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PREFACE

In the course of nearly every program of research in organic chemistry
the investigator finds it necessary to use several of the better-known
synthetic reactions. To discover the optimum conditions for the appli-
cation of even the most familiar one to a compound not previously sub-
jected to the reaction often requires an extensive search of the litera-
ture; even then a series of experiments may be necessary. When the
results of the investigation are published, the synthesis, which may have
required months of work, is usually deseribed without comment. The
background of knowledge and experience gained in the literature search
and experimentation is thus lost to those who subsequently have occa-
sion to apply the general method. The student of preparative organic
chemistry faces similar difficulties. The textbooks and laboratory man-
uals furnish numerous examples of the application of various syntheses,
but only rarely do they convey an accurate conception of the scope and
usefulness of the processes.

For many years American organic chemists have discussed these prob-
lems. The plan of compiling critical discussions of the more important
reactions thus was evolved. Volume I of Organic Reactions is a collec-
tion of twelve chapters, each devoted to a single reaction, or a definite
phase of a reaction, of wide applicability. The authors have had ex-
perience with the processes surveyed. The subjects are presented from
the preparative viewpoint, and particular attention is given to limita-
tions, interfering influences, effects of structure, and the selection of
experimental techniques. Each chapter includes several detailed pro-
cedures illustrating the significant modifications of the method. Most
of these procedures have been found satisfactory by the author or one
of the editors, but unlike those in Organic Syntheses they have not been
subjected to careful testing in two or more laboratories. When all
known examples of the reaction are not mentioned in the text, tables
are given to list compounds which have been prepared by or subjected
to the reaction. Kvery effort has been made to include in the tables
all such compounds and references ; however, because of the very nature
of the reactions discussed and their frequent use as one of the several
steps of syntheses in which not all of the intermediates have been iso-
lated, some instances may well have been missed. Nevertheless, the
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v PREFACE

investigator will be able to use the tables and their accompanying bibli-
ographies in place of most or all of the literature search so often re-
quired.

Because of the systematic arrangement of the material in the chap-
ters and the entries in the tables, users of the book will be able to find
information desired by reference to the table of contents of the appro-
priate chapter. In the interest of economy the entries in the index
have been kept to & minimum, and, in particular, the compounds listed
in the tables are not repeated in the index.

The success of this publication, which will appear periodically in
volumes of about twelve chapters, depends upon the cooperation of
organic chemists and their willingness to devote time and effort, to the
preparation of the chapters. They have manifested their interest al-
ready by the almost unanimous acceptance of invitations to contribute
to the work. The editors will welcome their continued interest and
their suggestions for improvements in Organic Reactions.
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CHAPTER 1

THE REFORMATSKY REACTION
Ravpr L. SHRINER
Indiana University
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2 THE REFORMATSKY REACTION

GENERAL CONSIDERATIONS

The reaction which takes place between a carbony! compound such as
an aldehyde, a ketone, or an ester and an a-haloester in the presence of
zine is commonly known as the Reformatsky reaction.! It represents an
extension of the reactions of carbonyl compounds with a dialkylzine or
an alkylzinc halide, but possesses the advantage that the isolation of the
organozinc compound is unnecessary. The process creates a new car-
bon-carbon linkage and appears to involve the following steps.?

1. Formation of an organozine halide.

| |
X——(|)~—COzR+ Zo — X—Zn—(l)—COzR [1]
I

(X represents CI, Br, I; R is an alkyl group.)
2. Addition to the carbonyl group of the aldehyde or ketone.

XZn0O
—C=0 + X—Zn——C|-——COgR —> —(IJ—(ll—COzR 2]
I | | 1|1
3. Decomposition by dilute acids.
XZnO OH
—(IJ—(IJ——COJ{ + HX — —(%—(:J—COJ{ + ZnX, (3]

Lo

I 111

Thus an aldehyde or a ketone leads to a g-hydroxyester (I1I) as the
final product. Subsequent or simultaneous dehydration may produce
an unsaturated ester.

When an ester is used instead of an aldehyde or ketone the addition

product IV is formed.
' XZnO

l L
—C=0 + X—Zn—C—COsR — ——(IJ—C——COgR
| I |
0 0
R’ R
v

1 Reformatsky, Ber., 20, 1210 (1887).
2 Reformatsky, J. prakt. Chem., 54, 469 (1896).



GENERAL CONSIDERATIONS 3

If this addition complex is stable, then the product obtained by hydroly-
sis of the reaction mixture is a S-ketoester.

S ]
—C—C—CO:R 4+ HX — —C—C—CO:3R + R'OH 4 ZnX.

|
0

R’
v v
If the addition product decomposes spontaneously, the 8-ketoester (V)
may again be the final product.
0ZnX 0) X

I l [
—C———C—COR — —C—C—COR + Zn

op | ! “or’

If the keto group in this ketoester is reactive and an excess of the organo-
zine halide (I) is present, further reaction may take place as in equation
2 above.

Evidence for the existence of the organozinc halide (I) as an inter-
mediate was provided by G. Dain,? who isolated and analyzed the follow-
ing compounds.

ZnBr ZnBr

i |
(CHa):CCOxC:Hy  (CHy):CHCHCO,CzHs

Three addition products corresponding to the complex II were also
obtained.

OZnBr OZnBr OZnBr
| | |
CeH{CHCHCOQ,C:Hy CiH;CHCHCOC:H; C¢HsCH-—C—CO:C.Hj
CH; CH(CH,) CH; CH;

These complexes, therefore, parallel the intermediates formed in the
well-known reactions involving the Grignard reagent or similar organo-
metallic halides and carbonyl compounds. Indeed, magnesium may be
used in place of zine (p. 16), and apparently the intermediate complexes
are analogous. Grignard reagents cannot be prepared from a-haloesters
and magnesium alone; hence the Reformatsky reaction offers a pro-

3 Dain, J. Russ. Phys. Chem. Soc., 28, 593 (1896).
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cedure by which the equivalent of a Grignard reagent from an a-haloester
is available for synthetic work. In the subsequent discussion these
intermediates will not always be written and only the reactants and
main products will be shown. It is to be understood, however, that the
steps shown above are always involved.

Relative Reactivities of Reagents. The order of reactivity of carbonyl
compounds in the Reformatsky reaction is RCHO > R,CO > RCO,-
CyHi. The order of reactivity of the haloacetates is ICH,CO,C,Hg >
BrCH,COCHy > CICH,COCzHs. The a-chloroacetic esters often
react slowly or not at all, and the a-iodoesters are not readily available.
Consequently, most Reformatsky reactions have been carried out with
the a-bromoesters. Esters containing a secondary or tertiary a-chlorine
atom are much more reactive than the corresponding primary derivatives
and in some cases are reported to give good yields. The three types of a-
bromoesters appear to react equally well.

Side Reactions. Various side reactions may be expected whenever the
Reformatsky reaction is carried out. The intermediate organozinc
halide may add to the earbonyl group of the a-haloester used as the
reagent; for example, Hann and Lapworth 4 have reported that zine
and ethyl bromoacetate react to produce ethyl y-bromoacetoacetate.

OZnBr

|

2BrCH,CO:C:Hy + Zn — BrCH,C—CH2C0:C2Hj
| .
0C.Hs

l
Bl’CHzCOCHgCOngHs + CgHaOZnBI‘

Since aldehydes and ketones possess far greater carbonyl reactivity than
the ester group, this side reaction is not important when aldehydes and
ketones are used. Moreover, its significance may be minimized by using
an excess of the bromoester and adding the latter in successive portions.
A common side reaction is the coupling of the haloester by the zinc.

CH:COC.Hj
2BrCH;CO:C.Hs + Zn — ZnBrs + |
CH,CO2C:H;

When aliphatic aldehydes or aliphatic or alicyclic ketones are used,
these may undergo aldolization under the influence of the zinc salts.

4 Hann and Lapworth, Proc. Chem. Soc., 19, 189 (1903).
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R

2RCH,CHO —=% , RCH,CHOHCHCHO

| =

RCH,CH=CCHO + H:0

o}
I
2 O:o _ROZX ©=O + H,0

Not only does aldolization use up the aldehyde or ketone, but also the
dehydration of the aldol produces water which decomposes the inter-
mediate organozinc halide (I).

| |
X—Zn—C—COsR + Hy0 — H—C—CO:R + Zn(OH)X
|

I
The organozine compound may also induce enolization.®

ZnBr OZnBr
| I
RCOCH:R + C:HiCHCO:CsHs — R—C=CHR + CH;(CH2)CO:C.Hjs

Subsequent hydrolysis of the bromozine enolate regenerates the original
ketone. This reaction accounts for the recovery of appreciable amounts
of the starting material and the presence of ethyl n-butyrate among the
reaction products.

THE USE OF THE REFORMATSKY REACTION

From a synthetic point of view the Reformatsky reaction not only
constitutes a method for preparing g-hydroxyesters and the correspond-
ing unsaturated esters and acids but also is a valuable procedure for
lengthening the carbon chain by two carbon atoms. The chain may be
branched on the a-, 8-, or a- and B-carbon atoms by proper choice of
reactants. Since the product contains the carbethoxy group, it is pos-
sible by & proper sequence of reactions to repeat the chain-lengthening
process. Several examples have been chosen to illustrate the utility of
the condensation and to point out the part played by the Reformatsky
reaction in a synthetic sequence.

% Newman, J. Am. Chem. Soc., 63, 870 (1940).
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Lengthening the Carbon Chain. Lengthening the Carbon Chain of an
Aldehyde without Branching the Chain,

RCHO ic—li’%*—c-& RCHOHCH,CO,C:Hs
Dehydration *
£
RCH=CHCO:C,;H;

Reduction {catalytic)

v

RCH,CH.CO:H +— RCH,CH.CO.CHj

Hydrogenolysis
RCH:CH,COCt RCH,CH,CH,OH
Rosenmund .
reduction Oxidation
RCH,CH,CONH, RCH,CH,CHO
Stephen
reduction
3 8nCl; + HC1

RCH,CH,CN

The process may be repeated, leading to R(CHj3)4,CHO.
Lengthening the Carbon Chain with Branching on the a-Carbon Atom.

R’ R’
RCHO + Br(IJH00202H5 LN RCHOH(IEHCOZCZHs
N .
RCH2(|3H00202H5 — RCH=(IJC0202H5

Use of the sequence of reactions outlined under the first example to
convert the ester group into an aldehyde group leads to the synthesis
of branched-chain esters of the following type.

RI
l
R[—CH;—CH—],—C0;C:Hs

* The dehydration of B-hydroxyesters frequently produces a mixture of a,B- and 8.y-
unsaturated esters (see p. 12). Both may be reduced catalytically to the saturated ester.
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Lengthening the Carbon Chain with Branching on the 3-Carbon_Atom.
R’ R’
l l
R—C=0 + BrCH,CO:CyH; —» R—(‘:—cmcmcgm
OH
RI
R—C--_—CHCOzCsz
|
|
R—CHCHCO.C,H;
The ester group of the final product may be converted into a keto

group by the following reactions.
R’ R’

| |
R—CHCH2002C 2H5 —_— R—CHCH2002H
R’ R’ R' l

| | oR |
R—CHCH,CO X% R— CHCH.COC

Repetition of these sequences of reactions leads to the preparation of a
second type of branched-chain ester.
RI
|
R[—CH—CHy—1,—CO0:C:H;

The nature of the R’ group is determined by the starting ketone and
the zine alkyl used in converting the acid chloride into the final ketone.
The R’ groups may be alike or different.

Lengthening the Carbon Chain with Branching on Both a- and $-Carbon

Atoms.
RV RII RI RII

| \ ]
R—C=—0 + BrCHCO;C:Hs —~> R—C—CHC0,CsH;

OH

RI RII
y
R—C=0002C2H5
\

R’ R““’

L
R—CH—CHCO,C.H,



8 THE REFORMATSKY REACTION

Th 2 nature of the R and R’ groups is determined by the ketone and
that of the R"” group by the haloester.
Lengthening the Carbon Chain with Double Branching on the a-Carbon

Atom.
R’ R’

| |
RCHO + BrCCO:CoHy —» RCH—C—C0,CoH;

RII OIH |11”

Rl RIII Rl RIH
| l | ]
R—C=0 + BrCCOsCsHy —2 R—C—C—CO4CaH

R bt ke
Occasionally, hydroxvesters of this type may be dehydrated to B,v-
unsaturated esters which can then be reduced to the saturated esters.
However, conversion of these «,a-disubstituted-g-hydroxyesters to the
saturated esters is usually best effected by refluxing with phosphorus and
hydriodic acid. ‘

These five general types of reactions therefore constitute methods for
synthesizing straight-chain and branched-chain hydroxyesters and un-
saturated and saturated esters and acids.

Whether or not the Reformatsky reaction is the best method for
lengthening a given carbor chain depends on a number of factors. For
example, cinnamic acid may be prepared by any of the following reactions.
Perkin reaction Yield, %*

CH;C!
CH:CHO + (CH,CO).0 (C‘bno’gi C¢H,CH—CHCO,H 80
Clatsen condensalion N OCDH
CoH,CHO + CH,CO,CsHs — % 3y CoH,CH==CHCO,C,H; 74
CH;CH=CHCO.H 72
Reformatsky reaction
OH
Z
C+H,CHO + BrCH,00:;C,H; ——> c,nbéﬂucuzcozcan. 64
_H,ol
C,H,CH=CHCO,C.H, 57
)
C.H:CH=CHCO,H 55

Krnoevenagel condensation

CyH,CHO + CH,(CO:H): —2y Coll CH—=C(CO,H),

i-COQ

CeHaCH%HCOzH 80
*Thesefiguresrepresent the over-all yields of the products shown, based on benzaldehyde
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On the basis of yields alone, the Knoevenagel or Perkin condensation
would be preferred for preparing cinnamic acid. From an economic
point of view, the reaction chosen would depend on the relative cost of
the reagents and the time involved in the preparation. The Reformatsky
reaction would not be selected.

However, in the synthesis of an unsaturated acid with branching on
the g-carbon atom (CeH5CI=CHCOZH) from the ketone (CgHsCOR)

R
the Reformatsky is the only method of these four which will give good
yields; the Perkin reaction fails to take place, the Claisen condensation
leads to an entirely different product (a 1,3-diketone), and the Knoevena~-
gel condensation gives low yields for small R groups and fails if R is large.
Branching of the chain on both o~ and S-carbon atoms can be accom-
plished only by the Reformatsky method.

Synthesis of Arylacetic Acids. The Reformatsky reaction is also
particularly well adapted to the synthesis of arylacetic acids or their
esters. Thus, ketones such as 1l-tetralone or 1-ketotetrahydrophenan-
threne® give hydroxyesters which are readily dehydrated to dihydroaryl-
acetic esters. The latter may be easily dehydrogenated to the aromatic
compounds.

0 CH,CO0,C;H; CH.CO,C,H; CH.CO:CsH;
OH
_. — __)Sse
or Pd
CH,;CO,CH CH;CO,CH; CH,;CO;CH,

Synthesis of S-Ketoesters. Very few applications of the Reformatsky
reaction to the synthesis of g-ketoesters by reactions involving the car-
bonyl group of an ester are recorded. Ethyl y-bromoacetoacetate is
formed by the action of zinc or magnesium on ethyl bromoacetate.s®
Hamel ¢ reported 569 yields of ethyl y-chloroacetoacetate by the action
of amalgamated magnesium on ethyl chloroacetate. Ethyl y-ethoxyace-
toacetate has been prepared in 10 to 339 yields from cthyl ethoxy-

§ Bachmann, J. Org. Chem., 3, 434 (1938).
8 Hamel, Bull. soc. chim., [4] 29, 390 (1921) ; Stolle, Ber., 41, 954 (1908).
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acetate and ethyl bromoacetate 7 by using amalgamated zinc. If ethyl
a-bromopropionate is used, the a-methyl derivative is produced.?
0]

| , Za(Hg).
CQH5OCH2C—OC2H.5 + BrCH2COQC2H5
OZnBr

!
CoH0CH,C—CH,CO:C,Hs
OC:Hs

leO

0
I
CoH;0CHC—CH,CO5C,H;

Ethy! 3,4-diketoadipate ® has been obtained from ethyl oxalate, ethyl
chloroacetate, and zine,
COC.Hy 2n COCH:CO:C:Hs
| + 2CICH,CO:CoHs — |
CO.CoHy COCH,CO.C,Hjs
On the other hand, ethyl a-bromoisobutyrate is reported to react with
ethyl oxalate to form ethyl a,a-dimethylmalate.’® It is evident that
reduction takes place during this reaction.
Br
COL.Hp | Zn HOCHCO:CHjy
i + 1:CH3)QC—CO2C‘}.H5 t-)_ I
COsCeHs (CH3)2C—C0:CoHy
The chief product from ethyl formate, ethyl chloroacetate, and zinc is
cthyl trimesate.! Ethyl formate undergoes the normal Reformatsky
reaction to produce the aldehydoester which then trimerizes.

0 0ZnCl
1| l
|1 3¢ 1
CyHO—C—H + CICH;C0:CsHs —s CpHiO—C—CH2C0,CoH;
H
CO5CH;
N .

A , +— 0=C—CH,C0,C:Hs
021‘1502{J\/L02021I5 !
H

T Yommelet, Bull. soc. chim., [4]29, 553 (1921); Compt. rend., 154, 706 (1912).

8 Johnson, J. Am. Chem. Soc., 38, 582 (1913); Johnson and Chernoff, J. Am. Chem, Soc.,
36, 585 (1913); 36, 1742 (1914).

9 Fittig and Daimler, Ber., 20, 202 (1887).

" Rassow and Bauer, Ber., 41, 963 (1908).

1 Reformatsky, J. Russ. Phys. Chem, Soc., 30, 280 (1898); .J. prakt. Chem., 54, 477
(1896) .
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With ethyl a-bromopropionate, the presence of the a-methyl group
in the intermediate aldehydoester prevents the trimerization. Hence 2
second Reformatsky reaction occurs leading to ethyl 2,4-dimethyl-3-
hydroxyglutarate.’? Ethyl a-bromoisobutyrate, ethyl formate, and zine
react in a similar fashion to produce ethyl 2,2,4 4-tetramothyl-3-hydroxy-
glutarate.'®

Oxidation* of the g-hydroxyesters, obtained by the Reformatsky re-
action on aldehydes, by means of the calculated amount of chromic
acid in glacial acetic acid as the solvent, produces g-ketoesters in low
yields (30-509).

CrOy

RCHOHCH,CO,CHjs y RCOCH:CO.CHs

Thus, B-ketoesters with no a-substituents may be obtained. This is
useful since the Claisen condensation of esters (other than ethyl acetate)
yields a-substituted g-ketoesters (see Chapter 9).

DEHYDRATION OF THE g-HYDROXYESTERS

If the temperature of the reaction mixture is high it occasionally
happens that the product from the Reformatsky reaction is the unsat-
urated ester. However, if the reaction is run in the usual solvents, such
as ether or benzene (p. 15), the chief constituent of the reaction mixture
is the hydroxyester. Because of their tendency to lose water during dis-
tillation or saponification,'* the 8-hydroxyesters and their derivatives can
sometimes be isolated in the pure state only with difficulty and in poor
vields, whereas dehydration of the erude reaction mixtures leads to
higher yields of the unsaturated products.

Dehydration may be accomplished by heating the 8-hydroxyester
with acetic anhydride, acetic anhydride and acetyl chloride,'® fused
potassium acid sulfate,'® 859, formic acid,'!” anhydrous formic acid,® 1% 19
zinc chloride in acetic acid,? or sulfurie acid # of various strengths (20 to

*See p. 22, reference 48.

12 Reformatsky, Ber., 28, 3262 (1895).

13 Blaige, Compt. rend., 126, 1808 (1898).

14 Schroeter, Ber., 87, 1090 (1904); 40, 1589 (1907).

15 §toermer and Frederici, Ber., 41, 324 (1908).

18 Wallach, Ann., 365, 255 (1909).

17 Rupe, Ann., 869, 321 (1009).

18 Cook, J. Chem. Soc., 2524 (1931); Bachmann and Edgerton, J. Am. Chem. Soc., 62
2971 (1940).

1% Bergmann and Bograchov, J. Am. Chem. Soc., 62, 3617 (1940).

20 Wallach, Ann., 314, 147 (1901); Tetry, Bull. soc. chim., [3]1 27, 600 (1902).

21 Jaworsky and Reformatsky, Ber., 38, 3633 (1902).



