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SCOPE AND CONT JNTS a 

The kinetics of the thermal daoarbo~lation of a aries of 

substituted sodi phenylpropiolateo w re tudied in detail . The 

reaction proceeded without formation o£ signif!oant Oll'lOunts of side 

produotsa its rate was independeAt of hydrogen ion concentration. 

The relative rates of decarboxylation are in the ordera ,R-N0 ) m.-N0 >
2 2

!!!•OF ) _-Cl >J!-Cl >H >!!·CH , and the entropies of otivation are large
3 3

and positive. The result were discussed in terms of the unimolecula.r 

. (SEl) mechanism. 

A quantitative study of effects of substituent& on the 

deoarbo~lation rates was made b,y the application of the Hamoett froa 

energy relation hip. The e value of the Hammett plot was 0 . 866 ± 

0. 01~ . Deviation of E&ra substituted compounds from he Hammett 

relationship were d.iacussed in te s of .12!!:£!. interaction or conjugation 

effects in the initial or the transition states. 

ii 



ACKNOiiLE.OOF.MENT ::l 

The author wishes to express his sincere appreciation to 

Dr. A. N. Bourns for helpful direction and guidance throughout 

the course of this research. 

The author is grateful to Dr. K. R. Lynn for oriticism and 

advice during the preparation of this thesis . To contemporaries in 

the graduate school who contributed to the success of this research, 

and to the author's wife who prepared the figures and graphs , thanks 

are offered. 

iii 

http:ACKNOiiLE.OO


TABL I OF CONTENTS 

Page 

GENERAL INTHODUCTIO!i. .......................................... 1 


HI~'TORICAL I NTHODUCTION 

A - Mechanisms of Thermal Decarboxylation 

Introduction............................................. 10 

Bimolecular Reactions .••••••••••••••••••••••••••••••••••• 10 

Unimolecular Reactions................................... 14 


B - Hammett Equation 

Introduction............................................. 20 

Theoretical Basis of Hammett Equation•••••••••••••••••••• 2' 

Modification of Hammett Equation......................... 27 

Comparison of Treatment b,y Taft and by Wepster........... 35 

Application of Treatment by Taft••••••••••••••••••••••••• 36 


EXP.hlRIMEN'l'aL AN.D RESULTS 

General••••••••••••••••••••••••••••••••••••••••••••••••••••• 38 


Synthesis of a Series of Substituted Phenylpropiolic cids 

General Discussion....................................... 39 

Phenylpropiolic Acid••••••••••••••••••••••••••••••••••••• 41 

m-Nitrophenylpropiolic Acid•••••••••••••••••••••••••••••• 44 

~Nitrophenylpropiolic Acid•••••••••••••••••••••••••••••• 45 

~Chlorophenylpropiolic Acid............................. 47 

~-Chlorophenylpropiolic oid••••••••••••••••••••••••••••• 48 

a-Methylphenylpropiolic Acid ••••••••••••••••••••••••••••• 49 

~-Trifluoromethylphenylpropiolio oid.................... 50 


Method !or Measurement of Decarboxylation Reaction Rates .... 52 


Method for Determining the pH Dependence of th Reaction.... 56 


Procedure for the Analysis of Products from the Complete 

Reaction. . • • • • • . . • . • . • • • . • • . . • • • • . • • . . . • • . • • . • • . • . • • . . • • • 58 


iv 



Page 

Calculation of the Rate Constanta and Thermodyn io
Quantities................................................ 61 


Results of the Kinetic Expertments........................... 63 


DISCUSSION 

A .. Mechanism of Decarboxylation of Series of Substituted 

Sodium Phenylpropiolates 


~ration/Decarboxylation Mechanism versu Direct 

Deoarbo:ll;ylation Mechanism••••••••••••••••••• ,.......... 68 


Moleoularity of the Decarboxylation Reaction.............. 69 

Effects of Substituent on Reaction Rates................. 70 

Effects of Entropy of Activation•••••••••••••••••••••••••• 71 


B .. Application of Hammett' Free Energy Relation 

Significanc' of the Value of Rho.......................... 72 

Deviation from Hammett's Free Energy Relationship......... 74 


APP.E:N'DIX•••••••• • ••••••••••••••••••••••• ., •. • • • • • • • • • • • • • • • • • • • • • 76 


REF.ERENCES••••••••••••••••••••••••••••••••• • • • • • • • • • • • • • • • • • • • • • 99 


v 



LIST OF TABLES 

Number Title Page 

I Decarboxylation Rates at Different U¥drogen Ion 
Concentration•••••••••••••••••••••••••••••••••• 57 

II Products of the Complete Decarboxylation ot Some 
Phenylpropiolic Acids•••••••••••••• ••• ••• • • • • •• 60 

III Rate Constants for Thermal Decarboxylation of 

Substituted Sodi Phenylpropiolates •• •• •• •••• • 


IV Energies of Aotivation and other Thermodynamic 
Quantities for Thermal Decarboxylation of 

Sub tituted Sodium Phenylpropiolates • ••••••• 67 

v Substituted Constants estimated Obtained b,y 

Taft 's Recommended Procedure.. ... . .. .. ........ . 74 

VI Results of a Typical Kinetic Exptlriment on the 
Thermal D carboxylation of SodiUlll m.-Metb¥1­

phenylpropiolate• ••••••• • ••••• •• • • ••• •• ••••• 78 

VII Result s of a Typical Kinetic Experiment on the 

Thermal Decarboxylation of Sodium Phenyl­

propiolate.... ......... ....... . ............. 79 


VIII Results of a Typical Kinetic Experiment on the 
Thermal Decarboxylati on of Sodium ~-Chloro-

phenylpropiolate• • •••••• • •• ••••• ••••••••••• • eo 

IX Results of a Typical Kinetic Experiment on the 
Thermal Decarboxylation of Sodium _-Chloro­

phenylpropiolate• •••••• • ••• • • ••• • • • •••• •• • •• 81 

X Results of a Typical Kinetic Experiment on the 
Thermal Decarboxylation of Sodium a-Trifluoro­

methylphenylpropiolate • ••••••••• • •• • •••• • •• • 82 

XI Results of a Typical Kinetic xperiment on the 

Thermal carboxylation of Sodium m.- Nitrophenyl­

propiolate.......... .. .... .............. . ... 63 


XII Results of a Typical Kinetio Experiment on the 

Thermal Decarboxylation of Sodium ~-Nitrophenyl-

propiolate••••• • ••••• •• ••••••••••••••••••••• 

vi 



LIST OF FIGURES 

Number Title 	 P88e 

1. 	 Comparison of Hydrolysis Rates of Est rs with 

Ionization Constants of Acids •••••••••••••••••• 21 


2. pparatus for Removal of Carbon Dioxide ••••••••••• 55 


Hammett Plot for the Thermal Decarboxylation of a 

Series of Substituted Sodium Phenylpropiolates. 73 


4. Plot of Results of a Typical Kinetic Experiment on 
the 	Thermal carboxylation of Sodium m-Methyl ­

phenylpropiolate•••••••••••••••••••••••••••• 85 


5. 	 Plot of Results of a Typical Kinetic Experiment on 

the hermal Decarboxylation of Sodium Phenyl­

propiolate.................................. 86 

6. Plot of Results of a Typical Kinetic Experiment on 

th 	 Thermal Decarboxylation of Sodium ~-Chloro-
phenylpropiolate•••••••••••••••••••••••••••• 87 


Plot of Rosulte of a Typical Kinetic Experiment on 

the Thermal Decarboxylation of Sodium m,-Chloro­

phenylpropio1ate•••• •••• •••••••••••••••••••• 88 


a. Plot of Results of a Typical Kinetic Experiment on 
the 	Thermal Decarboxylation of Sodium a-Tri­


fluoromethylphenylpropiolat •••••••••••••••• 89 


Plot of Results of a Typical Kinetic Exp riment on 

the Thermal Decarboxylation of Sodium m,.-Nitro­

phenylpropiolate•••••••••••••••••••••••••••• 90 


10. Plot of Results of Typical Kinetic Experiment on 
the 	Thermal Decarboxylation of Sodium ~Nitro-

phenylpropiolate•••••••••••••••••••••••••••• 91 


11. 	 rrheniue Plot for the Thermal Decarboxylation ot 

Sodium m,-Mcthylphenylpropiolate •••••••••••••••• 92 


12. 	 Arrhenius Plot for the Thermal Decarboxylation of 

Sodium Phenylpropiolate........................ 93 


vii 



Num er Title 	 Pag 

13. 	 Arrhenius Plot for the Thermal DeoarboX1lation of 

Sodium ~-Chlorophenylpropiolate•••••••••••••••• 


14. 	 Arrhenius Plot for the Thermal DeoarboX1lation of 

Sodium ~-Chlorophenylpropiolate•••••••••••••••• 95 


15. 	 Arrhenius Plot for the Thermal carboxylation of 

Sodium m-Trifluoromet~lphenylpropiolate ••••••• 96 


16. 	 Arrhenius Plot for the Thermal Decarboxylation of 

Sodium ~-N1trophenylprop1olate••••••••••••••••• 97 


17. 	 Arrhenius Plot for the Thermal Decarboxylation or 

Sodium ~-Nitrophenylpropiolate ••••••••••••••••• · 98 


viii 



GENERAL INTRODUCTION 

Almost any carboxylic aoid can be decarbo:x;ylated by 

appropriate means and organic chemists were early in recognizing 

the synthetic and degradative value of this reaction. Furthermore, 

the frequent occurrence of decarboxylation in biological processes 

and the role which it has pl~ed 1n the development of theories of 

unimolecular reactions and of kinetic isotope effects testify to 

its great importance. 

Kinetic studies of the decarbo:x;ylations of a wide variety 

of organic acids have shown that, with respect to the rate-determining 

step, the reaction ~ proceed b.y either a unimolecular or bimolecular 

mechanism. Since the overall process involves the replacement of a 

carboxyl group by a proton, the reactions are of the electrophilio 

type and, 1n terms of the symbolism developed by Hughes and Ingold, 

the two mechanisms m8¥ therefore be designated as SEl and SE2, 

respectively. 

Reactions proceeding by th bimolecular mechanism generally 

take plaoe in strongly acidic media and involve organic aoids in 

whioh the carboxyl group is attached to a carbon atom which is part 

of an unsaturated system, for example, a, f3 -ethylenio and aoetylenic 

acids, and aromatic acids. The reaction is considered to proceed by 

the initial attaok of a proton on the a-carbon atom giving a carbonium 

1 
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ion intermediate which, in a subsequent step, undergoes carbon-carbon 

bond fission. 

0 0 
I II' II

C - C - 0 - H slow ll - C - C - 0 - H 
+ II I 

H + C ec 
I \ I\ 

H 'I0 c 
H - 0 - C - 0 - H fast II + CO + H+ 

1 II 

,.; "-.J c 2 
&C I \ 

1\ 

The unimolecular mechanism, which is the most frequently 

encountered mode of decarboxylation, involves in the rate-determining 

step a heterolytic fission of the carbon-carbon bond with the 

production of a carbanion. Kinetic investigations have shown that 

organic acids m~ decarboxylate unimoleoularly in two distinct formsa 

(1) free acid form 

0 
....._II~ e> +Il - C - 0 .. H slow R + 00 + H2 

R
9 

+ H+ fast RH 

(or solvent SH) 

(2) anionic fo:rm 

alow 

R
a 

+ SH fast RH 

(solvent) 
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One of the classes of carbo~lic acids which is most prone to 

decarboxylation ie that of the aeet~lenio acids, R - C s C - COOH 

(where n can be a hydrogen. an alkyl, or an aryl group).. Recentl~, 

the kinetics of the deoarbo~lation of salts of aliphatic aoet~lenio 

acids (where R • Ht oH
3
, (ca ) - C) in water and in other solvents

3 3 
(dioxane-water, ethanol•water, and methanol•water) have been 

investigated thoroughly by Halonen. On the basis of the observed 

positive entropies of activation and the relative decarboxylation 

rates (HC : C - C02Na ) CH; - C ;; C • co2Na >(CH;); - C a C ... C02Na) 

it was concluded that the reaction proceeds by unimoleoular decomposition 

ot the carboxylate anion. The only other rate stu~ of acetylenic 

acid decarboxylation has been made by Fairclough who observed first 

order kinetics and a positive entrop,y of activation for the decarboxyl­

ation of sodium phenylpropiolate in water. 

In the present investigation, the kinetics of the decarboxylation 

of a series of substituted sodium phenylpropiolates, 

D ­ 0 

" C : C - 0 - 0 Na, 

X 

(where X • !!,-CH;, !!,-Cl, :e,-Cl, m.-N02, R,-N02, m,.-CF;, and H) have been 

studied in detail, with the objectives, first, of establishing 

unambiguously the unimoleoular nature of' the reaction and, second, of 

shedding light on the charge distribution in the transition state of 

the rate-determining step. 
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In eeking to establish the mechanism of the reaction, four 

factors have been examined. 

(1) The Role of Triple :Bond Hydration. - Phenylpropiolic acid is 

known to add a molecule of water in strongly acidic media to fonn 

benzoyl acetic acid which, like other ~-keto-acids, is ver.y prone to 

undergo decarboxylation. Furthermore, Fairclough has tentatively 

attributed the decrease in decarboxylation rate with time, which is 

observed in the kinetic studies at temperatures below l00°C, to an 

accumulation of the ~-keto-acid . 

OII H 

5 -
' tc6H C • C - COOH 

OH H 0 
I I " c6a C • C - COOH c6n - C - CH2 • COOH5 - 5 

0 0 

" " c6a - C - CH2 - COOH c6II - C - CH} + C025 5 

It was n cessar.y, therefore, to establish that no significant 

portion of the decarboxylation , under the reaction conditions of the 

present studies, was proceeding by the w~ of the hydration mechanism. 

This was accomplished b,y product analyses since direct decarboxylation 

yields a phenylaoetylene, whereas hydration/decarboxylation produces 

an acetophenone. 
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(2) The Effect of ~rogen Ion Concentration. - The kinetics of the 

decarboxylations are usually carried out in media at pH about 8. At 

such a ~ogen ion concentration the substrate is essentially all in 

its anionic form and the reaction involving attack of a proton on this 

species would be approximately first order in hydrogen ion concentration 

while that involving proton attack on the free acid would be second 

order in this quantity. On the other hand, the unimolecular decomposition 

involving the anionic form would proceed at a rate independent of the 

concentration of ~rogen ion • To distinguish among these three 

possibilities, the rate of decarboxylation of sodium phenylpropiolate 

was studied over a range of 5 to 11 pH un1ts . 

(3) The Effect of Entrop,y of Activation. - Halonen has suggested that 

salts of the aliphatic acids decarboxylate unimoleoularly in their 

anionic form as follows• 

0 
II slowR .. C;C-C-0 - R ­ fast 

According to this mechanism, the carbon-carbon bond between the a-carbon 

atom and the carboxylate group is extended more in the transition state 

than the initial state and this implies a decreased order in the reacting 

molecule . Hence a positive entropy of activation would be expected to 

be associated with the process . Furthermore, the negative charge, which 

is localized on the carboxylate group in the initial state becomes 
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dispersed over more of the molecule in the transition state. As a 

consequence, th assumption of the transition state configuration will 

result in a less precise orientation of solvent molecules around solute 

species, with an accompanying increase in the entrop,y of the system. 

This factor will therefore also contribute to the positive entropy of 

activation for the unimolecular reaction. In the SE2 mechanism, however. 

the transition state leading to the carbonium intermediat is more 

rigidly orientated than the reactants and this implies an increased 

order in the reacting molecule. As a consequence, a negative entropy 

of activation would be expected to be associated with this prooess . 

(4) The Effect of Substituents on Reaction Rate. - Reactions 

proceeding b,y the bimolecular mechanism will be favored by electron ­

releasing substituents since these will provide stabilization of the 

transition state leading to th carbonium ion intermediate. On the 

other hand , the opposite effect is to be expected for the SEl mechanism 

since the electron-withdrawing groups would make it easier for the 

carbon-carbon bond between the oar~oxylate group and the a-acetylenio 

carbon to undergo fiss!on . The direction of substituent effects on 

reaction rate therefore provides a criterion for distinguishing between 

the two mechanisms. 

The ajor objective of the present investigation has been to 

obtain , through a quantitative correlation of structure with reaction 

rates , info~ation on the electron distribution in the transition state 

of the decarboxylation reaction. It is well known that the effect of 

meta and para substituent& on rate and equilibrium constants for a wide 
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variety of reactions of b nzene d rivatives are described to a re arkable 

precision by an equation proposed by Hamm tt over twenty years ago and 

bearing hi name • 

In this expression, k and k are , re pectively, equilibrium or rate 
0 

constants tor the unsubstituted and substituted compounds , e is the 

reaction constant which is characteristic of the reaction under consider• 

ation, and () is a substituent constant defined in terms of the effect 

of the substituent in question on the ionization constant of benzoic acid 

It was found very early in the application of the Hammett 

relationship that the ~ values based on the ionization of substituted 

benzoic acids were inadequate in describing the effect of such ~ 

substituent& as N02, CN, COOH, etc. on the ionization constants or 

phenols and anilinium ions . This is because the powerful conjugation 

or the substituents with the reaction centre in the phenoxide ion or 

the free amine 

~~~:oro-
e O 
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produces a stabilization of the base relative to the acid which is not 

present in the benzoic acid series. The exalted () values which are 

required to fit such substituent effects to a Hammett plot in reactions 

of this type have recently been designated as o--. 
Now the unimoleoula.r decomposition of the sodium phe~lpropiolates 

involves the formation of a carbanion in the rate-determining step& 

e 
• CsQ -c 

The transition state for a reaction proceeding by this mechanism will 

resemble this carbanion intermediate to an extent depending upon the 

amount of carbon-carbon bond rupture in the tra.nsition state and, 

indeed, the accelerating influence of electron-withdrawing substituent& 

on reaction rates is in accordance with this interpretation of the 

reaction pathw~. It is of interest to enquire whether or not this 

carbanion intermediate• and hence the transition state leading to it• 

derives stabilization from canonical structures of the type II in which 

the reaction centre is conjugated with an electron-withdrawing ~ 

substituent. 

e o $ \ N • 0 • C • Ca 
eO/ ­

I II 
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Certainly, if the contribution of structure II is important, the effect 

o:t such aubstituents will be large, and the ordinary (} values will be 

inadequate in correlating the reaction rates. In othor words, one would 

expect serious deviations fran the Hammett relationship. It ma¥ be; 

however. that the contribution of structure II will be small since the 

terminal carbon has but a sextet of electrons including the unshared 

pair and the structure mightt therefcl~ , be expected to correspond to 

a relatively high energy. 

With the primary objective of shedding light on this interesting 

problem, a careful study of the effect of substituents on reaction rate 

has been undertaken. 



HISTORICAL INTRODUCTION 

A .. Mechanisms of The:;:mal Decarboxylation 

Introducti on 

The kinetics of the decarboxylation of a wide variety of 

organic acids have been studied (l) . The reaction, which is an 

electrophilie substitution i nvolving replacement of a carboxyl group 

by a prot on• has been found (2) to proceed by both unimolecular and 

bimolecular mechanisms. These have been designated (;) SEl and SE2 ' 

respectively. A complete survey of decarbo~lation reactions is not 

presented in this thesis as the literature on the reaction is ver.y 

extensive and recent reviews are available (2. 4) . Only a brief 

discussion of the various bimolecular mechanisms will be presented, 

and this will be followed b,y a general survey of unimoleoular decarboxyl~ 

ations with particular attention being given to aoetylenio aoids since 

their deoa.rboxylations is the subject of this thesis . 

The Bimolecular Reactions 

It has been found that "?:'eaotior~s proceeding by the himole~Jular 

mechanism usually take place in a strongly acidic medium. An initial 

attack of a proton on the a- carbon atom produces (1) a carbonium ion 

10 
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intermediate which, in a subsequent tap, undergoes carbon-carbon bond 

fission. 

0 0 
\ II t II

H+ c+ C - 0 - H H- C - c - 0 - H ~ II t 
c EbC 

I \I \ 

'rj \ I
0 ct " H-tH-C-C-0-H + C0 +" I~ "'----"' ? c 2 

~c I \ 

I \ 


Among the acids which are known to decarboxylate by this 

mechanism are substituted cinnamic acids (5, 6, 7), anthracene 9 ­

carboxylic acid (8), mesitoic acid (9), ono- and polyhydroxybenzoio 

acids (10, 11, 12, 1,), and 2-hydroxynaphthoic acid (14), in all of 

which, it will be observed, the carboxyl group is attached to an 

unsaturated carbon atom. 

Three distinct bimolecular mechanisms are possible. One, 

which involves the transfer of a proton in a pre-equilibrium followed 

by a first-order rate-determining step, is shown as followsa 

Ar - COOH + HA 

~,H +slow ArH + C0 + H
2' coon 
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The rate law for this reaction isa 

€9/ H 
rate • k2 ( Ar )

" COOH 

• k k ( HA ) ( rCOOH ) (i)
2 1 

k-1 ( A- ) 

A decarboxylation proceeding by this mechanism would be subject to 

specific acid catalysis . Also, it would be expected to show a carbon 

isotope effect because the rate~determining step involves rupture of the 

bond between the carboxyl group and the rest of the molecule . Long and 

Paul (15) have suggested that formic , benzoyl formic, citric and tri­

phenylacetic acids m~ decarboxylate, in concentrated mineral acids , b,y 

this mechanism. 
@,.H 

When the decomposition of the intermediate, r , COOH' is fast 

relative to its return to reactants , that is , k ~k-l {Aj , the rate­

determining step is the transfer of a proton from an aoid, HA, in the 

medium. If there are a number of acids (HA, HA1, HA11 , etc . ) present 

in the reaction mixture, eaoh will transfer protons to the substrate 

Ar- CO H, and the following rate law will be observed • 

rate • kl ( rCOOII) (HA) + ki ( r OOH) (HA1) 

+ kil (ArCOOil) (IIA11 ) + • • • • • • • (11) 

Hence this reaction is subject to general acid catalysis . A zero 

carbon isotope effect would be expect ed , as the bond between the carboxyl 



13 

group and th re t of the ol cule is esa ntially intact in the rate-

determining step. 

Gen ral acid catalysis has been ob erved in the decarboxylation 

of anthracene 9- carboxylic acid (e), mesitoic acid (9), 2alu6-tri­

hydro~benzoic aoid (10, 11, 12) and of 2-~dr~phthoio oid (14). 

Furth rmore, Stevens (16) has obt ined zero isotope effect in the 

decarboxylation of anthranilic acid. Although, from these observations, 

it m~ be concluded that the acids listed decarboxylate via the econd 

mechanism, the po sibility of tl1e reaction proceeding by a "concerted" 

process (displacement of the carboxyl group by a proton without 

formation of an intermediate) is not excluded. 

+ ­Ar-COOH + HA ArH + CO + II +
2 

Much evidence has recently accumulated in support of a tvo-step mechanism 

for aromatic electrophilic substitution reactions in g neral, including 

reactions such as hydrogen-isotope exchange (17, 18) and aromatic 

decarboxylation (19) in which a proton is the electrophile. It is 

therefore very likely that aoid-catalyeed decarboxylation reactions 

follow a similar pathw$f, although a singl -step proces is not out of 

the question particularly wi th less activated substrates. Recent work 

by Willi on the solvent isotope effect (kD c/~ 0) bas served to 
2 2 

establish that proton transfer is rate-determining in the deoarbo~lation 

of 2 a4-dihydroxybenzoio acid ( 20) and ,2-aminobenzoio acid (21). This 

finding, although important, does not distinguish between the two-step 

and concerted mechanisms . 
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The Unimolecular Reactions 

The decarboxylation of a majority of organic acids is known to 

proceed by a unimolecular mechanism (2, 4) involving the heterolytic 

fission of the bond between the carboxyl group and the rest of the 

molecule which departs s a carbanion. It has been shown, by investigation 

of the kinetics of the reactions, that organic acids in either their 

undissooiated or dissociated forms may be deoarboxylated unimoleoularly. 

One of the first decarboxylations studied, by \fidma.rk (22) in 

1920, was that of acetoacetic acid. This reaction, as well as that of 

ttoc- dimeth;ylacetoaoetic acid, was xamined more thoroughly by Petersen 

(23, 24) and by Weatheimer (25) who observed the following rate lawa 

rate • k (ketoaoid) + k1 (k&toaoid anion) (iii) 

That is, the acetoacetic acids decarboxylate in both free acid and 

anionic forms . Westheimer also found that k was, surprisingly, much 

1greater than k , whereas one expects the proton on the carboxyl group 

to inhibit rather than to accelerate reaction. It was suggested that 

the decarboxylation of the free acid proceeds by the following mechanism 

involving a cyclic intermediate, I , in which there is intramolecular 

hydrogen bonding between the carboxyl proton and the keto groups 

oli0 H-0 0., •••H- 0 
III t II t 

CH - C C .o CH-z - C C • 0 slow CH
3

... C • CH + C02 23 ' en , ~ ' en /
2 2 

1I fast 

0 


http:fidma.rk
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Recent investigations (26) of the effect of hydrogen ion 

concentration on the rate of decarboxylation of malonic acid in aqueous 

solution have shown that undissociated malonic acid, HOOC - cn2 ... coon, 

decarboxylates much faster than the monovalent ion, and that the bivalent 

ion under the same experimental condition does not decompose at all. 

The relative rates of decarboxylati on of these species, and the negative 

entropy of activation of undissociated malonic acid in water and other 

solvents (24) suggest that the reaction of the free acid proceeds b.y a 

mechanism involving a cyclic intermediate similar to that proposed for 

undissooiated P-ketoaoids . P-Imino acids (28, 29, 30) and p, y­

unsaturated acids (31, 32) also are considered to decarboxylate b,y w~ . 

of a cyclic intermediate. 

The anions of most organic acids, for example, of ~-ketoaoid 

(23, 24, 25), trihalogenacetio acid (33, 34 35), «-nitroaoetic and 

a-nitroisobutyrio acids (36), dibromomalonic acid (37, 38), and 2a4,6­

trinitrobenzoio acid (39) are thought to decarboxylate by the slow 

formation of a carbanion which then in a rapid subsequent step reacts 

with water to form product. 

CHx - C .. CH2 - C • 0 - slow ~ cn3 ... ~ • CH2 ) + co2
.I tl " 

0 0 e O 

CHJ - ~ ... CHJ + on· 
0 
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The decarboxylation of a zwitterion can be considered as a 

special case of that of an organic acid in its anionic form 1 the 

reaction centre of both is an anion, and the positiv charge on the 

zwitterion does not change the unimoleaular nature of its reaction. 

Typical examples of organic acids which decarboxylate as zwitterions 

are picolinic acid (30, 43), ~-methyl-a-2-p,yridylbutyrio acid (40), 

4-pyridylacetio acids (40), thiazo-2-oarboxylio aoid (41, 42) iso­

quinald1c and quinaldic acids ( )0). 

One of the classes of carboxylic acid which is most prone to 

decarboxylation is that of the aoetylenic acids (R - C a 0 .. COOH where 

R can be a eydrogen, an alkyl, or an aryl group). The first rate tudy 

of decarboxylation of an aoetylenio acid (phenylpropiolic aoid) was 

made in 1938 by Fairclough (39) who ob erved first order kinetics, an 

energy of activation of 31.5 Kcal/mole and log PZ • 13. 95 (65 • 5. 66 

e.u. ) . It was also observed that the rates of decarbo~lation decreased 

steadily with reaction time at 100°, and , that this phenomenon became 

even more significant at lower reaction temperatures . Fairclough 

tentatively attributed this decrease to a side reaction involving the 

addition of water to the aoetylenic linkage to form benzoylacetic acid. 

Triple bond hydration is known to occur in both strong acid (44, 45) 

and strong base (46) and might be expected to compete more effectively 

at the lower reaction temperatures since it energy of activation would 

probably be less than the 31.5 Kcal/mole found for the decarboxylation 

process . 

Recently, Halonen (27, 47) has inv stigated the kinetics of 

decarboxylation of aliphatic acetylenio oids (R - 0 a 0 .. COOH where • H, 
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ca , (cn } c, COOH} and their sodium salts in water, dioxane-water ; 
3 3 3

ethanol-water, and methanol-water. This study is presented in some 

detail 1n the following paragraphs. 

The decarboxylation reactions of propiolio, tetrolic and i ­

butylpropiolic acids (R • H, CB
3
, (CH ) c) WQre found to be first

3 3
order with respect to the concentrations of the carboxylic acid. FUrther, 

the rates of decarboxylation in all solvents employed were in the orderr 

H- C: C ... COOH >en, .. C;; C ... COOH >(CH ) c • C: C .. COOH. The addition ot
3 3

mineral acid caused an increase in reaction rate (106 k sec. tor 

' propiolic acid at 75°Ca 1. 08 in the absence ct added acid , 1. 4; at 

0. 1 Mhydrochloric acid) . Thi Halcnen interpreted as being due to the 

conversion of carboxylate ion to the more reactive undissociated acid 

which then decarboxylates unimoleoularly. It should be noted, however, 

that a similar dependence of rate on ~drogen ion concentration would 

be exhibited by a reaction involving bimolecular attack of a proton on 

the carboxylate ion , although Halonen did not appear to consider this 

a possibility. The entropies of activation for the decarboxylation of 

all three acids in water and other solvents were found to be negative , 

suggesting a comparatively ordered transiti on state for which Halonen 

postulated the cyolio structure , II , in the mechanism shown belowa 

0 
II 

R - C : O- C- OH 
slow R- o• c ••.•c.o 

i ~ I 
fast R • C : 0 - H + C02 

H • • •• 0 

II 
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Halonen also investigated the decarboxylation of acetylene 

dioarboxylic acid, HOOC ... Ca C.. COOH, which was found to proceed with a 

rate which was dependent on the first power of the concentration of th 

organic aoid. The dependence on hydrogen ion concentration was not 

measured , but the reaction was considered to be unimolecular. Because 

the entropy of activation was positive for the decarboxylation in water, 

the non- ordered transition state , III, was postulated. 

0 

R - C: C ... C 
II 

... OR slow R ... C ·;,a· C•••• C • 0 fast 
·: J 

H ·o 
a• 

As the polarity of the reaction medium was decreased , the entropy of 

activation became negative and reaction was considered , under these 

conditions , to proceed !!! a mechanism similar to that for propiolio 

acid (above) • 

Halonen ' s failure to trap a carbanion was considered by him 

to be evidence in support of the proposed mechanisms . 

The rates of decarboxylation of salts of acetylenio acids were 

found to be first order with respect to the concentration of the anions , 

R- coo-. Although the dependence of the reaction on the eydrogen ion 

concentration was not examined, Halonen assumed that the reaction was 

unimolecular and proceeded by the SEl mechanism 
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0 
n ,c---­ e

slow R- CiDC •• •• ••C-0- fast ~ R... C a C : + C02 

IV 

It was observed that the relative rates of decarbo~lation were 

H- C a C • COONa >cn - C: C • COONa ) (cn ) c - C a C- COONa. The effects of
3 3 3

substituent on reaction rates thus support the SEl mechanism, as electron­

releasing substituent& decrease the rates of reactions which proceed by 

a mechanism involving the formation of a oarbanion. The entropy of 

activation for the decarboxylation of sodium propiolate , sodium tetrolate 

and sodium i-butylpropiolate in water and in other solvents w re found 

to be large and positive , and the postulation of the non-ordered 

transition state , IV, in which the carbon-carbon bond undergoing rupture 

is more extended than in the initial state, is supported. 

Halonen assumed that the reaction was unimoleoulara rates of 

decarboxylation with respect to the ~drogen ion concentration must be 

examined before the proposed mechanisms can be accepted. 



20 

B - The Hammett Equation 

Introduction 

One of the objectives ot p~sical organic ohemistr.y is to 

establish a quantitative correlation between structure and chemical 

reactivity. Although qualitative relationships have long been known. 

only in the last two decades have quantitative theories been developed . 

The oldest and the most successful of these is the Hammett equation 

which deals particularly with effects of substituents on reactions of 

~ and ~ substituted benzene derivatives. 

In the early 1930' s , Hammett found that simple and 

quantitative relationship exists between the ionization constants of 

~ and ~ substituted benzoic acids and the rate constants for the 

~drolyses of similarly substituted met~l benzoates (48) . A straight 

line was obtained when the logarithms of the rate constants for the 

hydrolyses of the est rs were plotted against those of the ionization 

constants of the acids, as shown in Figure I . 
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I 
0 

0 

0 

0 

Log K Ionization 


Figure I 


Comparison of ~olysis Ratee of Esters 


with Ionization Constants of Acids 

The equation describing this relationship is& 

(i) 

where ~ is th~ rate constant for the h;rdrolyeis, K1 the ioniza.ti.on 

constant, e the slope and A the intercept. By the mid..l930' s t similar 

relationships had been demonstrated for rate and equilibrium constants 

of a number of other reactions or benzene derivatives (48) . It was 

possible to relate the various series to one etanda.rd reference tor 

which the ionization constants of sub tituted benzoic acids in water 

at 250 C vas selected. 

http:etanda.rd
http:ioniza.ti.on


Equation (1) ca.n. be converted to t tom 

(where log G • A) (11) 

For unsubat1tuted o pounds, 

k
0 

• GK
0 

f> 
(iii) 

dividing equation (1i) b.r (iii), one obtains 

k/k • GK e /GX e (iv)
0 0 

where k is & rate or equilibri constant ot the substituted reactant, 

the analogous constant tor th unaubstituted reaota11t, and K and K 
0 0 

ar , respectively, the ionization constants tor the substituted aa4 

unsubstituted benzoic aoida. The term log (K/K ) is deaisnated cr , and
0 

is oharaeteriatic ot g1ven sub titu nt. Thus, 

(v) 

1'h aubatituent constant• cr 1 is oonaidend to be a easure ot 

the bilit7 or the substituent to change the electron density at the 

reaction c ntre and ia independent ot the reaction. A poai tiv v value 

indicates that th& substituent is more strongly eleotron•withdrawiftg t 

1 b,ydrogen.. Substituent with negative a- values are ore w ]¥ 

electron•vithdrawing than hydrogen. 
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The reaction constant ~ is a measure or the enaitivity of the 

equilibrium or rate process in question to a change in electron density 

at the reaction centre • A poaitive valu of e implies assistance of 

r action by electron-withdrawing sub tituents, a negative f assistanc 

by electron-releasing substituent&. 

t the present time; constants for more than 110 different 

substituente have been calculated, and reaction constants tor almost 

400 different reaction aeries are known. Thus, about 44,000 rate and 

equilibrium constants are encompassed by equation (v) and the available 

0" and e values. Over 3,000 ot these constants have been measured and 

found to agree with the values predicted by the Hammett equation ( v) 

with a probable error of fifteen per cent (49). In dition, the 

Hammett equation has been found to correlate such diverse data as halt~ 

wave potentials tram polarographic reductions, infrared absorption 

frequencies, and nuclear magnetic resonance absorption frequencies 

associated with the fluorine nuclei in substitutedL fluorobenze:oes (50). 

Theoretical Basis of the Hammett Equation 

Equation (v) mS\Y' be re-written asa 

log k - log k - f' ~ (vi)
0 

When k is an equilibrium conetant, from thermodynamics 

-6F • 2. 303 RT log k (vii) 

(The 6F values ref r to standard free energy changes, but the superscript 

zero's have been omitted for implicity.) 



24 

Substitution in equation (vi) gives, 

• -bi:SF (viii) 

By definition, 

(i:x:) 

• .. (MF):BI 
2. 303 RT 

where BI refers to the ionization of benzoic a.oide. By substituting 

equation 	(i:x:) into {viii), one obtains 

MF • 2, 303 RT P (MF)lU 
a.;o; RT 

(x) 

Hence, the Hammett equation is si~ply a relationship between the changes 

in the free energy or reaction which accompany substitut1on~for two 

different reaction aeries involving benzene derivatives. 

The Soope of the Hammett Equation 

The sts.ndard free energy change aocompa.n.ying the conversion of 

reactant to product is comprised of potential and kinetic energy 

components (51). Thus; for an equilibrium 

p 	 (:x:i)
0 
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where P m~ be a product or a transition state, Z a reagent and R Y a 
0 0 

reactant in which R is a substituent group and Y a functional group,
0 

the standard tree energy change m~ be expressed as followsa 

qp 
1::3 • AS - RT ln _.....o.__ (xii)0 0 . 

In this equation M 0 i the standard potential en rgy change , that is, 

it is the change in the electronic energy ooompanying the reaction-

The q • s are partition .f'un.otions. 

An equation imilar to {xii) may be written for the equilibrium 

RY + Z p (xiii) 

where R and P differ from R and P in the natur of a substituent . 
0 0 

The difference between the standard free energy changes in the equilibria 

(xi) and (xiii) is then given bya 

( )RY .. (RT ln (1tQ) )RY (xiv) 

qp qR y
where 1tQ • • o (xv) 

qp • qRY 
0 

If the reaction series represented by the above equilibria fit 

the Hammett equation, then from equation (x) 



26 

This 	relationship requires that tb sum of the potential and kinetic 

energy eff cte in one series should quantitatively parallel the sum of 

th two effects in an entirely different s ries. Considering the wide 

variety of substituent sizes, entropy contents and solvating powers of 

the different reactants • this might se rather unlikely. There are 

three circumstances, however, under which the Hammett relation hip 

resolves itself into a imple proportionality between the potential 

energy terms of the two seriesa 

(a) 	 when both RT ln (nQ) terms are zero, a situation for which there 

is a considerable probability when the entropy of activation 

reme1.ina \tBsentially constant within each series (~ • 0), 

(b) 	 when a proportionality exists between the kin tic and potential 

energy terms in each aerie , i.e.t 

- (RT ln (nQ) )RY 	 (xvii) 

(xvii1) 

It can ba seen t h t substitution or these equations into equati ()n (xv:t) 

gives 

(xix) 

(o) 	 when the RT ln (nQ) term of one series is zero and a proportionality 

exists between the potential and kinetic energy terms of the ~ther 

series. 
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It follows that tha Hammett equation will be obeyed under ~ 

of the above stated circumstances provided that at the same time there 

is a parallelis in the effects of the substituents on the change in 

the potential energy accompanying reaction in the two seri s. Conversely, 

if the llammett relationship is quantitatively obeyed in any rea.otion 

aeries, one is justified in interpreting the effect of the substituent& 

on <luilibrium and rate constants in terms of their pol r (electronic) 

effects, that is, in tems of their inductive, resonance and polar 

resonance effects. 

Modification of the Hammett Equation 

The Hamm tt relationship holds reasonably well for the majority 

of meta-substituted compound and for those ~-compounds in whioh the 

ubstituent is no more than weakly conjugated with the reaction oentre. 

If• however, strong conjugation does exist in either the reactant or 

product in an equilibrium process or in the reactant or transition state 

in a rate process, serious deviations are encountered. In fact, Hammett 

himself found it necessary to assign a special substituent constant tor 

the para-nitro group in the ionization or phenol and anilinium salts. 

In these prooe sea, the electron-withdrawing substituent is much more 

powerfully conjugated with the reaction centre in the product than in 

the reactant and causes an abnormally high enhancement of acidity. 

Similar speoial constants, higher than the nozmal u values, are required 

in reactions of this type for other pow rfully electron-withdrawing 
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sub titu nts, tor e ple, cyano (52), eteylaulphocyl (53, 54), 

J!-Ou.rbo:qlic and carbonyl (55). Recently these constants ha.v en 

deaienated u· (56). 

One ay xpeot that a third ty of substituent oonat t, u-\ 
would bit needed for reactions in which o. strong eleotron-rel aaing 

substituent :l. conjugated with rea.otion centre which is elect 

deficient. Sev ral workers (57, 58, 591 60, 61) have found, tor 

e ple, that in aromatic electropbilic ub titution where a subatitu nt 

is in direct conjugation vith the eleotron-withdrawing centre in the 

traneition state, poor fit of the reaction rates vith the tt () 

v ues is obtained. 

0 
y 

0 + 

)0 
X 

Recently, Brow (57) has propo ad a set of o+ values baaed on the 

ttect of substituent& on the solvo1ysi rates or th subetituted 

phen;yldimethyloarbinyl chloride in 90% etone. 

cH ca CH' CH} cn3,3 3 /cH3' c ....' C~ Cl C ..- OH 

HaO 
)

in0 0 0
90~ aoetonx: x ft> >( 
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The e for the r action was obtained f r om pl ot of t h r ates of 

solvolysis of meta substituted compounds versu the cor responding 

values. This value of f was then substituted into the equation 

(xx) 

(where subscript ~ refers to -substituted compound) 

to obtain the ~ + values for the ~ substituents conjugated with the 

reaction oentre. Brown was then able to de onstrat (62) an excellent 

correlation between these ()+ values and the rat s of a variety ot 

aromatic electrophilic substitution reactions. 

As stated above, the substituent conetants aY and ~ are 

assumed to result from resonance interaction arising from conjugation 

between the reaction centre and a para substituent (56, 63, 64). 

Wepater has suggested (65) that i! thie is so, a continuous range of 

~P values would be expected to app~ since the magnitude of the ~ 

interaction depends on the electron-releasing and -withdrawing effects 

of both the substituent a.nd. the reaction oentre. In other words• a 

~-substituent conjugated with the reaction centre might be expected 

to have a different ~onstant for each reaction considered. In 

support of this argument , Bordwell and his co-workers (66 , 67), have 

shown that (J"" values for th ;e.-nitro and ,n ethylsulphon;yl groups 

obtained from th dissociation constants of ubstituted thiophenols 

( u·n-N0
2~ 

• 1. 00, (f CH SO 
ll"" 3 2 

• 0. 83) ar considerably smaller than 

the corresponding value obtained from the dissociation constants of 
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maller than the values obtained from the dissociation constants of 

anilinium salts ( U-n-N0 • 1.27, rf CH SO • 1.13) . 
~ 2 .I?.- 3 2 

Wepster has recommended a procedure for measuring the magnitudes 

of.' resonance para interactions. Ten primary () values which are 

consider d as unambiguously normal (i.e., free from resonance~ 

interaction) were selected, and from at least five of these, reliable 

p constants for reactions of all types were determined. These 

constants were then used to calculate th ~values for a variety of 

meta and~ aubstituents by substitution in the equation (v) . 

(.) • log (KLJ<gl {v) 
E' 

The individual () values so obtained, except those of RE.!, substituents 

which enter into resonance interaction with the reaction centre , were 

found to be in reasonably good agreement with the () values based on 

ionization constants of substitut d benzoic acids (56, 68) . 

For each para substituent, the mean of the a-value obtained 

by applying equation (v) to reactions in which resonance REI! interaction 

is negligible was calculated and designated as ~. At first sight , 

one expects that the degree of exaltation, u - [fl, mq serve as a 

measure of resonance ~ interaction. Wepster (65) pointed out , however, 

that this is not so and that a true estimate of resonance para interaction 

should be measured in terms of a free energy difference (MF)P. 
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-!::M • 2. 303 RT P V 

(viii) 

This free energy difference, (MF) , can b considered to be made up of 

the free energy change , {MF) , resulting from the inductive and polar~
n 

resonance* effects ot substituent& and the free energy change, {MF) ,
p 

resulting from th resonance- interaction or conjugation effect, that is 

MF • (MF) + {MF) (:xxi)
P n 

It follows from equations (vili) &rL~ (xxi ) tnat 

- (MF) - (MF) • 2. 303 RT f () n + 2. 303 RT E' ( u- on)p n 

(xxii) 

Also; from equation (viii) 

(xxii)Therefore , 

Thus, to estimate resonance .1?.!!!: interactions , not only ( () - o n) , 

but also f and T should be taken into account . 

*The resonance effect of a substituent m~ influence the reaction centre 
at the para position in two w~s . The effect which is transmitted to 
the para carbon atom of the benzene and theh rel~ed to the reaction 
oentr by induction is known as "polar..resonanoe" effect. The ffect 
which is transmitted directly to the resonance centre is termed 
resonance- interaction or conjugative effect . 
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A parallel treatment for the evaluation of resonance effects 

on reactivity has been given by Taft (69) . The procedure for the 

selection of primary () values, detemination of reliable (' values and 

calculation of the exalted () values is similar to that of 'Wepster. 

However, in the determination of ()n values by Taft (who designat d 

o0then ), reactions of a series of ~ substituted compounds in which 

there is a methylene group between the benzene ring and the reaction 

centre were selected. The ~0 values are experimentally quivalent to 

the un and both represent the inductive and polar-resonance eff ots 

and exclude the resonance-interaction effect. 

In an ext ention of his treatment, Taft (69) has separated 

contributions to log (k/k ) i nto inductive ffects, I, and total 
0 

resonance effects , R, which are the sum of polar-resonance and 

resonance-interaction effect • The following three general assumptions 

vera madec 

(xxiv) 

(xxv) 

(xxvi) 

where RP and Rm are total resonance effects of ~and meta substituent& 

respectively, and a is a proportionality factor evaluated by the method 

of Roberts and Jaffe (70) or approximated as l/3 for normal reactions 

and 1/10 for reactions in which there is strong resonance interaction (69) . 



Values of I were calculated from quation (xxvii) which is 

obtained (69) by substituting equation (xxvi) in (xxv), subtracting th 

result from (xxiv), and solving for I . 

I • ...L ( l og (km/k ) ... C1 log (kP/k ) ] (xxvii)
0 0

1-Cl 

It was found that values of I so obtained obey the equation (xxvii) , 

I • f fi (x:x:viii) 

where 5! values are the inductive sigma constants evaluated previously 

by Taft (71) from the rates of base• and aoid.oatalyzed hydrolyses of 

aliphatic estere using equati on (xxix) 

or • --L ( log (k/k ) - - log (k/k ) l (xxix)
06.23 ° OH H+ ) 

The constants k0H- and Ita+ in this equation are , respectively, rate 

constants for base- and acid-catalyzed ~drolyses of aliphatic esters. 

Using values of I and f\ obtained from equatio:as (uvii) and 

(xxix) , respectively, f was accurately estimated for a given reaction 

from equation (xx:viii) using the method of "least squares" to obtain 

the best fit of th data. This value of ewas then used to calculate , 

b,y means of equation (xxviii) , a more accurate value of I f or each 

substituent . This rather involved procedure was used because of a 

considerable uncertainty with respect to the appropriate ~~lue tor « 

(1/3 or 1/10) appearing in equation (xxvii) . 



The quantities Rm and RP were evaluated using equations (xxiv) 

0: meta ~ paraand (:xxv) • These can then be used to oa1ou1ate R and uR , 

the specific or resonance sigma values, since b,y definition 

(xxx) 

(xxxi) 

Alternatively, the OIR values may be obtained from the following 

equations a 

(xxxii) 

(xxxiii) 

which are derived, respectively• by substituting equations (xxx) and 

(xxviii) into (xxv) and equations (xxxi) and (xxviii) into (xxiv). 

These 6i values are a measure of the sum of polar-resonance and 

conjugative affects . 

While ~ values are independent of reaction type and 

substituent position (!!!a or para) , 6'it are dependent on both unless 

they are derived from selected reactions in which a methylene group 

prevents any resonance interaction between substituents and reaction 

centres. In this latter case the resonance substituent constants, 

called by Taft ()R0 
, are a measure of the polar..resonance effects only 

and are independent of reaction type but dependent on substituent 

position. 
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Comparison of the Treatment b,y Taft and by Wepster 

It is reasonable to expeot from the foregoing discussion that 

although Taft and Wep ter have used somewhat different argum nts in 

their modifications of the Hammett equation, their conclusions should 

be comparable. That this is so can be seen !rom the following 

considerations. 

For given para substituent, by definition , 

(xxxiv) 

(}. 0 (xxxv)
R 

By subtracting equation (xxxv) from (xxxiv), one obtains, 

0 tr para . (J.. o
0 - () - (JR - R 

(xxxvi) 

By definition (65, 69} rf' • tf" and therefore 

r.-para r.:- o 
u - () - ui" • UR .. UR (xxxvii) 

The difference ( o;,para - 6jl0 
) is attributed by Taft (69) 

to the direot resonance {conjugative) interaction between the para 

substituent and the reaction centre. The magnitude of this interaction 

is measured in terms of a resonance energy, M41, 



(xxxviii) 

Wepeter (65) terms the identical difference ( (f - trn) the :E.£! 

interaction and expresses ita magnitude in terms of the fr e energy 

change , (661) p (see equation (xxii)), 

Cl arly, 6Eq.. and (MF)p are identical . 

Application of the Treatment by Taft 

It should be clear from the foregoing discussion that a study 

of the deviations from the Hammett relationship oan provide precise 

information concerning differences in the extent of resonance interaction 

between the substituent and reaction centre in the initial and 

transition states of a reaction. Such investigations, therefore , provide 

a means of obtaining information concerning the properties of the 

transition state in reaction mechanism studies . Taft (69) has 

recommended the following procedure in studies of thi kind. 

A reliable value of p is obtained fran a plot of logarithms 

of experimentally determined values of k/k versus () for selected meta 
0 ­

substituents (a minimum of hydrogen and four substituent& covering the 

maximum possible range in 6 values which are considered unambiguously 

normal, i .e., free from resonance interaction, is required (69)). 
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0 

Using this value of P and the experimentally measured values of log 

k/k , 01 values for the other substituent& are calculated. Those ~ 

values ao obtained which do not agree with Hammett ~values within 

0.07 unit are analyzed as follows. The resonance parameters R and o-; 
are calculated from equations, 

R • log (k/k ) (xxxix)
0 

~ • R/ e (xxxx) 

Correlation of these resonance parameters with the corresponding values 

for potentially similar reaction processes m~ then be attempted in 

order to obtain an insight into the kind of resonance effects involved 

and the nature of the transition state. 



EXPERIMENTAL AND RESULTS 

This section ot the thesis is presented under the following 

headings . 

(a) 	 The synthesi of a aries of substituted phenylpropiolic 

acids . 

(b) 	 The ethod for the measurement of rates of decarboxylation 

of these acids . 

(c) 	 The determination of the pH dependence of the reaction. 

(d) 	 The anslysie of products from the co pleta reactions. 

(e) 	 Calculations of the rate constants and thermodynamic 

quantities . 

(t) 	 The results of the kinetic experiments . 
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The Sypthasis of a Series of Substituted Phenylpropiolio Acid 

Gen ral Discussion 

The compounds ployed in this tudy were substituted 


phenylpropiolio aoida (I). 


0 
11 

C ; C ... C - OH 

I 

(where X is H, m.-Cl, ~Cl, m.-N02, R,-N02, m.·CH,, and !.-cF,.) 

They were prepared by condensation of a suitable substituted 

benzaldohyde ~ith mal onLc ~oid (72), bromination of the resultant 

oinnamio acid either as the free aoid (73) or its etQyl ester (74), 

and dehydrobromination of the dibromo compound eo formed . This 

reaction sequence is outlined belowa 

coon 
, n-CHO+~H2 Condensation ~ J:j-CJL.Cli-COOH (1)

/==-!- COOH 

X X 

Esterification -CH.CH-COOR (2)0 -CH•CH-COOB ~
X X 

J_j-CH·CH-COOR Bromination 

X(where R. H, or ethyl) 

X 

(3) 
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-CH-CH-COOR Denydrobramination > ~-C:C-COOR (4) 

Br Br ' ' 
X X 

~-C:C-COOR S ponifioat1on , ~-CoC-COOH {5) 

X X 

It vas only in the d ~drobromination that side reactions , 

substitution and elimination reactions (74, 75), were troublesome. 

Newman, who recent ly reported (74) the preparation of the ethyl esters 

of phenylpropiolie , and R_-chloro-, _-chloro-, p_-nitro-, and !!!,-nitro ... 

phenylpropiclic acids, used a variety of dehydrobromination reagents 

in att pta to decrease the extent of formation of side products and 

his procedures were followed in the present tu~ for the eyntheses 

of these particular compounds. 

For th preparation of !!!,•Ohlorophenylpropiolic acid. , the 

dehydrobromination reagent was alcoholic potassium hydroxide, while 

for the synthesis of the P,-nitro compound sodium ethoxide in ethanol 

was used. In the latter case, it was neoe sary to avoid an exoes of 

sodium ethoxide which, being a strong nucleophile, promoted substitution 

(74., 75) . 

The dehydrobrominating agent used in the syntheses of phenyl­

propiolic and £•chlorophenylpropiolic acids was a suspension of sodium 

hydride in benz ne to which a minimum quantity of ethanol was added. 
-

This reagent was developed by Newman {74) to minimize the formation of 
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ethyl ~-ethoxycinnamate, the side-reaction product tro substitution of 

the dibromide b,y ethoxide in the presence of exoes alcohol. 

Newman reported that the ethyl ~-nitrophenylproplolate could 

not be prepared by de~drobromination of the corresponding ester 

dibromide in one step. He observed that with sodium hydroxide only 

one oleoule of hydrogen bromide is eliminated forming ~-a-bromo~­

nitrooinnamio acid (the carboxyl group and the phenyl group are cia), 

which cannot be ade to undergo further elimination until it has been 

isomerized to the trans configuration (74, 76) . a result he adopted 

the following three-step reaction route which also w s ployed in the 

present study 1 

(1) elimination and saponification to ~-a-bromocinnamic 

acid, 

(2) isomerization to the trans-a-bromo acid, 

(') eli ination to ~-nitrophenylpropiolio acid . 

The r aining compounds required tor this study (!!!.-methyl- , 

and ~-trifluoromethylphenylpropiolio acids) were synthesized b,y 

dehydrobromination of the corresponding cinnamio acid dibromides with 

alcoholic potassium hydroxide using a procedure developed by Reimer (73) . 

Ph nyl propiolic Acid 

,b;thyl Cinnamate Dibromide. - Bromin (64 ml.) was added slowly through 

a dropping funnel to a solution of ethyl oinnamate (220 g. , 1.24 moles) 

in methylene chloride (500 ml.) and the solution was allowed to stand 
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for twenty-four hours at 15° until the bromine color had almost 

disappeared. The solvent was distilled off under reduced pressure 

leaving, as a white solid, the crude ethyl cinnamate dibromide . 

Ethyl Phenylpropiolate. - Ethyl phenylpropiolate was prepared by the 

dehydrobromination of the ethyl cinnamate dibramide using sodium 

hydride and ethanol (Newman (74)) . The apparatus consisted of a 2-1. 

three-necked flask fitted with a dropping funnel , a. mechanical stirrer 

and a condenser protected with a drying tube . To a. solution of the 

crude ester dibromide in dry benzene (575 m.l . ) was added pulverized 

"50/~,. sodium eydride (124 g. ) . The resulting suspension was heated 

to near boiling, then the heating was discontinued and 2 ml . of 

absolute ethanol was added with stirring. After a short time there 

was vigorous evolution of hydrogen and the reaction temperature was 

controlled so that the maximum rate of reflux was maintained. 

Additional 2 ml,. portions of absolute ethanol (8 tal . in all) were added 

from time to time, the reaction being continued for four hours . After 

cooling, wet ether (400 ml. ) was added slowly to the reaction mixture 

to decompose the excees sodium hydride. The mixture so obtained was 

acidified with dilute hydrochloric acid, and water was added to dissolve 

the sodium bromide produced. The organic layer wa.s separated, washed 

with 5% potassium carbonat e {which was kept for recovery of phenyl­

propiolic acid) and then dried over sodium sulphate. The solvent was 

removed by distillation and the residue fractionated, at reduoed 

pressure in a. nitrogen atmosphere, through a oolumn (18-in,.) pa.oked 



with glass helices . Eight portions (of approximately 4 ml. each) of 

the distillate were collected successively and tested tor both bromine 

(77) , and, b,y xamination of the infrared spectra, tor the acetylenic 

bond(78) . On the basis of these tests it was concluded that portions 

beyond the fourth were mainly ethyl «-bromocinnamate, which indioat d 

that only one molecule of ~rogen bromide had been eli inated. 

FUrthermore , a considerable quantity of crystalline material, presumably 

unreacted dibromide , remained as residue . {The failure to obtain 

complete dehydrobromination was attributed to the use of aged and hence 

partially d composed sodium hydride . ) The solid residue and the 

fractions containing the monobromide were combined and the dehydro• 

bromination described above repeated. The product of this second 

de~drobromination was fr otionated. The distillate , coll oted at 

76 · 95°/0. 4 - 0. 6 a . (Newman (74) , b. p. 108•120°/1 mm . ), was 

combined with th first four fractions from the previous dehydro· 

bramination t o giv ethyl phenylpropiol te (79. 5 g., 37. 3% from 

ethyl oinn ate) . 

Phenylpropioli c Acid. -Ethyl phenylpropiolate (79 · 5 g. , 0. 41 mole) was 

added to a solution or sodium hydroxide (22 g. ) in ethanol (30 ml . ) and 

water (250 ml. ) . The mixture was warmed, shaken until homogeneous and 

then allowed to stand at 60° for two hours . The solution was extracted 

with ether and then acidified. The crude acid thus produced was 

combined with the acid recovered previously from the pota.ssium carbonate 

washing (see above) and crystallized four times from carbon 



tetrachloride to yield phenylpropiolic aoid (29.1 g., 16% from ethyl 

cinnamate), m. p. 136.8-137.0° (NeWlan (74), 136.9 -137.5°). 

Neutralization Equivalent• found, 147.0a theoretical, 146.2. 

a•Nitrophenylpropiolic Acid 

!!!-Nitrocinnamic Acid. - m.-Nitrobenza1dehyde (151 g., 1 mole) was 


condensed by the method of Wiley and Smith (72) with malonic acid (115 g., 


1. 1 moles) to yield m,-nitroci nnamic acid (142. 5 g., 74%), m. p. 199• 200° 

(Wiley and ith (72) , 200 .. 201°) . 

Ethyl m.- Nitrocinnamate Dibromide . ... Ethyl m.-nitrocinnamate (138 g. , 

0 . 62 mol ) obtained from esterification of the cinnamic acid was 

brominated tor forty-eight hours b,y the method used in the s,ynthesis 

of ethyl cinnamate dibromide described above. Ethyl m.•nitrocinnamate 

dibromide (228. 6g., 94%) , m. p. 82 - 84°, wa obtained. Recrystallization 

0from ethanol yielded a product , m. p. 86.5- 87 . 5 • 

m.-Nitrcphenylpropiolic Acid. - The ethyl m.- nitrocinnamate dibromide 

(57 . 0 g., 0. 15 mole) was stirred in a solution of sodium hydroxide 

(38 g., 0. 94 mole) , dioxane (50 ml . ) and water (340 ml.) at 50°. The 

mixture was dilut d with an equal volume of water, acidified and 

extracted with chloroform. The extract was dried over sodium sulphate 

and evaporated to about 150 ml . To this chloroform solution (which 

contained ~-a-bromo-m.-nitrooinnamio acid) an exoe s of bromin was 

added. The reaction mixture was maintained at room temperature over a 

period of three d~s during which time ois- a-bromo-m.-nitrooinnamic acid 



slowly isomerized to the l!:!!!,! isomer which was collected from time to 

time as it crystallized out . The crude acid (19 g.) eo obtained was 

di solved in hot 15% aqueous sodium b¥droxide (60 ml.). On standing, 

sodium m-nitrophenylpropiolate precipitated and was crystallized from 

lo% sodium hydroxide . The salt was dissolved in water and the solution 

acidified and extracted with a benzene- ther mixture. The extract was 

dried over sodium sulphate and evaporated until crystallization occurred. 

The product so obtained was recrystallized from benzene-petroleum th r 

(b. p. 60- 80°) to yield m.-nitrophenylpropiolio acid (9 .0 g. , 31% from 

the ester dibromide) , m. p. 144. 7-145. 2° (Becker (79) , 143°J Roberta 

(80) , 143- 143. 5°) , w obtained. Neutralization Equivalent c found, 

192. 7; theoretical , 191. 2. 

~-Nitropheny1propiolic Acid 

Eteyl ~-Nitrooinnamate Dibromide . - Ethyl cinnamate was nitrated, and 

the para isomer separated from the ortho b.y the method of Davey and 

Gwilf (81) . Crystallization of crude ethyl ~-nitrocinnamate from 

ethanol yielded a light yellow product (35. 2%) , m. p. 137. 5•1}8. 5° 

(Newman (74) , 138. 0 -138. 4°) . 

Ethyl R,-nitrocinnamate (112 g., 0. 50 mole) was brominated over 

a period of three ~s by the method described in the immediately 

proceeding synthesis . The dibromide (173 g. , 90%) so obtained was 

crystallized from ethanol to yield a product with m.p. 113 ·114° 

(Newman (74) , 113. 8-114. 4°) . 
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Et~l R-Nitrophe~lpropiolate. - Et~l ~-nitrooinnamate dibromide 

(120 g., 0.31 mole) was dissolved in dry benzene (200 ml.) 1n a 2-1. 

three-necked flask fitted with a mechanical stirrer, a dropping tunnel 

and a condenser protected with a drying tube . To this solution, main­

tained at near boiling temperature, wa added dropwise and with vigorous 

stirring, a solution of sodium ethoxide (sodium metal (16 g., 0.64 mole) 

in absolute ethanol (300 ml . )). Addition of an excess of the base, 

which cau ed darkening* of the solution, was avoided. After complete 

addition of the ethoxide• the reaotion mixturs was cooled, acidified 

and diluted to 1.5 1. with water. This mixture was then extracted with 

ther (150 ml.) and the extract washed with dilute sodium carbonate and 

with water and then dried over sodium sulphate. Removal of the solvent 

furnished a solid which was crystallized twice fro ethanol to yield 

eteyl R·nitrophenylpropiolate (41 g., 58%) , m.p. 122.5-123.5° (Newman 

(74), 123.0-123. 8°) . 

R-Nitrophenylpropiolic Acid, - Eteyl }?.-nitrophenylpropiolate (37 g., 

0.17 mole) was dissolved in a hot solution of dioxane (80 ml.) and 10% 

sodium hydroxide (77 ml., 0. 20 mole). The solution was evaporated to 

dryness and the residue dissolved in water and acidified. The crude 

*Du.ring a trial experiment, a slight exoess of the ethoxide accumulated 
and the solution turned dark. The ad.di tion of the base and heating 
were immediately interrupted and the ester was isolated as described 
above . An oil, which solidified a.t oo, was obtained. Infrared 
speotra. showed no carbon-carbon triple bond absorption at 2100- 2250 
am-1 indicating the ester was not ethyl ~-nitrophenylpropiola.te . 
The compound was not examined further. 

http:nitrophenylpropiola.te
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,£-nitrophenylpropiolic acid thus obtained (30.5 g., 93.41o) was 

crystallized from benzene to yi ld light-yellow crystals, m.p. 203.0 ... 

204.0° dec. (Baddar (82), 202° dec.). Neutralization Equival ntc found, 

192.3; theoretic 1, 191.2. 

m-Chlorophenylpropiolic Acid 

Ethyl ~Chlorocifu~amate. - m·Chlorocinn ic acid was prepared in a yield 

of 48 . 6~~ by oonden ing m lonio acid with _-chlorobenzald hyde (72), 

which wa synth sized from m,-nitrobenzaldehyde in 7fY'/o yield by the m thod 

of Buck and Ide (a;). The cinnamio acid was esterified to giv ethyl 

m.·chlorooinnama.te, b.p. 174.0- 177°/22 mm. (Kindler (84), b.p. 156°/ 

10 mm. ) . 

_-Ohlorophenylpropiolic oid. - Ethyl m-ohlorooinnamate was brominated 

over a period of forty-eight hours b,y the method described in the 

immediately preoeeding synthesis . The ethyl m-ohlorooinn ate dibromide; 

obtain d in 95% yield, was dissolved in alcoholic potassium eydro:xide 

(39.9 g. in 300 ml. ethanol) and the solution refluxed for five hours. 

The hot solution vas decanted from the potassium bromide which was 

washed with a 50 ml. portion of boiling ethanol. The potassium salt of 

m.-chlorophenylpropiolic acid separated from the combined alcohol 

solution on cooling. The salt was reor;ystallized from ethanol, then 

dissolved in water and acidified. The organic acid so produced was 

extracted with ether and the extract was then dried over sodium sulphate. 

Removal of solvent yielded crude ~-chlorophenylpropiolio aoid (21.5 g., 

http:m.�chlorooinnama.te
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78.9%). m.p. 145.0-146.5°. Recrystallization from benzene gave a 

product, m.p. 146.6-147.1°, (Newan (74), 144.3·145.1°; Becker (79), 

140 • 143°). Neutralization Equivalent a found, 181,0; theoretical, 

180. 6. 

~-Chlorophenylpropiolio Acid 

Et~l ~-Chloropheny1propiolate. - Ethyl ~chlorooinnamate was prepared 

in the manner described for the synthesis or ethyl ~-nitrooinn ate 

(see above), and was brominated over a period of thirty-six hours using 

methylene chloride as a solvent . A yield of 97 . 7% or thyl ~-ohloro­

oinnamate dibromide was obtained. The resultant ester dibromide was 

dehydrobrominated by the method of Newman (74) using sodium hydride and 

ethanol . The crude ethyl ~ohlorophenylpropiolate so obtained was not 

further purified as it has been reported (74) that the ester contained 

impurities e en attar fractional distillation. 

~Chloropbenylpropiolio aid. - The crude ethyl ~chlorophenylpropiolate 

(70 . 0 g., 0. 39 mole) was saponified by stirring at 50°C for ten hours 

in a solution of sodium hydroxide (18 . 8 g., 0. 47 mole) , ethanol (25 ml. ) 

and water (200 ml. ). The solution was filtered on cooling and the 

filtrate acidif ied to yield crude ~-chlorophenylpropiolio acid (30 g., 

5o%)~ Crystallization three times from an ether-b nzene mixture gave 

a product , m. p. 91 • 192° dec . (Newman (74), 192 .. 195° dec., soften at 

185°). Neutralization Equivalent• found, l81.5f theoretical, 180. 6. 
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a- ethylphe~lpropiolio Acid 

_-Methylcinnamio Acid Dibramide. - _-Methyloinnamic acid waa obtained 

in 4l%yield by condensation of ~-toluald hyde with alonic aoid (72). 

Th required aldehyde was prepared in 79% yield by the reaction of 

~-xylyl bromide with a solution of sodium in 2-nitropropane and 

absolute alcohol (85), a method which had be n applied previously to 

the preparation of ~-tolualdehyde (86) and 2-tolualdehyde (87). The 

~-methylcinnamic acid was converted to a•methy1o1nnamic aoid dibromide, 

m. p. 172 - 175°, in 84% yield by the procedure developed by Reimer ( 73). 

!!-Methylphenylpropiolic Acid. - m.-Methylcinnamio acid dibromide (19.5 

g., 0.06 mole) was placed in an evaporating dish, a 25% solution (75 

ml.) of potassium hydroxide in methanol added, and the mixture stirred 

over a steam bath until all the alcohol had evaporated. To the thick 

pasty residue methanol (50 ml.) was add d and again evaporated. This 

procedure (addition of methanol and evaporation) was repeated three 

times to ensure complete reaction. The yellow product was subj cted to 

strong suction to rid it of any trac of solvent, pulverized and 

dissolved in ice-water (400 m~). The solution vas acidified with 10% 

hydrochloric acid and !!-methylpheny1prop1olio acid• which first 

separated as are oil, crystallized on cooling and seeding (7.8 g., SO%); 
0 ' 

m.p. 127- 130 • Recrystallization of the acid from a-hexane give 

colorless ne dles, m.p. 135·136° (Becker (79), 135•136°). 

Neutralization Equivalenta found, 160.5J theoretical, 160.2. 



m-Trifluoromethylphe~lpropiolic Acid 

_-Trifluoromethylbenzalde~de . - The benzaldehyde waa prepared by the 

reaction between ~-trifluoromethylphenylmagnesium bromide and formanilide 

(69 1 90) in a i eld of 58';<~ 1 b. p. 63 .. 65°/9 (IIa.dlicky (89) , b. p. 

59-62°/10 .). 

~Trifluor ethylcinnamic cid. - m-Trifluoromethylbenzaldehyde (45.1 

g ., 0 . 258 mole) was added to a. elution containing ethanol (65 ml.), 

P.y.ridine (6. 5 ml. ) and onic acid (29.6 g., 0. 286 ole) . The mixture, 

after being refluxed for six to eight hours , was extracted with lo% 

sodium hydroxide and ether. The resultant basic solution (containing 

sodium salt of the cinnamic acid) was treated with ether. The ther 

extraot, after being dried over odium sulphate , was evaporated to yield 

~-trifluoromethylcinnamio acid (1+6. 9 g. , 76tfo), m. p. 120 • 12:5°. 

Reor,ystallization of the acid from ethanol-water (lalO) furnished color­

less needle , .p. 1~3·5 -134.5°. eutra.1ization Equivalent& found, 

215.7; theoretical, 216.2 . Analysisa Calc. for o10B?o2F
3

a C, 55. 56%J 

H, ~.2~. Founda C, 55.34%J H, 3.515~. 

~-Trifluoromethyloinnamic Acid Dibromide. - ~-Trifluoromethyloinnamic 

a.oid was brominated for four df.\YS by the method of Rei er (73 , 88) . 

Removal of solvent yielded crude _-tritluoromethylcinnamio acid dibromide . 

Crystallization from petroleum ether (b. p. 60 -110°) gave a product , 

m. p. 123.5 ... 124.0°, soften at 122°, in 87. 5% yield. 
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m,-Trifluoromethylphenylpropiolio Acid. - Deb¥drobrom.ination of m.-trifluoro­

methylcinnamio acid dibromide by the procedure of Reimer (73) gave impure 

m.·trifluoromethylphenylpropiolio acid in a ver.y low yield. A slight 

improv ment in the p.1rity of the product was obtained by making the 

reaction condition milder. This i accomplished by stirring th reaction 

mixture over a water bath at about 600 instead of over a steam bath and 

not repeating the proo dure (addition of methanol and evaporation) . The 

crude propiolic acid eo obtained wa purified by dissolving it in 

dilute sodium bicarbonate and washing the solution with ether. After 

acidification, the organic acid produced was xtraoted with benzene and 

the extract was then driGd over odium ulphate . R mova~ of the solvent 

yielded an oil which solidified on standing at room temperature. 

Crystallization three times from n·hexane gave m.-trifluoromethylphenyl• 

propiolie acid, m. p. 86.5- 87. 5° , in 19% yield. utralization 

Equivalent: found, 218.5; theoretical, 214.2. Analysis ; Calc. for 

3: C, 56.08%1 H, 2.35%. Found, C, 56.1~%1 H, 2. 56%.c10H5o2F
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Method for Me urement of Decarboxylation Reaction Rates 

General Discussion 

Three methods have been used in previous studie to follow the 

reaction rates of decarbo~lation processes . 

(a) 	 Spectroscopic detexmination of the concentration of 

either a reactant or a product (Cohen and Jones (7)) . 

(b) 	 Velum trio measur ent of evolved carbon dioxide 

(Fairclough (39)) . 

(c) 	 Titrimetrio determination of unreacted carbo~lic aoid 

(Halonen (27)) . 

The spect roscopic method was found unsuitable for the work 

r ported here as the ultraviolet spectra of the reactant (a phenyl• 

propiolio acid) and the product (a phenyla.oetylene) overlap (91, 92) . 

In the only reported study of the kinetics of decarboxylation of 

sodium phenylpropiolate , Fairclough (39) obtained satisfactory result s 

using the volumetric method. Halonen (29), in his recent investigation 

or the kinetics of decarboxylation of aliphatic aoetylenic e.oids , has 

shown that the titrimetric method is convenient , reliable and accurate , 

and it was this method which was adopted in the present investigation. 

Sodium phenylpropiolate deaarbo~lates to give the anion of 

phenylacetylene and carbon dioxide . 
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During the course of the deoarbo~lation, the reaction mixture becomes 

alkaline , 

and carbon dioxide is retained in solution. Addition of sulphuric acid 

to the reaction medium in an nmcunt precisely equivalent to the initial 

weight of the crg&~ic acid liberate the carton dioxide, and sets free 

from its alt the unreacted phenylpropiolic acid. Followi g degasifi­

cation of the solution, the unreacted organic acid can than be estimated 

by titration with atandard base. Use of small reaction samples to reduce 

the period required for temperature equilibration and of a mixed 

indicator system (cresol red - thymol blue) for the titration of the 

tree propiolic acids with base were found to improve the reproducibility 

of the results . 

The temperature of the electrically regulated oil thermostat 

used in the present study remained constant to ,:t0.0:50 • Temperature 

measurements were made with thermo eters which had been standardized 

against a platinum resistance thermometer (calibrated by u.s. Bureau 

of Standards) • 

Procedure 

A known weight of a propiolic acid was precisely neutralized 

with standard base (0.1 N sodium hydroxide, carbonate free). One 



millilitre s plea of the solution were pipetted into thin•walled ampules 

(Pyrex) which then were seal d and placed in the thermostat . After 

suitable intervals of time the ampules were taken from th thermostat , 

rapidly cooled in an ice bath, washed with acetone and then with 

distilled water, dried and placed in flask (Figure 2), containing 

10 ml. of 0. 01 N sulphuric acid (equivalent to the initial amount ct 

the organic aeid investigat d). The ampules were crushed and the carbon 

dioxide formed during the reaction was removed in the apparatus shown 

in Figure 2. The flask A was attached to a splash head B and suction 

was applied slowly via trap T (cooled to ·78°). The reaction vessel A 

was then shaken gently for three inutes. By opening topoork S to th 

oda lime tube c, carbon dioxide free air was admitted to fia.sk A which 

was detached and the propiolic acid immediately titrated into 0.01 N 

odium cydroxid • 
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The Method tot Detprminipg the pH Dependence of the Reaction 

G neral Discussion 

In seeking to establish the unimolecular nature of the 

decarboxylation, the effect o£ hydrogen ion concentration on the rate 

of the reaction was examined (see General Introduction). This wa.e 

accomplished by studying the rates of decarboxylation of sodium 

phenylpropiolat at hydrogen ion ooncentration between 5 and ll pH 

units . As the reaction proceeds, carbonate ion acaumulatee and acts 

as a buffer (at pH 8) , Therefore , it was desirable to carry the 

decarboxylation only to five to ten per cent of completion, thus 

ensuring that no appreciable buffering of the reaction occurred. 

Procedure 

An accurately-weighed amount of phenylpropiolio acid was added 

to such a volume of 0. 1 N sodium hydroxide that the pH of the solution 

was 5 pH units (:Beckman pH meter calibrated with lleckman ' s Buffer 

Standards of pH 5, 8 and 11) . The solution was divided into three 

equal aliquots. With the standard base , one aliquot was adjusted to 

pH 6 and one to pH 11. The ionic strengths of the three solntious were 

then made approximately equal (u • O.l) l7 addition o£ 0 . 1 M sodium 

chloride. 

Samples of the above solutions were prepared for kinetic 

measurements as described previously. The concentrations of 
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phenylpropiolic acid in the three solutions were estimated at zero time 

of reaction and at the approximately five per cent reaction period. 

From these concentrations the rate constants were calculated. The pH 

of each of the reaction solutions was again measured at the end of the 

five per cent reaction period. The results obtained are shown in 

Table I. 

TABLE I 

Decarboxylation Rates at Dif~ erent Btdrog n Ion Conoentration 

4Initial pH pH of Soluti on at the pH Range k x 10 sec. 
ot the Solution End of the 5% .Reaction. 

Period 

11.00 9·75 	 -1.25 

8. 80 	 7·95 -0. 85 1.04 

+1.95 
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The Procedure for the Analysie of Products from the Complete Reactions 

General Discussion 

In a study of the kinetics ot decarboxylation of sodium 

phe~lpropiolate, Fairclough (39) tentatively attributed the decrease 

in reaction rate at temperatures below 100° to an accumulation ot the 

P-ketoacid. 

OR H 

R+ 
) 

' C6a5 
.. C • tC • COOR 

OH H 0 
• t II 

c6H
5 

- c • c .. coon c6u5
• C • CH

2 
... COOH 

00 
11 

o6H - c .. ca + co
5 3 2 

It was neoessar,y, therefore, to establish whether, under the 

reaction conditions of the present study, any significant portion or 

the decarboxylation proceeded by this route. This was aooomplished 

b,y analysis of the products, as direct decarboxylation 7ields a 

phe~laoetylene and hydration/decarboxylation produces an aceto­

phenone. 
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Procedure 

A weighed amount of phenylpropiolic acid w precisely 

neutralized with 0 . 1 N sodium hydroxide . A volume of 25 ml . of the 

solution wae sealed in a 75 ml . glass tube (Pyrex) and immersed in 

the thermostat (normally at 100°) for a period corresponding to ten 

decarboxylation "half-lives" . The tube was then cooled , opened, and 

the solution extracted with carbon tetrachloride (spectral grade) . 

The extract was washed w1th water, dried over sodium sulphate, and 

this solution was concentrated to about 5 ml. by removing the solvent 

in a distillation column. 

The infrared spectra of this solution and of standard 

solutions of acetophenone and phenylao tylene were o pared by 

examination of the relative peak heights of the aoetylenic hydrogen 

· 1 6 ·1ab orption band at }300 em. and of the carboxyl band at 1 90 om. • 

By means of this comparison , the approximate yield of phenyla.oetylene 

and acetophenone in the reaction was determined. 

The results of the product analysis stud¥, which was performed 

for three of the pheizy'lpropiolic acids , are shown in Table II . 
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TABLE II 

Products of the Complete Decarboxylation 


Of Some Phenylpropiolio Acids 


Yield of Phenyl­ Yield of Aceto­Tem:p.Compound acetylene in phenone in(OC) 
Per Cen-t Per Cent 

Phenylpropiolio Acid 100. 00 95 .t. 5 ,....., 1 

90 ±. 5 < 0 .•5 

90 ± 5 

!,- Nitrophenyl• 
propiolio cid 100. 00 

,£-Chlorophenyl­
propiolic Acid 95 + 5-
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Calculation of the Rate Constants and Thermodyp io Quantities 

The rate constants were obtained by calculating the "least 

squares" line of a plot of log ..!.. versus t (where a. is the initial a-x 
concentration of the reactant and (a-x) is the concentration of the 

reactant at time t) . Th slope (b) and the standard deviation (sb) 

of the slope of the regression line were obtained by use of the 

following equations (93)• 

b • 	 ~ (x - i) Y (i) 

.E (x - i) 2 

(ii) 

where x 	is equivalent to t, Y equivalent to log - a , x - the average of a-x 

x, and n the number of s pl s in a kinetic experiment. 

The rate oonsta.nt k vae obtained by multiplying the slope (b) 

of the regression line by 2. 303 , and th standard deviation (sb) of the 

slope by 2. 303 . Samples i n which the reaction was quenohed before 

decarboxylation had proceeded to approximately thirty per cent of 

co pl tion wero not used in the estimation of r&te constants bdcauee 

the temperature equilibration of the samples introduced errors in the 

http:oonsta.nt


62 

measurements of t. Those in which decarboxylation had proceeded beyond 

seventy per cent or completion were also rejected because of errors in 

titration of the mall amounts of residual organic acid . 

The energy of activation E and its standard deviation were a 

calculated from the Arrhenius plot of log k versus 1/T using the method 

or "1 ast squares" de cribed above. The intercept of this plot is the 

log PZ .factor. 

The heat of activation 6H , the entrop,y of activation 6S~, and 

the tree energy of activation 6F were calculated from the following 

equations (94, 95) . 

!::JI* • E - RT (iii)a 

M * • 2. }03 R (log PZ ... log ~) ... R (iv) 
h 

(v) 

where k is the experimental rate constant, k1 the Joltzma.nn •a constant 

and h the Planck's constant . 

http:Joltzma.nn
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The Results o£ the Kinetic EJP!riments 

The rate constants tor the deoarboxylation ot a series of 

substituted sodium ph nylpropiolates at three or more temperatures 

are shown in Table III. From these results energies of activation 

and other thermodynamic quantities have been evaluated and are 

presented in Table IV. 

The kinetio data of a typical kinetio experiment at 115. 83° 

for each of the seven salts studied and the log ~ versus t plotsa-x 
based on this data are given in the appendix. Also in the appendix 

are found the log k versus 1/T plots used to valuate the Arrhenius 

parameters . 
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TABLE III 

Rate Constants for Thermal Decarboxylation 


Of Substituted Sodium Phe~lpropiolates 


kTemp.Substituent& x 10 4 sec.(oc) 

m-CH 
- 3 115.8~ 

122. 83 

129. 83 

B 115. e; 

125.81 

132.92 

p_-Cl 115. 83 

122.83 

129.63 


1. 04 

1. 04 

2.26 

4.79 

1.22 

1. 22 

, . 61 

~ . 65 

7.29 

1·39 

1. 59 

1.58 

) . 30 

~ . 31 

6.71 
6.82 

± 0. 01 

.t 0.02 

.t o. o~ 

.t 0. 02 

± 0.01 

+ 0.01-
± 0. 02 

.t 0.02 

± o.o8 

± 0. 04 

± 0. 02 

.t 0.02 

.± 0. 04 

± 0.04 

.±. o.o6 

.:t 0.09 

Avg. 

Avg. 

Avg. 

Avg. 

Avg• 

vg. 

Avg. 

1. 04 .±. 0. 02 

1.22 

3 . 6~ 

7.34 

1.59 

3-31 

6.77 

± o.o1 

± 0. 02 

-+ o.o8 

.t o.o2 

.±. 0.04 

.±. 0. 09 
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TABLE III (Continued) 

Rate Constants for The:rmal Decarboxylation 


Ot Substituted Sodium Phenylpropiolates 


kTemp.Subsiituents x 10 4- seo.(OC) 

m.-Cl 100.00 

108. 83 

115. 83 

122. 83 

m-CF - 3 108. 83 

115.83 

122. 83 

o.4:r5 -+ o.oo4 

0. 437 ± 0 . 03 

Avg. o. 4;5 + o~oo4-
1. 22 .± 0. 01 

1. 22 ± 0,01 

Avg. 1. 22 ± o. ol 
2.64 -+ 0.01 

2. 67 ± 0.01 
Avg. 2. 66 ± 0.01 

5-76 .:t o. o8 

5. 68 ± 0.06 
Avg. 5. 72 ± o. oa 

1. 33 ± 0.01 
2. 82 .:t. 0. 02 

2. 83 ± 0.02 
Avg. 2.8; ± 0.02 

6. 12 z. o. o6 
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TABLE III (Continued) 


Rate Constants for Thermal Deoarbo~1ation 


Of Substituted Sodium Phe~1propio1ates 


k 
'0,.Subetituenta X o. 

m-NO 	 108. 83 2.31 ±. 0.02 - 2 
2.26 	 .± o.o1 

Avg. 2.,0 .t 0.02 

5.02 ±. 0.07 

5.05 	 ±. 0.03 

vg. 5.04 ±. 0.07 

122.83 10.5 .± 0.2 
10.6 	 .:t. 0.1 

Avg. 10.6 ±. 0.2 

100.00 1.24 ±. 0. 01 

1.21 	 -+ 0.01 

Avg. 1.23 ±. 0.01 ,.,, ±. 0.02 

}. 28 ± 0.01 

Avg. 3·31 ±. 0. 02 
6.60 ±. 0.05 

6.69 	 ±. 0.07 
Avg. 6.75 ±. 0.07 
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TABLE IV 

Energies of Activation and Other Thermodynamic 

Quantities for Thermal Deoarbo~lation 

Of Sub tituted Sodium Phenylpropiolatea 

~i* [)S-:f
Substituent Log PZ (K cal. mole... 1) (e .u. ) (K oal. mo1e"'1) 

m-CH' 34.3 15. 3 33·5 8. 8 30.1 
-

H 33 .0 14.6 32.2 5·9 29.9 

R,-Cl 32·3 14.4 31.6 4. 7 29 .8 

a-c1 :n.1 15.0 31 .4 1· 1 29.4 

e...cF3 32-9 14.9 32 .1 7. 2 29., 

m.-No2 32 . 8 15.1 :52 .0 8.0 28. 9 

n-No2 31 . 2 14.4 30.4 4.1 28.6 



DISCUSSION 

A - Mechani of Decarbo~lation of Series 


Of Sub tituted Sodium Phe&l.R.t'Opiola.te 


Hydration/Decarboxylation Mechanism yersu Direct Decarboxylation Mechanism 

The hydration/deoarboxyl tion mechanism involves addition of a 

molecule of v ter to the triple bond of a phenylpropiolic acid to form 

a benzoylacetic acid (44, 45) which, like other ~-ketoacide , readily 

undergoes decarboxylation to produce an cetophenone (see equation on 

Page 56) . On the other hand, direct decarboxylation yield a phenyl• 

acetylene (see equations on Page 53) . 

Analysis of the products from complete decarboxylation of 

phenylpropiolic, _-nitrophenylpropiolic and ~-chlorophenylpropiolic 

acids at three different temperatures (Table II , Page 60) showed that 

only from the reaction or the first acid at 1000 vas there obtained more 

than 0. 5% yield of acetophenone ( 1% was produced) . Also , not less 

than 90% ot th expect d phenylacetylene vas obtained from each of the 

three acids examined. It is thus cl ar that no significant portion 

ot the reaction proceeded by w~ of the hydration/decarboxylation 

process. 

6a 

http:Phe&l.R.t'Opiola.te
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The Moleoularity of the Decarboxylation Reaction 

The effect of hydrogen ion concentration on the rate of 

decarboxylation of phenylpropiolic acid was examined by measuring the 

rate of reaction in solutions at pH between 5 and 11 units, under 

vhich conditions the fraction of substrate in its anionic form vas 

not less than 0. 999. It the eydrogen ion concentration pl~ed any 

role in th decarboxylation, it was expected that the experimentally 

det mined rate constants vould vary w1th variations in the 

concentration of this species. It vas found (Table I, Page 57) that 

the values of the first order rate constants obtained were constant 

within experimental limits . and thus it may b concluded that the 

decarboxylation is not oatalyasd by hydrogen ions, and proceeds b,y a 

unimolecular mechanism. 



10 

Etfeots of Substituent& on Reaction Rates 

R actions proc eding by the bimolecular echanism will be 

favoured b,y eleotron-relea ing substituents which will provide 

tabilization of the transition state l ading to the carbonium ion. 

The opposite effect is expected for the unimolecular (SEl) mechanism, 

as electron-withdrawing groups will facilitate fission of the bond 

between the carboJQ'lic group and the ct-acet;ylenic carbon atom. 

0 

0 -c:c-C-o­ slow 
fast > ~-CalC :s 

x>GJx 

v + 

The results of the study of the effects of substituent& on the 

rates of decarbo~lation are presented in Table liit Page 64 where it 

will be observed that the rela.tive rates are .a-No2) m,-No2>_-CF~ >J?.-Cl 

/ H / m.- CH} . That is, el ctron-withdrawing group increase the rates of 

deoa.rbo~lation . This result provides further support for the postulation 
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Effect of Entropy of Activation 

The SEl mechanism for th decarboxylation of the sodium salta 

ot phenylpropiolic acids requires that the transition state has a non­

ordered structure, V (see above), the formation ot which would result 

in a positive entropy of activation. Furthermore , the delco lization 

ot the negative chang in the transition state, which in the initial 

state is concentrated on the carboxylate group, will r sult in dis• 

orientation ot solYent molecules around the solute species, and hence 

in an increased entropy of the system. In the SE2 mechanism, however, 

the transition tate leading to the carbonium ion intermediate is more 

rigidly orientated and a negative entropy o£ activation is expected 

to be associated with this process . 

In Table IV (Page 67), entropies of activation for the thermal 

decarboxylation of ubstitut ed sodium phenylpropiolates are shown to be 

large and positiye and the postulation of transition state, V, or the 

SEl mechanism is thus supported. 
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B - The Application of Hammett's Free Energz Relation hip 

The Significance of the Value of Rho 

A reliable value of P for the deoarbo~lation reaction vas 

obtained by Taft • a recommended procedure ( 69) usipg the !ll!!! 

substituents H, ~cn3, !."01, _..cr
3

, m.-No2 (see Figure 3) . Th value 

ot E> , obtained by the ethod of "least aquareatt, was +0. 686, the 

correlation coefficient r (49), 0. 9996 and standard d viation Se ' 

0.013. Thi value of p m~ be compared with those obtained tro the 

ionization constants of substituted phenylpropiolio acids in 35% 

aqueous dioxane , and in 50% aqueous thanol at 25° (+0.70 and ...0 .. 65 

respective~, see Table II, reference 69) . It ~be noted that the 

e value is less than unity, that is, the effects of sub tituents on 

the decarboxylation rates are less than those on the ionization 

constants of substitut d benzoic acids. 

The poaitive f value means , of course , that the deoarboJC~ylation 

rat s are increased br electron~vithdrawing substituents as expected 1n 

a 5El meohani involving the formation of a car'banion in the rate­

determining step. 
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Deviation from Hammetts' Free Energy Relationship 

Values of () required to give a precise fit to the line of 

igure 3 were calculated from the equation 

where e is the reaction constant obtained by the best plot of the 

data for sodium phenylpropiolate and the ~·substituted sodium 

phenylpropiolate • For a given sub tituent the difference between 

th () valu e so calculated and the Hammett 0 values, that is () ­

61Hammett' is measure of the difference between the electron­

releasing or electron-withdrawing effect of the substituent in the 

decarboxyl tion reaction and in ths ionization of benzoic acid. 

TABLE V 

Sub tituent Constants ~stimated Obt ained 

by Taft ' s Recommended Procedure 

Subst ituent 0 est . 0Hammetta. 6 - 0Hammett 

m-CH - 3 - 0. 08 -0. 07 -0. 01 

H o.oo o.oo o.oo 
,£-Cl 0. 13 0. 23b - 0. 10 

!!- Cl 0. 38 0. 37 +0 . 01 

m.-cF3 
0. 41 0. 42 -0. 01 

a-No2 0. 69 0. 70 -0. 01 

J?.-N02 0. 84 0. 78b +0. 06 

a Taken from Table V and Table VI , reference 69 
b Taken from Table VII , reference 68 
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It oan be seen from Table V that the ca. culated u >~ lues for 


all meta substituents agree with the Hammett () ·rr lues to wi.thin 0.01 


unit, which is well within the 0.07 unit pernitted in the Taft's 


procedure (69). The values for the ~ substituents, a.s expected, 


deviate more although that found for the ,£-N02 group is still within 


the allowable limit. The higher value pf 0.06 for this group means 


that the rate of decarboxylation of sodium R.-nitrophenylpropiolate is 


somewhat faster than expected on the basis of the effect of the R,·N02 


group on the ionization of benzoic acid, while the lower value of 


0.10 unit tor the 2,-Cl eubstituent means that sodium: ,U-ohlorophenyl­

propiolate 	reacts more slowly than might have been expected. 


The taster rate of decarbo~lation of the R,~No2 compound can 

I 

be accounted for if the oa.rbanicn intermediate, and hence the transition 

tate leading to it, derives some stabilization from a contribution 

of the canonical structure II 

II 

If suoh a. structure were to make an important contribution, the v-
value required to obtain a. fit in the Hammett plot would be expected to 

have a. 	value approa.ohing that of u "" . In fact, the cf value of 1.27 

for the 	R,-No2 deviates very muoh more fro the experimental value 

log k/k of 0. 84 than does the Hammett o of 0. 78. 'fhe 
( --2. )e 
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extent ot conjugation in the traneition tate, and preawaa q so in 

the oarbanion inte adiat , betwe n the Jl:-N02 group and tb developing 

negative reaction centre JINBt be Ter:f 1. 'lhia conclusion is 

probably not unreasonable since th t 1nal carbon atom in structure 

II with it sext t ot electrons would be expected to correapon to a 

r ther high energy ate. 

Tho doviation of the exper ent Dvalue for the J.-(ll group 

ia larger than ight hAve en expect t baa a logios.l explan tion. 

The initial stat will derive stabilization fr the conjugation of 

the substituent wi~h ~he tr1pl bond (structure III) 

·~c,_;-"~ T>J01 - 0 : 0 • 

0 
/;c $ 0 

Olo • C • 
e 
C • 

ij o 
C '\ 

'- o... - o... 

III 

Since no such conjugation i po 1ble in the carbanion form d in the 

rate-determining step there will be a lo a 1n raeonanoe energy in 

cotnc trcxn the initial etate to the tr&nai tion atate. Thie will 

partly o pensate tor the electron•vitbdr wing inductive etf ct which 

acta to increase the reaction rat ·• A s ilar explan tion vas uaed 

by IIalonen (96) in accounting for the lower deoa.rbo:xyla.tion rat or 
sodium etey-lpropiola.te co pared to aodi propiol te. Th electron• 

releasing m tbJ'l group in t.b fo er was considered to enter into 

byperoonjugation with the triple bond. in th initi l at te. 

http:etey-lpropiola.te
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If the foregoing explanation for the deviation in the o valu 

for the ~Cl group is the correct one, a very much larger deviation 

should be found for more powerful electron-releasing conjugation 

substituents . Future work, therefore. includes the stu~ of the rate 

of decarboxylation of sodium p_-m thoxyphexcylpropiolate . 



APPENDIX 

TABLE VI 


Results of a Typical Kinetic 'xperiment 


On the Thermal Deoarbo:Jcy"lation or Sodium 


~-Methylphe~lpropiolate 

a-xTime or Volume of &Heating Log ­0. 01 N NaOH a-xin seo . in ml . 

0 

3600 

4500 

5400 

6300 

7500 

8700 

10500 

12300 

9. 90a 

6. 80 

6.17 

5. 65 

5. 07 

4.55 

3. 96 

,.,1 

2. 75 

k • 

0.1631 

0.2053 

0.2436 

0.2906 

0.3376 

0. 3979 

0.4758 

0.5563 

1.04 + o.o2b-


1.04 

1.05 

1. 04 

1.06 

1.04 

1.05 

l.o4 

1.06 

vg. 1.05 

a • Initial concentration 

b .. Standard deviation of rate constant 

78 
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TABLE VII 

Results of a Typical Kinetic xperiment 

On the Th rmal Deoarbo:Jcyla.tion or Sodi 

Phenylpropiolate 

(T .. 115.8} ± 0. 020) 

a-x kTime of Volume of aHeating Log- x 10 4 sec . 0.01 N Na.OR a-xin sec . in ml. 

0 

2580 

3360 

4200 

5100 

6000 

6900 

8100 

9600 

9. 98a 

7.24 0. 1394 1. 25 

6. 60 0. 1796 1. 23 

5-98 0. 2224 1. 22 

5-34 0. 2716 1. 23 

4. 76 o. 3215 1. 24 

4. 28 0. 3677 1. 26 

3· 10 0. 4309 1. 23 

3. 10 0. 5()68 1. 22 

Avg. 1. 24 

k • 1. 22 .1 b0. 01 

a • Initia1 concentration 

b • Standard deviation of rate constant 
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TABL VIII 

Results of a Typical Kinetic Experiment 


On the Thermal Decarboxylation of Sodi'Wil 


~-Chlorophenylpropiolate 

(T • 115. 83 ±. 0. 03°) 
a-x kTime of Volume of a 4Heating Log - x 10 sec .0.01 N a.OH a-xin sec . in 1. 

0 9. 90a 

2100 1. 00 0.1505 1. 65 

2700 6. 37 0.1915 1. 63 

3300 5. 75 0. 2359 1. 65 

4200 5. 05 0. 2923 1. 60 

5100 4. 36 0. 3561 1. 61 

6000 3. 86 0. 4090 1. 57 

7200 ) . 21 0. 4891 1. 57 

Avg. 1. 60 

k • 1. 58 ±. Oa02b 

a = Initial concentration 

b • Standard deviation of rate constant 
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TABLE IX 

Results of a Typical Kinetic Experiment 

On the Thermal Decarbo~l tion of Sodi 

_-Chlorophenylpropiolate 

(T • 115.83 .t 0. 02 ) 

a-x kTime of Volume of 4Heating Log a x 10 sec .0. 01 N NaOH a-xin seo . in 1. 

0 9. 788 

1380 6. 80 0.1578 2. 6, 

1800 6. 10 0. 2050 2. 62 

2220 5· 45 0. 2539 2. 63 

2700 4. 75 0. 3136 2. 68 

3180 4.18 0. 3691 2. 67 

3120 ; . 66 0. 4266 2. 64 

4}20 ; . 09 0. 5004 2. 67-
Avg. 2. 65 

k - 2. 67 ± O. Olb 

a • Initial concentration 

b • Standard deviation of rate constant 



'J!ABLE X 

Results of a Typical Kinetic Experiment 

On the Thermal Deoarbo:xylation of Sodium 

a·Trifluorometeylphenylpropiolate 

(T • 115.83 .t. 0.02°) 
a-x kTime ot Volume of a 4Heating Log - x 10 sec.0. 01 N NaOH a-xin seo. in ml . 

0 9. 4;8. 

1200 6. 76 0. 1446 2. 78 

1500 6. 22 0. 1807 2. 78 

1800 5-74 0. 2156 2. 76 

2100 5-30 0. 2502 2. 75 

2520 4. 67 0. 3052 2. 78 

3000 4. 05 0. 3670 2. 82 

}480 ; . 56 0. 4231 2. 80 

3960 ; . 10 o. 4e;l 2. 81 ............. 
Avg. 2. 79 

k • 2. 82 + o. o2b-

a • Initial concentration 

b • Standard deviation of rate constant 



TABLE XI 

Re~lts of a Typical Kinetic Experiment 


On the Thermal DeoarboX¥lat1on of Sodium 


~-Nitrophenylpropio1ate 

a-xTime of Volume ofHeating 0 . 01 N Na.OHin sao. in ml . 

0 

780 

1080 

1~60 

1740 

2100 

2520 

9. 83a 

6. 64 

5. 76 

4.91 

4.oa 

3· 43 

2. 84 

Log ­ a 
a-x 

0.1704 

0.2322 

0. 3015 

0. }819 

0.4573 

0. 5393 

k 

x 104 sec . 

5· 03 

4.95 

5· 03 

5-05 

5.02 

4. 93-

Avg. 5.00 

a • Initial oonoentra.tion 

b • Standard deViation of rate constant 



TAllLE XII 

Results of a Typical Kinetio Experiment 


On the Thermal Decarboxylation of Sodium 


~Nitrophenylpropiolate 

(T • 115. 83 .± o.o3°) 
a-x k

Time of Volume of a 4Heating Log - x 10 sec .0.01 N NaOH a-xin seo. in ml. 

0 9. 87a 

480 7. 10 0. 1428 6. 84 

660 6. }0 0.1948 6. 80 

84o 5· 58 0. 2475 6. 79 

1020 4. 9} 0. 3013 6. 80 

1200 4. 36 0. 3546 6. 80 

144o }. 82 0. 4120 6. 59 

1680 3·17 0.4930 6. 76-
Avg. 6. 77 

k • 6. 70 + o.o7b-

a • Initial concentration 

b • Standard deviation of rat constant 
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