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In 1946 Arbuzov and Abramov1 reported the formation 
of a symmetrical tetraester, tetraethyl 1 ,1 ,2,2-ethane- 
tetracarboxylate, in the reaction of equimolar quantities 
of sodium diethyl phosohite and diethyl bromomalonate.
The purpose of this study was to investigate the mech
anism of the reaction#
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The reactions of diethyl bromomalonate (I) with 
nucleophilic reagents can give rise to a variety of 
substituted diethyl malonates. These reactions are 
summarized in equation (l).

(1 ) BrCH(COOEt>2

(I)

-> NCH(COOEt),
N: N2G(C00Et)2

(II)
(III)

(Et00C) C=C(COOEt) (IV)

N:
2 2 

c 6h 5°- , p -o 2n -c 6h 4o - ,

2-C10H7°”

c h 3c o o -

V
6 7 _ 8

EtO- , C13C- , CH3CONH

Products

II, III

II, IV

III

IV

In addition to the above reactions, diethyl 
bromomalonate reacts with trialkyl phosphites (V) 
to form the enol phosnhate ester (VI) . 9 Sodium diethyl 
phosphite (VII), however, effects a type of "coupling” 
reaction to give tetraethyl 1 ,1 ,2, 2 *—  ethanetetracarbox- 
ylste (VIII).1 The tetraester (VIII) is also obtained 
with sodium dibutyl phosphite-*-9 and the corresponding
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(r o )3p
(V)

(R0)2P-0C=CHC00fît
(VI)

(Et0)2P0Na
(VII)

(EtOOC)2CH— GH(GOOEt)
(VIII)

thiophosphites. 11 This ’’coupling” appears to be common 
for tervalent phosphorus compounds. It would, be suitable,

and their reactions with halogen compounds. Of particu
lar interest is the comparison of the behavior of bromo 
compounds with their chlorine analogs.

The tautomerism of dialkyl phosphites has been a 
widely discussed subject in organo-phosphorus chemistry 
(Equation 2).1^ The low acid dissociation of the dialkyl

phosphites has been attributed to the stability of the 
phosphonate form (IX). The low equilibrium concentra
tion of the tervalent form (X) and the slow rate of 
isomerization contribute to the low nucleophilic

therefore, to consider some properties of P1 1 1 compounds

(2)

(IX) (X)
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character of these compounds. 13 However, it has been 
shown that the alkali metal salts of these phosphites 
exist in the tervalent form . 14 This is undoubtedly an 
important reason why these anions are much more powerful 
nucleophilic agents than their conjugate acids. The bond 
between the metal and phosphite anion is largely covalent 
in character, and the metal atom is probably bonded 
to the oxygen. 14 The phosphite anion may be considered 
as a hybrid of two resonance structures. 15 Moreover,

in addition to their highly nucleophilic character, 
alkali dialkyl phosphites are also highly basic 
compounds.

An excellent discussion by Hudson16 relates the 
nature and reactivity of tervalent phosphorus compounds. 
The P 1 1 1 compounds are highly nucleophilic. Reactions 
at electron deficient centers (e.g., >C=0) as well as 
saturated centers (e.g., RGH^X) are possible for these 
versatile nucleophiles. The reactions at electroneg
ative centers, such as halogen, have been widely
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investigated. The greet reactivity of these compounds 
is due in most part to the high Polarizability of the 
phosphorus atom. This factor allows interaction of the 
phosphorus with either positive or negative centers.

Alkyl halides generally react with dialkyl phos
phites (Michaelis-Becker reaction, Equation 3) and with 
trialkyl phosphites (Arbuzov reaction, Equation 4 ) to 
yield Dhosnhonate esters. The former reaction is a 
simple Sj,j2 displacement on carbon, but the latter 
involves a quasi-phosohonium intermediate.*-7

0
(3) (R0)2PCr + R'X ---» (RO)2P—R * + X“

+ P(4) (RO)3P + R'X — > (RCO^P-RVX- — » (R0)2P~R* + RX

The reactions of 1,2-dihalides with P*-*-*- compounds 
depend upon the electrophilic nature of the halogen. 
Unlike the reactions with 1,2-dichlorides where substi
tution on carbon is common, 1 ,2-dibromides react with 
some disubstituted phosphides to give olefins. The 
reaction sequence Postulated by Isslieb1 8 »19 with 
initial attack on bromine is shown in equation (5 ).
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(5) BrCH2CH2Br + LiP(C5Hu )2 -> BrCH2CH2Li * C C ^ ^ P B r  

BrCH2CH2Li ---- > CH2=CH2 + LiBr

(C6Hl l > 2 PBr * L i P <C6Hn ) 2 -------- »  « 6 Hu ) 2P- P(C6HU > 2

+ LiBr

Trialkyl phosphites20 generally give the diphos
phonate esters upon reaction with 1 ,2-dichlorides and 
bromides (¿quation 6). As in the reactions with phosphide

r> ? - 9 < r * 2 CR0 ) 3P — (R0 ) 2? - | _ | _ § ( 0R) 2

ions, l,2-dibromides are converted to olefins by sodium 
diethyl phosphite (Equations 7 ,8 ) . 21

(7)

(8 )

0 = “  •
BrCH2CH28r

(Et0)2P0Na —  

+ (EtO)2PONa

A "coupling” analogous to that of diethyl brorno- 
malonate is observed with diphenylbromomethane and sodium 
diethyl Phosphite (Equation 9). Diphenylchloromethane, 
on the other hand, is unreactiveB Triethyl phosphite
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reacts with diphenylbromomethane to give, the corres
ponding phosphonate ester (Equation 10). No appreciable

(9) Ph2CHBr + (EtO>2PONa --- > Ph2CH— GHPh2

0
(10) Ph2CHBr + (EtO)5P -----» Ph2GH— P(0Et) 2

reaction takes place between the cC-naphthyl analog and 
either phosphite. The primary halides, benzyl chloride 
and bromide, react with sodium diethyl phosphite to 
yield the phosphonate ester. 22

Another "coupling" reaction of a brorao compound with 
sodium diethyl phosphite is illustrated in equation (1 1 ).

(11) Ph2CBrCCl + (EtO) PONa ---- » (Ph,_CCCl )J 2 2 3 2
(XI)

Triethyl phosphite also yields the "coupled" product 
(XI). However, when the bromine is replaced by chlorine, 
the compound is unreactive to both the diethyl and tri
ethyl phosphites. 22

Both tertiary and secondary phosphites react rapidly 
with halogens to form halophosphates (Equations 12,13).23 
The reactions of halogens with diallcyl phosphite salts



10

are more complicated and give pyrophosphate and hypo- 
phosphate esters. This is probably due to the additional

(12) (RQ) P +D -> (R0)3PX2
0II(RO^P-X + RX

0
(13) (R0)2P0H + X2 ---- » (R0)2P-X + HX

interaction of the phosphite salt with the halophos- 
ohate formed in the reaction.2^

ilie reaccions of P ^ ^  compounds and oC-haloketones 
aLe very complex because of the numerous positions 
available for nucleophilic attack. Initial attack may 
involve the carbonyl carbon, carbonyl oxygen, halogen, 
and others. Of particular interest are those reactions 
involving initial attack on halogen.

Alpha-haloketones and trisubstituted phosphines 
generally form <<-ketoohosohonium salts (XII). The 
formation of these salts can be rationalized as a 
simple displacement on the oC-carbon. 26 However, most 
secondary <*-bromolcetones with triohenvl phosphine yield 
the enol triphenylphosphonium bromides (XIII) (Equation 
14). Initial attack on bromine in the initial step is 
favored by most investigators. 26” 28



11

0+ IIR3P— CH C— R
(XII)

Cl"

(14) + V+ Ph3P --- > Ph3P— 0— C=CHR
(XIII)

Br~

Sodium diethyl phosphite normally attacks the 
carbonyl grouo of °C-chloro- and bromoketones (Equation 
15).^9,30 Trialkyl ohosphites, however, react with

(15) R., - & 4 hH— X + (EtO)2PO* . / ° \4  R— G---- CH— R 1
P(0)(OEt) 2

o^-haloketones to give ketoohosphonates (XIV) (Arbuzov 
reaction) and enol phosohates (XV) (Perkov reaction) 
(Equation 16).31 Chloroketones generally give XV while

(16) RC— CHR” P(OR* ).

■* J X J

-> rA=
OP (OR’ ).

CHR**

(0R ’ )2 + R»X 
(XIV)

R ’X
(XV)
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bromoketones may yield both XIV and XV . 52 Many mechan
isms have been orooosed for the Perkov reaction. Vari
ous sites of initial nucleophilic attack have been 
suggested including carbonyl carbon, carbonyl oxygen 
and halogen,51» >2 Recently, Borowitz and co-workers55 

have presented good evidence for carbonyl carbon attack, 
followed by rearrangement of the phosnhorus to the 
carbonyl oxygen,

Evidence of bromine attack by tervalent phosnhorus 
compounds has been described by Miller (Equation 17).34*35 
Aromatization of the leaving group aoparentlv favored 
the attack on halogen.

(17)
+ (RO)2POH

OH
* (R0)9P-Br + 0- 

z+
Br

Partos and Speziale5^ have postulated initial 
attack on halogen of certain haloketones and nitriles 
by phosphines and phosphites. The formation of an 
intermediate ion-Dair was suggested. These consider
ations are illustrated by the reaction of o6-halodi- 
phenylacetophenone and triphenyl phosphine to the
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enol ohosphonium salt (XVI) (Equation 18).

0
(18) Ph3P + X-CPh2-CPh --->

X=Br, Cl

+Ph3P-X

O-PPh,+
(XVI)

Further evidence for nucleophilic displacement on 
halogen was demonstrated by Frank and Baranauckas. 37 

irialkyl phosphates were prepared in good yields by the 
halogénation of triallcyl phosphites in the presence of 
alcohol. The mechanism of the halogénation and subse
quent alcoholysis is shown in equation (19). The final

(19) (RO)3P + X2 --- > (RO)3P+-X X“

(R°)3P+-X X- + ROH ---> (R0)4P-X + HX

(R0)4P-X --- > (RO)^P(O) + RX

step of the mechanism is the Arbuzov break down of the
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quasi-ohosohonium salt to the phosphate by attack of X" 
on one of the ester groups.

The od-haloesters are less reactive than ©¿-halo- 
ketones in reactions with trialkyl phosphites. The 
monohalo esters usually undergo an Arbuzov type reaction 
to yield phosohonoesters (XVII) (Equation 20) . 58 Sodium

R O R
(20) (EtO)3P + XCHCOOR* ---- > (EtO) P---¿HC00R*

(XVII)

diethyl phosphite gives the substituted phosphono- 
acetate with ethyl chloroacetate and ethyl bromo- 
acetate; however, with some secondary oC-broraoesters 
other products may form. For example, with ethylc<-bromo- 
phenylacetate (XVIII) small yields of a "couoled" pro
duct (XIX) are obtained (Equation 21

Br COOEt COOEt
(2 1) PhCHCOOEt + NaOP(OEt) 2 --- ^ PhCH----- GHPh

(XVIII) (XIX)

Diethyl bromomalonate (I), with many centers 
available for nucleophilic attack, reacts with terva- 
lent phosphorus compounds to give a variety of products.
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As mentioned previously, sodium diethyl phosphite and 
bromomalonate react to form tetraethyl 1 ,1 ,2, 2 — ethane- 
tetracarboxy1ate (VIII) in good yield. The chloro- 
malonate, however, is relatively unreactive.^ The re
action of triethyl phosphite with bromomalonate has been 
reported to yield, depending uoon the reaction condi
tions, either the enol phosphate (XX) or the nhosphono- 
malonate (XXI) (Equation 22) . 9 , 1 0 , 4 1 , 4 2 Thompson, 43

(22) (EtO) P + BrCH(COOSt) - 5 2
(I)

0 *
Ether

0 OEt 
“> (EtO) P0C=CHC00Et

(XX)

150* 0II
No 

Solvent
» (Et0)2PCH(C00Et)2

(XXI)

however, has presented spectroscopic evidence (IR and 
NMR) that the enol phosphate (XX) is formed in both 
reactions, and that the previously reported phosphono- 
malonate (XXI) is in fact the isomeric enol phosphate. 
Chloromalonate and triethyl phosphite have been reported 
to give the. phosphonomalonate (XXI) . 42,44 In view of 
Thompson's work, the structure of this product is 
uncertain.
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In anrotic solvents, triohenyl nhosohine and brorno- 
malonate give an enol phosohonium salt (Equation 23).

OEt
(23) Ph3P + BrCH(COOEt) 2 --- » Ph^P— 0— G=GHGOOEt

(I) Br"

Upon hydrolysis, triphenylphosphine oxide and diethyl
malonate are obtained. These same products are formed
directly when the reaction is carried out in methanol
or water. The mechanism for this reaction presumably
involves initial attack on bromine followed by the
rearrangement of the nhosphorus to the carbonyl 

45,46oxygen
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The reaction of equimolar quantities of diethyl 
bromomalonate (I) and sodium diethyl phosohite (NaDEP, 
VII) in ether, according to the method of Arbuzov and 
Abramov, 1 afforded a yield of 57% of tetraethyl 1,1,2,2*- 
ethanetetracarboxylate (VIII) (Equation 24). Gas

(24) (EtO).PONa + BrCH(COOEt)^ -- > (EtOOC) CH-CH(COOEt)* ^ 2 2
(VII) (I) (VIII)

chromatographic analysis of the reaction mixture re
vealed that the major side product was diethyl malonate. 
In accord with the report of Arbuzov and Abramov, 1 

diethyl chloromalonate was found to be relatively unre- 
active tinder the reaction conditions and did not yield 
the tetraester (VIII).

The pronounced difference in reactivity between the 
bromomalonate and its chlorine analog is significant. 
Other such examples of the difference in behavior of 
bromo and chloro compounds have been reported for 1 ,2- 
dihalides with phosphide ions, 1 8 *19 and for oC-haloketones 
with triohenyl phosphine. 26' 28 In these investigations, 
initial attack on bromine by tervalent phosphorus has 
been postulated. Sodium diethyl phosohite has also been 
reported to yield a "coupled” product with diphenylbromo-
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methane (Equation 9), but the chloro derivative was 
unreactive. 22

In view of the above, the following mechanism 
(Equation 25) is proposed for the reaction of bromo- 
malonate and NaDEP. The first step is the attack of 
phosphorus on bromine to yield malonate anion (XXII) 
which then reacts with another molecule of bromo- 
malonate to give the tetraester (VIII).

(25) (EtO)2PONa + BrCH(COOEt) ---> "CH(COOSt)^ 2
(XXII)

BrGH(C00Et)2
------- -------->  (Et00C)2GH-GH(C00Et)2

(VIII)

It has been postulated that initial attack of P1 1 1  

compounds on halogen should yield an ion pair that would 
be highly reactive towards hydroxylic molecules. 26»47 

It would be exnected then that the ion pair (XXIII), 
formed via attack on bromine in the reaction of bromo- 
malonate with NaDEP, should react with ethyl alcohol to 
yield diethyl malonate (XXIV) and triethyl phosphate 
(XXV) (Equation 26). When the reaction was carried out 
in ether but in the presence of 1.5 molar equivalents of
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Oîîa
(26) (EtO) P + BrCH(CQOEt), ÇNa

(EtO)2^-.Br “CH(COOEt), 
(XXIII)

CH2(COOSt)2

(XXIV)

EtOH
NU+ (St0)3P=0

(XXV)

alcohol, the yield of tetraester (VIII) was reduced to 
12%. The major products were XXIV arid XXV. In the 
presence of 10 molar equivalents of alcohol, only a 
trace of VIII was observed, and XXIV and XXV were again 
the principal products. When alcohol was used as sol
vent, no VIII was found but only XXIV and XXV.

The debromination of oc-bromoketones with triphenyl 
phosphine, in orotic solvents have been postulated to 
proceed in an analogous manner . 2 6 »47 Also Frank and

"Z*y
Baranauckas have preoared trialkyl phosphates by halo
génation of alkyl phosphites in alcohol (Equation 19).

Borowitz and co-workers2® have pointed out the 
possibility that nucleophilic attack on bromine by P1 1 1  

compounds could occur only in the presence of hydrox- 
ylic molecules. Consequently, a more direct method for 
justifying initial attack on bromine and formation of
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diethyl malonate anion in ether was undertaken. If 
indeed malonate anion (XXII) were formed in the reaction, 
the inclusion of a second compound capable of nucleo
philic attack by XXII should yield an additional sub
stituted malonate. For example, if the reaction of 
bromomalonate and NaDEP were conducted in the presence 
of a benzyl halide, one would expect the formation of 
diethyl benzylmalonate (XXVI) in addition to the tetra- 
ester (VIII) (Equation 27). Hence, the reaction was 
repeated in the presence of benzyl chloride and benzyl 
bromide.

(27) (Et0)2P0Na + BrCH(COOEt).

’GH(GOOEt),
(XXII)

BrCH( COOEt) \PhCIl2X

VIII PhCH CH(COOEt)2 2
(XXVI)

A series of experiments was carried out with equi
molar amounts of bromomalonate and NaDEP and varying
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molar equivalents (2-12) of benzyl chloride. In no case 
was benzylmalonate (XXVI) observed. Only the tetraester 
(VIII) and diethyl benzylDhosohonate were found. The 
latter was formed in the reaction of NaDEP with benzyl 
chloride. However, when the molar ratio of NaDEP to 
bromoester was increased to two in the presence of six 
molar equivalents of benzyl chloride, XXVI was obtained. 
Some VIII and benzylnhosphonate were also produced. The 
increased amount of NaDEP should favor the conversion 
of more brotnomalonate to malonate anion. The higher 
concentration of malonate anion with the concomitant 
decrease in bromomalonate would be favorable for the for
mation of benzylmalonate, but less favorable for the 
production of tetraester. In all cases, however, it 
appeared that the formation of the tetraester was favored 
over the benzylmalonate. This may be attributed to the 
greater reactivity of bromomalonate, as compared to 
benzyl chloride, towards nucleophilic attack by malonate 
anion. The difference here could be due, in Part, to 
the difference in leaving groups, bromide ion being a 
better leaving group than chloride. 48 To alleviate this 
difference in leaving groups, the experiments described 
above were repeated with benzyl bromide. The results 
are summarized in Table I. In contrast to the previous
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TABLE I
Reaction of Soditim Diethyl Phosphite (NaDEP) and Diethyl 

Bromomalonate in the Presence of Benzyl Bromide

Experiment3 NaDEP Bromomalonate Benzyl
Bromide

Molar Ratio^ 
Benzyl- 
malonate 
Vetraester 

(VIII)

1 0.017 0.017 0.034 0. 1mole mole mole
2 0.017 0.017 0.059 0.3
3 0.017 0.017 0. 102 1. 0
4 0.017 0.017 0.204 6.0
5 0.034 0.017 0.102 1 . 6
6 0.051 0.017 0. 102 3.0

aAll experiments were run in duplicate.
^Ratio determined by Vapor Phase Chromatography.
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studies with benzyl chloride, benzylmalonate was formed 
in every reaction. As the results indicate, the ratio 
of benzylmalonate to tetraester was found to increase 
markedly with increase in the concentration of NaDEP.
This was to be expected in view of the earlier discussion 
in connection with the benzyl chloride experiments.

In an additional experiment, a molar ratio of five 
to one of NaDEP to bromomalonate was allowed to react. 
After completion of the reaction, a seven molar equi
valent of benzyl bromide was added. The reaction mix
ture contained mostly benzylmalonate and a small amount 
of diethyl malonate but no tetraester. This would indi
cate that all of the bromomalonate was converted to 
malonate anion which subsequently reacted with benzyl 
bromide to give benzylmalonate.

In addition to benzylmalonate and tetraester (VIII), 
diethyl benzylohosphonate was found in all. reactions 
with benzyl bromide.

An alternative route to benzylmalonate is the reac
tion of bromomalonate with benzyl carbanion. The latter 
could arise via halogen attack of benzyl halide of NaDEP 
(Equation 28). To exclude this possibility, the reaction 
of benzyl chloride (and bromide) with NaDEP was investi
gated. If benzyl carbanion were produced in the reaction
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(28) (EtO^PONa + PhCB^Br -- /— > PhCH2“

mixture, one might exnect it to react with benzyl halide 
to give bibenzyl. However, bibenzyl was not found. The 
principal product of the reaction was identified as 
diethyl benzylphosohonate. Therefore, benzyl carbanion 
is not an intermediate in the formation of benzylmalonate.

According to the postulated mechanism (Equation 25), 
it would appear that a one-half molar equivalent of NaDEP 
should be sufficient for the conversion of diethyl bromo- 
malonate to tetraester (VIII). In the original work by 
Arbuzov and Abramov, 1 however, equimolar quantities of 
reagents were used. It was of interest then to study 
the effect of the concentration of NaDEP on the "couo- 
ling" reaction (Table II).

As can be seen in Table II, the best yield of tetra
ester (VIII) (57%) was obtained when equimolar amounts 
of reactants were used. When a one-half molar equiva
lent of NaDEP was used, the yield of VIII was decreased, 
and a considerable amount of unchanged bromomalonate was 
found. With two molar equivalents of the phosphite, the 
tetraester was formed in 45% yield. The reaction mix
ture contained also diethyl malonate. A large excess of 
phosphite transformed all of the bromomalonate to diethyl
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TABLE II
Reaction of Sodium Diethyl Phosphite (NaDEP) 

and Diethyl Bromomalonate (I)

Experiment®
Molar Ratio 

NaDEP Yield of 
Tetraesterb 

(VIII)
Other compounds 
found in
reaction mixture0

1 1 57% Equimolar 
quantities of 
diethyl malonate 
and I

2 0.5 22% Unchanged I
3 2 45% Primarily 

diethyl malonate
4 10 0% Diethyl malonate

aA3.1 experiments were run in duplicate. 
bYield determined by isolation.
cCompounds determined by Vapor Phase Chromatography.
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malonate. It appears, therefore, that the use of equi
molar amounts of reactants is best suited for the prep- 
aration of tetraester. However, equimolar quantities of 
NaDEP and bromomalonate corresnond to one-half equivalent 
more of NaDEP than that called, for by the proposed 
mechanism (Equation 25). The "additional” phosphite 
can be accounted for in the following manner, m e n  the 
phosphite attacks the bromine of bromomalonate, in 
addition to malonate anion, a bromo phosphorus species 
(probably a bromoohosohate) is also produced. This 
bromo phosphorus intermediate appears to be highly 
electrophilic as indicated by the experiments in alcohol 
where it was attacked by ethanol to yield triethyl 
phosphate. Moreover, since NaDEP is a strong nucleo
phile, it would be expected to react with the bromo 
Phosphorus species. This would explain the need for the 
additional one-half molar equivalent of phosphite in 
the reaction. Â mechanism which takes this into 
consideration is given in equation (29). The conversion 
of XXVII to XXVIII involves attack of the bromophosphate 
(XXVII) by NaDEP. This type of reaction has been well 
documented in the literature. 2 3 *24 Similar steps have 
been postulated for the dehalogenation of 1 ,2-dibromides 
by disubstituted phosphides (Equation 5 ) 1 8 *19 and
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(29) (EtO)
>Na
1 + BrCH(COOEt) 2

(I)

ONa
>  (EtO) %-Br "GH(COOEt)2 

(XXIII)

(EtO)2P-Br
(XXVII)

NaDEP/

(EtO)2P-P(OEt) 2

(XXVIII)
NaBr

+Na

for the "cauoling” reactions of «¿-bromoketones by 
thiol anions.^9

An alternative, mechanism, which would also require 
equimolar amounts of reagents, is given in equation (30).

ONa 9Na
(30) (£t0)2£ + BrCH(C00Et) 2 ----» (EtO)2P-Br “CH(COOEt)2

(XXIII)

NaDEP
■> (Et0)2M ( 0£t) 2

(XXVIII)

+Na
+ ~GH(C00Et) 2 + NaBr

BrCH(CQ0Et) 2

V
VIII + NaBr
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It involves attack of the ion pair (XXIII) by NaQSP,
The difference between the mechanisms is that in equa
tion (29) the ion pair rearranges to form the bromophos- 
ohate (XXVII), which then reacts with NaDSP, while in 
equation (30) the ion pair is attacked directly by 
NaDEP. One cannot distinguish between these two mech
anisms in the absence of additional information. Kinetic 
studies could supply the necessary data to distinguish 
between them.

A comment can be made concerning the rate deter
mining step of the reaction. In Table II, it was 
shown that equimolar quantities of diethyl malonate and 
bromomalonate were observed when equimolar quantities 
of reactants were used. Also when a large excess of 
phosphite was used, only diethyl malonate was found and 
no tetraester. These observations suggest that the rate 
determining step of the reaction may very well be the 
reaction of malonate anion and bromomalonate.

The reaction of diethyl phosphite (XXIX) and bromo
malonate in ether gave a small yield of diethyl malonate 
but mostly unchanged starting material. The results can 
be attributed to the slow tautomerism of the pentavalent 
phosphonate form (XXIX) to the more reactive tervalent 
form (XXX)* which can then attack the bromine of
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bromomalonate. The formation of the small amount of 
diethyl malonate can be accounted for by the hydrolysis 
of the ion pair (XXXI) on workup of the reaction with 
water. Alternatively, XXXI could rearrange to give 
diethyl malonate and a bromophosphate.

Triethyl phosphite, as previously mentioned, has 
been reported to react with bromomalonate in ether to 
yield the enol Dhosohate (XX, Equation 22) . 43 This is 
an example of the Perkov reaction. When the reaction 
was repeated in alcohol, the products obtained were 
diethyl malonate and triethyl phosphate. 50 This is 
again indicative of bromine attack by phosphorus as in 
the reaction with NaDEP.

The conversion of bromomalonate to two different 
pioducts, tetraester with NaDEP and enol phosphate with 
triethyl phosphite, may be due to the difference in

0
(EtO)2P-H

(XXIX)
(Et0)2P-0H

(XXX)

2
(XXXI)
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behavior of the intermediate ion pairs, XXIII and XXXII. 
The ion pair (XXIII) from NaDEP is transformed, as pre
viously described, to yield malonate anion capable of 
reaction with bromomalonate. It appears that this does 
not occur with ion pair (XXXII); instead it rearranges 
to the enol phosohate (XX, Equation 31). This mechanism

in favor of carbonyl carbon attack. However, the posi
tive character of the bromine makes halogen attack 
likely as a first step in the Perkov reaction of 
bromomalonate.

In view of the "coupling” reactions of 06-bromoketones 
in the presence of thiol anions (RS~) (Equation 32),49

OEt
(31) (StO) p + (“roinnoEt

OEt CHCOOEt
I I!} (EtO)^P-O-C Br” 

OEt
(XXXII)

\k
CHCOOEt

(EtO)2 + EtBr
OEt

(XX)

is similar to that postulated by Miller34 and Speziale 
and Smith51 for the Perkov reaction of o(.-haloketones. 
Borowitz, on the other hand, has presented evidence
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(32) RS~ + BrCH CR ------> RS-SR + RCCH-CH CR
*  2 2

the reaction of bromomalonate with thiophenoxide anion 
was investigated. The reaction of equimolar quantities 
of sodium thiophenoxide and bromomalonate in ether gave 
tetraester (VIII) and diphenyl disulfide (XXXIII). 
These are the expected products if the reaction pro
ceeded analogously as with NaDEP (Equation 33). In

~GH(COOEt) 2

BrCH(COOEt) 2

VIII
(XXXIII)

alcohol as solvent, the reaction yielded diethyl malonate 
and diphenyl disulfide. This is indicative of initial
attack on bromine.
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All melting points were determined using a Fisher- 
Johns melting point apparatus, and are uncorrected. 
Materials

Reagent grade diethyl phosphite was purified by 
distillation, bp 83-84°(17 mm). Reagent grade diethyl 
bromomalonate. was redistilled, bp 69-70°(0.5 mm). Sodium 
diethyl phosphite (NaDEP) in ether was prepared in each 
experiment by treatment of diethyl phosphite with an 
eqxiivalent amount of metallic sodium. All other chem
icals were of reagent quality and were used without 
further purification.
Vapor Phase Chromatography

Analyses of the reaction mixtures were carried out 
on a 6 ft x 0.25-in. column of 20% SE-30 on Chromosorb 
W. Helium was used as the carrier gas with a flow rate 
of 100 cc/min. The analyses were usually conducted at 
200°. At this temperature the following retention times 
(minutes) were observed: diethyl phosphite, 0.6 ; tri
ethyl phosphite, 0.5; triethyl phosphate, 0.8; diethyl 
bromomalonate, 1.3; diethyl chloromalonate, 1.1; diethyl 
malonate, 0.7; tetraethyl 1 ,1 ,2,2-rethanetetracarboxylate, 
8.7; benzyl chloride, 0.7; benzyl bromide, 0.8; diethyl 
benzylphosphonate, 4.5; bibenzyl, 4.2; diethyl benzyl- 
malonate, 6.3; diphenyl disulfide, 11.2. At 150°, the



35

following retention tiroes (minutes) were observed.i
diethyl phosphite, 1 .2; triethyl phosphate, 2.5 ; diethyl
malonate, 1 .8 ; diethyl bromomalonate, 4.2.
Preparation of Diethyl Benzylmalonate (XXVI)52

To 250 ml of absolute ethanol was added 11.5 g
(0.50 g-atom) of sodium metal. When all the sodium had
reacted, 83.0 g (0.52 mole) of diethyl malonate was
added, followed by the dropwise addition of 63.2 g (0.50
mole) of benzyl chloride. The mixture was heated under
reflux, with stirring, until neutral to moist litmus
paper (10 hr). The reaction mixture was concentrated,
diluted with water, and extracted with ether. The ether
extract was washed with water and dried (Na^SO ). Re-2 4
moval of solvent left a viscous oil. Distillation
afforded 56.3 g (45%) of product, bp 163-166°(7 mm);
n25D 1.4870, (lit.53 n 20D 1.4872).
Preparation of Diethyl Benzylphosphonate^

A mixture of 0.11 mole of sodium diethyl phosphite
and 13.8 g (0.11 mole) of benzyl chloride in 250 ml of
ether was heated under reflux for 1 hr. The reaction
mixture was diluted with water. The ether layer was
separated, washed with water, and dried (Na_30 ). Evap—2 4
oration of the ether from the dried solution left a 
viscous oil which was distilled; 7 . 5 g (29%); bp 156.5-
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158.0°(13 mm); n 25D 1.4957, (lit. 22»54 n 20D 1.4965).
Reaction of Diethyl Bromomalonate and. Sodium Diethyl 
Phosphite (NaDEP) in Ether 
A. Molar Equivalent of NaDEP1

To 0.017 mole of NaDEP in 50 ml of ether was added 
dropwise, with stirring, 4.0 g (0.017 mole.) of bromo
malonate in 9 ml of ether. A vigorous reaction took 
place with rapid precipitation of sodium bromide. After 
completion of the addition, the heterogeneous mixture 
was refluxed for 45 min, and then diluted with water.
Ihe ether layer was separated, washed several times with 
water, and dried (Na2S0^). Evaporation of the ether gave 
a viscous oil which was crystallized from aqueous ethanol; 
white crystals, 1.52 g (57%), mp 70-73°. Recrystal
lization from aqueous ethanol gave tetraethyl 1 ,1 ,2,2- 
ethanetetracarboxylate (VIII) as white needles, mp 76°, 
(lit. 1 mp 76°). Analysis of the mother liqtior from 
VIII showed that the major components were equimolar 
quantities of diethyl malonate and unchanged bromo
malonate.

jhe above experiment was repeated in tetrahydro- 
furan. The reaction mixture, in this case, was homo
geneous. Similar results were obtained, but the yield 
of tetraester (VIII) was slightly lower.
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B* One-half Molar Equivalent of NaDEP
Experiment A was repeated using 0.0085 mole of 

NaDEP and 4.0 g (0.017 mole) of broraomalonate. The mix
ture was worked up as in A. Crystallization from aque
ous ethanol yielded 0.58 g (22%) of the tetraester 
(VIII), mp 70-73°, which was recrystallized from aqueous 
ethanol, mp 76°. Analysis of the mother liquor showed 
primarily unchanged broraomalonate.
G. Two Molar Equivalents of NaDEP

Experiment A was repeated with 0.017 mole of NaDEP 
and 2.0 g (0.0085 mole) of bromomalonate. Crystalliza
tion from aqueous ethanol afforded 0.61 g (45%) of VIII, 
mp 70-72°. This was recrystallized from aqueous ethanol, 
mp 75.5-76 • Analysis of the mother liquor showed pri
marily diethyl malonate.

Ten Molar Equivalents of NaDEP 
Experiment A was repeated with 0.017 mole of NaDEP 

and 0.40 g (0.0017 mole) of bromomalonate. The mixture 
was worked up in the usual manner. No tetraester (VIII) 
was isolated. Analysis showed that the major product 
was diethyl malonate; no tetraester or bromomalonate 
were observed.
Reaction of Diethyl Bromomalonate and NaDEP in the
Presence of Ethanol
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A* One and one-half Molar Equivalents of Ethanol
A mixture of 4.0 g (0.017 mole) of bromomalonate in 

1.5 ml (0.026 mole) of ethanol was added dropwise, with 
stirring, to 0.017 mole of NaDEP in 50 ml of ether. The 
heterogeneous mixture was heated under reflux for 45 min. 
The mixture was concentrated and the precipitated sodium 
bromide was removed by filtration. Analysis of the fil
trate showed that the principal products were diethyl 
malonate and triethyl phosphate; some tetraester (VIII) 
was also observed. The tetraester was isolated in the 
usual manner; 0.32 g (12%), mp 70-71°. This was recrys
tallized from aqueous ethanol, mp 75.5-76°.
B * Ten Molar Equivalents of Ethanol

Experiment A was repeated using 10 ml (0.17 mole) 
of ethanol. The mixture was worked up as in A. Anal
ysis showed that the major products were diethyl malonate 
and triethyl phosphate; only a trace of tetraester (VIII) 
was found.
C. Ethanol as Solvent

To 50 ml of absolute ethanol was added 0.40 g (0.017 
g-atom) of sodium. When all the sodium had reacted, 2.4 g 
(0.017 mole) of diethyl phosphite was added. The homo
geneous mixture was stirred for 15 min, and the 4.0 g 
(0.017 mole) of bromomalonate in 9 ml of ethanol was then
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added drop wise. The mixture was heated under reflux for 
45 min. The mixture was worked up as in A. Analysis 
indicated the major products were diethyl malonate and 
triethyl phosphate; no tetraester (VIII) was observed. 
Reaction of Diethyl Bromomalonate and NaDEP in the 
Presence of Benzyl Chloride
A. Molar Equivalent of NaDEP

A mixture of 4.0 g (0.017 mole) of bromomalonate 
and 4.2 g (0 .033 mole) of benzyl chloride was added 
dropwise, with stirring, to 0.017 mole of NaDEP in 50 ml 
of ether. After completion of the addition, the heter
ogeneous mixture was refluxed for 45 min. The mixture
was washed several times with water and dried (Na^SO ).2 4
The ether layer was concentrated. Analysis of the 
residual oil showed the presence of tetraester (VIII) 
and diethyl benzylphosphonate, but no diethyl benzyl- 
malonate.

The experiment was repeated with varying quantities 
of benzyl chloride: 7.5 g (0.058 mole), 12.8 g (0.101 
mole), and 25.6 g (0.202 mole). In all three cases, 
analysis showed the presence of VIII and benzylphos
phonate, but no benzylmalonate.
B. Two Molar Equivalents of NaDEP

Experiment A was repeated with 0.034 mole, of NaDEP,
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0.017 mole, of bromomalonate, and 0.101 mole of benzyl 
chloride. Analysis indicated the presence of VIII and 
benzylphosphonate, and also a small amount of benzyl- 
malonate.
Reaction of Diethyl Bromomalonate and NaDEP in the 
Presence of Benzyl Bromide
A. Molar Equivalent of NaDEP

A mixture of 4.0 g (0.017 mole) of bromomalonate 
and 5.8 g (0.034 mole) of benzyl bromide was added drop- 
wise, with stirring, to 0.017 mole of NaDEP in 50 ml of 
ether. The reaction mixture was treated and worked up 
as in the previous experiments with benzyl chloride. 
Analysis indicated the presence of diethyl benzylphos
phonate, tetraester (VIII), and diethyl benzylmalonate. 
The molar ratio of benzylmalonate to VIII was calculated 
from the chromatogram to be about 0.1 .

The reaction was repeated using 10.1 g (0.059 mole), 
17.4 g (0.102 mole), and 34.9 g (0.204 mole) of benzyl 
bromide. The benzylmalonate to tetraester (VIII) molar 
ratio was determined to be 0.3, 1.0, and 6.0 resoectively 
for the three, experiments. Analysis also showed the 
presence of benzylphosphonate.
B. Two Molar Equivalents of NaDEP

To 0.034 mole of NaDEP in 50 ml of ether was added
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dropwise, with stirring, a mixture of 4.0 g (0.017 mole) 
of bromomalonate and 17.4 g (0.102 mole) of benzyl 
bromide. The reaction mixture was treated and worked 
up as in A. Analysis indicated the presence of diethyl 
benzylphosphonate, tetraester (VIII), and diethyl benzyl- 
malonate. The molar ratio of benzylmalonate to VIII 
was calculated from the chromatogram to be 1 .6.
G. Three Molar Equivalents of NaDEP

Experiment B above was repeated with 0.510 mole of 
NaDEP. Analysis indicated a molar ratio of benzylmal
onate to VIII to be 3.0. The presence of benzylphos- 
phonate was also observed.
D* Five Molar Equivalents of NaDEP

In this experiment, 0.80 g (0.0034 mole) of bromo
malonate was added dropwise, with stirring, to 0.017 
mole of NaDEP in 50 ml of ether. The heterogeneous reac
tion mixture was refluxed for 45 min. This was followed 
by the addition of 4.1 g (0.024 mole) of benzyl bromide. 
The mixture, was refluxed for an additional 1 . 5  hr, and 
worked up in the usual manner. Analysis showed that the 
major product was diethyl benzylmalonate. A trace of 
diethyl malonate was observed, but no tetraester (VIII). 
The presence of diethyl benzylphosphonate was also 
observed.
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Reaction of Benzyl Halide and NaDEP in Ether
Six grams (0.05 mole.) of benzyl chloride was added 

dropwise, with stirring, to 0.017 mole of NaDEP in 50 ml 
of ether. The mixture was refluxed for 45 min, and then 
diluted with water. The ether layer was separated, 
washed with water, and dried (Na2S04 ). The ether solu
tion was concentrated. Analysis of the residue indicated 
the presence of diethyl benzylphosphonate as principal 
product, but no bibenzyl.

The above experiment was repeated with benzyl 
bromide. Analysis showed the presence of diethyl benzyl
phosphonate as major product. No bibenzyl was detected. 
Reaction of Diethyl Chloromalonate and NaDEP in Ether 

A mixture of 3.3 g (0.017 mole) of chloromalonate 
in 9 ml of ether was added dropwise, with stirring, to 
0.017 mole of NaDEP in 50 ml of ether. The mixture was 
refluxed for 45 min. A small amount of sodium chloride 
precipitated. The mixture was worked up in the usual 
manner. After concentration of the ether solution, anal
ysis of the residue showed unchanged chloromalonate as 
the major component; no tetraester (VIII) was observed. 
Reaction of Diethyl Phosphite and Diethyl Bromomalonate 
in Ether

To 2.4 g (0.017 mole) of diethyl phosphite in 50 ml
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of ether was added dropwise, with stirring, 4.0 g (0.017 
mole) of bromomalonate in 9 ml of ether. The mixture 
was heated under reflux for 2 hr. The homogeneous mix
ture was concentrated. Analysis of the residue showed 
that the major components of the reaction mixture were 
unchanged diethyl phosphite and bromomalonate. A trace 
of diethyl malonate was also found, but no tetraester 
(VIII).
Reaction of Triethyl Phosphite and Diethyl Bromomalonate 
in Ethanol

A mixture of 2.0 g (0.0085 mole) of bromomalonate 
in 5 ml of ethanol was added dropwise, with stirring, 
to 1.44 g (0.0085 mole) of triethyl phosphite in 30 ml 
of ethanol. The mixture was heated under reflux for 1 
hr, and then concentrated. Analysis showed the presence 
of diethyl malonate and triethyl phosphate as principal 
products.
Reaction of Sodium Thiophenoxide and Diethyl Bromomalonate 
A. In Ether

To 35 ml of ethanol, 0.20 g (0.0085 g-atom) of 
sodium was added. When all the sodium had reacted,
0.96 g (0.0085 mole) of thiophenol was added. The mix
ture was stirred for 0.5 hr. The ethanol was then evap
orated in vacuo leaving a white solid material. Traces
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of any ethanol were removed by azeotropic distillation 
twice with benzene. At all times the reaction mixture 
was kept under a dry nitrogen atmosohere. To the reac
tion flask containing the dried sodium thiophenoxide,
35 ml of ether was added, followed by the dropwise addi
tion, with stirring, of 2.0 g (0.0085 mole) of bromo- 
malonate in 6 ml of ether. The mixture was heated under 
reflux for 1.5 hr. The heterogeneous mixture was then 
washed with water and dried (Na2S04 >. The ether solu
tion was concentrated. Analysis indicated that the 
major components of the reaction mixture were diethyl 
malonate, tetraester (VIII), diphenyl disulfide and 
unchanged bromomalonate.
B. In Ethanol

The reaction described above was repeated in ethanol. 
After reflux, the reaction mixture was concentrated and 
the. precipitated sodium bromide was removed by filtra
tion. Analysis of the filtrate showed that the major 
products were diethyl malonate and diphenyl disulfide.
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The reaction of diethyl bromomalonate and sodium 
diethyl phosphite (NaDSP) in ether to give the symmet
rical tetraester, tetraethyl 1 ,1 f2,2-ethanetetracarbox- 
ylate (VIII), was investigated. Chloromalonate was 
found to be unreactive. The best yield of VIII was 
obtained when equimolar amounts of NaDSP and bromo
malonate were used. Smaller concentrations of NaDEP 
resulted in much unchanged bromomalonate. A large excess 
of NaDEP converted the bromoester to diethyl malonate.

In the presence of benzyl halide, the reaction of 
bromomalonate and NaDSP gave, in addition to VIII, 
diethyl benzylmalonate. The ratio of benzylmalonate to 
VIII increased with increase of NaDEP concentration.
The reaction of NaDSP and bromomalonate in ethanol gave 
diethyl malonate and triethyl phosphate.

These observations are consistent with a mechanism 
proposed for the formation of VIII. The initial step 
is the attack of phosphorus on bromine to give an ion 
pair. The ion pair rearranges to form sodium malonate 
and a bromophosphate. The sodium malonate undergoes a 
nucleophilic displacement on bromomalonate to give VIII 
while the bromophosphate reacts with another molecule 
of NaDEP to give a hypophosphate. In an alternative 
mechanism, the NaDEP attacks the ion pair directly to
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give the sodium malonate and a hypophosphate.
The conjugate acid of NaDEP, diethyl phosphite, was 

found to be relatively unreactive towards bromomalonate 
although a small amount of diethyl malonate was formed. 
The reaction of triethyl phosphite and bromomalonate in 
ethanol gave diethyl malonate and triethyl phosphate. 
Bromomalonate and sodium thiophenoxide in ether gave 
tetraester (VIII) and diphenyl disulfide; in alcohol, 
the bromoester was converged to diethyl malonate.
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