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The present study is concerned with the selection of an active condensing
agent which will enable general usage of a-chloro- and g-bromo-esters in the
Reformatsky reaction. The o-chloro-esters have the desirable advantage of
being readily available in a wide variety, and lack the pronounced lachrimatory
and vesicatory properties usually associated with their brominated analogs.

All experiments have been conducted in duplicate under identical conditions.
The catalysts are evaluated in reactions of two hours’ duration in which ben-
zene-toluene is the usual solvent (1). Higher temperatures, or longer reaction
times have been avoided in order to minimize the formation of high-boiling by-
products. Due to the lower reactivity of these halogen esters, the standard
experimental procedure has been slightly modified.

Only those reagents which significantly influence the yield of the 8-hydroxy
ester or its dehydration product are reported. No attempt has been made to
isolate by-products in the reaction.

REACTION OF a-HALOGEN ESTERS

Zinc is preferable to magnesium as the condensing agent in the Reformatsky
reaction because of the greater tendency of the latter metal to react with the
carboxylate group of the halogen esters. Zinc, however, fails to effect significant
condensation of a-chloroesters or 8-bromoesters with either aldehydes or ketones
under the experimental conditions used. Varicus metals have also been employed
in conjunction with the zine; gallium, sodium, and aluminum in 2-3 gram-atom
% quantities are totally ineffective.

In an earlier modification (2) it is stated that copper powder, when added to
the reaction mixture containing zine, increases the yield of the 8-hydroxy ester
or its dehydration product. It has been pointed out by Kon and Nargund (3),
however, that the reactions which occur in the presence of copper powder also
take place in its absence. In a previous paper (4), we have reported that 2-aceto-
thienone reacts inadequately with ethyl chloroacetate in the presence of this
catalyst. Reexamination of this modification indicates that neither acetophe-
none nor 2-acetothienone react in the presence of copper. Benzaldehyde, how-
ever, gives 509, of methyl cinnamate on reaction with methyl chloroacetate
in the presence of the zinc-copper mixture; in the absence of copper powder the
vield is less than 109%.

With benzy! chloroacetate similar results have been obtained, although in the
initial experiments the yield of benzyl cinnamate was poor (less than 109).
When the benzene-toluene solvent is replaced by toluene to aid the reaction
of the high-boiling (133°/10 mm.) benzyl chloroacetate, the yield is substan-
tially increased.
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730 ROBERT E. MILLER AND F. F. NORD

Zine which has been immersed in a warm solution of cupric sulfate (5) and
allowed to stand until a red-brown layer of copper deposits on the zinc granules,
proves ineffective in promoting the condensation of acetophenone and methyl
chloroacetate. It is probable that the active couple itself acts so rapidly on the
water that the zinc is considerably oxidized. The experimental data would indi-
cate that the use of copper metal as a composite of non-alloyed condensing
agents is primarily limited to aldehyde condensations.

When 0.5-1.0 mole-9%, of a cuprous or cupric halide (2) is mixed with the zinc
the condensation of ketones with a-chloroesters is only moderately successful,
approximating 239, yields.

Aluminum, although a more electropositive metal than zine, does not effect
condensation (6).

There have been frequent reports in the literature concerning the substitution
of magnesium for zinc in the Reformatsky reaction. In several cases (7) the
yield has been greatly increased. In spite of these claims we have found that
magnesium, like zine, does not react appreciably with a-chloroesters.

When duplicate experiments are conducted with a-bromoesters, magnesium
actually gives lower yields of the Reformatsky product than does zinc. Accord-
ingly, the yields of the B-ketoesters resulting from the self-condensation of the
bromoesters are approximately 109, higher. The explanation probably lies in
the greater reactivity of magnesium with the carboxylate group, according to
the reaction path previously suggested by Newman and Hussey (8).

BrCH,C0,C,Hs V8, [BrMgCH,;CO,C,H;] _ >rC:C0:Cats
OC,H;
| —C,H;0MgBr
BrCHchHzcozczHa > Bl‘CHgCOCHzCOzCzHa -
(BMgBr
BngCHgCO CH,CO,C.H;

When magnesium is treated with iodine following earlier directions (5, 9),
the results are inconclusive. Although the activated metal gives an excellent
yield of methyl 8-methylcinnamate, the application of this reagent to polyhalo-
gen esters and ethyl g-bromopropionate results in uniformly low yields.

Several zinc-copper alloys (10, 11) of varied composition and the magnesium-
copper reagent, described by Gilman, Petersen, and Schulze (12), have also been
utilized as condensing agents. The latter couple is suitable for use with a-chloro-
esters but fails with polyhalogen esters and B-bromoesters. The zinc-copper
couples evidence a slight condensing action, but their application was discon-
tinued because of the uncertainties involved in the preparation of the most
reactive couple. This condition must be judged from the color, metallic appear-
ance, luster, and length and intensity of heating of the mixture. The best results
are obtained when the mixture acquires a yellowish, slightly lustrous appearance
after heating for 10 to 15 minutes.

On the other hand, the exceptional activity of mercuric halides is remark-
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able. Although the use of mercuric halides in various organometallic condensa-
tions has been previously noted (13), our results have indicated that this is by
far the most versatile and useful of the reagents investigated. For example,
methyl chloroacetate and benzaldehyde react in the presence of magnesium and
0.5-1.0 mole-9%, mercuric chloride to yield 649, of methyl cinnamate; methyl
B-methylcinnamate is obtained in 689, yield from acetophenone.

Furthermore, in the reactions of 2-acetothienone with ethyl «-bromoiso-
valerate and with ethyl bromomalonate, the yields of the respective Refor-
matsky products are double those reported in a previous paper (4).

Several important features should be noted in connection with the use of mer-
curic halides as promoters. The order of effectiveness seems to be Mg-HgX, >
Zn-HgX, 3> Al-HgX,. The reaction proceeds equally well in benzene-ether and
in toluene. While a-chloroesters usually do not react vigorously, in the presence
of Mg-HgX; the characteristically vigorous reactions associated with the a-
brominated esters are often encountered.

Of further significance is the fact that the mercuric halide per se is an essential
component of the reaction mixture. In several experiments a magnesium amal-
gam had been employed as the condensing agent, but the results were entirely
unsatisfactory. In view of the fact that Rochow (14) has shown that the reac-
tivity of various magnesium amalgams is directly proportional to the percent
of magnesium in the amalgam, it is probable that the function of the mercuric
halide does not depend solely on its action as an amalgamating agent.

In the presence of other metallic and non-metallic halides, including ZnCl,,
8nCl,, SnCly, SbBr;, MnCl,, CrCl; and CoCl,, neither zine nor magnesium sig-
nificantly effect the reaction between acetophenone and methyl chloroacetate.

The failure of the magnesium-cobaltous chloride mixture to promote reaction
is disappointing, in view of the pronounced effects which CoCl: has on the
course of the Grignard reaction (15). A free radical reaction is not indicated.
The absence of by-products is not unexpected, since the reaction does not
become exothermic on addition of the metallic halide. The analogy between the
Grignard and Reformatsky reactions cannot be carried too far, however. The
exact influence of cobalt chloride on the nature and yield of the product and on
the rate of the Reformatsky reaction is indeterminate, since the actual organo-
magnesium compound, CIMgCH.COOC,H;, cannot be prepared.

REACTION OF [(-BROMOESTERS

Relatively little is known concerning the use of 3-bromoesters in the Refor-
matsky reaction. The general concept prevails, however, that the value of this
reaction for synthesis is not promising. Fuson (16) reported that ethyl g-bromo-
propionate and y-iodobutyrate react to give the expected products, although in
only 1-39 yields. Haberland and Heinrich (17), using ethyl 8-bromopropionate
in the presence of magnesium and boiling toluene obtained a 229, yield of the
desired ester upon reaction with 6-methoxy-1-tetralone. In other instances, the
B-bromoesters are either unreactive (4) or are believed to give rise to products
of unknown structure (18).

This investigation has indicated that zinc does not serve as an effective con-



732 ROBERT E. MILLER AND F. F. NORD

densing agent for these esters. When acetophenone or benzaldehyde are reacted
according to the procedure of Haberland and Heinrich, the products are viscous,
high-boiling liquids. Upon trituration with petroleum ether, white crystalline
solids are obtained. These substances could not be definitely characterized.
They are largely unchanged upon treatment with 5 N alkali for five hours and
do not give derivatives for carbonyl or alcohol functions. Treatment of these
solids with aluminum chloride and chloroform produces a green color.

In general, the reaction as described above is difficult to initiate, maximum
condensation occurring only when the reactants are introduced simultaneously
into the boiling mixture of toluene and magnesium. Furthermore, during the
course of the reaction the mixture becomes extremely viscous, and a thick oil
settles out from the hot solvent. This material does not go into solution upon
addition of the usual inert reaction solvents. When successive additions of
magnesium are made, the metal is promptly coated by the viscous material,
and rendered inactive.

Since it seemed quite possible that the nature of the mixture and not the un-
reactivity of the g-bromoester contributed chiefly to the inadequacy of the reac-
tion, the selection of a new solvent was desirable. Tetrahydrofuran has been
found to meet the requirements very satisfactorily. It permits a homogeneous
solution, avoids excessively high temperatures, and allows the reaction to be
carried out in the usual manner. The reaction, after initiation on a steam-bath,
becomes exceedingly vigorous. The condensation products, which were not
isolated, gave 30-359, of the expected acids after saponification.

R;R;C=0 4 BrCH;CH,COOCH; M‘;; [R1R,C=CHCH,COOCHj,]
| om
v
R;R.C=CHCH,COOH + R;R.CH.CH=CHCOOH

Aliphatic aldehydes and ketones as well as cyclohexanone react in the ex-
pected manner. With benzaldehyde and acetophenone viscous products are
again formed. The reaction products were saponified with 5 N alkali and the
acids were characterized by suitable derivatives. No acid could be isolated from
the reaction of acetophenone, however. These data are collected in Table II.

Ethyl g-iodopropionate has also been utilized in the reaction but the yields
are not improved.

The utility of this reaction is readily indicated. The literature reveals that
the synthesis of 8,v-unsaturated acids, especially of the aliphatic series, is in-
frequently accomplished by a direct approach. The question of the position of
the double bond is, however, to a large degree dependent on the nature of the
substituents. It has been shown that aliphatic acids of the type RiR:C=CHCH-,-
COOH are isomerized by 259, alkali at 100° in a few hours, predominantly to
«,fB-unsaturated acids (19). Butenoic acids without a vy-substituent give the
a,B-unsaturated compound exclusively. A substituent on the y-carbon atom
increases the stability of the 8, y-isomer, and a second ~v-substituent still more.
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734 ROBERT E. MILLER AND F. F. NORD

A second substituent on the B-carbon has less effect than the second vy-sub-
stituent.

Those acids where R; = phenyl are extremely difficult to isolate from the reac-
tion mixture. This suggests that the phenyl group exerts a direct influence on
the course of the reaction. This effect may be coupled with the ready tendency
of B8,y-unsaturated acids to go over to lactones on distillation or upon treat-
ment with alkali (20). Fittig has also shown that phenyl isocrotonic acid and
v-phenylbutyrolactone are polymerized to dimers by the action of alkali. Our
experimental and analytical data indicate that a dimeric lactone may indeed
be the primary reaction product. The produect isolated from the reaction of
benzaldehyde and methyl 8-bromopropionate does not correspond to any of
those reported by Fittig, however. The elucidation of the structure of these
compounds is being continued and will be reported at a later date.

We have, moreover, carried the reaction of 3-bromoesters a step further, lead-
ing to the eventual preparation of «,B-unsaturated alcohols and acetates.
This novel reaction, which utilizes 8-bromoethyl acetate and a carbonyl com-
pound, gives 23-329, of the crude acetate after hydrolysis when carried out
under the conditions described above.

0
I Mg
R1ch=0 -+ BI‘CHzCHgOCCHg E—
0] OH-
[ R
R1R20=CHCH2 OCCH3 R]_Rz C=CHCH2 OH

When the crude material is saponified with 259 aqueous potassium hydrox-
ide, extracted with ether, and the ether extract distilled, two fractions are
collected. The higher-boiling fraction contains the desired alechol, isolated in
10-209%, yield. The smaller fraction, which boils in the general range 70-95°
consists of a clear, unpleasant smelling liquid, which does not give alcoholic
derivatives and which rapidly takes up bromine in the cold.

It is difficult to account for the isolation of benzoic acid from the saponifi-
cation of the mixture produced by reaction of benzaldehyde and 8-bromoethyl
acetate. Even when the crude product is steam-distilled prior to saponification,
small amounts of benzoic acid are isolated. The formation of this acid may be
due to the prolonged action of the hot alkali on the resonating allylic system,
or the cinnamyl alcohol may be converted directly to benzaldehyde. This has
been previously observed by Henriques (21). The alkali can then convert the
aldehyde to benzoic acid.

REACTION OF POLYHALOGEN ESTERS

Information was also sought on the use of polyhalogen esters in the Refor-
matsky reaction. Darzens (22) has recently described the use of ethy! dichloro-
acetate in the glycidic ester synthesis, in which the condensing agent is a dilute
magnesium amalgam. Excellent yields of a-chloro-g-hydroxy esters are obtained,
which can be converted to the glycidic esters or to a-chloroacrylic esters.
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736 ROBERT E. MILLER AND F. F. NORD

The use of the Reformatsky technique differs in two essentials—reaction
temperature and duration of the reaction. The glycidic ester reaction as a rule
is carried out at low temperatures, although Darzens (23) reported heating the
mixture so obtained for 56 hours at 100°. The Darzens condensation requires
reaction periods varying from six hours to a few days. Under the experimental
conditions of the present paper the reaction is accomplished in either benzene,
benzene-ether, or benzene-toluene (reaction temperature 90-95°) in only two
hours.

It is necessary, however, to catalyse these reactions. Both zinc-cupric chloride
and magnesium-mercuric chloride effect the condensation of either benzalde-
hyde or acetophenone with dihalogen esters. The latter condensing agent ap-
pears to be superior.

The reactions must be carried out at the reflux temperature of the solvent to
insure adequate condensation. The most significant fact disclosed as a result of
this study has to do with the reduction of the halogen atoms of the ester com-
ponent during reaction. This is apparently a function of the boiling point of the
mixture, and the ease of reaction of the carbonyl component.

In the majority of experiments, therefore, the product is a non-halogenated
B-hydroxy ester. No derivatives for a-keto or glycidie esters could be prepared.
The reduction of the polyhalogen component in the Reformatsky reaction is
supported by earlier work (24).

In general, the yields fall below those for the monohalogen esters. The opti-
mum yield is 48-499,; and, as expected, ethyl trichloroacetate reacts less read-
ily than the dichloroester.

The ease of reaction of «-halogen esters relative to the replacement of a
halogen atom by the organometallic complex is of the order:

BrCH.COOR>CICH,COOR >Cl,CHCOOR > Cl;CCOOR

Here the dominant effect is the increase in the carbon-halogen bond energy
along the series. The effect of the three chlorine atoms in ethyl trichloroacetate
for example, is to increase the partial positive charge on the adjacent carbon
atom rendering more difficult the formation of an organometallic complex.

8= 6~

Cl Cl

5 ot 5
Cl--CCOOC,H, + Zn — ClZn--C—COOC,H,

5 5

a Cl

However, when one of the chlorine atoms does react with the metallic reagent,
the effect is to decrease the partial positive charge on the carbon atom, due to
the formation of the complex. The reaction of successive halogen atoms is con-
sequently facilitated.
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DISCUSSION

Since it has been shown that traces of the halides of iron, nickel, and cobalt
do not exert a catalytic effect on the Reformatsky reaction, a free radical mech-
anism probably is inoperative. On the other hand, copper and mercury salts
are effective in promoting the condensation. From a study of other reactions
it can be seen that these salts are specific for reactions involving halogens.
Copper and mercury salts are effective in the sense that they can enter into dis-
placement reactions in such a way that the energy of formation of a new link-
age contributes toward the rupture of the old.

Substances such as copper, silver, or mercuric ions, which most effectively
activate reactions involving the separation of a halide ion from an organic
radical are characterized by their large affinity for a halide ion. The evidence
for this is shown by the insolubility of silver halides, the small ionization of
mercuric halides, and the fact that these substances form soluble complexes,
such as Agl>, which result from an excess of the halide ion (25).

The formation of a coordination complex by transition elements may be as-
cribed to the tendency of these elements to increase their valence shells by co-
ordination with unshared electron pairs. The transition elements are particu-
larly active acceptor centers. The relative sizes of the donor and acceptor centers
and steric factors appear to be considerably significant. Stable complexes are
more likely to be formed when the acceptor and donor centers are approxi-
mately of the same size.

It has also been shown that reactions between covalent molecules are greatly
facilitated by the presence of media or catalysts that are capable of producing
coordination complexes (26). Interchanges between covalent bonds may occur
as the final stage of the mechanism.

The formation of a coordination complex will influence polarization effects
and increase the ability of unshared electron pairs to contribute. Electron
mobility will be increased by the presence of an unstable electron shell in the
complex, while the suitable approach of covalent molecules about the coordina-
tion center is dependent on the proximity of the reacting molecules.

In the absence of inorganic salts, the rate of formation of the organozine
halide is slow, especially with a-chloroesters because of the strong carbon-
chlorine bond. The introduction of mercuric or cupric chloride makes possible
the formation of an unstable complex such as:

Cl7-
CgHGOCCH2-~-~Cl----1\[/I where M is Hg or Cu.
T
It seems probable, therefore, that the function of the salts is simply to remove
the halide ion, leaving the alkyl residue as a carbonium ion:

Cl-
1

|
0 cl 0
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The driving force of the reaction is the tendency of the copper or mercury ion
to attain a filled shell of valence electrons by sharing the electrons of the chlorine
atom which carries three unshared pairs. Actually then this is an acid catalysis,
in which the metal ion acts as an electrophilic reagent. The ability of metallic
ions to act as electrophiles is common with all metals except the alkalies and
alkaline earths. The attack of the metallic ion, therefore, is on the a-chloroester
and not on the carbonyl compound.

Whether a carbonium ion is set free as an intermediate or an alkyl group trans-
ferred to a new linkage without actually being liberated has yet to be deter-
mined.

EXPERIMENTAL

Materials. The 2-acetothienone was furnished through the courtesy of Dr. N. B. Sommer
of the Jefferson Chemical Company, New York, N. Y. Tetrahydrofuran was obtained
through the courtesy of the E. I. du Pont de Nemours Company, Wilmington, Del.

The inorganic haltdes were prepared in anhydrous condition by treating the hydrated
salts with a stream of hydrogen chloride and were finally dried ¢n vacuo at 100-150° for
20 hours.

Zinc-copper alloy (12). Zinc (9.0 g.) and 1.0 g. of copper were heated in a round-bottom
flask bearing a capillary tube. The metals were mixed thoroughly and immersed in a free
flame for 1-2 minutes. The mixture was agitated by continual shaking so that the filings
lost their shape and acquired a yellowish tinge. If the manipulation was successful, a
dark-gray granular mass without metallic luster was obtained. The formation of lustrous,
semi-fluid shot is to be avoided.

Blaise reagent (13). In a liter flask were placed 120 grams of granulated zinc and 12 grams
of electrolytic copper dust. The flask was equipped with a one hole stopper containing a
glass stirring rod. The mixture was vigorously stirred while being heated over a free flame
for several minutes. The red color of the copper disappeared, and at the melting point of
the zinc a black powder suddenly formed. The stirring was continued without further
heating until the mixture cooled.

Magnesium-copper alloy (14). A magnesium alloy (containing 139, copper) (5 g.) was
mixed with iodine (1 g.) in a mortar and placed in a long-necked 200-cc. Pyrex flask. The
flask was evacuated to 3 mm. and heated with shaking to 300° over a free flame. All the
iodine disappeared in 810 minutes. The powder must not be allowed to melt to a granular
mass. About 0.50 g. of the powder was used immediately to start the reaction and then the
required amount of magnesium was added.

Von Baeyers’ reagent {11). Magnesium filings (10 g.) were heated in a round-bottom
flask over a free flame with continuous shaking. The temperature was regulated between
350-400°. Small portions of iodine were added so that each new addition was made when
the previous portion had disappeared. The operation required 15-30 minutes. The active
mass was formed as a grey powder, which turned brown after a time. The reagent was
used immediately.

Lewinsohn’s reagent (8). Granulated zine was covered with a warm solution of copper
sulfate. A layer of copper was deposited upon the zinc. The “‘couple’’ so formed was washed
well with water, acetone, and finally dried in an oven at 100°. The warm activated con-
densing agent was used immediately.

Reformatsky reactions. The procedure for the reactions of a-chloroesters and polyhalogen
esters was as follows: In a clean, dry 250-cc. three-necked flask with a stirrer and a reflux
condenser protected from moisture was placed a large excess (usually five-fold) of the etched
metal (or the freshly prepared alioy). A solution of a three-fold excess of the ethy! a-chloro-
ester and 0.3-0.5 mole of the aldehyde or ketone in the appropriate solvent (benzene-ether,
toluene, or benzene-toluene) was also added. The mixture was heated to reflux tempera-
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ture and 0.1-0.5 mole-%, of the inorganic halide was introduced. Refluxing and stirring
were continued for two hours. The product was hydrolyzed and distilled in the usual way.

When tetrahydrofuran was employed as the solvent, the procedure was as described
above, except that a few cec. of a solution of the halogen ester and the carbonyl compound
in 100 cc. of tetrahydrofuran or benzene-tetrahydrofuran was added dropwise to 100 cc.
of the boiling solvent containing the condensing agent. The reaction was initiated on a
steam-bath and after the reaction set in, was allowed to proceed at such a rate that gentle
refluxing occurred. After addition was complete, the mixture was refluxed for one hour on
a steam-bath. The mixture was worked up in the usual manner.

Saponificatton. A. The products derived from reaction of a-chloroesters were saponified
by refluxing 10 ce. of the ester with 59 aqueous potassium hydroxide for 1-2 hours. After
cooling, the alkaline mixture was extracted with ether, and the aqueous layer then acidified
with cold, dilute hydrochloric acid.

B. Alternately, the ester was dissolved in 50 cc. of ethanol containing 4 grams of potas-
sium hydroxide and allowed to stand 48 hours. Some salt usually precipitated. The alcohol
was evaporated completely and the salt was dissolved in the minimum of ice-water and
acidified dropwise with 6 N acid.

C. The products derived from g-bromoester reactions were refluxed 2-4 hours with 259,
aqueous potassium hydroxide, extracted with ether, and acidified. When the desired product
was an alecohol, the ether extract was dried and distilled.

D. The attempted saponification of glycidic esters was carried out as follows: the ester
(6.0 g.) was dissolved in 25 cc. of 109, alcobolic potassium hydroxide and kept at room
temperature for 24 hours. The mixture was diluted with 100 cc. of water and acidified with
4 N phosphoric acid. The mixture was extracted with ether, washed with light petroleum
ether (60-75°) and kept at 0° overnight. The precipitated solid was washed with petroleum
ether and crystallized from chloroform-petroleum ether under an atmosphere of nitrogen
in a dark bottle.

SUMMARY

1. The extension of the Reformatsky reaction to include the use of a-chloro-
esters, B-bromoesters, and polyhalogen esters has been described.

2. Mercuric chloride has been shown to be an excellent promoter for this
reaction.

3. The reaction of S-bromoesters, previously unpromising, has been success-
fully carried out in 329 yields.

4, B-Bromoethyl acetate has been utilized in the Reformatsky reaction. As
a result the direct synthesis of several «,8-unsaturated alcohols has been at-
tained.

5. The reaction of polyhalogen esters in the presence of zinc and a carbonyl
compound has resulted in the formation of reduced 8-hydroxy esters.

New York 58, N.Y.
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