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me. 

I am thankful to the Texas Tech University Graduate School and the Robert A. 

Welch Foundation for the financial support. 

Finally, I am indebted to my parents, Professor Minxue Xu and Ms. Ruilan He, 

and my husband, Youwen, for their love, understanding and support. 

11 



TABLE OF CONTENTS 

ACKNOWLEDGMENTS h 

LIST OF TABLES vh 

LIST OF FIGURES viii 

CHAPTERS 

L INTRODUCTION 1 

PART ONE 

CHEMOSELECTIVITY IN THE REACTIONS OF ACETYLKETENE 

IL BACKGROUND 4 

Ketenes and Acetylketenes 4 

Pericyclic Reactions 9 

Acetylketene and Pseudopericyclic Reactions 14 

m. RESULTS AND DISCUSSION 18 

Introduction 18 

Compethive Reaction of Acetylketene whh 1-Pentanol 

and Cyclohexanone 21 

Competitive Reactions of Acetylketene whh Alcohols 24 

Compethive Reaction of Acetylketene with Cyclohexanone 
and Heptaldehyde 26 
Compethive Reaction of Acetylketene with 1-Propylamine 
and 1-Butanol 27 

i l l 



Compethive Reaction of Acetylketene with 1-Pentanol 

and Phenol 30 

Conclusions 31 

IV. EXPERIMENTAL 33 

General Methods 33 

Flash Vacuum Pyrolysis (FVP) 34 

Solution Pyrolysis 35 

GC Analysis 35 

Compethive Reactions 37 

Competitive Reactions of Acetylketene whh 
Methanol and 1-Propanol 37 
Competitive Reactions of Acetylketene with 
1-Pentanol and 2-propanol 39 

Competitive Reactions of Acetylketene with 
1-Pentanol and 2-Methyl-2-propanol 40 

Competitive Reactions of Acetylketene whh 
2,2,2-Trifluoroethanol and 1-Butanol 40 

'>-">' 

Competitive Reactions of Acetylketene whh 
1-Pentanol and Cyclohexanone 41 

Compethive Reactions of Acetylketene whh 
Cyclohexanone and Heptaldehyde 42 

Compethive Reactions of Acetylketene whh 
1-Pentanol and Phenol 43 

Competitive Reactions of Acetylketene whh 

1-Butanol and 1-Propylamine 44 

Syntheses of Authentic Materials 48 

Synthesis of 3-Oxo-butanoic acid, methyl ester (221) 48 

iv 



Synthesis of 3-Oxo-butanoic acid, propyl ester (22e) 49 

Synthesis of 3-Oxo-butanoic acid, 1-methylethyl 

ester (22b) 50 

Synthesis of 3-Oxo-butanoic acid, butyl ester (22d) 51 

Synthesis 3-Oxo-butanoic acid, pentyl ester (22c) 52 

Synthesis of 3-Oxo-butanoic acid, 2,2,2-trifluoroethyl 
ester (22g) 54 
Synthesis of4-Methyl-l,5-dioaspiro-[5,5]undec-3-en-2-one 
(23a) 55 

Synthesis of 2-Hexyl-6-methyl-l,3-dioxin-4-one (23b) 56 

Synthesis of 3-Oxo-butanoic acid, phenyl ester (22h) 57 

Synthesis of Dehydroacetic Acid (20) 

(Acetylketene Dimer) 58 

Synthesis of 3-Oxo-butanoic acid, propyl amide (26) 59 

Synthesis of 3-Propylamino-2-butenoic acid, propyl amide 
(28) and 3-Propylamino-2-butenoic acid, butyl ester (27) 60 
Data on 3-Oxo-butanoic acid, 1,1-dimethylethyl ester 
(22a) 61 

PART TWO 

STUDY OF THE CYCLIC ADDITION REACTION OF ACETYLKETENE 

WITH A CHIRAL ALDEHYDE 

V. BACKGROUND 63 

Felkin-Anh Model 63 

VI. RESULTS AND DISCUSSION 66 



Introduction 66 

Reaction of Acetylketene with 2-Phenylpropionaldehyde 68 

VIL EXPERIMENTAL 71 

REFERENCES 73 
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CHAPTER I 

ESriRODUCTION 

The chemistry of a-oxoketenes has been an interesting and active area during 

recent years. This is not only because a-oxoketenes can be effectively used as 

intermediates in organic synthesis, but also because they have been the subject of kinetic, 

mechanistic, spectroscopic, and computational studies. 

In 1994, Birney and Wagenseller applied the concept of pseudopericyclic 

reactions of a-oxoketenes. Based on ah initio calculations, they predicted that the 

additions of water and formaldehyde to formylketene have relatively low barriers (6.3 

kcal/mol and 10.6 kcal/mol, respectively) and proceed through concerted and very 

unusual, essentially planar transhion states (the energy and geometry for both addition 

reactions were calculated at the MP4(SDQ)/6-31G*//MP2(FTJLL)/6-31G* +ZPE level). 

They hence pointed out that the well-known orbital symmetry rules used to interpret the 

pericyclic reactions typical of ketenes could not be applied to explain such unusual 

transhion states due to the absence of the loop of interacting orbhals. Furthermore, by 

extension, theh calculations predicted that there should be significant differences in the 

barrier heights for the additions of an alcohol and a ketone to formylketene, 

imidoylketene, and acetylketene. 

The goal of the research described in this thesis was to better understand the 

pseudopericyclic reaction mechanism and to test the validity and correctness of the 

computational predictions. Towards this end, experimental compethive reactions of 

acetylketene with a series of reactant pairs were designed and carried out by flash 
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vacuum pyrolysis. In a direct test of the theoretical predictions, it was shown that 

acetylketene has essentially exclusive selectivity to react with 1-pentanol, even when 

cyclohexanone was in twenty-fold excess. This gives indirect experimental support to 

the pseudopericyclic proposal. 

In addition, compethive reactions of acetylketene whh a variety of polar reagents 

were systematically performed and studied. It has been found that (1) there was no 

selectivity between an aldehyde (heptaldehyde) and a ketone (cyclohexanone), which is 

likely a consequence of the concerted nature of the transition state; (2) it appeared 

significant selectivity for alcohols based on steric hindrance, whh methanol« 1° > 2° > 

3°; (3) acetylketene reacted with a primary alcohol (1-pentanol) faster than 

trifluoroethanol, indicating the nucleophilicity of the reagent contributing to the 

selectivity; (4) as expected, an amine (1-propylamine) had higher reactivity with 

acetylketene than an alcohol (1-butanol) did, which is also due to the nucleophilicity. All 

these results are in agreement with and therefore offer further experimental supports for 

the ab initio calculation based predictions of the planar transhion state geometry of 

pseudopericyclic reactions. 

Another experiment was designed to study the transhion state of the addition of 

acetylketene to 2-phenylpropionaldehyde. Based on Felkin-Ahn model, this addhion will 

show diastereoselectivity if at the transhion state the carbonyl oxygen atom of 

acetylketene forms bond whh the carbonyl carbon atom of the aldehyde. This prediction 

was confirmed experimentally and thus provides another support for the pseudopericyclic 

reaction mechanism. 
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CHAPTER n 

BACKGROUND 

Ketenes and Acetylketene 

The chemistry of ketenes can be traced back to the beginning of this century. As 

early as in 1905, the first ketene named diphenylketene (1) was prepared by Hermann 

Staudinger, a German scientist, through the reaction of a-chlorodiphenylacetyl chloride 

with zinc (eq 2.1).^ Since then, many ketenes have been synthesized and the chemistry of 

ketenes has largely developed. ' ' 

Zn Ph 
— • y — • — o 

Ph 
(2.1) 

One important type of ketenes is a-oxoketene. In 1907, Wilsmore isolated 

diketene (3) and studied its reactivity.^ He proposed the structure of acetylketene (2) to 

interpret the reactivity of diketene,^ however, the actual structure of diketene was later (in 

the 1950s) determined to be 3,^ which was proved by chemical studies, electron 

diffraction, X-ray crystallography, and the microwave spectrum.'*'̂ '̂ ^ 

r 
\ CHf 
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Acetylketene received hs renewed attention in 1976 by Jager and Wenzelburger's 

report on the formation of 1,3-oxazine derivatives (5) from the reactions of 2,2,6-

trimethyl-4H-l,3-dioxin-4-one (4) with cyanates, cyanamides, and isocyanates.^^ They 

suggested that these reactions might undergo via acetylketene (eq 2.2). In early 80's, 

there appeared the IR evidence in gas phase for the existence of acetylketene. In 1995, 

Kappe et al. identified the IR spectra of both conformers of acetylketene by matrix 

isolation IR spectroscopy.^^ 

O 

A 
O 

V RNCO 

O 
-(CH3)2CO 

Ao 

o 

NR 

(2.2) 

One of the common methods to generate acetylketene and other a-oxoketenes is 

the Wolff rearrangement of the diketocarbene (7) shown in equation 2.3. I4a,b,c 

o o 
A.hv 

R ' ^>r ^R 

N2 

O O 

R ^ ^ ^ ^ R 

R V 
+ 

R'^ ^ 0 o R' 

Z-2 
(2.3) 

E-2 

R = H,Me;R '=H,Me. 



Other important precursors used to prepare acetylketene and other a-oxoketenes 

are p-ketoesters (8),̂ ^ l,3-dioxin-4-ones (10) (an example has been shown in eq 2.2), ' 

17 and 2,3-dihydrofuran-2,3-diones (11). Figure 1 shows the related thermal or 

photochemical reactions for the preparation of these ketenes. 

O O 

R'O" > " ^R 

R 
8 

A,hv 
- R"OH 

Z-2 + E-2 

R = H, AUcyl 
R = H, AUcyl 
R" = H, Alkyl 

10 
R .^^0 

11 

Figure 1. Methods of generating a-oxoketenes by thermolysis or photolysis. 

Acetylketene as well as other a-oxoketenes have found applications in organic 

synthesis. By reacting a-oxoketenes whh nucleophiles, [5-ketoacid derivatives (12) can 

be synthesized (eq 2.4). 19-24 



\ v ^ Nu:H 

O O 

Nu Nu 

O -^ ^OH ' - ' " ' ^O 
(2.4) 

12 

Acetylketene can be used instead of diketene in acetoacetylation reactions.^ '̂̂ ^ As 

a highly reactive intermediate, acetylketene has been applied in various aspects of 

organic synthesis. These include the syntheses of diaza crown ether (13),̂ ^ 4-alkyl-l,4-

dihydropyridine derivatives (14) (specific PAF-Acether antagonists),^^ and sugar 

•1 Q 

derivatives (15), all whh very high yields (80-99%). Figure 2 shows the synthetic 

routes. In addition, P-lactams have been obtained by a four-step synthesis using 

acetylketene as an intermediate.^^ 

One unusual aspect of the reactivity of acetylketenes is their tendency to 

participate as the 4 center partner in [4+2] reactions. The essentially planar transition 

states of the additions of water and formaldehyde to formylketene were predicted by 

Bhney and Wagenseller by ab initio calculations, and this kind of addhion reactions was 

described as a pseudopericyclic reaction.^° The following paragraphs will focus on 

describing some background in pericyclic reactions and pseudopericyclic reactions. 



// 
o 

o o 
o 

l,10-Diaza-18-Crown 

8 1 % 
t C 

N 

O 

o. 

N 

.0. 

0H> 
'SR 

Xylene 
120OC 

O 

59% 

O" 
,SR R. 

O O 

, 0 - ^ ^ N A 

13 

NHo 

O 

D-glucose 

R = Me. Et, Ph 

CH2OR 
H J — Q H 

R2CHO 
50-80% ] 

O R2 o 

R,0 

98% 

H OR 15 

O O 

R -XA 
Figure 2. Organic synthesis using acetylketene as an intermediate 18 
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Pericyclic Reactions 

Woodward and Hoffmann defined pericyclic reactions as "reactions in which all 

first-order changes in bonding relationships take place in concert on a closed curve".^^ 

They divided pericyclic reactions into five types: cycloaddition, electrocyclic, 

sigmatropic, chelatropic and group transfer reactions.^^ Most attention has been paid to 

pericyclic cycloaddhions when considering the addhion reactions of ketenes. Therefore, 

the related frontier orbital theory is introduced below. 

In fi-ontier orbhal theory,̂ "̂  the rule is that: reactions are allowed only when all 

overlaps between the highest-occupied molecular orbhal (HOMO) of one reactant and the 

lowest-unoccupied molecular orbhal (LUMO) of the other are such that a poshive lobe 

overlaps only whh another poshive lobe (bonding) and a negative lobe only with another 

negative lobe (bonding). When applied to pericyclic addhion reactions, all overlaps must 

be bonding. 

A concerted cyclic addhion of two monoolefins (a 27te + 27ce system) is not 

allowed thermally because one orbital overlap must be antibonding. However, this 

reaction can undergo photochemically since for one of the two monoolefins, one of its 

electrons is excited to a vacant orbital before reaction occurs, such that hs HOMO and 

LUMO change, and the orbhal overlaps are bonding (Figure 3). 

A concerted cyclic addition of one diene with one monoolefm (a 47ie + 2ne 

system) is allowed thermally because the overlaps are bonding. This reaction is 

photochemically forbidden after the exchation of one electron (Figure 4). 



2 - ^ 
LUMO HOMO 

ir^ 
HOMO 

Ground State Excited State 

a. Molecular orbitals of a monoolefm. 

Thermally forbidden [2+2] reactions Photochemically allowed [2+2] reactions 

HOMO ^ - X HOMO S - ^ 
LUMO iH LUMO M 

b. [2 + 2] Pericyclic additions. 

Figure 3. Molecular Orbitals of a Monoolefm and [2+2] Pericyclic Additions 
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LUMO 

LUMO HOMO 

HOMO 

Ground State Excited State 

a. Molecular orbitals of a diene. 

Figure 4. Molecular Orbhals of a Diene and [4+2] Pericyclic Addhions 

11 



ThermaUy allowed [4+2] additions 

HOMO /k lL LUMO 

LUMO 

Photochemically forbbiden [4+2] additions 

HOMO )± 1L LUMO 

LUMO 

b. [4 + 2] Pericyclic additions. 

Figure 4. Continued. 

'%-4 HOMO " ^ 

\ f \ f 

\ 1 HOMO J J 
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In the above discussion, a given molecule forms two new a bonds from the same 

face of the n system. This manner of bond formation is called suprafacial and 

represented by a subscript s, so the above reactions can be written as [TI2S + 7c2s] and [7t4s 

+ 7c2s], respectively. 34 

In some cases, the newly formed two a bonds lie on opposite faces of the TZ 

system. This type of orientation is called antarafacial and represented by a subscript a. 34 

In contrast to a thermally forbidden [7c2s + 7i2s] reaction, a [7c2s + 7r2a] reaction is 

thermally allowed; similarly, a [7c4s + 7i2a] pathway becomes thermally forbidden while 

[7c4s + 7c2s] is thermally allowed. These considerations are reversed for the corresponding 

photochemical processes. 

Although a [7i2s + 7c2a] pathway is thermally allowed, most aUcenes still do not 

undergo this type of thermal cycloadditions due to steric difficulties. However, ketenes 

commonly undergo the [7c2s + 7c2a] reactions with alkenes because the steric demands of 

the ketene are less and because there are favorable bonding interactions between both 

carbons of the alkene and the electron-deficient/? orbhal of the carbonyl carbon (Figure 

5).^ 

Less steric hmdrance (ketene) More steric hindrance (alkene) 

Figure 5. Ketenes undergo [%2^ + 7i2a] additions because of reduced steric congestion. 

13 



Acetylketene and Pseudopericyclic Reactions 

Unlike the [7c2s + 7c2a] cycloaddhions typical of ketenes which were described 

above, a-oxoketenes generally undergo concerted [4+2] reactions. In 1994, Birney and 

Wagenseller proposed a pseudopericyclic mechanism to interpret this kind of reaction. 30 

The concept of "pseudopericyclic" was first introduced by Lemal et al. in 1976 to 

describe a pericyclic reaction as "a concerted transformation whose primary changes in 

bonding compass a cyclic array of atoms, at one (or more) of which nonbonding and 

bonding atomic orbitals interchange roles. In a crucial sense, the role interchange means 

a 'disconnection' in the cyclic array of overlapping orbitals because the atomic orbitals 

switching functions are mutually orthogonal. Hence pseudopericyclic reactions can not 

be orbital symmetry forbidden." 35 

CFs /CFs 

S==0 

16a 16b 
(2.5) 

Lemal et al. used the concept of "pseudopericyclic" to explain the facile 

degenerate rearrangement of sulfoxide 16a (eq 2.5). They proposed that the low 

activation energy (6.8 kcal/mol) of this reaction was due to the orbital topology on the 

sulfur, which allows the nonbonding orbhal to begin to form a bond while an orthogonal 

bond is cleaved. 35 
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Birney and Wagenseller proposed that the [4 +2] addhion reactions of a-

oxoketenes are best described diSpseudopericyclic based on ab initio calculations. They 

predicted that the addhion of water and of formaldehyde to formylketene (17) have low 

barriers (eq 2.6) and proceed through very unusual, essentially planar transhion states 

(Figure 6).^° 

O O 

o 
^ Q TT Ea = 6.3 kcal / mol 

/ • HO H H 

^ , 

+ < 
O 

17 

O 

O Ea= 10.6 kcal/mol 

A. ^ 
v̂  H H 

O 

o ^ 
(2.6) 

Figure 6 shows the approximately antisymmetric and symmetric basis orbitals 

(with respect to the molecular plane) undergoing bonding changes for the reactants 

formylketene and water, the transhion state structure, and the product. The 

antisymmetric (TT) orbhals are occupied by 6 electrons, and the symmetric (a and 7c) 

orbhals are occupied by 8 electrons, for the total of 14. It can be seen that the 7i-orbhals 

in the antisymmetric system remain the same in the course of reaction. Similarly, there is 

a smooth transformation of the symmetric orbhals from the reactants to the product.^° 

Thus, this reaction is orbhal symmetry allowed, even though there is not a loop of 

interacting orbhals. 
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Antisymmetric 

O—H 
H 

-H 

Symmetric 

H H 

17 18 19 

Figure 6. Basic atomic orbitals involved in the bonding changes in the reaction of 
formylketene and water 30 
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According to the theory of pseudopericyclic reactions by Birney and Wagenseller, 

"the dramatic, qualitative difference between the transition structure (18) and those found 

for other pericyclic reactions is that the approximate planarity of 18 ensures that there is 

little or no overlap between the n (antisymmetric) and a (symmetric) systems in this 

transhion structure." Therefore, the closed loop of interacting orbhals does not exist 

here and the Woodward-Hoffmann rules, rules based on Fukui's frontier molecular 

orbital theory, and Dewar-Zimmerman transition-state aromaticity arguments would not 

apply. A pseudopericyclic reaction is allowed regardless of the number of participating 

electrons.^° 

It should also be noted that the [4+2] cycloadditions of formylketene with water 

and formaldehyde are concerted. Thus one might expected steric and electronic effects at 

both forming bonds to be observed. 

The following chapter provides the results and discussion of a systematic study of 

compethive reactions of acetylketene whh a variety of polar reagents. It provides the 

fundamental reactivity information on acetylketene and a test of the validity of the 

predictions regarding these pseudopericyclic transition structures. 

17 



CHAPTER m 

RESULTS AND DISCUSSION 

Introduction 

Pyrolysis of trimethyldioxinone (4) is a common method for producing 

acetylketene (2). Acetylketene can be trapped by a variety of polar reagents such as 

alcohols, ketones, amines, vinyl ethers and aldehydes (as carried out in our research lab). 

Early studies indicated that the reaction rates are independent of the concentration of 

added nucleophilic trapping reagents.^^^'^* Thus, a unimolecular reaction mechanism 

was proposed for these reactions in which the rate determining step is the formation of 

the reactive intermediate acetylketene. 

The formation reaction of acetylketene is reversible in the absence of trapping 

reagents, and acetylketene will also undergo self-dimerization to dehydroacetic acid (20). 

However, acetylketene reacts with added polar reagents very rapidly. Scheme 3.1 shows 

these reaction routes. 

The competitive reactions of acetylketene with the polar reagents were carried out 

by flash vacuum pyrolysis. The experimental results are listed in Table 1. The trapping 

polar reagents, including methanol, 1-propanol, 1-butanol, 1-pentanol, 2-propanol, 2-

methyl-2-propanol, 2,2,2-trifluoroethanol, cyclohexanone, heptaldehyde, 1-propylamine 

and phenol, were used in excess to ensure that their concentrations remain relatively 

constant in the course of the reaction. The product ratio, therefore, will reflect the kinetic 

selectivity towards a known ratio of trapping reagents. The following paragraphs give 
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detailed discussion regarding the compethive reactions of pairs of reagents with 

acetylketene. 

i ^ E a = 31.1kcal/mol 
^ y \ -(CH3)2CO 

heat ROH 

O O 
R-R'-CO 

21 

0 A 

o 

. A Q R 

x - ^ o 
22 

aR=-C(CH3)3 
bR=-CH(CH3)2 
cR=-(CH2)4CH3 
dR=-(CH2)3CH3 
eR=-(CH2)2CH3 
fR=-CH3 
gR=-CH2CF3 

hR=-C6H5 

y^o R 
23 

a R , R " = -(CH2)5-

bR' = H,R" = -(CH2)5CH3 

cR' = H,R" = -(CH2)4CH3 

Scheme 3.1 
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Table 1. Experimental resuhs of competitive reactions of pairs of reagents with 
acetylketene (2) generated by flash vacuum pyrolysis of 4. * 

O 

O 

/ ^O 
+ A + B 

FVP 
• ^ X + Y 

Reactants Molar ratio Products ̂  Molar ratio ^ 

No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

A 

CH3(CH2)40H 

CH3(CH2)40H 

CH3(CH2)20H 

CH3(CH2)40H 

CH3(CH2)40H 

CH3(CH2)40H 

cyclohexanone 

CH3(CH2)40H 

CH3(CH2)30H 

B 

(CH3)3COH 

(CH3)2CHOH 

CH3OH 

CF3CH2OH 

cyclohexanone 

cyclohexanone 

heptaldehyde 

phenol 

CH3(CH2)2NH2 

2 : A : B 

1 : 5 : 5 

1 : 5 : 5 

1 : 6 : 6 

1 : 5 : 5 

1 : 1 : 1 

1 : 1 : 20 

1 : 10: 10 

1 : 4 : 4 

1 : 4 : 4 

X 

22c 

22c 

22e 

22c 

22c 

22c 

23 a 

22c 

27 

Y 

22a 

22b 

22f 

22g 

23 a 

23a 

23b 

22h 

28 

X : Y 

8.2 : 1.0 

3.0: 1.0 

1.0: 1.1 

6.2 : 1.0 

«800: 1 

300: 1 

1.0: 1.0 

3.4 : 1 *= 

1.0:2.3 

* Resuhs are an average of three separate reactions (except for No. 8). ^ The quanthies of 
the enol tautomers 21 are included. ^ Average of two separate reactions; data obtained 
from NMR due to the decomposhion of 22h in GC. 

20 



Compethive Reaction of Acetylketene whh 1-Pentanol and Cyclohexanone 

In order to compare to the theoretical ab initio calculations for the addition 

reactions of formylketene whh water and formaldehyde, an alcohol and an aldehyde 

seemed to be an more appropriate choice of reagents than an alcohol and a ketone 

because they have closer structural bulk to water and formaldehyde. However, the 

aldehyde might further react whh the alcohol adduct by means of a Knoevenagel 

condensation (eq 3.1), which makes studying the competitive reactions much more 

difficult. Meanwhile, we found that cyclohexanone and heptaldehyde react with 

acetylketene almost at the same rate, as will be discussed later in this chapter. Therefore, 

using cyclohexanone instead of heptaldehyde is reasonable. 

R 

H 
>o + 

O 0 

- • • 

o o 

+ 

H^R 

o o 

R H 
(3.1) 

The compethive reaction of acetylketene whh 1-pentanol and cyclohexanone is 

shown in equation 3.2. 
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/ . 

/^o 

23a 
(3.2) 

This compethive reaction was performed fu-st by trapping acetylketene whh a 1:1 

mixture of 1-pentanol and cyclohexanone. By GC analysis, the ratio of 1-pentanol 

adducts (21c, 22c) and cyclohexanone adduct (23a) was found to be approximately 800:1 

(Table 1), which indicates the essentially exclusive selectivity of acetylketene to 1-

pentanol. 

The second competitive reaction was run by changing the molar ratio of 1-

pentanol and cyclohexanone to 1:20 to let cyclohexanone be in twenty-fold excess. 

However, it can be seen from Table 1 that the experimental resuh still shows nearly 

exclusive selectivity towards 1-pentanol. 

Before carrying out the compethive reaction of acetylketene whh 1-pentanol and 

cyclohexanone, we used the flash vacuum pyrolysis technique to generate acetylketene in 

the presence of cyclohexanone alone and obtained a high yield of the cyclohexanone 

adduct (23a). This ensures that cyclohexanone is reactive whh acetylketene. Combined 

whh the above resuhs, h indicates an experimental confirmation for the prediction by ab 

initio calculations, that reaction of alcohols with acetylketene is much faster than the 

reaction of ketones. 
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From the kinetic point of view, the molar ratio of the products can be described by 

the following equation: 

Product Molar Ratio [(21c+22c): 23a] = (d[21c+22c] / dt) / (d[23a] / dt) 

= ki[2][24]/k2[2][25] 

= ki[24]/k2[25]. (3.3) 

According to the transhion state theory ^"^^ the rate constants ki and ki can be 

expressed by equations 3.4 and 3.5: 

ki = (KikT / h ) [exp( -AGi " / RT)] (3.4) 

k2 = (K2kT / h ) [exp( -AG2 * I RT)]. (3.5) 

Where KI and K2 are the transmission coefficients, k is the Boltzmann constant, h 

is the Planck constant, R is the molar gas constant, and T is the absolute temperature. 

Assuming that [24] = [25] and KI= K2, and substituting equations 3.4 and 3.5 into 

equation 3.3, we have 

Product Molar Ratio [(21c+22c): 23a] = exp[(AG2" - AGi '^ / RT] 

= exp[(AAG^/RT]. (3.6) 

Further, assuming that T = 298 K, when the Product Molar Ratio [(21c+22c) 

23a] = 812 : 1, equation 3.6 becomes 
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812 = exp[AAG* / (1.987 cal K'' mof' x 298 K)]. (3.7) 

Solving the above equation 3.7 for AAG", we get AAG" = 3.967 x 10̂  cal / mol « 

4.0 kcal / mol. 

AAG" is the energy difference between the two transition states (the addhion of 1-

pentanol to acetylketene and the addition of cyclohexanone to acetylketene); the value of 

4.0 kcal / mol is very close to the transition state energy difference (4.3 kcal / mol) 

predicted by the ab initio calculation for the addhions of water and formaldehyde to 

acetylketene. If one agrees that the chosen competitive reaction was a good experimental 

substitute for addhions of water and formaldehyde to formylketene, then this result 

indirectly supports the proposal that the addhions of 1-pentanol and cyclohexanone to 

acetylketene follow a [4 + 2] pseudopericyclic pathway. 

Compethive Reactions of Acetylketene whh Alcohols 

The compethive reactions between acetylketene and four pahs of alcohols have 

been investigated. These pairs include methanol and 1-propanol (1° alcohol), 1-pentanol 

(1° alcohol) and 2-propanol (2° alcohol), 1-pentanol (1° alcohol) and 2-methyl-2-propanol 

(3° alcohol), and 1-pentanol (1° alcohol) and trifluoroethanol. The T alcohols were 

chosen to ensure good resolution on the GC. It can be seen from Table 1 that the steric 

hindrance and nucleophilic factor both play important roles in the selectivhy of the 

reactions of alcohols with acetylketene. 

Both methanol and 1-propanol have similar steric hindrance, so it is not 

unexpected that there is essentially no selectivhy between them. However, a 2° alcohol 
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has more steric hindrance than a T alcohol, and a 3° alcohol has even more steric 

hindrance than a T alcohol; these differences are reflected by the experimental results: 1-

pentanol reacts with acetylketene 3.0 times faster than 2-propanol does and 8.2 times 

faster than 2-methyl-2-propanol does. Hence, there is some selectivhy between a 1° and 

a 2° alcohols and more selectivhy between a 1° and a 3° ones. Such a steric effect is 

consistent with the calculated concerted transhion state (Figure 7).̂ ^ There is significant 

bond formation between the nucleophilic alcohol oxygen and the electrophilic central 

ketene carbon (C2) which brings the carbon of the alcohol (which would correspond to Hg 

in Figure 7) close to the ketene oxygen (Oi).̂ ^ 

Figure 7. MP2/6-3IG* optimized geometry of the transhion state structure 
for the addition of water to formylketene.̂ ^ Carbons are shaded, 
hydrogens are open, and oxygens are striped. Partial bonds are unfilled. 
The unit of bond lengths is angstrom. 

According to the geometry of the calculated transhion state structure in Figure 7, 

it can be seen that there is also substantial proton transfer in the course of the reaction. 
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So changing the nucleophilicity of the alcohol oxygen and the acidity of the alcohol 

hydrogen would lead to significant influences on the reactivhy.̂ ^ We therefore 

investigated the competitive reaction of acetylketene whh trifluoroethanol (TFE) and 1-

pentanol, since the former alcohol is more acidic but less nucleophilic than the latter. As 

we expected, this compethive reaction shows that 1-pentanol reacts with acetylketene 6.2 

times faster than TFE does (Table 1), which suggests that reducing the nucleophilichy of 

TFE was more significant than the opposing effect of increasing its acidhy. This is 

consistent with the transhion state structure in Figure 7, in which nucleophilic attack of 

the alcohol oxygen (O?) on the ketene carbon (C2) is more advanced, while proton (He) 

transfer to the carbonyl oxygen (O5) is less so. 

Competitive Reaction of Acetylketene with Cyclohexanone 

and Heptaldehyde 

To further experimentally confirm the concerted nature of the transition state 

predicted by the ab initio calculations, we investigated the compethive reaction of 

acetylketene with a ketone (cyclohexanone) and an aldehyde (heptaldehyde). From Table 

1, the product ratio of the cyclohexanone adduct and the heptaldehyde adduct is 1.0 : 1.0, 

which indicates that there is no selectivity between cyclohexanone and heptaldehyde. 

Considering the carbonyl group of aldehydes and ketones, the carbonyl oxygen is 

nucleophilic and the carbonyl carbon is electrophilic. Generally, the carbonyl carbon of 

aldehydes is more electrophilic than that of ketones, whereas the carbonyl oxygen of 

aldehydes is less nucleophilic than that of ketones. This is to say that h is the concerted 

nature of [4 + 2] pseudopericyclic transition state that makes these two effects apparently 
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offset one another, leading to the similar rates of reaction. This result clearly shows the 

effect on the reaction rate caused by both nucleophilic and electrophilic shes on the 

29 

reagent. 

Competitive Reaction of Acetylketene with 1-Propylamine and 1-Butanol 

It has been shown by the competitive reaction of acetylketene with 

trifluoroethanol and 1-pentanol that the nucleophilicity has significant effect on the 

reactivity. In order to further examine this effect, the competitive reaction of 

acetylketene with 1-propylamine and 1-butanol was investigated. It is known in general 

that amines are more nucleophilic than alcohols (although less acidic), therefore, 1-

propylamine was predicted to react with acetylketene more rapidly than 1-butanol does. 

r 

4 FVP 
+ HO(CH2)3CH3 ^ 

+H2N(CH2)2CH3 
< 

O 

^'' '^0(CH2)3CH3 

Ao 
22d (A) 

O 

X NH(CH2)2CH3 

26(B) 

0(CH2)3CH3 

NH(CH2)2CH3 

27(C) 

NH(CH2)2CH3 

NH(CH2)2CH3 
28(D) 

Figure 8. Compethive reaction of acetylketene whh 1-propylamine and 1-butanol. 
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Experimentally, instead of getting P-ketoester (22d) and P-ketoamide (26), 

enaminoester (27) and enaminoamide (28) were obtained when dioxinone (4) was 

pyrolyzed in the presence of excess 1-propylamine and 1-butanol (Figure 8). 

A control experiment was performed then to ensure that the enaminoester (27) 

and enaminoamide (28) were formed from the P-ketoester (22d) and P-ketoamide (26). 

When a mixture of 22d, 26 and excess 1-propylamine was subjected to the workup and 

analysis condhions, the unreacted 22d and 26 and the formed 27 and 28 were found from 

the GC diagram. More importantly, it was found that the inhial molar ratio of 22d to 26 

was equal to the ratio of the sum of the moles of unreacted 22d and formed 27 to the sum 

of the moles of unreacted 26 and formed 28 (see details in Experimental Section on the 

"Competitive Reactions of Acetylketene with 1-Butanol and 1-Propylamine"). Thus, 

there was no amide formation from the ester. The 1 : 2.3 molar ratio of enaminoester 

(27) to enaminoamide (28) shovm in Table 1 thereby reflects the relative selectivity of 

acetylketene (2) towards the alcohol and the amine. As a more nucleophilic reagent, 1-

propylamine was indeed more reactive. 

The barrier for the addition of ammonia to formylketene was calculated by Birney 

and Ham.̂ ^ The transhion state structure 30 was located at the MP2/6-3 IG* level. A 

tight hydrogen bonded molecular complex 29 was also located. As expected for a 

pseudopericyclic reaction, the transhion state structure is completely planar. It is also a 

very late transhion state structure, with both the C2-N7and O5-H6 bonds (Figure 9) much 

more formed than the corresponding C2-O7 and O5-H6 bonds (Figure 7) in the addhion of 

formylketene with water. 
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NH 
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Transhion structure 

1.567 
1.306 

29 30 

Figure 9. MP2/6-3 IG* optimized geometry for the complex 29 between formylketene 
and ammonia and for the transhion structure 30 for the addhion reaction 
between them. Atom shading is as in Figure 7, with nhrogen labeled. 
The unit of bond lengths is angstrom. 
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The barrier for the addhion of ammonia to formylketene is only 1.1 kcal/mol at 

MP4(SDQ)/6-31G*//MP2/6-31G* level, h vanishes when the zero-point vibrational 

energy correction is applied.^^ It is much lower than the calculated barrier for the 

addhion of water to formylketene which is 6.3 kcal/mol. This is consistent with the 

observed reactivhy of acetylketene whh 1-propylamine and 1-butanol, however, the 

calculated non-existent barrier for the addhion of ammonia to formylketene would 

predict much greater selectivity for an amine than is observed in solution.̂ ^ One reason 

for this discrepancy might be that in solution, 1-propylamine molecules need to break 

hydrogen bonds before they react with acetylketene. 

Competitive Reaction of Acetylketene with 1-Pentanol and Phenol 

It can be seen from Table 1 that acetylketene reacts with 1-pentanol 3.4 times 

faster than with phenol. The fact that phenol has more steric hindrance than 1-pentanol 

could be one reason. Another reason is probably because of the weaker nucleophilicity 

of phenol compared to 1-pentanol. One lone pair electrons of oxygen in phenol 

conjugate with the benzene ring n system, so the nucleophilic character of phenol is 

reduced although hs acidity is increased. Similar explanation can be obtained if 

considering the resonance structures of phenol (Figure 10). 

As discussed previously in the compethive reaction of acetylketene with 1-

pentanol and TFE, the resuh that 1-pentanol is more reactive than phenol is consistent 

with the transhion state structure in which nucleophilic attack of the 1-pentanol oxygen is 

more advanced than proton transfer. 
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S^ 

Figure 10. The resonance structures of phenol. 

Conclusions 

A number of competitive reactions of acetylketene with a variety of polar reagents 

were carried out to experimentally confirm the unusual, essentially planar transition 

states of pseudopericyclic reactions predicted by previous ab initio calculations. 

It has been found that acetylketene shows almost exclusive selectivity towards an 

alcohol (1-pentanol) in the presence of a ketone (cyclohexanone); the difference of the 

energy barrier for these two additions (1-pentanol and cyclohexanone to acetylketene) 

was calculated from the experimental data to be about 4.0 kcal/mol, which is very close 

to that predicted by ab initio calculations for the addhions of water and formaldehyde to 

formylketene (4.3 kcal/mol). 

Steric hindrance has a significant effect on the reactivhy. This was demonstrated 

by the compethive reactions of acetylketene with different alcohols and the reactivhy 

preference is MeOH « 1° >2° >3°. 
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Nucleophilichy was also found to have an important contribution to the selectivity 

in the reactions of acetylketene. Both TFE and phenol are less reactive than 1-pentanol 

due to theh weaker nucleophilic nature. Similarly, 1-propylamine reacts more rapidly 

with acetylketene than does 1-butanol, which is consistent with ab initio calculations. 

Importantly, as a likely consequence of the concerted nature of the transition state, 

there is no selectivity between cyclohexanone and heptaldehyde. 

In conclusion, the agreement between the experimental and calculated 

selectivities is consistent with the proposed planar, pseudopericyclic transhion structures. 

Furthermore, it is anticipated that the selectivities observed will prove synthetically 

usefiil.^^ 
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CHAPTER IV 

EXPERIMENTAL 

General Methods 

Unless otherwise mentioned, all commercially available materials were used as 

received from the supplier. Hexanal and heptanal were vacuum distilled immediately 

before use. Methanol was fractionally distilled from Mg. 1-Propanol, 1-butanol, and 1-

pentanol were dried with MgS04 and then refluxed with and distilled from Mg under N2. 

2-methyl-2-propanol was distilled from CaO. Toluene was distilled from CaH2 under N2. 

1-Propylamine was distilled from Zn powder at reduced pressure in the atmosphere of N2. 

Phenol was recrystallized by using the mixture of ethyl ether and hexane as solvent. 

Pentane, hexane, and ethyl acetate were distilled before use. 

All compounds were tested by Gas Chromatography (GC) and showed over 98% 

purity before use. 

Gas Chromatographic (GC) analyses were carried out on a Hewlett-Packard 

5890A with a flame ionization detector, using a 30 m x 0.53 mm x 0.88 |im film 

thickness HP-5 (crosslinked 5% phenyl methyl silicone) column or a 30 m x 0.53 mm x 

0.88 |im film thickness HP-1 (crosslinked methyl silicone gum) column. To avoid 

decomposition, the injector temperature was set as low as possible. 

NMR spectra were recorded in CDCI3 using ehher an IBM AF-200 (200 MHz for 

proton and 50 MHz for carbon) or an IBM AF-300 (300 MHz for proton and 75.47 MHz 

for carbon) instrument. Major spectra are listed in the appendix, in which peak positions 
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are given in ppm (5) from internal tetramethylsilane and coupling constants (J) are 

reported in Hertz (Hz). 

IR spectra were obtained from a Perkin Elmer 1600 series FT-IR spectrometer. 

The mehing point of 3-oxo-butanoic acid, phenyl ester (22h) was measured in 

open capillaries using a MEL-TEMP instrument. 

Column chromatography in glass columns was performed using Aldrich mesh 60 

A silica gel (overnight oven drying before use). Thin layer chromatography was 

performed on Whatman silica gel sheets. 

All glassware except the FVP tube was oven dried. The hot glassware was 

cooled under a stream of dry N2 or within a desiccator before use. 

Flash Vacuum Pyrolysis (FVP) 

A mixture of reactants were dripped through a vertical seasoned 700 mm x 12 mm 

i.d. quartz pyrolysis tube at a chosen temperature into a liquid nitrogen cooled trap, which 

was coimected to a vacuum equipped with a 1400 WELCH DUO-SEAL vacuum pump 

capable of generating a vacuum of below 1 torr. No reaction was observed without 

heating. In the next 30 minutes, after the pyrolysis tube had been cooled down to room 

temperature, the trapping mixture was allowed to warm and stay at room temperature for 

about 20 minutes. The product(s) were removed from the trap under the helium 

atmosphere and analyzed by GC. 

The pyrolysis temperature was controlled by an electric multiple unit furnace 

(heating zone 328 mm x 32 mm i.d.), which had previously been calibrated by a 

thermocouple. 
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Flash vacuum pyrolysis was also performed whh the tube in a horizontal position. 

However, h could not provide a homogeneous reaction environment due to the different 

boiling points and melting points of related compounds. Another problem whh this 

method was it caused serious dimerization of acetylketene. 

Solution Pvrolvsis 

The mixture of reactants (with or without toluene as solvent) was placed in a 25 

mL two-neck flask. The flask was immersed into an oil bath at 92-95 °C. The reaction 

was monitored by GC. When most of dioxinone had decomposed, the reaction system 

was cooled down to room temperature. 

GC Analysis 

Gas Chromatography is a powerful technique for both qualitative and quanthative 

analyses. The qualitative analysis is based on the fact that different compounds usually 

have different retention times. The quanthative analysis is intimately tied to detectors. 

There are five quantitative analysis methods: area normalization, area normalization whh 

response factors, external standard, internal standard, and standard addhion. 

"Area normalization whh response factors" method was modified in our work. 

Naphthalene was chosen as a standard to obtain the correction factors or so-called 

relative response factors Rp. Mixtures which were made of naphthalene and an unknown 

were chromatographed. The areas of the two peaks - As and Ax for naphthalene and the 

unknown, respectively, were measured by a Hewlett Packard 3 392 A integrator, and the 

correction factor Rpx of the unknown is calculated by the following equation: 
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RFX = ( A X / A S ) / ( N X / N S ) . (4.1) 

Where Nx / Ns is the molar ratio of the unknown to the standard. This equation is 

used throughout in our GC analysis. 

If two compounds (xi, X2) exist in a same solution and their correction factors RFI 

and RF2 are known, then from equation 4.1, we have 

RFI = (AXI /AS) / (NXI /NS) (4.2) 

RF2 = (AX2/AS)/(NX2/NS). (4.3) 

Dividing equation 4.2 by equation 4.3, we get 

RFI / RF2 = (Axi / A^) I (Nxi / Nx2). (4.4) 

Rewriting the above equation, we get the formula for calculating the molar ratio 

of these two unknowns (xi, X2) as the following: 

Nxi /Nx2 = (Axi / Ax2) / (RFI / RFI). (4.5) 

When using GC to quanthatively analyze a certain compound, the GC condhions 

were always set to the same as those when hs correction factor was obtained, since the 
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senshivity of the detector may vary at different condhions. Table 2 gives the correction 

factors of some products (acetylketene adducts). 

Compethive Reactions 

All compethive reactions via FVP method followed the procedures as described 

above in Flash Vacuum Pyrolysis. Two compethive reactions via solution pyrolysis 

method followed the procedures in the description oiSolution Pyrolysis. Unless 

specially notified, FVP refers to vertical FVP and was carried out at approximately 400 

HP-I will be used to refer to the 30 m x 0.53 mm x 0.88 |im film thickness HP-1 

(crosslinked methyl silicone gum) GC column; HP-5 will be used to refer to the 30 m x 

0.53 mm x 0.88 îm film thickness HP-5 (crosslinked 5% phenyl methyl silicone) 

column. 

Compethive Reactions of Acetylketene with Methanol and 1-Propanol 

This competitive reaction was carried out by the FVP method. The reactant 

mixture contains 0.14g of dioxinone (4) (1 mmol), 0.19g of methanol (6 mmol), and 

0.36g of 1-propanol (6 mmol). The products were analyzed by GC using the HP-1 

column. The injection temperature was 125 °C, the initial oven temperature was 45 °C, 

and the oven temperature increasing rate was 10 °C / minute. The GC diagram showed 

the formation of 3-oxo-butanoic acid, methyl ester (22f) (and hs enol tautomer 21f) and 

3-oxo-butanoic acid, propyl ester (22e) (and hs enol tautomer 21e), and a small amount 

of unreacted dioxinone (4). It was found that the molar ratio of 22f+21f to 22e+21e was 
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Table 2. Correction factors RF of some acetylketene adducts. 

Acetylketene adduct Correction factor RF 

3-oxo-butanoic acid, 2,2,2-trifluoroethyl ester (22g) 0.30 

3-oxo-butanoic acid, methyl ester (22f) 0.34 

4-methyl-l,5-dioaspiro-[5,5]undec-3-en-2-one (23a) 0.37 

3-oxo-butanoic acid, pentyl ester (22c) 0.47 

2-hexyl-6-methyl-l,3-dioxin-4-one (23b) 0.50 

3-oxo-butanoic acid, propyl ester (22e) 0.55 

3-oxo-butanoic acid, 1,1-dimethylethyl ester (22a) 0.57 

3-oxo-butanoic acid, 1-methylethyl ester (22b) 0.57 

3-oxo-butanoic acid, propyl amide (26) 0.229 

3-propylamino-2-butenoic acid, propyl amide (28) 0.386 

3-oxo-butanoic acid, butyl ester (22d) 0.543 

3-propylamino-2-butenoic acid, butyl ester (27) 0.864 
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1.04 : 1, which showed that methanol and 1-propanol react with acetylketene at almost 

the same rate. 

The above reaction was repeated two more times. The results of the two 

experiments, with the molar ratio of 1.12 : 1 and 1.07 : 1, were very close to the first one 

(1.04 : 1). The average molar ratio was 1.1 : 1. 

Compethive Reactions of Acetylketene with 1-Pentanol and 2-Propanol 

This competitive reaction was carried out by the FVP method. The reactant 

mixture contains 0.18g of dioxinone (4) (1.25 mmol), 0.55g of 1-pentanol (6.25 mmol), 

and 0.3 8g of 2-propanol (6.25 mmol). The products were analyzed by GC using the HP-

1 column. The injection temperature was 125 °C, the inhial oven temperature was 75 °C, 

and the oven temperature increasing rate was 10 °C/minute. The GC diagram showed the 

formation of 3-oxo-butanoic acid, pentyl ester (22c) (and hs enol tautomer 21c) and 3-

oxo-butanoic acid, 1-methylethyl ester (22b) (and hs enol tautomer 21b), and a small 

amount of unreacted dioxinone (4). It was found that the molar ratio of 22c+21c to 

22b+21b was 2.98 : 1, which showed that 1-pentanol reacted with acetylketene about 

three time faster than 2-propanol does. 

The above reaction was repeated two more times. The resuhs of the two 

experiments, with the molar ratio of 3.10 : I and 2.98 : I, were very close to the first one 

(2.98 : 1). The average molar ratio was 3.0 : 1. 

A similar compethive reaction was done by solution pyrolysis method. The 

reactants were dioxinone (4), 1-butanol, and 2-propanol in 1 : 5 : 5 ratio. The product 

molar ratio of 22d+21d to 22b+21b was found to be 3.35 : 1. 
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Compethive Reactions of Acetylketene with 1-Pentanol and 
2-Methyl-2-propanol 

This compethive reaction was carried out by the FVP method. The reactant 

mixture contains 0.36g of dioxinone (4) (2.50 mmol), l.lOg of 1-pentanol (12.50 mmol), 

and 0.92g of 2-methyl-2-propanol (12.50 mmol). The products were analyzed by GC 

using the HP-1 column. The injection temperature was 125 °C and the inhial oven 

temperature was 45 °C. The holding time was 4 minutes, then the oven temperature 

increased with the rate of 10 °C / minute till 180 °C. The GC diagram showed the 

formation of 3-oxo-butanoic acid, pentyl ester (22c) (and hs enol tautomer 21c) and 3-

oxo-butanoic acid, 1,1-dimethylethyl ester (22a) (and hs enol tautomer 21a), and a small 

amount of unreacted dioxinone (4). It was found that the molar ratio of 22c+21c to 

22a+21a was 7.98 : 1, which showed that 1-pentanol reacted whh acetylketene about 

eight times faster than 2-methyl-2-propanol does. 

The above reaction was repeated two more times. The resuhs of the two 

experiments, with the molar ratio of 7.45 : 1 and 9.14 : 1, were comparative to the first 

one (7.98 : 1). The average molar ratio was 8.2 : 1. 

A similar competitive reaction was done by a solution pyrolysis method. The 

reactants were dioxinone (4), 1-butanol, and 2-methyl-2-propanol in 1 : 5 : 5 equivalent. 

The product molar ratio of 22d+21d to 22a+21a was found to be 6.29 : 1. 

Competitive Reactions of Acetylketene with 2.2.2-Trifluoroethanol 
and 1-Butanol 

This compethive reaction was carried out by the FVP method. A mixture of 

0.199g of dioxinone (4) (1.4 mmol), 0.700g of 2,2,2-trifluoroethanol (7.0 mmol), and 
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0.518g of 1-butanol (7.0 mmol) was dripped through a vertical seasoned quartz pyrolysis 

tube. The products were analyzed by GC using the HP-1 column. The injection 

temperature was 125 °C; the inhial oven temperature was 75 °C, then the oven 

temperature increased whh the rate of 10 °C / minute till 180 °C. The GC diagram 

showed the formation of 3-oxo-butanoic acid, butyl ester (22d) (and its enol tautomer 

21d) and 3-oxo-butanoic acid, 2,2,2-trifluoroethyl ester (22g) (and hs enol tautomer 21g). 

It was found that the molar ratio of 22d+21d to 22g+21g was 6.42 : 1, which showed that 

1-butanol reacted with acetylketene much faster than 2,2,2-trifluoroethanol does. 

The above reaction was repeated two more times. The resuhs of the two 

experiments, with the molar ratio of 6.41 : 1 and 5.81 : 1, were close to the first one (6.42 

: 1). The average molar ratio was 6.2 : 1. 

This compethive reaction was also conducted by using horizontal FVP three 

times. The molar ratio of 22d+21d to 22g+21g was found to be 3.69 : 1, 6.92 : 1, and 

6.00 : 1, with the average 5.5 : 1. 

Compethive Reactions of Acetylketene whh 1-Pentanol and Cyclohexanone 

This competitive reaction was carried out by the FVP method. A mixture of 

0.355g of dioxinone (4) (2.5 mmol), 0.22g of 1-pentanol (2.5 mmol), and 0.245g of 

cyclohexanone (2.5 mmol) was dripped through a vertical seasoned quartz pyrolysis tube. 

The products were analyzed by GC using the HP-1 column. The injection temperature 

was 125 °C and the inhial oven temperature was 45 °C. The holding time was 2 minutes, 

then the oven temperature increased whh the rate of 10 °C / minute till 180 °C. The GC 

diagram showed the formation of 3-oxo-butanoic acid, pentyl ester (22c) (and hs enol 
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tautomer 21c) and a tiny peak of 4-methyl-l,5-dioaspiro-[5,5]undec-3-en-2-one (23a). 

Unreacted dioxinone (4) existed in large amount. It was found that the molar ratio of 

22c+21c to 23a is about 800 : 1, which indicates the exclusive selectivhy of acetylketene 

towards 1-pentanol. 

By changing the molar ratio of the reactants to 1 : 1 : 10, 1 : 1 : 20, and 1 : 1 : 30 

(dioxinone : 1-pentanol: cyclohexanone), other three compethive reactions were done 

under the same experimental condhion. The molar ratio of 22c+21c : 23a was about 160 

: 1, 280 : 1, and 330 : 1, respectively. Because of the very tiny GC peak of 23a compared 

to that of 22c+21c, there might be some deviation in the calculation of the molar ratio. 

However, all four competitive reactions showed that 1-pentanol adducts (22c+21c) were 

dominant even when the cyclohexanone is in thirty-fold excess. 

Compethive Reactions of Acetylketene with Cyclohexanone 
and Heptaldehyde 

This compethive reaction was carried out by the FVP method. A mixture of 

0.71g of dioxinone (4) (5.0 mmol), 4.90g of cyclohexanone (50.0 mmol), and 5.71g of 

heptaldehyde (50.0 mmol) was dripped through a vertical seasoned quartz pyrolysis tube. 

The products were analyzed by GC using the HP-1 column. The injection temperature 

was 125 °C and the inhial oven temperature was 45 °C. The holding time was 2 minutes, 

then the oven temperature increased with the rate of 10 °C / minute till 180 °C. The GC 

diagram showed the formation of 4-methyl-l,5-dioaspiro-[5,5]undec-3-en-2-one (23a) 

and 2-hexyl-6-methyl-l,3-dioxin-4-one (23b). Unreacted dioxinone (4) existed in large 

amount. It was found that the molar ratio of 23a to 23b is 1 : 1.07. 
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The other two compethive reactions were performed, respectively, by varying the 

reactants molar rafio to 1 : 2 : 2 [3.55g of dioxinone (25.0 mmol), 4.90g of 

cyclohexanone (50.0 mmol), and 5.71g of heptaldehyde (50.0 mmol)] and 1 : 8 : 8 [0.61g 

of dioxinone (4.3 mmol), 3.37g of cyclohexanone (34.4 mmol), and 3.92g of 

heptaldehyde (34.4 mmol)]. The resuhing product molar ratio of 23a to 23b was 1 : 0.95 

and 1 : 0.97, respectively. 

The average molar ratio of the above three was 1.0 : 1.0, indicating that 

cyclohexanone and heptaldehyde have the same reactivity whh acetylketene. 

A similar competitive reaction was run by using cyclohexanone and hexaldehyde 

as acetylketene trapping reagents. The reaction went well hself, but the two products' 

GrC peaks overlapped. 

Competitive Reactions of Acetylketene with 1-Pentanol and Phenol 

This compethive reaction was carried out by the FVP method. A mixture of 

0.355g of dioxinone (2.5 mmol), 0.44g of 1-pentanol (5.0 mmol), and 0.47g of phenol 

(5.0 mmol) was dripped through a vertical seasoned quartz pyrolysis tube. The products 

were analyzed by GC using the HP-5 column. The injection temperature was 125 °C and 

the initial oven temperature was 65 °C. The holding time was 2 minutes, then the oven 

temperature increased whh the rate of 8 °C / minute till 180 °C. The GC diagram showed 

the formation of 3-oxo-butanoic acid, pentyl ester (22c) (and hs enol tautomer 21c) and 

3-oxo-butanoic acid, phenyl ester (22h) (and hs enol tautomer 21h). Unreacted 

dioxinone (4) existed in small amount. It was found later that 22h+21h decomposed 

easily even at very low injection temperature. So, NMR of the crude reaction mixture 
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was run instead of GC analysis. According to the NMR spectra, the molar ratio of 

22c+21c to 22h+21h was about 3 : 1 (average of two experiments). 1-Pentanol reacts 

with acetylketene faster than phenol does. 

Compethive Reactions of Acetylketene whh 1-Butanol and 1-Propylamine 

The compethive reactions of acetylketene with 1-butanol and 1-propylamine were 

carried out under the condhion of Flash Vacuum Pyrolysis. The reactant mixture 

contained 0.71g of dioxinone (4), 1.48g of 1-butanol, and 1.18g of 1-propylamine in 1 : 4 

: 4 equivalent. The products were analyzed by GC using the HP-5 column. The injection 

temperature was 125 °C and the inhial oven temperature was 65 °C. The holding time 

was 2 minutes, then the oven temperature increased with the rate of 8 °C / minute till 180 

°C. Two products 3-propylamino-2-butenoic acid, butyl ester (27) and 3-propylamino-2-

butenoic acid, propyl amide (28) formed with the molar ratio of 1 : 2.28 (average of three 

experiments 1 : 2.25, 1 : 2.43, and 1 : 2.17). The mechanism of this reaction is shown in 

Figure 8, where A, B, C, and D denote 22d, 26, 27, and 28, respectively. A control 

experiment was performed to ensure that 27 and 28 were from 3-oxo-butanoic acid, butyl 

ester (22d) and 3-oxo-butanoic acid, propyl amide (26). It is discussed below: 

It was found that after 22d and excess 1-propylamine were mixed in ethyl ether at 

room temperature for 15 minutes, the GC diagram of this sample showed the formation 

of 27 (eq 4.6). The GC condhions were: injection temperature 125 °C; oven temperature 

starting at 65 °C, holding for 2 minutes, then increasing the temperature at the rate of 8 °C 

I minute to 180 °C. The column was HP-5. 
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A similar experiment was done for the mixture of 26, 1-propylamine, and ethyl 

ether under the same conditions. 28 was found from GC diagram (eq 4.7). 

O o 
X X 

^0' 

Observed by GC 
(4.6) 

H 
.AA 

H 

Observed by GC 
(4.7) 

Based on the above facts, the following control experiments were designed to 

investigate the mechanism of the competitive reactions of acetylketene with 1-butanol 

and 1-propylamine. 

20-60 mg of 22d and 26 were weighed separately and dissolved in 4-5 mL of 

ethyl ether, then about 100 mg of 1-propylamine was added in. The GC diagram of this 

sample mixture (under the same GC condhions as above) showed the formation of 27 and 

28. Also, unreacted 22d and 26 were found by GC. 

If 27 and 28 were from 22d and 26 and there was no trans-esterification, the 

molar ratio of NAU+NC to NBU+ND should equal the inhial molar ratio of NAI to NBI 

(where NAU, NBU, NC, ND, NAI, and NBI are moles of unreacted 22d, unreacted 26, formed 

27, formed 28, initial 22d, and inhial 26). 
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NAU, NBU, NC and ND are calculated from the peak areas on the GC diagram and 

the correction factors. Based on equation 4.1, the number of moles of sample x (Nx) is 

given by equation 4.8 (where x refers to the sample, s refers to the internal standard). 

NX = (AX/RFX)/ (AS/NS) (4.8) 

Therefore, we have 

(NAU+NC) / (NBU+ND) = (AAU / RFA + AC / RFC) / (ABU/ RFB + AD / RFD) (4.9) 

The correction factors of compounds A (22d), B (26), C (27), and D (28) are RFA 

= 0.543, RFB = 0.229, RFC = 0.864, and RFD = 0.386 (see Table 2). Substituting these 

values into equation 4.9, we get 

(NAU+NC) / (NBU+ND) = (AAU / 0.543 + AC / 0.864 ) / (ABU / 0.229 + AD / 0.386) (4.10) 

The relationship of NAI / NBI = (NAU+NC) / (NBU+ND) was verified by three 

control experiments (see Table 3). There was no trans-esterification. So the molar ratio 

of 3-propylamino-2-butenoic acid, butyl ester (27) to 3-propylamino-2-butenoic acid, 

propyl amide (28) in the compethive reaction of acetylketene whh 1-butanol and 1-

propylamine reflects the original ratio of P-ketoester (22d) to P-ketoamide (26). 

Therefore, acetylketene reacts with 1-propylamine faster than whh 1-butanol. 
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Table 3. Control experiment results. 

Trial 1 Trial 2 Trial 3 

NAI, mole 1.810x10*^ 2.652x10-^ 1.665x10 

NBI, mole 2.056x10"* 2.566x10"* 2.566x10 

AAU 1104400 1320630 902910 

ABU 347090 367340 304150 

A C 148000 316560 196000 

A D 362830 450690 604910 

NAI /NBI (Initial) 1 : 1.136 1.034 : 1 0.649 : 1 

(NAU+NC) / (NBU+ND) 1 : 1.114 1.010 : 1 0.653 : 1 

A = peak area in GC diagrams. 
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Syntheses of Authentic Materials 

Synthesis of 3-Oxo-butanoic acid, methvl ester (220 

A mixture of 1.07g dioxinone (7.5 mmol) and 0.72g methanol (22.5 mmol) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. Both 22f and hs enol tautomer 21f appeared on the GC trace. The conversion 

of dioxinone to 22f and 21f was 95%. The GC analysis also showed that there were 

almost no by-products. The excess methanol and formed acetone were removed by a 

Rotavapor (Biichi REl 11). Further purification was carried out by column 

chromatography on silica gel and eluted with ethyl ether : pentane : ethyl acetate (30 : 65 

: 5). A light yellow oil was obtained after removing the solvent. 

For 22f, ^HNMR (200MHz, CDCI3): 63.71(s, 3H), 53.43(s, 2H), 62.23(s, 3H); 

^̂ C NMR (50MHz, CDCI3): 5200.5, 167.5, 52.3, 49.8, 30.1. A small amount of 

tautomer 21f was also observed in the spectra. 

TR (retention time in GC): 3.19 and 4.68 min, when oven inhial temperature was 

45 °C, holding time was 4 min, and rate was 10 °C / min; in HP-1 column. 

TR (in GC): 1.81 and 2.27 min, when oven inhial temperature was 45 °C, rate was 

10 °C / min; in HP-1 column. 

The structures of 22f and 21f are: 

9 9 o OH 

o' ^ ^ ^o 
22f 21f 
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Synthesis of 3-Oxo-butanoic acid, propyl ester (22e) 

A mixture of 1.07g dioxinone (7.5 mmol) and 0.47g propanol (7.9 mmol) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. Both 22e and hs enol tautomer 21e appeared on the GC diagram. The 

conversion of dioxinone to 22e and 21e was 93%. The GC analysis also showed that 

there were almost no by-products. The excess propanol and formed acetone were 

removed by a rotavapor. Further purification was carried out by column chromatography 

on silica gel and eluted with ethyl ether : pentane : ethyl acetate (30 : 65 : 5). A light 

yellow oil was obtained after removing the solvent. 

For 22e, ^HNMR (200MHz, CDCI3): 63.97(t, 2H, J=6.7Hz), 53.34(s, 2H), 

52.14(s, 3H), 51.55(hextet, 2H, J=7.3Hz ), 50.82(t, 3H, J=7.3Hz); ^̂ C NMR (50MHz, 

CDCI3): 5200.4, 167.0, 66.6, 49.8, 29.8, 21.6, 10.0. 

For 21e, ^HNMR (200MHz, CDCI3): 511.98(s, IH), 54.86(s, IH), 53.95(t, 2H, 

J=6.7Hz), 5l.82(s, 3H), 51.55(hextet, 2H J=7.3Hz ), 50.82(t, 3H, J=7.3Hz); ^̂ C NMR 

(50MHz, CDCI3), 5175.2, 172.5, 89.5, 65.2, 21.8, 20.9, 10.0. 

IR: 3424.6, 2966.2, 2931.0, 2872.2, 1736.9, 1713.4, 1637.0, 1460.7, 1401.9, 

1354.9, 1307.9, 1266.8, 1184.5, 1149.3, 1102.2, 955.3, 890.7, 796.7, 620.4 cm-\ 

Anal. Calcd for C7H12O3: C, 58.32; H, 8.39. Found: C, 57.95; H, 8.53. 

TR (in GC): 3.89 and 4.43 min, when oven inhial temperature was 45 °C, rate was 

10 °C / min; in HP-1 column. 

The structures of 22e and 21e are: 
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22e 21e 

Synthesis of 3-Oxo-butanoic acid. 1-methylethyl ester (22b^ 

A mixture of 1.07g dioxinone (7.5 mmol) and 0.54g 2-propanol (9 mmol) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. Both 22b and its enol tautomer 21b appeared on the GC diagram. The 

conversion of dioxinone to 22b and 21b was 91%. The GC analysis also showed that 

there were almost no by-products. The excess 2-propanol and formed acetone were 

removed by a rotavapor. Further purification was carried out by column chromatography 

on silica gel and eluted with ethyl ether : pentane : ethyl acetate (30 : 65 : 5). A light 

yellow oil was obtained after removing the solvent. 

For 22b, ^HNMR (200MHz, CDCI3): 54.95(heptet, IH, J=6.3Hz), 53.35(s, 2H), 

52.16(s, 3H), 51.15(d, 6H, J=6.3Hz); ^̂ C NMR (50MHz, CDCI3): 5200.6, 166.5, 68.7, 

50.2,29.9,21.5. 

For 21b, ^H NMR (200MHz, CDCI3): 512.09(s, IH), 54.95(heptet, IH, J=6.3Hz), 

54.85(s, IH), 51.85(s, 3H), 51.15(d, 6H, J=6.3Hz); ' 'C NMR (50MHz, CDCI3): 5175.0, 

172.1,90.0,67.1,21.7,21.0. 

Anal. Calcd for C7H12O3: C, 58.32; H, 8.39. Found: C, 58.05; H, 8.15. 

TR (in GC): 5.13 and 6.20 min, when oven inhial temperature was 45 °C, holding 

time was 2 min, and rate was 10 °C / min; in HP-1 column. 
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TR (in GC): 1.38 and 1.61 min, when oven inhial temperature was 80 °C, rate was 

15 °C / min; in HP-1 column. 

TR (in GC): 1.83 and 2.08 min, when oven inhial temperature was 75 °C, rate was 

10 °C / min; in HP-1 column. 

TR (in GC): 5.13 and 6.20 min, when oven inhial temperature was 45 °C, holding 

time was 2 min, and rate was 10 °C / min, in HP-1 column. 

The structures of 22b and 21b are: 

0 0 . O OH 

O' - / ^ o 
22b 21b 

Synthesis of 3-Oxo-butanoic acid, butyl ester (22d) 

A mixture of 1.42g dioxinone (10.0 mmol) and 2.22g 1-butanol (30.0 mmol) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. Both 22d and its enol tautomer 21d appeared on the GC diagram. It could 

not be shown from the GC diagram the existence of unreacted dioxinone because its peak 

overlapped whh the product peak. The existence of dioxinone was found later by TLC. 

The GC diagram showed there was small amount of acetylketene dimer (20) formed. 

Some of the excess 1-butanol and formed acetone were removed by a rotavapor. Further 

purification was carried out by column chromatography on silica gel and eluted with 

ethyl ether : pentane : ethyl acetate (30 : 65 : 5). A yellow oil was obtained after 

removing the solvent. 
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For 22d, ^HNMR (200MHz, CDCI3): 54.06(t, 2H, J=6.6Hz), 53.37(s, 2H), 

52.19(s, 3H), 5l.67(m, 2H), 51.32(m, 2H), 50.85(t, 3H, J=7.3Hz); ^̂ C NMR (50MHz, 

CDCI3): 5200.5, 167.0, 65.0, 49.9, 30.3, 29.9, 18.9, 13.5. 21d was also observed in the 

spectra. 

TR (in GC): 10.11 and 10.81 min, when oven inhial temperature was 45 °C, 

holding time was 4 min, and rate was 10 °C / min; in HP-1 column. 

TR (in GC): 4.45 and 4.59 min, when oven inhial temperature was 50 °C, rate was 

15 °C / min; in HP-1 column. 

TR (in GC): 2.78 and 2.88 min, when oven inhial temperature was 80 °C, rate was 

15 °C / min; in HP-1 column. 

The structures of 22d and 21d are: 

Synthesis 3-Oxo-butanoic acid, pentyl ester (22c) 

A mixture of 1.42g dioxinone (10.0 mmol) and 1.05g 1-pentanol (12.0 mmol) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. Both 22c and hs enol tautomer 21c appeared on the GC diagram. The 

conversion of dioxinone to 22c and 21c was 97%. The GC analysis also showed that 

there was almost no acetylketene dimer (20) formed. Some of the excess 1-pentanol and 

formed acetone were removed by a rotavapor. Further purification was carried out by 
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column chromatography on silica gel and eluted whh ethyl ether : pentane : ethyl acetate 

(30 : 65 : 5). A yellow oil was obtained after removing the solvent. 

For 22c, ^HNMR (200MHz, CDCI3): 54.03(t, 2H, J=6.7Hz), 53.35(s, 2H), 

52.16(s, 3H), 51.53(m, 2H), 51.22(m, 4H), 50.80(broad triplet, 3H, J=6.7Hz); ^^CNMR 

(50MHz, CDCI3): 5200.4, 167.0, 65.3, 49.9, 29.9, 27.9, 27.7, 22.0, 13.7. 21c was also 

observed in the spectra. 

Anal. Calcd for C9H16O3: C, 62.77; H, 9.36. Found: C, 62.42; H, 9.25. 

TR (in GC): 9.89 and 10.31 min, when oven initial temperature was 45 °C, holding 

time was 2 min, and rate was 10 °C / min; in HP-1 column. 

TR (in GC): 11.11 and 11.61 min, when oven initial temperature was 45 °C, 

holding time was 4 min, and rate was 10 °C / min; in HP-1 column. 

TR (in GC): 7.33 and 7.85 min, when oven inhial temperature was 45 °C, rate was 

10 °C / min; in HP-1 column. 

TR (in GC): 4.46 and 4.80 min, when oven inhial temperature was 75 °C, rate was 

10 °C / min; in HP-1 column. 

The structures of 22c and 21c are: 

OH 
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Synthesis of 3-Oxo-butanoic acid. 2.2.2-trifluoroethyl ester ('22g) 

3-Oxo-butanoic acid, 2,2,2-trifluoroethyl ester (22g) was synthesized by both 

solution pyrolysis and FVP. 

When using solution pyrolysis method, 1.42g dioxinone (10.0 mmol) and 0.57g 

2,2,2-trifluoroethanol (5.0 mmol) were mixed into a two-neck 25 mL flask and immersed 

into an oil bath at 135 °C for about 2 hours (under the protection of nhrogen gas). Both 

22g and its enol tautomer 21g appeared on the GC diagram. Unreacted dioxinone and 

by-product acetylketene dimer (20) were also found. The reaction solution was first 

rotavapored to remove acetone and then vacuum distilled, 22g (yellow oil) was obtained 

by collecting appropriate fractions. 

When using FVP method, a mixture of 1.42g dioxinone (10.0 mmol) and l.OOg 

2,2,2-trifluoroethanol (10.0 mmol) was used as reactants to do FVP at about 400 °C. A 

GC analysis of the crude reaction mixture was taken. Both 22g and its enol tautomer 21g 

appeared on the GC diagram. The conversion of dioxinone to 22g and 21g was about 

90%. Unreacted dioxinone was found. The formed acetone was removed by a rotavapor. 

Further purification was carried out by column chromatography on silica gel and eluted 

with ethyl ether : pentane : ethyl acetate (30 : 65 : 5). A yellow oil was obtained after 

removing the solvent, the percent yield was 51%. It was found that some of the products 

was lost during the process of removing solvent by a vacuum pump. 

For 22g, ^HNMR (200MHz, CDCI3): 54.49(q, 2H, J=8.4Hz), 53.54 (s, 2H), 52.24 

(s, 3H); ^̂ C NMR (50MHz, CDCI3): 5199.2, 165.5, 122.7(q, J=277.1Hz), 60.7(q, 

J=36.9Hz), 49.2, 30.0. 
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For 21g, ^HNMR (200MHz, CDCI3): 5ll.58(s, IH), 55.06 (s, IH), 54.47(q, 2H, 

J=8.4Hz), 51.96 (s, 3H); ^̂ C NMR (50MHz, CDCI3): 5177.7, 170.7, 123.2(q, J=277.1Hz), 

88.5, 59.6(q, J=36.6Hz), 21.3. 

Anal. Calcd for C6H7O3F3: C, 39.14; H, 3.83. Found: C, 39.21; H, 3.88. 

TR (in GC): 0.88 and 1.08 min, when oven inhial temperature was 80 °C, and rate 

was 10 °C / min; in HP-1 column. 

The structures of 22g and 21g are: 

0 0 0 OH 

CF3^ O ^^ ^ CF3^ 0 

22g 21g 

Synthesis of 4-Methyl-1.5-dioaspiro-[5.5]undec-3-en-2-one (23a) 

A mixture of 1.42g dioxinone (10.0 mmol) and 4.9g cyclohexanone (50.0 mmol) 

was used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction 

mixture was taken. The GC diagram showed that most of the dioxinone had reacted and 

there was almost no acetylketene dimer (20) formed. The formed acetone was removed 

by a rotavapor, the reaction solution was then vacuum distilled. Further purification was 

carried out by column chromatography on silica gel and eluted with ethyl ether : pentane 

: ethyl acetate (36 : 60 : 4). A light yellow oil was obtained after removing the solvent. 

^H NMR (200MHz, CDCI3): 55.39(t, IH, J=5.0Hz), 55.23(s, IH), 51.98(s, 3H), 

51.85(m, 2H), 51.46(m, 2H), 51.26(broad s, 6H), 50.84(t, 3H, J=6.7Hz); ^̂ C NMR 

(50MHz, CDCI3): 6172.1, 162.8, 100.9, 95.8, 32.9, 31.5, 28.7, 22.7, 22.4, 19.3, 13.9. 

Anal. Calcd for C10H14O3: C, 65.92; H, 7.74. Found: C, 65.49; H, 7.90. 
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TR (in GC): 7.61 min, when oven inhial temperature was 75 °C, rate was 10 °C / 

min; in HP-1 column. 

The structure of 23a is: 

23a 

Synthesis of 2-Hexyl-6-methyl-1.3-dioxin-4-one (23b) 

A mixture of 1.06g dioxinone and 12.84g heptaldehyde (1:15 equivalent) was 

used as reactants to do FVP at about 400 °C. A GC analysis of the crude reaction mixture 

was taken. The GC diagram showed that 23b was formed and the conversion of 

dioxinone was 67%. Also, there was almost no acetylketene dimer (20) formed during 

the reaction. After acetone was removed by a rotavapor, the reaction solution was 

vacuum distilled to get rid of heptaldehyde. Further purification was carried out by 

column chromatography on silica gel and eluted whh ethyl ether : pentane : ethyl acetate 

(36 : 60 : 4). A light yellow oil was obtained after removing the solvent. 

^HNMR (200MHz, CDCI3): 55.39(t, IH, J=5.0Hz), 55.23(s, IH), 5l.98(s, 3H), 

51.85(m, 2H), 51.46(m, 2H), 51.26(broad s, 6H), 50.84(t, 3H, J=6.7Hz); ^̂ C NMR 

(50MHz, CDCI3): 5172.1, 162.8, 100.9, 95.8, 32.9, 31.5, 28.7, 22.7, 22.4, 19.3, 13.9. 

Anal. Calcd for C11H18O3: C, 66.64; H, 9.15. Found: C, 66.14; H, 9.35. 

TR (in GC): 8.66 min, when oven inhial temperature was 75 °C, rate was 10 °C / 

min; in HP-1 column. 
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Another similar compound 2-pentyl-6-methyl-l,3-dioxin-4-one (23c) was 

synthesized by the same routine. 

The structures of 23b and 23c are: 

/^O 

23b 

/^O 
23c 

Synthesis of 3-Oxo-butanoic acid, phenyl ester (22h) 

A mixture of 2.84g dioxinone and 1.692g phenol (2 : 1 equivalent) was used as 

reactants to do FVP at about 400 °C. There was a solid crystallized out from the crude 

reaction mixture. Recrystallization was done by using ethyl ether and hexane as solvent. 

A whhe crystal (22h and 21h) was obtained in 56% yield. 

For 22h, ^H NMR (300MHz, CDCI3): 57.37(m, 2H), 57.23(m, IH), 57.11(m, 2H), 

63.67(s, 2H), 52.33(s, 3H); ^̂ C NMR (75MHz, CDCI3): 5200.0, 165.7, 150.3, 129.5, 

126.2, 121.4,49.9,30.2. 

For 21h, ^H NMR (300MHz, CDCI3): 511.85(s, IH), 57.37(m, 2H), 57.23(m, 

IH), 57.11(m, 2H), 55.22(s, IH), 52.02(s, 3H); ^'C NMR (75MHz, CDCI3): 5177.6, 

171.1, 150.1, 129.4, 125.8, 121.6, 89.2, 21.4. 

TR (in GC): 12.51 min, when oven inhial temperature was 65 °C, holding time 

was 2 min, and rate was 8 °C / min; in HP-5 column. 22h and 21h decomposed 

even at low injection temperature. 

Mehing Point: 45.2 - 46.8 °C. 
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The structures of 22h and 21h are: 

22h 21h 

Synthesis of Dehydroacetic Acid (20) (Acetylketene Dimer) 

1.42g dioxinone (10.0 mmol) was added to toluene, the mixture was refluxed at 

about 110 °C for 3 hours. Acetone in the reaction solution was fist removed by a 

rotavapor, during this process, a yellow solid formed; then added ethyl ether until the 

yellow solid dissolved. The solution was put into a refrigerator overnight, a beautifiil 

yellow crystal formed. The crystal was filtered at low temperature and rinsed by hexane, 

it was found to be dehydroacetic acid by NMR. 

^H NMR (200MHz, CDCI3): 55.90(s, IH), 52.63(s, 3H), 52.24(s, 3H) (one 

hydrogen does not have signal in the range of 0-10 ppm); ^̂ C NMR (50MHz, CDCI3): 

5204.5, 180.3, 168.4, 160.4, 100.7, 99.1, 29.3, 19.9. 

TR (in GC): 12.1 min, when oven inhial temperature was 80 °C, rate was 10 °C / 

min; in HP-1 column. 

The structure of 20 is: 

O' ^O 

0 - ^ 0 
20 

58 



Synthesis of 3-Oxo-butanoic acid, propyl amide (26) 

A mixture of 2.84g dioxinone and 10.60g 1-propylamine (1 : 0.9 equivalent) was 

used as reactants to do FVP at about 400 ''C. A GC analysis of the crude reaction mixture 

was taken. The GC diagram showed that besides the formation of 26, 28 was also 

formed. The conversion of dioxinone to 26 was 83% and that of dioxinone to 28 was 

9%. Also, there was almost no acetylketene dimer (20) formed. The formed acetone was 

removed by a rotavapor. Further purification was carried out by column chromatography 

on silica gel and a series of elutes with ethyl ether : pentane : ethyl acetate, from 30 : 65 : 

5 to 15 : 80 : 5, were used. Later, an elute with ethyl ether : pentane : ethyl acetate : 

methanol (32.5 : 62.5 : 2.5 : 2.5) was also used. An orange oil was obtained after 

removing the solvent, the percent yield was 54%. 

^HNMR (200MHz, CDCI3): 57.04(broad s, IH), 53.38(s, 2H), 53.19(q, 2H, 

J=5.9Hz), 52.23(s, 3H), 51.47(hextet, 2H, J=7.14Hz), 5.89(t, 3H, J=7.36Hz); ^̂ C NMR 

(50MHz, CDCI3): 5204.3, 165.4, 49.5, 41.2, 31.0, 22.6, 11.3. 

IR: 3303.4, 3083.5, 2963.6, 2933.1, 2874.4, 1718.0, 1649.8, 1557.5, 1417.5, 

1358.9, 1327.7, 1158.9, 1078.4, 947.9 cm'\ 

TR (in GC): 9.81 min, when oven inhial temperature was 65 °C, holding time was 

2 min, and rate was 8 °C / min; in HP-5 column. 

The structure of 26 is: 

26 
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Synthesis of 3-Propylamino-2-butenoic acid, propyl amide (28) 
and 3-Propylamino-2-butenoic acid, butyl ester (27) 

A mixture of 1.78g dioxinone, 3.69g 1-propylamine, and 1.63g 1-butanol ( 1 : 5 : 

1.8 equivalent) was used as reactants to do FVP at about 400 °C. A GC analysis of the 

crude reaction mixture was taken. The GC diagram showed that 28 and 27 formed and 

almost all of the dioxinone reacted. Also, there was almost no acetylketene dimer (20) 

formed. After acetone and some of the unreacted reactants were removed by a rotavapor, 

fiirther purification was carried out by column chromatography on silica gel. 27 first 

came out of the column after using ethyl ether : pentane : ethyl acetate (30 : 65 : 5) as 

eluent; 28 came out later by increasing the polarity of the eluent. 

For 28, ^HNMR (200MHz, CDCI3): 59.04(broad s, IH), 54.82(broad s, IH), 

54.21 (s, IH), 53.11(m, 4H), 51.83(s, 3H), 51.50(hextet, 4H, J=7.36Hz), 50.90(m, 6H); 

^̂ C NMR (50MHz,CDCl3): 5170.9, 158.3,84.2,62.3,44.5,40.4,23.7,23.2, 19.2, 11.3. 

TR (in GC): 14.73 min, when oven inhial temperature was 65 °C, holding time 

was 2 min, and rate was 8 °C / min; in HP-5 column. 

For 27, ^HNMR (200MHz, CDCI3): 58.52(broad s, IH), 54.37(s, IH), 53.97(t, 

2H, J=6.65Hz), 53.10(q, 2H, J=6.84Hz), 51.85(s, 3H), 51.55(m, 4H), 51.32(m, 2H), 

50.89(m, 6H); ^̂ C NMR (50MHz, CDCI3): 5170.7, 161.8, 81.6, 62.1, 44.6, 31.1, 23.5, 

19.23, 19.16, 13.7, 11.3. 

TR(in GC): 13.65 min, when oven inhial temperature was 65 °C, holding time 

was 2 min, and rate was 8 °C / min; in HP-5 column. 

The structures of 28 and 27 are: 
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28 27 

Data on 3-Oxo-butanoic acid. 1.1-dimethylethyl ester (22a) 

3-Oxo-butanoic acid, 1,1-dimethylethyl ester (22a) is commercially available. 

The followings are its experimental data. 

^HNMR (200MHz, CDCI3): 53.20(s, 2H,), 52.09(s, 3H), 5l.32(s, 9H). 

^̂ C NMR (50MHz, CDCI3): 5200.7, 166.1, 81.5, 51.2, 29.7, 27.6. 

TR (in GC): 2.88 and 3.24 min, when oven inhial temperature was 50 °C, rate was 

15 °C / min; in HP-5 column. 

TR (in GC): 7.28 and 7.85 min, when oven inhial temperature was 45 °C, holding 

time was 4 min, and rate was 10 °C / min; in HP-5 column. 

The structures of 22a and 21a are: 

O O 

o 
22a 

O OH 

O 

21a 
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PART TWO 

STUDY OF THE CYCLIC ADDITION REACTION OF ACETYLKETENE 

WITH A CHIRAL ALDEHYDE 
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CHAPTER V 

BACKGROUND 

Felkin-Anh Model 

In the early 1950's, Cram proposed a rule to rationalize the stereoselectivhies of 

nucleophilic addhions to open-chain chiral carbonyl compounds.^^ According to this 

rule, the reactions of hydrides and Grignard reagents with simple acyclic aldehydes and 

ketones are predicted to lead predominantly to the diastereoisomers 32, showing in the 

following equation. 

S_ p R._7 S R S OH 
M.^_<^ \ M . ^ ^ O H ^ M . ^ _ ^ R 

L R L R L R 

31 32 33 
(5.1) 

Cram's rule was based on the assumption that the lowest energy conformation 

would be that one with the two smaller groups (S and M) staggered with respect to the 

carbonyl group. It was then assumed that approach of the reagent from the less hindered 

side would be controlling and would thus determine the configuration of the predominant 

product.'̂ ^ Cram's rule was quhe successfiil in interpreting many stereoselective 

nucleophilic addhions. 

In 1968, Cherest, Felkin and Prudent introduced a new model so-called Felkin's 

model in which a simple interpretation was proposed for the stereo outcome of 
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nucleophilic addhions, encompassing both open-chain carbonyl compounds and 

cyclohexanones."*^ This model is based on the following four premises: ^'^^ 

1. The transition states in these reactions are, in all cases, essentially "reactant-

like," rather than "product-like". 

2. Torsional strain (Phzer strain) involving partial bonds in transhion states 

represents a substantial fraction of the strain between fiilly-formed bonds, 

even when the degree of bonding is quhe low. 

3. The important transhion state interactions involve R' (the entering reagent 

group) and R (the achiral group attached to the carbonyl carbon) rather than 

the interactions of the group on the chiral center with the carbonyl oxygen as 

assumed by Cram and Karabatsos. Figure 11 shows the transition states 

according to Felkin's model. 

Figure 11. Transhion states of the Felkin-Ahn model. 40 

4. Polar effects stabilize those transhion states in which the separation between 

R' and the electronegative groups ( L, M, S) is greatest and destabilize others. 
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Felkin's model can provide a suitable explanation for the transition state of 

stereoselective nucleophilic addhions, which has been consistent with the experimental 

data. It also has the advantage of being able to interpret the stereochemical resuhs 

encountered in the cyclic carbonyl compounds.'*^ However, in this model, Felkin and his 

coworkers postulated that the interactions of substituents M and S are stronger with R 

than with O, so as to discriminate between 34 and 35 (see Figure 11), with the former 

being a preferred transhion state. 

In 1976, Anh and Eisenstein proposed an ahemative assumption of non-

perpendicular nucleophilic attack from the entering reagent group to the carbonyl carbon 

in the course of the addhion."*^ From Figure 12, h is clear that the steric hindrance 

encountered by Nu is much more serious in 38 than in 37 (wavy arrow); it is also clear 

that non-perpendicular attacks increase the Nu-R interaction and decrease the Nu-0 

interaction, thereby accounting for the predominance of R over O, even when R = H."*̂  

Figure 12. Non-perpendicular attacks in the stereoselective nucleophilic additions. 43 

Anh and Eisenstein therefore suggested the replacement of the third premise of 

Felkin's model by their assumption of non-perpendicular attack and this is later known as 

the Felkin and Anh model. 
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CHAPTER VI 

RESULTS AND DISCUSSION 

Introduction 

As mentioned previously, in 1994 Birney and Wagenseller predicted that the 

addhion of formaldehyde to formylketene has relatively low barrier (10.6 kcal/mol) and 

proceeds through essentially planar transhion state (Figure 13).̂ ° They stated that this 

transhion state is a concerted, slightly asynchronous structure, with the C2-O8 bond more 

formed than the O5-C9 bond (the Cz-Og bond is 0.078 A shorter than the O5-C9 bond in 

the transhion state). 

Figure 13. MP2/6-3 IG* optimized geometry of the transition state structure 
for the addition of formaldehyde to formylketene.^^ Carbons are 
shaded, hydrogens are open, and oxygens are striped. Partial bonds 
are unfilled. The unh of bond lengths is angstrom. 
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The concerted nature of the pseudopericyclic transition state has been supported 

indirectly by the experimental compethive reaction of acetylketene with cyclohexanone 

and heptaldehyde (Chapter EI). It would be more direct and convincible, however, if we 

could study the transhion state structure into a deeper step by providing an experimental 

support that the ketene oxygen (O5) does form a bond whh the aldehyde carbonyl carbon 

(C9). 

The reaction of acetylketene whh a chiral aldehyde (2-phenylpropionaldehyde) 

was therefore designed and performed. If the reaction has a concerted nature, that is, the 

addition of O5 to C9 does undergo slightly after the nucleophilic addhion of aldehyde 

carbonyl oxygen (Og) to the ketene carbon (C2), then according to the Felkin-Ahn model, 

it will show diastereoselectivity in its products (Figure 14); otherwise, a carbocation (C9) 

might form as a rate determining step after the nucleophilic addition of Og to C2, then the 

ketene oxygen (O5) attacks this carbocation very fast, in which the reaction proceeds as a 

stepwise manner; consequently, no diastereoselectivity would be observed. 

Felkin-Ahn (major product) Anti-Felkin-Ahn (minor product) 

Figure 14. Diastereoselectivity of nucleophilic addhion to (R)-2-
phenylpropionaldehyde. 
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It should be mentioned that the bond flipping of the transition state structure does 

not cause the change of stereo configuration of the chiral centers, as shown in equation 

6.1. 

A 
-O - < -

H "̂  
Ph H 

(6.1) 

Reaction of acetylketene with 2-phenylpropionaldehyde 

In the actual experiment, the reaction was carried out by using racemic (+) 2-

phenylpropionaldehyde. Equations 6.2 shows the reactions of acetylketene with both 

(R)-2-phenylpropionaldehyde and (S)-2-phenylpropionaldehyde. According to the 

Felkin-Ahn model, the reaction of acetylketene with (R)-2-phenylpropionaldehyde is 

expected to have diastereoselectivity, with 39 being the predominant product compared to 

40; meanwhile, the reaction of acetylketene with (S)-2-phenylpropionaldehyde is 

expected to have diastereoselectivity, with 42 being the predominant product compared to 

41. 

68 



. ^ 

o 

o 

+ < 

+ 

+ 
^ • ^ 

O ""̂ ...ph 
CKb 

42 

(6.2) 

It is seen that 39 and 42 are a pair of enantiomers, so are 40 and 41. Since 

enantiomers can not be distinguished by NMR, 39 and 42 should show the same NMR 

spectrum pattern, so should 40 and 41. However, the mixture of 39 and 42 can be 

distinguished by NMR from the mixture of 40 and 41. 

Experimentally, the crude mixture of reaction of acetylketene with racemic (±) 2-

phenylpropionaldehyde was analyzed by NMR. It was found that the amount of one pair 

of the above enantiomers (39 and 42, 40 and 41) was about twice of the other (Figure 15), 

which indicates the diastereoselectivhy predicted by the Felkin-Ahn model. Therefore, it 

demonstrates that at the transhion state the carbonyl oxygen of acetylketene forms bond 

with the carbonyl carbon of the aldehyde and provides another experimental support for 

the pseudopericyclic reaction mechanism. However, fiirther work needs to be done to 

separate and characterize compounds 39, 40, 41, and 42, in order to provide a better 

consistency whh the predictions of Felkin-Ahn model. 

69 



u 

1 
5.60 5 .50 5 .40 

PPM 
5.30 

Figure 15. Partial Ĥ NMR (300 MHz) spectrum of the crude mixture of reaction of 
acetylketene with (±) 2-phenylpropionaldehyde. The two large peaks 
correspond to the labeled hydrogen of one pair of enantiomer products; the 
two small peaks correspond to the labeled hydrogen of the other pair. The 
intenshies of the four peaks are 0.900, 2.248, 1.073, 2.103 (from left to right). 
See fijll spectrum in the Appendix. 
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CHAPTER Vn 

EXPERIMENTAL 

The reaction of acetylketene with racemic (±) 2-phenylpropionaldehyde was 

carried out by flash vacuum pyrolysis. A mixture of acetylketene precursor, 2,2,6-

trimethyl-4H-l,3-dioxin-4-one (4) and excess (±) 2-phenylpropionaldehyde was dripped 

through a vertical seasoned quartz pyrolysis tube. The mixture of crude products was 

analyzed by NMR. 

Three separate reactions were performed. In the first reaction, 0.355g dioxinone 

(4) and 1.342g (±) 2-phenylpropionaldehyde (1 : 4 ratio) were used as reactants. The 

pyrolysis temperature was about 400 °C. The NMR spectrum of the mixture of crude 

products showed the existence of diastereoselectivity, with the ratio of two pairs of 

enantiomers being about 2 : 1 . The NMR spectrum also showed the formation of by

product styrene (43), which can be rationalized by the decomposition of 2-

phenylpropionaldehyde at high temperature (eq 7.1). 

400OC O 

' fy^ * j-^ 
43 (7.1) 

In the second reaction, 0.710g dioxinone (4) and 1.342g (±) 2-

phenylpropionaldehyde (1 :2 ratio) were used as reactants. The pyrolysis temperature 

was reduced to about 235 °C. The NMR spectrum of the mixture of crude products 
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showed the existence of diastereoselectivity, with the ratio of two pairs of enantiomers 

being about 2 : 1 . 2-Phenylpropionaldehyde did not decompose at this temperature, 

however, the NMR spectrum showed the existence of large amount of dioxinone (4), 

which may imply that the pyrolysis temperature was too low. 

In the third reaction, 1.42g dioxinone (4) and 8.04g (±) 2-phenylpropionaldehyde 

( 1 : 6 ratio) were used as reactants. The pyrolysis temperature was set to about 295 °C. 

The NMR spectrum of the mixture of crude products showed the existence of 

diastereoselectivity, with the ratio of two pairs of enantiomers being still about 2 : 1 . The 

NMR spectrum also showed the nonexistence of styrene (43) and dioxinone (4), which 

indicates that 295 °C is the suitable pyrolysis temperature. 

Most of the excess 2-phenylpropionaldehyde in the reaction mixture was removed 

by vacuum distillation. Further separation needs to be done to get pure compounds 39, 

40, 41, and 42 (see eq 6.2). 
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APPENDIX 

^H NMR, ^̂ C NMR, IR SPECTRA 
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