
MECHANISMS OF THE DARZENS AND RELATED COKDENSATIOSS 

MASUEL BALLESTER’ 
Laboratory of Theoretical Organic Chemistry ,  Alonso Barba Inst i tute ,  Universi ty  of Barcelona, 

Barcelona, S p a i n  

Received December 7, 1964 

CONTENTS 

I. Introduction,. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  283 
. . . . . . . . . . . . . . . . . . . . . . . .  283 

111. General considerations of the mechanism. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  285 
A .  Preliminary physical-organic considerations. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  285 
73. The “bivalent radical” mechanism . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  287 
C. The “enolate ion” mechanism.. . . . . . . . . . . . . . . . . . . .  . . . . . . . . . . . . . . . .  288 

A.  The order of th  . . . . . . . . . . . . . . . . . .  
B. The rate-determining step. . . . . . . . . . . . . . . . . . . . . . . . .  
C. The influence of the substituents..  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  293 

11. Outstanding features of the condensation, 

IV. The kinetic results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

D. The catalyst . ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  295 
V. Other proposed mechanisms. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  295 

VI. References. . . . . . .  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  298 

I. INTRODUCTION 

A general review on the Darzens condensation has been contributed by Kew- 
man and Magerlein (66). This review presents a survey of the facts that  are of 
mechanistic significance, as well as their interpretation in the light of current 
ideas. 

11. OCTSTANDIA-G FEATURES O F  T H E  CONDENSATION 

At present, a rather general definition of the Darzens condensation is ac- 
cepted, including all the base-catalyzed condensations of carbonyl compounds with 
halogenomethylene substances yielding, wi th  the separation of halide ion ,  c o w  
pounds having oxirane rings formed by the carbonyl and the halogenomethylene 
carbon atoms, i.e.: 

R X R” R R” 

+ BH + X- (1) 
\ /O\ / 

C 

R”’ 
R’ 7- \ 

+ B- -+ 
\ /  
/ \  

c=o+ c \ 
/ 

R”’ R’ 

The base is used up by the reaction and acts therefore as a third reactant; never- 
theless it is also the catalyst for the condensation. 

The conditions under which this condensation has been carried out vary 
considerably. The selected reaction temperatures have been from many degrees 

I Research Fellow in Chemistry, 1950-51, Harvard University. The author R-ishes t o  
acknoKledge his indebtedness to Professor P. D. Bartlett for his assistance and kind interest 
in this review. 

283 

H 



284 MIAKEEL BALLESTER 

below zero up to  the boiling point of the solvent employed, depending on the 
nature of the reactants and catalyst. The solrent has been in many cases of the 
aprotic non-polar type, like anhydrous benzene or anhydrous ethyl ether, but 
ethyl alcohol and even aqueous dioxane have been used. The selection of the 
solvent has been determined in many cases by the nature of the condensing 
agent. For example, when sodium amide is used, anhydrous solvents of the 
inert type must be employed. 

Using the terminology generally accepted for formally similar condensations 
(see Section 111), the carbonyl and the halogenomethylene parts will also be 
called the h and B components, respectively, of the condensation ( 3 5 ) .  

As a general rule, the condensation can occur only when the B component has 
an “activated” hydrogen atom attached to  the halogenomethylene carbon atom. 
Accordingly, besides esters of a-halogeno acids, the condensation can be carried 
out with 3mides of these acids ( l G ) ,  n-ith a-halogeno ketones (89), with halogeno- 
methylsulfones (3), and even with some aryl-substituted methyl halides (11, 
34). If activation of the hydrogen atom on the halogenated carbon does not 
occur, the condensation does not take place. Thus, in the reaction of esters of 
P-halogeno acids Tyith enolizable ketones alkylation reactions occurred, giving 
esters of &keto acids (30, 31). 

At least in the condensation with enolizatle A components with which a com- 
peting alkylation reaction is possible, the most favorable halogen for the B 
component is chlorine. In  fact, in certain conditions, while the esters of the 
a-chloro acids yield glycidic esters, those of a-iodo acids-and also those of 
a-bromo acids, although to  a lesser extent-give esters of y-keto acids (30. 31). 
These results may be ascribed to  the greater ease with which bromine or iodine 
is displaced by an S,2 mechanism. 

It has been shon-n that a p-toluenesulfonate group may be substituted for a 
halogen atom in the B component (G5) .  

The d component may bc an aldehyde or a ketone, the former being, as usual, 
more active than the latter. Some of the ketones reported to  react sluggishly or 
t o  be inactive in other carhonyl reactions failed to  give the Darzens conden- 
sation. 

Unsuccessful attempts hare  been made to  perform condensations Tvith illich- 
ler’s thioketone as an A component. In  the cases reported the ethylene cor- 
responding to  the expected thiirane was isolated, being formed probably through 
the latter (11). This result is not surprising in view of the well-known oxidizing 
character of some epoxides, especially those which may be prepared by a Dar- 
zens condensation (14, 2 2 ) .  

As far as the condensing agent is concerned, sodium has been used in addition 
to  sodium ethoxide or sodium amide (see Section V). In  the condensations with 
arylmethyl halides potassium carbonate has been preferred (ll),  and in those 
with phenacyl halides sodium hydroxide has been used with excellent results 
(1, 2 ,  3) .  It has been recently reported that  sodium tert-butoxide gives good 
results in the condensations with esters of a-halogeno acids (52 ) .  

The base employed has been either soluble in the medium, and the reaction 
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carried out therefore under homogeneous conditions, or insoluble in it, as in the 
condensations with sodium amide. 

111. GENERAL COSSIDERATIOKS O F  T H E  MECHANISM 

A.  Preliminary physical-organic considerations 
It is generally agreed that aldol and related condensations, like the Perkin, 

Knoevenagel, or Claisen condensation, proceed by formation of the enolate ion 
of the B component as a first step (33). The B component has a hydrogen atom 
(bonded to a carbon atom) whose removal as a proton is favored to  a varying 
extent by structural features such as a carbonyl group in the a-position. The 
separation of that proton is essential as far as the enolization is concerned. 

The anion resulting from the attack of the base on the B component is pro- 
vided with a strong nucleophilic character, and therefore is much more re- 
active towards the A component (carbonyl component) than the B component 
itself. The accepted general mechanism is the following: 

H 

+ H2O 
/ 
\ 

RCH2CHO + HO- RCH=C 

0- 
B component Enolate ion 

H 0 0 
// 

I \ 
k=, R’CHCHRC 

// 
\ 

+ R’C 
/ 
\ 

RCH=C 

H H 0- 0- 
A component 

0 0 

+ HO- (2c) 
// 

I \ 
+ HzO e R’CHCHRC 

// 
\ 

R’CHCHRC 
I 

H H OH 0- 
Aldol 

The alternative assumption suggested by some authors (20, 86) of a pre- 
liminary addition of the base to  the A component seems not to be adequate, for 
it would imply that the reaction takes place between two molecular species of 
comparatively reduced mutual affinity (48). 

All the preceding considerations are fully applicable to  the Darzens conden- 
sation. It is therefore reasonable to assume that the basic catalyst activates the 
B component, Le., the halogenomethylene compound. Besides, the inductive 
effect of its halogen atom, as has been shown in the haloform reaction ( 5 ,  7) and 
in the halogenation of ketones (9), must facilitate the separation of the proton. 
Furthermore, i t  is well known that some of the most remarkable reactions of the 
a-halogeno ketones (halogenation, the Favorskii reaction, self-condensation) are 
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base-catalyzed, and so i t  shows the probability of the preliminary reaction of 
these halogenomethylene compounds with the base in their condensation re- 
actions. 

The anion formed from the B component will presumably owe part of its 
stability to  resonance: 

RO RO 

I I1 (3) 

O - C H C l  tf O C H C l  - tf -C-[r[)=CHCl - 

I11 IV V 

I n  the case of phenylmethyl halides the contribution of electronic structures such 
as IV and V to  the resonance will be increased with ring-substitution by electron- 
attracting groups in the places where the negative charge is located, Le., in the 
ortho or para position. Accordingly, in such condensations p-nitrobenzyl chloride 
has been the preferred B component (11). It is doubtful whether the unsub- 
stituted benzyl chloride is able to  undergo condensation (55). 

It is reasonable to  assume that the halogen atom in the anion is more disposed 
t o  separate as halide ion than in the unionized B component from which i t  comes. 
Therefore, the possibility exists that the anion would reorganize itself with halide- 
ion separation. This is equivalent to elimination of a molecule of hydrogen halide, 
both atoms coming from the same carbon, i.e., what has been referred to  by 
Ingold and Jessop as 1 , l-elimination (49). Consequently, a so-called “bivalent 
radical” would be formed. Such radicals were used liberally by Nef in the inter- 
pretation of organic reactions around the end of the last century (64), but the 
disproof of such mechanisms in some cases has led to bivalent radicals falling 
into general disfavor. 

In  spite of that, Hine has recently proposed that the singular kinetics of the 
hydrolysis of chloroform may be ascribed to  the formation of a transient bivalent 
radical, CC12, formed through the sequence outlined above (36) : 

CLCH + HO- rapid- C13C- + HzO 

cl3c-  -&?-, c l z c  + c1- (4) 
It has been shown that chloroform has a hydrogen atom which can be exchanged 
with deuterium a t  a greater rate than that of its hydrolysis (37, 74), consistent 
with Hine’s mechanism. Work still in progress in this laboratory also points out 
strongly the existence of the carbon dichloride radical. Also, Hughes has re- 
cently indicated the existence of both “bivalent carbon” and “enolate ion” 
sequences in the base-catalyzed reactions of a-halogeno ketones (44, 45). 

Therefore, two paths for the Darzens condensation are a priori  possible. One 
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would lead to  what may be called the “enolate ion” mechanism and the other to 
the “bivalent radical” mechanism. 

B. The  “bivalent radical” mechanism 
The following sequence is an example of the “bivalent radical” mechanism : 

CaH6-C-CH2Cl f B- CeH6-CkCHCI + BH 
I 
0- 

I I  
0 

B component Chloroenolate ion 
...I 

CaH6-C=CHCl 4 C6Hb-c-cH: + c1- 
II I 

I 
0- 0 

Bivalent radical 
0 0 

/ \  
C-ceHb 4 CeHaCOCH-CHCaHa (5 )  

.... \\ 
/ 

CeHa-C-CH 4- 

H 
A component Oxirane compound 

/I 
0 

An essentially identical mechanism had been considered by Bodforss (15) for the 
condensations of carbonyl compounds with phenacyl halides and was proposed by 
Bergmann and Hervey (11) for the condensations with arylmethyl halides. 
According to  the latter, these bivalent radicals would be “captured” by the 
carbonyl compound before having the chance to  react with one another to yield 
symmetrical ethylenes. The formation of such ethylenes, along with the oxirane 
compound or in the absence of a carbonyl compound, was considered as strong 
evidence supporting the idea of bivalent radicals. However, as Kleuker pointed 
out (55), the presence of ethylenes can be explained without resorting to the 
assumption of such radicals. A substitution reaction followed by elimination of 
hydrogen halide could account for the facts: 

a \ -  

___f 1 ,c-Cl > 
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Another piece of evidence for a “bivalent radical” mechanism was afforded by 
Bergmann and Hervey. The reaction of benzil or phenanthrenequinone with p -  
nitrobenzyl chloride, which occurs, according to  these authors, in the following 
way, 

hr Ar 
\ c=o \c-o\ 

..*’ /c-o/ + .CHCEHdNOZ 4 11 C H C ~ & X O Z  (7) 

Ar /c=o h r  

was shown to be incorrect, for the condensation products were actually keto 
epoxides, as they should be in a normal Darzens condensation of one molecule of 
p-nitrobenxyl chloride with one molecule of an a-diketone (29) : 

Ar h r  

c=o \ 
f CHzC1Cs&KOz ---f I 

/ \ /  

c=o 
c=o C- 

\ 

/ 
(8) 

CHC6&Tc‘o2 

Ar 0 h r  
What happens then in the condensation of a carbonyl compound with chloro- 

form, in which the capacity to  yield bivalent radicals upon the attack of a base 
seems well established? There exists a considerable amount of work on this 
particular condensation. In  all cases, chloroform-and bromoform as well- 
reacts with aldehydes or ketones to give trichloromethylcarbinols (10, 21, 23, 
28, 38, 39, 40, 50, 56, 57, 58, 72, 77, 87, 90)) but not to give oxiranes, i.e., as in 
an aldol condensation. Although these results do not support the “bivalent rad- 
ical” mechanism they do not rule it out, for there is in this particular case the 
possibility that the trichloromethyl anion might react vi th  the carbonyl com- 
ponent before undergoing significant decomposition into CCL. 

The kinetic data, however (Section IV), do not seem to agree with this mecha- 
nism. 

C. The “enolate ion” mechanism 
The “enolate ion” mechanism could be written as follom: 

C6H6-C-cHzC1 + B- k CsHb-C=CHC1 + BH (8a) 
I 
0- 

II 
0 

B component 
0 

VI 
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Oxirane 

In the third step (8c) the halogenohydrin anion (VII) would undergo an intra- 
molecular substitution reaction, giving the oxirane compound. 

The above sequence is consistent with the current assumption of a halogeno- 
hydrin anion as an intermediate in the formation of oxiranes from halogeno- 
hydrins (91). 

The stereochemical course of oxirane-ring closure from a halogenohydrin shows 
that Walden inversion takes place a t  the carbon atom bearing the halogen atom 
(6). Inversion of configuration is one of the most outstanding characteristics of 
the reactions taking place through an SN2 mechanism. The Darxens condensa- 
tion might therefore be expected to fail to  proceed beyond step 8b in cases in 
which an SAV2 displacement of that halogen would be unfavorable. In  fact, in 
the following cases in which all other requirements for a Darzens condensation 
to occur are fulfilled, the condensation yields a-halogenohydrins or their metal 
derivatives. 

The condensation of halogenonitromethanes with aldehydes gives 2-halogeno- 
2-nitroethanols (59). This result should be related to  the deactivation observed 
in substitution reactions of halogen which is attached to  a carbon atom bearing a 
nitro group (69). 

Another case is the already mentioned condensation of chloroform with 
carbonyl compounds. It has been established that accumulation of halogen atoms 
on a carbon atom leads also to increasing difficulty attending their displacement. 
For example, methyl chloride is much more easily hydrolyzed than methylene 
chloride or carbon tetrachloride (36, 42). Chloroform, as Hine has shown (36), is 
a quite different case, for the removal of a hydrogen atom is the essential first 
step of its hydrolysis. The mechanism available for the hydrolysis of carbon 
tetrachloride is not a simple displacement reaction (44). 

The deactivation by the nitro group as well as that by halogen atoms has been 
attributed to the shielding of the backside of the carbon atom on which the sub- 
stitution takes place (41, 70). However, in the case of the nitro group it could 
alternatively be explained by assuming an increased difficulty for the separation 
of halide ion with the pair of electrons of the carbon-halogen bond. The strong 
“positive” character of the halogen in such halogenonitro compounds is well 
illustrated by the reaction of the sodium derivative of a malonic ester with 2- 
bromo-2-nitropropane. The nature of the reaction products can be reasonably 
explained only by assuming an unusual cleavage of the carbon-bromine bond 
to  yield a carbanion and a bromine cation (83). 

a-Halogeno sulfones are known to be rather inert towards SN2 displacement of 
halogen (18, 82, 92). n’evertheless, it has been found that chloromethyl p -  
tolyl sulfone condenses easily with benzaldehyde to a very good yield of epoxy- 
sulfone (3). This is an example of the fact that reactions often occur intra- 
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molecularly which would be greatly hindered if they had to occur between two 
molecules. A study of such internal nucleophilic displacements might throw 
some light on the nature of the unfavorable influence of some groups in SN2 
reactions. 

The internal displacement could also be made difficult by partial neutraliea- 
tion of the free negative charge on the oxygen of the intermediate halogeno- 
hydrin anion, making it, consequently, less nucleophilic. It has been reported 
lately that when diisopropylaminomagnesium bromide was used as a condensing 
agent in the condensation of benzaldehyde with ethyl chloroacetate (or with 
ethyl a-chloropropionate), a product believed to be C6H6CH(OMgBr)CHC1- 
COOC~HF, was obtained (63). This product, upon acid treatment, gave a small 
yield of the corresponding chlorohydrin. Accordingly, this result has been as- 
cribed to  the high covalent character of the oxygen-magnesium bond (63). 

When the halogenomethylene group is attached to an aryl, carbethoxyl, or 
carbonyl group there is no reason to  expect difficulty in the formation of the 
oxirane ring, for it is well known that arylmethyl halides, esters of a-halogeno 
acids, or a-halogeno ketones have a halogen which is more easily displaced in 
nucleophilic substitution reactions than is the halogen of alkyl halides (32, 43). 
However, while aliphatic ketones, such as chloroacetone, react with benealde- 
hyde to  give oxiranes (79, BO, B l ) ,  chloroacetone, under rather different but per- 
haps not too far from equivalent conditions, reacts with formaldehyde to  yield 
only a-chlorohydrins (46). 

Therefore, there exists very strong evidence pointing to  a mechanism involv- 
ing a halogenohydrin anion as an intermediate in the Dareens condensation. 

It is assumed that the first two steps (sa and 8b) of the Darzens condensation 
are fundamentally identical with those of an aldol condensation, i.e., 2a and 
2b. As in the aldol condensation the intermediate halogenohydrin anion (VII) 
may pick up a proton from the medium and give the halogenohydrin. To com- 
plete this analogy another reaction, occurring also in the aldol condensation, 
i.e., elimination of hydroxyl ion from the intermediate (1711)  and consequent 
formation of an ethylene compound, actually occurs in some cases: 

Aldol condensation: 

0- 
I I  
I I  

-c-c- 
H 

/’ 
+H+ / 
// 

-OH- \ 

i i  
H 

(9) 
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Darzens condensation: 

H 0- 

-c-c- I I  
I I  X 

+H+ - 
\ -0H- 

\ 
\ 

/ -\ -c-c- 

H OH -L- I 
I I  X 

‘\ I I 
I 1  

L c=c 
x 

For example, it  has been reported that the condensation of benzaldehyde with 
chloroacetylmesitylene gives l-chloro-l-mesitoyl-2-phenylethylene as the only 
identifiable reaction product (51). Also, in the Darzens condensation with 
esters of a-halogeno acids, halogenoethylenes have been reported as by-products. 
Thus, Claisen isolated some ethyl a-chlorocinnamate in the condensation of 
benzaldehyde with ethyl chloroacetate (19). In  the light of the “enolate ion” 
mechanism this would mean of course that in such cases the rate of elimination 
of hydroxyl ion from VI1 is comparable with that of formation of the oxirane 
ring from the same intermediate. 

The possibility exists that these halogenoethylenes and the oxiranes were not 
formed through the same intermediate; nevertheless, considering the evidence 
given, it appears extremely probable that both the aldol and the Darzens con- 
densation are not only formally but also essentially similar. 

IV. THE KINETIC RESULTS 

A .  The order of the reaction 
A desirable feature that a reaction must fulfill to  be suitable for a kinetic 

study is a high yield in the sole reaction product. Unfortunately, such yields are 
uncommon in the Darzens condensation. Consequently, for that purpose it was 
necessary t o  find a homogeneous high-yield reaction. The hydroxyl-ion-cat- 
alyzed condensations of phenacyl chloride with benzaldehyde and of p-me- 
thoxyphenacyl chloride with p-nitrobenzaldehyde, in aqueous dioxane, give 
yields close to  the theoretical values. However, the rates of such condensations 
are usually too high under easily controllable conditions to  be measured. The 
rate of the latter condensation could not be measured at  all (l),  and the former 
could be followed at  0°C. only when the initial concentrations of the reactants 
were around or below 

It was found that the condensation of benzaldehyde with phenacyl chloride 
molar (4). 
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is of first order with respect to  each of the three reactants-phenacyl chloride, 
benzaldehyde, and hydroxyl ion-and therefore of third order overall (4). 

The kinetic results are consistent with the “enolate ion” mechanism, although 
two such mechanisms leading to the observed data can alternatively be given. 
One assumes step 8c to  be rate-determining and the other postulates step 8b as 
rate-determining . 

B. The rate-determining step 
Although intramolecular changes of transient intermediates like T’II may be 

assumed to  occur very rapidly, it must be kept in mind that ( I )  step Sb, analo- 
gous t o  step 2b of an aldol condensation, is essentially reversible, and (W), as has 
been stressed in Section 111, the reaction occasionally stops with formation of the 
halogenohydrin. Only by increasing the severity of the conditions are products 
obtained which appear to have been formed through a labile oxirane compound. 
Thus, Weizmann, Sulzbacher, and Bergmann have performed alkaline hydrol- 
yses of a number of trichloromethylcarbinols, prepared by condensation with 
chloroform, in the presence of aliphatic alcohols yielding substituted cu-alkoxy- 
acetic acids (88) : 

RCHCOOH 
I 

OH 

I n  1897 Jocick had already written an oxirane of this type to explain the forma- 
tion of some chloropheiiylacetic acid in the alkaline hydrolysis of trichloro- 
methylphenylcarbinol (50). Therefore, step 8c can, a t  least in some cases, be very 
slow. 

It was, therefore, desirable to establish specific experimental evidence to  
decide between those two possibilities concerning the rate-determining step. 

Upon the addition of hydroxide ion to  a solution of chlorohydrin (VIII) and 
p-nitrobenzaldehyde the following changes in the system might take place: 

CeHbC=CHCI + CsHjCHO e C O H ~ C O C H C ~ C H C ~ H ~  
I 

C,jHjCOCH--CHC6Hj 
\ /  
0 

X IX 
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If step 8c were rate-determining, and therefore step 8b a rapid equilibrium, 
virtually every chlorohydrin anion (VII) formed by the attack of the base on 
VI11 would split into benzaldehyde and the chloroenolate anion (VI). Conse- 
quently, since p-nitrobenzaldehyde is kinetically much more active than ben- 
zaldehyde-as has been s h o m  in a competitive experiment-from every VI 
formed, a molecule of X should be obtained. The experiment has been per- 
formed, the keto epoxide (IX) being obtained in 97.5 per cent yield and no 
amount of X being detected ( 2 ) .  Therefore, step 8c is much faster than the re- 
verse of 8b and, consequently, than 8b. It must be concluded therefore that 
reaction 8b is the rate-determining step. 

I n  some aldol condensations, such as self-condensation of acetaldehyde (8) 
and the condensation of glyceraldehyde with itself (17) or v-ith dihydroxyacetone 
(84), step 2a, i.e., enolization, is rate-determining. The a-chloro atom in the B 
component, as has been shown by Bartlett ( 5 ,  7 )  and by Bell and Lidwell (9), 
strongly accelerates the base-catalyzed enolization; it should reduce also the 
nucleophilic character of the chloroenolate anion with respect to  that of the 
unhalogenated B component. Consequently, step 8b should be essentially slower. 
It is reasonable therefore to expect, in view of the fact that the condensation of 
benzaldehyde with acetophenone involves the former in the rate-determining 
step (20), that the condensation of benzaldehyde with phenacyl chloride would 
afford no example of rate-determining enolization (4). 

C. The influence of the substituents 
The only data available concerning the effect of the substituents on the rate 

of the Darzens condensation are also obtained from the study of condensations 
involving phenacyl halides. 

It has been already stated that a p-nitro group in benzaldehyde acceler- 
ates the condensation with phenacyl chloride. It can be generally said-as seems 
to  be the case in the aldol condensation (20)-that electron-attracting sub- 
stituents in benzaldehyde enhance the reaction rate. 

By the action of a basic agent phenacyl halides may undergo self-condensation, 
giving an isomeric mixture of the so-called "a-  and p-halogenodiphenacyls" 
(27, 67, 68). It has been recently shown that such self-condensation is actually a 
Darzens condensation in which one molecule of phenacyl halide acts as an A 
component and another as a B component (12, 85): 

0 
/ \  

C&C=O f C H ~ C ~ C O C ~ H S  --+ C6HjC-CHClCOCsHj (12) 
I 

CH, C1 CH2 C1 
cis and trans 

As Bodforss showed (lj),  the activity in the kinetic sense of phenacyl bromide 
as an A component is sufficiently close to that of benzaldehyde to  make it pos- 
sible to  divide the substituted benzaldehydes and other aldehydes into two 
groups: those which are about as active as benzaldehyde or more so, and those 
which are less active than benzaldehyde. In  the reaction of phenacyl bromide in 
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the presence of an A component less active than benzaldehyde, self-condensation 
of the former must preferentially occur. Such has been the case with p-tolual- 
dehyde, anisaldehyde, piperonal, and cinnamaldehyde, which in their intended 
condensation with phenacyl bromide gave only the mixture of a- and p-bromo- 
diphenacyls. However, o-, sn-, and p-nitrobenzaldehyde, p-chlorobenzaldehyde, 
terephthaldehyde, and isopropylbenzaldehyde condense with phenacyl bromide 
to  yield the expected epoxyketones. Furthermore, the introduction of an elec- 
tron-attracting substituent, such as a bromine atom or a nitro group, into 
anisaldehyde, piperonal, or cinnamaldehyde may restore the ability to  act 
effectively as an A component. This shows that electron-attracting substituents 
speed up the rate of the condensation, and also that electron-releasing sub- 
stituents have an opposite effect. 

The effect of the substituents on the rate of the condensation is due to  their 
influence on the amount of nucleophilic character of the carbonyl group of the 
A component. It can be expected, therefore, that  an electron-releasing group will 
diminish the activity of the phenacyl halides as A components, e.g., the rate of 
self-condensation. In  fact, p-methoxyphenacyl chloride has been reported to  be 
unusually resistant to self-condensation, and thus its condensation with rom- 
paratively deactivated benzaldehydes is made possible (15). Conversely, the 
presence of an electron-attracting group like the nitro group in phenacyl halides 
has a very unfavorable influence (47, 51). 

A components having hydroxyl groups in the ortho position with respect to  the 
halogenoacetyl group do not give a Darzens condensation but yield aroyl- 
coumarones (71). In  view of the influence of electron-releasing substituents in- 
benzaldehyde on the condensation with phenacyl halides it could therefore be 
expected that no intermediate formation of halogenohydrin anion would be in- 
volved in the intramolecular ring-closure in the condensation of salicylaldehyde. 
It is known that phenacyl halides may react under basic conditions with phenols, 
giving w-hydroxyacetophenone phenol ethers (27, 60). The formation of aroyl- 
coumarones probably involves therefore a preliminary substitution reaction 
followed by an intramolecular aldol Condensation : 

CHO CHO 

K 0- 

+ CH2XCOCsHb 

As far as the effect of substituents in the B component on the rate of the re- 
action is concerned, no experimental evidence has been reported, although it 
would be expected to  parallel that  of the aldol condensation, i.e., an increase in 
the rate for electron-attracting substituents and a decrease for electron-releasing 
substituents (20). 
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It seems general that the Darzens condensation proceeds faster than the aldol 
condensation of the corresponding unhalogenated B component. Thus, from the 
reported data, taking into account the differences in the reaction conditions, it  is 
evident that  the condensation of benzaldehyde with phenacyl chloride (4) is 
much faster than that of benzaldehyde with acetophenone (20). It is significant 
also that the condensation of benzaldehyde with chloroacetone, as well as with 
each of the two isomeric a-chlorobutanones, occurs with the formation of over a 
50 per cent yield of epoxyketone (81). Furthermore, the condensation of formal- 
dehyde with chloroacetone occurs also on the chloromethyl group (46). 

The above considerations seem t o  indicate that the reaction rate in such con- 
densations parallels the acidity of the B component and not the nucleophilic 
character of its enolate ion. 

D. The catalyst 
The third-order kinetics of the reaction of benzaldehyde with phenacyl chloride 

shows that the first step, involving the base, must be a rapid equilibrium. S o  
general base catalysis can therefore be expected. Accordingly, no acetate-ion 
catalysis could be detected in conditions likely to reveal its existence. Reaction in 
buffer mixtures, such as trichlorophenol-trichlorophenoxide or p-chlorophenol- 
p-chlorophenoxide, leads to  complicating predominant side-reactions, such as  
halogen substitution (3). Spontaneous or “water” reaction as well as acid 
catalysis was absent (4). 

V. OTHER PROPOSED MECHANISMS 

The mechanisms suggested for the Darzens condensation may be classified into 
three groups: (a) those assuming the activation of the A component by the base; 
( b )  the “enolate ion” mechanisms; (c) the mechanisms of the radical type. 

Erlenmeyer was the first author to propose a mechanism for the condensation 
of benzaldehyde with ethyl chloroacetate by means of sodium and a “drop of 
alcohol.” It was assumed that the alcohol attacked the sodium, giving sodium 
alcoholate which added to the benzaldehyde, and that the resulting complex 
gave the intermediate chlorohydrin and alcohol, which resumed the attack on the 
sodium ( 2 5 ) .  Claisen, mho carried out this and other condensations but used 
sodium amide instead of sodium, assumed also a preliminary addition of the 
condensing agent to  the A component (19). Bodforss proposed a fundamentally 
analogous mechanism to explain the condensation of aldehydes with phenacyl 
halides (15). However, in Section I11 the reasons for discarding such mechanisms 
have already been considered. In  spite of that ,  it is worthwhile to mention the 
experiments and ideas of Rutowski and Dajew (73), which haye led to  interesting 
polemics. 

Rutowski and Dajew considered that in the Darzens condensation the basic 
catalyst is not simply added to  the A component but forms an enolate with it, 
which next reacts with the B component. In  accord with this, a number of conden- 
sations using the enolate of the A component as a starting material were per- 
formed. Furthermore, it was pointed out that the sodium derivative of ethyl 
chloroacetate does not react with benzaldehyde, as it should if the reaction 
happened by means of an “enolate ion” mechanism of the type considered. 
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Scheibleg and Tutundzitsch affirmed ( 7 5 )  that the possibility of carrying out 
condensations with an enolate of the h component can be reconciled with the 
“enolate ion” mechanism, for an equilibrium is established leading to  the forma- 
tion of the enolate of the B component: 

CH3C=CH2 + CHzCIC=O % CHSCCHs + CHCl=C-O- (14) 
I 
OR 

I1 
0- OR 0 

Moreover, the correctness of Rutowski and Dajew’s experiments concerning the 
unreactivity of the enolate of ethyl chloroacetate versus benzaldehyde was de- 
nied, and earlier results (24) were cited to  show that very probably what those 
authors called sodium chloroenolate was actually something else. 

Concerning the “enolate ion” mechanism, Scheibler and Tutundzitsch mere 
the first authors to propose a mechanism fundamentally identical with that al- 
ready considered ( 7 5 ) .  

The radical mechanisms can be subdivided into “bivalent radical” and 
“trivalent carbon” sequences. In Section I11 the evidence concerning the “bi- 
valent radical” mechanism has already been considered. 

Rutomski and Dajew also proposed a “trivalent carbon” mechanism to ex- 
plain why the condensation could alternatively be carried out with non-enolizable, 
aromatic A components (73). Sodium dissolves slowly in such A components, 
giving colored solutions shown t o  contain trivalent carbon (ketyl) radicals (13, 
76, 7 8 ) .  Reasoning from this fact those authors proposed the following mecha- 
nism : 

Ar Ar 

C=O + S a  -+ C-O- + Na+ (154 
\ 
/ *  

\ I  \ 
/ *  / 

\ 
/ 

Ar Ar 
Ar .4r 0- 

CCHClCOOR 2 (2-0- + CHzClCOOR -+ 

h r  h r  
Ar 

CHO- (15b) 
\ 

/ 
+ 

Ar 

hccordingly, a glycidic ester condensation of ethyl chloroacetate with benzalde- 
hyde sodium ketyl and with benzophenone sodium ketyl could be realized. Also, 
the results show that the corresponding alcohols-benzyl alcohol and benzhy- 
drol, respectively-should be formed in a molar yield similar to that for the 
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condensation products. Consequently, only slight evolution of hydrogen was ob- 
served. Rutowski and Dajew confessed, however, that this mechanism does not 
harmonize with the lack of benzyl alcohol in the condensation with benzaldehyde 
reported by Erlenmeyer ( 2 5 ) .  

The chief failure of the preceding mechanism is its inability to  explain why 
condensations with non-enolizable A components can be performed using non- 
radical inducers, like sodium amide or sodium ethoxide, as condensing agents. 
In  spite of this, the previous experimental results seem to point strongly, when 
operating under very special conditions, to an alternative free-radical mecha- 
nism. Step 15b may be interpreted as occurring in two stages: 

-4r Ar 

CH-00- + *CHClCOOR (16a) 
\ 
/ 

C-00- + CH2ClCOOR -+ 
\ 
/ *  

Ar Ar 
Ar Ar 0- 

\ I  
/ 

C-00- + *CHClCOOR -+ CCHCICOOR (1Gb) 
\ 
/ *  

Ar Ar 
The existence of the radical *CHClCOOR, as well as its formation from ethyl 

chloroacetate upon a radical attack, is strongly supported by the experiments of 
Kharasch, Jensen, and Urry concerning the decomposition of diacetyl peroxide 
in methyl chloroacetate (54). Among various reaction products, a mixture of 
the meso and racemic forms of methyl a, a’-dichlorosuccinate was isolated, 
which was presumably formed by dimerization of that  radical. Such a type of 
radical owes its stability to  resonance between the following structures (53) : 

*CHClC(OR)=O ~f CHCl=C(OR)O* (17) 
In  ordinary conditions, like those employed by Erlenmeyer for example, the 

presence of small amounts of substances-impurities or added alcohol-con- 
taining hydrogen readily displaceable by sodium probably prevents the forma- 
tion of sodium ketyls and makes the “enolate ion” mechanism available. This 
vould explain why Erlenmeyer did not report any aromatic alcohol as a by- 
product. 

Finally, the attempt of Fourneau and Billeter to refine further the ketyl 
mechanism must be mentioned (26). From the fact that the hydrolysis of ben- 
zophenone sodium ketyl can give benzopinacol, it was concluded that the con- 
densation occurred through sodium benzopinacolate as an intermediate. It was 
further assumed that two simultaneous mechanisms occurred, one taking care 
of the benzhydrol formation and the other of the evolution of hydrogen: 
(C,H, )&(oXa)c(osa)  (CsH5)z + CHzCICOOR -+ 

(C6H5)zCH0Na + (CsH5)zC(OSa)CHC1COOR (18a) 

(CGH5)2C(OSa)C(OXa)(C6H5)2 + 2CHzC1COOR + 

H2 + 2(CsH5)2C(OSa)CHClCOOR (1%) 



298 MANUEL B.4LLESTER 

I n  fact, it  has been shown that metallic pinacolates exist in equilibrium with 
ketyl radicals (61, 6 2 ) .  

(C6H6)2C(ONa)C(OXa) (CsH& e 2(C6H5)2F0Sa (19) 

However, the assumption that such pinacolates are more reactive in a reaction 
involving their symmetrical cleavage than the corresponding free radicals them- 
selves is indeed a most unusual one. 
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