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by 

John Thomas Roy 

(ABSTRACT) 

A novel acid-catalyzed self-condensation reaction of 

6-diketones in the pr~sence of 2,2,2-trifluorodiazoethane 

(TFD) has been discovered. This reaction is of interest 

because not many methods are available for the preparation of 

cyclized products (e.g., aromatic natural products) from 

6-dicarbonyl units. Acid-catalyzed reactions of 1-phenyl-

1,3-butanedione and several substituted derivatives of 1-

phenyl-1,3-butanedione with TFD afforded two groups of 

substituted biphenyl compounds. One of these groups could be 

an important synthon for the preparation of larger polycy-

clic aromatic compounds. Several cyclized products have 

also been obtained from the reaction of 2, 4-pentanedione 

with TFD. Two potential mechanisms have been suggested to 

describe this cyclization process. Mechanistic studies uti-

lizing dienophi les suggest that the previously described 

cyclized products have originated from Michael addition 



reactions. Seve:::-al NMR techniques have been utilized to 

characterize the reaction products which were obtained in 

th · t d Th t h · · l d 13c labe11· ng, the 13c is s u y. ese ec.niques inc u e 

NMR INADEQUATE pulse experi:nent, and applications of lantha-

nide shift reagents. The results that were obtained from the 

lanthanide shift reagent studies illustrate that certain 

oxygen atoms can be converted to 2, 2, 2-trifluoroethyl ethers 

to prevent compl,,:xation with lanthanide shift reagents. 

This methodology was successfully utilized to simplify the 

interpretation of lanthanide shift reagent results that were 

obtained from polyfunctional molecules. The reactions of 

several additional S-diketones have also been studied to 

better understand the cyclization process. 
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INTRODUCTION 

The work in this disertation started as an analytical NMR 

project. Specifically, it was known from previous studies1 

that trifluoroethyl ethers do not complex with lanthanide 

shift reagents (weak Lewis acids). It was hoped that in 

polyfunctional molecules, certain functional groups could be 

deactivated (e.g., hydroxyl groups), thereby simplifying the 

observed lanthanide induced shifts. Attempts to prepare the 

cis and trans-trifluoroethyl enol ethers of 2, 4-pentanedione 

as models for this study led to a complex mixture of 

products. The identities of the compounds in this mixture 

were unraveled using LC- 1H NMR. This LC- 1H NMR study indi-

cated that a novel cyclization reaction had occurred. This 

novel acid-catalyzed self-condensation reaction became the 

focal point of this dissertation because of the potential 

synthetic utility of the reaction in aromatic nat ral pro-

ducts preparations. The reactivity of several ~-diketones 

was explored, and the results indicated that this cycliza-

tion reaction was potentially attractive as a new prepara-

tion for biphenyl compounds. 

1 



Chapter I 

HISTORICAL 

Reactions of Fluorinated and 

Diazo compounds are known to undergo several different 

types of reactions. For example, 0-alkylation, cycloaddi-

tion, and homologation reactions have been reported for 
2 these compounds. Therefore, one of the major disadvantages 

in utilizing these compounds is predicting which reaction 

product wi 11 be formed under the experimental conditions 

that are employed. 

Dyatkin and Mochalina3 have investigated several differ-

ent reactions of 2,2,2-trifluorodiazoethane (TFD) and have 

found that this diazo compound undergoes reaction with di-

chloroacetic acid and benzenethiol ( eq 1 and 2). 

+ 

2 

-N 2 
) (1) 



3 

-N 2 
> ( 2) 

Tri f luoroethyl dichloroacetate CU and pher.yl 2, 2, 2-tri-

fluoroethyl sulfide (~) were the respective reaction pro-
1 ducts. Koller and Dorn have reported similar reactions of 

TFD with carboxylic acids, alcohols, and phenols in an inves-

tigation of the diazo compound as a potential 19 F NMR tagging 

reagent. The results of this study indicated that a number 

of trifluoroethyl esters and trifluoroethyl ethers could be 

prepared. Dorn ar.d Koller have also reported that benzene-

thiol and hexanet.hiol react with TFD in the presence of aque-

ous tetrafluoroboric acid to give the respective trifluoro-

ethyl derivatives. However, amines did not undergo reaction 

with this diazo compound since amines neutralize the acid 

catalyst. 
4. 

Shepard and Wentworth- have reported that 1-phenyl-TFD 

(;!) reacts with p-toluenesulfonic acid to give the corre-

sponding p-toluenesulfonate (1:) (eq 3). 



4 

CF 3 I 
CF 3 9H 9CHPh \ + -N 
C~N=N + 2 ( 3) 

I > 
Ph 

CH 3 CH 3 
3 

4 

However, this diazo compound did not react with benzoic acid. 

This is in contrast to the reactions of 1,l,l-trifluoro-2-

diazopropane and diphenyldiazo:nethane which provided the 

respective 0-alkylated derivatives of benzoic acid. Thus, 

the stabilizing effect of the phenyl and the trifluorcmethyl 

groups are clearly illustrated. Shepard and Sciaraffi 5 have 

reported that 1,1,1-trifluoro-2-diazopropane (~) undergoes 

reaction with p-toluenesulfonic acid to yield 1-methyl-

2,2,2-trifluoroethyl p-toluenesulfonate (6) (eq 4). 

CF 3 

~H 
I 

CF 3 -N 9CHCH3 \ + 2 
c=N=N + ) ( 4) 

I 
CH3 

CH 3 CH 3 
5 

6 



5 

Similar 0-alkylation reactions have been reported for di-

azomethane. Roberts et al. 6 have reported that alcoholic hy-

droxyl groups were methylated by diazomethane in the 

presence of catalytic amounts of fluoboric acid. Unlike the 

results which are obtained wit~ normal protonic acids (i.e., 

nucleophilic attack by the conjugate base on the diazo com-

pound), the conjugate base of fluoboric does not readily 

react with diazomethane which allows fluoboric acid to serve 

as a useful methylation catalyst. Several different methyl 

ethers were prepared including the methyl ethers of desoxy-

corticosterone and testosterone. The technique was also 

utilized to convert ascorbic acid selectively to the corre-

sponding trimethyl ether 7. 

HO 

MeO OMe 

OMe 

7 

0 

Similar reactions of diazomethane were also reported by 

Connett et al. 7 in the methylation of the hop resins colpu-

lone and cohulupone. Colupulone (~) afforded methyl ether 2 

as the major reaction product when treated with di azomethane 

( eq 5) . 



6 

McO 0 

(5) 

8 9 

Four different mono 0-methyla ti on deri va ti ves ( _10-13) were 

obtained when cohulupone (l~) was treated with diazomethane 

( eq 6) . 

OH O :w 
0 0 

~
e 0 

R ~ 
+ 

0 0 0 0 

Jr 
11 12 

(6) 

:~ 
0 Oil 

:0,R1/Y 
O OMe 0 0 

10 13 14 

H CH 3 



7 

7 Eistert et al. reported that 2,4-pentanedione (15) reacts 

with diazomethane to yield cis- and trans-~ethyl enol ethers 

(.!.?. and 17) as illustrated below. Identification of these 

isomers9 and mechanism studies for this reaction10 have also 

been reported. 

0 0 

AA + 

-N2 0 OMe 

>~ 
0 

+ ~(7) 
15 OMe 

16 17 

In contrast to the reactions of diazo compounds with hy-

droxyl groups, ketones and aldehydes undergo homologation 

reactions in the presence of diazo compounds. Mock and 
11 Hartman have reported that ketones undergo homologation 

reactions in the presence of ethyl diazoacetate and tri-

ethyloxonium fluoroborate to yield ~-keto esters ( eq 8). 

+ 

C0 2Et 
I 

RCOCHR + N2 (8) 



8 

Similar homologation reactions were observed with diazoace-

tonitrile, TFD, dimethyl diazomethylphosphate, and tert-bu-

tyl diazoacetate. These homologation reactions were also 

observed when antimony pentachloride was used as the acid 

catalyst. 

Mock and Hartman11 also found that insertions of the me-

thylene synthon favored substitution on the side of the car-

bonyl bond with the least steric hindrance. This ring 

expansion reaction was synthetically attractive since hydro-

lysis and decarboxylation were easily accomplished. In 

addition, relatively few by-products were obtained. Fur-

thermore, the trifluoromethyl group resulting from the 

insertion of TFD can be easily re:noved by mild basic hydroly-

sis. 
12 Tordeux and Wakselman have reported similar reactions 

for aldehydes in the presence of TFD and an acid catalyst. 

With pentanal, cyclohexancarbcxaldehyde, and benzaldehyde, 

this reaction yields mainly homologated ketones ( 18) and 

aldehydes (19) substituted by an a-trifluoromethyl group 

(Scheme 1.1). A 52% yield of ketone 19a is reported for the 

reaction of pentanal in the presence of SbC1 5 . A 50-50 mix-

ture of aldehyde .!_9b and ketone _!.Sb were obtained from cyclo-

hexancarboxaldehyde in the presence of BF3 -etherate. In the 

presence of BF3 -etherate, benzaldehyde yields aldehyde 19c 

in 70%. However, in the presence of SbC1 5 , the above 

reaction product undergoes further reaction to yield epoxide 



RCHO 

0 
I 

9 

12 Scheme 1.1 

Products Obtained from the Reaction 
of Aldehy~es with TFD 

+ 

l Lewis acid 

-N 2 
0 

RCH-THCF3 > 
I + 

RCH-CHCF 3 

N + 
Ill 
N 

0 0 
II II 

RCCH 2CF 3 HCCHCF 3 
I 
R 

18 19 

(a) R = ·n-butyl 

(b) R = cyclohexyl 

(c) R = phenyl 

0 
I \ 

RHC-CHCF 3 
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20 in 41% ( eq 9) . 

TFD 
) ( 9) 

19c 

! 

20 

In similar fashion, Dyatkin and Mochalina3 have reported 

that chloral affords l,l,1-trichloro-2,3-epoxy-4,4,4-tri-

fluorobutane (~1) and l,l,l-trichloro-4,4,4-trifluoro-2-bu-

tanone (2?._), in yields of 54 and 32%, respectively, when 

treated with neat TFD ( eq 10). 

+ 
-N 2 

> 

21 

+ 

22 



11 

For years it has generally been accepted that epoxide 

formation and the homologation reactions which were previ-

ously described occur through a mechanism analogous to the 

12 one suggested by Tordeux and Wakselman (Scheme 1.1). More 

recently, this mechanism has been questioned based on the 

results that were obtained by Bradley and coworkers. 13 Brad-

ley et al. 13 have concluded that the above products are 

formed via two competing processes which are illustrated in 

Scheme 1.2. Gutsche and Bowers14 .make similar mechanistic 

claims based on the product distributions that were obtained 

when substituent effects were examined for the reaction of 

diazocarbonyl compounds (Scheme 1.3). Gutsche and Bowers 

found that bicyclic ketone ~-4~ was the major product obtained 

from ~-3~, whereas, epoxide 25b was almost exclusively 

obtained from 23b. 

A number of cycloaddition reactions have been reported 

for di azo compounds with unsaturated molecules. Atherton 

and Fields 15 have investigated the cycloaddi ti on reaction of 

several olefins with TFD in the absence of light. This 

cycloaddi ti on reaction is illustrated for propene which 

affords cis- and trans-3-methyl-5-trifluoromethyl-1-pyrazo-

lines (f6 and 27) in 83% yield ( eq 11). 



2) 

12 

13 Scheme 1.2 

Mechanisms for the Two Competing Reactions 
of Aceto~e with Diazomethane 

+ 
Me 2c-o 

I \ 
N CH 2 ~ / 

N 

< 

+ Me 2c- O CH 2 - N=N + Me 2c= o ) I \ 
H2C N 

' 'l N 

l -N 2 

0 0 II I \ Me 2c- 0 -MeCH2CMe + Me 2C-CH 2 < I 
CH 2 
+ 

1 
J 



13 

14 Scheme 1.3 

Substituent Effects on the Reaction 
of Diazocarbonyl Derivatives 

(a) R1 = R2 = R3 = H 

(b) Rl = R2 = R3 = Me 



14 

+ 

~CH3 

no CF N 
3 26 

) 
(11) 

light + ,, CH 3 ,, 

CF,;;N 
3 

27 

In the above study, Atherton and Fields found that olefins 

containing trifluoromethyl groups accelerated the cycload-

di ti on reaction. The results obtained in this study were 

consistent with a 1, 3-dipolar addition of the di azo compound 

to the olefin. 

In an earlier report by Fields and Haszeldine, 16 the pho-

tolysis of TFD gave a mixture of products that included a 

fluorinated polymer. Under these reaction conditions, this 

polymer was cleaved to yield cis- and trans-l,l,l,4,4,4-hex-

afluorobut-2-ene which further reacted with TFD to yield the 

corresponding pyrazoline products. The pyrazoline and 

polymer formation occurred only when the initial concen-

tration of the diazo compound was high. Additional examples 

illustrating this 1,3-dipolar addition have recently been 

reported by Fields and Tomlinson. 17 

Atherton and Fields15 have also irradiated several ole-
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fins in the presence of TFD to obtain cyclopropane deriva-

ti ves. Under these conditions propene gave a mixture of ci s-

and trans-l-methyl-2-(trifluoromethyl)cyclopropanes (~~and 

2~) in 68% yield (54:46 ratio of the respective isomers) (eq 

12). 

u.v. C~CF3 

~ CF3CHN 2 + CH 3CH =cH 2 > + (12) 

CF3 
28 29 

Competing with this reaction was the l, 3-dipolar addi ton 

reaction which was previously described. 

Leganis and Lemal 18 have repc:!:'ted a similar cycloaddi tion 

reaction of TFD with perfluo~otetramethyl Dewar thiophene 

( 30) to afford a 75% yield of pyrazolinethiirane ~l ( eq 13). 

TFD 
(13) 

30 31 
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Spectroscopic data indicated that only one stereoisomer was 

found in the preceding reaction. Pyrazol inethi i rane 31 

underwent further reaction eventually yielding SH-per-

fluoropentamethylcyclopentadiene (~~), 

carbon acid which has a pK of ~ -2 ( eq 14). a 

31 
2) 

an extraordinary 

(14) 

Cycloaddi tion reactions have also been reported for diazo 

compounds with molecules containing carbon-heteroatom mul-

tip le bonds ( e • g • / c=~·l). Fields d T 1 . 17 an om inson have 

reported that TFD reacts with nitriles to afford the corre-

sponding five-membered ring products. This reaction is 

illustrated for trifluoroacetonitrile which afforded 2-tri-

fluoroethyl-1,2,3-triazole ~}.in 84% yield presumably via 34 

(eq 15). 
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CF 3CHN 2 
CF 3 CF 3 

CF 3CHN 2 
CF 3 CF3 

K K CF 3CN ) > (15) 

N N N N 
'/ ' / N N 

I I 
H CH 2CF3 

34 33 

Hexaf luoroi sopropylideneimine (~_~) reacted under similar 

reaction conditions to provide a 19% yield of the triazoline 

~§which was formed via a 1,3-dipolar addition to ~Z (Scheme 

1. 4). Fields and Tomlinson also treated chloral and trifluo-

roacetaldehyde under the above reaction conditions to exam-

ine whether or not cycloaddi ti on reactions would occur. 

Instead, homologation reactions were observed. These 

reactions provided the corresponding ketones and the cis-

and trans-oxiranes which are illustrated below (see eq 10 for 

similar reactions) . 

RCH-CHCF + 

" I 3 0 

(16) 

This illustrates that cycloaddition products were not 
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17 Scheme 1.4 

The Reaction of 
Hexafluorisopropylideneimine (35) 

with TFD 

35 
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37 
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obtained from the reaction of these aldehydes with the diazo 

compound under the above conditions. 

Analogous 1,3-dipolar cycloaddition reactions have been 

reported for diazomethane. Pyrazoline, pyrazole, triazo-

line, and triazole are the cycloaddition products that were 

obtained from olefins, acety:!.enes, irnines, and ni tri les, 

respectively. 20 The reaction of cyclooctatetraene, via its 

valence tautomer, with diazomethane is one example of this 

general reaction. 21 This reaction afforded tricyclic pyrazo-

line 38 as the reaction product ( eq 17). 

0 ~ 
~ ox> (17) 

38 

In addition, thiadiazoles can be prepared from the reaction 

of diazomethane with isothiocyanates using similar methodol-
22 ogy. 

Analogous to the reactions of TFD with alcohols, phenols, 

carboxylic acids, etc., TFD will react with any water present 

in the reaction mixture. Thus, TFD is an excellent water 
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1 scavenger. In the presence of water, TFD readily reacts with 

ketones to yield trifluoroethyl ketals. 23 In some cases 

these trifluoroethyl ketals can readily eliminate 2,2,2-tri-

fluoroethanol to yield trifluoroethyl enol ethers as illus-

trated below for the diisopropyl ketone derivative (39). 

0 

yY + TFD 

39 

Hanack et al. 24 have also found that 2,2,2-trifluoroethanol 

( 1Q) wi 11 react with 2-methylcyc lobutenyl tri f luoroethyl 

ether (1_J_) to yield ketal :!-_~- (eq 19). 

n (19) 

/\'- OCH 2CF 3 

OCH 2CF 3 
41 40 42 

It is also well known that 2,2,2-trifluoroethanol is a poor 

nucleophi le in many displacement reactions. 25 Thus, tri-

fluoroethoxy eliminations reactions are generally not rever-

sible. 

In conclusion, 0-alkylation, homologation, and cycload-

di tion reactions could be potential competing reaction path-
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ways when treating a ()-di ketone with TFD. In addition, ketal 

reaction formation could also be observed if any water is 

initially present. Many other reactions of diazo compounds 

do exist. One such reaction is their utilization in the 

Arndt-Ei stert synthesis. Due to the wide scope of these o-:h-

er reactions, the interested reader is referred to special-

ized reviews on this topic. 2126 

The Preoarati_~~of Po!.Yl_{etide-type 

Aromatic Natural Products 

It is well known that many aromatic natural products 

arise from poly-8-carbonyl intermediates. 27 These naturally 

occurring pathways have intrigued chemists for years because 

the mechanism for the biosynthesis of the polyketide aro:nat-

ic natural compounds is poorly understood. In addition, not 

many synthetic methods have been utilized to prepare these 

compounds. Therefore, it is very desirable to develop addi-

tional synthetic routes to this group of compounds. These 

compounds could be used directly as precursors for antibot-

ics and/or other economically important compounds. 

Pioneering studies in understanding the biosynthesis of 

the polyketide natural products were performed by Collie 
28 near the turn of the century. However, his work had little 

impact until there was revival of interest in the biosynthe-

sis of these compounds in the late 1940' s. In the early 
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1950's Birch29 postulated the general method describing how 

these polyketide compounds could be formed. This process is 

illustrated in Scheme 1.5 and involves the condensation of 

coenzyme A esters of acetic acid or other carboxylic acids 

with malonyl coenzyme A (~1). Thiol esters of 6-keto acids 

( 1:.5:) are afforded from these condensation reactions. The 

resulting products can undergo further condensation 

reactions with rr.alonyl coenzyme A to yield larger ho:-:1ologs in 

this series which eventually yield the polyketide natural 

products. 

Collie's early studies28 which led to the development of 

the polyketide theory were based on the reactior.s of 

2,4,6-heptanetrione (9:_§.). Collie found that by utilizing 

acidic or strongly basic con~itions, a cyclization reaction 

occurred to yield orcinol (~_.2_) (Scheme 1.6). Collie also 

determined that naphthalenediol 48 was formed when 2,4,6-

heptanetrione was treated under mild basic conditions. More 

recently, Collie's work has been reinvestigated by Bethell 

and Maitland30 and by Birch31 to provide additional confir-

ma ti on of the above reaction products. 

The examples presented in Schemes 1.5 and 1.6 illustrate 

that several different substi tuents, especially multiple 

hydroxyl groups, can be incorporated into the corresponding 

aromatic products. The synthetic preparation of aromatic 

compounds containing several hydroxyl groups on the aromatic 

ring using conventional routes is usually difficult. There-
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Scheme 1.5 29 

Mechanism for the Biosynthesis of 
Polyketide Aromatic Natural Products 
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28 Scheme 1.6 

Cyclization Reactions of 2,4,6-Heptanetrione 
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fore, the synthesis of these compounds from p-dicarbonyl 

compounds is quite attractive. The polyketide synthesis 

also provides a method for the introduction of hydroxyl 

groups that are meta to each other on an aro~atic ring. Few 

synthetic methods are available which yield this same 

result. Since there are relatively few methods for the prep-

aration of polyketide aromatic natural products, any syn-

thetic route which appears to parallel biosynthetic pathways 

involving the condensation of p-dicarbonyl units receives 

considerable atteYition from organic chemists. 

~;:ithetic Methods UtiJ_i_ze9__fgr th~ 

f reR~.~-C:!i.?...!l__ of -~Y£!~_£_~9.~ou~.sJ.s-=-

Recent work by Clark and Miller32 has illustrated that 

cyclization products could be obtained from a base-catalyzed 

self-condensation of p-diketones. Clark and Miller have 

studied the reactions of 2,4-pentanedione and 1-phenyl-2,4-

pentanedione with potassium fluoride in refluxing dimethyl-

formamide. Clark and Mi ller32 initially reported that 3-hy-

droxytropone derivatives (49) were formed from these 

reactions. 
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(a) R = H 

0 (b) R = Ph 

HO 

49 

Sh tl f .... d 1 k 33 - 37 . 1 d. Cl ' d or y a ~erwar , severa wor ers inc u ing arK an 

Mil ler33 reported that the above reaction products were 

incorrectly assigned and that acetophenone derivatives were 

actually obtained. 

In a revised paper, Clark and Mil ler33 reported quanti ta-

tive cyclization of 2,4-pentanedione to 2-hydroxy-4,6-di-

methylacetophenor.e ( ~Q) (Scheme 1. 7) . Clark and Miller gave 

three explanations w~y acetophenone ?_Q would be favored over 

4-hydroxy-2,6-di~ethyl acetophenone (~), the symmetric 

isomer of 50. First, intermediate 52 has three different 

types of acidic hydrogens, two of which can be abstracted 

during cyclization to afford acetophenone 50. Second, com-

pound 53 (the enol tautomer of intermediate 52) should stabi-

lize the developing anion since the negative charge can be 

de localized on two different carbonyl o:-{ygens. Finally, 

Clark and Miller have proposed that acetophenone 50 is ther-

modynamically more stable than its symmetric isomer. There-

fore, the reaction yields the more thermodynamically favored 

product. This additional stabilization is due to 

hydrogen-bonding between the hydroxyl group and the carbonyl 
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group in acetophenone 50. 

Utilizing similar cor..di tions, P.ase34 obtained ace to-

phenone ?O (no yield reported) and three additional products 

(5~-?_€2). Compounds~~-~§ were isolated in yields of 5.2, 

3.2, and 4.6%, respectively. 

OH 

0 
54 55 56 

Hase determined that treating acetophenone ~Q with acetone 

or 2,4-pentanedione utilizing the same reaction con<litio~s 

did not yield compound 55_. 

Mingin and Hui sgen35 have also investigated the above 

reaction and have obtained a 64% yield of acetophenone 50. 

These authors reject Clark and Miller's explanation that 

cyclization was observed under the above conditions due to 

the considerable solubility of KF in THF. Clark and Miller33 

have proposed that cyclization does not occur under other 

reaction conditions due to the poor solubility of inorganic 

bases in organic sol vents. Mingin and Hui sgen have also 

rejected that a hydrogen bonded species from the fluoride 

anion and the enol is the reaction intermediate. Instead, 
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Mingin and Huisgen have proposed potassium acetylacetonate 

as a reaction intermediate since refluxing 2,4-pentar.edione 

and its potassiu~ acetylacetonate salt in DMF afforded a 51% 

yield of acetophenone ?Q. 

Clark and Miller33 have also reported a 52% yield of 4-

benzyl-2-hydroxy-6-methyl-3-phenylacetophenone (?7) from 

l-phenyl-2, 4-pentanedione (2Q). Using the same reaction 

conditions, H 34 h ase as reported that ace tophenone 5 7 was 

formed in 48% yield. In addition, Hase has also isolated two 

other products (compounds ~2 ar.d §Q) in yields of 9.3 and 

4.1%, respectively. Scheme 1.8 also illustrates other 

potential products that could be formed from the self-con-

densation reaction of 1-phenyl-2,4-pentanedione. By argu-

ments similar to those proposed for the for~ation of 

acetophenone ?Q, Clark and Miller had predicted that cycli-

zation should yield acetophenones ?2 and _59_. (Note that ace-

topnenone -~2 was only experimentally observed by Hase). 

Other dicar-bonyl compour.ds examined by Clark and Mil ler33 

include 2,3-butanedione and 1,3-cyclohexanedione. These 

compounds afforded 2,5-dimethyl-l,4-benzoquinone (6~) (eq 

20) and polycyclic trione isomers (e.g., compound§_~) (eq 

21), respectively. 
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Scheme 1.8 (cont.) 
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The formation of ~~ is easily understood since an intermedi-

ate analogous to those described for 2,4-pentanedior.e and 

1-phenyl-2,4-pentanedione would be obtained. However, this 

intermediate (63) cannot undergo a intramolecular condensa-

tion since the two cyclohexane rings of the reaction interme-

diate are rigidly locked to prevent formation of a tricyclic 

compound. Thus an intermolecular condensation between 

intermediate~~ and 1,3-cyclohexanedione would be favored to 

yield polycyclic trione §.?_· 

Aromatic compounds can also be prepared from acid-cataly-

zed condensations of e-dicarbonyl equivalents. Chan and 

Brownbridge38 have utilized l,3-bis(trimethylsiloxy)-1-

methoxybuta-1,3-diene (64) as an equivalent for the methyl 

acetoacetate di anion. This compound when treated with 4-
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trimethylsi loxy-3-penten-2-one CE?_~_) in the preser.ce of ti ta-

nium tetrachloride at -78°c yields methyl 4,6-dimethylsali-

cylate (66). 

OH 

TiCl 4 > ~co2•e 
1221 

65 66 

For another reaction in this series, Chan and Brownbridge 

prepared the e-siloxy enone 67 from the enol form of 1-

phenyl-1,3-butanedione (~§) (Scheme 1.9). This preparation 

gave a mixture of geometric isomers but only a single regioi-

sorr.er. Condensation of 64 and 67 afforded a single aromatic 

compound (~~) which was further converted to fluorenone 70. 

The conversion to 70 helped establish the structure of com-

pound 69. Chan and Brownbridge postulated that ir. the above 

reaction enone 67 undergoes isomerization to ]_l because C-4 

is more reactive than C-2 in diene 64. It is also believed 

the initial attack of§~ occurs at the 6-carbon of the enone 

system, consistent with the above results. 

Chan and Brownbridge38 have also studied the reaction of 

diene 64 with 4-methoxybut-3-en-2-one (Jl_) and 4-methoxy-4-

phenylthiobutan-2-one (73) (Scheme 1.10). Two different 

regioisomers (J4 and 1~) were obtained from the above 

reaction. However, problems were experienced when the hemi-
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thioacetal 73 was utilized as a c:.i.rbonyl equivalent. Na:-::ely, 

the benzenethiol generated under the above reaction condi-

tions further attacked unreacted hemithioacetal 73 to yield 

dithioacetal 76. This problem was avoided when 5-ketoace-

tals were utilized. Yields of 50 and 57% were obtained for 

compounds_?_~ and 75_, respectively. 

The preparation of several other aromatic compounds have 

also been described by Chan and I3rownbridge. 38 From the above 

studies the authors have established the order of reactivity 

of the different electrophilic sites. Chan and Brownbridge 

found that the reactivity of the f)-carbon of the enone > 

ketone > monothioacetal, acetal in the cyclization process 

(i.e., f)-carbon of the enone is more reactive toward nucleo-

philic attack than the carbonyl carbon of a ketone, etc.) 

Chan and Brownbridge39 have prepared an aromatic precur-

sor, which was later converted to sclerin (]]._), by utilizing 

a f3-carbonyl equivalent analogous to diene §~(Scheme 1.11). 

Sclerin, a metabolite isolated from S~1er9tin~ fungi, func-

tions as a plant growth hormone and is believed to originate 

from the condensation of a naturally occurring penta-f)-car-
40 bonyl precursor. Chan and Brownbridge have approached the 

synthesis of this precursor through the condensation of a 

dicarbonyl equivalent with a tricarbonyl synthon. The key 

step in this preparation was the treatment of 1,3-bis(tri-

methylsiloxy)-1-methoxypenta-l,3-diene (7~) with methyl 

orthoacetate and titanium tetrachloride (2:1:2 mole equiv., 
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39 Scheme 1.11 

The Preparation of Sclerin (77) 
Utilizing a 1,3-Dicarbonyl Equivalent 
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respectively) which afforded aromatic compound 79 in 53% 

yield. Compound J~ was further converted to sclerin in two 

additional steps. In additional examples, yields of 65-68% 

have been obtained in the preparation of other 3-hydroxyho-

mophthalates. These 3-hydroxyhomophthalates appear to be 

formed via the intermediate illustrated below. 

Meo OMe OTMS 0 

R OMe 

In a third paper, Chan and Brownbridge41 have illustrated 

that various substituted phenols can be prepared utilizing 

similar methology. o-Acetylphenols have been prepared from 

2,4-bis(trimethylsiloxy)penta-1,3-diene (80) using several 

different pathways (Scheme 1.12). Yields of 4:0-68% were 

obtained for the various o-acetylphenol products. The 

authors were even able to prepare o, o' -di subs ti t:.ited phenols 

from pentadiene 83 (Scheme 1.13). The condensation reaction 

of diene §l with compounds 8l and 82 provided compounds 84 

and 85, respectively, with each product being obtained in 40% 

yield. 

The cyclization reactions that have been presented to 

this point have involved condensation of two three-carbon 
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units. One of these units contains only electrophilic sites 

and the other unit contains two nucleophilic sites (eq 23). 

+ 
o-) 
o-

) 0 (23) 

These reactions are in contrast to the results obtained from 

Diels-Alder reactions and Robinson annelations which involve 

cyclizations of a two-carbon fragment with a four-carbon 

fragment ( eq 24) . 

+ ---> D 
0 

(24) 

Dani shefsky et al. 42 have reported condensation reactions of 

diene 80, which was previously described in this chapter, 

with several different aldehydes in the presence of magnesi-

um bromide. This condensation reaction resembles a 

Diels-Alder reaction since a four-carbon unit was combined 

with the carbon and oxygen atoms of the aldehyde. This 

cyclization was extre:nely valuable in the preparation of Mu~ 

musculus pheromone 86, which helps control the biological 

instincts of the common house mouse ( eq 25) . 
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"2' 0 JxOCH,'h 1) MgBr 2 
H 

+ ' 
Ii Et 2) TFA 

Me 3Si0 

80 87 l < ,cop• 

( 25) 

86 H 

Cyclization of diene ~Q with aldehyde ~7- followed by treat-

ment with trifluoroacetic acid afforded pheromone precursor 

8~ in 80% yield. Danis~efsky found that magnesium bromide 

was a very selective catalyst for promoting diastereofacial 

control in the cyclization reaction of a-oxygenated aldeh-

ydes with activated dienes. Other catalysts [ e • g • / 

(BF3 •0Et2 , ZnC1 2 , and Yb(fod) 3 ) were found to yield mixtures 

of facial isomers and were found to be less effective than 

MgBr2 . This diastereofacial control was also observed for 

several additional examples as illustrated in eq 26. 
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OMe 0 

McOi 
XOC•,"h 1) MgBr 2 ~ (26) H 

' oc11 2Ph + H 
R 2) HOAc 

Q I 

II H 
R 

(a) R = Et (87%) 

(bl R = Me (86%) 

Dani shefsky et al. 43 have devoted a second paper to topo-

logical and diastereofacial control of condensation 

reactions involving aldehydes with activated dicnes in the 

presence of Lewis acids. This study suggested that aldehydes 

such as benzaldehyde could bind with the acid catalyst 

(Mg3r2 ) resulting in an anti relationship between the phenyl 

group and the metal of the catalyst ( eq 27). 

OMe 

Me3si~ + 

92 

s 
.J, 

,MET ,, ~ Ls 
Ph H 

l AcOH 

II + 

Me 
90 91 
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This reaction afforded a 50% overall yield of ~Q and 91 in a 

38:1 ratio. Therefore, the exo directivity of the catalyst-

solvent ensemble appears to be responsible for the endo 

topology of the above condensation reaction. 
a.3 Danishefsky et al. - have observed the exo topology in 

the condensation reactions of diene 92 with a- and S-alkoxy-

aldehydes. These aldehydes are believed to undergo chela-

tion with the acid catalyst (MgBr2 ) which results in a syn 

relationship between the R group and metal of the acid cata-

lyst (eq 28). 

l AeOH 

93 

In this reaction both the R group of the aldehyde and the met-
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al are oriented exo to the diene. This relationship governs 

the pathway leading to the exo topology of product 93 which 

was obtained in 68% overall yield. 
L!.3 Danishefsky et al. - have also examined titanium tetra-

chloride as a reaction catalyst since this compound was 

reported to provide chelation control in the aldol condensa-
L!.Ll 

tion of ~-alkoxyaldehydes with simple silyl enol ethers. --

In contrast to the reactions which were catalyzed by MgBr2 , 

the TiC1 4 promoted cyclization of diene 92 and ~-alkoxyal

dehyde 94 to afford endo product 95_. 

92 

+ 

TiC}- 4 ""'O 

PhCH 2~ Jl r:.. 'H 
H Et 

94 

OMe 

) 

0 

...... , ... ... 
' Me 

95 

(29) 

Et H 

H Et 

The nonchelatable benzaldehyde was also examined under these 
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conditions and was found to yield trans- and cis-pyrones (91 

and 9Q, respectively) in an 8:1 ratio (88% overall yield). 

As expected, topology favored the exo pericyclic mode in this 

latter example. 

Another example of a hetero Diels-Alder reaction in the 

presence of a Lewis acid was reported by Danishefsky in the 

total th . f . . B 1 (_~_§_)45 syn es1s o v1neomyc1n ag ycon (Scheme 

1.14). Reaction of diene 97 and aldehyde 98 afforded a 92% 

yield of endo addition product 99. Two additional 

Diels-Alder reactions of siloxy dienes containing a methoxy 

group were also reported by Danishefsky and co-workers in 

preparation of aldehyde 9-~. 

Several related studies have demonstrated cyclizations 

affording six-membered rings containing hetero atoms. 

Auricchio et al. 46 have found that heating chlorohydrate 100 

followed by treatment with water affords 2,4,6-trimethyl-3-

acetylpyridine 101 in 90% yield ( eq 30). 

100 

l ) !::. 

'tYOH 
~·Nll2 

102 

~ 
/ 101 

( 30) 
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The authors have suggested that the reaction occurs through 

intermediate 102. In replacing the hydrogens on the ena~ine 

nitrogen with alkyl substituer.ts, a different cyclization 

pa th way was observed ( eq 31) . 

Rl R2 

Rl R2 
......... N/ 

......... N'....... 0 OH 

~ 
HCl(g) 

> ( 31) 
6 

103 + 
0 

(a) Rl R2 = Et 
Rl/N'-.R2 

= H, 

(b) Rl = R2 = Me t 
N 

1/ ' 2 R R 
105 104 

In these reactions ena~ino derivatives 103a and 103b 

afforded the substituted anilines JQ_~~ and lQi~, respective-

ly. Deacetylated compound lQ~~ accompanied the substituted 

aniline 104b in the latter example. A final use of this 

cyclization technique is illustrated in eq 32 where the enam-

ino ketone .!_0312 was treated with 2, 4-pentanedione to afford a 

mixture of products in 60% yield. 
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( 3 2) 

(!·le) N 0 
2 

103b 0 ~ (:·:c) 2 ~(~!cl 
2 

~(:·'.el 
2 

10.:b, 25'!. 105b, 30'1. .!.Q.~. 22'!. 

107, 7% !'>(!·!cl 
2 

108, 16% 

This result also suggests that biphenyl 108 must originate 

from acetophenone l.92 and a molecule of enamino ketone 103b. 

Barton et al. 47 have found that enamino aldehydes will 

undergo condensation reactions with the dianions of ~-ke-

toesters affording 5-substituted 2-hydroxybenzoates. This 

condensation reaction affords ethyl 5-ethyl-2-hydroxyben-

zoate ( 109) and ethyl 5-phenyl-2-hydroxybenzoate (ll.Q) in 37 

and 64-77% yields, respectively (eq 33 and 34). 
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Li+O- 0-Na+ 
co 2Et 

CHO 

~OEt + EAi 
OH 

) (33) 

Et 
111 Cl 109 

co 2Et 

CHO OH 

Ph~ 111 + ) (34) 
Ph 

Cl 110 

Dimethyl 3-o:x:opentanedioate 11_~ (used as an alternative to 

dianion 111) underwent condensation with compound.~.!~ in the 

presence of triethylamine to afford dimethyl 2-hydro:x:yben-

zene-1,3-dicarbo:x:ylate 11~ in 14% yield (eq 35). 

) 

113 
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48 Ivanov and Tcholakova · have also prepared a series of ethyl 

3-cya~o-4,6-diaryl-2-hydroxybenzoates through the base-ca-

talyzed condensation of unsaturated esters. The general 

procedure is illustrated in eq 36. 

Ph-c11=ctt-C02Et + (36) 

c~ 

l 
Ph h:co2n 

Ph OH 

Yields of 33-52% were obtained fror:l the series of unsaturated 

esters that were used in this study. 

In a correction to the literature, Sellstedt49 has 

reported that 5,5-dimethyl-1,3-cyclohexanedione (115) 

undergoes a condensation with ethyl acetoacetate (116) to 

yield 2-pyrone 117 and xanthene-1,8-dione 1_1~ (eq 37). 
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0 

+ 

115 116 
+ 

0 0 ( 3 7) 

118 

A similar condensation of dione Jl~ with sodium diethyl oxa-

lacetate U:..13-.) afforded 2-pyrone -~?-_Q in 28% ( eq 38) 

115 + Et0 2CCH(Na)COC02Et 

119 
120 

( 3 8) 

0 

Despite low yields for these cyclization reactions, Sellst-

edt has illustrated that 2-pyrones can be prepared by treat-

ing 1, 3-diketones and e-ketoesters with trifluoroacetic 
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acid. 

Similarly, Kato et a1. 50 have determined that diketene 

reacts with B-diketones to yield substituted aromatic com-

pounds and heterocyclic compounds depending on the reaction 

conditions. For example, when 2,4-pentanedione was treated 

with diketene ()-_2_1_) in tetrahydrofuran in the presence of 

sodium hydride, acetophenone 11~ was formed (eq 39). 

0 0 

Et 3N or NaOH ft 
0 0 123 

AA +4 (39) 

0 

k 121 

NaH 

HO OH 
122 

t HCl 

h HO OH 

Acetophenone 1:_22 could be deacetylated on treatment with 

hydrochloride acid. A second reaction product ( 4-pyrone 

123) was obtained when either triethylamine or sodium 
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hydroxide was utilized as the reaction catalyst. Acetophe-

none 12.?. and 4-pyrone 11.~ were obtained in yields of 20 ar.d 

23 .2%, respectively. Several ot!-ler S-diketones gave similar 

results when investigated under the above reaction condi-

tions. 

Several examples of acid or metal catalyzed Michael 

reactions involving B-dicarbonyl compounds have appeared in 

the chemical literature. These examples suggest that a 

cyclization reaction of S-dicarbonyl equivalents could 

potential 1 y occur through similar reaction pathways. Sur-ma-

51 tis et al. have reported the condensation reaction of mesi-

tyl oxide 124 with ethyl acetoacetate 125 in the presence of 

zinc chloride. A mixture of three cyclization products 

( 126-128) were obtained from this reaction (eq 40). ------ -- --

~· 
0 

( 4 0) i' 0 

124 125 
11.§_, 19% 

ill· 32% _!2!l, 8% 
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52 D'Ascoli et al. have reported that cyclopent-2-enones can 

be prepared from furan derivatives in the presence of zinc 

chloride and sulfuric acid. This process afforded cyclopen-

tenone 129 in 70% yield from furan _130 ( eq 41). 

0 0 

) 
0 

~ 
0 

0 0 1 ( 41) 

< 
0 0 

0 
129 

Nelson et a1. 53 have reported nickel-catalyzed Michael addi-

tions of ~-diketones to enone systems. One example is the 

addition of 2, 4-pentanedione to methyl vinyl ketone as 

illustrated in eq 42. 
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0 0 

~ + 
~ 

Ni(acac) 2 

> 
0 ( 4 2) 

0 0 

A 90% yield of triketone ))_~was obtained from this reaction. 

Coates and Hobbs 54 have reported a novel variant of the 

Michael reaction. 6-Diketones were found to undergo a-al-

koxyalkylation upon reaction with acetals of a,6-enals (eq 

43). 

0 + 8 

Q- ~ EtO 
132 

~ 0 

+ 

EtO~ 0 
133 

EtO ~> i- (43) 

EtO OEt Q-z- 0 r 

0 0 

135 134 
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Two mechanisms have been proposed for this process from 

intermediates 132 and 133. The first occurs through 

0-alkylation at the a-position followed by a Claisen rear-

rangement to yield 6-diketone 134. The second mechanism 

involves direct c-alkylation at the a-position to yield 

6-diketone .!_;34. It has also been proposed that 0-alkylation 

could occur first and that a reversible reaction could rapid-

ly occur reforming intermediates 132 and 133. In this proc-

ess, 6-diketone 134 would ultimately be formed by 

C-alkylation as described above. 

The several different methods which have been described 

in this section offer new synthetic methodology for the prep-

aration of polyketide aromatic natural products. Further 

applications of the above methods as well as the discovery of 

new synthetic preparations will be the focus of chemists in 

the n~ur future. Mechanistic studies of these new pathways 

will also attract considerable interest since these studies 

will provide a better understanding of the cyclization proc-

esses which afford the polyketide natural products. 

Recent Advances in NMI3-__l1e!_!lo_9.o_loqy for the 

Characterization of Organic Molecules 

Recent advances in the area of NMR spectroscopy have pro-

vided new methodology for the characterization of organic 

molecules. These new developments have been successfully 
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employed in the separation and the identification of organic 

compounds. These new techniaues include LC- 1H N~R, FT NMR 

pulse sequences, and lanthanide shift reagents. 

The LC- 1H NMR technique55 has been utilized for rapid 

analysis of organic mixtures. To date, this technique has 

been utilized in tr.e analysis of fuel samples and samples of 

biological . t t 56 in eres . As the name implies, results are 

obtained by coupling an HPLC system to a 1H NMR detector. 

This idea originated during the 1970s when a flow NMR tech-

nique was utilized in various kinetic studies. 57 In most of 

this early work, continuous wave NMR experiments were per-

formed. NMR instruments began to receive greater attention 

as HPLC detectors when Fourier transform NMR spectrometers 

became available. FT NMR instr-..iments provide rapid data col-

lection and rapid data storage. A continuous-flow HPLC 

detector must satisfy these two requirements. 

Both stopped-flow and continuous-flow techniques55 have 

been utilized in LC- 1H NMR experiments. Increased S/N can be 

obtained using the stopped-flow method since longer acquisi-

ti on times can be employed. However, the continuous-flow 

experiment offers an advantage over the stopped-flow tech-

nique since a more rapid analysis can be obtained. 

The main advantage of the on-line 1H NMR detector is that 

structural information can be obtained during the chromato-

graphic separation. The 1H NMR detector is similar to the 

mass spectrometry detector since both analytical techniques 
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offer a large amount of info::::-mation about the compounds which 

are separated by H?LC. For example, a wealth of information 

can be obtained from the chemical shifts, the coupling con-

stants, and the integrations that are observed in the 1H NMR 

region. In co~parison, very little structural information 

is provided by a refractive index detector. 

Another advantage of the LC- 1H NMR technique is the non-

destructive nature of the 1H NMR detector. For example, sam-

ples can be further analyzed after LC- 1H NMR separations by 

coupling the NMR system to a second detector or by collecting 

the eluting fractions for independent analysis. However, 

LC- 1H NMR is currently limited by its detection limits. 

Table 1. 155 illustrates this problem by comparing the 

detection limits of several other HPLC detectors with those 

of the 1H NMR apparatus. Improvements in the sensitivity of 
1 the H NMR detector are currently under investigation and 

1 should make the LC- H NMR apparatus even more attractive for 

the analysis of organic reaction products. 

Several NMR pulse sequences have been utilized for struc-

tural assignments. A modification of the INEPT pulse 

sequence has been routinely utilized to aid in structural 

assignments of 13c NMR spectra, and the INADEQUATE pulse 
1 sequence has been developed to provide Jee coupling con-
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TA3LE 1.1 55 

Approximate Detection Limits for 
Various spectroscopic Approaches 

Spectroscopic 
Sensitivity 

Mass spectrometry 

Fluorescence spectrometry 

Infrared spectrometry 

Inductively coupled 
plasma-atomic 
emission spectrometry 

Refractive index 

NMR 

Detection Limit 

10-10_10-12 g 

-10-12 g 

l0- 6-10- 9 g 

l0- 6-10- 9 g 

-10- 6 g 

10- 4-10- 6 g 
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Th INEPT l 58 ( . . . l . h d e pu se sequence insens1t1ve nuc e1 en ance 

by polarization transfer) was introduced by Merri s and 

59 Freeman in 1979 for the enhancement of nuclei in low 

13 15 natural abu!"ldance (e.g., as C and N). Shortly afterward, 

Doddrell and Pegg60 i l l~strated that this technique could be 

modified to provide spectral editing (e.g., methyl, methy-

lene, me thine, and qua ternary 13c assignments) . 

This modification of the INEPT experiment is now routine-

13 ly used to distinguish carbon types in the C NMR spectrum. 

This is achieved through a series of three experiments. The 

first experiment eliminates quaternary carbon signals in 13c 
NMR spectrum. The second experiment provides only methine 

carbon signals with all other carbons eliminated from the 

spectrum. In the last spectrum, quarternary carbons are 

again absent, and methylene carbon signals are inverted when 

compared to the signals of methyl and methine carbons. These 

three spectra can easily be obtained by adjusting a single 

delay period ( t:,.) in the pulse sequence. The delay period can 

be determined for a molecule by approximating the coupling 

constants present in the sample (!J. = l/(4J), l/(2J), and 

3/( 4J) in the modified INEPT experiment). Generally, all 

carbons of a particular molecule can be assigned through a 

single series of experiments since small differences are 

observed for 1 JCH coupling constants ( J = 120-150 Hz). 

The modified INEPT pulse sequence offers several advan-



62 

tages over methods previously utilized to obtain the same 

info!'."mation. The ~odified INEPT sequence provides a rapid 

method of distinquishing carbon types when compared with the 

previously used off-resonance technique. In the IN~?T mod-

ification all carbons appear as single peaks thereby provid-

ing a greater signal-to-noise (S/N) ratio. In the off-reso-

nance experiment coupling constants lower S/N by splitting a 

single carbon resonance into several less intense signals 

(e.g. , the methyl resonance appears as a 1: 3: 3: 1 quartet, 

etc.). S/N is also increased in the INEPT modifications due 

to the polarization transfer portion of the pulse seque~ce. 

This polarization transfer sequence can result in a maximum 

enhancement of - 4 times the normal 13c NMR signal. In com-

parison, a normal 13c NMR signal can have a maximum enhance-

ment of about tr..::..-ee due to nucleu.r Overhauser effects (NOE). 

This comparison is somewhat misleading since shorter relaxa-

tion times are observed for the INEPT experiments. The pro-

ton spin-lattice relaxation-times of the INEPT pulse 

sequence are much shorter than the cross-relaxation rates of 

the normal 13c NMR experiment. Spin-lattice relaxation-

times account for relaxation in the INEPT experiment due to 

the polarization transfer step in the INEPT sequence. There-

fore, the aquisi tion time that is required for the INEPT 

pulse sequence is much shorter than the acqui si ti on time 

which is necessary for the a normal 13c NMR experiment. A 

final advantage of the INEPT modification over the off-reso-
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nance experiment is that fewer signals are obtained in the 

13e NMR INE?T spectrum which results in easier spectral 

assign:nents. 

The INEPT pulse sequence which was described above pro-

vides spectral editing of the carbon types observed in the 

13e NIV:R spectru:n. Similarly, 1 Jee coupling constants can 

provide information regarding carbon "connectivity" in 

organic compounds. Thus, the basic carbon skeleton can be 

established from this information. 1Jee coupling constants 

are difficult to obtain since the natural abundance of the 

13e nucleus is only 1.1%. Therefore, 1Jce coupling constants 

are only present in a few molecules of a sanple. These coupl-

ing constants appear as weak satellites centered around a 

very intense 13e NMR signal for the majority of the 13e nuc-

lei wl;.ich are not coupled to other 13e nuclei. The presence 

of spin-side bands in the 13e NMR spectrum also makes the 

de-.:ection of these coupling constants difficult. 

Freeman et al. 61 have developed a pulse sequence which 

overcomes the above problems ar.d which has been illustrated 

for the pyridine molecule. By utilizing a double-quantum 

experiment, an eight-step pulse sequence is repeated four 

times to eliminate the central 13e NMR signals which distort 

the observation of 1 Jee coupling constants. At the same 

time, signals from spinning side bands and trace impurities 

are also eliminated to afford a spectrum containing only 1 Jee 
coupling constants. 
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One problem associated with the INADEQUATE experiment is 

that long acquisition times are necessary for the pulse 

sequence in comparison with other 13c NMR experiments. Long 

acquisition times are required because the signals of the 

coupling constant are not enhanced by the INADEQUATE tech-

nique. Therefore, relatively poor sensitivity is observed 

in the INADEQUATE experiment. New developrr.ents in this area 

could lead to a higher S/N ratio and could make the INADE-

QUATE pulse sequence an even more valuable tool in the near 

future. 

In addition to the INEPT and INADEQUATE pulse sequences, 

several other pulse sequences and N~R methods have been 

developed for similar applications (e.g., DEPT and two-di-

mensional Ni"1R studies). The interested reader is referred to 

. l' d . th .... . 58 more specia ize reviews on -. ese L.op1cs. 

One final application in the area of N;•!R spectroscopy for 

structure elucidation is lanthanide shift reagent studies. 62 

Lanthanide shift reagents were introduced by Hinckley63 in 

1969 and have greatly simplified the analysis of complex NMR 

spectra. These studies involve the addition of a lanthanide 

metal complex to a sample which contains a functional group 

acting as a Lewis base (e.g. , hydroxyl and carbonyl groups) . 

As a result of metal complexation, NMR signals that were ori-
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ginally overlapping are separated over a larger che:nical 

shift region even yielding first-order spectra in so:r.e 

instances. Several different complexes can be employed, 

however, europium and praseodymium metal complexes are gen-

erally used to reduce line broadening. These complexes gen-

erally yield downfield and upfield chemical shift changes, 

respectively. Chemical shift changes are dependent on two 

primary factors: (1) the distance between the metal atom ar.d 

observed nucleus, and (2) the angle between the axis along 

the observed nucleus and the ~etal atom, and the axis which 

is made by the metal a tom complexing to the atom acting as the 

Lewis base. 

In general, lanthanide shift reagent experiments provide 

unambiguous re~ults when only one functional group in the 

molecule complexes with the lanthanide shift reagent. The 

chemical shift changes which are observed for these com-

pounds are dependent on the previously described factors. 

When polyfunctional molecules are examined, the results 

which are obtained from lanthanide shift reagent studies may 

not be as straightforward. In these polyfunctional mole-

cules, several functional groups can complex with the lan-

thanide shift reagent. The results that are obtained in 

these studies are dependent on two major factors. These fac-

tors are the functional group basici ty and steric effects 

around this function group. 6 2a 

Morrill et al. 64 have proposed that the complexation of 
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the lanthanide shift reagent with various functional groups 

is adequately described by the hard-soft acid-base (HSAB) 

principle. Lanthanide shift reage!'1ts are hard acids and pre-

fer to co~plex with hard bases. Based on this principle fun-

citonal groups containing oxygen atoms would be expected to 

complex more effectively with lanthanide s~ift reagents tha!'1 

analogous functional groups which contain sulfur or selenium 

62c atoms. In polyfunctional molecule~, a functional group 

acting as hard base would be expected to complex most effec-

ti vely with the lanthanide shift reagent. This selective 

complexation would re:.ul t in greater chemical shift changes 

for the nuclei near this functional group provided that sub-

stantial steric factors are not observed at the complexation 

site. 

Further problems are also experienced in the analysis of 

these polyfunctional molecules with lanthanide shift rea-

gents. 62 c When lanthanide shift reagents are initially added 

to polyfunctional molecules, the functional group acting as 

the harder base wi 11 complex with the shift reagent as previ-

ously described. At higher concentrat::.ons of the lanthanide 

shift reagent, complexation at the more basic site can become 

saturated. As a result, complexation can begin to occur at 

the less basic site of the polyfunctional molecule. This 

would create additional chemical shift changes for the nuc-

lei near the second site of complexation. Therefore, the 

effects of complexation at each site would not be easily 
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determined. 

Several modifications of these polyfunctional molecules 

can be initiated to provide either an enhancement or a 

reduction of the co~plexing ability of a functional group. 

The complexing ability of a fu:-J.ctional group can be enhanced 

by a conversion to a harder base. Red'-lction of esters to 

l h 1 d . d t. f t' . ' t 1.: . d 62 c a_co o s an oxi a ion o a ~1oetners o su ~oxi es are 

examples of conversions t:!-la t can be u ti 1 i zed for this 

purpose. Similarly, hydroxyl groups can be derivatized to 

provide weak sites for complexation. This deactivation can 

be achieved through trifluoroacetate formation, 65 tosyla-

t . 66 . 1 1 .... . 66 ion, or si y a~ion. In addition, Koller and Dorn have 

reported that derivatization with 2,2,2-trifluorodiazoeth-

ane also appears to be an attractive method for deactivation 
1 of alcohols and phenols. In the above study, trifluoroethyl 

derivatives of p-cresol, n-butyl alcohol, and hexanoic acid 

were examined in the presence of Eu(fod) 3 . 1 Koller and Dorn 

found that only the carbonyl oxygen of the hexanoic ester 

derivative effectively complexed with Eu(fod) 3 . 

In cone lusion, several new NMR methods have recently been 

employed for the structural analysis of organic molecules. 

These methods include LC- 1H NMR, new pulse sequences, and 

lanthanide shift reagents. 



Chapter II 

THE ACID-CATALYZED SELF-CONDENSATION REACTIONS OF 

2,4-PENTANEDIONE AND 1-PH~NYL-1,3-BUTANEDIONE 

Introduction 

1 Koller reported that several unassigned products were 

formed on treatment of 2, 4-pentanedione with TFD in the pres-

ence of an acid catalyst. It was originally assumed that a 

mixture of trifluoroethyl enol ethers and t!::'ifluoroethyl 

dienol ethers had been obtained. In characterizing the above 

products, a novel acid-catalyzed self-condensation reaction 

was discovered. This result was in sharp contrast to the 

known reactions of diazoalkanes with ketones. 2 For example, 

the reaction of 2,4-pentanedione with diazomethaneS,lO and 

the homologation reaction of ketones and aldehydes111 12 have 

been previously reported. These results are more fully 

described in Chapter I and are summarized in Scheme 2 .1. 

This novel self-condensation reaction was pursued 

because of the potential synthetic utility of the reaction in 

aromatic natural product_preparations. Al though biosynthet-

ic cyclizations of poly-6-carboxyl compounds have been known 

since the late 1800's, 217 similar laboratory synthetic meth-

ods have only been recently utilized for the preparation of 

aromatic natural products. 

68 
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Scheme 2.1 

A Sur.mary of Products Obtained 
from the Reactions of Diazo 

Compounds with Aldehydes, 
Ketones, and S-Diketones 

- N2 
0 

R~R + TFD > 
CF 3 

~ 

+ 

0 

+R+ R' 

CF 3 
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The acid-catalyzed self-condensation reactions that are 

described in this dissertation offer potential methodology 

for the preparation of aromatic natural products t~at have 

previously been unavailable from condensation reac~ions of 

~-dicarbonyl compounds. This chapter will discuss this nov-

el acid-catalyzed self-condensation reaction. In addition, 

this chapter will also compare this cyclization process to 

other acid- and base-catalyzed cyclization reactions. 

When a methylene chloride solution of 2,4-pentanedione 

( 13_~) was treated with TFD in th~ presence of tetrafluorobor-

ic acid-diethyl ether complex (H3F 4 •OEt2 ), a mixture of pro-

ducts was obtained. To simplify analysis, the reaction 

products were refluxed 4 h with methanol, water, and aqueous 

tetrafluoroboric acid (5:2:1 volumetric ratio). These con-

ditions hydrolyzed most ketals and trifluoroethyl enol eth-

ers that were present in the initial mixture. Upon 

chromatography, symmetric acetophenone 137 was isolated as 

the major cyclization product along with several minor 

cyclization products (138-140), an insertion product (141), 
67 and 2,4-pentanedione (see Scheme 2.2 and Table 2.1). Con-

trol experiments confirm that TFD and the acid catalyst 

(HBF 4 •0Et2 ) must be present for the above cyclization to 

occur. 
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The LC- 1H NMR55 technique was utilized to readily assign 

the products obtained from the reaction of S-diketones with 

TFD. A portion of the LC-NMR profile for the unhydrolyzed 

reaction mixture that was obtained from 2,4-pentanedione is 

shown in Figure 2.1. Several key resonances can be readily 

assigned for the reaction products in this LC- 1H NMR profile. 

The 1H NMR spectrum of Fi le lb s!"lowed one aromatic singlet at 

i5 6.61 ppm, and two methyl groups at i5 2.47 and 2.26 ppm, 

respectively. This spectrum was readily assigned to the 

major cyclization product (137). (E)-4-(2,2,2-Trifluoro-

ethoxy )-4-penten-2-one ( 142), the enol ether of 2, 4-pentane-

dione was easily identified in File le. 

142 

The 1H NMR spectrum of Fi le la indicated that a mixture of 

cyclization products were present. In the aromatic region 

between i5 6. 0 and 7. 0 ppm, three aromatic singlets were 

observed. The upfield and downfield aromatic singlets were 

assigned to compound 138, and the central aromatic singlet 

was assigned to the 2,2,2-trifluoroethyl enol ether of 137 

( enol ether 143) . To confirm compounds 138 and 143, the 



Scheme 2.2 

Products Obtained from 
the Reaction of 

2,4-Pentanedionc with TFD 

OR 

137 

+ 

OR 

138 

(a) III3F4 ·oEt2 , 'l'FD; (b) Refluxing MeOlI, 11 20, ImF 4 (5:2:1 volumetric ratio). 
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TABLE 2.1 

Yield Data For p-Diketone Reaction Products 

starting p-diketone 

2,4-pentanedione 1-phenyl-1,3-
butanedione 

product 
type product yield, %a product yield, %a 

--- -·- -------

cyclization 137 26.6 155 11. 6 

138 2.4 157 29.3 

139 4.2 

140 3.2 

insertion 141 2.7 156 15.3 

recovered 
p-diketones 136 46.9b 154 30.6b 

aValues are isolated yields except where noted. 

bYield values were obtained from independent NMR experiments. 
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Figure 2.1 

Selective LC- 1H NMR files for the 2,4-pentanedione 

reaction products. These files correspond to spectra of 

eluting compounds near maximum concentrations. (a) File 

3 (elution time of 11 minutes) is the spectrum for a mix-

ture of compounds 138 and 143. 

the spectrum of acetophenone 

(b) File 7 (15 minutes) is 

137. (c) File 15 (23 

minutes) is the spectrum of for enol ether 142. This sep-

aration was obtained using a Partisil M9 10/25 PAC column 

and 99.6% CDC1 3 as the solvent. 
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2,4-pentanedione reaction mixture was preparatively sepa-

rated using conventional HPLC. All signals in the 13c NMR 

spectrum of the preparative fraction containing compounds 

13_§ and 1._43 were in total agreement with the above compounds. 

Further spectroscopic data (e.g., GC/MS) for all fractions 

which were isolated by E?LC separations were in total agree-

ment with the previously assigned structures. Co:npou!"lds 137 

and 138 were prepared by independent synthesis to further 

confirm the above assignments. 68 

To confirm the structural assignments of the cyclization 

products and the regioselectivity of the cyclization 

reaction, 2,4-pentanedione-2- 13c (145) 69 was prepared and 

treated with TFD using the normal reaction conditions. The 

products that were detected in the 13c labeling study were 

consistent with the structures assigned for compounds 132, 

).38, and 141 (Scheme 2.3). Futhermore, this study also 

helped deduce structural assignments for the larger molecu-

lar weight compounds that have originated from cyclization 

reactions (compounds 112 and 140). 

Several techniques were employed to assign the structure 

of compound 139 (see Experimental section for complete spec-

troscopic results). The correct isomer was assigned through 

the previously described 13c labeling study. Utilizing 13c 

labeled naphthalene 148, the four aromatic and the two methyl 

signals were individually irradiated in 1H NMR region while 

nuclear Overhauser effects (NOE) were observed in the 13c NMR 



Scheme 2.3 

Products Obtained from the 
Reaction of 13 

2,4-Pentanedione-2- C 
with TFD 

OR 

146 

+ 

OR 

147 

(a) IIBF 4 ·0Et2 , TFD; (b) Refluxing MeOII, 11 20, ImF 4 (5:2:1 volumetric ratio). 
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spectrum by examining the five aromatic quaternary carbons 

which were 13 c enriched (Table 2.2). The NOE enhancements 
1 were easily observed since direct Jee coupling constants 

were not observed between any of 13 the C labeled carbons 

(i.e., enhancements would have been more difficult to moni-

tor if the five carbon signals had not appeared as singlets). 

From the NOE experiment, complete carbon "connectivity" was 

established which eliminated all but one geometric isomer. 

Similar NOE studies as well as lanthanide shift reagents stu-

dies were utilized in the assignment of compound 140. 70 

In order to better understand the mechanistic details of 

the above cyclization process, the reaction of 2,4-pentane-

dione with TFD in the presence of EBF4 •0Et2 was repeated at 

lower temperat~res using limited amounts of TFD. By this 

procedure, a mixture of enol ether 142 and the corresponding 

Z-isomer was isolated. After purification, the mixture of E-

and Z-i somers was further treated with TFD and HBF 4 •OEt2 

under normal reaction conditions to yield a mixture of the 

previously described cyclization products. 

Based on the above findings, intermediates leading to 

acetophenone 146 most likely originate from the condensa-

tions of two 2,4-pentanedione equivalents through a 

Di els-Alder reaction or a Michael addition. In both mech-

anisms diene 151 and enol ether 152 71 react to yield interme-

diates which would eliminate trifluoroethoxy groups to 

afford enol ether 143 (Scheme 2. 4). Enol ether 143 can easi-
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TABLE 2.2 

NOE Results Obtained from 13c-{ 1H} 
Spectra of Compound 148 

- --------------· 

a 

resonance irradiated 

7.14 (H-4) 

6.89 (H-7) 

6.83 (H-5) 

6.43 (H-2) 

2.81 (H-9) 

2.42 (H-10) 

a resonance(s) enhanced 

136.15, 137.56 (C-3, C-4a) 

137.92, 155.30 (C-8, C-6) 

137.56, 155.30 (C-4a, C-6) 

136.15, 155.30 (C-3, C-1) 

136.15 (C-3) 

137.92 (C-8) 

Enhancements from 20-100% were observed 

148 
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Scheme 2.4 

Two Possible Mechanisms for the 
Cyclization Reaction of 2,4-Pentanedione 

MICHAEL ADDITION 

6- RO 

RO~ > 
~+ 

+ 

OR OR 

151 152 l -H+ 

DI ELS-ALDER REACTION 
RO 

151 + 152 ~ 

1-2 ROH 

RO RO 
137 ( < 

OR 
R = CH 2cF 3 

143 137 

0 
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ly be hydrolyzed to acetophenone 137 under the acidic condi-

tions employed. 

Unclear at the present time is the origin of naphthalene 

139 and aromatic compound 138. One would have expected that 

some multiple of five would be obtained for the total nu~ber 

of carbons present in these co~pounds (excluding carbons of 

trifluoroethoxy groups which originate from TFD). However, 

corr.pound ±_~~ has eight carbons that must originate from 

2,4-pentanedione, and similarly, naphthalene 139 has twelve 

carbons that must originate from the 5-carbon ~-diketone. 

One could argue that naphthalene 1:__39_ arises from ketone 1:__40 

or some precursor which leads to ketone 140. However, it 

seems more probable that ketone 140 is formed from the acid 

hydrolysis of the corresponding enol ether derivative ( 153). 

Before hydrolysis, er.ol ether 153 could undergo further 

re::.ction with a 2, 4-pentanedione equivalent to yield a 

20-carbon species (excluding carbons of the trifluoroethoxy 

group) which would decompose to naphthalene }~9 (12 carbons) 

and aromatic compound 138 (8-carbons) through a series of 

eli~ination reactions (Scheme 2.5). The formation of this 

20-carbon species can be rationalized through the previously 

described mechanisms. This reaction pathway would also be 

consistent with the observed 13c labeled pattern in com-

pounds 147 and 148 (the 13c enriched anologous of compounds 

138 and ±._;39). Both mechanisms in Scheme 2.4 and 2.5 involve 

the cyclization of carbon units which contain both an elec-
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Scheme 2.5 

The Role of Enol Ether 153 in the 
2,4-Pentanedione Cyclization Reaction 
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trophilic site and a nucleophilic site. Such a reaction 

pathway would result in a 13c labeling pattern on al ternati!'lg 

carbons which is consistent with the above results. In sup-

port of this mechanistic view, 1 direct Jee coupling con-

stants between the labeled carbons were not observed in any 

of the eye lization products. /l.ddi ticnal mechanistic studies 

of these cycliza::ion reactions would provide additional sup-

port for the above process. 

When l-phenyl-1,3-butanedione (15~) was employed as the 

starting p-diketone, several products 

obtained after hydrolysis (Scheme 2. 6). As with the 2, 4:-pen-

tanedione, the LC- 1H NMR technique was utilized to assist in 

the identification of reaction products (see Figure 2.2). 

The first compound detected by the LC- 1H NMR was biphenyl 155 

in File 2a. The three singlets upfield from 7.0 ppm indi-

cated that this compound must be a 1,3,5-trisubstituted aro-

matic compound. Another phenyl ring, one trifluoroethoxy 

group, and one methyl group were observed as substituents on 

the compound contained in this file. The precursor which 

leads to biphenyl 15~ is formed from the cyclization of two 

l-phenyl-1,3-butanedione equivalents. The reaction inter-

mediate then eliminates the remaining benzoyl group to yield 

this biphenyl compound. 
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Scheme 2.6 Caption: 

(a) HBF4 •0Et2 , 0°C; (b) refluxing MeOH, H2o, HBF4 (5:2:1 

volumetric ratio); (c) HBF4 •0Et2 , o0 c; (d) p-toluenesul-

fonic acidmonohydrate, refluxing benzene. 
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Figure 2.2 

Selective LC- 1H NMR files of the l-phenyl-1, 3-butanedione 

reaction products. (a) File 7 (25 minutes) is the spec-

trum of biphenyl 155. (b) File 8 (26 minutes) is the spec-

trum of a mixture of biphenyl 155 and trace amounts of 

2,2,2-trifluoroethyl benzoate (158). (c) File 9 (27 min-

utes) shows additional traces of 158. ( d) Fi le 10 ( 28 

minutes) and ( e) Fi le 11 ( 29 minutes) are spectra of 

insertion product 156. (f) File 12 (30 minutes) is the 

spectrum of a mixture containing insertion product 156, 

methyl benzoate ( 159), and l-phenyl-3-trifluoromethyl-

l, 4-pentanedione (160). (g) File 13 (31 minutes) is the 

spectrum containing 160 and l-phenyl-1,3-butanedione 

(154). (h) File 14 (31 minutes) is the spectrum of 154. 

(i) File 19 (36 minutes) is the spectrum of a mixture of 

154 and cyclohexenone 157. (j) File 21 (38 minutes) is 

the spectrum of cyclohexenone 157. 
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2,2,2-Trifluoroethyl benzoate (158) was detected by the 

LC- 1H NMR apparatus as a trival product in the reaction mix-

ture (Files 2b-c). This compound was characterized by the 

trifluoroethoxy group at o 4.6 ppm. Corr.pound 1._?6 which orig-

inates from a ho!':'lologation reaction was easily identified in 

File 2d by the olefir.ic proton at o 5.3 ppm. This compound 

also contained a single proton at o 4.6 which was coupled to 

both a trifluoromethyl group and the olefinic hydrogen. 

Methyl benzoate (_15~) appeared in Fi le 2f along with 1-

phenyl-3-trifluoromethyl-1,4-pentanedione (160) which has 

resulted from hydrolysis of compound l?~· The methyl ben-

zoate and trifluoroethyl benzoate that were observed above 

originate during the elimination process which forms biphe-

nyl £~. The enol form of l-phenyl-1, 3-butanedione eluted in 

Fi le 2h and exhibited a characteristic olefinic proton down-

field at o 6 ppm. Compounds 1_54, ].._.?.~, 1.~~' and _160 contained 

aromatic protons that were ortho to a carbonyl group. As a 

result, these compounds exhibited resonances near o 8 ppm. 
1 The last compound to elute from the LC- H NMR apparatus 

was cyclohexenone 15~ in Files 2i-j. Poor signal-to-noise 

was observed due to the long elution of this co~pound under 

the employed chromatographic conditions. To obtain addi-

tional spectroscopic data for cyclohexenone 157 and the oth-

er reaction products, another mixture was prepared from 1-

phenyl-1,3-butanedione and was separated using flash 

chromatography. The stereochemi stry for the purified cyclo-
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hexenone 157 which was isolated from flash chromatography 

was established by paranagnetic shift reagent [Eu(fod) 3 J 

studies. 13c labeling studies (~:!:_de j__nfr~) 70 also provided 

support for this structure. Cyclohexanone 157 could be 

forned from the cyclization of two l-phenyl-1,3-butanedione 

equivalents throt.:.gh one of the mecha!1i sms described for 

2,4-pentanedione. Unlike biphenyl 15~, a benzoyl group has 

not been eliminated from cyclo:1exenone 157. However, the 

benzoyl group has undergone furt~er reaction to provide the 

corresponding trifluoroethyl ke~al derivative. 

To confirm the regioselectivity of the cyclization 

reaction and to further verify the identity of the cyclized 

products, 1-phenyl-l,3-butanedione-1- 13c was prepared and 

treated with TFD using the normal reaction conditions 72 

(Scheme 2.7). The 13c N~~ spectra of the labeled products 

indicated that the ketal and the olefinic quaternary carbons 

were labeled in cyclohexenone 164 and that only one labeled 

quaternary carbon was present in biphenyl 162. Carbon "con-

nectivity" data was obtained for labeled cyclohexenone 164 
13 61 . from INADEQUATE C NMR studies. The results of this study 

are presented in Table 2. 3. For eye lchexenone 1__?4, the INAD-

EQUATE experiment indicated that both labeled carbons were 

directly coupled to the methine carbon ( 1JCC coupling con-

stants of 39.1 and 43.5 Hz). The results of the INADEQUATE 

experiment are consistent with cyclohexenone 164 and have 

provided carbon "connectivity" in the portion of the mole-
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TABLE 2.3 

Jee Coupling Constants for Compound 1__64 
Obtained from INADEQUATE NMR Studies 

c. 
J 

3 

4 

Ph(e-3) 

7 

Ph(e-3) 

2 

Ph 

0 

164 

J .. [Hz] 
1J 

66.9 ± 1 

39.l ± 1 

54.9 ± 1 

43.5 ± 1 

57.1 ± 1 

OCH 2cF 3 

OCH 2cF 3 
OCH 2CF 3 
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cu le opposite the carbonyl group. 

The cyclized products J55 and 157 were isolated in 11.6 

and 29.3% yields, respectively, after chrorr.atographic sepa-

ration (Table 2.1). In contrast to the results which were 

obtained with 2,4-pentanedione, aromatization of cyclohexe-

none 157 was ir.corr.plete. Nevertheless, the cor:i.bined yield of 

cyclized products from 1-phenyl-1,3-butanedione was signif-

icantly higher than the yi.eld that was obtained from 2, 4-pen-

tanedione. 

Die:iol ether 165 (isolated from mixture prior to hydroly-

sis, see Scheme 2.6) was easily converted to cyclohexenone 

157 under the methanol-water-EBF 4 hydrolytic conditions. 

Data suggest that the deketalization of cyclohexenone 157 

did not occur with methanol-water-HBF4 due to steric con-

straints to nucleophilic attack at the ketal carbon. 1H and 

13c NM~ data for cyclohexenone 157 provide support for the 

steric constraints at ketal carbon. 70 These data indicate 

that phenyl group attached to the ketal carbon has restricted 

rotation at ambient temperatures (-3o 0 c). Also, dienol eth-

er 165 provided biphenyl 155 when subjected to the original 

acidic conditions without TFD (i.e. a methylene chloride sol-

ution of HBF 4 •OEt2 at o 0 c). however, cyclohexenone 157 was 

stable to these same reaction conditions. These observa-

tions suggest that dienol ether 165 is a key immediate in the 

formation of 155 and 157. Furthermore, both cyclohexenone 

157 and dienol ether 165 can be quantitatively converted to 
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biphenyl 166 using p-toluer.esulfonic acid monohydrate in 

refluxing benzene (Scheme 2. 6). 

The conversion of dienol ether 165 to cyclohexenone 157 

is consistent with the stereochemistry indicated. Models of 

dienol ether 1~~ support that the cyclohexadiene structure 

should be planar forcing both the ketal carbon and the adja-

cent tri fluoroethoxy group into the same plane. Proper 

orbital overlap would be obtained allowing elimination to 

bi phenyl l_~-~ under normal reaction conditions. In cyclohex-

enone 1_~2, lack of coplanarity for the ketal carbon and the 

trifluoroethoxy group results in poor orbital overlap for 

eliminations from this compound under normal hydrolytic con-

di tions. Therefore, cyclohexenone 22 would be expected to be 

stable to the normal hydrolytic conditions and would not 

undergo further elimination reactions to form an aromatic 

product. 

Cyclization of Substituted Derivatives of 

l-Phenyl-1,3-butanedione 

Several substituted derivatives of l-phenyl-1,3-butane-

di one were prepared in order to illustrate the potential syn-

thetic utility of the cyclization reactions previously 

discussed. p-Fluoro, p-methyl, p-rnethoxy, and a-methyl 
72 73 derivatives of l-phenyl-1,3-butanedione were prepared ' 

and treated with TFD in the presence of HBF 4 •OEt2 . Yield 
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data for the resulting reaction products are provided in 

Table 2.4. From the yield data, it is apparent that the 

degree of hydrolysis varied from one reaction syste:n to 

another. For exar:-.ple, when the p-fluoro substi tute!1t was 

examined, the dienol ether of the cyclohexenone was eve!1 iso-

lated after hydrolysis. This illustrates incomplete hydro-

lysis for this reaction mixture. Nevertheless, the above 

results can be easily summarized in Table 2.5 which compares 

the total yields of cyclized products and insertion products 

with recovered p-diketones. Yield data for 1-phenyl-l,3-bu-

tanedione are also included in Table 2.5 for further compar-

ison. 

In comparing yields of cyclization and insertion products 

for the substituted derivatives of 1-phenyl-1,3-butanedi-

one, a preponderance of insertion products were formed from 

the o-met~yl derivative of 1-phenyl-1,3-butanedione. This 

higher yield of insertion products would be expected since 

the o-methyl group can sterically hinder cyclization. A 

slightly different cyclization product (167) was also 

obtained for the sterically hindered o-methyl p-diketone 

system. In addition to the normal spectroscopic techniques a 

lanthanide shift reagent study was utilized to establish the 

structure of this new cyclization product. ?O 
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TA3:.E: 2.4 

Y!e!d ~a~a fo~ t~e S~bs~~t~ted 
Deriva:i~es c! l-?henyi-l,3-bu:anedione 

OR 

Ar A 
0 

CH 3 
' 

Ar 
R 

Ar OR 
OR 

RO, /'.... ~ 
Y?\r: Ar H CF3 

OR 

s~bst!~~:ed derivative o! 
l-~~e~yl-:,3-t~ta~ed!o~e 

p-!l.uoro p-:::e:!-.yl o-:;-.ethy:. 

11. 3% .. , ~ 0/ 
.! .... -10 0% 

12. 5 22.4 0 

7.1 3.3 3.1 

3.l 7.1 21.5 

4.9 3.9 5.4 

o-:::ethoxy 

H.8% 

0 

c 

4.5 

:.2 
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TAB~E 2.4 (cor.t.) 

-----------------------·-----------------

prod;.;ct 

0 

ArJ} 
Ar 

OH 0 

Ar 

HO~ 

Ar 0 
RO 

:~ 
Ar 

R 
Ar OR 

Ar~ 
0 

s~bs~~:~~ed der~~a~~~e c! 
l-?~e~y:-1,3-b~~a~e=:o~e 

p-:~'J.O!"O p-:::et!':yl c-::-.et!':yl 

c•' /o 

22.l 

l. 3 

3.9 

0 

0•1 /0 

20.6 

9.8 

0 

0 

7. 2~~ 

32.2 

0 

0 

3.0 

------ ----- ----·------------

p-:::et!':oxy 

0% 

45.l 

7.6 

0 

13.7 
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cyclic 

insertion 

recovered 
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TABLE 2.5 

Yield Data for the Substituted Derivatives 
of l-Phenyl-1,3-butanedione Comparing 

Types of Recovered Products 

substituted derivatives of 
l-phenyl-1,3-butanedione 

p-fluoro p-methyl o-methyl p-methoxy 

27.8% 33.5% 7.2% 14.8% 

15.l 14.2 33.l 19.4 

23.4 30.4 32.2 52.7 

unsub-
stituted 

40.9% 

15.3 

30.6 
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0 

Ar == 

Me 
Ar 0 

167 

It should also be noted that only a trace amount of the cyclo-

hexenone derivative was obtained from the p-methoxy 8-dike-

tone system. The corresponding eye lohexenone derivative 

could have undergone further reaction during the cyclization 

process (e.g., polymer formation). 

To further explore the potential synthetic utility of 

these 8-diketone self-condensation reactions, the substi-

tuted diene 168 and the cyclohexenones 169 and 170 were con-

verted to the corresponding biphenyl derivatives in 

quantitative yields with p-toluenesulfonic acid monohydrate 

in refluxing benzene (Scheme 2.8). This conversion demon-

strates a new bi phenyl preparation from 8-diketones. In 

addition, biphenyl compounds 1_66, 171, and 172 could ulti-

mately be important synthons in the preparation of larger 

polycyclic aromatic compounds (i.e., through the Elbs 

t . ) 74 reac ion . 
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Scheme 2.8 

New Methodology for the Preparation of 
Biphenyl Compounds from Products Obtained 
from the Reactions of S-Diketones with TFD 

0 OH 

p-TsOH 
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Ar Ar 
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169, Ar = -0-F 171, Ar = -0-F 
170, Ar = -0-Me 172, Ar = -0--Me 
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168, Ar = -0- F R = CH2cF3 
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Comoarison of Cvclization Processes 

The cyclization of 8-diketones in the presence of TFD and 

HBF4 •0Et2 is in sharp contrast to the cyclization reactions 

of 8-diketones and 8-dicarbonyl equivalents that were previ-

ously described in Chapter I. The base-catalyzed cycliza-

tion reactions of 8-diketone that were reported by Clark and 
33 34-37 Miller and others - involved a condensation between 

two 3-carbon units, one containing nucleophilic sites and 

the other containing electrophilic sites (eq 23 in Chapter 

I). In the previously described base-catalyst study, 

regioselectivity was observed for the cyclization reaction 

of 1-phenyl-2,4-pentanedione to predominately compound 57. 

Similar results have been reported by Chan and 
. 38 39 41 Brownbr1dge ' ' in cyclization reactions utilizing 

titanium tetrachloride. Both 8-dicarbonyl equivalents 65 

and 80 act as the 3-carbon fragment with the two nucleophi lie 

sites that will undergo cyclization with several different 

3-carbon uni ts containing electrophi lie sites. 

In the presence of TFD and HBF4 •0Et2 , 2,4-pentanedione 

and various substituted derivatives of l-phenyl-1,3-butane-

dione undergo cyclization reactions to yield products that 

originate from a condensation between a 4-carbon fragment 

and a 2-carbon fragment. Conceptually, this condensation is 

quite similar to the Diels-Alder reaction or the Robinson 
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annelation. In the conde!:'lsation, both the 2-carbon unit and 

the 4-carbon unit co!:'ltain a nucleophi lie site and an electro-

philic site (eq 44). 

o+ 
c-
l + ) > 0 ( 4 4) 

o+ 
o-

Although this cyclization process is regioselectively, a 

single cyclized product is not generally obtained from sub-

stituted derivatives of l-phenyl-1,3-butanedione. That is, 

the initial reaction products formed during the cyclization 

process appear to undergo further elimination reactions 

under the previously described conditions. Therefore, good 

yields of a single cyclized product cannot be currer:.tly 

obtained from cyclization process. As previously described, 

the products that are obtained from the acid-catalyzed 

reaction of 13-diketones are uniquely different from the pro-

ducts obtained from similar base-catalyzed reactions (e.g., 

different reaction produ~ts are obtained from 2, 4-pentanedi-

one). Therefore, the potential synthetic utility of both 

cyclization processes is clearly illustrated. 
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Conclusion 

The novel acid-catalyzed condensation reaction of 

p-diketones in the presence of TFD o:fers potential synthet-

ic methcdology for the preparation of cyclized compounds 

which were previously unobtainable from the base-catalyzed 

condensation reactions of p-dicarbonyl units. Two general 

types of substituted biphenyl compounds have been prepared 

utilizing this methodology. Substituted derivatives of 166 

should be important synthons in the preparation of larger 

condensed aromatic ring systems. The precise role of 2,2,2-

trif luorodiazoethane and mechanistic details of this 

reaction are not fully understood at the present time. 
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Equipment. .N:'iR data was obtained from either a JEOL !:'X-200 

Spectrometer ( 1H NMR 199.50 MHz/13c NMR 50.10 M~z/ 19 F NMR 
1 

187.70 MHz) or a Bruker WP-200 Spectrometer (-H NMR 200.13 

MHz; 13c Ni\'IR 50. 33 MHz). Samples were dissolved in CDC1 3 , and 

chemical shifts were referenced to TMS. The notation which 

is used in reporting carbon types which were confirmed by 13c 

NMR INEPT results is as follows: s =quaternary, d = nethine, 

t =methylene, q =methyl. Mass spectral data was obtained 

from a Varian MAT 112 Spectrometer operating at 70eV. The 

mass spectral 0 probe temperature was 250 C. GC/MS results 

were obtai!"led by coupling the above system to a 25 meter 

OV-101 glass capillary column. Samples were eluted over a 
0 150-250 C temperature range. IR data were recorded from a 

Perkin-Elmer Model 7103 In: rared Spcctrophometer. UV-VIS 

results were obtained from a Hitachi 100-60 Spectrometer, 

and constant wav"-'length studies in this region were per-

formed using a Bausch and Lomb Spectronic 20. Elemental 

analysis results for compounds described in this chapter 

appear in Table 2. 6. 

2,2,2-Trifluorodiazoethane (TFD). TFD was prepared by modi-

fying the procedure of Fields and Haszeldine. 16 Sodium 

nitrite (14.9 g, 216 mmoles) was slowly added in three equal 

portions to an ice-cold solution of 2,2,2-trifluoroethyl-

amine hydrochloride (25.0 g, 184 mmoles) in water (225 mL) 
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TABLE 2.6 

Elemental Analysis Results for Various 
Reaction Products 

theoretical 1 a b resu ts ' 

compound % c % H % c % H 

138 58.82 5.43 59.52 5.80 
140 55.61 4.91 55.99 5.24 
144 58.54 5.32 59.45 5.55 
155 67.66 4. 9 2 66.51 4.97 
156 51. 54 3.71 51.23 3.83 
165 51. 54 3.71 51.63 3.81 
168 48.85 3.22 48.88 3.34 
169 51. 50 3.49 51.65 3.62 -
170 56.19 4.55 55.82 4.55 
174 63.38 4.26 62.62 4.73 

175 45.09 2.84 46.20 3.04 

176 42.62 2.93 43.41 3.10 
177 48.85 3.22 49.92 3.54 
179 48.35 3.58 49.02 3.74 

180 43.69 3.47 43.61 3.51 
181 52. 9 5 4.15 53.18 4.27 -
183 42.39 3.37 42.80 3.55 

184 50.57 3.96 51.32 4.13 
188 48.35 3.58 48.39 3.73 

189 43.69 3.47 44.05 3.56 

190 52.95 4.15 53.11 4.26 
191 52.95 4.15 53.38 4.17 
200c. 47.07 3.21 46.49 3.31 
20lc. 54.05 5.90 54.34 5.94 
2llc. 60.46 5.07 60.59 5.05 
212c. 52. 9 5 4.15 52.90 4.20 
240d 63.15 5.30 62.46 5.27 
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TABLE 2.6 (cont.) 

aFor comparison, J. Am. Chem. Soc. considers routine 
an~lyses which agree with calculated values within +0.4% 
as acceptable. 

6Average value of two analyses. 

cSee Chapter III for a description of this compound. 

dsee Chapter IV for a description of this compound. 
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and CH2 c1 2 (225 rnL). The mixture was vigorously stirred dur-

ing the NaNo2 addition which resuired 15 min. The solution 

was transferred to a separatory funnel, and the orga!1ic layer 

was collected. The aqueous layer was extracted with 4-75 mL 

and 1-50 mL portions of CH2 c1 2 . All CH2 c1 2 extracts were 

co~bined, washed twice with cold 10% Na2co3 , and stored over 

Caso4 at temperatures below o0 c. Yields of 60-65% were 

obtained using this met!1od. Yield results were deter!":'lir.ed by 

19F NMR spectroscopy (i.e., TFD was compared to a known 

amount of 1,2-difluorotetrachloroethane). Yields have also 

-1 been deterrni ned spectrophotometrica 11 y at 403 nm ( £ = 7. 9 M 

-1 cm ) . 

Cyclization Reactions Utilizing TFD. A 500 mL 4-necked round 

bottom flask was equipped with a condenser attached to an 

ice-trap, a rubber septu:n, an addition funnel, and a nitrogen 

inlet. T!1e ice-trap which attached to the car.denser was con-

nected to a nitrogen bubbler to serve as a !1i trogen exit. The 

flask was also equipped with a stirring bar and was cooled to 

o0 c. A solution of 2,4-pe:1tanedione (1.5 g, 15 mmoles) in 10 

mL of CH2 c1 2 was added to the reaction flask under nitrogen. 

A 0.28 M TFD solution (0.17 L, 46 mmoles) was added dropwise 

to the ~-diketone over 1 3/4 h. HBF 4 •oEt2 (0.90 mL, 7.9 

mmoles) was added to the reaction flask in several small por-

tions throughout the reaction period. Following the addi-

tion of TFD, the reaction continued to stir at o0 c for 

another 1 3/4 h. The reaction mixture was neutralized with 1 
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mL of triethylamine. Then, the reaction mixture was washed 

twice with 5% NaHC03 and once with water. The organic layer 

was dried over anhydrous Mgso4 followed by removal of CH2c1 2 . 

The mixture was hydrolyzed using 25 mL of methanol, 10 mL of 

water, and 5 mL of aqueous tetrafluoroboric acid. The above 

mixture was refluxed with stirring for 4 h. After the hydro-

lysis period, water and CH2c1 2 were added to the mixture to 

separate the two layers. The organic layer was collected, 

washed twice with 5% NaHC03 , and washed once with water. The 

organic layer was dried followed by removal of CH2c12 . (Oth-

er reactions described in this chapter have utilized similar 

reaction conditions without triethylamine neutralization 

prior to treatment with 5% NaHco3 ). 

The resulting mixture was separated utilizing flash 

chromatography75 to provide yield data for the ~-diketone. A 

gradient e~ution with pentane, methylene chloride, and die-

thyl ether provided an adequate separation of the 2,4-pen-

tanedione reaction mixture. Compounds 138 a?"'.d 139 had 

similar retention times and were further separated by 

recrystallization from pentane. Compound l_~-~ precipitated 

from the solution while compound 138 remained soluble in the 

IT.other liquor. Compound _l_~ was further purified by extract-

ing acidic impurities into base with three portions of 5% 

NaOH. The organic layer that was used in the above 

extraction was washed once with water, dried over anhydrous 

Mgso4 , filtered, and evaporated under a slow stream of nitro-
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gen gas. 

The following compounds were obtained from this 

procedure: acetophenone l;!2 (0.49 g, 26.6%), aromatic co~-

pound l~~ (0.036 g, 2.4%), naphthalene l~~ (0.074 g, 4.2%), 

cyclic ketone J_1Q (0.056 g, 3.2%), and insertion ~-diketone 

141 (0.037 g, 2. 7%). 7his procedure also afforded a 46. 7% 

recovery of starting material based on a 1H NMR integration 

of an independent reaction mixture prior to chromatographic 

separation. 

The 2,4-pentanedione mixture utilized in the LC- 1H NMR 

study was prepared with 2.8 g (28 mmoles) of the starting 

~-di ketone using the previously described procedure. The 

organic mixture was neutralized with 10% NaOH instead of the 

previously described triethylamine procedure. This mixture 

was directly separated using the LC- 1H NM~ apparatus without 

the previously described hydrolytic treatment. 

LC- 1H NMR Conditions. Reaction mixtures originatir.g from 

2, 4-pentanedione and l-phe!"lyl-1, 3-butanedione were sepa-

rated using a Partisil M9 10/25 PAC column. CDC1 3 (99.6%) 

was used as the chromatographic solvent in these 

separations. A flow rate of 1 mL/min was utilized in all sep-

arations. The 1H NMR profiles were recorded at 199.50 MHz on 

a JOEL FX-200 Spectrometer, and chemical shifts were refer-

enced to residual CHC1 3 (o 7.24) appearing in the chromato-

graphic solvent. 24 scans were recorded per file, and total 

data collection took -20 minutes. For the 2,4-pentanedione 
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reaction mixture, fractions were collected as the various 

compounds eluted from the LC- 1H NMR apparatus, and GC/MS data 

were obtained for the indi victual fractions. See reference 55 

for a more detail description of the LC- 1H N~R instru~enta-

tion. Additional HPLC separations of the 2,4-pentanedione 

mixture utilized similar chromatograp~ic conditions with 

CEC1 3 instead of CDC1 3 being utilized as the chromatographic 

solvent. 

Control Experiments for 2,4-Pentanedione Cyclization. (a) A mix-

ture of 1.0 g of 2,4-pentanedione and 50 mL of a 0.25 M TcD 

solution were added to a flask under nitrogen at o0 c. The 

mixture stirred overnight and was analyzed for reaction pro-

ducts by removal of CH2c1 2 . 1 13 H and C NMR showed unreacted 

2,4-pentanedione. (b) A mixture of 2.0 g of 2,~-pentanedi-

one, 10 mL of CH2c1 2 , and 0.25 mL of HBF4 •0Et2 was prepared 

under nitrogen. After 2 h, the organic mixture was neutral-

ized with 10% NaOH (2,4-pentanedione was also extracted into 

base using these conditions) and wasI'.ed with water. 1 H and 

13c NMR results showed only trace amounts of 2,4-pentanedi-

one remaining in the organic layer as no reaction products 

were formed. 

Preparation of 2,4-Pentanedione-2- 13c CL'!:~). 

labeling studies, 2,4-Pentanedione-2- 13c (145) was prepared 

using several known techniques. 69 First, acetic acid-1- 13c 

was prepared from the Grignard reaction of 65 mL of a 3.2 M 

methyl magnesium bromide solution (208 mmoles) with 13c 
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labeled carbon dioxide that had been generated fro~ 20.3 g 

( 102 mmoles) of 13c labeled bar-ium carbonate. The acetic 

acid-1- 13c reaction product was titrated with 2M NaOH to gen-

erate 5.2 g of sodium acetate-1- 13c (61% yield). 3is(ace-

tic-1-13c) anhydr-ide was prepared from 23. 4 g ( 282 rr.moles) of 

sodium acetate-1- 13c and 100 g (525 mmoles) of p-toluenesul-

f 1 hl . 1 • ·1r i l' , 69 T' . . ony _ c or1ae us1 ng !lance s proceaure. n1 s proceaure 

afforded 7.37 g of bis(acetic-1- 13c) a?:.hydride (25.1% 

yield). 

2,4-Pentanedione-2- 13c was obtained by treating a mix-

ture of bis(acetic-1- 13c) anhydride (7.37 g, 708 mmoles) and 

acetic anhydride (5.06 g, 49.6 mmoles) 76 with acetone (2.79 

g, 48.1 mmoles) and gaseous boron trifluoride. The above 

mixture was steam distilled, and the distillation fractions 

were treated with cupric acetate to precipitate the copper 

salt o! the B-diketone. The 6-diketone that was recovered 

after acidification was distilled to yield 3.07 g (63.4% 

yield) of 2,4-pentanedione-2- 13c (145) with 50% label incor-

poration. 

The 3.07 g of the 2,4-pentanedione generated above (30.5 

mr.1oles) were treated with 0.36 L of a 0.25 M TFD solution (91 

mmoles) and 2.4 mL of P.BF4 •0Et2 (21 mmoles) using the previ-

ously described procedure. This procedure afforded 0.869 g 

of acetophenone 146 ( 23. 1%), 0. 096 g of aromatic compound 1'9< 7 

(3.1%), 0.137 g of naphthalene l_~~ (3.8%), 0.077 g of cyclic 

ketone 149 ( 1. 8%), and 0. 217 g insertion di ketone 150 ( 3. 9%). 
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Products Obtained from Treatment of 2, 4-Pentanedione with TFD 

(137-}4}_). Products 137-141 were prepared as previously 

described and were isolated by flash chromatography after 

the Me0H-H2 0-HBF4 hydrolysis. Spectroscopic data for each 

compound are reported below. 

For l-[2,6-dimethyl-4-(2,2,2-trifluoroethoxy)phenyl]-

ethanone (}_1]): 1H N:•1R 6 6.61 (s, 2H), 4.33 (q, 2H, J = 8 Hz), 

2.47 (s, 3H), 2.26 (s, 6H); 13 c NMR i5 207.62, 157.16 (s), 

137.25 (s), 134.85 (s, 2C), 123.32 (CF3 , J = 275 Hz), 

114.18(d, 2C), 65.74 (fH2 cF3 , J = 35 Hz), 32.31 (q), 19.52 

(q); 13 c NHR of labeled compound 146 6 207.62, 157.16, 134.85 

m + + enhanced; EI/MS, /e 246 (M , 92%), 203 (M - c 2 H3 0, 100). 

For 3,5-dimethyl-1-(2,2,2-trifluoroethoxy)benzene 

0_2?): 1H Nl•lR 6 6.70 (s, HI), 6.58 (s, 2H), 4.32 (q, 2H, J = 8 

Hz), 2.31 (s, 6H); 13c NYJR i5 157.51 (s), 139.64 (s, 2C), 

124.23 (d), 123.47 (CF3 , J = 275 Hz), 112.66 (d, 2C), 65.83 

13 
(~H2 CF3 , J = 35 Hz), 21.39 (q); C NMR of labeled compou~d 

1_'47 6 157. 51, 139. 64 enhanced; EI/MS, m/e 204 (M+, 100%), 189 
+ + 

( M - CH3 I 2 l) I 121 ( M - CH2CF 3 I 32) . 

For l,6-bis(2,2,2-trifluoroethoxy)-3,8-dimethylnaphtha-

lene (l~~): 1H NMR i5 7.13 (s, HI), 6.89 (d, lH, 4 JHCCCH=2 

Hz), 6.82 (d, lH, 4 JHCCCH = 2 Hz), 6.43 (s, lH), 4.40 (q, 2H, 

J = 8 Hz), 4.39 (q, 2H, J = 8 Hz), 2.80 (s, 3H), 2.42 (s, 3H); 

13 C NMR i5 155.30 (s), 123.48 (2CF3 , J = 278 Hz), 119.75 (d), 

119.38 (s), 107.10 (d), 105.46 (d), 65.85 (fH2 cF3 , J = 36 

Hz), 65.61 (fH2CF3, J = 36 Hz), 24.63 (q), 21.63 (q); 13c NMR 
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of labeled corr.pound _1-~-~ 6 155.30 (2C), 137.92, 137.56, 136.15 

enhanced; EI/r1S, m/e 352 (i1+, 64%), 260 (M+ - CH2 CF3 , 32) 

UV/vis (hexane), A (log E), 322 nm (3.19), 280 nm (3.72), max 

231 nm ( 5. 84) . 

For 2,5-bis(2,2,2-trifluoroethyl)-4,9-dimethyl-5,9-me-

thano-6, 8, 10-trihydrobenzo- 7-cyc looctaneone ( 1~_9) : 1H NMR 
4 a 

6 6.61 (d, lH, .JHCCCH = 2 Hz), 6.43 (d, lE, .JHCCCH = 2 Hz), 

4.28 (q, 2H, J = 8 Hz), 3.93-3.52 (m, CH2 CF3 , 2H), 2.99-1.98 

(8d, 8H), 2.48 (s, 3H), 1.27 (s, 3H); 13 c NMR 6 206.47, 156.57 

(s), 139.01 (s), 137.83 (s), 127.89 (d), 124.03 (CF3 , J = 278 

Hz), 123.27 (CF3 , J = 278 Hz), 117.84 (d), 112.78 (d), 80.27 

(s), 65.58 (gH2cF3 , J = 36 Hz), 60.82 (~H2 CF3 , J = 36 Hz), 

53.14 (t), 52.87 (t), 52.87 (+), 45.20 (t), 43.43 (t), 33.35 

(s), 31.25 (q), 20.57 (q); 13 c NMR of labeled compound 149 6 

206.47, 156.57, 139.01, 137.83, 80.27, 33.35 enhanced; 

EI/MS, m/e 410 (M+ - c 3 H6o, 100). 

For 3-trifluoromethyl-2, 5-hexanedione (_l~l): 1H NMR 6 

3 2 3.7-3.9 (m, CHCF 3 , lH), 3.7-3.9 (dd, lH, JHCCH= 10, JHCH= 
3 2 -20 Hz), 2.76 (dd, lH, JHCCH = 3, JHCH = -20 Hz), 2.43 (s, 

3H), 2.21 (s, 3H); 13 c NMR 6 204.37, 200.51, 124.48 (CF3' J = 

281 Hz), 50.40 (~HCF3 , J = 26 Hz), 39.69 (t), 31.33 (q), 29.41 

(q); 13c NMR of labeled compound 150 6 204.37, 200.51 

enhanced; EI/MS, m/e 182 (M+, 100%), 167 (M+ - CH3 , 29), 139 

(M+ - c 2 H3o, 23). 

In some instances, a second insertion product was 

observed due to incomplete hydrolysis of the reaction mix-
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ture. This product was assigned as 5,5-bis(2,2,2-trifluoro-

ethoxy)-4-trifluoromethyl-2-hexanone. 1H NM'K o 3.91 (q, 4H, 

2CH2 CF3 , J = 8 Hz), 3.80 (dq, lH, 3 JHCCH = 9 Hz, 3 JHCCF = 9 

Hz), 3.53 (dd, lH, 3 JHCCH = 9 Hz, 2 JHCH = -5 Hz), 2.68 (d, lH, 

2 13c JHCH = -5 Hz}, 2.21 (s, 3H), 1.47 (s, 3H}; NM'K 202.99, 

125.69 (2CF3 , J = 280 Hz), 123.52 (CF3 , J = 277 Hz}, 102.12 

(s), 59.94 (gH2cF3 , J = 36 Hz}, 59.18 (gH2 cF3 , J = 36 Hz), 

43.35 (CHCF3 , J=26Hz), 38.71 (t}, 29.80 (q), 19.32 (q). 

Compounds 142 and 143 were isolated prior to the 

Me0H-H2 0-HBF4 hydrolysis of the 2,4-pentanedione reaction 

mixture. These compounds were only observed in the LC- 1 H Ni'1R 

and the HPLC separations and have the following spectroscop-

ic data. 

For (E)-4-(2,2,2-trifluoroethoxy)-3-pentene-2-one 

(1:_9:2): 1H NMR o 5.46 (s, lH}, 4.16 (q, 2H, J = 8 Ez}, 2.33 (s, 

3H), 2.18 (s, 3H}; 13 c NMR 196.25, 169.68 (s), 122.70 (CF3' J 

= 275 Hz), 100.91 (d), 64.88 (CH2 cF3 , J = 35 Hz}, 32.12 (q), 

18.99 (q}; EI/MS, 
m ~ + 
/e 182 (M', 28%), 167 (M - CH3 , 100), 83 

~ + (C:-r2 cc 3 , 85). 

For l,3-dimethyl-5-(2,2,2-trifluoroethoxy)-2-[1-

(2,2,2-trifluoroethoxy)ethenyl]benzene (_1_1_~): 1H NMR o 6.61 

(s, 2H}, 4.47 (d, lH, J = 3 Hz}, 4.30 (q, 2H, J = 8 Hz}, 4.20 

13 (d, lH, J = 3 Hz}, 4.14 (q, 2H, J = 8 Hz}, 2.26 (s, 6H); C 

NMR 0 15 7 . 5 4 ( s ) I 15 6 . 8 9 ( s ) I 13 8 . 7 9 ( s I 2 c ) I 13 0 . 2 6 ( s ) I 

123.23 (CF3 , J = 278 Hz), 113.44 (d, 2C), 88.56 (t), 65.56 

(gH2 CF3 , J =Hz), 64.62 (gH2 CF3 , J = 35 Hz), 19.83 (q, 2C); 
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EI/MS, m /e 328 + 
( M I 61%) t 313 + 

( M - CH3 I 21), 121 (M+ 

CH2CF 3 I 32). 

Prep a ration of 3, 5-Dimeth yl-1- (2, 2, 2-trifl uoroethoxy) benzene 

( 138) and 1- [2, 6-Dimethyl-4- ( 2, 2, 2-trifl uoroethoxy) phenyl] ethanone 

(1-)_7). 3, 5-Dimethyl-1- ( 2, 2, 2-tri f 1 uoroet!1oxy) benzene (]}_~) 

was prepared by treating 7.7 g (63 ~moles) of 3,5-dimethyl-

phenol with 0.28 L of a 0.25 M TFD solution (70 mmoles) and a 

catalytic amount of H!W4 •0Et2 (0.90 ~L, 7.9 mmoles). TFD was 

added to the phenol under nitrogen at o0 c with continuous 

stirring. The reaction mixture was gradually warmed to room 

temperature. After 16 h, another 55 mL of the TFD solution 

(14 mmoles) and 0.25 mL of HBF4 •oEt2 (2.2 moles) were added 

to the reaction mixture at o0 c to insure total reaction. 

After several minutes, the reaction mixture was washed twice 

with 5% NaHC03 and once with water. The organic layer was 

dried over anhydrous Mgso4 followed by removal of CH2c1 2 . 

The remaining oi 1 was vacuum distil led yielding 9. 2 g of 

3,5-dimethyl-1-(2,2,2-trifluoroethoxy)benzene (J3~) (72% 

yield, bp 83-89°c at 0.05 mm Hg). 1H and 13 c NMR spetra were 

identical with those that were obtained for compound 138 in 

the 2, 4-pentanedione cyclization. 

Compound 13 7_ was 77 prepared by dissolving 1. 6 g ( 12 

mmoles) of aluminum chloride in 20 mL of nitrobenzene. Com-

pound 138 (2.4 g, 12 mmoles) and acetyl chloride (1.0 g, 

0.013 mmoles) were respectively added to the reaction mix-
0 ture at 0 C. The reaction mixture was stirred under nitrogen 
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for 2 h. The reaction mixture was hydrolyzed by pouring the 

contents of the reaction flask into ice-water ar..d add:!.ng 5 mL 

of concentrated HCl to the resulting mixture. The aqueous 

mixture was extracted twice with ether. The ether extracts 

were washed twice with 5% NaHC03 and once with water. The 

organic layer was dried over a:-:.hydrous i'lgS04 and then evapo-

rated in vacuo. The liquid that remained was vacuum dis-

tilled yielding 1.1 g (37% yield) of a 40/60 mixture of the 

symmetric and nonsym~etric acetophenone isomers. These 

isomers distilled at 73-760C under 0.025 mm Hg and were fur-

ther separated using column chromatography on silica gel. 

Compound 1~1 was isolated utilizing a gradient elution with 

pentane and CH2c1 2 . This process afforded 0.36 g of 1-[2,6-

dimethyl-4-(2,2,2-trifluoroethoxy)phenyl)ethanone (137). 

Eluting prior to the symmetric acetophenone was 1-(4,6-di-

methyl-2-(2,2,2-trifluoroethoxy)phenyl)ethanone (144). 
1 13 Compound .L~I had H and C NMR spectra that were identical 

to those obtained for compound J~l in the 2,4-pentanedione 

cyclization. 

For 1-[4,6-dimethyl-2-(2,2,2-trifluoroethoxy)phenyl]-

ethanone ()..44) : 1 H NMR o 6.75 {s, lH), 6.53 (s, lH), 4.37 {q, 

2H, J = 8 Hz), 2.50 (s, 3H), 2.33 {s, 3H), 2.24 {s, 3!-i); 13c 

NMR o 204.73, 154.07 (s), 140.58 (s), 136.61 (s), 125.74 (d), 

123.21 (CF3 , J = 278 Hz), 111.55 (s), 110.33 (d), 66.06 

(fH2cF3 , J = 35 Hz), 32.19 (q), 21.50 (q), 19.23 (q). 

Preparation of 142 and (Z)-4- (2, 2, 2-trifluoroethoxy)-3-penten-2-
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one (152). A mixture of the E- and Z-trifluoroethyl enol eth-

ers 142 and 152 were prepared by adding 0.40 L of 0.32 M TFD 

solution (0.13 mole) to the reaction apparatus that was 

described above. The reaction flask was cooled to -89°c with 

an iso-propyl alcohol-liquid nitrogen bath. A solution of 

16.0 g of 2,4-pentanedione (0.16 mole) and 2.0 ml of 

HBF4 •0Et2 (18 mmoles) was slowly added to the TFD solution. 

After 1.5 h of stirring at this temperature, the te~perature 

bath was removed and the reaction mixture was im~ediately 

washed with 5% NaHC03 . The mixture was washed with a second 

portion of 5% NaHco3 and with a single portion of H2o. The 

organic layer was dried with anhydrous Mgso4 , filtered, and 

evaporated _i __ ~~~S:~~-. The resulting 1 iquid was vacuum dis-

tilled at 33-36°c (0.30 mm Hg). The product was dissolved in 

CH2c1 2 and was washed with two portions of 5% NaOH ar.d one 

portion of H2 o to remove remaining traces of 2,4-pentanedi-

one. The organic layer was dried and evaporated j~ vacUQ as 

described above. This afforded 5. 31 g of enol ethers 14_? and 

152 in 18% yield (2:1 ratio, respectively). For (Z)-4-

(2,2,2-trifluoroethoxy)-3-penten-2-one (1_~1_): 1H NMR c'i 5.29 

(s, lH), 4.42 (q, 2H, J = 8 Hz), 2.33 (s, 3H), 2.08 (s, 3H); 

13 C N'.\'1R c'i 197.01, 162.79 (s), 122.67 (CF3 , J = 275 Hz), 110.93 

(d), 65.90 (~H2 cF3 , J = 35 Hz), 31.22 (q), 19.36 (q). 

The enol ether mixture prepared above (0.64 g, 3.5 

mmoles) was treated with 40 mL of a 0.30 M TFD solution (12 

0 mmoles) and 0.15 mL of HBF4 •oEt2 (1.3 r.imoles) at 0 C. The TFD 
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solution was added to the reaction flask over 1 h, and the 

reaction mixture was stirred for another 0.5 h before neu-

tralization. The reaction mixture was neutralized by wash-

ing the organic layer with 2 portions of 5% NaHC03 and with a 

single portion of water. The organic layer was dried with 

anhydrous filtered, and evaporated in vacuo. The 

resulting oil contained a mixture of products analogous to 

those obtnincd directly from 2,4-pentanedione as monitored 

by 1H NMR spectroscopy. 

Products Obtained from Treatment of 1-Phenyl-1,3-butanedione 

with TFD (l~~-J_?.]). Products J~~-1-~.7-. were prepared by treat-

ing 4.49 g (28 mmoles) of l-phenyl-1,3-butanedione with 0.31 

L of a 0. 23 M TE'D solution ( 69 mmoles) and 0. 75 mL of 

HBF4 •0Et2 (6.6 mmoles) using the general procedure that was 

previously described. The hydrolyzed reaction mixture was 

neutralized with 5% NaOH instead of 5% NaHC03 . 

This procedure afforded 2. 31 g of cyclohexenone 157 

(29.3% yield), 1.32 g of insertion ketone 156 (15.3%), and 

0. 428 g of bi.phenyl 1_~~ ( 11. 6%) . It was determined from an 

independent study that 30.6% of the starting l-phenyl-1,3-

butanedione was recovered from similar reaction mixtures. 

This independent study was initiated since 5% NaOH had 

extracted the starting ~-diketone from the previously 

described procedure. Spectroscopic data for each compound 

is reported below. 

For 5-methyl-3-(2,2,2-trifluoroethoxy)biphenyl (155): 
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1 H NMR o 7.58-7.63 (rn, 2H), 7.36-7.52 (m, 3H), 7.14 (s, lH), 

7.01 (s, lH), 6.80 (s, lH), 4.43 (q, 2H, J = 8 Hz), 2.44 (s, 

3H); 13c NMR o 157.84 (s), 142.98 (s), 140.70 (s), 140.20 

(s), 128.75 (d, 2C), 127.61 (d), 127.16 (d, 2C), 123.43 (CF3 , 

J = 278 Hz), 122.36 (d), 114.51 (d), 110.97 (d), 65.99 

13 (fH2cF3 , J = 38 Hz), 21.59 (q); C NMR of labeled compound 

m + 162 o 142.98 enhanced; EI/MS, /e 266 (M , 100%). 

For (E)-5-phenyl-5-(2,2,2-trifluoroethoxy)-3-trifluo-

romethyl-4-penten-2-one (15~): 1H NMR o 7.44 (broad, SH), 
3 5.28 (d, lH, J = 10 Hz), 4.62 (m, CHCF3 , lH, J = 10 Hz, JHCCF 

= 9 Hz), 3.9-4.2 (m, CH2 CF3 , 2H), 2.35 (s, 3H); 13c NMR o 
199.23, 158.23 (q), 132.36 (s), 130.08 (d), 129.03 (d, 2C), 

127.22 (d, 2C), 102.75 (d), 66.55 (~H2cF3 , J = 26 Hz), 53.15 

(CHCF3 , J=26Hz), 29.81(q); 13cNMRof labeledcompound163 

m + o + o 158.23 enhanced; EI/MS, /e, 326 (M , 9%), 283 (M - c 2 H3 o, 
+ 

100) I 77 ( C6H5 I 38) . 

For 4-[bis-(2,2,2-trifluoroethoxy)phenylrnethyl]-5-me-

thyl-3-phenyl-5-(2,2,2-trifluoroethoxy)-1-cyclohexenone 

(157): 1H NMR o 8.0-6.9 (broad, lOH), 6.39 (s, lH), 4.6-2.9 

(3CH2 CF2 , 6H), 3.97 (s, lH), 2.01 (d, lH, J = 18 Hz), 1.47 (s, 

13 3H), 1.13 (d, lH, J = 18 Hz); C NMR o 195.59, 157.28 (s), 

141.34 (s), 134.39 (s), 130.01 (d), 129.48 (d,2C), 78 128.78 

(d, 2C), 125.39 (d, 2C), 123.79 (2CF3 , J = 278 Hz), 123.09 

(CF3 , J = 278 Hz), 104.55 (s), 78.15 (s), 60.10 (~H2CF3 , J = 

35 Hz), 59.81 (fH2 cF3 , J = 35 Hz), 58.76 (~H2CF3 , J = 35 Hz), 

13 52.80 (d), 42.18 (t), 25.71 (q); CNMRoflabeledcompound 
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164 o 157.28, 104.55 enhanced; IR (KBr) 1685 cm-l EI/:'-:S, m/e 

+ 0 ' 287 (C 11 H9 F6 , 100%); mp 160-161 (uncorrectea); Anal. Calcd 

for c 26H23 o3 F9 : C, 54. 75; H, 4.06. Found C, 54.89; H, 4.39. 

In some instances, two other insertion products have also 

been isolated after hydrolysis. 1-Phenyl-3-trifluoro-

methyl-1,4-pentanedione (l~Q) was isolated and afforded the 

f cl lowing spect:coscopic data: 1H NMR o 7. 96 ( d, 2H, J = 7 

Hz), 7.3-7.7 (m, 3H), 3.8-4.l (m, lH + CHCF3 , 2H), 3.32 (d, 

2 + + 
lH, JECH= -16 Hz), 2.53 (s, 3H); 244 (M, 1%), 105 (C 7H7o, 

100). 

1-Phenyl-3-trifluoromethyl-l,4,4-tris(2,2,2-trifluoro-

ethoxy)-1-pentene (17~) was also isolated and had the fol-

l lowing spectroscopic data: H NMR o 7.3-7.5 (broad SH), 5.06 

(d, lH, J = 11 Hz), 3.8-4.1 (3CH2c:3 + CHCF3 , 7H), 1.56 (s, 

3H); 13 c NMR 0 158.23 (s), 143.63 (s), 130.03 (d), 129.03 (d, 

2C), 127.34 (d, 2C), 124.80 (CF3 , J = 278 Hz), 123.75 (CF3 , J 

= 278 Hz), 123.63 (CF3 , J = 278 Hz), 123.22 (CF3 , J = 278 Hz), 

103.34 (d), 101.88 (s), 66.72 (gH2 cF3 , J = 35 Hz), 59.71 

(~H2CF3 , J = 35 Hz), 59.19 (~H2 CF3 , J = 35 Hz), 46.31 (~HCF3 , 

J = 26 Hz), 19.36 (q); EI/MS, m/e 409 (M+ - OCH2 cF3 , 4%), 225 

+ 
(C6H7F602 I 100). 

173 



121 

The l-phenyl-1,3-butanedione mixture that was separated 

1 with the LC- H NMR apparatus was prepared by treating 1.6 g 

(9.7 mmoles) of phenyl-1,3-butanedione with 0.11Lofa0.25 

M TFD solution (28 rnmoles) and 0.35 mL of HBF4 •0Et2 (3.1 

mmoles) as described for 2, 4-pentanedione. The organic mix-

ture was neutralized before hydrolysis with 5% NaOH instead 

of 5% Nanco3 which was used for the 2, 4-pentanedione reaction 

mixture. 

Other compounds isolated by the above technique appeared 

in trace amounts. Chemical shifts in the LC- 1H NMR profile 

that were assigned to methyl benzoate were identical to the 

chemical shifts of the pure compound (Fi sher). 

Preparation of l-Phenyl-l ,3-butanedione-1- 13c ().J>J._). Several 

known procedures were adapted to prepare the target 

l l 72 B . 13c "d ( 11" 115°C t d) mo ecu e. enzoic- aci mp ·=- , uncorrec e was 

prepared from the Grignard reaction of PhMgBr (generated 

from bromobenzene and Mg metal) with labeled carbon dioxide 

that was generate~ from 90% 13 c enriched barium carbonate 

(21.8 g, 110 mmoles). The PhMgBr utilized in this experiment 

was generated from 3.4 g (140 mmoles) of magnesium metal and 

20. 3 g ( 129 mmoles) of bromobenzene. This procedure afforded 

6.40 g of benzoic- 13c acid (47.3% yield). 

When 5. 74 g ( 46. 5 mmoles) of benzoic- 13c acid was treated 

with 23. 8 g ( 200 mmoles) of thionyl chloride and 0. 234 g 

( 0. 922 mmoles) of iodine, 4. 43 g of benzoyl- 13c chloride was 

formed (67.3% yield). Benzoy1- 13c chloride (4.43 g, 31.3 
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mmoles) was added to 4. 03 g of methanol ( 126 mmoles) and 4. 50 

g of 1,4-diazabicyclo[2.2.2]octanc (DABCO, 40.l mmoles) to 

generated 4. 25 g of methyl benzoa te- 13c ( 100% yield). Methyl 

benzoate- 13c (2.57 g, 20.l mmoles) was treated with 2.06 g 

(42.9 mmoles) of sodium hydride (50% solution in dispersion 

oil) and 2.36 g (40.6 m:noles) of acetone in dry ether to gen-

erate 0.523 g of 1-phenyl-l,3-butanedione-1- 13c (}~!, iso-

lated in 16.1% yield). 

Diethyl ether that was used in the Grignard reaction and 

in the conder.sation reaction of acetone with methyl 

benzoate- 13c was dried and distilled from LiAlH4 . Acetone 

was distil led from phosphorus pentoxide and stored over 

Ca SO 4 prior to use. 

a water aspirator) 

Both benzoy1- 13c chloride (bp 69°c using 
. 13 0 and methyl benzoate- C (bp 26-30 C at 

0. 20 mm Hg) were vacuum distil led prior to their usage in the 

above experiments. 1-Phenyl-1,3-butanedione-1-13c was vac-

uum distilled at 9S 0 c under 1.2 mm Hg. The 1-phenyl-l,3-bu-

tanedione-1-13c was also recrystallized from ethanol-wn~er 

and dried prior to treatment with TFD. 

Spectroscopic data for the above 13c labeled compounds 

are reported below. For benzoy1- 13c chloride: 1H NMR o 8. 14 
3 2 (dd, 2H, JHCCH = 8 Hz, JCCH = 8 Hz), 7.70 (t, lH, J = 8 Hz}, 

7. 53 ( dd, 2H, 3 JHCCH = 8 Hz, 3 JHCCH = 8 Hz); 13c NMR o 168. 39 

enhanced. 

For methyl 13 benzoate- C: 8.0-8.2 
3 7.3-7.6 (m, 3H}, 3.93 (d, 3H, JCOCH = 4 Hz). 

( m, 2H) I 
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1 For 1-phenyl-1,3-butanedione (l.§__~): H NMR o 7.8-8.0 (m, 

2 2H), 7.3-7.6 (m, 3H), 6.19 (d, lH, JCCH = 4 Hz), 2.22 (3H, 

s); 13c NMR o 183. 29 enhanced. 

1-Phenyl-l,3-butanedior.e-1- 13c [J.§_~, 0.523 g (3.23 

mmoles) I was diluted to 3.02 g with U!'llabeled 

1-phenyl-1,3-butar.edione. 79 The combined ~-diketones (18.6 

mmoles) were dissolved in 15 rnL of CH2c1 2 and were treated 

with 0.18 L of a 0.26 M TFD solution (47 mmoles) and 0.45 mL 

of P.BF 4 •0Et2 ( 3. 9 mmolcs) as described for the preparation of 

compounds _15_?_-)._~.?_. The mixture of reaction products was 

hydrolyzed utilizing the previously described hydrolysis 

conditions. The resulting mixture was neutralized with the 

5% NaHC03 washing procedure. This procedure afforded 1. 60 g 

of eye lohexenone -~-E?_4: ( 30. 1% yield), 0. 987 g of insertion 

ketone). __ ~~- (17.0%), and 0.409 g of biphenyl .!~?.. (16.5%). 

Starting material (0.813 g, 26.9%) was also recovered from 

the reaction mixture. 

Prep a ration of 3, 5-b is ( 2, 2, 2-trifl uoroethoxy )-6- [bis ( 2, 2, 2-tri-

fl uoroethoxy) phenylmethyl ]-5-methyl-1-phenyl-1,3-cyclohexadiene 

().._~?._): Dienol ether J_~5 was prepared by the fol lowing proce-

dure. First, 1.5 g of 1-phenyl-1,3-butanedione (9.3 mmoles) 

was treated with 0.10 L of a 0.28 M TFD solution (28 mmoles) 

and 0.45 mL of HBF •OEt 4 2 (3.9 mmoles) as previously 

described. To enhance the amo~nt of dienol ether 165 in the 

mixture, the TFD solution was added over 19 min and the 

resulting mixture was stirred for another 5 min. Next, 1.8 



124 

mL of triethylamine was added to the mixture. The mixture 

was then washed twice with 5% NaHC03 and once with water. The 

organic layer was dried and evaporated to an oi 1. 

The resulting oil was not hydrolyzed with the methanol-

water-EBF 4 mixture, but was directly separated by chroma tog-

raphy on neutral alumina. A gradient elution with petroleum 

ether and met~ylene chloride was used in the separation of 

dienol ether A?.? from the other reaction products. Dienol 

ether )._65 eluted in the early nor.polar fractions and was 

recrystallized from pentane and CH2c1 2 . Dienol J_~-~ (0. 256 g) 

was isolated in 8.5% yield. 

For 3,5-bis(2,2,2-trifluoroethoxy)-6-[bis(2,2,2-tri-

fluoroethoxy)phenylrnethyl]-5-methyl-l-phenyl-l,3-cyclohex-

adiene (!.!?_?.): 1H NMR 6 7.1-7.6 (broad, lOH), 6.10 (s, lH), 

2.8-4.5 (m, 4CH2 CF3 , 8n), 3.83 (s, lH), 3.57 (s, lH), 1.45 

13 (s, 3H); C NMR 6 151.31 (s), 141.24 (s), 140.68 (s), 136.13 

80 (s), 128.52 (d, SC), 127.92 (d), 127.32 (d, 2C), 125.62 (d, 

2C), 124.11 (CF3 , J = 281 Hz), 123.79 (CF3 , J = 277 Hz), 

123.49 (CF3 , J = 277 Hz), 123.01 (CF3 , J = 277 Hz), 122.78 

(d), 104.20 (d), 96.73 (d), 80.22 (s), 64.22 (gH2c:-3 , J = 36 

Hz), 60.78 (~H2CF3 , J = 35 Hz), 59.95 (9H2 CF3 ), 59.39 

(gH2 cF3 ), 52.28 (d), 24.19 (q); EI/MS, m/e 652 (M+, 1%), 

(C 11H9 F 6o2 +, 100%), r.ip 164-16S0 c (uncorrected). 

Preparation of 5-Methyl-3- (2, 2, 2-trifl uoroethoxy) biphenyl ( 155). 

Dienol ether ]:_§5 ( 0. 0665 g, 0. 10 mmoles) was treated with 

0.40 mL of HBF4 •0Et2 (3.5 mmoles) and 30 mL of CH2 c1 2 under 
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"The mixture stirred for 2. 5 h and was 

quenched with 0. 40 mL of triethylamine. The solution was 

washed twice with 5% NaHC03 and once with water. After dry-

1 13 ing and evaporating the organic layer, H and C NMR data 

showed that 5-methyl-3-(2,2,2-trifluoroethoxy)biphenyl 

( 155) was formed as well as several unidentified products. 

Preparation of (5-Hydroxy-3-methyl [ 1, 1 '-biphenyl]-2-yl)phenyl-

methanone ( 166). ( 5-Hydroxy-3-methyl [ 1, 1' -biphenyl ]-2-yl )-

phenylmethanone (166) was prepared by treating 0.056 g of 

dienol ether 165 with 0. 053 g of p-toluenesulfonic acid mono-

hydrate (0.28 mmole) and 30 mL of benzene. The mixture was 

refluxed 2.5 hand gave a brown solution at the end of the 

refluxing period. Triethylamine (0.30 mL) was added to the 

reaction mixture resulting in a red solution. The organic 

mixture was washed twice with 5% NaHco3 and twice with water. 

1 13 After drying and reducing the organic layer, Hand C NMR 

data indicated that biphenyl ( 166) was the re·action product. 

Biphenyl 166 can also be prepared from cyclohexenone 157. 

Cyclohexenone 157 (0.068 g, 0.12 mmole) was treated with p-

toluenesulfonic acid monohydrate (0.043 g, 0.23 mmole). The 

mixture was stirred and refluxed for 3. 5 h under nitrogen. A 

dark brown mixture resulted which was washed twice with 5% 

NaHCO and once with water. The organic layer became 

peach-colored when neutralized. After drying and- evapo-

ration of the organic layer, 1H and 13c NMR results indicated 

that biphenyl 166 was the only reaction product. For biphe-
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nyl 166: 1H NMR o 7. 65-7. 69 (m, 2H), 7. 10-7. 52 (m, SH), 

6.83-6.85 (m, 2H), 5.55 (broad, HI), 2.31 (s, 3n); 13 c N'.'1R o 

199.99, 155.84 (s), 142.23 (s), 140.07 (s), 138.08 (s), 

137.79 (s), 132.83 (s), 129.32 (d, 2C), 128.97 (d, 2C), 

128.27 (d), 128.16 (d, 2C), 127.98 (d, 2C), 127.28 (d), 

116.19 (d), 114.14 (d), 19.98 (q); EI/i'!S, m + /e 288 ( M , 87), 
+ + + 

287 (M - H, 100) I 211 (M - C6H5' 50) I 105 (C7H50 I 10). 

Preparation of Cyclohexanone )._52.. Di enol ether J_§_5_ ( 0. 089 g) 

was treated with 10 mL of methanol, 3 mL of water, and 2 mL of 

HBF4 . The mixture was refluxed with stirring for 6.5 h fol-

lowed by treat~ent with water and methylene chloride. The 

organic layer was washed twice with 5% NaHC0 3 and once with 

water. The organic layer was dried over anhydrous Mgso4 , 

1 13 filtered, and evaporated l:!l __ v_~C:~_o. The H and C Nl1R spec-

tra of the resulting product showed complete hydrolysis to 

eye lohexenone _15Z. 

Preparation of Substituted Derivatives of 1-Phenyl-1, 3-butanedi-

one. The p-fluoro, p-methyl, p-methoxy, and a-methyl deriv-

ative of 1-phenyl-1,3-butanedione were prepared by utilizing 

72 73 known procedures. ' The p- f luoro and p-methyl deri va-

tives were prepared by the condensation reaction of acetone 

and the appropriate aromatic esters in the presence of NaH. 

The a-methyl and p-methoxy derivatives was prepared by the 

condensation reaction of ethyl acetate with the appropriate 

acetophenones in the presence of NaH. The a-methyl deriva-

tive was purified by two vacuum distillations of the ~-dike-
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tone. The pure B-diketone distilled at 90-930C under 0.7 mm 

Eg. The p-methoxy derivative was recrystallized fro:n pen-

tane and methylene chloride. This S-diketone was dried in a 

vacuum dessicator overnight to remove residual water. Both 

the p-methyl and the p-fluoro derivatives were precipitated 

as copper complexes by treatment with cupric acetate. Each 

S-diketone was regenerated using 20% H2 so4 and was extracted 

into ether. After removal of the ether, the two S-diketones 

were vacuum distilled. The p-methyl derivative distilled at 

93-96°c under 0.40 mm of Hg pressure. The product crystal-

lized at room temperature after distillation. The p-fluoro 

derivative distilled at 80-95°c under 0. 60 mm Hg. 

All aromatic precursors were available from Aldrich 

except methyl p- f luorobenzoa te. MetI'.yl p- fl uorobenzoa te wa:; 

prepared by slowly adding 8.3 g of p-fluorobenzoyl chloride 

( 52 rnmoles) to 5. 9 g of DABCO ( 53 mmoles) and 5. 0 g of metha-

nol (0.16 mole) ur.der nitrogen. The acid chloride was added 

over 1 h, and the reaction mixture was stirred for an addi-

tional 1/2 h after the acid chloride was added. Water and 

CH2c1 2 were added to the reaction mixture, and the layers 

were separated. The aqueous layer was extracted again with 

CH2c1 2 , and the organic layers were combined. The organic 

layer was washed once with 5% NaHC0 3 , washed once with water, 

dried over anhydrous Mgso4 , and evaporated in v~cuo. Methyl 

p-fluorobenzoate distilled at 44-45°c under 0.85 mm Hg 

yielding 7 .19 g of product (47 m:noles, 90%). 



128 

The substituted 6-diketones were treated with TFD and 

HBF 4 •0Et4 using the 2, 4-pentanedione reaction procedure. 

1-(4-Fluorophe!1yl)-1,3-butanedione (2.58 g, 14.3 mmoles) 

was treated with 170 mL of a 0. 253 M TFD solution ( 43. 0 

mmoles) and 1.45 mL of HBF4 •0Et2 (12. 7 mmoles) to prepare the 

p-f luoro subs ti tu ted reaction products. The p-methyl 

reaction products were obtained by treatment of 2. 50 g ( 14. 2 

mmoles) of l-(4-methylphenyl)-1,3-butanedione with 170 mL of 

a 0.266 M TFD solution (45.2 mmoles) and 0.95 mL of Ei3F4 •0Et2 

(8.32 mmoles). The p-methoxy substituted reaction products 

were prepared by treating 3.84 g (20.0 mmoles) of l-(4-meth-

oxyphenyl)-1,3-butanedione with 295 mL of a 0.215 M TFD sol-

ution (63.4 mole) and 1.60 mL of HBF4 •cEt2 (14.0 mmoles). 

The steric effects of the cyclization reaction were examined 

by treating 3.57 g (20.3 mmoles) of 1-(2-rr.ethylphenyl)-l,3-

butanedione with 420 mL of a 0.190 M TFD solution (79.8 

mmoles) and 1.25 mL of EBF4 •ost2 (11.0 mmoles). 

All spectroscopic data which was obtained for the substi-

tuted reaction mixtures after chromatographic separation 

showed little variation from the data presented for the l-

phenyl-1, 3-butanedione reaction products. The o-methyl sub-

stituted 6-diketone did yield compound 167 which did not 

correspond with any previously assigned structure. The cor.l-

pound was isolated as a dark red oil which would not crystal-

lize after further chromatographic attempts. Treatment of 

the compound with 2, 4-dini trophenylhydrazine did not yield a 



129 

crystalline solid. Spectroscopic data for lf>7: 1H NMR o 8.11 

(broad, lH), 7.1-7.6 (aronatics +CH, 9E), 6.07 (s, lE), 5.94 

(s, lH), 2.49 (s, 3H), 2.44 (s, 3H), 2.21 (s, 3H); 13 c NMR. o 

192.99, 166.58 (s), 158.73 (s), 147.64 (s), 143.28 (s), 

136.65 ( s) I 135.78 ( s) I 132.35 ( s) I 131.27 ( Q) I 130.93 ( d) I 

130.18 ( d) / 129.06 ( d) I 128.87 ( d) I 127.19 ( d) / 125.12 ( d) / 

125.38 ( d) I 115.85 ( d) I 109.79 ( d) / 97.14 ( d) / 21. 81 ( q) I 

20.69 ( q) I 20.22 ( q) ; EI/MS, rn/e 316 + + 
( M I 56%) I 119 (C 8 H70 I 

+ 100), 91 ( c 7H7 , 79). See Figure 2. 3 for structures of other 

compounds isolated in this study. See Table 2.4 for yield 

data obtained in this study. 

Reaction Products Obtained from 1- ( 4-Fluorophenyl )-1,3-butanedi-

one. Spectroscopic data for the reaction products t~at were 

obtained from 1-(4-fluorophenyl)-l,3-butanedione are repor-

ted below. 

For 3,5-bis(2,2,2-trifluoroethoxy)-6-[bis(2,2,2-tri-

fluoroethoxy)(4-fluorophenyl)me~hyl]-5-methyl-l,3-cyclohex-

l ~ 
adiene (l_fi_~): H NMR o 7.4.; (dd, 2H, J = 9 Hz, -JHCCF = 5 Hz), 

6.92-7.15 (broad, 6H), 6.07 (s, lH), 3.1-4.4 (4CH2cF3 , SH), 

3.90 (s, lH), 3.50 (s, lH), 1.45 (s, 3H); 13cN:VlRo 163.18 (s, 

J = 248 Hz), 162.73 (s, J = 248 Hz), 151.15 (s), 139.59 (s), 

137.21 (s), 131.61 (s), 130.41 (d, 2C, broad), 127.17 (d, 2C, 

J=8Hz), 123.87 (2CF3 , J=278Hz), 123.34 (CF3 , J==277Ez), 

122.80 (CF3 , J = 278 Hz), 122.63 (d), 115.47 (d, 2C, J = 22 

Hz), 114.23 (d, 2C, J = 21 Hz), 103.80 (s), 96.09 (d), 80.06 

(s), 64.19 (gH2 cF3 , J = 36 Hz), 60.67 (gH2 CF3 , J = 36 Hz), 
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Figure 2.3 

Products obtained from reactions of substituted deriv-

atives of l-phenyl-1,3-butanedione with TFD. 
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59.95 (gH2c:3 , J = 37 Hz), 58.58 (gH2 CF3 , J = 34 Hz), 52.29 

(d) I 24.15 (q) • 

For 4-[Dis(2,2,2-trifluoroethoxy)(4-fluorophenyl)-

methyl]-3-(4-fluorophenyl)-5-methyl-5-(2,2,2-trifluoroeth-

oxy)-2-cyclohexen-l-one p~_~): 
1 H NMR 6 7.7-8.0 (broad, 

4 
2H), 7.50 (dd, 2E, J = 8 Hz, ·J~,...cc~ = 8 Hz), 7.17 (dd, 2H, J = ........... r 

8 Hz, 3 JHCCF = 8 Hz), 6.9-7.3 (broad, 2H), 6.34 (s, lH), 

3.1-4.5 (6H, 3CH2 CF3 ), 3.88 (s, lH), 2.09 (d, lH, J = 18 Hz), 

1.45 (s, 3H), 1.25 (d, lH, J = 18 Hz); 13c NMR81 6 194.99, 

163.70 (s, 2C, J = 251 Hz), 155.98 (s), 137.36 (s), 

131.00-131.98 (broad, d, 2C), 130.42 (s), 129.44 (d), 127.33 

(d, 2C, J = 8 Hz), 123.72 (2 CF3 , J = 277 Hz), 123.12 (CF3 , J = 

277 Hz), 116.01 (d, 2C, J = 22 Hz), 104.45 (s), 78.21 (s), 

60.23 (gH2 CF3 , J = 35 Hz), 59.97 (gH2 CF3 , J = 36 Hz), 58.83 

(c;:H2 CF 3 , J=36Hz), 53.12 (d), 42.31 (t), 25.76 (q). 

For 4'-fluoro-5-methyl-3-(2,2,2-trifluoroethoxy)bi-

phenyl (.1.J.~): 1H NMR 6 7.51 (dd, 2H, J = 8 Hz, 4 JHCCCE' = 6 

Hz), 7.10 (dd, 2H, J = 8 Hz, JHCCF = 8 Hz), 7.04 (s, 15), 6.91 

(s, lH), 6.74 (s, lH), 4.38 (q, 2H, J=8Hz), 2.39 (s, 3H); 

6 162.69 (s, J = 246 Hz), 157.96 (s), 142.01 (s), 

140.32 (s), 136.85 (s), 128.73 (d, 2C, J = 8 Hz), 123.27 (CF3 , 

J = 277 Hz), 122.29 (d), 115.63 (d, 2C, J = 22 Hz), 114.49 

(d), 111.14 (d), 66.12 (~H2 CF3 , J = 36 Hz), 21.54 (q). 

For (Z)-l,4-bis(2,2,2-trifluoroethoxy)-l-(4-fluoro-

phenyl)-3-trifluoromethyl-l,4-pentadiene (]..75): 1H NMR 6 

4 7.43 (dd, 2H, J = 8 Hz, JHCCCF = 4 Hz), 7.12 (dd, 2H, J = 8 
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Hz, 3 
Ju,...c~ = 8 Ez}, 5.36 (d, lH, J= lOHz}, 4.43 (d, lH, J=4 

nv l:! 

Ez}, 4.22 (d, lH, J = 4 Hz), 3.9-4.4 (2CP.2 CF3 + 1C:-!CF3 , 5 H); 

13 c NMR 82 6 163.62 (s, J = 250 Ez}, 155.85 (s), 155.44 (s}, 

129.12 (d, 2C, J = 8 Ez}, 124.91 (CF3 , J = 281 Hz}, 123.25 

(CF3 , J=279Hz), l.?.3.04 (CF3 , J=277Hz}, 116.09 (d, 2C, J= 

22 Ez}, 105.36 (d}, 88.14 (t), 66.67 (c;H2 CF3 , J = 36 Ez}, 

65.23 (~H2 CF3 , J = 37 Hz), 46.06 (~H2 CF3 , J = 30 Hz}; EI/MS, 

m + + + /e 426 (M, 99%) 357 (M - CF3 , 90), 3.?.7 (M - OCH2 CF3 , 36). 

For (E)-1-(4-f~uoropher.yl)-3-trifluoromethyl-l,4,4-

tris(2,2,2-trifluoroethoxy)-3-trifluoroethoxy)-l-pentene 

(±_7_~): 1H NMR 6 7.41 (dd, 2H, J = 8 Hz, 4 J:iCCCF = 6 Hz}, 7.13 
3 (dd, 2H, J = 8 Hz, J,.,...c~ = 8 Hz), 5.03 (d, lH, J = 10 Hz}, 

!iv : 

3.8-4.1 (3CH2CF3 + 1 CHCF3, 7H), 1.56 (s, 3H); 13c NMR 6 

163.75 (s, J = 250 Hz), 157.24 (s), 129.30 (d, 2C, J = 8 Hz}, 

129.03 (s), 124.72 (CF3 , J = 280 Hz}, 123.71 (CF3 , J = 277 

Hz}, 123.58 (CF3 , J = 278 H2), 123.14 (CF3 , J = 2"/8 Hz), 

116.22 (d, 2C, J = 22 Hz}, 103.56 (d}, 101.83 (s}, 66.69 

(gH2cF3 , J = 36 Hz), 59.73 (f:-::2 cF3 , J = 36 Hz), 59.22 (~H2CF3 , 

J = 35 Hz}, 46.31 (gHCF3 , J = 27 Hz), 19.39 (q); EI/MS, m/e 

427 (M+ - OCH2 CF3 , 8%), 327 (M+ - c 4 H5 F 6o2 , 100). 

For (E)-5-(4-fluorophenyl)-5-(2,2,2-trifluoroethoxy)-

3-trifluoroethyl-4-penten-2-one (~_:?]_): 1H NMR 6 7.41 (dd, 
4 4 

2H, J = 8 Hz, -JHCCCF = 4 Hz), 7 .13 (dd, 2H, J = 8 Hz, -JHCCF = 

3 8 Ez}, 5.28 (d, lH, J = 10 Hz), 4.58 (m, lH, J= lOHz, JHCCF 

= 9 Hz}, 3.9-4.2 (rn, CH2CF3, 2H}, 2.34 (s, 3H); 13 c NMR 6 

199.23, 163.75 (s, J = 249 Hz}, 157.18 (s}, 129.27 (d, 2C, J = 
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6 Hz), 128.57 (s), 123.95 (CF3 , J = 281 Hz), 123.22 (CF3 , J = 

278 Hz), 116 (d, 2C, J = 23 Hz), 103.05 (d), 66.55 (~H2 CF3 , J 

= 35 Hz), 52.74 (~ECF3 , J = 27 Hz), 30.05 (q); EI/i\'!S, m/e 344 

+ + 
(M I 9%) I 301 (M - C2H30, 68%). 

Reaction Products Obtained from 1- ( 4-Methylphenyl )-1,3-butanedi-

one. Spectroscopic data for the reaction products that were 

obtained from l-(4-methylphenyl)-1,3-butanedio~e are repor-

ted below. 

For 4-[bis(2,2,2-trifluoroethoxy)(4-methylp~enyl)-

methyl]-5-~ethyl-3-(4-methylphenyl)-5-(2,2,2-trifluoro-

1 ethoxy)-2-cyclohe:{en-1-one (1:7_.Q): H NMR o 7. 6-7. 8 (broad, 

2H), 7.42 (d, 2H, J = 8 Hz), 7.27 (d, 2H, J = 8 Hz), 6.9-7.3 

(broad, 2H), 6.35 (s, lE), 3.1-4.5 (3C:12 cF3 , 6H), 3.91 (s, 

lH), 2.41 (s, 3H), 2.35 (s, 3H), 1.99 (d, lH, J = 18 Ez), 1.42 

(s, 3H), 1.37 (d, lH, J = 18 Ez); 13 c Nr,rn83 195.78, 157.47 

(s), 140.01 (s), 139.78 (s), 138.49 (s), 131.54 (s), 129.38 

(d, 2C), 128.68 (d), 125.41 (d, 2C), 123.86 (2CF3 , J = 278 

Hz), 123.22 (CF3 , J = 278 Hz), 104.62 (s), 78.23 (s), 60.09 

(~H2 cF3 , J = 32 Hz), 59. 74 (~H2 cF3 , J = 38 Hz), 58.66 (~H2 cH3 , 

J = 35 Hz), 52.71 (d), 42.25 (t), 25.67 (q), 21.17 (q, 2C); 

EI/MS, m/e 301 (M+ - c12H1102F6' 100%). 

For 4' ,5-dimethyl-3-(2,2,2-trifluoroethoxy)biphenyl 

(17~): 1HN:1K o 7.45 (d, 2H, J=8Hz), 7.23 (d, 2H, J=8Hz), 

7.08 (s, lH), 6.94 (s, lH), 6.73 (s, lH), 4.38 (q, 2H, J = 8 

Hz), 2.39 (s, 2CH3 , 6H); 13 c NMR o 157.82 (s), 142.87 (s), 

140.13 (s), 137.79 (s), 137.38 (s), 129.44 (d, 2C), 126.93 



135 

(d, 2C), 123.40 (CF3 , J = 278 Hz), 122.14 (ci), 114.20 (d), 

110.75 (d), 65.96 (~H2 CF3 , J = 35 Hz), 21.58 (q), 21.06 (q); 

m + + EI/MS, '/e 280 (M , 100%), 265 (iv1 - CH3 , 4). 

For (E)-l,4-bis(2,2,2-trifluoroethoxy)-l-(4-methyl-

phenyl)-3-trifluoromethyl-l,4-pentadiene p_7-_9): 1E NMR 6 

7.31 (d, 2H, J = 18 Hz), 7.21 (d, 2H, J = 18 !-iz), 5.33 (d, Ei, 

J = 10 Hz), 4.41 (d, lH, J = 4 Hz), 4.30 (m, CEC?3 , lH J = 10 

3 Hz, JHCCF = 10 Ez), 4.19 (d, lH, J = 4 Hz), 4.08 (q, 2H, J = 8 

Hz), 3.99 (q, 2H, J = 8 Hz), 2.38 (s, 3H); 13c N~R 6 156.83 

(s), 155.55 (s), 139.90 (s), 130.03 (s), 129.56 (d, 2C), 

127.05 (d, 2C), 124.94 (CF3 , J = 278 Ez), 122.99 (C!:' 3 , J = 278 

Hz), 104.33 (d), 87.92 (t), 66.55 (gH2 cF3 , J = 35 Hz), 65.15 

(gH2 CF3 , J = 35 Hz), 45.93 (~HCF3 , J = 29 Hz), 21.23 (q); 

EI/MS, m/e 422 (i.'1+ I 100%) I 407 (r·t - CH3' 84) I 353 (M+ - c:3' 

+ 98%), 323 (M - OCF3 , 24). 

For (E)-l-(4-nethylphenyl)-3-trifluoromethyl-l,4,4-

tris(2,2,2-trifluoroethoxy)-l-pentene (1.§.q): 1H ~:!'JR 6 7.29 

(d, 2H, J = 8 Hz), 7.23 (d, 2H, J = 8 Hz), 5.00 (d, lH, J = 11 

Hz), 3.7-4.1 (3 CF2 CF3 + CHCF3 , 7H), 2.39 (s, 2H), 1.55 (s, 

13 3H); C NMR 6 158.29 (s), 140.30 (s), 129.91 (s), 129.73 (d, 

2C), 127.22 (d, 2C), 124.80 (CF3 , J = 278 Hz), 123.75 (CF3 , J 

= 275 Hz), 123.70 (CF3 , J = 284 Ez), 123.25 (C:3 , J = 275 Hz), 

102.52 (s), 101.82 (d), 66.61 (gH2 CF3 , J = 35 Hz), 59.69 

(gH2 cF3 , J = 38 Hz), 59.13 (gH2 cF3 , J = 35 Hz), 46.23 (CHCF3 , 

J = 2 6 Hz ) , 2 1. 2 9 ( q ) , 1 9 . 4 2 ( q ) ; E I/MS , m / e 4 2 3 ( M + 

+ + 
OCH2CF3, 8%) I 323 (M - C4H5F602' 30) I 225 (C6H7F602 I 100). 
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For (E)-5-(4-methylphenyl)-5-(2,2,2-trifluoroe~~oxy)-
1 

oxy)-3-trifluoromethyl-4-pente:-:-2-o:!e P?_U: -H N;t;R o 7 .31 

(d, 2H, J=8Ez), 7.23 (d, 2H, J=8Ez), 5.20(d, lH, J=lO 

Hz), 4.57 (m, C~C?3 , lH, J = 10 Hz), 4.06 (q, 2E, J = 8 Ez), 

4.02 (q, 2!-1, J = 8 Hz), 2.39 (s, 3H), 2.33 (s, 3H), 13c NMR o 
199.46, 158.35 (s), 140.36 (s), 129.68 (d, 2C), 129.50 (s), 

127.16 (d, 2C), 123.98 (CF3 , J = 278 Ez), 123.28 (CF3 , J = 278 

Hz), 101.94 (d), 66.49 (~H2cF3 , J = 35 :!z), 53.16 {f'.HCF3 , J = 

26 Hz), 29.87 (q), 21.79 (q); EI/MS, m/e 340 (M+, 8%), 297 (M+ 

- c 2H30, 100). 

Reaction Products Obtained from 1 - ( 4-Methoxyphenyl )- 1 ,3-butane-

dione. Spectroscopic data for the reaction products that 

were obtained from l-(4-~ethoxyphenyl)-1,3-butanedione are 

reported below. 

For 4-methoxy-5-rnethyl-3-(2,2,2-trifluoroethoxy)bi-

phe!1yl ().?].): 1n: N"R • ·1·:. 0 7.49 ( d, 2H, J = 9 Hz), 7.05 ( $I lH) I 

6.96 ( d, 2:! I J = 9 Hz), 6.92 ( s I lH) I 6.70 ( $I lH) I 4.38 ( q I 

2H, J = 8 Ez), 3.84 ( s I 3H) I 2.39 ($I 3H); 13 c NMR 0 159.41 

( S) t 157.85 ( 5) I 142.53 ( $) I 140.10 ( 5) t 133.17 ( $) I 128.15 

(d, 2C), 123.42 (CF3 , J = 278 Hz), 121.94 (d), 114.20 (d, 2C), 

113.85 (d), 110.62 (d), 65.97 (~H2 cF3 , J = 36 Hz), 55.32 (q), 

21.56 (q); EI/MS, m/e 296 (M+, 100%), 281 (M+ - CH3 , 28). 

For (E)-1-(4-methoxyphenyl)-3-trifluoromethyl-l,4,4-

tri s ( 2, 2, 2-tri fluoroethoxy )-1-pentene ( 18_~): 1 H NMR o 7. 33 

(d, 2H, J = 9 Hz), 6.94 (d, 2:-!, J = 9 Hz), 4.95 (d, lH, J = 10 

Hz), 3.8-4.1 (3CH2 CF3 + CHCF3 , 7H), 3.84 (s, 3H), 1.56 (s, 
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3H); 13c Ni'vIR 0 161.00 (s), 157.99 (s), 128.76 (d, 2C), 124.82 

(CF3 , J = 281 Hz), 123.72 (CF3 , J = 277 Hz), 123.59 (CF3 J = 

277 Hz), 123.25 (CF3 , J = 278 Hz), 101.86 (d), 101.86 (s), 

66.59 (~H2cF3 , J = 35 Hz), 59.68 (~H2CF3 , J = 36 Hz), 59.13 

(gH2 CF3 , J = 35 Ez), 55.40 (q), 46.27 (~H2 CF3 , J = 27 Hz), 

19.38 (q); EI/~S, m/e 339 (M+ c 4 E5 F6o2 , 9%), 225 

+ 
(C6H7F602 I 100). 

For (E)-5-(4-methoxyphenyl)-5-(2,2,2-t~ifluoroeth-

oxy)-3-trifluoro:nethyl-4-pentene-2-one (J_!?_4): 1H N~·1R o 7 .35 

(d, 2H, J = 9 Ez), 6.94 (d, 2H, J = 9 Hz), 5.15 (d, lH, J = 10 

3 Hz), 4.56 (m, CECF3 , J = 10 Hz), JHCCF = 9 Hz), 3.9-4.2 (m, 

CH2CF3, 2H), 3.84 (s, 3H), 2.33 (s, 3H); 13c NMR 0 199.53, 

161.08 (s), 158.12 (s), 128.76 (d, 2C), 124.67 (s), 124.06 

(CF3 , J = 281 Hz), 123.33 (CF3 , J = 278 Hz), 114.45 (d, 2C), 

101.31 (d), 66.47 (gH2CF3 , J = 35 Hz), 55.41 (q), 53.18 

m + (gHcF3 , J = 27 Hz), 29.85 (q); EI/MS, /e 356 (M - c 2 H3 , 95). 

For 1-(4-methoxyphenyl)-3-trifluoromethyl-l,4-pentane-

dione O .. ~~): 1H NMR o 7.92 (d, 2!-1, J = 9 Ez), 6.93 (d, 2H, J = 

9 Hz), 3.7-4.1 (CHC~3 + one methylene H, 2H), 3.86 (s, 3H), 

3.26 (dd, lH, 3 JHCCH = 2 Hz, 2 JECH = -17 Hz), 2.49 (s, 3H); 

13c NMR 0 200.78, 194.32, 164.ll (s), 130.46 (d, 2C), 128.70 

(s), 124.91 (CF3 , J = 281 Hz), 114.40 (d, 2C), 55.47 (q), 

50.55 (gHCF3 , J = 26 Hz), 35.36 (t), 31.49 (q); EI/i1S, m/e 274 
+ + 

(M I 10%) I 135 (C8H702 I 100). 

For 2,2,2-trifluoroethyl p-methoxybenzoate ()-_Q_~): NMR o 
8.03 (d, 2H, J=9Hz), 6.95 (d, 2H, J=9Hz), 4.67 (q, 2H, J= 
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9 Hz), 3.88 (s, 3H); 13c NMR cS 164.64 (s), 164.13 (s), 132.17 

( d I 2 c ) I l 2 0 . 7 5 ( s ) I 113 . 91 ( d I 2 c ) I 6 0 . 5 9 ( ~E 2 c F 3 I J = 3 6 

Hz), 55. 50 ( q) . 

For met:iyl p-methoxybenzoate (}8_:?.>: 1H Ni"!R o 7. 99 (d, 2H, 

J = 9 Hz), 6.92 (d, 2H, J = 9 Hz), 3.89 (s, 3E), 3.86 (s, 3H). 

Reaction Products Obtained from 1-(2-Methylphenyl)-1,3-butanedi-

one. Spectroscopic data for the remaining reaction products 

that were obtained fro~ l-(2-methylphenyl)-1,3-butanedione 

are reported below. 

For (E)-l,4-bis(2,2,2-trifluoroethoxy)-l-(2-methyl-

phenyl)-3-trifluoromethyl-l,4-pentadiene (188): 1H ~MR cS 

7.2-7.4 (broad, 4E), 5.05 (d, HI, J = 10 Hz), 4.42 (d, lH, J = 

4 IJ ) a. 3a. ( c::.ic~ J - 10 u 3 J - 9 u ) a. 20 ( d lt-1 .z , - . - m, .. ~ 3 , - .. z , ECCF - •• z , - . , ._, 

J = 4 Hz), 4.13 (q, 2H, J=8Hz), 3.81 (q, 2H, J=8Hz), 2.31 

(s, 3H); 13c N~"!R cS 156.24 (s), 155.82 (s), 137.21 (s), 132.40 

(s), 131.35 (d), 130.67 (d), 129.83 (d), 126.15 (d), 125.08 

(CF3 , J = 281 Hz), 123.35 (CF3 , J = 277 Hz), 123.07 (CE'3 , J = 

277 Hz), 104.67 (d), 87.78 (t), 65.16 (2~H2 cF3 , J = 36 Hz), 

45.66 (gnCF3' J = 30 Hz), 19.27 (q); EI/MS, m/e 422 (M+, 13%), 
+ + 407 (M -CH3 , 31), 323 (M -OCR2 CF3 100). 

For (E)-1-(2-methylphenyl)-3-trifluoromethyl-l,4,4-

tri s ( 2, 2, 2-tri f luoroe'thoxy) -1-pentene ( 1_89_) : 

7.15-7.35 (broad, 4H), 4.75 (C:., Hi, J = 10 Hz), 3.80-4.20 

(2CH2 cF3 + CHCF3 , SH), 3.82 (q, 2H, J = 8 Hz), 2.31 (s, 3H), 

1.52 (s, 3H); 13c NMR cS 157.69 (s), 137.14 (s), 132.22 (s), 

130.70 (d), 130.26 (d), 130.12 (d), 126.31 (d), 124.91 (CF3 , 
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J = 280 Hz), 123.87 (CF3 , J = 279 Ez), 123.68 (CF3 , J = 279 

Hz), 123.23 (CF3 , J = 279 ~!z), 102.47 (d), 101.82 (s), 64.97 

(fH2 CF3 , J = 35 Hz), 59.70 (fH2 cF3 , J = 33 Hz), 59.03 (~H2c:3 , 

J = 34 Hz), 45.86 (gECF3 , J = 27 Hz), 19.29 (q), 19.05 (g); 

EI/MS, m/e 423 (M+ - OCH2CF3 , 6%), 323 (M+ - c4H5 F 6o2 , 24), 

+ 
225 ( C6H7F 602 I 100). 

For (E)-5-(2-methylphenyl)-5-(2,2,2-trifluoroethoxy)-

3-trifluorornethyl-4-penten-2-or.e (1.~9.): 1H N~fJR o 7. 2-7. 5 

(broad, 4H), 4.93 (d, lH, J = 10 Hz), 4.61 (m, CHCF3 , J = 10 

Hz, 3 JHCCF = 10 Hz), 3.87 (q, 2H, J = 8 Ez), 2.35 (s, 3H), 2.32 

(s, 3H); 13c NMR o 199.38, 157.87 (s), 137.05 (s), 131.75 

(s), 130.74 (d), 130.31 (d), 130.17 (d), 126.30 (d), 124.11 

(CF3 , J = 280 Hz), 123.30 (CF3 , J = 280 Hz), 102.06 (d), 65.09 

(~H2CF3 , J = 35 Hz), 52.92 (f:ECF3 , J = 27 Hz), 29.63 (q), 

m + + 19.29 (q); EI/MS, /e 3~0 (M , 13%), 297 (M - c2H3o, 100), 91 
+ (C7H7 ,32). 

For (Z)-5-(2-~ethylphenyl)-5-(2,2,2-trifluoroethoxy)-

3-trifluorornethyl-4-penten-2-one ( l_91): 1H NMR o 7. 1-7. 5 

(broad, 4H), 4.98 (d, lH, J = 11 Hz), 4.18 (q, 2H, J = 8 Ez), 

3.62 (m, CHCF3 , J = 11 Hz, 3 JHCCF = 9 Hz), 2.26 (s, 3H), 2.17 

( s I 3 H ) ; 13 c NY!R 0 199 . 6 6 I 16 0 . 3 8 ( s ) I 13 7 . 5 0 ( s ) I 13 l . 7 9 

(s), 130.86 (d), 130.13 (d), 129.61 (d), 126.01 (d), 124.12 

(CF3 , J = 281 Hz), 123.03 (CF3 , J = 278 Hz), 93.45 (d), 65.03 

(fH2 cF3 , J = 36 Hz), 55.30 (fHCF3 , J = 27 Hz), 29.71 (q), 

18.83 (q). 

For 1-(2-methylphenyl)-3-trifluoromethyl-l,4-pentane-
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dione {13-._?._): 1H NMR 6 7.75 (d, lH, J = 8 Hz), 7.2-7.5 (broad, 

3H), 3.9-4.2 (r.:, CECF 3 , lH), 3.82 (dd, lH, 

2 JHCH = -18 Hz), 3.22 (dd, lH, 2 J,.c .. = -18 Hz, 
• .1 n 

2.51 (s, 3H), 2.~7 (s, 3H); 13 c NMR 200.70, 

3 J ··ccq = 11 Hz, n •. 

3 J L<cc·. = 2 Hz ) , •· n 

199.27, 138.85 

(s), 135.99 (s), 132.18 (d, 2C), 128.95 (d), 125.89 (d), 

124.88 (CF3 , J = 280 Ez), 50.91(~HCF3 ,J=26 Hz), 38.00 (t), 

31.43 (q), 21.39 (q). 

Preparation of Substituted (5-Hydroxy-3-methyl [ 1, 1 '-biphenyl]-

2-yl )phenylmethanone Derivatives. ( 3, 4-Dimethyl-5-hydroxy-

[ 1, l' -bi phenyl) -2-yl) ( 4-methylphenyl) rr.ethanone O_'Z_.?_) was 

prepared by treating 1.1 g (0.18 mmole) of }JQ with 0.060 g 

(0.32 rr.~ole) of p-toluenesulfonic acid monohydrate in 30 mL 

of benzer.e. The mixture v:as refluxed 4. 5 h and was then 

cooled to room ter:lperature. The reaction mixture was di luted 

with diethyl ether and water. The organic layer was col-

lected and was washed with two portions of 5% NaHC03 . Then, 

the organic layer was washed with water, dried over ar.hydrous 

Mgso4 , and evaporated ~-:?: __ v_~~u~ to a solid. Compound 172 was 

1 formed quantitatively (0.057 g, 100%) a!1d was analyzed by H 

and 13c NMR. 1H NMR 6 7.52 (d, 2H, J=8Ez), 7.10 (d, 2H, J= 

8 Hz), 7.08 (s, lH), 7.06 (d, 2H, J = 8 Hz), 6.94 (d, 2H, J = 8 

Hz), 6.69 (s, 1:-I), 5.65 (broad OH, lH), 2.31 (s, 3H), 2.21 (s, 

3H), 2.14 (s, 3H); 13 c NMR 6 199.86, 155.80 (s), 143.81 (s), 

142.01 (s), 137.36 (s, 2C), 136.91 (s), 135.67 (s), 131.84 

( S ) / l 2 9 • 6 5 ( d / 2 c ) I l 2 9 • 0 0 ( d I 2 c ) I l 2 8 • 7 9 ( d / 4C ) / 115 • 9 3 

(d), 114.22 (d), 21.63 (q), 21.02 (q), 19.86 (q); EI/i\'IS, m/e 
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+ (M+ + + 316(M,70%),315 -H,52),30l(M -CP.3 ,l00),225(M -

The same reaction conditions were used to form ( ~' -

fluoro-5-hydroxy-3-met~yl[l,l'-biphenyl]-2-yl)(4-fluoro-

phenyl)metha::one D7-.U from 0.132 g (0.22 mole) of cyclohex-

enone l~~ and 0.082 g (0.43 mmole) of p-toluenesulfonic acid 

monohydra te. This procedure afforded 0. 071 g of biphe:-:yl lI.~ 

in 100% yield. Compound 17~ was also prepared from dienol 

ether-~~~ (0.074 g, 0.11 mmole) on treatment with p-toluene-

sulfonic acid mono~ydrate (0.045 g, 0.24 mmole). This later 

proced~ire afforded 0.035 g of biphe;iyl _l_?_l in 100% yield. 

For 171: 1H NMR i5 7.57 (dd, 2H, J = 9 Hz, 4 JHCCCF = 5 P.z), 
4 

7.14 (dd, 2H, J = 9 u -'...&.Z I -JHCCCF = 5 P.z), 6.91 (dd, 2H, J = 9 

Hz, 3 JHCCF = 9 Hz), 6.83 (dd, 2H, J = 9 Ez, 3 JHCCF = 9 Hz), 

6.74 (s, lH), 6.67 (s, lH), 5.68 (broad OH, lH), 2.20 (s, 3H); 

13c NMR i5 198.45, 165.66 (s, J = 256 Hz), 162.20 (s, J = 247 

Hz), 156.11 (s), l<"=l.04 (s), 137.86 (s), 136.03 (s), 134.43 

(s), 131.97 (d, 2C, J = 9 Hz), 131.28 (s), 130.57 (d, 2C, J = 8 

Hz), 116.05 (d, 2C, J = 37 Hz), 115.28 (d, 2C), 114.51 (d, 2C, 

J = 3 6 Hz ) , 1 9 . 8 2 ( q ) ; EI/MS , m / e 3 2 4 ( M + , 8 2 % ) , 

100), 229 (M+ - c 6H4 F, 46), 123 (C 7H4 FO+, 43), 

39). 

+ 323 (M - H, 

+ 
95 (C6H4F I 



c::apter III 

ADDITIONAL ASPECTS OF THE REACTION OF 6-DIKETO~ES 

AND RELATED SYSTEMS WITH TFD 

I!':troduction 

In Chapter II the acid-catalyzed self-condensation 

reactions of 2,4-pentanedione and 1-phenyl-1,3-butanedione 

were described. The potential synthetic utility of these 

reactions for the preparation of aro~atic natural products 

was emphasized. Chapter II also illustrated that substi-

tuted derivatives of 1-phenyl-1,3-butanedione could be used 

in the preparation of substituted biphenyl compounds. 

Several of the::e biphenyl compounds could be attractive syn-

thons for the preparation of even larger polycyclic arom,,tic 

d ( th . t' ~ l' t. 1 ) compoun s e.g., rougn r.e ~ os reac ions . However, the 

total synthetic scope of these cyclization reactions was not 

discussed in Chapter I I. Extensive mechanistic studies were 

also neglected in the previous chapter. These two topics 

will be further developed in this chapter. 

Several mechanistic studies have been initiated for the 

cyclization reactions of 1-phenyl-1,3-butanedicne ar.d 2,4-

pentanedione. In these studies, several atte~pts were made 

to isolate reaction intermediates. In addition, various 

reaction conditions have been investigated to improve the 

142 
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yield of cyclization products and to further understand the 

factors which are related to the cyclization process. The 

reaction para~eters which have been examined include sol-
8'1 vents, catalysts, ~ te:nperature effects, tirr,e variables, and 

the TFD: p-diketone mola:!'." ratio. 

Several different systems ~ave been treated with TFD and 

HBF 4 •0Et2 to examine the synthetic scope of the cyclization 

process. 6-Diketones exhibiting a nurr;ber of steric and elec-

tronic effects have been examined in this study. The cycli-

zation process has also been tested for a o-dil<etone, a 

6-ketoester, and a vinyl ketone. Preliminary studies have 

also examined the synthetic utility of mixed condensation 

reactions between two di ffere!1t 13-diketones. 

The results that were obtained from the above studies 

have led to a better understanding of the acid-catalyzed 

self-condensation reaction of p-diketones. However, during 

these studies, a nu!":',ber of unanswered questions have also 

been encountered. 

Mechanistic Studies 

Several mechanistic studies have been undertaken to help 

understand the details of the acid-catalyzed self-condensa-

tion reaction of 6-diketones in the presence of TFD. The 

knowledge gained from these studies should ultimately pro-

vide methodology to improve the yield of cyclized products. 



Initial studies in this a~ea r.ave involved examining the 

effect of TFD on the overall cyclization process. In tr.is 

study, the amount of TFD utilized per equivalent of ~-dike

tone was examined. In other studies, different rates of 

addition of the TFD solution to the ~-di ketone have been stu-

died. Both 1-phe:1.yl-1, 3-butar.edione and a mixture of the 

trifluoroethyl enol ethers of 2,4-pentanedione (i.e., com-

pounds-~~~- and J~_~) have been utilized in the above studies. 

Experiments involving the trifluoroethyl enol ethers of 

2, 4-pentanedione wi 11 be described first since this work 

provides the basis for the later work with 1-phenyl-1,3-bu-

tanedione. 

Several control experiments have been utilized to provid-; 

a better understar:ding of the cyclization reactions of 

~-diketones. Some control experime!"lts were described in 

Chapter I I. Additional studies have indicated that tri-

fluoroethyl encl ethers of 2, 4-pentanedione (i.e., compounds 

l~~~ and )-5~) did not undergo cyclization reactions in the 

presence of H3F 4 •OEt2 without TFD. Similarly, a mixture of 

2, 4-pentanedione and e~ol ethers .1_~_2_ and J2.~ did not undergo 

cyclization reactions utilizing the above reaction condi-

tions. These experiments clearly illustrate that cyclization 

products are only obtained in the presence of TFD. The latter 

experiment also suggests that 2, 4-pentanedione does not 

attack either enol ether l-_42 or l.?_1.. to afford cyclization 

products. A second experiment was also in agreement with the 
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previous observation. A mixture of 2, 4-pentanedione and 

eno 1 ethers 1~~ and 1._52 was treated wi t!l EBF 4 • O~t2 and TFD. 

The prese!1ce of 2, 4-pentar:edione in the above mixture did not 

help promote cyclization of trifluoroethyl enol ethers 1~2 

and 152. This suggests that 2, 4-pentanedione is not directly 

involved in the formation of cyclization products (i.e., 

cyclization products originate from the reaction of tri-

fluoroethyl enol ethers 142 and 152 with some derivative 

which has resulted from further reaction of the above com-

pounds). 

Based on the above observation, trifluoroethyl enol eth-

ers 1~-~ and J?_~_ were treated under a variety of experimental 

conditions in the hope of maximizing the yield of the cycli-

zation products (Table 3.1). From entries land 2 in Table 

3.1, it is apparent that the cyclization reaction of tri-

fluoroethyl enol ethers 142 ar:d 152 did not occur with less 

than 1 equivalent of TFD. Therefore, the above reaction was 

repeated using an excess of TFD (entries 3,4, and 5 in Table 

3.1). Under these conditions, a greater conversion of the 

trifluoroethyl enol ethers to aromatic cyclization products 

was observed. Equal yields of cyclized products were 

obtained with 2 equivalents (entry 4) and 3 equivalents (en-

try 5) of TFD, respectively. However, when 3 equivalents of 

TFD were added to trifluoroethyl enol ethers 142 and 152, a 

greater preponderance of other products accorr.panied the aro-

matic products (e.g., insertion product 141, etc.). Note 



entry 

1 

2 

3 

4 

5 

6 

7 

TABLE 3.1 

Cyclization Reactions of Trifluoroethyl Enol Ethers 142 and 152 with TFD 

mmoles 
of 

142 + 152 

3. 36a 

1.81 b, c 

3. 50a 

3.39c_,d 

2. 72d 

4.48 

1.63 

mmoles 
of 

TFD 

3.60 

1.26 

12.0 

6.90 

8.19 

11.48 

1.64 

mmoles 
of 

HBF 4 · OEt2 

1. 31 

0.876 

1.31 

1. 75 

1. 75 

2.19 

0.876 

time 
required 
for TFD 
addition 

1 min 

25 min 

60 min 

25 min 

13 min 

5 mine 

5 mine 

results n 

Some cyclization; some unreacted 142 
and 152 recovered. ~-

50:50 mixture of 2,4-pentancdione 
and enol ether 142 was recovered 
from the reaction-:-

More cyclization occurred than for 
entry 1. 

14% yield of acetophenone 137 was 
recovered after hydrolysis~ 

15% yield of acetophenone 137 with 
several additional by-products was 
recovered. 9 

Recovered many ketals from the 
reaction. Only trace amounts of 
aromatic compounds were detected. 

Enol ethers 142 and 152 were 
recovered from this procedure. 

,....... 
J::>. 
O"I 



TABLE 3.1 (continued) 

a 3:1 ratio of enol ether 142 to enol ether 152. 

b 1:1 ratio of enol ether 142 to enol ether 152. 

c. Enol ethers 142 and 152 were dissolved in CH2Cl2 before treatment with TFD. 

d 2:1 ratio of enol ether 142 to enol ether 152. 

e Trifluoroethyl enol ethers 142 and 152 and HBF4 ·OEt2 were added to the TFD solution. This 
inverse addition was utilized in an attempt to prepare intermediate dienes which were believed to 
be present during the cyclization process. 

6 The reaction mixture was hydrolyzed with 7.5 ml of methanol, 2.5 ml of water, and 1 ml of liBF4 
(refluxed for 30 min). 

g After neutralization with 2 portions of 5% NaHC03 and a single portion of water, reaction 
products were monitored by lH and 13c NMR spectroscopy. 

I-' 
.i::. 
~ 
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that insertion product 141 was detected by 1H and 13c NMK 

after hydrolysis of the reaction mixture utilizing a reflux-

ing methanol-water-H3F 4 solution. From the above exper-

iments, a very rapid addition of TFD to the trifluoroethyl 

enol ether solution (entry 1 in Table 3.1) was observed to 

afford a dark-colored reaction !":1i:<ture. This mixture was 

darker than the mixtures which were obtained from slower 

additions of TFD. This dark red-brown color appears to cor-

respond with polymer formation which competes with the 

cyclization process. To reduce this poly:ner formation, lon-

ger addition times have been employed for the addition of TFD 

to the ~-diketones and the corresponding enol ether sol-

utions. 

Other methods have been attempted to increased the yields 

of cyclization products (Table 3.2). For entries 1 and 2 in 

Table 3.2, 2,4-pentanedione and H3F 4 •0Et2 have been added to 

the TFD solution. Recall that in previous experiments, TFD 

was added to the 2, 4-pentanedione solution. The results that 

were obtained from this inverse addition indicate that vari-

ous ketals were formed from the procedure. However, the aro-

matic products were not observed in the 1H and 13c NMR 

spectra of the above reaction mixtures even when 6 equiv-

alents of TFD were utilized per equivalent of 2, 4-pentanedi-

one (entry 2 in Table 3. 2). Similar results were obtained 

when a mixture of 2,4-pentanedione and TFD was treated with 

HBF 4 •OEt2 to initiate reaction of TFD (entry 3 in Table 3. 2). 



entry 

1 

2 

3 

4 

5 

6 

TABLE 3.2 

Cyclization Reactions of 2,4-Pentanedione with TFD 

mmoles of 
2,4-pentanedione 

12.52a 

5.40 

10 

20 

10b,c. 

10d, e 

mmoles 
of TFD 

26.2 

32.9 

32.9 

20.2 

50.6 

16.5 

mmoles of 
Hl3F4·0Et2 

4.38 

0.175 

0.876 

3. 50 ~ 

4.82 

1.31 

time 
required for 
TFD addition 

20 mi n9 

5 min9 

2 , Ii mm 

20 min 

60 min 

25 min 

results -t 

Recovered 2,4-pentane-
dione and several 
ketals. 

Ketals were the major 
reaction products; no 
aromatic products were 
detected. 

Ketals were the major 
reaction products; 
aromatic products were 
detected in trace 
amounts. 

A mixture of 2,4-pentane-
dione and enol ether 142 
was recovered. 

Both insertion product 
141 and acetophenone 137 
were recovered from tms 
procedure. 

Considerable amounts of 
aromatic compounds 
were obtained from this 
procedure. 

f--' 
~ 

"° 



TABLE 3.2 (continued) 

a 2,4-Pentanedione and HBF4·0Et2 were dissolved in 9 ml of CH2Cl2 prior to reaction. 

b This experiment was conducted in the absence of light in an attempt to prevent carbene formation 
(i.e., to reduce homologation reactions). 

e The reaction mixture was hydrolyzed with 20 ml of 2,2,2-trifluoroethanol, 20 ml of water, and 3 
ml of HBF4·0Et2 (refluxed for 20 h). 

d 2,2,2-Trifluoroethanol (10 nmoles) was added to 2,4-pentanedione prior to treatment with TFO. 

e 10% Na2C03 was used to neutralize this reaction mixture. 

o HBF4·0Et2 was added in two portions; one portion was added before the TFD addition, and the 
second was added after this addition to insure total TFD reaction. 

9 2,4-Pentanedione and HBF4·0Et2 were added to the TFO solution. 

It HBF4·0Et2 was added dropwise to a solution containing 2,4-pentanedione and TFD. 

~ The reaction mixture was neutralized with 2 portions of 5% NaHC03 and 1 portion of water. The 
organic layer was dried over anhydrous MgS04, filtered, and evaporated 2!:!. vacuo to an oil which 
was examined by lH and 13c NMR spectroscopy. 

f-' 
U1 
0 
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Due to the lack of cyclization that was observed in the above 

i nsta!"lces, 2, 4-pentanedi one appears to be ir.;medi a tel y react-

ing with the large excess of TFD which has been employed in 

these experiments. The intermediates that would be neces-

sary in the cyclization to aromatic co~pounds (e.g., tri-

fluoroethyl enol ethe:::-s) appear to ha·ve undergone furt:-.er 

reaction in the pres0nce of the higher T~D concentration. 

Therefore, cyclization with another 2,4-pentanedione equiv-

alent would be less likely to occur. 

Reaction conditions have also been varied for the 

reaction of 1-p~enyl-1,3-butanedione with T~D in the pres-

ence of Based on the yield data that were 

obtained for the 2,4-pentanedione reaction system, a 3- to 

5-fold excess of TFD to l-phe!"lyl-1,3-butanedione was 

employed in these studies. As -..ell as exploring the optimum 

TFD concentratio!"ls, the rate of TFD addition was mo!'.'e exten-

sively studied in these experiments with l-phenyl-1,3-bu-

tanedione. When the TFD to 1-phenyl-1,3-butanedione ratio 

was increased from 3 to 5, no dramatic changes were observed 

in the yield distribution of recovered products (Table 3. 3). 

Based on the above experiments, yield data appear relatively 

unaffected when the TFD to 1-phenyl-1,3-butanedione ratio is 

increased above three. This is consistent with the results 

that were obtained from the trifluoroethyl enol ethers of 

2,4-pentanedione. That is, the maximum yield of aromatic 

products was relatively unchanged when the TFD to enol ether 



TABLE 3.3 

Yield Data for Various Reactions of 1-Phenyl-1,3-butanedione with TFD a 

product 5 equiv (I) b,c. 5 e qui v ( I If 1, e 3 equiv 3 equi v0 " 3 equiv 
1 minb,C'. 11 min ' · 130 min b, e 

biphenyl 155 11.6% 17.4% 1.3% 5.2% 11.6% 

cyclohexenone 157 20.3 23.7 3.7 10.9 29.3 

total d insertion -- 12.6 11.8 10.2 15.3 
products 

l-phenyl-1,3- d 31.6 53.8 45.8 30.6 --
butanedione 

a Yield data were obtained after methanol-water-HBF4 hydrolysis and chromatographic separation. 

b Refers to the number of equivalents of TFD that were utilized per 1 equivalent of l-phenyl-1,3-
butanedione. 

c. Chromatographic separation with pentane and ethyl acetate. 

d The insertion products were not completely resolved from l-phenyl-1,3-butanedione under these 
chromatographic conditions. 

e Chromatographic separation with pentane, methylene chloride, and diethyl ether. 

I-' 
V1 
~ 
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ratio was increased above two. (A third equivalent of TFD is 

necessary to prepare the corresponding enol ether from 1-

phenyl-1,3-butanedione). 

The yields that were obtained from t!:e reaction of 1-

phenyl-1,3-butanedicne with TFD were altered by varying the 

time utilized for the TFD addition (Table 3.3). The product 

distribution was examined after adding three equivalents of 

TFD to the p-diketone using three different addition times 

(1, 11, and 130 minutes, respectively, as reported in Table 

3. 4). The results of these experiments indicated that the 

amount of cyclized products (i.e., biphenyl !~~and cyclo-

hexenone _1:_5~) increased with the longer reaction times. 

In sharp contrast to the increasing yields of cyclized 

products with longer addition times, the amount of recovered 

insertion products re:r.ained relatively constant (-11%). 

This suggests that 1-phenyl-1,3-butanedione reacts imme-

diately with TFD to yield homologated reaction products. 

However, after the initial homo~ogation reaction, 1-phenyl-

1,3-butanedione and the corresponding trifluoroethyl deriv-

atives appear to favor other reaction pathways over the 

homologation reaction. These preliminary results contradict 

11 the results that were reported by Mock and Hartman for the 

homologation reaction of ethyl diazoacetate with ketones in 

the presence of an acid catalyst. Mock and Hartman found 

that slightly higher yields of insertion products were 

obtained if the diazoacetate was slowly added to the ketone 



entry 

1 

2 

3 

4 

5 

6 

7 

8 

mmoles of 
s-diketone 

11. 77a 

11.16a 

4.65a 

3.57a 

3.596 

3.57c. 

4.88a 

4.64a 

TABLE 3.4 

Cyclization Reactions of 1-Phenyl-1,3-butanedione with TFD 

mmoles 
of TFD 

58.6 

55.6 

13.9 

10.8 

10.8 

10.8 

21.4 

14.l 

mmoles of 
acid-catalyst 

13.58d 

15.33d 

2 .19d 

2 .19d 

1. 75d 

1. 75d 

3. 94e 

1.506 

time 
required for 
TFD addition 

6 h 

3.75 h 

11 min 

1 min 

1 min 

1 min 

1.83 h 

1.58 h 

results 9, It 

See Table 3.3.-<. 

See Table 3.3.-<. 

See Table 3.3.-<. 

See Table 3.3.-t 

1-Phenyl-1,3-butanedione and 
insertion ketone 156 were r~
covered from the procedure.-<. 

l-Phenyl-1,3-butanedione and 
insertion ketone 156 were r~
covered from the procedure.·<-

Yellow precipitate formed on 
addition of SbCl5 to the a-
diketone. This precipitate 
dissolved with the addition of 
TFD. After hydrolysis, a large 
amount of 1-phenyl-1,3-butane-
dione was recovered along with 
traces1of the insertion ketone 
156. J. ~ 

After hydrolysis, the follow-
ing compounds were detected by 
conventional methods and by LC-
lH NMR: biphenyl 155, cyclohex-
enone 157, insertion ketone 156, 
1-phenyl-1,3-butanedione, an-d~ 
methyl benzoate. 

f--' 
Ul 
.i:. 



TABLE 3.4 (continued) 

a Reaction flask was at o0 c. 

b Reaction flask was at 32°C. 

c Reaction flask was at -35°C. 

d HBF4·0Et2 was employed as the acid-catalyst. 

e Antimony pentachloride was employed as the acid-catalyst. 

6 Triethyloxonium tetrafluoroborate was employed as the acid-catalyst. 

g Reaction mixture was neutralized with 2 portions of 5% NaHC03 and 1 portion of water. 

h Triethylamine was added to the reaction mixture prior to treatment with 5% NallC03. 

~Reaction mixture was hydrolyzed with mcthanol-water-HBF4 (5:2:1 volumetric ratio, 4 h reflux). 

J Reaction mixture was neutralized before hydrolysis with the procedure that was described in 
reference 7. 

k l-Phenyl-1,3-butanedione and insertion ketone 156 were identified by conventional lH and 13c NMR 
spectroscopy. These compounds were also detected in the LC-lH NMR profile of this reaction 
mixture. 

I-' 
Vl 
Vl 
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as opposed to rapidly adding the diazoacetate in a single 

portion. 

An additional experiment was performed in order to fur-

ther understand the co~petition t~at exist between acid-

catalyzed cyclization and hor:iologation reactions. Eor:iologa-

tio!l. reactior.s appear to reduce the yield of cyclized 

products. Therefore, the yield of cyclized products should 

be increased by reducir:.g the amount of ~-diketone which 

undergoes homologation reactions. One possible mechanism 

for the formation of the hor::ologation reaction products 

. l b f t • 16 m• & 2 11 t d . invo_ves car e!1e orma ion. ..Lr.ere .... ore, , <:-pen ane ione 

was treated wi t:i. TFD and EBF 4 •OEt2 in t!!e absence of light to 

reduce the possibility of carbene formation. This reaction 

did not show any decrease in the yield of the hor:iologation 

reaction products. Thus, another homologation reaction 

mechanism12 (other than carbene formatio!1) must account for 

the formation of insertion product 141. 

The largest yield of cyclized products has been obtained 

whe!1. the ~-di ketone was treated with an excess of TFD. Due to 

the formation of highly colored reaction products (i.e., 

polymer for~ation), the disappearance of the yellow TFD sol-

ution cannot be monitored when 1-phenyl-1,3-butanedione or 

2,4-pentanedione is treated with TFD. Therefore, the nitro-

gen that was evolved from the reaction of 2,4-pentanedione 

with TFD was monitored to determine if complete reaction of 

the excess TFD had occurred. The amount of nitrogen gas that 
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was recovered in this experir..e!1.t was equal to the molar 

amount of T:D that was initially added to 2,~-pentar.edio!1.e. 

This indicated that the complete excess of T:D was utilized 

in so~e fashion during the above reaction with 2,4-pentane-

dior.e. 

Temperature effects were also examined for the reaction 

of l-phenyl-1, 3-butanedione with TFD. This reaction was 

examined at -35°c, o0 c, ar.d 32°C by treating the ~-diketone 

with a 3-fold excess of T!:D over 1 minute (Table 3.4). These 

reaction mixtures were immediately neutralized with triethy-

lamine. The 1H and 13 c NMR spectra for the three unhydro-

lyzed mixtures were nearly identical indicating t~at the 

product distribution was relatively unaffected over a tern-

perature range from -35°c to 32°C. In an independent 

reaction of 1-phenyl-1,3-butanedione with 2 equivalents of 

TFD at -78°c ( .. 5 · ...,.., bl 3 5 en .... ry in ia _e . , see the following 

section), very little reaction of the ~-di~etone occurred. 

Temperature effects have been studied for the reaction of 

2,4-pentanedione with TFD at -72°C. In this study a 3-fold 

excess of TFD was added to 2,4-pentanedione. Nitrogen gas 

was evolved during the addition of the first equivalent of 

TFD. However, further addition of TFD did r.ot promote ni tro-

gen evolution. Therefore, trifluoroethyl enol ethers 142 
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ar.d 152 appear to be the only reac~ion products formed at 

-72°C. 

Isolation of Reaction Intermediates 

To help establish the mechanistic pathway of the acid-

catalyzed self-condensation reaction of ~-diketones, the 

isolation of several key reaction intermediates would be of 

considerable value. In Chapter II, the isolation of the E-

and Z-trifluoroethyl enol ethers of 2,4-pentanedione was 

described. In this chapter several reactions involving 

these enol ethers have been reported. These reactions have 

demonstrated the mechanistic importance of the trifluoroe-

thyl enol ethers of 2,4-pentanedione. Attempts were made to 

isolate the analogous trifluoroethyl enol ethers of 1-

phenyl-1,3-butanedione which should have similar mechanis-

tic importance. In similar fashion, isolation of the 

corresponding trifluoroethoxy dienes of 2, 4-pe::tanedione 

and l-phenyl-1,3-butanedione should also be of mechanistic 

value. Isolation of these dienes would establish their pres-

ence in the reaction mixture and would allow further mechan-

istic studies on the isolated dienes with other potential 

reaction intermediates (e.g., enol ethers, etc.). 

In an attempt to prepare the trifluoroethyl enol ethers 

of 1-phenyl-l, 3-butanedione, the reaction procedure that was 

previously employed to prepare the enol ethers of 2,4-pen-
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tanedione was utilized. However, treatment of 1-p~e:J.yl

l, 3-butanedione with TFD at -78°c (entry 1 in Table 3.5) 

yielded only minor a!':'\ounts of prodi..:cts. In si:ni lar fashion, 

little reaction was observed at -2s 0 c ( e!1try 2 in Table 3. 5). 

The difficulty which was encountered i!'"l preparir;.g these tri-

fluoroethyl e::.cl ethers cf l-phenyl-1,3-butanedicr.e sug-

gests that cor..peting reactior..s could be occurring (e.g., 

reactio:1s with water). These competir..g reactions cculd 

deplete the TFD concentration in the reaction mixture. As a 

result, only small amounts of TFD would be available to pro-

vide the trifluoroethyl enol ethers of l-phenyl-1,3-butane-

dione. These results suggest that additional TFD is needed 

to form the corresponding trifluoroethyl enol ethers of 1-

phenyl-l, 3-butanedione. 

Problems were also experienced in the preparation of the 

corre::;ponding trifluoroethoxy dienes of 2, 4-pentanedione 

and l-phenyl-1,3-butanedione. Two attempts were made to 

prepare the intermediate diene .1.?_1_ that would be expected in 

the 2,4-pentanedione self-condensation reaction. These 

atte:npts utilized the addition of the corresponding tri-

fluoroethyl er.ol ethers of 2, 4-pentanedione (i.e., co:npounds 

1~2 and _l_~~) a:1d HBF4 •0Et2 to a TFD solution. This procedure 

should favor formation of potential reaction intermediates 

over cyclization to aromatic compounds. vlhen a 2. 5-fold 

excess of TFD to enol ethers was employed (entry 6 in Table 

3. 1), a complex reaction mixture was obtained which con-
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tained several different trifluoroethyl derivatives. Due to 

the number of different co:npounds that were present in this 

mixture, separation and i so 1 a ti on of potential inter:nedia tes 

was not further pursued. To reduce t~e number of trifluoro-

ethyl derivatives for separation, the above reaction was 

repeated using equal molar amounts of TFD and trifluoroethyl 

enol ethers ).3_~ and )._5~. (entry 7 in Table 3. 1). However, 

unreacted enol ethers were also recovered from this proce-

du re. 

Difficulties were also experienced when attempting to 

prepare the correspondir.g diene of l-phenyl-1,3-butanedione 

(compound -~9-1) . 

In one experiment, 1-phenyl-l, 3-butanedione was treated with 

2 equivalents of TFD at -78°c (entry 5 in Table 3.5 that was 

previously discussed). This procedure afforded very little 

reaction of the starting ~-diketone. In a second attempt to 

prepare diene 1:2_~, a mixture of l-phenyl-1,3-butanedione and 

HBF4 •0Et2 was added to 2 equivalents of TFD at o0 c. A large 

amount of unreacted l-phenyl-1,3-butanedione was recovered 

from this procedure along with a small amount of insertion 

ketal 194. 85 



TABLE 3.5 

Reactions of 1-Phenyl-l,3-butanedione with TFD 

time 
mmoles of mmoles mmoles of required for 

entry B-diketone of TFD H8F4·0Et2 TFD addition results9 

1 5 .4la 5.38 2.19 10 111i n 6 l-Phenyl-1'(3-butanedione was 
recovered .1 

I 

10 min~ 0 
2. 19 2 5.91 5.85 1-Phenyl-~rl-hutanedione was 

recovered. 
CI d 

10 .8 3.94 20 min I-' 3 3.62 Little reaction of TFD 0\ 
occurred as 1-phcnyl-1,3- . f-' 

butanedione was recovered.~ 
c (! 

4 4.75 I 13. 9 2.63 15 min l-Phenyl-1,3-hutanedione, in-
sertion products, and enol 
ethers were recovered from the 
reaction mixture. 

a 
5 5.62 11. l 2.63 6 rni n Little reaction of TFD 

occurred as l-phenyl-1,3-
butanedione was recovered. 

c 20 min 6 6 5.49 11.1 2.63 Large amount of 1-phenyl-l,3-
butanedione was recovered 
alonq with insertion products. 



TABLE 3.5 (continued) 

a Reaction flask was at 78°C. 

b Reaction flask was at -25°C. 

c Reaction flask was at 0°C. 

d 2,2,2-Trifluoroethanol (3.58 ITTnoles) was added to l-phenyl-1,3-butanedione prior to treatment 
with TFD. 

c. 2,2,2-Trifluoroet.hanol (4.63 ITTnoles) was added to l-phenyl-1,3-butanedione prior to treatment 
with TFD. 

~ l-Phenyl-1,3-butanedione and HBF4·0Et2 were added to a TFD solution over this time period. 

9 Reaction mixtures were neutralized with 2 portions of 5% NaHC03 and 1 portion of water. 

h Reaction mixtures were treated with triethylamine prior to additional neutralization with the 5% 
NaHC03 procedure. 

~ The reaction mixture was hydrolyzed with 15 ml of methanol, 5 ml of water, and 2 ml of HBF4 
(refluxed 4 h). 

t-' 
Cl 
N 
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163 
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Ph RO OR 

195 

One final attempt to prepare diene J21 was made by treating 

equal molar amounts of l-phenyl-1,3-butanedione and 2,2,2-

trifluoroethanol with an excess of 7FD (entry 4 in Table 

3. 5) . 2, 2, 2-Tri f 1uoroethano1 was added to this mixture in an 

attempt to induce formation of ketal 195 which later could 

eliminate 2,2,2-trifluoroethanol to afford diene 193. How-

ever, unreacted 1-phenyl-1,3-butanedione and the corre-

spending encl ethers were th~ ~ajar compounds isolated from 

this reaction. Note that this procedure does offer methodol-

ogy for the preparation of trifluoroethyl encl ethers _196 and 

197 that were originally desired for mechanistic studies. 

196 197 
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Additional Mechanistic Studies with 

In an attempt to further co~fi~~ that 2,2,2-trifluoro-

ethanol is a weak nucleophi le during the reaction of 1-

phenyl-1, 3-butanedior.e with TFD, a!i.other reaction mixture 

was prepared using the previously described reaction condi-

tions (entry 3 in Table 3.5). Conceivably, 2,2,2-trifluoro-

ethanol could function as a weak nucleophile during the above 

process. Cyclization would then be favored which would 

increase the yields of biphenyl J.?.~ and cyclohexenone _l_~_2. 

After this reaction mixture was hyd~olyzed, l-phenyl-1, 3-bu-

tar.edione was the major compound recovered. This result was 

consistent with the previously described reaction which was 

used in an attempt to form die!i.e 193. In both of the above 

reactions, the addition of 2,2,2-trifluoroethanol to the 

reaction mixture reduced the amount of cyclization products 

obtained. 

In contrast to the above exa:nples, when a mixture of 2, 4-

pentanedio::-le and 2, 2, 2-trifluoroet!"lanol was treated with TFD 

in the presence of Ei3F4 •oEt2 , 2,2,2-trifluoroethanol had 

little effect on the cyclization pathway (entry 6 in Table 

3.2). Additional support for this observation was obtained 

by treating 2, 4-pentanedione with TFD under identical condi-

tions in the presence and in the absence of 2,2,2-trifluoro-

ethanol. After hydrolysis, both reaction mixtures contained 



165 

13% of acetophenone _1_~-z_. 

To help exclude the possibility of ketal formation in the 

above reaction, the E- and Z-trifluoroethyl enol ethers of 

2,4-pentanedione were treated with H3F4 •0Et2 and 2,2,2-tri-

fluoroethanol. Utilizing these reaction conditions, ketal 

formation was not observed. Bot!! this exper.:rr.ent ar:d the 

observation that 2,2,2-trifluoroethanol did not induce any 

increase of cyclization products suggest that 2,2,2-tri-

f 11-loroethar.o 1 does not function as a weak nuc leophi le during 

the 2,4-pentanedione cyclization. Such a nucleophilic 

attack would have provided ketals which could have elimi-

nated 2, 2, 2-trifluoroethanol to form diene 1_~-~. 

In the above experi~ents T:D reacted more rapidly with 

2,4-pentanedione and the corresponding trifluoroethyl 

derivatives than it did with 2,2,2-trifluoroethanol. Eowev-

er, due to the low yield of cyclized products that were 

obtained from l-phenyl-1,3-butanedione in the presence of 

2,2,2-trifl\..!oroetha!1ol, TFD appears to have reacted more 

rapidly with 2,2,2-trifluoroethanol than it did with l-

phenyl-1, 3-butanedione. Therefore, TFD appears to react 

more readily with 2,4-pentanedione than it does with l-

phenyl-1,3-butanedione. As a re::.;ult, 2,4-pentanedione could 

rapidly react with TFD to yield a high concentration of 

by-products that would not undergo cyclization to aromatic 

compounds. In contrast, the slower reaction of TFD with 1-

phenyl-1,3-butanedione may provide the corresponding 
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reaction i::lmediates a be'tter opportunity to undergo cycliza-

tion reactions. Therefore, the comb:ned yield of cycliza-

tion products from 1-phenyl-l, 3-butanedione would be slight-

ly higher than the yield which would be obtained from 2,4-

pentanedione. This is consistent with the experimental 

yield distributions discussed in Chapter I I. Note t:hat these 

yield distributions could also be related to the abilities of 

the methyl and phenyl groups to stabilize reaction interme-

di ates. 

sa. Various acid catalysts have been employed by Koller - for 

the reaction of TFD with alcohols, carboxylic acids, and phe-

nols. This study indicated that HBF4 •oEt2 afforded the opti-

mum reactions conditions (i.e., maximum yields and no side 

reaction of TFD with acid catalyst). 11 12 Several reports ' 

have indicated that antimony pentachloride (SbC1 5 ) and tri-

ethyloxonium fluoroborate can be employed as acid catalysts 

in the homologation reactions of diazo compounds. The above 

acid catalysts were not studied by Koller. The acid cata-

lyzed self-condensation reaction of ~-diketones and TFD was 

examined in the presence of these catalysts to determine if 

these catalysts would improve the yield of cyclization pro-

ducts. 
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When SbC1 5 was added to l-pher.yl-1,3-butanedione (entry 7 

in Table 3.4), a precipitate i~~ediately formed due to com-

plexation of the acid catalyst with the ~-di ketone. This 

precipitate slowly disappeared \,·hen TFD was added to the 

reaction mixture. Once the .... reac --ion mixture was 

neutralized, l-phenyl-1,3-butanedione and traces of several 

conpounds containing trifluoroethoxy groups were observed in 
1 13 the Hand C NMR spectra of t~e mixture. This mixture was 

further hydrolyzed with a met~anol-water-HBF4 solution to 

afford l-phenyl-1, 3-butanedione and traces of insertion 

ketone 156. A separation which utilized LC- 1H NMR also con-

firmed that insertion ketone _156 was present in this reaction 

mixture. Biphenyl 155 and cyclohexenone 157 were not 

detected in this hydrolyzed reaction mixture. Therefore, 

SbC1 5 was a less attractive acid catalyst than HBF4 •0Et2 in 

studying the cyclization reactions. 

In similar c , . -'-asnion, triethyloxonium tetrafluoroborate 

was examined as the reaction c&talyst (entry 7 in Table 3. 4). 

After hydrolysis, the biphenyl _1_55, insertion ketone 156, 

cyclohexenone and l-phenyl-1,3-butanedione were 

detected in the reaction mixture by 1H and 13c NMR spectros-
1 copy. The LC- H NMR technique was also used to confirm the 

presence of the above compounds in this reaction mixture. 

From the above results, no apparent advantage or disadvan-

tage was observed for triethyloxonium tetrafluoroborate over 

the commonly used HBF 4 •0Et2 . 
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Solvent E:fects on the Cyclization Process 

Several different solvents have been examined for the 

reaction of 2,4-penta~edione with TFD. When 2,4-penta~edi-

one was treated with a chloroform solution of TFD, cycliza-

tion to aromatic compound 143 was observed. Compound .J._43_ was 

detected in this unhydrolyzed mixture with the LC- 1H NMR 

apparatus (Figure 3.1). Trifluoroethyl enol ether 142 was 

also observed in this sc.une reaction mixture. The reaction of 

2,4-pentanedione with TFD86 in methylene chloride was com-

pared to the above reaction in chloroform. This comparison 

indicated that similar yields of aromatic products were 

obtained from the two solvent systems. Note that acetophe-

none 13 7 was the main eye 1 iza ti on p?:"oduct that was recovered 

from the reaction of 2, 4-pentanedione with a methyle!:"le chlo-

ride solution of TFD. For some unknown reason, aromatic com-

pou~d ..!_43 was hydrolyzed to acetophenone 137 in the reaction 

mixture which had been obtained from the methylene chloride 

solution of TFD. Similar reaction p?:"oducts were expected 

from the two solvent systems since both reaction mixtures 

were handled using identical techniques. 

The reaction of 2,4-pentanedione in a nonpolar solvent 

should provide mechanistic in:ormation on the cyclization 

process. A nonpolar solvent should change the distribution 

of the two enol forms of 2,4-pentanedione since an increase 
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Figure 3.1 

Selective LC- 1H NMR files for the 2,4-pentanedione 

reaction products that were obtained utilizing a chloro-

form solution of TFD. (a) File 3 (elution time of 11 min-

utes) is the spectrum corresponding to a mixture of 

compounds 137 and 143. (b) File 8 (16 minutes) is the 

spectrum of trifluoroethyl enol ether 142. 
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of hydrogen-bonding should occur to favor enol 198 in a non-

polar solvent. 

19 8 

As a result, the amount of the Z-trifluoroethyl enol ether 

(compound ).2~) in the reaction mixture could be increased 

which could provide an increase in the yield of cyclized pro-

ducts. 

To test the above hypothesis, a pentane solution of TFD 

was required. Using t~e TFu preparation that was previously 

described in Chapter I I, the aqueous layer was extracted with 

pentane instead of methylene chloride. Problems were 

encour..tered since TFD was not very soluble in pentane. 

Therefore, the pentane solution of TFD was ~ore dilute than 

the solutions which had been prepared in methylene chloride 

and chloroform. When a 3.5-fold molar excess of the pentane 

solution of TFD was added to 2,4-pentanedione, equal axounts 

of unreac~ed 2,4-pentanedione and trifluoroethyl enol ether 

142 were the major compounds that were isolated after neu-

tralization. The poor reactivity of 2,4-pentanedione uti-

lizing the previous conditions could be due to the increasing 

importance of competing side reactions (e.g., reactions with 

water, etc.). These competing reactions could be more favor-
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able under these reaction conditions since enol 198 could 

have additional stability by hydrogen-bonding as previously 

described. This could reduce the reactivity of e::1ol 198 

under the above reaction conditions. 

The reaction of 2,4-pentanedione with TFD was initially 

examined using diethyl ether as the reaction solvent. Using 

the TFD preparation that was described in Chapter I I, the 

aqueous layer was extracted with diethyl ether instead of 

methylene chloride. Without further treatment, the diethyl 

ether solution of TFD was added to a mixture of 2, 4-pentane-

di one and HBF 4 •OET2 . Ena:nine 199 was recovered fro:n this 

procedure. 

~ 
NHCH 2CF 3 

199 

Further analysis of the original diethyl ether solution of 

TFD indicated that unreacted 2,2,2-trifluoroet~ylamine had 

also been extracted into the organic mixture from the TFD 

preparation. This amine has attacked 2,4-pentanedione dur-

ing the reaction procedure to afford enamine 199. 

Several attempts were made to remove 2,2,2-trifluoro-

ethylamine from the TFD solution by extracting the solution 

very rapidly with various acid solutions. Solutions of 

hydrochloric acid, nitric acid, phosphoric acid, and acetic 
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acid were individually examined in the extraction procedure. 

The organic solution was immediately neutralized after the 

above extractions with 5% sodium carbonate. The amine was 

most effectively removed (i.e., without additional reactions 

of TFD} with solutions of hydrochloric acid and acetic acid. 

Further investigation of the TFD solutions which were 

extracted with acetic acid showed that TFD did not react with 

2,4-pentanedione in the presence of EBF4 •0Et2 . Instead, TFD 

was found to react with the conjugate base of acetic acid 

which had remained in the organic layer after the neutraliza-

tion process. Due to the problems associated with the die-

thyl ether solutions of T~D, other solvents were explored 

(e.g. , methylene chloride a:i.d chlorof orrn} . 

l_nvestigation of Hydrolytic Procedures 

To this point, several mixtures have been obtained from 

the reaction of 8-diketones with TFD. To simplify the ana-

lyses of these mixtures, an acid-hydrolysis procedure has 

been employed. For reaction mixtures which were obtained 

from 2, 4-pentanedione, optimum hydrolytic conditions were 

achieved with a methanol-water-HBF 4 solution. The selection 

of this hydrolysis system was based on the test:ng of several 

known hydrolytic procedures. Conditions which have been 

commonly employed for the hydrolysis of vinyl ethers include 

aqueous sulfuric acid in THF, S?a aqueous acetic acid in 
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diglyme, 87b aqueous hydrochloride acid in diglyme, 87 b and 

t . . d . 1 ~ d. .._h .._h S7c Th lt aqueous ace ic ac1 in ,~- l~e~.oxye~.ane. e resu s 

of this hydrolysis study are presented in Table 3. 6. The 

poor results which were obtained with aqueous sulfuric acid 

in THF are probably due to inhomoger,ous mixing of the organic 

and aqueous layers. Poor- results were al so obtained from 

perchloric acid due to the low acid concentrations that were 

employed. In addition, this system was not refluxed because 

of safety considerations. Aqueous acetic acid in diglyme 

provided hydrolysis of the vinyl ethers, but the diglyme sol-

vent complicated the analysis of the reaction mixture. No 

advantage was observed for the methanol-water-HBF4 condi-

tions over the 2,2,2-trifluoroethanol-water-HBF4 system 

except that the former system was slightly more economical. 

Both alcoholic systems provided superior results over the 

other hydrolytic conditions. 

When the 1-phenyl-l,3-butanedione reaction products were 

obtained after hydrolysis, several ketals and enol ethers 

(e.g., cyclohexenone 157 and insertion ketal 173) were iso-

lated due to incomplete hydrolysis of the reaction mixture. 

The reason( s) for incomplete hydrolysis of cyclohexenone 157 

were described in Chapter II. Further hydrolysis of cyclo-

hexenone 157 with the methanol-water-E3F4 was not observed. 

In addition, further hydrolysis of cyclohexenone 157 was not 

achieved with aqueous sulfuric acid in THF or aqueous acetic 

acid in diglyme. These additional hydrolysis attempts also 



amount of 
2,4-pentanedione 
used in preparing 

vinyl ethers 

0 .5 g a 

0 .5 g a 

0 .5 g a 

O .5 g a 

0. 5 g a 

1.0 g b 

1.0 g b 

1.0 g b 

TABLE 3.6 

Conditions Tested for the Hydrolysis of Vinyl Ethers 

condit ionsc 

10 ml 10% H2S04-lOdmL THF 
stirred 4 h 

10 ml 20~ H2S04-lO m~l Tiff 
refluxed 11 h 

15 ml 7% HCl04-15 m~ THF 
stirred 18 h · 

20 ml 20% H2S04-20 m~ THF 
refluxed 60 h 

20 ml 7% HCl04-20 ml THF 
stirred 4 days 

15 ml me th ano 1-4 ml i·t(lter-2 ml HBF 4 
refluxed 20 h 1 

15 ml 2,2,2-trifluoroethanol-4 ml water-
2 ml HBF 4 6 

refluxed 20 h 

15 ml dig l yme-4 ml w<Vter-2 ml HBF 4 
refluxed 20 hi\ 

results 

Vinyl ethers were not hydrolyzed. 

Vinyl ethers were not hydrolyzed. 

Vinyl ethers were not hydrolyzed. 

Trace amounts of vinyl ethers re-
mained. 

Vinyl ethers were not hydrolyzed. 

Vinyl ethers were hydrolyzed. 

Vinyl ethers were hydrolyzed. 

Vinyl ethers were hydrolyzed. 
Further separation was required to 
remove diglyme from the hydrolyzed 
products. 

f-' 
-....) 

Ul 



TABLE 3.6 (continued) 

a Prepared by treating 2,4-pentanedione with HBF4·0Et2 and an excess of TFD. The reaction mixture 
was neutralized with 2 portions of 5% NaHC03 and 1 portion of water prior to hydrolysis. 

b Prepared by treating 2,4-pentanedione with HBF4·0Et2 and an excess of TFD. These reaction 
mixtures were not neutralized prior to hydrolysis. 

c All organic mixtures were neutralized with 2 portions of 5% NaHC03 and 1 portion of water after 
hydrolysis. 

d These conditions afforded little mixing of the organic and aqueous layers. 

~ Hydrolyzed mixture was treated with diethyl ether and water to assist the separation of organic 
and aqueous layers. 

~ Hydrolyzed mixture was treated with methylene chloride and water to assist the separation of 
organic and aqueous layers. 

t-' 
-..J 
0\ 
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confirm the unusual stability of the ketal functionality in 

cyclohexenone 157 to hydrolytic conditions. 

Isolation of 1-Phen_yl-l,3-butanedione 

Reaction Products Prior to Hvdro_ly_§_is 

Most of the experimental results that have been described 

for the acid-catalyzed reaction of 1-phenyl-1,3-butanedione 

with TFD have been obtained after hydrolysis with the previ-

ously described conditions. This hydrolysis procedure was 

employed to simplify the analysis of the resulting reaction 

mixture. In Chapter II, the isolation of cyclohexadiene 165 

from an unhydrolyzed reaction mixture was reported. This 

cyclohexadiene appears to be a key intermediate in the forma-

tion of biphenyl 155 and cyclohexenone 156. A second com-

pound which appears to afford several insertion products 

after hydrolysis was also isolated from this same reaction 

mixture. This precursor was tentatively assigned as 

insertion ketal 194 which was previously reported in this 

chapter. Complete structural assignments for this insertion 

product have not been pursued even though several interest-

ing spectral features were noted in the 1H and 13c NMR spec-

tra for this compound (Figures 3.2 and 3.3). First, the 13c 

NMR spectrum of this compound contained two methyl signals of 

equal intensities and a very broad signal at o 103.28 ppm 

(the ketal carbon and the olefinic methine carbon appear to 
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Figure 3.2 

A portion of the 1H NMR spectrum of insertion ketal 194. 

This expansion illustrates the two pairs of doublets 

appearing in the methyl region 1 of the H NMR spectrum 

(from 1. 35 to 1. 89 ppm). 

100 llz 
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Figure 3.3 

A portion of the 13c NMR spectrum of insertion ketal 194. 
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overlap in this spectru:n). Second, two pairs of doublets 

appear in the methyl regio!"l of the 1H NMR spectrum. In addi-

tion, two doublets which have almost identical chemical 

shifts appear in the olefi~ic region of the 1H NMR spectrum. 

The above observations suggest that the insertion conpound 

194 could have restricted rotation due to steric hindrance. 

This would lead to two conformations of insertation ketal 194 

1 13 which would be detected in the H and C NMR spectra (Figure 

3.4). The coupling constants that are observed for the two 

methyl signals could be due to a four-bond coupling of the 

hydrogens on each methyl group to the corresponding hydrogen 

on the aliphatic methine carbon. This coupling would be 

observed since the methyl group and the hydrogen on the meth-

ine carbon have an anti-periplanar relationship (Figure 

3. 5). All other spectroscopic data including an integration 

of the 1H NMR spectr-um are in agreement with insertion ketal 

194. 

Several other observations are also consistent with 

insertion ketal 194. When this compound was treated with 

silica gel, insertion diene 200 was fo:?:"med. 

200 
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Figure 3.4 

Newman projections for the six conformations of insertion 

ketal 194. Based on models of the compound, conformations 

A and B appear to be favored. These models also indicate 

that R1 can be positioned at greater distances from the 

groups on the vicinal carbon than the geminal hydrogen to 

R 1 . For exa::-.ple, the di stance from R 1 to the CF 3 group in 

conformation A is greater than the distance from the pre-

viously described geminal hydrogen to the CF3 group in 

conformation D. Based on steric argur.1ents alone for these 

Newman projections, one would have expected that confor-

mation D should be more favorable than conformation A. 
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H H H 

R2o OR 2 CH 3 OR 2 R20 CH 3 

Rl CF3 Rl CF3 Rl CF3 
CH3 OR2 OR2 

(A) (B) (C) 

Rl ' /OCH2cF3 
R2 = c=c CH 2cF3 = / "Ph H 

Figu:::-e 3.5 

Newman projections for insertion ketal J94 illustrating 

the favored anti-periplanar relationship between the 

methyl group and the hyd:::-ogen on the methine carbon. As a 

result of fewer steric interactions in conformation A, 

this conformation is preferred. 
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Insertion ketal _194 could easily eliminate 2,2,2-trifluoro-

ethanol to afford insertion diene 200. In addition, 

insertion ketal 194 is slowly converted to insertion ketone 

}56 over long periods of time. This conversion could occur 

because of traces of acid and water in the sarr.ple. A further 

driving force for the above conversion would be the thermody-

namic instability of insertion ketal 194. Models of inser-

tion ketal 194 suggest that the compound has steric crowding 

near the carbon-carbon double bond. Both the bulky aliphatic 

group and the bulky trifluoroethoxy group have a cis-rela-

tionship about the double bond. As a result of the steric 

interactions of these groups, insertion ketal 194 may pos-

sess thermodynamic instabilities that would be relieved 

through the above conversion. 

The Treat~ent of Other 6-Diketones with 

TFD in the Presence of HBF4 •0Et2 

In addition to 1-phenyl-1,3-butanedione and 2,4-pentane-

dione, a number of other S-diketones have also been treated 

with TFD and P.3F 4 •OEt2 . These other S-diketone reactions 

have provided additional information on the cyclization 

mechanism and the synthetic scope of the cyclization 

reaction. The results that were obtained for the reaction of 

5,5-dimethyl-1,3-cyclohexanedione with TFD indicated that 

cyclization had not occurred (entries 1 and 2 in Table 3.7). 



entry 

1 

2 

0 

3 

TABLE 3.7 

Results Obtained from Reactions of e-Diketones and Related Compounds with TFDa 

compounds 
treated with TFD 

ova 
Oyo 

0 0 

results before hydrolysis 

CF3cu 2o OCH 2CF3 y (80%)b 

202 

0 

201 

OCH 2CF 3 

(48%)c. 

OR AA + 
Ph 

(a) 
R = CH 2CF3 

( b) Oiene 202 (dominating), trifluoro-
ethyl enol ethers of 1-phenyl-1,3-
butanedione, an; insertion ketal 194 
were observed. 

results after hydrolysis 

Recovered ~tarting 
materials. 

I-' 
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compounds 
entry treated with TFD 
--
4 

0U 0 +PhM 
(a) (b) 

5 
0 0 

Ph~ 

6 
0 0 

Ph~ 

7 0 0 

Pl~ 

TABLE 3.7 (continued) 

results before hydrolysis 

Enol ether 201 was dominating.d 

Observed three isomeric forms of 
starting material and two tri-
fluoroethyl enol ethers of l-
phenyl-2,4-pentanedione.e 

Observed two trifluoroethyl enol 
ethers in this reaction. The 
amount of other trifluoroethoxy 
groups appeared larger in this re-
action mixture than the amounts 
observed in entries 5 and 7. 

Observed two trifluoroethyl enol 
ethers and several other 
derivatives. 

results after hydrolysis 

Starting materials 
and insertion ketone 
15n were recovered.e 

Starting materials, 
insertion diketone 
209, and insertion 
ketone ?.10 were re-
covered-.~ 

I-' 
ro 
O"I 



entry 

8 

9 

10 

11 

compounds 
treated with TFD 

0 0 

AA CF 3 

0 0 

AA CF 3 

0 0 

AA 
CF 3 

0 0 

TABLE 3.7 (continued) 

results before hydrolysis 

Complex mixture was observed. 

Complex mixture was observed. 

Complex mixture was observed, how-
ever, this reaction mixture ap-
peared to contain fewer products 
than entry 9. 

Looked promising with several 
olefinic signals observed between 
6 115-155 ppm. 

results after hydrolysis 

Insertion products (220 and 
221) and other uniden1Tfied 
products were observed. 

Insertion products 220 and 
221 were the major com-
pounds that were recovered. 
4 other insertion products 
were present with siqnals 
at 6 5.58, 5.66, 5.83, and 
5.91 ppm; several other 
compounds were present. 

Insertion ketone 221 was 
more dominating infhi s 
reaction mixture. 

Larqe amounts of starting 
material were recovered; 
many minor components were 
still present in the 
olefinic region. 

f--' 
00 
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entry 

12 

13 

14 

compounds 
treated with TFD 

0 

)Vy 
0 

0 

~ 
0 

0 0 

A)l.OEt 

TABLE 3.7 (continued) 

results before hydrolysis 

Complex mixture was observed. 

Complex mixture was observed. 

Reaction afforded a large amount 
of starting material and several 
trifluoroethyl enol ethers; no 
aromatic compounds were detected. 

results after hydrolysis 

Several signals of interest 
from o 5.7 to 7.0 ppm in lH 
NMR spectrum and from o 115 
to 150 ppm in the 13c NMR 
spectrum; sample polymerized 
with time. 

This reaction did not look 
as promising as entry 12. 
This reaction afforded a 
larger amount of starting 
material than was observed 
for entry 12. 
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entry 
--
15 

16 

compounds 
treated with TFD 

~ 
0 

o'()o 

TABLE 3.7 (continued) 

results before hydrolysis 

Broad methyl and vinyl regions 
were observed suggesting 
polymerization. 

a See Table 3.8 for experimental conditions. 

results after hydrolysis 

Less vinylic signals were ob-
served; signals remained broad 
suggesting polymerization. 

4 compounds were detected by 
LC-lH NMR. All 4 compounds had 
signals in trifluoroethoxy 
region. Preliminary results 
suggest that trifluoroethyl 
enol ether 228 and insertion 
compound 230 were two of the 
compounds--present. 

b Observed as the major component in the reaction mixture by lH and 13c NMR spectroscopy. 

c Obtained from chromatographic separation on neutral alumina. 

d Observed by lH and 13c NMR spectroscopy. 

e Obtained from chromatographic separation on silica gel. 

f-' 
00 
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Both trifluoroethyl enol ether ~.91 and trifluoroethoxy diene 

202 could be obtained from this reaction by vary.i.ng the 

reaction conditions. 

0 

201 20 2 

Trifluoroethyl enol ether ~Ql was isolated when the reaction 

mixture was neutralized with 5% NaHC03 . When the reaction 

mixture was treated with triethylamine prior to neutraliza-

tion with 5% NaHco3 , diene ~Q~ was obtained. This suggests 

that diene 202 was hydrolyzed during the previous neutrali-

zation process. Isolation of diene 202 helps establish that 

the corresponding dienes of l-phenyl-1, 3-butanedione and 

2,4-pentanedione could have formed when the respective 

e-diketones were treated with TFD and HBF4 •0Et2 . These 

dienes may have been hydrolyzed during the neutralization 

process. This would have prevented isolation of ....... 
ei L.ner 

diene. 

Cyclization reactions were not observed for 5, 5-di-

methyl-1,3-cyclohexanedione presumably due to a combination 

of two factors. First, a Michael addition of diene 202 to 

enone 201 would not be very favorable due to steric hindrance 

between the combining uni ts in the initial step ( eq 45). 
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OR 

No 
+ > (45) 

Rxn. 

o- OR RO 

R = CH 2CF 3 

Second, if cyclization did occur to intermediate 203, addi-

tional thermodynamic stabilization could not be achieved by 

eliminating 2,2,2-trifluoroethanol to afford a more stable 

aromatic compound. 

0 

203 

The above eliminations are not favored due to the structural 

strain which would result in any hypothetical reaction prod-

uct. Based on these two factors, cyclization would not be 

expected for 5,5-dimethyl-1,3-cyclohexanedione. 

The above cyclohexanedione was attractive for the study 

of potential mixed condensations between two ~-diketones. 

The use of 5,5-dimethyl-1,3-cyclohexanedione in this study 
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should help favor cyclization of the two 6-diketone equiv-

alents since a self-condensation reaction does not occur for 

this cyclohexanedione under the present reaction conditions. 

Therefore, a less sterically hindered 6-diketone could un-

dergo a mixed-condensation reaction with 5,5-dimethyl-1,3-

cyclohexanedione without a competing self-condensation reac-

tion of the cyclohexanedione. The second 6-diketone that was 

employed in this mixed-condensation reaction was l-phenyl-

1, 3-butanedione. 1-Phenyl-1,3-butanedione was chosen 

because it has afforded the highest yield of cyclization pro-

ducts to date. 

Some of the potential reaction products that would be 

expected from the mixed-condensation reaction of 5, 5-di-

methyl-l, 3-cyclohexanedione are illustrated in Scheme 3.1. 

When the above 6-diketones were treated with TFD in the pres-

ence of HBF 4 •OEt2 (entry 4 in Table 3. 7), these reaction pro-

ducts (e.g., compounds 204 and 205) were not obtained. A 

mixture of the corresponding trif luoroethyl enol ethers of 

the two 6-diketones and the insertion product 194 was 

afforded from the above reaction before hydrolysis. On 

hydrolysis of the above reaction mixture, insertion ketone 

156 and the respective 8-diketones were isolated after chro-

matographic separation. 

Similar results were obtained when trifluoroethyl enol 

ether 201and1-phenyl-1,3-butanedione were treatedwithTFD 

(entry 3 in Table 3. 7) . Diene 202 was detected in the result-
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Scheme 3.1 

Potential Products for the 
Mixed-Condensation Reaction of 

l-Phenyl-1,3-butanedione and 
5,5-Dimethyl-1,3-cyclohexanedione 

with TFD 
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ing mixture since this reaction was neutralized with trie-

thylamine. Note that trifluoroethyl enol ether 201 was iso-

lated from the experiment corresponding to entry 4 in Table 

3. 7 since this reaction mixture was neutralized with 5% 

NaHC03 . 

Several 33 34 workers ' have reported a base-catalyzed 

self-condensation reaction for l-phenyl-2,4-pentandione. 

The above B-diketone was treated with TFD in the presence of 

HBF4 •0Et2 to examine whether or not an acid-catalyzed self-

condensation reaction would occur for this same compound. A 

dark purple solution was obtained when l-phenyl-2, 4-pentane-

dione was treated with TFD. This initial observation sug-

gested that a conjugated product was formed. After 

chromatographic separation of both hydrolyzed and unhydroly-

zed reaction mixtures, no evidence of cyclization products 

was found. However, cyclized products could be present in 

relatively small amounts (1-5%) which were not detected. 

After chromatographic separation of the unhydrolyzed 

reaction mixture, three isomeric forms of l-phenyl-1,3-bu-

tanedione (i.e., compounds 206-208) and two trifluoroethyl 

eno 1 ethers ( 209 and 2 lQ_) were detected. 
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0 HO OH 0 0 0 

Ph~ Ph~ Ph~ 

206 207 208 

Ph 

209 210 

Significant hydrolysis of the reaction mixture could have 

occurred to afford the these products. Some dienes could 

have formed during the reaction process. However, these 

dienes would have been hydrolyzed during the 5% NaHco3 neu-

tralization procedure. Partial hydrolysis of the resulting 

enol ethers could have also occurred on the silica gel column 

which was utilized for chromatographic separation. A second 

possibility to account for the above products would be limit-

ed reaction of 1-phenyl-2, 4-pentanedione with TFD. 

Further analysis of the hydrolyzed reaction mixture that 

was obtained from 1-phenyl-2,4-pentanedione indicated that 

several compounds were present in the reaction mixture. 

After chromatographic separation, a large amount of 1-

phenyl-2, 4-pentanedione was recovered ( 64%). Insertion pro-

ducts (i.e., compounds 211 and 212) and some unidentified 

polymers were also isolated from this reaction mixture. 
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Ph 
0 

Ph 
0 

211 212 

The reason why l-phenyl-2, 4-pentanedione did not undergo an 

acid-catalyzed self-condensation reaction in the presence of 

TFD is not fully understood. 

The l-phenyl-2,4-pentanedione system was initially very 

interesting because several different cyclization products 

(e.g., compounds 213-21~) could have formed under the above 

reaction conditions (Scheme 3.2). It was hoped that a dis-

tribution of the above products would have provided mechan-

istic insight for the cyclization process. These compounds 

would have originated from the cyclization of dienes 217 and 

218 with trifluoroethyl enol ethers 209 and 219. A mixture 

of the above reaction products would have been expected since 

small thermodynamic differences should be observed for 

intermediates ~09, 217, 218, and 219. Diene 217 appears 

slightly more stable than diene 218 due to the conjugation of 

the two olefinic bonds with the phenyl ring in the former 

compound. In contrast, less cyclization would be expected 

from this thermodynamically more stable diene based on the 

steric hindrance that would be encountered during the ini-

tial Michael addition. Steric hindrance in the Michael addi-
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tion of diene 217 presently appears to be the best 

explanation why an acid-catalyzed self-condensation 

reaction was not observed for l-phenyl-2, 4-pentanedione. 

The reaction of 1, 1, l-trifluoro-2, 4-pentanedione with 

TFD in the presence of EBF4 •0Et2 (entries 8-10 in Table 3.7) 

provided several unusual products. The predominant reaction 

products that were obtained after hydrolysis were insertion 

products 220 and 221. -- --

0 

220 

0 

Et~ 
CF H CF3 

3 

221 

Compounds analogous to compound 220 have been previously 

identified in the reaction mixtures that were obtained from 

l-phenyl-1,3-butanedione and l-phenyl-2,4-pentanedione. 

Isolation of ethyl enol ether 221 was unusual since an ethyl 

group had been ir.corporated into the reaction product. This 

was surprising because ethyl enol ethers have not been previ-

ously isolated from reaction mixtures originating from 

B-diketones. The ethyl group that has been incorporated into 

compound 221 appears to originate from cleavage of HBF 4 •OEt2 

that was utilized as the acid catalyst. In the above 

reactions, an increase in the ratio of ethyl enol ether 221 

to trifluoroethyl enol ether 220 was observed when the ratio 
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of acid catalyst to starting ~-diketone was increased. 

Although several reaction products have not been identi-

fied in the above mixture, a novel application of the LC-NMR 

technique 55 was used for the analysis of this mixture. Due 

to the numerous fluorine containing compounds present in 

these mixtures (e.g., fluorine cor..pounds originating from 

both the starting ~-diketone and TFD), '::.he Lc- 19 F N!'iR results 

(Figure 3.6) were obtained to supplement the more commonly 

utilized LC- 1H NMR technique (Figure 3.7). Applications of 

the Lc- 19F NMR have not previously appeared in the chemical 

literature. 55 The results that were obtained from LC- 1H NMR 

and Lc- 19 F NMR separations clearly illustrate that enol eth-

ers 220 and 221 were present in t!':e above reaction mixture. 

As previously mentioned, the reaction of 1, l, l-tri-

fluoro-2, 4-pentanedione with ~FD did afford some products 

which have not been identified. After chromatographic sepa-

ration, one of the above reaction mixtures (entry 8 in Table 

3. 7) affo!'."ded four additional insertion products (e.g., ole-

finic doublets of the insertion products appeared at 6 5.58, 

5. 66. 5. 83, and 5. 91 ppm). The 1H NMR spectra of the two 

insertion products with doublets at 6 5. 58 and 5. 66 ppm con-

tained a corresponding ethyl group for each compound. In 

another 1H NMR spectrum, the doublets at 6 5.83 and 5.91 ppm 

were only associated with trifluoroethoxy groups. No addi-

tional methyl signals were observed in the 1H NMR region for 

the latter insertion products. The above insertion products 
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Figure 3.6 

Selective Lc- 19F NMR files of the 1,1,1-trifluoro-2,4-

pentanedione reaction products. (a-d) Files 2-5 (16-19 

minutes elution times) are spectra of several unidenti-

fied compounds. (e and f) Files 6 and 7 (20 and 21 

minutes) are spectra corresponding to insertion ketone 

220. (g) File 8 (22 minutes) is the spectrum of insertion 

ketone 221. (h) File 27 (41 minutes) is the spectrum of a 

late eluting compound which has not been assigned. 



201 

-
-

-L
J 

-

0 N
 I 

0 M
 I 

lf) 

I 

0 



("") 

0 
~
 

0 
u 

("") 
µ.. 
u 

0 N
 

::r: u ("") 

~
 

u -
-

Q
J 

20 2 

("") 

~
 

u ..... ("") 

~
 

u 
0 +.) 
~
 -

-

0 N
 I 

L
{) 

....-i 
I 

0 ....-i 
I 

L
{) 

I 

0 L
{) 



203 

Figure 3.7 

Selective LC- 1H NMR files of the 1, 1, 1-trifluoro-2,4-pe?1-

tanedione reaction products. (a-c) Files 1-3 (elution 

times of 14-16 minutes) are spectra of several unidenti-

fied compounds. (d) File 4 (17 minutes) is the spectrum 

of insertion ketone 220. (e) File 5 (18 minutes) is the 

spectrum containi?1g a mixture of insertion ketones 220 

and 221. (f and g) Files 6 and 7 (19 and 20 minutes) are 

spectra of insertio?1 ketone f_~J_. (h) File 18 (32 minutes) 

is the spectrum of an unassigned structure. 
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appear to correspond to dienes ~-~?.-225. 

222 

224 

Oc:l2CF' 3 

Et0~ 
c: 3 H c: 3 

223 

225 

Other unidentified compounds have also been isolated from 

these mixtures. These compou~ds possess unique structural 

features that have not been encountered in other reaction 

mixtures originating from ~-diketones. Furthermore, struc-

tures for these compou::!ds have not been completely assigned. 

One compound had a 1H NMR spectrum which possessed aromatic 

hydrogens (6 7.5-7.8 ppm) ar.d a complex alip~atic region. 

This suggests that a small amount of cyclization occurred dur-

ing the reaction of 1,l,l-trifluoro-2,4-pentanedione with 

TFD. 

The above re su 1 ts suggest that the in te rmedi ates that 

would be obtained from the reaction of 1,l,l-trifluoro-2,4-

pentanedione do not favor cyclization. These intermediates 

do not exhibit the necessary electronic requirements to 
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undergo cyclization reactions. For cyclization to occur, 

diene 226 must undergo nucleophilic attack on enol ether 227. 

(46) 

During this attack, a partial positive charge would develop 

on the carbon adjacent to the trifluoromethyl and the tri-

fluoroethoxy groups. The two electron-withdrawing substi-

tuents should destablize the positive charge of this 

developing carbonium ion. Therefore, electronic factors do 

not favor a large amount of cyclization for this e-diketone. 

The reaction of 1,3-cyclohexanedione with TFD in the 

presence of HBF 4 •0Et2 was also examined (entry 16 in Table 

3.7). Based on the previous study of 5,5-dimethyl-1,3-cy-

clohexanedione, the reaction of 1,3-cyclohexanedione would 

be expected to afford similar products (i.e., enol ether 228 

and dienol ether 22_2). 
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o~ 

228 229 

Upon hydrolysis, corr.pound ~28 and ~29 should be converted to 

1,3-cyclohexanedione, the starting material. The above 

reaction mixture was analyzed by LC- 1H NMR after hydrolysis. 

The LC- 1H NMR separation indicated that four compounds were 

present in the above mixture. This preliminary data suggests 

that this mixture contained trifluoroethyl enol ether 228 

and insertion product 230. 

H 
0 

230 231 

The above insertion product was assigned as compound 230 

since the hydrogen originating from TFD did not exhibit a 

3 JHCCH coupling with the a-hydrogen of the ~-diketone func-

3 tionali ty. A JHCCH coupling constant would have been 

observed if structural isomer 231 had been isolated. The two 

other compounds present in this mixture could not be identi-

fied from LC- 1H NMR information alone. At this time com-
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pounds ~28 and 230 are only tentatively assigned because of 

incomplete spectroscopic data. 

2-Acetylcyclohexenone (entry 11 in Table 3.7) was exam-

ined since there was a substituent on the a-carbon of the 

13-diketone systems. Al 1 other 13-diketones that have been 

studied in this dissertation were unsubstituted at this 

a-carbon. The reaction mixture that was obtained by treating 

this 13-diketone with TFD was analyzed both before and after 

normal hydrolytic treatment. 1 13 The H and C NMR spectra of 

the unhydrolyzed reaction mixture contained a large number 

of olefinic signals which made the above reaction appear 

promising. On hydrolysis of this mixture, a large number of 

the olefins that were initially present in the above reaction 

mixture were converted to 2-acetylcyclohexenone starting 

material. Traces of several other compounds were also 

observed in the 1H and 13c NMR spectra of hydrolyzed reaction 

mixture. Several resonances appeared in the o 115-155 ppm 
13 region of the C NMR spectrum which suggests that some 

cyclization may have occurred. 

Reaction of TFD with Cg_!!!Eounds Other than 13-Diketones 

Several related systems were examined utilizing similar 

reaction conditions. With a better understanding these 

additional systems, the wider scope of this novel acid-cata-

lyzed self-condensation reaction can be determined. Prelim-
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inary results for these systems are reported in Table 3.7. 

Under the present cyclization conditions, methyl vinyl 

ketone (entry 15 in Table 3. 7) underwent polymerization. 

Polymerization was observed before and after treat~ent of 

the reaction mixture with the hydrolytic conditions. The 

conclusion that methyl vinyl ketone underwent polymerization 

was based on the broad signals which were observed in the 1H 

13 and C NMR spectra. Methyl vinyl ketone appears to be one of 

the least promising compounds studied in terms of cycliza-

ti on reactions utilizing normal TFD reaction conditions. 

2,5-Hexanedione has been studied to determine whether or 

not a i-diketone would undergo an acid-catalyzed self-con-

densation reaction in the presence of TFD. The reaction of 

2,5-hexanedione with TFD in the presence of HBF4 •0Et2 

afforded several products. In the 1H and 13c NMR spectra of 

the unhydrolyzed reaction mixture, several methyl and methy-

lene carbons were observed. Several signals were also 
1 observed in the o 5.7-7.0 ppm region of the H NMR spectrum 

and in the o 100-150 ppm region of the 13c NMR spectrum. 

These signals suggest that some intermolecular condensation 

reactions have occurred yielding several olefinic compounds. 

It was not apparent whether or not cyclization reactions 

occurred during this process. Few signals appeared in the 

trifluoroethoxy region suggesting that these groups were 

eliminated during the intermolecular condensation 

reactions. Normal hydrolytic conditions had little effect 
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on the reaction mixture as several products were detected 

after hydrolysis. After chroMatographic separation, iden-

tification of the above reaction products was extremely dif-

ficult since these reaction products rapidly polymerized. 

The polymerization of the above reaction products suggests 

that cyclization reactions did not occur. Polymerization of 

cyclized products would be less likely since further inter-

molecular condensations between cyclized derivatives would 

not be expected. 

Ethyl acetoacetate was examined to determine whether or 

not a ~-ketoester would undergo an acid-catalyzed 

self-condensation reaction in the presence of TFD. Initial 

results on this system suggest that cyclization did not occur 

for ethyl acetoacetate utilizing the above reaction condi-

tions. Aromatic compounds were not detected in either the 1H 

or 13c NMR spectrum of the reaction mixture. These spectra 

indicated a large amount of ethyl acetoacetate was recovered 

in the reaction mixture. Several trifluoroethyl derivatives 

of ethyl acetoacetate were al so detected. Tri fluoroethyl 

enol ethers 232 and 233 are consistent with the derivatives 

that were obtained from this reaction. 



CF 3Cll 
OEt 

232 

212 

233 

Diene 2~1 was not observed in the previously described mix-

ture since vinyl carbons did not appear in the 13c NMR spec-

trum (based on characterization by the 13c NMR INEPT 

experiment). 

CF 3cH 20 OCH 2CF 3 

~OEt 
234 

However, diene 234 could have hydrolyzed during the neutral-

ization process. Diene 234 would be a key intermediate for 

the cyclization of ethyl acetoacetate to aromatic compound 

235. 
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o- OEt 

RO~ 
RO 

+ > o+ 0 ~ OR 0 

OEt 

234 

l ( 4 7) 

RO OEt 

R = CH 2CF 3 0 

EtO 

235 

Conclusion 

From the many reactions that have been described in this 

er.apter, it is apparent that the mechanism for the cycliza-

tion process is not fully understood. The intermediate 

dienes that would be obtained from 1-phenyl-1,3-butanedione 

and 2,4-pentanedione appear to have hydrolyzed during the 

neutralization process. From investigations of the reaction 

of 5,5-dimethyl-1,3-cyclohexanedione with TFD, it appears 

that the above diene intermediates could have been directly 

isolated from the reaction mixture by employing a neutrali-

zation procedure with triethylamine. In addition, optimum 



214 

conditions to date have employed slow addition of a methyle!'le 

chloride or a chloroform solution of TFD to the S-diketone in 

the presence of HBF 4 • 0Et2 . Several S -dike tones were not 

observed to undergo acid-catalyzed self-condensation 

reactions in the presence of TFD. Cyclization reactions of 

these S-diketones appear to be unfavorable due to electronic 

and steric effects. All cyclized reaction products that are 

reported in this chapter are consistent with either a 

Di els-Alder reaction or a Michael addition. 
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Treatment of (E)- and (Z)-4-(2, 2, 2-Trifluoroethoxy)-3-penten-2-

one with HBF4 •0Et2 . A 0.785 g (4.31 rr.:noles) mixture of (E)-

and (Z)-4-(2,2,2-trifluoroetr.oxy)-3-penten-2-one (com-

pounds _13). and _1~_2_, 3:1 ratio) was treated with 0.15 mL (1.31 

mmoles) of HBF 4 •0Et2 . Methylene chloride ( 5 rr.L) was added to 

the mixture after 45 min, and the CH2c1 2 solution continued 

to stir for another 2. 5 h. The orga!"lic layer was washed with 

2 portions of 5% NaHco3 and a single portion of water. The 

organic layer was d"-ied over anhydrous Mgso4 , filtered, and 

evaporated l-..:ri.. ___ y_~c-~~· 1H and 13 c NMR results ir.dicated that 

aromatic products were not obtained with the above condi-

tions and that only the E-trifluoroethyl enol ether and 2,4-

pentanedione were recovered. 

Control Experiments for ( E)- and (Z)-4-(2, 2, 2-Trifluoroethoxy)-

3-pentene-2-one. A mixture of (E)- and (Z)-4-(2,2,2-tri-

fluoroethoxy)-3-penten-2-one (0.310 g, 1.70 mmoles, 2:1 

ratio) was treated with 0.173 g (1.73 m:noles) of 2,4-pentane-

di one, 0. 15 mL ( 1. 31 mmoles) of H:!3F 4 •0Et2 , and 5 mL of CH2c1 2 

at o0c. The resulting mixture was stirred 3. 5 h and was neu-

tralized with 5% NaHC03 as previously described. No aromatic 

products were obtained using the above reaction conditions. 

A mixture containing 0.574 g (3.15 rr.moles) of (E)- and 

(Z)-4-(2,2,2-trifluoroethoxy)-3-penten-2-one, 0.315 g (3.15 
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m:r.oles) of 2,4-pentanedio:ie, 5 mL of c::2 c1 2 , a:id 0.25 mL 

(2.19 mmoles) of E3F4 •0Et2 was treated with 21.0 r.-,L of a 0.30 

M (6.3 mmoles) TFD solution over 40 mi:i. The resulting mix-

ture was stirred for another 1.5 hand was neutralized with 

5% NaEco 3 as previously described. 1H and 13c N?~R spectra 

indicated that starting materia:!.s were mai;::!.y recovered with 

cyclized products appearing in trace a!':'lounts. 

Treatment of 4- (2, 2, 2-Trifluoroethoxy)-3-penten-2-one with TFD 

and HBF 4 •0Et2 . Several different conditions were employed 

when treating 4-(2,2,2-trifluoroethoxy)-3-pentcn-2-one with 

HBF 4 •OEt2 and TFD to find the optir:lum conditions for the 

cyclization reactio:-i. These reaction conditions are 

described i:i Table 3. 1. 

Monitoring the Reaction of 2,4-Pentanedione and TFD by Nitrogen 

Gas Collection. In this experiment, 2,4-pentanedione (1.0 g, 

10 mmoles) was treated with 2 mL (17.5 m~oles) of EBF4 •0Et2 

and 127 nL of a 0. 54-2 M TE"D solution ( 68. 9 mmoles). The 2, 4-

pentanedione solution was under nitrogen gas until the TFD 

addition began. At this point the nitrogen gas flow was 

stopped, and nitrogen that was generated from t~e reaction 

mixture was collected by water displacement in an inverted 

graduated cylinder. The total amount of nitrogen gas that 

was collected was 1.50 L (66. 7 mmoles). The TFD solution was 

added over 1 h, and the reaction mixture stirred for an addi-

tional 23 h. The reaction solvent was evaporated i:Q_yacuo, 

and the resulting oi 1 was hydro 1 yzed with 15 mL of 2, 2, 2-tri-
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fluoroethnnol, 5 mL of water, a!1d 2 r.lL of Hi3F4 . '!'his r.lixture 

was refluxed for 24 h and was treated with CH2c1 2 and water to 

separate the organic and aqueous layers. The organic layer 

was neutralized with 5% NaHC03 as previously desc?:"ibed. This 

procedure afforded large amounts of 2, 4-pentanedione and 
1 

small amounts of cyclization products as rr.onitored by-~ ~MR 

spectroscopy. 

Low Temperature Studies on the Reaction of 2,4-Pentanedione with 

TFD. A mixtu?:"e of 2,4-pe::ltanedione (1.0 g, 10 mmoles), 

HBF 4 •0Et2 ( 0. 5 mL 4. 38 mmoles), and 5 mL of CH2c1 2 was cooled 

to -72°c under nitrogen. A 0.329 M TFD solution (95 mL, 31.3 

mmoles) was added to the 2,4-pentanedione solution in th?:"ee 

equal portions at 0.5 h intervals. The first po?:"tion of TFD 

that was added to the mixture resulted in a steady evolution 

of nitrogen gas. Very littl~ nitrogen gas was evolved from 

the second and third additions of the TFD solution. The 

reaction flask was warmed to o0 c which caused additional 

nitrogen evolution for about 1 h. The organic mixture was 

evaporated to an oil in vac~S?_ and was hydrolyzed with a 

2,2,2-trifluoroethanol-water-HBF4 mixture as previously 

described. A mixture of insertion product 141 and 2,4-pen-

tanedione were recovered after hydrolysis as monitored by 1H 

NMR spectroscopy. 

Treatment of ( E)-4-(2, 2, 2-Trifluoroethoxy)-3-penten-2-one with 

2, 2, 2-Trifluoroethanol in the Presence of Acid Catalyst. ( E) -4-

(2,2,2-trifluoroethoxy)-3-penten-2-one (0.274 g, 1. 51 



218 

mmoles) in 10 mL of C!.:r 2c1 2 was treated with 0 .156 g ( 15. 6 

mmoles) of 2,2,2-trifluoroethanol and 0.100 nL (0.876 rt:r:lole) 

of HBE"4 •OEt2 . The reaction nixture stirred at o0c for l h a:-ld 

was neutralized with 5% NaHC03 as previously described. The 

1E NMR spectr'J.m of the reaction :product showed unreacted enol 

ether and no conversion to the corresponding ketal. 

Cyclization of ( E)-4-(2, 2, 2-Trifluoroethoxy)-3-penten-2-one in the 

Presence of 2, 2, 2-Trifluoroethanol and TFD. A mixture of ( E) -4-

(2,2, 2-trifluoroethoxy)-3-penten-2-one (0.320 g, 1. 76 

mmoles) and 5 mL of CH2c1 2 was treated with 1. 76 g ( 1. 76 

mmoles) of 2,2,2-trifluoroethanol, 0.10 mL (0.88 mmoles) of 

HBF 4 •0Et2 , and 17 mL of a 0.2f6 M TFD solution (4.5 mmoles). 

The TFD solution was added over 15 min, and the reaction mix-

ture stirred another 3 h before neutralization. Ti:.e reaction 

mixture was neutralized with 5% NaEco3 utilizing the previ-

ously described procedure. A control experiment without 

2, 2, 2-trifluoroethanol was prepared utilizing the above con-

ditions. Both of the above experiments provided a 13% yield 

of acetophenone 137 1 (based on H NMR integration) after 

hydrolysis with a methar.ol-water-HBF4 solution (refluxed 

4.75 h). 

Reaction of 2,4-Pentanedione with a Pentane Solution of TFD. A 

pentane solution of TFD was prepared to examined solvent 

effects for the acid-catalyzed self-condensation reaction of 

2,4-pentanedione. The pentane solution of TFD was prepared 

using the procedure described in Chapter I I. In this proce-
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dure, pentane was substituted for methylene chloride in the 

extraction procedure. During the pentane extraction, prob-

lems were encountered because TFD was more soluble in water 

than in pentane. As a result, a less concentrated TFD sol-

ution was obtained in pentane (0.15 M solution, 41% yield) 

than in rnethlene chloride. 

A solution of 2,4-pentanedione (0.50 g, 5.0 m~oles) in 5 

rnL of pentane was treated with 0. 25 rnL of P.3F 4 • 0Et2 ( 2. 2 

mmoles). The resulting mixture was cooled at o0 c and was 

treated with 0.115 L of the 0.15 M TFD solution (17 mmoles) 

which was prepared above. The TFD solution was added to the 

reaction flask over 55 min. After addition of TFD, another 

0.050 mL (0.44 mmole) of HBF4 •oEt2 was added to the reaction 

mixture. The reaction mixture was stirred for another 1.5 h 

and was neutralized with 2 portions of 5% NaEco3 and 1 por-

tion of water. The organic layer was dried over anhydrous 

MgS04 , filtered, and evaporated in v~cuo. The 1H NMR spec-

trum of the reaction mixture showed that 2,4-pentanedione 

and the corresponding E-trifluoroethyl encl ether (l:l 

ratio) were the major compounds present. 

Reaction of 2,4-Pentanedione with a Diethyl Ether Solution of TFD. 

The diethyl ether solution of TFD was prepared using the pro-

cedure that was previously described. Diethyl ether was used 

to extract TFD from the aqueous layer. 

2,4-Pentanedione (2.80 g, 28.0 mmoles) was treated with 

2.00 mL of H3F4 •0Et2 (1. 75 mmoles) and 254 mL of a 0.131 M TFD 
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solution in diethyl ether (33.3 ~moles) over several hours. 

The reaction flask was maintained at o0 c over this time peri-

od. The reaction mixture was stirred for another 16 h ar.d 

gradually war-rr.ed to roo::\ temperatur-e. Another 0.040 L of the 

0.131 M TFD solution (5.2 m~oles) was added to the reaction 

flask without additional nitr-ogen being evolved. The 

reaction mixture was r.eutralized with 2 portions of 10% NaOH 

and 2 portions of water (note that unreacted 2,4-pentanedi-

one is extracted into the NaOH layer). The ether solution 

was dried over anhydrous Mgso4 , filtered, and evaporated in 

vacuo. 4-(2,2,2-Trifluoroethylamino)-3-penten-2-one (1~2) 

was isolated from this reaction procedure. After recrystal-

lizatior. from pentane, enamine 199 (0.183 g, 3.6% yield) 

afforded the following spectroscopic data. 1H M'iR Ii 5. 15 ( s, 

lH), 3.78 (q, lH, J = 9 Hz}, 3.82 (q, lH, J = 9 Hz}, 2.06 (s, 

3 H) I 1 . 9 8 ( s I 3 E) i 13 c NMR Ii 19 7 . 0 5 ( s) I 161 . 3 1 ( s) I 12 1 . 41 

(CE'3 , J = 280 Ez), 98.12 (d), 44. 51 (gH2c:3 , J = 35 Hz), 29.15 

(q), 18.47 (q); 19 F NMR Ii -5.37 (t, J = 9 Ez); EI.MS, m/e 181 
+ + m + (M , 52%), 166 (M - CH3 , 100); CI/MS, /e 182 (MH , 100); 

Anal. Calcd for c7H10NO: C, 46.41; H, 5.56. Found C, 46.36; 

H, 5.15. 

Enamine ]._99 was also prepared directly from treating 

2,4-pentanedione with trifluoroethylamine. In this proce-

dure trifluoroethylamine was generated by adding 13. 9 g 

(0.103 mole) of trifluoroethylamine hydrochloride to a mix-

ture of 8 M NaOH and diethyl ether (50 rnL of each reagent). 
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The ether layer was collected and the aqueous layer was 

extracted with another 50 mL portion of diethyl ether. The 

ether layers were combined and dried over anhydrous Mgso4 . 

The ether layer filtered and transferred to a round bottom 

flask. A mixture containing 2,4-pentanedione (2.5 g, 25.0 

mmoles) and of HBF4 •CEt2 (1.5 rnL, 13.l m~oles) was added to 

the amine solution. The resulting mixture was stirred for 

two hours. The 1H NMR spectrum of the reaction mixture indi-

cated that enamine 199 had formed. 

To further investigate the reaction of 2,4-pentanedione 

with a diethyl ether solution of TFD, 2,2,2-trifluoroethyla-

mine had to be rer:loved from the TFD solution. Small portions 

of the above TFD solution in diethyl ether were separately 

washed with four different acids. The acids utilized in this 

study were 6 M hydrochloric acid, 6 M nitric acid, 6 M phos-

phoric acid, and 6 M acetic acid. The organic layer was im:ne-

diately neutralized with 5% NaHC03 to prevent further acid-

catalyzed reactions of TFD from occurring. Acetic acid and 

hydrochloric acid worked equally well in removing trifluoro-
19 ethylamine as monitored by F NMR spectroscopy. However, 

TFD solutions that were washed with acetic acid would not 

undergo an acid-catalyzed reaction with 2, 4-pentanedione. 

Instead, this TFD solution afforded 2,2,2-trifluoroethyl a-

cetate under the above conditions ( 2, 2, 2-tri fluoroethyl ace-

tate was detected in the 19 F NMR spectrum of the initial 

reaction mixture). This compound had identical spectral 
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properties with the 2,2,2-trifluoroethyl acetate which had 

been synthesized by Koller 1 and Dorn. This derivative 

appears to have originated fror:: the conjugate base of acetic 

acid which had remained in the TE'D solui ton after neutraliza-

ti on with 5% NaHC03 . 2, 2, 2-Tri fluoroethylamine was not 

detected in any appreciable ar:1ounts in the chlorofor:':'l, 

methylene chloride, and p•:::J.tane solu ti ens of TFD. 

Preparation of (Z)-1-Phenyl-3-trifluoromethyl-1,4,4-tris-(2, 2, 2-

trifluoroethoxy)-1-pentene (1_9_'%). ( Z) -1-Pheny 1-3-tri f luo :!'.'O-

methyl-1,4,4-tris(2,2,2-trifluoroethoxy)-l-pentene (194) 

was prepared and isolated by utilizing the procedure 

described for the preparation of dienol ether 165 in Chapter 

I I. Insertion ketal 194 eluted im:-:tediately before dienol 

ether 165 when the above mixture was separated on neutral 

, . a_um1na. Insertion ketal 194 which was isolated above was 

layered on a flash chromatography silica gel column for fur-

ther purification. The above separation afforded add: tional 

compounds which have originated from reactions of insertion 

ketal 194 on silica gel. After further separation on neutral 

alumina, the insertion ketal 194 mainly afforded diene :?._9._Q. 

(E)-l,4-Bis(2,2,2-trifluoroethoxy)-1-phenyl-3-tri-

fluoromethyl-1,4-pentandiene (200) had the following spec-

1 troscopic data: H NMR 6 7.41 (broad, SH}, 5.38 {d, lH, J = 10 

3 Hz}, 4.42 (d, lH, J = 4 Hz}, 4.31 (dq, lH, JHCCH = 10 Hz, 

3 JHCCF = 9 Hz), 4.20 (d, lH, J = 4 Hz), 4.09 (q, 2H, J = 8 Hz), 

3.95 (q, 2H, J = 8 Hz}; 13c NMR 6 156.92 (s}, 155.83 (s}, 
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133.16 (s), 129.78 {d), 128.97 {d, 2c), 127.25 (d, 2c), 

124.94 (CF3 , J = 281 Hz), 123.34 (CF3 , J = 279 Hz), 123.05 

{CF3 , J = 278 Hz), 105.30 (d), 88.07 (d), 66.79 (gH2cF3 , J = 

35 Hz), 65.36 (gH2 CF3 , J = 37 Hz), 46.15 (gHCF3 , J = 30 Hz); 

rn + + + EI/MS, /e 408 (M , 63%), 339 (M - CF3 , 51), 309 (M -

+ 
OCH2CF3, 2~) I 77 (C6H5 I 100). 

Additional (Z)-l-phenyl-3-trifluoromethyl-1,4,4-tris-

(2,2,2-trifluoroethoxy)-1-pentene (19_~) was prepared by 

modifying the above procedure. The modification used 1.17 g 

(7.22 rnmoles) of l-phenyl-1,3-butanedione, 0.30 rnL of 

HBF 4 •0Et2 ( 2. 6 mmoles), and 100 mL of a 0. 215 M TFD solution 

(21.5 mmoles) to prepare insertion ketal 194. The T?D sol-

ution was added to the mixture containing the ~-diketone over 

1 min. The reaction mixture was immediately neutralized with 

1.5 mL of triethylamine after the TFD addition. After pre-

liminary separation of the reaction products, the chromate-

graphic fraction which contained insertion ketal 194 (0.815 

g, 22% yield) was further purified by a second separation on 

neutral alumina. This second chromatographic separation was 

utilized to confirm that a single cor:lpound had been isolated 

in the initial separation. Spectroscopic properties of this 

insertion ketal 194 are described below: 1H NMR 6 7. 43 

(broad, SH), 5.19 (d, 1H,J=10 Hz), 3.9-4.2 (3CH2CF3 , 6H), 

1.69 (d, J = 6 Hz), 1.60 (d, J = 6 Hz). Integration of the 

signals at 6 1.69 and 1.60 ppm resulted in a total of 3H for 

the two conformational methyl groups. All other signals for 
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the two conformational for~s overlapped making assignments 

f h t : ... . 1 f . . b 1 13 C ~:;vi, .• · R r or t e wo con,_orma l.lona orms imposs1 e. !• u 

158.47 (s), 132.89 (s), 129.97 (d), 129.03 (d, 2C), 127.28 

(d, 2C), 124.51 (CF3 , J = 278 Hz), 123.28 (3CF3 , J = 278 Hz), 

103.28 (d + s, 2C), 66.72 (2~H2cF3 , J = 35 Hz), 60.56 (~H2cF3 , 

J=38Hz), 48.44 (~:-ic:3 , J=26Hz), 47.89 (f.!-1CF3 , J=26P.z), 

21. 52 ( q), 20. 88 ( q) . The methyl carbons and the ~ECF 3 car-

bons were the only resonances which could clearly be identi-

f ied for the two conformational forms. Al 1 other carbon 

resonances for the two conformations could not be distin-

guished due to accidental equivalence of these resonances. 

The two conformational forms were also observed in the 19 F 

NMR spectrum. 19 F NMR o 2.38 (d, J = 9 Hz), 2.28 (d, J = 9 

Hz), -6.89 (t, J = 6 Hz), -6.94 (t, J = 8 Hz), -7.11(t,J=8 

Hz), -7.12 (t, J = 8 Hz). 19 F NMR signals at o -6.89 and-6.94 

ppm were assigned to the fluorines of the two trifluoroethoxy 

ketal groups. These signals were broader t!'lan the other 

fluorine signals and did not show separate resonances for the 

two conformational forms. Insertion ketal 19~ hydrolyzed to 

insertion ketone ~§. over a one year period. 

From this second reaction mixture, several trifluoroe-

thyl enol ethers of l-phenyl-1,3-butanedione were isolated 

and were tentatively assigned as follows. 

For (Z)-4-phenyl-4-(2,2,2-trifluoroethoxy)-3-buten-2-

one (196): 1H NMR o 7.4-7.6 (m, SH), 5.86 (s, lH), 4.34 (q, 

CH2 CF3 , J=8Hz), 2.41 (s, 3H). 
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For (E)-phenyl-4-(2,2,2-trifluoroethoxy)-3-buten-2-one 

(197): 1H NMR o 7.46 (broad, Sn), 5.60 (s, lH), 4.27 (q, 

CH2CF3 , J = 8 Hz), 1.97 (s, 3H). 

For (Z)-1-phenyl-3-(2,2,2-trifluoroethoxy)-2-buten-1-
1 

one (_~-l~ ) : - H W'lR 6 7 . 8 9 ( d , 2 !--! , J = 8 Hz ) , 7 . 3 - 7 . 6 ( m , 3 !-1 ) , 

5.83 (s, lH), 3.87 (m, CH2cF3 , 2H), 2.10 (s, 3H). 

Enol ethers}:_~~, _1:_~_7-_, and 236 (0.117 g) were obtained in a 

yield of 6.6%. 

Hydrolysis of 2,4-Pentanedione Reaction Mixtures. Several 

attempts were made to find the optimum conditions for hydro-

lysis of vinyl ethers present in the 2,4-pentanedione 

reaction mixtures. These conditions are reported in Table 

3.6. 

Treatment of Cyclohexenone 1~_7- with Various Acids and Water. 

Cyc lohexenone J_S_~ ( 0. 345 g, 0. 605 mmo les) was treated with 25 

mL of methanol, 10 mL of H2o, ar.d 5 mL of P.BF4 . The resulting 

mixture was refluxed for 20 h. Methylene chloride and E2o 
were then added to the above mixture to separate the organic 

and aqueous layers. The organic layer was separated aDd neu-

tralized with two portions of 5% NaHC03 and one portion of 

H2o. The organic layer was dried with anhydrous MgS0 4 , fil-

tered, and evaporated in_ya~~Q- 1H and 13 c NMR spectra of the 

recoverd oil indicated that cyclohexenone 157 had not been 

hydrolyzed using the above conditions. 

Cyclohexenone .1_57 (0.345 g, 0.605 mmole) was treated with 

11 mL of THF, 4 mL of water, and 1 mL of concentrated H2 so4 . 
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The resulting mixture was refluxed for 15 h. After hydroly-

sis, the mixture was treated with additional water and ether 

to separate the organic and aqueous layers. The organic lay-

er was neutralized and reduced as previously described. The 

major compound isolated from this procedure was cyclohexe-

none 15 7 as detected by 1H and 13c NMR spectroscopy. Similar 

results were obtained by treating 0.345 g (0.605 mmole) of 

cyclohexenone 157 with 7. 5 mL of digly:ne, 2 mL of acetic 

acid, and 2 mL of water. The resulting mixture was refluxed 

for 16 h. The mixture was treated with CH2c12 and water to 

separate the organic and aqueous layers. The organic layer 

was neutralized and reduced as previously described to 

afford the eye lohexenone 1-2_?.. 

Preparation of 5, 5-Dimethyl-3- (2, 2, 2-trifl uoroethoxy)-2-cyclohexe-

none (_?_Q_l). 5,5-Dimethyl-3-(2,2,2-trifluoroethoxy)-2-cy-

clohexenone (~01) was prepared by the conditions that are 

reported in Table 3.8. Cyclohexenone 20~ (0.942 g, 48%) had 

the fol lowing spectroscopic data: 1H NMR o 5. 32 ( s, lE), 4. 18 

(q, 2H, J = 8 Hz), 2.38 (s, 2H), 2.24 {s, 2H), 1.09 (s, 6H); 
13 C NMR o 198.38 (s), 173.79 (s), 122.68 {CF3 , J = 278 Hz}, 

102.61 (d), 65.01 (gH2cF3 , J = 37 Hz), 50.79 (t}, 42.33 (t), 

32.46 (s), 28.17 {q, 2C); 19 F NMR o -6.23 (t, 3F, J = 8 Hz). 

EI/MS, m/e 222 (M+, 13%), 207 (M+ - CH3 , 4), 166 (47), 97 

( 43) I 68 ( 100) • 

Preparation of 1,3-Bis (2, 2, 2-trifluoroethoxy-5, 5-dimethyl-1, 3-cy-

clohexadiene (~02). l,3-Bis{2,2,2-trifluoroethoxy)-5,5-di-
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Experimental Conditions for Reactions of s-Diketones and Related Compounds with TFD 

entry compound(s) 

1 ovo 
2 ovo 
3 

+Ph~ 
Oy OCH 2CF 3 O 0 

( a ) ( b ) 

4 ovo+ 0 0 

JU( 
Ph 

( b) 
(a ) 

0 0 
5 Ph~ 

mmoles of 
compound(s) 

14.28 

8.79 

2. 20 (a) 

2.23 (b) 

2. 79 (a) 

2. 78 ( b) 

3.22 

mrnoles 
of TFD 

27.8 

21. 5 

14. 3 

16. 7 

9.73 

mmoles of 
HBF4·0Et2 

10. 51 

8.76 

7.01 

4.38 

2.63 

time required for 
TFD addition!l 

50 min b 

45 min 

50 . b, c m1 n 

20 min c 

15 min 

N 
N 
-...J 



entry compound(s) 

6 0 0 
Ph~ 

0 0 
7 Ph~ 

0 0 
8 

CF )l)l 
3 

9 0 0 

CF~ 
3 

10 
0 0 

)lJl 
CF 3 

TABLE 3.8 (continued) 

mmoles of 
compound(s) 

14.28 

4.31 

13 .2 

19. 5 

9.87 

nmoles 
of TFD 

44.5 

12.9 

39.9 

59.6 

29.0 

rrmoles of 
HBF4·0Et2 

7.01 

5.69 

5.69 

5.26 

7.01 

time required for 
TFD addition 

30 mil 

10 mine. 

2 .0 h c 

2.25 he. 

1.5 h b,c. 

N 
N 
00 



TABLE 3.8 (continued) 

mmoles of mmoles rrmoles of time required for 
entry compound(s) compound(s) of TFD HBF4·0Et2 TFD add it ion 

0 0 

11 Cf 9.49 29 .0 5.87 1.5 hb,c. 

b c. 
12 0 17.2 49.8 7.88 4.25 h , 

~ N 
N 

0 \.0 

0 

13 )lvy 8.85 26.6 6.13 2 .13 h 
b,c 

0 

0 0 

)lJ.l OEt 
c 

14 8.45 24.9 7.45 1. 75 h 

15 ~ 
c 

10.2 30 .6 7.01 1.67 h 

0 



entry compound(s) 

16 
o't)o 

TABLE 3.8 (continued) 

mmoles of 
compound(s) 

13.4 

mrnoles 
of TFO 

39.9 

rmioles of 
HBF4·0Et2 

3.94 

time required for 
TFD add it ion 

1.66 h c. 

a Reaction mixture was neutralized with 2 portions of 5% NaHC03 and 1 portion of water. 

b Reaction mixture was treated with triethylamine prior to the 5% NaHC03 neutralization procedure. 

c. Reaction mixture was hydrolyzed with methanol-water-HBF4 (5:2:1 volumetric ratio, 4 h refltix). 
N 
w 
0 
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rr.ethyl-1,3-cyclohexadiene ( ?_Q.~) was prepared by the 

conditions that are reported in Table 3.8. Cyclohexadiene 

202 (3.46 g, 80%) had the following spec~roscopic data: 1H 

NMR 6 4.90 (s, lH), 4.24 (s, lH), 4.11 (q, 2H, J = 8 Hz), 4.03 

(q, 2H, J = 8 Ez), 2.22 (s, 2H), 1.07 (s, 3H); 13 C NMR 6 

1S8.19 (s), lS0.66 (s), 123.45 (CF3 , J = 277 Hz), 123.12 

(CF3 , J = 277 Hz), 100.13 (d), 92.73 (t), 64.S2 (~H2cF3 , J = 
36 Hz), 64.33 (f'.P.2 CF3 , J = 36 Hz), 41.39 (t), 32.21 (s), 28.44 

(q, 2C). 

Treatment of 1-Phenyl-2,4-pentanedione with TFD. 1-Phenyl-

2, 4-pentanedione was treated with TFD in the presence of 

HBF4 •0Et2 utilizing the conditions that were described in 

Table 3.8 (entries S-7). The reaction mixture was examined 

before and after the normal EBF 4 -Me0H-H2o hydrolysis. After 

chromatographic separation (silica gel) of the unhydrolyzed 

reaction mixture, three iscmeric forms of the starting mate-

rial and two enol ether derivatives of the ~-diketone were 

identified. Spectroscopic data for these compounds are 

reported below. 

1 For (Z)-4-hydroxy-l-phenyl-3-penten-2-one (2Q.~): H NMR 

o 7.1-7.S (m, SH), S.41 (s, lH), 3.S7 (s, 2H), 2.00 (S, 3H). 

1 For (Z)-4-hydroxy-S-phenyl-3-penten-2-one (207): H NMR 

6 7.2-7.S (m, SH), S.80 (s, lH), 3.82 (s, 2H), 2.27 (s, 3H). 

For l-phenyl-2,4-pentanedione (208): 1H NMR 6 7 .2-7 .4 (m, 

SH), 4.14 (s, 2H), 3.66 (s, 2H), 2.24 (s, 3H). 

For (Z)-l-phenyl-4-(2,2,2-trifluoroethoxy)-3-penten-2-
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one (209): 1E NMR 7.2-7.7 (m, SH), S.43 (s, lH), 4.07 (q, 2H, 

J = 8 Hz), 3.72 (s, 2H), 2.36 (s, 3H). 

For (Z)-S-phenyl-4-(2,2,2-trifluoroethoxy)-3-penten-2-

one (20~): 1H NMR 6 7.3-7.S (m, SH), S.SO (s, lH), 4.20 (s, 

2H), 4.19 (q, 2H, J = 8 Hz), 2.29 (s, 3H). 

A 32.1% recover-y (0.180 g) of the three isomeric for-ms of 

the starting material ('!:_06, '!:_07, and 208) was obtained. Enol 

ethers '!:__09 and 210 (0.261 g) were isolated in 31.7% yield. 

After chromatographic separation of the hydrolyzed 

reaction mixture starting 1-phenyl-2,4-pentanedione (enol 

form 206, 1.60 g, 63.6% recovery) and two insertion products 

(i.e., compounds 211 and 212) were isolated. These insertion 

compounds had the following spectroscopic data. For 1-

phenyl-3-trifluoromethyl-2,S-hexanedione (211): 1 H NMR 6 

7.1-7.4 (m, SH), 3.7-4.0 (m, CHCF3 , lH), 3.72 (s, 2H), 3.30 

(dd, lH, 3 JHCCH = 10 Hz, 2 JHCH = -20 Hz), 2.74 (dd, 3JHCCH = 
10 Hz, 2 JHCE = -20 Hz), 2.39 (s, 3H); 13c NMR 6 204.43, 

200.40, 133.18 (s), 129.38 (d, 2C), 128.86 (d, 2C), 127.40 

(d), SO.S2 (fHCF3 , J = 26 Hz), 49.44 (t), 38.34 (t), 31.28 

(q). Insertion diketone 211 (0.280 g) was isolated in 7.6% 

yield. 

For (E)-l-phenyl-3-trifluoromethyl-S-(2,2,2-trifluoro-
1 ethoxy)-4-hexen-2-one (212): H NMR 6 7.1-7.4 (m, SH), 4.S7 

3 (d, lH, J = 10 Hz), 4.11 (q, 2H, J = 8 Hz), 3.92 (dq, JHCCH = 

10 Hz, 3 JHCCF = 8 Hz), 3.S9 (s, 2H), 2.0S (s, 3H); 13c NMR 6 

199.46, 160.39 (s), 136.39 (s), 128.80 (d, 2C), 128.27 (d, 
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2C), 126.99 (d), 124.16 (CF3 , J =281Hz), 122.99 (CF3 , J= 

278 Hz), 90.02 (d), 64.94 (~H2 CF3 , J = 38 Ez), 54.69 (~ECF 3 , J 

= 29 Hz), 36.82 (t), 29.29 (q). Insertion ketone 212 (0.258 

g) was isolated in 5. 3% yield. 

Reaction of 1,1,1-Trifluoro-2,4-pentanedione with TFD. 1,1,1-

Trifluoro-2,4-pentanedione was treated with TFD utilizing 

the conditions reported in Table 3. 8. After chror:iatographic 

separation, (220) and (221_) were isolated. 

Spectroscopic data for (E)-6,6,6-trifluoro-5-(2,2,2-

trifluoroethoxy)-3-trifluoromethyl-4-hexen-2-one (220): 1H 

NMR 6 5.91 (d, lH, J = 10 Hz), 4.2-4.5 (m, CH2CF3 + CECF3 , 

19 3H), 2.36 (s, 3H); F NMR 6 1.08 (d, 3F, J = 9 Hz), -0.31 (s, 

3F), -7 .28 (t, 3F, J = 8 Hz). On irradiating the 1E NMR spec-

trur:i at 6 5.91 ppm, a recognizable quartet originated in the 

6 4.2-4.5 ppm region. Insertion ketone 220 was isolated in 

3.7% yield (0.228 g) utilizing the conditions described for 

entry 11 in 7able 3. 8. 

Spectroscopic data for (E)-5-ethoxy-6,6,6-trifluoro-3-

trifluorornethyl-4-hexen-2-one (~21): 1H N::''IR 6 5. 72 (d, lH, J 

= 10 Hz), 4.33 (dq, lH, 3 JHCCH = 10 Hz, 3 JHCC 2 = 8 Hz), 4.03 

(m, CH2 , 2H) 2.31 (s, 3H), 1.35 (t, 3H, J=7Hz); 13cNMR88 6 

197.65, 106.78 (d), 69.06 (t), 52.85 (~HCF3 , J = 36 Hz), 

29.70 (q), 15.10 (q); 19 F NMR 6 0.67 (d, 3F, J = 8 Hz), -0.58 

(s, 3F). Irradiation of the 1H NMR resonance at 6 1.35 sim-

plified the multiplet centered at 6 4.03 to a pair of doub-

lets for the two nonequivalent methylene hydrogens. 
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Insertion ketone ~21 was isolated in 6.0% yield (0.311 g) 

utilizing the conditions described for entry 11 in Table 3.8. 

Several additional insertion products were also isolated in 

considerable yields ( 0. 900 g) from this procedure. However, 

structures for these compounds have not been assigned due to 

insufficient separation. 

LC-NMR Studies. The LC-NMR conditions that were u ti 1 i zed 

to separate the 2,4-pentanedione and the 1,1,1-trifluoro-

2, 4-pentanedione reaction products were identical to the 

conditions described in Chapter I I with the following 

exceptions. LC- 1H NMR results for the l,l,l-trifluoro-2,4-

pentanedione system were obtained with a SO:SO mixture of 

CDC1 3 and freon-113. Lc- 19 F NMR results for the same system 

were obtained with a SO: SO mixture of cc1 4 and CDC1 3 . 



Chapter IV 

REACTIONS OF e-DIKETONES WITH DIENOPHILES 

Introduction 

In Chapters II and III the acid-catalyzed self-condensa-

tion reactions of e-diketones with 2,2,2-trifluorodiazo-

ethane (TFD) were discussed. Two possible mechanisms were 

suggested to account for the observed products. One of the 

mechanisms was an acid-catalyzed Diels-Alder reaction which 

appears to be similar to one of the reactions described by 
. 42 43 45 Danishefsky. ' ' To better understand the mechanism in 

the present study, several attempts were made to isolate 

intermediate dienes from the reaction of 2,4-pentanedione 

and l-phenyl-1,3-butanedione with TFD. 89 Since the attempts 

to isolate these intermediate dienes were unsuccessful, it 

was believed that the dienes were too reactive for direct 

isolation. As a result, methods which would trap these 

intermediates were investigated. Mixtures containing a 

dienophile and l-phenyl-1,3-butanedione were treated with 

TFD and HBF4 •0Et2 utilizing the previously described 

reaction conditions. If the e-diketone did undergo an acid-

catalyzed Diels-Alder reaction, then the dienophiles added 

to the reaction mixture would be expected to compete with the 

dienophile formed from the a-diketone (e.g., l-phenyl-1,3-

235 
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butanedione). These reactions would yield one or more new 

cyclization products along with the normal reaction products 

that would be obtained from 1-phenyl-1,3-butanedione. This 

general pathway is illustrated below for the cyclization of 

butadiene 193 with maleic anhydride (237). 

0 0 
RO 

~OR 
RO 

+ 0 > 

Ph 0 RO Ph 

193 237 

l~ 
0 

RO 
R = CH 2CF3 

Ph 

239 

This pathway also illustrates that the initial reaction pro-

duct (238) could undergo further elimination reactions to 

yield product 239. 

Scheme 4.1 summarizes the reaction products that were 

obtained from l-phenyl-1, 3-butanedione before and after 

Me0H-H20-HBF 4 hydrolysis. 90 The reaction mixtures that were 

( 4 8) 
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Ph II CF 3 
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+ RO~ R - en CF Ph /\ + - 2 3 
RO OR Ph II CF 3 194 173 -- 0 

Ph 0 OR 0 ROY/0 
~ + 

Ph AA Ph II CF 
RO 3 
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obtained in this mechanistic study have been analyzed both 

before and after hydrolysis. In this mechanistic study, 1-

phenyl-1,3-butanedione was utilized instead of 2,4-pentane-

dione since the former ~-diketone afforded a higher yield of 

eye lized products. 

Results and Discussion 

Two dienophiles (maleic anhydride and dimethyl acetylenedi-

carboxylate) were separately added to a methylene c:,loride 

solution of 1-phenyl-1,3-butanedione. Each mixture was 

treated with TFD in the presence of HBF4 •0Et2 to observe the 

effects of the dienophile on the cyclization process. The 

reaction mixture containing maleic anhydride and 1-phenyl-

1, 3-butanedione produced a complex mixture of products. 

Unreacted starting materials and several reaction products 

that have originated from 1-phenyl-1,3-butanedione were iso-

lated from this mixture. No cyclization products originat-
13 ing from maleic anhydride were detected by C NMR spectre-

sccpy. Since a basic wash procedure was inadvertantly used, 

it was originally believed that products originating from 

the maleic anhydride would not have been observed in this 

experiment. That is, hydrolyzed maleic anhydride products 

would have remained in the basic aqueous layer as sodium 

salts accounting for the lack of these products. 

The previously described experiment was repeated using 



239 

simi 1 ar conditions except that the reaction mixture was 

reduced to an oil and then hydrolyzed with aqueous HCl. Any 

anhydrides would be hydrolyzed to the corresponding carbox-

ylic acids by this procedure. These carboxylic acids would 

be separated from the 1-phenyl-1,3-butanedione reaction pro-

ducts (which would not contain any carboxylic acid groups) by 

extraction with base. After extracting the aqueous mixture 

with ether, compounds 154, 155, 156, 151_, 173, and fOQ were 

isolated as expected. The basic layer was then acidified and 

extracted with ether. Analysis of the second organic extract 

indicated that maleic acid, fumaric acid, and the enol form 

of 1-phenyl-1,3-butanedione had been recovered. No addi-

tional products resulting from a cyclization reaction of l-

phenyl-1, 3-butanedione with maleic anhydride were observed 

in either of the ether extracts. Therefore, it appears that 

additional cyclization products were not formed from 

reactions involving maleic anhydride. 

A more reactive dienophi le was examined under similar 

conditions to confirm that a Diels-Alder reaction does not 

occur with a 1-phenyl-1,3-butanedione in the presence of a 

dienophile. When a mixture of dimethyl acetylenedicarboxy-

late and 1-phenyl-1,3-butanedione was treated with TFD in 

the presence of an acid catalyst, a complex mixture of 

reaction products was obtained. In addition to the normal 

reaction products that were expected from 1-phenyl-1,3-bu-

tanedione, a new reaction product was observed in the 1H and 
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13c NMR spectra of the reaction mixture. 1 In both the H and 

13c NMR spectra, there was a very intense line for the methyl 

group of the unreacted dimethyl acetylenedicarboxylate and a 

weak signal appearing upfield from this methyl group. To 

identify this new compound, the reaction mixture was sepa-

rated by flash chromatography utilizing silica gel that had 

b h d · .... h 5% ····co · t· 1 91 een was. e wi 1... 0 :.n 3 in me nano . 

The above chromatographic conditions were employed in an 

attempt to prevent hydrolysis of the reaction mixture pro-

ducts. Utilizing a gradient elution, three fractions were 

collected. The first fraction contained a mixture of com-

pounds .!.55, ~~' }..73, and 200. Compound 157 was also 

observed eluting near the end of this first fraction. 

Insertion products 11.~ and ~90 origir.~ted from the hydroly-

sis of compound 191 during the chromatographic separation. 

The seco::d fraction corresponded to unreacted dimethyl ace-

tylenedicarboxylate. The final fraction contained a product 

originating from a cyclization reaction of 1-phenyl-1,3-bu-

tanedione with dimethyl acetylenedicarboxylate. This was 

apparent from the 16 carbon signals which appeared in the 13c 
NMR spectrum (10 carbons from l-phenyl-1,3-butanedione and 6 

carbons from dimethyl acetylenedicarboxylate.) One unusual 
13 feature of the C NMR spectrum was that five pairs of equiv-

alent carbons were observed (two aromatic pairs and three 

pairs originating from dimethyl acetylenedicarboxylate). It 

was determined from 13c NMR INEPT results that the two equiv-
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alent acetylene carbons were converted to an equivalent pair 

of methine carbons. The methyl group originating from 1-phe-

nyl-1,3-butanedione was also converted to a methine carbon 

during the reaction process. The above results are consist-

ent with cyclopropane 240 (Scheme 4.2). 

~he stereochemistry of cyclopropane ~40 was assigned by 

13c-{ 1H} NMR NOE experiments. When the 1H NMR resona~ce for 

the doublet at o 2.72 ppm was irradiated, NOE enhancements 
13 were observed at both o 168. 40 and 192. 69 ppm in the C spec-

trum. Similarly, when the triplet at o 2.95 was irradiated, 
13 the same two - C NMR carbonyl carbons were enhanced. This 

suggests that the two ester groups must be trans to the sub-

stituent containing the 1,3-dicarbonyl group. If all of the 

above groups were positioned on the same side of the cyclo-

propane ring, then irradiation of the triplet in the 1H NMR 

spectrum would only lead to enhancement of the carbonyl car-

bon of the 1,3-dicarconyl substituent in the 13c NMR 

spectrum. Likewise, irradiation of the doublet at o 2.22 ppm 

in the 1H NMR spectrum, would lead to enhancement of the 

ester carbonyl carbons. 

In a series of 1H-{ 1H} NOE experiments, the doublet and 

the triplet previously described were individually irradiat-

ed. The irradiation of one signal never afforded an enhance-

ment of the other resonance in either experiment. It was 

concluded that the protons at o 2.72 and 2.95 ppm were trans 

to each other. If a cis relationship was present, then irra-
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Scheme 4.2 

A Potential Mechanism for the Formation of Cyclopropane 240 
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diation of one proton would normally result in enhance:':lent of 

the other. 

The absence of cyclohexene ring products originating from 

dimethyl acetylenedicarboxylate ar.d a 1-phenyl-1,3-butane-

dione equivalent appears to rule out a Diels-Alder 

r.1echanism. The formation of cyclopropane 240 can be 

accounted for by a series of Michael additions to dimethyl 

acetylenedicarboxylate (Scheme 4.2). Through similar argu-

ments, the formation of cyclized products 155 and 165 can 

occur through an analogous pathway (Scheme 4. 3). 

It appears that the first step in the formation of cyclo-

propane 24Q is the Michael addition of diene 1_93 to acetylene 

241. This would yield unsaturated compound 242 which has 

three conjugated carbon-carbon double bonds. Unsaturated 

compound 24~ would undergo an intramolecular Michael addi-

tion to afford diene 243. This diene is believed to undergo 

rapid hydrolysis on the silica gel column even though the 

packing material was treated with 5% KHC03 . The 1H and 13c 
NMR spectra of the reaction mixture before chromatography 

support this hypothesis since chemical shifts corresponding 

to eye lopropane 24Q were not observed in these spectra. How-

ever, some precursor of cyclopropane 240 and several uniden-

tified enol ethers were observed in the spectra of this 

reaction mixture. The proposed diene 243 is consistent with 

these observations. 

Several factors should favor the cyclopropane ring forma-
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tion over cyclization to a cyclohexene ring system. The ini-

tial intermediate that is formed from the first Michael addi-

tion is allene 244. Allene ~44 should be quickly converted to 

the more stable enone 245 which would lose a proton to afford 

unsaturated compound 242. Compound .£42 favors cyclopropane 

fornation, while in theory, the less stable allene .?.J~ could 

lead to a cyclohexene derivative. In addition, the cycliza-

tion of compound ~44: to a cyclohexene derivative cannot occur 

because the allene system is not flexible enough to position 

the positive charge near the a-carbon of the enol system for 

intramolecular cyclization. 

In contrast, cyclohexene skeletons are formed in the 

acid-catalyzed reaction of l-phenyl-1,3-butanedione with 

TFD because of the stability of intermediate 246. This 

inte~mediate would not be in equilibrium with a second encl 

form, and would have greater flexibility than allene 244 

(Scheme 4.3). This greater flexibility would allow the posi-

ti ve charge to be positioned near the enol system for an 

intrarnolecular cyclization. Thus, cyclization to a cyclo-

hexene skeleton is more favorable for the l-phenyl-1,3-bu-

~ .. . .. 
~anea1one sys~em. 

Conclusion 

7he acid-catalyzed self-condensation reaction of 1-phe-

nyl-1,3-butanedione with TFD has been investigated in the 
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presence of two dienophiles. When maleic anhydride and di-

me~hyl acetylenedicarboxylate were separately added to the 

p-diketone reaction mixture, products originating from a 

Diels-Alder reaction were not detected. However, dimethyl 

acetylenedicarboxylate and l-phenyl-1,3-butanedione did 

undergo cyclization to form a cyclopropane derivative under 

these reaction conditions. The cyclopropane derivative was 

apparently formed through two Michael addi ti ens. By 

analogy, l-phenyl-1,3-butanedione equivalents could undergo 

a similar Michael addition to yield a cyclohexene skeleton 

which could undergo further reaction to afford the previous-

ly described cyclization products. 

~-~rimental 

Reactions of 1-Phenyl-1,3-butanedione with TFD in the Presence of 

Maleic Anhydride. Under nitrogen, 20 mL of CH2c1 2 was added to 

a mixture containing 0.771 g (4.76 rnmoles) of l-phenyl-1,3-

butanedione, 0.912 g (9.31 mmoles) of maleic anhydride, and 

0. 20 mL of HBF 4 • 0Et2 ( 1. 8 mmoles) . The resulting mixture was 

cooled to o0c and was treated with 55 mL of a 0. 28 M TFD sol-

ution ( 15. 3 mmoles) over_ a 20 minute period. The mixture was 

stirred for another 25 min after the TFD addition was com-

plete. At this point, another 0 .10 mL of HBF 4 •0Et2 ( 0. 88 

mmole) was added to the reaction pot. No additional nitrogen 

gas was evolved after this addition, indicating that total 
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reaction of TFD had occurred. The organic mixture was 

reduced to an oi 1 whic:h was treated with 40 mL of 3 M HCl. The 

resulting mixture was refluxed for 10 min and then neutral-

ized with 175 mL of 5% NaOH. Tr.e resulting aqueous mixture 

was extracted with 3-40 mL portions of diethyl ether. The 

basic aqueous layer was acidified with 6 M P.Cl and then 

extracted with 3-40 mL portions of diethyl ether. The organ-

ic extracts of the neutral and acidic aqueous layers were 

individually dried with anhydrous MgS04 , filte!'."ed, and evap-
1 13 orated in vacuo. The H and C NMR spectra of the organic 

extract containing the acidic compounds indicated that male-

ic acid, fumaric acid, and 1-phenyl-1,3-butanedione were 

present. 1 13 The H and C NMR spectra of the neutral compo-

nents indicated that a complex mixture was present. The 

chemical shifts that were observed in these spectra corre-

sponded to 1-phenyl-1,3-butanedione and the S-diketone 

reaction products previously identified (insertion products 

173 and 200, bi phenyl 155, and eye lohexenone 157). The acid-

ic components that were obtained from the above extract were 

not soluble in ct-chloroform and had to be dissolved in 

d 6 -DMSO for NMR analysis. 

The above procedure was adopted after initially preparing 

a similar mixture utilizing the procedure described below. 

Immediately after the second addition of HBF 4 •OEt2 , the 

reactions of TFD appeared complete, and the organic mixture 

was washed with two portions of 5% NaHC03 and one portion of 
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water. The organic layer was dried over anhydrous Mgso4 , 

fi 1 tered, and evaporated in vacuo. The 1H and 13c NMR 

results indicated that a mixture of products was formed. 

Specifically, compounds 155, 165, 194, 19~, and J97 as well 

as the starting materials were identified in this mixture. 

Treatment of 1-Phenyl-1,3-butanedione with TFD in the Presence of 

Dimethyl Acetylenedicarboxylate. Under nitrogen, 10 r.1L of CH2c1 2 

was added to a mixture containing 1.03 g (6.36 mmoles) of 1-

phenyl-1,3-butanedione and 2.87 g (20.2 mmoles) of dimethyl 

acetylenedicarboxylate. Subsequently, 0.40 mL of HBF4 •oEt2 

(3.5 mrr.oles) was added to the organic mixture at o0 c. Next, 

100 r.1L of a 0.276 M TFD solution (27.6 mmoles) was added to 

the reaction flask over 2 h at this same temperature. The 

reaction was allowed to stir for another 1 h. During this 

time, another 0.30 mL of H3F4 •0Et2 was added to insure com-

plete reaction. The reaction mixture was neutralized with 1 

mL of triethylamine and was washed with two portions of 5% 

NaHC03 and a single portion of water. The organic layer was 

dried over anhydrous Mgso4 , filtered, and evaporated in 

vacuo to an oi 1. 1 13 The H and C NMR spectra indicated the 

presence of two different methyl esters in this complex mix-

ture. The resulting mixture was separated by flash chroma-

tography on silica gel that had been treated with 5% KHC03 in 

MeOH. 91 A gradient elution was utilized in the above sepa-

ration. Four products originating from the reaction of 1-

phenyl-1,3-butanedione with TFD eluted with a 40:60 mixture 
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of CH2c1 2 and pentane. These products corresponded to biphe-

nyl 155, cyclohexadiene 165, ir.sertion ketal 173, and 

insertion diene 200. Compound 151. was observed eluting at 

the end of this first fraction. Eluting immediately after 

the above products was unreacted dimethyl acetylenedicar-

boxylate. Eluting with 20:80 mixture of diethyl ether and 

CH2 c1 2 was di~ethyl 3-(1,3-dioxo-3-phenylpropyl)-l,2-cyclo-

propanedicarboxylate (~1_Q) (0.43 g, 22% yield). Spectro-

scopic data for compo'-.lnd 240: 1H NMR o 7 .89 (d, 2H, J = 7 Hz), 

7.4-7.6 (m, 3H), 6.44 (s, lH), 3.74 (s, 3H), 2.95 (t, lH, J= 

5 Hz ) , 2 . 7 2 ( d, 2 H, 13 J = 5 Hz); C NMR o 192.69, 180.38, 

168.40 (2C), 133.67 (s), 132.57 (d), 128.69 (d, 2c), 126.98 

(d, 2C), 97.06 (d), 52.38 (q, 2C}, 31.09 (d}, 29.10 (d, 2C); 

+ + + EI/MS, m/e 304 (M , 11%), 273 (M - OCH3 , 9), 272 (M - CH30E, 
+ + + 

15) I 245 (M - C02CH3 I 3) I 244 (M - C2H602 I 9) I 105 (C6H5CO I 

100). 



Chapter V 

CHARACTERIZATION OF POLYFUNCTIONAL MOLECULES 

USING LANT~ANIDE SHIFT REAG~NTS 

I ntrodt.:.cti 0!1 

As described in the introduction, the work in this dis-

sertation began as an analytical NMR project. The intent cf 

this original study was to investigate polyfunctional mole-, 
cules with lanthanide shift reagents.- Normally, polyfunc-

tional molecules afford results which are difficult to 

interpret due to complexation of the lanthanide shift rea-

gent at several different sites. 62 Initial results by Koller 

and Dorn 1 have suggested t!:at these studies could be simpli-

fied by treating polyfunctional molecules with TFD. Koller 

and Dorn1 have found t!:at hydroxyl groups can be easily con-

verted to trifluoroethyl ethers. These ~rifluoroethyl eth-

ers contain oxygen atoms that will not complex with 

lanthanide shift reagents. Therefore, the number of func-

tional groups that would complex with a lanthanide shift rea-

gent would be reduced by converting hydroxyl groups in a 

polyfunctional molecule to the corresponding trif luoroethyl 

ethers. 

When B-diketones were investigated in the above study, a 

novel acid-catalyzed self-condensation reaction was 

250 
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observed. This novel reaction beca:;,e the focal point of t!1is 

disse~tation due to the synthetic potential of this reaction 

for the preparation of aromatic natural products. The 

reaction of B-diketones with TFD afforded several products 

which required characterization using lanthanide shift rea-

gents. Lanthanide shift reagent studies were also utilized 

to assign the stereoche~istry of several reaction products. 

In addition, these studies clearly show that the oxygen ator..s 

of trifluoroet!1yl ethers will not complex with lanthanide 

shift reagents. As a result, these studies also support the 

initial pre~ise that polyfunctional molecules can be easily 

studied by converting hydroxyl groups to trifluoroethyl eth-

ers. Lanthanide shift reagent studies of sever~l pclyfunc-

tional molecules will be described in this chapter. 

Results and Discussion 

The acid-catalyzed self-condensation reaction of e-dike-

tones in the presence of TFD and HBF4 •oEt2 was described in 

Chapter II. In this synthetic study, several compounds were 

obtained which were further characterized using lanthanide 

shift reagents. A case in point is dienol ether 16592 which 

was prepared by treating l-phenyl-1,3-butanedione with TFD 

in the presence of HBF4 •0Et2 . Dienol ether 165 was examined 

in the presence of various Eu ( f od) 3 concentrations to illus-

trate that this molecule does not contain any sites for com-
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plexation with Eu(fod) 3 . Dienol etI'.er 162 has four oxygen 

atoms which have been deactivated as trifluorcethyl e~hers. 

Therefore, the 1H and 13c NMR signals of dienol enol 165 

would not be expected to undergo large chemical shift changes 

on addition of Eu(fod) 3 . 

The experimental results that were obtained during this 

study were totally consistent with the above expectations. 

Figure 5.1 illustrates that significant che:nical shift 

changes were not observed when comparing the 1H NMR spectrum 

of dienol ether 165 in the absence of Eu(fod) 3 to the 1H NMR 

spectru:n which was obtained in the presence of lanthanide 

shift reagent [i.e., 0.46 equivalent of Eu(fod) 3 J. Similar 

results were observed in the corresponding 13c NMR spectra. 

A maxirr.um che:nical shift change of only 0.05 ppm was observed 

in comparing the previously described spectra. Therefore, 

no significant cher.lical shift changes were observed for 

dienol ether 165 on addition of Eu(fod) 3 . This Eu(fod) 3 

experi:nent further illustrates that trifluoroe~hyl deriva-

tives can be utilized to prevent complexation of oxygen atoms 

with lanthanide shift reagents. 

Based on the above results, lanthanide shift reagents 

were utilized to characterize other polyfunctional molecules 

containing trifluoroethyl ethers. Valuable structural 

information was obtained from Eu(fod) 3 studies on cyclic 

ketone 140 and cyclohexenone 157. 
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Figure 5.1 

The 1H NMR spectrum of dienol ether 1§.~ (a) in the absence 

of Eu(fod) 3 and (b) in the presence of 0.46 equiv of 

Eu(fod) 3 . 
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R = CH 2cF3 157 

The results that were obtained from these polyfunctional 

molecules afforded simple interpretations since only one car-

bonyl oxygen atom was available to complex with the lanthan-

ide shift reagent. Complexation of Eu(fod) 3 with the 

trifluoroethoxy oxygen atoms was not observed in either of 

these compounds. 

Cyclic ketone 140 was one of several compo~nds that was 

isolated after treating 2, 4-pentanedione with TFD in the 

presence of HBF4 •0Et2 . Initial spectroscopic results93 were 

consistent with cyclic ketone 140. To gain additional struc-

tural information for cyclic ketone l'!Q, eight increments of 

Eu(fod) 3 were added to the compound. The chemical shifts of 

four methylene protons changed dramatically (protons on C-6 

and C-8) while the other four methylene protons remained rel-

atively unaffected (protons on C-10 and C-11) {Figure 5.2). 
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Figure 5.2 

H-6a 

0.5 0.6 0.7 

Chemical shift changes for the different methyle~e pro-

tons of cyclic ketone 140. The following notation is used 

to represent chemical shift changes (original chemical 

shift in the absence of Eu(fod) 3 is reported in parenthe-

s i s ) : ( • ) H - 6 a ( o 2 . 9 6 ppm) ; ( o ) H- 6b ( o 2 . 7 6 ppm) ; ( A ) 

H-8b (o 2.28 ppm); (ti) H-8a (o 2.28 ppm); (T) H-lOb (o 

2.82 ppm); (*) H-lOa (o 2.56 ppm); (~) H-lla (o 2.32 

ppm);(+) H-llb (o 2.01 ppm). 
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In this study, one methylene carbon (C-6) exhibited very 

large chemical shift changes in the 13c spectrum (Figure 

5.3). A seco~d methylene carbon (C-8) was shifted slightly 

more than the other two methylene carbons. 

The above observations are consistent with r.:odels of 

cyclic ketone 140. Models suggest two pote~tial conforma-

tions for the structure which are illustrated below. 

2 3 

l 

(al 

0 

4 8 

lOa 1~0---.J. 
9 

(bl 
CH 3 

111111OCP.2c:· 3 

One conformation of cyclic ketone -~4Q has the cyclohexanone 

ring in a 11 boa t 11 conf orma ti on ( conf orma ti on a) . This confor-

mation appears less stable than the corresponding 11 chair" 

conformation due to steric interactions. The "chair" con-

formation (conformation b) of the cyclohexanone ring posi-
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Figure 5.3 

Chemical shift changes for the four methylene carbons of 

cyclic ketone 140 with increasing concentration of 

Eu(fod) 3 . (•) C-11 (6 43.43 ppm); (o) C-10 (6 45.20 

ppm);(!) C-8 (6 52.87 ppm); (6) C-6 (6 53.14 ppm). 
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tions the oxygen atom of the carbonyl group closer to one of 

the adjacent methyle!"le groups (C-6) than it does to the 

other. Therefore, C-6 should experience an induced che:nical 

shift change which is considerably larger the chemical shift 

changes observed at the other three methylene carbons. In 

addition, the larc;er chemical shift change that was observed 

for C-6 cannot be induced from a complexation between the car-

bonyl oxygen and the oxygen of the trifluoroethoxy group on 

C-5. This complexation cannot occur since these two oxygen 

atoms are positioned on opposite sides of the previously 

described "chair" conformation. In this same study, large 

chemical shift char.ges were also induced at the two aliphatic 

quarternary carbons ( C-5 and C-9) (Figure 5. 4). Therefore, 

these two carbons must also be near the point of 

complexation. The results of the lanthanide shift reagent 

experiment suggest that two methylene carbons (C-6 and C-8) 

are adjacent to the carbonyl carbon and that each methylene 

carbon is further attached to an aliphatic quarternary car-

bon. 

Further observations are also consistent with the above 

"chair" conformation of cyclic ketone 140. This conforma-

tion would position the carbonyl oxygen over C-4a of the aro-

matic ring. This quaternary carbon exhibited the greatest 

induced chemical shift change of the six aromatic carbons 

(Table 5. 1) . The two quarternary carbons ( C-lOa and C-4) 

that are adjacent to C-4a also exhibited chemical shift 
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0.3 0.1 0.2 0.3 0.4 0.5 0.6 0.7 
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Figure 5. 4 

Chemical shift changes for the two aliphatic quaternary 

and the two methyl carbons of cyclic ketone 140. ( •) 

Methyl C-13 (o 20.57 ppm); (o) methyl C-12 (o 31.25 ppm); 

(A) quarternary C-9 (o 33.35 ppm); (~) quarternary C-5 (o 

80. 27 ppm). Note that the plots for C- 5 and C-9 overlap. 
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TABLE 5.1 

13c NMR Chemical Shift Changes 
of Aror:iatic Carbons in Cyclic Ketone 140 on 

Addition of 0.74 Equiv of Eu(fod) 3 

------------

Carbon 
Chemical Shift 
Change (ppm) 

-------- -------·---- ·-·------·-----··------------------··---

1 0.99 

2 0.79 

3 1. 05 

4 1. 89 

4a 2.15 

lOa 1. 54 

----
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changes which were larger than those observed for the other 

three aromatic carbons. Therefore, all results that were 

obtained from the Eu ( fod) 3 study of cyclic ketone 1~0 are 

consistent with the indicated structure. As expected, the 

oxygen atoms of the trifluoroethoxy group did not complex 

with the lanthanide shift reagent in this study. 

Eu(fod) 3 experiments were also utilized in the structural 

assignment of 13c labeled ketone 149. 94 

RO 

H a 

149 

In the presence of Eu{fod) 3 , carbon "connectivity" for 

labeled ketone ]:49 was established by the examination of 

nuclear Overhauser effects (NOE) in the 13c NMR spectrum when 

1 selective resonances in the H NMR spectru~ were irradiated. 

The lanthanide shift reagent was required since it was diffi-

cult to selectively irradiate individual protons in the 1H 

NMR spectrum of labeled ketone 149 due to the several over-

lapping methylene resonances. On addition of Eu(fod) 3 , the 

1H NMR resonances were resolved so that unambiguous results 
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could be obtained. NOS results were easily obtained during 

this experiment by examining the six labeled carbons which 

13 appeared as singlets in the C NMR spectrum. The results of 

this study appear in Table 5. 2. These results are consistent 

for the structures of compounds 1-JQ and 14~. 

Cyclohexenone ~-~?. is a second example of a polyfunctional 

molecule that has only one site for complexation with lan-

thanide shift reagents. This molecule was isolated from the 

reaction of 1-phenyl-1,3-butanedione with TFD in the pres-

ence of HBF4 •0Et2 . Studies using lanthanide shift reagents 

were required to provide additional structural confirmation 

for cyclohexenone 157. As expected, all induced chemical 

shift changes were consistent with complexation at the car-

bonyl oxygen. Analogous chemical shift changes due to com-

plexation of the Eu(fod) 3 with the oxygen of the 

trifluoroethyl ether group were not observed. 

The results of 1H NMR lanthanide shift reagent study 

indicated that the chemical shifts of the olefinic (H-2) and 

the two methylene protons (H-6a and H-6b) were the only pro-

ton chemical shifts to change dramatically (Figure 5.5). 

Similar results were observed in the 13c NMR spectrum with 

the exception of a large chemical shift change for C-3 (Fig-

ures 5. 6 and 5. 7) . However, this large chemical shift change 

could be explained since C-3 is in conjugation with the car-

bonyl carbon through the enone system. The large chemical 

shift change at C-3 does not appear to originate from direct 
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'.i'A3LE 5.2 

NCE Res~lts for 13 c-( 1n/ 
N~R s:~d:.es of Labe:ed Ketone :49 

-------------cb se r·1ed i :i. 
sigr.al sigr.al E'-!( fed) 
irradiated, 6 p;:i::i e!""'.:r:a~ced, 5 p;::::i ad.di t:o:-. 

6.61 (H-4') 139.01, 155.57 (C-3, C-5) No~e 

6.43 ( H- 6 I ) 137.83, :;.55. 57 ( C-1, C-5) !-<one 

2.56 (n-8a) 33.35, 137.83 (C-7, C-1) 2' 3' 5, 6 

2.82 (H-8b) 33.35, 137.83 (C-7, C-1) 5, 6 

2.28 (H-6a) 33.35, 206.47 (C-7, C-5) None, 2' 3 

2.28 (H-6b) 33.35, 206.47 (C-7, C-5) No~e, 2' 5 

2.96 (H-4a) 80.27, 206.47 (C-3, C-5) 2' 6 

2.76 (H-4b) 80.27, 206.47 (C-3, C-5) 3 

2.01 (H-9b) 33.35, 80.27 (C-7, C-3) l, 5 

2.48 (H-7') 139.Cl ( C-3 I ) 5 

1. 27 (H-10) 33.35 (C-7) None 

ain general NOE e?".hance:':'.er.ts of 20-100% were observed. Also, 

t~e e::..~anced signal(s) were more easily observed utilizing 

higher concentrations of t'.:ie lar'.thanide s~ift reager.t. 

This observation was due to proton :-;~;a signals beco::i:.ng bet-

ter resolved for irradiation s~'J.d.ies. 
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Figure 5.5 

0.'1 3.5 

Chemical shift changes for different protons of cyclohex-

enone 157 with increasing concentration of Eu ( fod) 3 . ( •) 

Methyl H-8 (o 1.47 ppm); (o) methyleneH-6a (o 1.13ppm); 

(A) methylene H-6b (o 2.00 ppm); (~) olefinic H-2 (o 6.40 

ppm); (') methine H-4 (o 3.97 ppm); (*) equivalent aro-

matics H-2' andH-6' (o 7.53 ppm);(~) equivalent aromat-

ics H- 2 11 and H- 6 11 ( o 7 . 9 8 ppm) . 
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Figure 5.6 

EL 4 EL 5 

Chemical shift changes for the carbonyl and the five alip-

hatic carbons of cyclohexene 157 with increasing concen-

tration of Eu(fod) 3 . (•) Methyl C-8 (& 25.71 ppm); (o) 

methylene C-6 (& 42.18 ppm); (&) methine C-4 (& 52.80 

ppm); (~) quarternary C-5 (& 78.15 ppm); (f) quarternary 

C-7 ( & 104. 55 ppm); ( *) carbonyl C-1 ( & 195. 59 ppm). 
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0.4 0.5 

Chemical shift changes for aromatic and olefinic carbons 

of cyclohexenone 157 with increasing cor.centration of 

Eu(fod) 3 . (•) Aromatic quarternary C-1" (o 134.39 ppm); 

( o) aromatic qua ternary C-1 ( o 141. 34 ppm); ( i) olefinic 

quarternary C-3 (o 157.28 ppm); (6) equivalent aromatic 

methines C-2' and C-6' ( o 125. 39 ppm); ( T) olefinic meth-

ine C-2 ( o 129. 48 ppm). 
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complexation of Eu( fod) 3 with the enone system. Steric hin-

drance due to the phenyl group on C-3 would preve:::.t co!":'iplexa-

tion occurring at C-3. Thus, the results of lanthanide shift 

reagent study are consistent with eye lohexenone l_S_?.. 

Additional structural information for cyclohexeno~e 157 

was also obtained from the above Eu ( fod) 3 study. In Chapters 

I I and I I I, the unusual stability of eye lohexenone _;LS :Z. to 

hydrolysis was described. Under the conditions that were 

employed, deketalization of cyclohexenone 157 was not 

observed due to steric contraints which prevented nucleo-

philic attack at the ketal carbon. The above lanthanide 

shift also illustrates that the phenyl ring on C-7 has 

restricted rotation as a result of these steric constraints. 

Further details of this lanthanide shift reagent study are 

described below. 

In the absence of Eu(fod) 3 , little information could be 

obtained from the aromatic 1H NMR region of cyclohexenone 

157. On addition of 0.35 equivalent of Eu(fod) 3 to the above 

sample, the aromatic region of the 1H NMR spectru~ was more 

clearly resolved. From the Eu(fod) 3 experiment, 1H N~R sig-

nals could be observed for both phenyl groups. At -3o0c, one 

of the two phenyl groups afforded broad signals in the 1H NMR 

spectrum (Figure 5.8). This suggests that the phenyl group 

on C-7 has restricted rotation. On heating the above sample 

[i.e., cyclohexenone 151 in the presence of 0.35 equivalent 

of Eu(fod) 3 J, the broad proton signals became much sharper 
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Figure 5.8 

The aromatic 1H NMR region of cyclohexenone 157- at (a) 

ambient temperatures (-3o0 c) and (b) 55°c. These spectra 

illustrate that one phenyl ring of cyclohexenone 157 has 

restricted rotation at ambient temperatures. Eu ( fod) 3 

(0.35 equiv) was added to this sample to resolve the aro-

matic 1H NMR signals. 
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since sufficient e:i.ergy had been added to overcome the barri-

er to rota ti on (Figure 5. Sb) . 

The phenyl group with restricted rotation in cyclohexe-

none 157 was further assigned by a NOE study in the presence 

of 0.35 equivalent of Eu(fod) 3 . Both the sharp ortho aromat-

ic protons (o 7.53 ppm95 for the equivale:i.t protons H-2' and 

H-6') and the broad ortho aromatic protons (o 7.87 ppm for 

the equivalent protons H-2" and H-6") were individually 

irradiated while NOE enhancements were observed in the 13c 
NMR spectrum (Figure 5. 9). When the broad ortho protons were 

irradiated, the signals for th~ ketal carbon (o 104.55 ppm) 

and C-1" (o 134.39 pp:n) were enhanced. Similarly, when the 

sharp ortho aromatic protons were irradiated, the signals 

for C-3 (o 157.28 ppm) and C-1' (o 141.34 ppm) showed 

enhancement. Note that the signals at o 134.39 and 141.34 

ppm were previously assigned by 13c NMR INADEQUATE exper-

iments. 93 The NOE results and the 13c NMR INADEQUATE study 

clearly illustrate that the phenyl ring attached to the ketal 

carbon has restricted rotation. 

The stereochemistry of cyclohexeno:i.e 157 was also 

assigned from the results of the Eu(fod) 3 experiment. Based 

on models of the system, the methyl group on C-5 can be in 

either an axial or an equatorical position. Under the cor.di-

tions employed for the lanthanide shift reagent study, the 

maximum chemical shift change for the methyl carbon was only 

1.09 ppm. The maximum chemical shift changes for the ketal 
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Figure 5.9 

Nuclear Overhauser effects in 13 the C NMR spectrum of 

cyclohexenone 157 on selective irradiation in the 1H NMR 

spectrum. (a) This shows the 13c NMR spectrum of cyclo-

hexenone 157 without irradiation in the 1H NMR region 

(without NOE). (b) This spectrum was obtained by irradi-

ating the sharp ortho aromatic protons that had shifted 

from o 7. 53. The signals at o 141. 79 and 162. 23 were 

enhar.ced in the 13c NMR spectrum. (c) This spectrum was 

obtained by irradiating the broad ortho aromatic protons 

that had shifted from o 7. 87. In the 13c NMR spectrum, the 

signals at o 135. 89 and 106. 34 were enhanced. The protons 

in the aromatic region were resolved for irradiation by 

the addition of 0.35 equiv to Eu(fod) 3 of cyclohexenone 

157. 
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carbon and C-1' were 1.79 and 1.50 ppm, respectively. From 

models of the system, a methyl group in the axial position 

(i.e., ci s to the ketal carbon) should have a much larger 

chemical shift change than 1.09 ppm. An axial methyl group 

should exhibit a chemical shift change at least equal to the 

che~ical shift change of the axial ketal carbon. To account 

for a chemical shift change of only 1. 09 ppm, the methyl 

group must be in a position further from the site of comple-

xation (i.e., the carbonyl oxygen) which would be consistent 

with its equatorial assignment (i.e., trans to the ketal car-

bon). The results of the lanthanide shift reagent study are 

in agreement with the stereochemistry indicated for cyclo-

hexenone 157. 

The lanthanide shift reagent results that were obtained 

from cyclic ketone 140 and cyclohexenone J57_ were easily 

interpreted. For these molecules, co~plexation of the lan-

thanide shift reagent only occurred at the carbonyl oxygen. 

Therefore, the nuclei near this site of complexa ti on are the 

only nuclei to exhibit large chemical shift changes. The 

above results illustrate that polyfunctional molecules are 

easily analyzed when only one active site complexes with the 

lanthanide shift reagent. These results further illustrate 

that trifluoroethoxy derivatives have the potential to deac-

tivate hydroxyl groups of polyfunctional molecules. 

One final example illustrates the difficulties encount-

ered in studying polyfunctional molecules with more than one 
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complexation site (e.g., two carbonyl groups, etc.). Cyclo-

hexadienone 167 was prepared by treating 1-(2-methyl-

phenyl)-1,3-butanedione with TFD in the presence of 

HBF4 •0Et2 . Preliminary spectroscopic data indicated that 

this product had two carbonyl groups. 93 Therefore, eye lohex-

adienone 167 was further studied utilizing the Eu(fod) 3 

shift reagent. 

0 

3 I 

4 I 

5" 

4" 

167 

The aromatic proton that was originally at o 8.11 ppm 

shifted dramatically downfield on the addition of Eu(fod) 3 

(Figure 5. 10). This proton was assigned as the ortho aromat-

ic hydrogen on C-6" (H-6"). This assignment was based on the 

original downfield chemical shift of the proton and the large 

chemical shift change of the proton on addition of Eu(fod) 3 . 

Only one of the three methyl signals showed a large chemical 

shift change. This signal was assigned to the protons on 
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Figure 5.10 

0.1 a.s 

Chemical shift changes for different protons of cyclohex-

adienone 167 with increasing concentration of Eu(fod) 3 . 

(•) Aromatic H-6" (o 8.11 ppm); (o) olefinic H-6 (o 5.94 

ppm);(!) methyl H-7" (o 2.49 ppm); (ti) aromatic H-6' (o 

7. 50 ppm). 
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C-7 11 • This methyl group was also the only methyl group to 

exhibit a large chemical shift change in the 13c NMR region 

( Fi gu re 5 . 11 ) . 

In this lanthanide shift reagent study, one of the two 

olefinic protons had a che~ical shift char.ge approximately 

four times larger tha:i. the other. This is understandable 

since the phenyl ring on C-3 could sterically hinder the 

approach of Eu ( fod) 3 to the carbonyl groups from this side of 

the molecule. 

Eu(fod) 3 

STERICALLY~ 
FAVORED 
ATTACK 0 

ATTACK 
STERICALLY 

~HINDERED 

Eu(fod) 3 

Based on models of the system, the most sterically favored 

conformation of the phenyl ring has C-7' below the cyclohexa-

dienone ring plane (i.e., trans to the substituent on C-4). 

However, if any rotation of the phenyl group occurs, then 

C-7' would provide additional steric hindrance to the 

approaching lanthanide shift reagent. Thus, the olefinic 

hydrogen on C-2 would also be affected by the steric hin-

drance created by the above phenyl ring. That is, the metal 

atom complexing to the two carbonyl groups would be further 
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Figure 5.11 

0.1 0.5 

Chemical shift changes for different carbons of cyclohex-

adienone 167 with increasing concentration of Eu(fod) 3 . 

(•) Methyl C-7" (o 20.22 ppm); (o) methine C-4 (o 97.14 

ppm); ( & ) o lefinic methine C-2 ( o 109. 79 ppm); ( 6) ole-

finic methine C-6 (o 115.85 ppm); aromatic methines (T) 

c-6' (o 125.38 ppm);(*) c-6" (o 127.19 ppm); (t) c-5" (o 

129.06 ppm); (+) C-3" (o 130.93 ppm). The absolute value 

of the chemical shift change for C-4 was plotted since 

this carbon shifted upfield in the presence of Eu( fod) 3 . 
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from H-2 than it would be fro~ H-6 due to this steric hin-

drance. As a result, H-2 would exhibit a smaller che~ical 

shift change than the proton on the less sterically hindered 

olefinic bond (H-6). 

The only other proton exhibiting a large chemical shift 

change was an aromatic proton originally at 6 7.50 ppm with 

3 JHCCH = 6 Hz. This signal was assigned as the hydrogen on 

C-6'. This suggests that complexation could occur between 

both carbonyl groups with the metal atom in a position close 

to H-6'. This complexation would cause the downfield chemi-

cal shift change that was observed for H-6' . 

,,,, ,,,, 0 
Eu(fod) \\ 3 5 

CH 3 
7' 

Addition information could also be obtained for cyclohex-

adienone J_§.?. by observing chemical shift changes in the 13c 

NMR spectrum (Figure 5.11 and 5.12). Excluding the large 

chemical shift changes for the two carbonyl carbons, three 

aromatic quarternary carbons exhibited large chemical shift 

changes. Two of these carbons were assigned to C-1 11 and 

C-2". The third carbon was assigned as C-5. As was observed 
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Figure 5.12 
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Chemical shift changes for different carbons of cyclohex-

adienone 167 with increasing concentration of Eu(fod) 3 . 

(•) Aromatic quarternary C-2" (o 135.78 ppm); (o) ole-

finic quarternary C-5 (o 143.28 ppm); (A) aromatic quar-

ternary C-1" ( o 14 7. 64 ppm); ( t:.) olef inic quarterna:-y C-3 

(o 158. 73 ppm); (T) carbonyl C-1 (o 166.58 ppm); (*) car-

bonyl C-7 ( o 192. 99 ppm). The absolute value of the chem-

ical shift change for C-7 was plotted since this carbon 

shifted upfield in the presence of Eu(fod) 3 . Note that 

the plots for C-5 and C-7 overlap in this figure. 
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in the 1H NMR spectrum, C-5 is positioned on the side of the 

cyclohexadienone ring that exhibits the least steric hin-

drance to the attack of the metal atom on the carbonyl 

groups. Therefore, C-5 exhibits a larger chemical shift 

change than C-3. 

Two carbons at o 115.85 and 127.19 ppm had large che~ical 

shift changes in the downfield methine region. The former 

carbon was assigned as one of the olef inic methine carbons 

(C-6). The latter methine carbon was assigned as C-6". Two 

other methine carbons at o 97.14 and 109.79 ppm had moderate 

chemical shift changes. The methine carbon at o 97. 14 ppm as 

well as the adjacent carbonyl carbon at o 192.99 ppm exhib-

ited upfield chemical shifts changes. Therefore, the chemical 

shift at o 97.14 ppm was assigned as the aliphatic methine 

carbon (C-4). This carbon appears to exhibit an upfield 

chemical change shift due to the unusual complexation that is 

occurring at the adjacent carbonyl group (C-7). This effect 

is apparently due to the complexation of the metal atom 

between the two carbonyl oxygen atoms (see previous illus-

tration). The moderate chemical shift at o 109.79 ppm was 

assigned to the second olefinic methine carbon (C-2). Again, 

one olefinic methine carbon had a much greater chemical shift 

ch~nge than the other. This also supports that the phenyl 

group on C-3 hinders the approach of the lanthanide shift 

reagent to the carbonyl groups from this side of the cyclo-

hexadienone ring. Thus, all experimental data is in agree-
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ment with compound _!6_~. 

From the previously described lanthanide shift reagent 

experiment, compound )-_~Z was characterized as having two car-

bonyl groups. In this study both carbonyl oxygen a toms com-

plexed with the lanthanide shift reagent. As a result, 

several different signals in the 1H and 13c NMR spectra 

exhibited substantial chemical shift changes on addition of 

Eu(fod) 3 . Although a large a~ount of structural information 

was obtained from the above Eu(fod) 3 study, contributions 

from each site of cornplexation had to be established. There-

fore, ambiguities remain because Eu(fod) 3 complexed at more 

than one site. 

Conclusion 

Four polyfunctional compounds have been examined in the 

presence of Eu(fod) 3 . A polyfunctional molecule was exam-

ined which contained only trifluoroethoxy groups. This com-

pound did not significantly complex with Eu( fod) 3 . Two other 

compounds that each contained a single carbonyl group and 

several trifluoroethyl ethers were also examined. In these 

molecules only the carbonyl oxygen complexed effectively 

with Eu(fod) 3 . Finally, one compound was examined that con-

tained two carbonyl groups. In this study, both carbonyl 

groups complexed effectively with the Eu(fod) 3 shift 

reagent. Therefore, the above results illustrate that tri-
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fluoroethyl derivatives of hydroxyl groups can deactivate 

the above oxygen atoms to simplify lanthanide shift reagent 

studies of polyfunctional molecules. As illustrated by 

cyclohexadienone 167, polyfunctional molecules have previ-

ously been difficult to analyze because several different 

nuclei are affected by the complexation of the lanthanide 

shift reagent at more than one site. As a result of several 

complexation sites, complicated interpretations of the lan-

thanide shift reagent results have generally been encount-

ered. The above lanthanide shift reagent studies have also 

provided structural information on several products which 

were obtained from cyclization reactions of ~-diketor.es. 
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Equipment. NMR data was obtained fro:n either a JEOL FX-200 

spectrometer ( 1H NMR 199. 50 MEz; 13c NMR 50. 10 MHz) or a Bruk-

1 13 er WP-200 spectrorr.eter ( H NMR 200. 13 MHz/ C NMR 50. 33 MHz). 

Samples were dissolved in CDC1 3 , and chemical shifts were 

referenced to TMS. NOE experiments were performed using the 

computer software which was supplied with the NMR spectrome-

ters. Variable temperature studies on cyclohexenone 157 

were performed on the JEOL FX-200 NMR spectrometer which was 

equipped with a variable tempera tu re unit. 

Sample Preparations. The compounds which were studied in 

the presence of Eu(fod) 3 were prepared fro~ previously 

96 described methods. Detailed spectroscopic data for these 

compounds are reported in Chapter I I. 

Eu ( fod) 3 Studies of Dienol Ether 165. Eu (fed) 3 was added to 

114 mg of dienol ether 165 in the following increments: 

19.45, 20.75, 24.62, and 18.35 mg, respectively. The chemi-

cal shifts of dienol ether 165 under these conditions are 

reported in Tables 5. 3 and 5. 4. 

Eu(fod) 3 Studies of Cyclic Ketone 140. Eu(fod) 3 was added to 

46 mg of cyclic ketone 140 in the following increments: 

7.80, 8.25, 8.25, 7.64, 7.02, 17.20, 15.20, and 15.60 mg, 

re spec ti vely. The chemical shifts of cyclic ketone 140 under 

these conditions are reported in Tables 5. 5-5. 7. 

Eu(fod) 3 Studies of 13c Enriched Ketone 149. Eu( fod) 3 was 



TABLE 5.3 

1H NMR Chemical Shift Changes 
for Dienol Ether 165 on Addition of Eu(fod) 3 

-----·-----·-----------· 

equiv 
of 
LSR 

0.000 

0.107 

0.221 

0.357 

0.458 

olefinic 
CH 

6.10 

6.11 

6.10 

6.10 

6.10 

-----

aliphatic 
CH 

3.83 

3.84 

3.83 

3.83 

3.83 

olefinic 
CH 

3.57 

3.57 

3.57 

3.57 

3.56 

-------- -----

aNo addition chemical shift changes were observed in the 
trifluoroethoxy region. 

CH3 

1. 45 

1. 45 

1. 45 

1. 45 

1. 45 

--------

N 
co 
Vl 



286 

TABLE 5.4 

13c N:-:R Che::iical Shi!"t C~anges :o-:- Die:"lcl 
Et.her 155 0:1 ;..dc.:~:0:1. c: E».:( :od) 3 

-·----eq~iV of LSR ________ --------

carbc:i o.coo 0.107 0.221 0.357 0.458 

CH3 24.13 24.14 24.13 24.14 24.13 

c:.: 52.10 52.13 52.13 52.13 52.13 

c 80.06 80.09 80.09 80.C9 80.09 

CH 96.40 96.44 96.44 96.45 96.45 

C"' 104.03 104.06 104.06 104.07 104.07 

c:.: 122.67 122.68 122.68 122.69 122.69 

C'-'a 125.58 125.59 125.59 125.59 125.59 

c··a 127.30 127.31 127.31 127.31 127.31 

c:.: 127.88 127.89 127.89 127.89 127.89 

c:.:b 128.49 128.51 128.50 128.5: 128.51 

c 135.96 135.99 135.98 136.00 136.00 

c 1':0. 50 140. 53 140. 53 140.54 140. 54 

c 141.15 141.17 141.17 141.18 141. 18 

c 151.15 151.17 151.17 151.18 151. 17 

aRepresents t~o eq~ivalen~ carbons. 

bT . ' . . d wo pa:rs o~ aromatic careens an a single aromatic 
carbon overlap at 6 128.49 pp::i. 



equiv 
of 
LSR 

0.000 

O.C67 

0.14 

0.21 

0.27 

0.33 

o.~8 

0.61 

0.75 
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T~.3L:: 5. 5 

1H ~~R Che~ical Shift Changes for 
Cyclic Ketone l~O en Addi~icn of E~(fod) 3 

---------
hydrogen type 

Cl-!3 CH3 arcrnatic 

1. 27 2.48 6.~3 

1. 37 2.61 6.51 

1. 47 2.75 6.61 

1. 53 2.83 6.66 

1. 58 2.90 6. 71. 

1. 62 2.96 6.75 

1. 71 3.08 6.83 

1. 77 3 .16 6.89 

1. 85 3.23 6.% 

arc~atic 

6.61 

6.67 

6.76 

6.80 

6.84 

6.88 

6.94 

6.99 

7.03 



TABLE 5.6 

lH NMR Chemical Shift Changes for the Eight Methylene Hydrogens of Cyclic Ketone 140 on 
Addition of Eu(fod)3 

equiv methylene hydrogen 
ll f 
LSR H-6a H-lOb H-6b H-lOa H-lla H-8a H-8b H-llb 

0.000 2. 96 2.82 2.76 2.56 2.32 2.28 2.28 2.01 

0.067 3.55 3.03 3.25 2.75 2.49 2.85 2.85 2.23 

0 .14 - 3.18 3. 77 2.95 2.68 - - 2.46 

0.21 4.63 3.28 - 3.07 2.80 - 3. 77 2.61 

0.27 4.91 3.35 - 3.17 2.90 - - 2. 71 

0.33 5.23 3.42 4.59 3.25 - 4.53 - 2.81 

0.28 5.78 3.55 - 3.43 - - 4.79 

0.61 6.19 - 5.34 - - 5.50 5.15 

0.75 6.51 - 5.65 - - 5.81 5.45 

N 
co 
co 



TABLE 5.7 

13c NMR Chemical Shift Changes for Cyclic Ketone 140 on Addition of Eu(fod)3 

carbon type 
equiv 
of 
LSR CH3 CH3 c CH2 CH2 CH2 CH2 

0.000 20.57 31.25 33.35 43.43 45.20 52.87 53.14 

0.067 20. 72 31.37 33.73 43.67 45.43 53.19 53.92 

0.14 20.88 31.50 34 .16 43.98 45.72 53.55 54.81 N 
00 
l.O 

0.21 21.01 31.60 34.51 44.20 45.93 53.84 55.52 

0.27 21.10 31.67 34.77 44.38 46 .10 54.05 56.04 

0.33 21.18 31. 74 34. 99 44.53 46.24 54.24 56.50 

0.48 21.34 31.86 35.43 44.81 46.51 54.61 57.41 

0.61 21.47 31.97 35.78 45.04 46.73 54.89 58.09 

0.75 21.57 32.05 36.05 45.22 46.91 55 .12 58.65 



TABLE 5.7 (cont.) 

equiv carbon type 
of 
LSR c CH CH c c c c c = 0 

0.000 80.27 112. 78 117 .84 127 .89 137 .83 139 .01 156.57 206.47 

0.067 80.65 112 .90 117 .96 128.19 138.09 139.22 156.66 208.41 

0 .14 81.10 113 .09 118 .14 128.55 138 .40 139.48 156.81 210. 59 

0.21 81.45 113. 22 118 .26 128.82 138.64 139 .67 156.90 212.35 IV 
\.0 
0 

0.27 81. 70 113.33 118. 36 129.02 138 .82 139.82 156.98 213.63 

0. 33 81.93 113 .42 118 .44 129.20 138.98 139.95 157.05 214.76 

0.48 82.38 113. 58 118. 59 129.55 139. 29 140.19 157.16 217.05 

0.61 82. 72 113. 72 118. 72 129.82 139.53 140.39 157.28 218. 71 

0.75 83.00 113. 83 118 .83 130.04 139. 72 140.55 157.36 220 .15 
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added to 40 mg of 13c enriched ketone 149 in the following 

i!'lcrernents: 7.27, 6.23, 8.00, 10.80, 11.97, 22.90, and 19.62 

mg, re spec ti vely. This separated the methylene hydrogens 

sufficiently that sigr.als 1H Ni•1R in this region could be 

irradiated to observed NOE enhancements in the 13c NMR spec-

trum. 

Eu(fod) 3 Studies of Cyclohexenone 157. Eu( fod) 3 was added to 

400 mg of cyclohexenone 1_~7- in the following increments: 

34.49, 34.27, 40.75, 72.48, and 70.83 mg, respectively. The 

chemical shifts of cyclohexenone 1-?Z under these conditions 

are reported in Tables 5. 8 and 5. 9. 

Eu(fod) 3 Studies of Cyclohexadienone 167. Eu(fod) 3 was added 

to 125 mg of cyclohexenone 1-i>.Z in the following increments: 

22.69, 21.58, 25.84, 25.58, 41.68, and 48.65 mg, respective-

ly. The chemical shifts of cyclohexadienone }._f?.Z under these 

conditions are reported in Tables 5. 10 and 5. 11. 
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':AB:.E 5.8 
1.. !>::·:R Cher:.:.cal Sr.i!-:. Changes !or n 

Cyc!.ohexe::o::e :57 on Add:tion of E~(!oc!) 3 

·--------
eq-..: iv o: LSR 

hyd::c-;e!'l 
type o.oco O.C47 0.094 0.15 0.25 0. 35 

c;~2 1. 13 1. 90 2.47 3.20 5.45 

CE3 1. 47 1. 60 1. 74 1. 91 2.19 2.45 

CH2 2.0C 2.60 3.20 3.87 5.05 5.95 

al:.phat:.c 
C"' 3.97 4.15 4.32 4.51 4.85 5.15 

ole::.r.ic 
C"' 6.40 6.93 7.65 9.10 10.03 

sha::p 
o::-:.ho 7.53 7.62 7.70 7.81 7.98 8.14 
a::c:::atic 

b::oad 
o::-:.ho 7.87 7.98 8.C9 8.22 8.45 8.78 
aror:tatic 
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T.!..3L=: 5.9 
13 

~::·:R C!".e::ii cal sr.i!'t C!".a::ge s !or 
Cyc :!.c!-.exe:.c::e 157 0:1 ,l.dd:. ::::. C:1 c: E~(fcd) 3 

eqc:iv o: LS~ 
ca::bor: 
type O.CCO 0.047 0.094 0.15 C.25 0.35 

c:-:3 25.71 25.87 26.CS 26.22 26.51 26. 80 

c:-:_ 42.18 42.81 43.33 43.92 44.97 45.96 .t. 

CH 52.80 53.08 53.32 53.55 54.C2 5t,. 43 

c 78 .15 78.49 78.78 79.07 79.59 80.06 

c 104.55 104.88 1C5.18 1C5.41 105.93 1C6.34 

C'-' 125.39 125.67 125.79 125.97 126.26 126.49 

C"-1 128.78 128.89 128.94 128.94 129.CO 129.06 

C"-1 129.48 129.59 129.70 129.82 129.99 130.17 

c~= 129.48 130.11 130.64 131.16 132.16 133.03 

C'-' 130.01 130.23 130.35 130.52 130.75 130.98 

c 134.39 134.67 134.90 135.13 135.54 135.89 

c 141.34 141.50 141. 56 141.62 141.67 141.79 

c 157.28 158.14 158.84 158.84 161.00 162.23 

co 195.59 196. 74 197.68 197.68 200.83 202.53 

-----· 
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TABLE 5.10 

1H NMR Chemical Shift Changes for 
Cyclohexadier.one ±~-~ on Addition of Eu(fod) 3 

---· ------------·---··---·· ------------------

equiv of LSR 
hydrogen 
type 0.000 0.053 0.11 0.17 0.23 0.33 0.45 
----------·----------------------··--------------·------------

cs3 2.21 2.21 2.22 2.23 2.25 2.27 2.29 

CH3 2.44 2.47 2.51 2.55 2.59 2.66 2.73 

CH3 2.49 2.72 2.95 3.22 3.22 3.48 4.37 

olef inic 5.94 6.10 6. 24 6.42 6.59 6.85 7.16 

olefinic 6.07 6.12 6.15 6.21 6.26 6. 34 6.43 

aromatic 7.50 7.71 7.93 8.23 8.52 8.95 9.49 

arc:natic 8.11 8.71 9.28 9.96 10.64 11. 65 12.89 

--------------- ---------



295 

TA3LE 5 .11 

13c ~:>'.R Che::-.ical Shi!t Cha::ges !or 
Cyclchexadie!1c::e 15 7 0!1 Addition 

o: Eu(!:od) 3 

ec;u.i v cf i:..SR 
Ca::bo!1 
type 0.000 0.053 0.11 0.17 0.23 0.33 0.45 

CH 20.22 20.58 20.97 21. 42 21. 85 22.57 23.31 
CH 20.69 20.58 20.71 20.74 20.77 20.82 20.85 
c:.: 21. 81 21. 79 21.79 21.81 2::.. 85 21. 87 21.87 
c:.: 97.14 96.88 96. 55 96. 39 96.14 95.73 95.25 
c<: lO'J.79 lC9.98 110.17 1:0.41 110.54 111. 02 111.41 
c:.: 1:5.85 115.46 117.05 1!7.7~ 118. ,~4 119.55 120.76 
c:.: 125. 38 125.48 125.59 125.73 12:.'.. 36 126.09 125.34 
C'-' 126.~2 125.14 126.16 126.20 126.24 125.31 126.34 
c:: 127.19 127.52 128. 03 128.52 129.02 129.84 130.63 
c:.: 128.87 128.88 128.92 128.97 129.02 129.10 129.17 
c:.: 129.06 129.18 129.30 129.<;6 129.61 129.84 130. 12 
CH 130.18 130.21 130.27 130.33 130.40 130.51 130.63 
c:.: 130.93 13 l. 04 131.16 131.33 131.42 131.67 131.91 
C'-' 131.27 13:. 28 131.30 131.33 13:. 42 131. 47 131. 52 
c 13 2. 3 5 132.31 132.30 ::.32. 28 132.27 132.27 132.25 
c 135.78 136.13 136.48 136.89 137.31 137.97 138.67 
c 136.65 135.67 136.70 136.76 135.81 136.89 136.98 
c 143.23 : ~;t.. co 144.67 145. 45 146.24 147.48 148. 84 
c 14 7. 64 l"B.16 148.62 149.23 149.80 150.71 151.69 
c 158.73 158.90 159.08 159.29 159.51 159.85 160.23 
co 166.58 167.31 168.CO 168.82 169.63 170.92 172. 34 
co 192.99 192.27 191. 59 190.81 190.04 188.81 187.40 



Chapter VI 

INVESTIGATIONS OF p-FLUOROBENZENESULFONYL CHLORID~ AND 

2,2,2-TR!FLUORODIAZOETHANE AS 19F NMR TAGGING REAGENTS 

Introduction 

As stated in the introduction, this dissertation project 

began as an analytical NMR study. In addition to the lan-

thanide shift reagent study that was previously described, 

19 F NMR tagging reagents were also examined in another ana-

lytical study. Two 19 F NMR tagging reagents, 2,2,2-tri-

fluorodiazoethane1 (TFD) and p-fluorobenzenesulfonyl chlor-

ide have bc:0n examined in the present study. 19 In general, F 

NMR tagging reagents are of interest for the characteriza-

tion of functional groups that are present in complex organic 

mixtures (e.g., coals, fuels, biological samples, etc. ). 2 - 6 

This methodology is attractive since background signals from 

fluorine nuclei are usually not present in the organic mix-

tu re. Therefore, functional group analysis should be easily 
19 accomplished by examination of the F NMR spectrum after the 

organic mixture has been deri vatized by the tagging reagent. 

Manatt97 introduced the first 19F NMR tagging reagent in 

1966. Utilizing trifluoroacetyl anhydride, Manatt prepared 

the corresponding tri fluoroacetate deri va ti ves of thirty 

different alcohols ( eq 49). 

296 
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( 4:9) 

Additional studies utilizing other 19 F NMR tagging reagents 

have also appeared in the chemical literature. 98-lOl 
19 Several of these studies employed hexaf luoroacetone as a - F 

NMR tagging reagent ( eq 50). 99 

0 

II 
CF ...-c-- CF 

3 3 + RXH n 

XH 1R I n-

> cF - C-CF (SO) 
3 I 3 

OH 

( X = 0, N, or S) 

Two problems have been encountered with trifluoroacetic 
. 97 98 99 19 anhydride ' and hexafluoroacetone as F NMR tagging 

reagents. First, the corresponding derivatives of the above 

compounds often undergo further reactions (e.g., hydro-

lysi s). Second, poor yields have been obtained in some 

instances for the above derivatives. 19 Therefore, other F 

NMR tagging reagents are under investigation to alleviate 

the problems cited above. Additional requirements for the 

"ideal'' 19F NMR reagent should include a simple derivative 

preparation and little or no by-product formation. In addi-
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tion, one usually desires reactivity of a tagging reagent 

with a large number of functional groups. 

In an application of Koller and Dorn's previous work, 1 

five steroids were treated with TFD. TFD was used to inves-

tigate these biological samples because good yields of tri-

fluoroethyl ethers and esters have been obtained by treating 

alcohols and carboxylic acids, respectively, with TFD. 1 In 

addition, the stability of tri f luoroethyl derivatives to 

hydrolysis suggested that these derivatives could be further 

analyzed by other methods (e.g., Lc- 19 F NMR studies). Pre-

liminary studies with p-fluorobenzenesulfonyl chloride as a 

potential 19 F NMR tagging reagent will also be discussed. 

The reaction of p-fluorobenzenesulfonyl chloride with 

various alcohols afforded the corresponding p-fluoroben-

zenesulfonic esters as illustrated below. 

base 
+ ROH > + HCl (51) 

F 
F 

Table 6.1 lists the various alcohols that were employed in 

this study. The 19 F NMR chemical shifts and yield data are 
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'!'AB!:..E 6.1 

19F ~~R Che~ical Shift ar.d 
Yield ~ata for p-Fluorober.zer.esulfonic 

Es~er Derivat!~es of A!cohols 

co~pou~d 

cholesterol 
2-octa!'lol 
n-propanol 
cyclohexar.ol 
n-butar.ol 
iso-butanol 
2,3-but.a::.ediol 
2-~ethyl-:-b'..:ta!'lol 
1- ada::-.ar. ta no l 
pher.ethyl alcohol 
3-phenyl-:-propanol 
cycloprcpyl carbi!'lol 
ethyler.e glycol 
benzy:.. alcohol 
be::.zyhydrol 
tr:?he~yl ~et~anol 
1-~e:hy!cyc~chexa~ol 
1-ethylcyc:cper.tar.o: 
4-~et.hyl-4-r.or.ar.ol 
3-e:hy!.-3-hep:,~::o l 

-36.28 
-36.37 
-35.98 
-36.40 
-35.97 
-36.01 
-35.31/-35.45d 
-36.00 
-37.35 
-35.98 
-35.88 
-35.96 
-35.ll/-35.22d 

'h 
NR~ 

:-.ZR 
NR 
NR 
:-.ZR 
NR 
NR 

yield,c% 

90 
67 
12 

100 
12 
85 
23/77d 
51 
41 
39 
15 

8 
19/lSd 

a 19 : N:-lR che:":\ical shift are relative to 1, 2-difluorotetra-
chloroethar.e which was used as ar. ir.ternal standard. 

b 

c 

d 

Nota~:on represe~ts that no reaction was observed in the 
above study .. 

Yields were obtai!'led by i::.tegrating the signals of the p-
fluorobe::.ze!'lesulfor.ic ester derivative and the internal 
q~ant:ta~:ve s~andard (a,a,a-trif!~oroace~~pher.one). 

Che~ical shift. a::.d yields are for the ~or.osubstit.'..:t.ed 
and disubs:::~ ed p-!luorobe~zenesul!onyl chlor:de deriva-
t:~es, respec~ vely. 
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also reported in Table 6.1 for the corresponding p-fluoro-

benzenesulfonic esters of these alcohols. In general, low 

yields of p-fluorobenzenesulfonic esters were obtained. In 

some instances, especially when sterically hindered alcohols 

were employed, p-fluorobenzenesulfonic esters were not 

observed. Yields for some derivatives appear to contradict 

the results that would be expected from this study (i.e., low 

yields were also obtained from less sterically hindered 

alcohols). In addition, large amounts of p-fluorobenzene-

sulfonic acid ( o -43. 95 ppm) were found for most alcohol 

derivatives. Therefore, some of the p-fluorobenzenesulfonic 

ester derivatives could have hydrolyzed after ester forma-

tion. This would explain the low yields which were obtained 

for n-propanol and n-butanol. 

Several trends were al so observed in the 19 F NMR chemical 

shifts of the above p-fiuorobenzenesulfonic ester deriva-

tives. Derivatives of primary alcohols exhibited chemical 

shifts approximately 0.4:0 ppm downfield from the derivatives 

of secondary alcohols. Therefore, considerable upfield 

chemical shifts were observed with addition of an alkyl sub-

sti tuent on the a-carbon of a primary alcohol. Further 

trends in this series (i.e., tertiary alcohols) could not be 

established due to the poor reactivity of these sterically 

hindered molecules. Only minor subs ti tuent effects were 

observed when alkyl groups were substituted at the ~-carbon 

of a primary alcohol. This effect is illustrated for the 
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derivatives of n-butanol (o -35.97 ppm) and 2-methyl-1-bu-

tanol (o -36.00 ppm). Furthermore, large chemical shift dif-

ferences were observed for the derivatives of 1-adamantanol 

and a-dihydroxy compounds (ethylene glycol and 

2,3-butanediol). Derivatives of the above a-dihydroxy com-

pounds illustrate substantial deshielding with oxygenated 

substituents at the p-carbon. The above trends are consist-

ent with similar trends that have been observed in studies 

utilizing p-fluorobenzoyl chloride.lOO,l02 

Phenols have also been observed to undergo reaction with 

p-fluorobenzenesulfonyl chloride to afford the correspond-

ing p-fluorobenzenesulfonic esters. Yield data and 19 F NMR 

chemical shifts for several p-fluorobenzenesulfonic ester 

derivatives are presented in Table 6. 2. Good yields were 

obtained for most compounds. The low yields that were 

obtained in a few instar.ces (e.g., phenol, p-methoxyphenol, 

etc.) could be due to further hydrolysis of the sulfonic 

ester derivatives. The low yields which were obtained from 

o-cresol and o-iodophenol suggest that the o-subti tuents 

sterically hinder the reaction of the hydroxy group with p-

fluorobenzenesulfonyl chloride. 

Several trends were observed in the 19F NMR chemical 

shifts of the above phenolic derivatives. As expected, the 
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T.t..BLS 6. 2 

19 F !'JMR Che~ cal Shif: and 
Yield Da:a for p-F uorobenzenesulfonic 

Es~er ~eriva: ves of ?he~ols 

co::-.pound 

phenol 
J':\-phe!'1ylphe!'1ol 
p-phenylphenol 

pyrocatechol 
p-methoxyph~nol 

m-methoxyphe!1ol 
2-naph:hol 
4-e:hylphel".ol 
3-ethylphenol 
4-t-buty:pher.ol 
3- t-b'...1 t. y .!.pher.o l 
p-bro:nophenol 
o-bro:-:lcphe!"'lo l 
m-bro:nophenol 
p-iodcphenol 
o- i cdcphe?".C l 
3-nitrophenol 
4-n-propy :phe?".o l 
m-c!'.lorc::henol 
o-chlcrc;:;henol 
o-cresol 
p-cresol 
:n-cresol 

-34.55 
-34.52 
-34.50 
-33.94/-35.53c 
-33.69 
-33.63 
-34.47 
-34.73 
-34.80 
-34.82 
-34.90 
-34.11 
-34.C6 
-33.94 
-34.10 
-34. l3 
-33.39 
-34.84 
-33.99 
-34.10 
-34.68 
-34.71 
-34. 72 

. ld b% y1e .._ I 0 

50 
100 
100 
47/38c 
60 

100 
100 

68 
lCO 
100 
100 

95 
lCO 
100 

71 
42 

100 
100 
100 
lCO 

12 
50 
90 

a 19 F N~R chemical shifts are relative to 1,2-dif:uorote:ra-
ch.ioroe:ha:ie Nhich was used as ar. int.er~aal st.a:'ada:-d. 

b 

c 

Yield were obtained by integrating :he signals of :he 
p-fluorobe~zenesulfon~c ester a~d t.he ir.~er~al quan~:tative 

standard (a,a,a-trifluoroacetopher.one). 

Chemical shifts a!1d yields are for the :nor.osubstituted and 
disubsti:~:ed p-!:uorobe~ze~esul!ony~ ch:or1de deriva-
t:ves, respectively. 
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various m- and p-substituted phenols exhibited substantial 

deshielding effects when eletron-donating groups were 

replaced by electron-withdrawing groups. This is illus-

trated by the following series of m-derivatives: 3-t-butyl-

phenol ( o -34. 90 ppm), m-cresol ( o -34. 72 ppm), phenol ( o 
-34.55 ppm), m-bromophenol (o -33.94 ppm), and 3-nit.rophenol 

( o -33. 39 ppm). A similar trend was observed when a series of 

p-deri vati ves was examined. The above results were consist-

ent with similar results obtained with p-f luorcbenzoyl chlo-

ride. lOO, l02 The monosubstituted derivative of pyrocatechol 

(o -33.94 ppm) was consistent with the trends observed for 

the o-substituted derivatives. However, the disubstituted 

derivative (o -35.53 ppm) had a chemical shift which was unu-

sually shielded. This could be partially due to the steric 

interactions between the two p-fluorobenzenesulfonyl 

groups. A second explanation is that each fluorine nucleus 

is shielded by the aromatic ring currents of the second p-

fluorobenzenesulfonyl group as illustrated below. 

F 
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Thus aromatic ring currents could induce the shielding 

effects which are observed at each fluorine nucleus. 

Reaction of p-Fluorobenzenesulfony_! Chloride with Amines 

Amines have been observed to undergo reaction with p-

f luorobenzenesulfonyl chloride to afford the corresponding 

p-fluorobenzenesulfonamide 

below. 

base 
+ R.NH 2 

F 

derivatives 

> 

F 

as illustrated 

+ HCl (52) 

Yield data and 19F NMR chemical shifts for various p-fluoro-

benzenesulfonamide de~ivatives are reported in Table 6.3. 

Good yields were obtained for all amines except 

t-butylamine. It seems unlikely that steric hindrance alone 

would account for the low yields since good yields were 

obtained from several secondary amines. 

Small shielding effects were observed for increased alkyl 

substitution at the a- and 8-carbons. As expected, greater 

shielding effects were observed for substitution at the 

a-carbon than for similar substitution at the 8-carbon. 

Alkyl substituent effects on the a-carbon are illustrated 



cor.:pc~::d 

N-methyla!'1iline 

n-b-..:tyla:n:!'1e 

sec-butylam:.r:e 

iso-buty:.1:":"'.ine 

d.:. e thy: a~i r-.e 

d: -r:-bu t y l a~.:.:ie 

be?":.zyla~:rae 
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':ABLE 6.3 

19 F N~R Chemical Shift 
and Yield Ja~a :or p-Fluorcber.ze:1e-
sul!ona~ide Derivatives cf A~:~es 

6 :9_ ( )a 
~ pp:n 

-37.61 

-39.42 

-40. 12 

-39.63 

-39.52 

-38.8:. 

-38.80 

-39.28 

N-ethyl-n-butyla~:ne -3s:so 
-37.74/-38.93c 

... b% y:e.:.c, 0 

87 

100 

32 

lCO 

lCO 

100 

100 

100 

!00 

a 19 F NMR chemi=al shifts are relative to 1,2-di!!~orotetra
chlcroethane which was used as an inte:-:;al sta~dard. 

b 

c 

Y!elds were cbtained by 1:-:tegrat:ng the s!g!'1als of the p-
f!'...loroben=e?"l.esulfcna:r.ide and the i.nter:1ai q...tant:. tative 
star:dard (1, 1, l-tr1chloro::r:.:1uoroethar:e). 

C~e~ical shifts a~d y:elds are for t~e ~or.osubstituted ar.d 
disubsti~~ted p-fluorobe~zenesulfcnyl ch:oride der:va-
t:ves. respectively. 
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with the following series of amines: n-butylamine (o -39.42 

ppm), sec-butyl amine ( o -39. 63 ppm), and t-butylamine ( o 

-40.12 ppm). A small alkyl substituent effect was observed 

at t~e e-carbon of the amine. This effect is illustrated by 

the derivatives of n-butylamine (o -39.42 ppm) and 

iso-butylamine (o -39.52 ppm). The above shielding effects 

are consistent with similar results which were obtained from 

f 1 b 1 . 1 . d d . . 100 p- uoro enzoy en or1 e er1vat1ves. 

In contrast to the p-fluorobenzoyl chloride study, p-

fluorobenzenesulfonamide derivatives of secondary amines 

were less s~ielded than the above primary amine 

derivative. 100 This effect is illustrated with the p-fluoro-

benzene sulfonamide derivatives of diethyl amine ( o -38. 80 

ppm) and N-ethyl-n-butylamine ( o -38. 80 ppm). Therefore, 

the results which were obtained for these p-fluorobenzene-

sulfona:r.ides suggest a substantial contribution of resona!'lce 

from ( b) to the stabilization of this group of compounds. 

0 0 

F J(=\\_~-NR2 
~II 

0 

F-0-fi=~R2 
0 

(a) (b) 

The positive charge on the nitrogen atom of resonance form 
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( b ) . 1 1 . th 1 g ~ d h . 1 d . .... . .... b d f ne ps exp ain e t es. ie ing ~na~ was o serve or 

the amide derivative. Similar results we:::-e obtained from 

2,2,2-tri:luoroacetyl chloride derivatives of primary and 

d . 101 H secon ary amines. owever, the p-fluorober.zoyl chloride 

de:::-i va ti ves of pr i:nary amine appeared down field from t!'le sec-

. . . . t. 100 onaary amine aeriva ives. Thus, an increase in shieldir.g 

was observed with an increase in alkyl substitution. This 

effect is illust:::-ated :or the corresponding p-fluorobenza-

mide derivatives of n-butylamine (o _,;1.50 ppm) and 

.. b +- 1 . (.t -~~.22). 100 01-n- uvy amine u ~~ 

~<?.~P.?::.r)_s_<?_~--~J _£_- ~_l_uo rgpenz~_n~-~~ 1 i_o_!!_y_1_f.hb.9_r i de .!ll_!h 

Other 19 F N!V!P. Tag_g_~_!:!9_R~~g-~~-1=-~ 

Several advantages and disadvantages were apparent after 

preliminary studies of p-fluo:::-obenzenesulfonyl chloride as a 

19 F NMR tagging reagent. First, the 19 F NMR chemical s~ifts 

of the p-fluorobenzenesulfonyl derivatives were quite sensi-

tive to subtle structural changes (Figure 6. 1). This 19 F NMR 

tagging reagent exhibited a large range of chemical shifts 

for the various alcohol and phenol derivatives. As was pre-

viously reported for p-fluorobenzoyl chloride,lOO,l02 the 

sensitivity of the p-fluorobenzenesulfonyl derivatives is 

due to the ability of the aromatic ring to transmit substi-

tuent effects to the para position of the aromatic rir.g. For 

comparison, substituent effects are transmitted less effec-



phenols alco!!ols 1° amines 2° amines 

I ""I I I 

I ""' I I \ I 

a) 

bl 

2° amines 
~ ~ 
~ 1~ 

l~I 
c) H 

d) 

I ,-- r I I I I 
-7 -6 -5 -4 -3 -2 -1 0 1 2 3 4 5 PPM 

Figure 6.1 

Range of 19r NMR substituent effects for derivatives of 

(a) p-fluorobenzoyl chloride; (b) p-fluorobenzenesulfon-

yl chloride; (c) trifluoroacetyl chloride; and (d) 

2,2,2-trifluorodiazoethane. All derivatives are rela-

tive to the corresponding n-butanol derivatives (o 0.00 

ppm). 

w 
0 
(X) 
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tively to the fluorine nuclide in 2,2,2-trifluorodiazo-

ethane1 ar.d trifluoroacetyl c~loridelOl derivatives. 

However, several disadvantages were observed for the p-

fluorobenzenesulfonyl derivatives. Like the trifluoroace-

tyl , • t • 97 I 98 aeriva ive, two serious disadvan'c.ages were 

encountered. That is, in some instances the sulfonic esters 

appear to undergo hydrolysis and poor yields were obtained 

for several alcohols (Table 6.1). As a result of the above 

disadvantages, many alcohols cannot be quantitatively ana-

lyzed. Another disadvantage encountered for the p-fluoro-

benzenesulfonyl chloride tagging reagent is the narrow 

chemical shift range observed fo:!' secondary amines. In addi-

ti on, some 19F NMR chemical shifts overlapped for various 

aromatic and aliphatic sulfonic ester derivatives. These 

latter disadvantages would cause difficulties in both qual-

itative and quantitative a!'lalysis of various compounds. 

The Reaction of Various Steroids with TFD 

In an application of TFD as a 19 F NMR tagging reagent, 1 

five differe!'lt steroids were treated with TFD. These steroid 

derivatives were utilized in an attempt to develop Lc- 19 F NMR 

separations for biological samples which had been treated 

with 19 F NMR tagging reagents. 19 Al though, the LC- F NMR sep-

arations were not 103 succesfully obtained at this stage, 

conventional 19 F NMR spectra were recorded for the steroid 
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derivatives (Table 6.4). 

The above reactions did illustrate that TFD could be used 

to deri vatize steroid sar:1ples. So:ne problems with this pro-

cedure were immediately obvious due to the poor sensitivity 

of the trifluoroethoxy derivatives to structural changes. 

!:or exa:;.ple, cholesterol 5 and A -pregnen-3e-ol-20-one have 

only mi:-:or structural dif.:erences. As a result, the trifluo-

roethoxy derivatives of these two steriods had identical 19F 

N11,1R h . l h. f+- +- ~ 7 20 Although t-he 19 F NMR 1·.! c. emica_ s l ... s a .... u - • ppm. __ 

che~ical shifts of ~-estradiol and Reichstein's substance S 

did not overlap, the~e was only a 0.15 ppm difference between 

the chemical shifts of aliphatic and aromatic trifluoroeth-

oxy ethers. Therefore, distinction between pher.olic and 

alcoholic hydroxy groups would r:1o::t likely be a problem if a 

more extensive study of steroids were undertaken. 

in the above study, hydrocortisone alcohol afforded five 

. 1 . . . 19F N!ViR t s1gna s in tne 1 ,1 spec rum. Two of these signals are 

believed to correspond to primary and secondary hydroxyl 

derivatives. The additional signals that were observed for 

hydrocortisone alcohol as compared to a single derivative 

for Reichstein's substance S could not be explained. These 

three additional signals are believed to be due to impurities 

in the above sample and/or unexplained ketal formation. 

In conclusion, TFD appeared to have limited utility for 

the characterization of steroid molecules due to the limited 

19 F NMR chemical shift range of steroid derivatives. In 
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TABLE 6.4 

19 F ~;:•!R c:-.e::-.ical S!'.i :t 
Data :or 2,2,2-Tri:l-..:oroethyl 

Deriva~ives o! Va~io~s Steroids 

--------·---------·---·------------·--:9:.------a----
cc::ipc~:-:d str-..:ct~re 6 : (pp::i) 

ei-estradiol 

c!1c:les:e!"cl 

r.yd::occ ::ti so:-:e 
a~cohol 

Rei.c~s~ei.:;.'s 
s-..:bsta:-:ce S 

HO 

HO 

5 6 -F::egnen-35-ol-20-or.e 

0 

OH 
-6.73 

-7.20 

-6.67, -6.83, 

-5.93, -7.07, 

-6.87 

0 

-7.20 

HO 

a 19 F ~~R che~ical shifts were referenced to 1,2-dif!uorote-
trachloroe:ha~e. 

b The :ive 19 F Ni-!R signals were o: approximately equal inten-
sit:es. 
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addition, by-product formation could become a problem in 

characterizing certain steroid derivatives. 

Conclusion 

Although both p-fluorobenzenesulfonyl chloride and TFD 

undergo reactions with various functional groups, several 

1 imitations have been encountered in this limited study. For 

example, poor yields of sulfonic esters were obtained by 

treating alcohols with p-fluorobenzenesulfonyl chloride. 

Some of the alkyl and aromatic sulfonic ester derivatives 

apparently hydrolyzed during the derivative preparation pro-

cess. Nei ther of the above 19 F NMR tagging reagents afforded 

completely resolved chemical shift regions for the various 

derivatives of alcohols and phenols. Furthermore, TFD 

derivatives exhibited only minor chemical shift changes to 

subtle structural changes. Therefore, neither p-fluoroben-

zenesulf onyl chloride or TFD would appear to be advantageous 
. 100 19 when compared with p-fluo~obenzoyl chloride as a · F NMR 

tagging reagent. 

~erimental 

Varian EM-390 and JOEL FX-60Q nuclear magnetic resonance 
19 spectrometers were used to record F NMR spectra at 84. 7 MHz 

and 56.20 MHz, respectively. The 19 F NMR chemical shifts 
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were referenced to 1, 2-difluorotetrachloroethane ( o 0. 00 

ppm). Both a,a,a-Trifluoroacetophenone and 1,1,1-tri-

chlorofluoroethane were used as integration references for 

reporting quantitative yield data. The steroid derivatives 

examined by 19 F NMR were dissolved in CDC1 3 . Derivatives of 

p-fluorobenzenesulfonyl chloride were examined by 19 F NMR in 

CDC1 3 and pyridine solution ( 1: 1 volumetric ratio). This 

solvent was also used as the solvent during derivative prepa-

ration. The 19F NMR spectra were obtained using a FX-60Q NMR 

spectro~eter with 1H decoupling, whereas, the Varian EM-390 

NMR spectrometer did not have the 1H decoupling capability. 

Reaction of p-Fluorobenenesulfonyl Chloride with Alcohols, Phe-

nols, and Amines. p-Fluorobenzenesulfonyl chloride was very 

hygroscopic and required preparation in a dry box. Deriva-

tives that were originally prepared outside the dry box 

resulted in large yields of p-fluorobe~zenesulfonic acid. 
0 

Pyridine was stored over 4 A molecular sieves prior to use in 

the following preparation. A special 5-mm NMR tube was used 

to prevent sample losses when NMR tubes were transferred to 

the dry box. These NMR tubes contained a ground-glass joint 

with a matching top which was secured with a rubber band. 

The general procedure that was utilized to prepare deriv-

atives from p-fluorobenzenesulfonyl chloride is described 

below. The appropriate alcohol, phenol, or amine (0.1-0.3 

mmole) was treated in the dry box with a 2- to 3-fold excess 

of p-fluorobenzenesulfonyl chloride. A mixture of pyridine 
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(0.5 mL) and CDC1 3 (0.5 mL) was added to the NMR tube contain-

ing the sample to be derivatized. An immediate reaction was 

observed when pyridine was added to the reaction mixture. 

The samples were rerr.oved from the dry box. a,a,a-Trifluoroa-

cetophenone or 1,1,1-trichlorotrifluoroethane (0.02 m~ole) 

was added to the sample as the quantitative reference. In 

addition, 0. 02 mmole of 1, 2-di fl uorotetrachloroethane was 

also added to the samples as the chemical shift reference. 

1, 2-Difluorotetrachloroetl::ane contained an impurity at 6 

2. 86 ppm which made it less attractive as a quantitative ref-

erence. 

Reactions of Steroids with TFD. Steroid derivatives were 

prepared by treating 1.0 mmole of the steroid with a 0.20 M 

TFD solution. The amount of TE'D that was added to each ster-

oid was dependent on the number of hydroxyl groups present in 

each steroid. In this study, 15 mL of the TFD solution was 

utilized for each hydroxyl group that was contained by the 

steroid. An extra 20 mL of the T?D solution was added to 

8-estradiol to ensure total reaction. HBF 4 •oEt2 (0.2-0.4 

mL) was added to the steroid in 3 mL of chloroform prior to 

treatme!'"lt with TFD. All reactions we:::-e performed under a 

nitrogen atmosphere. The reaction mixtures were neutralized 

with two portions of 10% NaOH and a single portion of water. 

The organic layer was dried over anhydrous MgS04 , filtered, 

and evaporated in vacuo. The 19 F NMR spectra were recorded 

for the isolated steroid derivatives. 



CONCLUSION 

A novel acid-catalyzed self-condensation reaction of 

S-diketones in the presence of 2,2,2-trifluorodiazoethane 

has been discovered. Cyclized products have been obtained 

from 2,4-pentar.edione, 1-phe:--.yl-1,3-butanedione, and sub-

stituted derivatives of 1-p~enyl-1,3-butanedione. This 

cyclization react:'.. on is attractive since lirr.i ted methods are 

available to prepare cyclized products (e.g., aromatic 

natural prodl..4cts) fro:n S-dicarbonyl units. Specifically, 

this cyclization reaction offer~' potential methodology for 

the preparation of two general types of biphenyl compounds. 

In addition, one of these biphenyl types should be an impor-

tant synthon in the preparation of larger condensed aromatic 

ring systems. 

A preliminary mechanistic study utilizing a dienophile 

suggests that cyclized products are formed through a r•:."i.chael 

addition. However, an acid-catalyzed Diels-Alder reaction 

has not been totally excluded as a possible reaction mech-

anism. All cyclized products that were obtained in this stu-

dy are consistent with both reaction mechanisms. In 

addition, several S-diketones did not undergo an acid-cata-

lyzed reaction in the presence of TFD. Typically, these 

6-diketones had steric and/or electronic factors that would 

destabilize the reaction intermediates in the cyclization proc-

ess. 

315 
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Several of the cyclized products that were obtained from 

the reaction of p-diketones with TFD were characterized uti-

lizing lantha:::.ide shift reagents. In these studies, several 

oxygen atoms were deactivated by TFD derivatization. As a 

result, these ator.is did not complex with the lanthanide shift 

reagent. These results ill~strate new methodology for the 

analysis of polyfunctional molecules utilizing lan~hanide 

shift reagents. 

Low yields were obtained from the acid-catalyzed cycliza-

tion reaction of p-diketones in the presence of TFD. Despite 

these low yields, the potential synthetic utility of the 

cyclization process cannot be overlooked. Further investi-

gation of this reaction should lead to a better mechanistic 

understanding of the cyclization process. A better mechan-

istic uncersta:::.ding of this reaction is esser.ti al if the 

yield of cyclized products is to be inc:::-eased. Such improve-

ments are necessary for this reaction to become widely uti-

lized as a synthetic tool. 
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