the expected alcohol is produced.  The product of the aldol condensation before the reduction 

step is a conjugated diene 10 (Figure 3.10).  It is interesting to note that we get a reduction at the 

α-β olefin position and the carbonyl of the enone product as well as the complete reduction to 

alcohol 8 but no reduction of the C-C double bond in the γ-δ position.  Any of alcohol 8 that 

formed must have come from formation of the enone 10 as no aldol condensation was observed 

starting with alcohol 9 as the substrate.  We still observe some of the reduced cinnamyl alcohol, 

since it is such a good hydrogen acceptor once it undergoes oxidation. 

 

.  

Figure 3.10 Aldol condensation product intermediate of cinnamyl alcohol 

 

Comparing the last reaction to results from entry 3 where the ruthenium catalyst was added is 

remarkable.  We had expected to see some formation of alcohol 7 in the presence of the 

ruthenium.  The fact that we observed only 10% of the reduced version of compound 7 (alcohol 

8) and again the reduced cinnamyl alcohol alludes to a fast background reaction of transfer 

hydrogenation resulting in 30% 3-phenyl-1-propanol.  Running the reaction under nitrogen only 

changes the ratio of alcohols 8 and 9, but no alcohol 7 is observed.  The last reaction suggests 

that the fast transfer hydrogenation is independent of the oxygen pathway and is probably due to 

transfer hydrogenation mediated by the potassium cation which is a background reaction even 

when the ruthenium is used in the catalysis.  However, for some reason it appears as though the 
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transfer hydrogenation is faster under aerobic conditions than under nitrogen since we get more 

of alcohol 9 in the presence of oxygen.  Repeating the last reaction (entry 4) using alcohol 9 

instead of cinnamyl alcohol as a starting material under identical conditions resulted in 19% 

yield of alcohol 8.  Based on that result we conclude that most of the product formation in entry 

3 is due to reduction of product 7 and not reaction of alcohol 9.  We wanted to verify if the 

reduction of the cinnamyl alcohol is a result of oxidation to cinnamyl aldehyde followed by 

transfer alcohol or a direct transfer hydrogenation of the olefinic group prior to oxidation.  To 

that end we tested the efficiency of transfer hydrogenation between diphenylmethanol and 

styrene (scheme 3.7). 

 

 

Scheme 3.7 Transfer hydrogenation from secondary alcohol to an olefin 

 

The results from the two runs (Table 3.11) with styrene show that the transfer hydrogenation to 

an olefinic substrate is slow compared to transfer hydrogenation to a conjugated olefin like the 

enone (Table 3.10, entry 2).  This leads us to conclude that it is more likely that the cinnamyl 

alcohol is first oxidized than is used as the hydrogen acceptor toward 1-phenylethanol rather than 

undergoing a direct transfer hydrogenation before being oxidized. 
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Table 3.11 Efficiency of transfer hydrogenation to an olefin 

Entry Catalyst R Air/N2 Conversion
a
 (%) 

1 none Me air 34% 

2
 

none Ph air 17% 

 
2° Alcohol:styrene:base-1:1:1 

a
 Conversions based on consumption of styrene 

 

This observation could also explain why we observed so little of the chalcone when we 

introduced 1-octene as a competing hydrogen acceptor with chalcone to the benchmark reaction 

(Table 3.4).  Since the chalcone is a much better hydrogen acceptor than the terminal olefin, we 

do not observe much of the chalcone intermediate even while supplying a large excess of 

1-octene.  In another experiment where we supplied a better hydrogen acceptor, ethyl cinnamate, 

a competing hydrolysis reaction of the ester cinnamate took place instead of our expected 

catalysis.
151

 

Taking into consideration all our observations, we propose a catalytic cycle that includes 

initiation by oxygen and the enone acting as the catalyst. 
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Figure 3.11 Proposed catalytic cycle with base under aerobic conditions 
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As depicted in the catalytic cycle in Figure 3.11, the oxygen initiates the reaction by oxidizing 

some of the starting material to the ketone/aldehyde which can then enter the catalytic cycle.  

The ketone and aldehyde undergo an aldol condensation with the base to form an enone and a 

molecule of water.  The reduction of the enone aldol product is mediated by the potassium using 

the primary/secondary alcohol to create the oxidized species and the reduced secondary final 

alcohol product.  The ketone and aldehyde are formed both by oxygen initiation as well as by the 

reduction of the enone.  It is interesting to note that with a limited supply of oxygen, as in our 

system, the selectivity is greater than when the system is open to air.  Under complete aerobic 

conditions a greater amount of carbonyl product is formed perhaps due to air oxidation of the 

alcohol product.
41

 

When constructing the mechanistic cycle we had to examine the pathway by which the 

oxidation took place and what by-products were formed by the oxygen initiation.  First, we 

considered the oxygen present in the reaction.  Given the reaction conditions, it was safe to 

assume oxygen was in the triplet ground state.  As such, oxygen could not participate in a 

hydrogen transfer via a pericyclic intermediate, similar to the MPV transition state, which 

necessitates a two electron process.  Therefore, an electron transfer pathway had to be considered 

for the initiation step.  A literature search revealed the possibility of a single-electron transfer 

pathway for the reduction of benzophenone by alkali metals.
152,153

  Ashby has continued the 

investigation into the single-electron transfer as a pathway for the MPV reaction which is 

typically believed to proceed via a two electron process with a six-membered transition state.  In 

his work, Ashby investigated the reduction of benzophenone with lithium isopropoxide 

confirming an electron transfer process.  He observed the formation of the ketyl radical of 
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benzophenone and followed the reaction by EPR.  Ashby suggested the following mechanism for 

the MPV reaction of aromatic substrates mediated by alkali metals (Figure 3.12). 

 

 

Figure 3.12 Mechanism for MPV reduction of benzophenone with lithium isopropoxide 

 

Ashby proposed that benzophenone is reduced, forming the ketyl radical, by the alkoxide in an 

electron transfer (step a).  In a separate experiment he has shown that potassium t-butoxide can 

act as an electron donor towards benzophenone to form the ketyl radical.
154

  Next, the ketyl 

radical is reduced by another alkoxide to yield lithium benzhydrolate completing the reduction of 

benzophenone (step b).  As to the fate of the two aliphatic alkoxide radical formed, Ashby asserts 

there are three possible pathways of reaction that would account for the stoichiometry of the 
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reaction.  The first pathway, shown in step c, is one that would be consistent with the reaction 

stoichiometry of 1.5:1 alkoxide to ketone.
155

  The second pathway, shown in step d, was actually 

observed independently by Rautenstrauch.
156

  Based on Ashby’s observation, we performed an 

experiment where we combined benzophenone with potassium t-butoxide in toluene under 

nitrogen in a glove box.  When we heated the mixture we observed a dark color appear that 

turned to purple color as the reaction proceeds.  The purple color is consistent with the formation 

of the benzophenone ketyl radical.  Once the reaction vessel was open to air, the color slowly 

disappeared and the reaction mixture turned clear.  A proton NMR confirmed the presence of 

benzophenone which is in accord with Ashby’s observation of the t-butyl alkoxide acting as a 

one-electron donor but not producing benzhydrol (diphenylmethanol).  Since the t-butyl alkoxide 

does not contain the β-hyrgoen needed for reduction, no benzhydrol formation is observed.  

Combining Ashby’s and our observations we propose the following mechanism for the oxidation 

of the starting material alcohols into ketone and aldehyde (Figure 3.13). 
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Figure 3.13 Proposed mechanism for the aerobic oxidation of benzyl alcohol and 

1-phenylethanol mediated by potassium t-butoxide 

 

In this mechanism, oxygen is the hydrogen acceptor, oxidizing the deprotonated alcohols.  

In the first step, an electron transfer from the alkoxide alcohol to oxygen takes place forming a 

superoxide anion and the alkoxide radical.  The second step involves another electron transfer 

from an alkoxide to the superoxide anion resulting in hydroperoxide and another alkoxide 

radical.  When this process takes place with benzyl alcohol, the alkoxide radicals formed must 

react by an electron transfer to give benzaldehyde and the benzyl alcoholate as shown in step c, 

(since an enolate is not possible).  When 1-pehylethanol is oxidized by this process either step c 

or d can take place to give the enolate or acetophenone and the corresponding alcoholate.  Either 
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of these pathways would allow the starting material to enter the catalytic cycle commencing with 

the aldol condensation. 

In his work, Ashby notes that a radical formation has not been detected when aluminum 

was used as the metal or when aliphatic substrates were used with alkali metals.  He concluded 

that an electron transfer pathway is limited to the alkali metals and aromatic substrates.
154

  Such 

observation is in accord with our observations in lack of reactivity for the aliphatic substrates 

with potassium t-butoxide and oxygen.  It is reasonable to assume that the stability of aromatic 

benzyl radical intermediate compared to the instability of an aliphatic radical intermediate is the 

reason for the inactivity of aliphatic alcohols. 

The second part of the initiation involves the further decomposition of the oxygen 

by-products.  Two possibilities were considered as likely by-products considering the formation 

of the potassium hydroperoxide as shown above (Figure 3.13, step b).  One conceivable route of 

the hydrogen peroxide could result in H2 and O2.  Although such decomposition of hydrogen 

peroxide is known and has been previously reported in literature, it is mostly limited to systems 

that included transition metal catalyst and or extremely high temperatures.
157,158

  The typical 

thermal decomposition of hydrogen peroxide is a disproportionation into water and O2.
159-162

  

Since our reaction is run at 110 °C which is not considered a high enough temperature for 

hydrogen formation we hypothesized that the typical thermal decomposition of hydrogen 

peroxide takes place in our catalysis.  Therefore, when we calculated the % oxygen in the 

reaction vessel to be 0.13 mmol which is 13 mol%, we adjusted the approximation to reflect the 

decomposition in the disproportionation reaction giving half mol of oxygen from every mol of 

hydrogen peroxide, hence our upper limit of oxygen content in the reaction is 20 mol%. 
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Now that we have examined the role of oxygen and the performance of the system under 

aerobic conditions we reevaluated the ruthenium catalyzed system under aerobic conditions and 

our hypothesis that the two catalytic cycle running concurrently.  Contemplating the two 

catalytic cycles, several possibilities arise regarding the two processes taking place at the same 

time.  The first possibility argued in the previous chapter is that the two cycles occur 

concurrently when the reaction is catalyzed by the ruthenium metal in the presence of oxygen.  

The second possibility is that the oxygen effects the metal catalytic cycle in a way that enhances 

it or vice versa.  The third possibility is that the oxygen is effecting the metal catalytic cycle 

rendering it inactive.  On first inspection, the increased yields in the case of the aromatic 

substrates points to the two catalytic cycle taking place concurrently, enhancing the overall 

catalytic performance of the system.  In the case of a copper catalyzed β-alkylation of secondary 

alcohols under aerobic conditions
39

 the presence of the oxygen seems to enhance the metal 

catalytic cycle.  In this analysis, Xu notes lower activity when catalysis was done under nitrogen 

particularly in regards to the oxidation step.  In the proposed catalytic cycle, the alcohols are 

oxidized to the ketone/aldehyde and the copper (II) is reduced to copper (I).  However, since 

apparently the catalysis could progress with either copper (I) or (II) the oxygen enhances the 

performance without effecting the metal catalytic cycle.
39

  A closer inspection of our results from 

this chapter in conjunction with the observations from the previous chapter has compelled us to 

rethink our conclusions.  As shown in the previous chapter when performing the catalysis with 

the ruthenium catalyst with oxygen we noticed a difference for the aromatic substrates and the 

aliphatic substrates.  The yields were increased for the aromatic substrates and decreased for the 

aliphatic substrates.  We also know from the experiments in this chapter that base with oxygen 
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cannot catalyze the catalysis for aliphatic substrates.  The adverse effect of oxygen on the metal 

catalyzed reaction of the aliphatic alcohols leads us to the conclusion that the two catalytic cycles 

do not run concurrently.  We conducted another series of experiments to confirm the effect of 

oxygen on the aliphatic substrates using n-butanol and a p-methoxy substituted 1-phenylethanol 

(Scheme 3.8).  The results presented in Table 3.11 validated our conclusion. 

 

 

Scheme 3.8 Effect of oxygen on metal catalyzed aliphatic substrates 

 

It is evident that the addition of oxygen was detrimental to the reaction yield.  The sharp drop in 

over 20% yield is a direct result of the oxygen terminating the metal catalytic cycle in effect 

(Table 3.12, entry 2). 

 

Table 3.12 Summary of effect of oxygen on metal catalyzed aliphatic substrates 

Entry Air/N2 Catalyst Loading Conversion (%) Yield (%)
 

Ratio 3:4
 

1 N2 3 mol% 100 98 64:36 

2
 

air 3 mol% 100 73 53:47 

 

We theorized that the oxygen affected the ruthenium catalyst in a way that rendered it inactive.  

Given that the oxygen is unable to oxidize the aliphatic alcohols, there is no oxidation 

background reaction taking place and the product yields that we observe are due to the ruthenium 
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catalytic cycle only.  The diminished yields in the presence of oxygen could indicate that the 

oxygen is reacting with the catalyst in one of several possible ways.  It is possible that the 

oxygen is reacting with the ruthenium metal oxidizing it (Ru (III)) and taking it out of the 

catalytic cycle or perhaps creating a ruthenium oxo species that is inactive in the catalysis.  

Alternatively, the oxygen could easily oxidize the triphenylphosphine ligand to 

triphenylphosphine oxide.  Since the catalytic cycle depends on the ability of the 

triphenylphosphine to coordinate to the ruthenium and to leave to create a vacant site, oxidation 

of the ligand could stop the catalytic cycle as well.  The observed yields from the aromatic 

benchmark are in agreement with this hypothesis.  The yields of the base aerobic catalyzed 

reaction of 91% are only slightly increased to 99% when the ruthenium catalyst is added under 

aerobic conditions.  Under nitrogen the aromatic benchmark reaction yield was only 81%.  

Therefore we conclude that the ruthenium catalyst is rendered inactive over a period of time and 

the high yield of the aromatic substrates metal catalyzed reaction is mostly due to the oxygen and 

base catalytic cycle.  Due to the importance of this finding we performed additional experiments 

that could further support our assertions.  Focusing on the oxidation part of the reaction we 

decided to use diphenylmethanol that could not undergo any subsequent condensation reaction 

upon oxidation (Scheme 3.9).  The results of the oxidation of diphenylmethanol in air and 

nitrogen are summarized in Table 3.13. 
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Scheme 3.9 Oxidation of diphenylmethanol 

 

The first two entries (Table 3.13) were stoichiometric reactions and both gave complete 

conversion in air and nitrogen.  We cannot draw a conclusion based on the result of the third 

reaction since there is no regeneration of the catalyst.  Given that there is no hydrogen acceptor, 

and not enough catalyst or air in the reaction to carry the reaction to completion we cannot 

ascertain the effect of the oxygen on the catalyst performance. 

 

Table 3.13 Metal and non-metal oxidation of benzyhdrol 

Entry Air/N2 Catalyst 
Alcohol 

(mmol) 

Catalyst 

(mmol) 
Conversion (%) Yield 11 (%)

 

1
 

Air none 0.15 0.15 100 100 

2
 

N2 RuCl2(PPh3)3 0.15 0.15 100 100 

3
 

air RuCl2(PPh3)3 1.0 mmol 0.01 mmol 34 34 

 

In another experiment, we heated the ruthenium catalyst, RuCl2(PPh3)3, in toluene with 

base under aerobic conditions for one hour and followed the reaction with 
31

P NMR.  The 

reaction product was no longer soluble in chloroform indicating that the original catalyst is not 

present.  The NMR showed three distinct signals.  The first corresponded to free 

triphenylphosphine.  There was a major signal at 10.179 and a small one that kept getting smaller 
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with further scans as a precipitate formed.  Although not a direct evidence of the catalyst 

degradation it does support our conclusion. 

 

 

3.7 Conclusion 

We have developed a transition metal free economical and high yielding methodology of 

synthesizing higher carbon aromatic secondary alcohols.  The reaction requires potassium 

tert-butoxide base under aerobic conditions.  We have established the role of oxygen as the 

reaction initiator by oxidizing some of the starting material alcohols by an electron transfer 

process.  The true catalyst species, moving the reaction forward, is the enone.  The potassium ion 

mediates the hydrogen transfer from the alcohol to the enone intermediate.  The reaction is 

limited to aromatic alcohols due to the stability of the radical intermediate. 

 

 

3.8 Experimental 

General Methods.  
1
H and 

31
P NMR spectra were recorded at room temperature using 

CDCl3 and DMSO-d6 as solvents on Varian MR 400 (400 and 161 MHz respectively).  All 

reagents were used as purchased from Sigma or Alfa unless noted otherwise.  All conversions 

were measured by 
1
H NMR using 1,3,5-trimethoxybenzene as an internal standard unless noted 

otherwise.  Chemicals were used as received from Sigma Aldrich or Alfa Aesar without further 

purification for catalysis reactions.  Reagents and solvents used for reaction performed under 

nitrogen were dries over several days with molecular sieves and degassed in three cycles of 
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pump-freeze-thaw on the schlenk line.  All reactions were carried out in a 15 mL pressure tube.  

The oil bath used for the reactions was equilibrated to the boiling point of toluene in a similar 

pressure tube.  Chalcone was synthesized by published methods.
101

 

 

General procedure for -alkylation of secondary alcohol with aromatic alcohol in air 

Primary alcohol (1.2 mmol), secondary alcohol (1.0 mmol), potassium t-butoxide (100 mol% 

relative to secondary alcohol), 1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol) and toleune (0.2 

mL) were combined in a 15 mL pressure tube equipped with a stir bar sealed with air in the 

headspace and refluxed for 4 hours at 110 
o
C.  The mixture was than cooled to room 

temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An 

aliquot was taken for 
1
H NMR with CDCl3.  Conversion was determined by consumption of the 

secondary alcohol and the yield was determined by comparing to the internal standard according 

to the following calculations.  The internal standard singlet at ~3.7 ppm was normalized to 1.  

% conversion = [1.0 - (integration of doublet at δ 1.4 x 3 H x .0357 mmol)/1.00 mmol] x 100%.  

% yield = [integration of multiplet at δ 2.8 x 4.5 H x .0357 mmol)/1.00 mmol] x 100%. 

 

General procedure for -alkylation of secondary alcohol with aromatic alcohol under 

nitrogen 

Dry and degassed solvents and reagents were transferred into the glove box under vacuum.  

Primary alcohol (1.2 mmol), secondary alcohol (1.0 mmol), potassium t-butoxide (100 mol% 

relative to secondary alcohol), and toluene (0.2 mL) were combined in a 15 mL pressure tube 

equipped with a stir bar and sealed under nitrogen.  The reaction was transferred out of the glove 
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box and refluxed for 4 hours at 110 
o
C.  The mixture was than cooled to room temperature, the 

internal standard 1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol) was added and the product was 

extracted from ~1M HCl and dichloromethane.  The solvent was then removed under vacuum 

and an aliquot was taken for 
1
H NMR with CDCl3.  Conversion and yield were calculated as 

described above. 

 

General procedure for catalysis with added hydrogen acceptor in air 

Primary alcohol (1.2 mmol), secondary alcohol (1.0 mmol), potassium t-butoxide (100 mol% 

relative to secondary alcohol), 1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol), chalcone (5, 20 

or 50 mol% with respect to secondary alcohol) and toluene (0.2 mL) were combined in a 15 mL 

pressure tube equipped with a stir bar and refluxed for 4 hours at 110 
o
C.  The mixture was than 

cooled to room temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite 

plug.  An aliquot was taken for 
1
H NMR with CDCl3.  Conversion and yield were determined as 

described above. 

 

General procedure for catalysis with added hydrogen acceptor under nitrogen 

Dry and degassed solvents and reagents were transferred into the glove box.  Chalcone (5, 20 or 

50 mol% with respect to secondary alcohol) was weighed outside glove box and transferred in 

the reaction vessel into a glove box.  Primary alcohol (1.2 mmol), secondary alcohol (1.0 mmol), 

potassium t-butoxide (100 mol% relative to secondary alcohol), and toluene (0.2 mL) were 

combined in a 15 mL pressure tube equipped with a stir bar and sealed under nitrogen.  The 

reaction vessel was transferred out of the glove box and refluxed for 4 hours at 110 
o
C.  The 
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mixture was than cooled to room temperature, the internal standard 1,3,5-trimethoxybenzene (6.0 

mg, .036 mmol) was added and the product was extracted from ~1M HCl and dichloromethane.  

The solvent was then removed under vacuum and an aliquot was taken for 
1
H NMR with CDCl3.  

Conversion and yield were calculated as described previously. 

 

Calculations of oxygen content 

The mole fraction of oxygen in toluene at 313K is 9.38 x 10
-4 

at one atmosphere.
122

 

9.38 x 10
-4 

= (X mol O2/ (X mole O2 + mol toluene).  0.2 mL toluene = 1.878 x 10
-3

mol.  Solving 

for oxygen gives 1.76 x 10
-6

 mol.  The head space of the reaction vessel containing 15 mL 

volume based on 21% oxygen in air is calculated by PV= nRT (P = 1atm, V = 0.00315 L, R = 

0.08206 L atm mol
-1

 K
-1

, T = 298K).  n= 1.29 x10
-4

 mol O2 which is ~ 13 mol% based on 1.0 

mmol scale.  Considering the reaction stoichiometry of every oxygen molecule forming 1 

equivalent of H2O2  which then undergoes thermal decomposition into H2O and 0.5 equivalent of 

O2, 13 mol% will actually yield 13 + 13/2 = 20 mol%.  The theoretical concentration of oxygen 

can be expressed by the series ∑
  

  
 
   .  The first four terms of the sequence add up to 23.375 and 

are the most significant, as each additional term adds less than one percent to the total amount of 

oxygen. 

 

Benchmark reaction with THF 

Primary alcohol (1.2 mmol), secondary alcohol (1.0 mmol), potassium t-butoxide (100 mol% 

relative to secondary alcohol), 1,2,3,4,5,6-hexamethylbenzene (3.2 mg, .020 mmol), THF (1.0 

mmol, or 4.0 mmol) and toluene (0.2 mL) were combined in a 15 mL pressure tube equipped 
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with a stir bar and refluxed for 2 hours at 110 
o
C.  The mixture was than cooled to room 

temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An 

aliquot was taken for 
1
H NMR with CDCl3.  Conversions and yield were determined based on 

the internal standard 1,2,3,4,5,6-hexamethylbenzene. 

 

Oxidation of alcohol: 

Alcohol (1.0 mmol), potassium t-butoxide (100 mol%), 1,3,5-trimethoxybenzene (6.0 mg, .0357 

mmol), and toluene (0.2 mL) were combined in a 15 mL pressure tube equipped with a stir bar 

sealed with air in the headspace and refluxed for 4 hours at 110 
o
C.  The mixture was than cooled 

to room temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  

An aliquot was taken for 
1
H NMR with CDCl3.  Conversions and yield determined as described 

previously.  This procedure was used for 1-phenylethanol, benzyl alcohol and 1-octanol. 

 

Competition experiments with cinnamyl alcohol: 

Cinnamyl alcohol (1.2 mmol), secondary alcohol (1 mmol), potassium t-butoxide (100 mol%), 

1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol) and toluene (0.2 mL) were combined in a 15 mL 

pressure tube equipped with a stir bar and refluxed for 4 hours at 110 
o
C.  The mixture was than 

cooled to room temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite 

plug.  An aliquot was taken for 
1
H NMR with CDCl3.  Conversions and yield were determined as 

described previously (table 3.10, entry 1). 
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The above experiment was repeated first with chalcone (1.0 mmol) added to the reaction vessel 

(table 3.10, entry 2).  Next it was repeated with RuCl2(PPh3)3 (9.8 mg, 1 mol%) added to the 

reaction vessel (table 3.10, entry 3).  Lastly it was repeated again with RuCl2(PPh3)3 (9.8 mg,  

1 mol%) but the reaction vessel was flushed with nitrogen prior to sealing it (table 3.10, entry 4). 

 

Transfer hydrogenation to styrene 

Alcohol (1.0 mmol), styrene (115 μL, 1.0 mmol), potassium t-butoxide (1.0 mmol), 

1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol) and toluene (0.2 mL) were combined in a 15 mL 

pressure tube equipped with a stir bar sealed with air in the headspace and refluxed for 4 hours at 

110 
o
C.  The mixture was than cooled to room temperature, diluted with dichloromethane (2.5 

mL) and passed through a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  

Conversions were determined based on the consumption of styrene compared to the internal 

standard (table 3.11).  The experiment was repeated with 1-phenylethanol (entry 1) and 

diphenylmethanol (entry 2). 

 

Effect of oxygen on aliphatic alcohols 

n-Butanol (1.2 mmol), 1-(4-methoxyphenyl)ethanol (1 mmol), potassium hydroxide (63.0 mg, 1 

mmol), RuCl2(PPh3)3 (29.4 mg, 0.03 mmol), 1,3,5-trimethoxybenzene (6.0 mg, 0.036 mmol) and 

toluene (0.2 mL) were combined in a 15 mL pressure tube equipped with a stir bar.  The reaction 

vessel was flushed with nitrogen prior to sealing and refluxed for 4 hours at 110 
o
C.  The mixture 

was than cooled to room temperature, diluted with dichloromethane (2.5 mL) and passed through 

a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  Conversion was determined as 
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described previously (table 3.12, entry 1).  The above experiment was repeated sealing the 

reaction vessel with air trapped in the headspace (table 3.12, entry 2). 

 

Transfer hydrogenation with diphenylmethanol: 

Diphenylmethanol (27.7 mg, 0.15 mmol), potassium t-butoxide (17.9 mg, 0.15 mmol), 

1,3,5-trimethoxybenzene (4.1 mg, 0.024 mmol) and toluene (0.5 mL) were combined in a 15 mL 

pressure tube equipped with a stir bar sealed with air in the headspace and refluxed for 1 hour at 

110 
o
C.  The mixture was than cooled to room temperature, diluted with dichloromethane (2.0 

mL) and passed through a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  

Conversions and yield determined as described previously (Table 3.13, entry 1). 

 

Diphenylmethanol (27.7 mg, 0.15 mmol), RuCl2(PPh3)3 (143.8 mg, 0.15 mmol), potassium 

t-butoxide (17.9 mg, 0.15 mmol), 1,3,5-trimethoxybenzene (4.1 mg, 0.024 mmol) and toluene 

(0.5 mL) were combined in a 15 mL roundbottom flask equipped with a stir bar.  A water cooled 

condenser was attached to the flask and the reaction was refluxed under nitrogen for 1 hour at 

110 
o
C.  The mixture was than cooled to room temperature, diluted with dichloromethane (2.0 

mL) and passed through a Celite plug.  An aliquot was taken for 
1
H NMR with CDCl3.  

Conversion and yield were determined as described previously (table 3.13, entry 2). 

 

Ketyl Radical Formation 

Benzophenone (181.3 mg, 1.0 mmol), potassium t-butoxide (111.7 mg, 1.0 mmol) and toluene 

(1.0 mL) were combined in a pressure vessel equipped with a stir bar and sealed in the glove box 
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under nitrogen.  The reaction vessel was taken out of the glove box and heated for 4 hours at  

110 
o
C.  The reaction color changed to dark color and then to a dark purple color.  After 4 hours 

the reaction vessel was opened to air and the color disappeared slowly over a period of one hour.  

The reaction mixture was transferred to a roundbottom flask, and the solvent volume was 

reduced under vacuum.  A 
1
H NMR showed benzophenone and toluene.  

1
H NMR (400 MHz, 

CDCl3) δ 7.82 (s, benzophenone), 8.45 (m, 4H), 7.34 (m, 18H), 2.36 (s, toluene CH3).  (The 

signal at 7.34 has integration of 18 hydrogens due to overlap of toluene and CDCl3.) 

 

Catalyst Degradation 

RuCl2(PPh3)3 (9.8 mg, 0.010 mmol), potassium t-butoxide (118.0 mg, 1.0 mmol) and toluene 

(0.2 mL) were combined in a pressure vessel equipped with a stir bar and sealed with air in the 

headspace.  The reaction vessel heated for 1 hour at 110 
o
C.  .  After cooling to room temperature 

the reaction mixture was filtered to give a dark brown solid.  The solid was insoluble in CDCl3.  

31
P NMR (DMSO-d6, 161 MHz): δ 59.98 (s), 10.18 (s), -6.80 (s, PPh3). 
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 CHAPTER 4 NEW RUTHENIUM CATALYST FOR METAL LIGAND BIFUNCTIONAL TRANSFER 

HYDROGENATION AND HYDROGEN BORROWING 

 

4.1 Introduction 

Since Noyori unveiled his metal ligand bifunctional catalyst in 1995
67

 (see section 1.1), 

various other catalysts were presented which follow a similar hydrogenation mechanism.  The 

majority of these catalysts had similar structure to the original piano stool complex bearing an 

arene or Cp group and different chiral ligand with ruthenium, iridium or rhodium as the metal 

(Figure 4.1).
163-165

  Knowing the importance of the NH moiety, all the new ligands were either 

diamines or amino alcohols preserving that feature and changing only the backbone of the 

ligand.
166-169

  Some new ligands utilized a tethered system to the arene or Cp ligand.
170-172

  

Nevertheless, the nature of the catalyst was not changed and the new ligands performance 

affected mostly the %ee of the reaction presuming identical mechanism as in the original Noyori 

catalyst.  All the ruthenium catalysts had an oxidation state of II while the iridium and rhodium 

had oxidation state of III making them isoelectronic d
6
 metals. 

 

 

Figure 4.1 General structure of metal ligand bifunctional catalysts 

 

The oxidation state seems to be very important for this mechanistic pathway and does not change 

throughout the catalytic cycle, going between the 16-electron intermediate to the 18-electron 
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species (see catalytic cycle in Figure 1.2).  So far, no work was done to test the viability of the 

outer sphere transfer hydrogenation using a different oxidation state of ruthenium. 

Another metal ligand bifunctional catalyst, developed by Noyori, had a similar diamine 

ligand but a bidentate phosphine ligand in lieu of the typical arene ligand giving it a different 

geometry than the typical piano stool (Figure 4.2).
173,174

 

 

 

Figure 4.2 Noyori’s diphosphine metal ligand bifunctional catalyst 

 

The catalyst was designed for molecular hydrogen but could also be used with isopropanol for 

successful transfer hydrogenation of ketones.  This prototype catalyst presented a different 

geometry for the outer sphere transfer hydrogenation yet again contained a ruthenium (II). 

The bifunctional transfer hydrogenation follows an ionic mode of hydrogen activation 

where the metal hydrogen is transferred as a hydride and the ligand hydrogen as a proton in a 

concerted fashion.  Hydrogenation by some metal dihydrides also follow an ionic mode of 

hydrogen activation though in a step-wise mechanism such as in the case of Bullock’s tungsten 

or molybdenum catalyst (Figure 4.3).
175
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Figure 4.3 Bullock’s dihydrogen catalyst with tungsten and molybdenum metals 

 

The mechanism of this hydrogenation is very different from the metal ligand bifunctional route 

as can be seen in the catalytic cycle below (Figure 4.4). 

 

 

Figure 4.4 Proposed catalytic cycle of metal dihydride ionic hydrogenation of ketones 
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The cycle begins with the metal ketone precursor where the ketone is displaced by hydrogen 

forming the cationic metal dihydride species.  In the next step, a proton is transferred to a free 

ketone followed by a hydride transfer from the neutral metal hydride to the carbocation species.  

The last step is the regeneration of the metal dihydride complex.  The unique aspect of this 

mechanism is the transfer of the hydrogen as a proton first.  The nature of the metal hydrogen 

bond runs the gamut in terms of character from highly acidic to hydridic.  The traditional transfer 

hydrogen metal catalysts must have a sufficiently hydridic metal hydride in order to be efficient 

catalysts.
176

  Most of these catalysts have some properties in common that assist in their 

functionality as transfer hydrogenation catalysts.  First, all contain ancillary ligands that stabilize 

the positive charge on the metal center after the hydride transfer (see Figure 2.6).  They all have 

basic hydrides and other ligands that contain electropositive elements such as phosphines, 

cyclophetadiene or basic amines.  They generally do not include strongly π-acidic ligands such 

as carbonyls since they reduce the hydridic nature of the metal hydride bond.  Hydricity, defined 

as the relative ability of metal hydride to transfer H
-
 in solution, is central to the field of catalysis 

particularly for hydrogenation.  Many factors influence the character of the metal hydride bond 

and experiments have been carried for many compounds calculating the free energy of the M-H 

bond.
177-182

  In fact, the study of the thermodynamic and kinetic properties of transition-metal 

hydride bonds has been growing steadily since the early 1990’s.  The hydricity and acidity of 

many metal hydride bonds have been calculated using various methods.  One method uses 

equilibrium measurements for the heterolytic cleavage of the metal hydride bond (Figure 4.5).
183
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Figure 4.5 Thermodynamic cycle to calculate the donor ability of metal hydride 

 

Other methods make use of thermochemical cycles which includes pKa measurement of the 

hydride and the two electron oxidation potential of the conjugate base (Figure 4.6).
184

 

 

 

Figure 4.6 Electrochemical cycle used to calculate the free energy of the hydride 

 

Several conclusions can be drawn from the various studies regarding the hydricity of metal 

hydrides.  In general, second and third row metals are better hydride donors than first row 

metals.
185

  Metal complexes bearing electron donating groups are better hydride donors.
86,186

  

Early transition metals are better hydride donors than late transition metals.
178,183

  Also, smaller 
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chelate bite is another factor to favor hydride transfer.  Lastly, the stability of the unsaturated 

complex resulting from the hydride transfer is more important than the charge on the metal or its 

position in the periodic table.
178,187

 

Like the factors that increase hydricity, others increase the acidity.  The most important 

factors to increase the acidity of metal hydrides are the ligands on the metal center and the 

oxidation state of the metals.  In general, higher oxidation state increases the acidity of the metal 

hydride.  For example, 1 e
-
 oxidation of an 18 electron neutral metal hydride increased its acidity 

by about 20-25 pKa units (figure 4.7).
188-191

 

 

 

Figure 4.7 Effect of ligand and metal oxidation state on acidity of metal hydride 

 

Thinking about the metal ligand bifunctional hydrogenation, we wanted to design a new 

catalyst that would have a different geometry than the typical piano stool catalysts.  We also 

wanted to access a higher oxidation state ruthenium such as ruthenium (III) and test its 

performance in transfer hydrogenation compared to the traditional ruthenium (II) version of the 

catalyst.  Another goal was to change the hydricity of the metal hydride making it more acidic 
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perhaps to the point of a reversal in polarity of the proton being delivered from the metal 

hydrogen and a hydride from the ligand (Figure 4.8). 

 

 

Figure 4.8 Possible new pathway for ligand assisted hydrogenation with reverse polarity 

 

 

4.2 Design of New Catalyst for Metal Ligand Bifunctional Transfer Hydrogenation 

Recognizing the importance of the NH moiety for the outer sphere transfer 

hydrogenation, the identical ligand used in the Noyori catalyst, TsDPEN, was maintained for the 

new catalyst.  Ruthenium was also selected, so that a direct comparison to the Noyori system can 

be made.  Considering the fact that both oxidation states of II and III were to be compared, a 

ligand that would allow a modification of the oxidation state on the ruthenium with minimal 

change on the ligands was required.  Also, consideration as to the reduction in the hydricity and 

increase in the acidity of the metal hydride was to be given.  To achieve both these effects, a 

ligand that is less electron donating than the typical arene ligand was essential.  The choice fell to 

the terpyridine ligand which was a good match on both counts, being a stronger π-acid, and 
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robust non labile ligand.  Such a ligand would allow for oxidation of the metal center without 

changing the ligand.  Using a chloride for the other ligand was an obvious choice as that would 

allow entrance into the catalytic cycle upon reaction with base in a similar fashion to the Noyori 

catalyst.  Combining all the pieces together gave us the new catalyst design for both ruthenium 

(II) and ruthenium (III) versions (Figure 4.9). 

 

 

Figure 4.9 Design of new ruthenium II and III metal ligand bifunctional catalysts 

 

Although the new design provided scaffolding that offered access to both desired oxidation states 

of the ruthenium, the possible formation of both cis and trans isomers for both catalysts (Figure 

4.10) had to be examined.  Since the diamine ligand could coordinate with the tosylates amine 

cis or trans to the chloride, both are possible products in the synthesis of the catalyst.  We 

suspected already that only the isomer with the NH2 moiety cis to the chloride would be active in 

transfer hydrogenation, particularly in a concerted mechanism. 
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Figure 4.10 Two possible isomers of the pre-catalyst 

 

However, since the mechanism would include the 16-electron intermediate perhaps both isomers 

could enter the catalytic cycle forming the hydride in the preferred position, cis to the NH2 which 

would allow for transfer hydrogenation.  We next turned our attention to the synthesis. 

 

 

4.3 Synthesis of the New Ruthenium (II) Catalysts 

Several possible strategies of synthesizing the new catalyst were envisioned focusing on 

the ruthenium (II) catalyst first.  Using a similar synthetic route that was used to make the Noyori 

catalyst, we wanted to add the TsDPEN to a bridging dichloro ruthenium terpyridine dimer 

(Scheme 4.1).
14
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Scheme 4.1 Desired synthetic route to new catalyst 

 

Since the starting material ruthenium dimer is not commercially available and at the time was 

unknown in the literature we first had to make the dimer.
a
  A strategy of ligand exchange was 

chosen, specifically arene exchange starting from the commercially available ruthenium cymene 

dimer (Scheme 4.2).
192

  The reaction in Scheme 4.2 was carried out to give the expected product 

but also 25% of the starting material that could not be separated.  Without a pure starting 

material we could not continue with the synthesis detailed in Scheme 4.1. 

 

                                                 
a
 A reference to this compound in a paper that used the dimer as a starting material was made as a known compound.  No reference as to the 

original paper was given for the compound.  Upon contacting the author of the paper, a reference to a similar compound was given that had no 

characterization of the desired dimer [Ru(trpy)Cl2]2.  According to the reference provided the dimer was synthesized by reducing Ru(terpy)Cl3 in 
refluxing ethanol with triethylamine as the reducing agent. 
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Scheme 4.2 Synthetic route for making dichloro ruthenium terpyridine dimer 

 

We sought to increase the yield of the arene exchange process by using a dimer that contained an 

arene with less electron donating groups.  The benzene dichloro dimer was our choice as a 

starting material having less electron density throughout the arene helping the thermodynamic 

exchange process (Scheme 4.3). 

 

 

Scheme 4.3 Changing electronic nature of the arene on the dimer 
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These types of arene exchange reactions are generally favored by high temperature which 

prompted us to use the very high boiling nitrobenzene as solvent.
193,194

  We isolated a black 

powder from the reaction. 

 

 

Scheme 4.4 Arene exchange reaction resulted in the bis-terpyridine complex 

 

A proton NMR showed 90% conversion but the only product that we could see was the 

ruthenium bis-terpyridine dication (Scheme 4.4).  We repeated the reaction changing the solvent 

to 1,4-dioxane and refluxing at lower temperature.  The conversion was lower and a mixture of 

starting material, the bis-terpyridine and the desired dimer 12 were all present in the crude NMR.  

Lowering the temperature further and extending the reaction time gave very low conversion but 

exclusively to the desired compound.  Recognizing that the benzene dimer’s low solubility was 

preventing it from fully exchanging at low temperatures, we returned to work with the cymene 

dimer as starting material.  We repeated the reaction in Scheme 4.2 varying the solvents and 

reaction time.  We concluded that the bis-terpyridine complex is a thermodynamic sink and the 

reaction will end up with that product over time.  As the reaction temperature rises, the 

production of the bis-terpyridine increases.  Also, as the solvent polarity increases so does the 
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formation of the unwanted di-cationic complex.  Realizing that this pathway was not a viable 

route for our catalyst we had to think of other strategies.  We then devised a different route based 

loosely on synthesis of a Ru(terpy)L2Cl complex starting from a Ru (III) compound (Scheme 

4.5).
14,195

 

 

 

Scheme 4.5 Second synthetic route to catalyst starting from ruthenium (III) 

 

The above reaction was performed many times varying the solvent, base, temperature and time 

always yielding a mixture of 6-8 compounds based on TLC.  Column chromatography proved 

impractical for purification of the desired complex as more than eight band were isolated and no 

pure compound could be recovered from these bands.  We then changed our strategy to use a 

ligand exchange on a discrete ruthenium (II) complex bearing a labile ligand.  Our new goal was 

to take the known complex 15 and react it with the TsDPEN ligand (Scheme 4.6). 
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Scheme 4.6 Different strategy for synthesis of new catalyst 

 

This new strategy entailed a multistep synthesis to make starting material 15 based on published 

procedures (Scheme 4.7).
196

 

 

 

Scheme 4.7 Multistep synthesis for making starting material needed for Scheme 4.6 

 

The multistep synthesis also proved problematic.  The first step making compound 14 was very 

low yielding and the crude mixture of compound 15 decomposed on the column making the 

synthesis of pure 15 (Scheme 4.7) unattainable.  Once again we had to rethink our synthetic route 

to the desired catalyst.  Thinking about the reason behind the failure to make the catalyst brought 

our attention to the Ru(terpy)Cl3 starting material.  Although a well-known and documented 
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compound in literature, a closer inspection of the compound showed that the compound carries 

impurities and is never characterized in any synthesis.  The only characterization of the 

compound in literature was based on a crystal structure of the complex which was made by 

oxidation of a pure ruthenium (II) compound, [Ru(terpy)(bisox)(H2O)]
2+

.
197

  Yet, literature 

synthesis of the compound is routinely done by reacting ruthenium chloride hydrate with 

terpyridine in refluxing ethanol.  When we tested the purity of the Ru(terpy)Cl3 made as 

described in literature by powder X-ray diffraction we found that it has impurities, possibly 

α-RuCl3.  We also found references in literature that alluded to the impure nature of the 

compound.
198

  Thinking that this might be the root of the problem, we wanted to make a purer 

Ru(terpy)Cl3 starting material.  We therefore devised a new and different synthetic route to make 

the Ru(terpy)Cl3 from a pure and well characterized ruthenium (III) compound (Scheme 4.8). 

 

 

Scheme 4.8 Possible synthetic route to a pure 11 

 

Starting material 16 was prepared according to previously reported procedures.
199

  The 

compound was then characterized by single crystal X-ray diffraction and gave identical unit cell 

to the one reported in literature.  It was further tested for purity with melting point using DSC.  

When the reaction in Scheme 4.8 was carried out, we were disappointed to find that the product 
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was not the expected compound 13.  Instead, a mixture of trans and cis Ru(terpy)(DMSO)Cl2, in 

a ratio of 68:32 respectively (17 and 18), which is a ruthenium (II) compound, formed.  In 

retrospect, considering the reducing ability of DMSO towards ruthenium it was not surprising 

that the ruthenium (III) was reduced in the course of the reaction.  However, since this 

unexpected compound also resulted in a labile ligand we decided to use that as the starting 

material in another possible route to the desired Ru (II) catalyst based on Scheme 4.7. 

 

 

Scheme 4.9 Another possible route to the desired new catalyst 

 

Once again the reaction resulted in a large distribution of products one of which was isolated and 

identified as the trans starting material (18).  The rest of the products could not be isolated with 

column chromatography.  A repeat of the reaction in Scheme 4.8 starting from a Ru (II) 

compound, cis-Ru(DMSO)4Cl2 to make only the cis isomer (17) was devised.  Unfortunately, the 

result was almost identical to the reaction in Scheme 4.8 only the ratio of cis and trans was 

different (Scheme 4.10).  While Scheme 4.8 resulted in 68:32 ratio of trans to cis, Scheme 4.10 

gave a ratio of 35:65 trans to cis. 
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Scheme 4.10 Synthesis starting from a cis-rutenium (II) compound 

 

An examination of the purification process and the limited solubilities of the Ru(terpy) 

complexes resulted in a different approach to the problem at hand.  The idea of improving the 

solubility to help the purification process was the new goal.  To achieve that goal, bulky aliphatic 

t-butyl groups on the terpyridine ligand were introduced.  Subsequently, a reaction with 

terpyridine bearing t-butyl groups on positions 4, 4’,4’’ and compound 19 (Scheme 4.11) was 

carried. 

 

 

Scheme 4.11 Using terpyridine with t-butyl groups to increase solubility 
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The outcome of the reaction was similar to the one of Scheme 4.8 with a slight difference in the 

product distribution.  Faced with the difficulties of synthesizing the Ru (II) complex we turned to 

the synthesis of the Ru (III) complex. 

 

 

4.4 Synthesis of the New Ruthenium (III) Catalysts 

The strategy was to use the Ru(terpy)Cl3 as the starting material without the NEt3 

reducing agent, but supply a source of chloride counter ion as well as a more polar solvent to 

allow for formation of a salt.  Since enantioselective catalysis was not an important goal for this 

work, a synthesis with N-(2-aminoethyl)-4-methylbenzenesulfonamide ligand was attempted in 

addition to the TsDPEN ligand (Scheme 4.12).  The hope was that the less sterically hindered 

ligand would add more easily to the ruthenium and limit the dinuclear species that formed 

previously. 

 

 

Scheme 4.12 Possible synthetic route to ruthenium (III) catalyst 
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We repeated the reaction varying the solvent, time and temperature.  Although analysis of the 

crude reaction mixture showed a species with a mass (m/z 548) corresponding to the cation, we 

were not able to isolate any pure solid from the reaction.  Due to the difficulties with the 

synthesis, the catalyst design was revisited. 

 

 

4.5 Redesign and Synthesis of the New Hydrogenation Catalyst 

A literature search led to a compound that was very close to the desired catalyst and that 

compound was set as the goal for the new catalyst (Figure 4.11).
200

  Although the synthesis of 

the compound was partly given, no characterization was provided since was an intermediate in a 

multistep synthesis. 

 

 

Figure 4.11 The new ruthenium (II) catalyst 23 and ruthenium (III) 24 

 

The published synthesis of the compound was not successful as it afforded a mixture of 

compounds and three solids; therefore, the procedure had to be modified in order to obtain the 
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desired compound.  A 
1
H NMR of the solid showed a mixture of compounds including possibly 

23.  The new design decreased the number of possible product since there were no longer cis and 

trans isomers for the complex.  The disadvantage was its limited solubility in organic solvents of 

moderate polarity due to the high polarity of the salt.  We were able to develop two viable 

synthetic routes to make compound 23, our new pre-catalyst.  The first synthetic route was based 

loosely on a procedure for the synthesis of [(terpy)(bipy)RuCl][Cl] by Meyer.
201

  The synthesis 

strategy was to form the ruthenium (II) compound 23, and then oxidize it to form the Ru (III) 

analogue.  The reaction resulted in three different solids thus the yields of the desired complex 

where lower, ~ 50% at best (Scheme 4.11).  Using triethylamine as a reducing agent gave the 

ruthenium (II) and extending the reaction time from 2 hours to 24 hours gave better yields than 

the shorter time of 25% versus 47% yield respectively. 

 

 

Scheme 4.13 First synthetic route to pre-catalyst 23 

 

The new developed method consisted of 2 hours of reflux and 2 days of additional workup which 

shortened time to the pre-catalyst by 24 hours (Scheme 4.14).  The reaction also gave slightly 

higher yields and the crude NMR showed fewer impurities in the aromatic region, than the first 
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route.  This route became the standard method for pre-catalyst production.  Using Zn as a 

reducing agent instead of triethylamine was easier to purify since the zinc was insoluble and 

could be easily filtered off while the reaction was hot.  Also, using zinc eliminated all the redox 

by-products that typically formed using triethylamine including the triethylammonium salt that 

was visible by 
1
H NMR mixed with the product. 

 

 

Scheme 4.14 Optimized synthetic route to pre-catalyst 23 

 

Indeed, we found the pre-catalyst to be soluble in methanol, ethanol and water but not in the less 

polar solvents.  We tried to improve the solubility of the pre-catalyst by exchanging the chloride 

anion with the PF6.  Unfortunately, that did not work and both the sodium salt and the 

pre-catalyst remained in solution.  Using NaBPh4 worked better giving a deep purple powder 

precipitate. 
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Scheme 4.15 Anion exchange of pre-cat 23 with NaBPh4 

 

The new pre-catalyst 25 was soluble in acetone and acetonitrile.  The NMR of the solid showed 

only signals associated with the pre-catalyst in the aromatic region.  We were able to obtain a 

single crystal of the tetraphenylborate salt compound by slow diffusion of ether to an acetonitrile 

solution (Figure 4.12).  The crystal structure revealed by X-ray diffraction showed a nearly flat 

terpyridine ligand and a slightly distorted octahedral framework. 
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Figure 4.12 Crystal structure of pre-catalyst 25 

 

 

4.6 Synthesis of Complexes Related to the New Catalyst 

Making the analog of pre-catalyst 23 bearing the t-butyl groups was still a goal pursued 

for two reasons.  The first reason was for improving the solubility of the pre-catalyst with the 

hydrophobic t-butyl groups.  The second was to see how the electron donating groups would 

affect the catalysis.  Utilizing the exact same methodology used for making pre-catalyst 23, the 

procedure was followed to make the analog with the t-butyl groups (Scheme 4.16). 
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Scheme 4.16 Synthetic route to make pre-catalyst analogue 26 

 

Indeed the compound was so much more soluble that we could not separate the impurities from 

the ruthenium.  The crude 
1
H NMR showed the formation of the desired pre-catalyst but with 

other impurities as well.  An attempt at an anion exchange as a purification method was 

unsuccessful since no precipitate formed and both salts were soluble in methanol.  The solvent 

was removed in an attempt to crash a solid out of ethyl acetate with hexane without success.  A 

1
H NMR of the crude product showed a mixture of several compounds and a crystal that grew in 

the NMR tube also showed an incomplete anion exchange since both chloride and BPh4
-
 were 

present.  The crystal was of very poor quality and the complete structure could not be 

determined. 

The second compound vital for additional mechanistic investigation was the pre-catalyst 

23 bearing N,N,N,N-tetramethylethylenediamine (Figure 4.13). 
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Figure 4.13 An analogue of pre-catalyst 23 for mechanistic investigation 

 

This version of the ligand has no proton to assist in an outer sphere transfer hydrogenation.  Both 

synthetic routes as shown in Schemes 4.13 and 4.14 were used to make the desired compound; 

however, both methods were unsuccessful.  Scheme 4.14 proved to be the better one and showed 

two compounds that could not be separated since both were salts of similar solubility.  The 

hindrance with making that compound was the side reaction of the tertiary amine acting as a 

reducing agent in addition to being a ligand.  Given the difficulty the synthesis of the compound 

further was not pursued any further. 

 

 

4.7 Catalysis with [Ru(terpy)(en)Cl][Cl] and [Ru(terpy)(en)Cl][BPh4] 

The initial catalysis tests were performed with the [Ru(terpy)Cl2]2 dimer, compound 12, 

in situ similar to the way the Noyori’s catalyst is used with the p-cymene ruthenium dimer.  

Although the compound was not completely pure we wanted to get a rough idea as to the 

catalytic ability of our new catalyst.  We added the TsDPEN ligand with a base to form the 
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active catalyst in situ and test the reduction of acetetophenone in isopropanol according to 

Scheme 4.17.
14

 

 

 

Scheme 4.17 Catalysis test of ruthenium terpyridine dimer 10 in isopropanol 

 

The test was performed by adding the ruthenium dimer, TsDPEN ligand and KOH and stirring 

for one hour before adding acetophenone.  After 24 hours of catalysis an NMR of an aliquot 

showed 63% conversion to 1-phenylethanol.  We repeated the catalysis this time in the azeotrope 

HCOOH:NEt3 (5:2).  After 24 hours of catalysis there was no conversion at all.  The 

contradicting results made it impossible to reach a conclusion.  It was not clear if the catalyst 

actually formed in-situ but was not active or perhaps the pre-catalyst did not form hence could 

not enter the catalytic cycle.  Verifying the formation of the catalyst was essential therefore the 

actual pre-catalyst had to be tested for catalytic activity.  The next catalysis test was performed 

with compound 21 with isopropanol as shown in Scheme 4.18. 
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Scheme 4.18 Catalysis test of the new pre-catalyst 23 in isopropanol 

 

After 24 hours an aliquot taken for 
1
H NMR showed no conversion at all.  Thinking that perhaps 

the pre-catalyst could not enter the catalytic cycle we added another equivalent of KOH and 

continued the catalysis for another 24 hours.  After 48 hours, there was still no conversion of 

acetophenone.  Repeating the above experiment with the azeotrope for 24 hours also showed no 

conversion.  Theorizing that perhaps the more basic medium was required, therefore, sodium 

formate and water, as a hydrogen source would be more suitable for this water soluble catalyst 

(Scheme 4.19). 

 

 

Scheme 4.19 Catalysis test with the new pre-catalyst 23 in sodium formate and water 
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After 24 hours of catalysis an aliquot taken for 
1
H NMR analysis revealed 80% conversion of 

acetophenone.  Trying to repeat the catalysis to test the reproducibility, no reduction of 

acetophenone was detected in three separate experiments.  At that point the focus was shifted to 

the pre-catalyst, thinking that something must have occurred to it that changed its catalytic 

activity.  An NMR of the pre-catalyst 23, showed many new additional signals in the aromatic 

region and the original signals of the terpyridine were much smaller relative to the new ones.  

We concluded that the catalyst must be air sensitive since it was kept on the bench top up to that 

point.  A new batch of the pre-catalyst was synthesized and kept under nitrogen at -40 °C.  The 

catalysis was performed with the freshly made pure pre-catalyst as shown in Scheme 4.19 only to 

reveal no catalytic activity.  The catalysis test was then performed with a sample of 23 that was 

exposed to air for several days on the bench top.  The test with the air exposed catalyst showed 

89% conversion of acetophenone.  We realized that it was the impurity that was actually the 

active catalyst and not the pure clean pre-catalyst we made.  Since the catalysis experiments were 

done with ruthenium (II) pre-catalyst, a test of the ruthenium (III) version was the next course of 

action.  A ferrocenium salt was used as an oxidizing agent as detailed in Scheme 4.20. 
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Scheme 4.20 Oxidation of ruthenium (II) pre-catalyst 23 to ruthenium (III) 

 

A preliminary test was devised to use the product of the oxidation reaction in a catalysis test 

without isolating the Ru (III) pre-catalyst.  After 90 min of reaction (Scheme 4.20), the solvent 

was and the resulting black solid was washed with hexanes to remove the yellow ferrocene 

by-product.  The washings were tested with UV-Vis compared to a standard ferrocene solution.  

The lack of absorbance at 500-700 nm at the UV spectrum confirmed the reduction of 

ferrocenium to ferrocene and by and by extension the oxidation of the ruthenium.  An NMR of 

the resulting solid showed about 40% oxidation and 60% of the starting material.  Catalysis test 

with the oxidation product mixture in sodium formate and water revealed 97% conversion of 

acetophenone after 24 hours.  The oxidation experiment was carried out also in water in order to 

test the possibility for one pot oxidation and catalysis (Scheme 4.20).  No oxidation of 

ferrocenenium was detected as the hexanes washings were clear and showed no absorbance at 

λmax 437 nm corresponding to ferrocene.  Since oxidation of the catalyst in water was not 

possible, it had to be done step-wise in methanol.  The oxidation experiment followed by 

catalysis was tested for reproducibility.  Even though the formation of ferrocene was verified 
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from the UV-Vis of the hexanes washings, no conversion of acetophenone was observed in the 

catalysis test in sodium formate and water.  Before any additional oxidation experiments were 

conducted the oxidation potential of 23, ferrocenium hexafluorophosphate and ceric ammonium 

nitrate as another possible oxidizing agent had to be determined by cyclic voltammetry. 

Cyclic voltammetry was performed using tetrabutylammonium perchlorate as the 

electrolyte in propylene carbonate as the solvent.  Galssy carbon was the working electrode, Pt 

wire the auxiliary electrode and Ag/AgCl the reference electrode.  Due to the limited solubility 

of the of pre-catalyst 23, we used the tetraphenylborate pre-catalyst 25 for the CV (Figure 4.14). 

 

 

Figure 4.14 CV of ruthenium pre-catalyst 25 in propylene carbonate 

 

Analyzing the CV data of the ruthenium pre-catalyst showed a reversible process with redox 

potential of 0.511V and a second irreversible oxidation at 0.890V (Figure 4.14).  The second 
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oxidation peak was most likely due to oxidation of the tetraphyenylborate ion.  To verify this 

assumption, we also performed CV of NaBPh4 under similar conditions (Figure 4.15).  Indeed 

the CV of the sodium salt showed an irreversible oxidation at 0.880V which also matched the 

literature value.
202

 

 

 

Figure 4.15 CV of NaBPh4 in propylene carbonate 

 

Since the oxidation was done with the chloride salt pre-catalyst the second oxidation peak 

did not interfere with catalysis.  Also, the redox potential of all these compounds is known to be 

dependant on the solvent used in the oxidation reaction.
203

  Next, the CV of the ferrocenium salt 

was measured to determine if it was a strong enough oxidant to oxidize the ruthenium 

pre-catalyst (Figure 4.16). 
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Figure 4.16 CV of ferrocenium hexfluorophosphate in propylene carbonate 

 

The CV showed a redox potential of 0.407V for the ferrocenium salt which meant the E° was 

negative (-0.104V) for the oxidation reaction of 23 with the ferrocenium salt (Scheme 4.20).  

That explained why we did not get a complete oxidation and the little oxidation we observed was 

probably due to minimal overpotential.  The next possible oxidizing agent, ceric ammonium 

nitrate (CAN), is a known strong oxidizing agent and the CV showed a redox potential of 1.112V 

for this compound (figure 4.17).  However, such high potential could also oxidize the BPh4 anion 

which may or may not affect the catalysis.  An oxidation experiment of pre-catalyst 25 with 

CAN was conducted in order to resolve the possibility of interference due to oxidation of the 

anion under the reaction conditions(Scheme 4.21).  Analysis of the oxidation experiment was 

done by 
1
H NMR of the oxidation product. 
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Figure 4.17 CV of ceric ammonium nitrate in propylene carbonate 

 

 

 

Scheme 4.21 Oxidation of pre-catalyst 25 with CAN to form ruthenium (III) 

 

The oxidation product was not very soluble in most common deuterated NMR solvents.  

Minimal solubility in acetonitrile showed the BPh4 unchanged.  Next, the catalysis test was 
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carried out with the CAN oxidation product 27 after removing the acetone solvent under vacuum 

(Scheme 4.22). 

 

 

Scheme 4.22 Catalysis test with ruthenium (III) compound 27 in sodium formate 

 

After 24 hours of reaction with 27, no reduction of the acetophenone was observed (Scheme 

4.22).  We concluded that the ruthenium (III) was not reactive towards transfer hydrogenation.  

An additional oxidation experiment of pre-catalyst 25 with the ferrocenoium salt showed no 

oxidation based on the washings.  Subsequent catalysis test using the product of that reaction 

also showed zero catalytic activity.  We also repeated the catalysis test (Scheme 4.19) in sodium 

formate using pre-catalyst 25 which gave similar results of minimal to no reactivity (6.5% 

conversion). 

 

 

4.8 Mechanistic Aspects of Catalysis with the New Ruthenium Catalysts 

Based on the results of the catalysis experiments in the previous section, we concluded 

that neither ruthenium (II) or (III) pre-catalysts 23 and 24 were able to catalyze transfer 

hydrogenation via outer sphere mechanism.  Since all the possible hydrogen sources known to 

work in bifunctional transfer hydrogenation were tested without success, the conclusion seemed 
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reasonable.  The occasional catalysis that was observed stemmed from an impurity or a 

degradation product of pre-catalyst 23 which proved to be air sensitive.  Considering what the 

possible degradation or oxidation products were, several possibilities were examined.  One 

possibility considered was the formation of the ruthenium bis-terpyridine compound as a 

degradation product.  A catalysis test was performed with the dicationic species (Scheme 4.23) 

showing no reduction of acetophenone.  The result was not surprising as the ruthenium complex 

contains no hydride and creation of a vacant necessary for insertion pathway site is unlikely 

given the non-labile terpy ligands. 

 

 

Scheme 4.23 Catalysis test with Ru(terpy)2
2+

 in sodium formate 

 

The other possibility that was considered was that the diamine ligand dissociated from the metal 

center and was replaced by solvent water molecules which would have created a vacant site and 

allow for transfer hydrogenation by the traditional insertion mechanism.  To ascertain if that is 

the species responsible for the catalysis we observed, the following experiment was devised.  

The synthesis of pre-catalyst 23 was carried out without the diamine ligand and the product that 

resulted was used in catalysis (Scheme 4.24) without further purifications. 
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Scheme 4.24 Attempt to find active catalyst in our system 

 

After the first part of the reaction (Scheme 4.24) a sample of the reaction mixture was taken for 

MS analysis.  Three signals of ruthenium bearing were visible in the MS (Figure 4.18). 

 

 

Figure 4.18 Mass Spectrum of crude reaction mixture (Scheme 4.24) 
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We could not assign the first one at m/z 603 though from the isotope manifold and mass could 

possibly a ruthenium dimeric species.  The second and largest signal was at m/z 284.  This mass 

corresponds to the (Ru(terpy)2)
2+

 species which would undoubtedly form under these reaction 

conditions as the major product.  However, we already know that this compound cannot catalyze 

the reduction of acetophenone.  The third signal was at m/z 370.  That mass corresponds to the 

mass of the ruthenium cation without the ligand or solvent molecules (Figure 4.19). 

 

 

Figure 4.19 Possible fragment or complex responsible for signal at m/z 370 

 

Catalysis with the crude reaction mixture  (Scheme 4.24) sans the EtOH/H2O solvent showed 

48% conversion of acetophenone suggesting that during synthesis of 23 what is considered an 

impurity was an active catalyst.  This result inferred that any catalysis observed was by 

traditional transfer hydrogenation and not via the metal ligand bifunctional route.  We also tried 

to do catalysis with the crude mixture of the two solids from Scheme 4.13 which include 

pre-catalyst 23 and an unidentified ruthenium terpyridine species in sodium formate and water.  

The catalysis showed 49% conversion after 24 hours.  Attempts to force more of the active 

species to form by bubbling oxygen or air to a water or methanolic soltion of pre-catalyst 23 

were unsuccessful. 
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The lack of outer sphere transfer hydrogenation reactivity was not surprising.  In the 

analysis of his catalyst, Noyori points out to a special feature—the dihedral angle of the 

H-N-Ru-H that is part of the six-membered ring transition state.  In a detailed theoretical study 

using DFT calculations,
11

 the results support the metal-ligand bifunctional pathway and show a 

small dihedral angle of 21.7° for H-Ru-N-Hax.  An even smaller dihedral angle of 10.9° can be 

seen from the crystal structure of the hydride complex.
14

  Molecular modeling for Noyori’s 

diphosphine catalyst support a metal-ligand bifunctional pathway and claims a small dihedral 

angle but does not give an acatual value for it.
204

  Looking at the crystal structure of the catalyst 

show a dihedral angle of 25.21° for the H-Ru-N-H, which is slightly larger than anicipated at but 

still relatively small angle.
173,174

  Although we have not isolated the hydride species of our 

pre-catyst 25, the chloride species should provide a close estimate as to the minimal dihedral 

angle of the hydride if formed. 

 

 

Figure 4.20 The two Cl-Ru-N-H dihedral angles of pre-catalyst 25 

 

65.2° 

46.8° 
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Inspection of the cation crystal structure shows a staggered Cl to the two cis N-H’s and 

measuring the Cl-Ru-N-H dihedral angle shows the smallest angle to be 46.8° and the second 

one 65.2° which is quite large and probably could not accommodate a near flat six-membered 

ring transition state (figure 4.20). 

Also, the fact that the ruthenium (III) was not an active catalyst suggesed one of two 

things.  Either the pKa of the Ru-H was not low enough to protonate the carbonyl, or there was 

no driving force for a hydride transfer from the ligand after the formation of carbocation.  Either 

of these would result in no catalytic activity of transfer hydrogenation. 

The fact that an outer sphere transfer hydrogenation with our catalyst is probably not 

possible prompted us to try the catalysis at higher temperature which might facilitate a vacant 

site for the insertion pathway (Scheme 4.25). 

 

 

Scheme 4.25 Catalysis test with pre-catalyst 25 at higher temperature 

 

All the previous catalysis tests with sodium formate and water were completed at 50 °C which 

was likely not high enough to allow for ligand dissociation and creation of the vacant site.  The 

terpyridine could never create a vacant site and the chloride is not as labile a ligand in this 

system.  We assume that the diamine ligand is the one ligand that could dissociate given that is a 

neutral ligand.  Indeed the catalysis test at 100 °C showed 100% conversion of acetophenone 
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after 17 hours.  It is not clear if only one side of the diamine ligand dissociated or if the ligand 

completely dissociated and became uncoordinated from the ruthenium.  Given the positive 

catalytic activity, pre-catalyst 25 was further tested with the hydrogen borrowing catalysis 

reported in Chapter 2 of this work.  Catalytic performance of 25 had to be determined in order to 

ascertain possible improvement in yields compared to the commercially available RuCl2(PPh3)3.  

The possibility of working in water as a solvent emerged as another goal since pre-catalyst 23 

was water soluble making hydrogen borrowing process even more of a “green chemistry” 

system. 

 

 

4.9 Hydrogen Borrowing with [Ru(terpy)(en)Cl][Cl] and [Ru(terpy)(en)Cl][BPh4] 

A preliminary test of the hydrogen borrowing catalysis for the aromatic benchmark 

reaction (Chapter 2) gave very promising results (Scheme 4.26). 

 

 

Scheme 4.26 Preliminary secondary alcohol β-alkylation test with pre-catalysts 23 and 25 

 

The reaction resulted in 99% conversion and 82:28 product distribution of 3:4 (yields were not 

measured) when using catalyst 23 and 95% conversion with 91:9 product distribution with 

catalyst 25.  We repeated the reaction in Scheme 4.26 with catalyst 25 under nitrogen and found 

that the reaction was slower with only 87% conversion but 100% selectivity giving only alcohol 
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3 as the reaction product.  The investigation using 23 and 25 continued in two fronts.  The first 

was exploring the possibility of doing the catalysis in water with catalyst 23. 

 

4.9.1 Secondary Alcohols β-Alkylation Catalysis with [Ru(terpy)(en)Cl][Cl] in Water 

Our intial test for the viability of this catalysis in water was to see if the aldol 

condensation could work in water (Scheme 4.27). 

 

 

Scheme 4.27 Preliminary test of aldol condensation reaction in water 

 

The reaction showed 95% conversion to form the chalcone product and very small 

amount of the aldol product prior to elimination (~8% of the minor product).  The reaction did 

result in a good yield even though the solvent was also the reaction’s by-product.  Next a short 

catalysis test in water was with catalyst 23 (Scheme 4.28). 

 

 

Scheme 4.28 Preliminary catalysis test of secondary alcohol β-alkylation in water 

 

After 2 hours, the reaction revealed only 4% conversion based on the secondary alcohol to give 

product 4 only.  It was obvious from both reactions that the catalysis is much slower in water.  
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The catalysis experiment was repeated in water for 24 hours this time under nitrogen.  The 

longer reaction time showed 57% conversion and 97:3 product distribution of 3:4.  Though 

vastly improved, the reaction was still very slow in comparison to the catalysis in toluene (Table 

4.1).  The reaction was only marginally improved by higher temperature and longer reaction 

time.  The best conversions were achieved when the reaction was completed in air (entry 3) 

using catalyst 23.  However, though giving 85% conversion the selectivity was very bad giving 

71% of the carbonyl product.  Also, it was clear that catalyst 23 was better for catalysis in water.  

Reactions using catalyst 25 were biphasic and gave lower conversions (entries 4 and 6). 

 

Table 4.1 Catalysis reaction optimization in water 

Entry
 

Catalyst 
Catalyst 

Lading 

Air 

/ N2 

Solvent 

Volume 

Time 

(h) 

Temp. 

(°C) 

Conversion 

(% )
 

Selectivity 

3:4
 

 1 catalyst 23 1 mol% air 0.5 mL 2 100 4 0:100 

 2 catalyst 23 1 mol% N2 1.0 mL 24 100 57 97:3 

 3 catalyst 23 1 mol% air 1.0 mL 24 100 85 29:71 

 4a catalyst 25 1 mol% N2 1.0 mL 17 130 7 0:100 

 5
a,b

 Noyori 1 mol% N2 1.0 mL 17 120 7 80:20 

 6
a,c

 catalyst 25 1 mol% N2 1.0 mL 17 120 31 90:10 

 7
a,d

 catalyst 25 1 mol% N2 3.0 mL 17 120 47 92:8 
a
 Reaction done in pressure tube.  

b
 Catalyst used (p-cymene)Ru(TsDPEN)Cl.  

c
 10% yield based on 

internal standard.  
d
 26% yield based on internal standard. 

 

Since Noyori’s catalyst is known to catalyze reduction of carbonyls in water, we wanted to try it 

for this system.  We found that it performed poorly (entry 5) giving only 7% conversion.  These 
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preliminary results were not promising and we wanted to see if a microwave setting can benefit 

this catalysis (Table 4.2). 

 

Table 4.2 Catalysis test of microwave reaction using water as solvent 

Entry
 

Catalyst 
Catalyst 

Loading 

Air 

/ N2 

Solvent 

Volume 

Time 

(h) 

Temp. 

(°C) 

Conversion 

(% )
 

Selectivity 

3:4
 

1 catalyst 23 1 mol% N2 1.0 mL 2 120 33 85:15 

2
 

catalyst 23 1 mol% N2 1.0 mL 4 120 51 84:16 

 

The work was continued using pre-catalyst 23 since it was water soluble and gave better 

results previously applying the same conditions as in Scheme 4.28 only in microwave.  As can be 

seen, the conversion was improved but the yield was still very low compared to the reaction 

conditions used in Chapter 2 in toluene.  The reaction time could not be extend due to limitation 

on reaction time in the microwave setting (5 hours max).  Given these results, we concluded that 

running the catalysis in water was not a viable option.  Next we turned our attention to the 

hydrogen borrowing catalysis with our catalyst in organic solvent, toluene. 

 

 

4.9.2 Secondary Alcohols β-Alkylation Catalysis with [Ru(terpy)(en)Cl][BPh4] in Toluene 

As shown previously (Scheme 4.26) the preliminary test showed good conversions with 

catalyst 23 and good selectivity.  However, as we have previously discovered, conversions do 

not translate directly into yields, therefore we needed to run the reactions with an internal 

standard.  Since we wanted to compare our catalyst’s performance to the commercially available 
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one RuCl2(PPh3)3, we started by using the same conditions for a few aromatic substrates 

(Scheme 4.29). 

 

 

Scheme 4.29 Aromatic alcohols initial catalysis test with compound 25 

 

An initial inspection of the catalysis revealed lower yields and selectivity than the commercially 

used catalyst (Table 2.6).  Although, entries 4 and 5 showed improvement in yields compared to 

RuCl2(PPh3)3 catalysis of the same substrates.  Specifically, using RuCl2(PPh3)3 for the reaction 

in entry 4 gave 66% of the alcohol but with 100% selectivity while our catalyst gave 90% yield 

but lower selectivity (73:27). 

 

Table 4.3 Summary of catalysis of aromatic alcohols results 

Entry Ar1 Ar2 Conversion (%) Yield (%)
 

Ratio 3:4 

 1 Ph Ph 100 64 91:9 

 2 p-MeOC6H4 Ph 92 57 84:16 

 3 p-MeC6H4 Ph 100 55 93:7 

 4 Ph p-F3CC6H4 100 90 73:27 

 5
a
 Ph Ph-CH=CH 100 50

b 
86:14 

a
 Reaction was performed under nitrogen.  

b
 Alcohol product did not contain the double bond. 
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A similar result was obtained when cinnamyl alcohol was used as the primary alcohol giving 

50% yield but with lower selectivity of 86:14 compared to 26% yield and 100% selectivity with 

RuCl2(PPh3)3.  The alcohol formed did not contain the double bond as it was reduced during the 

catalysis giving 1,5-diphenyl-1-pentanol as the catalysis product and its carbonyl version as the 

minor product.  When the reaction was completed with the commercially available catalyst under 

the same conditions the result was 26% (Table 3.10, entry 4) of the reduced alcohol only.  Once 

again our catalyst shows higher yields but lower selectivity.  The benchmark reaction was also 

tested using KOH in hopes of improving the yields (Scheme 4.30). 

 

 

Scheme 4.30 Benchmark reaction used for optimization 

 

It was interesting to see that the use of KOH did not have a significant effect on the outcome of 

catalysis compared to the KOt-Bu (Table 4.4, entries 1-2).  Performing the catalysis under 

nitrogen improved the selectivity but not the yields (entry 3) and longer reaction time did not 

improve the yield at all.  In fact, the yield was slightly lower for the 17 hour compared to the 4 

hour reaction (entry 4). 
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Table 4.4 Summary of benchmark reaction under different conditions 

Entry Base Time (h) Air / N2 Conversion (%) Yield (%)
 

Ratio 3:4 

1 KOt-Bu 4 air 100 64 91:9 

2 KOH 4 air 100 74 93:7 

3 KOH 4 N2 100 61 100:0 

4 KOt-Bu 17 N2 100 55 95:5 

 

We also wanted to see how the catalyst performs compared to RuCl2(PPh3)3 with 

aliphatic substrates as shown in Scheme 4.31.  The catalysis results are presented in Table 4.5. 

 

 

Scheme 4.31 Catalysis test for aliphatic substrates with catalyst 25 

 

Table 4.5 Summary of catalysis of aliphatic alcohols 

Entry R
1 

R
2 

Conversion (%) Yield (%)
 

Ratio 3:4 

 1 Ph PhCH2 100% 84 93:7 

 2
a
 Ph PhCH2CH2 100% 100 87:13 

 3
a
 Ph propyl 100% 79 65:35 

 4 Ph pentyl 100% 93 86:14 

 5 t-butyl Ph 100% 62
 

100:0 
a
 Reaction was performed with 1 mol% catalyst loading 
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While the results from the aromatic substrates were not impressive, the aliphatic ones marked a 

significant improvement over the catalysis with RuCl2(PPh3)3 as well as other reported systems.  

For example, the first entry gave 52% yield while using identical conditions with RuCl2(PPh3)3, 

(Table 2.12, entry 6), as catalyst compared to 84% with our catalyst.  Fujita’s iridium catalyst 

gave 74% yield also using 2 mol% loading.
31

  The best yield published to date comes from use of 

Au-Pd nanoparticle (NP) supported on a basic layered clay of hydrocalcite.
205

  This NP catalyst 

system resulted in 82% yield (78% isolated yield) after 36 hours of reaction.  While the NP 

catalyst may give slightly better yields, the process of making the catalyst and the cost of both Pd 

and Au make this an expensive catalyst.  Also the same NP catalyst gave no reaction when using 

1-hexanol as the starting material compared to our catalyst which gave 93% yield (entry 4).  

When 1-hexanol was used with RuCl2(PPh3)3, the catalysis gave 75% yield with 89:11 selectivity 

ratio.  While catalyst 25 resulted in slightly lower selectivity for the reaction (86:14), the overall 

yield is so much higher that it makes it a more attractive synthetic route.  The biggest 

improvement was achieved with a secondary aliphatic alcohols which are notorious in this type 

of catalysis and often result in yields that are lower than 50%.
32

  The only catalyst that resulted in 

some success with this class of secondary alcohols was Fujita’s iridium dimer giving 58-78% 

yield but requiring 4 mol% catalyst loading.
31

  Currently, the best yield reported for the set of 

substrates in entry 5 was achieved by Yus who used RuCl2(DMSO)4 as the catalyst and resulted 

in 58% yield after 3 days of reaction.  The same conditions as in Scheme 4.30 gave 37% yield 

(Table 2.15, entry 1) with RuCl2(PPh3)3.  This makes our achievement of 62% yield after 17 

hours is a substantial improvement. 
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We are unsure as to the source of selectivity with our catalyst towards the aliphatic 

substrates as opposed to the aromatic ones.  It is possible that the aliphatic substrates are better 

suited substrates for the reaction with our catalyst due to sterics.  The other possibility is that the 

competing reaction that consumes the starting material is faster for the aromatic alcohols and 

slower with the aliphatic alcohols.  However, we cannot provide evidence to that effect currently 

and additional studies would have to be done to support such hypothesis. 

Comparison of the catalytic performance of four ruthenium catalysts all bearing the same 

terpyridine ligand in this type of alcohols C-C cross coupling for the benchmark reaction 

(Scheme 4.30) was conducted.  The comparison is summarized in Table 4.6. 

 

Table 4.6 Comparison of ruthenium terpyridine catalysts performance in catalysis 

Entry Catalyst Time (h) Base Conversion (%) Yield (%)
 

Ratio 3:4 

 1 [Ru(terpy)(en)Cl][BPh4] 4 KOH 100 74 93:7 

 2
36

 cis-Ru(terpy)PPh3Cl2 1 KOH 94 65 100:0 

 3 trans-Ru(terpy)(DMSO)Cl2 4 KOH 100 51 100:0 

 4
36

 Ru(terpy)Cl3 * KOH 83 58 100:0 
36

* Reaction time is not specified in paper. 

 

Generally, all the catalysts in Table 4.5 performed similarly.  Entry 2 was the catalyst used by 

Crabtree that was optimized for the catalysis.  Since we did not perform extensive optimization 

experiments for catalyst 25 as we did for RuCl2(PPh3)3, we are not sure as to the rate of reaction 

of 25.  It is possible that our catalyst would perform just as fast as the one in entry 2.  In fact, 

given that 17 hours of catalysis did not change the yields (Table 4.4, entry 4) it is possible that 
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the reaction is done in less than four hours.  The catalyst bearing the DMSO (entry 3) was the 

least effective possibly due to solubility issues since this compound is not very soluble in many 

solvents. 

 

 

4.19 Conclusion 

Our goal of metal ligand binfunctional transfer hydrogenation was not realized with our 

new catalyst of 23 or 25 in either oxidation state of ruthenium (II or III).  Presumably due to the 

large dihedral angle H-N-Ru-H compared to the Noyori catalyst which cannot accommodate the 

nearly flat six-membered transition state requisite for this hydrogenation pathway.  Also, the 

higher oxidation state did not trigger a change in the mechanism in terms of reversal of polarity 

of the hydrogen transfer.  However, both catalysts 23 and 25 showed good catalytic activity of 

transfer hydrogenation at higher temperature probably by the traditional insertion mechanism.  

Catalyst 25 also turned out to be an excellent catalyst for aliphatic alcohols C-C cross coupling 

with the hydrogen borrowing system developed in the second chapter of this work.  We have 

now developed three routes for accessing this class of alcohols.  The commercially available 

RuCl2(PPh3)3 that could be used for both aromatic and primary aliphatic substrates.  A base 

catalyzed aerobic catalysis that can give access to the aromatic substrates.  Our custom designed 

catalyst that can give access to the aliphatic substrates including aliphatic secondary alcohols in 

good yields while applying Green Chemistry principles.  Having the three systems allow 

researchers to fine tune their synthesis based on the structure of the desired product. 
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4.10 Experimental 

General Methods.  
1
H and 

13
C spectra were recorded at room temperature using CDCl3, 

acetone-d6, D2O, and CD3CN as solvents on Varian MR 400 (400 and 100.47 MHz respectively).  

All reagents were used as purchased from Sigma-Aldrich or Alfa Aesar unless noted otherwise.  

Microwave reactions were performed using CEM Discover microwave.  Varian 500 MS was 

used for ESI-MS.  Cyclic voltammetry was obtained with a Radiometer Voltalab potentiostat, 

using a conventional three-electrode cell consisting of a glassy carbon working electrode, 

Ag/AgCl reference electrode and a platinum wire as an auxiliary electrode.  The measurements 

were carried out using 0.10M tetrabutylammonium perchlorate in anhydrous propylene 

carbonate as the electrolyte solution.  All reactions were performed under nitrogen unless noted 

otherwise.  Ru(terpy)Cl3,
195,206

 trans-Ru(terpy)(CH3CN)Cl2,
196

 mer-Ru (DMSO)3Cl3
199

 and 

cis-RuCl2(DMSO)4,
207,208

 benzenedichlororuthenium dimer
194

 and 

Ru(4,4’,4’’-tri-t-butyl-2,2’:6’,2’’-terpyridine)Cl3
209

 were prepared according to published 

procedures. 

 

Compound 12-Route 1 In a round bottom flask equipped with a stir bar 2,2’:6’,2’’-terpyridine 

(44.0 mg, 184 μmol), dichloro(p-cymene)ruthenium(II) dimer (50.0 mg, 92.0 μmol) and benzene 

(25 mL) were combined.  The reaction mixture was stirred under nitrogen in an oil bath set to 60 

°C.  The reaction color changed from red to brown within the first 20 minutes and later turned 

black.  After 72 hours the reaction mixture was vacuum filtered and a black solid was collected.  

The solid was washed with ether and chloroform and left to dry on the glass frit. (62.0 mg, 83% 

yield based on weight).  
1
H NMR: (400 MHz, dmso-d6)  9.35 (dd, J = 5.2, 1.4 Hz, 2H), 8.66 (d, 
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J = 8.1 Hz, 2H), 8.58 (dd, J = 8.1, 1.5 Hz, 2H), 8.18 (t, J = 8.0 Hz, 1H), 7.99 (td, J = 7.8, 1.5 Hz, 

2H), 7.53 (ddd, J = 7.4, 5.8, 1.4 Hz, 2H).  The 
1
H NMR also showed 

dichloro(p-cymene)ruthenium(II) dimer (25%) based on the NMR the yield of compound 12 is 

61.5%. 

 

Compound 12-Route 2 In a round bottom flask equipped with a stir bar 2,2’:6’,2’’-terpyridine 

(233.6 mg, 1.01 mmol), benzenedichlororuthenium dimer (250.3 mg, 0.50 mmol) and 

nitrobenzene (15 mL) were mixed  The reaction was stirred under nitrogen in an oil bath set to 

160 °C.  After 24 hours the reaction mixture was cooled down to room temperature and the 

brown-black solid was vacuum filtered.  The solid was washed with acetone and left to dry on 

the glass frit (348.0 mg).  NMR showed the product to be ruthenium bis-terpyridne complex.
210

  

The yield cannot be determined since it shows over 100% based on the weight.  The 

stoichiometry of the reaction should give maximum of 50%.  It is possible that there is another 

ruthenium species that does not have any signals in the NMR.  
1
H NMR: (400 MHz, dmso-d6)  

9.09 (d, J = 7.9 Hz, 2H), 8.83 (d, J = 7.9 Hz, 2H), 8.53 (t, J = 7.7 Hz, 1H), 8.02 (t, J = 7.7 Hz, 

2H), 7.43 (d, J = 5.3 Hz, 2H), 7.26 (t, J = 6.3 Hz, 2H).  The 
1
H NMR also showed 

benzenedichlororuthenium dimer (12%). 

 

The above reaction was repeated using 1,4-dioxane as solvent stirring for 4.5 days at 70 °C.  The 

1
H NMR shows mostly the starting material dimer and a small amount of product mixture of 

both the bis-terpyridine ruthenium complex and the desired terpyridine dimer (compound 12) 

showing 20:80 ratio respectively. 
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Compound 13 (Scheme 4.8) In a round bottom flask equipped with a stir bar 

mer-Ru(DMSO)3Cl3 (221.1 mg, 0.50 mmol), 2,2’:6’,2’’-terpyridine (116.2 mg, 0.50 mmol) and 

benzene (20 mL) were combined.  The reaction was stirred under nitrogen and refluxed 

overnight.  The terpyridine dissolved immediately in the solvent but the mer-Ru(DMSO)3Cl3 

remained as an orange solid.  After ten minutes the reaction color changed to brown and no 

orange solid was visible in the reaction mixture (starting material).  After the reaction was cooled 

down to room temperature a dark brown was vacuum filtered (purple filtrate) and washed with 

ether and acetone.  The solid was dried on the glass frit. (208.0 mg, 86% yield).  The 
1
H NMR 

showed a mixture of cis and trans-[Ru(2,2’:6’,2’’-terpyridine)(DMSO)Cl2] in a 32:68 cis to trans 

ratio.  (NMR was compared to previously published 
1
H NMR.)

211
  The mass spectrum (ESI-MS) 

of the solid gave a main peak at m/z 405 corresponding to a fragment of the parent molecule 

without the DMSO ligand.  ).  
1
H NMR: (400 MHz, (CD3)2SO) cis isomer: 8.98 (dd, J=5.6 Hz, 

2H), 8.53 (m, 2H), 8.48 (d, J=8.1 Hz, 2H), 8.11 (m), 7.98 (m), 7.75 (ddd, J = 7.2, 5.5, 1.3 Hz, 

2H), 3.55 (s, 3H);  trans isomer: : 9.32 (dd, J = 5.7, 1.5 Hz 2H), 8.62 (d, J=8.1 Hz, 2H), 8.54 

(m), 8.14 (m), 7.95 (m), 7.49 (ddd, J = 7.3, 5.7, 1.4 Hz, 2H), 3.55 (s, 3H).  (multiplets signals 

could not be integrated accurately due to overlapping cis and trans isomers signals). 

 

Compound 15 The compound was prepared according to published procedure.
196

  Purification 

of the crude product by column chromatography (alumina) was unsuccessful.  While running the 

column the colors of the bans changed from red-brown to purple until the entire column 

appeared as one color.  We collected all the colored bands from the column and removed the 
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solvent under reduced pressure in an attempt to recover the crude product.  The 
1
H NMR showed 

only decomposition products that could not be identified. 

 

Compounds 17 and 18 In a round bottom flask equipped with a stir bar cis-RuCl2(DMSO)4 

(51.5 mg, 0.106 mmol), 2,2’:6’,2’’-terpyridine (24.8 mg, 0.106 mmol) and 1,2-dichloroethane 

(15 mL) were combined.  The reaction was stirred under nitrogen and refluxed for 4 hours.  After 

ten minutes the reaction color changed to brown.  After the reaction was cooled down to room 

temperature a dark brown was vacuum filtered.  The solid was dried on the glass frit. (20.0 mg, 

39% yield).  The 
1
H NMR showed a mixture of cis and 

trans-[Ru(2,2’:6’,2’’-terpyridine)(DMSO)Cl2] in a 65:35 cis to trans ratio.  (NMR was compared 

to previously published 
1
H NMR.)

211
  

1
H NMR: (400 MHz, (CD3)2SO) cis isomer: 9.02 (dd, 

J=5.4, 1.5 Hz, 2H), 8.53 (m), 8.15 (m), 8.02 (m), 7.78 (m, 2H), 3.59 (s, 3H);  trans isomer: : 

9.35 (d, J=5.5 Hz, 2H), 8.66 (d, d, J=8.0 Hz,2H), 8.57 (m), 8.18 (m), 7.99 (m), 7.53 (t, J=6.7 Hz, 

2H), 3.90 (s, 3H).  (multiplets signals could not be integrated accurately due to overlapping cis 

and trans isomers signals). 

 

Compound 22 In a round bottom flask equipped with a stir bar cis-RuCl2(DMSO)4 (50.2 mg, 

0.1036 mmol), 4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyridine (41.6 mg, 0.1035 mmol) and, and 

1,2-dichloroethane (15 mL) were combined.  The reaction was stirred under nitrogen and 

refluxed for 4 hours.  No solid was visible after the reaction stood overnight.  The solvent was 

removed under reduced pressure and the residue was dissolved in a minimal amount of 

dichloromethane and a solid formed once diethyl ether was added.  The solid was vacuum 
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filtered, washed with ether and dried on the glass frit. (41.0 mg, 64% yield).  The 
1
H NMR 

showed a mixture of cis and trans-[Ru(4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyridine)(DMSO)Cl2] 

in a 53:47 cis to trans ratio.  
1
H NMR: (400 MHz, CDCl3) cis isomer: 9.17 (d, J = 5.9 Hz, 2H), 

8.02 (d, J = 2.2 Hz, 2H), 7.97 (s, 2H), 7.55 (dd, J = 5.9, 2.0 Hz, 2H), 2.85 (s, 3H, DMSO), 1.51 

(s, 9H, t-Bu), 1.44 (s, 18H, t-Bu);  trans isomer: : 9.22 (d, J = 6.2 Hz, 2H), 8.11 (s, 2H), 8.03 

(d, J = 2.0 Hz, 2H), 7.39 (dd, J = 6.1, 2.1 Hz, 2H), 3.74 (s, 3H, DMSO), 1.57 (s, t-Bu), 1.41 (s, 

18H, t-Bu).  (Signal at 1.57 could not be integrated accurately due to overlapping water signal). 

 

Compound 23-Route 1 In a round bottom flask equipped with a stir bar Ru(terpy)Cl3 (376 mg, 

0.855 mmol), ethylenediamine (56.85 L, 0.855 mmol), triethylamine (187.5 L) and 75 mL of 

3:1 ethanol/water were combined and refluxed for twenty four hours under nitrogen.  The 

reaction was filtered while hot and the solvent was removed from the filtrate under vacuum.  The 

residue was dissolved in minimal volume of anhydrous methanol and placed in the freezer for 

three days.  The liquid was decanted and the solid dissolved in minimal amount of methanol and 

a solid was precipitated after adding diethyl ether to the methanol solution.  The purple-black 

solid was vacuum filtered and dried on the glass frit overnight.  (186 mg, 47% yield). 

 

Compound 23-Route 2 In a round bottom flask equipped with a stir bar Ru(terpy)Cl3 (125.8 

mg, 0.285 mmol), ethylenediamine (18.95 L, 0.855 mmol), zinc dust (493.0 mg) and 25 mL of 

3:1 ethanol/water were combined and refluxed for two hours under nitrogen.  The reaction was 

cooled down to room temperature and zinc solid filtered off.  The filtrate was dried under 

vacuum and the residue was dissolved in minimal volume of anhydrous methanol then placed in 
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freezer for two-three days.  The liquid was decanted and the solid was re-dissolved in methanol 

and a solid precipitated out of the methanol solution by adding diethyl ether.  The purple-black 

solid was vacuum filtered and dried. (66.0 mg, 50% yield).  
1
H NMR (400 MHz, D2O) δ 8.99 (m, 

2H), 8.45 (m, 2H), 8.41 (d, J=8.1 Hz, 2H), 8.08 (td, J=7.9, 1.5 Hz, 2H), 7.90 (t, J=8.1 Hz, 1H), 

7.74 (ddd, J=7.4, 5.6, 1.4 Hz, 2H), 5.78 (bs, 2H, NH2), 3.25 (m, 2H, CH2), 2.54 (bs, 2H, NH2), 

2.34 (m, 2H, CH2).  ESI-MS m/z 430.38 (Ru(terpy)(en)Cl)
+
, 370.7 (Ru(terpy)Cl)

+
. 

 

Compound 25 [Ru(terpy)(en)Cl]Cl (21) was dissolved in minimal amount of methanol and a 

saturated solution of NaBPh4 in methanol was added slowly.  The resulting purple-black solid 

was vacuum filtered washed with methanol and dried on the schlenk line.  (Transformation is 

quantitative).  
1
H NMR (acetone-d6, 400 MHz) δ 9.14 (dd, J = 5.6, 1.4 Hz, 2H), 8.53 (d, J = 8.0 

Hz, 2H), 8.46 (d, J = 8.0 Hz, 2H), 8.02 (td, J = 7.8, 1.4 Hz, 2H), 7.77 (t, J = 8.0 Hz, 1H), 7.68 

(ddd, J = 7.3, 5.6, 1.4 Hz 2H), 7.33 (m, 8H, BPh4
-
), 6.91 (t, J = 7.4 Hz, 8H, BPh4

-
), 6.76 (m, 4H, 

BPh4
-
) 5.93 (bs, 2H, NH2), 3.47 (p, J = 5.7 Hz, 2H, CH2,), 2.59 (p, J = 5.7 Hz, 2H, CH2,) 2.65 

(bs, 2H, NH2).  
13

C NMR: (100 MHz, (CD3)2CO)  190.04, 193.55, 193.06, 192.57, 189.85, 

189.67, 181.83, 165.24, 158.40, 156.16, 155.09, 151.99, 151.27, 150.64, 74.51, 74.41.  ESI-MS 

m/z 430.38 (Ru(terpy)(en)Cl)
+
, 370.7 (Ru(terpy)Cl)

+
. 

The solid (25) was transferred into the glove box for recrystallization.  A crystal was grown by 

slow diffusion of ether into an acetonitrile solution of 25.  A single crystal X-ray analysis (Figure 

4.21) was performed at 100 K using a Siemens platform diffractometer with graphite 

monochromated Mo-Kα radiation (λ = 0.71073 Å).  Data were integrated and corrected using the 

Apex 2 program.  The structures were solved by direct methods and refined with full-matrix 
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least-square analysis using SHELX-97-2
111

 software and XSEED.
112

  Crystal data for work: 

C47H52BClN6Na0ORu, M = 864.28, 0.46  0.46  0.42 mm
3
, monoclinic, space group P21/n (No. 

14), a = 12.3139(11), b = 18.7907(16), c = 18.6509(16) Å, = 99.0290(10)°, V = 4262.1(6) Å
3
, 

Z = 4, Dc = 1.347 g/cm
3
, F000 = 1800, MoK radiation, = 0.71073 Å, T = 100(2)K, 2max = 

56.0º, 36365 reflections collected, 9916 unique (Rint = 0.0269).  Final GooF = 1.063, R1 = 

0.0333, wR2 = 0.0861, R indices based on 8428 reflections with I >2sigma(I) (refinement on F
2
), 

533 parameters, 0 restraints.  Lp and absorption corrections applied, = 0.474 mm
-1

. 
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Figure 4.21 Crystal structure of compound 25 only the cation metal center is shown 
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Table 4.7 Selected bond length and bond angles of compound 25 

Bond Length (Å) Bond Angle (°) 

Ru-N1 2.0752 N2-Ru-N1 79.64 

Ru-N2 1.9390 N3-Ru-N1 159.69 

Ru-N3 2.0601 N2-Ru-N5 96.11 

Ru-N4 2.1516 N1-Ru-N4 100.50 

Ru-N5 2.0927 N2-Ru-N3 80.17 

Ru-Cl1 2.4170 N5-Ru-Cl 173.07 

 

Compound 26 In a round bottom flask equipped with a stir bar 

Ru(4,4’,4’’-tri-tert-butyl-2,2’:6’,2’’-terpyridine)Cl3 (172.8 mg, 0.284 mmol), ethylenediamine 

(18.955 L, 0.285 mmol), triethylamine (62.5 L) and 3:1 ethanol/water (25 mL) were combined 

and refluxed for twenty four hours under nitrogen.  The reaction color turned purple within a few 

minutes.  The reaction was filtered while hot and the solvent was removed from the filtrate under 

vacuum.  The residue was dissolved in minimal volume of chloroform and a solid formed while 

adding ether to the solution.  The purple-black solid was vacuum filtered and dried on the glass 

frit overnight.  (160 mg, 89% yield).  The NMR showed the desired product as well as many 

other small peaks of unknown impurities.  Recrystallization experiments were not successful in 

purifying the solid.  
1
H NMR (400 MHz, CDCl3) δ 9.33 (d, J= 5.7 Hz, 2H), 8.06 (d, J= 1.8 Hz, 

2H), 8.05 (s, 2H), 7.57 (dd, J= 6.0, 2.1 Hz, 2H), 6.13 (s, 2H), 3.35 (s, 2H), 2.59 (s, 2H), 2.07 (s, 

2H), 1.56 (s, 9H), 1.42 (s, 2H). 
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Compound 24
 
 [Ru(terpy)(en)Cl]Cl (11.1 mg, 0.0239 mmol) was dissolved in methanol (13 mL) 

then cooled in a dry ice/acetone bath and ferrocenium hexafluorophosphate (7.8 mg, 0.0236 

mmol) dissolved in methanol (~ 2 mL) was syringed into the reaction flask and then stirred for 

90 minutes.  Next, the reaction was removed from the cold bath and the solvent was removed 

under vacuum.  The resulting black solid was washed with hexanes and dried again under 

vacuum.  Confirmation of the oxidation was obtained by UV-Vis spectrum of the washings and 

compared to a ferrocene standard solution at λmax=437 .  
1
H NMR of the reaction product showed 

a mixture of starting material and an oxidation product.  Integration of one of the terpyridine 

signals of the starting material set to 1 compared to integration of one of the product signals gave 

integration of 0.68.  Based on the integration an approximation can be made that the reaction 

mixture contained 40% of the oxidized species and 60% of the starting material. 

 

Compound 27
 
 [Ru(terpy)(en)Cl][BPh4] (19.2 mg, 0.0256 mmol) was combined with ceric 

ammonium nitrate (13.6 mg, 0.0248 mmol) and stirred in dry acetone (19 mL) at room 

temperature for one hour.  Next, the solvent was removed under reduced pressure and a small 

sample of the mixture was taken for NMR.  The 
1
H NMR taken in both acetone and acetonitrile 

showed none of the original compound signals except for the BPh4
-
 signals.  We concluded that 

all the starting material was oxidized to compound 27. 

 

Cyclic Voltametry 

[Ru(terpy)(en)Cl]BPh4.  After bubbling nitrogen for 5 minutes into 20 mL electrolyte solution 

the background CV was recorded from 0 to 1 volts at a rate of 100 mV/s.  Next, 
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[Ru(terpy)(en)Cl]BPh4 (15.2 mg, 1.00 mM) was added and the solution was bubbled with 

nitrogen for another five minutes and then the CV recorded from 0 to 1 volts.  A reversible E1/2 

was found to be 0.51 V for the Ru (III/II) pair and another irreversible oxidation at 0.88 V 

corresponding to the oxidation of the tetraphenylborate anion. 

 

Ferrocenium hexafluorophosphate.  After bubbling nitrogen for 5 minutes into 20 mL 

electrolyte solution the background CV was recorded from 0 to 1 volts at a rate of 100 mV/s.  

Next, ferrocenium hexafluorophosphate (6.0 mg, 0.9 mM) was added and the solution was 

bubbled with nitrogen for another five minutes and then the CV recorded from 0 to 1 volts.  A 

reversible E1/2 was found to be 0.41 V for the Fe (III/II) pair. 

 

Ceric (IV) ammonium nitrate.  After bubbling nitrogen for 5 minutes into 20 mL electrolyte 

solution the background CV was recorded from 0 to 1.5 volts at a rate of 100 mV/s.  Next, ceric 

(IV) ammonium nitrate (11 mg, 1.0 mM) was added and the solution was sonicated for a few 

minutes to dissolve the solid and then bubbled with nitrogen for another five minutes prior to 

recording the CV from 0 to 1.5 volts.  A reversible E1/2 was found to be 1.11 V for the Ce 

(IV/III) pair. 

 

NaBPh4.  After bubbling nitrogen for 5 minutes into 20 mL electrolyte solution the background 

CV was recorded from 0 to 1.5 volts at a rate of 100 mV/s.  Next, NaBPh4 (15.2 mg, 1.00 mM) 

was added and the solution was bubbled with nitrogen for another five minutes and then the CV 



 

183 

 

recorded from 0 to 1.5 volts.  An irreversible E1/2 was found at 0.89 V for the tetraphenylborate 

which is in agreement with literature values.
202

 

 

General transfer hydrogenation catalysis procedure with 12, 23 or 25 in isopropanol 

The metal complex was transferred into the glove box and the catalysis test was performed in the 

glove box under an atmosphere of nitrogen with dry and degassed reagents.  Ruthenium complex 

(0.01 mmol) was weighed into a glass vial with (s, s)-TsDPEN (0.12 mmol) and a small stir bar.  

KOH (0.023 mmol) was dissolved in isopropanol (2 mL) in a separate vial.  One mL of the KOH 

solution was added to the reaction vial and stirred for one hour.  After one hour, acetophenone 

(1.0 mmol) was added to the reaction vial and the catalysis was run for 24 hours.  After 24 hours 

a 
1
H NMR was taken in CDCl3 to determine the percent conversion by determining the ratio of 

the acetophenone signal at 2.6 ppm (s) to the 1-phenylethanol product signal at1.5 ppm (d). 

 

General transfer hydrogenation catalysis procedure with 12, 23 or 25 in azeotrope 

The metal complex was transferred into the glove box and the catalysis test was performed in the 

glove box under an atmosphere of nitrogen with dry and degassed reagents.  Ruthenium complex 

(0.01 mmol) was weighed into a glass vial with (s, s)-TsDPEN (0.12 mmol) and a small stir bar.  

The azeotrope was prepared in a ratio of 5:2 formic acid to triethylamine (19.9 mL:27.8 mL).  

One mL of the azeotrope was added to the reaction vial and stirred for one hour.  After one hour, 

acetophenone (1.0 mmol) was added to the reaction vial and the catalysis was run for 24 hours.  

After 24 hours a 
1
H NMR was taken in CDCl3 to determine the percent conversion by 
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determining the ratio of the acetophenone signal at 2.6 ppm (s) to the 1-phenylethanol product 

signal at 1.5 ppm (d). 

 

General transfer hydrogenation catalysis procedure with 23 or 25 in sodium formate 

Ruthenium complex (0.01 mmol), sodium formate (680.4 g, 10 mmol) and deionized water (10 

mL) were stirred in a small vial under nitrogen until the temperature reached 50 °C.  Next 

acetophenone (117 L, 1.0 mmol) was added to the vial via a syringe and the catalysis was run 

for 24 hours.  After 24 hours the organic layer was extracted with diethyl ether (20 mL), dried 

with magnesium sulfate, filtered and the solvent removed under reduced pressure.  A 
1
H NMR 

was taken in CDCl3 to determine the percent conversion by determining the ratio of the 

acetophenone signal at 2.6 ppm (s) to the 1-phenylethanol product signal at 1.5 ppm (d). 

 

Catalysis test of [Ru(terpy)2]
2+

 in sodium formate (Scheme 4.23) was performed in the same way 

described above for complex 23. 

 

The catalysis test with oxidation product 24 in sodium formate as was described in Scheme 4.20 

was also performed using the typical procedure as described above.  Based on the NMR and an 

approximate 40% oxidation, the catalyst loading is almost the same 100:1 substrate to catalyst 

(100:0.95). 

 

The catalysis test with oxidation product 27 in sodium formate as was described in Scheme 4.22 

was also performed using the typical procedure as described above.  Based on the NMR and an 
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approximate 100% oxidation, therefore the catalyst loading is about 100:2 substrate to catalyst 

given that a small sample that was taken for an NMR analysis. 

 

Scheme 4.24 In a round bottom flask equipped with a stir bar Ru(terpy)Cl3 (62.5 mg, 0.142 

mmol), triethylamine (31.25 L) and 3:1 ethanol/water (9.4 mL) were combined and refluxed 

under nitrogen for 24 hours.  After 24 hours the black color reaction mixture was cooled down 

and a sample was taken for MS analysis (Figure 4.18).  The solvent was removed under reduced 

pressure and the residue was used as is for catalysis test in sodium formate as described above. 

 

General procedure for -alkylation of aromatic alcohols in water 

Benzyl alcohol (258.8 μL, 2.5 mmol), 1-phenylethanol (302 μL, 2.5 mmol ), KOH (160 mg, 2.5 

mmol), 1,3,5-trimethoxybenzene (10 mg, 0.0595 mmol), catalyst 23 or 25 (0.025 mmol) and 

water (1.0 or 0.5 mL) were combined in a pressure tube equipped with a stir bar.  The reaction 

vessel was flushed with nitrogen and then sealed.  The reaction was placed in an oil bath to stir 

for 17 or 24 hours at the desired temperature (100, 120 or 130 °C).  After the reaction was cooled 

to room temperature, the organic products were extracted with dichloromethane dried with 

MgSO4 and filtered.  The solvent was removed under reduced pressure and an aliquot was taken 

for 
1
H NMR in CDCl3.  Conversion was determined by consumption of the secondary alcohol 

and the yield was determined by comparing to the internal standard. 
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Microwave catalysis reactions in water 

Benzyl alcohol (258.8 μL, 2.5 mmol), 1-phenylethanol (302 μL, 2.5 mmol ), KOH (160 mg, 2.5 

mmol), 1,3,5-trimethoxybenzene (10 mg, 0.0595 mmol), catalyst 23 or 25 (0.025 mmol) and 

water (1.0 mL) were combined in a microwave pressure vial equipped with a stir bar.  The vial 

was flushed with nitrogen and then sealed.  The vessel was inserted into the microwave for 

reaction at 130 °C, at 150 watts and maximum 275 psi for 2 or 4 hours.  After the reaction was 

cooled to room temperature, the organic products were extracted with dichloromethane dried 

with MgSO4 and filtered.  The solvent was removed under reduced pressure and an aliquot was 

taken for 
1
H NMR in CDCl3.  Conversion was determined by consumption of the secondary 

alcohol and the yield was determined by comparing to the internal standard. 

 

General procedure for -alkylation of aromatic secondary alcohols and primary alcohols 

Primary alcohol (1.2 mmol ), secondary alcohol (1 mmol), potassium t-butoxide (100 mol%), 

1,3,5-trimethoxybenzene (6.0 mg), tolune (0.2 mL) and catalyst 23 or 25 (1 mol% based on the 

secondary alcohol) were combined in a 15 mL pressure vessel with air trapped in the vessel head 

space and refluxed for 4 hours at 110 
o
C.  The mixture was than cooled to room temperature, 

diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An aliquot was taken 

for 
1
H NMR with CDCl3.  Conversion was determined by consumption of the secondary alcohol 

and the yield was determined by comparing to the internal standard. 
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General procedure for -alkylation of aliphatic alcohols 

Primary alcohol (1.2 mmol ), secondary alcohol (1 mmol), potassium hydroxide (100 mol% 

based on secondary alcohol), 1,3,5-trimethoxybenzene (6.0 mg), tolune (0.2 mL) and catalyst 23 

or 25 (0.02 mmol) were combined in a 15 mL pressure vessel, flushed with nitrogen and then 

sealed.  The reaction was refluxed for 17 hours at 110 
o
C.  The mixture was than cooled to room 

temperature, diluted with dichloromethane (2.5 mL) and passed through a Celite plug.  An 

aliquot was taken for 
1
H NMR with CDCl3.  Conversion was determined by consumption of the 

secondary alcohol and the yield was determined by comparing to the internal standard. 
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 CHAPTER 5 NEW SYNTHETIC ROUTES TO KNOWN RUTHENIUM COMPLEXES 

 

5.1 Introduction 

The piano-stool or half-sandwich ruthenium complexes are an important class of 

compounds often used for catalysis,
212

 supramolecular assemblies, molecular devices and some 

have shown antiviral and anticancer activities.
213,214

  The main synthetic route to this class of 

catalysts is limited to the reaction of the desired ligand with ruthenium chloro-bridged dimer 

(28).  Two general approaches to making the dimer starting material are currently utilized.  The 

first approach involves reacting RuCl3•xH2O with a cyclohexadiene refluxing in a reducing 

solvent, typically ethanol/water or other reducing alcohols.
215

  The reaction utilizing this method 

was first introduced by Winkhaus and Singer
216

 and was later improved by Zelonka and Baird
217

 

as well as Bennett 
215

 as shown in Scheme 5.1. 

 

 

Scheme 5.1 First synthetic route to the ruthenium chloro-bridged dimer 

 

This method is limited by the availability of the cyclohexadiene starting material which can be 

1,3-cyclohexadiene or 1,4-cyclohexadiene.  Since not many cyclohexadienes (CHD) are 

commercially available, another step is often required to make the CHD.  The second route to 
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make the chloro-bridging dimer circumvents the need to synthesize the CHD by exchanging the 

arene π-ligand at high temperatures.
193,194

  The process works best if the incoming arene is 

electron-rich and the outgoing arene has electron withdrawing groups on it (Scheme 5.2).  

Additionally, arene exchanges can be improved by tethering the arene to the ruthenium metal 

with another functional group such as a phosphine.
218

 

 

 

Scheme 5.2 Second synthetic route to the ruthenium chloro-bridged dimer 

 

The second synthetic route (Scheme 5.2) to the dimer is also limited since the electronics on the 

arene moiety governs the reaction and works only in one direction going from less electron-rich 

arenes to more electron-rich.  Once the desired ruthenium chloro-bridging dimer is formed, it can 

then react with a variety of ligands by cleavage of the chloro-bridged to give the half-sandwich 

complex.  These serious limitations of the synthetic methods prompted us to look into the 

possibility of accessing the dimer complex under different conditions as a way to expand the 

synthetic tool box and provide functionalized arene dimers. 
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5.2 Using cyclohexadiene as reducing agent 

As shown in Scheme 5.1, the first route to the dimer includes a reducing alcohol as the 

reaction solvent to reduce the ruthenium (III) to ruthenium (II).  Typically alcohols such as 

ethanol, methanol and ethylene glycol have been used for this synthesis as well as acetone-water 

mixture.  We wanted to explore the possibility of using the CHD as the reducing agent therefore 

by-passing the need for the reducing solvent.  We attempted to perform the reaction in 

acetonitrile using a large excess of the CHD as the reducing agent and reagent. 

 

 

Scheme 5.3 Trying to synthesize the ruthenium chloro-bridging dimer in acetonitrile 

 

We were not surprised that the dimer did not form but did not expect the complex that did 

form, RuCl2(ACN)4.  Examining the reaction conditions, the only possible reducing agent was 

the CHD reducing the ruthenium to Ru (II).  The yellow mustard compound was characterized 

by 
1
H NMR, XRPD and EA to confirm the identity of the product.  This reaction confirmed our 

hypothesis that reduction of ruthenium by CHD was possible.  More than just confirming the 

ability of the CHD to reduce ruthenium, this fortuitous result gave another easy synthetic route to 

30.  Complex 30 is well known and has been synthesized in several routes previously.  The first 

synthesis of 30 by Rose and Wilkinson entailed making the “blue solution” of ruthenium (II) 
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using Adams’ catalyst, hydrogen gas and RuCl3•xH2O as a starting material in acetonitrile 

solvent.
219,220

  A modification of this method refluxed the RuCl3•xH2O in acetonitrile with 

Adams’ catalyst for 15 hours with a slow stream of hydrogen.
221

  A second methodology 

required preparation of a starting material, ruthenium chloro-bridging dimer bearing a 

cycloheptatriene in lieu of the traditional arene which took 24 hours utilizing the methodology as 

shown in Scheme 5.1.  Next the dimer was refluxed in acetonitrile for up to 24 hours.
222

  The 

third methodology also used a dimer, [RuCl2(η
6
-O-

n
 Bu2C6H4)]2, as the starting material prepared 

in the traditional fashion (Scheme 5.1).  Compound 30 was also prepared by photolytic 

displacement of the o-di-n-butylbenzene from the dimer in acetonitrile.
223

  Our yields were 

lower, 42-69% depending on reaction conditions, compared to up to 95% yield of the traditional 

methods.  However, our method did not require an expensive platinum catalyst, or hydrogen gas 

or an additional preparation of starting material.  We repeated the reaction in Scheme 5.3 adding 

two equivalents of ethanol (based on Ru) and obtained the same result. 

We continued investigating the reduction of ruthenium switching the CHD to γ-terpinene 

in order to avoid side reactions of the methoxy group on the CHD.  A repeat of the reaction of 

RuCl3•xH2O with the new CHD, γ-terpinene, in acetonitrile also gave complex 30.  We wanted 

to test use of other non-reducing solvents with the CHD as reducing agent in hope of making the 

ruthenium chloro-bridging dimer.  As the next solvent we chose t-butanol which could provide a 

proton but is not reducing (Scheme 5.4).  We were pleased to see that indeed we formed the 

dimer in 30-39% yield alongside another ruthenium complex (green ppt) that we could not 

characterize.  The dark green solid was not soluble in any solvent other than DMF and DMSO.  

We took an NMR in DMF and found only a singlet which did not help in characterizing the 
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compound.  When we tried to dissolve the solid in DMSO and immediate color change to yellow 

ensued and yellow crystals formed slowly.  A single crystal X-ray diffraction showed the 

compound to be the ruthenium (II) complex 19, cis-RuCl2(DMSO)4.  Given the immediate 

reaction at room temperature with the powder we theorized that the species was also a ruthenium 

(II) complex that has no organic ligands.  A powder diffraction of the solid could not shed light 

on it as it could not be indexed.  We took the green solid and reacted it again with the CHD in 

t-butanol but no dimer formed in the reaction. 

 

 

Scheme 5.4 Formation of cymene ruthenium dimer in t-butanol 

 

We were not sure if the ruthenium cymene dimer, 31, in Scheme 5.4 was the result of a  

1 e
-
reduction or a two electron process.  Considering the starting material, RuCl3•xH2O, one 

might assume it to be a Ru (III) starting material.  However, this compound is known to be a 

heterogeneous mixture of ruthenium at various oxidation states containing oxochloro, 

hydroxochloro as well as monomeric and polymeric complexes.  One of the main components of 

the ruthenium chloride hydrate is Ru(OH)Cl3.  The average oxidation state of this starting 

material is actually closer to Ru (IV) than Ru (III).
224

  In the process of catalytic activation of 
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molecular hydrogen by RuCl3•3H2O, James found to mixture to contain about 70% Ru (IV).
225

  

If that analysis is correct we still wondered if we got 30% of the dimer from reduction of the Ru 

(III) component of the mixture or was it a two electron process.  Alternatively it could have been 

two successive 1 e
-
 transfers.  Since the starting material was not a discrete ruthenium compound 

we wanted to test the process on a well-defined discrete Ru (III) complex.  To that end we chose 

compound 16, mer-Ru(DMSO)3Cl3.  We used compound 16 with the CHD in the same solvent to 

see if the ruthenium would be reduced (Scheme 5.5). 

 

 

Scheme 5.5 Reduction of a discrete Ru (III) by CHD 

 

Indeed we saw by 
1
H NMR the reduction of the Ru (III) to Ru (II) but no coordination of the 

arene to the ruthenium and no dimer formation.  The proton NMR showed the formation of the 

known ruthenium (II) compounds cis and trans-RuCl2(DMSO)4 (Scheme 5.5).  We repeated the 

above reaction changing the solvent to ethanol and to acetone/water mixture.  Both these 

solvents are known to promote formation of the ruthenium dimer species when reacted with 

commercial ruthenium chloride and CHD.  Yet, in both reactions we observed the same reduced 

species only as in Scheme 5.5 but in different ratios.  The reaction in ethanol produced a ratio of 

60:40 of cis:trans and the acetone/water gave a ratio of 48:52 cis:trans.  On first inspection one 

might conclude that the CHD did follow a 1 e
-
 reduction to Ru (II) in Scheme 5.5 where no other 
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reducing agent is present.  A quick test we performed showed that DMSO alone can be reducing 

to ruthenium.  When ruthenium chloride (commercial) hydrate is refluxed in DMSO the above 

compounds are formed and DMSO can even reduce the ruthenium at room temperature at a 

slower rate.  Therefore we could not conclude if the source of the reduction was the CHD or the 

DMSO since the reaction yield was only ~ 56%.  In order to confirm that the CHD was the 

reducing agent, we had to make a ruthenium complex with a ligand that would not change upon 

reduction and could not be a source of electrons.  We choose Ru(terpy)Cl3 as the target complex 

and thought we could follow the reaction with UV.  We commenced our investigation with 

Scheme 5.6 to determine if CHD was the reducing agent. 

 

 

Scheme 5.6 Test for reduction of Ru(terpy)Cl3 with CHD 

 

We took a UV of the starting material Ru(terpy)Cl3 and of the black powder isolated from the 

reaction above but saw no change in the UV λ max from the starting material.  Given this result 

we could not conclude one way or another if CHD could indeed reduce Ru (II) as it is known to 

do for Fe (III).
226

  In the future, a different ligand series must be synthesized in order to 

determine the reducing ability of the CHD towards Ru (III). 

We devised another way to ascertain if the reduction during the formation of the 

ruthenium dimer process is a two electron process or a one electron process.  Since the 
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by-product of the two electron process in this case would be the formation of H2, we could test to 

see if H2 was formed using our protocol for the dimer synthesis (Scheme 5.4).  A colleague who 

tried to synthesize a modified ruthenium cymene dimer, 33, with a double bond on the isopropyl 

group, under regular conditions (Scheme 5.1) found 31 to be the only product of the reaction.  

We used our conditions form making the dimer with t-butanol as the solvent instead of ethanol 

(Scheme 5.7). 

 

 

Scheme 5.7 Testing formation of H2 in the process of dimer reaction 

 

The reaction resulted in a mixture of the dimers with a ratio of 44:56 of compounds 33:31 

respectively.  That was confusing and made it difficult to reach a conclusion about the reaction 

pathway in our system.  On the one hand, we were sure that in the typical reaction to form the 

ruthenium chloro-bridging dimer H2 is formed which hydrogenates the double bond on the 

isopropyl group of the CHD starting material.  On the other hand, the fact that we formed some 

of the dimer with the double bond, 33, suggests that there are two pathways for the reaction that 

might run concurrently.  We hypothesize that the H2 forming process is not as extensive under 

our conditions which allows some formation of dimer 33.  Compound 33 is a new compound and 



 

196 

 

has a synthetic value as a starting material for functionalizing the arene for future half-sandwich 

complexes.  Dimer 33 could possibly be synthesized exclusively if an excess sacrificial H2 

acceptor such as tert-butylethylene is used in addition to our protocol. 

 

 

5.3 Using trans-RuCl2(ACN)4 as a starting material in synthesis 

The labile ligands, ACN, of 30 made it a useful starting material, a fact we exploited to 

make other known ruthenium (II) complexes.  We used 30 to make [Ru(bipy)3][Cl]2, 

[Ru(phen)3][Cl]2 and [Ru(terpy)2][Cl]2.  Our protocol offered a new different synthetic route to 

this class of polypyridyl compounds than the previously reported ones (Scheme 5.8). 

 

 

Scheme 5.8 Our synthetic method of making polypyridyl ruthenium complex 

 

Traditionally there are two synthetic approaches to making these types of ruthenium polypyridyl 

complexes.  The first is a direct method starting from RuCl3•xH2O and excess ligand either at 

high temperatures without solvent or in the presence of metallic ruthenium,
227,228

 or using DMF 
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as a solvent.
229

  The second route is to reduce a ruthenium (IV) in the presence of the polypyridyl 

ligand.  For example, a complex such as K2[RuCl6] was reduced with phosphinic acid in the 

presence of the polypyridyl ligand.
227

  Our alternative synthesis for making Ru(bipy)3Cl2 as 

shown in Scheme 5.8 gave a quantitative transformation with a crude yield of 100% and 65% 

yield after purification and recrystallization.  It was interesting to see two different shapes of 

crystals of a hexagonal plate and a prism one in the recrystallized sample (Figure 5.1).  The 

crystal structure of Ru(bipy)3Cl2•6H2O has been reported previously and the crystal structure is 

known to be hexagonal with a space group of P6/mcc.
230

 

 



 

198 

 

 

Figure 5.1 Recrystallization of [Ru(bipy)3][Cl2] shows two shapes of crystals 

 

When we analyzed the compound by single crystal X-ray we found two different crystalline 

forms of the compound.  The hexagonal plates gave the same unit cell of the previously reported 

Ru(bipy)3Cl2•6H2O with a P6/mcc space group.  The prism looking ones, pack in a monoclinic 

crystal system with C2/c space group (Figure 5.2). 

 

Hexagonal 

Monoclinic 
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Figure 5.2 Single crystal X-ray structure of Ru(bipy)3Cl2•6.5H2O without the water 

 

There were quite a few water molecules in the crystal that caused disorder and we had to 

model them.  From modeling we found the crystal contain 6.5 molecules of water per ruthenium 

molecule.  When we applied the SQUEEZE program to the data to better estimate the number of 

water we found the electron density to correspond to 6.6 or most likely 6.5 molecules of water 

per ruthenium.  Both methods are in good agreement giving a molecular formula of 

Ru(bipy)3Cl2•6.5H2O.  It was interesting to see the concomitant hydrates form from the same 

recrystallization set up.  The hexagonal published crystal structure was also solved using 
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SQUEEZE/PLATON due the disorder of the water and chlorides.  Various crystals structures 

have been reported for [Ru(bipy)3][Y
-
] with a variety of counter ion.  One of these structures, 

racemic [Ru(bipy)3][ClO4
-
] had reported the same space group C2/c as we have found, while the 

chiral hydrate with the same counter ion gave a C2 space group.
231

  It would be interesting to see 

if one form of this compound can be forced with certain conditions. 

A similar synthetic route was carried to make the phenanthroline ruthenium analogue 

using 1,10-phenanthroline as the ligand (Scheme 5.9).  The compound was not recrystallized and 

an 
1
H NMR of the crude product confirmed formation of complex 35. 

 

 

Scheme 5.9 New synthetic route to Ru(phen)3Cl2 from compound 30 

 

Methanol was substituted as the solvent and the reaction was run for 17 hours for the terpyridine 

analogue, compound 36, similar to the reaction with the phenanthroline (Scheme 5.10). 
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Scheme 5.10 New synthetic route to Ru(terpy)2Cl2 from compound 30 

 

Compound 36 was recrystallized from methanol resulting in block shape dark red crystals which 

are typical for these class of ruthenium polypyridyl complexes.  It was analyzed by single crystal 

X-ray to give an identical unit cell to the previously reported [Ru(terpy)2]Cl2•6H2O.
232

 

 

 

5.4 Conclusion 

We have concluded that the reaction using commercial ruthenium chloride with a CHD to 

form the chloro-bridging dimer goes mainly by a two electron pathway forming H2 as a 

by-product.  However, a minor pathway is also possible where the CHD is the reducing agent 

following a 1 e
-
 reduction pathway.  We have expanded the synthetic tool box by developing an 

easy synthetic route to RuCl2(ACN)4  which can serve as a good starting material for synthesis of 

other ruthenium (II) complexes such as the ruthenium polypyridine complexes.  Further work 

must be done in order to establish the exact mechanism for the reduction of ruthenium by CHD 
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and the extent of the reaction.  Lastly, we also found another crystalline form of the famous 

[Ru(piby)3][Cl2] complex that can be further investigated regarding its packing tendencies. 

 

 

5.5 Experimental 

General Methods.  
1
H spectra were recorded at room temperature using CDCl3, DMSO-d6, and 

D2O as solvents on Varian MR 400 (400 MHz).  All reagents were used as purchased from 

Sigma or Alfa unless noted otherwise.  Varian 500 MS was used for ESI-MS.  Elemental 

analysis was performed with a Perkin Elmer Model 2400 Elemental Analyzer.  X-ray powder 

diffraction was obtained with Rigaku RAPID curved IP X-ray powder diffractometer using 

Cu-Kα raditation and an image plate detector.  All reactions were performed under nitrogen 

unless noted otherwise.  Ru(terpy)Cl3,
195,206

 mer-Ru (DMSO)3Cl3
199

 and 

2-methyl-5-(prop-1-ene-2-yl)cyclohexa-1,3-diene
233-235

 were prepared according to published 

procedures. 

 

RuCl2(CAN)4  RuCl3XH2O (261 mg, 1.06 mmol) was combined in a round-bottom flask 

equipped with a stir bar with 1-methoxy-1,4-cyclohexadiene (1.25 mL, 10 mmol) and 25 mL of 

acetonitrile.  The reaction was refluxed under nitrogen for four hours in an oil bath set to 90
o
C.  

Next the reaction was cooled down to room temperature and a green precipitate was vacuum 

filtered (0.147g, 41.5% yield).  The ppt was soluble in CDCl3, but the solution turned black after 

a few minutes.  A 
1
H NMR of the green ppt was taken in both CDCl3 and D2O.  

1
H NMR of 4 

(CDCl3, 298K, 300 MHz): δ 2.51 (s, CH3) due to coordinated acetonitrile.  Elemental Analalysis; 
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Calculated: C, 25.58, H, 3.60, N, 16.67.  Found: C, 28.30, H, 3.58, N, 16.16.  The powder was 

characterized by XRPD.  The powder pattern was indexed using TREOR program.  The TREOR 

output gave the unit cell: a = 13.0710, b = 11.7578, c = 8.5563 Å,α = 90.00, γ = 90.00 

°, V = 1313.90 Å
3
.  A search on the CSD matched with the published unit cell: a = 13.058, b = 

11.790, c = 8.562 Å,α = 90.00, γ = 90.00 °, V = 1318.153 Å3. orthorhombic, space 

group Pcba (No. 61).  Symmetry analysis with LeBail fit
236

 using GSAS
237

 program and the user 

interface EXPGUI
238

 matched the space group with the previously reported, Pcba (Figure 5.3). 

 

 

Figure 5.3 Solving the space group for 30 using GSAS gave Pcba space group 
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The above experiment was repeated with addition of 2 equivalents of ethanol (102 μL, 2.0 mmol) 

to yield the same product with yield of 57%.  In another variation the CHD was changed to 

γ-terpinine which also gave 30 as the product in 63% yield. 

 

Compound 31 RuCl3XH2O (263 mg, 1.07 mmol) was combined in a round-bottom flask 

equipped with a stir bar with γ-terpinene (1.60 mL, 10 mmol) and t-butanol (5.6 g, 7.6x10
-2

 mol).  

The reaction was refluxed under nitrogen overnight in an oil bath set to 90
o
C.  Next the reaction 

was cooled to room temperature and a dark green precipitate 32 was vacuum filtered and washed 

with diethyl ether.  The filtrate was bright red color and had some red precipitate in it.  The 

filtrate and solid 32 were immersed in CHCl3 and vacuum filtered to give again solid 32 and a 

red color filtrate.  The filtrate was then gravity filtered and the solvent was removed under 

reduced pressure until bright microcrystalline solid 31 formed.  Solid 32 was washed repeatedly 

until the filtrate was clear. 31 (0.31 g, 29% total yield).  
1
H NMR (CDCl3, 400 MHz) δ 5.47 (d, J 

= 5.8 Hz, 2H, Ar-H), 5.34 (d, J = 5.9 Hz, 2H, Ar-H), 2.92 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 

2.16 (s, 3H, CH3) 1.28 (d, J = 6.9 Hz, 6H, CH(CH3)2).  The reaction was repeated to give the 

same result the yield varied from 29-39%. 

 

Solid 32 was not soluble in any solvent but DMSO upon which it turned color to yield yellow 

crystals.  The yellow crystals of compound were characterized by single crystal X-ray diffraction 

and were shown to have the cis-[RuCl2(dmso)4] structure giving the identical unit cell to the 

published one.  Powder 32 could not by indexed by XRPD. 
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Reduction of ruthenium (III) with CHD 

In a round bottom flask equipped with a stir bar mer-Ru (DMSO)3Cl3 (152.2 mg, .3449 mmol), 

γ-terpinene (0.56 mL, 3.449 mmol) and t-butanol (2.7 g, 0.36 mol) were combined.  The reaction 

was refluxed under nitrogen overnight.  After cooling the reaction to room temperature a 

yellow-green solid was vacuum filtered.  The solid was washed with ether and dried on the glass 

frit under vacuum.  (0.94 g, 56% yield).  
1
H NMR (400 MHz, D2O) cis isomer: δ 3.50 (s), 3.48 

(s), 3.40 (s); trans isomer: δ 3.36 (s).  Also a small singlet appeared at δ 2.37 due to free DMSO.  

Note: the signals were not integrated as they correspond to equilibrium species forming with the 

deuterium solvent as previously reported.
239

  the ratio of cis to trans from NMR integration 63:37 

respectively. 

The reaction was repeated in ethanol as solvent giving the same two product with a distribution 

of 60:40 for cis:trans isomers.  When a mixture of acetone/water (5:1) was used as solvent again 

the same two products formed in a ratio of 48:52 cis to trans. 

 

Scheme 5.6 In a round bottom flask equipped with a stir bar Ru(terpy)Cl3 (51.0 mg, .0.116 

mmol), γ-terpinene (74.5 μL, 0.46 mmol) and t-butanol (2.5 g) were combined.  The reaction was 

refluxed under nitrogen overnight.  After cooling the reaction to room temperature a dark solid 

was vacuum filtered and washed with chloroform.  The UV-Vis spectrum of the dark solid was 

taken in DMSO and compared to the UV-Vis of the starting material Ru(terpy)Cl3.  The spectra 

of both compounds showed the same λ max at 408 and 485 nm.  No shift in the wavelength 

observed to denote a change in the oxidation state of ruthenium.  The solvent was removed from 

the filtrate and an 1H NMR of the residue showed only the CHD and less than 10% of p-cymene.  
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No ruthenium species was observed.  Although p-cymene was observed in the NMR, this did not 

necessarily indicate the reduction of ruthenium since the CHD can oxidize under these 

conditions without interaction with the ruthenium.  Also, the starting material CHD have some 

p-cymene as impurities which could be the actual source for the presence of the compound in the 

reaction filtrate. 

 

Compound 33 In a round bottom flask equipped with a stir bar, 

2-methyl-5-(prop-1-ene-2-yl)cyclohexa-1,3-diene (1.341 g, ~10 mmol), RuCl3•H2O (1.341 g, 

1.022 mmol) and t-butano (5.62 g) were combined and refluxed under nitrogen overnight.  After 

cooling the reaction to room temperature, a dark green precipitate was vacuum filtered and 

washed with chloroform (32).  The filtrate’s volume was reduced to minimum and a solid 

precipitated out of that mixture upon addition of ether.  The dark powder was washed with ether 

and dried on the glass frit.  The compounds could not be separated as the spots did not move on 

the TLC plate of either alumina or silica.  An attempt at purification using a Soxhlet extractor 

apparatus into pentane solvent was also unsuccessful.  An NMR showed a mixture of compounds 

31 and 33 (139.0 mg, 19.5% yield 33, 25% yield 31 based on NMR integration).  
1
H NMR 

(CDCl3, 400 MHz) Compound 31: δ 5.47 (d, J = 5.8 Hz, 2H, Ar-H), 5.34 (d, J = 5.9 Hz, 2H, 

Ar-H), 2.92 (hept, J = 6.7 Hz, 1H, CH(CH3)2), 2.16 (s, 3H, CH3) 1.28 (d, J = 6.9 Hz, 6H, 

CH(CH3)2).  Compound 33: δ 5.79 (m, Vinyl group), 5.46 (m, Ar-H), 5.42 (d, J= 6.0 Hz, Ar-H), 

2.14 (s, CH3), 2.17 (s, CH3). 
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Ligand exchange reactions starting with 30 making ruthenium polypyridyl complexes 

Compound 34 In a round bottom flask equipped with a stir bar, RuCl2(CAN)4 (269.5g, 0.802 

mmol), 2-2’-dipyridyl (1.255 g, 8.02 mmol) and water (10 mL) were combined and refluxed 

under nitrogen for 4 hours.  After cooling the reaction to room temperature, the solid was 

vacuum filtered.  MS of the crude mixture gave two signals at m/z 157 and another at m/z 285.  

The first one was due to excess 2-2’dipyridyl and the second corresponded to the mass of half of 

the cation [Ru(bipy)3]
2+

 due to the 2+ charge.  The crude mixture was extracted with water and 

dichloromethane.  The aqueous layer water was removed under reduced pressure and the solid 

recrystallized from water (0.327g, 64% yield).  
1
H NMR (400 MHz, D2O) δ 8.54 (d, J = 8.1 Hz, 

2H), 8.06 (t, J = 7.8 Hz, 2H), 7.84 (d, J = 6.5 Hz, 2H), 7.38 (t, J = 6.8 Hz, 2H).  The solid (34) 

recrystallized by slow evaporation from water.  A single crystal X-ray analysis (Figure 5.4) was 

performed at 100 K using a Siemens platform diffractometer with graphite monochromated 

Mo-Kα radiation (λ = 0.71073 Å).  Data were integrated and corrected using the Apex 2 

program.  The structures were solved by direct methods and refined with full-matrix least-square 

analysis using SHELX-97-2
111

 software and XSEED.
112

  Crystal data for SQEEZE 10152: 

C30H24Cl2N6O0Ru, M = 640.52,655953mm
3
, monoclinic, space group C2/c (No. 15), a = 

22.7776(17), b = 13.2487(10), c = 22.0988(17) Å, = 94.9800(10)°, V = 6643.7(9) Å
3
, Z = 8, Dc 

= 1.281 g/cm
3
, F000 = 2592, MoK radiation, = 0.71073 Å,  T = 296(2)K, 2max = 56.0º, 29057 

reflections collected, 7838 unique (Rint = 0.0352).  Final GooF = 1.087, R1 = 0.0460, wR2 = 

0.1320, R indices based on 6365 reflections with I >2sigma(I) (refinement on F
2
), 362 

parameters, 0 restraints.  Lp and absorption corrections applied, = 0.659 mm
-1

. 
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Figure 5.4 X-ray crystal structure of the Ru(bipy)3
2+

 cation in crystals of Ru(bipy)3Cl2•6.5H2O 

that pack in the space group C2/c 

 

The same procedure as described was used to make the phenanthroline analogue (35) of the 

bipyridine complex.  The compound was not recrystallized and only an NMR was taken as a 

proof of concept for viability of the synthetic route.  
1
H NMR (400 MHz, DMSO-d6) δ 8.74 (dd, 

J = 8.4, 1.3 Hz, 2H), 8.35 (s, 2H), 8.04 (dd, J = 5.3, 1.3 Hz, 2H), 7.75 (t, J = 5.0 Hz, 2H), 3.30 (s, 

6H, 3H2O molecules). 
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Compound 36 In a round bottom flask equipped with a stir bar, RuCl2(CAN)4 (100 mg, 0.298 

mmol), 2,2’:6’,2’’-terpyridine (73.0 mg, 0.313 mmol) and methanol (35 mL) were combined and 

refluxed under nitrogen overnight.  After cooling the reaction to room temperature, the solvent 

volume was reduced with rotary evaporator and a red precipitate formed upon addition of 

dichloromethane.  The solid was vacuum filtered and dried on the glass frit.  The crude solid was 

recrystallized from methanol.  
1
H NMR (400 MHz, CD3OD) δ 8.95 (d, J = 8.1 Hz, 2H), 8.69 (d, 

J = 8.2 Hz, 2H), 8.49 (t, J = 8.2 Hz, 1H), 7.99 (td, J = 7.9, 1.5 Hz, 2H), 7.50-7.43 (m, 2H), 7.25 

(ddd, J = 7.2, 5.6, 1.3 Hz, 2H).  A single crystal which was analyzed by X-ray gave an identical 

unit cell to a previously reported [Ru(terpy)2]Cl2•6H2O.
232
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