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Errata
p XIII: line 14: "7541-7543" for "751 -7543"
p 16: para 1, line 2: "was dually noted" for "was duelly noted": para 2, line 5: "a completely"
for "a complete"
p 53: para 2, line 5: "that there would" for "that their would"
p 62: para 3, line 2: 5% for %5
p 65: para 3, line 4: "regio-selectivity" for "chemo-selectivity"
p 70: para 1, line 4: "low-valent" for "lowvalent"
p 86: para 2, line 5: "(R = CH2CHCH2)" for "(R = CHCH2)"
p 116: para 2, line 5: "1,2-additions" for "1,2 additions"
p 131: para 2, line 2: "reactivity" for "re-activity": para 2, line 4: "whether" for "weather"
p 137: para 1, line 1: "solid" for "sold"
p 148: para 3, line 4: "possible" for "proposed"
p 176: para 1, line 3: "The need to" for "There is a need to"
p 179: para 1, line 5: "7.61 5" for "7.61 phi"
p 181: line 14: "BP 80-83°C/3mmHg" for "BP 80-83°C"
p 188: para 1, line 1: delete "and residual acetone" and read "vacuum to remove diethyl
p 213: line 7: "BP 137-140°C/3 mmHg" for"BP 137-140°C"
p 219: line 14: "BP 138-140°C/3 mmHg" for "BP 138-140°C"
p 222: line 4: "BP 70-75°C/3 mmHg" for "BP 70-75°C"
p 224: line 10: "BP 75-80°C/3 mmHg" for "BP 75-80°C"
p 225: line 5: "BP 55-60°C/3 mmHg" for "BP 55-60°C"
p 241: para 1, line 8: "in vacuo" for "en vacuo"
p57: Scheme 3: Should be replaced with;
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Scheme 3. Solvent-free enantioselective addition of dialkylzincs to
A'-diphenylphoshinoylimines achieving yields ranging from ca. 6090% with up to 97% ee. 4

p 167: Figure 2: Should be replaced with;
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Figure 2. Some polyethylene glycol derivatives; top, a-methoxyl-wamino-poly(ethylene glycol), bottom, a-methoxy-co-thiolpoly(ethylene glycol).45-46

p 88: Scheme 13: Should be replaced with;
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Scheme 13. Preparation of an organocopper reagent, using a
transmetallation system with organolithium reagent, /j-BuLi. The reaction
is performed under strict anhydrous conditions at low temperature, due to
the instability of the organocopper reagent and the organolithium.54

p 134: Scheme 7: Inserted spectra of o/s-allylated species (3) should be replaced with
the expanded version;
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Abstract
Various metals, namely; bismuth, indium, gallium, tin, copper and zinc, were
investigated for their potential use as mediators for the Barbier-Grignard type reaction
under solvent free conditions. Benign reaction methodologies for the allylation of
carbonyl compounds mediated by

bismuth, indium, gallium, tin and zinc were

developed which resulted in the corresponding homoallylic alcohols being produced
in good to excellent yields, whilst copper was found to be completely inert to these
systems. Crucially the exothermic nature of these reactions had to be controlled
through good synthetic design to prevent decomposition of starting materials.

These solvent free methodologies for the indium and gallium systems were
then extended to the allylation of C=N containing compounds. These protocols
achieved limited success. Gallium successfully mediated additions performed
on aldimines, however analogous indium mediated reactions resulted in a
mixture of the desired homoallylic secondary amine and the ftw-allylated
species. This 6w-allylated species is thought to result from an iminium ion
intermediate.

When additions were performed on sulphonylimines, both

gallium and indium mediated reactions produced little to none of the desired
1,2-addition product. This is thought to result from the mechanical problems
associated with the solvent free methodology.

Owing to the deficiencies of the solvent free approach, other benign reaction
methodologies were developed for the Barbier-Grignard type reaction. In these
systems a novel, benign reaction medium, poly(propylene glycol)/PPG (MW

VI
ca. 1000) was employed. Although gallium was inert in PPG due to galloxane
formation, iv was established that indium could successfully mediate the
allylation of both aldimines and 7V-sulphonylimines in PPG. In these protocols
PPG was successfully recycled and importantly good regio- and diastereoselectivity was achieved.
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Abbreviations
n

/2-butyl

b

broad

d

doublet

dd

doublet of doublets

DMF

iV,./V-dimehtylfromamide

Et2O

diethyl ether

eV

electron" volts

IP

ionisation potential

K

kelvin

m

multiplet

mmHg

millimetres of mercury

mol

mole

Mpa

mega pascal

OMe

methoxy

PEG

poly(propylene glycol)

PPG

poly(ethylene glycol)

s

strong (IR) or singlet (NMR)

SET

single electron transfer

t

triplet

THF

tetrahydrofuran

VOC's

volatile organic solvents

w

weak

Bu
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Introduction

1.

Introduction

1.1

The Chemical Industry and the Environment

During the 20th century, the chemical industry was a major contributor to
improvements in the standard of living and life expectancy of the human
population, resulting in an increase of 40% since 1900.1 This contribution was
made via the invention and subsequent mass manufacture of a host of new
chemical-based products that contributed to increased agricultural output,
improved industrial productivity, and better control of diseases. Although the
Australian chemical industry is small by global standards, it is growing at a rate
three times the OECD average.2

Furthermore, there is no denying its

importance to the Australian economy. Recent estimates indicate that in 1996
the industry had a turnover of S35 billion, and employed approximately 80,000
•i

i

people.2

3

Before the mid-1980's chemical manufacturers tended to concentrate on almost
exclusively improving yields and profitability when choosing synthetic
pathways to produce products whilst largely ignoring the environmental impact
their processes and subsequent wholesale disposal of chemical waste may have
had on the environment. This resulted in several well published environmental

i.j

disasters, including the Love Canal in New York State disaster of the 1970's
and more recently the Aurul Gold Mine cyanide spill into the Romanian river
Tisza in 2000. Australia has also paid the price for such wholesale disposal by

—;
'i
''i

industry. At Rhodes Peninsula on the Paramatta River in NSW, resident
1
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industry Union Carbide placed dioxin by-products of the pesticide 245-T (a
constituent of agent orange) into landfills between 1957-1974 resulting in a $90
million clean-up bill.3

As a consequence of these and other disasters, the reputation of the chemical
industries slipped seriously during the 1980's, with then current Chief
Executive of BP Chemicals, Bryan Sanderson, stating, "there has been a broad
and continuous decline in the industry's reputation, both as regards the benefits
it generates and its ability to manage risk."4 Furthermore, of the environmental
concerns of the Australian population identified in 1999, unease regarding toxic
chemicals and hazardous wastes emerged as a major issue, ranking among the
top 10 concerns for surveyed individuals (approximately 10% of the population
in all States and Territories).5

Owing to high-profile negative environmental impacts of chemical waste
disposal, legislators around the world began to implement regulations targeting
the treatment and disposal of hazardous waste to prevent "wholesale" waste
disposal through landfill and sewerage systems.

In Australia, legislation

includes the Environmental Protection Act (1970), which incorporates the
Prescribed Waste Regulation (1987) and Industrial Waste Management Policy
(Waste Minimization) (1990), which are continually being modified.

The

Plastics and Chemical Industry Association (PACIA) has gone further,
however, joining other national industries in implementing the Responsible
Care® initiative. PACIA has recommended that the chemical industry adopt
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several principals in regard to waste management, including waste
minimization at all phases of operation, thus going beyond what is legally
required. The PACIA initiative has led to 70% of all industry sites now having
waste-reduction plans covering generation of greenhouse gases, discharge of
liquids into sewers, and disposal of solids to landfills.2

Although such

initiatives and legislation have been effective in reducing the absolute amount
of waste being discarded, there is still a lot of room for improvement. For
example, during the year 1996-1997, 26.7 million tonnes of solid, sludge and
liquid wastes were disposed of into the Australian environment.6

This continuing disposal has resulted in hefty costs associated with waste
management (treatment/processing and or disposal), with $1,114 million per
annum being spent by the mining and manufacturing industries* in Australia in
2001.7 This contributes significantly to the overall $1.5 billion these industries
spedd on measures to protect the environment.8 Furthermore, as regulations
become more rigid, dealing with waste in an "end-of-pipe" fashion, is
becoming increasingly uneconomic as treatment and disposal costs escalate.

f

Manufacturing industries as defined by the ABS incorporate the chemical industry as
classified by the Australian and New Zealand Standard Industrial Classification (ANZIC),
which includes the subdivisions of agriculture, industry, petroleum, Pharmaceuticals and food
as applications of chemicals.
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Green Chemistry

Solutions for bypassing the environmental and economic hurdles associated
with waste treatment and disposal in the chemical industry have come in the
form of "Green Chemistry." This is a new approach to industrial chemistry
which seeks to reduce or eliminate the use or generation of hazardous
substances in the design, manufacture and application of chemical products.
Or, in other words, the objective is to be "benign by design" when inventing
new synthetic pathways, or addressing manufacturing problems associated with
"end-of-pipe" treatment. Green Chemistry follows twelve basic principals that
can be used as a guide when designing or redesigning chemical processes to
reduce or eliminate environmental impacts whilst still maintaining high yields
(Table I).8

Since the inception of Green Chemistry in the 1990's its philosophies have
impacted the chemical industry significantly, assisting the industry to leap
towards a more sustainable future. Currently, there are over 25 research
institutions across the globe, whose research focuses on the development of
sustainable technologies for chemistry. These are located across Europe, the
UK, North America, South America, West Africa and India. Furthermore, the
field of Green Chemistry has gained financial backing and support from
government institutions such as the US EPA and chemical societies including
the American Chemical Society and the Royal Society of Chemistry whose
Green Chemistry journal is enjoying high impact ratings due to the innovative
yet sustainable chemistry it publishes.
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Table 1. The twelve principals of Green Chemistry. Taken from; P. T Anastas and J. C.
Warner, Green Chemistry Theory and Practice, Oxford University Press, New York, 1998

1. It is better to prevent waste than to treat or clean up waste after it is
formed.
2. Synthetic methods should be designed to maximize the incorporation of
all materials used in the process into the final product.
3. Wherever practicable, synthetic methodologies should be designed to
use and generate substances that possess little or no risk to human
health and the environment.
4. Chemical products should be designed to preserve efficacy of function
whilst reducing toxicity.
5. The use of auxiliary substances (e.g. solvents, separating agents, etc.)
should be made unnecessary wherever possible and, innocuous when
used.
6. Energy requirements should be recognized for their environmental and
economic impacts and should be minimized. Synthetic methods should
be conducted at ambient temperature and pressure.
7. A raw material of feedstock should be renewable rather than depleting
wherever technically and economically practicable.
8. Unnecessary derivization (blocking group, protection/deprotection,
temporary modification of physical/chemical processes) should be
avoided whenever possible.
9. Catalytic reagents (as selective as possible) are superior to
stoichiometric reagents.
10. Chemical products should be designed so that at the end of their
function they do not persist in the environment and break down into
innocuous degradation products.
11. Analytical methodologies need to be further developed to allow for
real-time, in-process monitoring and control prior to the formation of
hazardous substances.
12. Substances and the form of a substance used in a chemical process
should be chosen so as to minimize the potential for chemical
accidents, including releases, explosions and fires.
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Green Chemistry has already been able to assist industry in its drive towards
sustainability by addressing three key issues in the design of chemical
processes, namely; replacement feedstock's, alternative synthetic pathways, and
alternative solvents.9

1.2.1 Replacement Feedstock rs
Here the aim is the replacement of existing industrial feedstock's (which tend
to be hazardous and are generally derived from non-renewable resources such
as petroleum), with non-toxic, renewable or biologically derived materials. A
good illustration is the current use of lactic acid, derived from biological
sources, as an alternative feedstock in the production of polymers.10 The plantderived photosynthetic products, starch and sucrose, also have potential for
increased use as alternative industrial feedstock's. Metabolix Inc., an American
company, has been able to develop large-scale technologies (50,000 L), for the
development of bioplastic's or PHAs.11 The development of such
biodegradable and water resistant bioplatics has been achieved through the
development of the sustainable process of femientation of natural sugars and
oils using microbial biofactories.

1.2.2 Alternative Synthetic Pathways
Synthetic processes usually incorporate numerous steps to reach the desired
product, and with each step, by-products, solvents and unreacted starting
materials enter the waste stream. Traditionally, chemists have concentrated
6
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only on the yield of the desired product. The amount of waste produced,
however, now also needs to be taken into account. Even where a reaction
might achieve 100% yield (where one mole of starting material produces one
mole of desired product) there can also be a large volume of waste produced in
the form of unwanted side products. Ideally synthetic methods should be
designed to maximize incorporation of all materials used in the process into the
final product to prevent such waste production.9

Use of selective catalysts has significantly improved the "greenness" of many

I
i

synthetic pathways. Such catalysts can improve the selectivity of reactions,
thus reducing the number of steps required, adding to overall efficiency in
terms of product yield, and significantly reducing the amount of waste
produced.

The industrial company Pfizer, for example, has been able to

employ a selective catalyst that reduces the number of stages in the synthesis of
sertraline, (a precursor for the anti depressant drug Zoltoft) and contributes

'A

greatly to the reduction of waste.12

I

1.2.3 Substitute Solvents

u

every step that must be treated and disposed of. Although these solvents do not

In chemical manufacturing and processes there are solvents used in essentially

participate in the chemical process, they are viewed as crucial for overcoming
problems associated with manipulation of reactants, heat transfer and
separation. Many traditional solvents are volatile petroleum based substances
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(e.g., hexane), and are commonly termed volatile organic solvents or VOC's.
Other types include chlorinated solvents, which along with the VOC's, pose
risks to the environment and are also suspected carcinogens. Although these
solvents can be recycled, to do so can involve costly and energy-inefficient
purification procedures such as distillation. Also, the use of recycled solvents is
limited to non-pharmaceutical processes such as the petrochemical and plastics
industries.

Increasingly VOC's are being replaced by non-toxic, non-volatile, recyclable
and renewable solvents such as ionic liquids,13'14'15 water,16 polypropylene
glycols17 or super critical CO2.18 Or, alternatively, in an even more radical
•:•?.

approach, the solvent can be removed altogether in so-called solventless
systems where high yields and high selectivity can be achieved while
eliminating altogether the contribution of the solvent to the waste stream.19

.1
'A
it

M

8
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1.3 The Barbier-Grignard Type Reaction

OMgl
CH 3 I

Mg

CH3

Ether

H 2 O/H 2 SO 4
= (CH3)2C=CHCH2CH2OH
R1

CH 3
CH 3

Scheme 1. An example of the Barbier-Grignard type reaction.20

The Barbier-Grignard type reaction is one of the most important and ubiquitous
reactions in chemistry due to its ability to create new C-C bonds. The first
example of this reaction was observed in 1899 by Barbier (Scheme 1), by the
mixture of magnesium, alkyl halides and a methyl ketone to create a tertiary
alcohol ether.20 In these reactions the reactive organometallic species is formed
in situ. By investigating the reaction sequence Victor Grignard, discovered that
the reaction could be used to prepare an extraordinary amount of compounds.
The "one-step" addition can be carried out on most organic compounds that
contain polar multiple bonds, such as ketones, aldehydes, nitriles and imines.
For approximately 20 years after its discovery this reaction was restricted to
small-scale laboratory work.

This was largely attributed to the use of

previously prepared organometallic derived from magnesium (Grignard
reagents), which were then added to the substrate for the addition to occur
(Scheme 2).

These had to be cautiously prepared before their addition to
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MgX

RrRi
R,H

Wurtz couple product

Ri and R2 = H, alkyl or aryl

R1——H

OH
R,

R2

OH

H
R2

Altylic alcohol

HO

R2

Pinacol coupled product

Scheme 2. The 1,2-addition of a carbonyl compound performed by a Grignard reagent,

prevent Wurtz-type coupling of the aryl and alkyl halides and hydrolysis of the
magnesium-carbon bonds of the reagents. Furthermore the addition of the
reagent had to be performed at low temperature to prevent pinacol coupling of
carbonyl compounds.
After 1945, improvements in airtight reactor design and the introduction and
discoveries of less volatile solvents such as tetrahydrofuran and dioxane, the
chemical industry was able to replace the highly volatile diethyl ether.21
Presently the reaction is used extensively in the fine chemical industry for the
production of pharmaceutical intermediates, flavours and fragrances. This can
10
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be attributed to the development of alternatives to the traditional Grignard
reagents which incorporate other metals, such as lithium, aluminium, sodium,
tin and zinc, which allow the reaction to be carried out at room temperature.21

1.3.1 Green Chemistry and the Barbier-Grignard Type Reaction
To-date the Barbier-Grignard reaction has been developed to incorporate a
variety of 'hard' organometallic reagents, mostly allylic compounds of lithium,
magnesium, zinc, aluminium and copper.22 The nature of these reagents places
significant

restrictions on their use, especially when considering the

redesigning of the reaction process with Green Chemistry in mind. Such
restrictions include; (i) the requirement for large volumes of anhydrous organic
solvents, which produce unwanted waste in the form of VQC's and drying
agents; (ii) the requirement for protection of functional groups, such as -OH
and carboxylic acid, due to unwanted nucleophilic attack which adds to the
overall inefficiency of the reaction; (iv) the requirement for a stoichiometric
amount metal species, which have a tendency to be non-recyclable and toxic,
adding to the amount of metal waste produced in such reactions; (iiv) and the
requirement for low temperature conditions.23

11
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1.4 The Barbier-Grignard
Media

Type Reaction in Aqueous

1.4.1 Homoallylic Alcohols
The Barbier-Grignard type reaction can be used to synthesise many biologically
active compounds, and is extensively used to produce the versatile synthons,
homoallylic alcohols. These compounds are highly useful building blocks for
the

synthesis

of

a

variety

of

compounds

including;

macrolides,

polyhydroxylated natural products and polyether antibiotics. The most facile
synthesis of these homoallylic alcohols involves metal-mediated allylation
(Scheme 3).21

Br
R

X,

i) M/VOC
ii) H2O

Ri and R2 = Alkyl or Aryl groups
M = Bi, Zn.Sn, MnorSb
VOC = Volatile organic solvent

Scheme 3. A "one-pot" allylation of carbonyl compounds in volatile organic solvents.

In recent years much attention has been given to redesigning the BarbierGrignard reaction to incorporate the principals of Green Chemistry into the
process. Consequently investigations into the development of benign synthetic
protocols thus far have concentrated on the allylation of carbonyl compounds.
This redesigning with Green Chemistry in mind has grown on the foundation
on work previously conducted to reproduce the reaction under more mild
conditions. The progress began by the development of the Barbier-Grignard
12
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type carbonyl addition of allylic halides using organometallics derived from
several metallic elements such as manganese,24 zinc,25 tin,20 antimony,27
bismuth28'29 and lead30 (Scheme 3). These reactions offered several advantages
over the traditional "two-step" reaction, including; (i) reactions could be
performed at low temperature, (ii) they did not require the pre-synthesis of the
reactive organometallic (Grignard reagent), and (iii) the metals were relatively
inexpensive (iv) and undesired pinacol and Wurtz coupling did not occur.
Although these facile reactions produced high yields (80-90%) they still relied
on volatile organic solvents, anhydrous conditions (due to the misconception
that organometallics would undergo protonlysis in the presence of moisture),
required long reaction times and often incorporated particularly toxic metals
such as antimony, lead and tin.

1.4.2 Zinc and Tin as Mediators
One area of investigation that allowed for the development of benign synthetic
protocols for the Barbier-Grignard type reaction was the discovery that the
reaction did not necessarily require strict anhydrous conditions.

This was

largely due to the discovery that some organometallic species, such as those of
zinc and tin, could in fact be prepared in the presence of high concentrations of
water, and that some metal-carbon bonds do not cleave readily in the presence
of water.

13
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+

+

Sn

Moistened Sn

Anydrous Toluene/A

Toluene/ A

SnBr2

14%

Scheme 4. Formation of diallyltin dibromide in the presence of water.

In the case of tin both aikyl and aryl tin compounds had been traditionally
prepared by the action of an organomagnesium, organolithium or
organoaluminium compound with tin salts.31

Although such reactions

produced the desired alkyl- or aryl-tin compound, this indirect approach
required the use of volatile organic solvents, inert c( editions and often
produced a mixture of compounds with less than desirable yields. A more
direct method which could produce the organotin compound by reaction of an
alkyl halide and metallic tin was seen to be more desirable and would alleviate
the need for complicated reaction procedures often associated with traditional
Grignard reagents. In the 1960's Sisido et al. found that the reaction of
metallic tin with alkyl and aryl halides, in refluxing toluene produced the dialkyl and aryl tin compounds (Scheme 4).32'33 Although the yields were initially
poor for alkyl derivatives it was observed that the yields of the alkyltin
derivatives could be significantly improved if conditions were not strictly
anhydrous but rather performed in the presence of moistened tin.33
Furthermore, in the case of aryl tin halide derivatives, the reaction did not occur
at all if there was no water present, which was assumed to be due to the ability
of water to activate surface of the metal.32
14
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With this knowledge, Nakomi et al. in the 1980's were able to improve yields
observed in one pot allylations of carbonyl compounds. These reactions were
usually

performed

under

strictly

anhydrous

conditions

in

aprotic

solvents.26'34'35'36 However, Nakomi was able to achieve high yields (ca. 5070%) by the addition of water (ca. 1 ml) to the ethereal solvent system. 37> 38
Due to the simplicity and success of such reactions, biphasic systems for tin
were developed using THF and other aprotic solvents. These developments
allowed for similar systems to be developed for zinc mediated reactions, where
an aqueous saturated solution of NH4CI and THF was used, resulting in the
production of the desired homoallylic alcohols in essentially quantitative
yields.39 Through systematic investigations it was found that both metallic tin
and zinc could mediate a variety of carbonyl compounds in aqueous
environments (Scheme 5).37'38'39 The use of such protocols for the allylation of
carbohydrates mediated by tin exemplified the versatility and selectivity of
such systems.40 Due to the simplicity of such a reaction and the economic

OH
Metal/CAT
H2O
Metal = Zn or Sn
R-i = Electron withdrawing
group
CAT = NH4CI, HBr, sonication
or heat

Scheme 5. Allylation of various carbonyl compounds mediated by tin and zinc in an
,.

37 38 39

aqueous medium. * '
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advantages associated with the use of water as a co-solvent, the potential for
extension to industrial applications was duelly noted.40

The development of Green Chemistry in the 1990!s meant that investigations
began to focus on the possibility of removing the VOC's altogether from
reactions using tin and zinc and replacing the reaction media, with the benign,
recyclable and cheapest solvent, H2O.

Chan et al. were able to develop a

complete aqueous reaction protocol for tin mediated allylations improving
yields significantly (ca. 20%).41 In coi/jur acn lo --. .wntially quantitative yields
the reaction was extended to other substrates, including water soluble
carbohydrates (which usually required derivatisation in VOC's), highlighting
yet another advantage of aqueous media over VOC's.42

Similar conversion

success was achieved with zinc, with the reaction being extended to a variety of
substrates such as iV-sulphonylimines.42 Although such reactions produced
high yields, they often required ultrasonic irradiation, the presence of an acidic
catalyst such as HBr or NH4CI, heat or indefinite induction periods, which in
terms of the philosophies of Green Chemistry pertaining to atom efficiency,
energy input and waste was not desirable.

1.4.3 Indium as a Mediator
Following work already established using tin and zinc in water, Chan and et al.
began investigating other possible metal mediators which did not require
activation or long reaction times within an aqueous environment. This

16
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redesigning of the Barbier-Grignard reaction with Green Chemistry in mind,
has been approached in a stepwise manner with research thus far conducted
concentrating on the elimination of the use of protecting groups and anhydrous
VOC's.42 This radical approach obviously required the changing of the nature
of the metal mediator to suit this new medium, ensuring that the metal itself did
not react with water and form oxides, as would be the case with magnesium and
sodium.43 Furthermore, to ensure comparable yields were achieved to those
previously obtained the mechanistic characteristics and nature of the reaction
had to be taken into account.43

In terms of mechanistic possibilities there have been several theories. One
theory assumes that the reactions proceed through an organometallic
intermediate, with studies comparing one-pot syntheses with reactions in which
the allyl metallic halide species are pre-formed prior to the addition to the
carbonyl compounds. The two methods produce essentially the same yields.44
Also, because of the hydrolytic instability of many of the organometallic
compounds that have successfully mediated such reactions in water, like the
organo-zinc compounds, it has also been postulated that the reaction proceeds
on the metal surface, without the involvement of a discrete allyl metal
intermediate.44 Consequently, two schools of thought have developed in
relation to the mechanisms of the Barbier-Grignard type reaction. These are
summarised in Scheme 6.23 The first involves the single electron transfer
(SET), on reaction of the alkyl halide with the metal forming the radical anion
of the alkyl metal halide species. This then reacts with the carbonyl substrate to
17
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form the radical alkoxide species which then undergoes further reduction to
give the product.

The other possible route involves the metal species reacting with the carbonyl
substrate, also via a SET mechanism to form the ketyl radical anion, which then
couples with the allylic halide (Scheme 6). This results in the formation of the
alkoxide anion, which can be further reduced to give the homoallylic alcohol.
In these two proposals there is a common theme; Single Electron Transfer/SET.
Thus, irrespective of the mechanism, to guarantee comparable if not improved
yields to those previously obtained with metals such as magnesium, the first
ionisation potential of the new metal mediators should be similar, if not lower,
than that of metals previously used. It was assumed that low first ionization
potentials equates with greater reactivity and consequently higher yields.23
Furthermore, to be consistent with Green Chemistry it should be non-toxic,
recyclable, reactive, easily prepared and obviously, non-reactive with water.

18

Chapter 1.

Introduction

SET
M

SET

SET

M

H

SET
\ \ ~ \ - \ - \

Scheme 6. Proposed mechanisms for the allylation of carbonyl compounds, both involving
SET process, taken from T. H. Chan, C. J. Li, M. C. Lee and Z. Y. Wei, Can. J. Chem.,
1994,72, 1181-1192
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Taking all these factors into account it was noted that indium metal satisfies
such requirements; it has a relatively low toxicity, can be recycled and is
hydrolytically robust. Importantly, indium also has a lower first ionization
potential (5.70 eV) than the previously used metal mediators of magnesium,
zinc and tin (Table 2). 45 Also the use of indium metal in organometallic
chemistry had received little attention in comparison to other metals.46 Indium
certainly lived up to its expectations. Chan et al. v/ere able to develop
extremely simple protocols for indium mediated allylation of carbonyl
compounds in aqueous media. In these protocols a mixture of the carbonyl
compound, allyl halide and indium could be stirred in water for 1-6 h, resulting
in the production of the desired homoallylic alcohol (Scheme 7).46 High yields

45

Table 2. First ionization potentials of metal mediators

Metal

l st IP/eV

Sodium

5.14

Bismuth

5.38

Lithium

5.39

Indium

5.70

Gallium

5.99

Tin

7.43

Magnesium

7.65

Copper

7.73

Zinc

9.39
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ln/H2O

-*- R

R2

Ri and R2 = H, Alkyl or Aryl groups
X = l, BrorCI

. 4b

Scheme 7. The one-pot synthesis of homoallylic alcohols in aqueous media.

Table 3. Comparison of indium, zinc and tin in allylations of acetophenone.46

Carbonyl
J

Metal

l st IP(eV)

.
., . A1 ! y !, .
,
bromide/metal/carbonyl

% Yield

Ph(Me)=O

In

5.78

1.5/1/1

72

Ph(Me)=O

Zn

9.39

1.5/1/1

18a

Ph(Me)=O

Sn

7.34

1.5/1/1

0b

1

In the presence of ultrasonic irradiation

1

Heated to 80°C

were obtained (60-90%) with various aldehydes and ketones, and in
comparison to reactions performed using zinc and tin the reactions did not
require, the presence of acidic catalyst such as NH4CI or hydrobromic acid,
anhydrous conditions, indefinite induction periods, high temperature, or
ultrasonic activation. Furthermore, unwanted side products such as the pinacol
coupled product and the reduced aldehyde were not observed as had been the
case with the zinc and tin mediated reactions.47 In fact, the reactions proceeded
smoothly at room temperature which was attributed to the increased reactivity
towards allylic halides over zinc or tin. It was noted when comparing the three
metals indium produced the highest yield of homoallylic alcohol on reaction
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with the ketone, acetophenone in reactions performed in an aqueous medium
(Table 3).46

1.4.4 Regio- and Diastereo-Selectivity
If these reaction protocols were to be extended to downstream synthetic
applications a high degree of regio- and diastereo-selectivity had to be
established. Such stereoselectivity plays a crucial role in the development of
synthetic routes for the production of biologically active compounds. Through
systematic investigations that involved using a number of y-substituted allyl
bromides the aqueous system was shown to have high degrees of both.48 These
reactions showed a high degree of regioselectivity with the y-adduct
predominating (Scheme 8). This regioselectivity was found to be governed by
both electronic and steric effects.49

In general reactions give the regioisomer

where the substituent is a to the new C-C bond irrespective of the position of
the substituent on the allyl halogen. Although, when the y-substituent is large,
such as -SiMe3, the a-regioisomer predominates. In contrast, when a highly
substituted allyl halide is employed such as y,y-dimethylallyl bromide gives
predominately the y-adduct. This implied that the regioselectivity is governed
by steric size of the y-substituent but not by the degree of substitution.49

22

Chapter 1.

Introduction

i

1
Equation 1
OH

SiMe 3

Scheme 8. Regioselectivity of the indium mediated reaction in water, showing that the
a-regioisomer predominates (Eq. 1) except when a large substituent is present (Eq. 2).49

Diastereoselectivity was found to be dependant on both the substituent on the
allylic halide and the aldehyde itself. When additions are performed using
substituted allylic halides, such as cinnamyl bromide, there are two main
factors governing diastereoselectivity, namely the size of the substituent on the
allylic halide and the size of the substituent on the aldehyde. The resultant
diastereoselectivity is syn favoured.

For allylic halides, as the size of the

substituent increased so to did the degree of selectivity, (Entry 1 & 2 Table 4).49
Furthermore, when the steric size of the substituent on the aldehyde increased
so did the diastereoselectivity (Entry 3 & 4, Table 4).49
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Table 4. Ratio ofsyn:anti in indiummediated reactions in aqueous media.

Entry

2

R

R'

Anti.'Syn

Ph

Me

50:50

Ph

Ph

4:96

Ph

31:69

Ph

4:96

3
4

(Me)2CH

This syn favoured selectivity was explained using a Zimmerman type transition
in which the allyl indium species is in equilibrium with its regioisomers and
carbonyl oxygen co-ordinating with indium in a manner dependant on the steric
influence of substituents on the allyl halide and the carbonyl (Scheme 9).48

Other investigations were also conducted on the effect of the presence of achelating groups, or lack there of, on diastereoselectivity. This work concluded
that in the presence of strong a-chelating groups (such as hydroxyl) on the
substrate syn adducts predominated, whilst non a-chelating groups (such as
methyl) resulted in the cwtf-adduct. This was explained by the co-ordination of
the allyl indium species with both the carbonyl o;cygen and the a-chelating
group (Scheme 10).50
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Jnn
R2

R2

I

R

R2

3

^f^

Scheme 9. The proposed Zimmerman type transition state of the allyl indium species and the
carbonyl compound.

H
1_-OH

In.
HQ
-H
R'

H

OH

H

H
syn-adduct

Scheme 10. The co-ordination of a-chelating groups and allyl indium species to produce
the 5)7j-adduct.
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The diastereoselectivity of the aqueous indium system enabled its extension to
many synthetic applications.42

For the aqueous/indium system to become widespread it was important to show
these reactions were versatile enough to incorporate a variety of compounds,
particularly in reactions where the tin and zinc counterparts failed. An example
of such a reaction was the addition to carbonyl compounds that contained acid
labile groups. In direct comparison with the reactions performed on methyl
ketones it was found that indium could mediate the reaction whilst tin and zinc
produced little to none of the desired homoallylic alcohols. This was concluded
to be a result of the mild conditions the indium reactions were performed
under.50 Other extensions of indium-mediated reactions include the synthesis
of sialic acids,51 styryl carbohydrates,52 carbocycles,53 and P-lactams54 which
highlights the versatility of the aqueous indium system.

In terms of selectivity reactions performed on unprotected carbohydrates using
indium exemplified its selectivity and superior reactivity over its zinc and tin
counterparts (Scheme 11).55 On comparison it was found that both indium and
tin produced the desired compound, 1, in similar yields (ca. 65 %), with a
similar high degree of selectivity (6:1 thero/erythro)*, whilst there was no
reaction observed when zinc mediated the reactions. Although the results for
both tin and indium mediated reactions were similar, the yields of the tin
mediated reactions came at a cost requiring either ultrasonic irradiation for

f

Determined by conversion into compound 2
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extensive periods (16-20 h) or reflux conditions (2 h) to produce the allylated
product.

CHO

AcO

-OH

-OAc

— OH

-OAc

Allyl bromide/M/Et2OH/H2O

— OH

-OAc

— OH

OAc

— OH
D-Ribose

AcO—
AcO—
i. ii, iii, iv, v

-OAc
1

OAc

OCH3
2

M = Sn, Zn or In
i) Ac2O. pyr, DMAP, ii)NaOMe, MeOH, O3, iii) MeOH/Ch2CI2, -70°C, iv)
MeOH. H \ v) AcjO, pyr

Scheme 11. Allylation of carbohydrates using indium, zinc and tin as metal mediatiors."

1.4.5 Other Benign Protocols
Following the success of reactions performed in aqueous media, other benign
reaction protocols were also investigated. These protocols have concentrated on
methods that eliminate the use of VOC's by the use of replacement media such
as liquid CO2 and ionic liquids. It was hoped that these media would improve
the performance of mediators such as zinc and tin, which as discussed often
required thermal, acidic and/or ultrasonic irradiation to overcome their
tendency to form oxides on their metal surfaces in an aqueous environment.
In investigations conducted into the use of liquid CO2, it was found that
although the allylation was successful, in comparison to analogous reactions
using indium in an aqueous environment, reduced yields were observed (4027
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80%).56 Also exceedingly long reaction times of up to 48 h were required. The
observed reduction in yield was found to be due to the inherently difficult
workup associated with the use of the highly specialized apparatus required in
liquid CO2 reactions.56

OH

.A..

In, SnorZn
Ionic Liquid

Ionic Liquid =

N

R1tR2 = Alkyl, aryiorH
R3 = Ethyl or butyl

Scheme 12. The synthesis of homoallylic alcohols in ionic liquids.

In comparison, the use of ionic liquids was far more successful than with
supercritical CO2.

High yields (50-100%) were observed in reactions

performed in l-butyl-3-methylimidazolium tetrafluoroborate ([bmim][BF4])
and l-ethyl-3-methylimidazolium tetrafluoroborate ([emim][BF4]) for indium,
tin and zinc (Scheme 12).57 In contrast to analogous aqueous reactions, both tin
and zinc were as effective as indium in mediating the reactions at room
temperature without the use of activation.

Although all of these reactions

could be performed at room temperature with only stirring, reaction times were
significantly longer (> ca. 10 h) than reactions performed in aqueous media.

Although these protocols were successful, the use of an aqueous media was still
seen as advantageous. This was due to the fact that an aqueous medium is
28
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cheaper, shorter reaction time's prevailed and work-up procedures simpler.
Consequently efforts to extend the scope of benign 1,2-addition protocols have
concentrated on the use of aqueous media.
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The C=N Double Bond

Following the success of the aqueous indium system in its application to a wide
variety of carbonyl containing compounds, other possible candidates for 1, 2
addition reactions were also investigated. One important area has focused on
analogous additions on the the imines, RiR2C=NR3, (which incorporate Nalkyl/arylimines and N-thioimines,) to create an amine group (Scheme 13).58'
59,60

NHR?

.R?

NT

X

+ R3ML

[1,2]-addition

H

Ri and R3 = alkyl, aryl, allyl, vinyl etc.
R2 = alkyl, aryl, -SiR3, -NR2, POR2, -OR, -S(O)xR etc.
M = Li, Mg, Ba, B, Sn, Si, Ce, Yb, Cd, Cu, Zn Zr etc.
VV

VU

*JJ

Scheme 13. Synthesis of amines by nucleophilic 1,2-addition to the imino group ' '

The amine group is important in organic synthesis because it is a characteristic
structural feature of many bioactive natural products and pharmaceutically
important compounds.59 Although, several different strategies have been
developed for its formation, such as reduction of imino derivatives, the
nucleophilic attack on the C=N double bond is one of the most popular.

/. 5.1 Homoallylic Secondary Amines
The homoallylic amines are important fundamental building blocks in many
biologically active compounds, including anti-fungal agents (Figure I). 61 ' 62
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Homoallylic amine
R3HN

R-,, R2, R3 & R4 = Alkyl, aryl or H

Figure 1. The homoallylic amine.

Like other compounds containing amine functionality they are generally
created by the 1,2-addition of organometallic reagents to imines. Due to the
nature of the imines themselves, which generally have low reactivity towards
nucleophilic additions when unactivated, highly reactive organometallic
reagents, mostly allylic compounds of lithium,63 magnesium, copper and zinc
have been employed.59'60 As with the analogous reactions with carbonyl
compounds these reactions, there was a requirement for the strict exclusion of
air and moisture and the use of dry solvents. Furthermore, these reactions were
limited to non-enolizable imines derived from aromatic aldehydes or a-alkyl
substituted aliphatic aldehydes to prevent enamine formation.

In addition,

reductive dimerisation was witnessed along with the desired addition product,
which was often produced in low yields.64

Investigations into the selectivity of reactions performed on optically active
imines with allyl organometallic reagents showed that selectivity was
determined by the /?-a/w-geometry of the aldimines, the steric influences of the
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A"7tf Cram
Cram:/5ntfCram
Up to 100:1
M = Li, Mg, B. Si
R1 = Alkyl or aryl

Scheme 14. Significant high Cram selectivity exhibited in 1,2-additions to chiral imines
with various allylic metals.

chiral centre and the steric influence of the allyl group. This arose due to the
formation of a six-member chelating ring between the organometallic and
aldimines (Scheme 14).64 The /raws-geometry forces the metal to co-ordinate to
the nitrogen atom syn to the alkyl group (R). Thus, the chiral centre is in the
axial position and a preference towards cram selectivity is observed.64 It has
been argued that the other transition state 2 is highly destabilized due to steric
repulsion caused by the methyl group and the ring protons contributed by the
allyl functionality.64

In attempting to create protocols under milder reaction conditions, with few
side products and simpler manipulations, Barbier-Grignard type protocols were
developed.

These

protocols

have

incorporated

indium, 5

cadmium,
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samarium,67 magnesium and zinc.68 High yields were obtained using aldimines,
and in the case of magnesium and zinc reactions could also be performed on
ketimines. These reactions produced the desired homoallylic amines under
mild conditions, with no evidence of the possible 1,4-addition when reactions
were performed on a,P-unsaturated imines (Scheme 15).

NT

.A/

i) M, THF
1

HN

ii) NaHCO3

M = In, Zn or Mg
Rt, R2 & R3 = Alkyl, aryl or H

Scheme 15. Allylation of aldimines in THF mediated by In, Zn or Mg.bSlMI

1.5.2 Other C=N Containing Compounds
In order to improve the scope of the 1,2-addition reaction to C=N bonds which

Scheme 16. The 1,2-addition to sulphenylimines, showing the high selectivity resulting
from the formation of a 6-member chelate ring. '
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had thus far suffered due to the occurrence of competitive reactions including;
enolization, reduction and coupling reactions,59 other C=N containing
compounds were investigated. These compounds include the TV-substituted
imines, such as the jY-silylimines, N-borylimines, JV-alumino imines, Nphosphinolyimines and A-thioimines, whose highly electron withdrawing
groups increase the eletrophilicity of the imine carbon thus decreasing the
occurrence of unwanted side reactions. These activating groups could then be
cleaved to give the corresponding amines (Scheme 16).69

7.5.3 N-Thioimines
In comparison to other iV-substituted imines and the aldimines themselves, the
A-thioimines offered several advantages over and above their ability to activate
the C=N bond (Figure 2).70>71l72>73 These include the ease with which the
sulphonyl group could be cleaved by acid hydrolysis to give the corresponding
amines and importantly their hydrolytically robust nature which allowed for
easier synthetic manipulations enabling them to be stored for long periods of
time (Scheme 16).69'74

A/-Thioimines

n = 0; sulphenimine
n = 1; sulphinimine
n = 2; sulphonimine
Ri.Rc and Ra = H, alkvl orarvl
Figure 2. N-Sulphur bonding imine
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In spite of these advantages, since their discovery in the early 1970's by Davies
et al. little work has been conducted in the development of protocols for such
additions to the TV-sulphur bonding imines.70 It has been postulated that this
may have been due to a lack of a facile synthesis for the TV-sulphur bonding
imines, which have often involved long reaction times and the use of highly
reactive and toxic reagents such as TiCU.75'76'71

As with their imine analogues, the TV-sulphur bonding imines traditionally
underwent the 1,2 additions by the addition of Grignard reagents (Scheme
16).75*76 In such reactions high yields (60-90%), and importantly high
stereoselectivity, was achieved when a chiral centre was present on the sulphur
atom, which then allowed for their further transformation into p- and y-amino
acids.76'75 The high selectivity exhibited was assumed to result from a sixmembered transition state, created through the chelating effects of the metal
with the N and O atoms of the imine (Scheme 16).75'76 This is in accordance
with previous mechanistic routes for asymmetric induction in analogous
reactions performed on other imines, as discussed previously. Although the Nthioimines are hydrolytically robust, the use of organometallic reagents of
magnesium requires anhydrous volatile organic solvents.
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1.5.4 Green Chemistry and C=NAdditions
Aldimines
As stated earlier though much attention has been given to the development of
benign synthetic protocols for the allylation of carbonyl compounds,77 the
allylation of aldimines has been somewhat neglected.

There have been

contributing factors to this including, the low reactivity of unactivated imines
towards nucleophilic addition, their tendency to deprotonate when they are
derived from enolizable carbonyl compounds and their sensitivity to water.58'59
Attempts to produce benign synthetic procedures for the allylation of various
carbon-nitrogen double bond containing compounds began with investigations
into the synthesis of homoallylic amines derived from aldimines.

These

attempts concentrated on the possibility of extending protocols developed using
indium and zinc as the mediators in a completely aqueous environment.
However, this resulted in the hydrolysis of the imine to the corresponding
carbonyl compounds before allylation, a result of the tendency of the imine to
hydrolyze in the presence of water. This resulted in the formation of the
corresponding homoallylic alcohols instead of the desired homoallylic amine
(Scheme 17).78>42

36

Chapter 1.

Introduction

,Br

v-v •

ln/H,0
3—NH2

H:

Ri,R2. R3 = Alkyl.ArylorH
t Unknow/variable orxidation state
OlnBr

R.
R2

- nln(OH)Br

OH

Scheme 17. Attempted allylation of aldimines in an aqueous environment resulting in the
hydrolysis of the aldimine, with formation of the corresponding homoallylic alcohol.

Furthermore,

other

investigations

noted

that

imines

could

undergo

homocoupling in aqueous media, which resulted in the production of the
corresponding 1,2-diamines.42'78

Other 'Green' Protocols
Other attempts were made to develop benign synthetic protocols, including the
development of an electrochemical route (Scheme 18).79 In terms of Green
Chemistry this route offered several advantages over the use of stoichiometric
amounts of indium, including the minimization of metallic salt by-products
since indium metal could be regenerated/recovered. Furthermore, this system
prevented hydrolysis of the starting aldimines. Although this protocol produced
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Al.e'
ln(l)

In(lll)

,Br
*-

R

R, ,R2 or R3 = H, Alkyl or Aryl Groups

Scheme 18. The electrochemical pathway to homoallylated amines.

the desired homoallylic amines in relatively high yields (55-95%), other
unidentifiable allylated products were generated, and due to the slow nature of
ketimine allylation, the ketimines were reduced.79 These side products were
explained by the relatively electron poor nature of the C=N double bond
system, which can subsequently undergo reduction.79

Other Imine Derivatives
Although attempts to create a "green" reaction protocol for the synthesis of
homoallylic amines had thus far been relatively unsuccessful, it was hoped that
the difficulties associated with the use of aldimines could be overcome by
replacing these with other C=N containing compounds. In spite of this failure
in terms of benign synthetic protocols an aqueous medium was still seen as
advantageous over other the electrochemical route, which had failed to reduce
the amount of waste being produced by the process.

With the knowledge that TV-substituted sulphonyl imines are hydrolytically
stable Chan et al. investigated the metal-mediated allylation of iV-sulfonimines
in aqueous media.42'78'80 These investigations found that the methods they had
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developed for the allylation of carbonyl compounds using indium could be
successfully extended to the more electrophilic and hydrolytically robust Nsulphonimines. The corresponding homoallylic sulphonamides were produced
in relatively good yields (30-99%) in complete aqueous environments from a
variety of JV-sulphonylimines.42

Essentially quantitative conversions were

achieved by the introduction of the co-solvent THF to the system to solubilise
the 7V-sulphonimines.42

These 1,2-additions were also extended to zinc

mediated systems, though like their carbonyl counterparts, to produce high
yields aqueous ammonium chloride was required.42

7.5.5 Limitations of the Aqueous System
Although water can be classed as environmentally benign there are several
limitations placed on synthesis when it is employed. These include; (i) the
inability to carry out moisture sensitive processes such as the allylation of
aldimines, ' (ii) the requirement of acidic or ultrasonic activators to produce
significant yields when using mediators which have a high disposition to form
oxides on their surface, such as magnesium,81 and

(iii) commonly used

reagents, which are inherently moisture sensitive, such as A1C13, lithium amides
and Grignard reagents can not be used in an aqueous environment. These
limitations were highlighted by the inability to extend the scope of the BarbierGrignard type reaction to the moisture sensitive aldimines and the requirement
for activation when performing reactions mediated by zinc and tin, which tend
to form oxides on their surface.
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The use of water as a reaction media also adds to the overall waste stream of
chemical processes. Although the water itself can be reused this can only occur
to a limited degree due to the adverse effects of impurities will have on the
chemical reactions and products.82 And, due to the costs associated with
treating the water waste stream before its re-use and or disposal, other benign
alternatives should also be considered.
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1.6 Alternative Reaction Media
Although Chan et al. were able to circumnavigate these limitations by using
alternative substrates and the use of hydrolytically robust metals, to truly
broaden the scope of the Barbier-Grignard reaction, other reaction media
should be considered.

As previously discussed, there are several alternatives

to the use of water as a reaction media. These include the use of liquid CO2
and ionic liquids.56"57 The difficulties of utilizing these media in such reactions
include; increased reaction times, reduced yields, increased costs and
difficulties associated with product isolation. For these reasons these solvent
systems have not been widely adopted.56 >57

An alternative approach avoids the use of a reaction media altogether and is
called the 'solvent free' or 'solventless' system. In terms of benign synthesis
there are several advantages associated with the use of a solvent free system.
These include; (i) there is no reaction media to collect, dispose of or purify and
recycle, (ii) on a laboratory, preparative scale, there is often no need for
specialised equipment, (iii) extensive and expensive purification procedures
such as chromatography can often be avoided due to the formation of
sufficiently pure compounds, (iv) greater selectivity is often observed, (v)
reaction times can be rapid, often with increased yields and lower energy
usage,83'84 and (vi) economic considerations, since cost savings can be
associated with the lack of solvents requiring disposal or recycling. Also, the
solvent free system offers the unique advantage over the aqueous system of
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being able to employ hydrolytically unstable substrates and mediators in
protocols.

Not surprisingly solvent free synthesis has recently drawn attention from the
wider synthetic community. Reactions epitomizing the simplicity, versatility,
high yielding and selective nature of solvent free systems include; aldol
condensations,85

sequential

aldol

and

Michael

additions,86

Stobbe

condensations,84 0-silylation of alcohols with silyl chlorides,87 clay catalysed
syntheses of ft-a/w-chalcones,88 the synthesis of ionic liquids,89 and the WohlZiegler bromination.90

Although much attention has been given to the development of 'solvent-free'
protocols for organic synthesis little attention has been given to its use in
organometallic chemistry.91'92 This may be attributed to early attempts which
resulted in run away reactions, the production of unwanted side products and
the decomposition of starting materials due to the exothermic nature of many of
these reactions.93 However, in recent years there have been examples of
notoriously exothermic reactions being performed successfully under solvent
free conditions. These include the addition of diethyl zinc to Ndiphenylphophinoylimines,91 which stop the creation of 'hot spots' associated
with exothermic reactions through the development of alternate reaction
conditions, such as reduced temperatures.

Furthermore, as with organic

chemistry performed under solvent free conditions, greater selectivity and
yields can be observed than when reactions are performed in VOC's.9X As
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discussed by Raston et al., it is clear that if exothermic reactions such as
organometallic type reactions, which are otherwise suited to solventless
conditions, problems associated with the creation of these 'hot spots' can be
easily addressed through advanced reactor design wluch should enable the
further introduction of the solvent free system into synthetic chemistry.83
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L 7 Research Objectives
In light of the advantages associated with the use of a solvent free system and
the limitations associated with the use of an aqueous system in the BarbierGrignard type reaction, it seems appropriate to explore the Barbier-Grignard
type reaction under solvent free conditions. Also the development of benign
protocols using novel and benign reaction media will also be conducted. Thus
the following aims are proposed for this thesis;
•

To investigate the Barbier-Grignard type reaction under solvent free
conditions.

•

To investigate other novel reaction media for use in the BarbierGrignard type reaction.

•

To investigate various metal mediators for these new reaction protocols
and assess these mediators for their suitability for such 1,2-addition
reactions.

•

To extend the scope of the Barbier-Grignard type reaction to
hydrolytically unstable substrates and mediators.
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Synthesis ofHomoallylic Alcohols

Initial investigations found on the redesigning of the Barbier-Grignard type
reaction in such a way that would allow the incorporation of hydrolytically
unstable compounds and processes. Importantly these new reaction schemes
should incorporate the principles of Green Chemistry.

The investigations

involved a stepwise approach began by addressing the allylation of carbonyl
compounds with the aim of extending these protocols to the allylation
aldimines.

O
R2

ii) H2O

Ri and R2 = H, Alkyl or Aryl groups
M = Various metal mediators
Scheme 1. A one-pot, solvent free reaction protocol for the allylation of various
carbonyl compounds.

Owing to the advantages and novelty to the solvent free approach initial
investigations concentrated on the possibility of developing a one-pot, solvent
free reaction methodology for the synthesis of homoallylic alcohols using a
variety of metal mediators (Scheme 1). By creating a solvent free alternative
for the Barbier-Grignard type reaction, it was hoped that the problems
associated with the use of an aqueous reaction medium could be avoided.
Consequently, it was hoped that the solvent free alternative would enable the
extension of the reaction to moisture sensitive processes such as the allylation
of aldimines.
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In terms of the principles of Green Chemistry the complete removal of all
solvents from the reaction to work up would be ideal. However owing to the
limited work into the development of solvent free methodologies for
organometallic chemistry this current work has concentrated only on the
elimination of solvents used as reaction medium. However, the minimisation
of waste produced as a result of product isolation should be addressed in future
work.

In determining whether these new reaction methodologies should be considered
as an alternative benign synthesis for homoallylic alcohols, and perhaps
extended to the production of homoallylic amines, several factors were
addressed. Because waste reduction is one of the cornerstone principles of
Green Chemistry it was an aim that their would be an overall reduction in the
amount of waste produced by these reactions. Consequently, in conjunction to

.OH

"OH

-Br

Pinacol
coupled
product

Reduction
product

Wurtz coupled
product

Scheme 2. Possible side products of the Barbier-Grignard type reaction.
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the elimination of the use of a reaction medium ideally only stoichiometric
amounts of reagents and starting materials should be used. Importantly there
should be no production of unwanted side products associated with the BarbierGrignard type reaction such as the pinacol coupled, reduced carbonyl or Wurtz
product, only the desired homoallylic alcohol (Scheme 2). Furthermore, the
various nucleophiles should be mild enough, so that unwanted functional group
attack does not occur and as a consequence there is no requirement for the
employment of protecting groups which also adds to the waste stream.
Reaction conditions should also be mild with no requirement for the excessive
input of external energy or activating agents.
Importantly, for these new synthetic procedures to be accepted and used by the
wider synthetic community they should be compatible to a wide variety of
carbonyl compounds and the synthetic protocols should be facile.

A typical experiment involved the addition of 7.25 mmol of allyl bromide to a
suspension of 5 mmol of the carbonyl compound and the comr. ercially
available metal powder (5 mmol) in a sealed, 50 ml, round bottomed flask.
These three species where then allowed to react via rapid stirring or sonication,
at or below room temperature, before quenching with (ca. 0.5 ml) water. The
desired homoallylic alcohols were extracted with 3 x 10ml of ether and then
isolated by standard chromatographic techniques or distillation.
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When deciding which metals could be suitable certain selection criteria were
identified. These included cost (Table 1), 'novelty' and within the context of
Green Chemistry, their relative toxicities and whether they can be recycled.

Table 1. First ionisation potentials and relative costs of metal mediators selected shown in
red. 1

Metal

1st IP/eV

Cost per 25 g ($AUD)a

Sodium
Bismuth
Lithium
Indium
Gallium
Tin
Magnesium
Copper
Zinc

5.14
5.38
5.39
5.70
5.99
7.43
7.65
7.73
9.39

29.40"
11.40
119.20c
215.80
235.00
9.45
31.60d
8.40
11.80

"All prices quoted refer to powder with >99.5% purity. According to Aldrich Handbook of Fine Chemicals and
Laboratory Equipment, 2000-2001, Australia and new Zealand
b
Lump in kerosene at 99% purity
c
Wire in mineral oil at 98+% purity
d
Chip at 99.98% purity

Another major consideration was the metals first ionisation potential (1 st IP), or
more specifically their similarity to the most reactive alkali metals; and alkaline
earth metals, lithium, 5.39, sodium, 5.14 and magnesium, 7.65 (Table I).1 This
is in accordance with the assumption that the Barbier-Grignard type reaction
involves a single electron transfer mechanism (SET), and that metal mediators
with lower first ionisation values will exhibit greater reactivity and possibly
greater yields.2 The metal mediators subsequently investigated, were indium,
bismuth, copper, zinc, tin and gallium, all of which have relatively low first
ionisation potentials, in principle therefore favouring SET processes in these
reactions. Thus, it was expected that the reactivity and subsequent yields of the
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various metal mediators would closely adhere to the trends in their first
ionisation potentials (Table 1).

Previous attempts had been made to develop a solvent free system for the
allylation of carbonyl compounds using indium and zinc as metal mediators.3
Due to the exothermic nature of such reactions many of these additions resulted
in the decomposition of the starting material due to an inability to control the
heat dissipation.2 However, other exothermic reactions had been performed
successfully under solvent free conditions by controlling the reaction heat
through innovative reaction design.4'5 An example of such a notorious
exothermic reaction successfully being performed under solvent-free conditions
was

the

enantioselective

addition

of

dialkylzincs

to

N-

diphenylphosphinoylimines (Scheme 3).4 In these reactions neat EtaZn was
added at 0°C which effectively prevented decomposition of the imines,
produced a high degree of selectivity and resulted in a reduced reaction time as
compared with analogous reactions performed in toluene.4 By monitoring the
exothermic behaviour of the one-pot, solvent free allylation of various carbonyl
compounds and by seeking appropriate controlling factors it was proposed that
the generation of excessive heat and consequent decomposition of starting
materials could be avoided.
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Ph
HO

N

N—C—Ph

(1R.2S)

R2

Ph
C
O

Solvent-frae

HO

N

v

R

Ph
H
I
NC—Ph

(S)
R, = Ph. 4-MeC6H5, Ferrocenyl. 2-Napthyl or 1 Napthyl
R2 = Et or i-Pr

Scheme 3.
Solvent-free enantioselective addition of dialkylzincs to
diphenylphoshinoylimines achieving yields ranging from ca. 60-90% with up to 97% ee.
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2.1 Bismuth as a Mediator
Metallic bismuth has several characteristics which, make it an ideal candidate
for benign synthesis. These include its low first ionisation potential (5.38 eV),1
enhanced metallic character, its relatively low cost (Table 1) and the fact that it
does not form oxides on its surface readily at room temperature.6 In spite of its
heavy metal status, bismuth is recognised as one of the environmentally safest
elements and due to this low toxicity it has been used extensively in
Pharmaceuticals and cosmetics.6

Intriguingly, little work has been conducted into its use in organic chemistry.
Since metallic bismuth was identified as a specific element in the 18th centaury
most work has concentrated on the properties of inorganic bismuth
compounds.6 In contrast, organobismuth chemistry went largely unexplored
until the early 1980's.6 One of the earliest potential uses for bismuth was in its
ability to promote C-C bond formation, when Wada et al. investigated its use as
a potential mediator in the allylation of carbonyl compounds.7

In these

investigations a facile procedure for the allylation of various carbonyl
compounds was developed involving the stoichiometric addition of metallic
bismuth and allyl bromide to various carbonyls in DMF.7'8 Alternative methods
for the allylation of carbonyl compounds using elemental bismuth were
subsequently developed including biphasic electrochemical routes (Scheme 4) 9
and the in situ generation of bismuth metal (Bi(0)), by the combination of
bismuth chloride and various reducing agents.8'10'1 lll2>13tI4'15 Notably, all of
these methods proceeded with a high degree of regio-, chemo- and stereo-
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selectivities.6 Furthermore, these methodologies did not require strict exclusion
of moisture, a consequence of the hydrolytic stability of bismuth.

CATHODE

Organic phase

Scheme 4. Allylation of aldehydes using an aqueous two-phase system by electrochemical
regeneration of metallic bismuth.

In spite of this success, when compared with indium, zinc and tin, metallic
bismutli has been largely ignored as a potential mediator in the development of
more benign synthetic techniques for the Barbier-Grignard type reaction.
Due to its relatively low first ionisation potential of bismuth (5.38 eV) it was
expected that of all the metals under investigation in this one-pot solvent free
1,2-addition, bismuth would be the most reactive. When initial investigations
began one equivalent of the simplest aldehyde, benzaldehyde, was added to a
rapidly stirring suspension of bismuth metal and 1.5 equivalents of allyl
bromide in a round bottomed flask (RBF). Unfortunately decomposition of the
aldehyde resulted, which produced the reduced aldehyde and unidentifiable
hydrocarbons and carbon monoxide. On investigation it became apparent that
the reaction was producing an excessive amount of heat, with the reaction
vessel (an RBF) being hot to touch within minutes of the reaction being
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initiated. Presumably this 'heat' is in consequence of metallic bismuth
catalysing the decomposition of the starting materials.16

Investigations thus

looked into ways in which the dissipation of heat could be controlled.
Consequently the reaction vessel (RBF) was placed in a water bath at room
temperature, however this also often resulted in the generation of excessive
heat. A more effective control of the exothermic nature was subsequently
developed, which involved placing the reaction mixture on ice for 2 h, then
allowing the reaction to stir at room temperature for 3 h before quenching. It
was also found that if the reactants were not stirring rapidly, even at these
reduced temperatures, decomposition still occured. This may be a result of the
creation of 'hot spots' in the reaction vessel. Crucially there was found to be a
requirement for a slight excess of allyl bromide, (ca. 1.5 equivalents), and
although this excess is contrary to the aims of Green Chemistry, reactions that
employed only a stoichiometric amount of the organo-halogen resulted in no
evidence of the 1,2-addition reaction. Presumably the nature of the allyl
bismuth intermediate requires this excess,

which would encourage more

productive inter-molecular collisions between the reactants.

Once these control parameters were in place, various carbonyl compounds were
successfully allylated as shown in Scheme 5 and Table 2.

60

Chapter 2.

Solvent Free Synthesis of Homoallylic Alcohols

Table 2. Isolated yields of various homoallylic alcohols mediated by bismuth.

Carbonyl
compound

Entry

Allyl bromide:
Aldehyde/
KetonerMetal

%Yielda

1

94
PhCHO

1.5:1:1

2

Ph-(2-OH)-CHO

1.5:1:1

3

Ph-(2-OMe)-CHO

1.5:1:1

4

Ph-(4-OMe)-CHO

1.5:1:1

5

Ph-(4-OMe)-CHO

1.5:1:1

6

Ph-CH=CH-CHO

1.5:1:1

7

Ph(Me)-C=O

1.5:1:1

81

0

0

Decomposition of starting
material
15

0

* AH products gave satisfactory 1R, 1H NMR and GC
b

Reaction performed at room temperature

HO

o

Jl

i) Bi/Stinin S (0°C-RT)
ii) H 2 0

H
94-81%

Ph, Ph^-OHJ-.Ph-CH^H-

Schcme 5. Synthesis of homoallylic alcohols under solvent free conditions mediated by
bismuth metal.

Under these solvent free conditions bismudi metal gave good yields for the
aromatic aldehydes, benzaldehyde and 2-hydroxybenzaldehyde (81-94%),
which were comparable to those produced in equivalent reactions performed in
DMF (Entries 1&2, Table 2).7'8

However, in the case of -OMe substituted aromatic and aliphatic aldehydes
little to no homoallylic alcohol was obtained (Entries 3-6, Table 2). These
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observations may be reasoned by the nature of the R groups of the aldehydes
with the aliphatic andpara/ortho-OMe groups being electron-donating groups.

In an attempt to affect the allylation of the -OMe substituted aromatic
aldehydes reactions were repeated at room temperature. Interestingly this
resulted in decomposition of starting materials rather than the production of the
homoallylic alcohoi, indicating that the exothermic nature of this bismuth
system is largely contributed to by the insertion of the metal into C-halogen
bond.
In the case of acetophenone little to no homoallylic alcohol was produced even
in the presence of a catalytic amount of indium ( %5 by weight) as had also
been observed in in situ reactions performed in DMF.7'8 This may be due to the
well known reduced reactivity of the carbonyl groups in ketones.
Unfortunately this lack of versatility across a variety of carbonyl compounds
will limit the future use of bismuth as a mediator. Activating groups may be
required to increase the generality of these reactions, which are contrary to the
aims of Green Chemistry as they add to the overall waste stream and decrease
the efficiency of the reactions.
Also assessed was whether the allylic bismuth intermediate could discriminate
between the carbonyl group and a carbonyl-conjugated double bond. This was
addressed by performing the allylation on a a,P-unsaturated aldehyde,
cinnamaldehyde. Although a lower yield of the corresponding homoallylic
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alcohol resulted (ca. 15%), in terms of regio-selectivity only the 1,2-addition
product was observed.
Significantly the possible side products, such as Wurtz and pinacol coupled
products were not observed, only unreacted starting material and the desired
homoallylic alcohol.

However, when isolating the latter standard

chromatographic techniques were required, at least where the reactions did not
produce quantitative yields. Also the solvents employed, hexane and ethyl
acetate are derived from non-renewable resources and their use is at odds with
the principles of Green Chemistry. Such a purification techniques significantly
adds to the overall waste stream of the reaction and ideally should be
eliminated from the process.

Alternatively, the solvent system could be

replaced with solvents that are derived from renewable resources such as
methanol/ethanol, which can be derived from biomass.

However the

redesigning of the separation techniques employed is beyond the scope of these
investigations but should be addressed in future work.
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2.2 Indium as a Mediator
The use of indium metal for synthetic purposes has gained much attention in
recent years, and has proved its versatility as a metal mediator, in several
reactions including the Diels-Alder1, Aldol2 and Pinacol-Coupling3 reactions.
Due to this success investigations began with an assessment of indium as a
potential mediator in these solvent free protocols. Furthermore, indium has
several favourable characteristics including its low first ionisation potential
(5.70 eV),1 its a \y to be recycled, is not sensitive to boiling water or alkali,
and not readily forming oxides in air.17

In the case of the Barbier-Grignard reaction the versatility of indium as a
mediator was exemplified in reactions performed in H2O.2 In such reactions
improved yields were obtained for the addition of allylic groups to various
carbonyl compounds over those performed in volatile organic solvents.18'19

Solvent-free reactions using indium metal were performed at room temperature
in a sealed round bottomed flask (RBF) with 5 mmol of the carbonyl compound
added to a suspension of allyl bromide (7.25 mmol) and commercially available
metal (5 mmol). The three reactants where then allowed to react via rapid
stirring at room temperature until all of the indium metal was consumed. The
reaction was then quenched with approximately 0.5 ml of H2O.
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Initially in these experiments, reactions were allowed to stir until all of the
indium had been consumed, which usually occurred within 3 h of initiation,
before quenching. Although this 3 h reaction time was sufficient to produce an
essentially quantitative yield for the simplest aldehyde, benzaldehyde, when
additions were carried out on less electrophilic carbonyls the reactions did not
go to completion. Consequently, in an attempt to increase reaction yields
reaction times were extended beyond 3 h, however this often resulted in the
decomposition of the starting aldehyde, as observed previously.3 Presumably
like the bismuth-mediated reaction this results from the exothermic nature of
the reaction, which produces excessive amount of heat overtime (>3 h).
In attempting to control the heat of the reaction, reactions were also conducted
in an ice bath and although this successfully stopped the decomposition process
disappointing yields resulted. It thus became apparent that reaction yields were
best and decomposition could only be avoided if reactions were quenched
within 3 h of reaction initiation.

Once the exothermic nature of the reaction was controlled, excellent yields
were obtained for a variety of aldehydes (78-97%), (Table 3).

High yields

were also achieved for the less reactive a,P-unsaturated aldehydes (ca. 78%)
and, importantly, the reaction system exhibited chemo-selectivity, with
reactions consistently producing the 1,2-addition product only for conjugated
compounds.

65

Chapter 2.

Solvent Free Synthesis of Homoallylic Alcohols

Table 3. Isolated yields of various homoallylic alcohols in a solvent free protocol,
mediated by indium metal.

Carbonyl
compound

Allyl
bromide:Aldehyde/Ketone:

%Yielda

Metal

PhCHO

1.5:1 1

97

Ph-(2-OH)-CHO

1.5:1 1

92

Ph-(2-OMc)-CHO

1.5:1 1

78

Ph-CH=CH-CHO

1.5:1 1

86

McCHO

1.5:1 1

33

Ph(Mc)-C=O

1.5:1 1

67"

Ph(Me)-C=O

2:1:1.5

85

2:1:1.5

28C

Ph(Ph)-C=O

2:1:1.5

0

(CH3)j((CH3)3)-C=O

2:1:1.5

0

McCOCHiCOMe

'Isolated yield
" Estimated by *H NMR and GC
:

(McCOCH2CMc(OH)CH2CH=CHj only); Estimated by l H NMR and GC/MS

Interestingly in the indium system a higher yield was achieved for the less
electrophilic cinnamaldehyde, as compared to the aromatic meta-methoxy
substituted aldehyde which is a solid (Table 3). This may be a result of the
liquid nature of the <x,[3-unsatuarted aldehyde allowing for more productive
molecular collisions by permitting efficient stirring of reactants.

Like the

bismuth system, to guarantee good yields of homoallylic alcohols, it seems
imperative that sufficient stirring is maintained, otherwise decomposition of
starting materials also occurs, or alternatively reduces yields.

In direct comparison to analogous reactions performed in aqueous media
similar yields were achieved for both aldehydes and ketones with comparable
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reaction times of 1-3 h being observed in the solvent free system.2

Again,

despite the solventless nature of the reaction, GC and JH NMR investigations
into the crude ethereal extracts showed no presence of the possible by products
of the reaction, although like the bismuth system when yields were not
quantitative chromatographic techniques were required to isolate the products.

Investigations into the allylation of the less electrophilic ketones began with the
n

addition to acetophenone. Like the aqueous system previously developed,2 the
yield could be improved significantly (ca. 20%) by increasing the ratio of allyl
bromide:ketone:indium to 2:1.5:1, from 1.5:1:1.

Decreased yields were

observed for the diketone, acetylacetone, with the mono-allylation product
resulting. This indicates the presence of a larger excess of allyl bromide and

1

indium may be required to produce the ^//-substituted ketone, since only 1.5
equivalents of the allylic indium species is being generated in situ. Reactions
involving ketones with bulky substituents, such as benzophenone and diisopropyl ketones, did not produce the corresponding homoallylic alcohols,
indicating steric hindrance may be preventing attack on the carbonyl group.
The requirement for a greater than stoichiometric amount of reactants to
produce the desired 1,2-addition products for less electrophilic substrates is not
ideal in terms of the principles of Green Chemistry. For these indium mediated
systems to be truly regarded a benign synthetic procedure attention will need to
given to this issue especially considering the toxicity of halogenated organics.
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2.2.1 Mechanistic Studies of the Solvent Free Allylation Mediated
by Indium
In terms of mechanistic possibilities for the reaction it was important to
establish whether the reaction proceeded on the metal surface or whether it
goes through a discrete organometallic intermediate.2 In terms of the aqueous
reaction from studies performed by Kim et al.,20 it has been accepted that the
reaction proceeds via a discrete organometallic intermediate. These studies
compared the "one-pot" synthesis and reactions where the allyl metallic halide
species were generated prior to addition to un-protected carbohydrates. Both
methods resulted in essentially the same yields.20 In these analogc is studies
completed under solvent free conditions, it was found that when the allylindium
species was preformed,0 before the addition of carbonyl compound essentially
identical yields were observed as in the 'one-pot' methodologies. These
experiments were in accordance with the findings of Kim at al, which may
suggest that in these solvent free methodologies the mechanism proceeds most
probably via a discrete organometallic intermediate (Scheme 6).20

* The allylindium species was preformed, by the addition of 1.5 equivalents of allyl bromide to
indium metal. This was allowed to stir rapidly for V* h under an inert atmosphere of N2, which
resulted in the complete consumption of indium metal, and the production of an orange
precipitate.
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SET

+ In

.InBr

A
\
OH

H+
-'nBrfOHV

Variable/unknown oxidation state

Scheme 6. Allylation of carbonyl compounds mediated by indium under solvent free
conditions, proceeding through a discrete allylindium intermediate.

There have been two main theories regarding the structural nature of the
allylindium intermediate in both organic and aqueous environments. These are;

1
(i)

Sesquihalide indium(III) formulation (Scheme 7), based on studies
that showed the ideal ratio for the addition of allylic groups to
1:1.5:1 In:allyl:bromide:carbonyl.18>19

carbonyls in DMF was

Further supporting this theory is the characterisation of organoindium(III) halide species on the direct addition of indium metal to
organic halides.21 The sesquihalide formulation was considered to
be

an

aggregate

of

diallylindium

bromide

and

monoallylindiumdibromides.

(ii)

Formation of the allyl indium(I) species, which was generated in the
reaction of allyl bromide and metallic indium in water.22 Formation
of any indium(I) species over an indium(III) species was argued on
the basis of the relatively low first ionisation potential of indium in
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comparison to its second and third ionisation potentials.

The

formation of an allyl indiurn(I) species was also supported by ! H
NMR studies upon the addition of allyl bromide and indium in D2O
which showed the presence of the lowvalent indium species
(Scheme 7).22

In terms of I1'* solvent free syr.*~ .1, investigations were also conducted into the
nature of the allylindium intermediated. In the solvent free system, when one
equivalent of allyl bromide was used, there was no visible consumption of the
indium metal. This implies that a sesquihalide species could be mediating the
reaction as had been previously concluded for allylation reactions mediated by
indium, in DMR 19 This was also supported by the analysis of the species
formed from the addition of 1.5 equivalents of allyl bromides to indium metal
under solvent free conditions (Scheme 7).

-In

,n

Br

RT/Stir/1h
Br

Scheme 7. Possible structures and oxidation states of the allylindium bromide species
under solvent free conditions.
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Unfortunately, this investigation was not conclusive in terms of elucidating the
exact oxidation state and structure of the intermediate, because the resultant
orange solid appeared to contain a variety organoindium species. The orange
precipitate was surprisingly stable and could be stored at room temperature in
an inert atmosphere for several days without showing any signs of
decomposition.

This

robustness

suggested

inidum(III)

formulation

predominated in the mixture as indium(I) compounds are generally less
stable.23 Mixtures of organoindium halides have also been observed when
alkyl halides were reacted directly with indium metal.21 IR, FAB MS and
microanalysis of the resultant orange precipitate showed that bromine was
present along with species with In-C and In-Br bonds. Also evidence of the
allylindium(lll) species, triallylinidum, diallylindium bromide and allylindium
dibromide, supports sesquihalide formation.

Attempts were made to detect the allylindium(I) species in the solvent free
methodologies. However, both GC/MS and ]H NMR analysis (performed in
DMF) of the orange precipitate showed no evidence of the characteristic allylic
signal at 81.7.22

While these studies did not show the presence of the

allylindium(I) species, the possibility the species may have a transient role
should not be ruled out especially given that organoindium(I) species are
generally unstable.23'24

Further investigation will need to be conducted into the elucidation of the exact
nature of the allyl indium intermediate. This knowledge will greatly assist in
7!
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improving current reaction protocols, especially when addressing problems
such as the need for greater than stoichiometnc amounts of reactants, which
may be avoided by having better understanding of the nature of the
intermediate and the reaction.

0
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Gallium as a Mediator

Following on from the investigations into the use of indium and bismuth as
metal mediators, it was of interest to broaden the scope of these solvent free
methodologies to other metals. Gallium is of particular interest because in
comparison with the other group 13 elements of boron, indium and aluminium,
gallium metal has been relatively ignored as a potential mediator in
organometallic reactions until recently.25 This is surprising considering the
success the other group 13 metals including aluminium and indium have
achieved when mediating reactions, especially when looking at the similarities
and trends they have in their elemental states (Table 4).1>26 Generally, these
trends follow their periodicity with gallium having lower ionisation and
reduction potentials than aluminium, but higher than those of indium. The
trends of the organometallic compounds of these metals also follow trends in
periodicity with organoindium and organogallium compounds showing
heightened reactivity and Lewis acidity when compared with organoaluminium
compounds.26
1.26

Table 4. Some properties of the Group 13 metals, alumiun, gallium and indium. •'

Atomic number
Earth Abundance (p. p. b)
l st IP(kJ/mol)
2nd IP (kJ/mol)
3"1 IP (kJ/mol)
Standard reduction potentials

£°M3+/M(V)

Aluminium

Gallium

Indium

13
1.5 *107
577.4
1816.6
2744.6
-1.68

31
2*10 3
578.8
1979
2963
-0.55

49
4
558.3
1820.6
2704
-0.34
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Since the first organogallium compound, triethylgallium, was synthesised in
1932 many more compounds have since been made and structurally
characterised.

However, their application in organic synthesis was largely

ignored for over 50 years. As is usual for organometallic compounds the first
investigations concerning the application of gallium in organic synthesis,
concentrated on its potential to create new C-C bonds, specifically focussing on
Barbier coupling reactions on carbonyl compounds.27 In these reactions Araki
et al. were able to develop a one pot methodology for gallium metal promoted
allylation of both aldehydes and ketones in DMF, using allyl iodide (Scheme
8).27 Although these gallium mediated reactions produced high yields (5198%) for a variety of carbonyl compounds and, exhibited a high degree of
chemo-selectivity, the use of gallium in organic synthesis received little
attention for over a decade. This was thought to be because of the very low
nucleophilicity of triorganylgallium compounds towards organic electrophiles,
their sensitivity to moisture28 and at the time, the cost of gallium metal.29

Ga/DMF
RT, 30 min

R2

OH

R2

and R2 = H, al kyl or aryl groups

Scheme 8. The allylation of ketones and aldehydes promoted by gallium.27

Despite this organogallium compounds have proved to be effective in the
production of a variety of organic compounds including, ketones and acyl
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(£)-olefms,30 and cyclohexyl glucosides.31

Investigations also

extended the scope of gallium mediated 1,2-addition reactions of carbonyl
compounds to other allylic halogens, such as the allyl bromides and
propargylation, where high degrees of regiostereoselectivity was achieved.32'33
Although these new Barbier-Grignard type procedures were high yielding, they
required the presence of a Lewis acid, KI, and refluxing conditions which is
contrary to the aims of Green Chemistry.32'33

In contrast to indium, zinc and tin, the potential use of gallium metal in more
benign procedures was ignored until recently.34 This is in spite of several of its
characteristics, including the low first ionisation potential (5.99 eV) of the
metal, in principle making it useful for single electron transfer reactions, its low
vapour pressure, and the fact it is liquid at low temperatures (mp 29.8°C),
making it an attractive candidate for metal mediated reactions.1

Furthermore, commercially available elemental gallium 99.99% is a relatively
inexpensive metal and is almost 103 times more abundant than indium.l>26'43
The similar characteristics of gallium and indium led to Wang et al.
investigating

the use of gallium in Barbier-Grignard type reactions in a

completely aqueous environment (Scheme 9).34 It was expected that because of
the similarities, gallium metal would undergo a similar manner to indium, and
they found that gallium could mediate the allylation of a variety of carbonyl
compounds in one-pot reactions.35'36

Importantly, the reactions proceeded

under relatively mild conditions, (stirring at 45°C), which unlike analogous
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reactions performed in VOC's, there was no need for the presence of a Lewis
acid. However there was a requirement for two equivalents of gallium metal
and long reaction times ( 6 - 1 6 h), which in terms of benign synthesis is not
ideal.34 Furthermore in comparison to reactions performed in aqueous reaction
media mediated by indium, zinc and tin yields were lower.34 These lower
yields, and the requirement for 2 equivalents of gallium, may be attributed to
the unstable nature of organogallium complexes in water (which are formed in
situ), resulting in a significant reduction in reactivity through hydroxide and
galloxane formation.

However, the possible catalytic role of these compounds

should not be ignored.

X

Rf

2Ga/45°C/H2O

H(Me)'

R, = Alky or aryl groups

Scheme 9. Allylation of various carbonyl compounds mediated by gallium in an
aqueous environment.

Following on from these findings and because of the appealing characteristics
of gallium metal, investigation turned toward the development of gallium
mediated 1,2-addition reactions performed in a solvent free environment. Of
particular interest was whether reaction yields observed could be improved by
preventing hydroxide and galloxane formation by performing the reactions in a
Schlenk flask under a nitrogen atmosphere. Also it was important to know
whether a system devoid of water would alleviate the need for using two
equivalents of gallium.
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Reacting benzaldehyde with allyl bromide (1.5 equivalents) in the presence of
one equivalent of gallium metal under various reaction conditions ultimately
led to the establishment that the reaction proceeds best under sonication for 12
h before quenching.

These long reaction times were required to produce

satisfactory amounts of addition products with reduced reaction periods
producing a significant reduction in yields.
Table 5. Solvent free allylation of various carbonyl compounds mediated by gallium metal

Entry

Carbonyl

Isolated Yield (%)a

1

PhCH=O

96

2

2-(MeO)-PhC(H)=O

86

3

PhC(H)=C(H)C(H)=O

74

4

Ph(Me)C=O

34

5

Ph2C=O

<10b

6

2-(OH)-PhC(H)=O

0b

7

4-(OH)-PhC(H)=O

0b

* All products gave satisfactory *H NMR,IR and El MS as compared to previously reported spectra of these
compounds.
" Estimated by 'H NMR and GC/MS

Yields ranged from 74-95% (Entries 1-3, Table 5), for un-substituted aromatic,
-OMe substituted aromatic, and a,p-unsaturated aldehydes.

However, the

system was much less effective with ketones (acetophenone 34%) and not
effective at all for hydroxybenzaldehydes (Entries 4-7, Table 5). With the
exception of the hydroxybenzaldehydes the addition reactions gave comparable
yields to those obtained when using indium as a mediator, with no evidence of
side products. However like the bismuth and indium systems chromatographic
techniques were required to isolate the products.
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In the absence of sonication, and with the reaction mixtures simply agitated by
stirring, only relatively low yields were obtained. The requirement for energy
input in the form of sonication for an extended period is not ideal and was
unexpected given the similar ionisation potentials of indium, 5.70 eV, and
gallium, 5.99 eV, and the liquid state of gallium just above room temperature.
This raised the issue of whether sonication for gallium is required to clean the
metal surface, or whether sonication influences the chemical reactivity gallium.
Accordingly, the reactions were carried out the reaction of benzaldehyde, in the
absence of sonication at 35°C (above the melting point of the metal), whereby
clean metal surface should constantly be available for the reactive substrate.
However, this resulted in a low yield of homoallylic alcohol on work up,
though a complication here may be loss of the allyl bromide from the reaction
mixture at elevated temperatures.

In turning to a less volatile substrate, the reaction of crotyl bromide was
investigated, resulting in a high yield of the homoallylic alcohol, ca. 94%,
which is comparable to that obtained on sonication of the reaction mixture, ca.
91% (Scheme 10). Therefore, it can be inferred that while the role of
sonication is important when using highly volatile allyl bromide it actually does
not impact significantly on the overall yield of the reaction. The continual
production of a clean gallium metal surface via slight heating is sufficient to
ensure an efficient conversion of the aldehyde to the homoallylic alcohol. The
low melting point of gallium therefore negates the need for sonication when
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using substituted allyl bromides, which is an important consideration when
assessing overall energy consumption and its suitability for benign synthetic
procedures in future applications.

Sor»cation 12 h

i)Ga
")H 2 O

ca. 91 %

Rapid stirring at 35°C

.A
and R2 = H, aryl or alky)

i)Ga
R2

«)H 2 0

ca. 94 %

Scheme 10. Crotylation of carbonyl compounds mediated by gallium.

However the importance of 1,2-addition products resulting from the addition of
volatile groups, such as vinyl groups means that this problem will need to be
addressed. Other methods to produce and activated gallium surface, that do no
involve energy input will need to be developed to ensure the universality of
these solvent free protocols to a variety of reagents. These may incorporate the
in situ generation of zerovalent gallium, which could use procedures that are
similar to the generation of the highly activated magnesium, Rieke
magnesium

38

In comparison, slightly lower yields of ca. 74% were observed for the ot,punsaturated aldehyde, cinnamaldehyde (Entry 3, Table 5). However, in terms of
selectivity only the 1,2-addition product was observed. Conversely, aldehydes
containing -OH substitution are inert to this system, with both 2- and 4-
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hydroxy substituted benzaldehydes producing none of the desired homoallylio
alcohol. This is consistent with the acidity of such substituted phenolic groups
and studies showing that alkylgallium compounds react selectively at the
phenolic OH rather than adding to the carbonyl moiety.39 Also, consistent with
our previous analogous studies for bismuth and indium, reactions involving
ketones undergo allylation to a lesser extent (e.g. acetophenone ca. 30%)
(Entries 4 & 5, Table 5).

Ketones such as benzophenone, which have significant electron withdrawing
properties, result in low yields, <10%, reflecting a lower reactivity of the
carbonyl group. In direct comparison to the Barbier-Grignard reactions
performed in an aqueous environment,34 similar to improved yields
(approximately > 10%), were observed for aromatic and aliphatic aldehydes.

However, the inability of gallium to react in the presence of -OH groups will
hinder its extension to other important substrates, such as carbohydrates. For
the gallium system to be generalised to a variety of substrates including the less
reactive ketones both protection groups and activating groups may need to be
employed, which will add to the overall waste stream and increase the amouni
of steps required for the reaction which is not ideal for benign synthesis.

Importantly though, by removing all sources of water in the reaction, thus
preventing hydroxide and galloxane formation, only ore equivalent of gallium
metal was required.

Also improved yields (ca. 10%) were observed in
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comparison to other gallium-mediated reactions previously performed in
water.34

This, in conjunction to the removal of the reaction medium,

significantly reduces the amount of waste produced by these allylation
reactions and improves the benign status of gallium-mediated protocols.
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Tin as a Mediator

In recent years tin has proven to be an effective mediator in the production of
homoallylic alcohols in environmentally benign solvents, namely ionic liquids40
and water.17'43

There are several obvious reasons why tin and its organic

derivatives could be attractive reagents; in comparison with more commonly
used lithium and magnesium reagents tin compounds do not require rigorously
dry conditions and an inert atmosphere,41'42 and in comparison with most
metals it is relatively inexpensive and readily available.43 Of particularly
interest was whether the high yields for the allylation reactions obtained with
tin in water could be replicated under solvent free conditions.44 Furthermore, in
the case of tin such solvent free methodologies could remove the need for the
use of sonication or the use of acidic activators?

i)Sn

OH

.Br
ii) H2O
and R2 = H, aryl and alkyl

Scheme 11. Generation of homoallylic alcohols, mediated by tin.

A typical experiment involved the addition of the carbonyl compound (5mmol)
to a suspension of allyl bromide (20 mmol) and commercially available tin
powder (5 mmol) in a stoppered, 50 ml, round-bottomed flask. This suspension
was then allowed to react under sonication for 12 h before being quenched with
water (ca. 0.5 ml) and extracted with Et2O (3 x 15 ml) (Scheme 11). The
products were analysed by 'H NMR and GC/MS. Good yields were obtained
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for both aromatic and aliphatic aldehydes (80-100%) (Table 6) comparable to
those produced in equivalent reactions performed in water and ionic liquids.40'44
The reaction with fr-a>w-cinnamaldehyde produced consistently only the 1,2addition product while the reactions involving ketones, such as acetophenone
and benzophenone, failed to react, most likely as a result of the reduced
reactivity of the carbonyl group.
Table 6. Percentage yields for allylation reactions of various carbonyl compounds in the presence of tin.

Carbonyl
Compound

Allyl bromide:aldehyde/ketone:Sn

%Yielda

PhCHO

4:1:1

98

2-HOC6H4CHO

4:1:1

96

PhCH=CHCHO

4:1:1

87

3,4-(MeO)C6H3CHO

4:1:1

82

Ph2C=O

4:1:1

0

Ph(Me)C=O

4:1:1

0

"Estimated by GC/MS

Unlike the analogous reactions with elemental indium and bismuth, the tin
mediated reactions required ultrasonic activation of the metal powder and
longer reaction times (ca. 12 h). Also, to achieve high yielding reactions the use
of four equivalents of allyl bromide was necessary. In reactions where only two
equivalents was added significantly lower yields were obtained. However, in
contrast with more traditional synthetic methods for the production of
allylstannanes, normally involving a combination of a catalyst (e.g. HgCl2 or
HBr) and heat, the solvent free approach is significantly less cumbersome.42
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The need for induction can be understood by considering the relative kinetic
stability of the metallic tin surface, which results from the stable octet
configuration of the outer electrons, while the longer reaction times can be
traced to the relatively high kinetic stability of the C-Sn bond in comparison
with those of other main group metals.45 To investigate whether ultrasound was
required for both the formation, of the allyltin bromide intermediate and the
subsequent allylation reaction allyl bromide and tin powder were allowed to
react under ultrasonic irradiation for 12 hours. Benzaldehyde was then added to
the preformed allyltin bromide species and the reaction mixture simply stirred
for 4 hours. On quenching, the allylic alcohol was obtained in relatively high
yield (ca. 68%). The comparative reaction with no ultrasound gave no allylic
alcohol. Thus, ultrasonic irradiation is necessary to accelerate the reaction of
the metal, presumably initially activating the metal surface, but also
contributing slightly to the formation of the tin alkoxide intermediate.

2.4.1 Allyl Tin Derivatives and Toxicity
Recently the toxicological effects of low molecular weight alkyl derivatives of
tin have received a lot of attention due to an influx of these compounds into the
environment, resulting from their wide and varied use in industry and as marine
anti-fouling agents.46'47 The toxicity of low molecular weight alkyl and allyl tin
compounds can significantly hinder their practical use in pharmaceutical
development if any of the tin compound(s) are carried through into the target
products.48 Toxicogically, the tefra-substituted and ^-/-substituted tin organyls
are more harmful than the mono- and ^/-substituted analogues.48 For example
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the metal, presumably initially activating the metal surface, but also
contributing slightly to the formation of the tin alkoxide intermediate.

2.4.1 Allyl Tin Derivatives and Toxicity
Recently the toxicological effects of low molecular weight alkyl derivatives of
tin have received a lot of attention due to an influx of these compounds into the
environment, resulting from their wide and varied use in industry and as marine
anti-fouling agents.46'47 The toxicity of low molecular weight alkyl and allyl tin
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For example
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there is a significant increase in acute oral toxicity values observed in rats,
when moving from butyltin tetrachloride at LD50 2140 mg/kg to tributyltin
chloride LD50 129 mg/kg.48

From GC/MS studies the presence of both allyltin, and allyltin bromide species
were detected in the organic extracts of the reactions. Such species have also
been observed in reactions performed in ionic liquids using (CH2=CHCH2)4Sn
(Scheme 12).40 The presence of highly toxic allyltin compounds contrasts with
the results of our study on indium, bismuth and gallium where no intermediate
allyl metal species being detected in the products extracted into ether, in any of
these reactions.

SnBr2
2

Scheme 12. The allyl tin species detected in ethereal extract, with the proposed
reactive species highlighted in blue.

2.4.2 The Nature of the Intermediate
From an analysis of the final reaction mixtures the most reactive tin species
appears to be (CH2=CHCH2)2SnBr2 (Scheme 12). The reactions which led only
to a complete recovery of starting compound (i.e ketones) showed a large
amount of (CH2=CHCH2)2SnBr2 in the ether extract with relatively small
amounts of (CH2=CHCH2)3Sn, (CH2=CHCH2)3SnBr and (CH2=CHCH2)2Sn.
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Corresponding reactions which produced homoallylic alcohols in high yields
showed

no trace of

(CH2=CHCH2)3SnBr

(CH2=CHCH2)2SnBr2,
and

only

(CH2=CHCH2)2Sn,

(CH2=CHCH2)SnBr3,
suggesting

that

(CH2=CHCH2)2SnBr2 is the reactive tin species. However, the possibility that
these species are in equilibrium in solution should not be ruled out.

JX^JL, ,1 il, .
»a->

so w to eg TO KI go iooiioi»ijoiJoisoi6oiroi

2g;??o;«oagoax3roaa>a303<r»03Si37O3«i3i«i4a)<i04304x*io

Figure 1. Negative-ion mass spectrum of (CH2=CHCH2)2SnBr2 showing
[(CH2=CHCH2)2SnBr3]- at m/z 439.

To prove this hypothesis the reaction protocol was followed without the
addition of any carbonyl compound. On analysis of the ether extract by GC/MS
it was observed that the predominant ailyltin species was in fact
(CH2=CHCH2)2SnBr2 {m/z 359), with no observations of ailyltin derivatives of
type R3SnBr, RSnBr3 or R2Sn (R = CHCH2).

Thus, (CH2=CHCH2)2SnBr2 is

both the most stable tin intermediate formed and the one most likely to be
responsible for allylation of the aldehyde. Surprisingly an additional peak at
m/z 439 was also observed which was attributed to [(CH2=CHCH2)2SnBr3]*
86
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(Figure 1). Formation of such negatively charged species is well established
for tin complexes of the type R3S11X (R = Ph & X= Cl or Br) in negative ion
electrospray mass spectrometry, and also in *H and

119

Sn NMR studies in

halogen rich environments.49

From this theoretically only two equivalents of allyl bromide would be required
to produce (CH2=CHCH2)2SnBr2 and have efficient

synthesis of the

homoallylic alcohols. However, in reactions where only two equivalents were
added significantly reduced reaction yields were obtained and four equivalents
of allyl bromide were necessary to obtain high yields. The reason is physical
rather than chemical and stems from the volatility of allyl bromide under
prolonged ultrasound irradiation. This leads to reflux in the closed system and
inefficient production of (CH2=CHCH2)2SnBr2. However, this could clearly be
overcome on larger scales.
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Copper as a Mediator

In terms of C-C bond formation, organocopper reagents have been used
extensively in synthesis for the construction of hydrocarbon frame-works.50'51
However, one area that has received little attention has been its use in
delivering allylic fragments.52 This is thought to result from their thermal
instability, their high reactivity and the difficulty in preparation of allylic
organocopper reagents.50'53 Their preparation often involves transmetallation
procedures from other organometallics and due to the characteristics of
organocopper compounds they are usually prepared in situ, under low
temperatures and under an inert atmosphere (Scheme 13).50'54 Subsequently
investigations into the use of metallic copper in the Barbier-Grignard type
allylation reaction, has gone relatively unexplored, expect for its role as a
catalyst in bimetallic systems.55'56'57

OTBDMS

i) n-BuLi, Et 2 O,
-780C
ii)Cul-MeS

SMe2.Cu
OTBDMS
Scheme 13. Preparation of an organocopper reagent, using a transmetallation system with
organolithium reagent, n-BuLi. The reaction is performed under strict anhydrous
conditions at low temperature, due to the instability of the organocopper reagent and the
54
organolithium.
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Studies were therefore conducted to establish whether solvent free conditions
would improve the reactivity of the metallic copper and thus the ease of
production of the allyl cuprate. With its relatively low first ionisation potential
(7.73 eV)1 it was expected copper mediated reactions would produce allylic
alcohols with good efficiency. However in reactions of allyl bromide, copper
and benzaldehyde the allylic copper intermediate was not observed under a
variety of reaction conditions which included rapid stirring at room
temperature, sonication and rapid stirring at elevated temperatures {ca. 50°C)
with extended reaction periods (ca. 48 h). Furthermore no obvious allylic
copper species formed, with the metallic copper not being consumed and no
formation of a colourless solid, (which is generally characteristic of
organocuprates,) even on the neat addition of a large excess of allyl bromide
with metallic copper under sonication.

Thus it can be concluded that more forcing conditions are necessary to
counteract the relatively noble character of zerovalent copper, for which the d
shell electrons are involved in metallic bonding.58 Other possible options
include the generation of the allyl cuprate intermediate via an allyl Grignard
and Cul system,59 which may limit the scope of such additions to substrates
with robust functionalities that are not likely to be attacked by strong
nucleophiles.

Alternatively, highly reactive zerovalent copper could be

generated in situ by reduction of Cu(I).52 This method has also been
successfully

employed to produce highly activated magnesium (Rieke
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Magnesium), which has been used to generate functionalised Grignard reagents
form direct oxidative addition to aryl bromides.38 In the theme of 'benign by
design'

the

activation

of

copper

could

be

mediated

by

pulsed

sonoelectrochemisty, which has been employed for the allylation of carbonyl
compounds mediated by zinc in aqueous environments.60

This implies that the ability of copper to mediate the allylation of carbonyl
species may also be dependent on other factors aside from its ability to
participate in SET processes (as determined by its first ionisation potential), as
previously postulated.2 Given that the allyl copper species was not observed,
the ability of copper to mediate such 1,2 additions must take into account its
ability to insert into carbon-halogen bonds and to form C-M bonds.
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2.6 Zinc as a Mediator
When looking at the characteristics of zinc metal it is not surprising it has
received significant attention in recent years as a mediator in the development
of the benign reaction schemes for the Barbier-Grignard type reaction.

Zinc

has several favourable characteristics, including its relatively low cost ($11.80
AUD/25g).43 Also, due to the moderate reactivity of organozinc compounds,
when compared with traditional Grignard and organolithium reagents, it has
been used widely for addition reactions to functionalised substrates where
avoidance of unwanted functional group attack is desirable.61 A consequence
of the moderate nature of metallic zinc is the requirement for it to be activated
when preparing organozinc derivatives. Activation procedures have included;
washing zinc with acidic solutions,62 ultrasonic irradiation in the presence of
lithium,63 electro-reduction of zinc chloride,64 and Zn/Cu coupled systems.65

In terms of the Barbier-Grignard type reaction zinc mediated systems have
achieved a great deal of success.66 In the volatile organic solvent THF, zinc
mediated reactions could be performed at room temperature exhibiting short
induction periods (ca. x/i h) and without any unwanted functional group attack.
Importantly, yields for the allylation of various carbonyl compounds were
generally excellent with no requirement for the activation of zinc.66

When moving from complete volatile organic solvent system to aqueous
environments, with or without the presence of an organic co-solvent, similar
success was achieved.2'67'68'69

In these systems comparable yields were

achieved to reactions performed using indium and tin, resulting in the
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production of the desired homoallylic alcohols in essentially quantitative yields.
Importantly, the reactions exhibited high degrees of both regio- and diastereoselectivity and could be extended to a variety of allylic halides and carbonyl
compounds.2'67

As such, analogous reactions were extended to various substrates including Nsulphonylimines70 and oximes.71 Although such reactions produced high yields
and exhibited good versatility, there was always a requirement for ultrasonic
irradiation, the presence of acidic catalyst such as HBr or NH4CI, heat or
indefinite induction periods, which in terms of the principles of Green
Chemistry pertaining to atom efficiency, energy input and waste is not
desirable (Scheme 14).

OH

* * .A.

+

Zn

THF, aq. NH4CI
Stirring, r.t

*~
R2
70-94%

R| and R2 = H, aky) or aryl groups

Scheme 14. The allylation of carbonyl compounds, mediated by zinc in an aqueous
environment.

Thus, it was of interest to discover whether the high yields and noted versatility
of the allylation reactions with zinc in aqueous environments could be
replicated under solvent free conditions. Furthermore, could the solvent free
approach remove the need for the additional step of the preparation of activated
zinc? Indeed, it was found that reactions performed using metallic zinc did not
require any activation.

On the addition of the carbonyl compound to the
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suspension of zinc powder in 1.5 equivalents of allyl bromide, at room
temperature, a rapid exothermic reaction occurred. Unfortunately, on analysis,
it was found that decomposition of the starting materials had resulted. As with
the decomposition that occurred initially in the bismuth and indium systems,
the decomposition products included the reduced aldehyde, unidentifiable
hydrocarbons. This is in accordance with work previously reported for solvent
free methodologies of zinc mediated systems.3

In trying to control the

exothermic nature of this reaction the reactions were also performed with the
reaction vessel being suspended in cool water (car. 15°C). However this was
also found to be insufficient, and the only way the exothermic nature of such
reactions could be controlled was by carrying out the additions at ca. 0°C, was
by keeping the RBF on an ice bath until quenching took place.

It was crucial

to keep the reaction temperature close to 0°C because any slight deviations {ca.
± 5°C) resulted in either the decomposition of the starting material or a
significant reduction in the yield. The requirement for this strict control meant
that in comparison to the other metals investigated this reaction methodology
was quite cumbersome, especially on the small preparative scale. However,
this could be easily overcome by the employment of specialised equipment.

This heightened reactivity (as reflected in the exothermic behaviour of the
reaction) of the zinc-mediated reactions came as a surprise. It was expected that
moving down the series of metal mediators, from the metal with the lowest first
ionisation potential, bismuth, to the metal with the highest first ionisation
potential, zinc, that the reactivity and subsequent yields would closely adhere to
the trends in the first ionisation potentials. For example, it was expected that
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because of the lower first ionisation potential of metallic indium (5.79 eV), the
solvent free reactions in which this was engaged would produce greater
reactivity and higher yields when compared to zinc with a relatively high first
ionisation potential of 9.39 eV. Surprisingly, this was not the case. Unlike the
indium mediated solvent free reactions, which required stirring at room
temperature, the analogous reactions performed with zinc required the reaction
to be performed at 0°C to control the exothermic nature of the reaction, and
consequently prevent decomposition of the starting materials. These findings
suggest that like the copper system the ability of the zinc to mediate reactions
can not just be determined by its ability to participate in a SET process, as
judged by the first ionisation potential,2 but also may be determined by the
ability of the metal to insert into carbon-halogen bonds and its ability to form
C-M bonds.

Table 7. Isolated yields for allylation reactions of various carbonyl compounds
mediated by zinc.

o /v ,viH a

Entry

Carbonyl
compound

Allyl bromide:
CarbonyhZn

1

PhCHO

1.5:1:1

80

2

Ph-(2-OH)-CHO

1.5:1:1

68

3

Ph-(2-OMe)-CHO

1.5:1:1

56

4

Ph-CH=CH-CHO

1.5:1:1

51

5

Ph(Me)-C=O

1.5:1:1

17

/oYldd

' Isolated yield.with products giving satisfactory IR,'HNMRandGC
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Once the decomposition of starting materials was alleviated, high yields were
obtained, ranging from 50-80%, achieved for both cinnamaldehyde and
aromatic aldehydes (Entries 1-4, Table 7). Importantly, these yields are similar
to those achieved in reactions performed in aqueous environments,2'57'68'69 and
in THF.65

Like the other solvent free system, the addition reaction was

selective between differing types of double bonds, with only the 1,2 addition
product being observed when the reaction was carried out with cinnamaldehyde
(Entry 5, table 7). When moving to the less reactive ketone, acetophenone,
reduced yields were observed {ca. 17%), and attempts to improve this yield by
the addition of acetophenone at room temperature resulted in the decomposition
of the starting material.

Importantly the solvent free approach improves on the previously developed
aqueous system which required the use of additional activation of the metal.
By removing the solvent from the reaction, there has been a significant
reduction in the amount of waste produced by these reactions. However, like
the other metal mediated reactions performed under solvent free conditions, and
those previously performed in an aqueous environment, when reactions did not
go to completion chromatographic techniques were required to isolate the
products, which significantly adds to the overall waste stream. In terms of
/
future applications this will need to be addressed for these protocols to be
classed more benign.
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2.7 Mechanistic Discussion of the Barbier-Grignard
Type Reaction Under Solvent Free Conditions
Table 8. A summary of the first ionisation potentialand reaction conditions for indium,
bismuth, gallium, tin, copper and zinc.'

Metal

1st Ionisation Potential (IIP)

Reaction Conditions

Bi

5.28eV

In

5.70eV

Kept at or below room temperature
for 3 h before quenching
Required quenching within 3 h

Ga

5.99eV

Sonication for 12 h

Sn

7.43eV

Cu

7.73eV

Zn

9.39eV

Sonication for 12 h with 4
equivalents of allyl bromide
Sonicated for 24 h before quench
Kept on ice for 3 h before
quenching

As indicated previously, a major consideration when choosing a reactive metal
mediator for allylation reactions has customarily concerned the metal species
first ionisation potential, specifically their similarity to the most reactive alkali
metals and magnesium (Table 8).

Based on studies on the formation of

Grignard reagents, it has been postulated that irrespective of the metal used the
Barbier-Grignard reactions involve a single electron transfer mechanism (SET).
Thus it was expected the reactivity and subsequent yields of the various
mediators, would closely adhere to trends of their first ionisation potential.
However, under solvent free conditions this was found not to be the case.

Those with higher first ionisation potential values, such as zinc, required the
reaction to be performed at 0°C to prevent the decomposition of the starting
materials, whilst indium, with its relatively low first ionisation potential,
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produced no such decomposition when reactions were carried out at room
temperature, so long as quenching was performed within 3 h of initiation (Table
8).
Table 9. Relative yields of metal mediators for additions performed on acetophenone and
bcnzaldehyde.

Metal

1st IP

Bi

5.28eV

PhCHO
Ph(Me)-C=O

94
0

In

5.70eV

PhCHO
Ph(Me)-O0

97
67

Ga

5.99eV

PhCHO
Ph(Me)-C=O

97
34

Snb

7.43eV

PhCHO
Ph(Me)-C=O

98
0

Cu

7.73eV

PhCHO
Ph(Me)-C=O

0
0

Zn

9.39eV

PhCHO
Ph(Me)-CO

80
17

%Yielda

Carbonyl

* All products gave satisfactory IR, 'HNMR and GC. Reactions performed with a 1:1.5:1 ratio of carbonylrallyl
bromide: metal
b

Yields estimated by GC/MS and 'H NMR. Reactions performed with a ratio of 1:4:1 carbonyl:allyl
bromidc:metal.

In terms of yields, when comparing the mediators performance on addition to
the

simplest

aldehyde

and

ketone,

benzaldehyde

and

acetophenone

respectively, the trends were also not in accordance with their 1st ionisation
potentials (Table 9). This is exemplified when looking at yields achieved by
bismuth, which in spite of its relatively low first ionisation potential (5.28eV)
can not undergo addition with acetophenone, whilst indium, gallium and zinc
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can, even though they have higher first ionisation potential values. These
observations suggest the ability of a metal to mediate the allylation of carbonyl
species is not solely governed by the metal to participate in a SET process.
Other factors need to be considered including (Scheme 15);

> The ease with which the metal inserts into a carbon-halogen bond and
its predisposition, or lack there of, to form a C-M bond in generating the
allyl metallic intermediate, (1).
> The formation of the alkoxide species and bond energy considerations
of the transition from M-C to M-0 bonds, (2).
> The dependency of the rate of quenching on the enolate M-0 bond
strength, (3).
These factors should be addressed through analysis of the relevant
thermodynamic and kinetic properties of the metal mediators.

When considering the reactivity of the organometallic compounds formed by
the metal mediators, it is important to consider the relative strength of the
metal-carbon bond and how they directly correlated with one another. The
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+

M

SET

.MBr

O-MBr
M-rBr

t

O

H+
-'nBr(OH)'

A

HO
* Unkown/variable oreidation state
M = Bi, In.Ga, SnorZn

Scheme 15. Generation of homoallylic alcohol from the in situ formation of allylic metal
1, the generation of the alkoxide species 2 and the homoallylic alcohol 3.

relative strength/reactivity of the C-M bond can give an indication of the ease
with which the metal inserts into a carbon-halogen bond and its predisposition,
to form a C-M bond in generating the allyl metallic intermediate. Furthermore
such strength will also determine the ability of formation of the alkoxide 2
species when moving from M-C to M-0 bonds, (Scheme 15).

A means of comparing the relative C-M bond strengths is to observe the trends
of the standard molar enthalpies of formation (AH°j/kJ mol

-1

) and metal-

carbon average molar bond enthalpies (Em(M-C)). Ideally these comparisons
would be made on the different allylmetal halogen species. However, because
these specific enthalpies of formation and bond enthalpies have not been
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reported, comparison have been completed on some gaseous metal metals
MMen.45'72 The trends are shown in Figure 2 and Table 10.
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Figure 2. Graph showing trends in the standard molar enthalpies of formation (AH°(/kJ
mol "') of MMcn showing cither that they are exothermic or endothermic processes.
Taken from; Comprehensive Organometallic Chemistry, 1982, 1, p.5, Pergamon Press,
Australia.

In terms of the implications these trends have on the observed reactivity of the
metal mediators, it is noteworthy that the metals that exhibit the most
exothermic character (indium, bismuth and zinc) all have relatively low C-M
average molar bond enthalpies.

Whilst other metals, gallium and tin, that

required more forcing conditions have relatively high average bond enthalpies,
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which indicates that they are less reactive than their indium, bismuth, zinc
counterparts.

These same 'reactivity' trends of the C-M bonds are also

observed when analysising their relative molar enthalpies of formation (AH°f)
(Figure 2). When these values are expressed as their decomposition values (AH°f) the values for ZnMe2, InMe3 and BiMe3 are negative, indicating their
decomposition is an exothermic process (Table 10). Conversely values for
GaMe3 and SnMe4 are positive indicating their decomposition is an
endothermic process and consequently their C-M bonds are less reactive than
their zinc, indium and bismuth counterparts.

Table 10. Standard Molar Enthalpies of formation (AH°AJ rnol"') and Metal-Carbon Average
Molar Bond Enthalpies (£m(M-C)/kJ mol"1) of Metal Methyls MMe,,, as compared to the
reaction conditions metal mediators. These figures have been taken from; Comprehensive
Organometallic Chemistry, 1982,1, p.5, Pergamon Press, Australia.

Metal Methyls/MMen

AH° f

BiMe3

194

141

InMe3

173

160

GaMe3

-42

247

SnMe4

-19

217

ZnMe,

50

177

Other considerations should address the issue of the relative Lewis acidity of
the allyl metal intermediates, which will also be a factor in determining the ease
with which reactions with the carbonyl group occurs and the formation of
alkoxide species 2. In the case of the zinc, indium and gallium which have
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Lewis acidity character relatively high in comparison to copper, bismuth and
tin. the rate of formation of the enolate species should be enhanced.

Although rates of quenching in these reactions were comparable for all metal
mediators (ca. 5 min/H20), the ease with which the O-M bond is hydrolysed
needs to be taken into account.

This could be determined by assessing the

relative bond strengths of the O-M bonds, which correlate with the stability of
the alkoxide species towards hydrolysis. The mean bond enthalpies of M-0
bonds are similar to C-M since they are also dependent on periodic properties
(Table 11).
Table 11. Average bond enthalpies of some metal oxides.1

Metal Oxide

Enthalpy for oxides (kcal/mol)

SnO 2

2.69

ZnO
Ga2O3
In2O3
Bi 2 O 3

4.27
4.49
7.00
7.42
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2.8 Evaluating the Metal Mediators for Possible
Downstream Applications
When choosing the various metal mediators and considering their suitability for
future applications to other substrates and ultimately for use in the fine
chemical industries several factors were taken into account. Aside from these
reaction schemes producing the desired 1,2-addition product in high yields and
through a facile synthesis other important aspects of the procedures were also
considered including that they;

> Maximize the incorporation of all used materials in the process into the
final product.
> Have reaction conditions that are mild and do not require excessive
input of external energy or chemical activators.
> Should not produce any unwanted side products.

In taking these factors into account, it becomes apparent that when assessing
these reactions from a Green Chemistry perspective some metals performed
better than others. When considering overall yields achieved by the metals,
bismuth, indium, gallium, zinc and tin all performed well, with no evidence of
unwanted side products (Table 12). Although on further analysis, in some
cases these high yields come at a cost.
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Table 12. Isolated yields for allylation reactions of various carbonyl compounds in the presence
of bismuth, indium, gallium, tin, copper and zinc.

compoSd

Metal

bromide:Alde|jde/Ketone:

Yield3

PhCHO

Bi

1.5:1:1

94%

PhCHO

In

1.5:1:1

97%

PhCHO

Ga

1.5:1:1

97%

PhCHO

Sn

4:1:1

98%

PhCHO

Cu

1.5:1:1

0%

PhCHO

Zn

1.5:1:1

80%

Ph-(2-OH)-CHO

Bi

1.5:1:1

81%

Ph-(2-OH)-CHO

In

1.5:1:1

92%

Ph-(2-OH)-CHO

Ga

1.5:1:1

0%

Ph-(4-OH)-CHO

Ga

1.5:1:1

0%

Ph-(2-OH)-CHO

Zn

1.5:1:1

68%

Ph-(4-OMe)-CHO

Bi

1.5:1:1

0%

Ph(2-OMc)-CHO

In

1.5:1:1

78%

Ph-(2-OMe)-CHO

Ga

1.5:1:1

86%

3,4-(McO)C6H3CHO

Sn

4:1:1

82%

Ph-(2-OMc)-CHO

Zn

1.5:1:1

56%

Ph-CH=CH-CHO

Bi

1.5:1:1

15%

Ph-CH=CH-CHO

In

1.5:1:1

86%

Ph-CH=CH-CHO

Ga

1.5:1:1

74%

Ph-CH=CH-CHO

Sn

4:1:1

87%

Ph-CH=CH-CHO

Zn

1.5:1:1

51%

Ph(Me)-C=O

Bi

2:1:1.5

0%

Ph(Me)-C=O

In

1.5:1:1

67%b

Ph(Me)-C=O

In

2:1:1.5

85%

Ph(Mc)-C=O

Ga

1.5:1:1.5

34%

Ph(Ph)-C=O

Sn

4:1:1

0%

Ph(Mc)-C=O

Cu

1.5:1:1

0%

Ph(Me)-C=O

Zn

1.5:1:1

17%

* All products gave satisfactory 1R, 'H NMR and GC spectra
'Estimated by 'H NMR and GC
'Reaction performed at room temperature
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In the case of reactions performed by tin, to achieve high yields of 82-92% for
a variety of carbonyl compounds, 4 equivalents of allyl bromide with 12 h of
ultrasonic irradiation is required.

The requirement for the input of external

energy in the form of long periods of sonication and the excessive use of allyl
bromide contradicts the principals of Green Chemistry, where synthetic
procedures should incorporate all materials used in the process into the final
product to minimise the production of waste. Furthermore, the detection of
allyl tin species, which are known to be toxic, in the organic extracts of the
reaction mixture is not desirable.

In contrast, when bismuth was used as a mediator, high yields were achieved
without the need for excessive inputs of energy and there was no detection of
allyl bismuth compounds in the organic extracts. Also only 1.5 equivalents of
allyl bromide was required, thus minimising the production of waste.
However, the bismuth system was not versatile across several types of carbonyl
compounds with no homoallylic alcohol being produced when additions were
carried out on -OMe substituted aromatic aldehydes.

Also, reactions

performed on carbonyl compounds with reduced electrophilicity such as
ketones and a,p-unsaturated aldehydes produced little to no homoallylic
alcohol.

This lack of versatility would severely hinder the ability of this

reaction to enter mainstream synthesis.

In comparison to both tin and bismuth mediated reactions, the zinc counterpart
offers several advantages including versatility across a variety of carbonyl
compounds, even those of reduced electrophilicity. Also, in terms of waste
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considerations only 1.5 equivalents of allyl bromide was required and the allyl
zinc intermediate did not persist in the organic layers of the reaction. However
reaction yields were reduced (50-80%) and as a result of the vigorous
exothermic nature of the reaction the controlling mechanisms required for the
prevention of decomposition were quite cumbersome and could hinder
downstream applications due to the requirement for advanced reactor design.

When evaluating the group 13 metal gallium for downstream applications, in
comparison to methodologies developed for zinc and bismuth the reaction
conditions were far less cumbersome requiring no strict cooling procedures to
prevent the decomposition phenomenon. Although sonication was required
with allyl bromide, it is important to remember that this was only required to
create a clean gallium surface, which could be replaced with less energetically
demanding processes such as slight heating when less volatile compounds are
employed.

Also, the instability of organogallium species in water was

overcome by performing the reactions under an inert atmosphere, Although the
addition was unsuccessful for hydroxy substituted aldehydes, unlike zinc, tin
and bismuth, the gallium mediated reaction exhibited high yields for a variety
of carbonyl compounds including the less electrophilic ketones.

Indium metal achieved excellent yields and exhibited the greatest versatility
across differing types of aldehydes and ketones.

In terms of reaction

conditions, indium mediated reactions were performed under the mildest
conditions, with only rapid stirring at room temperature required. Importantly
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reaction times were short (< 3h), with the exothermic nature of reaction being
easily controlled by restricting the reaction period. In addressing waste issues
only 1.5 equivalents of allyl bromide were required with no allyl indium
species being found in the organic extract. Taking these Green Chemistry
aspects into account and the ease with which these high yields were achieved,
out of all the metals assessed indium seems to be the most likely metal to be
extended to downstream applications.

Although these methods, (especially the protocols that incorporated the use of
gallium and indium), reduced the amount of waste being produced by the
Barbier-Grignard type reaction that are traditionally completed in solvents,
there are still areas that require improvement. In all of these protocols more
than a stoichiometric amount of allyl bromide is required and a stoichiometric
amount of metal mediator is needed. This contradicts the principal of Green
Chemistry that aims to reduce the amount of waste produced by a process by
incorporating all materials used in the reaction into the final product. If the use
of a stoichiometric amount of metal is unavoidable, it is imperative that the
metal mediator can be easily recycled, as has been established for indium.
Although the excess of allyl bromide may not be a requirement when reactions
are scaled up, if it is found to be required due to the nature of the allyl metal
intermediate, future work may have to concentrate on the redesigning of the use
of this mediator to avoid such a problem.

Also the need for the products to be isolated by chromatographic techniques is
a concern, especially considering that VOC's were used as a solvent system.
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Ideally another separation technique should be employed, though if
chromatography is unavoidable the solvent system should incorporate solvents
that are derived from renewable resources such as methanol, ethanol or water.
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2.9 Conclusions
Successfully controlling the exothermic nature of the allylation of carbonyl
compounds makes the solvent free approach to the synthesis of homoallylic
alcohols a viable synthetic procedure. This is an important addition to the
variety of procedures, which utilise more benign reaction media, such as water
and ionic liquids. Although the nature of the allylic metallic species is not clear
at this stage, its ability to be generated is a crucial factor in determining the
suitability of metals in such reactions. When comparing the metal mediators in
terms of yields, reactivity, versatility and importantly its 'green' status or
'green' metrics it is clear that some metals, namely gallium and indium, will be
more suited to downstream applications and extension to other substrates.
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Solvent Free Synthesis of Homoallylic Amines

For the solvent free Barbier-Grignaro type reaction to become widely accepted,
it was important to establish its versatility by extending the synthetic
methodology to substrates other than simple carbonyl compounds. Now that it
is established that homoallylic alcohols can be readily prepared from carbonyl
compounds under solvent free conditions using bismuth, indium, gallium, tin
and zinc it was important to extend the focus of the investigations to additions
to C=N containing compounds to create an amine group, R2NH (Scheme 1).
Such C=N containing compounds are generally known as imines and include
.Af-alkyl/arylimines, jV-phosphinoylimines and iV-thioimines. In terms of the
Barbier-Grignard reaction, much attention has been given to the development
of benign protocols for the synthesis of alcohols, however the analogous
addition reaction to C=N double bonds has been relatively neglected.1'2 This is
in spite of the important role the amine functionality has in synthesis and the
role homoallylic amines have as fundamental building blocks in many
biologically active compounds, including anti-fungal agents.3'4

o

.A.

R2

+

R 2 -N=C

NH 2

.Br
ii)H2O

H

HN—
/
/
R2
H

M = In or Ga
R1 and R2 = Alkyl or aryl

Scheme 1. A two-step solvent free route to homoallylic amines.
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Previous attempts to produce a benign synthetic procedure for the allylation of
various aldimines achieved limited success. In using indium and zinc as the
mediators in a completely aqueous environment, it was found that aldimines
were unsuitable substrates for aqueous media.5'6 This is because aldimines
readily hydrolyze in the presence of water to the corresponding aldehyde which
is thus allylated instead of the aldimine, resulting in the production of the
homoallylic alcohol. Another procedure involving an electrochemical route
resulted in unidentifiable allylated products being generated.7

The work described in Chapter 2 on the formation of homoallylic alcohols
shows that in terms of 'green' synthesis, the solvent free approach is a viable
alternative to the aqueous system. The solvent free approach alleviates entirely
the need to dispose of, or recycle, the reaction media. Furthermore, the use of
water as a reaction media for such 1,2 additions inhibits the scope of the
reaction to only hydrolytically robust substrates such as carbonyl compounds,
thus excluding compounds such as most imines.5'6 In addition, the use of water
necessitates recycling or cleaning it up before release into the environment.

Given the hydrolytic instability of the imines, the solvent free approach to the
synthesis of allylated amines should be attractive in gaining access to such
compounds, and the drive towards the development of more benign synthetic
protocols. Since gallium and indium provided the best reaction conditions and
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yields for the synthesis of homoallylic alcohols it was decided that subsequent
studies of the addition to C=N should be limited to these metals. In an attempt
to establish a complete solvent free protocol for the synthesis of secondary
amines, investigations have also focused on development of a solvent free
method for the synthesis of the imines themselves (Scheme 1).
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Solvent-Free Synthesis of lmines

3.1.1 Aldimines
Traditionally imines have been synthesised via a condensation reaction between
amines and carbonyl compounds.8'9'10 These reactions are usually completed in
volatile organic solvents and due to the hydrolytic instability of the imines were
completed under azeotropic conditions to remove any water that formed.
Generally, these reactions have also been performed in the presence of a Lewis
acid catalyst such as zinc chloride,8 TiCU,11 molecular sieves12 or alumina.9 In
terms of benign synthetic procedures, Varma et al. developed a solvent free
route that removed the requirement for large amounts of aromatic solvents and
the use of Dean-Stark apparatus.13 In this protocol, microwave irradiation and
montmorillonite K 10 clay catalysed the condensation reaction, which produced
the desired imines in essentially quantitative yields.13 Other benign reaction
methodologies have been subsequently developed. These include the solidstate addition of amines to al.'rhydes with co-grinding,14 which also proved
successful in scale up procedures in high-energy ball mills.15

Other methods have also incorporated the use of a water suspension for the
reaction media without the presence of any acid catalyst.16 Although the water
suspension method required no acidic catalyst to produce high yields, the
procedure is obviously restricted to only hydrolytically robust C=N containing
compounds

whilst

excluding

other

important

hydrolytically

unstable

compounds such as the JV-phosphinoylimines.17 Moreover, the use of water as
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bulk solvent generates an aqueous waste stream, which is an important
consideration when developing benign synthetic procedures.18

The imines in this study,
listed in Table 1, were
produced

by

simply

grinding/mixing together
various aldehydes with
aniline in a mortar and
pestle in the presence of
a catalytic amount of
Figure 1. Solvent free synthesis of aldimines, produced
through co-grinding of aniline and aldehyde.

toluene-4-sulphonic

acid

(Figure 1 & Scheme 2).
Like other condensation reactions, which created enamines,19 the role of the
toluene-4-sulphonic acid is to catalyse the removal of the water molecule in the
intermediate 1 which drives the reaction forward (Scheme 2).

In these

OH

o
R2NH2

HO 3 S-4>-Me (ca. 5%)

R2-HN

.

and R2 = Alkyl or aryl groups

R,

H

-HoO

R 2 — N = C/

Scheme 2. Solvent free synthesis of imines with the removal of water from
intermediate 1 being catalysed by toluene-4-sulphonic acid.
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experiments the reaction proceeded via the formation of a paste, which became
sticky upon further grinding (ca. 10 min) which solidified on standing.
Residual acid was then removed by washing quickly with a small amount of
water. Following this washing procedure, the aldimines were sufficiently pure
for use in other synthetic applications. However to further purify the remaining
solids a recrystallisation was performed from methanol (a renewable solvent)
affording the desired imines in high yields, ca. 46-100% (Table 1).

Yields

were comparable with other benign synthesis of imines with essentially
quantitative yields being achieved with only a slight reduction being observed
for those aldimines derived from cinnamylaldehyde and aromatic substituted
and aliphatic anilines (Table I). 16 ' 13

Table 1. Isolated percentage yields of imines derived from amines under solvent free
conditions

Aniline

Aldehyde

Imine

Yield8

PhNH2

PhCHO

PhC(H)=NPh

99%

PhNH2

2-(HO)-PhCH=O

2-(OH)-PhC(H)=NPh

97%

PhNH2

2-(MeO)-PhCH=O

2-(MeO)-PhC(H)=NPh

94%

PhNH2

4-(MeO)-PhCH=O

4-(MeO)-PhC(H)=NPh

96%

PhNH2

PhCH=CHCH=O

PhC(H)=C(H)C(H)=NPh

89%

PhCH,CH2NH2

PhCHO

PhCH=NCH2CH2Ph

54%

2,6-(Me)-PhNH2

PhCH=O

PhCH=N-2,6-(Me)-Ph

46%

' Isolated Yield. All products gave satisfactory 1R, *H NMR and El MS as compared to previously reported data.
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The formation of the paste appears to be a prerequisite for the reaction to occur,
as has been observed for other co-grinding reactions.20 With no phase change
from the discrete aldehyde and aniline to a melt only starting materials were
recovered. When reactions were performed without the presence of a catalytic
amount of toluene-4-sulphonic acid to produce comparable yields the cogrinding procedure was extended to several 10 min spurts of grinding over
several hours and the paste took significantly longer to solidify (ca. 2 h).

3.1.2 Other C=N Containing Compounds

W-Phosphinoylim ine

A/-Thioimines

Ph

Ph'

R2

R?

n = 0; sulphenimine
n = 1; sulphinimine
n = 2; sulphonimine

R1,R2=Alkyl, arylorH

Scheme 3. N-Phosphinoylimines and JV-Thiomines.

To extend this to other O N containing compounds, addition of various
aldehydes were also performed on phosphonyl- and sulphonyl-amides in an
attempt to produce N-phosphinoylimines and N-thioimines (Scheme 3). These
compounds are generally used in synthesis as alternatives to aldimines, where
the 1,2-addition to aldimines often results in competitive reactions taking place.
The presence of the N-phospninoyl and N-thio groups activates the C=N bond
and the 1,2-addition is faster than competing reactions. Because of the presence
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of the highly electron withdrawing groups the C=N bond exhibits heightened
reactivity towards nucleophiles.1

These competitive reactions include,

enolization, reduction and coupling reactions, which result from the reduced
electrophilicity of the aldimines C=N.1 In spite of this heightened
electrophilicty, in comparison to the aldimines, little work has been conducted
into 1,2-additions of 7V-phosphinoylimines and //-sulfur bonded imines.2 This
has been thought to be due to a lack of a facile synthesis for these C=N
containing compounds whose traditional synthesis has incorporated indefinite
reaction times and the use of highly reactive reagents such as Tid*. 21 ' 22 ' 23

In the case of the Af-phosphinoylimines there was evidence of C=N formation
in the crude reaction mixture following 10 min of co-grinding of benzaldehyde
and diphenylphosphonic acid. This reaction formed a paste, and IR and ! H
NMR analysis of the crude mixture showed, C=N bond formation. However,
due to the sensitivity of N-phosphinoyl imines toward water, the imine quickly
hydrolysed into its starting aldehyde and amide.17 It was thought that this could
be overcome by performing such grinding procedures in the presence of a
dehydrating reagent. However, when the grinding procedures were carried out
in the presence of molecular sieves, the same hydrolysis process occurred.
Thus a more efficient dehydrating agent may be required.

Investigations then moved from the /if-phosphinoylimines to the solvent free
synthesis of iV-thioimines, concentrating mainly on the synthesis of N-

122

Chapter 3.

Solvent Free Synthesis ofHomoallylic Secondary Amines

sulphonylimines. Because of the hydrolytic stability of 7V-thioimines it was
anticipated that the problems associated with hydrolysis would not be
observed.24

However, when benzensulphonamide and benzaldehyde were

ground together in the presence of a catalytic amount of toluene-4-suIphonic
acid there was no evidence of C=N formation. This was also the case when
two equivalents of aldehyde were used and the grinding procedure was
completed at elevated temperatures (ca. 60°C). Other mechanical treatments
were also employed including ultrasound treatment for extended periods (ca. 24
h) and rapid stirring at elevated temperatures (ca. 60°C), which also failed.
This failure to produce the A^-sulphonylimine may be a result of the low
nucleophilicity of the nitrogen atom in the starting sulphonamides.

H

A

TiCU, Et3N

+

C

s
CH 2 CI 2 ,0°C

N

^ AlkylorAryl

Scheme 4. Synthesis of N-suIphonylimines using a previously developed method, with
25
alterations using TiCU.

To overcome this reduced reactivity, the iV-sulphonylimines were consequently
synthesized in the presence of TiCLt following a previously reported method
with some alterations (Scheme 4). 25 Although this method was effective with
reasonable yields being achieved (ca. 50%), the reaction procedure suffered
significantly in relation to benign synthesis (Table 2). A large amount of
excess waste was generated by the use of VOC's a greater than stoichiometric
amount of reagents were used, and a significant amount of titanium oxides were
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Furthermore, the reaction required the presence of molecular

sieves to ensure yields of the N-sulphonylimines were reasonable. Following
the principles of Green Chemistry other alternatives to TiCU, which are less
toxic and corrosive should also be investigated.

This may involve the

employment of microwave irradiation under solvent free conditions, or the use
of ultra high intensity grinding (ball-milling), which proved successful for the
synthesis of aldimines and enamines.13*14'15

Table 2. Percentage yields of N-sulphonylimines using TiCl) as s ?agent.

Sulphonamide

Aldehyde

7V-Sulphonylimine

%Yield

SO2(Ph)NH2

PhC(H)=O

Ph-SO2N=C(H)-Ph

57

SO2(Ph)NH2

(4-OCH3)-PhC(H)=O

Ph-SO2N=C(H)-Ph-(4-OCH3)

49

SO2(Ph)NH2

PhC(H)=C(H)C(H)=O

Ph-SO2N=C(H)C(H)=C(H)-Ph

77

Other possibilities may build on the one-step procedure developed by Davies et
al. in which aromatic aldehydes and sulphonamides are reacted under refluxing
conditions in toluene for 16 h in the presence of molecular sieves.26 Ideally,
this would involve the replacement of the volatile organic solvent with other
benign reaction media such as ionic liquids,27'28'29 supercritical CO2,30 or
polypropylene glycol.31
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3,2 Gallium Mediated
Secondary Amines

Synthesis

of

Homoallylic

Following on from the success of gallium as a mediator in the allylation of
carbonyl compounds, investigations now focused on whether an analogous
reaction methodology could be extended to the various imines. In a typical
these reaction procedure 1.5 equivalents of allyl bromide was added to a
suspension of gallium metal and aldimine (Scheme 5). Owing to the hydrolytic
instability of the aldimines themselves and the unstable nature of
organogallium complexes in water,32 (which are formed in situ) all such
reactions were carried out in an inert atmosphere of N2 to prevent homoallylic
alcohol and galloxane formation. Similarly, to additions performed on carbonyl
compounds, additions on the aldimines required sonication for 12 h before
quenching with H2O to maximise yields. In terms of benign synthesis these
long reaction times and the need to input energy in the form of sonication is not
ideal, however when reaction times were reduced and no ultrasonic irradiation
was employed significantly lower yields resulted {ca. 50%).

12 h
ii) H2O
H

R2

H

fy = alkyl or aryl groups
R2 = alkyl or aryl groups

Scheme 5. The synthesis cf homoallylic secondary amines mediated by gallium metal
under solvent free conditions.
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Table 3. Synthesis of homoallylic secondary amines using gallium metal.

Imine

%Yielda

PhC(H)=NPh

94

4-(MeO)-PhC(H)=NPh

87

2-(MeO)-PhC(H)=NPh

72

2-(OH)-PhC(H)=NPh

<5 b

PhC(H)=N-2,6-(Me)-Ph

44

PhCH=NCH2CH2Ph

32

(Ph)2C=NH
PhC(H)=C(H)C(H)=NPh

<10b
0

" Isolated Yields. All products gave satisfactory 1R, 'll NMR and El MS as compared to previously reported data.
b

Estimated by 'H NMRand GC/MS

The corresponding homoallylic amines were obtained in yields ranging from
32-94%, for imines derived from aromatic, -OMe substituted aromatic, and
aliphatic aldehydes (Table 3). Owing to the reduced reactivity of the C=N
double bond, slightly reduced yields of ca. 5 % were observed on moving from
carbonyl to aldimines.

In direct comparison to similar one-pot syntheses performed using indium, as a
mediator the volatile organic solvents THF and DMF, comparable yields were
obtained.33'34 Significantly, unlike reactions performed via an electrochemical
route using indium,7 no unwanted or unidentifiable side products were observed
on analysis of the crude reaction mixture, only the desired homoallylic amine
along with the homoallylic alcohol, with the later originating from hydrolysis
of the residual imine. Furthermore, in comparison to other organometallic
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allylation reactions there is no requirement for pre-synthesis of the allylmetallic
species.

The imines prepared from aromatic carbonyl compounds formed in the highest
yields, while the a,p-unsaturated imine, unfortunately, produced only the
homoallylic alcohol, presumably from allylation of the aldehyde derived from
the gallium salt catalysed hydrolysis of the imine. For comparison, yields were
substantially reduced for benzophenone imine (ca. <10 %) again reflecting
deactivation of the C=N bond. Similar to the -OH substituted aldehydes, imines
derived from hydroxy substituted aldehydes did not undergo any 1,2-addition
reactions, with products resulting from hydrolysis only being observed.
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Gallium Mediated Allylation ofN-Sulphonylimines

Following the success of additions performed on aldimines attempts were made
to extend these reaction methodologies to the other C=N containing
compounds, the ./V-sulphonylimines.

It was expected that because the N-

sulphonylimines exhibit increased reactivity towards nucleophiles, due to the
presence of the highly electron withdrawing groups, the previously discussed
methodologies would be directly transferable to the //-sulphonylimines and
hopefully with improved yields. Surprisingly, this was not the case. When the
simplest N-sulphonylimine, JV-benzylidene-benzenesulfonamide, was sonicated
for 12 h in the presence of gallium and 1.5 equivalents of allyl bromide there
was no evidence of the corresponding homoallylic amine. Unfortunately JH
NMR and GC/MS analysis

indicated the presence of only the starting imine,

the hydrolysis products, (benzaldehyde and benzenesulphonarriide), and some
decomposition products.

Initially, it was thought that the lack of the addition reaction could result from
the thermal decomposition of the imine catalysed by gallium. Decomposition of
sulphonamides had previously been observed when the amides were placed
under

refluxing

conditions

(Scheme 6),35'36 producing

the

disulfide,

thiosulfonate and nitriles as the major products.35'36
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However, when analyzing the crude reaction mixture by GC/MS there was no
clear evidence of such products. Also, these products were not observed when
the iV-su!phonylimine was sonicated for 12 h at ca 30°C in the presence of
gallium metal or when the imine was heated above its melting point (>79-80°C)
for 12 h. In all of these reactions only the starting amide and the hydrolysis
products were detected.

Ph
h^

enzene

OH

H2O

S
Ph
Thiosulphinate

Sulphenic acid

o
Ph

Ph—S

Ph"
S—Ph

Disulphide

Nitrile

Thiosuphonate

Scheme 6. The decomposition products of sulphinamides.

The lack of addition product was surprising and counter intuitive, especially
when considering the marked increase in electrophilicity exhibited when
moving from the C=N of the aldimine to the iV-sulphonylimine.1'2 This
indicates that there may be some problems associated with the solvent free
approach, which will hinder its generalization to a variety of substrates.
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In an attempt to produce the addition product, allyl bromide was added to
gallium metal prior to any addition of amine, thus allowing the allylic gallium
halide species to form before the addition of the amine. Surprisingly, this also
failed to produce the desired homoallylic product and implied that the reaction
was being hindered by a mechanical problem. This solvent free reaction can be
thought of as a reaction between two solids, with the solid allylic gallium
species forming in situ reacting with the solid starting material the Nsulphonylimine.

To ensure that the reaction wasn't being hindered because of a chemical
process rather than a mechanical one, the addition of allyl bromide to gallium
and the N-sulphonylimine was repeated in diethyl ether. This resulted in the
production allylated product in high yields (ca. 90%) after 12 h of sonication.
It is assumed that the diethyl ether effectively dissolves the N-sulphonylimine,
allowing for more productive molecular collisions. Thus, it can be inferred that
the mechanical problems associated with this reaction could be overcome by
using high intensity ball milling or the use of a benign reaction media that
effectively dissolves the //-sulphonylimines.

130

Chapter 3.

Solvent Free Synthesis ofHomoallylic Secondary Amines

3.4 Indium Mediated
Secondary Amines

Synthesis

of

Homoallylic

Although there are several similarities between gallium and indium, it is well
known that the properties of the group 13 metals do not uniformly follow their
periodicity.37 For example, for the oxidation states generally observed for these
organometallic complexes it is intriguing to note that generally only a +3
oxidation state is observed in the organometallic complexes of aluminium and
gallium, with the +1 oxidation state rarely being observed.

Conversely,

although organoindium complexes are found in the +3 oxidation state
organoindium(I) complexes are well known.37'38

Periodic trends was also highlighted in Chapter 2. For example, gallium and
indium exhibited sizeable differences in their re-activity towards carbonyl
functionality with gallium metal requiring longer reaction times to produce
analogous yields to indium. Thus it was of interest to ascertain weather there
would be any differences between gallium and indium when investigating their
ability to mediate 1,2-additions to O N functional groups. Also, could the
previously established indium mediated protocols be extended to the less
electrophillic C=N of the imines?

In these reactions, a mixture of the aldimine, indium powder and 1.5
equivalents of allyl bromide were sonicated for 12 h, which generally resulted
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in the production of a red oil, before
being quenched with water (cat. 0.5 ml)
(Figure 4).

This red colour has

previously been associated with the
formation of InBr.39

As with the

additions performed using gallium as a
mediator

all

these

reactions

were

performed under an inert atmosphere to
prevent hydrolysis of the aldimines
when exposed to atmospheric moisture.
Unfortunately, in terms of the principals
of Green Chemistry, when the reactions
Figure 4. The solvent free addition of
ally! groups to an aldimines mediated
by indium.

were

performed with only rapid stirring

for reduced periods of time mainly
starting material was recovered, with only small amounts of the desired
homoallylic amine being produced (ca. 10%).

In comparison to the equivalent reactions mediated by gallium metal, indium
metal produced surprising results. A mixture of products resulted, with the
mono-allylated species, 2, and the Ws-allylated, (allyl-phenyl-(l-phenyl-but-3enyl)-amine),40

species,

3, being detected

and

isolated

using

flash

chromatography (Table 4). Furthermore, according to GC/MS data the two
products are each produced in approximately 40% yield (Table 4 & Scheme 7).
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Table 4. Yields of homoallylic alcohol 1, homoallylic secondary amine 2 and the bisallylated adduct 3 as estimated by 'H NMR and GC/MS, when additions were carried
out on N-benzylideneaniline under various reaction conditions.

Entry

Method

1

1 eq. of allyl
bromide

2

1.5 eq. of allyl
bromide

31%

36%

32%

3

3 eq. of allyl
bromide

15%

22%

63%

Generation of allyl
indium species
before quench

10%

89%

0%

CH— N

No reaction; Recovery of starting materials.

The homoallylic alcohol 1, is derived from the hydrolysis of any remaining
imine and the subsequent reaction of the preformed aldehyde with the residual
allyl indium halide species, which itself is relatively stable in an aqueous
environment.

This £w-allylated species is not completely foreign to these systems. It has
been previously detected in allylation reactions performed on aldimines
promototed by NbCls (Scheme 8).41

However, in such reactions it was

produced in small amounts (ca 10-15%) and only in the presence of excessive
amounts of metallic halide (2 equivalents).
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1ODOOO

oooooo
oooooo
oooooo.;
7QOOOO)

oooooo
aooooo
4OOOOU
300000

Scheme 7. GC/MS studies showing formation of the Aw-allylated species 3, when 1.5 and 3
equivalents of allyl bromide added (MS El shown in inset). Bottom spectra shows no evidence of 3,
when allylindium species is preformed before addition to imine.
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R2
\

/
.N=C

H

NbC!5, CH 2 CI 2

NbCl4

+

\\

cr

H

ii) H 3 0+

R-\ and R2 = Ph

\

H

R2

f

H

H

Scheme 8. Formation of the to-allylated by-product in the allylation of aldimines
promoted by NbCl5. In these systems the aldimine is activated by NbCls.41

In an attempt to prevent the formation of the &/s-allylated species, 3, and to
elucidate the mechanism of its formation, the procedure was modified whereby
only one equivalent of the bromide was initially added (Entry 1. Table 4).
However, this resulted only in recovery of starting material, presumably due to
the lack of allyl indium halide formation. Formation of the &w-allylated species
3 was entirely supressed by addition of allyl bromide to indium metal prior to
any addition of amine, thus allowing the allylic indium halide species to form
before the addition of the imine (Entry 4, Table 4). Otlier ways to prevent the
formation of the fos-allylated species may also be to incorporate the use of
imines

derived

from

electron

deficient

amines,

such

as

methyl-4-

aminobenzoate, which prevent the &/s-allylated species forming in reactions in
which its formation was promoted by the presence of a palladium catalyst
(Scheme 9).40
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Pd2dba3.CHCI3

\

Sovent, r.t

\

H
R2

h

R2

R,

X = CI,B, I . O A c o r O H
Ri and R2 = Alkyl or aryl

Scheme 9. The synthesis of Aiy-allyated species using palladium catalyst.'40

The Zu-s-allylated product, 3, presumably arises from the formation of an
iminium salt, which subsequently undergoes competitive nucleophilic attack
from the allyl indium halide species (Scheme 10). This formation of the bisallylated species via an iminium salt has been previously proposed as a possible
route to the Z>is-allylated species in similar allylation reactions performed on
aldimines promoted by NbCls.41

This iminium salt formation is further

supported by the increase in yield, ca 60%, of 3 when a large excess of allyl
bromide is present (ca 3 equivalents), which encourages formation of the
iminium salt.

Given that iminium salts have been observed when reacting alkyl halides and
enamines under refluxing conditions,42 attempts were made to deliberately form
an iminium salt. Iminium salts derived directly from allyl halogens are rare
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H

c = N — Ph
Ph

H

.O=N-Ph

Scheme 10. Formation of £is-allylated amine 3, during the attempted solvent free
synthesis of homoallylic amine, 2.

with no sold state characterisation of them available. However, by the addition
of 1.5 equivalents of Mel to N-benzylideneaniline at 50°C in toluene for 24 h
under an inert atmosphere and the corresponding iminium salt formed in a 67%
yield.
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The possibility of the 6/s-allylated species arising from the a reaction of
unreacted allyl bromide and homoallylic amine, 2, after hydrolysis was
discounted by the in vacuo removal of any excess allyl bromide prior to the
aqueous quench, which still resulted in the significant yields of the £/s-allylated
product.

Although the formation of this Z>w-allylated species 3, was contrary to the aim
of producing homoallylic amines, it is interesting to note that such species have
been used as building blocks toward the synthesis of carbocycles.40

In such

synthesis the ft/s-allylated species was deliberately formed, through a palladium
catalysed system (Scheme 9), where it was produced in high yields (ca. 5080%) and then through a cycloaddition method it is transformed into a mediumsized ring.40 This may offer a unique opportunity to further develop this
solvent free route to deliberately form the 6/s-allylated product in higher yields
through a benign reaction protocol.
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3.5 Iminium Salt Formation; Gallium vs. Indium
Why is no to-allylated product formed when gallium metal is used? This
difference between the metals is certainly surprising given the similar first
ionization potentials and Lewis acidity of the two. Given these similarities the
gallium mediated reactions were placed under close scrutiny, with GC/MS
analysis of the crude reaction mixtures of the allylation of aldimines being
analysed. However, there was no evidence of the &«-allylated species, even in
low yields.

A possible explanation of this phenomenon may be that the allyl gallium halide
species forms at a much faster rate than the iminium salt thus producing the
homoallylic secondary amine (Scheme 10). This would imply that insertion of
gallium into a carbon halogen bond in forming the reactive allyl metal halide
species, and its the subsequent reaction with the unsaturated bond, is
significantly more facile than the corresponding process for indium. However
owing to the similarities between the two group 13 metals this seems unlikely.

Another possibility is that iminium salt formation is prevented by gallium
complexing with the imine prior to addition. Indium is a weaker Lewis acid
and so leaves free imine to form the iminium salt. It may only require a few
percent to cause the high yield of the A/s-allylated product over the 12 h period.
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At this stage information regarding iminium salt formation in indium mediated
reactions and why it is not observed in reactions mediated by gallium is not
detailed enough to draw any definite conclusions. Further investigations need
to be conducted which may involve the detailed monitoring of the reaction.
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3.6 Indium Mediated Allylation ofN-Sulphonylimines

r >-

0=S—N

V

12 h

,Br

H) H 2 0

HN
O=S=O

R, = Ph, 4-(OCH3)-Ph or -CH=CH-Ph

Scheme 11. Allylation of N-sulphonylimines mediated by indium.

Another area of investigation concentrated on whether the fo>allylated adduct
would prevail if such solvent free additions were carried out on other C=N
containing compounds. With the knowledge that 6/s-allylated species did not
form in reactions promoted by palladium when additions were performed on
imines derived from electron deficient amines,40 it was expected that there
would be no evidence of the 6&-allylated species in additions performed on the
iV-sulphonylimines. Indeed this was found to be the case when allyl bromide,
indium and the simplest N-sulphonylimine, N-benzylidene-benzenesulfonamide
were sonicated together for 12 h (Scheme 11).

Only unreacted N-

sulphonylimine and the corresponding homoallylic amine, Af-fl-Phenyl-3butenyl)benzenesulfonamine were detected. The homoallylic amine was not
formed in a high yield (ca 32%). Furthermore, when the reaction
methodologies were extended to other N-sulphonylimines, including substituted
benzylidene-benzenesulfonamides a further reduction in the yields resulted
(Table 5).

Also, when the reaction was performed on the a,[3-unsaturated N141
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sulphonylimines no homoallylic amine was detected.

These yields were

disappointing in comparison to those achieved when the analogous additions
were performed in an aqueous/THF biphasic system by Chan et al.6 In these
systems, yields of 30-99% were achieved across a variety of sulphonylimines.

Table 5. Yields of allylation reactions performed on sulphonamides
using indium as a mediator under solvent free conditions.

Imine

Ph-SO2N=C(H)Ph

Allyl bromide:
indium:
imine

Allylated
product

%Yield

1.5:1:1
Ph
PhO 2 SHN

Ph-SO2N=C(H)Ph-(4-OCH3)

1.5:1:1

h-(4-OCH3)

176

PhO2SH

Ph-SO2N=C(H)C(H)=C(H)-Ph

1.5:1:1
(H)=C(H)-Ph

* Isolated yield. Product gave satisfactory *H NMR, El MS and IR as compared to previously reported data.
b

Yield estimated by ! H NMR and GC/MS.

The reduced yields observed for this,solvent free system may arise from
mechanical problems associated with reacting two solids; the allyl indium
species which forms in situ and the solid imine. Although the imine is soluble
in allyl bromide, the volume of ally bromide is not sufficient to completely
dissolve the imine. Thus, like the gallium system these problems could be
overcome by advanced reactor design or the use of benign reaction media to
efficiently dissolve the N-sulphonylimines.
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3,7 Conclusions
In conclusion metal mediated solventless reaction protocols for the allylation of
carbonyl compounds have been successfully extended to the synthesis of
allylated amines, employing gallium metal as the mediator. Best yields are
obtained for imines derived from aromatic precursors with no competing acidic
protons. The overall synthesis of the allylated amines was achieved by a twostep solventless protocol, offering synthetic chemists an opportunity to utilise
these systems for engaging hydrolytically unstable compounds. In addition to
the application in synthesis, the results are also significant in developing the
organometallic chemistry of somewhat neglected group 13 metal, gallium.
Also determined is that although gallium and indium metals are both group 13
metals and have some similarities, indium is unsuitable for mediating the
synthesis of homoallylic secondary amines under solventless conditions. This is
due to the formation of the to-allylated amine, 3, which may be a consequence
of iminium salt formation.

When moving from the aldimines to the TV-sulphonylimines the metals achieved
mixed results.

Reactions mediated by gallium metal did not produce the

desired allylation product.

Conversely, indium mediated reactions only

achieved limited success, with poor yields (ca. 17-32%) being observed for
sulphonamides derived from aromatic aldehydes whilst those derived from a,Punsaturated aldehydes did not produce the desired products.

These poor

outcomes may be a result of mechanical problems associated with reacting
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solid on solid and may be overcome by the use of alternative benign reaction
media.
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4,1

Alternative Reaction Media

As discussed in Chapter 2 & 3 the solvent free methodologies developed for the
Barbier Grignard type reaction were found to be deficient in certain areas.
Reactions that produced excessive amounts of heat, like the zinc mediated
reactions, were cumbersome, due to the tedious procedures required to control
the exothermic nature of the reactions and quite often resulted in the
decomposition of the stalling materials. Conversely, reactions that did not
produce excessive amounts of heat were found to be quite facile, however due
to mechanical problems associated with the solvent free approach, the
extension of these methodologies to a variety of substrates, especially the C=N
containing compounds, was problematic.

Consequently, investigations turned to the development of alternative benign
reaction methodologies for the metal mediated

(specifically gallium and

indium) allylation reactions of aldimines and N-sulphonylimines.

With the knowledge that the inability to extend these protocols from carbonyl
compounds to other substrates, appears to be a result of the mechanical
problems associated with solid-solid type reactions, rather than chemical, a
proposed solution may involve the use of a reaction media. It was thought that
the use of a reaction media would allow for more productive molecular
collisions, by allowing for greater substrate mobility within the fluid
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environment. Furthermore, by performing the reaction in a solvent, effective
heat dissipation is possible.

In keeping with the theme of 'benign by design' when turning from these
solvent free methodologies the preferred solvent of choice would need to meet
several selection criteria. Ideally the solvent should be recyclable, non-toxic,
derived from renewable feedstock's and should also have a low vapour pressure
to minimize the risks associated with the use of volatile compounds. In trying
to develop facile synthesis methodologies the choice of the reaction media will
1

Ih

also depend on the viscosity and cost of the medium, the ease with which the
products can be isolated, the selectivity, energy usage and the thermal stability
of the medium.

When looking at benign reaction media, several alternatives were considered
including; ionic liquids, supercritical CO2, poly(ethylene glycol) (PPG) and
poly(propylene glycol) (PEG).

4.1.1 Supercritical or liquid CO2
Supercritical or liquid CO2, (carbon dioxide compressed to a liquid),*
represents a viable green alternative to volatile, organic solvents.1

Carbon

dioxide is inexpensive, non-toxic and abundant, and has been used successfully
as a reaction medium in small-scale reactions such as the Diels-Alder,2 catalytic
asymmetric hydrogenations3 and enzymic transformations.4

This success has

* Tc = 31.1°C, P c = 1071 psi, p = 0.468 g/ml
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also been extended to large industrial scale processes where supercritical CO2
has been used as a solvent for the production of alkyl ethers, acetals and ketals.5
In all such CO2 based processes the design incorporates the re-use of CO2 since
it is easily recycled.6 Another advantage of CO2 is that its solvating ability can
be altered or tuned above its critical point by altering pressure and
temperature.7

However, there is a significant drawback when it is used at room temperature,
on the small laboratory scale.6 The need for high pressures requires specialized
equipment, which places certain design constraints on reaction design and
makes synthesis in CO2 less facile.

Furthermore, due to the use of this

specialized equipment often there are difficulties encountered during the
isolation of products, which has resulted in significantly reduced yields.8

4.1.2 Ionic liquids
As their name implies molten salts or ionic liquids are liquids that are
composed entirely of ions.9 Room temperature ionic liquids are salts of organic
unsymmetrical cations with inorganic anions (Scheme 1), with the most
common

salts

incorporating

alkyl

ammonium,

alkylphosphonium,

N-

alkylpyridinium and MW-dialkylimidazolium cations.9 Room temperature
ionic liquids have received much attention as potential novel reaction media for
benign synthesis and have been used as a reaction medium in both organic and
inorganic procedures.

These include the Diels-Alder10 and alkylation

reactions11 where good selectivity has been exhibited.

Metal mediated
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C A T I 0 N S :

R,— tf— R3

R,— F*— R3

I

I

R4

R4

ANIONS:

R3

, CF3SO3-, (CF3SO3)2N,
ArSO3", CF3CO2', CH3CO2', AI2CI7"

Scheme 1. Structures of ionic liquids. Taken from; R. Sheldon, Chem. Commun., 2001,
2399-2407.

reactions include the Heck,12 hydroformylation,13 hydrogenation14 and the
Barbier-Grignard

reactions.15'16

This

results

from

several

favorable

characteristics including their, low vapour pressure, good thermal stability and
their recyclability.17

Above all else, ionic liquids offer versatility to the

synthetic chemist because on changing the cation/anion of the system the
hydrophilic/hydrophobic or solubility properties of the ionic liquid can be
changed. Thus ionic liquids have been referred to as 'designer solvents.'17

However there have been several criticisms of ionic liquids specifically in
relation to their own synthesis.18

Ionic liquids are generally produced by

metathesis of a halide salt with a silver, group 1 metal or ammonium salt of the
desired anion and acid-base neutralization reactions.17 In such reactions large
volumes of organic solvents are required for the purification of the ionic liquids
and generally large amounts of halogenated and un-halogenated waste are
151

Chapter 4.

Synthesis in Polypropylene glycol)

produced. Furthermore non-renewable feedstock (petroleum derived) starting
materials are used.

4.1.3 Polypropylene glycol) andpoly(ethylene glycol)
Polypropylene and polyethylene glycols (PPG and PEG) are linear polymeric
materials whose chains are composed of oxypropylene or oxyethylene units
terminated by hydroxyl groups at both ends (Figure I). 19 Depending on their
average molecular weights they can be liquids (ca. MW = 200-800) or solids
(ca. MW = 2000-10000).19 The presence of a large amount of hydroxy groups
enables both PPG and PEG to build large clusters through intermolecular
hydrogen bonding.20

PPG and PEG's are used extensively by industry where they are found in
antifreeze, de-icing fluids, and lubricants, and because of their low toxicity they
are used in liquid detergents, low irritant cosmetics and pharmaceuticals.21'22 As
a result of these numerous industrial applications it is estimated that 450 tonnes
of PPG is used annually in the United States of America.23

H-t-O-CH2CH2-fOH
/
POLYPROPYLENE GLYCOL)

n

POLYETHYLENE GLYCOL)

Figure 1. Poly(propylene glycol) and poly(ethylene glycol)
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Traditionally PPG and PEG's have been derived from petroleum-based
resources.

Recent developments in PPG technologies have successfully

converted corn derived lactic acid into PPG.

These methodologies build on

work conducted in the 1930's by Adkins et al. who successfully converted
lactic acid into propylene glycol by using a copper catalyst.24

hi current

methodologies PPG is derived from lactic acid by a selective catalyzed
hydrogenation process, which is performed over silica-supported copper at
pressures between 0.10 and 0.72 Mpa and temperatures between 413-492K.25
In these systems lactic acid is quantitatively converted into PPG with fewer
unwanted by-products, such as alcohols, being produced.25

In spite of the numerous applications of PPG and PEG in industry, and its
commercial availability, both have received little attention by the synthetic
chemistry community. PEG derivatives have been employed as additives to
supercritical CO2 where it was used to create effective colloidal dispersion of
the organic reagents.26 This accelerated the subsequent Mannich and aldol
reactions of silyl anolates with aldehydes and imines.

Raston et al were the

first to employ PPG as a reaction media for the production of aldehydes.27 In
such reactions the PPG replaced traditional volatile organic solvents and was
successfully recycled and was proven to be thermally stable.27

In terms of benign synthesis PPG has several advantages over supercritical CO2
and ionic liquids as a potential reaction media, including; (i) it is commercially
available, (ii) economic considerations (AUD $88.80 for 500 g) (iii) it is
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thermally robust, (iv) it can potentially be recycled,27 (v) it has low toxicity as
highlighted by its frequent used in pharmaceuticals and cosmetics,21122 (vi) does
not require specialized equipment when used as a reaction media and (vii)
unlike ionic liquids it can be derived from renewable resources.25

Also,

because of the range of molecular weights found in PPG mixtures, a range of
viscosities is available, which caters also for temperature requirements.
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4.2 Allylation ofC—N Containing Compounds Mediated
by Indium
4.2.1 Aldimines
Owing to the advantages associated with the use of PPG and because few
investigations have been conducted into its potential use in benign synthesis,
subsequent investigations concentrated on the development of the allylation of
aldimines and 7V-sulphonylimines in PPG. Furthermore, because of the
interesting results obtained with the solvent free systems of gallium and indium
it was of interest to discover how these metals would perform in this novel
reaction media.
R
N

i) In/somcation
ii) H2O

R 2 NH 2

Ri = Alkyl, Aryl groups
R2 = Alkyl, Aryl groups or SC^Ph

Scheme 2. Allylation of aldimines and N-sulphonylimines in PPG.

The standard reaction procedure simply involved reacting the aldimine, indium
powder and allyl bromide in PPG in a 1:1:1.5 ratio in an inert atmosphere of N2
to prevent aldimine hydrolysis (Scheme 2). The reactions proceed most
efficiently when they were placed under sonication for 3 h at room temperature.
The PPG employed in such reactions has an average molecular weight of 1000.
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This molecular weight PPG was chosen as it is a liquid at room temperature
with medium to low level of viscosity of 150 centistokes at ambient
temperatures.

On analysis of the crude reaction mixture there was no evidence of
decomposition of the starting materials or of the production of 6/s-allylated
species as was described for the analogous solvent free reactions. ! H NMR
analysis of the crude ether extract revealed the reaction products to be the target
homoallylic amine and the homoallylic alcohol, which derives from hydrolysis
of the residual aldimine.

Initial attempts to use a traditional extraction method of partitioning the
reaction mixture between an organic solvent and an aqueous solution to
separate the organic product out of the PPG proved to be unsuccessful. This
was because the PPG was found to be soluble in all of the solvents investigated
for the extraction procedure, including; CH2CI2, MeOH, DMF, Diethyl ether,
THF, hexane and H2O. This solubility presumably arises from the duel
character of PPG, with its long non-polar hydrocarbon backbone and highly
polar hydroxyl groups.

Investigations consequently turned to developing synthetic procedures to allow
for the isolation of the products by distillation which had previously proven
successful in other synthesis that used PPG.

Owing to the volatility of the

desired homoallylic secondary amines (BP ca. 50-150°C under high vacuum),
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and the very narrow molar mass distribution of PPG MW ca. 1000 (MW/MN
=1.03)20 it was expected that distillation would successfully separate the
homoallylic amine from the PPG. However, in the subsequent distillates taken
of the desired amines, PPG was still present which may be due to the presence
of lower boiling point components in the PPG. To overcome this problem the
PPG employed in reactions was pre-distilled with the higher boiling point
(>175°C under high vacuum) components of the PPG being used as the reaction
medium. Consequently, after extraction of the homoallylic amine with small
amounts of diethyl ether from the crude reaction mixture, the homoallylic
amines were successfully isolated by distillation with no evidence for the
presence of PPG.

The use of distillation has the added advantage of avoiding chromatographic
techniques for purification purposes and the associated use of relatively large
volumes of organic solvents. However, the distillation itself is a largely energy
inefficient process, with energy input required to create the associated low
pressures and high temperatures. This will need to be addressed during future
investigations when working towards a 'complete' benign synthesis of
homoallylic secondary amines. A possible solution may involve the creation of
a benign extraction method for the partitioning of the reaction mixture from the
PPG which employs benign solvents such as CO2 or MeOH. Another avenue
may involve the use of a PPG to PPG extraction technique that exploits the
duel character of PPG (hydrophobic/hydrophilic) and its variable viscosity
when moving from the low molecular weight PPG's to those with higher
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molecular weights However, this will require a greater understanding of the
properties of this novel solvent.

When reactions were performed on aldimines derived from aromatic aldehydes
relatively high yields (65-87%), were obtained (Entries 1-4, Table 1). These
yields were comparable with analogous Barbier-Grignard reactions performed
in VOC's using various metal mediators, namely; indium,28'29 zinc,30
magnesium,30 cadmium31 and samarium.32 Importantly, in comparison with the
previously discussed electrochemical route to homoallylic amines, improved
yields were also observed with no evidence of unidentifiable side products.33
When moving from the aldimines to the a,(3-unsaturated imine (Entry 12,
Table 1) a reduction in yield was observed reflecting the decreased
electrophilicity of these imines. However, in terms of chemoselectivity only
the 1,2-adduct was observed (Entry 6, Table 1).

Ideally, following the principals of Green Chemistry, there would be no extra
energy input associated with the use of sonication. However, when reactions
were conducted with only rapid stirring a significant decrease in yields were
observed for all aldimines (ca 6-12%). The yields observed for reactions that
employed ultrasonic irradiation are reported in Table 1. The need for sonication
can be accounted for by the limited solubility of the imines in PPG, which is
improved by sonication, and the influence of sonic energy in creating a
constantly clean metal surface.34
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Table 1. Indium mediated allylation reactions with aldimines and A^-sulphonylimines under sonication.

Entry

Inline

Allyl bromide

Product

Yield%
%a

Ph
1

PhC(H)=NPh

95

H

Ph-2-(MeO)
2

2-(MeO)PhC(H)=NPh

82

H
Ph^-(MeO)

3

4-(MeO)PhC(H)=NPh

78
Ph-2-(OH)

4

2-(OH)PhC(H)=NPh

76

H
Ph
5

PhC(H)=N-2,6-(Me)-Ph

34
C(H)=C(H)Ph

Ph.
6

62b

PhC(H)=C(H)C(H)=NPh
H
NHSO2Ph

7

8

9

10

PhCH=NSO2Ph

96
NHSO2Ph

93b
syn:anti
56:44

NHSO2Ph

91 b
syn:anti
52:48

NHSO2Ph

32 C
syn:anti
5:1

PhCH=NSO2Ph

PhCH=NSO2Ph

PhCH=NSO2Ph

11

4-(MeO)PhC(H)=NSO2Ph

12

PhC(H)=C(H)C(H)=NSO2Ph

Y
Ph
NHSO2Ph
C(H)=C(H)Ph

89

a

Isolated yield.
Obtained as a mixture of diastereoisomers, with ratio of syn:anti being estimated by *H NMR.
c
Obtained as a mixutre of diastereoisomers, with yields and ratios being estimated by l H NMR.

b
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To ensure high yields and to prevent hydrolysis it is important that the PPG is
pre-dried over MgSCV Although typical values for saturated samples of PPG
MW ca. 1000 at ambient temperature and air humidity usually contain only
1.2% water content

by weight,20 a significant reduction in yields were

observed {ca 20 %) when the PPG was not pre-dried. Owing to the small water
content in PPG, this suggests that hydrolysis may be catalyzed by the presence
of indium metal.

In keeping with the principles of Green Chemistry it was of importance to
establish whether the PPG could be recycled without compromising product
yields. Thus the reaction with benzylidene aniline was conducted three times in
the same 10 ml of PPG. Between each reaction and isolation of the desired
homoallylic amine, phenyl-(l-phenyl-but-3-enyl)-amine, the PPG was washed
with water and filtered to ensure complete removal of any inorganic salts, and
re-dried over MgSOij. This resulted in a slight reduction in the yield of the
amine by a few percent in each cycle, with the PPG continually becoming
darker in colour. This darkening of the PPG from clear to yellow was also
observed in previous synthesis where PPG was recycled.27 A slight increase in
the amount of homoallylic alcohol observed in each cycle indicated that after
each water wash the PPG does not dry over MgSO4 to previous levels. Thus, a
more efficient drying process needs to be developed to maintain high product
yields.
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4.2.2 Allylation ofN-Sulphonylimines
To extend the scope of the reaction, the allylation of 7V-sulphonylimines with
indium metal as a mediator was also investigated.

Initial reactions were

performed using the higher boiling point components (>175°C) of the distilled
PPG accompanied by sonication.

This involved the suspension of N-

sulphonylimines and indium metal in ca 5 ml of dry PPG prior to the addition
of 1.5 equivalents of allyl bromide. Although *H NMR spectra of the crude
reaction mixtures indicated that the reactions had essentially gone

to

completion after 3 h of sonication, when attempting to isolate the amides by
vacuum distillation it was found that this was not a feasible extraction method
due to the high boiling points of the desired sulphonamides. Furthermore, it
has

been

established

that

7V-sulphonylimines

can

undergo

thermal

decomposition under reflux conditions at relatively low temperatures {ca
70°C).35'36 Therefore, an alternative method was established. Using lower
boiling point fractions (<120°C) of the pre-distilled PPG, allowed the addition
products to be successfully isolated by removing the PPG under high vacuum
from the crude reaction mixture.

In comparison with the homoallylic amines there was a slight improvement in
the yields for the resultant sulphonamides which can be explained by the
increased electrophilicity of the C=N bond.37 As for the aldimine reaction, only
the 1,2-addition product was obtained {ca. 89% yield) when the
unsaturated TV-sulphonylimine,

a,P-

7V-(3-phenyl-allylidene)-benzenesulfonamide

(Entry 12, Table 1) was employed.
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4.2.3 Selectivity
Loh et al. have described the effect of moving from one solvent to another on
the selectivity of the Barbier-Grignard reaction.38'39 Thus, of interest was the
regio- and diastereo-selectivity exhibited by these protocols

in PPG.

Consequently, reactions of AT-benzylidene-benzenesulfonamide were conducted
with crotyl bromide, 3-bromo-2-methylpropene and cinnamyl bromide (Entries
8-10, Table 1) and it was found that the y-allylation products were exclusively
obtained (Scheme 3). This is in accordance with the regioselectivity previously
observed for indium mediated allylation reactions performed on carbonyl
compounds in aqueous media.40 This implies that the substituent is found a to
the new C-C bond irrespective of the position of the substituent on the
substituted allyl bromide.

^

or

\

r

E

i) In/sonication
ii) i^2O

.R2
Ri = SO2Ph
R2 = H, Alkyl or Aryl
R3 = Me or Ph

H

Scheme 3. Regioselectivity of allylation reactions performed in PPG, with the y-adduct
predominating

Diastereoselectivty also appears to be in accordance with the aqueous systems
with the degree of selectivity increasing as the size of the substituent increases
on the allyl bromide.41 Approximately a 1:1 ratio between the symanti adducts
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resulted from the addition of crotyl bromide and 3-bromo-2-methylpropene
bromide, whilst additions performed using cinnamyl bromide resulted
predominantly in the syn adduct (ca. 5:1, syn:anti).

This syn favoured

selectivity has been previously been explained using a Zimmerman type
transition state 1 for the allylation of carbonyl compounds performed in water
mediated by indium (Scheme 4).40'41

This was also used to explain the

selectivity observed in analogous reactions performed on 7V-sulphonylimines
and results in the formation of a five membered transition state, 2, a result of
gauche interactions (Scheme 4).41'40 Chan et al. offered another possibility in
which

the ally indium species attacks anti-to the carbon centre of the

sulphonylh ;ine, to produce intermediate 3 which still allows for the formation
of the syn adduct (Scheme 4).41

Ph

Scheme 4. Allylindium(I) intermediate reacting with the carbonyl and N-sulphonylimine
via a six-membered transition state to produce the syn adducts 1&2. Alternatively anti
attack of the carbon centre may also lead to the production of the syn adduct41
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Although these proposals account for the formation of the syn adduct, the
solvating effect of PPG on the transitional state should not be discounted,
especially with the knowledge that selectivity can alter when moving from one
reaction media to another.38'39
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4.3 Allylation of C=N Containing Compounds Mediated
by Gallium
4.3.1 Gallium Mediated Synthesis in PPG
In contrast to indium it has been previously established that gallium metal is
efficient at producing homoallylic amines from aldimines under solvent free
conditions. However, when moving from the allylation of aldimines to Nsulphonylimines under solvent free conditions gallium was unsuccessful in
producing the desired 1,2-addition product. This was postulated to be a result
of mechanical problems which could possibly be overcome with the use of a
benign reaction medium. Also, given the differences in behaviour of the metals
in the solvent free system, particularly those found between the group 13
metals42 it was of interest to examine the comparative performance of gallium
and indium in PPG.

However, it was found that when the reaction methodologies that proved
successful for indium mediated allylations were repeated with gallium no
homoallylic amine was produced (Scheme 5). On analysis of the crude reaction
mixture after 3 h of sonication and quenching only the un-reacted starting imine
and the corresponding hydrolysis products, the aldehyde and aniline, were
detected.

Even when reaction times were extended

(ca. 24-48 h)

under

sonication no allylated amine was evident (Scheme 5). Even more surprising,
no homoallylic alcohol was produced either when the reaction was repeated
using the more electrophilic benzaldehyde.
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.Br

i) Ga/sonication/PPG

+
H

i) Ga/sonication/PPG

H
R

ii) H2O

N

ii)H 2 O

RT and R2 = Alkyl or Aryl groups

Scheme 5. Attempted allylation of aldimines and aldehydes mediated by gallium in PPG.

This inertness could arise from several factors including the reaction of the allyl
gallium species with the numerous hydroxyl groups present in PPG, the
presence of KOH, (ca 100-260 mg KOH/g), and proprietary phenolic
antioxidant (130-190 ppm) in commonly available PPG (Scheme 6).43
Galloxane formation is also likely to play a role in gallium's inertness.44
Furthermore, the ease with which the organogallium species is hydrolysed in
the presence of H2O should also be noted.44

,GaBr

+

/
\
H-f-OCHCHj-j-OH

+ KOH

+

GaOH3

t Unknown oxidation state

Scheme 6. Possible interactions of PPG with the allylgallium species.
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4.3.2 Alternatives to PPG
NH,
n

Figure 2. Some polyethylene glycol derivatives; top, a-methoxyl-a)-amino-poly(ethylene
glycol), bottom, a-methoxy-a)-thiol-poly(ethylene glycol). '

Although gallium mediated synthesis failed due to the presence of -OH groups
in the PPG, alternative green methodologies should be considered to allow
gallium mediated synthesis to be

extended to other substrates. A viable

alternative may employ the use of other polyethylene glycol/PEG derivatives
that are importantly devoid of hydroxyl groups (Figure 2).45>46

Owing to the

non-toxic and non-immimogenetic nature of PEG these and other derivatives
were developed for use the biotechnology and bio-technical fields.45'46 Their
molecular weight distribution and the ability to alter their two reactive groups
at the ends of the PEG allows for variations in their physical properties.45'46
This 'adaptability' could foreseeable allow this group of compounds to be
tailored specifically for reactions, like the gallium mediated additions, much
like the 'designer solvents,' ionic liquids. Although these derivatives are not yet
feasibly made directly from renewable resources,46 owing to the recent
advances in the synthesis of PPG etc. from corn derived lactic acid, in can be
envisaged that these too will also soon be derived directly from renewable
resources.24'25

In terms of benign synthesis, these PEG derivatives have a
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characteristic that stands apart from the rest, they can be biodegradable, which
means they do not persist in the environment after disposal.4? They also have
the added advantage of being commercially available.

Importantly, owing to the rapid advances made in the field of 'green polymers'
a new class of polymers have been developed called 'biopolymers.' These
polymers are specifically designed to degrade to natural substances like water,
humic matter and biomass upon disposal.49 Also unlike 'petropolymers'
(polymers derived from petrochemical sources), they can be directly derived
from renewable resources such as starch and CO2.49

These biodegradable

polymers can be considered to be naturally recycled, by the enzymic actions of
microorganisms.49 These 'green polymers' are thus ideal for use as benign
reaction media and should be considered as a viable alternative in benign
synthesis.
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4.4 Conclusions
These investigations have shown that PPG is a versatile 'benign' solvent for the
indium mediated allylation of aldimines and ./V-sulphonylimines.

In these

synthesis good regio- and diastereo- selectivity was established. Importantly,
this investigation has shown that PPG is a recyclable solvent with good thermal
stability. It clearly offers an alternative to organic solvents as a reaction media
in synthesis and to other benign reaction media, such as water, which can only
be used for hydrolytically robust processes. However, these methodologies
relied on distillation to isolate the desired products, which decreases the overall
energy efficiency of the protocol.

Gallium metal is totally ineffective in this medium due to the susceptibility of
the allyl gallium intermediates to decomposition from entrained water, the
hydroxyl groups and KOH. Thus the use of gallium in other alternative benign
reaction medium's, like derivatives of PEG, should be further investigated.
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5,1 Concluding Remarks
The main objective of this investigation was to develop alternative reaction
media for organometallic chemistry and to understand the behaviour of
different metals under these new reaction conditions, with a specific focus on
the Barbier-Grignard reaction. It was also important that these new reaction
methodologies would adhere to the principals of Green Chemistry.

Investigations initially focussed on the development of a facile solvent free
methodology for the 1,2-addition to carbonyl compounds.

Various metal

mediators were assessed for their suitability including, bismuth, indium,
gallium, tin, copper and zinc. In these reactions it was important to control the
exothermic nature of the allylation to prevent decomposition of the starting
materials. When comparing the metal mediators in terms of yields, reactivity,
versatility and importantly their 'green' status there are marked differences
between the metals.

Bismuth and zinc mediated reactions were very

exothermic and as a consequence their reactions had to be performed at reduced
temperatures under strict control. Conversely, copper was completely inert to
the system and tin mediated reactions required long reaction times, sonication
and an excess amount of reagents to produce good yields. Indium and gallium
mediated the addition of allylic groups to carbonyl compound under facile
conditions and in good yields. However, gallium mediated reactions were
restricted to compounds that did not contain phenolic substitution.
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Owing to the successful development of solvent free reaction methodologies
for the gallium and indium mediated synthesis of homoallylic alcohols,
investigations turned to the extension of these protocols to C=N containing
compounds, initially investigating additions to aldimines. It was found that
gallium mediated reactions could be successfully extended to the synthesis of
allylated amines, however, like the additions performed on carbonyl
compounds, the synthesis was restricted to imines with no competing acidic
protons. Also determined was, that although gallium and indium metals both
I

belong to group 13 and consequently have similar chemical and physical

I

properties, indium is unsuitable for mediating the synthesis of homoallylic

I
I

secondary amines due to the formation of the &w-allylated amine, which may
be a consequence of iminium salt formation.

I
i

I
When moving from aldimines to the 7V-sulphonylimines the metals achieved
mixed results.

Reactions mediated by gallium metal did not produce the

1
§

desired allylation product. Conversely, indium mediated reactions achieved
limited success, with little to no addition product being produced. Owing to the
electrophilic nature of the C=N of iV-sulphonylimines, it is possible mechanical
difficulties are the reason for these poor results.

These investigations show that although the solvent free approach is applicable
to the Barber-Grignard type reaction and results in the reduction in the amount
of waste produced by the reaction there are certain limitations, which may
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hinder its adoption by the wider synthetic community.

These limitations

include;
There is a need to control the exothermic nature of such reactions,
which can require cumbersome control mechanisms.
The reaction methodologies are not applicable to all carbonyl
compounds or O N containing compounds. For example, gallium-mediated
reactions were, found to be inert to hydroxy substituted compounds and Nsulphonylimines.
There are mechanical problems associated with the efficient mixing of
reactants, which in some cases resulted in poor yields.

Consequently, to further develop the solvent free approach to organometallic
chemistry it will be important to identify exothermic reactions so that facile
control mechanisms can be put in place. Further advancements in reactor
design, specifically for the solvent free approach will have to occur to
overcome the mechanical difficulties associated with solid/solid reactions and
to allow for the efficient control of the heat produced by many of these
reactions.

This will be especially important when developing solvent free

organometallic reactions for the large scale. Importantly, a greater
understanding of these reaction mechanisms, (especially between the different
metal mediators), will be important in determining their suitability for other
solvent free methodologies, and to be able to predict their suitability for future
applications.
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Other investigations were also conducted into the use of a novel benign
reaction media, poly(propylene glycol)/PPG for these reactions.

These

investigations showed that PPG is a versatile benign solvent for the indiummediated allylation of aldimines and iV-sulphonylimines with good regio- and
diastereo-selectivity being exhibited.

However, it was found that gallium

mediated reactions were completely inert in this system, owing to the presence
of hydroxyl groups in PPG.

Importantly, these investigations have shown that PPG is a recyclable solvent
with good thermal stability. It clearly offers an alternative *o organic solvents as
a reaction media in synthesis.

However, these methodologies relied on

distillation to isolate the desired products, which decreases the overall energy
efficiency of the protocol.

Unlike the solvent free approach there was no need for the strict control of the
exothermic nature of such reactions, which meant that overall the use of PPG
produced more facile methodologies than the solvent free approach. Although
gallium was inert in this system, the use of PPG as a reaction media for
organometallic chemistry should prove to be more versatile across a variety of
reactions and metal mediators, as compared with the solvent free approach.
This is because PPG can act as a heat sink and allow for more productive
molecular collisions.

These abilities are important when addressing

organometallic chemistry, especially considering the large amount of
exothermic reactions that are found in organometallic chemistry.
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General Methods
Reagents
All metal mediators (indium, bismuth, gallium, zinc, copper and tin) utilised in such
reactions were purchased from commercial sources.

Grades of such metals used are

reported as follows; Indium powder, 99.99%; Bismuth powder, 99.99+%; Copper powder,
-150 mesh, 99.5%; Gallium, 99.99%, Tin powder, -325 mesh and Zinc powder, 2-14 mesh,
99.9%.

All aldehydes and halogenated allylic compounds were pre purchased from

Aldrich.

Handling Procedures
A typical experimental procedure involved the addition of carbonyl compound to a rapidly
stirring suspension of allyl bromide and metal in a sealed round bottomed flask. However,
due to the unstable nature of the imines and organogallium compounds, which tend to
hydrolyse in the presence of water, all manipulations using gallium metal and the allylation
of imines were carried out nitrogen gas, using Schlenk techniques on a vacuum/gas line.
All glassware used was dried in an oven at 120°C for at least 3 h. The Schlenk assembly
used was purged of air by evacuation and backfilled with argon three times before use. All
liquid reactants were added via cannula or syringe to the Schlenk assembly. Reactions
employing sonication were performed in the Transtek Systems, Soniclean 80T model. This
sonicator runs at 240 V with and operating frequency of 50/60 Hz.
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Analysis and Spectroscopic Measurements
Analytical data on compounds, which had been previously synthesised and reported was
compared with original citations. GC/MS data were obtained on the Aligent 6890 Series
GC Systems and the Aligent 5973 Network Mass Selective Detector. 1 jiL aliquots of the
samples were injected, with inlets having a split ratio of 25:1. Helium gas was employed
with its pressure set at 7.16 phi and flow rate 26.6 ml/min. The installed column was the
HP-5MS 5% phenyl methyl. oxane with the -apillary size being 30.0 m x 250 urn x 0.25
um. The oven set point was 60 °C (held for J min.) increasing at a rate of 10 °C/min. to the
endpoint of 280 °C. ! H NMR and 13C NMR spectra of compounds were recorded in CDC13
on the Varian Mercury 300 at 300 MHz. Chemical shifts (8) were measured in parts per
million (ppm) with all resonance's reported relative to the internal reference of the
deuterated solvent used. Each resonance is reported according to the following convention;
chemical shift 8, number of protons/carbons, multiplicity or resonance, coupling constants
denoted J MHz and proton assignment. Infra-red spectra were obtained on a Perkin-Elmer
1600 FTIR.
apparatus.

Melting points were obtained on the Reivhert hot-stage melting point
Microanalysis data was obtained by the University of OTAGO Chemistry

Department, Dunedin, New Zealand.

All cnromatography procedures were performed

using Silica Gel 60 (0.040-0.063 nm) as purchased from Merk Inc, with reagent grade
solvents. Isolated yields were determined by weight, as compared to predicted yields.
Non-iselated yields were determined by lH NMR, GC/MS or GC, as compared to
previously reported data of these compounds.
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6.1 Solvent Free Synthesis ofHomoallylic Alcohols
6.1.1 Bismuth Mediated Synthesis of Homoallylic Alcohols
6.1.1.1 Synthesis of l-Phenyl-3-buten-l-ol (1A)
To a suspension of 5 mmol (1.04 g) of bismuth powder and 5 mmol
(0.53 g) of benzaldehyde, 7.5 mmol (0.91 g) of allyl bromide was
added, in a sealed 50 ml round bottomed flask (RBF).

This

suspension was then allowed to react with rapid stirring for 2 h over
an ice bath. The reaction was then allowed to stir at room temperature for a further 3 h,
which resulted in the complete consumption of bismuth powder. This was then quenched
with 0.5 ml of H2O. The reaction mixture was then extracted with 3 x 10 ml of diethyl
ether, with the ethereal layers being combined and dried over MgSC>4. The solution was
then filtered and reduced under reduced pressure, to give the clear oil of l-phenyl-3-butenl-ol, which was purified by column chromatography on silica gel in 5:1 solution of hexane:
ethyl acetate. Spectral data of this compound was in accordance with previously reported
data.1
%Yield 94
!

H NMR (CDCI3, 30°C, 300MHz) 87.22 (5H, m, aromatic-U), 5.73 (1H, m, CH=CH2),

5.15 (2H, m -CH=CH2), 4.71 (1H, t, J= 6.2 Hz, -CH), 2.46 (2H, m, -CH2-CH=), 2.18 (1H,
br, -OH)
IRNujolmull 3064.6m, 3030.1 m, 1641.0 s, 1453.4 s, 1316.1 scm" 1
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6.1.1.2 Synthesis ofI-(2-Hydroxyphenyl)-3-buten-l-ol (2A)
To a mixture of 5 mmol (1.04 g) of bismuth powder and 5 mmol
(0.61 g) of salicylaldehyde, 7.5 mmol (0.91 g) of allyl bromide was
added in a sealed round-bottomed flask. This solution was then
allowed to react with rapid stirring for 2 h over an ice bath. The
reaction was then allowed to stir at room temperature for a further 3 h. The reaction
mixture was then quenched with 0.5 ml of H2O and allowed to stir for a further 15 min.
The reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the ethereal
layers being combined and dried over MgSCV The solution was then filtered and reduced
under reduced pressure. The crude mixture was then purified by Kugelrohr distillation
under high vacuum to afford the yellow oil of the desired homoallylic alcohol. Spectrai
data of this compound was in agreement with data previously reported.2
%Yield81
BP 80-83°C
*H NMR (CDCb, 30°C, 300MHz) 57.89 (1H, s, ortho-U), 7.18 (4H, m, meta-, para-B)
5.62 (1H, m, CH=CH2), 5.18 (2H, m -CH=CH2), 4.86 (1H, m, -CH), 2.59 (3H, brm, -CH2CH=, -OH)
IRNujolmull3052m, 1634.2 s, 1426.3 s, 1376.9 son" 1
MS ESI+ Calculated for Ci0Hi2O2 m/z 164.20 Found m/z 164.00
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6.1.1.3 Attempted synthesis ofl-(2-Methoxyphenyl)-3-buten-l-ol (3A)
To a suspension of 5 mmol (1.04 g) of bismuth powder in 0.68 g (5
OH

mmol) of o-methoxybenzaldehye, 7.5 mmol (0.91 g) of allyl bromide
.OCH3

was

added. This was allowed to react via rapid stirring in and ice bath

for 24 h at room temperature. After 24 h there was still bismuth
powder present, indicating the reaction had not gone to completion. The reaction mixture
was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined
and dried over MgSCV The crude mixture (brown oil) was analysed by 'H NMR, which
revealed only unreacted o-methoxybenzaldehye.
%Yield 0

6.1.1.4 Synthesis of1-Phenyl-hexa-l, S-dien-3-ol (4A)
To a suspension of 5 mmol (1.04 g) of bismuth powder in
0.66 g (5 mmol) of fra/tt-cinnamaldehyde, 7.5 mmol (0.91
g) of allyl bromide was added. This was allowed to react,
via rapid stirring in a sealed 50 ml round bottomed flask for 1 h in an ice bath.. The
reaction was then allowed to stir at room temperature for 5 h before it was quenched with
0.5 ml of HiO. The reaction mixture was then extracted with 3 x 10 ml of diethyl ether,
with the ethereal layers being combined and dried over MgSC>4. The crude mixture was
then purified by flash chromatography on silica gel using an 8:1 ratio of hexane to ethyl
acetate to afford the yellow oil of the desired homoallylic alcohol.
Spectral data was consistent with data previously reported.4
% Yield 15
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H NMR (CDCI3, 30°C, 300MHz) 57.24 (5H, m, aromatic-H), 6.41 (1H, d, / = 6.03 Hz -

Ph-CH=), 5.69 (2H, m, -CH=CH2), 4.45 (2H, br s, -CH=CH2), 4.01 (1H, m, >CH-OH),
2.43 (2H, d, J= 6.8 Hz, -CH2-CH=), 1.98 (1H, br s, -OH)
IRNujol mull 3491.5 m, 2953.1 s, 1640.2 s, 1592.3 m, 1504.3 w, 1463.0 s cm'1

6.1.1.5 Synthesis of 2-Phenyl-pent-4-en-2-ol (5A)
To a suspension of 5 mmol (0.60 g) of acetophenone and 4.75
HaO

mmol (0.99 g) of bismuth powder/0.25 mmol (0.03 g) of indium
powder, 2 equivalents of allyl bromide (10 mmol, 1.82 g) was
added. This reaction mixture was then allowed to react via rapid

stirring in a sealed 50 ml RBF for 12 h at room temperature. This was then quenched with
0.5 ml of H2O, with the reaction mixture being extracted with 3 X 10ml of diethyl ether.
The combined organic layers were then dried over Mg2SC>4, filtered and placed under high
vacuum to remove any diethyl ether and residual allyl bromide. The yellow oil of the crude
mixture was analysed by 'HNMR and GC and compared to authentic samples, which
indicated that the mixture predominately contained the starting aldehyde.
%Yield as estimated by *H NMR and GC 7.8
'H NMR (CDCI3, 30°C, 300MHz) 87.15 (5H, m, aromatic-H), 5.57 (1H, m, -CH-CH2=),
5.01 (2H, dd, J= 6.2, 8.9 Hz, -CH=CH2), 2.51 (2H, m, -CH2-CH), 2.05 (1H, br s, -OH),
51.52 (3H,s,-CH 3 )
GCRT11.92min
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6.1.1.6 Synthesis of l-(4-Methoxyphenyl)-3-buten-l-ol (6A)
To a suspension of 5 mmol (1.04 g) of bismuth powder in 0.68 g (5
mmol) of/7-metho\ybenzaldehye, 7.5 mmol (0.91 g) of allyl bromide
was added. This was allowed to react, via rapid stirring in a sealed 50
ml round bottomed flask for 12 h at room temperature, which resulted
OCRs

in the production of a black oil, presumably the decomposition

products. This was then quenched with 0.5 ml of H2O. The reaction mixture was then
extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined and dried
over MgSO.*. The crude mixture was then analysed by *H NMR and GC, which revealed
none of the desired homoallylic alcohol only the decomposition products of the starting
materials.
%Yield 0
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6.1.2 Indium Mediated Synthesis ofHomoallylic Alcohols
6.1.2.1 Synthesis ofl-Phenyl-3-buten-l-ol (1A)
To a suspension of 5 mmol (0.57 g) of indium metal and 5 mmol
(0.53 g) of benzaldehyde, 7.5 mmol (0.91 g) of allyl bromide was
added, in a sealed 50 ml round bottomed flask (RBF). This solution
was then allowed to react with rapid stirring at room temperature for
1 h, which resulted in the production of an orange/brown precipitate, presumably
corresponding to the formation of the allyl indium reactive species.

This was then

quenched with 0.5 ml of tfeO. The reaction mixture was then extracted with 3 x 10 ml of
diethyl ether, with the ethereal layers being combined and dried over MgSO4. The solution
was then filtered and reduced under reduced pressure, to give the clear oil of l-phenyl-3buten-1-ol in 97 % yield, which was sufficiently pure to require no further purification
procedures. Spectral data of this compound was in accordance with previously reported
data.1
%Yield 97
Spectra data see section 6.1.1.1 experimental compound (1A)

6.1.2.2 Synthesis ofl-(2-Hydroxyphenyl)-3-buten-l-ol (2A)
To a mixture of 5 mmol (0.57 g) of indium metal and 5 mmol (0.61
g) of 2-hydroxybenzaldehyde, 7.5 mmol (0.91 g) of allyl bromide
was added in a sealed round-bottomed flask. This was allowed to
react via rapid stirring for 1.5 h. The reaction mixture was then
quenched with 0.5 ml of H2O and allowed to stir for a further 15 min. The reaction mixture
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was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined
and dried over MgSC>4. The solution was then filtered and reduced under reduced pressure.
The crude mixture was then purified by Buchi Kugelrohr distillation to afford the yellow
oil of the desired homoallylic alcohol. Spectral data of this compound was in accordance
with previously reported data.2
%Yield 92
Spectra data see section 6.1.1.2 experimental compound (2A)

6.1.23 Synthesis ofl-(2-Methoxyphenyl)-3-buten-l-ol

(3A)

To a suspension of 5 mmol (0 53 g) of indium powder in 0.68 g (5
mmol) of o-methoxybenzaldehye, 7.5 mmol (0.91 g) of allyl bromide
,OCH3

was added. This was allowed to react, via rapid stirring in a sealed 50
ml RBF for 2 h before it was quenched with 0.5 ml of H2O. The

reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers
being combined and dried over MgSO-;. The crude mixture was then purified by flash
chromatography on silica gel using an 8:1 ratio of hexane to ethyl acetate to afford the
yellow oil of the desired homoallylic alcohol. Spectral data of this compound was in
accordance with previously reported data 2
%YieId 78
l

K NMR (CDC13, 30°C, 300MHz) 57.18 (4H, m, ortho-, meta-, para-H), 5.65 (1H, m,

CH=CH2), 5.01 (2H, m -CH=CH2), 4.52 (1H, br m, -CH), 3.70 (3H, s, OCH3), 2.50 (2H, t,
J = 6.5 Hz, CH2-CH=), 2.21 (1H5 br, -OH)
IR Nujol mull 2955.5 m, 1638.9 s, 1597.8 w, 1306.2 w cm -1
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6.1.2.4 Synthesis of 1-Phenyl-hexa-l, S-dien-3-ol (4A)
To a suspension of 5 ramol (0.53 g) of indium powder in
0.66 g (5 mmol) of /ra/«-cinnamaldehyde, 7.5 mmol (0.91
g) of allyl bromide was added. This was allowed to react,
via rapid stirring in a sealed 50 ml RBF for 2.5 h before it was quenched with 0.5 ml of
H2O. The reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the
ethereal layers being combined and dried over MgSC>4. The crude mixture was then
purified by flash chromatography on silica gel using an 8:1 ratio of hexane to ethyl acetate
to afford the yellow oil of the desired homoallylic alcohol. Spectral data was consistent
with data previously reported.3
%YieId 86
Spectra data see section 6.1.1.4 experimental compound (4A)

6.1.2.5 Synthesis of 2-Phenyl-pent-4-en-2-ol (5A)
To a suspension of 5 mmol (0.60 g) of acetophenone and 7.5
mmol (0.86 g) of indium powder, 2 equivalents of allyl bromide
(10 mmol, 1.82 g) was added. This reaction mixture was then
allowed to react via rapid stirring in a sealed 50 ml RBF. This
was then quenched with 0.5 ml of H2O, with the reaction mixture being extracted with 3 X
10ml of diethyl ether. The combined organic layers were then dried over Mg2SC>4, filtered
and placed under high vacuum to remove any diethyl ether and residual allyl bromide. The
clear oil of the desired homoallylic alcohol was isolated by fractional distillation, with
spectral data comparable to data previously reported.4
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%Yield 85
BP 56-58°C at 0.06 mmHg
*H NMR (CDCI3, 30°C, 300MHz) 57.15 (5H, m, aromatic-H), 5.57 (1H, m, -CH-CH2=),
5.01 (2H, dd, / = 6.4, 7.8 Hz, -CH=CH2), 2.51 (2H, m, -CH2-CH), 2.05 (1H, br s, -OH),
1.52 (3H, s, -CH3)

6.1.2.6 Synthesis ofPent-4-en-2-ol (7A)
OH

To a suspension of 5 mmol (0.53 g) of indium powder in 0.22 g (5
mmol) of acetone, 7.5 mmol (0.91 g) of allyl bromide was added.

3

This was allowed to react for 3 h with rapid stirring, which

resulted in the formation of an orange/brown precipitate. This was then quenched with
approximately 0.5 ml of H2O. The organic components of the reaction were isolated by a
diethyl ether, water extraction, with the combined organic layers being dried over MgSC>4,
which was removed via suction filtration and placed under vacuum to remove diethyl ether
and residual acetone. This rendered the clear oil of pent-4-en-2-ol in sufficient purity as
compared to previously reported data.5
%YieId 33
*H NMR (CDC13, 30°C, 300MHz) 85.81 (1H, m, ~CH=CH2), 5.26 (2H, m, -CH=CH2), 3.86
(1H, m, >CH-OH), 2.21 (2H, m, -CH2-CH=), 2.15 (1H, s, -OH), 1.20 (3H, d, J = 5.8 Hz, CH3)
IR Nujol mull 3096.7 m, 2953.1 s, 1657.2 s, 1452.8 m, 1408.3.0 w cm"1

6.1.2.7 Synthesis of 4-Hydroxy-4-methyl-hepl-6-en-2-one (8A)
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To a suspension of 7.5 mmol (0.86 g) of indium powder and

HO

5 mmol (0.50 g) of acetyl acetone, 10 mmol (1.82 g) of allyl
bromide was added in a sealed RBF. This was allowed to
react via rapid stirring for 3 h, with the reaction then being quenched with 0.5 ml of H2O.
The reaction mixture was then extracted with 3 X 10 ml of diethyl ether, with the combined
organic layers being dried over MgSO4. This was then filtered and the diethyl ether
removed under vacuum. Analysis on the crude mixture revealed the desired homoallylic
alcohol in 28% yield. Spectral properties of the crude mixture were compared to data
previously published.6
%Yield as estimated by 'H NMR and GC/MS 28
J

H NMR (CDCI3, 30°C, 300MHz) 55.82 (1H, m, -CH=CH2), 5.12 (2H, m, -CH=CH2), 2.48

(2H, m, -CH2-CH=), 2.25 (2H, d, J = 6.31 Hz, -CH2-C=O), 1.38 (2H, s, -CH3), 51.19 (2H,
s, -CH3)
GC/MS Retention time 13.99 min, MS El (-) Calculated for C 8 Hi 4 0 2 m/z 142.20 Found
143.09

6.1.2.8 Attempted synthesis of l,l-Diphenyl-but-3-en-l-ol

(9A)

To a suspension of 5 mmol (0.53 g) of indium powder in 0.91 g
_,.—.—^

(

/

OH

^ ^

(5 mmol) of benzophenone, 7.5 mmol (0.91 g) of allyl br/V^Je
was added. This was allowed to react for 3 h with rapid stirring,
which resulted in the formation of an orange/brown precipitate.

This was then quenched with approximately 0.5 ml of H2O. The organic components of
the reaction were isolated by a diethyl ether, water extraction, with the combined organic
layers being dried over MgSC>4. which was removed via suction filtration and placed under
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vacuum to remove diethyl ether and residual acetone.

The crude material was then

analysed by *H NMR and GC/MS, which revealed the addition had not taken place.
%Yield 0

6.1.2.9 Synthesis ofl-(3-Nitro-phenyl)-but-3-en-l-ol (10A)
To a suspension of 5 mmol of 3-Nitrobenzaldehyde and 5 mmol (0.53
g) of indium powder, in a sealed 50 ml RBF, 7.5 mmol (0.91 g) of allyl
bromide was added. This was allowed to react via rapid stirring for 3
N 2

°

h, with the reaction then being quenched with 0.5 ml of H2O. The

reaction mixture was then extracted with 3 X 10 ml of diethyl ether, with the combined
organic layers being dried over MgSCv This was then filtered and the diethyl ether
removed under vacuum. Analysis on the crude mixture revealed the desired homoallylic
alcohol in 69% yield.7
%Yield as estimated by *H NMR and GC/MS 69
J

H NMR (CDC13, 30°C, 300MHz) 88.21 (2H, d, J= 8.8 Hz, ortho-para-H), 7.65 (2H, d, J

= 8.8 Hz, ortho-, meta-H), 5.85 (1H, m, -CH=CH2), 5.21 (2H, m, -CH=CH2), 4.82 (1H, m,
>CH), 2.65 (2H, m5 -CH2-CH=), 1.68 (1H, br s, -OH)
GC/MS Retention time 11.95 min, MS El (-) Calculated for CioHnN03 m/z 193.20 Found
192.00
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6.1.3 Gallium Mediated Synthesis ofHomoallylic Alcohols
6.1.3J Synthesis of l-Phenyl-3-buten-l-ol (1A)
In a sealed flame dried Schlenk, a suspension of 5 mmol (0.35 g) of
gallium metal and 5 mmol (0.53 g) of benzaldehyde, was allowed
to rapidly stir. To this suspension 7.5 mmol (0.91 g) of allyl
bromide was added and allowed to react via sonication for 12 h,
which resulted in the production of a brown solid and the complete consumption of the
gallium metal. This was then quenched with 0.5 ml of H2O. The reaction mixture was then
extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined and dried
over MgSC>4. The solution was then filtered and reduced under reduced pressure, to give
the clear oil of l-phenyl-3-buten-l-ol in 97 % yield, which was sufficiently pure to require
no further purification procedures. Spectral data of this compound was in agreement with
data that had been previously reported.1
%Yield 97
Spectra data see section 6.1.1.1 experimental compound (1A)

6.1.3.2 Attempted synthesis ofl-(2-Hydroxyphenyl)-3-buten-l-ol (2A)
To a mixture of 5 mmol (0.35 g) of gallium metal and 5 mmol (0.61
g) of salicylaldehyde, 7.5 mmol (0.91 g) of allyl bromide was added
in a flame dried Schlenk, under an inert atmosphere of nitrogen. This
was allowed to react via sonication for 12 h. The reaction mixture
was then quenched with 0.5 ml of H2O and allowed to sonicate for a
further 15 min. The reaction mixture was then extracted with 3 x 10 ml of diethyl ether,
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with the ethereal layers being combined and dried over MgSCV The solution was then
filtered and reduced under reduced pressure. The crude mixture was then analysed to
reveal only the recovery of salicylaldehyde.
%Yield 0

6.1.3.3 Synthesis ofl-(2-Methoxyphenyl)-3-buten-l-ol (3A)
To a suspension of 5 mmol (0.35g) of gallium metal in 0.68 g (5
mmol) of o-methoxybenzaldehye, 7.5 mmol (0.91 g) of allyl bromide
- 0CH 3

was

added, in a sealed flamed dried Schlenk, under an atmosphere of

nitrogen. This was allowed to react, via sonication for 12 h before it
was quenched with 0.5 ml of H2O. The reaction mixture was then extracted with 3 x 10 ml
of diethyl ether, with the ethereal layers being combined and dried over MgSO,*. The crude
mixture was then purified by flash chromatography on silica gel using a 8:1 ratio of hexane
to ethyl acetate to afford the yellow oil of the desired homoallylic alcohol.
Spectral data of this compound was in accordance with previously reported data.2
%Yield 86
Spectra data see section 6.1.2.3 experimental compound (3A)

6.1.3.4 Synthesis ofl-Phenyl-hexa-1, 5-dien-3-ol (4A)
To a suspension of 5 mmol (0.35 g) of gallium metal
in 0.66 g (5 mmol) of rra/w-cinnamaldehyde, 7.5
mmol (0.91 g) of allyl bromide was added. This was

192

Chapter 6.

Experimental

allowed to react, via sonication for 12 h, in a flame dried Schlenk under an atmosphere of
nitrogen. This was then quenched with 0.5 ml of H2O. The reaction mixture was then
extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined and dried
over MgSC>4. The crude mixture was then purified by flash chromatography on silica gel
using a 8:1 ratio of hexane to ethyl acetate to afford the yellow oil of the desired
homoallylic alcohol. Spectral data was consistent with data previously reported.3
%Yield 74
Spectra data see section 6. J.I.4 experimental compound (4A)

6.1.3.5 Synthesis of 2-Phenyl-pent-4-en-2-ol (SA)
To a suspension of 5 mmol (0.60 g) of acetophenone and 5 mmol
(0.35 g) of gallium metal, 1.5 equivalents of allyl bromide (7.5
mmol, 0.91 g) were added in a sealed Schlenk under an atmosphere
of nitrogen. This reaction mixture was then allowed to react via
sonication for 12 h and then was quenched with 0.5 ml of H2O, with the reaction mixture
being extracted with 3 X 10ml of diethyl ether. The combined organic layers were then
dried over Mg2SO4, filtered and placed under high vacuum to remove any diethyl ether and
residual allyl bromide. The clear oil of the desired homoallylic alcohol was isolated by
fractional distillation under high vacuum, with spectral data comparable to that previously
reported.4
%Yield 34
Spectra data see section 6.1.2.5 experimental compound (5A)
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6.1.3.6 Synthesis of l,l-Diphenyl-but-3-en-l-ol (9A)
To a suspension of 5 mmol (0.35 g) of gallium metal in 0.91 g
(5 mmol) of benzophenone, 7.5 mmol (0.91 g) of allyl bromide
was added in a sealed Schlenk, under an atmosphere of
nitrogen. This was allowed to react for 12 h with sonication.
This was then quenched with approximately 0.5 ml of H2O. The organic components of
the reaction were isolated by a diethyl ether, water extraction, with the combined organic
layers being dried over MgSC>4, which was removed via suction filtration and placed under
vacuum to remove diethyl ether and residual acetone.

The crude material was then

analysed by *H NMR and GC/MS, which revealed the addition occurred in less than 10%
yield.
%Yield estimated by *H NMR and GC 8
'H NMR (CDC13, 30°C, 300MHz) 57.58 (2H, m, aromatic-U), 7.45 (2H, m, aromatic-U),
7.26 (6H, m, aromatic-H), 5.82 (1H, m, -CH=CH2), 5.19 (2H, dd, J= 6.8 & 6.52 Hz, CH=CH2), 3.15 (2H, d, / = 7.2 Hz, -CH2-CH=), 2.60 (1H, br s, -OH)
GC Retention time 9.472 min

6.1.3.7 Attempted synthesis ofl-(4-Hydroxyphenyl)-3-buten-l-ol (11A)
To a mixture of 5 mmol (0.35 g) of gallium metal and 5 mmol (0.61 g)
of 4-hydroxybenzaldehyde, 7.5 mmol (0.91 g) of allyl bromide was
added in a flame dried Schlenk, under an inert atmosphere of nitrogen.
This was allowed to react via sonication for 12 h.

The reaction

mixture was then quenched with 0.5 ml of H20 and allowed to sonicate
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for a further 15 min. The reaction mixture was then extracted with 3 x 10 ml of diethyl
ether, with the ethereal layers being combined and dried over MgSC>4. The solution was
then filtered and reduced under reduced pressure. The crude mixture was then analysed to
reveal only the recovery of 4-hydroxybenzaldehyde.
%Yield 0
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6.1.4 Tin Mediated Synthesis of Homoallylic Alcohols
6.1.4.1 Synthesis of l-Phenyl-3-buten-l-ol (1A)
To a suspension of 5 mmol (0.59 g) of tin powder and 5 mmol (0.53 g)
of benzaldehyde, 4 equivalents (20 mmol, 2.42 g) of allyl bromide was
added. This was then allowed to react via sonication for 12 h, in a
sealed 50 ml RBF. This resulted in the consumption of the tin metal.
This was then quenched with 0.5 ml of H2O. The reaction mixture was then extracted with
3 x 10 mi of diethyl ether, with the ethereal layers being combined and dried over MgSC>4.
The solution was then filtered and reduced under reduced pressure, to afford a clear yellow
oil, which was analysed by lH NMR and GC/MS and compared to authentic samples
previously prepared. The spectral data of this compound was in agreement with data that
had previously been reported.
%Yield as estimated by ]H NMR and GC/MS 98
Spectra data see section 6.1.1.1 experimental compound (1A)
GC/MS EI(-) Retention time 24.58 min Calculated for C10H12O m/z 148.20 Found m/z
147.00

6.1.4.2 Synthesis ofl-(2-Hydroxyphenyl)-3-buten-l-ol (2A)
To a suspension of 5 mmol (0.59 g) of tin powder and 5 mmol (0.61 g)
of salicylaldehyde, 4 equivalents (20 mmol, 2.42 g) of allyl bromide
was added and allowed to react via sonication for 12 h, in a sealed 50
ml RBF. This resulted in the consumption of the tin metal. This was
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then quenched with 0.5 ml of H2O. The reaction mixture was then extracted with 3 x 10 ml
of diethyl ether, with the ethereal layers being combined and dried over MgSC>4. The
solution was then filtered and reduced under reduced pressure, to afford a clear yellow oil,
which was analysed by ]H NMR and GC/MS and compared to authentic samples
previously prepared.
%YieId as estimated by ! H NMR and GC/MS 96
Spectra data see 6.1.1.2 experimental compound (2A)
GC/MS EI(-) Retention time 12.32 min Calculated for C10Hi2O2 m/z 164.20 Found m/z
163.00

6.1.4.3 Synthesis of1-Phenyl-hexa-l, S-dien-3-ol (4A)
To a suspension of 5 mmol (0.59 g) of tin powder and 0.66
g (5 mmol) of /ra/w-cinnamaldehyde 4 equivalents (20
mmol, 2.42 g) of allyl bromide was added and allowed to
react via sonication for 12 h, in a sealed 50 ml RBF. This resulted in the consumption of
the tin metal. This was then quenched with 0.5 ml of H2O. The reaction mixture was then
extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined and dried
over MgSO4. The solution was then filtered and reduced under reduced pressure, to afford a
clear yellow oil, which was analysed by *H NMR and GC/MS and compared to authentic
i

1

samples previously prepared.
%Yield as estimated by ! H NMR and GC/MS 87
Spectra data see section 6.1.1.4 experimental compound (4A)
GC/MS EI(-) Retention time 9.56 min Calculated for C12H14O m/z 174.24 Found m/z
173.00
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6.1.4.4 Attempted synthesis of 2-Phenyl-pent-4-en-2-ol (5A)
To a suspension of 5 mmol (0.59 g) of tin powder and 5 mmol
H3C

[^ ^v^^
3

(0.33 g) of acetophenone, 4 equivalents (20 mmol, 2.42 g) of
allyl bromide was added and allowed to react via sonication for

12 h, in a sealed 50 ml RBF. This was then quenched with 0.5 ml of H2O. The reaction
mixture was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being
combined and dried over MgSOv The solution was then filtered and reduced under reduced

I

pressure, to afford a yellow oil, which was analysed by *H NMR and GC/MS, which
revealed only the starting ketone, acetophenone.

1

%Yield as estimated by ! H NMR and GC/MS 0

6.1.4.5 Attempted synthesis of l,l-Diphenyl-but-3-en-l-ol

(9A)

To a suspension of 5 mmol (0.59 g) of tin powder and 0.91 g (5 mmol) of benzophenone, 4
equivalents (20 mmol, 2.42 g) of allyl bromide was added and allowed to react via
1
m

sonication for 12 h, in a sealed 50 ml RBF. This was then quenched with 0.5 ml of H2O.
The reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the ethereal
layers being combined and dried over MgSCu. The solution was then filtered and reduced
under reduced pressure, to afford a clear yellow oil, which was analysed by ! H NMR and
GC/MS, which revealed only the starting ketone, benzophenone
%Yield as estimated by lR NMR and GC/MS 0

198

Chapter 6.

Experimental

6.1.4.6 Synthesis ofl-(3,4-Methoxyphenyl)-3-buten-l-ol

(12A)

To a suspension of 5 mmol (0.59 g) of tin powder and 0.83 g (5
mmol) of 3,4-dimethoxybenzaldehyde, 4 equivalents (20 mmol, 2.42
g) of allyl bromide was added and allowed to react via sonication for
12 h, in a sealed 50 ml RBF. This resulted in the consumption of
OCH3

th e

tul

metal. This was then quenched with 0.5 ml of H2O. The

reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers
being combined and dried over MgSO 4 . The solution was then filtered and reduced under
reduced pressure, to afford the yellow oil of the desired homoallylic alcohol and starting
material. This was then analysed by J H NMR and GC/MS and compared to authentic
samples previously reported,
%Yield as estimated by XR NMR and GC/MS 82
*H NMR (CDCI3, 30°C, 300MHz) 56.93 (1H, m, ortho-U), 6.87 (2H, m, ortho-H

&para-

H), 5.81 (1H, m, -CH=CH 2 ), 5.17 (2H, m, -CH=CH 2 ), 4.69 (1H, m, >CH), 3.90 (3H, s, OMe), 3.87 (3H, s, -OMe), 2.51 (2H, d, J= 7.2 Hz, -CH 2 -CH=), 2.01 (1H, br s, -OH)
GC/MS EI(-) Retention time 18.10 min Calculated for C 12 Hi 4 O 3 m/z 208.25 Found m/z
206.00
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6.1.5 Copper Mediated Synthesis of Homoallylic Alcohols
6.1.5.1 Attempted Synthesis of l-Phenyl-3-buten-l-ol (1A)
To a suspension of 5 mmol (0.32 g) of copper and 5 mmol (0.53 g) of
benzaldehyde, 7.5 mmol (0.91 g) of allyl bromide was added, in a
sealed 50 ml round bottomed flask (RBF). This solution was then
allowed to react via sonication for 24 h.

This resulted in no

consumption of the metallic copper, presumably due to lack of formation of the allylic
copper reactive species. This was then quenched with 0.5 ml of H2O. The reaction mixture
was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined
and dried over MgSC>4. The solution was then filtered and reduced under reduced pressure,
with analysis of the crude mixture revealing only benzaldehyde with no evidence of the
desired homoallylic alcohol.
%Yield 0

6.1.5.2 Attempted Synthesis of2-Phenyl-pent-4-en-2-ol (5A)
To a suspension of 5 mmol (0.60 g) of acetophenone and 5mmol
H,C—

(0.53 g) of copper metal, 1.5 equivalents of allyl bromide (7.5
mmol, 0.91g) was added. This reaction mixture was then allowed
to react via sonication for 24 h in a sealed 50 ml RBF, which

resulted in no consumption of the metal. This was then quenched with 0.5 ml of H2O, with
the reaction mixture being extracted with 3 X 10ml of diethyl ether. The combined organic
layers were then dried over MgSO4, filtered and placed under high vacuum to remove any
diethyl ether and residual allyl bromide. The resulting yellow oil of the crude reaction
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mixture was then analysed by ]H NMR, which indicated there was complete recovery of
the starting ketone, acetophenone.
%Yield 0
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6.1.6 Zinc Mediated Synthesis ofHomoallylic Alcohols
6.1.6.1 Synthesis of l-Phenyl-3-buten-l-ol (1A)
A suspension of 5 mmol (0.33 g) of zinc powder and 5 mmoi (0.53
g) of benzaldehyde, in a sealed RBF was cooled on an ice bath. To
this cooled suspension 7.5 mmol (0.91 g) of allyl bromide was added
and allowed to react via rapid stirring for 3 h on ice, which resulted
in the complete consumption of the metallic zinc powder. This was
then quenched with 0.5 ml of H2O. The reaction mixture was then extracted with 3 x 10 ml
of diethyl ether, with the ethereal layers being combined and dried over MgSO4. The
solution was then filtered and reduced under reduced pressure, to give a clear yellow oil,
which was further purified by column chromatography, on silica gel in a 5:1 hexane: ethyl
acetate solution. The spectral data of this compound was in agreement with data that had
previously been reported.1
%Yield 80
Spectra data see section 6.1.1.1 experimental compound (1A)

6.1.6.2 Synthesis ofl-(2-Hydroxyphenyl)-3-buten-l-ol (2A)
A suspension of 5 mmol (0.33 g) of zinc powder and 5 mmol (0.61 g)
of salicylaldehyde was placed in a sealed RBF and cooled over an ice
bath. To this cooled suspension 7.5 mmol (0.91 g) of allyl bromide
was added and allowed to react via rapid stirring for 3 h at 0°C. The
reaction mixture was then quenched with 0.5 ml of H2O and allowed to stir for a further 15
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min. The reaction mixture was then extracted with 3 x 10 ml of diethyl ether, with the
ethereal layers being combined and dried over MgSC>4. The solution was then filtered and
reduced under reduced pressure. The crude mixture was then purified by Kugelrohr
distillation to afford the yellow oil of the desired homoallylic alcohol. Spectral data of this
compound was in agreement with data that had been previously reported.2
%Yield 68
Spectra data see section 6.1.1.2 experimental compound (2A)

6.1.6.3 Synthesis ofl-(2-Methoxyphenyl)-3-buten-l-ol (3A)
A suspension of 5 mmol (0.33 g) of zinc powder in 0.68 g (5 mmol)
of o-methoxybenzaldehye was cooled on an ice bath in a sealed RBF.
OCH3

To this suspension 7.5 mmol (0.91 g) of allyl bromide was added.
This was allowed to react via rapid stirring in an ice bath for 3 h,

which resulted in the nearly complete consumption of zinc powder. The reaction mixture
was then extracted with 3 x 10 ml of diethyl ether, with the ethereal layers being combined
and dried over MgSC>4. The crude mixture was then purified by flash chromatography on
silica gel using an 8:1 ratio of hexane to ethyl acetate to afford the yellow oil of the desired
homoallylic alcohol. The spectral properties of this compound were in agreement with data
that had been previously reported for this compound.2
%Yield 56
Spectra data see section 6.1.2.3 experimental compound (3A)
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6.1.6,4 Synthesis of 1-Phenyl-hexa-l, 5-dien-3-ol (4A)
A suspension of 5 mmol (0.33 g) of zinc powder in 0.66 g
(5 mmol) of frans-cinnamaldehyde was cooled over an ice
bath in a sealed RBF, before the addition of 7.5 mmol (0.91
g) of allyl bromide was performed. This was allowed to react, via rapid for 3 h before it
was quenched with 0.5 ml of H2O. The reaction mixture was then extracted with 3 x 10 ml
of diethyl ether, with the ethereal layers being combined and dried over MgSO4. The crude
mixture was then purified by flash chromatography on silica gel using an 8:1 ratio of
hexane to ethyl acetate to afford the yellow oil of the desired homoallylic alcohol.
Spectral data was consistent with data previously reported.3
%Yield51
Spectra data see section 6.1.1.4 experimental compound (4A)

6.L6.5 Synthesis of 2-Phenyl-pent-4-en-2-ol (5A)
A suspension of 5 mmol (0.60 g) of acetophenone and 5 mmol
(0.33 g) of zinc powder was cooled over an ice bath in a sealed
RBF. To this cooled suspension, 1.5 equivalents of allyl bromide
(7.5 mmol, 0.91 g) were added. This reaction mixture was then
allowed to react via rapid stirring for 6 h over ice. This was then quenched with 0.5 ml of
H2O, with the reaction mixture being extracted with 3 X 10ml of diethyl ether. The
combined organic layers were then dried over Mg2SC>4, filtered and placed under high
vacuum to remove any diethyl ether and residual allyl bromide. The clear oil of the desired
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homoallylic alcohol was isolated by fractional distillation, with spectral data comparable to
that previously reported.4
% Yield 17
Spectra data see section 6.1.2.5 experimental compound (5A)
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6.2 Synthesis oflmines
Reagents
All starting aldehydes and anilines were purchased from Aldrich. The anilines used in the
reactions were distilled prior to use to ensure purity, and stored over molecular sieves.
Recrystallisations were performed using reagent grade MeOH.

When JV-sulphonylimines were synthesised, all reagents were pre-dried and standard
Schlenk techniques were used. The CH2CI2 employed as a reaction media for this synthesis
was pre-dried over calcium hydride and was stored under an inert atmosphere of argon over
molecular sieves. The toluene employed in the reactions was also pre-distilled and stored
over a sodium/potassium mirror. T1CI4 was purchased from Aldrich as a 1 .OM solution in
dichloromethane and was stored at 4°C in an air-tight container. All other reagents were
purchased from Aldrich with the anhydrous tiethylamine being stored over molecular
sieves before use.

Handling Procedures
When aldimines were being synthesised all reactions were carried out using a porcelain
mortar and pestle.

Owing to the moisture sensitivity of the aldimines, removal of any

residual acid was performed by washing quickly with H2O. Also, after preparation the
resultant aldimines were stored in a desiccator.
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During the synthesis of N-sulphonylimines, owing to the moisture sensitive nature of TiCLj
and triethyl amine all manipulations were carried out under high purity argon, using
Schlenk techniques on a vacuum/gas line or in an argon dry box. All glassware used was
dried in an oven at 120°C for at least 3 h. The Schlenk assembly used was purged of air by
evacuation and backfilled with argon three times before use. All liquid reactants were
added via cannula or syringe to the Schlenk assembly.
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6.2.1 Synthesis ofAldimines
6.2.1.1 Synthesis ofN-benzylidene aniline (IB)
In the presence of a catalytic amount of toluene-4-sulphonic acid,
\
/

/

4.38 g (0.041 mol) of benzaldehyde was ground together with 5 g

HC=NH

(0.041 mol) of aniline in a mortar and pestle. This produced a white
<\

//

paste after 2 min of grinding. This paste was left to stand for ca. 5

min, which resulted in the formation of a white solid. This was washed with H2O to
remove any residual acid and recrystallised from methanol to produce 4.7g of the clear,
microcrystalline product. The spectral properties of this compound were comparable to
data that had been previously reported for this compound.9
%YieId 84
MP 52°C
!

H NMR (CDCb, 30°C, 300MHz) 88.26 (1H, s, -CH=N), 7.83 (2H, m, ortho-H), 7.25 (3H,

m, meta-, para-H), 7.15 (5H, m, ortho-, meta-, para-R)
IR Nujol mull 3062.8 m, 1629.5 s, 1583.0 w, 1168.1 w, 764.9 s cm'1
MS EI(-) Calculated for C13HnN m/z 181.09 Found m/z 180.00

6.2.1.2 Synthesis of N-(4-hydroxybenzylidene) aniline (2B)
In the presence of a catalytic amount of toluene-4-sulphonic acid
{ca. 5%), 5.00 g (0.041 mol) of 4-hydroxybenzaldehyde was
HC=NH

ground together with 3.81 g (0.041 mol) of aniline in a mortar and
pestle. This produced a light brown paste after ca. 5min of
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grinding. This paste was left to stand for 5 min, which resulted in the formation of a cream
solid. This was washed with H2O to remove any residual acid and recrystallised from
methanol to produce 6.24g of the cream, microcrystalline product. Spectral properties of
this compound were in accordance with data previously reported for this compound.10
%YieId 85
MP 194-195°C
J

H NMR (Acetone-de, 30°C, 300MHz) 58.35 (1H, s, >C=N), 7.81 (1H, s,para-OK), 7.62

(2H, dd, J = 7.8, 11.2 Hz, ortho-K), 7.28 (2H, dd, J= 6.9, 9.7 Hz, ortho-H), 7.11 (3H, m,
para-, meta-E), 6.82 (2H, d, meta-U)
MS EI(-) Calculated for C13HHNO m/z 197.23 Found m/z 196.00
IR Nujol mull 2922.0 m, 1601.8 s, 1573.9 w, 1377.4 m, 1307.7 m, 1283.9 m, 1189.6 w,
759.6 s cm-1

6.2.1.3 Synthesis ofN- (4-methoxybenzylidene) aniline (3B)

f~\
HC=NH

\

/

In the presence of a catalytic amount of toluene-4-sulphonic acid
(ca. 5%), 5.00 g (37.85 mmol) of 4-methoxybenzaldehyde was
ground together with 3.5 g (37.85 mmol) of aniline in a mortar
and pestle. This produced a yellow paste after 5 min of grinding.

H 3 CO

This paste was left to stand for approximately 5 min, which
resulted in the formation of a yellow solid. This was washed with H2O to remove any
residual acid and recrystallised from methanol, which resulted in the production of a white
precipitate. This microcrystalline product was washed with methanol and hexane to afford
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4.35 g of the product. The spectral properties of the microcrystalline product were in
agreement with data that had been previously reported.10
% Yield 91

I
MP 102°C
*H NMR (CDC13, 30°C, 300MHz) 88.39 (1H5 s, -CH=N), 7.89 (2H, d, ortho-H), 57.62
(2H, dd, J= 6.4, 8.9 Hz, ortho-H), 7.28 (2H, dd, J= 6.8, 9.4 Hz, ortho-H), 7.11 (3H, m,
para, meta-H), 6.82 (2H, d, / = 6.4 Hz, meta-H), 2.01 (3H, s, -OCH3)
IRNujp! mull 3361.8 m, 3002.9 m, 1615.2 m, 1598.1 m, 746.0 s, 690.8 s crn*1
MS EI(-) Calculated for C14H13NO m/z 211.10 Found m/z 210.00

6.2.1.4 Synthesis of N-Cinnamylaniline (4B)
I

j

In the presence of a catalytic amount of toluene-4-sulphonic
acid, 5.00 g (37.85 mmol) of cinnamylaldehyde was ground

I IC""~"N11

together with 3.5 g (37.85 mmol) of aniline in a mortar and
pestle. This produced a brown/orange sticky paste after 15 min
\

/
of grinding. This paste was left to stand for 10 min, which

resulted in the formation of a brown solid. This was washed with H2O to remove any
residual acid and recrystallised from hot methanol. The cream precipitate was washed with
methanol and hexane to produce 4.35 g of the product. Spectral properties of the resultant
precipitate were consistent with data that had previously been reported for this compound.11
%Yield 54
MP 107-109°C
210

Chapter 6.

Experimental

IR Nujol mull 3361.8 m, 3002.9 m, 1621.9 m, 1108.6 m, 1074.0 m, 1249.4 s, 759.7 s,
542.5 s cm'1
MS EI(-) Calculated for C15Hi3N m/z 207.27 Found m/z 206.00

6.2.1.5 Synthesis ofN-benzylidene-N-phenethylamine (SB)

f\
\—/

To 4.38 g of ben2aldehyde (41.26 mmol), 5 g of 2-phenyl-ethylamine (41.26 mmol) was added in the presence of a catalytic

H2C—CH2

/

HC=NH

amount of toluene-4-sulphonic acid {ca. 5%). This mixture was

\

ground together in a mortar and pestle for 10 min, which resulted

in the production of a white precipitate. This was washed quickly with H2O to remove any
residual acid and recrystallised from hexane.

This resulted in the production of a

white/cream precipitate, which was isolated via suction filtration. The spectral properties
of the microcrystalline product were consistent with data previously reported for this
compound.12
%Yield 54
MP 36-37°C
!

H NMR (CDCI3, 30°C, 300MHz) 88.24 (1H, s, -CH=N), 7.89 (2H, d, ortko-W), 57.54

(3H, m, meta-, para-R), 7.31. (5H, m, ortho-, meta-, para-K), 3.98 (2H, t, J= 7.2 Hz, CH2), 3.14 (2H, t, / = 7.15 Hz, -CH2)
IR Nujol mull 3085.5 m, 2859.4 s, 3027.0 m, 1647.4 m, 1074.6 m, 1030.0 m, 768.5 s,
523.18 cm-1
MS El (-) Calculated for Ci3H,3N m/z 207.27 Found m/z 206.00
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6.2.1.6 Synthesis ofN- (2-methoxyaniline) benzylidene (6B)
In the presence of a catalytic amount of toluene-4-sulphonic
v

'

HC=NH

/
\

acid (ca. 5% by weight), 5.00 g (0.041 mol) of 2-

OCH3

methoxyaniline was ground together with 4.00 g (0.041 mol) of
benzaldehyde in a mortar and pestle. This produced a light
brown paste after ca. 5min of grinding. This paste was left to stand for 5 min, which
resulted in the formation of a brown solid. This was washed with H2O and recrystallised
from methanol to produce 6.12g of the cream, microcrystallme product. The spectral data
collected for the microcrystalline product was in accordance with data previously reported
for this compound.13
%YieId 65
'H NMR (CDCI3, 30°C, 300MHz) 58.27 (1H, s, -CH=N), 7.27 (3H, m, meta,para-H), 7.18
(2H, dd, ortho-K), 7.08 (2H, dd, ortho-U), 6.83 (2H, dd, weta-H), 3.67 (3H, s, -OCH3)
IR neat 3068.2 m, 3019.2 m, 1652.1 m, 754.2 s, 687.9 s, 546.0 s a n 1
MS EI(-) Calculated for C14H13NO m/z 211.10 Found m/z 210.00

6.2.1.7 Synthesis ofN-(2,6-dimethylaniline)benzylidene (7B)
In the presence of a catalytic amount of toluene-4-sulphonic
acid (ca. 5 %), 2,6-dimethyl aniline 5.71 g (0.047 mol) was
_ /
HC NH

\
CH3

added to 5 g of benzaldehyde (0.047 mol) and ground together
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in a mortar and pestle for 15 min. This was then allowed to stand for 1 h, which resulted in
the production of brown oil. This mixture was then washed quickly with water to remove
any residual acid. The clear yellow oil characteristic of the desired imine was isolated via
fractional distillation at 137-140°C under high vacuum. Spectral properties were consistent
with data previously reported.14
%Yield 46
BP 137-140°C
'H NMR (CDC13, 30°C, 300MHz) 58.24 (1H, s, -CH=N), 7.98 (2H, d, J= 7.8 Hz, orthoH), 7.53 (3H, m, meta-, para-U), 7.15 (2H, m, meta-H), 6.98 (1H, m, para-U), 2.21 (6H, s,
-CH3)
IR neat 3072.4 m, 3024.8 m, 1645.6 m, 756.2 s, 690.8 s, 556.4 s cm"1
MS EI(-) Calculated for C15H15N m/z 209.12 Found m/z 208.00

i

i
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6.2.2 Synthesis of NSulphonylimines
6.2.2.1 Synthesis ofN-Benzylidene-benzenesulphonamide (1C)
This synthesis was completed following a previously reported
synthesis for the synthesis of 7V-sulphonylimines, with
alterations.15 To a previously dry Schlenk, 0.63g (4 mmol) of
benzene sulphonamide was added.

This was dissolved in

approximately 20 ml of dry dichloromethane in the presence of
molecular sieves. To this solution, 0.8 g (8 mmol) of benzaldehyde and 1.22 g (12 mmol)
of anhydrous triethylamine was added. This solution was then cooled to 0°C in an ice bath.
To this cooled solution 2.20 ml of TiCLj (1M, CH2CI2, 2.2 mol), was added over 5 min.
The solution was then allowed to stir on ice for 2 h, followed by 12 h of stirring at room
temperature. This resulted in a yellow solution with cream precipitate of the titanium
dioxide. The solution was diluted with 75 ml of toluene with the titanium dioxide being
removed by suction filtration over celite. The residue was washed with a further 50 ml of
dry toluene.

The resulting solution was placed under high vacuum to remove any

unreacted benzaldehyde and toluene. The resulting cream precipitate was recrystallised
from toluene and hexane, affording the microcrystalline white precipitate of the desired
imine.

Spectral properties of this compound were consistent with spectra previously

reported for this compound.16
%YieId 57
MP 79-80°C
!

H NMR (CDCI3, 30°C, 300MHz) 59.12 (1H, s, -CH), 7.96 (5H, m, ortho-, meta-, para-H),

7.53 (5H, m, ortho-, meta-, para-H)
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IR Nujol mull 1572.6 m, 1158.8 m, 722.1 s, 682.6 s cm-l

6.2.2.2 Synthesis ofN-(4-methoxy-benzylidene}-benzenesulphonamide (2C)
This synthesis was completed following a previously reported
synthesis for the synthesis of Af-Phosphinoyl imines, with
alterations.15 To a previously dry Schlenk, 0.63g (4 mmol) of
benzenesulphonamide was added.

This was dissolved in

approximately 20 ml of dry dichloromethane in the presence of
molecular sieves.

To this solution, 0.54 g (4mmol) of 4-

methoxybenzaldehyde and 1.22 g (12 mmol) of anhydrous triethylamine was added. This
solution was then cooled to 0°C in an ice bath. To this cooled solution 2.20 ml of TiCL*
(1M, CH2C12, 2.2 mol), was added over 5 min. The solution was then allowed to stir on ice
for 2 h, followed by 12 h of stirring at room temperature. This resulted in a yellow solution
with cream precipitate of the titanium dioxide. The solution was then diluted with 75 ml of
toluene with the titanium dioxide being removed by suction filtration over celite. The
residue was washed with a further 50 ml of dry toluene. The resulting solution was placed
under high vacuum to remove any unreacted aldehyde and toluene. The resulting cream
precipitate was recrystallised from toluene and hexane, affording the microcrystalline white
precipitate of the desired imine. Spectral properties of the compound were consistent with
I

spectra previously reported for this compound.16
%Yield 49

if

MP118-119°C
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H NMR (CDCI3, 30°C, 300MHz) 59.03 (1H, s, -CH), 8.16 (2H, m, aromatic-R), 7.91 (2H,

m, aromatic-U), 7.58 (3H, m, aromatic-R), 7.13 (2H, m, aromatic-H), 3.92 (3H, s, -OCH3)
IR Nujol mull 1590.3 m, 1162.0 m, 722.6 s, 688.3 s cm"1

6.2.2.3 Synthesis ofN-(3-Phenyl-allylidene)-benzenesulphonamide (3C)
0.63 g (2 mmol) of bezenesulphonamide was dissolved in
approximately 10 ml of dichloromethane in the presence of
molecular sieves.
anhydrous triethyl

To this solution, 1.22 g (12 mmol) of
araine

and 0.53 g (4 mmol) of

cinnamaldehyde was added. This solution was then cooled to
0°C over an ice bath. To the cooled solution, 2.2 ml (1M
solution in CH2CI2) of T1CI4 was added drop wise over 5 min. This was then allowed to
react via rapid stirring with the solution being warmed to room temperature for
approximately 2 h. This resulted in the production of a yellow precipitate in a dark brown
solution. The solution was then diluted with ca. 50 ml of toluene, with the precipitate of
titanium dioxide being removed by suction filtration. The filtrate was washed with toluene,
with the combined toluene layers containing the desired imine and unreacted
cinnamaldehyde. The imine was isolated via recrystallisation from toluene and hexane to
afford the yellow precipitate of the desired imine. The spectral properties of this compound
were consistent with data that had been previously reported.17
%Yield 77
MP 106-107°C
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H NMR (CDCb, 30°C, 300MHz) 58.85 (IH, d, J = 8.9 Hz, CH=N), 7.98 (2H, d, J= 7.5

Hz, -C(H)=C(H)), 7.51 (9H, m, aromatic-H), 7.09 (IH, dd, J= 15.72, 9.03 Hz, aromaticH)
IRNujoI mull 1614.1 m, 1577.6 m, 1555.4 m, 1161.3 s, 722.5 s, 682.3 s cm"1

I
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Solvent Free Synthesis of Homoallylic Secondary Amines

Handling procedures
Due to the unstable nature of the imines and organogallium compounds, which tend to
hydrolyse in the presence of water, all manipulations using gallium metal and during the
allylation of imines, were carried out under high purity argon or nitrogen, using Schlenk
techniques on a vacuum/gas line or in an argon dry box. All glassware used was dried in
an oven at 120°C for at least 3 h. The Schlenk assembly used was purged of air by
evacuation and backfilled with argon three times before use. All liquid reactants were
added via cannula or syringe to the Schlenk assembly. Reactions employing sonication
were performed in the T- snstek Systems, Soniclean 80T model. This sonicator runs at 240
V with and operating frequency of 50/60 Hz.
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6.3.1 Solvent Free Allylations ofAldimines Mediated by Gallium
6.3.1.1 Synthesis ofPhenyl-(l-phenyl-but-3-enyl)-amine (ID)
To a mixture of 0.11 g of gallium metal (1.6 mmol) and 0.28 g of
benzylidene aniline (1.6 mmol), 1.5 equivalents of allyl bromide
CH—NH

(0.29 g/2.4 mmol) was added drop wise under an atmosphere of
argon. This was allowed to sonicate for 12 h, which resulted in
the complete consumption of gallium metal and the formation of

dark yellow oil. The reaction was then quenched with H2O (ca. 0.5 ml) and allowed to
sonicate for a further 15 min. The reaction mixture was extracted with diethyl ether (3x15
ml) and water, with the combined organic layers being dried over MgSC>4. This was then
purified by Kugelrohr distillation under high vacuum to reveal the clear yellow oil of the
desired homoallylic secondary amine. The spectral data of this compound was consistent
1 ft

with data that had been previously reported.
%Yield 94
BP 138-140°C
!

H NMR (CDC13, 30°C, 300MHz) 57.55 (4H, m, ortho-, meta-H), 7.08 (1H, t, para-H),

6.78 (4H, m, ortho-, meta-H), 6.51 (1H, d, / = 11.2 Hz,para-H), 5.82 (1H, m, -CH=CH2),
5.11 (2H, d, J= 8.5 Hz, -CH=CH2), 4.63 (1H, m, -CH-NH), 4.30 (1H, br m, -NH), 2.44
(2H, m, CH2-CH)
IR neat 3428.1m, 3057.5 m, 2985.6 m, 1639.0 m, 1506.9 m, 1261.3 m, 935.8 s cm'1
MS ES (+) Calculated for Ci6H17N m/z 223.31 Found m/z 224.0
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6.3.1.2 Attempted synthesis of4-(l-Phenylamino-but-3-enyl)-phenol (2D)
To a mixture of 0.17 g (0.0025 mol) of gallium metal and 0.5 g
(0.0025 mol) of 7V-(4-hydroxybenzylidene)aniline, 1.5 equivalents
CH— NH

(0.46 g, 0.0038 mol) of allyl bromide was added. This mixture was
allowed to sonicate for 12 h under an inert atmosphere of argon,
which resulted in the complete consumption of the gallium metal.

The reaction mixture was then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for
a further 15 min. The reaction mixture was extracted with diethyl ether (3 x 15 ml) and
water, with the combined organic layers being dried over MgSCV According to *H NMR,
>%5 of the crude yellow oil contained the desired product, with the other constituents
being the hydrolysis products of the imine, namely 4-hydroxybenzaldehyde and aniline.
Estimated Yield by JH NMR (CDC13,30°C, 300MHz) <5%

6.3.1.3 Synthesis ofPhenethyl-(l-phenyl-but-3-enyl)-amine (3D)
To a mixture of 0.3 g (1.43 mmol) of iV-benzylidene-iV-

\
CH—NH

phenethylamine and 0.1 g of gallium metal (1.43 mmol), 1.5
equivalents (0.26 g, 2.86 mmol) of allyl bromide was added
whilst stirring. This was allowed to sonicate for 12 h, which

resulted in the production of a brown oil, although the gallium metal had not been
completely consumed. The reaction was then quenched with H2O (ca. 0.5 ml) and allowed
to sonicate for a further 15 min. The reaction mixture was extracted with diethyl ether (3 x
15 ml) and water, with the combined organic layers being dried over MgSO4. The
combined organic layers were purified by column chromatography, on silica gel, utilizing a
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2:1 hexane/ethyl acetate solution. This afforded the corresponding homoallylic secondary
amine as a clear oil.
% Yield 32
*H NMR (CDC13, 30°C, 300MHz) 57.82 (1H, m, pai-a-H), 7.53 (2H, m, ortho-H), hi.22
(6H, m, aromatic-n), 7.02 (1H, m, para-U), 5.82 (1H, m, -CH=), 5.21 (2H, dd, J = 6.30,
8.3 Hz, -CH=CH2), 4.85 (1H, m, >CH-NH), 3.78 (1H br s, -NH), 3.01 (2H, dd, / = 5.8,
8.97 Hz, -CH2-CH=), 2.01 (2H, s,-CH2-), 1.58 (2H, s, -CH2-)
IR Neat 3079.3 m, 2859.4 s, 3027.0 m, 1542.6 m, 1456.1 s, 1110.2 m, 734.5 cm"1 s, 544.1
-1

s cm

MS ES(-) Calculated for Ci8H12N m/z 251.37, Found m/z 251.00
Microanalysis Calculated for Ci8H2,N C 86.01%, H 8.42 %, N 5.57%, Found C 86.03%, H
8.58%, N 5.52%

6.3.1.4Synthesis of(2,6-Dimethyl-phenyl)-(l-phenyl-but-3-enyl)-amine (4D)
To a suspension of 0.16g (2.39 mmol) of gallium metal and 0.5
I I<C

\

v

\

\
CH—NH

g (2.39 mmol) of AL(2,6-dimethylaniline)benzylidene, 1.5

/
CH3

equivalents (0.43 g, 3.58 mmol) of allyl bromide were added.
The reaction mixture was allowed to sonicate for 12 h, which
resulted in the complete consumption of the gallium metal,

giving a clear yellow solution with white precipitate. The reaction was then quenched with
H2O (ca. 0.5 ml) and allowed to sonicate for a further 15 min. The reaction mixture was
extracted with diethyl ether (3x15 ml) and water, with the combined organic layers being
dried over MgSC>4. The dried organic layers were purified by Buchi Krugelohr distillation
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This afforded the clear yellow oil of the desired homoallylic

secondary amine.
%YieId 44
BP 70-75°C
]

H NMR (CDCb, 30°C, 300MHz) 57.63 (5H, m, aromatic-U), 6.93 (2H, m, meta-H),

56.61 (1H, m,para-U), 6.15 (1H, dm, J= 6.34 Hz, -CH=CH2 ), 5.29 (2H, dd, / = 6.34 Hz
and J = 8.4 Hz, -CH=CH2), 4.75 (1H, dd, / = 9.74 Hz, >CH-NH), 3.89 (1H, br s, -NH),
2.25 (1H, m, -CH2-CH=), 2.20 (6H, s, -CH3), 2.18 (1H, s, -CH2-CH=)
13

C NMR (CDCI3, 30°C, 300MHz) 5145.20 (prtho-C), 141.90 (ortho-C), 136.02 (-CH=),

128.52 (meta-C), 128.40 (meta-C), 127.62 (meta-C), 127.43 (meta-C), 126.78 (para-C),
121.74 (ortho-C), 118.02 (para-C), 115.80 (=CH2), 72.38 (>CH-NH), 16.62 (-CH3)
MS EI(-) Calculated for C,8H21N: m/z 251.37, Found: m/z 250.00
Microanalysis Calculated for C18H21N C Sc.01%, H 8.42 %, N 5.57%, Found C 86.35%, H
8.05%, N 5.59%

6.3.1.5 Attempted synthesis ofPhenyl-(l-styryl-but-3-enyl)-amine (5D)
To a mixture of 0.05g (0.67 mmol) of gallium metal and 0.14 g
(0.67 mmol) of jV-cinnamylaniline, 1.5 equivalents (0.12 g) of allyl
bromide were added. The reaction mixture was allowed to sonicate
for 12 h, which resulted in the complete consumption of the
gallium metal, giving a clear yellow solution with white
precipitate. The reaction was then quenched with H2O (ca. 0.5 ml)
and allowed to sonicate for a further 15 min. The reaction mixture was extracted with
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diethyl etlier ( 3 x 1 5 ml) and water, with the combined organic layers being dried over
MgSC>4. The dried organic layers were analysed and revealed only the presence of the
corresponding homoallylic alcohol, derived from the hydrolysed imine.
%YieId 0

6.3.1.6 Attempted synthesis of(l>l-Diphenyl-but-3-enyl)-phenyl-amine (6D)
To a suspension of 0.16g (2.40 mmol) of gallium metal and 0.44 g
(2.40 mmol) of the commercially available benzophenone imine,
1.5 equivalents (0.43 g, 3.55 mmol) of allyl bromide was added.
The reaction mixture was allowed to sonicate for 12 h, which
resulted in the complete consumption of the gallium metal, giving a
clear yellow solution with white precipitate. The reaction was then quenched with H2O {ca.
0.5 ml) and allowed to sonicate for a further 15 min. The reaction mixture was then
extracted with diethyl ether (3x15 ml) and water, with the combined organic layers being
dried over MgSC>4. The dried organic layers were combined and analysed by ! H NMR and
GC/MS to reveal only the recover}' of benzophenone and aniline derived from the
hydrolysis of the starting imine.
%YieId 0

6.3.1.7 Synthesis of[l-(4-Methoxy-phenyl)-but-3-enyl]-phenyl-amine (7D)
To a suspension of 0.16g (2.40 mmol) of gallium metal and 0.5 g
(2.40 mmol) of//-(4-methoxyaniline)benzylidene 1.5 equivalents
(0.43 g, 3.55 mmol) of allyl bromide was added. The reaction
223
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mixture was allowed to sonicate for 12 h, which resulted in the complete consumption of
the gallium metal, giving a clear yellow solution with white precipitate. The reaction was
then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for a further 15 min. The
reaction mixture was extracted with diethyl ether (3x15 ml) and water, with the combined
organic layers being dried over MgSC>4. The dried organic layers were purified by Buchi
Krugelohr distillation under high vacuum, which afforded the clear oil of the desired
product. The spectral properties of this compound were consistent with data previously
reported for this compound.19
%Yield 87
BP 75-80°C
'H NMR (CDCI3, 30°C, 300MHz) 57.41 (5H, m, aromatic-U), 6.72 (2H, m, ortho-E), 6.83
(2H, d, / = 9.03 Hz, meta-U), 5.92 (1H, m, -CH=CHi), 5.18 (2H, m, -CH=CH2), 4.02 (1H,
br s, -NH), 3.87 (3H, s, -OCH3), 2.43 (2H, d, J= 9.16 Hz, -CH2-CH=), 1.42 (1H, br s, -OH)
MS ES(-) Calculated for C,7Hi9NO m/z 253.34 Found m/z 253.00

6.3.1.8 Synthesis of[l-(2-methoxy-phenyl)-but-3-enyl]-phenyl-amine (8D)
To a suspension of 0.16g (2.40 mmol) of gallium metal and 0.5 g

P

(2.40 mmol) of A^-(2-methoxyaniline)benzylidene 1.5 equivalents
(0.43 g, 3.55 mmol) of allyl bromide was added. The reaction

CH—NH

mixture was allowed to sonicate for 12 h, which resulted in the
0CH3

complete consumption of the gallium metal, giving a clear yellow
solution with white precipitate. The reaction was then quenched with H2O (ca. 0.5 ml) and
allowed to sonicate for a further 15 min. The reaction mixture was extracted with diethyl
ether ( 3 x 1 5 ml) and water, with the combined organic layers being dried over MgSO4.
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The dried organic layers were purified by Buchi Kxugelohr distillation under high vacuum,
which afforded the clear yellow oil of the desired product. The spectral properties of this
compound were consistent with data previously reported for this compound.20
%Yield 72
BP 55-60°C
'H NJMR (CDCI3, 30°C, 300MHz) 57.26 (5H, m, aromatic-U), 7.05 (2H, m, meta-H),
56.75 (2H, m, ortho-, para-H), 6.01 (1H, m, -CH=CH2), 5.31 (2H, dd, 7=11.02, 13.40 Hz,
-CH=CH2), 4.65 (1H, s, -CH-N-), 4.15 (1H, br s, -NH), 3.98 (3H, s, -OMe), 2.81 (1H, m, CH2-), 2.61 (1H, m, -CH2-), 1.82 (1H br s, -OH).
MS EI(-) Calculated for C17H19NO m/z 253.34 Found m/z 253.00
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6.3.2 Solvent Free Allylation ofN-Sulphonylimines Mediated by Gallium
6.3.2.1 Attempted synthesis ofN-(l-Phenyl-3-butenyl)benzenesulphonamide (IE)
0.2

g

(0.82

mmol)

of

7V-benzylidene-

benzenesulphonamide and 0.06 g (0.82 mmol) of gallium
was placed in a previously dried Schlenk.

CH

To this

NH

0=£

suspension, 1.5 equivalents of allyl bromide (0.15 g) was
added. The reaction mixture was then allowed to sonicate

for 24 h. The reaction was then quenched with 0.5 ml of H2O. On analysis of the crude
reaction mixture there was no evidence of the 1,2-addition product.
%Yield 0
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6.3.3 Solvent Free Synthesis of Homoallylic Secondary Amines Mediated by
Indium
6.3.3.1 Synthesis ofPhenyl-(l-phenyl-but-3-enyl)-amine (ID)
To 0.32 g (2.7 mmol) of indium suspended in dry hexane, 1.5
equivalents (4.5 mmol) of allyl bromide was added and
CH—NH

allowed to stir for 3 h. This resulted in the production of an
orange/brown precipitate, with the complete consumption

J/

being observed indicating the formation of the allyl indium

species. After 3 h the reaction mixture was placed under high vacuum to remove any
unreacted allyl bromide and hexane. To this orange precipitate 0.5 g (0.0027 mol) of
benzylidene aniline was added. This was allowed to sonicate for 12 h. The reaction was
then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for a further 15 min. The
reaction mixture was extracted with diethyl ether ( 3 x 1 5 ml) and water, with the combined
organic layers being dried over MgSC>4. This was then purified by Kugelrohr distillation,
to reveal the clear oil of the desired homoallylic secondary amine. The spectral properties
of this compound were consistent with data that had been previously reported for this
compound.18
%Yield 94
Spectral data see section 6.3.1.1 experimental, compound (ID)
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6.3.3.2 Synthesis ofAllyl-phenyl-(l-phenyl-but-3-enyl)-amine (9D)
To a mixture of 0.32 g of indium metal (2.7 mmol) and 0.50
g of benzylidene aniline (2.7 mmol), 1.5 equivalents of allyl
CH—N

bromide (4.5 mmol) was added drop wise under an
atmosphere of argon. This was allowed to sonicate for 12 h,
which resulted in the complete consumption of indium metal

and the formation of dark yellow oil. The reaction was then quenched with H2O (ca. 0.5
ml) and allowed to sonicate for a further 15 min. The reaction mixture was extracted with
diethyl ether ( 3 x 1 5 ml) and water, with the combined organic layers being dried over
MgSCV This was then purified by flash chromatography on silica, using 10:1 hexane:
ethyl acetate solution mix on silica gel, to reveal the clear/yellow oil of the 6/s-allylated
product.

Spectral data of this compound was in agreement with data that had been

previously reported for this compound.21
%YieId 28
*H NMR (CDCI3, 30°C, 300MHz) 57.22 (7H, m, aromatic-H), 6.80 (2H, d, J = 7.92 Hz,
meta-H), 6.68 (1H, d, / = 7.92 Hz, para-H), 5.79 (1H, m, -CH=CH2), 5.64 (1H, m, CH=CH2), 4.99 (5H, m, -CH2-CH=CH2), 3.71 (2H, m, -CH2), 2.75 (2H, m, =CH2)
IR Neat 3014.4 m, 2925.1 m, 1599.3 m, 1505.6 s, 1379.9 m cm'1
MS EI(-) Calculated forCi9H2iN: m/z 263.17, Found: m/z 262.00
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6.3.3.3 Synthesis ofBenzylidene-methyl-phenyl-ammonium; bromide (10 D)
To a flame dried Schlenk, under an inert atmosphere of
CH,

f~\

argon, 0.3 g (1.65 mmol) of N-benzylidene aniline was

©,C=N

suspended in ca. 50 mol of dry toluene. To this solution, 1.5
\

&> equivalents of methyl iodide (0.35 g, 2.48 mmol) was added

/

with stirring. The solution was then allowed to stir rapidly at 50°C for 24 h, which resulted
in the production of a yellow precipitate. The solution was then allowed to cool to room
temperature with any unreacted methyl iodide and toluene being removed under high
vacuum.

The resultant precipitate was washed with hexane and then dissolved in a

toluenerhexane mix. Upon cooling to room tempemture, the solution afforded clear yellow,
plate like, microcrystalline product, which was isolated by filtration.
% Yield 67
MP 47 - 48°C {to clear oil)
'H NMR (Benzene-de, 30°C, 300MHz) 58.38 (1H, s, CH), 7.18 (1 OH, m, ortho-, meta-,
para- H), 0.45 (3H, s, -CH3)
13

C NMR (Benzene-d6, 30°C 300 MHz) 5169.46 (-CH=N), 153.85 (=N-C<), 138.56 (>C-)3

133.55 (para-Q, 131.24 (meta-C), 130.17 (ortho-Q, 128.72 (meta-C), 127.05 (para-C),
122.32 (ortho-C), 37.46 (-CH3).
IR Nujol mull 3061 m, 2722.6 m, 1629.1 m, 1592.5 s, 1579.8 s, 764 s cm "!
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6.3.4 Solvent Free Allylation of N-Sulphonylimines Mediated by Indium
Metal
6.3.4.1 Synthesis ofN-(l-Phenyl-3-butenyl)benzenesulphonamide

(IE)

0.2 g (0.82 rnmol) of A^-benzylidene-benzenesulphonamide
and 0.1 g (0.82 mmol) of metallic indium was placed in a
CH

previously dried Schlenk.

NH

0=J

o

~

To this suspension,

equivalents of allyl bromide (0.15 g) was added.

1.5
The

reaction mixture was then allowed to sonicate for 12 h, which resulted in the complete
consumption of indium. The reaction was then quenched with 0.5 ml of H2O with the
reaction mixture being extracted with water/diethyl ether (3 x 10 ml). The resultant
ethereal layers were then combined and dried over MgSO4. The MgSO4 was removed via
suction filtration. The mixture of unreacted amine and allylated product was consequently
purified by flash chromatography on silica gel using a 10:1 ratio of hexane to ethyl acetate.
This afforded white powder of the desired homoallylic amine. On analysis the spectral
properties were in accordance with data previously reported.22
% Yield 32
MP 81-82°C
!

H NMR (CDC13, 30°C, 300MHz) 57.83 (2H, m, aromatic-B), 7.60 (4H, m, aromatic-H\

7.31 (4H, m, aromatic-H), 5.82 (1H, m, -CH=CH2), 55.18 (3H, br m, -CH=CH2 & -NH),
4.58 (1H, m, -CH<), 2.54 (2H, m, -CH2.CH=)
MS EI(-) Calculated for Ci6H17NO2S m/z = 287.38 Found m/z = 286.00
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6.4 Synthesis ofHomoallylic Amines in Polypropylene glycol),
PPG
Reagents
The commercially available poly(propylene glycol) (PPG), employed in reactions was
purchased from Aldrich. This PPG had an average MW of ca. 1,000, with a viscosity of
150 centistokes at 25°C and had a hydroxyl number of 111 mg KOH/g.

Handling procedures
Before its use the PPG was pre-distilled, under high vacuum, to 175°C. This removed the
low boiling point (>175°C) fractions of the PPG. The higher boiling point (>175°C)
components were then filtered through a silica plug, and dried over Mg2SO4 and stored over
molecular sieves under an inert atmosphere of argon before use in reactions performed on
the aldimines.
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6.4.1 Allylation ofAldimines Mediated by Indium in PPG
6.4.1.1 Synthesis ofPhenyl-(l-phenyl-but-3-enyl)-amine (ID)
To approximately 10 ml of previously dried PPG, 0.18 g of
indium metal (1.6 mmol) and 0.28 g of benzylidene aniline (1.6
CH—NH

mmol) was added under an inert atmosphere of argon. To this
suspension, 1.5 equivalents of allyl bromide (0.29 g/2.4 mmol)
were added. This was allowed to sonicate for 3 h, which resulted

in the complete consumption of indium metal and the formation of an orange/brown
precipitate, indicating the formation of the allyl indium reactive species. The reaction
mixture was then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for a further 15
min. The reaction mixture was then purified by fractional distillation, under high vacuum,
to afford the clear oil of phenyl-(l-phenyl-but-3-enyl)-amine. The spectral properties of
the homoallylic amine were in agreement with data that had been previously reported for
that compound.18
%Yield95
Spectral data see section 6.3.1.1 experimental compound (ID)

6.4.1.2 Synthesis of4-(l-Phenylamino-but-3-enyl)-phenol (2D)
To previously dry PPG (ca. 10 ml), 0.29 g (2.5 mmol) of indium
metal and 0.5 g (2.5 mmol) of 7V-(4-hydroxybenzylidene)aniline
was added. To this, suspension 1.5 equivalents (0.46 g, 0.0038
mol) of allyl bromide were added. This mixture was allowed to
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sonicate for 3 h under an inert atmosphere of argon, which resulted in the complete
consumption of the indium metal and the formation of an orange/brown precipitate. The
reaction mixture was then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for a
further 15 min. The reaction mixture was purified by Buchi Krugelohr distillation under
high vacuum, to afford the desired homoallylic amine as clear oil.
% Yield 76
BP 155-160°C
J

H NMR (CDC13, 30°C, 300MHz) 57.53 (2H, m, ortho-U), 7.21 (5H, m, ortho-, meta-,

para-H), 7.05 (2H, m, para-H), 6.14 (1H, dt, J= 6.21 Hz and 9.7 Hz, -CH=CH2), 5.38
(2H, d, J= 6.21 Hz, -CH=CH2), 4.25 (1H, m, >NH), 4.18 (1H, s, -CH<), 2.21 (2H, m, CH2.CH=)
IR Neat 3462.8 s, 3098.2 m, 2859.4 s, 3027.0 m, 1564.2 m, 1456.1 s, 1390.4 m, 1341.2 s,
1305.2 m, 1126.4 s, 732.3 s, 532.4 m cm ~J
MS El (-) Calculated for Ci6Hi7NO m/z 239.13 Found m/z 238.00
Microanalysis Calculated for Ci6Hi7N C 80.30%, H 7.16%, N 5.85%, Found C 80.32%, H
7.20%, N 5.78%

6.4.1.3 Synthesis of(2,6~Dimethyl-phenyl)-(l-phenyl-but-3-enyl)-amine (4D)
To approximately 10 ml of previously dry PPG 0.27g (2.40
mmol) of indium powder and 0.5 g (2.39 mmol) of N-(l,6dimethylaniline)benzylidene

was

added

under

an

inert

atmosphere of argon. To this suspension, 1.5 equivalents (0.43
g, 3.55 mmol) of allyl bromide was added. The reaction mixture
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was allowed react via rapid stirring for 3 h which resulted in the complete consumption of
the indium powder, giving a clear yellow solution with white precipitate. The reaction was
then quenched with H2O {ca. 0.5 ml) and allowed to sonicate for a further 15 min. The
reaction mixture was purified by Buchi Krugelohr distillation under high vacuum, which
afforded the clear oil of the desired product. The spectral properties of the compound was
found to be in accordance with data previously obtained for this compound.
%Yield 34
Spectral data see section 6.3.1.4 experiment;, compc

(4D)

6.4.1.4 Synthesis of[l-(4-methoxy-phenyl)-but-3-enyl]-phenyl-amine

(7D)

To approximately. 10 ml of previously dry PPG 0.27g (2.40
mmol) of indium powder and 0.5 g (2.40 mmol) of N-(4CH—NH

methoxyaniline)benzylidene
atmosphere of argon.

H 3 cd

was added under

an inert

To this suspension, 1.5 equivalents

(0.43 g, 3.55 mmol) of alM bromide was added. The reaction

mixture was allowed react via rapid stirring for 3 h which resulted in the complete
consumption of the indium powder, giving a clear yellow solution with white precipitate.
The reaction was then quenched with H2O {ca. 0.5 ml) and allowed to sonicate for a further
15 min. The reaction mixture was purified by Buchi Krugelohr distillation under high
vacuum, which afforded the clear oil of the desired product. Spectral data was consistent
with data previously reported.19
%Yield 78
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Spectral data see section 6.3.1.7 experimental (7D)

6.4.1.5 Synthesis of[l-(2-methoxy-phenyl)-but-3-enyl]-phenyl-amine (8D)
To previously dry PPG (ca. 10 ml) 0.27g (2.40 mmol) of
indium

powder

and

0.5

methoxyaniline)benzylidene

g

(2.40

mmol)

of N-(2-

was added under an inert

atmosphere of argon. This was allowed to stir rapidly and 1.5
equivalents (0.43 g, 3.55 mmol) of allyl bromide was added.
The reaction mixture was allowed to rapidly stir for 3 h, which resulted in the complete
consumption of the indium metal, giving a clear yellow solution with white precipitate. The
reaction was then quenched with H2O (ca. 0.5 ml) and allowed to sonicate for a further 15
min.

The reaction mixture was purified by Buchi Krugelohr distillation under high

vacuum, which afforded the clear oil of the desired product.
Spectral data was consistent with data previously reported.20
%Yield 82
Spectral data see section 6.3.1.8 experimental (8D)
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6.4,2 Allylation ofSulphonylimines Mediated by Indium Metal in PPG

Handling Procedures
Owing to the reduced volatility of the 1,2-addition products of the sulphonimines the PPG
used in the reactions was pre-distilled, under high vacuum, to 120°C. Tliis removed the
higher boiling point (>120°C) fractions of the PPG. The lower boiling point (>120°C)
components were then filtered through a silica plug, and dried over MgSO4 and stored over
molecular sieves under an inert atmosphere of argon before uue in reactions performed on
the ./V-sulphonylimines.

6.4.2.1 Synthesis of N-(l-Phenyl-3-butenyl)benzenesulphonamide(lE)
To approximately 5 ml of previously dried PPG 0.2 g (0.82
mmol)
CH

NH
0={

of

iV-benzylidene-benzenesulphonamide

was

suspended in a Schlenk. To the suspension 0.1 g (0.82
mmol) of metallic indium was added and allowed to stir. To
this suspension, 1.5 equivalents of allyl bromide (0.15 g)

was added. The reaction mixture was then allowed to sonicate for 3 h, which resulted in
the complete consumption of indium. The reaction was then quenched with 0.5 ml of H2O
with the reaction mixture being extracted with water/diethyl ether (3 x 10 ml). The
resultant ethereal layers were then combined and dried over MgSC>4. The MgSC>4 was
removed via suction filtration. The PPG was removed from the mixture at 120°C under
high vacuum, which isolated the desired sulphonamide. The mixture of unreacted imirie
and allylated product was consequently purified by flash chromatography on silica gel
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using a 10:1 ratio of hexane to ethyl acetate.

This was then recrystallised from

methanol/hexane solution. Analysis of the resultant white powder was then analysed, with
spectral properties being in accordance with data previously reported.22
% Yield 96
MP 81-82°C
*H NMR (CDC13, 30°C, 300MHz) 87.83 (2H, m, aromatic-H), 7.60 (4H, m, aromatic-H),
7.31 (4H, m, aromatic-H), 5.82 (1H, m, -CH=CH2), 5.18 (3H, br m, -CH=CH2 & -NH),
4.58 (1H, m, -CH<), 2.54 (2H, m, -CH2_CH=)
MS EI(-) Calculated for Ci6H,7NO2S m/z = 287.38 Found m/z = 286.00

6.4.2.2 Synthesis ofN-[l-(4-Methox)phenyl)-3-butenyl)benzenesulphonantide (2E)
To a suspension of 0.73 mmol (0.2 g) of jV-(4-methoxybenzylidene)-benzenesulphonamide and 0.73 mmol (0.08
g) of indium metal in PPG, 1.5 equivalents (0.13 g, 1.09
H3ccr

mmol) of allyl bromide was added. This suspension was
then allowed to sonicate for 3 h, which resulted in the complete consumption of indium and
the formation of a white precipitate. The reaction mixture was then quenched with 0.5 ml
of H2O. The reaction mixture was then extracted with 3 x 10 ml of Et2O, with the
combined ethereal layers being dried over MgSCv The MgSC>4 was then removed via
suction filtration, and the PPG being removed from the reaction mixture under high
vacuum at 120°C. This resulted in the isolation of the white powder of the desired amide
and unreacted imine. This mixture was consequently purified by flash chromatography on
silica gel using a 10:1 ratio of hexane to ethyl acetate. The amide was further purified by
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crystallisation in a methanol/hexane solution. On analysis, the spectral properties of the
amide were in accordance with data previously reported.22
%Yield 86
MP 70-72°C
*H NMR (CDCb, 30°C, 300MHz) 57.68 (2H, m, aromatic-H), 7.48 (1H, m, aromatic-H),
7.35 (2H, m, aromatic-H), 6.89 (2H, d, / = 9.4 Hz, aromatic-H), 6.75 (2H, d, 7 = 9.4 Hz,
aromatic-H), 5.58 (1H, m, -CH=CH2), 5.11 (2H, m, -CH=CH2), 4.80 (1H, br s, -NH), 4.36
(1H, dd, / = 7.1 Hz, -CH<), 3.78 (3H, s, -CH3), 2.42 (2H, m, -CH2-CH=)
IR Nujol mull 3276.3 m, 1453.8 s, 1317.6 m, 1161.2 s, 728.6 s, 690.3 s cm"1

6.4.2.3 Synthesis ofN-[l-(2-Phenylethenyl)-3-butenyl]benzenesulphonamide (3E)
To a suspension of 0.37 mmol (0.10 g) of

jV-(3-Phenyl-

allylidene)-benzenesulphonamide and 0.37 mmol (0.04 g) of
indium metal in PPG, 1.5 equivalents (0.07 g, 0.74 mmol) of allyl
bromide was added. This suspension was then allowed to sonicate
for 3 h, which resulted in the complete consumption of indium.
The reaction mixture was then quenched with 0.5 ml of H2O and allowed to sonicate for a
further 5 min, which resulted in the formation of white solids, presumably due to the
formation of indium salts. The reaction mixture was then extracted with 3 x 10 ml of Et20,
with the combined ethereal layers being dried over MgSC>4. The MgSC>4 was then removed
via suction filtration, and the PPG being removed from the reaction mixture under high
vacuum at 120°C. The mixture of unreacted imine and allylated product was consequently
purified by flash chromatography on silica gel using a 10:1 ratio of hexane to ethyl acetate.
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This resulted in the isolation of the pale yellow oil of the 1,2-adduct. On analysis the
spectral properties of the amide were in accordance with data previously reported.22
% Yield 89
!

H NMR (CDCI3, 30°C, 300MHz) 57.86 (1H, m, aromatic-H), 7.54 (4H, m, aromatic-H),

7.23 (3H, m, aromatic-H), 7.17 (2H, m, aromatic-H), 6.36 (1H, d, J= 14 Hz, -CH=CH-),
5.81 (1H, dm, J = 14 Hz, -CH=CH-), 5.62 (1H, m, -CH<), 5.15 (2.H, m, -CH2.CH=), 4.63
(1H, d, J = 7.2 Hz, -CH-), 4.16 (1H, br m, -NH), 2.31 (2H, m, -CH2-CH)
IR neat 3279.2 m, 1639.0 m, 1453.8 s, 1322.6 s, 1161.2 s, 728.6 cm"1 s, 690.3s cm"1

6.4.2.4 Synthesis ofN-(-Phenyl-2-methyl-3-butenyl)benzenesulphonamide (4E)
To approximately 5 ml of previously dried PPG 0.2 g
(0.82 mmol) of 7V-benzylidene-benzenesulphonamide was
suspended in a Schlenk. To the suspension, 0.1 g (0.82
*NH

I //
o=s—(!

\\
\>

mmol) of metallic indium was added and allowed to stir.
To this suspension, 1.5 equivalents of crotyl bromide

(0.17 g) were added. The reaction mixture was then allowed to sonicate for 3 h, which
resulted in the complete consumption of indium. The reaction was then quenched with 0.5
ml of H2O with the reaction mixture being extracted with water/diethyl ether (3 x 10 ml).
The resultant ethereal layers were then combined and dried over MgSO.*. The MgSO4 was
removed via suction filtration. The ether was removed en vacuo, with the PPG being
removed under high vacuum at 120°C. The resulting cream precipitate was washed with
hexane and recrystallised from toluene. Analysis of the white powder indicated that the yproduct predominated and that it was obtained as a mixture of diastereoisomers. It was
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found that the spectral properties of this compound agreed with data that had previously
been reported.22
%Yield 93 Obtained as a mixture ofdiastereoisomers; 52:48 symanti (Estimated by JH
NMR)
MP 127-130°C
*H NMR (CDC13, 30°C, 300MHz) Syn isomer; 87.60-7.58 (1H, m, aromatic-H), 7.40-7.37
(1H, m, aromatic-H), 7.28-87.22 (3H, m, aromatic-H), 7.05-87.15 (3H, m, aromatic-H),
6.98-S6.81 (2H, m, aromatic-H), 5.62-55.56 (1H5 m, -CH=), 5.38 (2H, m, -CH=CH2),
54.89 (1H, d, / = 7.8 Hz, >CH-Ph,), 4.30 (1H, dd, J = 5.1 Hz, 7.8 Hz, -CH<), 2.61-2.49
(1H, br m, -NH), 0.93 (3H, d, / = 7.0 Hz, -CH3,).
Ami isomer; 87.55-7.49 (1H, m, aromatic-H), 7.38-7.32 (1H, m, aromatic-H), 7.28-7.22
(3H, m} aromatic-H), 7.05-7.15 (3H, m, aromatic-H,), 7.02-7.85 (2H, m, aromatic-H),
5.48-5.39 (1H, m, -CH=), 5.12 (2H, m, -CH=CH2), 4.83 (1H, d, /== 7.8 Hz, >CH-Ph), 4.10
(1H, dd, J= 5.1 Hz, 8.0 Hz, -CH<), 2.61-82.49 (1H, br m, -NH), 0.82 (3H, d, J = 7.0 Hz, CH3).
IR Nujol mull 3256.5 m, 1640.1 m, 1456.9 s, 1320.0 s, 1163.9 m, 724.6 s, 687.6 s cm-1

6.4.2.5 Alternative Synthesis of N-(-Phenyl-2-methyl-3-butenyl)benzenesulphonamide
(4E)
To approximately 5 ml of previously dried PPG 0.2 g

CH 3

(0.82 mmol) of ./V-benzylidene-benzenesulphonamide was
suspended in a Schlenk. To the suspension, 0.1 g (0.82

CH

'NH
O =

\
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mmol) of metallic indium was added and allowed to stir.

To this suspension, 1.5

equivalents of 3-bromo-2-methyl propene (0.17 g / 1.25 mmol) were added. The reaction
mixture was then allowed to sonicate for 3 h, which resulted in the complete consumption
of indium. The reaction was then quenched with 0.5 ml of H2O with the reaction mixture
being extracted with water/diethyl ether ( 3 x 1 0 ml). The resultant ethereal layers were
then combined and dried over MgSC>4. The MgSO4 was removed via suction filtration.
The ether was removed en vacuo, with the PPG being removed under high vacuum at
120°C. The resulting cream precipitate was washed with hexane and recrystallised from
toluene. Analysis of the white powder indicated that the y-product predominated. It was
found that the spectral properties of this compound agreed with data that had previously
been reported.22
% Yield 91 Obtained as a mixture of diastereoisomers; 52:48 syn:anti (Estimated by ! H
NMR)
Spectral data see section 6.4.2.4 experimental (4E)

6.4.2.6 Synthesis ofN-(l,2-Diphenyl-3-butenyl)benzenesulphonamide (5E)
To approximately 5 ml of previously dried PPG 0.24 g (0.98
mmol)

of

iV-benzylidene-benzenesulphonamide

was

suspended in a Schlenk. To the suspension, 0.11 g (0.98
mmol) of metallic indium was added and allowed to stir. To
this suspension, 1.5 equivalents of cinnamyl bromide (0.29 g/
1.47 mmol) were added. The reaction mixture was then allowed to sonicate for 3 h, which
resulted in the complete consumption of indium. The reaction was then quenched with 0.5
ml of H2O with the reaction mixture being extracted with water/diethyl ether (3x10 ml).
241

Chapter 6.

Experimental

The resultant ethereal layers were then combined and dried over MgSC>4. The MgSC>4 was
removed via suction filtration. The ether was removed en vacuo, with the PPG being
removed under high vacuum at 120°C. Analysis of the white paste revealed that there was
a mixture of the starting JV-sulphonylimine and the desired allylated product. The allylated
imine was found to be a mixture of syn and anti isomers in a ratio of 5:1, with the y-adduct
predominating. The spectral properties of the compound agreed with previously reported
literature methods.22
%Yield Estimated by JH NMR 32 {Obtained as a mixture of diastereoisomers, with ratio
of syn: anti (5:1) being estimated by HNMR)
J

H NMR (CDC13, 30°C, 300MHz) Syn isomer; 5 7.56 - 6.79 (15 H, m, aromatic-U), 5.73

(1H, ddd, J= 8.0, 9.9, 18.2Hz, -CH=), 4.89 (2H, m, CH=CH2), 4.78 (1H, d, / = 6.2 Hz
Ph-CH<), 4.52 (1H, dd, / = 7.4, 6.2 Hz, -CH<), 3.55 (1H, dm, J= 8.0Hz, -NH)
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In, Bi, Cu and Zn metals mediate the allylation of various carbonyl compounds under solvent free conditions.
Controlling the exothermic nature of these reactions, to prevent decomposition of starting materials, results in
good to excellent yields of the corresponding homoallylic alcohols.

Introduction
Developing more benign synthetic procedures in chemical
synthesis is important in moving towards sustainable technologies, as part of the rapidly emerging field of green chemistry.1
In reducing the amount of waste, energy usage, and the use of
volatile, toxic and flammable solvents, several approaches are
available including avoiding the use of organic solvents for the
reaction media.1 Replacement media include non-volatile and
recyclable ionic liquids,2 H2O,3 supercritical CO 2 , 4 polyethylene and polypropylene glycol.5 An alternative approach avoids
the use of a reaction medium as the so-called 'solvent free' or
'solventless' reaction.6-7
There are several advantages associated with the use of a
solvent free system over the use of organic solvent. These
include; (i) there is no reaction media to collect, dispose of or
purify and recycle, (ii) on a laboratory, preparative scale, there
is often no need for specialised equipment, (iii) extensive and
expensive purification procedures such as chromatography can
often be avoided due to the formation of sufficiently pure
compounds, (iv) greater selectivity is often observed, (v)
reaction times can be rapid, often with increased yields and
lower energy usage,6-7 and (vi) economic considerations, since
cost savings can be associated with the lack of solvents
requiring disposal or recycling. Not surprisingly solvent free
synthesis has recently drawn attention from the wider synthetic
community. Reactions epitomizing the simplicity, versatility,
high yielding and selective nature of solvent free systems
include: aldol condensations,8 sequential aldol and Michael
additions,9 Stobbe condensations,10 O-silylation of alcohols
with silyl chlorides11 and clay catalysed syntheses of transchalcones.12
A potential criticism of the solvent free approach, which are
inhibiting its widespread introduction into routine synthesis, is
the possibility of producing 'hot spots', which can lead to run
away reactions and consequently the increased likelihood of
unwanted side reactions.5 Thus, measurement of heat of
reaction in solvent free systems is important, as is effective heat
dissipation. If highly exothermic reactions are identified, which
are otherwise suited to solventless conditions, the problem
could be addressed through advanced reactor design.6
Recently, considerable attention has been given to the
development of Barbier-Grignard type reactions in aqueous
media using In, Zn and Sn.3-13-14 Although these reactions can
be classed as environmentally benign, the utilisation of aqueous
media places several limitations on synthesis including; (i) the
inability to carry out moisture sensitive processes such as the
allylation of imines and commonly used reagents which are
DOI: 10.1039/bl08188h

inherently moisture sensitive,15 such as lithium amides and
Grignard reagents, and (ii) the requirement of acidic or
ultrasonic activators to produce significant yields when using
mediators having a high disposition to form oxides on their
surface such as Mg. 16
Herein, we explore Barbier-Grignard type reactions under
solvent free conditions, monitoring their exothermic behaviour
and seeking controlling factors, which can alleviate the
generation of excessive heat and the consequent decomposition
of starting materials. Our studies involved a solventless, one-pot
system employing In, Bi, Zn, and Cu as mediators in the
allylation of various carbonyl compounds to give the corresponding homoallylic alcohols, Scheme 1. Traditionally, volatile organic solvents have been used as 'heat sinks'. 6 Furthermore, we find in these systems the lack of unwanted side
products, such as the pinacol and Wurtz coupled compounds.

Experimental
A typical experiment involved the addition of the carbonyl
compound (5 mmol) to a suspension of the allyl bromide (7.25

M» In. & , Zn. Cu
R, R > H, orylandalfcyt

Scheme 1

Green Context
The simplification of reaction protocols, minimising the use
of auxiliaries, is an important paradigm in green chemistry.
Working without solvent gives the potential for a simpler
process, smaller plants, and reduces a major source of
VOCs, eliminates the energy costs of removal, recycling and
eventual disposal of waste solvent. However, the role of the
solvent must be taken into account, and thus it is important
to control mixing and exotherms if an acceptable process is
to be achieved. The work here demonstrates that this is
indeed possible for coupling reactions using a scries of
metals. Thus, the formation of homoallylic alcohols can be
achieved under solventless conditions. • '
DJM
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mmol) and the commercially available metal powder (5 mmol)
in a sealed, 50 ml, round-bottomed flask. The mixture was
allowed to react via rapid stirring or sonication, at or below
room temperature, before quenching with water (ca. 0.5 ml).
Specific conditions and yields are given in Tables 1 and 2.

Results and discussion
A major consideration in choosing a reactive metal as a
mediator in allylation reactions has been its first ionization
potential (1st IP), more specifically their similarity to the most
reactive alkali metals (Li = 5.39, Na = 5.14) andMg ( = 7.65).
The assumption is that greater reactivity can arise from low
electron transfer energies and thus higher yields will result from
metals with low 1st IPs. 17 Metal mediators investigated herein
all have relatively low 1 st IPs, (Table I) 1 8 in principle favouring
single electron transfer (SET) processes in these reactions,
(Scheme 2) and it was expected that the reactivity and
subsequent yields of the various mediators would closely adhere
to trends in the 1st IPs. Surprisingly this was not the case. Those
with the highest 1st IPs, notably Zn, required the reaction to be
performed at 0 °C to prevent the decomposition of the starting
materials, whereas In, with its relatively low 1 st IP, produced no
such decomposition when reactions were carried out at room
temperature, so long as quenching was performed within 3 h of
initiation. By varying reaction conditions, (Table 1) for all the
Table 1 First18ionization potentials (1 st IP) and reactions conditions for In,
Bi, CuandZn
Metal

1st IP/cV

Rcaction conditions

In
Bi

5.70
5.28

Cu
Zn

7.73
9.39

Required quenching within 3 h
Kept at or below room temperature for 3 h
before quenching
Sonicated for 24 h before quenching
Kept on ice for 3 h before quenching

Table 2 Isolated yields for allylation reactions of various carbony]
compounds in the presence of In, Bi, Cu or Zn

Carbonyl compound Mcta1

Allylbromide:
aldchyde/ketonc:
metal ratio

Yield" (%)

97
PhCHO
In
1.5:1 :1
PhCHO
Bi
1.5:1 :1
94
PhCHO
Cu
1.5:1 :1
0
1.5:1 :1
80
PhCHO
Zn
2-HOC6H4CHO
92
In
1.5:1 :1
2-HOCH4CHO
Bi
1.5:1 :1
81
2-HOC6H4CHO
Zn
1.5:1 :I
68
2-MeOC6H4CHO
In
1.5:1 :1
78
Bi
2-MeOC6H4CHO
1.5:1 :1
0
4-MeOC<,H4CHO
Bi
1.5:1 :1
0
4-McOC6H4CHO
Bi
1.5:1 : 1
Decomposition*
2-MCOC6H4CHO
Zn
1.5:1 :1
56
PhCH=CHCHO
In
1.5:1 :1
86
PhCH=CHCHO
15
Bi
1.5:1 :1
PhCH=CHCHO
Zn
1.5:1 :1
51
McCHO
In
1.5:1 :1
33
Ph(Me)0=O
In
1.5:1 :1
67'
Ph(Me)C=O
In
2:1: .5
85
MeCOCH2COMe
In
2 : 1 : .5
28 d
In
2:1: .5
0
Ph2C=O
In
0
Mc2C=O
2 : 1 : .5
0
Ph(Me)C=O
Bi
2:1: .5
Ph(Me)C=O
Bi/In (95/5) 2 : 1 :
<1(K
Ph(Me)C=O
Zn
1.5:1:1
17
Ph(Me)C=O
Cu
1.5:1:1
0
" All products gave satisfactory IR,' H NMR and GC. * Reaction performed
at room temperature 'Estimated by 'H NMR and GC. ^MeCOCHjCMc(OH)CH2 CH=CH2 only; estimated by 'H NMR and GC/MS.
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metals, decomposition of starting materials previously observed
in solvent free systems in the cases of In and Zn was
prevented.19
These findings suggest that the ability of a metal to mediate
the allylation of carbonyl species is not solely governed by the
ability of the metal to participate in SET processes, as
previously postulated.9 Rather the success of the mediators
(judged by the reaction time and subsequent yield) may be also
determined by; (i) the ease with which the metal inserts into a
C-X bond and its predisposition, or lack thereof, to form a C-M
bond in generating the intermediate 1, (ii) the formation of the
alkoxide species 2 and bond energy considerations of the
transition from M-C to M-O bonds, and (iii) the dependency of
the rate of quenching of the cnolate M-O bond strength.
Careful control of the exothermic allylations of the carbonyl
compounds studied resulted in good to excellent yields of the
target allylic alcohol, (Table 2). Bi metal gave good yields for
aromatic aldehydes (80-94%), which are comparable to those
produced in equivalent reactions performed in a solvent.20
However, in the case of -OMe substituted aromatic and
aliphatic aldehydes little to no homoallylic alcohol was
obtained. These observations can be rationalized by the nature
of the R groups of the aldehydes. The aliphatic and para-OMc
groups are known electron-donating groups, whilst the relatively weak electronegative nature of the ortho-OMe prevents
attack because of its inability to stabilize the carbonyl group via
hydrogen bonding and also steric hindrance. Another important
observation was that when the allylation of the -OMe
substituted aromatic aldehydes was repeated at room temperature, the decomposition of starting materials still occurred,
indicating that the exothermic nature of these systems is largely
attributed to the insertion of the metal into the C-X bond. In the
case of acctophenone little or no homoallylic alcohol was
produced even in the presence of a catalytic amount of In (5%),
as has been observed for in situ reactions performed in DMF. 20
This can be related to the reduced reactivity of the carbonyl
groups of kctones.
With its relatively low 1 st IP, Cu was expected to result in the
formation of allylic alcohols with relative case. However, the
allylic copper intermediate was not observed in these reactions,
even with sonication. Thus more forcing conditions are
necessary, such as generating an allylic copper species via allyl
Grignard reagent and Cul,21 to counteract the relatively noble
character of metallic copper, with a full sub-shell of d orbitals
involved in metallic bonding.22 Nevertheless, our observation
further supports the formation of an M-C organomctallic
intermediate as an important factor in such reactions.
With Zn acting as the mediator, no acidic, ultrasonic or Zn/Cu
couple system was required to activate the metal powder. This
contrasts with previous allylations utilising Zn, which were
performed in organic solvents other than THF. 23 Once the

+• M

SET

MBr

It

J-M^Br
0

A
-'nMBr(OH)'

OH

Scheme 2 t Variable/unknown oxidation states.

decomposition of starting materials was alleviated, by carrying
out the reaction at ca. 0 °C, high yields were obtained. Indeed,
yields in the range from 50-80% were achieved for both
aliphatic and aromatic aldehydes, whilst evidence of the allylic
alcohol, generated from acetophenone was also noted.
With In metal, excellent yields were obtained for both
aliphatic and aromatic aldehydes (85-97%). In the case of
acetophenone yields were improved, by ca. 20%, by increasing
the ratio of ally! bromide and In to the ketone. Decreased yields
were observed for the diketone, acetylacetone, with the
monoallylation product resulting. This indicates the presence of
a larger excess of allyl bromide and In may be required to
produce the di-substituted ketone, with only 1.5 equivalents of
the allylic In species being generated in situ. Reactions
involving ketones with bulky substituents, such as benzophenone and di-isopropyl ketones did not produce the corresponding homoallylic alcohols, indicating steric hindrance prevents
attack of the carbonyl group. A noteworthy observation is that
there was no evidence of the possible side products such as the
pinacol or Wurtz coupling.
Successfully controlling the exothermic nature of the allylation of carbonyl compounds makes the solvent free approach to
the synthesis of homoallylic alcohols a viable synthetic
procedure. Although, the nature of the allylic metallic species is
not clear at this stage, we assume its ability to be generated is a
crucial factor in determining the suitability for metals in such
reactions. Investigations into the characteristics of such intermediates and the development of solvent free protocol for airand moisture-sensitive procedures arc currently in progress.
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Abstract—Various carbonyl compounds were converted to their corresponding homoallylic alcohols under ultrasonic irradiation
and solvent free conditions, in the presence of metallic Sn and excess allyl bromide. Diallyltin(IV) dibromidc was identified as the
reactive species, with several allyl tin(II/IV) species being detected in the organic extracts of the reactions. © 2002 Elsevier Science
Ltd. All rights reserved.
1. Introduction
Recently we reported the successful solvent-free, metalmediated, synthesis of homoallylic alcohols via Barbier-Grignard type reactions utilising elemental In, Bi
and Zn.1 In broadening our investigations we have
turned our attention to Sn since in recent years it has
proved to be an effective mediator in the production of
homoallylic alcohols in environmentally benign solvents, namely ionic liquids2 and H2O.3-4 There are
several obvious reasons why Sn and its organic derivatives could be attractive reagents; in comparison with
the more commonly used Li and Mg reagents, Sn
compounds do not require rigorously dry conditions
and an inert atmosphere, and in comparison with most
metals it is relatively inexpensive and readily available.4
We were particularly interested to know whether the
high yields for the allylation reactions obtained with Sn
in water could be replicated under solvent-free conditions. This could be particularly important since many
compounds with double bonds, such as imines, are
hydrolytically unstable.5 Furthermore, the toxicity of

low molecular weight alkyl and allyl Sn compounds can
significantly hinder their practical use in pharmaceutical
development if any of the Sn compound(s) are carried
through into the target products. 6 Thus, we have also
investigated the nature of the reactive allyl tin species
and whether these compounds were present in the
organic extracts of these reactions.
Herein, we report the conversion of several representative carbonyl compounds to their corresponding
homoallylic alcohols, utilising Sn as the mediator under
solvent free conditions (Scheme 1).

2. Experimental
A typical experiment involved the addition of the carbonyl compound (5 mmol) to a suspension of allyl
bromide (20 mmol) and commercially available Sn
powder (5 mmol) in a stoppered, 50 ml, round-bottomed flask. This suspension was then allowed to react
under sonication for 12 h before being quenched with
i)Sn

X

ii) H 2 O

OH

R'

R. R1 = H, aryl and alkyl

Scheme 1.
•Corresponding author. Tel.: +6-3990-54514; fax: +61-39905-4597; e-mail: philip.andrcws@sci.monash.edu.au
0040-4039/02/$ - see front matter © 2002 Elsevier Science Lid. All rights reserved.
PII: S0040-4039(02)0181I-7
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water (ca. 0.5 ml) and extracted with Et 2 O (3x15 ml).
The products were analysed by 'H N M R a n d GC-MS.
Good yields were obtained for both aromatic and
aliphatic aldehydes (80-100%) (Table 1) comparable to
those produced in equivalent reactions performed in
H 2 O and ionic liquids.2"4 The reaction with trans-cinnamaldehyde produced consistently only the 1,2-addition product while the reactions involving ketones, such
as acetophenone and benzophenone, failed to react,
most likely as a result of the reduced reactivity of the
carbonyl group.
Unlike the analogous reactions with elemental In, Zn
and Bi, the Sn mediated reactions required ultrasonic
activation of the metal powder and longer reaction
times (ca. 12 h). Also, to achieve high yielding reactions
the use of 4 equiv. of allyl bromide was necessary. In
reactions where only 2 equiv. was added, significantly
lower yields were obtained. However, in contrast with
more traditional synthetic methods for the production
of allylstannanes, nonnally involving a combination of
a catalyst (e.g. HgCl, or HBr) and heat, the solvent-free
approach is significantly less cumbersome.7
The need for induction can be understood by considering the relative kinetic stability of the metallic Sn
surface, which results from the stable octet configuration of the outer electrons. While the longer reaction
times can also be traced to the relatively high kinetic
stability of the C-Sn bond in comparison with those of
other main group metals.8 To investigate whether ultrasound was required for both the formation of the
allyltin bromide intermediate and the subsequent allylation reaction allyl bromide and tin powder were
allowed to react under ultrasonic irradiation for 12 h.
Benzaldehyde was then added to the preformed allyltin
bromide species and the reaction mixture simply stirred
for 4 h. On quenching, the allylic alcohol was obtained
in relatively high yield (ca. 68%). The comparative
reaction with no ultrasound gave no allylic alcohol.
Thus, ultrasonic irradiation is necessary to accelerate
the reaction of the metal, presumably initially activating the metal surface, but also contributes slightly to
the formation of the Sn alkoxide intermediate.
Recently the toxicological effects of low molecular
weight alkyl derivatives of Sn have received a lot of

Table 1. % Yields for allylation reactions of various carbonyl compounds in the presence of Sn
Carbonyl compound

Allyl bromidc:aldchyde/kctonc:Sn

PhCHO
2-HOC6H4CHO
PhCH=CHCHO
3,4-(McO)C6H3CHO
Ph2C=O
Ph(Me)C=O
a

Estimated by GC-MS.

4:1:1
4:1:1
4:1:1
4:1:1
4:1:1
4:1:1

attention due to an influx of these compounds into the
environment, resulting from their wide and varied use
in industry and as marine anti-fouling agents.9-10 Toxicologically, the tetra-substituted and tri-substituted tin
organyls are '-nore harmful than the mono- and di-substituted analogues.6 For example there is a significant
increase in acute oral toxicity values observed in rats,
when moving from butyltin tetrachloride at LD 50 2140
mg/kg to tributyltin chloride LD 50 129 mg/kg.6
It would clearly be of concern and contrary to our aim
of developing benign synthetic protocols if these compounds persisted to any degree in the reaction products.
From GC-MS studies the presence of both allyltin, and
allyltin bromide species were detected in the organic
extracts of the reactions. Such species have also been
observed in reactions performed in ionic liquids using
(CH2=CHCH2)4Sn.2 The presence of highly toxic
allyltin compounds contrasts with the results of our
study on In, Bi and Zn, where no intermediate allyl
metal species were detected in the products extracted
into ether, in any of the reactions.
From an analysis of the final reaction mixtures the
most reactive Sn species appears to be ( C H ^
CHCH2)2SnBr2. The reactions which led only to a
complete recovery of starting compound (i.e ketones)
showed a large amount of (CH2=CHCH2)2SnBr2 in the
ether extract with relatively small amounts of
(CH2=CHCH2)4Sn, (CH^CHCH^SnBr and ( C H ^
CHCH 2 ),Sn. Corresponding reactions which produced
homoallylic alcohols in high yields showed no trace of
(CH2=CHCH2)2SnBr2,
only
(CH2=CHCH2)SnBr3,
(CH2=CHCH2)3SnBr and ( C H ^ C H C H ^ S n , suggesting that (CH2=CHCH2)2SnBr2 is the reactive Sn species.
To prove this hypothesis we followed the established
reaction protocol without the addition of any carbonyl
compound. On analysis of the ether extract by GC/MS
it was observed that the predominant allyltin species
was in fact (CH2=CHCH2)2SnBr2 (m/z 359), with no
observations of allyltin derivatives of type R3SnBr,
RSnBr3 or R2Sn (R=CH 3 =CHCH2). Thus, ( C H ^
CHCH2)2SnBr2 is both the most stable Sn intermediate
fonned and the one most responsible for allylation of
the aldehyde. Surprisingly an additional peak at m/z
439 was also observed which was attributed to
[(CH2=CHCH2)2SnBr3]- (Fig. 1). Formation of such
negatively charged species is a known phenomena for
tin complexes of the type R3SnX (R=Ph and X = C1 or
Br), in negative ion electrospray mass spectrometry and
also in 'H and I19Sn NMR, which are conducted in
halogen rich environments.11

Yield*
98
96
87
82
0
0

From this, theoretically only two equivalents of allyl
bromide would be required to produce ( C H ^
CHCH2)2SnBr2 and efficient synthesis of the homoallylic alcohols. However, in reactions where only 2
equiv. were added significantly reduced reaction yields
were obtained and 4 equiv. of allyl bromide were
necessary to obtain high yields. The reason is physical
rather than chemical and stems from the volatility of

P. C. Andrews el ah / Tetrahedron Letters 43 (2002) 7541-7543

Figure 1. Negative-ion mass spectrum of (CH^CHCH-^SnB^ showing
allyl bromide under prolonged ultrasound irradiation.
This leads to reflux in the closed system and inefficient
production of (CH^CHCH^SnBr,. However, this
could clearly be overcome on larger scales.

7543

at m/z 439.

'H NMR spectra of some compounds were recorded in
CDC13 on the Varian Mercury 300 at 400 MHz.
Acknowledgements

3. Conclusion
The solvent-free Sn-mediated synthesis of homoallylic
alcohols can be successfully achieved with aldehydes
under ultrasonic irradiation. We have established that
the allyltin compounds unfortunately persist in the final
products and that the most reactive species is
(CH2=CHCH2)2SnBr2. Due to the relatively toxic
nature of allylstannanes, especially those which are
highly substituted, it seems unlikely, from this feasibility study, that these reactions could be applied in
downstream fine chemical and pharmaceutical applications without some highly efficient method of removal.

4. General
GC-MS data were obtained on the Aligent 6890 Series
GC Systems and the Algent 5973 Network Mass Selective Detector. 1 \iL aliquots of the samples were
injected, with inlets having a split ratio of 25:1. Helium
gas was employed with its pressure set at 7.16 psi and
flow rate 26.6 ml/min. The installed column was the
HP-5MS 5% phenyl methyl siloxane with the capillary
size being 30.0 mx250 umx0.25 um. The oven setpoint
was 60°C (held for 3 min) increasing at a rate of
10°C/min. to the endpoint of 280°C.

We thank the Centre for Green Chemistry at Monash
University, the Australian Research Council and the
University of Leeds for financial support. Furthermore,
we thank Victor F. De Guzman for his assistance in
acquiring GC-MS material.
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Towards a Sustainable Chemistry Industry
Philip C. Andrews and Anna C. Peatt of the Centre for Green Chemistry
at Monash University, and Colin L Raston of the Department of
Chemistry at the University of WA, look at the re-invention of chemical
processes. Anna Peatt - Anna.Peatttpksci.monash.edu.au - is also a
2002 Symposium Fellow of the Academy of Technological Sciences &
Engineering, and a member of our Sustainability Network. You can
contact her for discussion of this feature.
There is no denying the importance of the chemical industry to society,
though in recent years its popularity has declined due to concerns
stemming from the environmental impact this industry has had. What
can industry do to work towards sustainability?
During the 20th century, the chemical industry was a major contributor to improvements in the
standard of living and life expectancy of a human population that has increased by 40% since
1900.3 This contribution was made via the invention and subsequent mass manufacture of a
host of new chemical-based products that contributed to increased agricultural output, improved
industrial productivity, and better control of diseases. Although the Australian chemical industry
is small by global standards, it is growing at a rate three times the OECD average.4
Furthermore there is no denying its importance to the Australian economy. Recent estimates
indicate that in 1996 the industry had a turnover of $35 billion, and employed approximately
80,000 people (see footnote 4).
A crisis of confidence
Before the mid-1980's chemical manufacturers tended to concentrate on yields and profitability
when choosing synthetic pathways to produce products, largely ignoring the environmental
impact their processes and the subsequent wholesale disposal of chemical waste would have
on the environment. This resulted in several environmental disasters including the Love Canal,
New York State, disaster of the 1970's, and more recently the Aurul Gold Mine cyanide spill into
3
4

R. Breslow, Chemistry Today and Tomorrow, American Chemical Society, Washington DC, 1997.
Environment Australia, National Profile of Chemicals Management Infrastructure in Australia, 1998.
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the Romanian river Tisza in 2000 (Figure 1.). Australia
has also paid the price for such wholesale disposal by
industry. At Rhodes Peninsula on Paramatta River in
NSW, resident industry Union Carbide placed dioxin byproducts of the pesticide 245-T (a constituent of ancient
orange) into landfills between 1957-1974 resulting in a
clean up bill of $90 million.5
As a consequence of these and other disasters, the
reputation of the chemical industries slipped seriously Figure 1 . Fisherman removing dead
during the 1980's, with then current Chief Executive of fish from the river Tisza in Romania
BP Chemicals, Bryan Sanderson, stating, "there has after the 2000 cyanide spill.
been a broad and continuous decline in the industry's
reputation, both as regards the benefits it generates and its ability to manage risk."6
Furthermore, of the environmental concerns of the Australian population identified in 1999,
unease regarding toxic chemicals and hazardous wastes emerged as a major issue, ranking
among the top 10 concerns for surveyed individuals (approximately 10% of the population in all
States and Territories).7
Cleaning up chemistry
Owing to high-profile negative environmental impacts of chemical waste disposal, legislators
around the world began to implement regulations targeting the treatment and disposal of
hazardous waste to prevent "wholesale" waste disposal through land-fill and sewerage systems.
In Australia legislation includes the Environmental Protection Act (1970), which incorporates the
Prescribed Waste Regulation policy (1987) and Industrial Waste Management policy (Waste
Minimization) (1990), which are continually being modified. The Plastics and Chemical Industry
Association (PACIA) has gone further, however, joining other national industries in
implementing the Responsible Care® initiative. PACIA has recommended that the chemical
industry adopt several principals in regard to waste management, including waste minimization
at all phases of operation, thus going beyond what is legally required. The PACIA initiative has
led to 7C% of all industry sites now having waste-reduction plans covering generation of
greenhouse gases, discharge of liquids into sewers, and disposal of solids to landfills (footnote
4). Although such initiatives and legislation have been effective in reducing the absolute
amount of waste being discarded, there is still a lot of room for improvement. For example,
during the year 1996-1997, 26.7 million tonnes of solid, sludge and liquid wastes were disposed
of into the Australian environment.8
This continuing disposal has resulted in hefty costs associated with waste management
(treatment/processing and or disposal), with $1,114 million per annum being spent by the
mining and manufacturing industries9 in Australia in 2001.10 This contributes significantly to the
overall $1.5 billion these industries spend on measures to protect the environment (footnote 10).
Furthermore, as regulations become more rigid, dealing with waste in an "end-of-pipe" fashion,
is becoming increasingly uneconomic as treatment and disposal costs escalate.
A. Davies, New Colossus at Rhodes, Sydney Morning Herald, 04/06/2002.
C. R. Strauss and J. L. Scott, Chemistry and Industry, 610-613, 2001.
7
Australian Bureau of Statistics, Environmental Issues People's Views and Practices, 4602.0, 1999.
8
Australian Bureau of Statistics, Waste Management Industry Australia, 8698.0, 1998.
9
Manufacturing industries as defined by the ABS incorporate the chemical industry as classified by the Australian
and New Zealand Standard Industrial Classification (AN2IC), which includes the subdivisions of agriculture, industry,
petroleum, Pharmaceuticals and food as applications of chemicals.
Australian Bureau of Statistics, Environment Protection Mining & Manufacturing Industries Australia, 4603.0, 2002.
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Green Chemistry
Solutions for bypassing the environmental and economic hurdles associated with waste
treatment and disposal in the chemicals industry have come in the form of "Green Chemistry"
- a new approach to industrial chemistry, which seeks to reduce or eliminate the use or
generation of hazardous substances in the design, manufacture and application of
chemical products. Or, in other words, the objective is to be "benign by design" when
inventing new synthetic pathways, or addressing manufacturing problems associated with "endof-pipe" treatment. Green Chemistry follows twelve basic principals that can be used as a guide
when redesigning chemical processes to reduce or eliminate environmental impacts whilst still
maintaining high yields (Table 1).11
Table 1. The twelve principals of Green Chemistry. From: P. T Anastas and J. C. Wamer, Green Chemistry
Theory and Practice, Oxford University Press, New York, 1998
1.

It is better to prevent waste that to treat or clean up waste after it is formed.

2.

Synthetic methods should be designed to maximize the incorporation of ail materials used in the process into the final
product.

3.

Wherever practicable, synthetic methodologies should be designed to use and generate substances that possess little or no
toxicity to human health and the environment.

4.

Chemical products should be designed to preserve efficacy of function whilst reducing toxicity.

5.

The use of auxiliary substances (e.g. solvents, separating agents, etc.) should be made unnecessary wherever possible and,
innocuous when used.

6.

Energy requirements should be recognized for their environmental and economic impacts and should be minimized.
Synthetic methods should be conducted at ambient temperature and pressure.

7.

A raw material of feedstock should be renewable rather that depleting wherever technically and economically practicable.

8.

Unnecessary derivization (blocking group, protection/deprotection, temporary modification of physical/chemical processes)
should h^ avoided whenever possible.

9.

Catalytic reagents (as selective as possible) are superior to stoich'ometric reagents.

10. Chemical products should be designed so that at the end of their function they do not persist in the environment and break
down into innocuous degradation products.
1 1 . Analytical methodologies need to be further developed to allow for real-time, in-process monitoring and control prior to the
formation of hazardous substances.
12. Substances and the form of a substance use in a chemical process should be chosen so as to minimize the potential for
chemical accidents, including releases, explosions and fires.

Since the inception of Green Chemistry in the 1990's, its philosophies' have impacted
significantly, assisting the chemical industries to leap towards a more sustainable future.
Currently there are over 25 research institutions across the globe - located across Europe, the
UK, North America, South America, West Africa and India - whose research focuses on the
development of sustainable technologies for chemistry. Furthermore, the field of Green
Chemistry has gained financial backing and support from government institutions such as the
US EPA and chemical societies including the American Chemical Society and the Royal Society
of Chemistry whose Green Chemistry journal is enjoying high impact ratings due to the
innovative yet sustainable chemistry it publishes.
P. T Anastas & J. C. Warner, Green Chemistry Theory and Practice, Oxford University Press, NY, 1998.
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In Australia, the Centre for Green Chemistry in the School of Chemistry at Monash University's
Clayton Campus, is in the forefront of innovation in this new field. Established in January 2000
with the goal of providing a fundamental scientific base for future green chemical technology,
the Centre has a primary focus on Australian industry and Australian environmental problems.
Among emerging green chemistry centres worldwide, the Australian Centre is noteworthy for its
broad spectrum of research interests, including benign technologies for corrosion inhibitors, gold
processing, and greener reaction media for chemical synthesis, just to name a few.
Practical innovations to drive industrial sustainability
Green Chemistry has already been able to assist industry in its drive towards sustainability by
addressing three key issues in the design of chemical processes, namely: replacement
feedstock's, alternative synthetic pathways, and alternative solvents.12
Replacement Feedstocks
Here the aim is the replacement of existing industrial feedstocks (which tend to be hazardous
and are generally derived from non-renewable resources such as petroleum), with non-toxic,
renewable or biologically derived materials. A good illustration is the current use of lactic acid,
derived from biological sources, as an alternative feedstock in the production of polymers.13
The plant-derived photosynthetic products, starch and sucrose also have potential for increased
use as alternative industrial feedstocks. Metabolix Inc., an American company, has been able to
develop large scale technologies (50,000 L), for the development of bioplastics or PHAs.14 The
development of such biodegradable and water resistant bioplastics has been achieved through
the development of a sustainable process of fermentation of natural sugars and oils using
microbial biofactories.
Alternative Synthetic pathways
Synthetic processes usually incorporate numerous steps to reach the desired product, and with
each step, by-products, solvents and unreacted starting materials enter the waste stream.
Traditionally, chemists have concentrated only on the yield of a reaction in terms of the desired
product. The amount of waste produced, however, now also needs to be taken into account.
Even where a reaction might achieve 100% yield (where one mole of starting material produces
one mole of desired product) there can also be a large volume of waste produced in the form of
unwanted side products.
Ideally synthetic methods should be designed to maximize
incorporation of all materials used in the process into the final product to prevent such waste
production (footnote11).
Use of selective catalysts has significantly improved the "greenness" of many synthetic
pathways. Such catalysts can improve the selectivity of reactions, thus reducing the number of
steps required, adding to overall efficiency in terms of product yield, and significantly reducing
the amount of waste produced. The industrial company Pfizer, for example, has been able to
employ a selective catalyst that reduces the number of stages in the synthesis of sertraline, (a
precursor for the anti depressant drug Zoltoft) and contributes to greatly reducing waste.15
«
!

Substitute Solvents
In chemical manufacturing and processes there are solvents used at essentially every step that
must be treated and disposed of. Although these solvents do not participate in the chemical
12

M. Poliakoff. J. M. Fitzpatrick., T. R. Farren, and P. T. Anastas, Science, 297 5582, 2002.
R. A. Gross and B. Karla, Science, 297, 803, 2002.
14
J. Barber, Metabolix Produces Sustainable, Affordable Alternative to Petrochemical Plastics, Press Release,
Metabolix Inc., August 2002.
15
S. K. Ritter, Chem. Eng. News, 80(26), 26, 2001.
13
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process, they are crucial for overcoming problems associated with manipulation of reactants,
heat transfer and separation.
Many traditional solvents are volatile petroleum-based
substances (e.g., hexane), and are commonly termed volatile organic solvents or VOC's. Other
types include chlorinated solvents which, along with the VOC's, pose risks to the environment
and are also suspected carcinogens. Although these solvents can be recycled, to do so can
involve costly and energy-inefficient purification procedures such as distillation, and use of the
recycled products is limited to non-pharmaceutical processes such as the petrochemical and
plastics industries.
Increasingly, VOC's can be replaced by non-toxic, non-volatile, recyclable and renewable
solvents such as ionic liquids, water, polypropylene glycols or super-critical CO2. Or,
alternatively, in an even more radical approach, the solvent can be removed altogether in a socalled solventless system where high yields and high selectivity can be achieved while
eliminating altogether the contribution of the solvent to the waste stream.16

i

Not
surprisingly
solvent-free
synthesis has recently drawn
attention from the wider synthetic
community.
Currently, research
being conducted by our group, has
focussed on the development of
solventless synthetic protocols for
the Barbier-Grignard type reaction
(Scheme 1.).
These metalmediated reactions are one of the
most important and ubiquities
reactions in chemistry due to their
ability to form new C-C bonds.
The Barbier-Grignard-type reaction
enables the production of many
Figure 2 Solventless synthesis of homoallylic alcohols
important building blocks, (such as
homoallylic secondary amines,) for
biologically active compounds used in Pharmaceuticals such as antifungal agents.17
Traditionally these reactions were performed in anhydrous VOC's due to the hydrolytically
unstable nature of the organic starting materials or imines and the tendency of the conventional
metal mediators such as lithium and magnesium to be extremely air and moisture sensitive.18 In
research thus far conducted the Barbier-Grignard reaction has been overhauled to incorporate
"benign by design" philosophies without sacrificing yield. This remodeling has been achieved by
replacing these conventional metal mediators with the less toxic and abrasive metals of Gallium
and Indium, which are far more tolerant of air and moisture and, importantly, can be recycled
(see Scheme 1. and Figure 2.). The use of gallium metal has resulted in the removal of VOC's
from the reaction scheme and hence from the waste stream via development of a solventless
protocol whilst avoiding unwanted side products. In the case of indium-mediated reactions, the
petroleum based VOC's can be replaced with the solvent polypropylene glycol (PPG), which
can be recycled and is derived from lactic acid acquired from corn, a renewable resource.19 In
16

P. C. Andrews, A. C. Peatt and C. L. R«ston. Green Chem., 3, 313-315, 2001.
B. de Pauw, Clin. Micro, and Infect., 6, 23-28, 2000.
18
D. K. Wang, L. X. Dai. etal. Tet. Lett., 37(24), 4187-4188,1996.
19
University of Wisconsin, Corn Yields Another Useful Product: Polypropylene Glycol, Press Release, Madison, Wl,
USA 2001.
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both cases these benign reaction protocols produce the desired homoallylic amines with yields
comparable to, or better than, those of the traditional synthesis, thus offering the opportunity for
development to an industrial scale.

R. R'&R" •H.AIkylot Aryl
M • G« or In/PPG

Scheme 1. Synthesis of
secondary amines via
solvent-free protocols
using various indium and
gallium metal mediators

Conclusion
The ability of the Australian chemical industries to develop more environmentally benign
protocols will be crucial in determining whether these industries will continue to be economically
viable. Specifically, if Australian industry wants to continue - expanding its global exports and
replacing dependence on imports - the philosophies of Green Chemistry could significantly
assist the necessary move to greater sustainability. Although considerable progress has been
made through such programs as the Responsible Care® initiative, new technologies that
radically transform chemical processes need to be further developed and adopted. Government
has an important role here, in providing economic incentives for industry to investigate and
subsequently adopt these more benign protocols that will assist in working towards a
sustainable future.
For more information, you. can also contact the Centre for Green Chemistry at Monash University,
Melbourne: Green.Chemistry(5)sci.monash.edu.au or http://web.chem.monash.edu.au/areenchem

A chilling20 little afterthought on air transport
If you read the feature in our isst Update (23E) on the
environmental impacts of passenger aviation, then you
will be "chilled to the core" by the following clipping from
Anne Hyland, writing in the Australian Financial Review
of 11 th March. It was sent in by Peter Fisher, who
provided the materials for our aviation feature. Peter
invites us to muse on the environmental implications!
"It's true that the aviation industry requires a lot of
investment and the profit margins are small. However,
we have 1.3 billion people in China, and travel by
aeroplane is still not a normal practice like it is in Australia. It means the development potential
of the airline industry in China hasn't yet been realised, and I have great confidence in this
business."
Chinese businessman-investor Wang

Reflections on water - a human right or a trade commodity?
20

The picture shows New Zealand researcher, Dave Cochrane, posing on a block of Antarctic ice as "Mr January" in
a calendar produced by Kiwi scientific staff in Antarctica. It is unknown how long he posed for, or what happened
when he tried to stand up. He'd have been just as chilled by contemplating the quote above!
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