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ABSTRACT

The utilization of microwave irradiation in chenmststarted in the 1950’s. Due to
operational difficulties, organic chemists only hegusing microwaves in the mid-
1980’s, when better instruments were invented. is Work describe the utilization of
microwaves in two areas of organic chemistry: mi@ee enhanced reactions using
organotrifluoroborates and microwave irradiatioaateons catalyzed by highly acidic

alumina.

In part one, a basic understanding of microwawdiation is presented followed by the
exploration of three major reactions. The firstnguises the coupling of allyl acetate and
cinnamyl acetate with various substituted potassauyivinyltrifluoroborates to produce
a variety of 1,4-dienes. The second explores tleets of microwave irradiation on the
synthesis of stilbenes which led to new and efficimethods to prepare a variety of
substituted stilbenes. The third study exploresetiitient synthetic method for the

allylation of various substituted potassium alkémfylioroborates with allyl halides.

In part two, three major topics are discussed. fireeinvolves the activation of alumina
via microwave irradiation. The second involves ttereo- and regioselectivity of
microwave enhanced Diels-Alder reactions. Thedtbhapter describes the Claisen and

Fries rearrangement reactions under microwave tondi
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Part One

MICROWAVE ENHANCED REACTIONS
USING ORGANOTRIFLUOROBORATES
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CHAPTER 1

MICROWAVE THEORY

1.1.1 Introduction

The utilization of microwave irradiation in chenmiststarted in the 1950%* Organic
chemists began using microwaves in the mid-1980Bifficulties related to rapid,
uncontrolled heating of organic solvents resultedcomplications such as violent
explosions under closed vessel conditibhs.order to eliminate some of the problems
encountered using solvents, a new approach inwplhgolvent free and dry media
reactions was adopted during the mid-1990Bzen though solvent free reactions have
gained in popularity, a few key problems remainéchese include inefficient mixing,
non-uniform heating, and temperature control. €hpsoblems were overcome when
better, more accurate instruments were invented #tlawed the user to control
temperature, pressure, and stirring. The firsic€sgsful” paper reporting the use of
microwaves in organic synthesis appeared in 1986hbyGedye group who presented
four types of reactions: hydrolysis of benzamidg (f.1.1), permanganate oxidation of
toluene, esterification of benzoic acid, and2Sreaction between sodium 4-
cyanophenoxide and benzyl chlorftidlicrowaves, in general, enhance reaction rates,

are more energy efficient, and can lead to highedymrct yields.

NH B MW OH
2 4 OH —3

10 min'

Fig 1.1.1 One of the first reactions using M\Wadhiation.
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1.1.2 Microwave Theory

Microwaves are electromagnetic waves with a frequemf 0.3 to 300 GHz
(corresponding to wavelengths of 1 m to 1mm). Th&rowave region in the
electromagnetic spectrum lies between radiowavdsrdrared (figl.1.2a). Today, most
microwave instruments (both domestic microwave svand laboratory instruments)
operate at a frequency of 2.45 GHz (wavelength 223 cm). There are two main
reasons for using this wavelength: to avoid interiee with cellular phones and other
telecommunication devices and because this frequsraptimal for the alignment of the
substance matrix with the applied field. Microwsyvehich travel at the speed of light,
consist of oscillating electric and magnetic fieldeown as photons (figl.1.2b).
Microwaves obey the laws of optic. Depending oe type of material, they can be
transmitted, absorbed, or reflected. The energgigeed by the microwave photon at the
frequency of 2.45 GHz is relatively low (1.6 x38lectron volts). This energy level is
much lower than the energy level of a covalentyairbgen bond (0.04 to 0.44 eV) which
indicates that microwave energy at this frequerary ot cleave these bonds. Therefore,
microwaves can not induce chemical reactions bgctliabsorption of electromagnetic
energy, as opposed to ultraviolet and visible amtid If this is the case, how does
microwave irradiation affect the reaction? Thevearslies in the efficient heating of the
reaction by “microwave dielectric heating” or comgl effects’ Dielectric heating
depends on the ability of the material (solventreagent) to absorb the electric
component of microwave energy and convert it tat.fidaThis component can generate
heat within the molecule by two main mechanismgoldir polarization and ionic
conduction. The dipolar polarization mechanism lbardefined as the interaction of the
molecular matrix with the electric field componéhf polar molecule can generate heat
using microwave irradiation due to the dipole motmaf¥hen molecules (dipoles or ions)
are exposed to microwave irradiation, they will toyalign themselves to the applied
electric field vector. When the applied field dkdes, the dipole field will attempt to
realign itself with the alternating electric fieldAs a result of this oscillation, energy will
be lost in a form of heat through molecular friotiand dielectric los$As mentioned

above, in the frequency of 2.45 GHz, the fieldesieen two extremes.
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The first extreme is high-frequency where the ddpdbes not have enough time to
realign, and the second is low-frequency where dipole realigns too fast with the
applied field (in both instances, no heating takésce). Lying between these two
extremes, irradiation at 2.45 GHz allows moleculesgenerate a phase difference
between the orientation of the field and that @ thpole. This results in energy loss
(heating) from the dipole by collisions and molecutiction. It is important to note that
the ability of the matrix to align itself with tifeequency of the applied field is directly
related to the amount of heat generated by thisgs The ability of a specific molecule
or matrix to convert electromagnetic energy intathior efficient absorption and rapid
heating) depends on the dielectric properties amlbe determined by a term know as
“loss tangent” which can be calculatfdThe second mechanism involved in the
“microwave dielectric heating” effect is the ioniconduction mechanism. This
mechanism is far stronger than that of the digletteating mechanism, but only applies
for reactions carried out in solvent systems. Whatrticles such as ions dissolve in a
medium and are exposed to microwave irradiatioay thscillate and collide with each

other resulting in formation of heat.

1.1.3 Microwave Versus Thermal Heating.

Chemists traditionally use thermal/conductive ewpellgeat sources to synthesize
materials-> These methods are slow and inefficient when contpdce microwave

heating. One reason that traditional heating isfféctive is due to the thermal
conductivity and convection currents of materidlattmust be penetrated in order to
reach the reacting molecule. For example, the ésatpre of a reaction flask is generally
higher than that of the reaction mixture. Anotipeoblem that can arise involves
temperature gradients that can develop within drapte. A temperature gradient can
cause local overheating which in turn leads to ll@eomposition. The utilization of

microwave energy is quite different than thermadthrgy. In microwave irradiation, there
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is direct coupling of microwave energy (with the lewule in the reaction mixture), the
result is efficient internal heating and fasterctem rates:> Most microwave reaction
vessels are transparent to microwave irradiatidinere is no energy loss due to the
vessel, and the temperature gradient is invertetpaoed to thermal heating.

1.1.4 Microwave Effects

Even though a large number of publications disaugsowave irradiation, the exact
reasons for microwave enhancement of chemical psesestill elude scientistsThere
are speculations related to the existence of “mexe effects.” These effects can be a
result of specific wave-material interactions tlead to an increase in the pre-exponential
factor in the Arrhenius law (the rate constant ofheemical reaction depends on the
temperature and activation energy) or orientatidfeces of polar species in an
electromagnetic field that result in a decreasténactivation energy. In layman terms,
enhancements in thermal/kinetic effects will resuilhigh reaction temperatures that are
reached when polar molecules are irradiated by awiaves. The dielectric heating
mechanism mentioned in section 1.1.2 can also camserowave effects”. This
microwave effect can be defined as “accelerationcleémical transformation in a
microwave field that can not be achieved or dupdidaby conventional heating, but
which is essentially a thermal effeét.”This can result in the superheating of solvents
atmospheric pressure due to the rapid absorptioniabwave irradiation by the solvent.
For example, ethylene glycol, which has high “ltasgent” (high microwave absorbing
solvent), can be rapidly heated to temperaturesealts boiling point. Another factor is
the non-thermal microwave effect. This effect b@ndescribed as an a rate acceleration
that can not be rationalized by the two explanatiooted previously. An example of this
phenomenon follows. As mentioned in section 1.1t#& frequency for a typical
microwave is 2.45 GHz. The time period of micro@anadiation is on the order of
nanoseconds while molecular relaxation in liquates during cooling by conduction of
water, for example, is on the order of microsecdfidBhe energy input (microwave

irradiation), and the output (molecular vibratiomdamass transport) result in a very fast
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accumulation of energy. In other words, in a cedpkystem, the constant energy
accumulation far exceeds the rate at which eneegy lie dissipated by conventional

modes of cooling.

1.1.5 Medium Effects

The use of polar solvents (medium effect) is imaoirtin microwave reactiortd:*® As
noted in section 1.1.4, there are major interastiogtween microwaves and polar solvent
molecules. This interaction results in energy fation and can induce the reaction,
while the specific microwave effects on the reaitaran be masked by the solvent
absorptiont?When using solvents with high “lost tangent” (sachethylene glycol with
“lost tangent” of 1.350) the conversion of microwasnergy to heat is high. On the other
hand, if a non-polar solvent is used (such as mdusith a “lost tangent” of 0.040), a
specific absorption by the reactants will occur dase the solvent is transparent to
microwave irradiation. In cases where the reastarg polar, energy transfers can occur
from the reactants to the solvefitd® In some cases a solvent free reaction using
microwave effect can also occur (in fact, underhsconditions, a safer, cost effective,
and environmentally friendly reaction can be ac#¥* This will be discussed in

section 2.1.1.

1.1.6 Microwave Devices

Most organic syntheses using microwave irradiati@t were reported in the 1980’s and
the beginning of 1990’s, were carried out using dstic microwave ovens. A domestic
microwave oven uses pulsed irradiation (on-off egcbf the magnetron). In such
devices, it is almost impossible to monitor andtoantemperature and pressure (safety
issues). Today, most industrial microwave reacioesequipped with a built-in magnetic
stirrer as well as temperature monitors (fiber opiiobes or IR sensors) and pressure
controls. In most cases, temperature and pressurdoe manipulated by software that
controls power input to the reactor. Today, thare two different approaches to

microwave reactor design; multimode (Figl.1.6a) ammhomode reactors (Figl.1.6b).

7
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In a multimode microwave (much like household micawe ovens), the microwaves
enter the cavity and are reflected by the wallbe microwaves can be distributed fairly
uniformly throughout a large volume using a moderest In a monomode reactor,
which has much smaller cavity, the electromagnietadiation is focused directly into
the reaction vessel. Due to the geometry andaitetibn of the cavity (located at a fixed
distance from the radiation source), the microwaaes generated as standing waves.
Each microwave instrument has its own benefits disddvantages. The multimode
microwave unit can accommodate any size of glassygmetimes a few at a time) but,
because the irradiation is spread “all over” therowave, reaction efficiency decreases.
In the monomode microwave, the irradiation is f@mien one small vessel at a time.

Microwave reactions can be carried out is sealestels under pressure (closed vessel
mode) or in unsealed vessels at atmospheric peegspen vessel mode). An open
vessel reactor often is sealed with a cap to mairda inert atmosphere. Modern

monomode reactors are design for straightforwarditanng of closed vessel reactions.
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Fig 1.1.6b The multimode reactor MW.

1.1.7 Use of Microwaves in Organic Reactions

1.1.7.1 Suzuki-Miyaura Reaction

Suzuki-Miyaura cross coupling reactions are velesaind widely used for the selective
construction of carbon-carbon borfd$? The reaction uses a palladium-catalyst, ligand,
and a base to cross-couple organoboron reagemtowganic halides. The availability of
different catalysts and more stable organoboraregers such as the potassium
trifluoroborates have broadened the possible agpdies of this important reaction. The
utilization of the Suzuki reaction in microwave #yesis has gained popularity in recent
years due to its efficiendy:>° One of the attractions of using the Suzuki couplin
microwave syntheses is its simplicity and the &pid use water as solvent. The use of
water has a huge advantage in environmentally dhen(Green) chemistry.

9
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Commercialization and large scale production ofhsteactions are now possible (Fig.
1.1.7.1a)* Furthermore, the ease of preparation, stabilitg law toxicity of the boron

reagents increase the utility of these reactionBhe reaction mechanism involves the
oxidative addition of the palladium to the orgahialide to form an organopalladium
intermediate. The addition of the base enableddhmation of the boronate complex
which then transmetallates with the organopalladispecies. Reductive elimination

yields the product and regenerates the palladidalysa (Fig. 1.1.7.1b).

B(OH),
Pd(OAc) TBAB‘
O/ O/ H,O MW 160C
5 min' NgCO;

R1_ R2

Ry-X
9 >/— Pd’ 2
1
. R,—Pd'—Xx
R,—Pd'—R;
8 3
Y
t~_ At NaO'Bu
BuO I? O Bu
Y
- Na™® R,—Pd"'—0'Bu
4
v NaX
Y NaO'Bu -
Rq_B‘ R1_|B_O Bu
Y
5 6 Na+

Fig 1.1.7.1a  Suzuki couplings of allylboronic dgiand 1.1.7.1b  The palladium

catalytic cycle.
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1.1.7.2 Heck Reaction

The Mizoroki-Heck reaction is widely used for camboarbon bond formatioff. It is a
stereoselective, palladium-catalyzed vinylic subttn reaction between alkenes and
unsaturated halides or triflates. The Heck reaatising microwave was first reported in
1996 The reaction mechanism is much like the Suzukpting reaction (in the Suzuki
reaction the aryl halide is coupled to an arylbaratid). An example of Heck reaction

is presented in fig 1.1.7.2 where an aryl bromidé acrylic acid form a cinnamic acid.

1.1.7.3 Stille Coupling Reaction

The Stille Coupling reaction involves carbon-carbdond formation between
organostannanes and organic halides or pseudohalilenajor advantage of the Stille
coupling is the diversity of substituted organic lecolles that can be obtained using
relatively straightforward methods of preparatioht the same time, the low polarity (as
well as poor solubility in water) and the toxicigf tin compounds are serious
disadvantages. The reaction mechanism is muchHaeof the Suzuki coupling reaction
(reduction/oxidation via a palladium-catalyzed eycl One major difference between the
Stille and Suzuki reactions is that, in the lattease is required to activate the boronic
acid for the transmetallation to occur (enhancespibiarization of the ligand). However,
in some cases where organotrifluoroborates are, ubedpresence of a base is not
necessary Stille coupling reactions using microwave synthesire first reported in
2002

NC Br Pd(OAC), EtsN
NC X COOH
U * Z>CcooH -
H MeCN MW

18°C 15 min' H

Fig 1.1.7.2 Formation of cinnamic acid usihg Heck reaction
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1.1.7.4 Sonogashira Coupling Reaction

The Sonogashira coupling reaction is a palladiuppgeo catalyzed reaction between
terminal acetylenes and aryl or vinyl halid&Sonogashira reactions using microwaves
were first reported in 1996 by Erdmlyi and GogblIThe reaction mechanism is similar
to the Suzuki coupling reaction (reduction/oxidajiavith the addition of a copper cycle
to form the organocopper intermediate that willinnéttely transmetallate with the

palladium intermediate.

1.1.8 Organotrifluoroborates in Microwave Enhance Cross Coupling Reactions

Organometallic reagents and organotrifluoroborategarticular, are of importance in
organic and pharmaceutical synthé&is.Boron tolerates a wide range of functional
groups and can easily transmetallate with tramsitietal catalysts Furthermore, the
availability and low toxicity of these compounds keathem highly desirabf®.
Organoboranes (and boronic acids), in contrastrgarmtrifluoroborate, are not stable
under atmospheric conditions due to the vacantbjtab of the boron atom. This vacant
orbital permits acid-base reactions with oxygen amater, resulting in decomposition of
the reagent’ In addition, vinylboronic acids can be lost vialymerization side
reactions. Vinylboronic esters can also resulmirtures of Suzuki and Heck coupled
products due to lack of selectivity. This has led to the increasing use of
organotrifluoroborate. Organotrifluoroborate saitsth the formula [RBF4.,] (n =3),
are exceptionally stable to air and moisture. Thagy be stored at room temperature
without precaution. At the same time, their si@pdioes not affect their high reactivity
in a large variety of reactions. The first destoip of organotrifluoroborates was
published in 1940 by Fowler and Krad8sThey prepared tetrabutylammonium
triphenylfluoroborates by reaction of a triphenylioe-ammonia complex with 1
equivalent of tetraalkylammonium fluoride. Not litite late 1960’s were more efficient
methods of preparation were availaii@hierig and Umland reported that the hydroxyl

groups of arylboronic acids could be replaced wbttassium hydrogen difluoride to
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form potassium aryl trifluoroborates (Fig.1.1.8n time, different modifications led to
better vields and pure produéts. As noted in the previous sections,
organotrifluoroborates are of growing interest foross coupling reactions. Cross
coupling reactions that are useful for the creawbércarbon-carbon bonds, are highly
desirable in the preparation of pharmaceuticalsbibieles, natural products, polymers
and liquid crystalline materiaf§:*® The Suzuki cross coupling reaction is one of the
most versatile and frequently used proceduresddsan-carbon bond formatiof> For
reasons discussed above, which include low toxiefse of accessibility, air stability,
and environmental factoP$,the Suzuki reaction is one of the most useful tieas for
carbon-carbon bond formation. Furthermore, thalreethis type of reaction has led to
a continuous development of new and efficient m#gho Microwave synthesis is a
technique that can provide answers to some couesssuch as: reaction time, “Green”
chemistry, solvent, and catalyst-free reactionsmbBitous papers have described how
microwave irradiation reduces reaction time, in sooases from days to minufés>
When using ionic liquids as solvents in microwae@ation, the rate for heating can
easily exceed 10 °C'swithout significant pressure build-GpAs for “Green” chemistry,
reducing reaction time results in less power/eneigg; In addition, water can be used as
a solvent, it is cheap, readily available, nontprmnflammable, and has clear advantages
for its use in organic synthesis. Leadbeater Bpsrted Suzuki coupling reactions using
microwave irradiation without the use of palladiwatalyst.’ and we have developed
Suzuki coupling reactions in the absence of sob@nToday, the use of controlled
microwave conditions can be considered almost an@synthetic procedure. The next
three chapters will focus on the reaction pbtassium vinyltrifluoroborates and

alkynyltrifluoroborates.

KHF,
AFB(OR')z > AI’BFgK
MeOH /H20

Fig 1.1.8 Preparation of aryl trifluoroborate.
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CHAPTER 2

MICROWAVE ENHANCED PALLADIUM-CATALYZED CROSS
COUPLING REACTIONS OF POTASSIUM
VINYLTRIFLUOROBORATES AND ALLYL ACETATES: A NEW
ROUTE TO 1,4-PENTADIENES

1.2.1 Introduction

As discussed in Chapter 1, reactions involving theupling of potassium
organotrifluoroborates with organic electrophile® af great importance in organic
chemistry as the result of their efficiency in ¢heg@ carbon-carbon bonds.
Vinyltrifluoroborates are readily prepared, remdnlyastable, and quite reactive. In 2005,
we reported the rapid palladium catalyzed crosglog of allyl acetates with a variety
of potassium vinyltrifluoroborates that provided4-pentadienes under microwave
irradiation (Figl.2.1). The uniqueness of the stuehs that these reactions involved
straightforward allylation reactio¥8. There are reports describing the palladium-
catalyzed coupling of arylboronic acids with allydlide$>®? and allyl acetat&3®* but
efficient reactions involving the production of,44dienes had not yet been explored.
The 1,4-diene framework comprises an importantctiral assembly. This framework
can be seen in many molecules of biological impmé®®’ as well as in molecules
involved in organic synthesf."® In addition, the 1,4-dienes can be transformed int

conjugated 1,3-dienes in the presence of sulfutidéovia an ene reactidh.’®

BF3K R OA 2 mole % PdCL(d CH.CI
R/\/ 3™ 4 2\/\/ c 0 IZ( ppf) 2 2>

! i-Pr ,NEt, i-PrOH/H ,0 (2:1)

MW, 8CPC, 10 min'
/\/\/\
R1 R2

Fig 1.2.1 Synthesis of 1,4 —Dienes
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1.2.2 Results and Discussion

In an effort to optimize reaction conditions, paiasn trans-2-[4-(trifluoromethyl)
phenyl]vinyltrifluoroborate was allowed to reacttlwiallyl acetate in the presence or
absence of a palladium catalyst and a base. Nmwcararbon bond formation occurred
in the absence of palladium or a base. Five diffepalladium catalysts were evaluated
as potential catalysts. These include: B@pbf)*CHCl,, Pddba*CHCly/dppf,
Pd.dbay/(o-tolyl)s, Pd(OAc)Y/dppf, and Pd(OAeg) Four different bases were examined as
potential bases. These include: diisopropylethyi@, cesium carbonate, potassium
carbonate, and triethylamine. Of the conditionglig, the best results were obtained
using 2 mol percent of Pdgdppf)*CHCI, in the presence of 3.0 equivalent of
diisopropylethylamine (HUnig’'s base) in 2-propanaifer (2:1) at 80 °C under
microwave irradiation for 10 minutes. After optiation of the reaction conditions, we
explored the cross coupling of allyl acetates widious vinyltrifluoroborate electron
withdrawing and electron donating groups (Table2).2 Electron withdrawing groups
on the aromatic ring had little effect on the ygelghile electron donating groups reduced
the yields. In addition, we studied the reactiércionamyl acetate and geranyl acetate
with various vinyltrifluoroborates. We observedtelectron donating groups yielded
the best results in the case of cinnamyl acetadepaorest results in the case of geranyl
acetate. Electron withdrawing groups led to anrowpment in the reaction yields. The
reaction of aliphatic potassium vinyltrifluorobogat such as potassiurtrans-1-
nonenyltrifluoroborate, was also studied using amgl acetate and geranyl acetate. The
resulting products were obtained in good vyields dhd coupling reactions were
stereoselective where thE isomers were the only observed products. As for
regioselectivity, although traces of the isomenioducts were observed in the products
derived from cinnamyl acetate, regiochemistry wasegally preserved. Slightly larger
regiochemical losses were observed in the prodgeterated from geranyl acetate; a
minor isomer can be detected by the presence absorption peak near 112 ppm in the

carbon-13 spectra due to the terminal methylengocar
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Table 1.2.2. Pd-Catalyzed allylation of potassiuimyhkrifluoroborates with allyl

acetate8.

Entry alkenyl trifluoroborates

allylating exy product yield (96)

A BFK

3

N _BFK

:

F3C
1b

N _BFK
, /@/\/
cl

Ph

/\/OAC

2a
Y

2a

OAc

/\/OAC

2a

/\/OAC
2a

G

2b

OAc

Ph \/\/OAC

Ph

OAc

X F
o~
X F
o
FiC
o
94
Cl
o
71
HsC

©/\/\/\
Ph 76

o~
Ph g9
FiC
AN 4
Ph
o
cl
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Table 1.2.2 (cont’)

Entry alkenyl trifluoroborates allylatimgent product yield) (%6
/@/\/BF3K /©/\/\/\
9 ot /\/BFaK th/\/om: C7H15/\/\/\Ph 80
le 2b 3i

XN _-BFK
)\/\)\/\ X X Z
10 OAc 93
FsC CF3
1b 2¢ 3j
XN Bk
1 M\ N N Z 36
OAc
HsC CH
1d 2¢c 3k

BFK /\/\)\/\/k
12 C7H15/\/ )\/\)\/\OAC C;Hs X Z Z

le 2¢ 31

®Reaction conditionsl (0.5 mmol), allylating ager2 (0.5 mmol), i-PsNEt (1.5 mmol),
PdCh(dppf)-CHCl, (0.001 mmol), 2-propanol/water (2:1),°8) MW, 10min’ ® Isolated
yields.
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1.2.3 Conclusion

In conclusion, a new procedure was developed whravides a general and efficient
method for coupling allyl acetate and cinnamyl atetwith various substituted
potassium arylvinyltrifluoroborates to produce @@ty of 1,4-dienes in good to excellent

yields®°

1.2.4 Experimental Section

All glassware was dried in an oven at 110 °C angshiéd with dry nitrogen. All
reactions were performed under an argon/nitrogerospphere. Water and isopropanol
were degassed by purging with argon/nitrogen. HrEwomatography was performed
using silica gel (32—63 pm, 60 A). All nuclear matjc resonance spectr&(NMR, *C
NMR, and**F NMR) were obtained using a Varian 300 MHz instemtn All products
were dissolved in CD@hnd the chemical shifts were reported relative KST(0.1 %
(v/v)). Potassium organotrifluoroborates were preg utilizing literature methods.
The required organotrifluoroborates were readilgeasible from the corresponding
organoboronic acids (commercially available frondiidh Chemical Co. and Frontier
Scientific Co.) by the addition of potassium hydengifluoride. Microwave activation
was performed using a CEM Discover System in tlesed vessel mode. For the
reactions of allyl acetate and cinnamyl acetate foflowing settings were used: Power:
100 Watt, Ramp time: 05:00 minutes, Hold time: DOrBinutes, Temperature: 8C.

For geranyl acetate: The hold time was increags@®100 minutes.

1.2.4.1 General Procedure for Preparation of Potassium (Hexyn-1-yl)

trifluoroborate.

The boronic acid (4 mmol) was dissolved in a 2504miind-bottomed flask containing

methanol (~10 mL). Potassium hydrogen difluoride ig2mol, 1.6 g) was placed in a 50
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mL beaker and dissolved in water (~40 mL). The gmtan hydrogen difluoride/water
mixture was then added dropwise to the boronic/athanol mixture and the mixture
stirred for 3.5 hr. The resulting slurry was takgm in acetone and then the solvent
evaporated under reduced pressure using a rotapoeator. The residue was dissolved
in acetone, filtered, and the solution dried ovelnyalrous sodium sulfate. The solvent
was then evaporated under reduced pressure oraly ®taporator, re-dissolved in a
minimum amount of boiling acetone, and allowed dolc Diethyl ether was added until
no cloudiness was observed in the supernatant. rédudting solid was then filtered and
washed with diethyl ether. Partial evaporationarratmospheric conditions and addition
of diethyl ether led to the second crop of the patd The solid was dried under high

vacuum to give the product (~ 70% vyield).

1.2.4.2 Representative Procedure for Coupling oPotassium (1-Hexyn-1-yl)-

trifluoroborate and Allyl Acetates Under Microwave Condition.

In a dry Pyrex tube containing magnetic stirring, lp@tassium vinyltrifluoroborate (0.50
mmol) and PdG[dppf)*CHCl, (0.02 mmol, 9.0 mg) were loaded and capped with an
airtight rubber cap. The tube was flushed withoardo maintain a moisture free
environment. The allylating agent (0.50 mmol) atighig’s base (1.5 mmol, 263L)
were then added using a Hamilton syringe. 2-Propaater (2:1, 5.0 mL) was then
added followed by an argon purge. The resulting tunex was placed in a CEM
microwave unit in the closed vessel mode and alibteereact at 80 °C for 10 minutes.
The reaction mixture was then transferred to arsepg funnel and diluted with diethyl
ether (20 mL). The solution was washed with wéeX 20 mL) to remove byproducts.
After extraction, the organic layer was separated dried over anhydrous sodium
sulfate. The ether solution was filtered, concaett, and the product was subjected to
silica gel chromatography using hexane/ethyl aegtHd0/1) as eluent. The product was
separated from the hexane/ethyl acetate usingaayr@vaporator to obtain the pure

product.
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1.2.5 Analytical Data

3a Penta-1,4-dienylbenzene

'H NMR (CDCk, 300 MHz):8 7.26 (m, 5H), 6.40 (d] = 15.9 Hz, 1H), 6.21 (dt] = 6.3
Hz, 1H), 5.90 (m, 1H), 5.08 (m, 2H), 2.96 (m, 2KC NMR (CDC}, 75.5 MHz):5
136.4, 130.8, 128.4, 128.1, 127.0, 126.0, 115.8.36

3b 1-Penta-1,4-dienyl-4-trifluoromethylbenzene

'H NMR (CDCk, 300 MHz):8 7.48 (m, 4H), 6.43 (d] = 15.9 Hz, 1H), 6.32 (df = 6.3
Hz, 1H), 5.90 (m, 1H), 5.10 (m, 2H), 2.98 (m, 2KC NMR (CDCk, 75.5 MHz):5
140.6, 135.8, 131.0, 129.6, 126.1, 125.5, 125.5,312116.1, 36.9'°F NMR (CDCE,
282.3 MHz):5 -88.7.

3c 1-Chloro-4-penta-1,4-dienylbenzene
'H NMR (CDCk, 300 MHz):8 7.27 (m, 4H), 6.36 (d] = 15.9 Hz, 1H), 6.20 (df = 6.3
Hz, 1H), 5.88 (m, 1H), 5.09 (m, 2H), 2.95 (m, 2H).

3d 1-Methyl-4-penta-1,4-dienylbenzene

'H NMR (CDCk, 300 MHz):8 7.25-7.07 (m, 4H), 6.36 (d,= 16.2 Hz, 1H), 6.16 (m,
1H), 5.88 (m, 1H), 5.07 (m, 2H), 2.94 (m, 2H), 2.0 3H).**C NMR (CDCk, 75.5
MHz): 136.6, 134.8, 130.6, 129.1, 127.0, 125.9,.4136.9, 21.1

3e 1,1'-(E,4E)-1,4-Pentadiene-1,5-diylbisbenzene
'H NMR (CDCl, 300 MHz):5 5.80 (m, 10H), 5.08 (dl = 15.6 Hz, 2H), 4.80 (dfl= 6.6
Hz, 2H), 1.64 (tJ = 6.3 Hz, 2H).

3f 1-[(1E,4E)-5-Phenyl-1,4-pentadienyl]-4-(trifluoromethyl) berzene

'H NMR (CDCk, 300 MHz):8 7.55-7.20 (m, 9H), 6.48 (d,= 15.6 Hz, 2H), 6.31 (m,
2H), 3.13 (tJ = 6.3 Hz, 2H)!*C NMR (CDC}, 75.5 MHz):8 141.0, 137.3, 131.4, 131.0,
129.7, 128.6, 128.5, 127.2, 126.0, 125.4, 116.0,.3% NMR (CDC}, 282.2 MHz):5
-88.6.
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3g 1-Chloro-4-[(1E,4E)-5-phenyl-1,4-pentadienyl]benzene
'H NMR (CDCk, 300 MHz):8 7.29 (m, 9H), 6.45 (d] = 15.6 Hz, 1H), 6.40 (dl = 15.6
Hz, 1H), 6.26 (m, 2H), 3.12 (3,= 6.6 Hz, 2H).

3h 1-Methyl-4-[(1E,4E)-5-phenyl-1,4-pentadienyl]lbenzene

'H NMR (CDCk, 300 MHz):8 7.22 (m, 9H), 6.42 (m, 2H), 6.23 (m, 2H), 2.93 @hi),
2.30 (s, 3H)*C NMR (CDCk, 75.5 MHz): & 137.5, 136.7, 134.7, 130.8, 129.1, 128.4,
127.0, 126.0, 125.9, 36.1, 21.1.

3i (1E,4E)-1,4-Dodecadienylbenzene

'H NMR (CDCk, 300 MHz):8 7.30 (m, 5H), 6.38 (d, J = 15.9 Hz, 1H), 6.21 (dt, 6.6
Hz, 1H), 5.49 (m, 2H), 2.89 (m, 2H), 2.01 (m, 2H)27 (m, 10H), 0.87 (m, 3H}*C
NMR (CDCl, 75.5MHz):6 137.7, 132.0, 130.1, 129.3, 128.4, 127.7, 12&8,9, 95.9,
32.6, 31.8, 29.4, 29.1, 22.6, 14.0.

3] 1-[(1E,4E)-5,9-Dimethyl-1,4,8-decatrienyl]-4-(trifluoromethyl)benzene

'H NMR (CDCk, 300 MHz):8 7.48 (m, 4H), 6.39 (d] = 15.9 Hz, 1H), 6.28 (m, 1H),
5.11 (m, 2H), 2.93 (t) = 6.6 Hz, 2H), 2.12-1.22 (s, m, 13HJC NMR (CDCk, 75.5
MHz): & 145.2, 140.7, 137.2, 132.6, 132.4, 128.3, 12628.0, 125.4, 125.3, 124.5,
124.1, 121.5, 120.7, 112.4, 42.8, 41.1, 39.7, 1Y, 31.4, 26.6, 25.7, 23.2, 17.6, 16.0.
% NMR (CDCE, 282.2 MHz): -88.6.

3k 1-[(1E,4E)-5,9-Dimethyl-1,4,8-decatrienyl]-4-methylbenzene

'H NMR (CDCk, 300 MHz):8 7.28-7.06 (m, 4H), 6.33 (d,= 15.9 Hz, 1H), 6.12 (m,
1H), 5.13 (m, 2H), 2.88 (m, 2H), 2.30 (m, 2H), 2816 (m, 11H). Calcd. for{Hy C,
89.70; H, 10.30°C NMR (CDCh, 75.5 MHz):5 145.8, 136.8, 135.0, 131.4, 129.3,
129.1, 128.4, 126.1, 125.8, 124.2, 111.9, 39.4,2K.7, 23.2, 21.1, 17.6.
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3l 2,6-Dimethyl- (&,9E)- 2,6,9-Heptadecatriene
'H NMR (CDCk, 300 MHZz):5 5.37 (m, 2H), 5.14 (m, 2H), 2.68 (m, 2H), 2.16-80(f,
28H). Calcd. for GHs4 262.2661 Found: 262.2666.
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CHAPTER 3

MICROWAVE ENHANCED CROSS-COUPLING REACTIONS
INVOLVING ALKENYL- AND ALKYNYLTRIFLUOROBORATES

1.3.1 Introduction

The syntheses of stilbenes have been the subjestimkrous investigations.  Their
function as antioxidant$® in medicine and their application in macromolecular
chemistry and nanoscief¢&° make stilbenes very desirable. One of the moveepioll
tools to create a carbon-carbon bond is to creatsorad between an organoboron
compound and organic halide (or triflate) using algoium catalyzed cross-coupling
reaction®*®® As noted previously (1.1.8), problems arise whising alkenylboronic
acids and esters in Suzuki-Miyaura coupling reastio Polymerization of the
vinylboronic acids can occur. In addition, vinytbaic esters are not always selective in
cross-coupling reactions, yielding mixtures of Stzand Heck coupled products®’ In
order to solve some of the problems arising in oogg@ron coupling reactions, the use of
potassium alkenyltrifluoroborates and alkynyltriftoborates was suggest&d? In this
chapter the effects of microwave irradiation ar@lesed as an alternative to thermal

heating in reactions using potassium organotritiborates (Fig1.3.1).

X
X BF;K 2 mole %PdCl,(ddpf)CH,CH, O
> X
©/\/ . < >‘X i-PrOH-H,O (2:1), i-Pr,NEt O
MW, 100° C, 10 min'
99 %

Fig 1.3.1 Synthesis of stilbenes.
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1.3.2 Results and discussion

In an effort to optimize reaction conditions, paias phenylvinyltrifluoroborate was
allowed to react with iodobenzenes in the presen@dsence of a palladium catalyst and
a base. No carbon-carbon bond formation occurnrékda absence of palladium or a base.
Five different palladium catalysts were evaluatedbatential catalysts. These include:
PdCL(dppf)sCH.Cl,, Pddba*CHCly/dppf, Pddbay/(o-tolyl)s, Pd(OAc)/dppf, and
Pd(OAc). Four different bases were examined as poteb@akes. These include:
diisopropylethylamine, cesium carbonate, potassiarbonate, and triethylamine. Of the
conditions studied, the best results were obtainesing 2 mol percent of
PdCL(dppf)sCH.CI, in the presence of 3.0 equivalent of diisopropylktimine (Hinig's
base) in 2-propanol/water (2:1) at 100 °C underrowave irradiation for 10 minutes.
After the optimization of reaction conditions, wep®red the cross coupling of
potassium phenylvinyltrifluoroborate with variousubstituted iodobenzenes (Table
1.3.2a). Compounds containing electron withdrawgngups (Table 1.3.2a, entries 2-5)
and electron donating groups (Table 1.3.2a, en6i8% all provided the cross-coupled
styrene products in high yields. The product yieldaerally exceeded those obtained in
the thermal reactions by ~10%In general, all reactions were very straightfovand
stereoselective. Finally, after successfully mtilg microwaves to enhance Suzuki
coupling of potassiuntrans2-phenylvinyltrifluoroborate with aryl halides, éhuse of
other substituted potassium arylvinyltrifluorob@siTable 1.3.2b) was investigated. All
reactants provided the cross-coupled stilbenegarlient yields (Table 1.3.2b, entries 1-
6). An aliphatic vinyltrifluoroborate also readilyarticipated in the reaction (Table
1.3.2b, entry 7). Yields were generally somewbatdr for coupling reactions involving
the alkynyltrifluoroborates; a situation also noted¢hermal coupling reactiorid.(Table
1.3.2b, entries 8-13).
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Table 1.3.2a Pd-Catalyzed cross coupling reactiggotassium aryl vinyltrifluoroborates

with aryl iodide?

Entry Aryl trifluoroborates Arybdide Product yield) (%6
\ BF;K
1 @/\/ /@ /\/@ 67
I Ph \
la 2a 3a
\ BFK F F
2 ©/\/ /©/ /\/Q/ )
| Ph \
la 2b 3b
\ BF,K cl Cl
@/\/ /@/ /\/@/ 99
3
| Ph \
la 2c 3c
\ BF.K COCH, COCH,
4 O/\/ /O/ /\/©/ )
| Ph \
la 2d 3d
\ BF;K
5 O/\/ /@\ /\/Q 76
- ! > No, P N . o,
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Table 1.3.2a (cont’)

Entry Aryl trifluoroborates Arybdide Product yield) (%6
\ BF,K
6 79
| \
OCH, OCH,
la 2f 3f
\ BF:K CH, CH,
96
7
N
CH, CH,
la 29 39
\ BF;K
92
8
N
CH, CH;,
la 2h 3h

®Reaction conditionsl (0.5 mmol), allylating agerf (0.5 mmol), i-PsNEt (1.5 mmol),
PdChL(dppf)-CHCl, (0.001 mmol), 2-propanol/water (2:1),°8)0 MW, 10min’ ° Isolated

yields.
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Table 1.3.2b. Microwave enhanced cross-coupliagtrens for the synthesis of syrenes

and enyne8.

Entry alkenyl trifluoroborates

yadlting agent

product yield)f%

N _BFK
1 /@/\/
FiC

Cl

NO,

COCH,

aRiPge

NO,
2e

OCH,

5

Cl

m

Cl

\ 92
O 3i

oW

NO,

F3C

FiC 3

COCH,3

geg

0

OCH;
A
al g 3m

85
c
F
CrHi” N
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Table 1.3.2b (cont’)

Entry alkenyl trifluoroborates allylatimgent product yield (%)

F
8 @TBHK /©/ . — ._F 60
|
1f 2j 3p
Cl
’ HSCO;BFaK /©/ H3CC' ”
|
2¢ 3q

1g

Cl
10 — —_
HscOOTBFgK /©/ H3COCI 68
|
2¢ 3r

1h

Br
11 H3004©;BF3K /©/ oo . ’Br 72
|
1i 2k 3s
COCH;
[}
12 H;CO —— BF;K H,CO O N O .
|
1j 2d 3t
COCH;
o)
- — o ol Y= yL s
|
1k 2d

®Reaction conditionsl (0.5 mmol), allylating agerf2 (0.5 mmol), i-PsNEt (1.5 mmol),

PdCL(dppf)-CHCl, (0.001 mmol), 2-propanol/water (2:1),°8) MW, 10min’ ° Isolated
yields.
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1.3.3 Conclusion

In conclusion, the effects of microwave irradiation the synthesis of stilbenes were
explored and led to new and efficient methods &pare a variety of substituted stilbenes

in good to excellent yield¥.

1.3.4 Experimental Section

All glassware was dried in an oven at 110 °C angshiéd with dry nitrogen. All
reactions were performed under an argon/nitrogerospphere. Water and isopropanol
were degassed by purging with argon/nitrogen. Hrawsomatography was performed
using silica gel (32-63 pm, 60 A). All nuclear matjc resonance spectr&(NMR, *°C
NMR and**F NMR) were obtained using a Varian 300 MHz instemta All products
were dissolved in CDghnd the chemical shifts were obtained relative KST(0.1 %
(v/v)). Potassium organotrifluoroborates were preg utilizing literature methods.
The required organotrifluoroborates were readilgeasible from the corresponding
organoboronic acids (commercially available frondridh Chemical Co. and Frontier
Scientific Co.) by addition of potassium hydrogeftiudride. Microwave activation was
performed using a CEM Discover System in a closesksel mode. For the reactions of
organotrifluoroborates and aryl halides the follogvsetting was used: Power: 100 Watt,
Ramp time: 05:00 minutes, Hold time: 10:00 minufemmperature: 10C.

1.3.4.1 General Procedure for Preparation of Potagsn (1-Hexyn-1-yl)

trifluoroborate.

The boronic acid (4 mmol) was dissolved in a 2504miind-bottomed flask containing
methanol (~10 mL). Potassium hydrogen difluoride igZmol, 1.6 g) was placed in a 50
mL beaker and dissolved in water (~40 mL). The gstan hydrogen difluoride/water
mixture was then added dropwise to the boronic/am@thanol mixture and the mixture

stirred for 3.5 hr. The resulting slurry was takem in acetone and then the solvent
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evaporated under reduced pressure using a rotapoeator. The residue was dissolved
in acetone, filtered, and the solution dried ovehyalrous sodium sulfate. The solvent
was then evaporated under reduced pressure oray ®taporator, re-dissolved in a
minimum amount of boiling acetone, and allowed dolc Diethyl ether was added until

no cloudiness was observed in the supernatantrdhating solid was then filtered and

washed with diethyl ether. Partial evaporationarratmospheric conditions and addition
of diethyl ether led to the second crop of the poddThe solid was dried under high

vacuum to give the product (~ 70% vyield).

1.3.4.2 Representative Procedure for Coupling ddrganotrifluoroborate and Aryl

Halide Under Microwave Condition.

In a dry Pyrex tube containing a magnetic stirdo@g orgnotrifluoroborate (0.50 mmol)
and PdC(dppf)*CH,CI, (0.02 mmol, 9.0 mg) were loaded and capped withaigtight
rubber cap. The tube was flushed with argon tontaim a moisture free environment.
The aryl halide (0.50 mmol) was then added alonth wliisopropyl ethyl amine (1.5
mmol, 265uL) and 5 mL of isopropanol/water (2:1). Followey &rgon purged, the
resulting mixture was placed in a CEM microwavetuni a close vessel mode and
allowed to react at 80 °C for 10 minutes. The reacmixture was then transferred to a
separatory funnel and diluted with diethyl ethed (2L). The solution was washed with
water (3 X 20 mL) to remove byproducts. After egtran, the organic layer was
separated and dried over anhydrous sodium sulfdtee ether solution was filtered,
concentrated, and the product was subjected teasijel chromatography using
hexane/ethyl acetate (100/1) as eluent. The ptoslas separated from the hexane/ethyl

acetate using a rotary evaporator to obtain the product.
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1.3.5 Analytical Data

3a 1,2-Ethenediylbisbenzene

'H NMR (300 MHz, CDCI3): 7.51 (d,J = 8.4 Hz,4H), 7.35 (t) = 7.2 Hz, 4H), 7.27 (t,
J= 6.3 Hz, 2H), 7.11 (s, 2H)C NMR (75MHz, CDCI3)s: 137.3, 128.7 (2C), 127.6,
126.5.

3b 1-Fluoro-4-[2-phenylethenyl]benzene

'H NMR: § 7.55-7.47 (m, 4H), 7.40 (t, J = 7.6 Hz, 2H), 7830 (m, 1H), 7.14-7.06 (m,
4H); *C NMR (75 MHz, CDCI3)35 162.4 (d), 137.3, 133.6, 128.8, 128.6J1d; 2.3 Hz),
128.0 (dJ = 0.4 Hz), 127.7, 127.6, 126.5, 115.6J¢; 21.45 Hz)

3c 1-Chloro-4-[2-phenylethenyl]lbenzene

'H NMR (300 MHz, CDCI3)35 7.04 (s, 2H), 7.26-7.42 (m, 7H), 7.48 {5 7.5 Hz, 2H);
13C NMR (75 MHz, CDCI3):3 126.52, 127.32, 127.63, 127.84, 128.70, 128.80,2R
133.13, 135.81, 136.94.

3d 1-[4-[2-Phenylethenyl]phenyl]lethanone,

'H NMR (300 MHz, CDCI3)% 2.61 (s, 3H), 7.14 (d, 1H]=16.4Hz), 7.22 (d, 1H)
=16.4Hz), 7.25-7.38 (m, 3H), 7.55 (d, 2H=7.9Hz), 7.59 (d2H, J =8.4Hz), 7.95 (d, 2H,
J =8.4Hz);**C NMR (75MHz, CDCI3):5 26.7, 126.6126.9, 127.6, 128.4, 128.9, 129.0,
131.6, 136.1, 136.8, 142.1, 197.6.

3e 1-nitro-3-[2-Phenylethenyllbenzene

'H NMR (300 MHz, CDCI3) 7.05 (d,J = 16.5 Hz, 1H), 7.17 (d] =16.5 Hz, 1H), 7.26-
7.39 (m, 3H), 7.42-7.51 (m, 3H), 7.72@= 8.4 Hz 1H), 8.02-8.05 (m, 1H), 8.28-8.29
(m, 1H); *C NMR (75 MHz, CDCI3)5120.71, 121.83, 125.89, 126.71, 128.39, 128.71,
129.39, 131.56, 132.09, 136.11, 138.97, 148.54.
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3f 1-Methoxy-2-[2-phenylethenyl]lbenzene

'H NMR (CDCI3)$ 7.66 (dd, J = 7.7 Hz, J = 1.5 Hz), 7.55-7.62 (i),%.26-7.43 (m,
5H), 7.19 (d, J = 16.8 Hz, 1H), 7.03 (t, J = 7.6,Hz95 (d, J = 8.2 Hz, 1H), 3.93 (s, 3H);
3C NMR (75 MHz, CDCI3):6 157.0, 138.0, 129.1, 128.7, 128.6, 127.4, 12626,5],
126.4, 123.6, 120.8, 111.0, 55.6.

39 2,4-Dimethyl-1-[2-phenylethenyl]benzene

1H NMR (400 MHz, CDCI3) d 7.49 (2H, d, J=7.5 Hz)4@ (2H, d, J=8.0 Hz), 7.34 (2H,
t, J= 7.6 Hz), 7.23 (1H, t, J=7.2 Hz), 7.15 (2HJd7.9 Hz), 7.09 (1H, d, J=16.4 Hz),
7.04 (1H, d, J=16.4 Hz), 2.38 (s, 3H), 2.35 (3H;K3); 13C NMR (75 MHz, CDCI3)
137.6, 134.6, 129.5, 128.7, 127.8, 127.5, 126.26,46, 123.4, 21.3.

3h 1-Methyl-2-[2-phenylethenyl]benzene

'H NMR (400 MHz, CDCI3)5 2.37 (s, 3H), 7.06-7.08 (m, 3H), 7.23-7.26 (m, 2FHB1-
7.37 (m, 4H), 7.49-7.52 (m, 2H}C NMR (75 MHz,CDCI3):521.45, 123.71, 126.48,
127.21, 127.54, 128.46, 128.47, 128.57, 128.67.7824.37.26, 137.42, 138.22.

3i  1-[2-(4-Chlorophenyl)ethenyl]-4-(trifluoromethyl)benzene

'H NMR (CDCk, 300 MHz):6 7.56 (m, 4H, —GHg), 7.43 (d,J = 8.7 Hz, 2H, —GHJ),
7.31 (d,J = 8.7 Hz, 2H, —gH,), 7.05 (m, 2H).**C NMR (75.5 MHz, CDGJ): § 140.3,
135.0, 133.8, 129.7, 128.9, 127.6, 124’6.NMR (CDCk, 282.3 MHz):d —62.8.

3j 1-Nitro-3-[(1E)-2-[4-(trifluoromethyl)phenyl]ethenyl]lbenzene

'H NMR (CDCk, 300 MHz): 6 6.72 (d, J=12.0 Hz), 6.86 (d,=8.8 Hz), 6.88 (d,
J=12.0 Hz), 7.02 (dd, J=5.4,8.6 Hz), 7.05-7.11, (a)3-7.27 (m), 7.38-7.44 (m), 7.49-
7.54 (m) 7.60 (t, J=7.6 Hz), 7.75 (dd, J=1.2,8.0,H297 (dd, J=1.2, 8.0 Hz), 8.06-8.11
(m). *C NMR (CDC, 75.5 MHz):6 115.4, 115.6, 116.2, 123.6 (d,J=8.8 Hz), 125, 126,

32

www.manaraa.com



128.2,, 128.3, 128.4, 128.9, 130.9, 131, 132.4,93P33.3, 133.6, 148.4, 161, 161.9,
163.5, 164.4.

3k 1-[4-[2-[4-(Trifluoromethyl)phenyllethenyl]ph enyllethanone

'H NMR (CDCk, 300 MHz):8 7.97 (m, 2H), 7.61 (m, 6H), 7.21 (s, 2H), 2.613(d).

3l 1-[2-(4-Chlorophenyl)ethenyl]-3-nitrobenzene

'H NMR (CDCk, 300 MHz): 6 6.72 (d, J=12.0 Hz), 6.86 (d,=8.8 Hz), 6.88 (d,
J=12.0 Hz), 7.02 (dd, J=5.4,8.6 Hz), 7.05-7.11, (fa)3-7.27 (m), 7.38-7.44 (m), 7.49-
7.54 (m) 7.60 (t, J=7.6 Hz), 7.75 (dd, J=1.2,8.0,H297 (dd, J=1.2, 8.0 Hz), 8.06-8.11
(m). *C NMR (CDC, 75.5 MHz):6 115.4, 115.6, 116.2, 123.6 (d,J=8.8 Hz), 125, 126,
128.2, 128.3, 128.4, 128.9, 130.9, 131, 132.4,9,3P33.3, 133.6, 148.4, 161, 161.9,
163.5, 164.4.

3m 1-Chloro-4-[2-(4-methoxyphenyl)ethenyl]lbenzene

'H NMR (CDCk, 300 MHz):6 7.25-7.45 (m, 6H), 6.88-7.05 (m, 4H), 3.82 (s, 3¥¢
NMR (CDCh, 75.5 MHz):d 55.3, 114.1, 125.3, 127.4, 127.7, 128.7, 128.8,8,2132.7,
136.2, 159.4.

3n 1-Chloro-4-[2-(4-methylphenyl)ethenyl]lbenzene

'H NMR (CDCk, 300 MHz):d 2.40 (s, 3H), 7.11 (s, 2H), 7.13-7.58 (m, 8f3 NMR
(CDCls, 75.5 MHz):6 163.4, 134.0, 130.9, 128.4,

30 1-Fluoro-4-(non-1-enyl)benzene

'H NMR (CDCk, 300 MHz):6 7.25 (m, 2H), 6.96 (m, 2H), 6.32 (d= 15.9 Hz, 1H),
6.13 (dt,J = 15.9, 6.9 Hz, 1H), 2.18 (d,= 7.2 Hz, 2H), 1.47-1.25 (m, 10H), 0.88 (t,
J=6.9 Hz, 3H)."*C NMR (CDC}, 75.5 MHz):d 163.4, 134.0, 130.9, 128.4, 127.2,
115.3, 32.9, 31.8, 29.7, 29.3, 22.6, 14.1.
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3p 1-Fluoro-4-(2-phenylethynyl)benzene

'H NMR (300 MHz, CDCJ) : 8 7.55-7.45 (m, 4H), 7.35-7.32 (m, 3H), 7.03 (dd; 8.9
and 8.7 Hz, 2H).

3g 1-Chloro-4-[(4-methylphenyl)ethynyl]benzene

'H NMR (CDCI3, 200 MHz) 7.39-7.32 (m, 4H), 7.26-7.17 (m, 2H), 7.08 Jc& 7.83,
2H Hz), 2.29 (s, 3H)**C NMR (CDCI3, 75.5 MHz) 138.6, 134.0, 132.7, 131.5, 129.1,
128.6, 122.1, 119.9, 90.5, 87.6, 21.4.

3r 1-Chloro-4-[(4-methoxyphenyl)ethynyl]benzene

'H NMR (500.13 MHz, CDCI3} 7.64 (d,J = 7.9 Hz, 1H), 7.58 (d] = 7.9 Hz, 1H), 7.56
(d,J = 8.8 Hz, 2H), 7.53 (td) = 7.7 Hz, 1.4 Hz, 1H), 7.36 (td,= 7.7 Hz, 1.5 Hz, 1H),
6.89 (d,J = 8.8 Hz, 2H), 3.82 (s, 3H)*C NMR (75.5 MHz, CDCI3) 160.3, 133.5,
132.5, 132.3, 131.7, 127.7, 127.5, 117.6, 114.8,0,1113.9, 96.2, 84.6, 55.2.

3s 1-Bromo-4-[2-(4-methoxyphenyl)ethynyllbenzene

'H NMR (500.13 MHz, CDCI3} 7.64 (d,J = 7.9 Hz, 1H), 7.58 (d] = 7.9 Hz, 1H), 7.56
(d,J = 8.8 Hz, 2H), 7.53 (td] = 7.7 Hz, 1.4 Hz, 1H), 7.36 (td,= 7.7 Hz, 1.5 Hz, 1H),
6.89 (d,J = 8.8 Hz, 2H), 3.82 (s, 3H)*C NMR (75.5 MHz, CDCI3) 160.3, 133.5,
132.5, 132.3, 131.7, 127.7, 127.5, 117.6, 114.8,011113.9, 96.2, 84.6, 55.2.

3t 1-[4-[2-(4-Methoxyphenyl)ethynyl]phenyllethanme
'H NMR (300 MHz, CDCI3)2.59 (s, 3H), 3.82 (s, 3H), 6.88 (@ = 8.4 Hz, 2H), 7.47-

7.58 (m, 4H), 7.91 (d) =8.4 Hz, 2H);"*C NMR (75MHz, CDCI3):5626.5, 55.2, 87.5,
92.9,114.0, 114.6, 128.2, 128.5, 131.4, 133.2,813%9.9, 197.3
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3u 4-[2-(4-Acetylphenyl)ethynyl]benzonitrile

'H NMR (300 MHz, CDCI3)2.59 (s, 3H), 7.40 (d] = 8.4 Hz, 2H), 7.57 (dJ = 8.4 Hz,
2H), 7.71 (d,J =8.4 Hz, 2H), 7.83 (dJ =8.4 Hz, 2H):"*C NMR (75MHz, CDCI3):8
22.5,87.5,92.9, 114.0, 114.6, 116.2, 128.2, 128%.4, 133.2, 135.8, 159.9, 197.3
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CHAPTER 4

MICROWAVE ENHANCED CROSS-COUPLING REACTIONS OF
ALLYL CHLORIDES WITH VINYLTRIFLUOROBORATES

1.4.1 Introduction

In the previous chapters, the reaction of potassalikenyltrifluoroborates with allyl
acetate and aryl halides was explored. The presehtkee benzene ring (in the aryl
halides) and the reactivity of the carbonyl in Huetates enabled good to excellent yields.
The question that remained concerned the reactivityalkene halides. As noted
previously (1.2.1), the 1,4-diene framework is amportant structural assembly. This
framework can be seen in many molecules of biolgimportancg”®! as well as in
molecules involved in organic synthe®g° The use of allyl halides as opposed to allyl
acetates would allow a wide variety of compound$eoutilized. In this chapter, the
allylation of potassium alkenyltrifluoroborates kitallyl halides (Fig. 1.4.1) via a
palladium catalyzed, cross coupling reaction isl@ngal. It was found that the allylation
reaction occurs rapidly under microwave irradiatom produces 1,4-pentadienes in high

yields.

BF:K cl 2 mole % PdCL(dppf)CH,Cl W
Ar/\/ S 2 3  Ph
i-Pr,NEt, i-PrOH/H,0 (2°1)
MW, 100°C, 20 min'

Fig 1.4.1 The allylation of potassium aryltrifludrarates with allyl chloride
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1.4.2 Results and discussion

In an effort to optimize reaction conditions, pasiasn phenylvinyltrifluoroborate, was
allowed to react with three different halides:yhibdide, allyl bromide and allyl chloride
(Table 1.4.2a). The procedure for all three remstiwas identical. The reactants were
placed in the presence or absence of a palladizatlyshand a base. No carbon-carbon
bond formation occurred in the absence of palladiura base. Five different palladium
catalysts were evaluated as potential catalysts: dCLRIppf)*CH.CI,,
Pd.dba*CHCl/dppf, Pddba/(o-tolyl)s, Pd(OAcYdppf, and Pd(OAg). Four different
bases were examined as potential bases. TheseléncHiisopropylethylamine, cesium
carbonate, potassium carbonate, and triethylantiethe conditions studied, the best
results were obtained using 2 mol percent of Rd@pf)*CH,CI,in the presence of 3.0
equivalent of diisopropylethylamine (HUnig’'s bage)2-propanol/water (2:1) at 100 °C
under microwave irradiation for 10 minutes. Albhloride gave the best results out of
the three examined. The reaction time was inctk&sen 10 to 20 minutes to obtain a
better yield. After the optimization of reactioronditions, we explored the cross
coupling of allyl chloride with various substitut@dtassium phenylvinyltrifluoroborate
(Table 1.4.2b). Compounds containing electron avalwving groups (Table 1.4.2b,
entries 1, 2) and electron donating groups (Table2h, entry 3) all provided the cross-
coupled styrene products in good yields, while tetec donating groups enhanced the
yields. Finally, after successfully utilizing méwaves to enhance Suzuki coupling of
potassium phenylvinyltrifluoroborate with allyl drlde, we investigated the use of other
substituted allyl chlorides with various potassighenylvinyltrifluoroborates (Table

1.4.2c). All provided the cross-coupled productjood yields.
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Table 1.4.2a. Microwave enhanced cross-coupling ctieess of potassium

phenylvinyltrifluoroborate with allyl halide.

Entry phenylvinyltrifluoroborate  allylatingyant product yield f6)
XN _-BFK /\/m X P
1 81
3a
X _-BFK /\/Br XN /
) @/\/ @/\/\/ 65
BF3K |
e

Table 1.4.2b. Microwave enhanced cross-coupling ctimas of potassium
arylvinyltrifluoroborate with various allyl chlories?

Entry arylvinyltrifluoroborate  allylating age product yield (26)
\ BF3K \ /
) /@/\/ /\/(_‘J /@/\/\/ )
3b
Cl Cl
\ BF3K \ /
2 /@/\/ /\/q /@/\/\/ .
H3C HsC 3c
XN _-BFaK X G
3 /\/CI /@/\/\/ )
F3C F3C 3d
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Table 1.4.2b (cont’)

Entry arylvinyltrifluoroborate  allylating agt product yietd)p

XN _-BFK
@/\/ Y\/ 54
3f
X _-BFaK
@/\/ )\/C.
3
BF;K

%
&

4
e\
)

@/\/\K
64
g
A AN F
©/\/ " @/\/\/\ o
3h
/©/\/ NN i
81
HsC 8
75
3e
FsC

®Reaction conditionsl (0.5 mmol), allylating ager2 (0.5 mmol), i-PsNEt (1.5 mmol),

PdCh(dppf)-CHCl, (0.001 mmol), 2-propanol/water (2:1),°8) MW, 10min’ ® Isolated
yields.
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1.4.3 Conclusion

In conclusion, a general and efficient syntheticthod for the allylation of various
substituted potassium alkenyltrifluoroborates witlyl halides was discovered. The

reaction proceeds to form a variety of 1,4-diemegdod to excellent yieldS.

1.4.4 Experimental Section

All glassware was dried in an oven at 110 °C angshiéd with dry nitrogen. All
reactions were performed under an argon/nitrogerosphere. Water and isopropanol
were degassed by purging with argon/nitrogen. HrEwsomatography was performed
using silica gel (32—63 pm, 60 A). All nuclear matjc resonance spectfdd(NMR, *C
NMR and**F NMR) were obtained using a Varian 300 MHz instemta All products
were dissolved in CDGhnd the chemical shifts were obtained relative KST(0.1 %
(v/v)). Potassium organotrifluoroborates were preg utilizing literature methods.
The required organotrifluoroborates were readilgeasible from the corresponding
organoboronic acids (commercially available frondiddh Chemical Co. and Frontier
Scientific Co.) by addition of potassium hydrogefiudride. Microwave activation was
performed using a CEM Discover System in a closessel mode. For the reactions of
organotrifluoroborates and aryl halides the follogvsetting was used: Power: 100 Watt,
Ramp time: 05:00 minutes, Hold time: 20:00 minufemmperature: 108C.

1.4.4.1 General Procedure for Preparation of Potassium (1-Exyn-1-yl)
trifluoroborate.

The boronic acid (4 mmol) was dissolved in a 250+4miind-bottomed flask containing
methanol (~10 mL). Potassium hydrogen difluoride ig2mol, 1.6 g) was placed in a 50
mL beaker and dissolved in water (~40 mL). The gmtan hydrogen difluoride/water
mixture was then added dropwise to the boronic/athanol mixture and the mixture

stirred for 3.5 hr. The resulting slurry was takgm in acetone and then the solvent
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evaporated under reduced pressure using a rotapoeator. The residue was dissolved
in acetone, filtered, and the solution dried ovelnyalrous sodium sulfate. The solvent
was then evaporated under reduced pressure oray ®taporator, re-dissolved in a
minimum amount of boiling acetone, and alloweddolc Diethyl ether was added until

no cloudiness was observed in the supernatantrdhating solid was then filtered and

washed with diethyl ether. Partial evaporationarratmospheric conditions and addition
of diethyl ether led to the second crop of the patd The solid was dried under high

vacuum to give the product (~ 70% vyield).

1.4.4.2 Representative Procedure for Coupling ofPotassium (1-Hexyn-1-

yDtrifluoroborate, and Allyl Chloride Under Mic rowave Condition.

In a dry Pyrex tube filled with a magnetic stirritigr potassium vinyltrifluoroborate
(0.50 mmol) and Pdgldppf)*CHCI, (0.02 mmol, 9.0 mg) were loaded and capped with
an airtight rubber cap. The tube was flushed waitpon to maintain a moisture free
environment. The allylating agent (0.50 mmol) atighig’s base (1.5 mmol, 263L)
were then added using a Hamilton syringe. 2-Propaater (2:1, 5.0 mL) was then
added followed by an argon purge. The resultingtume was placed in a CEM
microwave unit in the closed vessel mode and akbteereact at 100 °C for 20 minutes.
The reaction mixture was then transferred to ars¢epey funnel and diluted with ethyl
ether (20 mL). The solution was washed with wéseX 20 mL) to remove byproducts.
After extraction, the organic layer was separated dried over anhydrous sodium
sulfate. The ether solution was filtered, concaetl, and the product was subjected to
silica gel chromatography using hexane/ethyl aegtHd0/1) as eluent. The product was
separated from the hexane/ethyl acetate usingaayr@vaporator to obtain the pure

product.
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1.4.5 Analytical Data

3a Penta-1,4-dienylbenzene

'H NMR (CDCk, 300 MHz):8 7.26 (m, 5H), 6.40 (d] = 15.9 Hz, 1H), 6.21 (dt] = 6.3
Hz, 1H), 5.90 (m, 1H), 5.08 (m, 2H), 2.96 (m, 2KC NMR (CDC}, 75.5 MHz):5
136.4, 130.8, 128.4, 128.1, 127.0, 126.0, 115.8.36

3b 1-Chloro-4-penta-1,4-dienylbenzene
'H NMR (CDCk, 300 MHz):8 7.27 (m, 4H), 6.36 (d] = 15.9 Hz, 1H), 6.20 (df = 6.3
Hz, 1H), 5.88 (m, 1H), 5.09 (m, 2H), 2.95 (m, 2H).

3c 1-Methyl-4-penta-1,4-dienylbenzene

'H NMR (CDCk, 300 MHz):8 7.25-7.07 (m, 4H), 6.36 (d,= 16.2 Hz, 1H), 6.16 (m,
1H), 5.88 (m, 1H), 5.07 (m, 2H), 2.94 (m, 2H), 2.30 3H).*C NMR (CDC}, 75.5
MHz): 136.6, 134.8, 130.6, 129.1, 127.0, 125.9,.3136.9, 21.1

3d 1-Penta-1,4-dienyl-4-trifluoromethylbenzene

'H NMR (CDClk, 300 MHz):8 7.48 (m, 4H), 6.43 (d] = 15.9 Hz, 1H), 6.32 (dfl = 6.3
Hz, 1H), 5.90 (m, 1H), 5.10 (m, 2H), 2.98 (m, 2HC NMR (CDCk, 75.5 MHz):5
140.6, 135.8, 131.0, 129.6, 126.1, 125.5, 125.5,312116.1, 36.9'°F NMR (CDCE,
282.3 MHz):6 -88.7.

3e 1,1'-(E,4E)-1,4-pentadiene-1,5-diylbisbenzene
'H NMR (CDCk, 300 MHz):8 5.80 (m, 10H), 5.08 (d} = 15.6 Hz, 2H), 4.80 (dfl = 6.6
Hz, 2H), 1.64 (tJ = 6.3 Hz, 2H).

3f (5-Methyl-hexa-1,4-dienyl)benzene

'H NMR (CDC13, 250 MHz)$ 6.20 (d, 1H, 3J,,=15.gHz), 6.10 (dt, 1H, 3Ja,=t5.g
3J..=6.4Hz), 5.22 (t, IH, 3J,.=7.5Hz), 2.83 (dd, 3d,,=7.5Hz, 3J..=6.4Hz), 1.67 (s, 3H),
1.59 (s, 3H).

42

www.manaraa.com



39 (4-Methyl-penta-1,4-dienyl)benzene

1H-NMR (CDC13, 250 MHz)5 1.74-1.78 (3H, m, allylic CH3); 2.97 (2H, d, J6Hz,
allylic CH2); 4.77-4.82 (2H, m, C=CH2); 5.74 (IHt,d= 11.5 and 7.6 Hz, CH=CHPh);
6.54 (IH, d, J= 11.5 Hz, CH=CHPh); 7.20-7.40 (5H,Rh).

3h (Hexa-1,4-dienyl)benzene

'H NMR (CDC13, 300 MHz )3 7.35-7.16 (m, 5 H, ArH), 6.39 (d, 1 H, = 16Hz,
PhCH), 6.20 (dt, 1 H) = 16 Hz,J = 6 Hz, =CHCH2), 5.58 (dq, 1 H,= 12 Hz,J = 7 Hz,
=CH), 5.48 (dtd, 1 H) =12 Hz,J=7 Hz,J =1 Hz, =CH), 2.96 (t, 2 H] = 6 Hz, CH2),
1.66 (d, 3 HJ =6 Hz, CH3):*C NMR (CDC13, 75 MHz)8 137.67, 129.91,

128.65, 128.35, 127.50, 126.78, 125.91, 125.09/&nd C=C), 30.30, 12.68 (CH2 and
CH3).

3i 1-Hexa-1,4-dienyl-4-methylbenzene

'H NMR (CDCk, 300 MHz):8 7.25-7.07 (m, 4H), 6.36 (d,= 16.2 Hz, 1H), 6.16 (m,
1H), 5.88 (m, 1H), 5.07 (m, 2H), 2.90 (m, 2H), 2.0 3H), 1.70 (m, 3H}°*C NMR
(CDCls, 75.5 MHz): 136.6, 134.8, 129.1, 127.0, 125.9, 122, 36.9, 21.1, 17

3] 1-Hexa-1,4-dienyl-4-trifluoromethylbenzene

'H NMR (CDCk, 300 MHz):8 7.48 (m, 4H), 6.43 (d] = 15.9 Hz, 1H), 6.32 (dfl = 6.3
Hz, 1H), 5.90 (m, 1H), 5.10 (m, 2H), 2.98 (m, 2#)70 (m, 3H)**C NMR (CDCE, 75.5
MHz): & 140.6, 135.8, 131.0, 129.6, 126.1, 125.5, 12525.3, 125, 116.1, 36.9%F
NMR (CDCl, 282.3 MHz):6 -88.7.
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Part Two

REACTIONS CATALYZED BY HIGHLY
ACIDIC ALUMINA VIA MICROWAVE
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CHAPTER 1

ALUMINA AND MICROWAVE
2.1.1 Alumina
2.1.1.1 Introduction

Inorganic solid-phase reagents comprise a wideerafigupports and materidisn part
two, metal oxides in general and alumina in paldéicuare examined in microwave
assisted reactions. Running a reaction withoutaideof a catalyst usually requires an
elevated temperature and a long reaction fitriehe addition of a catalyst (such as
activated alumina) can reduce temperature andio@atine in addition to increasing
stereoselectivity, regioselectivity, and reactiates® Solids such as silica, alumina, and
clay can induce reactions on their surfaces intexdito being used as an acid or a
base®* Alumina is a metal oxide containing aluminum amxggen ions. Both anhydrous
and hydrated alumina are available. The surfacaacheristics can be varied in a
number of ways and this can affect the course afiyraganic reactions.There are
several forms of alumina which include; v, 6, n, 9, x, andy. Alumina matrices are
commercially available and can be prepared fromurally occurring aluminum ore
(Bauxite) via the Bayer proceSsihe o type is the only one that is not classified as a
transition alumina, and can not act as a catalysttd its three dimensional struct(re-
Alumina contains a low surface area, low porositigh density, high mechanical
strength, and has thermal stability. The clasiion of the remaining transition alumina
types ¢, o, n, 0, x, andy) is dependent on the dehydration process usedrto them.
These types can be achieved by longer dehydrationcalcinations of the hydrated,

natural occurring aluminum oxide (Fig 2.1.1a).

Boehmite —22%Cx v _6oeCy, § 1000C, g _1200C,

Bibbsite ZSO’C; x 900’C! K 1200’9, a

Fig 2.1.1 Procedures for the formation of traosialumina

50

www.manaraa.com



2.1.1.2 Advantages and Disadvantages of Inorganic Softd

There are advantages and disadvantages to usiolgdecatalyst in an organic reaction.

The pros for using inorganic solids include:

Green chemistry, inorganic solids are normally sorwnentally friendly and can
be recycled;

Safety, they are non volatile and odorless;

Commercial availability, they can be used off thelEand some has long shelf
life;

Simple isolation procedure and purification (asaaisolvent choice);

Inorganic solids can offer superior reaction s@kggtand control;

The cons include:

Scale up, some reagents require a slow loadingawtants which results in very
long reaction times;

Special apparatus, many procedures require extamditions for preparation
such as high temperatures and oxidative free emviemts;

Properties can vary significantly, differ commelcmanufacturing procedures
can result in reagents with different structured eompositions;

Inorganic solids are often non-homogeneous andnt fwe difficult to quantify

surface properties;

2.1.1.3 Gamma Alumina

The chemical reactivity of this transition alumie@ables it to play a role as a catalyst in

organic chemistry. Among the transition alumingamma aluminay{Al,Oz) has been

studied and used more often than any other form tdués high surface area and

enhanced catalytic activity. Gamma alumina carptoeluced in an acidic, neutral, or

basic form and has a maximum surface area of 20¢. nThe numbers of catalytic sites

that will be exposed depends on the activationogefneating time). The structure and

surface of this alumina was extensively studiecasdy as 1960'S.However, it was a

decade later that Knozinger and Ratnasamy usednelIpefect Model to identify the
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gamma alumina framewofkin their study, they show that the unit cells evenprised of
21 and 1/3 aluminum atoms per 32 oxygen atoms (tfeigormula AJO3z). This “1/3
alumina” leaves vacant cation position in the ¢attwhile the oxygen anions arrange in
four distinct layers. These layers can be represented by A to D; weiethe top layer
(surface) and B-D follow. Each layer contains fiedént geometric orientation for the
aluminum cations (Fig 2.1.1.3a). For example,ha top layer there are 24 cations in
which 8 are in octahedral and 16 are in tetrahegkealmetry (Table. 2.1.1.3). The top
layer is oriented in such a way that if one uségpagraphic view to describe the surface,
it would seem like mountain terrain rather theteadne. In some cases, the lower layers
are exposed due to formation of “craters” in thp tayer. As for the oxygen/anion
layers, they contain two different types: hydratedl anhydrous. In the hydrated form,
the first two layers contain five types of hydroxytoups. These hydroxyl groups
identify many of the reactive sites of the alumamal have distinctive infrared and NMR
spectra (Fig 2.1.1.38%:** New bottles of gamma alumina are naturally hydratsth
about 3 mmols of surface hydroxyl groups per 1 gafmalumina (according to the
manufacturer). This amount can be measured ity the alumina with methyllithium
and measuring the volume of the methane gas relea€®@mmercially, to remove the
hydroxyl groups from the surface (a.k.a activatiah)mina has to be heated under a

vacuum. As a result, water is released and

Table 2.1.1.3 Layer of gamma alumina.

Layer Geometry
Octahedral Terahedral
A 8 16
B 24 -
C 12 12
D 24 -
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Fig 2.1.1.3 a The Knozinger and Ratnasamy layegamma alumina
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Type A Layer Hydroxy!l Stretching (in cm™)

(|)H
la Al 3760 - 3780
/TN
I
lla O .
\L / \AI 3730 - 3735
ZIN/IN
B Layer
OH
Ib \/Ll e 3785 - 3800
~ | N
|
b \Ju /S o\AI 3740 - 3745
ZINZTIN
|
1] \A||/ O\A||/ 3700 - 3740
/ | Ny~ | AN

Fig 2.1.1.3b Types of hydroxyl groups on the A &layers of gamma alumina
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aluminum cation and oxygen anion sites are expo3ée. higher the temperature and the
longer the activation, the more hydroxyl groups barremoved. Hence, greater activity
of alumina can be achieved. The activation prooesstake between hours and days
(depending on the activation level one wishes ties®) where the reverse process can
be achieved in minutes simply by exposing the ahamio atmospheric condition (Fig
2.1.1.30c).

09
®
—Al—O—AlI—
O i x
Y Lewis  Bronsted ’ZO
acid base
OH OH eo/ o°
—AlI—O—AI— —AlI—O0—AI—

Bronsted Lewis
acid base

Fig 2.1.1.3c Activation and dehydration of gamathanina
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2.1.1.4 Gamma Alumina and Organic Reactions

As mentioned in the previous section, alumina, Enegal, and gamma alumina
(Brockmann Grade I), in particular, have been esitesly studied. Posner, Kropp as
well as Kabalka and Pagni have extensively studiggnic reaction on activated and
unactivated alumin&™® Fig 2.1.1.4a contains a summary of some of thesetions.
The reactivity of the alumina depends on the andilzasic sites located on the surface as
well as length of hydration and method of preparatilt is important to note that surface
acidity or basicity can also be modified by the iadd of promoters such as acids or
bases. One major advantage of using alumina ianicgsynthesis is that in most cases,
no solvent is needed. This can allow (Green cheyhisemoval and purification of the
product with a minimum solvent. As mentioned poengly, the stereoselectivity of a
reaction can be control by using alumina. Kabakd Gooch have demonstrated that
vinylboronic acid bound to the surface of aluminalds E and Z vinyl iodides when
treated with iodine. They demonstrated thatEheisomer ratio could be modified by
using different hydrated surfaces and activatidg g1.1.4b):" Previously, alumina was
activated using “thermal heating” under a vacuumchiresulted in the removal of
hydroxyl groups from the surface. The removal li#se hydroxyl groups was not the
only thing that occurred. As a result of the aafiion, a few acidic and basic sites were
exposed in the form of aluminum cations and oxyaeions (Fig 2.1.1.4c). These active
sites mimic the catalytic effect of enzymes in sactvay that they cause selectivity on
the surface and moderated reactions can be obselemost effective catalytic effects
result from activation of alumina at 400 for 4 hours (Fig 2.1.1.4d). One of the reasons
for this “magical number” is the fact that, at tkesnperature, there are equal amount of
exposed acid and basic sites. Only 1 mmol of hggrgroups remains on the surface
per 1 gram of alumina (this can be calculated bightdoss). The acidity of the alumina
using this activation process decrease thgtpka range of -3.0 and -8.2 from the original
value of 7.0 for the unactivated natural alumifiaa modify the acidity of the activated
alumina even further, the use of chemisorptionhysisorption can be utilized.
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0
\/ \/\OH Al,03 Acidic - j

Al,O

)‘ji 203 - |
N
/\

n-BuN
Al,0; n- BuNH, \\\\OH
Ether, 25°C, 24 h

Al 203 (COBF)Z
/ 3h

OH O

)\ Al,O3 C|3CHO )]\

Pentanes

Fig 2.1.1.4a Selected reactions catalyzed by gaadomina
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s — L. Catecholborane, THED R
2. cold H,O >_<

H B(OH)»
Al,O3 R H R I
| - >=< + >=<
2 H | H H
E Z

Fig 2.1.1.4b Modification oE/Z isomers using gamma alumina

() (@ (@
OLICLICLICENNCOLIOLIOLIO
e )e(e()e eHele(e

Fig 2.1.1.4c Activation of gamma alumina by detayn

OH oH OH OHOH OH OH O OHO

400 I/vwllvm| |
IIVV\«LW\|N|WV|IVV‘ 4h0ur? wn w e * 2h0

Fig 2.1.1.4d Optimum temperature and time forabtvation of gamma alumina using

“thermal condition”
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2.1.2 Microwave and Solid Phase

2.1.2.1 Introduction

In the past, before the era of “microwave-assistg@nic synthesis” (where temperature
and pressure could be easily monitored and coattplla solvent free synthesis was the
only method available if one wished to use microsvavadiation in organic synthesis.
The reason was that there was no pressure buil@dwugh,domestic microwave ovens
could be safely used. A solvent free reactiona diry media reaction, is a reaction that
does not use solvents and the reactants (and si@talif needed) are either pre-adsorbed
or mixed into the dry media. Dry media can be wb ttypes. The first involves
microwave transparent materials such as silicaniaa, or clay. The second involves a
strongly absorbing inorganic support such as gtephihere are advantages to using dry
media which include: cost effectiveness (dry median be recycled), and
environmentally friendliness. Generally, in a kdale reaction, the use of a dry media
technique is straightforward. However, when scplip a reaction there are few
problems that should be noted. These problemadeclinefficient mixing, non-uniform
heating, and difficulties involved in temperatureomtoring. To overcome these

problems, specific engineering techniques mustdveldped.

2.1.2.2 Solvent Free Techniques and Inorganic Solids

As previously discussed, a solid organic mater@msdnot absorb microwave energy,
therefore, no heating will occur. In order to amane these “problems” there are three
approaches that can be taken. The first approacdiivies the use of glassware that can
absorb the microwave irradiation and generate foedhe reaction. The second involves
the addition of a small amount of polar solventhsas water; the polar solvent allows
dielectric heating to take place and subsequemherate heat. [A good example is the

reaction of benzoin with urea to produce 4,5-digidrimidazolin-2-one”? Placing
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these two reactants, neat, in the microwave wilehao effect. Only with the addition of
a few drops of water (or appropriate glasswarel), the reaction go to completion (Fig
2.1.2.2)

The third approach involves the use of weakly dlisgr inorganic materials. These

materials can be divided into two groups. The fre inorganic materials such as silica,
clay and alumina which can act as support mateaiadscan eliminate the use of solvent.
These inorganic materials can immobilize reactantporous solid supports. The second
group of inorganic support materials are those ¢hatact as catalysts. Alumina, belongs
to both groups. It has hydroxyl groups on theame&fthat can act as an acid, in addition
to being used as an activation site. Alumina dasoeb and convert the energy from the
microwaves and transfer this energy to the reagtafbere are many organic compounds
that do not couple well with microwaves and requirgh temperature. In such cases,
inorganic materials that can couple well with miwaves and, at the same time, provide

mechanical and environmental support to the re&stme highly desirable.

OH O H
O N
O . )j\ MW, 4min gy | o
aproperate glassware

H5N NH; or few drops of solvent N
O H

Fig 2.1.2.2 Synthesis of imidazolin-2-one
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2.1.2.30pen vs. Closed Vessel Conditions

Today, microwave irradiation can be carried outwo different ways: open vessel and
closed vessel. Each method has it own advantagkdisadvantages. The closed vessel
method refers to the fact that the reaction takasepin pressurized environment. In the
open vessel mode, the reaction mixture is operhé environment. When using a
solvent, the closed vessel mode permits rapid cigte heating which allows the
temperature to far exceed the boiling point of ssdvent. One thing that should be
mentioned, without going into great detail, is tsatvents will change their dielectric
constant (see section 1.1.2.1) under such conditiofhe use of a solvent in an open
vessel mode permits reflux. When using a “sol¥e®” synthesis, the open vessel mode
allows the escape of volatile products (by theafse vacuum pump or an oil trap outlet,
for example). When choosing a solvent for an opessel mode, one should consider
dielectric constant, boiling point, and solubilityfoday most reactions are carried out

under closed vessel conditions due to significaté enhancements.

2.1.2.4 Microwave Effects on alumina

It is now known that something significant occuns ine surface of alumina under
microwave irradiation. The presence of hydroxydugps on the surface of the alumina
can induce the coupling of the alumina with thermnaves. The hydroxyl groups are
polar and can generate dielectric heat. RamarNahid spectroscopies provide evidence
for these phenomena. Raman spectroscopy of umsadivalumina reveals broad
hydroxyl group absorption with maximum intensityagproximately 3230 cth When
the same alumina has been activated at 130 °C bsowave irradiation, the area under
the peak due to the hydroxyl groups stretch deesedwy approximately 20% (Fig
2.1.2.4a). Solid state proton NMR analysis of tivated alumina reveals a sharp singlet
due to the surface layer hydroxyl groups. Whenstdmae alumina has been activated at
130 °C by microwave irradiation, the presence déast five broad singlets in the proton

NMR spectrum (Fig 2.1.2.4b) are observed. Theeturresults can be compared with
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those of Kndzinger and Ratnasamy. In their revitwey noted that several hydroxyl
group stretches had been detected by vibrationattsygscopy when alumina was
activated thermally at various temperatures. Theselts clearly show that adjacent
hydroxyl groups react via proton transfer to forrater, which is then driven from the
surface.  This ultimately creates surface hydrogybups that are in different
environments and, as a result, yield different peak the proton NMR spectrum.
Furthermore, this dehydration reaction exposes ialum ions to the surface, which then
catalyze various reactions. In the next chaptiues,efficiency of microwave activated
alumina on various reactions such as Diels-Aldéajsén, and Fries rearrangements is

described.
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Solid state proton NMR of activated alumina.

2.1.2.4b (bottom)
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CHAPTER 2

DIELS-ALDER REACTION
2.2.1 Diels-Alder

2.2.1.1 Introduction

The Diels-Alder reaction is one of the most impotteeactions in organic chemistry.
The Diels-Alder reaction involves a 2+4 cycloaduhtibetween a conjugated dienenf4
electrons) and an electron deficient dienophile-&ectrons). The reaction creates a Six-
member ring, which enables up to four stereogemicters (Fig2.2.1.1a). The end
product of this one step reaction, and the driviagce behind the reaction, is the
formation of two newo-bonds (at the expense of the twebonds), which are
energetically more stable. In most cases, thetiomacs facilitated by the dienophile
containing electron withdrawing groups. In genecalrying out a Diels-Alder reaction
without the aid of a catalyst requires elevatedpteratures and long reaction tinfé§.he
use of Lewis acid$,in addition to the use of microwave irradiatidrgan increase
stereoselectivity, regioselectivity, and reactiater The stereoselectivity of the reaction,
whereendois usually prefered oveaxq is due to a plane-to-plane orientatfét{OMO-

LUMO interaction®® and the transition stafé.

==
+ —_—
F

Dienophile Diene

Fig 2.2.1.1 General Diels-Alder reaction.
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2.2.1.2 Diels-Alder in organic synthesis

Cycloaddition reactions in general, and Diels—Aldgaction in particular, are among the
most efficient ways to synthesize six-member rifig®ver the years, numerous groups
used a variety of solvents, catalysts, reactionditimms, etc. to enhance rates, yields,
stereo and regioselectivity.The use of homogeneous Lewis acid, can lead tolgnts.
The synthesis usually requires preparation of laageounts of catalyst, leading to
problems involving hazardous waste disposal, amohtia the environmerft. The use of

a heterogeneous medium (solids) such as aluminalocamate some of these problems.
In this section (and the next one), a brief revdvsome of the methods that have been
used will be discussed. A typical Diels—Alder oaddition reaction that has been
studied throughout the years is that of cyclopaeta (CP) with methyl acrylate (MA)
(Fig 2.2.1.2a). The reaction results in a mixeadpct ofendo/excadduct. For reasons
previously mentioned, thendo adduct is preferred. Although thendo adduct is
preferred over thexoone, this ratio can be manipulated by various outh When an
uncatalyzed reaction between CP and MA is cartlezlratio observed is 7.3:&r(do/exo
respectively). With the addition of unactivatediralna, the ratio changes to 5.5:1.
When using activated alumina (thermal condition 4G9 the ratio increases to 50:1
(mainly due to the expanded acid sites). Thisora#in be increased to 99:1 by using
AICl3 in benzené® More details about stereoselectivity in the reactf CP and MA can

be found in Michael McGinnis’s dissertation (paddsl17)?

O — Lb zb

CO,CH3
CpP MA Endo adduct Exo adduct

Fig 2.2.1.2a Diels-Alder reaction of CP and MA.
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In addition to the reaction of CP with MA, the re@ans between isoprene (IP) and MA,
and of dimethyl maleate (DMM) and CP have beenistudFig 2.2.1.2b). These
reactions were studied using activated aluminafodribalide mixtures (next section) in
the presence and absence of a solvent (toluen®.rélaction of IP and MA was carried
out at room temperature for an hour and, depenadimthe boron trihalides and solvents
used, the yields ranged from 1% (for,@4/BF3) to 80% (for AbOs/BCl; in toluene).
Thepara/metaratio ranged from 6:para/meta(for Al,O3/BFs3) to 49:1 (for AbOs/BBrs).

As for the reaction of DMM and CP, it was carriagt at room temperature for an hour,
as before, depending on the boron trihalides ahests used, the yields range from 5%
(for Al,O4/BBr3) to 97% (for AbOs/BBr3 in toluene). Therans/endo/exaatio obtained
was 4:10:1 (for AlOs/BBr3) and 50:1:0 (for AlOs/BBr3 in toluene) (respectively).

0,CH; CO,CH;
+ | , +
X
CO,CH;

1P MA "Para" adduct "Meta" adduct

CO,CH,4
O (o Ay, du dyo
CO,CH,4 CO,CH,

CO,CH; CO,CH;, CO,CH;,

CP DMM Endo adduct Exo adduct Trans adduct

Fig 2.2.1.2b Diels-Alder reaction between IP a4 (above) and between CP and
DMM (bottom).
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2.2.1.3 Diels-Alder reaction and Lewis acids witkhe addition of boron trihalides

The Diels-Alder reaction can be influenced by tddi#on of various Lewis acids. The
Lewis acid can contribute to enhanced stereoseigctas well as improved vyields.
When a Lewis acid such as activated alumina is &ddethe reactants, a complex
between the acid and the dienophile forms (Fig1232). This interaction allows the
electron withdrawing substituent on the dienophibe make the double bond more
electron deficient. The result of this electrofident double bond is a faster and a more
selective reaction (Fig 2.2.1.3b). In additioratomina being a Lewis acid, the addition
of stronger acids such as boron trihalides canrerehthe reactivity even furthétin the
complex of AbO3/BX,, the enhancement is due to the boron’s empty Bpgabmwhich
allows the boron trihalide to chemically bond te turface of the alumina. The boron
halide can bond to the hydroxyl groups (in the aimated form) or to the oxide anions
(in the activated alumina). The Lewis acidity d=ges in the following order: £+
BBr; > BCL > BFR;. When boron trihalide reacts with alumina, itates a unique
surface, depending on the halide use (Fig 2.2.1.3o)addition, each boron trihalide
results in a different acidity that can be measwsithg indicators/dyes. The use of a
boron trihalide can have a major drawbacks. Fa@mexte, reactions using BBwill
result in the release of HBr to the environment abldition, boron trihalides often
polymerize the reactants and lead to a lower yieldghe preparation of activated
Al,0O3/BX,, is very tedious: This procedure involves a vaclaystem, an open flame to
dry the alumina, the addition of a solvent sucthasane, and long reaction times (the
slurry reaction mixture has to be stirred for 3 fsdu Nevertheless, the use of boron
trinalide can lead to significant results. Formapde, in the reaction between IP and MA,
the large regioselectivity obtained by using adédaalumina can be attributed to steric
interactions between the surface of the alumina l&nd These interactions force the
methyl group away from the surface, which resulta preferred formation of th@éara’
product (Fig 2.2.1.3d).
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B | ¢ Y alumina BC OR BE Y alumina \8/ 3
O/ \O + e} hexanes C 8 3
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Fig 2.2.1.3c Reaction of Bg{left) and BE (right) with alumina.
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| | -
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\B/ Al \B/ Al
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Al Al Al ,ll /LI l\I

Fig 2.2.1.3d Transition state of IP and MA onrbemated alumina.
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2.2.1.4 Diels-Alder reaction and microwave heatm

Microwave irradiation of Diels—Alder reactions hhscome increasingly popular in
recent year&® There are reasons for the use of microwave irtiadian Diels—Alder
reactions: microwave irradiation can accelerate rdection and can lead to reaction
efficiency. In addition, one can use high tempeed without pressure build up when
using a closed vessel mode. In the last few ydlaesiise of microwaves for Diels-Alder
has involved two approaches: homogeneous and lgetsous. In 1986, Giguere
reported the use of domestic microwave ovens ilpuarDiels-Alder reactions, both neat
and using p-xylene as a solvent (Fig 2.2.1°4a)With the development of better
microwave instrumentation, solvents such as ioniguids, dimethylformamide,
methanol, acetone, glycol, dimethyl sulfoxide, &veén water have been used for Diels-
Alder reactions? At the same time, the use of solid supports ssatlay were studied to
enhance the Diels-Alder reactidhEach approach has its advantages and disadvantages
lonic liquids, for example, couple very well withiarowaves through ionic conduction
and hence can be quickly heated at a rate of JjetfGecond without significant pressure
build-up3? For example the Diels-Alder reaction between 2r8aihylbutadiene and
methyl acrylate requires 18-24 hours at°@5using “traditional” heating methods (oil
bath). Using microwave irradiation (Fig2.2.1.4thjs reaction goes to completion within

5 minutes (with the addition of small amount ofimsolvents).

CO.Et o

+ —_—
ﬂ\ /7 | | 10 min’ / /
CO,Et

CO,Et
66%

Fig 2.2.1.4a One of the first reported Diels-Aldeaction using MW.
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The use of water as a solvent in microwave reast@an have a drastic affect on Diels-
Alder reactions. Yu reported the use of a recyelabewis Acid catalyst, an
organotungsten, using water as a solvent (Fig 283 Yields of 90% were obtained at
50 °C in less than one minute. For comparison, studigypical Diels-Alder reaction
using water as a solvent (under thermal conditiamsie reported to be in the hours

range®>%°

CO,Me
+
/\COZMe -~
80%
Fig 2.2.1.4b The first known use of D-A reactiorMW.
0
O=P(2-py);W(CO)(NO),](BF +
@ + (O=PRPYLWICONNOVIEFY: J coch.
MW, H,0, 50°C, 50 sec'
CO,CHj4
93% Endo 7% Exo
90% vyield

Fig 2.2.1.4c Organotungsten Lewis Acid catalysh Beaction.
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2.2.2 Results and discussion

This study constitutes the first use of activatkdréna for Diels-Alder reactions using
microwave irradiation. One of the main goals feplging microwave irradiation to
alumina and the Diels-Alder reaction was to compleeresults obtained in previously in
our lab. The first phase of the project was teedrine the best method to activate the
alumina. An open bottle of gamma alumina (the extate this bottle was initially
opened could not be determined- although a congeevguess would be about 10 years)
was used. The first reaction employed 2 gram @DAln a septum capped test tube
(along with a stirrer) flushed with argon via a dieeinserted through the septum and an
exit needle attach to an oil trap. The alumina imasliated for ten minutes at 12G.
This method was inefficient: the desired tempertuas not reached and accumulation
of vapor water was observed at the top of the ttdst. After a few additional trials,
conditions were optimized. Best results were olgidiwhen one gram of alumina was
irradiated at 300 Watt for twenty minutes at a tenafure of 130C (Table 2.2.2a). The
vent to the oil trap was replaced by a needle lagtd¢o a vacuum pump. This adjustment
solved the condensation problem. The next phaselvied the determination of the
percentage of water lost during activation. Thaéswlone by measuring the weight of the
sample before and after the activation. The awevagjght loss was about 0.051g per 1g
(approximately 5.1%) of alumina activated for bott 1. When a different bottle of
alumina was used (bottle # 2), it was observed l#sd weight was lost. The average
weight loss for this bottle was about 0.017g per(dgproximately 1.7 %) of alumina
activated. A new bottle was purchased (bottle.#T3)e average weight loss for samples
from the new bottle was about 0.004g per 1g (apprately 0.4%) of alumina activated.
According to the manufacture, the moisture contanthe time of packing was 1.8%.
From these data, it is reasonable to concludethieadlder the bottle the more moisture it

contained and thereby will lose more weight duagvation.
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Table 2.2.2a Selected result for activation afraha (bottle #1, per 1 gram).

Trail # Power Temperature Time Weight loss
°C Ramp/Hold
1 200W 90 20/10 0.043¢g’
2 200W 100 20/10 0.045¢’
3 200W 90 20/5 0.017g
4 200W 90 20/15 0.055¢g
5 300W 150 10/10 0.058g
6 200W 90 5/15 0.047¢g
7 300W 130 5/20 0.0569
8 300W 130 5/30 0.0569
9 300W 130 5/40 0.0579g

Table 2.2.2b Selected results for reaction tim@.8 and M.A.

Trail # Power Temperature  Time Endo/Exo Yield
°C Ramp/Hold Ratio (%)
1 100 60 20/15 81/19 48
2 100 60 10/7 79/81 49
3 100 60 5/15 87/13 95
4 100 70 20/15 88/12 54
5 100 50 10/10 80/20 45
6 100 60 15/15 91/9 60
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The next phase of this study was focused orettum/exaatio and the yields obtained by
reacting CP and MA on the surface of the alumiAa.before (keeping the activation of
the alumina at 300 W, 13, 20 minutes), the optimum method to obtain thet batios
and yields were determined.
1. CP and MA were added to unactivated alumina andnixéure stirred for 15
minutes. A 30% vyield and a 70/8ddo/exaatio were obtained.
2. CP and MA were added to activated alumina and tiré¢ure stirred the
reactants for 15 minutes (no microwaves). A 40%ldyiand an 89/11

endo/exaatio were obtained.

3. CP and MA were added to unactivated alumina anceplan the microwave
(100 W, 15 minutes, 68C). A 50% yield and an 89/ldndo/exoratio were
obtained.

4, CP and MA were placed in a test tube (no alumima) mradiated in the

microwave (100 W, 15 minutes, 6CQ). A 60% vyield and a 68/3@ndo/exo
ratio were obtained.
From these results, the following can be concluded:
1. A high yield of product under microwave iri@ibn can be obtained without
the aid of alumina.

2. Higher stereoselectivity is obtained usintjvated alumina.

In addition to the above results, reactions wepeaged using a new bottle of gamma
alumina handled inside an air-free/ moisture-frgleve box) environment. A duplicate
set of experiments was carried out under atmosplwemditions. The purpose of this
experiment was to determine the behavior of theesaliimina under varying conditions.
Over the course of two weeks, reactions of CP WMtk were carried out on activated
and unactivated alumina (Table 2.2.2c). From thessults, the following was
concluded:

1. Microwave irradiation can restore thengilba to its initial state in terms of the
enddexoratio obtained in Diels-Alder reactions.

2. Microwave irradiation can increase tiedd/obtained.
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Table 2.2.2c Control experiment using moistuee fand atmospheric conditions.

Time Condition Weight loss Endo/Exo Yield
Ratio
0 Day Unactivated - 91/9 31%
0 Day Activated 5% 91/9 44%
1 Day Activated 5% 90/10 48%
3 Day Activated 7% 89/11 44%
1 Week Activated 7% 88/12 45%
2 Weeks Unactivated - 81/19 15%
2 Weeks Activated 10% 83/17 47%
2 Weeks Unactivated
From Glove - 90/10 30%
Box
2 Weeks Activated 4% 93/7 46%
From Glove
Box

In an effort to increase stereoselectivity, thectiea of CP with MA was carried out with
the aide of a Lewis acid boron tribromide (BBr BBr; was addedropwise at 0C to
activated alumina (300 W, 13C, 20 minutes) followed by the addition of CP ané M
and the mixture stirred for 5 minutes. The adddotsned in 40% vyield and a 99/1
endo/exoratio was obtained using bottle # 1 whereas a #&3 and a 99/1 ratio was
obtained with bottle # 3. The reaction of isoprenth methyl acrylate was carried out
on BBr/alumina (where the alumina was activated at 300180,°C, 20 minutes) and
then stirred for five minutes at 0 °C. The produas thepara adduct exclusively,

although it formed in very low yield (5%l[Previous results using Bialumina
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(unactivated) for the reaction of isoprene with myeticrylate resulted in a 76% yield in
3 hours, with gpara to metaselectivity of 49 to £. Raman spectroscopy carried on the
boronated alumina (treated with boron tribromideyeraled that approximately 70% of
the surface hydroxyl groups had been removed.dStdite proton NMR spectroscopy of
the boronated alumina revealed the presence @aat keven types of hydrogen on the
surface. Solid staté'B demonstrated that there were boron atoms in @ifferent
environments on the surface. This might be dughéosurface bound boron bonding to
various numbers of bromine and oxygen atoms. titiad, the large number of peaks in
the proton NMR spectrum of the boronated solid @amtribute to the unreacted hydroxyl

groups in different environments.

2.2.3 Conclusion

Microwave irradiation of alumina for short periodstime provides an effective, rapid,
and convenient way to activate alumina. One extian is that, while heating the solid
thermally (from the outside in), adjacent hydrogybups on the surface of the solid form
water which is then driven from the surface. Iehsgases, “normal” aluminum cations
are initially exposed to the surface. These “ndtrabuminum cations in the second
layer of the solid are still surrounded by sevéralroxyl groups from the first layer of
the solid. Microwave activation, on the other haméy superheat small regions of the
surface, resulting in the liberation of several avanolecules in close proximity to one
another. This would expose aluminum cations tostindace in different environments
than the previously noted “normal” aluminum cation8luminum cations in different

environments should catalyze the Diels-Alder aréoteactions in different ways.
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2.2.4 Experimental Section

2.2.4.1 General Procedure

All glassware was oven dried at 14D and flushed with argon before use. In most gases
disposable syringes and needles were used. Gamatagraphic mass spectrometay was
carried out using a HP GC-MS (6890 GC/ 5973 MSDIu@m HP-5msi). All yields
reported were calculated from peak areas genebgt&C/MS where decane was used as
internal standard. Solid stafél, 'B, and *C NMR spectra were carried using a
400MHz solid state instrument. The standard fdidssiate NMR was measured using a
rotor filled with sodium tetraphenylborate and@ Raman spectroscopy was carried out
using a Dilor XY Instrument (S.A., Inc., Edison, )NJ Liquid reagents that were
moisture/oxygen sensitive (such as BBwvere transferred under positive argon pressure.
Solids reagents that were sensitive to moisturgfemywere transferred in a glove box

and were used under an argon or nitrogen environmen

2.2.4.2 Representative Procedure for the reactioof CP and MA

A 10-mL test tube containing a magnetic stirrer dr@ a cap was flushed with argon and
weighed. One gram of alumina was added under aagointhe test tube was capped,
weighed and placed in a microwave chamber. A comialevacuum pump was

introduced to the test tube using a needle plabezlgh the septum cap. Microwaves
were then used to activate the reaction in the messel mode at 300 W for 5 minutes
ramp time (20°C /minute), 20 minutes hold time and 13D. When activation was

complete, the test tube was weighed again anddreeptage weight loss was calculated.
Cyclopentadiene (0.12 mL, 1.5 mmol) was added drepwo the test tube followed by

the addition of methyl acrylate (0.13 mL, 1.5 mmoQyclopentadiene was prepared by
cracking (distill) dicyclopentadiene at 38 (Acros Organics). The reaction mixture was
placed in the microwave chamber and activatedenoften vessel mode at 100 W for 15

minutes ramp time (3 /minute), 15 minutes hold time and ®0. When activation was
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complete, the alumina mixture was washed usinghdietdther (10-mL) and the ether
solution analyzed by GCMS. The reactions of isoprand methyl acrelate were run and

analyzed in the same fashion.

2.2.4.3 Procedure for the reaction of CP and MAm@BBr3/Al O3

A 10-mL test tube containing a magnetic stirrer drad a cap was flushed with argon and
weighed. One gram of alumina was added under aagointhe test tube was capped,
weighed and placed in a microwave chamber. A comialevacuum pump was
introduced to the test tube using a needle plabezugh the septum cap. Microwaves
were then used to activate the reaction in the messel mode at 300 W for 5 minutes
ramp time (20°C /minute), 20 minutes hold time and 13D. When activation was
complete, the test tube was weighed again anddatreptage weight loss was calculated.
The test tube was placed in ice bath and flushéa avgon via a needle inserted through
the septum and an exit needle attach to an oil trBpron tribromide (0.15 mL, 1.5
mmol) was added dropwise and the mixture stirredbfminutes. Cyclopentadiene (0.12
mL, 1.5 mmol) was added dropwise into the test tigdllew by the addition of methyl
acrylate (0.13 mL, 1.5 mmol). Cyclopentadiene wpsepared by cracking
dicyclopentadiene dimmer at 38. The reaction mixture was allowed to stir for 15
minutes. The AIOs/BBr; and reaction mixture were then washed using diettmer (10

mL) and the ether solution analyzed by GCMS.

2.2.5 Analytical Data

la 1-Hexa-1,4-dienyl-4-trifluoromethylbenzene
'H NMR (400 MHz, CDCJ) § 6.20 (dd, 1HJ = 5.6, 3.2 Hz), 5.92 (dd, 1H,= 5.6, 3.2

Hz), 3.62 (s, 3H), 3.20(s, 1H), 2.94 (dt, 1Hs 9.2, 4.0 Hz), 2.90 (s, 1H), 1.90 (ddd, 1H,
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J=11.6, 9.2, 3.6 Hz), 1.36-1.43 (m, 2H), 1.27 (H, 1 = 8.4 Hz).**C NMR (CDCE,
50 MHz): 29.33, 42.56, 43.23, 45.68, 49.61, 511&2,.41, 137.65, 175.09.

1b  4-Methyl-cyclohex-3-enecarboxylic acid methygster and 3-methyl-cyclohex-3-
enecarboxylic acid methyl ester

'H NMR (400 MHz, CDCJ) § 5.37 (m, 1H), 3.69 (s, 3H), 3.67 (s, 3H) , 2.48 (IHl),
2.31 (m, 2H), 1.96-2.00 (m, 4H), 1.73 (s, 3H), 1(313H).**C NMR (CDCk, 50 MHz):
23.33, 26.12, 33.21, 36.67, 42.22, 51.15, 125.32,71, 175.41.
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CHAPTER 3

CLAISEN AND FRIES REARRANGEMENTS

2.3.1 Claisen Rearrangement

2.3.1.1 Introduction

Claisen rearrangements can be divided into two n@gtegories: aliphatic and aromatic.
In the aliphatic cases, allyl vinyl ethers undejg@]-sigmatropic rearrangemert ond
migration in ax system) to givey,0-unsaturated carbonyl compounds. In the aromatic
cases, allyl aryl ethers undergo sigmatropic regement to form an intermediate which
rapidly tautomerizes to aortho-substituted phenol (Fig 2.3.1.1a). In some caes,
intermediates undergo Cope rearrangement to gieectinrespondingara substituted
phenol?” This electrocyclic reaction is an intramoleculangesses that can proceed
under thermal or catalytic conditions. Claisenrn@agements, in general, require high
reaction temperatures (~200) and can result in several byproducts. In natGtaisen
rearrangements can be catalyzed by enzymes sucbhassmate mutasd. The
mechanism (Fig 2.3.1.1b) by which this reactioncpemls resembles that for the Diels-

Alder reaction.

Fig 2.3.1.1a Claisen rearrangement of aliphatromound.
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Fig 2.3.1.1a The mechanism for aromatic Claigamrangement.

2.3.1.2 Literature review of Claisen rearrangemein

Numerous papers have been published about Clagsgrangements. In fact, there is a
magazine dedicated to publications involving Claiseearrangements. Claisen
rearrangement reactions are abundant in naturer ekample, the first step of the
metabolic transformation of chorismic acid into pylalanine or tyrosine involves a
Claisen rearrangement. Thedho-allylated poly-functionalized phenol derivative &f
great importance in biology, and just recently shedy of the retrosynthesis of the toxin
Ecklonialactone B was publishdd.The use of the Claisen rearrangement under
microwave irradiation has not yet been fully exptbhr As with Diels Alder chemistry,
using microwave irradiation to perform Claisen raagements can be carried out neat or
with the aid of a solvent. Wada and Yanagida riegabthe double Claisen rearrangement
of bis(4-allyloxyphenyl)sulfone to produce the Bis(lyl-4-hydroxyphenyl)sulfone
without the aid of a solvent (Fig. 2.3.1.28Bis(3-allyl-4-hydroxyphenyl)sulfone is used
in industry for heat/pressure sensitive recordirnother example of a neat synthesis
using a Claisen rearrangement involves acetophenoAeetophenone is of use in
medicine and the cosmetic industry. In traditiom&thods, the conversion of 2-allyloxy-
acetophenone to 3-allyl-2-hydroxyacetophenone e&e up to 44 hours at 20C to
reach completion. Using microwave irradiation wdir cooling (see section 1.1.3)

allows for completion of this reaction in 1 hour2a0°C (Fig. 2.3.1.2bf!
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Fig 2.3.1.2a The synthesis of bis(3-allyl-4-foyd/phenyl)sulfone.

(0]
MW neat
210°C 1 hour
(0]

Fig 2.3.1.2b The synthesis of 3'-allyl-2’-hydreagetophenone.

Evidence for the microwave effect (see section4).ih Claisen rearrangements can be
seen in the work of Ley and coworkéfsThey studied the role of allyl ether in the multi-
step synthesis of carpanone (a natural producadyekc molecule with five contiguous
stereogenic centers, with no element of symmetryomtical activity). Employing
microwave irradiation of the allyl ether was moffeetive when using 3 pulses of 15
minutes each at 22T (Fig 2.3.1.2c). When one burst of irradiation 46 minutes or 8

short bursts for 2 minutes each were used, thds/@¢creased approximately by 15%.
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Fig 2.3.1.2c Step # 5 in the synthesis of carpano

2.3.2 Fries rearrangement

2.3.2.1 Introduction

Fries rearrangement involves the conversion of asgers to the corresponding acyl
phenol. The reaction is usually catalyzed by Brexsr Lewis acids such as AlGbr
BF;. The pathway of the reaction is such that thd famims a complex with both starting
material and product. When a solvent is used agti;sn media, the complex can result
in the formation of an acylium ion (Fig 2.3.2.1Mydrolysis of the reaction will result in
the release of the acid from the product. Bmttho andpara substitutions are possible.
The selectivity of the reaction depends on the grglip used as well as the temperature
at which the reaction is carried out. One of thairmdrawbacks of using Fries
rearrangement is the need for strong acids. Masigsaused for this reaction are
corrosive or toxic in nature. Furthermore, whemnlrojysis is used to release the desire

product, a violent reaction typically occurs.
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Fig 2.3.2.1 Reaction mechanism for Fries reaearant.
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2.3.2.2 Literature review for Fries rearrangement

Some of the main uses of Fries Rearrangement daheipharmaceuticals indusffy/For
example, thgara isomer from the rearrangement of phenylacetatekisy intermediate
in the manufacture of paracetamptgcetaminophenol), while thertho isomer can be
converted to salicylic acitf. In the polymer industry, 2,4-dihydroxybenzophencaa
undergo Fries rearrangement to form diphenol momsntleat subsequently produce
polymers?® To recover products, a hydrolysis step (whicholtofved by the destruction
of the catalyst) is required. This can resultargé amounts of inorganic, corrosive, and
polluting by-products. In an effort to eliminateese problems, various catalysts and
solvents have been explored. Paul examined theotizinc powder in DMF in the
rearrangement of acetylated pheriglsie utilized both microwave irradiation as well as
oil-bath heating and produced moderate to gooddyi@h an average of 5 hours. In
addition to microwave irradiation and thermal hegti the use of photochemical
excitation has been used for Fries rearrangeménitissan reported the rearrangement of
1-naphthyl acetate via phototransformatidnThey studied the kinetics of the
phototransformation of 1-naphthyl acetate. Theiaction resulted in three products
typical for the photo-Fries rearrangement: 2-aecgtyglaphthol, 4-acetyl-1-naphthol, and
1-naphthol.

2.3.3 Results and discussion

The study constitutes the first report of Claised &ries rearrangements using alumina
and microwave irradiation. The initial study wasreed out using allyl phenyl ether in
an attempt to obtain 2-(2-propenyl)phenol. Themmbduct obtained from this reaction
was 2,3-dihydro-2-methylbenzofuran (Fig. 2.3.3a)Modification of the reaction
conditions, resulted in various ratios betweendhe® products and the starting material
(Table 2.3.3a Entries 1-11). Calculation show th@&-dihydro-2-methylbenzofuran is
[+

eight times more likely to form over the 2-(2-praghphenol’’ This is due to alumina’s
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acidic environment and to the fact thatkk= 8. In other words, the second rate constant,
ko, (from 2-(2-propenyl)phenol to that 2,3-dihydraovathylbenzofuran) is 8 time larger
than the first rate constant;, Kfrom allyl phenyl ether to 2-(2-propenyl)phenoljfter
the conditions were optimized, a study of varioubstituted allyl phenyl ethers was
conducted (Fig 2.3.3b). When substituted allyl athhers were used, a ring closure was
observed. But, when substitute allyl phenyl etheese used, no ring closure was
observed. In the synthesismafmethoxyphenol, extraction using diethyl ether leslin
much lower yields in comparison to the use of mebhdor extraction. A reasonable
explanation might be the demethylation of the pobdhy the diethyl ether. As for the
Fries rearrangement, the only product that wasimddavas phenol (Table 2.3.3a Entries
12-14). From these results it would appear thatatylium ion formed in the process of
the rearrangement has a greater affinity for themala and does not undergo

rearrangement.

Kl K2
— ——

Fig 2.3.3a. The formation of 2,3-dihydro-2-metigihzofuran.
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Table 2.3.3

Various reaction condition for thai€&n rearrangement of allyl phenyl

ether.
Trail # Condition Results Comments
Activate Alumina 130'C, Two peaks No vacuum
1, Claisen| 20 min, 300 W 1. (2-propenyloxy)benzeng
Add reagents, stir for 5 min | 2. 2,3-dihydro-2-
Wash with ether, run GC methylbenzofuran
(small ~ 1%)
Activate Alumina 130'C, Two peaks 1+2 Closed
2, Claisen| 20 min, 300 W (small ~ 1%) Vessel,
Add reagents, M.W 100 W, Power didn’t
60°C, ramp 15 min hold exceed 10 W
15min
Activate Alumina 130°C, Two peaks 1+2 Open Vessel
3, Claisen| 20 min, 300 W (small ~ 1%)
Add reagents, M.W 100 W,
60°C, ramp 15 min hold 15
min
Activate Alumina 130'C, Three major peaks. Mixture
4, Claisen| 20 min, 300 W 1+2+3 ratio~ 3:2:1 turned pink
Add reagents, M.W 300 W, | respectively
150°C, ramp 10 min hold 10 3. 2-(2-propenyl)phenol
min
Activate Alumina 130'C, Two peaks (1+2) Condensatior
5, Claisen| 20 min, 300 W (small ~ 1%) at the end of
Add reagents, M.W 300 W, reaction
100°C, ramp 10 min hold 1(¢
min
Activate Alumina 130'C, Three major peaks. Actual temp
6, Claisen| 20 min, 300 W 1+2+4 183°C
Add reagents, M.W 300 W, | 4. Benzene,1,2,4,5 Mixture
200°C, ramp 10 min hold 10 tetramethyl turned pink
min Ratio 1:9:0.2
Activate Alumina 130'C, Three major peaks.
7, Claisen| 20 min 1+2+3
Add reagents, M.W 300 W, | 53%, 39%, 8%
150°C, ramp 10 min hold 5 | respectively
min
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Table 2.3.3 (cont’)

Trail # Condition Results Comments
8, Claisen| Activate Alumina 130C, Four major peaks. Condensatior
20 min, 300 W 1+2+3+4 at the end of
Add reagents, M.W 300 W, | 14%, 82%, 1%, 3% reaction
150°C, ramp 10 min hold 20 respectively
min
Activate Alumina 200C, Three major peaks. Mixture
9, Claisen| 20 min, 300 W 1+2+4 turned
Add reagents, M.W 300 W, | 12%, 84%, 4% slightly pink
200°C, ramp 10 min hold 10 respectively
min
Mix alumina and reagents | Three major peaks. Condensatior
10, Claisen together and place in MW | 1+2+4 at top of test
300 W, 200°C, ramp 10 min| 9%, 87%, 4% tube at the
hold 20 min respectively end of
reaction. Top
of alumina
turn pink rest
turn white
Activate Alumina 200°C, Two peaks 1+2 + standard Both 1+2
11, Claisen 20 min, 300 W (Decane) yield 88%
Add reagents, M.W 300 W, Peak 1: 97%
100°C, ramp 10 min hold 2( Peak 2: 3%
min
Activate Alumina 200°C, Two peaks 1+2
12, Fries | 20 min, 300 W 1. Phenol
Add reagents, M.W 300 W, | 2. Acetic acid, phenyl ester
150°C, ramp 5 min hold 20 | Ratio 2, 3 respectively
min
13, Fries | Activate Alumina 200C, Two peaks 1+2
20 min, 300 W Ratio 1, 99 respectively
Add reagents, stir for 5 min
Wash with ether, run GC
14, Fries | Activate Alumina 200C, Two peaks 1+2

20 min, 300 W
Add reagents, M.W 300 W,
10dC, ramp 5 min hold 10

min

Ratio 12, 88 respectively
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2.3.4 Conclusion

From the data presented, the rearrangement reaggipears to yield “non-traditional”
results. Although the yields were moderate, usmgrowaves and alumina achieves the

desired products in a fraction of the time andnreavironmentally friendly fashion.

2.3.5 Experimental Section

2.3.5.1 General procedures

Unless otherwise noted, all reagents were purchiasedcommercial suppliers and were
been used without further purification. All reacts were conducted under argon in a
10mL glass tube sealed with a plastic cap. Micr@mMaeating was performed in a CEM
Discover at 2.45 GHz in the open vessel mode. ifitagliation power, as well as
temperature, was monitored during the course ofrdaetion. After irradiation the
reaction tube was allowed to cool to 80 with the help of high air pressure. All
reagents were stirred during the reaction timel spéctra were obtained using Hewlett-
Packard GC-MS (6890 GC/ 5973 MSD, Column HP-5mBigcane (0.5 mmol, 99 + %)
was used as the standard to determine the vyieldsy uhe GC-MS. Sodium
tetraphenylborate and DOH were used as referenoeshdron and proton NMR,
respectively. For the activation of aluminh gram of alumina, Neutral, Brockman
Activity 1, moisture content 2.2% (Fisher Chemigalsas introduced into the tube,
capped, and flushed with argon. Microwave irradratvas carried out using 300 W for
20 minutes at 138C with a ramp time of 5 minutes. The reaction wasied out under
argon flow (to prevent the condensation on thepgap of the test tube, which was not
under irradiation) and an outlet to a commerciauan pump (to aid the removed of the

water). The average weight lost after the irradmatvas monitored.
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2.3.5.2 Representative procedure for 2-allyl-4-bromophenol

In a round-bottomed flask, one equivalent of sodiadide (20 mmol, 3 g) was dissolved
in acetone (15 mL) along with one equivalent oylathloride (20 mmol, 1.6 mL). The
precipitated NaCl was removed using vacuum filbrtand the remaining liquid was
placed in a rotorary evaporator. GCMS was carogdto confirm the formation of the
allyl iodide. In a round-bottomed flask, one e@lént of 4-bromophenol (1.5 mmol, 2.6
g) was dissolved in THF (1 mL). The flask was eappnd flushed with argon and one
equivalent of butyllithium (1.5 mmol, 1.4 mL) waslded dropwise followed by the
addition of allyl iodide (2 mmol, 1.7 mL). The m#n mixture was placed in an oil bath
at 70°C for 48 hours. The separation of the desired yebffom the reaction mixture
was carried out in two steps. The first was amaetion using aqueous NaOH (10 mL,
0.5 M), HO (10 mL), and diethyl ether. The organic layep(tayer) was collected.
Al,O3 (60 g ) was activated using MW (300 W, 1%80) 40 minutes) and then packed into
a column. The organic layer collected previousbBswpassed through the column using
hexanes/ethyl acetate (95/5 respectively). Solwers removed using water steam and
GCMS was carried out to confirm the formation of th(allyloxy)-4-bromobenzene. A
10-mL test tube was flushed with argon and weigalemg with a magnetic stirrer bar
and a cap. One gram of alumina was added ancegheubbe was capped and weighed.
The test tube was flushed with argon and placedricrowave chamber. A commercial
vacuum pump was attached via needle inserted thrtug cap. Microwave activation
was carried out in an open vessel mode at 300 V% fminutes ramp time, 20 minutes
hold time and 13(0°C. After activation, the test tube was weighedimgnd the
percentage weight loss was calculated. 1-(Ally)e&ypbromobenzene (0.08 mL, 0.5
mmol) was added dropwise to the test tube. Thetiogamixture was placed in the
microwave chamber and microwaved in an open vesede at 300 W with a 5 minutes
ramp time, 20 minutes hold time and &0 When activation was complete, the reaction
mixture was washed using diethyl ether (10 mL) #redether solution injected on to a
GCMS for analysis. Fommethoxyphenol, methanol was used to extract tloelymt

(replacing the diethyl ether).

90

www.manaraa.com



Nal + /\/CI acetone - /\/l N NaCl

30 min'

OH
O\/\
| .
+ /\/ THF, BuLi -
78°C, 48 h'
Br
Br

OH

O\/\ AlL,O, 7
MW >

Fig 2.3.5.2 The synthesis of 2-allyl-4-bromopble

2.3.6 Analytical Data
1c 2,3-Dihydro-2-methylbenzofuran

'H NMR (CDCk, 300 MHz):3 1.46 (3H, d, J = 6.1, CH3), 2.80 (IH, dd, J = 155,
PhCHH), 3.30 (1H, dd, J = 15.2, 8.8, PhCHH), 4. 784(1H, m, CHCH3), 6.68-6.89
(2H, m, ArH), 7.03-7.20 (2H, m, ArH}*C NMR (CDCE, 75.5 MHz):5 21.7 (CH3),
37.1 (PhCH2), 79.4 (OCH), 109.3, 120.1,124.9, 12727.9, 159.5 (ArC)

2c  2-Allyl-4-bromo-phenol
'H NMR (300 MHz, CDCI3)% 3.36 (dt,J = 6.4, 1.5 Hz, 2H), 4.99 (s, 1H), 5.14-5.20 (m,

2H), 5.93-6.02 (m, 1H), 6.67-6.71 (m, 1H), 7.2067 n, 2H).**C NMR (125 MHz,
CDCI3)534.7,112.9, 117.2, 117.5, 127.7, 130.6, 133.0,5,.3%3.2.
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3c 2-Allyl-5-methoxy-phenol

'H NMR (300 MHz, CDCI3)5 3.46 (m, 2H), 3.80 (s, 3H), 5.07 (m, 1H), 5.10 @h),
5.98 (m, 1H), 6.48 (m, 1H), 6.49 (m, 1H), 7.07 (tH); *C NMR (75 MHz)d 27.32,
55.79, 103.32, 108.79, 113.61, 115.34, 127.51,3086.55.14, 158.22.

4c  2,3,3-Trimethyl-2,3-dihydro-benzofuran

'H NMR (CDCI3, 300 MHz)3 7.17-7.11 (m, 2 H), 6.91-6.84 (m, 1H), 6.82—6m6 {

H), 4.37 (dq, J=8.4, 6.3 Hz, 1H), 3.14-3.05 (m,)1 H53 (d, J=6.3 Hz, 3H), 1.36 (d, J =
6.9 Hz, 6H);**C NMR (CDCI3, 75 MHz):d 159.0, 132.4, 127.9, 123.6, 120.2, 109.3,
87.2, 43.8, 20.0, 17.9.

5¢ 2,3-Dimethyl-2,3-dihydro-benzofuran

'H NMR (CDCI3, 300 MHz)® 7.15-7.09 (m, 2 H), 6.89-6.84 (m, 1H), 6.79-6175 {

H), 4.35 (dq, J=8.4, 6.3 Hz, 1H), 3.11-3.02 (m,)1 H49 (d, J=6.3 Hz, 3H), 1.32 (d, J =
6.9 Hz, 3H);'*C NMR (CDCI3, 75 MHz):3 161.0, 134.2, 129.7, 124.8, 122.4, 111.3,
88.3, 44.9, 23.0, 17.4.

92

www.manaraa.com



List of References

© 00 N O

11

12

13

14

15

16

17

Green, J.FThe Use of B-Haloboranes in Solution and On Alumm#&rganic

Chemistry University of Tennesse&994

Fringuelli, F.; Taticchi, Aienes in the Diels-Alder Reactiowiley-Interscience:
New york,199Q

Smith, K.Solid Supports and Catalysts in Organic SynthBsentice Hall: New
York, 1992

Laszlo, P.Preparative Chemistry Using Supported Reagektademic Press:
New York, 1987

Kabalka, G.W; Pagni, R. Metrahedronl997, 53, 7999.

Kabalka, G.W; Wang, Drganometallics199Q 8, 1093.

Peri, J.BJ. Phys. Cherth965 69, 211.

Knozinger, H.; Ratnasamy,Gatal. Rev. Sci. End.978 17,31.

McGinnis, M.BThe Useof B-haloboranes in Solution and on Alunmin@rganic
Chemistry 1996

Peri, J.B. Phys. Chermi965 69, 220.

DeCanio, E.C; Edwards, J.C; Bruna].XCat.1994 14876.

Posner, G.H; Hulce, M. Catal.1980Q 64, 497.

Kropp, P.J; Daus, K.A; Tubergen, M.W; KeplerPYWilson, V.P; Craig, S.L;
Baillargeon, M.M; Berton, G.WJ. Am. Chem. So&993 115 3071.

March, JAdvanced Organic Chemistr§® Ed. John Wiley & Sons: New York,
1985

Varma, R.S; Kabalka, G.W; Evans, L,T; PagnMRSynth Commun1985 15,
279.

Gaetano, K; Pagni, R.M; Kabalka, G. W; BridwBl Walsh, E; True, J;
Underwood, M.J. Org. Chem1985,50, 499.

Kabalka, G.W; Gooch, E,E. Org. Chem198], 46, 2582.

93

www.manaraa.com



18

19
20

21

22
23
24
25

26

27
28
29

30
31

32
33
34

35
36

37
38

Cativiela, C; Fraile, J.M; Garcia, J.I; Mayprd.A; Pires, E; Royo, A.J.
Tetrahedron 1993 49, 4073.

Shaabani, Al. Chem. RegS)1998 672-673.

Nuchter, M; Muller, U; Ondruschka, B; Tied, Bautenschlager, WChem. Eng.
Technol 2003 26, 1207-1216.

Kappe, C.O; Stadler, AMicrowaves in organic and medicinal
chemistry Wiley-VCH Volume 25,2005

Alder, K; Stein, GAngew. Chem.1937,50, 510

Hoffmann, R; Woodward R.BAcc. Chem. Res1968,1, 17 — 22

Sauer, J; Sustmann, Rngew. Chem., Int. Ed. Engl1980, 19, 779 — 807
Lépez, I; Silvero, G; Arévalo, M.J; Babiano, R; Palacios, ;J&avo, J.L
Tetrahedron2007, 63, 13-8

Fringuelli, F; Taticchi, AThe Diels—Alder Reactiotgelected Practical Methods
Wiley, Chicheste002

Yin, D.H; Li, C.Z; Li, B.M; Tao, L; Yin D.L.Adv. Synth. CataR005 347, 137.
Loupy, A.Microwaves in Organic Synthesiiley-VCH, Weinheim2002
Giguere, R.J; Bray, T.L; Duncan S.M; Majeti€, Tetrahedron Lett1986 27,
4945-9.

Leadbeater, N.E; Torenius, H.M. Org. Chem2002 67, 3145-8.

Avalos, M; Babiano, R; Bravo, J.L. ; Cintas,JAnénez, J.L; Palacios J.C; Silva,
M.A. Green Chem2001, 3, 26-29.

Kappe, C.OAngew. Chem., Int. E@004 43, 6250-3.

Isaacs, N.Shysical Organic ChemistryViley New York1987,705-6.

Cotton, F.A; Wilkinson, GAdvanced Inorganic Chemistryé" edition, Wiley
New York 1980

Chen, L.N; Young, N.J; Yu, SDetrahedror2004,60, 11903-11909.

Grieco, P.A.; Yoshida, K; Garner, Jaurnal of Organic Chemistr§983 48(18),
3137-9.

Hiersemann, M; Nubbemeyer, The Claisen Rearrangmerwiley-VCH 2007.
Haslam, EShikimic Acid Metabolism and Metabolit&¥iley, New York,1993

94

www.manaraa.com



39
40

41

42

43

44

45
46

47

Wang, Q; Millet, A; Hiersemann, Mbynlett ,2007, (11), 1683-1686.
Yamamoto, T; Wade, Y; Enokida, H; Fujimoto, Makamura, K; Yanagida, S.
Green Chem2003 5, 690-2.

Bennett, C.J; Caldwell, S.T; McPhail, D.B; Moe, P.C; Duthie, G.G; Hartley,
R.C.Bioorg. Med. Chen004 12, 2079-8.

Baxendale, |.R; Lee, A.l; Ley, S.\J. Chem. Sod®erkin Trans2002 1850-7.
Paul, S; Gupta, Mynthesi2004,11, 1789-92.

Metivier, P.Fine Chemicals through Heterogeneous CatajySiseldon, R. A.;
Van Bekkum, H., Eds.; Wiley-VCH: Weinheir2001, 211-5.

Lassila, K.R; Ford, M.ECatalysis of Organic Reactiomew York,1992 169-70.
Gritsan, N.P; Tsentalovich, P.Y; YurkovskayaAVSagdeev R.ZJournal of
Physical Chemistryl996 4148-58.

Richard Pagni, communicati&08.

95

www.manaraa.com



APPENDIX

NMR and GC Spectra of Representative, IntermediateTarget Compounds
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