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This dissertation research is based on two reagtimeluding those of cyclic
ketene acetals with acid chlorides and acid cagalyaefination reactions in bio-oil. In
first four chapters, reactions of situ generated cyclic ketene acetals were explored.

Highly functionalized heterocycles such as pyrrli®-climidazolediones, were
synthesized in one-pot reactions of 2-alkylimidagobr 2-methylbenzimidazoles with
1,3-diacid chlorides. Some reactions proceed thraugitu generated cyclity,N'-ketene
acetal intermediates. 2-Alkylimidazoles and 2-m#ibagzimidazole can be considered as
tridentate nucleophiles in these reactions that gae four consecutive attacks on
electrophiles which ultimately generate new hetgrlas.

Reactions of substituted oxazoles and thiazolds avfferent acid chlorides in the

presence of different bases were explored. Arylvasters of substituted benzoic acids



containing substituted oxazoles or thiazoles werméd when aroyl chlorides were used.
Most reactions occurred throughsitu generated cyclic ketene acetals.

Reactions of 2-methylbenzoxazole and 5-phenyl-Zagieénzoxazole with acid
chlorides and base in THF generated a seriestld-amidoesters.

All of these reactions showed that aromatic hetgres basedn situ generated
cyclic ketene acetals could be used to make hifintgtionalized heterocycles under
mild conditions. These one-pot reactions generatus heterocycles, which might
have useful bioactivities. For example, arylvingtexs of substituted benzoic acids have
been reported to show insecticidal activities.

The last two chapters describe the olefinationsbiofoil and model bio-oil
compounds using acid catalysts. Two different bnadoolefins were used, representative
of those available at petroleum refineries. Ambsrths and Nafion NR-50 were used as
heterogeneous acid catalysts.

The acid catalyzed olefination of bio-oil was expld using an excess of 1-
octene. Some olefinations were performed in theegree of ethanol. Ethanol was used
to make the olefin and bio-oil phases partiallyaifike.

Acid catalyzed olefination of raw bio-oil inducedmnse changes in the resulting
bio-oil by generating variety of alcohols, ethersl aligomeric mixtures of the starting
olefin. Olefination with excess 1-octene showeddberease of the water content and the
acid value and increase of the heating value ofhileecil. Thus, the acid catalyzed

olefination of bio-oil can be considered as a pt#tibio-oil upgrading technique.
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CHAPTER |

GENERAL INTRODUCTION AND RESEARCH GOALS

Chemistry of Cyclic Ketene Acetals
Ketene acetals have similar structural properteacetals and vinyl ethers. They

can also be viewed as the ethers of the enolic tdresters.

R R
" Y
C
R'O/ \ ﬁ
OR' ‘
o R'O R
Acetal i
Ketene Vinyl Ether
R R
R R
X Y X,Y=0,S, NR
R, R'= Alkyl group
RX YR
Ketene Acetal Cyclic Ketene Acetal

Figure 1.1 General Structures of an Acetal, &Keta Vinyl Ether, a Ketene Acetal and
a Cyclic Ketene Acetal (CKA)

Cyclic Ketene acetals (CKA) are a sub-class of iketacetals. The resonance

structures of different ketene acetals, depictirggttighly polarized nature of the carbon-



carbon double bonds are shown in Figure 1.2 @©-acetals, 1), -N,O-acetals, %), -

N,S acetals, J), and N,N'-acetals 4). Commonly used cyclic ketene acetals contain five

or five- or six-membered rings.

oA T oA
1
OI e OI\}?/ ® @)i _R
L) =L —T1 ]
1, th L
2

n=0,1
R = Alkyl, Aryl

Figure 1.2 Resonance Structures of Cyclic Keteredals



Cyclic ketene ©,0-, -N,0O-, -N,N'- and N,S) acetals are extremely nucleophilic
because of the two electron donathmgfaroatoms at the same end of the carbon-carbon
double bond. The heteroatom lone-pair electronscangugated with the carbon-carbon
double bond. This makes the carbon-carbon doulre Ihaghly polar and thg-carbon
(defined in this Dissertation as the exocyclic carlof this double bond, see Fig. 1.1)
extremely nucleophilic. Nucleophilicity increaséghe alkyl or aryl ‘R’ groups (Figure
1.2) are replaced with hydrogerB,0-Ketene acetals are very reactive towards protic
acids because of the high nucleophilicity of fhearbon and the high stability of the
resulting dioxonium-stabilized carbocation. Simiktabilization of ©,S, -N,O-, -N,S
and N,N'- systems promotes protonation of fhearbon.

In 1891, Biginelli claimed the first synthesis afketened,0-acetal, which, later
was proven wrong by Copé. Cope found that the Biginelli reported structuves
actually a diphenyl acetal of ethylene glycol. Tdnedit for the first successful synthesis
of a ketendd,O-acetal goes to Reitter and Weindell in 1907 whaotlsgsizedp-
diethoxyacrylic estet.

In 1922, Staudinger and Rathsam reported the pagpar of phenylketene
diethylacetal §), by a pyrolysis of 2,2,2-triethoxyethylbenze® (Scheme 1.19.They
failed to extend this technique to make ketene ad&efrom other esters such as
orthoacetic or orthopropionic esters. They alsdaeg the properties @ and were the

first to coin the term ‘ketene acetal’.



CeHsCH,C(OC,Hg); —8m  C,HsOH +  CgHsCH=C(OC,Hs),

5 6

Scheme 1.1 Preparation of the Ket€®-Acetal, 2,2-Diethoxyvinylbenzene
(6), by Pyrolysis of 2,2,2-Triethoxyethylbenze®*(

In the same year, Scheibler and Ziegner reported greparation of 1,1-
diethoxyethenell) (Scheme 1.2) while determining the course ofabetoacetic ester
synthesis. The hydrolysis of the primary productQ) of ethyl acetate addition to its
sodium enolate resulted in the formation of sodagatate and ketene diethylacetdl)(
as the minor product. However, many groups could duaplicate this technique

successfully:®

/ONa CH3COOC2H5
CH3COOC,H5 + C,HsONa ——— CHyp=CT —_— >
OC,Hs
7 8
/ONa H,0
CH3COCHZC\—OCZH5 —> CH3COONa + CH,=C(OC,Hs),
OC,Hs
10 11

Scheme 1.2 Synthesis of 1,1-Diethoxyethdr$ ffom Ethyl Acetate10)°

In 1936, McElvin and coworkers reported anotheteda ketene acetalsThey
made 1,1-diethoxyethendl) by the dehydrohalogenation of an iodoacei&) (with

potassiunt-butoxide int-butyl alcohol (Scheme 1.3).



ICH,CH(OC,Hs); + t-C,HeoK ~—LBUOH o CH,=C(OC,Hg), +  KI

12 11

, t-C4HgOH

Scheme 1.3 Synthesis of 1,1-Diethoxyethdri¢ lfy the Dehydrohalogenation of the
lodoacetal 12)°

Adickers, Bergstrom, and others also reported timthgsis and uses of various
ketene©,0-acetals around that tinf&° Since then, ketene acetals have attracted a lot
of research interest as reactants in a varietydbaddition reaction®**

In one recent example, Soenen et al. used eledtiord, 1-diethoxyethenel() to
obtain a 1,2-diazineld) (Scheme 1.4)° The 1,2-diazineld) was formed by a [4+2]

inverse electron demand Diels-Alder reactioibfind 3,6-bis-(3,4-dimethoxybenzoyl)-

1,2,4,5-tetrazinel@) followed by release of nitrogen and ethanol.

OMe
MeO. MeO.
[e]

OMe
MeO MeO

/

10% HOAc/Benzene,23°C,1.5h

CHCls, 45°C, 10 min T‘
N

>:
.

EtO OEt - Np, -EtOH

11 OMe MeO

(¢)

OEt

MeO

OMe MeO
13 13a 14

Scheme 1.4 Use of the 1,1-Diethoxyethetig (n an Inverse Electron Demand Diels-
Alder Reactior’



Ketene acetals have also been successfully usedommal Diels-Alder
reactions:**** Recently, Takao and coworkers used a substitditetthyl-O,0-ketene
acetal, 1,1-diethoxy-2-methylprop-1-en&5), in a [2+2] cycloaddition reaction to
develop a synthesis of (-)-Pestalotiopsinl8)((Scheme 1.5%’ The Lewis acid catalyzed
[2+2] cycloaddition is a dipolar reaction of 1,kithoxy-2-methyl-prop-1-en€lf) and

16 which generates the addugtwith 85% yield.

ZrCly (5mol%)
_—
CHCl,, refl
+ /N o o, Fetiux
S

\\\\\\\n.
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Scheme 1.5 Synthiezsis of (-)-Pestalotiopsii&) (sing 1,1-Diethoxy-2-methyl-prop-1-
ene (5)

Ketene©,0O-acetals undergo cycloaddition reactions with liBoldr reagents
such as phenyl azidelq), where the spontaneous elimination of ethanomfriBb

generates the triazolgQ) (Scheme 1.6%*
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Scheme 1.6 Cycloaddition Reaction using Phenyd&A9)

KeteneO,O-acetals were also used in other reactions suelddision to a Fisher
carbene comple¥X All these examples portrayed the usefulness @fried,0-acetals in
synthesis of variety of small or big molecules. THiscovery and usefulness of
ketenO,0-acetals led to the discovery of cyclic ketén®-acetals. However, it took
almost 40 years (after the first synthesis of a&keO,0O-acetal) to synthesize the first
cyclic ketene©,0O-acetal. In 1948, the first cyclic kete@©O-acetal was made by
McElvain and coworker® They synthesized 2-methylene-1,3-dioxolane and 2-
methylene-1,3-dioxane by the dehydrohalogenatiorthef corresponding halogenated
cyclic acetals. Subsequently, new techniques wsed to synthesize cyclic kete@eO-
acetals. In one case, a Dowex resin acid catalgstused to catalyze the formation of the
cyclic ketal 3), which was then dehydrobrominated by potasditatoxide, giving the

cyclic ketene©,0-acetal 24) (Scheme 1.7Y’
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Scheme 1.7 Synthesis of Cyclic Keted@®-Acetals’

Cyclic ketene©,0O-acetals, just like their acyclic analogs, werenalsed in a
wide range of cycloadditon reactioffs.In addition, ring-opening reactions of cyclic
ketene©,0O-acetals introduced a new approach to synthesizersiiied products.
Protonations of cyclic keter®;0-acetals generate stable dioxonium id#&a) (Scheme
1.8) which can react with nucleophiles and fadiitaing openind® For example,
protonation of 2-methylene-1,3-dioxalorigs) followed by water attack leads to the
ring opening and formation of the monoest28)((Scheme 1.9). Cyclic keter@@O-
acetals undergo similar types of reactions witthicas (Scheme 1.10). However, the
resulting radicals, such &db, are less stable than dioxonium ions. The gereraif a
small amount of dioxonium cation or the correspagdiadical in the presence of a large
excess of cyclic ketene acetals can trigger a petigation. These properties of cyclic

ketene©,0-acetals have led to their use in polymer syn#fési
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Scheme 1.10 Reaction of a Cyclic ketéh®-Acetal with a Radica!

Cyclic ketene©,0-acetals have been used in both ring-openingrargtretained

(or 1,2-vinyl) polymerizations via cationic or iedl initiations (Scheme 1.11§.



e RV

o o

O 1,2 -Vinyl Propagation K)
)\ K) 27a
U Poly cyclic ketene acetals

*
|

OJLO
]
\ o
o
24 24a Ring-opening propagantion \E( n
* = Cationic initiator o
o

Polyester 27b

Scheme 1.11 Polymerization Schemes of a Cyclter,0-Acetal®

Zhu et al. reported a few examples where cyclicelkeO,0O-acetals were

polymerized via a 1,2-vinyl propagation using atjror Lewis acid (Scheme 1.1%).

//Y
//,//
BF; Et,O o
o) o) - Q
H or H*/C
— - n
28 29

Scheme 1.12 1,2-Vinylic Polymerization of 4,4,5T®tramethyl-2-methylene-1,3-
dioxalone 28) in Presence of a Lewis Aéf

This multiple reactivity pattern led cyclic kete@gO-acetals to be used to
selectively synthesize different types of molecird polymers??+#?
The synthesis of the first ketehg©O-acetal 81) was achieved by McElvin in

1940 wusing N-ethylaniline 80) and 1,1-diethoxyethene 1X) through an

10



addition/elimination reaction (Scheme 1.¥3)Then, other researchers also introduced

new techniques to synthesize keté&h©-acetals™*

| I
\Et N OEt
Jo—0rT
EtO OEt
30

11 31

Scheme 1.13 First Synthesis of a Ketdh@-Acetal 31)*

In 1972, Myers introduced two new approaches tdah@gize the cyclic ketene-
N,O—acetal, 3,4,4,6-tetramethyl-2-methylene-1,3-oxaz@8).%° In the first methodd),
the N-methyl cyclic ketendN,O-acetal 83) was prepared by the treatment of 2,4,4,6-
tetramethyl-1,3-oxazine3®) with methyl iodide followed by deprotonation wisodium
hydride. In the second methddl)(32 was reacted with acetone in presencexdduli to
form an adduct32b) which subsequently reacted with methyl iodidel d@nen with
sodium hydride to form 3,4,4,6-tetramethyl-2-megimg-1,3-oxazan&8).%°

Pittman’s group optimized method)(and synthesized several cyclic ketene-
N,O-acetals from amino alcohdlé The amino alcohol34) was treated with acetic acid
to form the oxazoline35). The oxazoline was converted to its iodide s28) (vhich was

then deprotonated to make 3,4,5-trimethyl-2-metmgtexazolidine 37) (Scheme 1.15).

11
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Scheme 1.14 Two Approaches for the Synthes¥sdoft,6-Tetramethyl-2-methylene-
1,3-oxazar@sf*>°

KeteneN,O-acetals have also been used in a wide range ofiora to make
various carbocycles and heterocyd&s*°*132Both nitrogen and oxygen lone electron
pairs of a cyclic ketenbkO-acetal are conjugated with the double bond.oyén is a
better electron donor than oxygen, so fhearbon nucleophilicity is higher in a cyclic
keteneN,O-acetal than in a cyclic keter@@O-acetal. Thus, unlike cyclic ketel@oO-
acetals, cyclic ketend;O-acetals can react with weak electrophiles. Howeserce

these acetals are extremely electron rich; theyamgreactive and difficult to handle.

O
)\ I )\ )J\
H,N OH CH3 \ﬁ 7 o NaH
> < Reflux 24 h H CH3NO, H H

Scheme 1.15 Synthesis of 3,4,5-Trimethyl-2-methgbxazolidine37)?’

34

12



A potentially major application of keteri¢O-acetals is in polymer synthesis.
Reactions of ketendl,O-acetals with phenyl isocyanate can generate varpyaducts
such as copolymet$(42, 43), spirobicyclo adducts40, 41), etc (Scheme 1.16§%3%%
These reactions go through a zwitterionic interraed89a.

Zhou and Pittman performed several ring-openingtreas of N-methyl cyclic
keteneN,O-acetals using carboxylic acids, 4-nitrophenol ang thiols. These reactions
resulted in the formations of amidoestedy, (48), amidoaryl ether46) and amido

thioethers 45, 49) (Scheme 1.17

R R?
Ph 3 | R3
/ AN AN RL  R?|
N\ R N N + PhNCO N
Ilh O RZ O 38 T o
3% Ph

Dimeric Zwitterionic intermediate
1 /Ph 41
[ PhNCO O N Spirobicycloadducts
R2

o. Rl R2

o) RS
Das oy
O lTl l\\l \
Ph R® 392 pyneo

40
Spirobicyclo adducts

other products
R', R?, R3 = Alkyl group

Copolymers

Scheme 1.16 Produc#0(43) Generated by ReactionsgfAlkyl Cyclic KeteneN,O-
Acetals 88) and Excess Phenyl Isocyan&té?>"=
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These ring-opening reactions can be explained éyrtbchanism in Scheme 1.18.
The protonation o#4 followed by attack of the nucleophile at differerarbons of the
ring-retained44a and the ring-opened produédb generates different producs®, 51,
52. These reactions show that cyclic ketéh®-acetals could be useful reagents in

combinatorial synthesis.

Br
Et
| Br
0 r ST
H ~ SH N
Me N o Et s
—>

l{l /\[orMe Me
Et s "

o M Me e 49
85% NO, 44 87%
45

COOH
OH I
COOH
“ I\'{/I‘e (0]
NO, Me o ! Et ()
I\'\I/Ile O/ Et/\"/N>(\O /\g(M(?ie\
47 85%
46 78%
75%

Scheme 1.17 Reactions of 3,4,4-Trimethyl-2-primjgyleoxazolidine44) with
Carboxylic Acids, 4-Nitrophenol and Aryl Thidfs
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Scheme 1.18 Mechanisms for the Reactions df,4-3Trimethyl-2-propylidene
oxazolidine with a CarboxyAcid, 4-Nitrophenol and an Aryl Thit!

Synthesis of the first keteri¢S-acetal,N,N-dimethyl-1-(methylthio)ethenamine

(54) was reported in 1964N,N-Dimethyl-1-(methylthio)ethenaminé4) was prepared

by the deprotonation of the s&88 using sodiumt-butoxide (Scheme 1.18j.

Et,0

S
® J\ | t-BuONa
\T/ s/

53

54

Scheme 1.19 First Synthesis of a Ketdh@-Acetal 64)**

Pittman and coworkers

made the first cyclic ketMrfeacetal, 57 by the

methylation of 2-methylthiazolined$) followed by deprotonation with sodium hydride

15



(Scheme 1.20% This group usetl-methyl cyclic ketendN,S-acetals in various reactions
with different electrophiles. They synthesized was cyclic N-methyl$-keto (acyl,
amido and thiamido)-keter¢;S-acetals by treating 3-methyl-2-methylenethiazalgle
(57) with acid chlorides, isocyanates and isothiocyesaespectively, under different
conditions (Scheme 1.239.In most of the cases, only one equivalent of {eetephile
was consumed. The higher activity of the phenytyamate caused the double addition of

the electrophile to givél.

Scheme 1.20 First Synthesis of the Cyclic Kethi®Acetal 67)°°

The synthesis of cyclic keteméX-acetals (X = O, S) requires care as these
acetals are highly reactive and readily react withisture>”*® Pittman’s group reported a
convenient way to generate and uNeacyl5-keto cyclic ketendN,X-acetals (X = O, S)
(65).%” Alkyl oxazolines, alkyl thiazolines, alkyl oxazimer alkyl thiazines were reacted
with acid chlorides in presence of a base to mhked acetals as is shown in  Scheme
1.22 for alkyl thiazolines. The reaction goes tlylouin situ generatedN-acyl cyclic

keteneN,X-acetals (X = O, S)ada), which further react with the excess acid chlerid

16
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Scheme 1.21 Reactions of the 3-Methyl-2-methylgaeolidine 67) with Different
Electrophil&s

Pittman’s group obtained several bicyclic-ket@&h8-acetals such aé6 using

diacid chlorides (in place of monoacid chlorides) 2-methylthiazoline (Scheme 1.2%3)
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Scheme 1.22 Synthesis of tHeéAcyl-3-Acyl Cyclic KeteneN,S-Acetal 65)*°
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Et
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N/ s —»

\ / EtsN, MeCN 0 N\ /S
66

55

Scheme 1.23 Cyclization Reaction of 2-Methyltbiare (5) with Diethylmalonyl
Chloride®

The reaction initiates by attack of tgf nitrogen on one of the carbonyl carbons
of the diacid chloride (Scheme 1.24). TReacyl cyclic keteneN,X-acetal (X = O, S)
(55b) is formed by deprotonation from thg carbon of55a. Next, 55b undergoes an
intramolecular cyclization, by nucleophilge carbon attack on the remaining carbonyl
carbon of the diacid chloride. The release of thlercde from55c generates5d which is

deprotonared forming 6,6-diethyl-2H-thiazolo[&R-pyridine-5,7(3H,6H)-dionesp).>

18
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Scheme 1.24 Mechggism Proposed for the ReactidrMethylthiazoline with a Diacid
Chlorid

The first synthesis of a keteMeN'-acetal 67) was reported by McElvin in 1945.
The keteneN,N'-acetal 67) was made by the reaction of diethyl ketéh®-acetal (1)
with an amine (Scheme 1.28)KeteneN,N"-acetals are more nucleophilic than ketene-
N,X-acetals (X = O, S). Keterf¢;N'-acetals have been also used in nucleophilic and

cycloaddition reaction$:®

120°C

-
+ EttNH ——————® )J\
EtoN NEt, EtO OFEt

EtO OEt OEt

11

67

Scheme 1.25 First Reported Synthesis of a KeteNeAcetal 67)*°
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The first cyclic ketendN,N'-acetal was synthesized by Gruseck and Heuschmann

in 1987. They made the cyclic keteNgN'-acetal 70) by reacting 1,2-
dimethylimidazoline §8) with methyl iodide followed by the addition ofdiam hydride
(Scheme 1.26Y Recently, Pittman’s group applied Gruseck andsdemann’s process

for the synthesis of several five and six-membergdic keteneN,N-acetals’ This
group prepared cyclic ketemMgN'-acetals directly from substituted imidazolines by
sequential methylation and deprotonation. They neploanother technique where the
six-membered cyclic ketengN'-acetal 74) was synthesized directly from readily
available starting materials such Msnethylpropanediamine/{) and various nitriles in

the presence of Zng{Scheme 1.27°

N)\N/ Mel \N)’é)‘\f)N/
/ \/

68

—»
THF

\NJ\N/
\/

Scheme 1.26 First Reported Synthesis of a Ci@teneN,N'-Acetal (70)*’

1)ZnCl,, /L )J\
HZN/\/\N e CHSCN,2Requx /L e Mel \ ~ _NaH \ ~
e U U U
Mel

71

Scheme 1.27 Synthesis of the Six-Membered Cy@ieneN,N'-Acetaf’
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Pittman’s group also explored various other waysytathesize substituted cyclic
keteneN,N'-acetals (Scheme 1.28)°* In one case, when 2-methylimidazolif¥&)(
was reacted with excess benzoyl chloride in theeee of triethylamine, Id,N'-diacyl-
p-acyl-cyclic  keteneN,N'-acetal,2-(2-ox0-2-phenylethylidene-imidazoliding-diyl)-
bis-(phenylmethanone),7§) was formed. Surprisingly, under similar condigof,2-
dimethylimidazoline §8) gave a ring opened producty. When 2-methyl-1,4,5,6-
tetrahydropyrimidine 18) was reacted with excess acid chloride, onN;N'-diacyl-
cyclic keteneN,N'-acetal, 2-methylenedihydropyrimidine-1,3(2H,4HyHbis-
(phenylmethanone)’®) was obtained without any acylation on the exécyaarbon. In
contrast, when 1,2-dimethyl-1,4,5,6-tetrahydropydime (72) was treated with excess
acid chloride, it resulted inld-acyl, N-methyl cyclic ketenéN,N'-acetal, 2-(1-benzoyl-3-
methyltetrahydropyrimidin-2(1H)-ylidene)-1,3-diphdpropane-1,3-dione 8Q), with
double acylation on the exocyclic carbon. All thessults show that by creating small
changes in structures of substrates or correspgrditene acetals different products can
be obtained.

Ye et al. reported the synthesis of polycyclic ketl,N'-acetals by reacting 2-
methylimidazoline or 2-methyl-1,4,5,6-tetrahydrapyidine with diacid chlorides. The
reaction generated highly functionalized, potehti@ioactive 1,8-napthyridinetetraones

(81, 82) (Scheme 1.29) These reactions follow a tandem reaction pathway.
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Scheme 1.28 Reactions of 2-MethylimidazoliAg)(1,2-Dimethylimidazolined8), 2-
Methyl-1,4,5,6-tetrahydropyrimiding®) and 1,2-Dimethyl-1,4,5,6-
tetrahydropyrimidin&Z) with Benzoyl Chlorid&">?

Reactions of five and six membered cyclic ketBild-acetals with isocyanates
generated new push-pull alkenes (Scheme 1.30pritrast, bicyclic ketendkN'-acetals
were  obtained  when 1,2-dimethylimidazoline  and  difethyl-1,4,5,6-

tetrahydropyrimidine were reacted with excess iaoayes (Scheme 1.30).
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All the above examples clearly demonstrate thasddgcting proper substitutents
and reactions conditions, cyclic keteNg<-acetals (X = O, N, S) can be used to make a
large pool of interesting molecul®s>® However, the high reactivity of these acetals
make the handling of these reagents difficult. Thasctions usingn situ generated

cyclic keteneN,X-acetals (X = O, N, S) may be a better option.

[0} [0}
o [0}
Et;N, MeCN |
—_—
€l Reflux 3h g N N o
81
[0} [0}
(0] (0]
EtsN, MeCN |
N 20 Cl Reflux3h
o U 0
82
Scheme 1.29 Reactions of 2-Methylimidazolii®) @nd 2-Methyl-1,4,5,6-
tetrahydropyrimidin@sj with Dimethyl Malonyl Chlorid&®
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Scheme 1.30 Reactions of 1,3-Dimethyl-2-methyhaidazolidine 70), 1,3-Dimethyl-
2-methylenehexahydropyrimél(74), 1,2-Dimethylimidazoline@8) and
1,2-Dimethyl-1,4,5,6-tetyanopyrimidine 72) with Phenyl Isocyanaté
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Other sets of cyclic keteridX-acetals (X = O, N, S), can be derived from
aromatic heterocycles such as benzoxazoles, beazolbs, etc. Konig et al. reported the
first synthesis of a benzothiazole based cycli@hetacetal in 1925 (Scheme 1.37).
They heated methyl iodide and 2-methylbenzothiaztl200°C in a sealed tube forming

the ketene acetal, 3-methyl-2-methylene-2,3-diblgdnzothiazole8g).

Py N
200°C
+ CHl —m
Sealed tube
37 88

Scheme 1.31 First Reported Synthesis of BenzzteaBased Cyclic Ketend;S
acetal, 3-Methyl-2-methyde?, 3-dihydrobenzothiazol&8g)°’

Zollinger et a”® and Schoeni et &. explored a few reactions @&8. In one case,
Zollinger group used 3-methyl-2-methylene-2,3- ditopbenzothiazole 88) with 2-
chloroN,N-dimethyl-ethenamine89) (Scheme 1.32f

The chemistry of the benzoxazole-based cyclic ketaretals is underexplored. In
1992, Quast et al. reported a few 1,3-dipolar @@thtion reactions of benzoxazole
based cyclic ketene acetdf€! In one case, the spirocyclic cycloadd@&was made by
the reactions of phenyl azide1l9) and 3-methyl-2-(propan-2-ylidene)-2,3-

dihydrobenzooxazol®() (Scheme 1.33
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Scheme 1.32 Reaction of 3-Methyl-2-methylenedil8drobenzothiazole88) with N-
(chloromethyleneN-methylmethanaminiunBg)°®
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Scheme 1.33 Cycloaddition Reaction of 3-Methyp&pan-2-ylidene)-2,3-
dihydrobenzooxazoBd ) with Phenyl Azide 19)%*

The synthesis of benzoimidazole based cyclic keeNe-acetal 96) was first
reported by Bris et al. in 1959 (Scheme 1%4). They synthesized 1,2-
dimethylbenzimidazole9g) from 2-methylbenzimidazole4). Me,SO, and NaCOs are
used as the methylating agent and base respectifélg methylation of 1,2-
dimethylbenzimidazole96) with Me,SOy, in benzene resulted in a benzoimidazole-based

yclic keteneN,N'-acetal, 1,3-dimethyl-2-methylene-2,3-dihydro-1Hyb@imidazole 96).
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Just like benzothiazole and benzoxazole, benzimiddzased cyclic ketene
acetal chemistry is also less explof&® Bourson, et al. studied a few reactions of 1,3-
dimethyl-2-methylene-2,3-dihydro-1H-benzoimidaz(96).°**® In one case, the reaction
of 1,3-dimethyl-2-methylene-2,3-dihydro-1H-benzalarole 06) with carbon disulfide
gave the dithioic acid derivativ®@®) (Scheme 1.35f°° He also reported the acylation

and alkylation reactions of this cyclic ketene at¥t

Ao

Me2804 Na,COs3 Me;SO NazCO5 \ /

\ /

96

TMeOHHO H,0

Scheme 1.34FirngReported Synthesis of a Imidazole Based Cyditene Acetal
(96)

SH SH
\N - \N N/

; N; + 2CS, ————»

Scheme 1.35 Synthesis of 2-(1,3-Dimethyl-1H-b@én&tazol-2-(3H)-ylidene)
propanebis (dithioic) a¢ed) using 1,3-Dimethyl-2-methylene-2,3
dihydro-1H-benzoimidazodg)?*°>
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In summary, many reports about the chemistry oemketO,0-, -N,O-, -N,S,
-N,N'- acetals and cyclic keter@@O-, -N,O-, -N,S, -N,N'- acetals are present. There are
also a few reports on the benzothiazole-based cyaitene acetals, but only few
electrophiles are used in those reactions. On thleerohand, benzoxazole and
benzimidazole-based cyclic ketene acetal chemiginyains largely unexplored. Also,

thiazole, oxazole and imidazole-based cyclic ketaretals have not been well studied.

Research Goals

The goal of this dissertation research is to strghctions ofin situ generated
cyclic ketene acetals with electrophiles.

Pittman and coworkers reported several reactioneravityclic ketene acetals
were generateth situ and reacted with eletrophilé®>® **>*For example, the reaction
described in the Scheme 1.22 (Page 19) is a classmple where this protocol
generated heterocycle such &3-2-(3-benzoylthiazolidin-2-ylidene)-1-phenylethaieo

A general reaction is given below (Schemel.36).

0] R
L
a RCOCI )J\ )J\
N X » R N X RCOCI
f /  Et;N, MeCN j / —weon R N X

X=0,S - -

Scheme 1.36 Reaction of ersitu Generated Cyclic Ketene Acetal
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In all of these cases, heterocycles such as 2itutbst oxazolines, thiazolines or
imidazolines are used as starting materials to rggmeyclic ketene acetals situ. In this
dissertation, attempts to generate cyclic ketenetadsc from differently substituted
heterocycles such as alkyl imidazoles, alkyl thiegzp alkyl oxazoles or their
corresponding benzo analogs will be described. dheserocycles have an extra double
bond within their ring. Therefore, they and thearresponding cyclic ketene acetals are
structurally different from previously used preans (oxazolines, thiazolines or
imidazolines) as illustrated in Figure 1.3 and 1rdaddition, imidazoles, oxazoles and

thiazoles are aromatic (Figure 1.5).

A A

!
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i
-

\ / \
’ N\

Figure 1.3 Cyclic Ketene Acetals Based on AromBterocycles

A A
T

N N

\

Figure 1.4 Cyclic Ketene Acetals Based on NonatmrHeterocycles
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N/\O N/\S N/\NH

AN \__J/

2-Methyloxazole 2-Methylthiazole 2-Methylimidazole

Resonance Energy: 26.2 kcal /mole®’ 42.0 kcal /mole®’ 40 kcal /mole®’

Figure 1.5 Aromatic Heterocycles

Resonance energies are based on difference betftgemnd the summation of
standard bond energies. Resonance energy of beisziertis range : 45.8 kcal/méle

Nitrogen heterocycles containing-electrons have always been considered
important substrates for studying various aspefcésamaticity®’®° Thus, the goal of the
first part of the dissertation is to synthesizelicyketene acetals from aromatic nitrogen
heterocyclic precursors and study their reactionsall cases, a one pot reaction was
chosen, where aim situ generated cyclic ketene acetal was made. Onceajedethese
cyclic ketene acetals could react with electroghilgresent in the system. More
specifically, 1,3-diacid chlorides were reactedhiiit situ generated cyclic ketene acetals
from substituted imidazoles to determine if usafyitheses could be observed. This was
the first goal of this dissertation.

Also, reactions of cyclic ketene acetals from sitiitsetd oxazoles and thiazoles
with acid chlorides in the presence of differentsdm and different solvents were
explored. This was the second goal of this disBerta These reactions represented

examples of carbon-carbon bond formation throuaghtu generated cyclic ketene acetal
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A third goal was to explore the reactions of 2-ngtanzoxazole with  acid
chlorides. This resulted in the formation of ordmido esters.

Reactions to contribute to future upgrading of bilorepresent a separate study in
this dissertation. The background and researchsgoflthe upgrading of bio-oil are

described in the chapter V of this dissertation.
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CHAPTER I

REACTIONS OF 2-ALKYLIMIDAZOLES AND 2-METHYL BENZIMIDAZOLE

WITH DIACID CHLORIDES

Introduction and Objective

The reactions of imidazoles ahdsubstituted imidazoles with acid chlorides have

been well documented®?Macco et al. showed that imidazoles react witkl @bilorides

in different ways. Imidazoles without ax-substituent gaveéN-substituted derivatives

when treated with acid chlorides in an inert sotvédn the other hand\-substituted

imidazoles upon treatment with benzoyl chloridesd anethylamine in refluxing

acetonitrile gave enol esters, which on hydrolgsiserated a variety of 2-(2-imidazolyl)

acetophenones (Scheme 72).

.

98

)\ CsHy
7 N

+ PhCOCI

Ph Ph o
o/l\o X Ph
1) EtsN,MeCN A H30" N
2) H;0* \_—_J \__J
99 100

Scheme 2.1 Synthesis of Imidazoylacetopherfénes
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Surprisingly, the reactions of imidazoles with diachlorides are not well
established. Diacid chlorides are bis-electropghilehey undergo cyclization reactions to
give carbocycles and heterocycfé&€®®° Recently, malonyl dichloride was used to make

the core structure of Clusianori®?), an anti-HIV molecule (Scheme 2%).

o (e}

(l)mMu

Et,0,-20°C,24 h

4 steps

(2) KOH(aq), BnEtzNCI
n,5h

102
Clusianone

Scheme 2.2 Total Synthesis of Clusiand®®)®®

Cyclizations of secondary enamines (Ii@8) with diacid chlorides were used to

make nitrogen-containing heterocycles such as inziolone carboxylatelQ4) (Scheme

2.3)8
(0]
Cl Cl H -10°C-0°C
O
N
H \
OMe
103

Scheme 2.3 Reaction of a Cyclic Secondary EnaandeMalonyl Dichloride to form
Indolinzinone Carboxylatel(4)®
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There are a few reports where different medium-sizgd lactones have been
synthesized by reactions of the dianion of 2-mét@ykimidazole with benzophenone
followed by treatment with diacid chlorides likesthylmalonyl chloride, oxalyl chloride

and 1,2-benzenedicarbonyl dichloride (Scheme®%).

N ) N

\ 2 n-BuLi . ‘@-
>—CH3 —_— @:>_—CH2

N NY o

94a
94 o
Ph Ph

N

C[ (COCIZ) A\
THF, o°c N 2 Ph
© g “Ph

94b

N
(0
N 1l Ph CI
— @ e
EtgN
O

106 > THF,0°C
EtT &t

Scheme 2.4 Synthesis of Medium-sized LactonesgyusiMethylbenzimidazole,
Benzophenone and Diacid Chlorif&¥

Recently, Ye et alreported a series of 1,3-diacid chloride reactwith both 2-
methylimidazoline 75) (the non-aromatic analogue of 2-methylimidazd#lf) and 2-
methyl-1,4,5,6-tetrahydropyrimidingg).>* In these reactionsy,N'-diacyl cyclic ketene
acetals were generated situ and further reacted in a tandem pathway to gie 1

napthyridinetetraones likd@7) and (08), respectively (Scheme 2.5).
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z

(o} 0O

Et Et

S
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— >
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B! Cl Reflux 3h N N
o o

76 108

Scheme 2.5 Reactions of 2-Methylimidazoline arMe2hyl-1,4,5,6-tetrahydro-
pyrimidine with 1,3-Diacid Chide>

These results raised a question of whether thedeatons with diacid chlorides
could be extended to the corresponding aromatiesyssuch as 2-alkylimidazoles and
2-methylbenzimidazole. 2-Alkylimidazoles, like Zglimidazolines can be envisioned
to give four consecutive attacks on electrophitesugh two nitrogens and the exocyclic
S carbon of their corresponding cyclic ketdd@¥-acetal intermediates. This ultimately
might provide a route to generate highly functiaread heterocyclic ring systems.
However, aromaticities of these heterocycles ansigee towards structural changes. A
few reports showed changes in aromaticity whemrmadedouble bond is converted to two
exocyclic double bonds to attached substituentarebKrygowski et al. compared the
aromaticities of pyrazolel(9) and an analod09a, with exocyclic double bonds at C3

and C4 (Figure 2.1 He found109a was less aromatic. Similarly, pyrrole rings in



porphyrins were found to loose most of their araaigtwhen exocyclic bonds at the 2

or 5 positions gain more double bond characteneig.1)>®

N N
/ \NH / \NH
More aromatic Less aromatic
NICS Value: -14.7 ppm -0.5 ppm
109 109a
H
N N
\@/ \g
More aromatic Less aromatic
NICS Value: -15.1 ppm -1.8 ppm
110 110a
Calculations for 109 and 109a were done using RHF/6-311G** and HF/6-31 +G*
Calculations for 110 and 110a were done using B3LYP/6-31G* DFT and GIAO-
RHF/6-31.G*

Figure 2.1 Comparison of Aromaticity®®

A NICS (Nucleous Indepenent Chemical Shift) caltala on imidazole and
corresponding cyclic ketene acetal also suppostdesumption. The NICS(0) value of a
5-membered ring keterd;N'-acetal intermediate (-3.65 ppm) was found to éss|
negative than corresponding value of imidazole.¢B2pm) in the same scale (NICS(0)
value of benzene -36.00 ppm) , which clearly intidaa loss of aromaticity (Figure

2.2)8882
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N

NH

\—/

NICS(0) -32.41 ppm

HN NH

Where NICS(0) of benzene is -36.00 ppm

Calculations were done using GEOM: B3LYP/6-311+G** and PW91/IGLOIII

\—/

- 3.65 ppm

Figure 2.2 Comparison of Aromatic{§?

Thus, the formation of a 5-membered ring ketbBid-acetal intermediate from

2-methylimidazole could involve some loss of arapigt present in the imidazole

(Scheme 2.6 and Scheme 2.7). This loss of aromaigipostulated to influence the

formation of cyclic ketene acetals from the aromairecursors as compared to non-

aromatic precursors such as imidazolines. This deg&yease yields or change the product

distributions versus reactions using ketene acet@serated from nonaromatic

heterocycles.

)\ MR

N N

)\ H(R) base Z}}I\ H(R)

1 3-diacid
chlonde deprotonatlon
Gr-electrons ringe@lectrons (some aromatic (Iess or non ana
(aromatic) argmatic)  stabilization lost)

Scheme 2.6 Generation of a Cyclic Ket®&hE~Acetal from-2-Methylimidazole
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H(R
N o ?‘)\N/”‘R) base ..)‘\../Hm)
\ / 1, 3-diacid cio© — > 0 N N
chloride \ / deprotonation \ /
(non-aromatic) (rromatic) (no loss of (non-aromatic

aromatic
stabilization)

Scheme 2.7 Generation of a Cyclic Ketéh-Acetal from-2-Methylimidazoline

Thus, a series of reactions of 2-alkylimidazolBs: (methyl, ethyl, isopropyl)
(111, 112, 113) and 2-methylbenzimidazol®4) were conducted with various 1,3-diacid

chlorides in acetonitrile and triethylamine.

Results and Discussions
A series of reactions of 2-alkylimidazoles (R= mgt ethyl, isopropyl) 111,
112, 113) and 2-methylbenzimidazole94) with various 1,3-diacid chlorides in
acetonitrile and triethylamine generated produtig-129. The structures of these

products depend on the 1,3-diacid chloride’s stmacés illustrated in Tables 2.1-2.4.
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Table 2.1 Reactions of 2-Methylimidazole and Rjgubstituted-1,3-Diacid Chlorides
and BN in Acetonitrile

)\ Et3N CH5CN
114-119
Reflux
111
N)\NH o) o)
EtsN, CH3;CN
ta a — 7B 120-124
R R Reflux
q
Reflux vield
Entry Substrate Diacid Chloridetime Product Isolated
(%)
(h)
o} o}
* o o E i
12 N 3 Et | Et 50
\ Cl Cl o N N 0
Et Et \_/
114
Ao
b
2 N/ NH C|)}><“\C| 3 114 59
\:/ Et Et
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Table 2.1 (Continued)

Reflux vield
Entry Substrate Diacid Chloridetime Product Isolated o
(h) (%)
PN fi
N/ NH )‘><u\ o) 39
\—/ N/
0 115 o
N%NH i)i % |
c o) N N N @)
4 \_/ \—/
115 12
5d N)\NH )%‘\ 116 34
115 45
AN
N N 13
/N
116a
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Table 2.1 (Continued)

Reflux
Entry Substrate Diacid Chloridetime Product Isolated

(h)

Yield
(%)

g T
\—/
\—/ — 118r
N)\ )g‘\ 71
Y

(Mole ratio of Z-methylimidazole, diacid chioridadibase is 172.47/6 mole ratio,
2.4 mmol (0.20 g) of 2-methylimidazole was usatess otherwise mentioned)

@0Only 114 was found in the product mixture.

P Reaction was performed with 0.25 g of 2-methyliazidle. Onlyl14 was found

in the product mixture.

¢ Compoundl15 was isolated as the major spot.

94 Both 115 and116 were isolated.

® Reaction was performed with 0.25 g of 2-methylimaiola. Compund<15, 116 and
116a were isolated. Several batches of reactions wenfeqmed to isolate puréléa. An
amount of 0.08 g of column residue was obtaineer &luting the column with 1:1 ethyl
acetate and hexane. A crystal structurgél®g was obtained.

41



The structures were established by and**C NMR and FT-IR. In the case of
116a, a X-ray crystal structure was obtained by Dr. RV.Henry of Mississippi State
University.

Seven different product types were isolated upactieg 2-methylimidazole with
various 2,2-disubstituted-1,3-diacid chlorides undentical conditions (Table 2.1).

Tandem dicyclization gavdl4 when the 2-alkyl substituents of the diacid
chloride were ethyl groups. Monocyclized prodtth and a linearly dimerizegroduct
116 were isolatedvith methyl substituents. These reactions werecauple of times to
confirm the above results. The reactions of 2-methglazole with diethyldiacid chloride
in presence of triethylamine generated tricyclioducts in all cases. On the other hand,
besides generatin§15 and 116, reactions of 2-methylimidazole with dimethyldiéci
chloride was also found to generate a highly fumalized productil6a. It has a 10-
membered ring fused to an imidazole and also tox-emembered ester ring. It has a
cyclic keteneN,O-acetal function and 3 ethers that are all partr@fs. It has a diene unit
cross conjugated with the imidazole ring. This coomd was unstable in air. A small
amount of residue from the column was recoveredveé¥er, no tricyclic product similar
to 114 was found in any case.

Tandem dicyclization also occurred when employigglabutane-1,1-dicarbonyl
dichloride and this was followed by a ring expansiaf only one of the two four-
membered rings to producE?7. When the dipropylmalonyl dichloride was used, no

cyclized product was isolated and only monoamid8)(formation was detected.
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Cyclopropane-1,1-dicarbonyl dichloride was investiggl in the anticipation of
observing tandem dicyclization analogous 1, with the possibility of one or two
further ring expansions, analogous to the formabbrthe fused dihydropyran ring in
118. Unexpectedly, cyclization occurred instead orite tmidazole ring producing 3'-
methylspirocyclopropane-1,6'-pyrrolo[1¢imidazole-5',7'-dione 119) (Table 2.1, last
entry). The diacid chloride mono- and dicyclizasarbserved upon formirj4-117 and
119 all are consistent with reactions proceed throfggimation of intermediate cyclic
keteneN,N'-acetals (Schemes 2.8 and 2.9). When the same typesactions were
explored with 2-methylbenzimidazole, monocyclizedduct121 was isolated only with
dimethylmalonyl dichloride(Table 2.2). No other cyclized products could balated
with other diacid chlorides. Only the monoamid&a0( 122, 123) were isolated when the
R substituent on the diacid chloride was ethyllalyoatyl or propyl, respectively.

The cyclization pathway onto the imidazole ring dive 119, exhibited by
cyclopropane-1,1-dicarbonyl dichloride, becomes ghedominant route taken by other
1,3-diacid chlorides when the 2-alkyl group on iaadles is changed to either ethyl or
isopropyl (Table 2.3 & 2.4). The 2-ethyl (Table 2.8nd 2-isopropyl (Table 2.4)
imidazoles readily cyclize onto the imidazole rigggnerating derivative$24, 126-129

with two fused 5-membered rings.
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Figure 2.3 The Crystal Structure of 8,8,11,litarmethyl-5,14-di(propan-2-ylidene)-
5H-imidazoLl,2}pyrano[3,4e][1,7,3]dioxazecine-7,9,12(8H,11H,14H)-
trionel(16a)®®"
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Table 2.2 Reactions of 2-Methylbenzimidazole wifB-Diacid Chloridesand EfN in
Acetonitrife

Reflux
Entry Substrate Diacid Chloridetime Product Isolated

(h)

0 0
)\ i i )\
N NN o 67
3 Et Et
Et Et
120

L1 LK
HN 59

121

(0]
N
25 G Y
N“  'NH
cl c 3 7

122

J\ I I

(0] (0]

w7 N)\N)S(H\OH 73
3 r Pr

4 Cl Cl @ P

Pr Pr

123

#Mole ratio of 2-methylbenzimidazole, diacid chiaidnd base is 1/2.4/6

Yield
(%)

o
<

0]
(0]
OH

68

P4
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Table 2.3 Reactions of 2-Ethylimidazole with BBubstituted-1,3-Diacid Chlorides
and BN in Acetonitrilé

[0}

(0]
Et;N, CHsCN
/ NH + al cl Reflux > 124-126

b4

r

R R
112
Reflux vield
Entry Substrate Diacid Chloridetime Product Isolated
1 N/ NH
1245
28
2 N\/_/ )%1\ \ o
125

\/LN
58
126 &

#Mole ratio of 2-ethylimidazole, diacid chloride abdse is 1/2.4/6

=z
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Table 2.4

Reactions of 2-Isopropylimidazole v#{R-Disubstituted-1,3-Diacid
Chlorides and4stin Acetonitrilé®

L

0
EtsN, CH3;CN
N NH al > 127-129
\__/ R R Reflux
113
Reflux Yield
Entry Substrate Diacid Chloridetime Product Isolated (%)
(h)
1 N7 NH
127 o
j\/ Nj/\/N 71
5 N7 NH
1280
I o
N7 N 70
3 N/ NH

[

129 ©

#Mole ratio of 2-isopropylylimidazole, diacid chide and base is 1/2.4/6
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A suggested mechanism for the formation of proddd#-116 (Table 2.1) is
shown in the Scheme 2.8. The same path shown iensel2.8 leading td15, can

account for the formation d21 when the starting reagent was 2-methylbenzimidazol

[} o\> -\
€] S NEts 2
c|/(>(<k o Qo ~ cl /ﬁ/\

cl o R cl
R o [o] CH2<>
)\NH m%%\,‘/r' /k R \'
N T N cl Wy~ -EtNHCI P
= — R" R o o N N
111 1tla 111b \—/
o o EtsN 111c
A, =]
cl N \N
EtsNH
111b
:NEt; °
D<H S} Ro\' flj
NEt3 H ¢
cl R
/‘ -Et;N.HCI L .
W T AN
[e] \——/ \ /
J 11 o
11 111f € 111d
g

(115 When R=Me )

N™ @ N \‘N o o N N o
\—/ i 111k
111h 111i 111]

(114 When R =Et )

i i)i |
2 (111g)+ cuuc. —_ M

1111(116 When R = Me)

Scheme 2.8 Plausible Mechanism for the Formatfdri4-116

Initial nucleophilic acyl attack by nitrogen of 2etylimidazole {11) on a diacid

chloride carbonyl carbon generates zwitterionienmediate 111a). lon pair (11b) is

48



formed by the loss of chloride. Reversible protemoval from either the methyl group
or nitrogen could occur to givEL1c or its tautomer, respectively. In the caseNedcyl
cyclic keteneN,N'-acetal {11c) where an intramolecular acyl nucleophilic attaékhe
exocyclicp-carbon results in another zwitterionic intermeeliéitl1d). Loss of chloride
and subsequent proton removal byNEfrom 111e gives the monocyclic productX1f or
115, where R = CH). Proton removal by BN generates aniofillg which then reacts
with an acid chloride to formi11h. It cyclizes by nucleophilic attack of the exoagycl
keteneN,N'-acetal’s carbon. Loss of chloride frofili and deprotonation o111j
finally forms the highly functionalized tricylic pduct (11k) (114, where R = Et). When
two molecules ofl11lg react with one diacid chloridd,11l (116, where R = Me)s
formed.

The cyclizations onto the imidazole ring to formidiezopyrollodiones are
illustrated in Scheme 2.9. The generation of tweetl five-membered rings may be
activated by the generation of anibB0a (Scheme 2.9). Placement of one or two methyl
groups on the exocyclic methylene carbon of thernai,N'-acetal intermediatel80a)
favors cyclization onto the imidazole ring.

The variability of these 2-alkylimidazole and 2-imgbenzimidazole reactions
with diacid chlorides, which form highly functiomzéd imidazonapthyridinetetraone
(114), imidazopyridinedionesl({5, 121, 125) and imidazopyrrolodioned 19, 124, 126-

129) and imidazodioxazecinetriongla) under identical conditions, is interesting.
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Tandem dicyclizations or single cyclizations at #eocyclic methylene and
cyclization onto the imidazole ring are all obselvEach reaction can be rationalized as

proceeding through an situ generated cyclic keteréN'-acetal intermediate.

o (Where R'=H, Me)

o)
R Cl
R’ R R
) /[ ’
o ©
N N — N NH
130a 115

(WhenR'=Me)

124,126-129
119 (when, R, R is -CH-CHy-)

Scheme 2.9 Proposed Mechanism for CyclizatiotherFive-membered Ring
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In some reactions, involving 2-methylimidazole &ithethylbenzimidazole, no
cyclic product was isolated. In most of these caBeS analyses revealed a complex
stich which could not be analyzed by several sdlva@rtures.

The formation of these different products probalayises through small
differences in the activation barriers among thesetes. Thus, subtle steric and
electronic factors and solvation differences faatiernative pathways. For example,
reactions conducted, where enhanced steric crowdasyintroduced at the 2-position,
favored cyclization at the imidazole ring in allsea (Tables 2.3 and 2.4). Steric effects
reduced the nucleophilicity of th&carbon, enhancing cyclization onto the imidazole
ring (via Scheme 2.9 relative to Scheme 2.8). @yeaf one of the two four-membered
rings during the formation df17 is likely the result of chloride nucleophilic atkaon the
four-membered ring’s carbon @81 mediated by positive charge on the imidazole 8ng’

C2. Significant charge separation i81) is the result of its push-pull structure.

Scheme 2.10 Plausible Mechanism for the Formaifdid7

In related keten®,N'-acetals with two carbonyl functions bound to fhearbon,

long bond lengths and lower bond orders were fobetiveen the ring carbon aid
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carbon? This is indicative of a strong contribution from zavitterion-like dipolar
structure. Opening of the four membered ring isofeéd by nucleophilic displacement
of chloride by oxygen to give a six-membered ringlil7). This ring expansion df31

to form 117 decreases the dipolar character. This reduceprtpensity of the second
four-membered ring to open. Other four-membered @rpansions to carbonyl oxygens
have been reportéd® However, all of the mechanisms suggested herestietly
postulated and no further mechanistic studies baea performed.

In the anticipation of forming other interestingtdr®cyclic products, a group of
other bis-electrophiles were used. Malonyl diclleri phthaloyl dichloride,N-
Chlorocarbonyl isocyanate amndChlorosulfonyl isocyanate were each reacted with b
2-methylimidazole and 2-methylbenzimidazole.

Malonyl chloride is a bis-electrophile without asybstitutent at the position.
The reaction of 2-methylimidazole or 2-methylbendazole with malonyl chloride in
the presence of a suitable base could potentiedlgl to bicyclic or tricyclic ring systems
(132a/132b) (Scheme 2.10). However, malonyl chloride contdims acidic hydrogens
so that use of a base likesHtcould also result in dehydrohalogenation to @ket

Both 2-methylimidazole and 2-methylbenzimidazolereveeacted with malonyl
chloride. KCO; was used as the base. Reactions were run in bfdtixing acetonitrile
(82°C) and refluxing THF (66°C) (Scheme 2.10). Thsulting crude product mixtures
from these reactions did not show any spots abbeebaiseline on TLC analysis when
eluted with several solvent mixtures of differeotarity. The single spot on the baseline

did not move with any solvent systems tried (e@0% ethyl acetate, 100% hexane,
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EA/hexane = 1:1, 1:2, acetone etc). Therefore, mohér analyses or attampts at
separation were made.

It was hoped that reactions of phthaloyl chloridéhw2-methylimidazole or 2-
methylbenzimidazole could result in a polycyclic lecule with one or two seven-
membered ringsl@3a/133b, Scheme 2.10). Thus, phthaloyl chloride was rebaii¢gh 2-
methylimidazole and 2-methylbenzimidazole in bo#fluxing acetonitrile and THF

(Scheme 2.10). Two basesg&tand DIPEA (diisopropylethyl amine) were used.

o] o]
N NH M 3h \ / \ / 0
\:/ + CI CI x /I \\ T
! K Base: K,CO5 ! ) ! A

; \
; \
OR, ¢ P

; \ I
S p Solvent(s): 1) MeCN (82°C)

Q-4 HTHF (67°C) 7 132a/132b ...~
0 o o

)\ |
N 7 NH al 3h |

\_[ - N, OR,
C Base: DEN, 2) DIPEAZ N ¢ \ / X FN N
& 2 Solvent(s): 1) MeCN (82°C) SN \_/ o)
R 0 2)THF  (67°C) & » ! A

Y 133a/133b

______

Scheme 2.11 Unsuccessful Reactions of 2-Methgthaole or 2-Methylbenzimidazole
with Malonyl Chloride antitRaloyl Chlorides (expected products that
were not obtained are shawithe right. Imidazole-based products are
labeled witla*and benzimidazole-based products are labeled "With
The mole ratio of substrétis-electrophile/ base was 1/2.4/6 in these
reactions).
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In all eight cases crude product mixtures showsgbts for unreacted starting
materials (ethyl acetate/ hexane 1:1). No new syt observed. No further attempts
were made.

N-Chlorocarbonyl isocyanate atddChlorosulfonyl isocyante were used as other
biselectrophiles in reactions with 2-methylimidazobnd 2-methylbenzimidazole under
similar conditions. Three bases®f DIPEA (diisopropylethyl amine),and DABCO-

(1,4-diazabicyclo[2.2.2]octah&vere used.

[¢) [¢) [¢)
)\ NH HN NH
N / NH o] 3h ‘ |
\_/ c,% \/
J \ HN N o © N N o
SN OR, TN
((\ /\)

Base: 1)E;N, 2) DIPEA, 3)DABCO
N i Solvent(s): 1) MeCN (82°C)
""" 2) THF  (67°C)

] ¢
+ 134a/134b

____________

[¢] [¢]
A ﬁ veood 11
[e]
7 0 7 X —=0
N NH \\S/o 3h N/S\ PN N/S\\
= \

+ Cl— > HN

o) (0]
Base: 1)Et;N, 2) DIPEA, 3)DABCO \ / OR, \ {

& 2 N==C==0 golvent(s): 1) MeCN (82°C) ;
N 2)THF  (67°C) &

S
____________

Scheme 2.12 Unsuccessful Reactions of 2-Methgthaole or 2-Methylbenzimidazole
with Bis-Electrophiles (eqted products that were not obtained are
shown on the right. Imideezbased products are labeled wighand
benzimidazole-based proslace labeled witho”. The mole ratio of
substituted imidazole/ estrophile/ base was 1/2.4/6 in these reactions)
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Thus, each of these bis-electrophiles was trietl thitee bases in two solvents for
a trial of six attempted reactions (twelve reactialtogether). Complex product mixtures
were indicated by TLC analysis (solvent system@%EA, 100% hexane, EA/hexane =
1:1, 1:2, acetone: hexane: 1:1, 100% acetone, €@a)y in the case, wher&-
Chlorosulfonyl isocyante was reacted with

2-methylimidazole in refluxing acetonitrile in tipeesence of triethylamine, TLC
analysis (with 100 % acetone) of the crude prodigture give a promising spot. Thil
NMR of the isolated product corresponding to thgetswvas very complex and could not
be interpreted. No further analysis was perfornktmyever, no analogous TLC spot was
observed in case of 2-methylbenzimidazole. TLAymmaexhibited only one spot at the
baseline which was not be eluted by any solventturextried (100% ethyl acetate),

100% hexane, EA/hexane = 1:1,1:2, acetone: heXabhei00% acetone, etc).

Conclusions

Reactions of 2-methylimidazole and 2-methylbenzammle with various 1,3
diacid chlorides in presence of a base generatediety of products. Formation of most
of these products can be explained by postulating aitu generated keteng;N"-acetal
intermediate. Thus, it can be said that the reasta 2-methylimidazoline and 2-methyl-
1,4,5,6-tetrahydro-pyrimidine with 1,3-diacid chittgs can be extended to aromatic 2-
susbstituted imidazoles or 2-methylbenzimidazdtesvever, as described in the chapter
I, generation of these cyclic keteNeN -intermediate resulted in a decrese in aromaticity

of the starting 2-methyl imidazolium or the 2-mdbgnzimidazolium cation
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intermediates formed in these reactions. Thifaapparently affected the product
distributions relative to those observed with read of 2-methylimidazoline and 2-
methyl-1,4,5,6-tetrahydro-pyrimidine. In some casles extra double bond in the five-
membered ring also facilitated alternate route cwhiltimately generated a different
array of products. These products were not obdem 2-substituted imidazolines.
There were a few reactions of imidazoles and beapoles in this chapter,
where no cyclic product was obtained. All of thesactions were performed several
times and the results were reproduced. Howeveallithose cases, different products
were found that did not occur with imidazolinesabfdition, product mixtures from these
reactions showed complex streaks or baseline gpdisC that could not be separated.
Different results obtained in these reactions idetli competing reactions (e.g. dimer
formations or an intermediates to the dimers). bme cases, oligomerization/
polymerizatuon might occur during these reactiofmsctv would be faster than tandem
cyclizations to the desired tricyclic products. @&lshe gemdialkyl substitutents on C-2
of malonyl chloride might play an inportant role &l these reactions. It is a well
established fact that some of cyclizations weresngotessful without the presence of any
dialkyl group® This might happen in reactions of malonyl chlorigdth 2-
methylimidazole or 2-methylbenzimidazole also. Engral, cyclizations are facilitated
with the presence of a dialkyl group in near pragymThis effect is calledyemdialkyl
effect or Thorpe-Ingold effect. It was found thaetsteric interactions of two alkyl
groups increase the angle between them, which &meously decrease the angle on the

opposite side. Thus, two reacting termini can cefose to form a cyclic systefh.
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Figure 2.4 Thorpe-Ingold Efféct

However, this dialkyl effect depends on the stemwironment. In one case,
Smith et al. showed that the equilibrium constamt&cetalization of the cyclohexanone
portion of the dione of @androstane-3,17-dione increased by changing tdkytligroup
from dimethyl to diethyf> Whereas, in the case of thdactone formation reaction of
benzenesulfonyl bromide aadlyl acrylates, changing the dialkyl group fronmdithyl to
diisopropyl decreased the yield of the lact@hi another case, Jung et al. found that in
an intramolecular Diels-Alder reaction of 2-furfurgethyl fumarates, dialkyl groups like
dimethyl, diethyl, etc. gave similar resulfsThese types of steric factors might also play
a role in the reactions of 2-methylimidazole wiiffetent 1,3-diacid chlorides. Thus, in
future, the sensitivity of the products formed wstibstituents on C-2 of malonyl chloride
needs to be further studied. Also, investigatidmsutd be conducted to understand how
to specifically control and optimize each pathway.

A series of'H and**C NMR spectra are shown in page 59-68. All expenitle

data is given in pages 58-67 in this dissertation.
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Figure 2.7 *H NMR Spectrum (300 MHz, CDg)lof 1-[2,2-Dimethyl-3-(6,6-dimethyl-
5,7-diox0-6,7-dihydro-5H-imidazo[1,&}pyridine-1-yl)-3-oxo-propionyl]-
6,6-dimethyl-1H-imidazo(1adpyridine-5,7-dione 116)
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Experimental

Materials and Instruments

The 'H and *C NMR spectra were collected using a 300 MHz speuvéter
(Bruker AVANCE Ill) operating at 300 MHz for protoand 75 MHz for carbon.
Chemical shifts were reported in ppm downfield frdmlS in CDC} solvent for all
NMR samples. The FT-IR spectra were collected lassfias neat or using salt plates.
Splitting patterns are designated as ‘s, d, t,dyrah for ‘ singlet, doublet, triplet, quartet
and multiplet’. All reactions were performed undeitrogen. Acetonitrile and
triethylamine were dried by distillation over calgi hydride under nitrogen.
Dichloromethane was pre-dried with calcium chloral® then distilled from calcium
hydride under nitrogen. Dipropylmalonyl dichloride,1-cyclobutane-dicarbonyl diacid
chloride were made by a literature procedlirdll other chemicals were obtained

commercially and used as received.

Synthesis using 2-Methylimidazole as the Startiatekial

5,5,8,8-Tetraethyl-imidazo[1,23][1,8]napthyridine-4.6,7.9-tetraon&14)

2-Methylimidazole {11) (0.20 g, 2.4 mmol) was dissolved in acetonit(l&
mL). Triethylamine (1.5 g, 14 mmol) was then addeécpwise. A solution of
diethylmalonyl dichloride (1.15 g, 5.7 mmol) in &oeitrile (15 mL) was added dropwise

into this solution under nitrogen at room tempem@td he reaction mixture was refluxed

68



for 3 h and the solvent was removed by rotary exatfpm. Acetone (3 x 20 mL) was
added to the residue to give a solid/liquid mixtdree mixture was filtered and the solid
obtained was thoroughly washed with acetone (3 xnL5The combined filtrates were
concentratedn vacuoand residue was purified by flash column chromiplyy (silica
gel, 1:1 hexane/ethyl acetate) to givd4) (396 mg, 50%), R= 0.7, white solid; mp.
258-260°C. The reaction was also carried out wigb@ of 2-methylimidazole, where
the ratio of 2-methylimidazole/diacid chloride/thglamine was 1/2.4/6. Similar result
obtained with a yield of 0.57 mg (59 %).

IR (cm™: 3039, 2974, 2950 1713, 1710, 1635, 1536, 1481.

'H NMR (300 MHz, CDC}y:. 84 = 7.42 (s, -N-CIHCH-N-, 2H), 2.07 (m, C-ChtCH;, 8
H), 0.81 (t,J=7.4 Hz, C-CH-CHs, 12 H).

13C NMR (75 MHz, CDCJ): 8¢ =187.46 (C-©-C), 170.24 (N-O-C), 154.85 (>EC-
(CO)), 112.97 (N-GC-N), 97.13 (>C=COY),), 64.96 ((COx}C-CH,-CHjs), 32.92 (-C-

CH,-CHy), 9.57 (-C-CH-CHy).

6,6-Dimethyl-1H-imidazo[1,ZA]pyridine-5,7-dione 115)

Compound115 was isolated with some inseparable spots in trst fin (this
reaction was performed several times) using 2-nlietidazole (11) (0.20 g, 2.4 mmol)
and dimethylmalonyl dichloride (0.99 g, 5.7 mmoy) the general procedure (165 mg,
39%). When the reaction was run for 5 h, the oletdiyield was 51 mg (12%) whet&6
was found as the major product. Recently the reacwas repeated (0.25 g of 2-

methylimidazole was used, where the ratio of 2-iylethdazole/diacid
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chloride/triethylamine was 1/2.4/6) where the yiglds 231 mg (45%). Flash column
chromatography (silica gel, 1:1 hexane/ethyl aeg¢td& = 0.70; dark brown liquid.

IR (cmi?): 3153, 2977, 2934, 1733, 1636, 1542, 1458, 18382.

'H NMR (300 MHz, CDGJ): 64 = 7.51 (d, J =1.3 Hz, -CON-CHCH-NH, 1H), 7.16 (d,
J= 1.4 Hz, CON-CH=CHKN\H, 1H), 6.84 (s, >C=CHCO, 1H), 1.58 (s, -C-CH 6H).

13C NMR (75 MHz, CDGJ): 8¢ = 171.49 (=CH-©-C(CHs),), 145.26 (N-©-C(CHg),),
132.31 (>GCH-CO), 114.62 (CO-N-B=CH-NH), 113.18 (CO-N-CH=8-NH),

47.96 (>C=CE4-CO), 45.73 (>QCHa),), 25.42 (-C-Els).

1-[2, 2-Dimethyl-3-(6,6-dimethyl-5,7-diox0-6,7-dilso-5H-imidazo[1, 2a]pyridine-1-

vI)-3-oxo-propionyl]-6,6-dimethyl-1H-imidazo[1, 8lpyridine-5,7-dione 116)

Compound116 could not be isolated in the first few runs. It wiast isolated
when the reaction was run for a longer time (5281(mg, 51%), wher&l15 was also
found as the minor product. However, recently, nvties reaction was run several times
(with 0.25 g of 2-methylimidazole}l16 was found even after 3 h of reaction time (225
mg, 34 %). R=0.45; dark brown liquid.

IR (cm™): 3070, 2970, 2932, 1756, 1700, 1622, 1538, 14886, 1264.

'H NMR (300 MHz, CDCY): 84 = 7.53 (d,J = 1.3 Hz, CON-CHCH-NH, 2H), 7.18 (d,
J = 1.7 Hz, CON-CH=CHKNH, 2H), 6.73 (s, >C=CHD, 2H), 1.73 (s, CO-C-CH 6H),

1.51 (s, CO-C-Ck(ring), 12H).

¥C NMR (75 MHz, CDC}y. §170.81 (=CH-@-C(CH),), 168.87 (N-@-C(CHs),

(ring)), 155.30 (N-©-C(CHs),), 144.49 (>GC-CO), 132.57(CO-N-B=CH-NH),
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113.39 (CO-N-CH=@-NH), 105.04 (>C=@-CO), 51.33 (>QCHs), (ring)), 45.57

(>C(CHy),), 24.17 (-C-Gi), 22.79 (-C-Gis (ring)).

8.8,11,11-tetramethyl-5,14-di(propan-2-ylidene)-fdazo[1,2€]pyrano[3,4-

e]l1,7,3]ldioxazecine-7,9,12(8H,11H,14H)-triorid §a)

Compoundll6a could not be isolated in the first few runs. It wast isolated
when the reaction was recently performed with @28 2-methylimidazole (mole ratio
of 2-methylimidazole/1,3-diacid chloride/base w&f2.4/6). The experimental procedure
as same as the synthesisldb. The reaction was run for 3 h. The obtained ywedd 169
mg (13%). R = 0.60; yellow crystal. mp. 179-180°C. A crystatusture is also
obtained (Page 46).

IR (cm™): 3158, 3122, 2989, 1789, 1759, 1725, 1658, 155463.

'H NMR (300 MHz, CDCJ): 8y = 7.10 (d,J = 1.5 Hz, -C=N-CH=CHN-C(=C<)-O-,
1H), 7.05 (d,J = 1.5 Hz, -C=N-CHCH-N-C(=C<)-O-, 1H), 1.87 (s, GHC(CHs=C(N)-
O, 3H), 1.83 (s, CHC(CHz=C(N)-O, 3H), 1.66 (s, CHC(CHs=C(N)-O, 3H), 1.65 (s,
CHs;-C(CHg=C(N)-O, 3H), 1.55 (s, -C(=0)-C(G#-C(-O)-, 3H), 1.47 (s, -C(=0)-
C(CHs)-C(-O)-, 3H), 1.40 (s, -C(=0)-C(CGH-C(=0)-, 3H), 1.20 (s, -C(=0)-C(CHb-
C(=0)-, 3H).

13C NMR (75 MHz, CDCJ): 8¢ = 171.45 (-O-C=0)-C(CH),-), 170.26 (-O-C=0O)-
C(CHg)-C(=0)-0-), 169.55 (-O-C(=0)-C(CH-C(=0)-0-), 154.12 (-O-ECH-C=N-),
140.86 (-N=E-C=C-)-N-), 138.37 (-C=C-C-GC(CHg)2)-O-), 131.08(-N-C=C(CH),-

0-), 128.05 (-C=N-CH)=C(H)-N-), 124.68 (-C=C-C-C(=(CHs),)-0-), 121.11 (-C=N-
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C(H)=C(H)-N-), 120.16 (-N=C(-€C-)-N-), 50.47 (-N-C(=QCH2),-O-), 45.88(-O-
C(=0)-QCHa)»-C(=0)-0-), 22.95 (-O-C(=0)-(CHs)»), 21.29 ((-O-C(=0)-C(E3),-
C(=0)-0-), 2C), 19.66 (-C=C-C-C(=CKG),)-O-), 19.49 (-C=C-C-C(=C(B3),)-0-),,

18.56 (-O-C(=0)-C(Els),-), 18.33 (-N-C(=C(El3),-0-), 17.83 (-N-C(=C(El3),-O-).

8, 9-Dihydro-7H-10-oxa-3a,5a-diaza-acephenantheylen3, 6-trioneX17)

Compoundl117 was prepared using 2-methylimidaz¢id1) (0.20 g, 2.4 mmol)
and cyclobutane-1,1-dicarbonyl dichloride (1.035¢g, mmol) by the general procedure
(388 mg, 54%). Flash column chromatography (sijjeh 1:1 hexane/ethyl acetate); R
= 0.45; dark brown liquid.

IR (cm™): 3010, 2920, 1738, 1683, 1538, 1241, 1125, 11088, 1061.

'H NMR (300 MHz, CDCJ): 84 = 7.68 (d, J = 2.7 Hz, -CON-CHCH-N, 1H), 7.54 (d,
J = 2.7 Hz, CON-CH=CHN, 1H), 4.40 (t, J = 5.2 Hz, C-O-CH-CH,-CH,-, 2H), 2.76
(m, C-O-CH-CH»-CH,-, 2H), 2.63 (m, -CHCH,-C-, 4H), 2.28 (m, -CHCH,-C-, 2H),
2.04 (M, C-O-ChCH,-CHy-, 2H).

13C NMR (75 MHz, CDCJ): 8¢ = 186.00 (=C-©-C-), 169.29 (-N-O-C-), 161.82 (-N-
CO-C=C-), 156.42 (=€D-CH,-), 144.04 (>GC-CO-), 113.53 (-N-EC-N), 112.56 (-N-
C=CN), 99.92 (>C=ECO-), 89.77 (-CO-EC-0), 68.04 (-O-B1,-CH,-CH,-), 57.53 (-
(CHy)2-C-(CQO)), 29.85(-CH-CH,-C-(CQO)), 20.60 (C-O-ChHCH,-CH,-C=C-), 19.11

(C-O-CH-CH,-CH,-C=C-), 15.37 (€l2-(CHy)2-).
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2-(2-Methyl-imidazole-1-carbonyl)-2-propyl-pentaaicid (118)

Compoundl118 was prepared using 2-methylimidaz¢id 1) (0.20 g, 1.4 mmol)
and dipropylmalonyl dichloride (1.3 g, 5.7 mmol) by general procedure (346 mg,
57%). Flash column chromatography (silica gel, hekane/ethyl acetate);; R= 0.70;
dark yellow liquid.

IR (cm™): 3140, 2957, 2933, 1712, 1633, 1555, 1465, 14889.

'H NMR (300 MHz, CDC)): 84 = 7.28 (d, J = 1.7 Hz, CON-CHCH-N=C-, 1H), 6.91(
d,J = 1.8 Hz, CON-CH=CHN=C-, 1H), 2.99 (s, -OH, 1H), 2.67 (s, >C-GH3H),

1.64 (m, -C-CH-CH,-CHjz, 4H), 1.31 (m, -C-CpCH»>-CHs, 4H), 0.91 (t,J = 7.2 Hz, -
C-CH,-CH,-CHs, 6H).

13C NMR (75 MHz, CDCJ): $174.67 (N-@-C-), 163.34(-C-O-OH), 148.36 (>ECHs),

128.17 (-N-G4=CH-N-), 116.85 (-N-GI=CH-N-), 45.57 (-CO-@CH,-CH,-CHs),-CO-),

34.56 (-C-GH,-CH»-CHg), 20.49 (-C-CH-CH,-CHs), 17.43 (-C-CH-CH,-CHs), 13.76

(>C-CHa).

3'-Methylspiro[cyclopropane-1,6'-pyrrolo][1-:&@imidazole-5',7'-dionel(19)

Compoundl119 was prepared using 2-methylimidazéid1) (0.20 g, 2.4 mmol)
and cyclopropane-1,1-dicarbonyl dichloride (0.9%4, mmol) by the general procedure
(301 mg, 71%). Flash column chromatography (stjek ethyl acetate); R 0.55; white
solid, mp. 110-112°C.

IR (cm™): 3140, 2973, 2935, 1710, 1650, 1538, 1466, 14384, 1226, 1139, 1083.
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'H NMR (300 MHz, CDGCJ): 84 = 7.45 (s, N-CHC-CO-, 1H), 2.74 (s, -N=C-CH3H),
1.85 (m, -C-CH-CHy-, 4H).

13C NMR (75 MHz, CDCJ): 8¢ = 182.73 (-N-©-C-), 167.80 (C=C-O-C-), 146.73 (-
N=C-CHs), 133.77 (-CO-N-EGI=CH-NH-), 127.69 (-CO-N-CH=8-NH-), 36.46 (-CO-

C-CO-), 20.55 (-C-€l,-CH,.), 14.48 (N=C-GEls).

Synthesis using 2-Methylbenzimidazole as the Stpkiaterial

2-Ethyl-2-(2-methyl-benzoimidazole-1-carbonyl)-butyacid (120)

2-Methylbenzimidazole 94) (0.20 g, 1.4 mmol) was dissolved in 15 mL of
acetonitrile. Triethylamine (0.849 g, 8.4 mmol) when added dropwise. A solution of
diethylmalonyl dichloride (0.662 g, 3.3 mmol) inedonitrile (10 mL) was added
dropwise into this solution under nitrogen at rommperature. The reaction mixture was
refluxed for 3 h and the solvent was removed bgrsoevaporation. Acetone (3 x 20 mL)
was added to the residue to give a solid/liquidtorex The mixture was filtered and the
solid obtained was thoroughly washed with acet@&e (L5 mL). Then the combined
fillrates were concentrated inacuo and residue was purified by flash column
chromatography (silica gel, 5:1 hexane/ethyl aegttai givel20 (278 mg, 67% ), R=
0.45, yellow liquid.
IR (cm™): 2965, 2929, 2850, 1813, 1722, 1623, 1574, 14885, 1289.
'H NMR (300 MHz, CDCJ): 84 = 7.70 (m, 1H (benzylic)), 7.35 (m, 3H (benzylic})78

(s, >C-CH, 3H), 2.34 (m, 4H), 0.91 () = 7.5 Hz, -C-CH-CHs, 6H).
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13C NMR (75 MHz, CDCJ): 8c= 173.13 (N-©-C-), 169.96 (-C-O-OH), 153.17 (>€
CHs), 142.37 (-N-CH=EI-N-CO-), 131.189 (-N-E=CH-N-CO-), 124.45 (benzylic),
124.23 (benzylic), 120.11 (benzylic), 112.71 (béit}y70.77 (-CO-CGCO-), 25.58 (-C-

CH,-CH), 18.68 ((>C-Gl3), 8.11 ((-C-CH-CHy).

2, 2-Dimethyl-5H-benzol[4,5]imidazo[1 @pyridine-1,3-dione 121)

Compound121 was prepared using 2-methylbenzimidazd®d) ((0.20 g, 1.4
mmol) and dimethylmalonyl dichloride (0.567 g, 3r8nol) by the general procedure
(199 mg, 59%). Flash column chromatography (sijeh 1:1 hexane/ethyl acetate};, R
0.9, yellow liquid.

IR (cm™): 3085, 2980, 2934, 1715, 1637, 1593, 1379, 13883, 1235, 1219, 1157.

'H NMR (300 MHz, CDCJ): 84 = 8.24 (m, 1H (benzylic)), 7.75 (m, 1H (benzylic})42
(m, 2H (benzylic)), 6.95 (s, >C=CBO-, 1H), 1.66 (s, -C-CHI6H).

13C NMR (75 MHz, CDC)): é¢c = 171.73 (>C=CH-O-), 149.43 (N-©-C-), 147.97
(>C=CH-), 144.09 (-N-EGI=CH-N-CO-), 130.29 (-N-CH=8-N-CO-), 126.14 (benzylic),
126.08 (benzylic), 120.15 (benzylic), 115.24 (béiczy115.13 ((>C=Ei-CO-), 48.66 (-

CO-G(CHs),), 25.69 (CO-C-Ely).

1-(2-Methyl-benzoimidazole-1-carbonyl)-cyclobutaadmxylic Acid (122)

Compound122 was prepared using 2-methylbenzimidazd®d) ((0.20 g, 1.4

mmol) and cyclobutane-1,1-dicarbonyl dichloride6(@, 3.3 mmol) by the general
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procedure (245 mg, 68%). Flash column chromatogrgphica gel, 1:1 hexane/ethyl
acetate); R=0.8, yellow liquid.

IR (cmi®): 3085, 2980, 2933, 1696, 1650, 1416, 1264, 12187.

'H NMR (300 MHz, CDCY): 84 = 7.66 (m, 2H(benzylic)), 7.30 (m, 2H(benzylic})85
(s, >C-CH, 3H), 2.5 (m, -C-(CH),-CHy, 4H), 2.12 (m, -C-(CH,-CH 2H).

13C NMR (75 MHz, CDCY): §174.35 (N-@-C-), 153.46 (-C-O-OH), 142.57 (>€
CHg), 132.27 (-N-CH=E®-N-CO-), 124.32 (-N-Gi=CH-N-CO-), 123.41 (benzylic),
119.72 (benzylic), 114.26 (benzylic), 113.54 (bditxy40.9 (-CO-GCO-OH), 25.04 (-

C-(CH5)»-CHy), 18.97 (-C-(CH)»-CH,), 17.96 (>C-Els).

2-(2-Methyl-benzoimidazole-1-carbonyl)-2-propyl-p&moic Acid (23)

Compound123 was prepared using 2-methylbenzimidazddd) ((0.20 g, 1.4
mmol) and dipropylmalonyl dichloride (0.8 g, 3.3 minby the general procedure (309
mg, 73%). Flash column chromatography (silica §&l,hexane/ethyl acetatdy; = 0.65,
dark brown liquid.

IR (cm™): 2970, 2925, 2683, 1699,1610, 1593, 1435, 1268311114,

'H NMR (300 MHz, CDCY): ;= 7.69 (m, 2H (benzylic)), 7.34 (m, 2H (benzylic})83
(s, >C-CH, 3H), 1.86 (m, -C-ChCH,-CHs, 4H), 1.40 (m,J = 7.3 Hz, C-CH-CH,-CHs,
4H), 0.91 (tJ = 7.2 Hz, 6H).

13C NMR (75 MHz, CDCJ): 8¢ = 176.82 (N-©-C-), 153.16 (-C-O-OH), 142.72 (>€

CHs), 132.49 (-N-CH=E-N-CO-), 124.24 (-N-El=CH-N-CO-), 119.89 (benzylic),

76



113.48 (benzylic), 46.21 (-CO-CO-OH), 34.27(-C-El,-CH»-CHs), 20.47 (-C-CH-

CHy-CHg), 18.96 (-C-CH-CH,-CHs), 14.22 (>C-GEly).

Synthesis using 2-Ethylimidazole as the Startingekita

3-Ethyl-6,6-dimethyl-pyrrolo[1,2]-imidazole-5,7-dionel24)

2-Ethylimidazole {12) (0.20 g, 2.0 mmol) was dissolved in acetonit(ilé mL).
Triethylamine (1.2 g, 12 mmol) was then added diepwA solution of diethylmalonyl
dichloride (0.96 g, 4.8 mmol) in acetonitrile (10Lnwas added dropwise into this
solution under nitrogen at room temperature. Tlaetien mixture was refluxed for 3 h
and the solvent was removed by rotary evaporath@etone (3 x 20 mL) was added to
the residue to give a solid/liquid mixture. The tape was filtered and the solid obtained
was thoroughly washed with acetone (3 x 15 mL).nTHee combined filtrates were
concentratedn vacuoand residue was purified by flash column chromiplyy (silica
gel, 2:1 hexane/ethyl acetate) to giad (325 mg, 71% ), R= 0.8, yellow liquid.

IR (Cm'l): 3128, 2970, 2938, 1774, 1723, 1549, 1495, 14806, 1272, 1121, 1090.
'H NMR (300 MHz, CDC}y: 8y = 7.49 (s, -N-CHC-, 1H), 3.13 (q,) = 7.5 Hz, -N=C-
CHp-CHs, 2H), 1.91 (m, >C-CHCHs, 4H), 1.41 (t,J = 7.5 Hz,-N=C-CH-CHs, 3H),
0.83 (t,J = 7.5 Hz, >C-CH-CHs, 6H).

3C NMR (75 MHz, CDCJ): 6¢ = 187.93 (N-©-C-), 170.65 (=C-O-C-), 151.45 (N=€

CH,-CHy), 134.01 (=GCO-C-), 127.56 (-N-E=C-CO-), 65.31 (-(CQ)C-CH,-CHs),
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28.35 (-(CO)-C-CH,-CHg), 22.02 (-N=C-E1,-CHs), 11.33 ((-N=C-CHCH3 ), 9.17 (-

(CO)-C-CH,-CHy).

6,6,8-Trimethyl-1 H-imidazo[1,2]pyridine-5, 7-dione 125)

Compound125 was prepared using 2-ethylimidazol&lZ) (0.20 g, 2.0 mmol)
and dimethylmalonyl dichloride (0.81 g, 4.8 mmoy) the general procedure (107 mg,
28%). Flash column chromatography (silica gel, helkane/ethyl acetate);: R 0.9,
yellow liquid.

IR (cm™): 3156, 2983, 2936, 2876, 1725, 1631, 1537, 14896, 1290, 1204.

'H NMR (300 MHz, CDCJ): 8y = 7.53 (dJ = 1.6 Hz, -N-CH=CHN-CO-, 1H), 7.17 (d,
J=1.7 Hz, -N-CH:CH-N-CO-, 1H), 2.30 (s, >C=CH-GH3H), 1.58 (s, -C-Ck} 6H).

13C NMR (75 MHz, CDCJ): §¢ = 171.80 (>C=C-O-C-), 146.85 (-N-©-C-), 140.66 (-
N-C=C-CO-), 132.12 (-N-CH=8-N-CO-), 120.82 (-N-EI=CH-N-CO-), 113.57 (>C=€C

CO-C-), 48.29 (-CO-EHs), 26.01 (-CO-C-Els), 13.91 (-N-C=C-CH).

3-Ethyl-6,6-dimethyl-pyrrolo[1,2]-imidazole-5,7-dioneX26)

Compoundl26 was formed as the major product in the reactiorrizsd for the
synthesis of125 (222 mg, 58%). Flash column chromatography esilgel, 1:1
hexane/ethyl acetate}; = 0.8, white solid, mp. 92-95°C.

IR (Cm'l): 3128, 2974, 2938, 1771, 1730, 1651, 1554, 153895, 1391, 1374, 1311,
'H NMR (300 MHz, CDCJ): &4 = 7.51 (s, -N-CHC-N-CO-, 1H), 3.11 (¢J = 7.5 Hz,-

N=C-CH,-CHs 2H), 1.45 (s, CO-C-Ckj 6H), 1.41 (tJ = 7.5 Hz, -N=C-CH-CHs, 3H).
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13C NMR (75 MHz, CDCY): 8¢ = 187.33 (-N-©-C-), 177.04 (-C=C-CO-C-), 151.67 (-
N=C-C-), 132.05 (-N-C=@CO-C-), 128.65 (-N-EC-CO-C-), 54.87 (-CO-&0-), 20.85
(-CO-C-CH3), 19.47 (-N=C-E»-CHs), 11.27 (-N=C-CH-CH3).

Synthesis using 2-Isopropylimidazole as the Stataterial

6,6-Diethyl-3-isopropyl-pyrrolo[1,2]-imidazole-5, 7-dionel27)

2-1sopropylimidazole X13) (0.20 g, 1.7 mmol) was dissolved in acetonit(il®
mL). Triethylamine (1.08 g, 10 mmol) was then adddwpwise. A solution of
diethylmalonyl dichloride (0.82 g, 4.1 mmol) in &weitrile (10 mL) was added dropwise
into this solution under nitrogen at room tempem@td he reaction mixture was refluxed
for 3 h and the solvent was removed by rotary ekatfpm. Acetone (3 x 20 mL) was
added to the residue to give a solid/liquid mixturee mixture was filtered and the solid
obtained was thoroughly washed with acetone (3 xnL) Then the combined filtrates
were concentrateth vacuoand residue was purified by flash column chromiaplyy
(silica gel, 1:1 hexane/ethyl acetate) to di2& ( 416 mg, 76% ), R= 0.9, yellow liquid.
IR (cmi): 3100, 2970, 2934, 2878, 1771, 1723, 1687, 14893, 1385, 1353, 1324,
1299, 1264.
'H NMR (300 MHz, CDCJ): 8y = 7.51 (s, -N-CHC-N-CO-, 1H), 3.62 (m, -N=C-CH
(CHs)2, 1H) 1.92 (m, -CO-C-CHCHs, 4H), 1.44 (dJ = 7.5 Hz, -N=C-CH-(CH),, 6H),

0.84 (t, J = 7.4 Hz, -CO-C-ChCHs, 6H).
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13C NMR (75 MHz, CDCY): 6c = 187.82 (-N-©-C-), 170.37 (-C=C-O-C-), 155.24 (-
N=C-CH), 133.92 (-N-CH=E@-N-CO-), 127.16 (-N-EI=CH-N-CO-), 65.20 (-CO-C
CO-), 28.25 (-N=C-@-(CHs),), 26.01 (-N=C-CH-(El3),), 20.11 (-C-E»-CHs), 9.02 (-

C-CH-CH3).

3-Isopropyl-6,6-dimethyl-pyrrolo[1,2}-imidazole-5,7-dionel28)

Compound 128 was prepared using 2-isopropylimidazol#l3) (0.20 g, 1.7
mmol) and dimethylmalonyl dichloride (0.82 g, 4.Inwl) by the general procedure
(350 mg, 71% ). Flash column chromatography (sijegl:1 hexane/ethyl acetate); R
0.8, yellow liquid.

IR (cm™): 3130, 2975, 2938, 2873, 1770, 1720, 1554, 14805, 1382, 1283.

'H NMR (300 MHz, CDCY): 4 = 7.50 (s, -N-CHC-N-CO-, 1H), 3.58 (m, -N=C-CH
(CHa)2, 1H), 1.45 (m, -CO-C-Ch} 6H), 1.41 (dJ = 7.5 Hz, -N=C-CH-(CH),, 6H).**C

NMR (75 MHz, CDC}): ¢ = 187.35 (-N-©-C-), 170.88 (-C=C-O-C-), 155.61 (-N=C-
CH), 131.98 (-N-CH=@&-N-CO-), 128.38 (-N-EI=CH-N-CO-), 54.87 (-CO-€CO-),

28.14 (-N=C-G-(CHy),), 20.81 (-N=C-CH-(Els),), 20.39 (-C-Gls).

3'-Isopropylspiro[cyclobutane-1,6'-pyrrolo[1,2-cjaazole]-5',7'-dionel29)

Compound 129 was prepared using 2-isopropylimidazol#l3) (0.20 g, 1.7
mmol) and cyclobutane-1,1-dicarbonyl dichloride7@®.g, 4.1 mmol) by the general
procedure (271 mg, 70% ). Flash column chromatdyrgpilica gel,1:1 hexane/ethyl

acetate); R=0.85, dark brown liquid.
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IR (cm™): 2972, 1777, 1730, 1652, 1551, 1493, 1456, 13883, 1124,

'H NMR (300 MHz, CDCJ): 8y = 7.48 (s, -N-CHC-N-CO-, 1H), 3.58 (m, -N=C-CH
(CHs)2, 1H), 2.58 (t,J = 8.1 Hz, -CH-CH,-C-, 4H), 2.30 (q,J = 7.6 Hz, -CH-CH,-C-,

2H), 1.41 (m, -N=C-CH-(Ch), 6H).

13C NMR (75 MHz, CDCJ): §c = 192.72 (-C=C-O-C-), 158.89 (-N-©-C-), 146.02 (-
N=C-CH),, 134.90 (-N-CH=@-N-CO-), 130.67 (-N-EI=CH-N-CO-), 41.79 (Cht

(CH,)2-C-(COY), 28.47 ((CH-(CH2)2-C-(CO)), 2C), 25.12 (-N=C-B-(CHs),), 21.21

((-N=C-CH-(CHs)2), 2C), 18.20 ((ChHCH2),-C-(CO)), 2C).

Unsuccessful Reactions

Reaction of 2-Methylimidazole with Malonyl Dichlaie (L32a)

2-Methylimidazole (111) (0.20 g, 2.4 mmol) was dissolved in 15 mL of
acetonitrile, and potassium carbonate (2.0 g, tn%ol) was added. The mixture was
stirred for 10 min by a magnetic stirring systemsd@ution of malonyl dichloride (0.80 g,
5.7 mmol) in 10 mL of acetonitrile added dropwis¢o the above mixture under
nitrogen at room temperature. The reaction mixtuas refluxed for 3 h. After cooling
the reaction mixture to room temperature, the reaanixture was analyzed using TLC
plate. No spot was eluted from the baseline spotnwéluting solvents of different
polarity (hexane/ethyl acetate: 1:1, 1:2, 2:1, 10békane, 100% ethyl acetate) were
used. No further purification was tried. The reawctivas repeated using THF under the

similar conditions. Same result was obtained.
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Reaction of 2-Methylimidazole with Phthaloyl Chldei (133a)

2-Methylimidazole (111) (0.20 g, 2.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (1.4 g, 14.5 mmaBs added dropwise. A solution of
phthaloyl chloride (1.16 g, 5.7 mmol) in 10 mlaxdetonitrile was added dropwise into
the above solution under nitrogen at room tempsgatiihe reaction mixture was
refluxed for 3 h and the solvent was removed bgrsoevaporation. Acetone (3 x 20 mL)
was added to the residue to give a solid/liquidtorx The mixture was filtered and
thoroughly washed with acetone and residue wagi@diby flash chromatography (silica
gel, 1:1 hexane/ethyl acetate), starting materad wgolated. The reaction was repeated
by 1) using a different base, DIPEA and 2) usirdjfierent reaction solvent, THF. The

same result was obtained.

Reaction of 2-Methylimidazole wittN-Chlorocarbonyl Isocyanaté34a)

2-Methylimidazole (111) (0.20 g, 2.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (1.4 g, 14 mmol)swadded dropwise. A solution bdF
Chlorocarbonyl isocyanate (0.60 g, 5.7 mmol) imil0 acetonitrile was added dropwise
into the above solution under nitrogen at room terature. The reaction mixture was
refluxed for 3 h and the solvent was removed bgrgoevaporation. The white residue
was found to be insoluble in, ethylacetate, hexaaegtone, tetrahydrofuran,
dimethylformammide, methanol, water and dichlordmee. No further purification was
tried. Use of another reaction solvent (THF) anteothases (DIPEA, DABCO) did not

change the result.
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Reaction of 2-Methylimidazole wittN-Chlorosulfonyl Isocyanatel85a)

2-Methylimidazole (111) (0.20 g, 2.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (1.4 g, 14 mmol)swadded dropwise. A solution bdF
Chlorosulfonyl isocyanate (0.80 g, 5.7 mmol) inrhQ acetonitrile was added dropwise
into the above solution under nitrogen at room teraure. The reaction mixture was
refluxed for 3 h and the solvent was removed bgrsoevaporation. Dichloromethane (3
x 20 mL) was added to the residue to give a sajgil mixture. The mixture was
filtered and thoroughly washed with dichloromethamel residue was purified by flash
chromatography (silica gel, acetone).: R.85; the product was found to be soluble in
DMSO-d6, the proton NMR was found to be complicat®ight be mixture), no further
isolation was done. Use of other reaction solveitiK) and other bases (DIPEA,

DABCO) did not change the result.

Reaction of 2-Methylbenzimidazole with Malonyl Diohde (132b)

2-Methylbenzimidazolg94) (0.20 g, 1.4 mmol) was dissolved in 15 mL of
acetonitrile, and potassium carbonate (1.15 gn8nbl) was added dropwise. A solution
of malonyl dichloride (0.465 g, 3.3 mmol) in 10 ratetonitrile was added dropwise into
the above solution under nitrogen at room tempsegatiihe reaction mixture was
refluxed for 3 h. After cooling the reaction mix¢uto room temperature, the reaction
mixture was analyzed using TLC plate. No spot waged from the baseline spot when

eluting solvents of different polarity (hexane/dtlagetate: 1:1, 1:2, 2:1, hexane, ethyl
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acetate) were used. No further purification wasdiriUse of THF as the reaction solvent

did not change the result.

Reaction of 2-Methylbenzimidazole with Phthaloyll@ide (133b)

2-Methylbenzimidazolg94) (0.20 g, 1.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (0.849 g, 8.4 mmeBs added dropwise. A solution of
phthaloyl chloride (0.67 g, 3.3 mmol) in 10 mL awetrile was added dropwise into the
above solution under nitrogen at room temperatiline reaction mixture was refluxed
for 3 h. After cooling the reaction mixture to rodemperature, the reaction mixture was
analyzed using TLC. Only one spot was eluted: (R75, 1:1 hexane/ethyl acetate was
used as solvent) which was found to be hydrolyzeduyxct of phthaloyl chloride. Use of

THF as the reaction solvent and DIPEA as the Hakaot change the result.

Reaction of 2-Methylbenzimidazole wilkrchlorocarbolnyl Isocyanatd.34b)

2-Methylbenzimidazolg94) (0.20 g, 1.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (0.84 g, 8.4 mmwjs added dropwise. A solution Mdf
Chlorocarbonyl isocyanate (0.35 g, 3.3 mmol) imil0 acetonitrile was added dropwise
into the above solution under nitrogen at room terature. The reaction mixture was
refluxed for 3 hours and the solvent was removedrdigry evaporation. The crude
mixture was analyzed using TLC. No spot eluted.fidther purification was tried. Use
of other reaction solvent (THF) and other bases?&N, DABCO) did not change the

result.
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Reaction of 2-Methylbenzimidazole witR-Chlorosulfonyl Isocyanatel85b)

2-Methylbenzimidazolg94) (0.20 g, 1.4 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (0.84 g, 8.4 mmegs added dropwise. A solution &f
Chlorosulfonyl isocyanate (0.46 g, 3.3 mmol) inrhQ acetonitrile was added dropwise
into the above solution under nitrogen at room terature. The reaction mixture was
refluxed for 3 hours. After cooling the reactionxiare to room temperature, the reaction
mixture was analyzed using TLC plate. No spot wated from the baseline spot when
eluting solvents of different polarity (hexane/dthcetate: 1:1, 1:2, 2:1, hexane, ethyl
acetate) were used. No further purification wasdiriUse of THF as the reaction solvent

and use of bases such as DIPEA, DABCO did not ah#mgresult.
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CHAPTER Il
REACTIONS OF SUBSTITUTED OXAZOLES AND THIAZOLES WH ACID
CHLORIDES: FORMATION OF CARBON-CARBON BONDS THROUGH

CYCLIC KETENE ACETALS

Introduction and Objective

Oxazoles and thiazoles have been prepared andimsmganic synthesis for a
long time. Horst and coworkers used 2,4,5-trimeatkgkole {36) and diphenyl acetylene
in a cyclocondensation reaction to make a substtdiiran 137).%° Galera et al. used
2,4,5-trimethlthialzole 138) with 2-bromo-1-phenylethanone in a condensateaction
to make 2,3-dimethyl-7-phenylpyrrolo[2,1-b]thiaz¢189).%’

The biological activities of differently substitagt@xazoles and thiazoles are well
known. Oxazoles and thiazoles have a sextet ofreles On the other hand, they have

some structural similarities with oxazolines anidzblines, respectively.

A e T

137

136

Scheme 3.1 Cycloaddition Reaction of 2,4,5-Tringetxazolé®
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139

138

Scheme 3.2 Condensation Reaction of 2,4,5-Trigiteiazole’
2-Methyloxazolines 40) and 2-methylthiazoline$$) were reported to generate

various N-acyl-keto cyclic ketenéN,X-acetals (X = O, S) with excess aroyl or 2,2-

dimethyl propanoyl chloride in the presence of seb@cheme 3.3§:*°

)\X RCOCI, base )J\ /ﬁ}\

N
\ / R = Aryl, t-Bu
X=0,8
140, (X = O) 140a
55,(X = S) 55a

Scheme 3.3 Products Obtained by Reactions of @yexazoline {40) or 2-
Methylthiazoline $5) with Excess of Acid Chlorides in Presence

Basé>3°

These products were reported to form throughithsitu formation of N-acyl

cyclic ketene acetals (Scheme 3.4) which furthected via nucleophilic attack by the
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exocyclicf-carbon on excess acid chloride. Cyclic keteneadsetre readily protonated
and then react rapidly with watéf:*"% Thus, they are often difficult to isolate and
use. Therefore, instead of isolating them before, irs situ generation followed by

reacting with electrophiles is advantageous.

TSP

\—/ \—/ \—/

X=0,S
R = Aryl, t-Butyl

Scheme 3.4 Generation dFAcyl Cyclic Ketene Acetals

Pittman’s group recently reported that 2-methyliazidline, 2-methyl-1,4,5,6-
tetrahydropyrimidine and 1,2-dimethyl-1,4,5,6-t@grdropyrimidine gave various cyclic
and acyclic products via cyclic keteNeN'-acetals when treated with aroyl chlorides in
the presence of badk®® Also, 2-methylimidazoline, 2-methylimidazole and 2
methylbenzimidazole formed both polycyclic angdic products with diacid chlorides
through cyclic ketene acetal intermediates in preseof a bas& %' Thus, analogous
aromatic oxazoles and thiazoles with a 2-methyugromight undergo similar reactions
with acid chlorides to those in Scheme 3.3. Whemazole or thiazole is converted to
its N,O-ketene acetal, one would expect the aromaticitylavalso decrease (Figure 1.7).
There would be similar structural changes expediaihg formations of cyclic ketene

acetals from imidazoles (chapter 1). This stru¢tarenge could lead to a decrease of
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aromaticity in these cases. Dr. Steven GwaltneMidsissippi State University also
found that the difference in the Gibbs free eneogjween 2-methyloxazoline and 2-
methyleneoxazolidine is 16 kcal /mole (Figure 3lh)contrast, 2-methyloxazole is 24
kcal/mole lower in energy than to its exocyclic dwubond containing tautomer, 2-
methylene-2,3-dihydrooxazole. Thus, it appearsajhygarent aromaticity loss in the case
of 2-methyloxazole is 8 kcal/mole larger than ie ttase of 2-methyloxazoline where
aromaticity is never involved. Generation of cydiietene acetals from these aromatic
heterocycles might be more difficult since aromegtabilization may be lost during

formation of the exocyclic double bond in the cgdietene acetals.

)\O A G =16 kcal/mol .~ HN)J\O
AG =24 kecal/mol . )t
(o) » HN O,

less stable

:N

7

C

more stable

Calculations were done using B3LYP/cc-pVTZ

Figure 3.1 Differences in Gibbs Free Enérgy

2-Methylbenzoxazole and 2-methylbenzothiazole wep®rted to give 24aryl-
p-aryloxy) vinyl-benzoxazoles and 2-aryl-g-aryloxy) vinyl-benzothiazoles, respec-
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tively, upon reactions with aroyl chlorides in theesence of a bad® However, only a
few examples were given and no mechanistic pathpa@sosed. The analogous oxazole
and thiazole reactions (Scheme 3.5) have never fepemted. Thus, oxazole and thiazole
reactions are of interest versus the behavior ofefhyl derivatives of benzoxazoles,
benzothiazoles and benzimidazoles. Our intent wasadct 2,4,5-trimethyloxazold36)
and 2,4,5-trimethylthiazolel88) with an excess of various aroyl chlorides andebas
generate the correspondiNgacylf-keto cyclic ketenéN,X-acetals (X = O, S)141, 142)

(Scheme 3.5).

Results and Discussions

Reactions of 2,4,5-trimethyloxazol&3p) and 2,4,5-trimethylthiazolel88) with
excess benzoyl chlorides and 3.66 equivalents age Entries 1-14 in Table 3.1) were
performed in acetonitrile However, the expectedvd¢ives, 141, 142 were not formed,
in sharp contrast to what had been previously eesewith 2-methyl oxazolines and
thiazoline$>’ (Scheme 3.3). Instead, the 2-(oxazol-2-yl)-1-gheinyl ester, (143),
from 2,4,5-trimethyloxazole and the correspondir@hZazol-2-yl)-1-phenyl-vinyl ester,
(149), from 2,4,5-trimethylthiazole were readily genedht(Scheme 3.5). Reactions of
2,4,5-trimethyloxazole with other aroyl chloridestiw3.66 equivalents of base (Table

3.1) were only performed in acetonitrile.
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o]
o) r‘\Ph
Ph)kN X
— 141, X =0
142, X =S
EtsN o Ph
N7 X . PhcOCI )‘\
— Reflux 3 h Ph o XX
CH4CN
136, X =0 N7 X
138, X =S —
143, X =0
149, X =S

Scheme 3.5 Reactions of 2,4,5-Trimethyloxazath ®enzoyl Chloride

Table 3.1 Reactions of 2,4,5-Trimethyloxazdlgg) with Acid Chlorides and Base in
Refluxing MeCN, THF, DMF or DMAc

i b
Entry Substrate Acid Chloride  Solvent  Product Isolated Yéoe/:)()j

16d N/LO i
>=< MeCN o X 54
N / o)

143 H

PN
264 )—{( THF 143 33
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Table 3.1 (Continued)

Yield®

Entry Substrate Acid Chloride  Solvent  Product Isolated %)

3ce N)\O
>_< MeCN 143 68

CoCl

4o \ i © MeCN 143 21

MeCN 143 64

q
oS

cocl

A
6°d >_< (j DMF - none

)\ COcCl
N/ o]
749 H DMF -
none

COcClI

ged N o © DMACc -
>_< none
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Table 3.1 (Continued)

i b
Entry Substrate Acid Chloride  Solvent Product Isolated Yéf/(lf)j
WA
9 N_o © DMAC - none
/ /\ Cl
cocl f
d N)\O O
1 2 MeCN _ A~ %
/\ < 144 —
Cl
o Me
)\ cocl do AN
N/ ) Me
11cd )=< ©/ MeCN e NS 47
145 /—
Br o Br
,d, h )\ Br o
120 N MeCN ij)\’ 51
_ N/ [¢)
/\ /\ 146 )—
.
)\ cocl o
N/ o
L a2 MeCN T 54
>—< 7
1478/
£
NO,
cocl
1400 “z/_:" © MeCN /@)% N 47
o, 0N N/ o
148 /—
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Table 3.1 (Continued)

Yield®

Entry Substrate Acid Chloride  Solvent  Product Isolated (%)

15cd N)\O
>_< CH,CCOCI MeCN - none

A

164 P CH,COCI MeCN - none

2The mole ratio ofl36/base = 1:3.66

P|solated yields after column chromatography ovicasiel
“Triethylamine was used as the base

4 Oxazole to acid chloride mole ratio was 1:3

¢ Oxazole to acid chloride mole ratio was 1:6

"Oxazole to acid chloride mole ratio was 1:1

IDIPEA was used as the base and the oil bath tempenaas 125°C
" A crystal structure was obtained on the product

'Ko,COs was used as base; the ratid 86/ K,CO;= 1:3.66

Reactions with benzoyl chloride were performed icetanitrile, THF
(tetrahydrofuran), DMF (dimethylformamide) and DMAdimethylacetamide) at various
temperatures under nitrogen. Reactions in refludngtonitrile generated 2-(oxazol-2-
yl)-1-aryl-vinylesters of aryl carboxylic acidd43-148) in every case with moderate
yields. An X-ray crystal structure confirmed theusture of146 (Figure 3.1). Only the
(2)-isomers 0f143-148 were formed in all cases. Aliphatic acid chlosd#d not react

with substituted oxazoles under these conditionstri& 15-16) and the substituted
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oxazoles were recovered. The yieldldB in THF was lower than that in acetonitrile as
illustrated by Entry 1 versus Entry 2 in Table 3lhe higher polarity and higher reflux
temperature of acetonitrile presumbly facilitatdte treaction. Reactions were also
attempted in the highly polar, high boiling soh&nDMF or DMAc where both
diisopropylethyl amine (DIPEA) and triethylamineneaised as bases (Entries 6-9, Table
3.1). None of the reactions in DMA and DMAc gave tryl vinyl ester 143). Complex
mixtures of products were obtained. DMF was rembttereact with benzoyl chloride,
103.1043nd this might have happened here, complicatiagehction. Using a large excess
of benzoyl chloride increased the yield &3 (e.g. Table 3.1, Entry 3). Substituents on
the aroyl chloride did not appear to effect thectiem and similar yields were obtained in
all reactions (Entries 10-14).

The reactions of these aromatic oxazole (or thedzoérivatives possibly proceed
through 5-membered cyclic ketehigX-acetal (X = O, S) intermediates formed afier
aroylation by deprotonation of the aromatict-@ectron) N-aroyl-2-methyloxazolium
(or, thiazolium) chloride salts (Scheme 3.6).

These cyclic ketenBkX-acetals are less aromatic compared to startingmaks.
Thus, the G-electron ring cations will loose a portion of tharomaticity upon proton
loss (see Chater |, Pages 30-34 and also see Sslzefnand 2.7 of this dissertation). The
next question is: how d@&43 and 149 form from these cyclic keteng;X (X = O, S)-

acetals?
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A N X +BH CI
r o Ar N X
Cl >_< > <
X=0,S

Scheme 3.6 Generation of Non-Aromatic Cyclic iKetécetals

Two suggested mechanisms for this reaction are shio@cheme 3.7. This route
is analogous to that described previously for theversion of 2-methyloxazolines (and

thiazolines§® >’

into N-acyl-5-keto cyclic keteneN,X-acetals (Scheme 3.3), up to the
intermediatel36e in Scheme 3.7. If the base deprotond&8e to the nonaromatit36f,
then136f could be further converted &36g. An interesting feature of this mechanism is
the loss of aromaticity upon deprotonation of theo t6r-electron oxazolium
intermediatesl36b and 136e to cyclic keteneN,O-acetal, intermediates36¢c and 136f,
respectively. This feature is not present when eeitl2-methyloxazolines or 2-
methylthiazolines react with aroyl chlorides viacly keteneN,X-acetals (X = O, S)
intermediates (Scheme 3.3).

Initial nucleophilic acyl attack by the nitrogen2#,5-trimethyloxazole on an
acid chloride’s carbonyl carbon generates the ewiithic intermediatel36a (Scheme
3.7). lon pairl36b is formed by the loss of chloride. Proton remdvain 136b by EtN

generates ENH'CI  and N-acyl cyclic keteneN,0O-acetal136¢. Conversion ofL36¢ to

intermediatel36d by a second acylation at thecarbon regenerates aromaticity.
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Scheme 3.7 Proposed Mechanism for the Formafiad3:148

Both nitrogen and oxygen it36c activate the exocyclic double bond X86c to
promote nucleophilic attack on a second acid ctiérirhe high nucleophilicity of the
exocyclic p-carbon promotes the second rapid aroylation, @xipig why 136¢ is not
observed, even when a 1:1 substrate to acid ckligsidsed (Table 3.1, Entry 4). Loss of
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chloride from136d forms 136e which might be deprotonated by triethylamine gatieg
136f. The further conversion df36f to 136g, and ultimately theZ)-isomers143-148,
requires thek)-isomer of136f to be available. TheZf-isomer is formed with oxazolines
and thiazolines (Scheme 3.3), so it also wouldlyikee preferentially formed upon
deprotonation o136e here. A low rotational barrier is postulated beswéhe Z) and €)
,54,105

isomers 0f136f, made possible by the push-pull electronic stmectuhich reduce

the exocyclic double bond’s order (Scheme 3.8).

o
o ‘ Ar /UO\
)J\ Ar “
Ar N (6] -
Formally non-aromatic Formally aromatic
ring (2) ring

. TL
o 1
T

(B) 90°r otation
angle

Ar

Scheme 3.8 Rotation Through a Push-Pull EleatrSiviucture

Intramolecular nucleophilic attack of tii&acyl carbonyl oxygen on thid-acyl

carbonyl carbon, only possible in thg){somer, generates zwitterionic aromatR6g.
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Further, opening of the six membered rindl86g results in the products43-148. This
is in contrast to 2-methyloxazoline or thiazolireactions where N to O aroyl transfer
does not occut® It can be also postulated that deprotonatiod3sk to 136f will be
slow (see Scheme 3.7) with oxazoles and thiazolestd loss of aromaticity in this
process. Thusl36e might react, generatint36h by nucleophilic attack of the carbonyl
on the, now activated, amide carbonyl carborl@6e. Intermediatel36h would now
rapidly deprotonate to giv&36g. This route establishes the new double bond witly o
the ) geometry. Ring-opening df36h between carbon and nitrogen must not occur
prior to deprotonation. If this happened, both tBeand &) isomers could form. This
route offers an explanation for whHyl3-148 form with oxazoles and thiazoles but the
same route is not followed by oxazolines or thiams. These latter two classes of
compounds might deprotonate rapidly from tHei8e analogs, because no aromaticity is
lost in those caseshese reactions (Scheme 3.5) genekatoylf—keto cyclic ketene
acetals where the rotation about the exo-double Inaight also have a low batrrier.

Reactions of 2,4,5-trimethylthiazole with aroyl ehtles under similar conditions
produced the corresponding thiazole-based vingregt49 - 154). For example, benzoyl
chloride and 138 gave benzoic acid-2-(4,5-dimethylthiazol-2-yl)-1eplyl-vinylester
(149). The X-ray crystal structure of the 3-bromobenzmalog,152, is shown in Figure
3.3 (page 117), confirming th&)tisomer was formed. All yields in this series wer
moderate.

2-Ethyl-4,5-dimethylthiazole 165) produced the same type of produtb?)

upon reaction with benzoyl chloride and with 4-cblzenzoyl chloride158) (Table 3.2,
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Entries 7-8) was formed. The X-ray crystal struetaf157 is shown in Figure 3.5 (page
120). Thus, an ethyl substituent at the 2-positioes not effect the mechanistic pathway.
Again, the g)-isomer is exclusively formed fdi49-154, and for bothl57 and 158 (See
Scheme 3.9). Reactions of 2-methylthiazols6f with benzoyl chlorides oro-
methylbenzoyl chloride in presence of a base aklwerated the corresponding vinyl
estersl59 and160, respectively. The yields were higher than theesponding products
from 2,4,5-trimethylthiazole.

Just like the case of 2,4,5-trimethyloxazole, neast of 2,4,5-trimethylthiazole or
2-ethyl-4,5-dimethylthiazole with alkyl acid chides resulted only in recovery of the
reactants (Scheme 3.10). This was found using Bgthdimethylpropanoyl chloride
(Scheme 3.10) and acetyl chloride (Table 3.2, i&nti2-14). In contrast, 2-methyl-
thiazole (56) reacted with 2,2-dimethyl-propanoyl chloridepresence of base to form
(2,2-dimethylpropionic acid-2,2-dimethyl-1-thiazdlylmethylene-propyl ester 165)
(Scheme 3.10) (Table 3.2, Entry 11). This resuigests that, in the reaction of 2,4,5-
trimethyloxazole or 2,4,5-trimethylthiazole, the ctwmethyl groups at the the 4,5
positions are creating steric hinderence.

In all of these reactions, tri-aroylated product®rev never obtained. In
anticipation of obtaining a tri-aroylated produatstronger base was used. When 2,4,5-
trimethylthiazole was quantitatively converted t® anion by treatment with-BuLi in
THF and then reacted with aroyl chlorides, tri-datgd products were obtained. Treating
2,4,5-trimethylthiazole witm-BuLi followed by benzoyl chloride generated bemzacid

2-(4,5-dimethylthiazol-2-yl)-3-oxo-1,3-diphenylprepyl ester 166) (Table 3.3, Entry 1).
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4-Chlorobenzoyl chloride gav&é67 when reacted with 2,4,5-trimethylthiazole under

identical conditions.

(o}
1 )L §
Et;N
N/ S +2PhCOCI a
L CH3CN N
Reflux, 3 h >___4
138
(o]
Ph)ko X
V% Et;N
N S +2 PhCOCI _ > /
L CH;CN N
Reflux, 3 h
155

Et;N
N S +2PhCOCI

\ _/ "CHCN

Reflux, 3 h —
156 159

\>;

Scheme 3.9 Reactions of 2,4,5-Trimethylthiazd88), 2-Ethyl-4,5-dimethylthiazole
(155) and 2-Methylthiazolel66) with Benzoyl Chlorides and
Triethylamine.
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)\ (o) 161, X =
Et;N 162, X =
N 7 X + =37 4
— cl CH3CN
Reflux, 3 h
._> 0

136, X=0
138, X =S
163, X=0 —
164, X=S
)\ I
N N BN
\ /7 c CH3CN
— Reflux 3 h
156
165

Scheme 3.10 Reactions with 2,2-Dimethylpropa@jbride

The mole ratio of aroyl chloride to thiazole didt mthvange the product obtained.

Tribenzoylated products were obtained in lowerdsedt aroyl chloride /thiazole ratios of

2:1 without the isolation of mono- or diaroylategucts (Table 3.3, Entry 2).
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Table 3.2 Reactions of 2,4,5-Trimethylthiazdl&g), 2-Ethyl-4,5-dimethylthiazole
(155) and 2-Methylthiazolel66) with Acid Chlorides and Base in Refluxing
CH3CN®

Reflux
Entry Substrate Acid Chloride time Product Isolated

(h)

PN @ ;

Yield®
(%)

COClI

-
w

N\
\

_ &

4 )=< 150

[ele]e]]

7 44

S

-
o
:

151

Br

cocl

4¢
/ \ Br

Z\%
w
N\
4\
&

=\ 152 o
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Table 3.2 (Continued)

Reflux Yieldb
Entry Substrate Acid Chloride time Product Isolated (%)
(h)

ki

6 N)\

COCI
7¢ H 3

cocl

Y

Cl

F.

0
s 47
N s

>_<_ 153 F

NO,

N S

7

N/S

cl
I[/ Eo
7z

N S

o
7
7 NO,
154

[e)

52
157

(o]
158
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Table 3.2 (Continued)

Entr Refiux Yieldb
y Substrate Acid Chloride time Product Isolated
A (%)
(h)
COCI
A o
7
° N\ /S 3 s 0)}\© 76
N/ S
\__/ 159
cocl fo)
10 N)\S 3 Z O)EO 62
— N/ S
\—/ 160
0
A ~
11 N s (CH,) ,CCOCI 3 59
\_/ N s

\—/ 165

12 \ P (CHy) ;,CCOCI 3 - none
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Table 3.2 (Continued)

Reflux
Entry Substrate Acid Chloride time Product Isolated

(h)

Yield®
(%)

13d j i CH,COCI 3 - none

)i
N S
14d j : CH,COCI 3 - none

& The rafio of substrate/E:zN = 1:3.66 ; The ratio of substratacid chloride = 1:3,
acetonitrile was used as solvent in all cases.

b |solated yields after column chromatography oWaasgel

A crystal structure was obtained on the product

4K,CO; was used as base, the ratio of substrat€(K = 1:3.66

This observation implies that each succeeding atoyl is faster than the
preceeding aroylation step. Finally, tri-aroylatiaiso occurred using the oxazole analog,
2,4,5-trimethyloxazole, witm-BuLi followed by adding benzoyl chloride under $ke

conditions (Table 3.3, Entry 4). Th68 was isolated.
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)\ 1)n-Buli, THF, -78°c  Ph” 07 " Ph

>
: ot

N X 2)3 PhCOClI, -78°C - 1t

>:< ’ N/ X
136, X =0 166, X =S / \
138, X =S 168,X=0

Scheme 3.11 Reactions of 2,4,5-Trimethylthiazolé 2,4,5-Trimethyloxazole with
Benzoyl Chloride using-BuLi in THF

In sharp contrast to aroyl chlorides, reacting 22tdimethylthiazole withn-BulLi
followed by 2,2-dimethylpropanoyl chloride genedhtg,1-bis-(4,5-dimethyl-thiazol-2-
yl)-2,2-dimethyl-propan-1-ol,169) (Entry 5 in Table 3.3). Thus, nucleophilic attamk
the 2,4,5-trimethylthiazole anion on the acid ciderfirst generated the C-alkylated
ketone, with which a second mole of anion reactegjive the LI salt of the alcohol
(Scheme 3.12). Reactions of 2-methylthiazole arBluLi generated the thiazolium
anion. 2,2-dimethyl-1-(2-methylthiazol-5-yl)proparene (@70), which was formed via
attack by the anion on the 2,2-dimethylpropanoybite. )-3,3-dimethyl-1-(thiazol-2-
yh)but-1-en-2-yl pivalate 65) was also generated in the same reaction. Howéver,
was the major product. The vinyl est#85 was obtained as the only product when 2-
methylthaizole was reacted with 2,2-dimethylproparmbloride and

Et3N in refluxing acetonitrile.
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Table 3.3 Reactions of 2,4,5-Trimethylthiazoléhasryl and Alkyl Acid Chloride
Using-BuLi and THF

Entry Substrate Acid Chloride Product Isolated vield
(%)

N)\S

L 0 .

CcocClI

N

2b ”:_is 166 22
PN

3 >_< 32
/k cocl
N/ (o)

4¢ 35

Y

168
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Table 3.3 (Continued)

Yield
(%)

)\ (Me)sC a

N/ S

c . (CH,)sCCOClI PN 44
Hr

169

A
(CH,) sccocl —

6 ; ° 22
\=/ 170

Entry A Substrate Acid Chloride Product Isolated

\>_

z

165
10

aThe ratio of substrat@cid chloride = 1:3, The ratio ubstratén-BuLi = 1/1.2 : THF
was used as solvent in all cases.
® The ratio of substrat@cid chloride = 1:2, The ratio cfubstraté-Buli = 1/1.4

Thus, triaroylation of both 2,4,5-trimethylthiazsel@nd 2,4,5-trimethyloxazoles

was demonstrated by formation16-168 in Table 3.3. A possible mechanism for these

reactions using 2,4,5-trimethylthaizole is showithe Scheme 3.13.
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169

Scheme 3.12 Proposed Mechanism for the Formafi®69
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ArCOCI | -LiCl

\
o AN Ar Ar O Ar
7
% S N S
138i 166

Scheme 3.13 Proposed Mechanism for the Formafi®66-168

Deprotonation of 2,4,5-trimethylthiazole witkBuLi, gives anioril38a shown as

two resonance hybrids. This anion reacts with agitbride and forms the 2-(4,5-

dimethylthiazol-2-yl)-1-phenylethanon&38c). Compoundl38c reacts with thaizolium

anion and form438d, which further reacts with another mole of acitbdde and forms

138e. After reacting with another thiazolium anion, gt@mpoundl38e forms138f. The

anion138f, react with another acid chloride, but, in thise#he reaction occurs through
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nitrogen due to the steric reason. Compo@88h undergoes rearrangement and form
166 (when Ar = Ph).

Single crystals o046, 152 and 157 were obtained by slow evaporization 126,
152 and157 using acetone and hexane respectivBhese structures are shown in Figure
3.1, 3.3 and 3.5 respectively. The crystal striesuwvere deposited in the Cambridge
Crystallography Data Base with CCDC numbers 765%317146), 765578 (forl52) and

765826 (forl57).

Conclusions

Reactions of various substituted oxazoles and dteszwith excess acid chlorides
in the presence of bases generated highly fundiemabaryl-vinyl esters of benzoic acid
and substituted benzoic acids and their thiazoédogmies. Similar compounds have been
reported to show insecticidal activiti®§. These aryl vinyl esters can also be used as
starting materials to make different types of coempieterocycle&’

These results were in accordance with the resuitaireed with substituted
oxazoline and thiazoline (non-aromatic). Howeveatramolecular rearrangements in
analogous reactions involving aromatic heterocyaaszoles and thiazoles, resulted in
formations of different products. In most of thermatic substrates, only diaroylation
occurred. Use of different bases (such as DIPEABD®, etc) and different solvents
(DMF, DMACc) did not give any different result. Hower, when a stronger base such as

n-BuLi was used, triaroylated products were obtaiddst probably these triaroylation
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products were formed by generating an anionic méeliate which then reacted with acid
chlorides. All these triaroylated compounds were aad never reported anywhere.
All diaroylation reactions probably preceded throug situ generated cyclic

ketene acetal intermediates.
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Br O Br
5 10
427" So” 6 2
1
O \N
2 ) —3

Bond Angle
)
0-Cs-Cy | 1206
Cs-Cy-Cy | 1267
C,-C,-0 | 1212
Ce-0-Cs | 115.7
Cs-C,-Cs | 1245
C--Cs-Cy | 1241
Lquth Bond Length
(A) (A
1.327 0-C¢ 1369
C,-N 1325 Cs-0 1.193
C,C: 1344 CeCy | 1490
0-C; 1.387 Cs-Cro | 1.397
N-C; 1.389 CigBr | 1.897
CC, | 1434 C;-Cs | 1398
C,Cs | 1336 CeBr | 1897
Cs-C; 1478
Cs-0 1.403

Figure 3.2 Crystal Structure of 2-Bromobenzoiid-dc(2-bromophenyl)-2-(4,5-
dimethyloxazol-2-yl)-vinyl est@i46). CCDC Number: 765577
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Figure 3.3 Crystal Packing [ 1 1 1] of 2-Bromobeic acid-1-(2-bromophenyl)-2-(4,5-
dimethyloxazol-2-yl)-vinyl esterld6). CCDC Number: 765577
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Table 3.4 Sample and Crystal Data of 2-Bromobieraad-1-(2-bromophenyl)-
2-(4,5-dimethyloxazol-2-yl)-vingkter {46). CCDC Number: 765577

Chemical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

C2oH16BraNO3
478.16

2732 K
0.71073 A
triclinic

P-1
a=28.0284(5) A
b =10.9067(7) A
e=117129(T) A
913,13(10) A’

5

1.739 I\'[‘_g-'v.:m3
4.459 mm!

474

o= 108.134(4)°
B =91.052(4)°

v =109.037(4)°
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Bond Angle
)

0-Cs-Cy | 117.69

Cs-CyCy | 127.84

C,-C;-S | 125.78

Ce-0-Cs | 116.79

Cg-C--Cs | 120.13

C,-Cs-Cy | 126.68

1 Bond Lquth
(4) (A
Br 9 C-S 1.736 0-Cy 1.368
CN | 1315 o |10
8

0 GG | 1364 CeCro | 1487

S 5C, 1721
4 "6 10 2 ' CroCry | 1393

NC: | 1376
1 Cy-Cp | 1387

N 7 s 11 1 CC, | 1450
CpBr | 1891

3 ) =—={(2 Br CCs | 1339
CeCy | 1385

CC, | 1469
CeBr | 1.900

0 141

Figure 3.4 Crystal Structure of 3-Bromobenzoiid dc(3-bromophenyl)-2-(4,5-
dimethylthiazol-2-yl)-vinyl est€l52). CCDC Number: 765578
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Figure 3.5 Crystal Packing [1 1 1] of 3-Bromo-beit acid 1-(3-bromophenyl)-2-(4,5-
dimethylthiazol-2-yl)-vinyl est€l52). CCDC Number: 765578
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Table 3.5 Sample and Crystal Data of of 3-Bronmabé& acid 1-(3-bromophenyl)-2-
(4,5-dimethylthiazol-2-yl)-vingister {52). CCDC Number: 765578

Chemical formula
Formula weight
Temperature
Wavelength
Crystal size
Crystal system
Space group

Unit cell dimensions

Volume

z

Density (calculated)
Absorption coefficient

F(000)

CopH5BryNO,S
493.21

1002) K

0.71073 A

0.30 x 0.30 x 0.30 mm
triclinic

P-1

a=28.6468(7) A a=111.363(3)°
b=10.8191(9) A f=93.000(3)°
c=11.2267(9) A v =104.084(3)"
936.79(13) A®

2

1.749 Mg em’

4.453 mm™

488
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Bond Angle
)
0-Cs-C, | 11948
Cs;-C,-Cp | 1241
C4-Ci-8 125.77
C;-0-Cs | 11572
Length Bond Length
(A) (A)
1.736 0-Cy 1.373
1315 C;-0 1.201
Cy-Cy 1335 Cy-Cy 1482
N-C; 1.381 Cy-Cq 1.506
O 5-C; 1.725
3 9 C,-Cy 1473
c,-C 1338
Cs-C 1.487
3 2 Cs-O0 1417

Figure 3.6 Crystal Structure of 3-Bromobenzoiicl &enzoic acid-2-(4,5-
dimethylthiazol-2-yl)-1-phenytgpenyl ester}57). CCDC Number:

765826
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Table 3.6 Sample and Crystal Data of 3-Bromobernaad Benzoic acid-2-(4,5-
dimethylthiazol-2-yl)-1-phenylggenyl esteri57). CCDC Number: 765826

Identification code SBSN1

Chemical formula CyHpeINOLS

Formula weight 34943

Temperature 2732 K

Wavelength 0.71073 A

Crystal system triclinic

Space group P-1

Unit cell dimensions a = 11.2208(5) A a = 79.820(2)°
b=11.3133(5)A P =76.492(2)°
c=15.4529(5) A y = 72.466(2)"

Volume 1808.21(13) A®

Z 4

Density (calculated) 1.284 Mg e’

Ahsm'l?tmn 0192 ™
coefficient
F(000) 736
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Figure 3.7 *H NMR Spectrum (300 MHz, CDg)lof Benzoic acid-2-(4,5-
dimethyloxazol-2-yl)-1-phenyl-vinyl estét43)
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Figure 3.8 *3C NMR Spectrum (75 MHz, CDg)lof Benzoic acid-2-(4,5-

dimethyloxazol-2-yl)-1-phenylayil ester {43)
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Figure 3.9 *H NMR Spectrum (300 MHz, CDg)lof 2-Bromobenzoic acid-1-(2-
bromophenyl )-2-(4,5-dimethyloxazol-2-yl)-vinyster(146)
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Figure 3.10 **C NMR Spectrum (75 MHz, CDg)l of 2-Bromobenzoic acid-1-(2-

bromo-phenyl )-2-(4,5-dimethyloxazol-2-yl)-vinyl tes (146)
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Figure 3.11 *H NMR Spectrum (300 MHz, CDg)l of Benzoic acid-2-(4,5-
dimethylthiazol-2-yl)-1-phenyl-vinyl estefi49)
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Figure 3.12 **C NMR Spectrum (75 MHz, CDg)l of Benzoic acid-2-(4,5-
dimethylthiazol-2-yl)-1-phenyl-vinyl este49)
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Figure 3.13 *H NMR Spectrum (300 MHz, CDg)l of Benzoic acid 1-phenyl-2-thiazol-
2-yl-vinyl ester 159)
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Figure 3.14 **C NMR Spectrum (75 MHz, CDg)l of Benzoic acid-1-phenyl-2-thiazol-

2-yl-vinyl ester (59)
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Figure 3.15 *H NMR Spectrum (300 MHz, CDg)l of 2,2-Dimethyl-propionic acid-2,2-
dimethyl-1-thiazol-2-yl-methylene-propyl estd6b)
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Figure 3.16 **C NMR Spectrum (75 MHz, CDg)l of 2,2-Dimethyl-propionic acid-
2,2-dimethyl-1-thiazol-2-yl-methylene-propyl es{&65)
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Figure 3.17 *H NMR Spectrum (300 MHz, CDg)l of Benzoic acid-2-(4,5-
dimethylthiazol-2-yl)-3-oxo0-1,3-diphenyl-propenyter (L66)
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Figure 3.18 **C NMR Spectrum (75 MHz, CDg)lof Benzoic Acid-2-(4,5-
dimethylthiazol-2-yl)-3-oxo-1,3-diphenyl-propenyter (L66)

Experimental

Materials and Instruments

The 'H and *C NMR spectra were collected using a Bruker AVANTE

spectrometer in the Department of Chemistry, M&ppi State University operating at
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300 MHz for proton and 75 MHz for carbon. Chemishlifts were reported in ppm
downfield from TMS (Tertamethylsilenae). CRDeutarated Chloroformyas used as
the solvent for all NMR samples. Splitting pattears designated as ‘s, d, t, g and m’;
these symbolize ‘singlet, doublet, triplet, quaaet multiplet’.

The FT-IR (Fourier Transformed Infrared) spectraemvenllected as films on salt
plates or on a diamond window. All reactions wegrerformed under nitrogen.
Acetonitrile, tetrahydrofuran and triethylamine weiried by distillation over calcium
hydride under nitrogen. In case of tetrahydrofub@nzoquuinone was used to confirm
the absence of water.

Dichloromethane or methylene chloride was pre-dvigt calcium chloride and
then distilled from calcium hydride under nitrogetmospherelN,N-Dimethylformamide
(DMF) was pre-dried with anhydrous magnesium sel&atd then distilled under reduced
pressure under nitrogen atmosphere. Anhydiéisdimethylacetamide (DMAc) was
purchased commercially from Fisher Scientific US¥.other chemicals ( such as 2,4,5-
trimethyloxazole, 2,4,5-trimethylthiazole, 2-mettyhzole, 2-ethyl-4,5-dimethylthiazole,
substituted and normal benzoyl chloride, normalyButithium, etc) were obtained
commercially from Sigma Aldrich or Fisher Sciergiind used as received.

A dry ice/ acetone external cooling bath (-78°Caswemployed in several
reactions. Melting points were obtained on a Meatipdanstrument with a heating rate of

5°C/min and are uncorrected.
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Synthesis using 2,4,5- Trimethyloxazole as thdiS¢aMaterial

Benzoic acid-2-(4,5-dimethyloxazol-2-yl)-1-phenyhvl ester 143)

2,4,5-Trimethyloxazole 136) (0.25 g, 2.1 mmol) was dissolved in 15 mL of
acetonitrile, and triethylamine (0.784 g, 7.6 mmeBs added dropwise. A solution of
benzoyl chloride (0.90 g, 6.3 mmol) in 15 mL of tacetrile was added dropwise into the
above solution under nitrogen at room temperatlihe reaction mixture was refluxed
for 3 h and then the solvent was removed by roégagporation. Dichloromethane (20
mL) was added to the residue. This mixture was e@stith saturated aqueous NaH{O
(3 x 25 mL). The dichloromethane solution was drieder MgSQ, and then
reconcentrated. The concentrate was purified bghflehromatography (silica gel, 5:1
hexane/ethyl acetate) to gité3.

It should be noted that, intially, a few workups revedone using a second
approach, where acetone (3 x 20 mL) was addecetoesidue obtained after removal of
solvent. The resulting solid/liquid mixture wastdiled and the collected solid was
thoroughly washed with acetone (3 x 15 mL). Thedie was concentrated vacuoand
the residue was purified using flash chromatograp\fter the first method was found to
be more efficient, it was followed in all subsequeases. However, the difference
between the yields in the two methods was negkgibl
Sticky yellow liquid; yield: 366 mg (54%), {R= 0.6 (silica gel, 5:1 hexane/ ethyl
acetate).

IR (KBr, cmi®): 3063, 2923, 1920, 1740, 1634, 1600, 1449, 131R10.
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'H NMR (300 MHz, CDCY)): 8y = 8.26 (d,J = 7.1 Hz, -O-CO-@Hs (aromaticortho),
2H), 7.62 (m, -O-CO-¢Hs (aromatic), 3H),7.51 (t,J = 7.7 Hz, -C=C-@Hs (aromatic
ortho), 2H); 7.35 (m, -C=C-gHs (aromatic), 3H), 6.83 (s, -N=C-Gi€-, 1H), 1.99 (s, -
O-C(CHs)-C(CHg)-N-, 3H), 1.89 (s, -O-C(CHJ-C(CHs)-N-, 3H).

13C NMR (75 MHz, CDCJ): 8¢ = 164.52 (-O-©-CgHs), 155.81(-N=CCH=C-), 149.76
(-CH=CG-CgHs), 143.35 (-O-QCHz)-C(CH;s)-N-) , 133.85 (-CH=C-gHs), 133.33 (-O-
CO-GHs (aromatic para )), 131.97 (-O-CO-gHs), 130.11 (-O-CO-gHs (aromatic
ortho), 2C), 129.47 (aromatieneta of both phenyl groups, 4C), 128.63 (-O-CO-
CsHs(aromaticpara)), 128.31 (-O-CO-gHs (aromaticortho), 2C), 124.84 (-O-C(Ck}-
C(CHs)-N-), 103.05 (-N=C-Ei=C-), 10.82 (-O-C(El3)-C(CHs)-N-), 9.49 (-O-C(CH)-

C(CH2)-N-).

4-Chlorobenzoic acid-1-(4-chlorophenyl)-2-(4,5-dimgoxazol-2-yl )-vinyl esteri44)

Compound144 was prepared using 2,4,5-trimethyloxazol&6) (0.25 g, 2.1
mmol) and 4-chlorobenzoyl chloride (1.10 g, 6.3 mmay the general procedure.
White crystals; mp. 123-125°C; vyield: 403 mg (49Rs)= 0.6 (silica gel, 5:1 hexane/
ethyl acetate).

IR (cm™): 3055, 2923, 1738, 1652, 1632, 1592, 1530, 148070, 1249.

'H NMR (300 MHz, CDCYJ): 84 = 8.12 (d, J = 7.6 Hz, -O-CO-@H4Cl (aromaticortho),
2H), 7.46 (d,J = 7.5 Hz, -O-CO-EH4CI (aromaticmetg, 7.45 (-C=C-GH4Cl (aromatic
ortho), 2H), 7.28 (d, -C=C-GH,CI (aromaticmetg, 2H); 6.68 (s, -N=C-CHC-, 1H),

1.93 (s, -O-C(Ch)-C(CHs)-N-, 3H), 1.89 (s, -O-C(CH-C(CHs)-N-, 3H).
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3C NMR (75 MHz, CDC)): éc = 163.84 (-O-©-CsHJCl), 155.59 (-N=GCH=C-),
148.54 (-CH=CCgzH,4CI), 143.81 (O-CO-gH4CI (aromaticpara; Cl-bearing)), 140.25 (-
O-C(CH3)-C(CHg)-N-) , 135.71 (-CH=C-gHCI (aromaticpara, Cl bearing)), 132.39 (-
CH=C-GH.CI), 131.70 (-O-CO-gH,CI (aromaticortho) 2C), 129.16 (-O-CO-£H.Cl,
3C), 128.96 (CH=C-gH.Cl (aromaticmetg 2C), 127.93 (CH=C-gH,CI| ( aromatic
ortho) 2C), 126.22 (-O-C(CH}-C (CHs)-N-), 103.68 ( -N=C-E=C-), 11.05 (-O-C(Ei3)-

C (CHs)-N-), 9.89 (-O-C(CH)-C(CHs)-N-).

2-Methylbenzoic acid-2-(4,5-dimethyloxazol-2-yeitolyl-vinyl ester (45)

Compound145 was prepared using 2,4,5-trimethyloxazol&6) (0.25 g, 2.1
mmol) and 2-methylbenzoyl chloride (0.993 g, 6.3 @hmby the general procedure.
Brown liquid; yield: 345 mg, (47%); & 0.45 (silica gel, 5:1 hexane/ ethyl acetate).
IR (cm™): 3065, 2925, 2300, 1740, 1636, 1456.

'H NMR (300 MHz, CDCY): 84 = 8.25 (m, -O-CO-@H4CHs (aromaticortho), 1H), 7.53
(m, -O-CO-GH4CHs ( aromaticpara), 1H), 7.46 (m, -O-CO-gH4CHs; (aromaticmetg,

1H); 7.62 (m, ( aromatiortho andpara Hs of -C=C-GH,CH; and aromatiortho Hs of
both phenyl rings), 5H), 6.34 (s, -N=C-€8-, 1H), 2.59 (s, -C=C-4CHs, 3H) , 2.53
(s, -O-CO-GH4CHs, 3H) , 2.05 (s, -O-C(Ck)-C(CHs)-N-, 6H).

13C NMR (75 MHz, CDCY): éc = 164.78 (-O-©-C¢H4CHs), 155.83 (-N=GCH=C-),

151.03 (-CH=CC¢H4CHj3), 143.40 (O-CO-gH,CH3 (aromatic ortho, Me-bearing)),

141.17 (-O-QCH3)-C(CHs)-N-) , 136.29 (-CH=C-@H4CHs), 135.17 (-CH=C-H4CHs
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(aromaticortho, Me-bearing), 132.52 (-O-COg8,CH; (aromaticpara)), 131.88 (-O-
CO-GH4CHjg), 131.66 (-O-CO-gH,CH; (aromaticortho)), 131.40 (CH=C-gH4CHs

(aromaticmetg, 131.02 (-O-CO-gH4CH; (aromaticmetg), 129.31 (CH=C-GH,CH;s
(aromaticpara)), 128.92 (CH=C-gH,CHjs (aromaticortho)), 128.62 (CH=C-GH,CHjs
(aromatic metg), 125.96 ((-O-CO-gH4CHs; (aromatic metg), 125.75 (-O-C(Ch)-
C(CHs)-N-), 107.80 (-N=C-EI=C-), 21.72 (CH=C-gH4CHs3), 20.95 (-O-CO-EH4CH3),

11.09 (-O-C(@®3)-C(CHs)-N-), 9.85 (-O-C(CH)-C(CH3)-N-).

2-Bromobenzoic acid-1-(2-bromophenyl)-2-(4,5-dinyétlrazol-2-yl)- vinyl ester 146)

Compound146 was prepared using 2,4,5-trimethyloxazol&6) (0.25 g, 2.1
mmol) and 2-bromobenzoyl chloride (1.41 g, 6.3 mrbylthe general procedure.
Yellow crystals; mp. 92-93°C; yield: 514 mg (51%); = 0.65 (silica gel, 5:1 hexane/
ethyl acetate).

IR (cm™): 3067, 2920, 2855, 1910, 1748, 1661, 1632, 15864.

'H NMR (300 MHz, CDCJ): 8y =8.30 (dd, J = 7.4 Hz, -O-CO-@H,Br (aromaticortho),
1H), 7.70 (ddJ = 7.7 Hz, -O-CO-@H4Br ( metg next to Br), 1H),7.64 (m, -O-CO-
CgH4Br (aromaticortho and para), 2H), 7.40 (m, -C=C-gH4Br (aromaticortho, para
andmeta(next to Br), 3H), 7.23 (m, -C=C«4Br (aromaticmetg, 1H), 6.55 (s, -N=C-
CH=C-, 1H), 2.13 (s, -O-C(C#-C(CHg)-N-, 3H), 2.07 (s, -O-C(Ck-C(CHs)-N-, 3H).
3C NMR (75 MHz, CDC)): 8¢ = 162.80 (-O-©-CgH4Br), 155.07 (-N=GCH=C-),

148.57 (-CH=GCgH4Br), 143.73 ((-CH=C-@H4Br), 135.78 (-O-QCHs)-C(CHs)-N-) ,
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134.49 (-O-CO-GH4Br (aromaticpara), 133.54 (-O-CO-gH4Br (C1)), 133.13 (-O-CO-
CeH4Br (aromaticortho)), 132.48 (-O-CO-gH4Br (aromaticmetanext to Br)), 132.24
(CH=C-GH4Br (aromaticmeta next to Br)), 131.21(CH=C+El,Br (aromaticpara)),
130.65 (CH=C-@H4Br (aromatic ortho)), 130.37 (-O-CO-gH4Br (aromatic metg),
127.41 (-O-CO-@H4Br (aromaticmetg, 127.03 (-O-C(Ch)-C(CHz)-N-), 122.53 (-O-
CO-GH4Br (aromaticortho, Br bearing)), 121.70 (CH=C¢8,Br (aromaticortho, Br
bearing)), 109.17 ( -N=C4@=C-), 11.04 (-O-C(Ei3)-C(CHs)-N-), 9.94(-O-C(CH)-

C(CH2)-N-).

3-Fluorobenzoic acid-2-(4,5-dimethyloxazol-2-ylY3-fluorophenyl)-vinyl esterl47)

Compound147 was prepared using 2,4,5-trimethyloxazol&6) (0.25 g, 2.1
mmol) and 3-fluorobenzoylbenzoyl chloride (1.019 &3 mmol) by the general
procedure.

Brown liquid; yield: 399 mg (54%); R= 0.6 (silica gel, 5:1 hexane/ ethyl acetate).

IR (cm™): 3076, 2937, 1733, 1661, 1591, 1455, 1416, 13803, 1224.

'H NMR (300 MHz, CDCJ): &y = 8.05(m, -O-CO-@H4F (aromaticortho), 1H), 7.96
(m,-O-CO-GH4F ( aromaticortho), 1H), 7.51 (m, -O-CO-GH4F (aromaticmetg, 1H);
7.40 (m, (aromatiortho andmetaH s of -C=C-GH4F and aromatipara of -O-CO-
CgH4F), 3H), 7.06 (m, -C=C-gH,F (aromaticpara, 1H), 6.88 (s, -N=C-CHC-, 1H),
2.02 (s, -O-C(ChH)-C(CHs)-N-, 3H), 1.96 (s,-O-C(CH-C(CHs)-N-, 3H).

13C NMR (75 MHz, CDCJ): éc = 164.55 (-O-CO-gH4F (aromaticmeta F bearing)),

163.44 (-O-©-CH4F), 160.81(-CH=C-gH4F (aromatic metg F bearing)),
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155.40 (-N=CGCH=C-), 148.30 (-CH=EC¢H4F), 143.89 (-O-QCH;)-C(CHs)-N-), 136.06
(-CH=C-GH4F), 132.30 (O-CO-gH4F), 131.50 (-CH=C-gH,F (aromatic metg),
131.40 (O-CO-@H4F (aromatiametg), 130.36 (O-CO-gH4F (aromaticortho)), 130.13(-
O-C(CHg)-C(CHg)-N-), 126.00 (-CH=C-GH4F (aromaticortho)), 120.58 (-O-CO-gH4F
(aromatic para)), 117.22(-O-CO-@H;F (aromatic orthg)), 116.68 (CH=C-gH4F(
aromaticpara)), 111.76 (CH=C-gH,F (aromaticortho)), 104.09 (-N=C-Ei=C-), 10.82

(-O-C(CH3)-C(CHs)-N-), 9.63(-O-C(CH)-C(CHz)-N-).

4-Nitrobenzoic acid-2-(4,5-dimethyloxazol-2-y)-4-hitrophenyl)-vinyl esterl{48)

Compound148 was prepared using 2,4,5-trimethyloxazol&6) (0.25 g, 2.1
mmol) and 4-nitrobenzoyl chloride (1.19 g, 6.3 m)rm} the general procedure.
Yellow solid; mp. 207-209°C; yield: 403 mg (47%); R0.45 (silica gel, 5:1 hexane/
ethyl acetate).
IR (Cm'l): 3113, 2923, 1733, 1625, 1594, 1522, 1410, 13245, 1121.
'H NMR (300 MHz, CDCYJ): 84 = 8.42 (m, -O-CO-@H.NO, (aromatic Hs), 4H), 8.27
(m, -C=C-GH4NO, (aromaticmetg, 2H), 7.75 (m, -C=C-gH4sNO, (aromaticortho),
2H), 6.95 (s, -N=C-CHC-, 1H), 2.03 (s,-O-C(Ck-C(CHs)-N-, 3H), 1.60 (s, -O-
C(CHs)-C(CHs)-N-, 3H).
13C NMR (75 MHz, CDC)): ¢ = 162.64 (-O-©-CsHiNO,), 154.76 (-O-CO-gH4NO,
(aromaticpara)), 151.16 (-N=CCH=C-), 148.07 (-CH=E&C¢H4NO,), 146.70 (-CH=C-
CeH4NO, (aromatic para)), 144.47 (-CH=C-@HsNO, (C1)), 139.67 (-O-(CHy)-

C(CHg)-N-), 134.88 (O-CO-gH4NO,), 133.50 (O-CO-gH4NO, (aromaticortho), 2C),

140



131.62 (-CH=C-@H4NO, (aromaticortho), 2C), 125.79 (-O-C(CkJ)-C(CHs)-N-), 124.42
(O-CO-GH4NO, (aromaticmetg), 123.98 (-CH=C-@H;NO, (aromaticmetg), 106.60

(-N=C-CH=C-), 11.14 (-O-C(€l5)-C(CHs)-N-), 9.76 (-O-C(CH)-C(CH2)-N-).

Synthesis using 2,4,5-Trimethylthiazole, 2-Ethglthle and 2-Methylthiazole as Starting

Materials

Benzoic acid-2-(4,5-dimethylthiazol-2-yl)-1-phenxikyl ester (49)

2,4,5-Trimethylthiazole 138) (0.25 g, 1.9 mmol) was dissolved in 15 mL of
acetonitrile, and then triethylamine (0.712 g, &®ol) was added dropwise. A solution
of benzoyl chloride (0.817 g, 5.7 mmol) in 15 mLaaketonitrile was added dropwise into
the above solution under nitrogen at room tempsezatiihe reaction mixture was
refluxed for 3 h and then the solvent was removed rbtary evaporation.
Dichloromethane (20 mL) was added to the residugs Tixture was washed with
saturated aqueous NaHg(3 x 25 mL). The dichloromethane solution was direr
MgSQOy, and then reconcentrated. The concentrate waBgouby flash chromatography
(silica gel, 5:1 hexane/ethyl acetate) to div8.
Yellow liquid; yield: 287 mg (44%); R= 0.40 ( silica gel, 5:1 hexane/ ethyl acetate).
IR (cm™): 3063, 3043, 2949, 2917, 2854, 1910, 1740, 16998, 1492, 1314, 1235.
'H NMR (300 MHz, CDCJ): 64 =8.32 (d,J = 7.8 Hz, -O-CO-@Hs (aromaticortho),

2H), 7.69 (m, (aromatic Hs), 1H), 7.57 (m, (aromaiis), 4H), 7.35 (m, (aromatic Hs),
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3H), 7.30 (s, -N=C-CHC-, 1H), 2.31 (s,-N-C(Ck}-C(CHs)-S-,3H), 1.60 (s, -N-C(C¥)-

C(CHy)-S-, 3H).

13C NMR (75 MHz, CDCJ): 6c = 163.75 (-O-@©-CsHs), 156.84 (-N=CCH=C-), 148.90
(-S-C(CH;)-C(CHz)-N-), 148.20 (-CH=@CsHs), 133.94 (-CH=C-@Hs), 130.46 (-O-CO-
CeHs(aromatic para)), 129.88 (-O-CO-gHs), 129.25 (-O-CO-gHs (aromatic ortho)),

129.00 (-O-CO-@Hs (aromaticmetd), 128.79 (-CH=C-gHs (aromaticmetd), 128.18 (-
N-C(CHg)-C(CHs)-S-), 127.73 (-CH=C-gHs (aromatic para)), 124.74 (-CH=C-GHs

(aromatic ortho)), 112.01 (-N=C-Ei=C-), 14.33 (-S-C(CH-C(CH3)-N-), 11.23 (-S-

C(CH3)-C(CH)-N-).

4-Chlorobenzoicacid-1-(4-chlorophenyl)-2-(4,5-dilngthiazol-2-y)-vinyl ester 150)

Compound150 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and 4-chlorobenzoyl chloride (0.997 g, 5.7 ohrby the general procedure.
Yellow liquid; yield: 378 mg (48%); R= 0.45 (silica gel, 5:1 hexane/ ethyl acetate).
IR (cm™): 2921, 1737, 1680, 1590, 1538, 1489, 1426, 13289, 1223, 1168.

'H NMR (300 MHz, CDCJ): 8y = 8.23 (d, J = 8.5 Hz, -O-CO-@H4Cl (aromaticortho),
2H), 7.56 (d,J =8.5 Hz, -O-CO-@H4CI (aromaticmetg 2H), 7.47 (dJ = 8.6 Hz, -C=C-
CsH4CI (aromaticortho) , 2H),7.34 (d,J = 8.6 Hz, -C=C-@H4CI (aromaticmetg, 2H);
6.68 (s, -N=C-CHC-,1H), 2.30 (s, -S-C(CHC(CHs)-N-, 3H), 2.29 (s, -S-C(CHF-
C(CHa)-N-, 3H).

3C NMR (75 MHz, CDC)): 8¢ = 156.17 (-O-©-CsHJCl), 148.66 (-N=GCH=C-),

147.43 (-S-C(CH)-C(CHs)-N-), 140.78 (-CH=@ECeH.Cl), 135.28 (O-CO-gH.Cl
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(aromaticpara, Cl bearing)), 132.47 (-CH=C«8,Cl (aromaticpara, Cl-bearing, 2C)),
129.24 (-O-CO-GH4CI (aromaticortho) 2C), 129.13 (-O-CO-gH,Cl (aromaticmet3,
4C), 128.16 (-O-CQ-gH4Cl), 127.22 (-S-Q@CH3)-C(CHg)-N-), 125.96 (CH=C-GH.CI
(aromaticortho, 2C), 112.52 (-N=C-8=C-), 14.47 (-S-C(Ck)-C(CH3)-N-), 11.34 (-S-

C(CH3)-C(CH)-N-).

2-Methylbenzoic acid-2-(4,5-dimethylthiazol-2-yitolyl-vinyl ester (51)

Compound151 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and 2-methylbenzoyl chloride (0.899 g, 5.7 ahnby the general procedure.
Yellow liquid; yield: 297 mg (44%); R= 0.65 (silica gel, 3:1 hexane/ ethyl acetate).

IR (neat, crit): 3001, 2923, 1737, 1651, 1601, 1574, 1543, 14886, 1380, 1283,
1219, 1164.

'H NMR (300 MHz, CDCJ): 84 =8.38 (m, -O-CO-gHsMe (aromaticortho), 1H), 7.50
(m ,-O-CO-GH4Me (aromatic para and meta Hs), 2H), 7.37 (m, -O-CO-+E;Me
(aromaticmetg, 1H), 7.23 (m, -CH=C-gH,;Me (aromatic Hs), 4H), 6.75 (s, (-N=C-
CH=C-,1H), 2.58 (s, -N-C(CH-C(CHs)-S-, 3H), 2.54 (s, -O-CO+E1,CHjs, 3H), 2.30 (s,
-CH=C-GH4CHjs, 3H), 2.29 (s, -N-C(CEJ-C(CHy)-S-, 3H).

¥C NMR (75 MHz, CDCJ): 6c = 163.50 (-O-©-CsHsMe), 157.01 (-N=@CH=C-),
149.89 (-S-C(Ch)-C(CHa)-N-), 147.88 (-CH=GCgHsMe), 142.29 (-O-CO-gH.Me
(aromaticortho, Me-bearing)), 140.70 (-CH=Ce¢H,;Me (aromaticortho, Me-bearing)),
136.09 (-CH=C-GH4Me), 135.08 (-O-CO-gHsMe (aromaticpara)), 133.05 (-O-CO-

CeHiMe)), 132.15 (-O-CO-gH4Me (aromaticorthg)), 131.65 (-O-CO-gHsMe (aromatic
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metgd), 130.89 (-CH=C-@Hs;Me (aromatic metg), 129.00 (-S-QCHs;)-C(CHs)-N-),
128.54 (-CH=C-@H;Me (aromaticpara), 127.58 (-CH=C-GH,Me (aromaticortho)),
127.48 (-O-CO-@HsMe (aromaticmetd), 126.02 (-CH=C-gH,Me (aromatic metg,
115.63 ( -N=C-®i=C-), 22.11 (-O-CO-gH,CHs), 20.87 (CH=C-GH,CH3),14.38 (-S-

C(CHs)-C(CH3)-N-), 11.29 (-S-C(€l5)-C(CHs)-N-).

3-Bromobenzoic acid-1-(3-bromophenyl)-2-(4,5-dinydtthiazole-2-yl)-vinyl ester152)

Compound152 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and 3-bromobenzoyl chloride (1.27 g, 5.7 mrbglthe general procedure.
Yellow crystals, M.P: 133-135°C; yield: 406 mg (48% = 0.60 (silica gel, 3:1 hexane/
ethyl acetate).

IR (neat, crit): 3059, 2916, 1957, 1734, 1634, 1590, 1563, 13393, 1372, 1221,
1113.

'H NMR (300 MHz, CDCJ): 84 = 8.43 (s, -O-CO-gH4Br (aromaticortho, next to Br),
1H), 8.25 (s, -O-CO-gH4Br (aromaticortho), 1H), 7.83 (m, -O-CO-gH4Br (aromatic
para), 1H), 7.69 (m, -CH=EC¢H,Br (aromatic ortho, next to Br), 1H), 7.48 (m,
(aromatic Hs), 3H), 7.25 (m, aromatic and vinylis, 2H), 2.30 (s, -N-C(CH-C(CHs)-
S-, 6H).

3C NMR (75 MHz, CDC)): 8¢ = 162.50 (-O-©-CgH4Br), 156.08 (-N=GCH=C-),
148.70 (-S-C(CH)-C(CHs)-N-), 146.95 (-CH=@CgH4Br), 137.12 (-CH=C-@H.Br),
136.01 (-O-CO-@H,Br (aromaticpara)), 133.39 (-O-CO-gH,Br (aromaticortho, next

to Br)), 132.31 (-O-CQO-gH,4Br), 130.68 (-CH=C-@H,Br (aromaticpara)), 130.42 (-O-
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CO-GH,4Br (aromaticmetg), 130.39 (-CH=C-gH4Br (aromaticmetg, 129.07 (-CH=C-
CeH4Br (aromaticortho, next to Br )), 128.49 (-O-CO«H,Br (aromaticortho)), 127.76
(-S-QdCH3)-C(CHg)-N-), 123.38 (-CH=C-@H4Br (aromatic ortho)), 123.10 (-O-CO-
CeH4Br (Br bearing)), 122.91(-CH=C«E,Br ( Br bearing )), 112.99 ( -N=CH=C-),

14.36 (-S-C(CH)-C(CHs)-N-), 11.37 (-S-C(€ls)-C(CHs)-N-).

3-Fluorobenzoicacid-2-(4,5-dimethylthiazol-2-y)e3-fluorophenyl)-vinyl esterl3)

Compound153 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and 2-fluorobenzoyl chloride (0.903 g, 5.7 atnby the general procedure.
White crystals; mp. 102-103; yield: 337 mg (47%); R= 0.6 (silica gel, 5:1 hexane/
ethyl acetate).

IR (KBr, cm): 2976, 1730, 1586, 1538, 1482, 1445, 1333, 12%30.

'H NMR (300 MHz, CDCJ): 6y =8.11 (m, -O-CO-@H.F (aromaticortho), 1H), 7.98 (m,
-O-CO-GH4F ( aromatioortho), 1H),7.57 (m, -O-CO-gH4F (aromatianetg), 1H), 7.40
(m, (aromaticortho andmetaHs of -C=C-GH4F and aromatipara of -O-CO-GH4CF ),
3H), 7.23 (m, -C=C-gH4F ( aromatigpara, 1H), 7.05 (s, -N=C-CHC-, 1H), 2.30 (s, -
S-C(CH)-C(CHs)-N- , 6H).

3C NMR (75 MHz, CDCJ): 8¢ = 164.59 (-O-©-CsHiF), 162.70 (-O-CO-EH.F
(aromaticmetg F bearing)), 161.32 (-CH=CgsH4F (aromaticmetg F bearing)), 156.06
(-N=C-CH=C-), 148.67 (-S-C(CH-C(CHs)-N-), 147.17 (-CH=ECeH.F), 136.21(-
CH=C-GH4F), 130.77 (O-CO-gH4F), 130.59 (O-CO-gH4F (aromatiametq), 128.42 (-

CH=C-GH4F) (aromaticmetg), 126.27 (-S-QCHz3)-C(CHs)-N-), 126.23 (-O-CO-6H4F
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(aromatic ortho)), 121.43 (-CH=C-gH4F (aromaticorthg)), 120..44 (-O-CO-gH4F
(aromatic para)), 117.45 (-O-CO-gH;F (aromatic ortho)), 116.10 (CH=C-gH4F(
aromaticpara)), 112.97 (CH=C-gH4F (aromaticortho)), 111.88 (-N=C-EI=C-), 14.35

(-S-C(CH;)-C(CH3)-N-), 11.29 (-S-C(El3)-C(CHs)-N-).

4-Nitrobenzoic acid-2-(4,5-dimethylthiazol-2-y){4-nitrophenyl)-vinyl ester 164)

Compound154 was prepared using 2,4,5-trimethylthiazol&g) (0.25 g, 1.9
mmol) and 2-nitrobenzoyl chloride (1.05 g, 5.7 m)vm} the general procedure.
Yellow solid; mp. 218-220°C,; yield: 376 mg (46%Y,#R0.7 (silica gel, 1:1 hexane/ ethyl
acetate).
IR (Cm'l): 3114, 2980, 1741, 1686, 1597, 1526, 1428, 1834}, 1228, 1079.
'H NMR (300 MHz, CDCYJ): 84 = 8.49 (m, -O-CO-@H4NO, (aromatic Hs), 4H), 8.28
(m, -C=C-GH4NO;, (aromaticmetg, 2H), 7.73 (m, -C=C-gH4sNO, ( aromaticortho),
2H), 7.44 (s, -N=C-CHC-, 1H), 2.32 (s,-S-C(C§}C(CHs)-N-, 3H), 1.60 (s, -S-C(ChF
C(CHs)-N-, 3H).
3C NMR (75 MHz,CDC)): 8¢ = 163.19 (-O-©-CsHsNO,), 150.00 (-O-CO-gH4NO,
(aromaticpara)), 149.81 (-N=CCH=C-), 138.92 (-CH=E&C¢H4NO,), 131.67 (-CH=C-
CeH4NO, (aromaticpara)), 131.26 (-CH=C-gHsNO,), 130.63 (-S-QCH3)-C(CHs)-N-),
125.41 (O-CO-GH4NO,), 124.27 (O-CO-gH4NO, (aromatic ortho), 2C), 124.04 (-
CH=C-GH4NO, (aromaticortho), 2C), 123.75 (-S-C(CE-C(CHs)-N-), 123.20 (O-CO-
CeH4NO, (aromaticmetg), 121.99 (-CH=C-gH4NO, (aromaticmetg), 104.55 (-N=C-

CH=C-), 11.82 (-O-C(€l3)-C(CHs)-N-), 10.78(-S-C(Ch)-C(CHz)-N-).
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Benzoic acid-2-(4,5-dimethylthiazol-2-yl )-1-phemiopenyl esterls7)

Compound157 was prepared using 2-ethyl-4,5-dimethylthiazadl&5§ (0.25 g,
1.7 mmol) and benzoyl chloride (0.73 g, 5.2 mmgl}le general procedure.
White crystals; mp. 129-131°C; vyield: 312 mg (52%j= 0.65 (silica gel, 5:1 hexane/
ethyl acetate).
IR (neat, crit): 3071, 2920, 1979, 1734, 1682, 1583, 1451, 13236.
'H NMR (300 MHz, CDCJ): 84 = 8.21 (m, -O-CO-GHs (aromaticortho), 2H), 7.63 (m,
-O-CO-GHs (aromaticpara), 1H), 7.54 (m, aromatic Hs of two aryl groups,)4/R.37
(m, aromatic Hs of two aryl groups, 3H), 2.38 Jd= 5.8 Hz, -S-C(Ch)-C(CHs)-N-,
3H), 2.30 (d,J = 5.5 Hz, -S-C(ChH)-C(CHs)-N-, 3H), 2.26 (d,J = 5.5 Hz, -N=C-
C(CHs)=C-, 3H).
13C NMR (75 MHz, CDCJ): 6c = 164.34 (-O-@©-CsHs), 159.03 (-N=GCH=C-), 147.53
(-S-C (CH)-C(CHg3)-N-), 145.64 (-CH=@ECgHs), 135.52 (-CH=C-gHs), 133.62 (-O-CO-
CeHs (aromatic para)), 130.43 (-O-CO-€Hs), 129.60 (-O-CO-gHs (aromatic ortho),
2C)), 128.97(-O-CO-gHs5 (metapositions, 2C)), 128.66 (-CH=CsBs (aromaticmetg
2C), 128.56 (-S-(CH3)-C(CHg)-N-), 128.16 (-CH=C-@Hs (aromaticpara)), 127.35 (-
CH=C-GHs (aromaticortho), 2C), 120.39 (-N=C-(@CHz)=C-), 14.5(-N=C-C(El3)=C-),

14.68 (-S-C(CH)-C(CHs)-N-), 11.16(-S-C(Els)-C(CHs)-N-).
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2-Chlorobenzoic acid- 1-(2-chlorophenyl)-2-(4,5-éttmylthiazol-2-y|)-propenyl ester

158

Compound158 was prepared using 2-ethyl-4,5-dimethylthiazadl&5§ (0.25 g,
1.7 mmol) and 2-chlorobenzoyl chloride (0.99 g, ®12o0l) by the general procedure.
White crystals; mp. 139-140°C; yield: 331 mg (46%)= 0.60 (silica gel, 5:1 hexane/
ethyl acetate).
IR (Cm'l): 2922, 1750, 1653, 1590, 1544, 1470, 1377, 1271.
'H NMR (300 MHz, CDCY)): 84 =8.19 (d,J = 7.5 Hz, -O-CO-@Hs (aromaticortho),
1H), 7.67 (m, -O-CO-gHs (aromaticpara), 1H), 7.40 (m, aromatic Hs of two aryl
groups, 7H), 2.31 (s, -S-C(GHC(CHs)-N-, 3H), 2.29 (s, -S-C(CHFC(CHs)-N-, 3H),
2.16 (s, N=C-C(Ch)=C-, 3H).
13C NMR (75 MHz, CDCJ): c= 152.28 (-O-©-CgHs), 147.81 (-N=GCH=C-), 142.60
(-S-C (CH)-C(CHs3)-N-), 142.58 (-CH=EC¢Hs), 134.97 (O-CO-6H4CI (aromaticortho,
Cl bearing)), 134.05 (-CH=C+E,Cl (C1)), 133.68, (-O-CQ-§H,Cl (aromaticpara)),
133.41 (-CH=C-@GH4CI (aromaticortho, Cl-bearing)), 132.92 (-O-COgH4Cl (aromatic
ortho)), 132.82 (-O-CO-gHs), 131.45(-CH=C-gH,CI (aromaticpara)), 130.27 (-O-CO-
CeHs (meta position, next to Cl)), 129.72 (-CH=CsEs (meta position, next to Cl)),
127.82 (-S-C(CHg)-C (CHg)-N-), 126.71 (-CH=C-EHs (aromaticortho)), 126.68 (-O-
CO-GH4CI (aromaticmetg), 126.53 (-CH=C-EHs (aromatic metg), 122.73 (-N=C-
C(CH3)=C-), 16.81(-N=C-C(Ei3)=C-), 14.68 (-S-C(Ch -C(CH3)-N- ), 11.20 (-S-

C(CH3)-C(CH)-N-).
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Benzoic acid 1-phenyl-2-thiazol-2-yl-vinyl estd50)

Compound159 was prepared using 2-methylthiazolis§) (0.25 g, 2.4 mmol)
and benzoyl chloride (1.01 g, 7.2 mmol) by the gaiherocedure.
Yellow-white crystals; mp. 82-83°C; yield: 579 mg6@6), R = 0.65 (silica gel, 5:1
hexane/ ethyl acetate).
IR (cm™): 3062, 1735, 1642, 1598, 1474, 1448, 1226.
'H NMR (300 MHz, CDCY): 84 =8.32 (d,J = 7.3 Hz, -O-CO-@Hs (aromaticortho),
2H), 7.78 (s, -S-CH-CHN-), 7.61 (aromatic Hs and thiazole H, 5H), 7.8do(natic Hs),
7.16 (s, -N=C-CHC-, 1H).
13C NMR (75 MHz, CDCJ): c= 163.35 (-O-©-CsHs), 160.95 (-N=CCH=C-), 149.76
(-CH=CG-CgHs), 142.47(-S-CH-@B-N-), 133.87(-CH=C-@Hs), 133.42 (-O-CO-gHs
(aromatic para)), 130.13 (-O-CO-gHs), 129.31(0O-CO-gHs (aromatic ortho, 2C)),
128.56 (aromatienetaH s of both rings, 4C), 128.42 (-CH=G}d; (aromaticpara)),
124.56 (-CH=C-@Hs (aromatic ortho, 2C), 119.46 (-S-B-CH-N-), 111.72 (-N=C-

CH=C-).

2-Methyl-benzoicacid-2-thiazol-2-yl-&-tolyl-vinyl ester (60)

Compound160 was prepared using 2-methylthiazolisg) (0.25 g, 2.4 mmol)
and 2-methylbenzoyl chloride (1.11 g, 7.2 mmol)Xty general procedure.
Yellowish liquid; yield: 518 mg (62%), /R= 0.60 (silica gel, 5:1 hexane/ ethyl acetate).

IR (cniY): 2927, 1738, 1653, 1574, 1488, 1381, 1218, 1033
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'H NMR (300 MHz, CDCJ): 84 =8.39 (d,J = 7.7 Hz, -O-CO-GHs (aromatic ortho),
1H), 7.81(d,J = 3.2 Hz, -S-CH-CHN-, 1H), 7.23 (m, aromatic H s and thiazole ring, H
8H), 6.91(s, -N=C-CHC-, 1H), 2.65(s, CECsHa4-, 6H).

3C NMR (75 MHz, CDCJ): 8¢ = 163.23 (-O-@-CsH4CHs), 151.12 (-N=GCH=C-),
142.33(-CH=CC¢H4CHs3), 142.21 (-S-CH-8-N-), 135.97 (-O-CO-gH4CH;3 (aromatic
ortho, Me bearing)), 134.75(-CH=Cg8,CH3), 133.12(-CH=C-gH4CHj3; (aromatic
ortho, Me bearing)), 132.11 (-O-COsB,CH;z (aromatic para), 131.50 (-O-CO-
CeH4CH3), 130.83 (-O-CO-gH4CHs (aromaticortho), 129.16 (aromationetaH s of
both rings, 2C), 128.53 (-CH=Cs8,CH; (aromaticpara)), 127.27 (-CH=C-gH,CHjs
(aromaticortho)), 125.95 (-O-CO-gH,CH;3 (aromaticmetg, 125.90 (-CH=C-gH,CH;s
(aromatic metg), 119.51 (-S-G-CH-N-), 115.44(-N=C-Ei=C-), 22.00 (CH=C-

CGH4QH3), 20.78 (-O-CO'@'|4QH3).

2.2-Dimethyl-propionic acid-2,2-dimethyl-1-thiaz®lyl-methylene-propyl ested§5)

Compound165 was prepared using 2-methylthiazolis§) (0.25 g, 2.4 mmol)
and trimethyl acetyl chloride (0.86 g, 7.2 mmol)thg general procedure.
Yellowish liquid; yield: 389 mg (59%),R= 0.75 (silica gel, 5:1 hexane/ ethyl acetate).
IR (cmY): 2970, 1751, 1648, 1479, 1394, 1264, 1091.
'H NMR (300 MHz, CDCJ): 84 = 7.71 (s, -S-CH-CHN-, 1H), 7.22 (s, -S-CHCH-N-,
1H), 6.59 (s, -N=C-CHC-, 1H), 1.39 (s, -O-CO-C (Gjt, 9H), 1.19 (s, -CH=C-C
(CHs)s, 9H).

13C NMR (75 MHz, CDCJ): 8¢ = 174.83 (-O-©-C (CH)s, 161.50 (-CH=GC-(CHy)s),
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159.35 (-N=GCH=C-), 142.15 (-S-CH-B-N-), 118.05 (-S-&-CH-N-), 108.39 (-N=C-
CH=C-), 39.24 (-O-CO-&CHa)s), 37.29 (-CH=C-QCHy)3), 27.73 (-O-CO-C~(€ls)3),

) 27.27(-CH:C-C-_(_(E|3)3).

Synthesis using 2,4,5-Trimethylthiazole, 2,4,5-€&thploxazole and 2-Methylthiazole

where normal Butyl Lithium was used as the Base

Benzoic acid-2-(4,5-dimethylthiazol-2-yl)-3-oxo-1d&henylpropenyl ested66)

n-BuLi (1.1 mL, 2.7 mmol) of a 2.5 M solution in hexe was added using a
syringe to a solution of 2,4,5-trimethylthiazol&§) (0.25 g, 1.9 mmol) in 20 mL THF at
-78°C under nitrogen. The reaction mixture turnetloyv. The mixture was stirred at
-78°C for 1 h and then benzoyl chloride (0.817 ., tamol) was added with a syringe.
The reaction mixture was stirred for another 1 h78°C and then warmed gradually to
room temperature. The reaction mixture was furtstered for another 3 h at room
temperature and then the solvent was removed hyyrevvaporation. Water was added to
the residue followed by the extraction with diclolorethane (3 x 40 mL). The organic
layer was washed with 10% aqueous sodium bicarbg2ax 20 mL) and water (2 x 20
mL), and dried over anhydrous sodium sulfate. Tolwemt was removed by rotary
evaporation and the residue was purified by flaBhomatography (silica gel, 5:1
hexane/ethyl acetate) to giié6. In TLC analysis, the spots for 2,4,5-trimethyltlobez
and that of the product appear very close to edlcaravhen eluting with 3:1 hexane/

ethyl acetate or 5:1 hexane/ ethyl acetate. Puaetibns were obtained by column
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chromatography over SiOeluting with 5:1 hexane/ ethyl acetate. It shdutdnoted that
if the yield of this fraction are combined with thield of a mostly pure (with very small
amount of other spot and starting material), tlaatiocrease the total percent yield.
Yellowish liquid; yield: 232 mg (28%), {R= 0.45 (silica gel, 5:1 hexane/ ethyl acetate).
IR (cni?): 2922, 1739, 1678, 1596, 1492, 1322, 1220.

'H NMR (300 MHz, CDCY)): 84 =8.27 (d,J = 7.5 Hz, -O-CO-@Hs (aromaticortho),
2H), 8.07 (d,J = 7.4 Hz, -N=C-C-CO-gHs (aromaticortho), 2H), 7.67 (m, -O-CO-£Hs
(aromaticpara), 1H), 7.55 (m, -O-CO-gHs (aromaticmetg, 2H), 7.43 (m, -N=C-C-CO-
CsHs (aromaticmetaandparaH s , 3H), 7.35 (m, -CH=C+Es (aromaticortho, 2H),
7.16 (-CH=C-GHs (aromaticortho andpara H s, 3H) , 2.22 (s,-N-C(CHFC(CHy)-S-
,3H), 2.07 (s, -N-C(CH-C(CHy)-S-, 3H).

13C NMR (75 MHz, CDCY)): 8¢ = 193.85 (-N=C-C-O-CgHs), 164.39 (-O-O-CgHs),
155.21 (-CH=GCgHs), 148.96 (-N=CCH=C-), 147.75 (-S-C(C§}-C(CHz)-N-), 136.95
(-N=C-C-CO-GHs), 133.99 (-CH=C-@Hs), 133.94 (-N=C-C-CQO-gHs (aromaticpara)),
133.31 (-O-®-Cg¢Hs (aromatic para)), 130.51 (-O-CO-gHs), 129.83 (-O-CO-gHs
(aromaticortho), 2C), 129.63 (-N=C-C-CQ+Els (aromaticortho), 2C), 129.14 (-N=C-
C-CO-GHs (aromaticmetg, 2C), 128.70 (-CH=C-gHs (aromaticmetg, 2C), 128.44(-S-
C(CHg)-C(CHs)-N-), 128.36 (-O-©-CsHs (aromatic metg, 2C), 127.98 (-CH=C-
CeHs(aromaticpara)), 127.71 (-CH=C-gHs(aromaticortho), 2C), 125.71 (-N=C-8=C-

), 14.42 (S-C(Ch)-C(CHs3)-N-), 11.02 (-S-C(El3)-C(CHs)-N-).
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4-Chlorobenzoic acid-1,3-bis-(4-chlorophenyl)-256limethylthiazol-2-yl)-3-0xo-

propenyl esterl67)

Compound167 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and 4-chlorobenzoyl chloride (0.997 g, 5.7 ohrby the general procedure.
Yellow crystals; mp. 217-219°C; yield: 322 mg (32%)

Rr = 0.35 (silica gel, 5:1 hexane/ ethyl acetate).

IR (cmY): 2922, 1733, 1679, 1594, 1487, 1401, 1256.

'H NMR (300 MHz, CDCJ): 8y =8.20 (d,J = 8.58 Hz, -O-CO-gH4Cl (aromaticortho),
2H), 8.99 (d,J = 8.56 Hz, -N=C-C-CO-gHCl (aromaticortho), 2H), 7.54 (dJ = 8.58
Hz, -O-CO-GH4CI (aromaticmetg, 2H), 7.35 (m, -N=C-C-CO-H,Cl (aromaticmetg
and -CH=C-GH,CI| (aromatic metg, 4H), 7.17 (d, J = 8.58 Hz, -CH=C-GH.CI
(aromaticortho), 2H), 2.26 (s,-N-C(Ck)-C(CHg)-S-,3H), 2.08 (s, -N-C(CH-C(CHy)-S-,
3H).

3C NMR (75 MHz, CDCY): 8¢ = 192.39 (-N=C-C-O-CgH.Cl), 163.61 (-O-©-
CsH4Cl), 154.52 (-CH=@C¢H,CI), 149.36 (-N=CCH=C-), 146.29 (-S-C(Ck-C(CHy)-
N-), 140.82 (-N=C-C-CO-gH.,Cl (aromaticpara, Cl bearing)), 140.14 (-O-@-CsH.ClI
(aromatic para, Cl bearing)), 136.01 (-N=C-C-COsB,Cl), 135.09 (-CH=C-gH.CI
(aromaticpara, Cl bearing)), 132.20 (-CH=C8,Cl), 131.89 (-O-CO-gH,Cl (aromatic
ortho), 2C), 131.18 (-N=C-C-CO+Ei,Cl (aromaticortho), 2C), 129.31 (-N=C-C-CO-
CeH4CIl (aromaticmetg, 2C), 129.22 (-O-O-CsH,CI (aromaticmetg, 129.05 (-CH=C-

CeH4CIl (aromaticmetg, 2C), 128.90 (-O-CQ-gH4Cl), 128.59 (-S-QCH3)-C(CHs)-N-),
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127.32 (-CH=C-@H4CI (aromaticortho), 2C), 125.39 (-N=C-8=C-), 14.46 (S-C(CH-

C(CH3)-N-), 11.12 (-S-C(€l3)-C(CHs)-N-).

Benzoic acid-2-(4,5-dimethyloxazol-2-yl)-3-oxo-1dhenylpropenyl ested68)

Compound168 was prepared using 2,4,5-trimethyloxazoi&6) (0.25 g, 2.1
mmol) and benzoyl chloride (0.90 g, 6.3 mmol) bg general procedure.
Yellow liquid; yield: 211 mg (24 %), /&= 0.40 (silica gel, 5:1 hexane/ ethyl acetate).
IR (cm'l): 2981, 1737, 1675, 1580, 1449, 1357, 1221.
'H NMR (300 MHz, CDCY): 6y =8.24 (d,J = 8.26 Hz, -O-CO-gHs (aromaticortho),
2H), 8.12 (d,J = 8.21 Hz, -N=C-C-CO-gHs (aromaticortho), 2H), 7.50 (m, aromatic
H’s, 8H), 7.15 (m, aromatic Hs, 3H), 1.87 (s,-N-G>C(CH;)-S-,3H), 1.83 (s, -N-
C(CHs)-C(CHy)-S-, 3H).
13C NMR (75 MHz, CDC)): 8¢ = 192.35 (-N=C-C-O-CgHs), 165.21 (-O-O©-CgHs),
154.36 (-CH=GCgHs), 149.64 (-N=GCH=C-), 143.64 (-O-(CHs)-C(CHs)-N-), 136.30
(-N=C-C-CO-GHs), 133.70 (-CH=C-@Hs), 133.58 (-N=C-C-CQO-gHs (aromaticpara)),
133.53 (-O-CO-@Hs (aromatic para)), 132.31 (-O-CO-gHs), 130.15 (-O-CO-gHs
(aromaticortho), 2C), 129.93 (-N=C-C-CQ+Els (aromaticortho), 2C), 129.85 (-N=C-
C-CO-GHs (aromaticmetg, 2C), 129.27 (-CH=C-§s (aromaticmetg and -O-MO-
CsHs (aromaticmetg, 4C), 128.41 (-CH=C-Hs(aromaticpara)), 128.25 (-CH=C-
CeHs (aromatic ortho), 2C), 128.06 (-O-C(ChJ-C(CHs)-N-), 118.78 (-N=C-EI=C-),

10.88 (-O-C(®3)-C(CHs)-N-), 9.46 (-O-C(CH)-C(CH3)-N-).
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1,1-Bis(4,5-dimethylthiazol-2-yl)-2,2-dimethylpraopd -ol (169)

Compound169 was prepared using 2,4,5-trimethylthiazolg) (0.25 g, 1.9
mmol) and trimethylacetyl chloride (0.68 g, 5.7 niptry the general procedure.
Yellowish white crystals; mp. 46-47°C; yield: 141gr(44%), R = 0.60 (silica gel, 5:1
hexane/ ethyl acetate).

IR (cmY): 3316, 2959, 2921, 1558, 1469, 1307, 1259, 1008.

'H NMR (300 MHz, CDCJ): 84 =6.43 (s, -OH 1H), 3.15 (s, -Cht, 4H), 2.23 (s, -N-
C(CHs)-C(CHg)-S-, 6H), 2.16 (s, -S-C(CHC(CHs)-N-, 6H), 0.99 (s, -C-Ck 9H).

13C NMR (75 MHz, CDCYJ): 8¢ = 163.72 (-N=CCH,-, 2C), 146.47 (-S-C(C-C(CHs)-
N-, 2C), 125.32 (-S-(CHs)-C(CHs)-N-, 2C), 39.21 (-@OH), 37.71 (-CCHg), 25.79 (-C-

CH.-, 2C), 14.27 (-C-CH} 3C), 10.93 (=C-E3, 4C).

2.2-Dimethyl-1-(2-methylthiazol-5-yl)propan-1-on&/Q)

Compound170 was prepared using 2-methylthiazol8g) (0.25 g, 2.4 mmol)
and trimethyl acetyl chloride (0.86 g, 7.2 mmol)thg general procedure. In this reaction
compoundl65 was obtained as the minor product.

Yellowish liquid; yield: 102 mg (22%), /R= 0.50 (silica gel, 5:1 hexane/ ethyl acetate).
IR (neat, crif); 2917, 1660, 1513, 1500,1396, 1278, 1101.

'H NMR (300 MHz, CDCY): 4 = 8.25 (s, -S-CHCH-N-, 1H), 2.73 (-N=C-Ch), 1.37 (s,
-O-CO-C (CH)s, 9H).

13C NMR (75 MHz, CDCJ): 8¢ = 174.83 (-O-©-C (CH)s, 161.50 (-CH=GC-(CHs)3),

159.35 (-N=GCH=C-), 142.15 (-S-CH-B-N-), 118.05 (-S-&-CH-N-), 108.39 (-N=C-
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CH=C-), 39.24 (-O-CO-€&CHj3)s), 37.29 (-CH=C-@CHa)3z), 27.73 (-O-CO-C-(El3)3),
, 27.27(-CH=C-C-(El3)3).

CIF files deposited with CCDC number&56/7 (for160), 765578 (forl66) and
765826 (forl71) contain the supplementary crystallographic datattis paper. These
data can be obtained free of charge from The CalgérCrystallographic Data Centre

viawww.ccdc.cam.ac.uk/data request/cif

Unsuccessful Reactions

Reaction of 2,4,5-Trimethyloxazole with Acetyl Chte

2,4,5-Trimethyloxazolg136) (0.25 g, 2.1 mmol) was dissolved in 15 mL of
acetonitrile, and potassium carbonate (1.06 g,nTol) was added. The mixture was
stirred for 15 min using a magnetic stirrer. A simn of acetyl chloride (0.50 g, 6.3
mmol) in 10 mL acetonitrile was added dropwise itite above mixture under nitrogen
at room temperature. The reaction mixture wasuxefil for 3 h. After cooling to room
temperature, the reaction mixture was analyzed Ib§.TNo new spot observed. 2,4,5-

Trimethyloxazole was found unreacted. No furthgnification was tried.

Reaction of 2,4,5-Trimethyloxazole with 2.2-Dietbydpenyl Chloride

2,4,5-Trimethyloxazolg136) (0.25 g, 2.1 mmol) was dissolved in 15 mL of
acetonitrile. Then triethylamine (0.784 g, 7.6 mjwas added into the above solution. A

solution of 2,2-diethylpropenyl chloride (0.77 g3@nmol) in 10 mL acetonitrile was
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added dropwise into the above mixture under nitmogieroom temperature. The reaction
mixture was refluxed for 3 h. After cooling to roamperature, the reaction mixture
was analyzed by TLC. 2,4,5-Trimethyloxazole wasnfibu unreacted. No further
purification was tried. Use of other reaction solvéTHF) and base DIPEA did not

change the result.
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CHAPTER IV
REACTIONS OF 2-METHYLBENZOXAZOLE WITH ACID CHLORIDIS:

FORMATIONS OF ORTHO-AMIDOESTERS

Introduction and Objective
The benzoxazole ring scaffold can be found in a lmemof bioactive natural
products and medicinally important compounds sicRalcimycin 171), Boxazomycin

A (172), pseudopteroxaxole, et

o)
NH
\N N o
H
|
HO o)
HoN 0] 171
CH,0H
HO N N
) \ /
o
CH, 172 H°

Figure 4.1 Structures of Calcimyciti7() and Boxazomycin1(72)**®
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Benzoxazole is a common reagent used in dye aodofdlnor synthesis because
of its highly conjugated structure. There are savBumorescent dyes such 483, which

contain the benzoxazole scaffot®®

OCHg,

S LS
O>; 173 \N4<

OCH3

Figure 4.2 The Structure of a Benzoxazole-basem$cent Dy&”

The high nucleophilicity of the exocyclig-carbon of the 2-methylbenzoxazole
anion facilitates its acylation with carboxylic dcesterd?®**! In presence of sodium
amide, the reaction of 2-methylbenzoxazol@4j with benzaldehyde resulted in the

formation of condensation produt®s (Scheme 4.1

A

0]

_ NaNH,
+ PhCHO
DMF, reflux 1

174

Scheme 4.1 Condensation Reaction of 2-Methylbezme (74) and
Benzaldehydt*
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The structural similarities of 2-methylbenzoxazelgh 2-methyloxazoline and
2,4,5-trimethyloxazole suggest that the reactior2-ehethylbenzoxazole with an acid
chloride should go through am situ generatedN-acyl cyclic keteneN,O-acetal
intermediate. Ciurdaru et al. reported the reactib8-methylbenzoxazole with aromatic
acid chlorides and triethylamine which gave benzola based arylvinyl estet®
However, only very few examples were shown andliphatic acid chlorides were used.
Also, no mechanistic pathway was proposed foreheactions.

Guo performed several aroylation reactions of 2hylbenzothiazole with
various acid chlorides (Scheme 4.2) in our labayattf Reactions with benzoyl chloride
in refluxing acetonitrile in the presence of trigdmine resulted in the formation cf)¢
2-(3-benzoylbenzothiazol-2(3H)-ylidene)-1-phenyéatbne {76). No reaction occurred
when THF was used as the solvent. Guo was alsocoessful with reactions of 2-
methylbenzothiazole with aliphatic acid chloridesing the same conditions. Starting

materials were recovered after the reaction (Seh&:3).

(0]

CHj
)\ I
s Ny

Et;N S N
+ PhCOC| ———
CH4CN, reflux
87 176

Scheme 4.2 Aroylation Reaction of 2-Methylbenmnthle 87) using Benzoyl
Chloride™
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Ye et al’* recently reported the aroylation of 2-methylimidize at room

temperature using triethylamine as the base. Theendbylated product, (2-

methyleneimidazolidine-1,3-diyl)bis(phenylmethanp(#0) was obtained (Scheme 4.4).

However, the isolation of0 was not achieved because it underwent rapid rpeniong

during the column chromatography using silica gel Bormed177.

0]
CH4
(0]
)\ HsC Cl

Starting HsC CH, Starting

materials < X X » Materials

recovered  Et;N, Pyridine Et;N recovered
or K,CO4

CHSCN, refl
CH4CN, reflux 3 W

87

Scheme 4.3 Unsuccessful Reactions of 2-Methylhidiezole 87) with Aliphatic Acid

Chlorides!?

CH,

Et;N, MeCN \ / silica gel
RT

75 70

Ph 0
o 0 \]/
PhCOCI
)\ 2 equiv) )J\ )J\ /U\ H,0 HiC N\/\
N NH —— > ph N N Ph ——————— »
/ !

)OJ\
N Ph
H

Scheme 4.4 Reaction of 2-Methylimidazoli@g&)(with Benzoyl Chloride at Room

Temperaturé
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Aspinall et al. reported that the reaction of 2dmyémidazoline with benzoyl
chloride in aqueous sodium carbonate solution faransimilar ring-opened produt?7

(Scheme 4.5)"3

Ph )
o e Iy

a (2 equiv)  HsC N\/\

N NH —— 3 N Ph
\ / N82003, HQO H

o)

75 177

Scheme 4.5 Reaction of 2-Methylimidazoli@&)(with Benzoyl Chloride in Aqueous
Sodium Carbonaté®

The use of benzoxazoles as a scaffold for synthsmighin situ generated
cyclic keteneN,O-acetal intermediates was the object of this ihgason. 2-
Methylbenzoxazole was treated with aromatic anghaliic acid chlorides in refluxing
THF where triethylamine or potassium carbonate wsed as the base. Products and

isolated yields of these reactions are shown inTtide 4.1.

Results and Discussions
All reactions resulted in the formation of orthoidm esters where the oxazole
ring was opened (Scheme 4.6). Reactions of 2-riiethyoxazole with aromatic acid
chlorides formed monoacylated produt?8-180. The use of excess benzoyl chloride did

not give a second benzoylation of the amide -N-ktfion to produce the corresponding
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imide di-adduct. However, when acetyl chloride we®d, the reaction generated the

triacylated product$81.

174

o)
CHs
NH OK
Ar
ArCOCI, THF o)
Et;N, reflux 3 h

178

Scheme 4.6 Reaction of 2-Methylbenzoxazak)( with Benzoyl Chloride in

Refluxing THF

Table 4.1 Reactions of 2-Methylbenzoxazoles aiethyl-5-phenylbenzoxazole with

Acid Chlorides in Refluxing THF

Entry Substrate Acid Chloride Product Isolated Yéoe/g
i COcClI o
NH o CHs
7
1
178

)\ COCI
N / O i
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Table 4.1(Continued)

Entry  Substrate Acid Chloride Product Isolated Yéoe/:g
CHy o
)\ cocl o
NH o)
3 {:;
“ 179
CH; o
)\ cocl . " 0\<CH3
N/ e} Br \
4
180

cocl

Q - none

H30

CH;COCI \«
@ i
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Table 4.1(Continued)

Entry Substrate Acid Chloride Product Isolated Yield

(%)
)\o CHsCCOCI

- none
7 @

8 Cl - none

©
=
A\
(o]
O,
z
A

ok
CH;COCI
&)

10 O CHsCOCI none

#2-Methylbenzoxazole, acid chloride and base werpleyad in a 1/2.4/6 mole ratio
where 1.8 mmol of 2-methylbenzoxazole was used.

b2-Methylbenzoxazole, acid chloride and base wereleyed in a 1/4/10 mole ratio, for
entries, 6, 8 and 9, potassium carbonate was sttt dase.

165



These reactions probably start with the attackhef nitrogen lone pair of the
aromatic 2-methylbenzoxazolel7d) on the carbonyl carbon of the acid chloride,
generating a zwitterionic intermediat@4a (Scheme 4.7). This intermediate looses the
chloride and forms the corresponding daib, which upon deprotonation results in the

formation ofN-acyl cyclic keteneN,O-acetal 174c).

Y :Base

H

5 H
Ar

Ar CHy — i CHy J\Cl ij

@
£\ V g%\(ﬁ / o o N {/ o

N o
(:) | —>» d 4) \_ > -
174 Ulﬂa 174b

(178, When Ar = Ph)

Scheme 4.7 Probable Mechanism for the Synthé€istbo Amido Esters

The heterocyclic ring ofl74c is no longer aromatic. However, the exocyclic
methylene carbon does not make a nucleophilic katteica second equivalent of aroyl
chloride. The reason for this is unclear. This Zhyenzoxazole based-acyl cyclic

keteneN,O-acetal {74c) undergoes ring opening hydrolysis to form theidmmester
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178. Protonation ofL74c is extremely facile since the resulting oxazolioation is very
stable and also aromaticnf@lectrons). Rapid attack by water on this catienegates
174d, which opens to the produt?8. The water might come from the solvent or bases
used in these reactions.

The starting 2-methylbenzoxazole was recoveredhv@,5-trimethoxy benzoyl
chloride was used. The presence of three electooatthg methoxy groups reduces the
electrophilicity of its carbonyl carbon. Similarlyjo new product was obtained and
starting materials were recovered with trimethytgicehloride and cyclohexane carbonyl
chloride were the acid chlorides used. The increaseric bulk of the-butyl function in
the former probably blocks this reaction. The cheboane may slow attack on
cyclohexane carbonyl chloride. Moderate yields wdrgined in all successful reactions.

In order to synthesize 2-methylbenzoxazdlé4j-basedN-methyl cyclic ketene-
N,O-acetals, 184), a methylation reaction of 2-methylbenzoxazolesviaed using a
literature procedure for the methylation of 2-médkgzoline (Scheme 4.85. 2-
Methylbenzoxazole was treated with methyl iodideram temperature in THF. The
reaction was stirred for 12 h but no benzoxazoliodide salt183 was formed. This
demonstrates the lower reactivity of 2-methylbermzmle compared to its non-aromatic

analogue, 2-methyloxazoline.
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CH3 CH3 CH2

1° /k )J\
N)\O HC—R7 o HE~N" o
NaH, THF
—X— >
CHj,l, THF
12 hours
174 183 184

Scheme 4.8 Attempted Methylation of 2-Methylb@xezole (74) with lodomethane

Conclusions

Reactions of 2-methylbenzoxazoles with excess egidrides in the presence of

bases generated ortho amido esters. These reanltsecexplained by postulating a water

assisted ring opening ah situ generated 2-methylbenzoxazole based cyclic ketene

acetal. The water might came from the solvent erttfise used in any particular reaction.

These results showed how a ketene acetal can lik tasenake a wide variety of

compounds by slightly changing the reaction condsi
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Figure 4.3 *H NMR Spectrum (300 MHz, CDg)lof 2-Benzamidophenyl Aceta(78)
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Figure 4.5 *H NMR Spectrum (300 MHz, CDg)lof 2-(N-Acetylacetamido)-phenyl
Acetate(181)

171



172204

TT~—— 168210

146 608
31244

3
1298M

26.065
20.362

1

200 150 100 50 0
pm (t1)

Figure 4.6 *C NMR Spectrum (75 MHz, CDg)l of 2-(N-Acetylacetamido)-phenyl
Acetate(181)

Experimental

Materials and Instruments
The 'H and *C NMR spectra were collected using a Bruker AVANTE

spectrometer in the Department of Chemistry, Mgg@ State University operating at
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300 MHz for proton and 75 MHz for carbon. Chemishlifts were reported in ppm
downfield from TMS ( Tetramethylsilane). CDGDeuterated Chloroformyas used as
the solvent for all NMR samples. Splitting pattears designated as ‘s, d, t, g and m’;
these symbolize ‘singlet, doublet, triplet, quaget multiplet’.

The FT-IR (Fourier Transformed Infrared) spectraeveollected as films on KBr
plates or on a diamond. Tetrahydrofuran and tylathine were dried by distillation over
calcium hydride under nitrogen. Dichloromethane wes-dried with calcium chloride
and then distilled from calcium hydride under mgea. All other chemicals (such as 2-
methylbenzoxazole, 5-phenyl-2-methylbenzoxazole,thgieiodide, substituted and
normal benzooyl chloride, acetyl chloride, trimdthgetyl chloride, etc) were obtained
commercially from Sigma Aldrich or Fisher Sciertifand used as received. Melting
points were obtained on a Mel-Temp instrument usirfgeating rate 5°C/ min and are

uncorrected.

Synthesis

2-Benzamidophenyl Acetaté?8)

2-Methylbenzoxazole (0.25 g, 1.8 mmol) was dissolire15 mL of THF. Then
triethylamine (0.691 g, 6.7 mmol) was added andntiddure was stirred for 20 min. A
solution of benzoyl chloride (0.796 g, 5.5 mmol)Yli mL THF was added dropwise into
the above solution under nitrogen at room tempszatiihe reaction mixture was

refluxed for 3 h and then the solvent was removed rbtary evaporation.
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Dichloromethane (20 mL) was added to dissolve #sdue and this solution was then
washed with saturated aqueous sodium bicarbonaigtiocso (3 x 20 mL). The
dichloromethane solution was then dried over antyslisodium sulfate and subsequently
concentrated. This residue was purified by colunmnomatography (silica gel, 5:1
hexane/ethyl acetate) to gi¥e8.

White solid, mp. 106-107°C, yield = 0.258 g (55%),= 0.45, (silica gel, 5:1 hexane/
ethyl acetate).

IR (Cm'l): 3229, 2980, 1751, 1654, 1637, 1542, 1524, 15897, 1183.

'H NMR (300 MHz, CDCJ): 8= 8.21 (d,J = 7.7 Hz, -GHa- (next to the carbon bearing
the acetyl group), 1H), 8.01(s, =NHLH), 7.82 (dJ = 7.6 Hz, -GHs (aromaticortho),
2H), 7.54 (tJ = 7.4 Hz, -GHy4-, 1H), 7.47 (tJ = 7.5 Hz, -GHs (aromaticmetg, 2H),
7.25 (m, -GH4-, 1H), 7.17 (m, -GHs- and -GHs (aromaticpara), 2H), 2.32 (s, -CO-
CHs, 3H).

3C NMR (75 MHz, CDCJ): 6c = 168.63 (CH-CO-0O-GsHa-), 165.29(GHs-CO-NH-),
141.21 (CH-CO-O-GHs), 135.51(GHs-CO-NH-), 121.94(@Hs-CO-NH-(aromatic
para)), 129.66 (GHs-CO-NH-GHy-), 128.79(GHs-CO-NH-GH,4- (aromaticmetg, 2C),
126.93(GHs-CO-NH-GsH4- (aromaticortho), 2C), 126.44(gHs-CO-NH-CeH,-), 124.99
(CeHs-CO-NH-CsHa-), 123.23 (GHs-CO-NH-CsHa-), 122.05 (GHs-CO-NH-CsHa-(next

to the carbon bearing the -NH-)), 20.95HECO-0-GHy-).
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2-(4-Chlorobenzamido)-phenyl Acetaty9)

2-(4-Chlorobenzamido)phenyl acetatd79) was prepared by reacting 2-
methylbenzoxazole (0.25 g, 1.8 mmol) and 4-chlonabgl chloride (0.981 g, 5.5 mmol)
using the process described for 2-benzamidophemeyhte(178).

Yellowish solid, mp. 109-110° C, yield = 0.277 2(%0), R = 0.5, (silica gel, 5:1
hexane/ ethyl acetate).

IR (Cm'l): 3359, 2978, 1740, 1680, 1541, 1492, 1451, 187246, 1175.

'H NMR (300 MHz, CDCJ): 8 = 8.13 (d,J = 8.03 Hz, GH. (next to the carbon bearing
the acetyl group), 1H), 7.96 (s, —-NH-, 1H), 7.75J¢& 8.5 Hz, -GH4CI (aromaticortho),
2H), 7.46 (dJ = 8.5 Hz, -GH4CI (aromaticmetg, 2H), 7.26 (m, -gHs-, 1H) , 7.16 (m, -
CeHa-, 2H), 2.33 (s, -CO-CH 3H).

13C NMR (75 MHz, CDC)): 8¢ = 168.77 (CH-CO-0O-CsHy-), 164.35 (GH4CI-CO-NH-),
141.36 (CH-CO-0O-GH,4-), 138.28 (GH4CI-CO-NH-(Cl bearing carbon)), 132.82
(CeH4CI-CO-NH-), 129.38 (GH4CI-CO-NH-GH4-), 129.07 (GH4Cl-CO-NH-GsHy-
(aromatic ortho), 2C), 128.42 (gH,CI-CO-NH-GH4- (aromatic metg, 2C), 126.54
(CeHaCl-CO-NH-GsH4-), 125.37 (GH4CI-CO-NH-GsH4-), 123.49 (GH4CI-CO-NH-

CsHa-), 122.13 (GH4CI-CO-NH-GsH4-), 21.03 (GH5-CO-O-GHa-).

2-(2-Bromobenzamido)-phenyl Acetati30)

2-(2-Bromobenzamido) phenyl acetéi80) was prepared by reacting 2-
methylbenzoxazole (0.25 g, 1.8 mmol) and 2-bromabgnchloride (1.24 g, 5.5 mmol)

using the process described for 2-benzamidophemeyate(178).
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Brown liquid, yield = 0.332 g (54%),;R 0.5, (silica gel, 5:1 hexane/ ethyl acetate).

IR (cmi'): 3293, 3064, 1768, 1667, 1528, 1452, 1316, 1180.

'H NMR (300 MHz, CDCYJ): 84 = 8.37 (d,J = 8.07 Hz, GH. (next to the carbon bearing
the acetyl group), 7.96 (s, =NHLH), 7.70 (m, ArH 2H), 7.63 (m, ArH 2H), 7.42 (m,
ArH, 1H), 7.30 (m, ArH1H), 7.16 (m, ArH 1H), 2.34(s, -CO-CH 3H).

13C NMR (75 MHz, CDCJ): 8¢ = 168.73 (CH-CO-0O-GsHs-),165.14 (GH4Br-CO-NH-),
140.68 (CH-CO-O-GHs-), 137.35 (GH4Br-CO-NH-), 133.66 (Ar-G, 131.99 (Ar-G,
130.56 (Ar-Q, 129.41 (Ar-Q, 127.96 (Ar-Q, 126.61 (Ar-G, 125.14 (Ar-G, 122.60 (Ar-

©), 122.29 (Ar-GBr-bearing), 118.88 (Ar-I; 21.28 (H3-CO-O-GHs-).

2-(N-Acetylacetamido)-phenyl Acetat&d1)

2-Methylbenzoxazole (0.25 g, 1.8 mmol) was dissdlire 15 mL of THF then
potassium carbonate (0.954 g, 6.7 mmol) was addledlution of acetyl chloride (0.444
g, 5.5 mmol) in 15 mL THF was added dropwise ifite above solution under nitrogen
at room temperature. The reaction mixture was xefiufor 3 h and then the solvent was
removed by rotary evaporation. Dichloromethane 1f10) was added to the residue to
make a solution which was then washed with satdrafgueous sodium bicarbonate
solution (3 x 20 mL). The dichloromethane solutimas then dried over anhydrous
sodium sulfate and subsequently concentrated. fElsislue was purified by the column
chromatography (silica gel, 5:1 hexane/ethyl aegtiaxt givel81.
White solid, mp. 110-111° C, yield = 0.187 g (43, %) = 0.65, (silica gel, 1:1 hexane/

ethyl acetate).
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IR (KBr, Cm'l): 2958, 1773, 1717, 1493, 1453, 1369, 1270, 12486.

'H NMR (300 MHz, CDCJ): 84 = 7.42 (m, -GHa4- (next to the carbon bearing the acetyl
group), 1H), 7.24(m, Ar-H4H), 2.28 (s, -N-(CO-Chk, 6H), 2.23 (s, -CO-Ck 3H).

3C NMR (75 MHz, CDC)): 8¢ = 172.20 (-N-(©®-CH),, 2C), 168.21 (CHCO-O-
CeHa-), 146.60 (CHCO-O-GHs), 131.24 (Ar-GQ, 129.87 (Ar-Q, 126.67 (Ar-G,

123.56 (Ar-Q, 26.06 (-N-(CO-CEis3),, 2C), 20.36 (Ei3-CO-O-GHy-).

3-(N-Acetylacetamido)-biphenyl-4-yl Acetat&82)

2-Methyl-5-phenylbenzoxazole (0.25 g, 1.1 mmol) vadssolved in 15 mL of
THF (tetrahydrofuran). Then potassium carbonaté0®.g, 4.2 mmol) was added in the
above solution. A solution of acetyl chloride (0128, 3.5 mmol) in 15 mL THF
(tetrahydrofuran) was added dropwise into the abmweure under nitrogen at room
temperature.

The reaction mixture was refluxed for 3 h and thlee product mixture was
cooled to room temperature. Then the solvent wasoved by rotary evaporation.
Dichloromethane (20 mL) was added to the residusma&e a solution which was then
washed with saturated aqueous sodium bicarbonalgiocso (3 x 20 mL). The
dichloromethane solution was then dried over antyslisodium sulfate and subsequently
concentrated. This residue was purified by the roolchromatography (silica gel, 1:1
hexane/ethyl acetate) to gi¥82.

White solid, mp. 118-120° C. yield = 0.182 g (50%),= 0.5, (silica gel, 1:1 hexane/

ethyl acetate).
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IR (cm™): 3441, 3154, 3035, 1759, 1688, 1601, 1576, 14889, 1370, 1316, 1252.

'H NMR (300 MHz, CDCYJ): &y = 8.31 (s, —NH, 1H), 7.52 (m, Ar-H 4H), 7.16 (m, Ar-
H, 3H), 2.32 (s, -N-CO-CK 6H), 2.13 (m, CKCO-O-, 3H).

13C NMR (75 MHz, CDCJ): 8¢ = 168.93 (CH-CO-0O-CsHs-), 168.39 (-N-©-CHs, 2C),
140.07 (CH-CO-0O-GH4-CeHs), 139.89 (CH-CO-0-GsHy-), 139.48 (CH-CO-O-GHa-),
129.78 (CH-CO-O-GHg-), 128.64 (CH-CO-0O-GsH4-CeHs), 127.39 (CH-CO-O-GHa-
CeHs), 127.07 (CH-CO-0O-GHa-CsHs), 123.37 (CH-CO-0-GHy-), 122.24 (CH-CO-O-

CeHa-), 121.88 (CH-CO-O-GsHs-), 24.34 (-N-CO-Els, 2C), 20.98 (El3-CO-O-).

Unsuccessful Reactions

Reaction of 2-Methylbenzoxazole with 3,4,5-Trimetieenzoyl Chloride

2-Methylbenzoxazole (0.25 g, 1.8 mmol) was treatedth 3,4,5-
trimethoxybenzoyl chloride (1.30 g, 5.5 mmol) usitite process described for 2-
benzamidophenyl aceta(&78). Only starting materials spots were found in TLChyt

acettate/ hexane : 1:1, 1:5, 2:1). No further wapkprocedures were performed.

Reaction of 2-Methylbenzoxazole with 2,2-Dimethgipanoyl Chloride

2-Methylbenzoxazole (0.25 g, 1.8 mmol) was reaetgld 2,2-dimethylpropanoyl
chloride (0.678 g, 5.5 mmol) using the processulesd 2-N-acetylacetamido)phenyl
acetate(181). Unreacted 2-methylbenzoxazole spot was only doum TLC ((ethyl

acettate/ hexane: 1:1, 1:5, 3:1). No further wapkpuocedures were performed.
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Reaction of 2-Methylbenzoxazole with Cyclohexanboayl Chloride

2-Methylbenzoxazole (0.25 g, 1.8 mmol) was reaet@t cyclohexanecarbonyl
chloride (0.830 g, 5.5 mmol) using the process rlesd for 2-(-
acetylacetamido)phenyl acetaf#81). Unreacted 2-methylbenzoxazole spot was only
found in TLC ((ethyl acettate/ hexane: 1:1, 1:3)3No further work-up procedures were

performed.

Reaction of 2-Methyl-5-phenylbenzoxazole with 2 @aBthylpropanoyl Chloride

2-Methyl-5-phenylbenzoxazole (0.25 g, 1.1 mmol) wasacted with 2,2-
dimethylpropanoyl chloride (0.431 g, 3.5 mmol) ggithe process described for 3-(N-
acetylacetamido)biphenyl-4-yl acetaf#82). Unreacted 2-methyl-5-phenylbenzoxazole
spot was only found in TLC ((ethyl acettate/ hexahd, 1:5). No further work-up

procedures were performed.

(2)-2-(3-Methylbenzo[d]oxazol-2(3H)-vlidene)-1-pheatihianone

2-Methylbenzoxazolel{y4) (0.25 g, 1.8 mmol) was treated with methyl iodide
(0.56 g, 4.0 mmol) at room temperature in THF. Tdection was stirred for 12 h but no
benzoxazolium iodide sali®3) was formed. This demonstrates the lower reagtoit2-

methylbenzoxazole compared to its non-aromaticognued 2-methyloxazoline.
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CHAPTER V
REACTIONS OF METHANOL, WATER, PHENOL, RAW AND MODIED BIO-
OILS WITH OLEFINS: FIRST STEPS IN DEVELOPING A PRESS

FOR BIO-OIL UPGRADING

Introduction and Objective
Biomass, especially lignocellulosic biomass, cancbesidered as a valuable
renewable energy resource. This widely availabbenaiss does not belong to the human
food chain so it should not cause food price ineesdike corn-derived ethanol has done.
Fast pyrolysis of lignocellulosic biomass resultsan energy rich liquid, commonly

14 Bio-oil is considered to be an alternative to floseel because of its

known as bio-oif.
easy handling and ecofriendly properties compardddsil fuels.

Bio-oil is a complex mixture of low pH carboxylicids (butyric, acetic, formic,
propionoic, etc), methoxylated and alkylated phereoid catechols, hydroxyaldehydes,
hydroxyketones, anhydro-monosacharides, furan agves, oligomeric compounds
from cellulosic and lignin materials, other carbbxympounds, ett>*° All these
reactive chemicals make bio-oil highly acidic (pkb-3.1) and both thermally and
chemically unstable. Raw bio-oil contains about-§806) oxygen and substantial

amounts of water (15-40%)’ This high water and oxygen content lowers the heat

content and facilitates phase separations in Biadoich ultimately restricts its fuel use.
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The high oxygen content and hydrophilicity also méko-oil immiscible with petroleum
oil. Thus, bio-oil upgrading is required to make léss acidic, more stable, more
hydrophobic and more suitable for use in currentonsy boilers, generators, etc.

One of the most common techniques to remove oxygeent from bio-oil is
hydrodeoxygentaion (HDO), but it has serious litndtas. This process requires high
temperatures (250-500°C) for which catalyst cokiagd polymerization occur
frequently**”*8There are some other upgrading techniques suchtaltic reforming
over acidic zeolites, steam reforming, etc. Howethezy require substantial development
and new capital investments. Catalyst fouling & major problem.

Alternative approaches are available where parba@-oil upgrading is
performed. These processes keep a substantial @anoduoxygen in bio-oil while
converting it into a less hydrophilic, less acidmgher heating value liquid. One such
technique is the addition of methanol or ethanblisTgenerates esters and acetals from

bio-oil's carboxylic acids and aldehydes/ ketorfesheme 5.1).

r Where ketones/aldehydes giv
Raw Bio-oil + CH;OH — > Stabilized Bio-oil| acetals and esters formin
equilibrium with carboxylic acids

Scheme 5.1 Upgrading of Bio-oil by the Additian\ethanol
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An objective of the research presented in this t@hap to upgrade bio-oil using
olefins. In the presence of acid catalysts, oletias react with water, carboxylic acids,
alcohols and phenolic compounds as shown in therBelb.2.

The common feature is addition of the —OH (hydrpfyhction across the olefin.
These reactions need temperatures between (50-1L30a€C below than that of
hydrodeoxygenation or cracking processes. Therefoegalyst coking and bio-oll
polymerization can be avoidé®. Olefins may also undergo both acid-catalyzed
oligomerizations and fragmentations to generatgelaand smaller olefins via classic
carbocation chemistry. These new olefins can adstgipate in the upgrading reactions.

In contrast to methanol (alcohol) addition to bib{(&cheme 5.1), acid-catalyzed
additions of olefins to bio-oil components decretdse water content by forming easily
burned alcohols from olefins and water. Thus, nscess can convert the water present
into a valuable fuel without a separate water reshgrocess. Further, all generated
alcohols might further react with olefins and foeven more hydrophobic ethers, which
also add fuel value. Ethers are also formed bydhetions of phenols across olefins (O-

alkylation).
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Scheme 5.2 Olefination of Bio-oil lllustratingettdditions of Water/Alcohols/
Carboxylic Acids/ Phenols Across Olefins and C-&kipn and O-
alkylation of Phenolic Components. Olefin Oligonzaetions and
Fragmentations to New Olefin Reagents in this Fs®ege also illustrated

Addition of phenolic compounds across olefins fotires O-alkylate as the kinetic
product. These may readily proceed to C-alkylakes. refining purposes, it would be
ideal to stop at the O-alkylation stage, since teémmoves the phenolic hydroxyl from the
bio-oil. Acid catalyzed olefinations of carboxylacids generate the more hydrophobic
esters.

All these olefin addition products are less pakan their bio-oil precursors and

these products enhance the heating value. Thesg#iores in total, also increase
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hydrophobicity, lower water content and acidity andrease stability and blendibility
with heating oils.

In the olefination reactions performed herein,dalcid catalysts were used to aid
separation and reduce corrosion problems. Sulfauic catalysts have been used
commercially for many heterogeneous acid catalymsttions?®> Amberlyst-15 is a
heterogeneous acid catafy3t?? containing sulfonic acid functions on a styrene-
divinylbenzene matrix (Scheme 5.3). Nafion NR-50 as very strongly acidic

C].23,124,125

fluorinate sulfonic acid polymeric catalyst. Nafion and Amlgst show high

activities for esterification, etherification, hydion and dehydratiotf>!2412°

Styrene
Divinyl-Benzene

Resin F;
(od
c/
F2 X

F, y F,
_C\ngF\C/C\ A°
| £ R ﬁ\OH
(o)
CF;
SO;H
(a) (b)

Scheme 5.3 Structures of a) Amberlyst-15 anddf)jdd Catalysts

Several olefination reactions of water, methanbkrml, raw and modified bio-

oils were performed over a variety of heterogenemi catalyst$?®2"*28 A ‘modified’
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bio-oil contained water and methanol with loweragboxylic acid contents versus raw
bio-0il.*?° Thus, it could form alcohols, ethers and esterssthaller amount) upon acid

catalyzed olefination reaction. As per previousiss, Amberlyst-15, Amberlyst-70 and

Nafion NR-50 were emphasized in this dissertatesearch. Compositions of the product
mixtures were studied by GC/MS (gas chromatographgs spectrometry). These initial
reactions were performed to understand the tygeaducts that could be formed by the
olefinations of raw and modified bio-oil using sblacid catalysts. The other goals of
examining these reactions were to screen the slefimd catalysts before optimizing the
process. Thus, none of the compounds were quahtifi¢hese reactions and recovered
olefin was not monitored in most of the reactiadewever, area percents of most of the
peaks are given to show the approximate amounact @roduct and their area percent
values relative to other compounds present in dicpéar batch. Products were

tentatively identified by considering the best rhattor the corresponding mass
fragmentation pattern either to established comg@diboraries or by individual analysis

of these patterns.

Experimental

Materials

Pine wood bio-oil, prepared by fast pyrolysis at0450°C in an auger

r.’l.15,116,129
)

reacto was supplied by the Forest Products Laboratoryssidsippi State

University. Modified bio-oil was also obtained frothe FPL, MSU. Four branched
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olefins, which can form tertiary cations on protobma, were used: 2,4,4-trimethyl-1-
pentene, 2-ethyl-1-butene, 2,3-dimethyl-1,3-butaglieand 2,3-dimethyl-1-butene (all
were obtained from Sigma-Aldrich). Amberlyst-15@6-nesh size) was obtained from
Fluka and Nafion NR-50 (7-9 mesh size), phenol,hauetl were obtained from Sigma-

Aldrich. All chemicals were used as received.

Reactions with Model Compounds

Model reactions were all performed with a stoichédne deficiency of olefin
(large excess of the other reagents) at 60°C af@.80sing an olefin deficiency would
also lower the extraction of bio-oil's hydrophobeaomponents into the remaining
unreacted olefin which forms a separate phase bpikg this olefin phase small. Model
reactions between olefin/GBH, olefin/HO and olefin/phenol were run at mole ratios of
1:6 for 6 h in 50 mL round bottom flasks. In alkes, 1 g of olefin was used. Stirring was

performed with a magnetic stirrer. Amberlyst-132() was used as the catalyst.

Reaction of Olefin with Raw and Modified Bio-oils

Reactions were run for 6 h at different temperay&°C, 80°C, 120°C) with
different olefins in a 100 mL round bottom flasklagnetic stirring was used. The olefin/
H,O (present in raw or modified bio-oil) mole rati@sv1:6, where the water content of
raw bio-oil and modified bio-oil were 19% and 16&spectively. All the reactions were

performed with 1 g of olefin and 0.2 g of a catalysmberlyst-15 or Nafion NR-50).
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Analyses of Product Mixtures

Product mixtures were analyzed in the Forestliets Laboratory, Mississippi
State University, using a Hewlett Packard 588&€ries I[I-Gas chromatograph/5971
series A-mass spectrometer (injector temperatuf8Q7with a silica capillary column
coated with 5% phenylmethylpolysiloxane (30-met€:.32 mm internal diameter x 0.25
u film thickness). An initial column temperature4f’C (4 min hold) was used followed
by heating at %/min to a final temperature of 28D A 70 eV electron impact ionization
mode was used with a Z%Dsource (detector) and a 2@0interface.

A 0.2 mg representative product aliquot was dilutgth either methanol (in
some cases) or dichloromethane (10 mL). This swiufi mL) was then transferred to
the autosampler vial. These reactions were notunder pressure, so C3-C5 olefins, if
produced by fragmentation reactions could have Hesth Products were tentatively

identified by using NIST mass spectral library.

Results and Discussions

Model Reactions

Model Reactions of 2,4,4-Trimethyl-1-pentene witlatéf

Alcohols, the recovered starting olefin and somghhboiling olefin oligomers
(C12, C16) were found in product mixtures catalyizgd Amberlyst-15 (Table 5.1).

Amberlyst-15 is a macroreticular sulfonic acid resirosslinked by divinylbenzene.

187



Amberlyst-15 was partially destroyed after the teas at both 60°C and 80°C. Its 16-
50 mesh beads are inter-spread by continuous pm@schannels, so these hard beads
fragment when stirred at 60-80°C. These reactioaeeviwo phase reactions (aqueous
phase and olefin phase) and the solid catalyst avéisrd phase. Stirring helps mass

transport, but, clearly, crossing phase barriera she reactions.

Model Reactions of 2.4.4-Trimethyl-1-pentene witkthhnol

Methyl ethers and higher boiling olefin oligomeS1, C16) were formed in
reactions run from 60-80°C (Table 5.2). At highemperatures more olefin consumption
occurred (the GC area % of recovered olefin was than that of lower temperature

reactions). Amberlyst-15 decomposition was morermsitze at higher temperatures.

Table 5.1 Model Water Addition Reactions Acrog£-Trimethyl-1-penterfe

Temp (°C) Products
Olefin Alcohols Olefin
Recovered (area %o) Oligomers®
(area %0) (area %)
60 47 12 31
g0 17 22 33

#Reactions of 2,4,4-trimethyl-1-pentene (1 g) withtey (0.9 g) were performed using
Amberlyst-15 (0.2 g) as the acid catalyst. The2{dmethylpentene to water mole ratio
was 1:6. Reactions were run for 6 h. The systentatoed three (water + olefin+ solid

catalyst) phases throughout the reaction. GC areeféb to the ion corrents generated in
the MS detector and does not represent the true pestent.

P C12 and C16 oligomers.
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Note, the goal of this work is to know the prodpobfiles of the olefination of bio-oil.
Thus, quantification of the recovered olefin or atlyer component was not performed.

Table 5.2 Model Methanol Addition Reactions Aa@s4,4-Trimethyl-1-pentefie

Temp (°C) Products
Olefin Ethers Olefin
Recovered (area %) Oligomers®
(area %) (area %)
60 31 43 20
g0 23 33 33

® Reactions of 2,4,4-trimethyl-1-pentene (1 g) witkethanol (1.6 g) were performed
using Amberlyst-15 (0.2 g) as the acid catalyste P, 4-trimethylpentene to methanol
mole ratio was 1:6. Reactions were run for 6 h.fi@levas completely miscible with
methanol. GC area % refer to the ion corrents geeérin the MS detector and does not
represent the true mole percent.

PC12, C16 oligomers.

Note, the goal of this work is to know the prodpobfiles of the olefination of bio-oil.

Thus, quantification of the recovered olefin or artlger component was not performed.
Product mixtures consisted of one (liquid) phas® @me solid (catalyst) phase.

Model Reactions of 2.4,4-Trimethyl-1-pentene withenol

Amberlyst-15 was used as the catalyst (Table 83jly para-substituted C-
alkylated phenols were obtained. The kinetic prodQcalkylated phenol, was formed
first but was further converted very rapidly to thermodynamically favored C-alkylated
phenol. The high stability of the tertiary carbacas formed reversibly upon protonation

of these O-alkylated phenols facilitated the coswer of the kinetically controlled
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product to the thermodynamically controlled produthe catalyst, Amberlyst-15, a
fragile macroreticular resin, was partially desedyThe added alkyl group was derived
from the starting olefin and added to {h&ra-position of phenol. The system contained

three (two liquid and one solid) phases.

Table 5.3 Model Phenol Addition Reactions Acrdgs4 Trimethyl-1-pentef?&

Temp (C) Products
O- C-
alkylation  Alkylation
(area%) (area%)

60 0 29

80 0 50

® Reactions of 2,4,4-trimethyl-1-pentene (1 g) wittepol (5 g) were performed using

Amberlyst-15 (0.2 g) as the acid catalyBhe 2,4,4-trimethyl-1-pentene to phenol mole
ratio was 1:6. Reactions were run for 6 h. The 42tdmethyl-1-pentene was not

completely miscible with phenol. GC area % retetie ion corrents generated in the
MS detector and does not represent the true motepe

The recovered olefin ( 2,4,4-trimethyl-1-pentenaswot identified by the detector.

Note, the goal of this work is to know the prodpobfiles of the olefination of bio-oil.
Thus, quantification of the recovered olefin or atlyer component was not performed.

Reactions with Bio-oil

Reactions of 2,4,4-Trimethyl-1-pentene with Raw-Bib

When Amberlyst -15 was used as the catalyst, alsadrad higher boiling olefin

oligomers were formed at both 60°C and 80°C (T&bip. After these reactions, two
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phases were present. Most of the components waralfm the bottom (bio-oil) phase.
However, a major fraction of the olefin oligomemrhed moved to the olefin (top)
phase. When the reaction was run at 120°C, a Ibkaak tar-like products were found on
the catalyst beads. Nafion NR-50 gave similar tesudowever, char-like buildup was
less in this case. Amberlyst-15 was destroyed #iereaction (even at 60°C) but Nafion
NR-50 survived after the reaction at 60°C. Thesetiens are ‘olefin deficient’ since
only 1 mole of olefin was added to every six malésvater in the bio-oil (this does not
count the organic HO-containing bio-oil componettiat could react). The reaction
mixture consisted of two liquid phases and oneds(@latalyst) phase. Figure 5.1 (page
193) shows the GC chromatograms of the raw bi@od bio-oil phase of the product
mixture. These chromatograms demonstrate that suntike peaks in the raw bio-oil
have disappeared and many new peaks have appeunitheé iolefinated bio-oil. The
comparison of the chromatograms of the olefinatiedolls at 60°C and 80°C (Figure
5.2, page 194) shows that similar types of new yetsl are formed in both cases.
Tentative identifications of some peaks in the amtogram of the olefinated bio-oil are

given in the Tables 5.4 and 5.5 at the end.

Reactions of 2-Ethyl-1-butene with Raw Bio-oil

Both Amberlyst-15 and Nafion NR-50 were used asalgats in different
reactions. Reactiongere performed at 80°C and 120°C (Table 5.5). Sdwadcohols (3-
methyl-3-pentanol, 2,2-dimethyl-1-pentanol, 3-etByinethyl-2-pentanol, etc) and

higher boiling olefin oligomers were formed (Figse3, page 195). Amberlyst-15 was
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partially destroyed but Nafion NR-50 survived afteiost of these reactions. With
Amberlyst-15, a C-alkylated phenagp-(-butyl phenol) is tentatively identified in the
product mixture. GC-MS analyses of the bio-oil ggaef product mixtures are shown in
the Table 5.6 (for the Amberlyst-15 catalyzed rieatand Table 5.6 (for the Nafion
NR-50 catalyzed reaction) .

Reactions were also performed with the olefins;dB8ethyl-1,3-butadiene and
2,3-dimethyl-1-butene. A variety of alcohols andher boiling oligomers were formed

in both the cases.

Reactions of 2,4.,4-Trimethyl-1-pentene with ModifiBio-oil

A few Amberlyst-15 and Nafion NR-50 catalyzed abefiion reactions of
modified bio-oils were performed. The olefinatimaction of modified bio-oil resulted
in formation of several alcohols, methyl ethers aigher boiling olefin oligomers in the
reactions at 60°C, 80°C and 120°C (Tables 5.8 add Blethyl ether was formed by the

reactions of olefins with excess methanol presetité modified bio-oil.

Conclusions
Acid catalyzed olefinations of bio-oils are extrdyneomplex reaction systems.
Most of these systems contain multiple phases. & heactions resulted in a variety of
alcohols (2,4-dimethylpentan-2-ol, but-3-en-1-gR-Bimethylbutan-1-ol, etc) and C12-
C16 oligomeric mixtures of the starting olefinsn8oof these new compounds were also

generated during the model olefination reactionsdacted with water and methanol.
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Similar model reactions performed with phenol destated C-alkylated phenols were
formed. However, C-alkylated phenols were not idiext in most of the bio-oil
olefination product mixtures. No O-alkylated phecswere seen in model reactions and
were not likely obtained in any of the reactiontie3e observations can be explained
considering the deficiency of olefins in these teas. Besides phenol alkylation, a few
other competitive reactions (e.g. esterificatiomgohol formation, oligomerization,
fragmentations, etc) occur simultaneously, whiclcreases the phenol alkylation
reactions to a certain degree. Alkylated phenabams were too low to be identified by
the detector in most of the cases.

Model reactions also showed that olefination reasti at 80°C or higher
temperatures give higher amounts (approximatedpksy based on the area percent of
the corresponding peak) of alcohols and higherirmpilolefin oligomers than the
olefination reactions at 60°C with the same catalfsnberlyst-15 decomposed during
reactions in water or bio-oil, especially at 80°@dathis catalyst will not be a
commercially viable catalyst for olefination upgnmagl processes. Nafion NR-50 is more
efficient than Amberlyst-15 in most of the casesvéltheless, all these reactions showed

acid catalyzed olefination of bio-oil as a potelntipgrading technique.
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Figure 5.1 Chromatograms of the Raw Bio-oil (Tap)l of the Bottom Phase (Bio-oil)
obtained after the Reaction of 2,4,4-Trimethyl-IMeae (1 g) with Raw
Bio-oil (4.7 g) using Amberlyst-15 (0.2 g) as theid Catalyst at 80°C for 6
h (Bottom)

194



2,4.4-Tnmethyl-1-pentene treated (at 60°C) bio-oil
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Figure 5.2 Chromatograms of the Bottom (Bio-Bijases obtained after the Reactions
of 2,4,4-Trimethyl-1-penteneg)lwith Raw Bio-oil (4.7 g) using
Amberlyst-15 (0.2 g) as the A@dtalyst at 60°C (Top) and 80°C (Bottom)
for6 h
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Figure 5.3 Chromatograms of the Bottom (Bio-Bijases Obtained after the Reactions
of 2-Ethyl-1-butene (1 g) witla® Bio-oil (6.2 g) using Amberlyst-15
(0.2 g) at 80°C (Top) and NafléR-50 at 80°C (Bottom) for 6 h
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Table 5.4 Compositions of Raw Bio-oil and Biosadglfter Treatment with 2,4,4-
Trimethyl-1-pentene at 60, 80 420°C after 6 h over
Amberlyst-F&%°

Olefin-treated Bio-oil
Tentative 60c) | @orcy | BOC) | BUCI | o5y | 120C)
e Raw ) T Olefin | Bio-oil . Bio-oll
R.T. Identification o Olefin Bio-oil Olefin
; Bio-oil phase | phase phase
(min) Of Present o | Phase | Phase phase
Compounds (area %) (area %)| (area %) (area (area (area %) (area
%) %) %)
174 | 2A4-Timethyk) 34.24 - 20.04 - 87.30 -
1-pentene
179 | LHvdroxy2-) gy - 2550 - 3.10 - -
propanone
2.02 2-Ethoxy - - - - 0.54 - -
Propane
205 Hydroxy methyl 0.72 ) ) ) 0.75 ) )
acetate
3-Methoxy-2,2-
2.82 | dimethyl- 1.37 - - - - - -
Oxirane
2.84 Pentene—3-ol - - 256 - - - -
4.01 | Furfural 1.39 - - - 0.47 - )
1-Methoxy-2,2-
420 dimethyloxirane 1.00 - - - B B -
2.,4-Dimethyl-2-
468 | Dentanol - - - - 1.26 - 1.12
473 2,2-Dimethoxy-

' -2-butanone 3.08 ) ) ) 0.93 ) )
5.68 3-Butene-1-ol - - 0.22 - - - -
6.42 3-Buten-1-ol - - 0.20 - - - -

2-Hydroxy-2-
7.13 | cyclopenten-1-| 1.08 - - - - - -
one
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Table 5.4 (Continued)

Olefin-treated Bio-oil

R.T.
(min)

Tentative
Identification
Of Present
Compounds

Raw
Bio-oil
(area %)

(60°C)
Olefin
Phase
(area %)

(60°C)
Bio-oil
Phase
(area %)

(80°C)
Bio-oil
phase
(area
%)

(80°C)
Olefin
phase
(area %)

(120°C)
Olefin
phase
(area %)

(120°C)
Bio-oil
phase
(area
%)

9.30

9.90

10.16

10.54

10.58

10.87

11.08

11.60

12.32

12.45

12.64

13.00

13.03

13.05

13.40

13.65

14.46

Phenol

1,4-Hexadiene

1,1,2-Trimethoxy
ethane

1,4-Hexadiene

2-Hydroxy-3-
methyl-2-
cyclopenten-1-on

3-methylpenta-1,3
diene-5-ol

1,1-Dimethoxy-3-
methyl

-pentanone

3-Methylphenol

4-Methyl
Phenol

2-Methoxy pheng

3-Methylbutana

2,2-
Dimethylbutan-1-
ol

3-Butenyl
ether

penty

4-Ethoxy-2-
butanol
2,3-
Dihydroxypropy!
butanoicacid
2,2-Dimethyl-1-
butanol

2,4-Dimethyl
phenol

1.06

1.64

0.83

1.86

2.43

0.63

0.63

1.65

0.17

0.21

0.19

0.24

1.93

0.26

- 0.68

- 1.50
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Table 5.4 (Continued)

Olefin-treated Bio-oil
Tentative e | 60C) | 60C) | 80C) (Bsig_gi)l (120°C) (Bligf);?
R.T. Identification Bio-oil Olefin Bio-oil Olefin hase Olefin hase
(min) Of Present (area %) Phase Phase phase ?area phase ?area
Compounds (area %) | (area %) | (area %) %) (area %) %)
1492 |  !sobuty! 1.06 - - - 0.84 - -
propionate
1-Ethenyloxy-
1521 pentane ° ° ° ° 0.95 ° °
2-Methoxy-4-
15.67 methylphenol 4.68 - 0.37 ” 2.54 - -
15.99 Pent-3-en-2-ol - - 0.20 - - - -
16.21 3-penten-2-ol - - 1.22 - - - -
16.26 | 1,2-Benzenedio - - - - 0.79 - -
5-Methyl-5-
16.54 Nonanol . . . 0.84 . . .
2-Ethyl-4-methyl
17.09 phenol 1.13 - - 1.81 - - -
17.98 2-Ethoxy-4-methy
' Phenol 069 ) ) ) ) ) )
3-Methyl1,2- )
18.78 benzenediol 1.37 ” ” ° N °
2,2,4,6,6-
18.86 | Pentamethyl-3- - 34.49 - 38.31 1.66 4.70 -
heptene
19.10 2-Methoxy-4-vinyl 113 ) ) ) ) ) )
phenol
19.30 2’4’4_ - 13.34 1.93 20.04 - 2.21 -
Trimethylpentano
2,4,4,6,6,8,8-
19.49 | Heptamethyl-1- - - - 25.41 0.68 221 -
nonane
20.28 Eugenol 1.50 - - - 1.19 - -
20.40 | 4-Methyl-tridecange - - 0.67 - - - -
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Table 5.4 (Continued)

Olefin-treated Bio-oil

Tentative R 60c) | 600 | o) | @soe) | 200y | 200)
RT. Identification Olefm Bie-ol Olefm Bie-oi Olefm Bio-ol

(min) OfPresent ?;:::-l} Phase Phase phase phase phase phase
Compounds o (zreas) (arsa?z) (ar=a?s) | (area®s) (zrsa 3%) (zrea?s)
2040 |4-Methyl-tndecane - - 067 - - - -

2096 | 1-Methoxy butane 0.87 - - - - - -

2074 | 4-methyloctane - - - - 1.03 - -
) - ) 282 -

2140 Vanillin 127

2040 |4-Methyl-tndecane - - 067 - - - -

2096 | 1-Methoxy butane 0.87 - - - - - -

2-Methoxy-4-(1-

- - ’ - 5
2160 | propenyl)phencl 1.09 038 092 031
2267 | Homovanillyl
- i 5 ) ) )

Alcahol 376 12.83 448

Acetamide-2-(4-
2471 | hydroxy-3- 12.70 - - - - - -

methoxyphenal)
2749 |Benzeneaceticacid 294 - - - 0.35 - -
1731 3-Butenyl  pentyl i ) 180 ) ) ) )

ether

2 rd1-

Z-Methoxy-4-(1 109 : 038 : 092 : 051
2160 | propenvl)phenol
2267 | Homovanillyl

- i 5 ) ) )

Alcohel 376 12.83 448

Acetamide-2-(4-
2471 | hydroxy-3- 12.70 - - - - - -

methoxvphenal)

@Reactions of 2,4,4-trimethylpentene (1 g) with faw-oil (4.7 g) were performed using

(Amberlyst-15 (0.2 g). 2,4,4-Trimethyl-1-pentenewtater 19%, present in bio-oil) mole
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ratio was 1:6. Reactions were run for 6 h. GC &peeefer to the ion corrents generated
in the MS detector and does not represent thentale percent.

® The goal of this work is to know the product piesi of the olefination of bio-oil and
catalyst or olefin screening to optimize the pragc@hus, quantification of the recovered
olefin or any other component was not performed.

“The system contained three phases (olefin + bie-dimberlyst-15). ‘- indicates the
ion-current for the corresponding compound was detected. Retention time is
expressed as ‘R.T.
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Table 5.5 Compositions of the Bio-oil Phase oiHg0-0il Olefinated with 2,4,4-
Trimethyl-1-pentene over NafioR480 at 60, 80 and 120°C for '

(Olefin treated Bio-oil

. Tentative
Fetention . . Faw
Identification
Time Bio-oil
] Of Present o
(1min Compounds (area %u) (60°C) (80°C) (120°C)
(area %) | (area%u) (area %c)
2.4 4-Trimethvl-
1.74 ) 0 75.99 55.09 -
-pentene
170 1-Hydroxy-2- \ .
propanone 91 352 B B
2-Ethoxy
202 ) - 116 - -
propane
. Hydroxy-methyl
2.05 iy - ) 0.72 - - -
acetate
235 1-Ethoxy-2-propanol - 0.26 . .
2.71 1-penten-3-ol - 025 - -
M 122 B
2282 3.Mer.hox} e 137 i, B,
dimethyl-oxirane -
4.01 Furfural - - - -
1-Methoxy-2,2-
- -2
420 dimethyloxirane 1.00 y : :
432 3-Octanol - - n.62 -
- 2.3-Dimethy]-2-
467 hexanal - 0.63 - -
7 4-Di 1-2-
468 24-Dimethyl.2 - 021 - -
pentanol -
_ 1.2-Dimethoxy-
473 3.08 - i .
-2-butanone
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Table 5.5 (Continued)

(Olefin treated Bio-oil
Betention Tentative Baw
Time Identification Bio-oil
(1min) Of Present (area %) (60°C) (B0°C) (120°C)
Compoumds (area %) (area %) (area %)
4-Hydroxypyrdine
g2.16 o7 700 , - -
-1-oxide ’
5.30 Phenol 1.06 - - -
10.58 2-Hydroxy-3-methyl- ,
- 2-cyclopenten-1-one 1.64 1.82 ) 033
1.1-Dimethoxy-3-
11.08 methyl 0.83 - - -
-pentanone

11.60 3-Methylphenel 1.12 0.48 - -
12 32 4-Methyl

=34 Phenol 1.86 0.80 - -
12.45 2 Methoxy phenol 2.43 2.00 0.68 -
12.64 3-Methyl butanal 0.63 - - -
13.03 4-Ethoxy-2-butanol - . . -

2.3-Dihydroxypropyl
13.40 butaneic acid 0.63 ) ) }
14.46 2.4-Dimethyl phencl 1.65 - - -
1-Ethenyloxy
1521 o7 , - - -
pentane
15.67 2-Methoxy-4-methyl .
A phenol 468 135 061 118
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Table 5.5 (Continued)

Olefin treated Bio-oil
Retents Tentative Raw
etention i0-0i
- [dentification Bio-oil
@E Of Present (area ) (EDDC;I (SDDC}, ( EDDC.}
(min [area %o) | (area®q) | (areas)
Compounds
1578 5-penten-2-ol - - 041 -
16.26 1.2-Benzenediol 155 - - .
- j-Methyl-3-butene-
16.30 3 ol - - - 027
16.54 3-Methyl-3-Nonanol . - - .
41-methylethy)
16.84 phenol 046 - - -
_ 2-Ethyl-4-methyl
17.09 N ) 113 - - -
Phenol
1708 2-Ethoxy-4-methyl
I phenol 0.69 099 - -
- 3-Methyl-1,2- _
15.78 benzenediol 1.37 - - -
2-Methoxy-4-vinyl
19.10 phenol 1.13 - - -
22466-
19.13 Pentamethyl ) ) 1831 470
-3-heptane
2446688 -
19.49 Heptamethyl- ) ) 2541 221
-l-nonene
2028 Eugenol 1.50 1.02 - -
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Table 5.5 (Continued)

Olefin treated Bio-oil
Tentative .
Eetention ldentificats Raw
_ entification Bio-oil
Tume Of Present 0y, (60°C) | (E0°C) (120°C)
(min (area®) | rarea %) | (area%) | (area%)
Compounds
2096 1-Methoxy butane 087
20.74 4-methyloctane - 021
1140 Vanillin 127 1.14 - 0.33
2-Methoxy-4-1-
3 g o
21.60 propenyl) phenol 1.09 132 035
2267 Homovanillyl
- Alecohol 3.76 i i 1.33
2437 Heptaneic acid 300
2096 1-Methoxy butane 087

®Reactions of 2,4,4-trimethylpentene (1 g) with faie-oil (4.7 g) were performed using
Nafion NR-50 (0.2 g). 2,4,4-Trimethylpentene to eaf19%, present in bio-oil) mole
ratio was 1:6. Reactions were run for 6 h. GC &peeefer to the ion corrents generated
in the MS detector and does not represent thentale percent.

® Only the bio-oil phase was analyzed.
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Table 5.6 Representative New Products Foundemtb-oil Phase after Treating Raw
Bio-oil with 2-Ethyl-1-butene & and 120°C for 6 h over Amberlyst®ts

80°C 120C

Retention 1o ative detection of ~ Retention  Tentative detection of
Time )
new compounds found Time new compounds found
(min) .
(min)

2.41 3-Methyl-3-pentanol 16.15 2,2,3,3,5,6,6-
Heptamethyl-
heptane

16.77 1,2-Octandiol 19.01 para-Tertiary-butyl
phenol

18.89 para-Tertiary-butyl

phenol
2,2-Dimethyl-1-

21.07 pentanol

@ Reactions of 2-ethyl-1-butene (1 g) with raw bib{6.2 g) were performed for 6 h
using  Amberlyst-15 (0.2 g) as the acid catalystEtlyl-1-butene to water
(19 %, present in bio-oil) mole ratio was 1:6.

® Only the bio-oil phase was analyzed.
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Table 5.7 Representative New Products Foundemtb-oil Phase after Treating Raw
Bio-oil with 2 Ethyl-1-butene at 80 and 120f4Z 6 h over Nafion NR-

50%°
80°C 120°C
Retention Tentative Retention Tentative
Time detection of new Tjje ~ detection of new
. compounds . compounds found
(min) found (min)
3-Methyl-3-
2.28 3-methyl-3 241 pentanol
pentanol
1-(Tert-butoxy)-
17.49 3.3 18.92 2,3-Dimethyl-1-

-dimethylbutane pentanol

® Reactions of 2-ethyl-1-butene (1 g) with raw bib{@&.2 g) were performed for 6 h
using Nafion NR-50 (0.2 g) as the acid catalystEtRyl-1-bukene to water
(19 %, present in bio-oil) mole ratio was 1:6.

® Only the bio-oil phase was analyzed.
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Table 5.8 Representative New Products FoundanBlo-oil Phase of Methanol
Mockj)ified Bio-oil Olefinated with 2,4,4 Trimethyl-pentene and Amberlyst-
157¢

60°C g0 °C 120°C
Fetention Tentative detection  Eetention  Tentative detection of Retention Tentative detection
of new compounds new compounds found

Tame  STRE Time Time ;f e compounds
oun oun
(i) (min (rmir)
233 3-Methyl-2- 193 2-Methyl-2-pentanol 452 3-Heptanol
hexanol 467 2 4-Dimethyl 2- 335 2 4-Dimethyl 2-
167 2,5-Dimethyl-2- pentanol pentanol
hexanel 548 2-Methoxy-2.4 4- 16.40 2 4-Dimethyl-4-
o A 2 4-Dimethyl-2- tmmethyl octanol
pentanol pentane oo 2.4.4 Trimethy1
244 Trimethyl2. oo 2Methyll- - 2-pentancl
1930 L propionate
pentanol
13,66 2,2.4.6.6-Pentamethyl-

3-heptane

& Modified bio-o0il is made by heating raw bio-oihch methanol in the presence of
sulfuric acid. Modified bio-oil contains water antethanol with lowered carboxylic acid
contents.

PReactions of 2,4,4-trimethyl-1-pentene (1 g) wittodified bio-oil (5.8 g) were
performed for 6 h using Amberlyst-15 (0.2 g). Qtetio water (16 %, present in modified
bio-oil) mole ratio was 1:6.

¢ Quantification of the recovered olefin or any stbemponent was not done.
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Table 5.9 Representative New Products FoundanBlo-oil Phase of Methanol
Modified Bio-oil Olefinated with 2,4,4-Trimethyl-pentene and Nafion NR-

50a,b,c
60 °C g0°C 120°C
Fetention Tentative Fetention Tentative Fetention Tentative
Time detections of Time detections of Time detections of
(rmin new (rirr) new pasinal] new
cormpounds compounds cormpounds
found found found
2-Methyl-1- i 4-Methyl-3- i 3,7-
1.68 propanol 4.33 heptanol 13.01 Dimethyl-
2 B-octadien-
1-Methoxy- 2-Methoxy- 1-al
2.14 2, 3-dimethl- o 24.4-
2-butene 3.33 trimethyl
butane
2-Methyl-
4.66 heptanal 13-
1303 Dimethyl-1-
5-Methyl-3- butanol
T34 heptanel
24-
1630 Di.meﬂl}'l-
4-octanel

& Modified bio-oil is made by heating raw bio-oihca methanol in the presence of
sulfuric acid. Modified bio-oil contains water antethanol with lowered carboxylic acid

contents.

PReactions of 2,4,4-trimethylpentene (1 g) with nfiedi bio-oil (5.8 g) were performed

using Nafion NR-50 (0.2 g). Olefin to water (16 ptesent in bio-oil) mole ratio was 1:6.
Reactions were run for 6 h.

¢ Quantification of the recovered olefin or any atbemponent was not done.
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CHAPTER VI

REACTIONS OF RAW BIO-OIL WITH A LARGE EXCESS OF OIHNS

Introduction and Objective

Acid catalyzed olefination of pine wood fast pyrsby oil or bio-oil is being
investigated as a potential upgrading techniqueimprove bio-oil's fuel quality.
Recently, our group reported several model compaitndies and preliminary bio-oll
reactions to develop this proce$$'?® Some of these reactions and a background about
bio-oil olefination were described in the chapteoMhis dissertation.

Initial reports from our group®*?® revealed that a straight chain olefin like 1-
octene was more effective at forming phenolic etloempared to a branched olefin like
2,4,4-trimethyl-1-pentene, where a tertiary cartiocacan form on protonation. The
olefination of bio-oil in the presence of an acatatyst goes through the formation of a
carbocation (Schemes 6.1 and 6%)Branched olefins like 2,4,4-trimethyl-1-pentene
generate a tertiary carbocation in presence of @d. &his reacts with a phenolic
hydroxyl group to initially form the kinetically ecrolled product, an O-alkylated phenol,
which is further converted into the thermodynaniycabntrolled C-alkylated phenol via
the regenerated tertiary carbocation. The stgbilftthe tertiary carbocation facilitates
the conversion of the kinetic to the thermodynaprimduct. In the case of the olefination

of bio-oil using 1-octene, the O-octyl phenol canremenerate the secondary carbocation
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as easily. Thus, O-alkylated phenol can be formedthee main product at higher
temperatures. This straight chain olefin also gmteer less olefin and carbocation
fragments than branched olefins. Thus, fewer oligamolefins and their products

appear-?’

o @ W?W
et e
| %M+£«@5>;

Scheme 6.1 Various Modes of the Alkylation o&Rdl with 1-Octen&’

@
Phenol _ i H, isomerize
O-alkylation -2 2222022 o C-alkylated phenols

® ) -
H Oligomerization
—_— —_— or
= AN

C16 olefin
/ @ )
Phenol J H, Fragmentation
C8olefin i
/K /k — C12 olefin H':raﬂt»atloﬁragments of olefins and different carbocations

O-octylated /
phTol Phenol Phenol

C-alkylated phenols
with other than C8
p-Octyl alkyl substitutent
phenol formed via O-
alkylated intemediates

Scheme 6.2 Different Modes of the AlkylationRifenol with 2,4,4-Trimethyl-1-
penten&®1?’
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All these olefinations consisted of two liquid aode solid (catalyst) phase
systems throughout the reaction. Higher temperatmetions (80°C and above) led to
higher olefin conversions versus those at lowerpenature in the same time period. In
most of these olefinations, Amberlyst-15 beadsgrfranted into tiny particles after the
reaction. Nafion NR-50 was found to be more stétde Amberlyst-15.

This chapter will report acid catalyzed olefinasaof bio-oil where 1-octene was
used in excess, to maximize the uptake of olefto the products. Amberlyst-70 and
Nafion NR-50 were used as catalysts. Amberlysisr@ heterogeneous acid catalyst
containing sulfonic acid functiontions on a chlated styrene-divinyl benzene
matrix}*®*!  This macroporous catalyst can withstand higherptratures than
Amberlyst-15 because of the presence of the haldbeand it is much less fragile.
Amberlyst-70 is particularly useful for catalyzimgactions such as olefin hydrations,
aromatic alkylations, ett?

The weight percent of the recovered olefin, theraggd bio-oil’s acid value and
water content of each phase of the product migtwwvere measured to find out the
changes in bio-oil composition and properties.

A series of bio-oil olefinations were performed nggil-octene in presence of
ethanol. Ethanol was added to make the two seppraises (olefin and bio-oil) more
(partially) miscible. This could enhance the intti@n between the compounds in the
bio-oil phase with the olefin, improving mass tjamd rates and reaction rates. Secondly,

ethanol will react with carboxylic acids to formtes and aldehydes and ketones to form

acetals. These reactions stabilize bio-oil, inaefal value and reduce hydrophilicity.
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The weight percent of recovered olefin, the acill@awater content and heating values

of some of these upgraded samples are reported.

Experimental

Materials

Pine wood bio-oil, prepared by fast pyrolysis ad-450°C in an auger reactor,
118-120 \vas supplied by the Forest Products Laboratoigsigsippi State University. 1-
Octene was the only olefin used. It was purchassd Sigma-Aldrich. Nafion NR-50
and ethanol (HPLC grade) were also purchased figm&Aldrich and Amberlyst-70

was obtained from Rohm and Haas. All chemicals wees as received.

Reactions

Bio-oil olefinations without ethanol were run atréb different temperatures
(80°C, 100°C, 120°C controlled by an external aili) in a 100 mL sealed high pressure
glass vessel. Magnetic stirring was used in aBelreactions. In all cases, the olefin/ bio-
oil H,O mole ratio was 2:1, where the water content efrdw bio-oil was 30%. Since
water is by far the most abundant compound in rawob, this amount of olefin is
sufficient to react with all the carboxylic acigshenols and water present. Olefinations
without ethanol were conducted on 5 g of bio-oikihigh pressure glass vessel to which
18.7 g of 1-octene was added. After the additibh g of the catalyst (Amberlyst-70 or

Nafion—NR-50) and a magnetic stirrer, each reaatiaa run for 6 h.

213



Olefinations of bio-oil in the presence of ethamatre performed similarly.
However, considering the low boiling point of etbhrand the use of glass pressure
vessels, the reactions were performed at 80, 901&80dC. Higher temperatures (e.g.
120°C) were avoided to keep the pressure belowrdpéure pressure of the vessel.
Reactions were performed with 1 g of ethanol (200bio-oil weight). All of these

reactions were run with 18.7 g of 1-octene.

Analyses of Product Mixtures

GC/MS Analyses of Product Mixtures obtained by @lefination of Bio-oil without

Ethanol

After cooling product mixtures to room temperatuhe two phases present were
separated and stored in glass vials. These phases amalyzed separately using a
Hewlett Packard 5890 series II-Gas chromatdygE§¥1 series A-mass spectrometer
(injector temperature 270) with a silica capillary column coated with 5%
phenylmethyl-polysiloxane (30-meter x 0.32 mm in&dr diameter x 0.25 p
filmthickness). An initial temperature of 4D (4 min. hold) was followed by heating at
5°C /min to a final temperature of 2&D,

A 70 eV electron impact ionization mode was useith &i256C source (detector)
and a 278C interface temperature. A 0.2 mg representatiiqual of the product was
diluted with dichloromethane (10 mL). This solutitlhmL) was then transferred to the

autosampler vial and 10 pL of internal standardd@@g/mL concentrations) was added.
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Then 2.0 pL of this sample was injected into the t@&@cquire each chromatogram. A
mixture of six isotopically labeled compounds (U®8M, Ultra Scientific) were
employed as internal standards including: 1,4-didbenzenal,, naphthalendls,
acenapthend;,, phenanthrend;,, chrysened;, and perylenah,. Internal standards
were used to verify the retention times and to tjtete the recovered olefin in product
mixtures using equation 6.1. The GC/MS analyseh&dge reaction sets were performed

in the Forest Product Laboratory, Mississippi Statéversity using their equipment.

GC/MS Analyses of the Product Mixtures obtainedRew Bio-oil Upgrading with 1-

Octene and Ethanol

After cooling product mixtures to room temperatutes two phases present (1-
octene top and bio-oil bottom layers) were combimd one single phase using the co-
solvent, THF. This single phase was analyzed usifgHIMADZU QP 2010S-Gas
chromatograph-mass spectrometer (injector temper&00C) with a SHRXI-5MS 30
m x 0.25 mm i.d. x 0.25 um film capillary columiielium was used as the carrier gas.
An initial temperature of 4C (3 min. hold) was used followed by heating ¥&/5min to
a final temperature of 280 and then holding at 250°C for 10 min. A 70 eVcaien
impact ionization mode was used with a ZDGource (detector) and a 2T5interface

temperature.
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(Peak area of the olefin in the stand}a(r@onc. of the I.E}.
(Peak area of the I.S. in stande}(&lonC. of the Olefil}l

Rf =

Equation 6.1

Concentration

of the olefin <Peak area of the olefin in the sam)ﬂ@onc. of the I.ﬁ.(lOO)
(wt. % of =

olefinated <Peak area of the I.S. in the sa@p@e f) R ( Wt. of the sample)
bio-oil)

Equation 6.2

[.S.: Internal standard

Rs : Retention Factor

A representative amount of each sample was takerait00 mL volumetric flask

and then diluted with 100 mL of THF. This solutigh mL) with internal standard

dodecane was taken into an auto sampler vial. $ample (2.0 puL) was injected to

acquire each chromatogram. The weight percent efrdtovered olefin in the total

product mixture was calculated using equation Gtz total olefin consumption in each

reaction was calculated using equation 6.3 by aabtrg the amount of olefin recovered

from both phases from the weight of initial olefik8.7 g).

% Consumption of olefin= ((18.7-X) / 18.7)100
Equation 6.3

X: Olefin recovered from combined phases or the sifmecovered olefin from two

phases
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Physical Analyses

The weight percent of water and acid values ofupgraded product mixtures
were obtained on samples treated only with 1-océenkthose treated with 1-octene plus
ethanol. These quantities were determined in thhesfd®roducts Laboratory, Mississippi
State University, with their equipment. Samplesrapggd with ethanol and 1-octene were
run few times under identical conditions. Then,heat the phases in each batch were
analyzed. Percent water was determined using KahleF titration with a Cole-Parmer
Model C-25800-10 titration apparatus. The acid @akas determined by titrating 1 g of
product mixture dissolved in 50/50 v/v isopropawalter with 0.1 N standardized NaOH
to a pH 8.5, where phenolphthalein gave a strodgcodor while titrating with a strong
base. (heating) values of the samples (for olgbnawith 20% ethanol) were measured

in the Forest Products Lab, Mississippi State Unsit

Results and Discussions

Olefination of Raw Bio-oil with Excess 1-Octenedbated by Amberlyst-70

These two phase reaction mixtures (1-octene phadea &io-oil phase) gave two
phase product mixtures after reaction for 6 h hthake temperatures (80°C, 100°C,
120°C). In all reactions, the color of the l-octgtese changed from clear to dark
yellow during the reaction due to the extractiorsofe bio-oil components into 1-octene
(Figure 6.1). At higher reaction temperatures, takr change was more intense. Both

original bio-oil components and new products geteekdrom the reaction could have
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moved into the olefinic phase. All of these reaasiavere run in sealed high pressure
glass vessels and they were cooled before tratssfaimimize any gas loss. In all cases,
both 1-octene and bio-oil phases lost some waighing the separation of the phases,
due to the hold up of bio-oil or 1-octene phasethe separatory funnel and glassware
used in the workups (Table 6.1). The swollen catalgiso adsorbed some small
guantities of these components. At 120°C, darkemhgAmberlyst-70 catalyst was

observed. The average weight loss of the olefinaieail was about 11.9 %.

100°C
6h

Figure 6.1 A 1-Octene and Bio-oil Mixture Befaned After Reactioh
#1-Octene (18.7 g) was reacted with 5 g of raw bio¥he mole ratio of 1-octene to

water (present in the raw bio-oil) was 2:1 in evelgse. Amberlyst-70 (1 g) was
employed in each reaction. Reactions were run toa6100°C.
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The percent consumption of 1-octene increased temhperature (Table 6.2).

The total percent consumption of olefin in eachecass calculated considering the
olefin consumption in each phase separately areh #uding them. Olefination of raw
bio-oil could change the phase weights as diffecemiponents and reaction products can
move from one phase to another. In the calculatibd-octene consumption, the lost
mass due to the hold ups was not incorporated. ,Tites reported percent 1-octene
consumptions reflect the maximum amount of oldfiait tcould be incorporated into bio-
oil. It is important to determine the trend in ale€onsumption in reactions of raw bio-oll

with excess 1-octene. The maximum consumption aéténe was 67% at 120°C.

Table 6.1 Mass Losses During the Olefination afvABio-oil with 1-Octene Catalyzed

with Amberlyst-70 at 80, 100 a®D°C

Temp 1-Octene Change Bio-oil Change Amberlyst Changotal  Change

(°C) Layer % Layer % 70- % (allphasesyo
Q) Q) Q) Q)

Room 18.7 - 5.0 - 1.0 - 24.7 -

Temp

(Initial)

80 16.3 (-)12.8 4.7 ()6 31. (+)30 223 (199

(After

Reaction)

100 15.7 ()15 45 (10 1.3 (+)30 21.4 () 133

(After

Reaction)

120 159 ()15 43 ()14 14 (+) 40 21.6(-)12.5

(After

Reaction)

& 1-Octene (I8.7 g) was reacted with 5 g of rawdioThe mole rafio of 1-octene to
water (present in the raw bio-oil) was 2:1 in evese. Amberlyst-70 (1 g) was
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employed in each reaction. Reactions were run fdr. 8lass loss accompanies the
separation of layers with hold up occurring in separatory funnel etc.

Table 6.2 Weight Percent of 1-Octene Present &@ducting Raw Bio-oil
Olefination Reactions Catalyzed by Amberlyst-7@@&t100 and

120°C"*
Reaction 1-Octenein  1-Octenein 1-Octene 1-Octene
Temp the top layer the bio-oil layerconsumed Consumed
(°C) ) ) @) (wt. % of orig.edin)°
80 10.2 0.6 7.5 40.0
100 7.5 0.2 10.9 59.0
120 5.7 0.4 12.6 67.0

#1-Octene (18.7 g) was treated with 5 g of raw biarosealed high pressure glass
Vessel. Amberlyst-70 (1 g) was employed. Reactiwae run for 6 h.

The 1-octene consumed was determined by summingetght of 1-octene

found in the top and bottom layers and subtradtangyfrom the original 18.7 g

of 1-octene charged into the reaction.

¢ This represents the highest possible 1-octeneucopison because the calculation does
not include the mass loss during the workup. Lowass loss could decrease the value of
the 1-octene consumed.

The water content of the bio-oil phase was lowehedmost (from 1.5 to 1.11 g),
in the upgrading reaction run at 100°C (Table 6TB)s indicates that 1-octene was able
to take out water by conversion to octanols. Tesult supports the assumption that in
presence of a suitable acid catalyst, 1-octenereact with water present in bio-oil and
form alcohols and decrease bio-oil's water cont&éhe olefination of raw bio-oil using
1-octene was able to decrease the water conteall ithe reactions attempted in this

work.
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There was a modest overall decrease of acid valeadh case. The acid value of
the olefinated bio-oil was lowest (75.66) when tbaction temperature was 80°C (Table
6.3). This acid value is noticeably lower than tloatthe raw bio-oil (98.5). In the
olefinations of bio-oil, 1-octene reacts with varsocarboxylic acids (Scheme 6.3) and
acidic phenolics (Scheme 6.3) to form esters amgrsf respectively. These reduce
acidity of the system. O-Alkylation of phenols amere favorable at 80°C compared to
120°C because more kinetic product is captured. higher temperatures more

equilibrium from O- to C-alkylated product (thernyodmic product) occurs.

Prsoq O
R.COOH + NSNS —_— R)Ko/k/\/\/

Scheme 6.3 Reactions of 1-Octene with Carboxylicié\.c
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Table 6.3 Comparison of Percent Water and A@tlig’s of Bio-oil after Reactions
with 1-Octene Catalyzed by Ampsi70 at 80, 100 and 120%€*

Reaction  Product Water Content Water Acid Value Total 1-Octene Total 1-Octene
Temperature (9) Consumed Consumed Consumed
(€) (wt. % of 9 (wt. %of orig.
original water) olefin)
Top Layer - 0.81
80 9.3 7.8 40.0
Bottom 1.36 75.66
Layer
Top Layer - 2.15
100 6.0 10.9 59.0
Bottom 111 85.17
Layer
Top Layer - 2.19
120 14.6 12.5 67.0
Bottom 1.28 89.67
Layer
Raw Bio-oll 15 98.5

#1-Octene (18.7 g) was treated with 5 g of raw hiarcsealed high pressure

glass vessel. Amberlyst-70 (1 g) was employedctRess were run for 6 h.

®The 1-octene consumed was determined by summingetght of 1-octene

found in the top and bottom layers and subtradtingyfrom the original 18.7 g

of 1-octene charged into the reaction.

¢ Highest possible 1-octene consumption as the ledlon does not include the mass loss
during the workup. Lower mass loss could decrdaseveight % of 1-octene conversion.
Olefination of Raw Bio-oil by 1-Octene Catalyzed biafion NR-50.
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Olefination of Raw Bio-oil by 1-Octene Catalyzed\afion NR-50

Olefination of bio-oil using the polymeric fluordéenic acid catalyst Nafion NR-
50'231241%g3ve results similar to Amberlyst-70-catalyzed tieas. However, catalyst
swelling occurred during the reaction and was aimasn at 100° C where these catalyst
beads changed their color from clear to black. ighér temperature this swelled catalyst
formed char surrounding the particles. Nafion NRe&afalysts also adsorbed bio-oil and
olefin phase components. However, the mass losisesk systems (1-octene + raw bio-
oil + Nafion NR-50) was less (average 5.6%) that tf Amberlyst-70 (Table 6.4). This
may be due to the lower surface area of Nafion MR&rsus Amberlyst-70.

Nafion-catalyzed olefinations of raw bio-oil conseainslightly more 1-octene
with a rise in temperature from 80°C (41 % 1l-octeomasumption) to 120°C (47 %
consumption) (Table 6.5). However, 1-octene congimp(40.6 %) at 100°C was,
within experimental error, was the same as at 8@®erall, less 1-octene conversion
occurred using the Nafion NR-50 catalyst than ugingperlyst-70. The water content in
the product was reduced to 1.00 g at 120°C (Talélg &he acid values decreased after
treatment at all temperatures and the 100°C reaetjain showed the poorest result. The

lowest acid value is obtained at 80°C (74.52) whgckimilar to the acid value trend of

Amberlyst-70 catalyzed reactions.
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Table 6.4 Mass Losses During the OlefinatioRat Bio-oil with 1-Octene Catalyzed
by Nafion NR-50 at 80, 100 dr&D°C

Reaction 1-Octene Bia-oil afion Toral
Temp Layer Change Layer Change NR-50 Change all phases Change
(%) (g) () (g} (%e) (g) {%4a) (&) (%a)
Room 18.7 - 5.0 - 1.0 - 2479 -
Temp

(Imtial)

B0 17.3 i-17.4 4.7 (160 1.6 (+) &0 236 {-)44
(Afrer

Reaction)

100 172 (2280 42 (9160 19 (+190 233 ()56
( After

Reaction)

120 17.1 (<) 8.5 40 (<3200 1.5 (+)80 230 (-)6.8
(Afrer

Reaction)

& 1-Octene (18.7 g) was reacted with 5 g of rawdiioThe mole ratio of 1-octene to
water (present in the raw bio-oil) was 2:1 in evease. Nafion NR-50 (1 g) was
employed in each reaction. Reactions were run fdr. &lass loss accompanies the
separation of layers with hold up occurring in eparatory funnel etc.
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Table 6.5 Weight Percent of 1-Octene Present Bféer Bio-oil Olefination Reactions
Catalyzed by Nafion NR-50 at 800 and 120°&"¢

Temp 1-Octene in 1-Octene in 1-Octene 1-Octene
the top layer  the bio-oil layer Consunted  Consumed
(°C) @ @) @ (wt. % of origedin)
80 10.9 0.1 7.7 41.0
100 10.6 0.5 7.6 40.6
120 9.8 0.1 8.8 47.0

%-octene (18.7 g) was treated with 5 g of raw blaro a sealed high pressure glass
vessel. Nafion NR-50 (1 g) was employed. Reactwea run for 6 h.

®The 1-octene consumed was determined by summingetght of 1-octene

found in the top and bottom layers and subtradtingyfrom the original 18.7 g

of 1-octene charged into the reaction.

¢ These represent the highest possible 1-octenaiocgi®n because the calculation does
not include the mass loss during the workup. Theetothe mass loss closer the percent
1-octene consumed will come to the values.
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Table 6.6 Comparison of Percent Water and Aciii&&aof Olefinated Product
Mixtures Catalyzed by Nafion NR 50 at 80, 100 ag@°TC*"°

Water Total 1-
: Consumed Total 1-  Octene
Reaction
0,

Temperature Water (Wt.. _/o of Acid Value Octene  Consumed
o Content original Consumed (wt. % of
(°C) e

(6)] water @ original
present) olefin)
Top 12.0 1.67
Layer -
80 7.6 41.0
B :
ottom 132 74.52
Layer
Top ] 17.0 1.67
Layer
100 7.5 40.6
B :
ottom 195 92.38
Layer
Top 33.0 1.96
Layer
120 8.8 47.0
B :
ottom 1.00 83.71
Layer
Raw Bio-oil 1.5 98.5

®-octene (18.7 g) was treated with 5 g of raw blaro a sealed high pressure glass

vessel. Nafion NR-50 (1 g) was employed. Reactwae run for 6 h.

The 1-octene consumed was determined by summingetght of 1-octene
found in the top and bottom layers and subtradtagfrom the original 18.7 g
of 1-octene charged into the reaction.

¢ These represent the highest possible 1-octenaicpi®n because the calculation

does not include the mass loss during the workup.
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Olefination of Raw Bio-oil with Excess 1-Octene dfthanol (20% wt of Raw Bio-oil)

Catalyzed by Amberlyst-70 or Nafion NR-50

When the olefination of raw bio-oil was conductedhwi-octene in presence of
1 g of ethanol (per 5 g of raw bio-oil), in all thfe reactions some mass loss occurred due
to hold up of components from product mixture oasglsurfaces. When, Nafion NR-50
was used as the catalyst, tar formation on thdysataas found at 100°C. The catalyst
was swelled and gooey. The chromatograms of thehliavoil and olefinated bio-oil
(catalyzed by Amberlyst-70 and Nafion NR-50 at 90a4€: shown in Figure 6.2.

When Amberlyst-70 was used, the olefin consumptieee similar at 80, 90 and
100°C (20.8, 25.6 and 24% of the initial olefingpectively). Olefin consumption in the
Nafion NR-50 catalyzed reactions were somewhateftofd6-24.7% of the initial olefin
amount) than that of Amberlyst-70 (Table 6.8). Twater content of the product
mixtures varied from 1 to 1.4 g, versus a watetteoinof 1.5 g in the raw bio-oil charged
to the reactions (Tables 6.9 for Amberlyst-70 arfD6 for NR-50). The acid values of
the product mixtures decreased noticeably in aksaThe acid values of the upgraded
bio-oil's were between 50-60 for Amberlyst-70 cgtald reactions(Table 6.9) and 48-53
for Nafion NR-50 catalyzed reactions (Table 6.I)ese can be compared to the value
of 98.5 for raw bio-oll.

The heating values of the samples showed only niadeseases in the highest
heating values. The largest gain was obtainetiercase of the Amberlyst-70 catalyzed
reactions performed at 90°C and 100°C (18.2 MJtkgmared to 14.6 MJ/kg in the case

of raw bio-oil) (Table 6.11).
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Table 6.7 Weight Percent of 1-Octene Consumdiaroil Upgrading using 1-Octene
in Presence of Ethanol (20% of the Weight of Bilp-Batalyzed by
Amberlyst-70 respectively at 80, 90 and 100°C

Temp 1-Octene 1-Octene
(°C) Consumed Consumed
(0) (% wt. of orig. )c
80 3.9 20.8
90 4.8 25.6
100 4.5 24.0

#1-Octene (18.7 g) was treated with 5 g of raw biaod 1 g of ethanol in sealed high
pressure glass vessel. Amberlyst-70 (1 g) was@megl Reactions were run for 6 h.

Table 6.8 Weight Percent of 1-Octene Consumdiaroil Upgrading using 1-Octene
in Presence of Ethanol (20% of the Weight of Bi)-Gatalyzed by Nafion
NR-50 respectively at 80, 90 and 106°C

Temp 1-Octene 1-Octene
(°C) Consumed Consumed
(o)) (% wt. of orig.)
80 4.1 21.9
90 4.6 24.7
100 3.0 16.0

#1-Octene (18.7 g) was treated with 5 g of raw biand 1 g of ethanol in sealed high
pressure glass vessel. Nafion NR-50 (1 g) was @yegl Reactions were run for 6 h.
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Table 6.9 Comparison of Percent Water and Acili&&of Bio-oil Treated with 1-
Octene and Ethanol (20% of BibVdeight) Catalyzed by Amberlyst-70 at
80, 90 and 100°C

Temperature Bio-oil Water Content Acid Value

C) (2)
Top - 1.10
Laver
80
Bottom 143 51.06
Layer
Top - 1.36
Laver
o0
Bottom 1.04 4973
Laver
Top - 1.19
Laver
100
Bottom 1.00 39.67
Laver
Raw Bio-oil 13 083

#1-Octene (18.7 g) was treated with 5 g of raw biaond 1 g of ethanol in sealed high
pressure glass vessel. Amberlyst-70 (1 g) was@egl Reactions were run for 6 h.
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Table 6.10 Comparison of Percent Water and Aatli®s of Bio-oil Treated with 1-
Octene and Ethanol (20% of Biloweight) Catalyzed by Nafion NR-50 at
80, 90 and 100°C

Temperature WaterContent Acid Value
(°C) (@)
Top
Layer - 1.66
80
Bottom 1.33 48.26
Layer
Top - 1.38
Layer
90
Bottom 0.91 48.11
Layer
Top - 1.67
Layer
100
Bottom 1.35 52.97
Layer
Raw Bio-oil 1.5 98.5

#1-Octene (18.7 g) was treated with 5 g of raw biaond 1 g of ethanol in sealed high
pressure glass vessel. Nafion NR-50 (1 g) was @yegl Reactions were run for 6 h.
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Figure 6.2 Comparison of Chromatograms of 1) Bawoil (Bottom), 2) Nafion
NR-50 Catalyzed Olefinated Bio-oil (Middle) andAnberlyst-70
Catalyzed Olefinated Bio-oil (Top). Both Reactiamsre performed using
5 g of Raw Bio-oil , 18.7 g of 1-Octene, 1 g of &tlol and 1 g of the

Catalyst. The Reactions were run at 90°C
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Table 6.11 Heating Values of the Phases irDfle@ination (using 1-Octene in
Presence of 20% Ethanol) a-8il Catalyzed with Nafion NR-50 and
Amberlyst-70 at 80, 90 an@XT'

Temp Nafion NR-50 Amberly&-
(°C) Top Bottom Top otBom
Phase Phase Phase Phase

(MIkg)  (MIkg)  (MIkg) (MJkg)

80 44.32 15.52 45.20 14.19
90 45.46 16.73 4541 8.24
100 44.84 16.66 4511 18.26

1-Octene 46.52

Raw 14.67
Bio-oil
#1-Octene (18.7 g) was treated with 5g of raw bicaod 1 g of ethanol in sealed high

pressure glass vessel. Nafion NR-50 or Amberlgs{Z’ g) was employed. Reactions
were run for 6 h.

Conclusions
Acid catalyzed olefination of raw bio-oil inducedmse changes in the resulting
bio-oil. Olefination with excess 1-ocetene showseldecrease of water content and acid
values in the olefinated bio-oil. However, the dase in water content was moderate in
most of the cases. The GC-MS analysis of the pitogliddures showed the absence of
some of the known components like phenol or sulistitphenols in some cases. The
consumption of olefin was moderate and followethedr trend in Amberlyst-70

catalyzed reactions. Nafion NR-50 was found tdiesuitable for this kind of system.
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The addition of ethanol could not transform theeéhphase (olefin + bio-oil +
solid acid catalyst) system into a two phase (tquisolid) system. However, it made the
two liquid phases partly miscible. Olefin consurops of all the reactions in presence of
ethanol were less compared to that of the olefinateactions without ethanol. This may
be due to the formation of acetals or esters byrélaetions of alcohols and keteones,
acids respectively which could not react with alsefanymore.

All the above studies indicate that Amberlyst-7Gibetter catalyst than Nafion
NR-50 in the acid catalyzed olefination reactiorbmf-oil. However, more robust catalyst
should be used to get better result. Ethanol wassmecessful to make the two liquid
phases completely miscible. Thus, a suitable ceestlis needed to make the system one

phase (not considering the catalyst).
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