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INTRODUCTION

The'Dar;ens reaction has been extenslvely studled
since the turn of the Twentieth Century. The scope and
limitations of the reaction were determined by Darzens in
'the early 1900's, and in recent years, the stereochemistry
and mechgnisﬁ of the bondensation have recelved ample
investigation. The vinylogous Darzens reaction, on the
other hand, has received sparse attention, and indeed, its
exlstence 1s stlll in doubt today.

The purpose of this research was to investigate the
chemistry and constitution of B-écetyl-B,b—phenacylidene-
coumarin, and the valldity of the vinylogous Darzens
reaction in the condensation of 3-acetylcoumarin with

phenacyl halldes.



HISTORICAL

The Darzens Reaction

The Darzens reaction is defined as the condensatlon
of a halomethylene compound with an aldehyde or ketone in
the presence of base to yleld an oxirane ring (I) by the
elimination of hydrogen halide, 1,e.,

In 1892, Erlenmeyer (1) announced the first synthesis of an
epoxy or glycidic ester (II) by the condensation of benzal-
dehyde with ethyl @-chloroacetate (III) in the presence of

sodium:

(0] . ‘CC.ET
OET 2
H
@J/k + CL /\o( — + NocCL

prie I
The condensation was extensively investigated by Darzens’

(2-14) in the early 1900's, as a consequence of which the
reaction was given hls name. Darzens (2) demonstrated the
generality of the condensation in regard to the use of

tetones in 1904:
0 ' . 0

A o /\[TOET L L\ SO ET

R + NaCL
o

R mathyl, 1sohexyl, heptyl, nonyl, phenyl,
B~uiienrlethyl and p-isobutylphenyl



In 1906, Darzens (4) 1nvest1gated the condensation of al-
dehydes with @-haloesters, and demonstrated the reaction.
to be genefal for aldehydes also. The aromatic aldehydes,
benzaldehyde, anlisaldehyde, piperonal and furfural, gave
high ylelds of the corresponding epoxyesters. On the other
hand, the aliphatic aldehydes, formaldehyde, acetaldehyde,
prOpionaldehyde‘and isovaleryaldehyde, were found to give
low yields of the epoxyesters.

The condensation of a,[?-unsaturated ketones with
ethyl @-chloroacetate was also studles by Darzens and other
investigators. Darzens and Rost (9) reported the prep-
arationhof the glycidlc ester of l-acetyl-l-cyclohexene (IV)
by the condensation of ethyl @-chloroacetate with l-acetyl-

l-cyclohexene (V).
0 ' COET

OET
+°L/\’c‘>/

v
v
In recent years, Heilbron and coworkers (15), and Linnell

and Shen (16) have investigated the condensation of @,
lgﬂunsaturated ketnnes with Q@ haloesters. Hellbron, EE.El
have reported the nreparation of the glycldic esters of

a-ilonone (VII), [3-1onnne (VI), 2nd mesityl ovide (VIII):

' COET
W COET >:)A/ CO ET

Vil



Linnell and Shen have also vrepared the glycidic ester of
benzalaceténe (IX) by the condensation of benzalacetone (x)

with ethyl @-chloroacetate:

0
PRNEN S ! o ',/-\ OET . " AN
[[_/jv S G
X

In recent years the German chemists, Nerdel and Fréhlich

i\/coz E T

IX

(17) have investigated the condensation of m-methoxyacetophen-
one and p-methoxy-acetophenone =ith ethyl @-chloroacetate,
and have obtained a satlsfactory yield of the glycidic esters,
ethyl B-methyl— B~(m—meth0xypheny1)- a,B-—epoxypropionate
(XI) and ethvyl' 3 -methyl-B-methyl- B -p-methoxyphenyl)-a,S -
epoxyprovoionate (XII). Nerdel and Fréhlich have also pre-
pared efhyl B—methyl-B(m—nltrop‘nenyl)-Q,B-epoxypropionaté,
and ethyl B -(m"—nitrophenyl)-G,,B—epoxypr'opionate by the con-

densation of m-nitroacetophenone and m-nitrobenzaldehyde with

”jZI)4£>JCOZET CO,ET
OCH 5 X1

ethvl @ -chloroacetate.
The Russian workers, Martynov and Ol'man (18) have
supnlewonted the work of Nerdel and Fréhlich by condensing

ethyl g -chloroacetate wl'h several substituted benzal-
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dehydes. The Russlans have prepared the glycidlc esters of
o-nitrobenzaldehyde, m-nitrobenzaldehyde, p-nitrobenzalde-
hydé, and p-chlorobenzaldehyde.

In 1905, Darzens (3,4) investigated the condensation
of ethyl @ -chloropropionate with aldehydes and ketones,
and found this @-chloroester to exhibilt the same behavior
in condensations as g-chloroacetates. Darzens has pre-
pared the aémethyl glycidic esters of acetone, methyl ethyl
ketone, methyl propyl ketone, methyl hexyl ketone, and
acetophenone. Aldehydes sﬁch as benzaldehyde, anisaldehyde,
piperonal, furfural, acetaldehyde, proplonaldehyde and
isovalerylaldehyde have also bpeen found to condense favor-
ably with ethyl @g-chloropropionate. ‘

In 1952, Dullaghan and Nord (19) have employed ethyl
@ -chloropropionate and methyl Q@ -chloroacetate in the pre-
paratlion of the glycidic esters of 2-thenaldehyde and sub-
stituted 2-thenaldehydes (XIII):

X1l



XIII
a) Ry=hydrogen b) RjZethyl  c¢) RjZethyl @) Rj=chloro

Rpo=methyl Rzzhydrogeh Rzzhydrbgen Ro=zhydrogen
R3zmethyl R3zhydrogen R3zmethyl R3Zhydrogen
Ryzethyl Ry=methyl Ryzethyl “methyl

e) Rlzchloro f) Rj=hydrogen g) Ri:hydrogen h) Ryj=hydrogen
Bgéhydrogen Ro=hydrogen  Rp=hydrogen  Ro=methyl
Raﬁmethyl R3shydrogen RyZmethyl R3ihydrogen
Ri=ethyl Ri=methyl Ry~ethyl Ry=methyl

In recent years, Morris and Young (20) have investigated

the @ -chloroesters, ethyl @-chloroproplionate, ethyl

@ -chlorobutyrate, ethyl ~a-chlorovéleraté, and ethyl

@ -chlorocaprdate by preparing the substituted glycldie

ester (XIV a-d) of acetone.

XIV a) R = methyl
b) R = ethyl

>A/COZET ¢) R = propyl

R a) R = butyl
X1V
Although ethyl @ -chloroacetate has become the most
ponular halo component in the Darzens reaction, ¢-bro-
mooacetate and Q-lodoacetate have also been used (21). The
ylelds of glycidic esters are somewhat lower if the g-bromo-

or @ ~1lodoesters are empnloyed; the lower ylelds have been

prvleined hy the greater reactivity of the bromo-and iodo-



esters to SN2 displacement. Huller and Remart - Lucas (22)
have illustrated the fact that alkylation of the carbonyl
component 1s enhanced by using ethyl @ -bromeacetate and
ethyl @ -lodoucetate. 'hen lsopropyl phenyl ketone (XV) 1is
condensed with ethyl @ -chlcreoacetate, the Darzens product

(XVI) prevalls,

0 COEY

]
©)\( reL N O
0

XV LVI
however, when ethyl @ -chloroacetate ir renlacod by ethyl
ad -bromoacetate or ethyl @ -lodmacctate, only the alkylated

ketone (XVII) is recovered:

5
OET '
XV + x/\g/ —»WCOZET

XVIiI
X = Br, I
Stetter, Dierichs, and Siehnhold (23, 24) have alco reported
C-alkylation to be the predominate reaction in the conden-

eatlon of ethyl @ -bromoacetate with dilhydroresorcinol

(XvIII).

0 0
OET
ijt + BR/\S/ — CO,ET
OH OH |

XVill



The condensation of ethyl Q~bromophenylacetate with acetone
has been shown by Morris, et al. (25) not to afford a
glycldle ester. An analysls of the reaction mixture dis-
closed that the bromoester was degraded to a mixture of
ethyl phenylacetate, ethyl 2,3-diphenylmaleate, and ethyl
2,3-diphenylsuccinate.

The Darzens reaction with complex Q-haloesters has
proven to be unsuccessful. Yarnall and Wallis (26) have-
attempted to condense ethyi.alg«iichloropropionate with
oyclqhexanone and have found no evidance of a Darzens
product. Apparéntly, the ethyl 048<iichloropr0pionéte
undergoes elimination to yleld ethyl @ -chloroacrylate.

The Darzens rgaction between acetophenone and ethyl Q-chlo-
ro- ﬁﬂg-diethOXYﬁrOpionate has also been unsuccéssful, as
Oroshnik and Spoerri (27) were unable to isolate producté.

The Darzens reaction involving an @-haloketone as
the halomethylene component was first discovered by Fritz
(28) in 1895. In attempting to prepare @-ethoxyaceto-
rhenone by the solvolysis of @-bromoacetophenone, Fritz
discovered that @-bromoacetophenone condensed with itself.
Fritz named the condensatlon product, diphenacyl bromide,
and assigned the struoture of the compound ag 1,5-divhenyl-

2-<bromo-1,4 butadione (XIX).



gr O

X1X :
Paal and coworkers (29, 30) studled the condensation in

1903, and discovered that two 1lsomeric diphenacyl bromides
were formed in the reactlon; the isomeric diphenacyl
bromides were deslignated as Q-and [g-diphenacyl bromides.

' Paal then extended the condensation by prenaring the @ -and
B -diphenacyl chlorides, and the @-and ,B—diphenacyl
lodides. In 1913, Widman (31) investigated the diphenacyl
'halides and rejected the structure proHosed by Fritz.
‘ldman discovered that if he treated lg—diphenécyl bromide
with acetyl chloride, he obtained a product that was
identical w;th a product obtained by treating [3-diphenacy1
chloride with acetyl bromide. On the strength of this
reaction, and other degradative evidence, Yidman proposed
the tetrahydrofuran structure, 2-bromo-3,4-epoxy-3,5

diphenyltetrahydrofuran (XX).

Br
6.4
The structure of the diphenacyls was not investigated

‘again until 1952, when Berson (32) and Yasserman (33)
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demonstrated that the tetrahydrofuran structure provosed by
Vidman to be incorrect. Berson based his investigation on
spectroscoplc means, aqd discovered the infra-red and
ultraviolet spectra of the diphenacyl halides were in-
compatible with the structure outlined by 'idman. The
spectra was comnatible however, with an epoxyketbne and thus
Berson proposed the structure of the diphenacyl bromides to
be the normal Darzens pfoduct, L-bromo=~l1,3~-diphenyl-2,3-

epoxy-l-butanone (XXI).

k\BR

XTI

Wasserman and coworkers (33) investigated the structure of
the diphenacyl 5romides at apnroximately the same time, and
agreed comnletely wlth the Berson structure. The structure
of @ -3inhenacyl bromide was confirned by synthesis in 1954
by the work of Stevens, Church, and Traynelis (34). The
synthesls conslisted of the prevaration of bromo-dypnone
(XXII) by the action of NBS on dypnone, and the subsequent
oxidatlion of bromo-dypnone by alkaline hydrogen peroxide to

the @ -diphenacyl bromide (XXI).

BRO

XXII
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ail'ter the dnltial reocrreh by Feltz on @ -bromo-
acetophenone, Widman investigated the condensation of
Q@ -haloacetonhenoncs with aldebydes. Widman (25) discovered
that benzaldehyde econdensed «with Q@ -chloroacetophenone in
the presence of sodium hydroxide or sodium ethoxide to
produce 1,3-dipbenyl-2,3-epoxy-l-nronanone (XXIII).

Sage
XXIII

The scope and limitations of the condensation between
phenacyl Halides and aldehydes remained for Bodforss (36,37)
to invegtigate. The reactlion nroved to be general for‘
benzaldehydes substltuted with electron-withdrawing groups,
(XXIV-XXViII) but did not proceed with

o XXIV a) Rj=hydrogen b) Rj=nitro ¢) Ry=hydrogen
Rpozhydrogen Ro=hydrogen Rp=nitro

R3rhydrogen R3zhydrogen R3Thydrogen

XXIT d) Rj=hydrogen e) Rizhydrogzen
Rg:hydrosaﬁ Ro=hydrosen
Rqznitre 3zchloro
0

NV a) R-bromno

OCH b) R-nitro

XXV



H

0 g

BR 0
o ¢
J NO, oAy
XXVI XXVIi XXViI

the aliphatlc aldehydes, acetaldehyde and isobutyraldehyde,
or the substituted benzaldehydes, anisaldehyde, pliperonal,
cinnamaldehyde, and p-télualdehyde.

The effect of substituents on the aromatic ring of
the @ -haloacetophenones nan the condencation with benzal-
dehyde has been extenslvely studied by Jgrlander (38). The
_condensation of benZaldehyde vith p—amino'a—chloroaceto-
phenone, p-acetamino-@ -chloroacetophenone, Z2-acetamino-6-
methyl- @ -chloroacetophenone, 2-methyl-5-acetamino- @-chlor-
oacetophenone, and 3—acetam1no—b—methy1-a—chloroacetophe-
none was shown to occur in hich yield by Jgrlander. The
reaction was_alsb successful 1n the condensation of ben-
zaldehyde with 2-methoxy-5-chlaro- @ -chloroacetonhenone,
Z,Q-dimethoxy- a-chloroacetoﬁhenone, and L-phenyl- @-chloro-
acetophenone. The methylated acetophenones, 3,4-dimethyl-
@-chloroacetophenone, and 2,4-dimethyl- @chloroacetophe-
none condensed with benzaldehyde in the normal manner.
However 2,4,6-trimethyl-q -chloroacetophenone did‘not vield
the epoxy-ketone, but 1lnstead afforded the aldol product

(XXIX).



1Y

XKIX
In recent years, the Darzens reactlon between
nliphatic @ -haloketones and aldehydes nas besn studled by
ceveral investlpgators. The condensation of &-chloroaceton-
es with benzaldehyde to produce the epoxyketones (XXXg,
XXXp) has been reported by Temnlkova and Mavtynev (39) and

Kwart and Kirk (40).
PN
R 0 : ”
+ R
Ci H— ' >
0
XXX,) R = hydrogen

methyl

3
~N
A

~
=¥
il

The branch-chained & -bromoketones, 1-bromo-3—methy1¥2*_
butanone and l-bromo-3,3-dlmethyl-2-butanone, huve been
nondensed with benzaldehyde by Tewmnikova and Kropachev
(41,42) to yield l—phenyl—l,?—epdxymh~methylajwnentanone
{X{XIa), and l-phenyl-l,2-epoxy-H4,4-dimethyl-3-pentanone
(XXXIIb), respectively. . i 0
.4"_\'
/M\/ @
XiXIa) R = hydrogen

XXXT b) R = methyl
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The condensation of formaldehyde with @ -~chloroacetone has
been studied by Hurd, McPhee, and Morey (43). The conden-
.sation hag been shown not to yleld the normal Darzens prod-
uct, but instead ylelds o wmixture of three prodncts, 2-
acetyl-2-ehlovro-1,3-dihydroxyoropane (XXXII), h-hydroxy-
3,3-dichloro-2-butanone (XXXIII), and 5-acetyl-5-chloro-1,

-

3-d1oxane (XXXIV).

0 0 o CL
OH L,
/LJ\ECL
OH cL

XXXII | XXXITT XXXIV

The @ -haloketones have alco heen ghown to undergo
other side reactlons under the eonddtions of the Darzens -
reaction. Campbell and Kbhanna (LL) have dincovered the
formatlon of 1,2-dlbenzoylethylene and 1,2-bla-
(o—nitrobenioyl)-ethylene in the bane_treatment of
a -bromoécetophenone and (1—bromo—o-nitroacetopﬁenone.
Eaborn (L45) has shown phenacyl chloride to undergo an
auto-oxidatlon reduction réaction in the presence of base

to yleld mandelic acid (XXXV).

OH
OH
0

XXXV
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Slince the 1n1tia1 dlscovery of the Darzens reaction
in 1892, many halocompounds have been found to condense
wilth carbonyl commounds in the same manner. Bodforss (46)
in 1919 showed that d-haloamides could ba subhstituted for

@-haloesters and ketones by condensing N-phenyl- @ -chloro-
acetamide with benzaldehyde to yield N-phenyl-3-phenyl-2,3-
epoxypropanamide. In recent years, Martynov and Shchelkunov
(47,48) have synthesized a,/g—epoxy-nitriles (XXXVI) Dby the

condensation of chloroacetonlitrile with ketones:

XXXVI a) R = methyl b) R = methyl

| E'=z methyl R':z ethyl
" c=N ¢) R = »nronyl d) R = phenyl
\\r?§>// R'= ethyl R'= phenyl
R e) R = isobutyl f) R = phenyl
XXXVI R'=- lsobutyl R'=z methyl

The Darzens reactlon has also been rep&rted by
Ballester (49) to proceed with @-halomethylene sulfones
and carbonyl compounds. Maas (50) has dlscovered that
@ -bromonitromethane (XXXVII) condenses with formaldehyde
and acetaldehyde to form 2—bromo—2—n1tfo—l*ethanol (XXVIII),

and l-bromo-l-nitro-2-propanol (XXXIX).

OH
NO )\/ NO,
Br’/\No2 o Y 2
8r 8r

XXXVI XYXVIIT XTI
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Newman and Magerlein (51) have renorted that the
p-toluenesulfonlc acld group may be used instead of a
halogen in the Darzens reaction, since they have prenared
ethyl CL[?-epoxycyolohexylideneacetate by the condensatlon
of ethyl @-(p-toluenesulfonyl)-acetate and cyclohexanone.

The first condensation between a carbonyl component
and an Q@-halocomponent not containing a carbonyl system
was discovered by Willgerodt (52) in 1881. Willgerodt
condensed acetone wlth chloroform and 1solated the halogen
containing compound, 1,1,l-trichloro-2-methyl-2-nronanol

(xL).
OH CL

CL
CcL

XL

In 1897, Jociecz (53) demonstrated that benzaldehyde con-
densed with chloroform to form 1,l,l-trichloro-2-nvhenyl-2-
ethanol, and Levedev (54).synthesized 1,l,1l-trizhloro-2-
(o-methoxyphenyl)-2-ethanol by condensing o-methoxybenzal-
dehyde and chloroform. The scope and 1im1tationé of the
condensatlion cof chloroform and ketones were investigated
by Welzman, Bergman, and Sulzbacher (55) in 1948. They
'discoﬁered the condensation to occur culte readily with
acetone, methyl ethyl ketone, cyclohexanone, acetophenone,
and methyl lsobutyl ketone. Benzophenone was the only

ketone which did not condense with chloroform. The con-



18

densatlon of chloroform and branch-chalned ketones has
been studled by Lombard and Boesch (56) in 1953. They
have dlscovered that steric requirements for the réaction
are very lmportant, since methyl isobutyl ketone yleld
only an 18% conversion to 1,1,l-trichloro-2,4 dimethyl-2-
pentanol, methyl propyl ketone, methyl n-pentyl ketone,
and methyl n-hexyl ketone glve a 10% yield of the chloro-
form addition products. Lombard and Boesch have found
that severely sterically hindered ketones such as diiso-
butyl ketone and dilisopropyl ketone do not condense with
chlorsform. ' |

Howard (57) and Howard and Castles (58) have pre-
pared 1,1,l-trichloro(p-chlorophenyl)-2 ethanol and 1,1,1-
trichloro—(o—éhlorophenyl)-z-ethanol by the condensation
of chloroform with p-chlorobenzaldehyde and o-chlorobenzal-
dehyde. Cristol and Harms (59) have prepared the tri-
chlorohydring of o-bromobenzaldehyde, o-tolualdehyde, and
o-methoxybenzaldehyde. Bergmann, Ginsburg, and Lavie (60)
have prepared the trichlorohydrins of several substituted
benzaldehydes, and have found the condensation to be
general for ortho-, meta-, and para- substituted benzal-

dehydes (XLI, XLII, XLIII).

@:KH XLI a) R = methyl
R b) R = methoxy

XLI ¢) R = chloro
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0 XLII a) R = methyl
H b) R = methoxy
! ¢) R = chloro
XLII
0 XLIII a) R = methyl
H .
J[::I)L\ b) R = methoxy
R /
¢) R = chloro
XLIII

Bergmann, Ginsburg, and Lavie have observed the
Cannlzzaro reaction to occur with 2-and 4-Nitrobenzalde-
hydes, and Q-phenylbenzéldehyde, instead of the condensation
with chloroform. Howard (61) has also found that the
aliphatic aldehydes, formaldehyde, acetaldehyde, vrovional-
dehyde, butyraldehyde, and isovaleraldehyde do not condense
with chloroform, but undergo self-condensation instead.

The trihalomethanes, bromofnrm and lodoform, have
also been found by Ekeley and Klemme (62) to condense with
'aldehydes and ketones, however the yleld of trihalohydrins
18 lower with these halldes.

Certain benzyl and benzal halides have alsgo been
reported to undergo the Darzens reaction. Xleucker (63)
has described the preparations of 1l-(p-nitrovhenyl)-2-
(p~stryryl)-epoxyethane (XLIV) and 1-(p-nitrophenyl)-2-
(2-furanyl)-evoxyethane (XLV) by the condensation of
n-nitrobenzyl chloride With cinﬁamaldehyde and furfural,

resnectively.
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NOo @

NOo
XLIV XLV
The condensation of p-nitrobenzyl echloride with
n-nitrobenzaldehyde to prenare 1,2-di(p-nitrophenyl)-epoxy~

athane (XLVI) has been reported by Rergmann and Hervey (64).

og
NOp & b—uo 2

XLvI
Hahn (65) has prepared the epoxy-ketones (XLVII,
XLVIII) by the condensatlon of p-nitrobenzyl chloride with

the 1,2-diketones, benzil and phenanthraquinone.

NO
2
NOZ

0

XLVII XLVIII
Bergmann and Hervey (64) have shown that 9-chloro-
fluorene may be used as a halomethylene comnonent in the
Parzens re~ctlon by condensing 9;thorof1uorene with p-nitro-

henzaldehyde to prepare n-nitrohenzal-9-fluorene oxide.

XLIX NO2
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Several baslc reagents have be=n used to efTect the
Darzens reactinn. Sodium and a Arop of alcohol was emnloy-
24 by Erlenmeyer (1), while Darzens investicated the
scope of the reaction with sodium ethoxlde. In recent
yeafs, sodium methoxide (29,40), sodium amide (66), sodium
nydride (67), diiconropylaminc magnesium bromide (68), and
notassium t-butoxlde (69} huve been emnloyed. Jchnson,
et al (70), have compared the effectiveness of potassium
t-butoxide and sodium ethoxlde, and hove found nétassium»
t-butoxlde to be the superior reagent. MWidman (35) has
Alccovered sodliun hydrolic tovbe offective 1In condensing
'@ -chloroacetonhenone with bhenzaldehyde, and mcot of the
chloroform condensatlons (52~62) have been carried out with
this reagent. Potasslum carbonote has alzso seen limited
use as a condencina arent (63).

The stereochemistry of the Darzeng reaction has not
received eitensive study. The early work by Fritz (28),
ﬁéal (29,20), Widman (31), and Kleucker (63) have demon-
strated that both cis and trans iromers are formed in the
reaction. The work on the @ —and‘lg—diphenacyl halldes by
idman (31) and Berson (32) hze aleo indicuted a baee-
catalyzed isomerization of the epoxy~compounds'ﬁnder the
conditions of the reaction. Berson has found a ratio of
8@ -to 5f3—diphenacyllbromides; “hen QQ-bromoacetophenone

1g treated with one mole of sodium ethoxide, and only the[?—



1somer when excess sodium ethoxide is used.

The first Darzens products to be extensively etudied
stereochemically were the @ -and B-diphenacyl bromides.
Wasserman and Brous (71) investigated the stereochemigtry
of thece epoxyketones by empleying a stereospecliflno reaction
that was developel by Widman (31). ¥Widman had discovered
that a-diphenacyi chloride and @ -diphenacyl bromide were
converted to 3-halo-1,2,4-triphenylpyrrole by aniline,
whereas the [3-1somers under the s:me conditions ylelded
3-hydroxy-1l,2,4-triphenylpyrrole. Wasserman and Brous
repeated the idman reacfion on @-diphenacyl bromide under
milder condltions and isolated 2-bromo-1,2,Lk-trinhenyl-
pyrrole (L). The ,B—diphenacyl bromide,

BR

L
under identical conditlons, was converted to an anilino

derivative (LI), which on acid treatment at room temperature

was converted into 3-hydroxy-1,2,k-triphenyloyrrole.

LI
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Thus the @ -diphenacyl bromide nmuet have a cis arrangenment
of the bromomethylene and benzoyl groups to facilitatg the
formation of the prrrole, wheras the ﬁ?—isomer must have ‘
the trans arrangement. Opening of the epoxlde would allow

the formatlon of the Dyrroleq'~ _
0 Cl

o O mﬁu@

Thus the stereochemistry of the @ -diphenacyl bromide (LII)

and B-diphenacyl bromide (LIII) must be the following:

LII LIII

The stereochemistry of the @ -and [B-di-henacyl halldes wag
also studied independently by Stevens and Traynelis (72},
and they verified tre asclgnments of configuration made by
Wasserman and Brous.

In recent years; Kwart and Kirk (40) have investigated
the stereochemlctry of li-phenyl-3,4-3poxy-2-butanone (LIV),
and they have diescovered the Darzens reactlon between
benzaldehyde and @ -chloroacetone to give exclusively the

trans-glycidic ketone.
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LIV
The steric arrangement &as proven by the reductlion of
transbenzalacetone with lithium alumiﬁum hydrlide followed
by oxidation of the olefin (LV) by perbenzoic acld to |

4-phenyl-3,4-epoxy-2-butanol (LVI).

NN

Lv LVI
The epoxy-alcohol (LVI) proved to be identicazl with the
product obtained by godium borohydride treatment of the
Darzens product (LIV).

Dahn and Loewe (723) have algo reported the exclusive
formation of the trans 1somef in tre condeﬁsation of m-
niltrobenzaldehyde with ethyl q-chlorcacetote. The Darzens
product, ethyl fgu(m-nitrophcnyl)«cbfgmepoxynropionate wag
shown to have the ftrans arrangement by stersospeclfic

trans-

synthesis: addltions of hynobromous acld to ethyl
m-nitrocinnamate followed by elimination of hydrobromic

acld.
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Zimmerman and Ahramjian (74) have discovered the
stereochemistry of a,[3~d1pheny1—cu[g—epoxypropionate to
have a cis arrangement of the diphenyl groups (LVII). Since
both threo and erythro lsomers of ethyl 2-chloro-3-hydroxy-

2,3—d1pﬁenylpropionate give the same product, Zimmerman has

COoET
LVII

concluded that the stabllity of the aldol intermedlate
(LVIII) anion determines the stereochemlistry of the react-

CO-ET
ion: o@

CcL

LVIII

Since the Darzens renction was first dlscovered in
1892, several mechaniemg have been vronosed to exnlain the
reaction; most of these may be convenlently summarized as
four distinet mechaniems: 1) the disnlacement mechanism,
2) the bivalent radlecal or carbene mechanizm, 3) the ketyl
mechaniam, and 4) the enolate anlon mechanizm.

The dlgoplacement mechanlem was first wronoced by
Erlenmeyer (1) and later by Claisen (66); the mechanism
involved the additlon of the allnxide lon to the carbonyl

component, which 1s then dilsnlaced bv the haloccter:
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0©na®
X |
R //)Lf\ﬂ + 0R® — = R—C—H
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OR CO.R
R—C—H + ¢ Yy — R//L\T// 2 HoR
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The bivalent radical or carbene mechanlsm was
theoretically conceived by Mef (75) in 1997, and employed
by Bodforss (36,37) in 1918 to exnlaln the condensatilons
of @ -haloacetophenones wlth carbonyl compounds. The first
atep in thls mechanlem involves the ‘a-elimin&tion of
hydrogen halide acld to form a bivalent radical or carbene
(LIX) followed by addition of the bivalent radical to the

carbonyl component:

~

R

0 0
X )
RN 4 0R® RN+ x®
| LIX
0 0 o 0
R//N\\%?H o+ R//“\\R"“———"‘ \:f£g>>//u\\R

In recent years, the bivalent radical or carbene mechanlon

has recelved experimental supvnort from Ingold and Hine.
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Ingold and Jessop (76) have pyrolyzed triethyl fluoryl
ammonium hydroxide (LX), and they have isolated 9-hydroxy-
fluorene (LXI) and difluoryl-ethylene (LXII). They pro-
rosed the mechanism to be an @-elimination producing a
six-electron intermediate (IXIII) that elther combines with

1tself or édds water:

@\?@ T @:;@ FNET; T Hy0

ET-N=ET on® IXTTT
ET \ '
LX
oH %
CIXI | LXII

Hine (77) has studied the kinetics of the base-
catalyzed hydrolysis of chloroform, and has proposed a
carbene mechanism for the reaction:

HGGLx+ OH i + HO
L —
3 3. 2

(=) . ©

160, + oH® ——=c0 + Hcoz‘;

The carbene mechaniem for the hydrolysis of chloroform has
received suoport from the work of Sakamoto (78); he has
investlgated the rate of deuterium exchange of chloroform
in base, and has found the rate of exchange to be faster

than the rate of hydrolysis which is consistent with the
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mechanism proposed by Hine.

The ketyl mechanism was first nroposed by Blicke
(79) 1in 192k to explain the reaction of benzaldehyde with
sodium to afford hydrobenzoin. The mechanlsm comonrises a
one electron transfer from‘sodium to benzaldehyde forniing
the benzyl radical which then combines with another benzyl

radical. 1.e.,

OH

OH

Fourneau and Billeter (80) in l939lextended the ketyl
mechanlsm to the Darzens reactlon in explalning the conden-
gatlon between diphenvl ketone and ethyl @ -chleroacetate.
The méohanism comprises two semarate reactions occurring
simultaneously. One reaction involves the formation of the
. sodium salt of hydrobenzoln which complexes with ethyl

. @ -chloroacetate:
o 060 ®
c ONA ONA

H:E/KTEZE + NA —— ¢ — °
@ @
ON?\ 8NA C0,ET

S e ]
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The intermedlate complex then combines to form the epoxide.
The second reaction involves two molecﬁles of the inter-
mediate benzhydryl free radical (LXIV) combining with a
molecule of ethyl Q@ -chloroacetate to form the glycidlc

ester and benzhydryl'alcoho]:

o e
CICO,ET
! ONA CH > GOLET on
o o T = +
. ONA H
LXIV

The enolate anlon mechaniem was proposed by Hahn
(65) in 1929 to explain the condensation of p-nitrobenzyl
chloride with benzil to yield 1,2-diphenyl-3-(p-nitrophenyl)
-2,3-epoxy-l-propanone (LXV). The mechanism involves the
formation of the carbanlion reagent and displacement of

halide 1on:

Since the initlal proposal of the enolate anion mechanlsm,
several investigators have pronosed various moéifications

of the mechanism. In 1931, Butowski and Dajew (81) proposed



the formatlon of the enolate anion of the carbonyl com-

ponent in the condensation of -acetone with ethyl @ -chloro-

acetate:
0 ®ona®
+ or® — /\
eONA ®
OET CO,ET
/‘\ + ¢l /Y - . \é/ 2
O L]

The fermation of the enolate anlon of ethyl @ -chloroacetate
was proposed by Scheibler and Tutundzitach (82) in the

condensation of ethyl @ -chloroacetate with acetaldehyde:

ol
OET e OET
ot Y 4 ORT —— \/e
0 | 0
' ©

(-]
o cl ONA
ct \/OET /U\ H N ‘—_f CET
)

e o Gl COLET

cl ONA .

OET ——» 5 COET
4 N

The enolate anlon of ethyl Q@ -chloroacetate has
been shown to exlst 1in basic sdlutions, since Newman and
Magerlein (83) have synthesized ethyl @ -chlorohydrocinna-
mate (LXVI) bh the alkylation of ethyl Q -chloroacetate
with benzyl chloride. Newman has also reported that 79% of
the theoreticai amount of ammonia 1s evolved when an ether
solution of ethyl Q@ -chloroacetate 1g treated with sodlum

.amide, thus giving additlonal evidence for the existence of
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the enolate anion under Darzens reaction conditlons.

A1

LXVI

GOZET

Recently, the dlnetics of the Darzens reaction
between czachioroacetophenone and benzaldehyde have been
reported by Ballester and Bartlett (84). The reaction was
. discovered to be third orcer with the rate;deterﬁining
gtep including benzaldehyde, @ -chloroacetophenone, and
hydroxide lon, and the 1lnvestigetors have nroposed the

following scheme for the reaction.
0

O = O
@”* @*MM
Yo — oPo

Ballester (85) has demonstrated the oxirane ring
formation to be faster than the reverse aldol step, by the
base treatment of l y3 diphenyl-2-chloro-3-hydroxy-l-pro-
panone (LXVII) in the presence of p-nitrobenzaldehyde; the
reaction led to 1,3-diphenyi-2,3-epoxy-l-nropanone (LXVIII),

and not a trace of l-phenyl-3-(vp-nitrophenyl)-2,3-epoxy-l-

propanone.
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OH O 0 _ 0
H e
NOo

LXVIT LXVIII
In recent years, the enolate anion mechzniem has received
additional proof by the lsolation of tﬁe Intermedlate
halohydrins. Munch - Petercon (66) has 1solated ethyl
2-chloro-2-hydroxy-3-phenylpropionate (LXIV) in the con-

dengation of esthyl @ -chloroecctate with benzaldehyde.

OH

CO2 ET
al

LXTX
Ballester (86) has alco 1eolated the chlorohydrin,
1-(2,4,6-trimethoxyohenyl)-3-(m-nitroohenyl)-2-chloro-3-
hydroxy-l-propanone (LXX), in the condensation of m-nitro-
benzaldehyde with @-chloro-(2,4,6-trimethoxy)-acetophenone.
Pallestér has also shown the 1nteramediate chlorohydriﬁ to
zfford a guantitative yleld of epoxy-ketone on treatment

71th base.
OH O OCH3

(o] o
: CH
OCH 3

LXK
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The Vinvlnmous Darzeng Reaction

Thé vinylogous Darzens reactlon may be defined as the
condensation of a halométhylene compound with an.a,ﬁgun—
saturated aldehyde or ketone in the presence of base to
y1eld a cyclopropane ring by the elimination of halilde

lon, 1l.e.,

! | 1 : i ® o
-C =C—g— '+ X =C— + 18 — —C —C—C — +HB+X

The vinylogous Darzens reaction has not recelved extenslve
investlgation as 1n the case of the Darzens reaction; 1in
fact, the earlier work by Darzens (9), Heilbron (15), Linnell
and Shen (16),and Kleucker (63) had cast doubt on the
~exlstence of sudh a reactlon. In recent years, however,

the vinylogous Darzens reactlon has recelved support from
the investigations of Deutsch and Buchman, and McCoy.
Deutsch and Buchman (87) have dlscovered the formation of
1l-methyl-1,2-dicarboethoxy-cyclopropane (LXXI), when ethyl
@ -chloropropionate was treated with sodium ethoxide, The
reaction was rationalized on the agssumntion that eliminatlon
of hydrogen chlorlde had ylelded ethyl acrylate, which had
been attacked by the enolate anion of ethyl a -chloro-
proplonate in a Michael reactlon and the resulting new
enolate anion (LXXII) had dispiacéd chloride to form the

cyclopropane ring, 1l.e.,
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/\COZET + 0ET*®
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CO.ET
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The assumption was cupnorted by the experimental fact that
ethyl acrylate condensed wlth ethyl Q -chlorownroplonate to
yield l-methyl-l,2-diczrboethoxycyclonronane in high yleld.

In recent years, McCoy (83) hés synthesized geveral

1,2-dicarboethoxylcyclopropanes (LXXIII) by the condensat-

R /f{//\5a%ET
2

COET L;
oy COFT LiKIT

g

lon of GJgaunsaturated estere with @ -haloesters:

T
. OR5

LXXIII

a) Ri=hydrogen
R2=hydrogen
R3znethyl
Rz hydrogen
Rg=pthyl

0

b) Ryp=hydrogen

R2=hydrosen
R3znethyl

Rliyzmetnyl

<R5ﬁ nethyl

R CO_R

¢) Ri=hydrogen

Rp=nethyl
RB:ethyl
Rly=hydrogen

Rs=ethyl



a)'X = chloro or bromo b) X = chloro ¢) X = chlorc
d) Ri=hydrogen e) Ryzmethyl f) Rizmethyl
Rp=methyl Rozhydrogen Rp=hydrogen
R3=ethyl . R3:ethyl or methyl R3Zethyl
Ri=methyl Ruihydrogpn Ry=zmethyl-
Rg=methyl RgZethyl Rgzmethyl
X =chloro X =chloro X Zchloro

The reaction was shown to be general for both @ -and
ﬁ;-substituted acrylic esters; the onlycz.[g -unsaturated
ester that would not condense was ethyl fumarate. McCoy
has Investigated the stereochemlstry of the cycloonropyl
compounds by comparing them with cyclopropane-l,z-dioar—
boxylic acide of known configuration. He has digcovered
the cie isomer to be present in the highest yleld in most
cases.

The reaction of (l,lgéunsaturated esters with @ -halo-
esters was employed by Mousseron and Fralsse (89) synthesis
of l-isopropyl~l,2-dlcarboethoxycyclopronane, and l-ethyl-
.l,2—d1éarboethoxycyclonropane; they prenared the cyclo-
propane conpounds by the condensation of eth&l acrylate
with ethyl 2-bromo-3-methylbutanoate and ethyl 2-bromo-
butanoate, respectively.

Mousseron, et al., (20) havé a2lso 1nvestigated the

condinsation of ethyl.a—chloroadetate and ethyl O -bromo~
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malonate with several a,B unsaturated comnounds. The con-
densation of ethyl @-chloroacetate with ethyl acrylate
was found to ocour'quite readlly, however the condensation
did not occur with acrolein, acrylonitrile, crotonaldehyde,
and ethyl cinnamate. The a,,B unsaturated esters, ethyl
crotonate, ethyl @-methylacrylate, ethyl maleate, and
ethyl fumarate, condensed with ethyl @ -chloroacetate to
afford a low yleld of the cyclopropane compounds. The
Q -haloester, ethyl q@-bromomalonate, wae found to condense
wilth ethyl acrylate and acrylonitrile, but did not condense.
#ith ethyl crotonate, ethyl a-ﬂwthylacrylaté, and ethyl
cinnémate. Moussgeron, et al., also studied the condensation
of ethyl ' g -bromomalonate with several a,B unsaturated
aldehydes and ketones. The vinylogous Darzens reactlion
was found to Qccur in the condensation of ethyl @ -bromo-
malonate with aérolein, crotonaldehyde, and methyl vinyl
ketone, but failed with @ -methylacrolein.

The first example of a vinylogous Darzens reaction
was reported in 1903 by Paal and Schulze (91). In the
synthesls of @ -and ,B-diphenacyl lodides by the self-
oondensat;on of @ lodo-acetophenone, Paal and Schulze
1solated a small amount of high melting solid which analyzed
for C24H1803. Due to the facts that the compound did not
reduced potassium permerganate, and yilelded 2,5-diphenyl-3-
phenacylfuran (LXXIV) upon zinc reductinn followed by acid
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treatment, Paal and Schultze proposed the structure to be

1,2,3-tribenzoyl-cyclopropane (LXXV).

LXXIV ‘ IXXV
The mechanism of the reactlon was postulated by Paal and
Schultz to be comnrised of a bivalent radical that combines

with two other bivalent radicals:
0 0
I had

D )

LXXV

In 1918 Widman (92) investigated the condensation of
thea,Bunsaturated ketone, j—acetylcouﬁarin (LXXVI), with
@ -~haloacetophenone. Widman (93) began his study of 3-

acetylcoumarin in 1902, when he investigated +the effect of
0

LXXVI

godium hydroxide and other bases on 3—acetylcouﬁarin.
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In the course of his investigation, he postulated that base
reacts with 3-acetylcoumarin by removing the @ -hydrogen of

the acetyl group forming the enolate anion:

o
:ia-t-Lxxvzz———-o-E>:>/K + ne®
0

In order to prove his postulate, Widman attempnted to
alkylate basic solutions of 3-acetylcoumarin with alkyl
halides. Widman (92) began his alkylation studies by
treating a sodlum hydroxide éolution of 3-acetylcoumarin
with ethyl lodide; the alkylation falled and 2-acetyl-
coumarin was recovered unchanged. The alkylation was then
tried with @-chloroacetone and Widman found that he could
not isolate any recognizable products. Widman then employed
Q@ -bromo- and Q@-chloroacetophenone in the presence of
godium ethoxilde, and found the alkylation to proceed smooth-
ly to lead to a compound whose composition corresponded tb
~the phenacyl derivative of the enolate anlon of B;acetyl—

. coumarin (ILXXVII).

LXXVII

It soon became evident that this structure could not be

dorrect, gince potassium pernanganate was not reduced, even
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under refluxing acetone conditlons, and the lodoform test
wasg positive, At approximately the same time, Widman (ol)
‘extended the reactlon by condensing 3-carboethoxycoumarin
wilth Q@-bromoacetophenone, and he lsolated a product similar
to the 3-acetylcoumarin condensation product, a 020H1705
compound. Degradation of this compound by sodlium hydroxilde
hydrolysis gave two recognizable fractlions, egalicylaldehyde

and @-phenacylmlonic acid: 0
CHO ' COZH

Czo Hl.T 05 + OHe + COZH

OH

A C18H1407 compound (LXXVIII) was also lsolated from the
hydrolysis which was assumed to be the precursor of salleyl-

aldehyde and @-phenacylmalonic acid, namely:

0
0
COoH
LXXVIII

Based on the results of the hydrolysls and the fact that
potassium permanganate was nct reduced, idman deduced the
structure of the 3-carboesthoxycoumarin condensatlion product

to be 3-carboethoxy-3,4-phenacylidenecoumarin (LXXIX).
0

COzET

0
LXXIX -



In like manner, the condenzatinn nrodust of “-acetvicoumarin
with Qa-chloroncetonhenscne was surcested o ho 3oacstria? L.

phenacylidenecoumirin (LXXX).

The chemietry of 2-acetyl-3,L-nhenacyvlidenecoumarin
was shown by Widman (95) to be quite Interecting. Hydroly-
sis of 3-acetyl-3,4-phenacylidenecouwnairin with 10 sodiunm
hydroxlde led to a CqypgH3pOp comdound which wag agcizned the
structure of B—phenylwa—(o-hydvoxybenZal)—2~cyclonenten~l-
one (LXXXI). Widiman discovered that Z-acetvl-?, L-nhennoy-
lidenecounarin did not react normally with the carbonyl
reasents hydroxylamine hyvdrochioride; semicarbazide hydro-
chlorids, and hydrazine hydrochloride, gince only a mono-
oxlime aﬁd mono~semicarbazone could be mrenared. Since the
oxime of 3-acetyl-2,4-nhenacylidenecoumarin gave o nosltive

lodoform test, Widman proposed that the aromatic ketone may

 have reacted, thus leaving the acetyl linkase intact.

OH o
LXXXI
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Widman attempted to prepare the disemicarbazdnes of the

coumarin compound by refluxing an acetic acid solution of

the commound with two moles of eemicarbazlde hvdrochloride.

However extensive degradation of the molecule ied to the

sémicarbazone of salicylaldehyde (LXXXII). WYidman found the
H

0
OH '
IXXXII
game type of degradatlon to occur with hydrazine hydrochlor-

ide, since a eolution of the commound with two moles of

hydrdzine hydrochloride produced salicylidene azine (LXXXIII)

OH OH

LXXXIII

The scope of the reaction of d.[g—unsaturated ketones
with phenacyl halidez was investigated by Widman (96). He
found the reaction to be applicable only to a limited number
of ketones. The reaction succeeded for 3-acetyl-, 3-benzoyl-
3-proplonyl-, 3-cyano-, 3-carboethoxy-, and 3-carbomethoxy-
coumarins:

R R = acetyl, benzoyl, proplonyl,

cyano, barboethoxy,

carbomethoxy.
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The reaction did not succeed for coumarin, 3-methyl-, 3-
phenyl-, and 4-carboethoxycoumarin. On the baslis of this
evidence Widman first belleved the reaction to proceed by
a bivalent radical adding to the ethylene linkage of the

3-acylcoumarin.

©/\LH + HX
[ “, ‘
0
R
leo

+ R

0

o
o)
Widman (96) tested his hypothesis by condensing several
substituted ethylenes, ethyl fumarate, ethyl maleate, ethyl
2,deicarboethoxymaieate, ethyl benzalacetoaoetaté, ethyl
benzalmalonate, ethyl o-ethoxybenzalacetoacetate, and ethyl
p-methoxybenzalacetoacetdte, with Q@ -chloroacetophenone.
However, none condeneed. As a consequence, the bivalent
radical mechanlism was dlscarded in favor of the followlng
mechanism (96). His scheme involved opening of the lactone
with base to the o-quinoid structure (LXXXIV), internal
displacement of halide and recyclization to a coumarin

geystem:
. C)O

g o___ .
©:>\/ + OETY —= COEY
0 (4]

LXXXTIV
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LXXXTV [::j/u\// -

’ —
o CORET

In the course of his inve stlgation of ‘the scope of

the reactlion, Widman (94) condensed several substituted
nhenacyl halides with 3-acylcoumarins. Yidman prenared
3-acetyl-3,U-anlcylldenecounarin, 3-benzoyl-2,k-anisy-
lidenecourarin, wnd 3-corboethoxy-3,L-nnisylidenecoumarin by
cond?nsing 2-anctyle, Zohennoyl-, and 3-carbocthoxycoumarin
with (1—chlorowp«mothoxyaoetophéﬁone. The phenacyl halldes,
@ -chloro-o-methoxyacetophenone, @-bromo-m-nltroacetophe-
none, and 1-( @ -chloroacetyl)-napthalene, were also discover-
ed tn acn&onsé with 3—acylcoumarins. Widman frepared 3-
aoetyl—B,4-(o—methquphenacylidene)—coumarin, and 3-acetyl-
3,M—napthacﬁlidenecoumarin by the condensation of 3-acetyl-
coumarin with @ -chloro-o-methoxyacetophenone and 1-
( a«chloroacetyl)-napthaline. He also prepared 3-carbo-
ethoxy-3,4-(n-nitrophenacylidene)-counarin by the conden-
gatlon of 3-carboethoxycoumarin with @-bromo-m-nitroaceto-
rhenone. |

The reactlon between 3-acylcoumarins and phenacyl

halides remained dormant until 1933, when Eodforss (97)
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réfuted the mechanlsm vronosed by Widman. Rod(orss reJected
the exlstence of the o-quinoid structure (LYXXIV) n»roposed
by Widman, and supported his claim by three exnerimental
facts. Firstly, the o-cuinnid strnecture 15 a %etone de-
rivative and would be expected to polymerize in the nresence
" of oxygen, whereas alkalline solutions of 3-acetylcoumarin
were shown to be stable to air. Secondly, conductance
studles on alkallne solutlonas of ?-acetyl-oumarin showed

the exlstence of a mnderately strong acld having a pXg of
this value, the acldlty may be due to the formation of 3-

acetyl-coumarinic acid (LXXXV).

0

on 2"

LXXXV
Thirdly, the ultraviolet spectrum of an alkallne solution
0f 3-acetylcoumarin is almost identical with the spectrum
of an alkaline solution of o-hydroxybenzalacetone, thus
1ndicatiﬁg the opening of the lactone to form 3-acetyl-
coumarinic acid. Since Bodforss could not find any experi-
mental evidence to supnort the o-culnoid structure, he
réjected Yidman's claim that the coumarin lactone was re-
guired for the formation of the cyclopropyl ring. Bodforss
contended that any C!,Bunsaturated carbonyl system should



react with phenacyl halldes, and he supported his proposal
by synthesizing 1-(o-nitrophenyl)-2,3-dibenzoylcyclopropane
(LXXXVI,;) and l1-(o-nitrophenyl)-2-benzoyl-3-(p-methoxy-
benzoyl)-cyclopropane (LX¥XVIp) by condensing o-nitro-
benzalacetone with phenacyl chloride.and. a-cnloro-p-~
methoxyacetonhenone. Bodforss then zttémoted to ertend the

R
0 :

0 0
{ CL 0
m + - -
NO, R NO, [{2

IXXXVI,) R = hydrogen
b) R = methoxy

reaction te several Q,[g-unsaturated carrvonyl compounds
such.as benzﬁlacetOphenone, cinnamlacetophenone, dibenzal-
acetone, ethyl p-nitrobenzalmalonate, 1,l-dibenzoyl-2-
phenyl-ethylene, ethyl o-nitrocinnamate, éi-m-nitrobenzal-
acetone,- and carvone, but could not icolate crystalline
producte.

Bodforse then nronosed the mechaniem of the conden-
gation of o-nitrobenzalacetophenone with phenacyl halides
to consist of an enolate anlon combining with thed#g—un—
gaturated ketone.

Earlier this year, YWawzonel and Morreal (98) reinves~
tigated the chemistry and constitutiop of 2-acetyl-2,L-

phenacylidenecourarin. The cyeclonropane ctructure was
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2 cL 2 CL
o — 0¥
0 0

| N0,
confirmea by synthesis from 3-acetylcoumarin ‘and dlazo-.

acetophenone, the intermediate pyrazoline (LXXXVII) being

pyrolyzed to glve the cyelopropane ring:

0
. | |
LYXXVI 4 Na/\,o/© — —"  LXXX
0 |

IXXXVII
The base catalyzed degradation of 3-acetyl-3,l4-phenacylid-~
enecoumarin was also reinvestigated by the University of
Towa chemists. Widman (95) had assigned the structure of
the degraded compound to be 3-phenyl-4-(o-hydroxybenzal)
-2-gyclopenten-l-one, and this assignment was shown to be
correct by a serles of chemlcal transformations. Wawzonek
and Morreal converted the hydrolyzed product to its methyl
- ether by treating it wlth dlmethyl sulfate and alkall. The
methyl ether of the compound was then oxidized to the
diketone (L¥XXVIII) by selenivm dioxide:
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0

0
OCHy 0CHy O

LXXXVIII
The diketone (LXXXVIII) was then oxidized by alkaline hydro-
gen peroxlde to give B-phenyl--a-(o-me‘ghoxybenzal)-gluta—-
conic acid (LXXXIX), whiech proved to be identical with a
sample synthesized by the condensatlion of dlethyl ﬁ?-phenyle

glutaconate with o-methoxybenzaldehyde:

CHO
Co<——H——L)ZXXVIII
OCH3 COZE' COZE' OCH3 COZH 2
The effect of sodlum hydroxlide on 3-acetyl-3,4-phenacylid-
enecoumarin was proposed to conslst of an abstractlion of a

proton from the @-carbon of the benzoyl group followed by

a reverse Michael:

\
s — (1

OH )
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Wawzonek and Morreal reaffirmed the conclusions reached by
Bodforss concerning the mechanism of the condensatlon of
3-acetylcoumarin with Q@ -bromoacetophenone, and concluded
the reaction to proceed by.means of a vinylogous Darzens

gcheme:
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DISCUS3ION

The structure eluclidation of 3-acetyl-3,4-phenacyliden-
coumarin, as reported by "Y1dman (92-96) required‘further in-
vestigation, since Tidman employed non-specific oxidative and
hydrolytic reactions in examining the structure of the
coumarin compound. The bulk of the chemlecal proof rested on
-two facts, namely the inabllity of the coumarin to reduce
potassium permanganate, and the hydrolysis of the compound to
afford @ -phenacylmalonic acld and salicylaldehydrate (94).

Although the Baeyer test for unsaturation has been found
to be fairly rellable over the years, the test has been known
to glve anomalous results with certain uneaturated systems.
The Baeyer test has been known to be‘upset by steric hin-
drance, slnce several tetra-substituted ethyleneé give a
negatlve test, and in recent years the test has been shown
to be sensitive to the purity of tﬁe unsaturated substrate.
Ipatieff, Thompson, and Pines (99) have reported the Baeyer
teat in acetone to be dependent upon the purity of the
ethylene compound since a purifiled sample of Q-pinene falls
tq reduce potassium permanganate, whereés an impure sample of
the olefin affords a positive test. Thus the Baeyer test
does not constitute a rigorous proof for the presence or
absence of unsaturation, but ony provides a qualified proof
which must be supplemented by other more specific tests for

unsaturation.



The hydrolysis of 3-acetyl-3,4-phenanyl {denecounarin to
afford a-nhenaoylmalonic acld does not prove the exlstence
of the oyolopropane ring, since several altarnate struoctures
sould be visullized to hydrclyze to the same 1lntermediate
under satrong base treatment. However, the isolation of Qa-
phenacylmalonic acld does constitute proof of the attachment
of the phenacyl group to carbon-3 in some manner, since the
aikylation of‘carbon—j during the hydrolysis would be very
difficult to rationalize.

The cyzlopropane structure for the coumarin compound
also does not satisfy the experimental evidence concerning
the formation of carbonyl derivatives with hydroxylamine
hydrochloride and semicarbazide hydrochloride. Widman has
established that the dloximes and disemicarbazones of the
coumarin cannot be prepared. 8ince an examination of a ﬁodel
of the cyclopropane compound d1d not appear to exclude the
formation of dicarbonyl derivativee, the proposed structure
appeared in doubt.

The validity of the cyclopropane structure was also
guestionable on theoretical grounds, gsince the reaction of
. @ -halomethylene compounds with a,B-unsaturated aldehydes
" and ketones has been shown to afford the Darzéns product in
most casges. Thus the occurrenée of the vinylogous Darzens
reaction in the_condensation of 3-acetylcoumarin with Q -

haloacetophenone appeared doubtful.
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The obndenéatlon of J-acetylcoumarin with & -chloroace-
tophenone in the presence of sodium ethoxide was found to occur
‘In exactly the same manner as described by Widman in 1918.
The reaction was interesting in two respects. First, the
ethanol solution of 3-acetylcoumarin and @ -chleroacetophenons
turned an orange-red color with every drop of sodium ethoxide
solution, wherein the color would remain for one or two
seconds and then disappear. Second, the reaction appeared to
be very fast since the yleld of the reactlon was not altered
by allowing the condensation to proceed for fifteen, thirty
or gixty minutes. Spectroscopic investigation of the coumarin
afforded 1ntereat1né but inconclusive evidence concerning the
gtructure of the compound. The 1nfrared spectrum dlsplayed
three bands in the carbonyl region, namely a strong band at
5.75 Haa moderate band at 5.8%u, and a sharp but weak band at
5.9%u. The 5.7%uband was tentlvely assligned to the lactone
carbonyl, since coumarin and 3-acetylcoumarin are known to
contain a simllar band. The 5.88fLband was assligned to the
saturated ketone, while the remalining 5.99y,band could be
‘assigned to the aromatic ketone or another unknown functlonal
group in the molecule. The cyclopropane structure is suppdrt-
ed by certaln aspects of the spectrum, but refuted by other
aspects of the spectrum. The pogitions of the 5.8@u.and 5.?$1
bands for the cyclopropane structure are supported by the fact

that cyclopropyl methyl ketone (100) and cyclopropyl phenyl‘
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ketbne (10l1) display 5.871 and 5.96U banda, respectively.
HoweVef, the intensities of the bands involved are not consis-
tent with the cyclopropane formulation. The intensities of
carbonyl compounds have been found to be an characteristic of
the carbonyl functlion as the position of absorption. Marion,
Ramsay, and Jones (102) have investigated the intensity of
several ketonie carbonyl groups in steroids, and showed these
groups to possess molecular extinction coefficlents between
350 and 1350, whereas the esters have an intensity range
between 350 and 770. On thies basls tre cyclopropane structure
seems not acceptable, since, in fact the magnitudes of the
intensitles of the ketones and the lactbne are Just reversed
in the compound under consideration.

The ultraviolet spectrum of the coumarin disclosed that
the 3—acetylcbumaﬁin chromophore had been altered, since the
condensation product showed absorption atA = 254miL(€ = 15,600)
whereas 3-acetylcoumarin showed absorption at >\: 298m/.L(€ =
13,200).

The chemical 1lnvestigation into the structure of the
coumarin compound was 1nitiated on an oxidative and hydrolytic
note. The original qualltative studles by Widman were repeat-
ed and completely verified in that the coumarin proved to be
inert to potassium permanganate, but reacted readily with
sodium hypolodite to give an lodoform test. The oxldative

- reactions were supplemented by attempting to brominate the
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coumarin. However, the compound was found to be unreactive,
even if allowed to stand for twelve hours in the presence of
the halogen. 8ince Widman had investigated the base~cata1yzed.
hydrolysis of the coumarin, an aéld-catalyzed hydrolyeis was
tried in the hope that the reaction would complement the basic
hydrolysis, and thus give insight into the structure of the
compound. However, the reaction did not succeed, since the
courmarin was discovered to be inert to 5% sulfuric acid.

Since the oxidative and hydrolytic reactions were not
very helpful in disclosing the structure, a reductive apnroach
to the problem was attempted. The coumarin system was exposed

% palladiumcharcoal as tre

/ .

to catalytic hydrogenétion using 5§
‘catalyst, aﬁd the coumarin was found to take up two molesg of
hydrogen, and:to be converted to a tetrahydro derivative
analyzing for CigH1804. The infra-red snectrum of the nroduct
dlsclosed 2.8/, 5.754 bands and a shoulder at 5.84.  Thus
the 5.99}Lbénd of the coumarin starting materlial had dis-
avneared on hydroﬁnnation, and a new hydroxyl veak at 2.&&
had appeared. However, the spectrum at 5.75—5.85;Lwas nnt
resolved‘and therefore difficult to apnraire. The ultraviolet
epectrun revealed aparse information on the structure of thre
compound, since 1t wes only characterlistic of a benzenold
aystem. .

The hydrogenated comnound was then teated with ferric

chloride, since 1t was concaivable tlhiot an acetoacetic ester
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(XC) had been produced in the reduction.
" R

R = CngO

XC
The ferric chloride test afforded interesting but confusing
information. When a chloroform‘solution of the compound was
exposed to the reagent, a negative result wae recorded, which
however became positive when the solutlon was allowed to stand
for ten or fifteen minutes. The test was further complicated
by the fact that an almost instantaneous test was observed
when a drop of pyridine was added to the ferric chloride
solution.

The tetrahydro compound was then exposed to an acetic
anhydride-pyridine mixture in an attempt to acetylate the
alcohol, but it readilly decomposed. Acetylation without
baslc catalyst led to recovery of starting material.

On the assumvtlion that the hydroxyl eroup of the reduced
‘compound was benzylic and hence hydrogenolytically removable,
the substance was exposed to further reduction. Its hyvdro-
genation proceeded very slugglshly over a 72-hour period in
which it was observed to absorb approximately one mole of
hydrogen. The hydrogenation product analyzed for a 017H1602
compound indicating the loss of two carbon atoms and an oxygen

atom. This suggested the loss of the acetyl group. Therefore,
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The new product had to be either 3-( [3-phenylethyl) dihydro-
coumarin (XCI) or 4—(#}-phenylethyl)—dihydrocoumarin (XC1I1).

The two proposed structures (XCI and XCII) were supported by

XCI ACII
the infra-red spectrum of the compound since only a single
carbonyl band at 5-70;L wag observed.

In order to prove the structure of the hexahydro de-
sacetyl compound, 1ts synthesls was attempted. The lacltone
(XCI) was believed to be the correct structure, since the
infra-red spectrum‘of the tetrahydro precursor contalned a
5.75}Lband and a shoulder at 5.8&;L, whereas the spectrum of
3-acetyldlhydrocoumarin (XCIII), an acetyl system unsubsti-
tuted at carbon-3, contained onlyfa single band at 5.984.

The flrst approach to the synthesls was concerned with the

XCIII
esterification of salicylaldehyde with )/-pknnjlkufvr\]

chloride (XCIV),

o o

ACIV Xov XCVI
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Perkin condensation of the resulting ester (XCV) into 3-
(ﬁ;-phenylethyl)—coumarin (XCVI), and hydrogenation of the
latter. However, while the esterification reaction proceeded
readily, the Perkin step did not succeed. Mostly starting
materlal was recovered. An alternate scheme was modeled

af ter the_synthesis of 3-acetonyl-coumarin (XCVII) by Marrilan
and Russell (103). They had condensed salicylaldehyde with
levullnic acid in the presence of sodium acetate and acetlo

anhydride. It appeared that simple substitution of levulinilc

o

XCVII
acid by fg-benzoylpropionic acid should afford 3-phenaceyl-
coumarin (XCVIII).

o)
XCVIII

The condensation was tried and fognd to yleld an orange
compound analyzing as 019H1404. The'product'showed two car-
bonyl bands in the infra-red, a 5.6@& and 5.6@u.band; and-the
ultraviolet spectrum of the compound reveaied two maxima at
250m/.l,(loge 4.56) and 395m/,l,(loge L4.,67). - A survey of the
literature concerning ﬁ;-benzoylpropionic acid revealed that
the condensation of aromatic aldehydes with this keto-adid

had been extensively studied by Schueler and Hanna (104)and
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Filler and Hebron'(105). Schueler and Hanna had condensed a
number of substituted aromatic aldehydes with lg-benzoyl-
proplonic acid, one of whlch was p-hydroxybenzaldyde which
afforded an orange compound, @-(p-acetoxybanzal)-) -phenyl-

[&,ﬁ;,)’—butenolide (XCIX). %Fe butenolide (XCIX) possessed

0

XCIX
an ultraviolet spectrum, ﬁwo maxlima at 252nyL(1og € L4.22)and
395m}L(log € L4.49) that was almost identical with the spectrum
of the compound obtained from the condensation of salicylal-
dehyde with [3-benzoylpropionic acid: Thua the CygHyy0y
compound appeared to be} @ -(o-acetoxybenzal)- )’-phenyl—AB Y-

butenolide (C). ' 0

C

A chromatographic investligation of the mother liguor of
the condensatlion revealed a yellow compound which analyzed
as 017H1203. The compound contained a 5.80}Land a 5.95}L
band in the infra-red, and a ultraviolet maximum at 272me
(€ = 11,800). This indicated that this compound was the
anticipated 3-phenacylcoumarin (XCVIII).

The chemistryvof the butenollde was 1nvest1gated.to a

limited extent. It was hydrolyzed by hydrobromic acid to 3-

rhenacyleounarin,  The hydrolysis of the commound with sodlum
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hydroxide waa found to afford the ccumaric acld, & -vhenacyl-

.0-hydroxycinnamic acida (CI).

: ; -:cozu
0

H
CI

The syntneels of the hexahydrodecsucetyl derradation
product (XCI) was then continued. Hydrogenation of the
butenolide over 5% palladium~charcoal led to tre carboxylic
acid (CII). Hydrolysis of the latter by 48% hydrobromic acid

gave a mixture of 3- B-phenyleth;,cl-d1?‘:ydr‘ocoumar1n (XCI)

COoH

CII
and Q- B—-phen~y1ethyl-—o-hydroxyhydroc1rmam10 acild (CIII),

which afforded a lactone on acetlc anhydride treatment. The

COzH
0

H

CIIT

lactone, 3- (B -phenylethyl)—dihydroconmarin, vroved to be
identical with the hexahydro-desacetyl »roduct (XCI) obtalned
from two hydrogenations of 3-acetyl-?,4-phenacvlidenecoumarin.
This synthesls showed that in the initial alkylation of 3-
acetylcoumarlh by @ -chloroacetovphenone a new carbhon-carbon

bound had been formed at least at carbon 3.
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While proof of the structure of the hexahydro product
also settled the position of most substituents of its tetra-
hydroprecursor, 1t shed no light on the locatlon of the
latter's hydroxyl group. A modified hydrogenation of the
tetrahydro compound, hydrogen and 5% palladium charcoal and
five drops of sulfuric acid afforded an oil. Its infra-red
spectrum, 5.75;Land 5.8&}Lbands indicated two carbonyl .groups

and hence could be assigned the keto-lactone structure (CIV).

OH

, 0 0
CIVv cv

Whereas structure (CV) seemed to fit the tetrahydro com-
pound, three facts were not readlly reconcilable with the
formulation: a).the compound's surprizingly slow rate of
hydrogenolysis, b) 1ts unusual behavior toward ferric chloride
and c¢) its decompositlon during base-catalyzed acetylation.
However, these daﬁa were not incompatible with alternate
structure (CVIII), although 1ts formation by hydrogenation'of
thé Widman condensation product was not apparent. As a con-
sequence, the cyclopropane formula (LXXX) of the latter was
ﬁut in doubt.

Widman had postulated the condensation of 3-acetylcoumarin

with @ -chloroacetophenone to proceed by way of the o-guinoid
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intermediate (LXXXIV). This mechanism seemed reasonable,
since W;dman discovered that the reaction did not occur in
a .[3 unsaturated systems that did not ocontaln the coumarin
gsystem. However, intramolecular base-catalyzed condensation
of the quinonemethine (LXXXIV) with its own aromatic ketone
side chalin need not lead only to the cyclopfopane gstructure
(LXXX). The enol ether (CVI) 1s another likely reaction

product.

CVI

The enolether structure (CVI) in no way contradicted
the experimental data of Widman or of the present hydro-
génation work. Hydrolysls of the enolether would afford an '
Q -phenacylacetoacetate derivative comparable to the hydrol-
ysls of the carboethoxy-coumarin compound (LXXIX) reported
by Widman. The fact that only mono-carbonyl derivatives of
the coumarin compound can be prepared is also in support of
the enolether structure. Hydrogenation of the enolether
-would afford an @ -phenacylacetoacetate derivative comparable
to the hydrolysls of the carboethoxy-coumarin compound
(LXXIX) reported'By Widman. The fact that only mono-carbonyli
derivatives of the coumarin compound can be prepared is also

in supvort of the enolether structure. Hydrogenatlion of the
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enolether would be expected to proceed through the tetrahydro-
furan derivative (CVI) to the aldol product (CVIII). The
hydrogenolysis at carbon-2 would be expected in preference to

C-0 fission at carbon-5, since the former site is less

CVII CVIII
sterlcally hlndered._ Th;‘aldol product would be expected to
accumulate in the reaction mixture since the alcohol would
resist ready reduction due to the proximity of a quéternary
carbon at carbon-3. Results of qualitative tests carried
out on the tetrahydro compound could be explained easily in
terme of the aldol structure. The Lewis acid, ferric
chloride, would be expected to catalyze the retro-aldol re-
action affording the open—chain aldehyde-acetoacetic ester
(CIX) and thus freeing an enol to give a characteristic

ferric chloride test. Addition of pyridine would be expected

to help the ring-opening and therefore give a faster ferric

CHO
CVIII , oH

CIX
chloride test. The base-catalyzed acetylatiohAmight,lead
concelvably to decomposition of the labile aldehyde-
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acetoacetlic ester, while mild acetylation might not succeed
because of the nafure of the aloohol. .The loss of the acetyl
group in the exhaustive hydrogenation of the tetrahydro com-
pound to BT(B-phenylethyl)-dihydrocoumarin (XCI) is not a8
easily explained on the basis of the aldol structure as on
'structure (CV). 1In either case the acetyl loss can be
rationalized only by assuming a palladium-induced intra-
molecular transacetylation toward thls.hydroxyl group prior

‘_ to hydrogenolysis. Such C-to0 acetyl migration 1s more
reasonable for (GV) than for CVIII). Since the structure of
the tetrahydro compdund was8 8till unsettled, a Fehling's test
was chosen to differentiate between (CV) and CVIII). It was
felt that should the compound be (CVIII), it would hydrolyze
to -salicylaldehyde and oxidize to salicylic acid, whereas

were it the benzylic alcohol (CV), it would not reduce Fehling's
solution. While a qualitative Fehling's test proved positive,
8. quantitative experlment, unfortunately, falled to reveal
salicylic acld among the reaction products.

The difficulties assoclated with attempts of a rigorous
structure proof of the tetrahydro compound cased a return of
experimental emphasis to the structure elucidation of 1its
presursor, the product of the‘condensation of phenacyl
chloride with 3-acetylcoumarin. By ﬁow lts structure was
limited to that proposed by Widman (LXXX) or the enolether

(CVI). To achleve this solution, an examination of the
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mono-oxime derivative of the coumarin compound was undertaken.
8ince the cyclopropane structure contains two carbonyl com-
ponents, the oxime could arise from eilther group, however, in
the enolether case the methyl ketone must glve rise to the
oxime, therefore, the infra-red spectrum of the oxime may shed
gome light on the structure of the coumarin compound. The
oxime was prepared by the addition of two moles of hydroxyl-
amine hydrochloride to one mole of the coumarin as described
by Widman. The infra-red spectrum of the mono-oxime displayed
two carbonyl bands, a 5.?5;L and a 5.99 L band, whereas the
5.88/L band present in the coumarin compound was missing,

thus indliocating that the methyl ketone had condensed with fhe
hydroxylamine hydrochloride. Thus the oximétion d1d not solve
the problem since both compounds contain the methyl ketone
group.and, thereforé,-the structures cannot be differentiated
on this basis.

The coumarin then was exposed to sodium borohydride re-
duction. The hydrilde prdduct was not 1solated as such, but
was treated with hydrobromlc acid. On the basis of an
enolether structure the reduction would have expected to
give alcohol (CX) and acid hydrolysis of the latter should
have afforded 3—phenacylcoumar1n and acetaldehyde. The acid
hydrolysis was found to lead to extensive polymerization.
However{ chromatographic separation of the reaction mixture

afforded a 20% yleld of 3-phenacylcoumarin unfortunately the
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low yield made the result inconclusive since incoemnlete re-
duction of diacyl cyclopropane (LXXX) to ketol (CXI) and
fragmentation of the latter in a manner analogous te that of
(CXI) could be visualized also to yleld 3-phenacylcoumarin.

A survey of the llterature of dihydrocbumarlne revealed
that 2-acetyl-L-phenacvlidihydrocoumarin (CXII) had been

synthesized by Hellbron, et al., (106, 107). This compound

AN

e

H

0]
CXI CXII

was slgnificant since zinc-acetic acld réduction of the cyclo-
propane structure should afford the same compound. Zinc re-
duction was then attempted and found to yield a brown amor-
phous substance that reslisted purification by recrystalli-
zation. The carbonyl region of its infra-red spectrum re-
vealed 1ittle about the compound because the bands were not
well defined. However, the compound dld glve a positive ferric

chloride test. Purification of the compound was then tried by
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sublimation, however the compound was found %tc deccmpose
thermally into 3-acetylcoumarin and acetophenone. The latter
was identified as its 2,4-dinitrophenylhyvdrazone.

These results, like many of thé earlier results, may be
explained on the basls of both sgtructures. In the case of
the oyclopropane structure, the 1,2-dlketocyclopropane system

would undergo ring opening in a fashion similar to the zine

0
) OF‘ZN
-—‘/\ — ENOLS — (xII
0 '

reduetion of 1,2-dibenzoylcyclopropane to 1,5-diphenyl-l,5-
pentadione reported by Allen, et al., (108). The J-acetyl-l -
phenacylidihydrocoumarin then would undergo a thermal retro-
Hichael reactlon upon sublimatlion to give 3-acetylcoumarin

and acetophenone. Thermal retro-Michael reactions have been

& : o
HHWD o W‘\ . @,\\
]
reported by several investigators. Meerwein (109) reported
the pyrolysis of 2,3-diphenyl-5-keto-lU-proplonoxy-l-hexanal
to Q@ ,,B diphenylacrolein and acetonyl proplonate. In recent
years, Achtermann (110) and Cornforth, et al., (11l) have de-
graded terpenes and sterols by thermal retro-Michael reactions.

In the case of the enolether structure conjugate acld of

the enolether would undergo reduction to the acetoacetic
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ester gystem:

The resulting acetoacetic ester system would undergo pyrolysis
to 3-acetylcoumarin and acetophenone in the same mannar as

acetates pyrolyze to oleflins and acetic acid:

0

0
| AL
— +
HQ %0 U

: 0.
At this stage of the investigation of the coumarin compound,
its eyntheclg.and i1dentity with Widman's structure were re-
ported by Waw?pnek and Morreal (98). These workers employed
the standard method of cyclopropahe preparation, by the
addition of'diazoacetophenone to 3-acetylcoumarin to form the
pyrazoline (LXXXVII); and pyrolysis of the latter to the
cyclopropané'system. The first step of the syntheels is
beyond reproach since the addition of diazo-systems to @ ,
ﬁ;-unsaturqted systems has been extensively studled (112, 113,'
114). The second step of the synthesis, the pyrolysis 1s
open to some question, since cyciopropane systems are known
to rearrange on heating; e.g. vinyl cyclopropane rearranges

to cyclopentene under pyrolytic conditlons (115). The
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reverse of this rearrangement has also been reported in a.

similar system. Shuiken (116) has reported the thermal re-
arrangement of dihydrofuran to cyclopropyl methyl ketone:

_0

[J]__,D/\
Thus the thermal rearrangements cited in these daseo may
indicate that an-equilibrium exists between the oyclopropyl
and five-memberéd'fing systems, and the position of equilib-
rium may depend to a falr extent on the nature of the sub-
atituents. Therefore, the synthesis does not constitute a
rigorous.pfoof for the cyclopropane structure.

Since the chemleal, spectroscopic, and synthetlc data
oould not distinguish between the two postulated structures,
a tool more specific in 1ts nature, was required to indlcate
the structure of the coumarin compound. The problem appeared
to be 1deally sulted for nuclear magnetic resonance analysis
since the oyclopropane ring hydrogens absorb at a characteris-
tio portion of the épeotrum and the spectra 'of the two éom- |
pounds would be substantially different. The NMR spectrum of
the‘oompound was investigated and showed to be composed of a

signal at 7.45 p.p.m. was assigned to the methyl hydrogens
of the acetyl group; the four signals in the 5.79-6.69 p.p.m.
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range indlcated vicinal hydrogens which are splitting each
other. to form and AB or two-spin system. The remalning series
of signals at 2.51-2.85 p.p.m. was assigned to the benzene
hydrogens. The intensity ratio of the methyl hydrogens td

the four signals of the viclnal hydrogens indicated a ratilo

of three hydrogens to two. Thus the spectrum 1is consistent
only with a system that has two hydrogens in proximity of

each other, and therefore, the coumarin compound must indeed
possess the cyclopropane structure (LXXX).

The chemistry of 3-acetyl-3,4,-phenacylidenecoumarin is
very 1ntr1gu1ngAeinoe an a prlore explanation of the results
was almost 1mpo§eib1e. However hindsight has always been |
more kind to the organic ochemist, and this case 18 no excep-
tion. '. |

The catalytic hydrogenation of 3-acetyl-3,4-phenacyl-
jdenecoumarin would be expected to proceed via the ocleavage
of the C-2-C-3 bond of the cyclopropane ring, since that
carbon-carbon bond 1s more sterlcally avallable to the

_approach of the catalyst then the other two carbon-carbon

bonds: ‘ ' 0

0
However, the resistance of the 3-acetyl-3—(ﬁ;-hydroxy-lg—

(phenylethyl)-dihydrocoumarin (CV) to further hydrogenation
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would not be antlclipated, since benzyllc alcohols are known
to undergo hydrogenolysis to the hydrocarbon. This resistance
may be explained by the formation of the hemlketal which may

be preferred to the open-chalilned syetem, 1i.e.,

e

cv
0' 0H

CXIII
The infra-red spectrum supports this clalm since the 5.82
band is not well resolved, but is present as a shoulder.
The hemiketal form may be the stable form in the solid state,
and in eqﬁllibrium with the hydroxyketone form in solution.
This phenomenon has been known for some time and 18 best
exemplified by the sugar series. The sugar fructose exlsts
as the five-membered hemiketal in the s0l11d state, and is in
equilibrium with the ketone in solution (117). .In recent
years, certain hydroxy-estérs have been found to exlst in the
form of a cyclic carbonate, Meerwein (118) has reported that

~-hydroxyethyl trichloroacetate also exlsts in the cyclic

carbonate form, 1i.e., _ &;;;;L
. CCL4~ N0OH

3
The rate of hydrogenolyslis of the carbon-oxygen bond in the

hemiketal form would be exceedingly slow since the furan
derivative (CXITI) is tetra-substltuted, making catalyst

approach to the benzyl carbon unfavorable.
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The exhaustive catalytic hydrogenation of the tetrahydro-
coumarin to afford 3-(£3-phenylethyl)-dlhydrocoumarin may also
be explained on the basis of the hemiketal. The formatlon of
the hemiketal leads to a,[3-hydroxylactone (CXIiI) which can
undergo a retro-Claisen reaction to afford the acetate (CXIV)

which, in turn, 18 hydrogenolyzed to the final product. The

' 0
CX Il ——— @Q/\@—_»xm + A NoH
0 0

CXIV
reactlon 1s catalyied by the traces of base usually present
| on metal catalysts since the catalysts are prepared in a
basioc medium., The reaction 1s probably accelerated by the
easing of steric, strain in the system, since the reaction
involves the.rehoval of a substituent from a quaternary car-
bon atom. This type of transacylation reaction has been
reported in the sugar serles many times (119, 120, 121).
The aclild-catalyzed hydrogénatlon of the tetrahydro-
coumarin would neutralize the traces of base présent on the
catalyst and would, therefore; terminate the retro-Clalsen
reaction. Thevhydrogenatlon of the tetrahydro-ooumarln can
be visuallized as proceeding by the following scheme:
.(9.
H@ o ~OHp
CXIII -— XC|‘
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The inability of the tetrahydro-coumarin to afford the
acetate by the acetlc anhydrlde treatment may also be due to
the hemiketal formation. The hemiketal formation would in
effect produce a tertiary carbinol which would be sterically
incapable of reacting with the anhydride. The decomposition
of the tetrahydro-coumarin by base-catalyzed acetylation may
involve the hydroxyl groups interacting in a manner different
than in the hemliketal formation. Since lt-is concelvable
that the hydroxyl group can interact with the lactone as well
as the ketone, an‘equilibrium surely exists among three com-

pounds, l.e., 9

V) A w— OH O @ /< OoXIII

The basic catalyst would pick off the phenolic hydrogen form-
ing the phenoxlde system (CXV) which might displace the
enolate anion (CXVI). The quinone methine (CXVII) produced

- Ogec Mg

CXVII CXVI
in the reaction would polymerlze with itself or unreacted
‘phenol. The driving-force in this reaction would be agaln

the relleving of steric strain on the quaternary carbon atom
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by the removal of a substituent.

The results obtained with ferric chloride can be ration-
alized on the basis of the equilibration of the tetrahydro-
coumarin to the phenol (CXV). The transesterification should
be catalyzed by the Lewis acid,.ferric chloride, thus freeing
the phenol to comple; with the ferrioc salt.

The positive Fehling's test on the tetrahydro-coumarin
was the most unexpected result of all of the structure
studies. The test has not been extensively studied, but the
generalization that benzylic alcohols or phenols do not give
a posltive test has been found to be valid. The answer to
the reaction may lie with the base decomposition of the
molecule. The strong base present in the Fehling's solution
would open the lactone to form the phenoxide system (CXV).

If the same cleavage of the phenoxide, as in the case of
acetylation, 1s employed then the cleavage will give an
o~-quinonemethine. The latter most llkely would polymerize
in the same manner as in the acetylatlon reactlon or undergo

‘ ﬁg;addition of hydroxide ion to form o-hydro-oxybenzyl alco-

—_— OH
. CXVII + OH =
OH .-

Were the [3-addition of hydroxide to occur, 1t is con-

hol 1l.e.,

celvable that the phenoxide anion of o-hydroxybenzyl alcohol
could facilitate the oxidation of the alcohol to salicylalde-
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hyde by participating in a hydride transfer e.g.:
H

Non O CHO

o _ox H .

0 0 OH
The salicylaldehyde would then undergo normai oxidation to
salicylic acid under Fehling's conditions. To test this
hypothesis, o-hydroxybenzyl'alcohol were exposed to the
Fehling's test. The test was positife with both o-and p-
substituted alcohols, whereas the meta comﬁound gave a nega-
tive test. Sincé only the ortho and para phenolic hydroxy
group can help in the oxidation, these results support the
proposed mechanism.

The catalytic hydrogenation of 3-acetyl-3,l4-phenacylidene-~
coumarin led to the cleavage of a carbon-carbon bond of the.
cyclopropane ring to afford 3-(ﬁ3-phenylethyl)—dihydrocoumarin.
If a reaction could be devised that would cleave one of the
other carbon-carbon bonds in the cyclopropane ring to a
recognizable system, then the two reactlions would complement
each other and prove the exlistence of the cyclopropane ring.
The zinc-acetic acld reduction appeared to be ideal since
the reaction would afford 3-acetyl-4-phenacyldihydrocourmarin,
a &ompound thét had been syntheslized several years earlier.
The product afforded by the zinc reduction of 3-acetyl-3,4-
phenacylidene-coumarin could not be crystallized and very
1ittle information on the comnound had been gained. 8Since

the zinc product waeg hard tc handle, the original synthetic
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work of Hellbron and Hill (122) was repeated in order to
obtain an authentic sample of the coumarin. The synthesis
consisted of a Michael addltlion of ethyl acetoacetate to
o-hydroxychalcone in the presence of sodium ethoxide. The
coumarin compound reported by Hellbron could not be 1sdléted;
a compound was 1solated from the reaction mixture in a 10
percent yleld that analyzed for 019H1u03 and had an 5;70;L
band and a 5-99;L band in the infra-red. The compound ap-
peared to be the aldol condensation product of the desired

compound, 1.e.,

CXVIII
Since the product from the zinc redﬁction of 3-acetyl-3,4-
phenacylidenecoumafin must have been 3~acetyl—u-phenaéyl-
dihydrocoumarin, having ylelded 3-acetylcoumarin and
acetophenone on pyrolysils, a sodium ethoxide treatment of 1%
should afford the same aldol nroduct as the one that arose
from the condensation of o-hydroxychalcone and ethyl aceto--
acetate. However, while the condensation was tried several
times, no aldol product (CXVIII) could be 1solated. The only
fecognizable product was 3-acetylcoumarin, thus indicating
" that a retro-Michael reaction had occurred instead of the

expected aldol condensation. An examination of the synthesls
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of the aldol préduct by the Michael addition of ethyl aceto-
acetate to o-hydroxychalcone revealed that the condensation
pfbceeded in very low yleld. At Tirst 1t was assumed that

the Michael addition was 3low. Howcver, on an examlnation

of the reaction mixture a 30 percent yleld of 3-acetylcoumarin
was dlscovered, thus indicating the predominance of the
retro-Michael reacﬁion even in thls case.

The stereochemistry of 3-acetyl-3,4-phenacylidenecoumarin
had not been investigated by Widman or Wawzonek and Morreal.
The oyclopropane system can possess one of two poselble
stereochemical) forms: (CXIXa), (CXIXb). Some chemical in-
formation on the stereochemistry had been obtalned from'the

gtructure work. The sodium borohydride reduction indicated

CXIXa ¢X1Xb
that the phenyl ketone 1s sterically hindered to some extent,
since approximately 20 percent of the ketone survived‘re—
ductlion. Thise suppocition recelved support from the earlier
work done byﬁWldman (95) concerning the carbonyl derivatives
of the cyclopropéne compound. Widman had reported that the
coumarin afforded only mono~carb6nyl deriVatives with hydro-

xylamine hydrochloride and semlcarbzlide hydrochloride. All
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attempts to nrepare the di—cérbonyl derivatives under more
rigorous conditions resulted in decomposition of the molecule.
The infra-red spectrum of the oxime of the coumarin compound
disclosed that only the methyl ketone had been oximated; the
phenyl ketone remalned intact. Thus indicating that the
aromatic ketone is sterically hindered. Since, 1,4 dicarbonyl
compounds react with hydrazine to form azlnes, thls reaction
‘appeared fo be capable of distingulshing between the two steric
possibilities because only the cls-arrangement (CXIXa) could
form the azine. Unfortunately the coumarin géve a complex
mixture on attempted hydraione formation. The spectroscopic
data accumulated earlier in the dlscussion of the structure
of 3-acetyl-3,4-phenacylidenecoumarin alsoc gave some quali-
tative indication of the stereochemietry of the compound.
The infra-red spectrum disclosed that the intensities of the
ketones were anomalous. The fact that both the methyl ketone
. and phenyl ketone had anomalous intensities, whereas the
lactone intensity was normal suggested a neighboring-group
interaction of the two ketones possible only in a cis
arrangement. |

The NMR spectrum has been found to be a useful tool in
the study of stereochemlstry. The spin-spin coupling constant,
J, has been found to depend on the type of'hydrogens involved
in the interaction. In the cyclohexane series, the spin-spin

coupling constant has a value between 6-10c/3 for 1,2-diaxial
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hydrogens. The constant for 1,2-axlal-equatorial hydrogens

1s lower, between 2-3 c¢/e (123). The same effect 18 observed
in the penta-acetates of glucose, mannose, and galatose (123).
The spin-gpin coupling constant in these cases ranges from
6-8 ¢/s for the diaxlal interaction, and 2-3 in the axlal-
equatorial interaction. The cyclopropane case however, 1s
ambiguous, since the cle 1,2 dihydrogens and the trans 1,2
dihydrogens have been found to gilve the same spin-spin
coupling constant. 6.3¢/s. for cls-and trans-dibromocyeclopro-
pane reported by Jackman (124). The gpin-spin coupling
constant for 3-acetyl-3,4-phenacylidene-coumarin has been
found: to be'loc/s. Thus the NMR surgests a cls arrangement

of acetyl and benzoyl groups, but unfortunately does not prove
1t rigorously.

The reusctions of 3-acetyl-3,4-nhenacylidenecoumarin and
related compounds are aqulte interrsting since the cyclopro-
pane ring has been opened in all of the three possible‘waye:
Widman (9&)-has reportci the cleavage of the carbon-2 carbon-3
bond of 3-carboethoxy-3,L4-phenacylidene-coumarin by base
hydrolysls; The cleavage of the carbon-1 carbon-2 bond of

3-acetyl-3,4-phenacylidenecoumarin by base hydrolysis has

R = methyl
ethoxyl

o
O
R
H
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also been studied by Wawzonekx an?d Morreal (98), and zlnc-
acetic acld reduction of B—écétyl—3,u-phenacylidenecoumarln
in this laboratory has led to the cleavage of the carbon-l
carbon-3 bond.

Although Widman did not comment on the mechanism of
hydrolysls of 3-carboethoxy-3,4-phenacylidenecoumarin, the
mechanism i1s probably comprised of an opening of the lactone
followed by hydrolysis of the carboethoxy group, the cyclo-

. propane ring is than cleaved to afford the more stable

0 0
COET © | T g COLET
0 ) C02@
0 0
0,0 : 0,0
O co2© , O + CHyCH ,0H

enolate anion, namely the enolate anion of the phenacyl group,

l.e.,
o
%
cof e coP
co o
0 S0
| - OH
0 R
OH OH
COpH cod
COH O coP
VXX OH ~
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On acidification, the intermediate hydroxy-acid (CXX) would
undergo a retro-aldol reactlon to afford salicylaldehyde and
@ -phenacylmalonic acid in order to relieve the steric strain
assoclated with carbon-3.

The cleavage of the carbon-l1 carbon-2 bond of 3-acetyl-3,
h-phenacylidenecoumarin to afford 3-pheny1-4—(o-hfdroxybenzal)-
cyclopenten—l-dne (LXXXI) was postulated by Widman in 1918.

The reaction was re-examined last year by Wawzonek and Morreal
and the Widman assignment of structure was found to be correct.
The mechanlsm of the reaction was assumed by Wawzonek and
Morreal to involve a retro-Michael (see pp. 47), since the
feaotion was analogous to the cyclopropane ring cleavage
discovered in 1,1 dioarbomethoxy-z-benzoyl-j-phenylcyclopro—
pane by Kohler and Conant (125). The reaction can be equally
explained by the mechanlsm emplbyed to explain the hydrolysis
of 3-carboethoxy-3,4-phenacylidecoumarin. The first step of
the reaction 1s the oleavage of the lactone followed by the
cleavage of the carbon-l-carbon-2 bond by phenoxide participa-
tion to afford the o-quinoid system. The latter then

©
0 0 5
G% | 0
. AL C
CXXI

stabllizes 1tself by an abectraction of a proton from the

phenacyl group to afford the o-hydroxychalcone system (CXXII),



which then undergoes intramolecular aldol reaction, dehydra-~

tion, and decarboxylation to the cyclopentenone system.

ooz on o
CXXII
The base-catalyzed degradations of 3-carboethoxy- and 3~
acetyl-3,4-phenacylidenecoumarin proceeds by the same pathway
differing only in the carboq-carbon bond that 1s cleaved in
the eyolopropane ring. This difference between the twb re-
actlons can be rationalized by examining the stability of
.the Intermediates involved in the reactions. The cleavage
of the carbon-1 carbon-2 bond would be preferred to the
cleavage of the carbon-2 carbon-3 bond, since the former
cleavage would relieve the steric strain assoclated with
carbon-3. However, in the hydrolysis of 3-carboethoxy-3,4-
phénacylideneqoumarln the cleavage of the oarbon—i carbon-2
bond would involve the formation of an unstabillzed anion.
Thus the cyclopropane ring straln 1s released by the cleavage
of the carbon-2 carbon-3 bond. In the hydrolysls of 3-écety1-
3,4-phenacylidenecoumarin, the'oleavage of the carbon-l
carbon-2 bond leads to the most stable intermediate, the
acetoacetate anion (CXXI).

The cleavage of the carbon-2 carbon-3 bond of the cyclo-

- propane ring ﬁaé discovered to occur quite readily by zinc-
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acetic acid reductiqn. The mechanicm of the reductlon has
been discussed earlier. The reactlon 1s another example of
the drive to relleve the strain of the cyclopropane ring and
that of the quaternary carbon-3.

| The cleavage of the carbon-2 carbon-3 bond may also be
occurring in the reactions of the semicarbazone and hydra-
zone of 3-acetyl-3,4-phenacylidenecoumarin. Wldman had
attemped to prepare the di-carbonyl derivatives, however hev
found the coumarin degraded to the derivatives of salicylal-
dehyde (95). The reaction apnears to involve the formation
of the derivative Qf the acetyl group leaving the benzoyl
group intact. The derivative may then interact with the
1actone,.forming the phenol-amide system. (CXXIII). The
phenol then undergoes further cleavage 1in compiete analogy

w#ith the previous dlscussions:

CXXIH

Y\N\,H . T 0
N-H
NHoNH-Y
[ TR S
oH
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The mechanism of the condensation of 3-acetylcoumarin
with @ -chloroacetophenone was postulated by Widman to involve
the opening of the lactone to afford the o-quinold structure
(LXXXIV). The mechanism was supported by two facts: firstly,
a red-orange color was noted during the condensation which
corresponded to the formation of the o-quinone-methine system;
and secondly the condensation was observed not to occur with
geveral similar a,lg—unsaturated gsystems that d4id not con-
tain the coumarin ring.

In 1938, Bodforss reinvestigated the mechanlem of the
condensation, and rejected the Widman mechanlsm 1n favor of
a vinylogous Darzens mechanism. Bodforss supnorted his
mechanlsm by two facts. Firstly, he could not find any
chemical or spectroscopic evidence to supnort the o-quinone-
methine, and secondly, he was able to condehse o-nltrochalcone
with @ -chloroacetophene to afford the vinylozous Darzens
product, l—(o-hitrophenyl) -2-3=1ibenzoylcyclopropane.

This year Wawzone¥ and Murreal favored the vin&logous
Darzens mechanism, but did not offer any experimental
evidence to support 1it.

Since Widman and Bodfross had attempted to extend the
condensation to sixteen other a,ﬁ;—unsaturated carvonyl
compounds, and had discovered only one carbonyl compound to
éondense in a vinylogous Darzens manner, the Widman mechan-

i1sm appears most reasonable. Corroboration of the Widman
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mechanism could be attained by the condensation of Q-
chloroacetophenone with two similar unsaturated compounds:
one compound containing the elements necessary for the for-
mation of the quinone-methine system in the presence of base,
and the second compound being similar to the first system,
but unable to afford a quinone-methine intermediate. The two
oﬂaloones, ethyl p-hydroxybenzalacetoacetate (CXXV) and ethyl
m-hydroxybenzalacetoacetate (CXXVI) appeared to be 1deally‘
sulted for this purpose. The anion of the péhydroxyohaloone
system (CXXV) as represented in (CXXXVII) 1is exceedingly

' 0 0
CORET COLET
HO
- OH
- CXXV

CXXVI
similar to the quinone-methine intermediates of both the
synthes;s and base-catalyzed degradations of 3-acetyl-3,4-
phenacylidenecoumarin. Hence, CXXVII might be expected to
yield a cyclopropane derivative with sodium ethoxide and

@ -chloroacetophenone. However, thé meta-substituted chalcone

0
e

CO,ET
0

belng unable to form a quinone-methine intermedlate would be
expected merely to undergo phenyl ether formation. Unfortu-

nately neither chalcone yielded anything other than starting
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materlal on exposure to Q@-chloroacetovnhenone and sodium
ethoxlde 1n as short a reaction time as had been necessary
to convert B—acetylcoumarin to 3-acetyl-3,4-vhenacylidene-
coumarin.

Although no direct proof can be offered for the Widman
mechaniem, 1t 8till ie the only mechanism that is consistent
wlth all experimental facte. The mechanlsm can be assumed to
consist of a fast formation of the phenoxide ion (LXXXIV) by
ethoxlde lon attack on the coumarin carbonyl group of 3-

acetylcoumarin and ite alklation, in a slow step, at carbon-3.

LXXX —— © co,ET
5 02
+CHCH, OH

Sodium ethoxide then abstracts a proton from the phenacyl
and the resulting enolate anion undergoee an intramolecular
Michael reaction producling the cyclopropane ring. Internal
extrusion of ethoxlde ion from the thus-form phenoxide s8alt
finally reforms the coumarin system.

Bodforss' obJection‘to the Widman mechanlism was based on
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hls ability to obtain a cycloprooane derivative from the con-
densation of o-nitrochalcone with @ -chloroacetophenone and
sodium ethoxide. Repetition of the Bodforss reaction led
only to a 10 percent yleld of a condensation product (85
percent recovery of o-nitrochalcone), 1in contrast to the high
Yleld obtalned in the coumarin series. A similar reaction
with p-nitrochalcone was even less successful, ylelding only
a 90 percent recovery'of gstarting materlal. In the absence
of any knowledge about the structure of the Bodforss pfoduct
it 1s uncertain if Bodfores' reaction has any relevance to
the Widman reaction.

The vinylogous Darzens reaction may be occurriﬁg by
three distinct mechanisms, the enolate anion, carbene, and
displacemenf mechanisms. The enolate anion mechanlsm involves
the abstraction of a proton from the halo-component and
subsequent addition of the anion to the ﬁg—carbon of the
unsaturated carbonyl componenf. The resulting anion then

displaces internally hallde lon effecting ring closure, 1.e.

H
| o e
X—C-—+B-——X—-(l2— + BH
|
© | ?l | i 99
e L A Rl
PR
+ X

This mechanism has received support from the lnvestigations
of Deutsch and Buchman (87), McCoy (88,126), and Mousseron

and Fraisse (89). They have investigated the condensations
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of a,[;—unsaturated esters with Q-haloacetates, and have
reported high ylelds of the cyclopropane compounds.

The carbene mechanism, llke the enolate anion mechaniem,
Involves an initial abstraction of a nroton from the halo-
component. However the second step 1s a dehalogenation to
afford the carbene. The carbene then adds across the double

'bond to form the cyclopropane derivative, l.e.,
H .

! |
X-?— +B 4__.._)("?— + BH —= C—

0
i 9
-C: + -(}:c-c- —— Ah./u\

Ballester (85) has investigated this mechaniem in the Darzens
reaction, but has found it not to be involved. However, the
mechanism has been suggested by Closs and Closs (127) to
explain the condensatién of 1,2-dimethylpropenyllithium with
méthylene chloride to afford 1,3,3-trimethylcyclopropene.
¥hile the carbene mechanism may be épplicabie no experimental
evidence for its support 18 available.

The dieplacement mechanism involves an initial displace-
ment of the halidé by the double bond of the o-hydroxycinnamyl
gsystem. Base then abstracts a proton from the halo-component

to complete the ring, 1l.e., H
H
]

X—C— + ——

- X
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SPECTRA

Ultraviolet'epectra were run in 95% ethanol using a
Beckman model DU quartz spectrophotometer and a Cary record-
ing spectrophotometer. Infrared absorption spectra were

recorded using a Perkin - Elmer Infracord snectrophotometer.



Figure 1. Spectra
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Fipure 3. S8pectra
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Figure 4. Infra Red Spectra
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Figure 5. Infra Red Svectra
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Figure 6. Infra Red Spectra



9Lt

i
il

ik

.o
g5

ERREHLE

2
=
o
=
E
g
B
o
o
-4
=2
£
-}
T3
T
4
i
-4
=
@

g
5::;“:5%:-;%33"
SO NennEng

5

?ﬁ?

it
G et gt
an g
(81 (52880880 30

BHBERREREAN

b

4 Eusaaﬂauaunmauzﬁs Eith




Figure 7. Infra Red Spectra
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Figure 8. Infra Red Spectra
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Flgure 9. Infra Red Spectrum
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Figure 10. N.M.R. Spectrum
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EXPERIMENTAL

All melting points and bolling points are correoted un-
less otherwise stated. The term petroleum ether refers to
the petroleum fraction of b. p. 60-70°. Ultraviolet spectra
were measured in 95% ethanol solution with a Cary recording
spectrophotometer and a Beckmann model DU quartz spectro-
photometer. Mlcro-anal&see were determined by the Strauss
and Weller Microanalytical Laboratory, Oxford, England, and

the Midwest Mierolab. Inc., Indianapolis, Indiana.
Absorbents for Chromatography

Activated alumina, 80-280 mesh, was allowed to stand
with ethyl acetate for 24 hours, then washed with water and
methanol, and.dried at 100° for 24 houre.

The Oelité—silicic acld absorbent was prepared by mixiﬁg
equal weights of Cellte and 100 mesh silicic acid.

3-Acetylcoumarin

Freshly distilled eallcyaldéhyde (11.0 ml., 0.1 mole)
was mixed with ethyl acetoacetate (13.0 ml., 0.1 mole), and
the mixture was dissolved in 95% ethanol (25 ml.). The
golution was then cooled in an ice bath to 0°, and piperidine
(1 ml.) was added.. After one hour the mixture had completely
golidified into an orange-yellow solid. The solid was mixed
with water and the resulting slurry was filtered. The solid
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was washed with three 50 ml. portions of water and dried.
The crude solid (17.3 g., 92%), m.p. 110°-120° was crystal-
lized from ethanol-water and the purified compound melted

between 120—1210.

Ultravliolet spectrum

\ max = 298 mp(€ 133,300)
3-Acetyl-3,4-phenacylidenecoumarin

The Widman procedure(95) was modified. A mixture of
3-acetylcoumarin (15.0 g., .08 mole) and @ -chloroacetophenone
(12.4 g., .08 mole) was placed into 250 ml. of absolute '
ethanol. The ethanol solutiorn was refluxed until eolutién
was complete. The hot solution was then allowed to cool to
65°. At this time a sodium ethoxide solution (1.84 g. of
gsodium in 50 ml. of absolute ethanol) was added dropwise to
the stirred solution over a period of L5-60 minutes. After
the addition of sodium ethoxide solution was complete, the
solution was allowed to stir for fifteen minutes. Whenever
the solution was not neutral at this point, a few drons of
glaclal acetic acild were added. The neutral solutlion was
allowed to'stand at room temverature for one hour after which
time 3-acetyl—3;U-phenacylidenecoumarln and sodium chloride
had cerystalllzed from the solution. The sollds were filtered
and washed with three 20 ml. portions of 95% ethanol. The

sollds were treated with hot ethyl acetate and the resulting
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solution was decanted from the sodium chloride. The ethyl
acetate solution was then evaporated and afforcded almost pure
3-acetyl-3,l4-vhenacylidenecoumarin (11.5 g., 46%), m.p. 183°-
1850. The coumarin was soluble in benzene, chloroform, and
acetic acid, and insoluble in 95% ethanol and carbon tetra-
chloride. The compound was crystallized from ethyl acetate-

95% ethanol, m.p. 184°-185°.

Ultraviolet svectrum

\ max. 254 miL(€ 14,800)
Hydrogenation of 3-Acetyl-3,4-phenacylidenecoumarin

A solution of 1.0 g. of 3-acetyl-3,4-phenacylidenecou-
marin in 100 ml. of ethyl acetate was hydrogenated over 100
mg. of 5% palladium-charcoal at room temperature and atmos-
pheric pressure. The hydrogenation was allowed to continue
over a 24 hour period. The solution was then filtered and
the solvent removed by evaporation at room temperature. The
01ly residue was crystallized from 95% ethanol-water, afforded
3—aoety1—3-(lg-hydroxy—ﬁ?—phenylethyl)-dlhydrocoumarln
(.700 g., 73%), m.p. 152-153°. |

~Anal. Cale. for Cy9H1g04: ©C, 73.54; H, 5.81
Found: G, 73.39; H, 6.00
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Hydrozenation of 3-Acety1-3-{[3-hydroxy-[?-phenylethyl)-
dihydrocoumarin
A solution of 0.500 g. of 3-aqetyl-3-4‘3-hydroxy-‘?-
phenylethyl)-dihydrocoumarin in 25 ml. of ethyl acetate was
hydrogenated over 100 mg. of 5% palladium-charcoal at room
temperature and atmogpheric pressure. The hydrogenation was
elugglish and absorbed hydrogen over a 72 hour period. The
catalyst was gemoved by fiitration, the solvent evaporated
at room temperature and the residue crystallized from 95%
ethanol-water. The crystalline solid, 3-(f -phenylethyl)-
vdihydrocoumarin (0.355 g., 87%) melted between 81-820.
Anal. Calec. for Cy,Hy40,: C, 80.92; H, 6.39
Found: ©, 80.73; H, 6.95
Preparation of @ -(o-Acetoxybenzal- y-phenyl-A IB )
Y -butenolide and 3-Phenacylcoumarin
Freshly distilled salicylaldehyde (1 ml., 0.0095 mole,
ﬁ;-benzoylpropionio acid (1.69 g., 0.0095 mole), and fused
sodium acetate (1.56 g., 0;019 mole) were dissolved in 30 ml.
of acetlc anhydride. The solution was heated on a steam bath
for two hours, and then allowed to stand at room temperature
for 12 hours. The solution was then diluted with 30 ml. of
water and heated on a steam bath for 30 minutes. The red
solution was dlluted with water and extracted several times
with ether until the last ether extract was colorless. The

ether layer was then evaporated to 4Aryness and the resulting
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red orystalline solid (705 mg.) m.p. 170°-174°, was crystal-
lized from ethyl acetate-95% ethanol. The recrystallized
orange solid, @-(o-acetoxybenzal)- Y-phenyl- AB Y-
butenolide melted between 173—17&0. The mother llguor was
evaporated to dryness on a steam bath Qnder vacuum. The red
resldue was dissolved in benzene and chromatographed on
alumina. Eluction with petroeum ether led to 130 mg. of
a—(o-acetoxybenzal)-a-phenyl—AB ,7;butenolide. ‘Elution
with 3:1 benzene-ether led to 102 mg. (5) of 3-phenacyl-
coumarin, m.p. 1599-163°, Anyatal1ization of the compound
from acetone-water raised the m.p. to 163°-164°, _

The total yleld of Q -(o—aoetoxybenzal)-)’-phenyl-AB , |
Y -butenolide was 835 mg. (30%). |

a-( o-Acetoxybenzal)-y-phenyl-AB ,y -butenolide

Anal. OCalecd. for Cy1gH1404: C, 74.45: H, 4.60 Found:
G, 74.28; H, b4.86 ,

Ultraviolet spectrum A max 250 mp ( € 36,000); A\ max 385 m'u_
(€ 49,300)

'3-Phenacylcoﬁmar1n

Anal: Calcd. fgr 017H1203: c, 77.27; H, 4.55 Founq:

¢, 77.27; H, 4.83

Ultraviolet spectrum A max 247 mp,( € 13,100); A\ max 290 mAL
( € 14,800)
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Acid Hydrolysis of a-(o-Acétoxybenzal) -)’—phenyl-AB ’
Y -butenolide '

A solution containing a-(o—acetOXybenzal)— Y -phenyl-
AB , Yy ~butenolide (500 mg.), 5 ml. of 48% hydrobromic acid
and 10 ml. of water in 25 ml. of glaclal acetic acid was
refluxed for six hours. The solution was then cooled to room
temperatufe and poured into 100 ml. of water. The resulting
solution was extracted with chloroform until the last chloro-
form layer was colorless. The chloroform solution was washed
with two 25 ml. portions of water, drlied over magnesium
sulfate, and evaporated to dryness at room temperature. A
solid, 3-phenacylcoumarin (302 mg., 71%), crystallized on
evanoration of the solvent. The compound'wae ldentifled by
a comparlseon of 1ts infra-ved spectrum with that of an
authenic sample and a lack of mixed melting point depresslon.

Basic Hydrolysis of a-(o-Acetoxybenzal)—Y—Dhen'yl—AB ,
Y ~-butenolide

An ethanolic solution containing @ -(o-acetoxybenzal)-
7’-phenyl-l§ﬁ3 , 7 -butenolide (500 mg.) and potassiﬁm
hydroxide (180 mg.) in 5 ml. of water was refluxed for two
hours. THe solution was then cooled, and acidified with
concentrated hydrochloric acid. Upon dilution of the solu-
gion with water —phenacyl~o-hydroxycinnamic acid (99 mg.,
22%) erystallized from the reaction mixture. The"aoﬁpound

was recrystallized from 95% ethanol-water, m.p. 1910-1920.
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Ultraviolet soectrum \ max 243 ( €12,900); X\ max 310 ( ¢4,510)
Anal. Calcdilfor CioHy 0yt C, 72.24; H, L4.96 Found:
C, 72.13; H, 4.99

Synthesis of 3-(f -Phenylethyl) -dihydrocoumarin

A solution of g —(_o—acetoxybenzal)-—)’-phenyl-A B s
7'—butenollde (500 mg., 0.0016 mole) in 50 ml. if ethyl
acetate was hydrogenated over 100 mg. of palladium-charcoal
at room temperature and atmospheric pressure. The catalyst
was removed by filtration, and the resulting solution was
evaporated to dryness at room temperature. The o0lly residue,
a -(ﬁ;—phenylethyl)-o-acetoxyhydrocinnamic acid was not
isolated but hydrélyzad directly. The residue was dlssolved
in 50 ml. of glaclal acetic acid, then 10 ml. df 48% hydro-
bromic acid and 10 ml.”of water were added, and the mixture
was refluxed for four hours. The solution was cooled, diluted
with water and extracted with three 25 ml. portions of chloro-
form. The ochloroform solutlon was dried with magnesium sul-
fate and then evaporated to dryness; The resulting 0ll was
a ‘mixture of 3-(f8 -phenylethyl)-dihydrocoumarin and @ -(3-
phenylethyl)-o-hydroxyhydrooinnamic acid. The mixture was
dissolved in 50 ml. of acetic anhydride and distilled until
approximately iO ml. of acetic anhydride remained. The
remaining acetlec anhydride was removed by evaporating the

solution under vacuum. The residue was crystallized from
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95% ethanol-water, and afforded 0.282 g. (71%) of 3-
(B-phenylethyl)-dihydroooumarin, m.p. 819-82°,
Anal. Caled. for Cy5H3g809: C, 75.55; H, 6.67
Found: ¢, 75.00; H, 6.69

Zinc Reduction of 3-Acetyl-3,4-phenacylidenecoumarin

Method A

A 500 mg. sample of 3-acetyl-3,4-phenacylidenecoumarin
was dissolved in 25 ml. of glaclal acetic acid, and the
solution was cooled to 0° 1in an 169 bath. One ml. of concen-
trated hydrochloric acid was then added to the colution fol-
lowed. by one gram of zinc. The resulting solution was
sWirled for three minutes in the ice bath, and then allowed
to stand at room temperature for ten minutes. The excess
zinc was removed by filtration and the resulting solution
was diluted.withVWater. Upon the éddltlon of water, an
amorphous yellow solid precipitated. The solid was filtered,
and sublimed at 160° and 1.5 mm. pressure. The resulting
sublimate (62 mg., 20%) was identified as 3-acetylcoumarin.
The residue of the eublimatioﬁ was dissolved in benzene and
chromatographed 6n alumina. The petroleum ether fraction
was concentrated and diluted with 95% ethanol.. The resulting
solution was then poured into a 95% ethanol solution contaln-
ing 2,u-dinitrophenylhydrazlne (100 mg.). After_a few minutes
the 2,4—d1n1tfopheny1hydrazone (96 mg.), crystallized from
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the solution. The derivative was identified as the 2,4~
dinitrophenylhydrazone of acetophenone by comparispn with

an authenic sample.

Method B

The method of C. F. H. Allen (108) was employed in this
reduction. The 3-acetyl-3,l4-phenacylidenecoumarin (500 mg.)
was dissolved in 15 ml. of glacial acetic acid and one ml.
of water. Zinc dust (2.0 g.) was then added to the solution
and the mixture was refluxed for one hour. The solution was
cooled, filtered, and evaporated to dryness under vacuum.
The resulting o0ll was dissolved in 25 ml. of absolute ethdnol
containing 400 ﬁg. of sodium, and stirred for 12 hours under
an atmosphere of nitrogen. The solution was then acidified
with glaclal acetic acid and evaporated to dryness under
vacuum. The residue was dissolved in 15 ml. of benzene and
chromatographed on aluﬁina. Elution with 1:1 benzene-ether

led to 61 mg. of 3-acetylcoumarin.
Oximation of 3-Acetyl-3,4-phenacylidenecoumarin

A solution consisting of hydroxylamine hydrochloride
(0.239 g.) in 2 ml. of water was added to 25 ml. of ethyl
acetate contalining 3-aoety1-3,u-phenaoylideneodumarin (500
mg.). The solution was made homogeneous by the addition of
sufficlent 95% ethanol. The homogeneous solution was then.

allowed to stand at room temperaturelfor 12 hours. The
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solution was concentrated at room temperature until 1t became
turbld. Thereupon 1t wae allowed to stand at room temperature
until crystalllzation was complete. The impure 3-acetyl-3,4-
phenacylidenecoumarin oxime (305 mg.) melted between 225°-
230°. Reorystalllzation from 95% ethanol-water gave orystals
which melted between 229°-230°.
Sodium Borohydride Reduction of 3-Acetyl-3,4-
phenacylidenecoumarin Followed by Acid Hydrolysis

The method described by Fileser (120) was employed. A
95% ethanol solution of 3-acetyl-3,L4-phenacylidenecoumarin
(500 mg.) was treated with sodium borohydride (100 mg.).
After addition of the latter, the solution was allowed to
gtand for 10 minutes at room temperature. Approximately 10 ml.
of water was added to the golution, and the solution was
boiled for 10 minutes. The resulting solution was neutralized
by the dropwise addition of glaclal acetlo acid. The product
wag not lsolated, but hydrolyzed directly. The solution was
acidifled with 5 ml. of 48% hydrobromlc acid and refiluxed
for four hours. The resulting solution was cooled and diluted
with water and extracted with chloroform. The extract was
dried over magnesium sulfate and evaporated to dryness at
room temperature. The o0ily residue Qés dissolved in 20 ml.
of benzene and chromatographed on alumina. Elution with 1:1
benzene-ether afforded yellow crystals of a compound (97 mg.,

23%), m.p. 160°-164°, which were identified as 3-phenacylcou-
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o-Nltrobenzalacetophenone

-A dioxane solution containing o-nitrobenzaldehyde (3.0 g;
.02 ‘mole), acetophenone (4 ml.), and 5 ml. of concentrated
hydrochloric acid was refluxed for 12 hours. At the end of
the heating period, the solution was oooled and diluted with
water until the solutlion became turbid. The resulting
solution was then allowed to stand at rcom temperature until
crystallization was comnlete, leading to yellow needles,

o-nitrobenzalacetophenone (4.04 g., 80%), m.p. 123°-1249,

The Condensation between o-Niltrobenzalacetoph~onone
and @ -Chloroacetophenone

The method devised by Bodforss (97) was employed in the
oondeneatiﬁn, however the work-up of the reaction was modified.
A solution of o-nitrobenzalacsetophenone (2.05 g.) and a-
éhloroacetophenone (1.5 g.) in dioxane (20 ml}) and acetone
(20 ml.) was prepared by warming, then a solution of sodium
ethoxide (0.23 g. in absolute ethanol) was added dropwlse to
the stirred_solution. The addition was comnlete at the end
of a 15 minute period, but the solution was allowed to stir
for 15 minutes more. It was acldified with concentrated
hydrochloric acid and evaporated on a steam bath under vacuum.
The brown residue was triturated with methanol, and almost

immedlately a yellow semi-crystalline solid precipitated.
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The solid was crystalllzed from dioxane-water and identified
as o-nitrobenzalacetophenone (L.70 g.). The filtrate was
evaporated to dryness in vacuum, and the resldue was dissolved
in 10 ml. of warm benzene and chromatographed on alumina.
Elution with 3:1 benzene-petroleum ether ylelded a compound
(50 mg.), m.p. 166°-176°, that was described by Bodforss to

be 1-(o-nitrobenzyl)-2,3-dibenzoylcyclopropane. Tﬁe compound
waé crystallized from 95% ethanol-water which raised the

melting point to 176°-177°.
p-Nitrobenzalacetophenone

A solution of p-nitrobenzaldehyde {3.0 g.) and aceto-
' phenone'(h ml.) in dloxane was treated with 5 ml. of concen-
trated hydrochloric acid in the same manner as reported ln
the preparation of o-nitrobenzalacetophenone. The yellow
product (4.3 g., 85%), was orystallized from dioxane and
water, m.p. 165°-166°.

Attempted Condensation of p-Nitrobenzalacetophenone:

with @ -Chloroacetophenone

A solution of p-nitrobenzalacetophenone (2.05 g.) and
a -chloroaoetophenone (1.5 g.) was treated in the same manner
as that reported for the condensation of o-nitrobenzalaceto-
phenone with @ -chloroacetophenone. After the reaction wase

complete, the solution was evaporated to dryness on a steam

bath.under'vacuum. The resulting residue was triturated with
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a few ml. of methanol. The yellow so0lid, p-nitrobenzalaceto-
phenone (1.83 g., 90%), precipitated from the methanolio
solution.. The flltrate was evaporated to dryness, dissolved
in 20 ml. of benzene and chromatographed on alumina. Elution
with benzene afforded 50 mg . of p-nitrobenzalacetophenone;

however further elutions did not reveal any other products.
Ethyl p-Hydroxybenzalaoetoacetate

A solution of p-hydroxybenzaldehyde (2.44 g., .02 mole)
and ethyl acetoacetate (3.5 ml.) in 25 ml. of 95% ethanol
was cooled to 0°2 in an ice bath. Piperidine (10 drops) was
added and the solution waes allowed to stand. The solution
-set to a solld mass after anvhour, yielding 3.70 g. (80%) of
ethyl p-hydroxybenzalacetoacetate, m.p. 136°-137°. The
compound was crystallized from 95% ethanol.

Ultraviolet spectrum A\ max. 239 (€ 13;100); A\ max 328 (€18,
300)
Anal. Oaled. for 013H1404: C, 66.65; H, 6.02
Found: O, 66.65; H, 6.05
Attempted Condensation of Ethyl p-Hydroxybenzalacetoacetate
with @ -Chloroacetophenone

A solution of sodium ethoxide (.23 g. in absolute
ethanol) which was added dropwise to a stirred solution of
ethyl p—hydroxybenzalécetoacetate (2.34 g.) and @ ~chloro-
acetophenone (1.55 g.) in 100 ml. of absolute ethanol. The
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solution then was stirred for 15 minutes, concentrated at
room temperature until 1t became turbid and allowed to stand
until crystallization was complete. The resulting yellow
80lild was filtered and identified as ethyl p-hydroxybenzal-
acetoacetate (2.06 g.). The filtrate was evaporated dryness,
and the olly residue was identifled as ethyl p-hydroxybenzal-
acetoacetate and @ -chloroacetophenone by infra-red and

ultraviolet analysis.
Ethyl m-Hydroxybenzalacetoacetate

A solution of m-hydroxybenzaldehyde (1.22 g.) and ethyl
acetoacetate (1.5 ml.) in 25 ml. of 95% ethanol was treated
with 20 drops of pilperdine. The reaction was carried out in
the same manner as in the condensation of p-hydroxybénzalde- ‘
hyde with ethyl acetacetate. The solution was evaporated to
dryness and the resldue dissolved in chloroform.‘ The chloro-
form extract was washed with three 25 ml. portions of 5%
hydrochloric acid and dried over magnesium sulfate. The
golution was evaporated to dryness, and the brown residue
dissolved in 20 ml. of benzene and chromatographed on Celite-
silicic acid. EKElution with 1l:1 ether-methanbl Yielded a 1light
brown oil. The o0il, ethyl m-hydroxybenzalacetoacetate (1.4 g.,
61%) distilled between 198°-205° At 1.5 mm. pressure with

decomposition.
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Attempted Condensatlon of Ethyl m-Hydroxyrenzalacetoacetate
vith @ -Chloroacetophenone
The condensation was carried out 1n the same manner as

that reported in the condencatlion of ethyli p-~hydroxybenzal-
acetoacetate witk @-chloroacetophenone. A solution of ethyl
m-hydroxybenzalacetoacetate (1.17 g.) and @-chloroaceto-
phenone {.78 g.) in 50 ml. of absolute ethanol was treated
with sodium ethoxide (120 mg. of sodium in absolute ethanol).
The resulting csolutlon was evavnorated to dryness. The residue
¥a8 shown to be ethyl m-hydroxybenzalacetoacetate by 1ts

infra-red spectrum.
3-Acetyldihydroucoumarin

A solution of 3-acety1coumar1n.(500 mg.) in 50 ml. of
ethyl acetate was hydrogenated at'room‘temperature and atmos-
pheric pressure in the presence of 100 mg. of 5% palladium-
charcoal. The catalyst was removed by filtration and the
‘solution was evaporated to dryness. The residue wag sublimed
at 85% and 1.5 mm. pressure to afford a white orystalline
solid (400 mg., 66%), m.p. 629-63°.

The Reactions of o-Hydroxybenzyl, m-Hydroxybenzyl and
p-Hydroxybenzyl Alcohols with Fehling's Solution

o-hydroxybenzyl alcohnl

A solution of salicylaldehyde (.1 ml.) 1n 95% ethanol

was reduced by sodium borohydride (100 mg.) using thé Felsger
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method. After the excess éodlum borohydride was destroyed,
the solutlon was made alkaline by the addition of a few drops
of sodium hydroxide. The solution was then treated with 6 ml.
of Fehling's soiution and boiled for ten minutes. The color
of the Fehling's solution changed from blue to yellow indi-
cating a posltive test. Similar tests were negative in the

meta case and positive in the para case.
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SUMMARY

The structure assigned by Widman to the product of the
reaction between 3-acetylcoumarin and phenacyl halideé and
sodium ethoxlde has been reinvestigated and verified by
chemical and spectroscopic means.

Data on the catalytic hydrogenation and zinc reduction
of the coumarin are presented, structures of the products
are pronosed, and postulated mechanisms for their formation
are discussed.

The synthegls of 3-alkyldihydrocoumarins by a reaction
similar to an azlactone synthesis 1s presented.

A discussion of the stereochemistry of 3-acetyl-3,4-
phenacylidenecoumarin is presented.

The mechanlism of the condensation of 3-acetylcoumarin
wlth fz-haloacétophenones is 1llustrated.

The scope and limitatlions of the vinylogous Darzens

reaction are discussed.
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