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Reactions of Carbonyl Compounds with Tervalent Phosphorus Reagents. 
Part 11.1 A Re-examination of the Reaction of Benzaldehyde with 
Phosphorus Trichloride in the Presence of Acetic Anhydride 
By Jacqui K. Michie and J. Allen Miller,* Chemistry Department, The University, Dundee DD1 4HN, Scotland 

The reaction of equimdar amounts of benzaldehyde, phosphorus trichloride, and acetic anhydride has been shown 
to involve successive formation of benzylidene diacetate (4) and a-chlorobenzyl acetate (5). By an Arbusov 
reaction, the latter is converted into the dimer (3), previously recognised as the precursor of a-hydroxybenzyl- 
phosphonic acid ( la) ,  the known product of an aqueous work-up. A simple preparation of a-chlorobenzyl 
acetate (5) is described. 

THE reactions of halogenophosphines with aldehydes 
have attracted almost a century of attention from organic 
chemists. In general, the outcome of these reactions 
is the formation of a new carbon-phosphorus bond, and 
increased co-ordination of phosphorus, as shown in 
Scheme 1. The earliest work in the area was that of 
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Fossek,2 who reported the transformation of aldehydes 
and phosphorus trichloride into a-hydroxyalkyl phos- 
phonates (1) via an aqueous reaction work-up. Similar- 
observations were later recorded by Michaelis 3n and 
Page.3* Then came a series of papers by J. B. Conant's 
group: the objectives of which were partly mechanistic. 
However, these reactions proved to be too difficult for the 
techniques then available, and a decade of effort left 
many questions unanswered. 

One of the problems of this work was that either- 
acetic acid or acetic anhydride was usually used as co-- 
solvent, but the effect of these additives was never 
properly established. This situation was riot changed 
by the later efforts of Atherton et aZ.,5 although the 
fundamental role of the phosphorus trichloride as an 
electrophilic entity was now better understood. Mean- 
while, Kabachnik and Shepeleva6 went back to the 
simpler two-component systems, and confirmed that 
the phosphorus trichloride functioned as an electrophile, 
and that the purely thermal reaction generally yields an 
a-chloroalkylphosphonic dichloride (2) (Scheme 1) .  

These efforts, however, provided no real indication of 
the intermediates involved in reactions of this type, far 
less any information on the overall reaction sequence. 
To some extent, this situation was improved by recent 
work using phosphorus trichloride and simple alde- 
hydes. Systems involving a further additive, like acetic 
anhydride, remain something of a mystery, and the 
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object of this payer is to describe experiments which 
clarify the role of acetic anhydride in these reactions. 

In this study, we have concentrated on the three- 
component system benzaldeh yde-ace t ic anhydride- 
phosphorus trichloride, partly because this was quite 
the best characterised system and partly because 
of the sequence of clean reactions found to occur a t  
reasonable rates a t  room temperature. The earlier work 
of Conant et aZ.4a.u and Atherton ut aL5 indicated that an 
eyuimolar mixture of the three reactants gives acetyl 
chloride, and a tacky syrup which is left after evaporation 
of the acetyl chloride. The latter workers also showed 
that this oil could be converted into an amorphous solid, 
which was assigned structure (3), and whose formation 
was suggested to be the result of the sequence shown in 
Scheme 3. Our work has confirmed the formation of 
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this solid, and, moreover, shows that i t  can be precipi- 
tated as it forms in the reaction medium, when light 
petroleum is used as solvent. 

RESULTS AN 1) DISC U S S ION 

A lH n.m.r. study of the sequence of reactions leading 
to (3) was therefore undertaken. This revealed that all 
the aldehyde was consumed within 1 h, as was the anhy- 
dride. Subsequently, work with L2H5] benzaldehyde 
confirmed that the initial product was benzylidene 
diacetate (4), since the single benzylic proton could now 
be detected (6 7.8) and its integrated value obtained. 
Thereafter, the absorptions due to (4) diminished, to be 
replaced, after 3 h, by equal concentrations of acetyl 
chloride and a-chlorobenzyl acetate (5 ) .  During the 
remainder of the reaction, a-chlorobenzyl acetate (5 )  
is steadily consumed, until only acetyl chloride absorp- 
tions remain outside the aromatic region. 

I t  This sequence of reactions is outlined in Scheme 3. 
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is so different from any previous suggestions that a few 
comments are appropriate. The formation of 1 , l -  
diacetates from aldehydes is a well known reaction,8 but 
it normally requires an acid catalyst. We have shown 
that phosphorus trichloride is necessary for this con- 
version, and that its fuiiction is purely c a t a l y t i ~ . ~  This 
is in contrast with earlier views, in which phosphorus 
trichloride was held to be linked to the aldehyde during- 
the first stage of the sequence. The second stage, leading 
to a-chlorobenzyl acetate (5 )  , is clearly an ester-halogen 
exchange, of a type now familiar froni tlie work o f  
Gazizov et aZ.1° Independent experiments with pure (4) 
also resulted in the clean formation of a-cl ilorobenzyl 
acetate (5 )  on reaction with pliospliorus tricliloridc. 
This ester is a surprisingly rare compound, until recently 
only a\Tailable in poor yield." Provided duc care is 
taken, wv find l 2  that (5) can be prepared directly froni 
benzaldehyde and acetyl chloride. This enabled us not 
only to check tlie identity of the proposed internwdiate, 
but also to investigate the chemistry of (5 )  independently. 

PClj  r 
PhCH(CL)OAc + AcOPCI2 
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In the original three-component reaction, the form- 
ation of a-chlorobenzyl acetate (5) should, by stoicheio- 
metry, be accompanied by tlie formation of acetoxy- 
(dic1iloro)phosphine (6). This is clearly not stable under 
the reaction conditions, since acetyl chloride ultimately 
provides the only methyl absorption, other than that due 
to (5). We therefore looked at  other ways of generating 
(6), and investigated the reaction of acetic anhydride 
with phosphorus trichloride, a reaction described *a as 
being very slow at temperatures below 50 "C. In our 
hands, an equimolar mixture of these two substances 
completely reacted in 16 h at  20 "C, to produce equal 
amounts of acetyl chloride, and at  least two acetates. 
N.m.r. signals due to the latter slowly disappear over a 
week, leaving acetyl chloride as the major (>95%) 
absorption. Any attempt to heat the mixture simply 
accelerates tlie above sequence dramatically . This 
experiment confirmed the instability of acetoxy(di- 
ch1oro)phosphine (6), and we suggest that it eliminates 
acetyl chloride to give (POCl),, (7), a polymer, as shown 
in Scheme 3. The species (POC1),L was previously 
described in the benzaldehyde-phosphorus trichloride 
react ion. 

I t  thus seems reasonable to assume that the original 
three-component reaction produces a niixture of a- 
chlorobenzyl acetate (5 )  and the polymer ( 7 )  after the 
first few hours. Their expected reactivity was demon- 
strated by mixing saniples of each, prepared separately, 
and following, by 'H n.m.r., their reaction at  20 "C. Once 
50(;$ of the a-chlorohenzyl acetate (5 )  has been consumed, 
addition of light petroleuni to tlw niixture produces a 
white solid, which is the same dimer (3) as that formed in 
the original reaction. We suggest that t liese o h e n , -  
ations can be explained by assuming that tlic polymer 
(7)  contains pliospliorus in tlie three-co-ordinate state, 
and that (7) possesses sufficient nucleophilicity to per- 
form an Arlwiov-type reaction with the ester (5) (sec 
Schemcb 3). The reaction of benzaldehyde with phos- 
pliorus trichloritlc i s  believed to proceed by a sir-nilar 
reaction, using benxal cliloi-icle in tlic pliosphorus- 
carbon bond-forniing step.' In tlie present case, the 
Arbusov reaction proceeds at  20 "C, whereas in the 
~enzaldehyde-pliosl,Ilorus trichloridc reaction it requires 
heating to 150 "C, and this presumably reflects the 
greater reactivity of a-clilorobenzyl acetate (5 ) ,  as 
compared with b e n d  chloride. -4s with tlie earlier 
study, tliere are no detectable intermediates in tlie final 
stages, and the exact details of formation of (3) are not 
apparent from the present data. 

As for the cyclic dimer (3), we have found it to be 
every bit as intractable as the literature suggests. On 
prolonged storage, or on the least contact with moisture, 
it forms a sticky resin, and it took a good deal of experi- 
mental perseverence to achieve its isolation as a solid 
in the first instance. 

The present work therefore provides an explanation for 
tlie role of acetic anhydride in diverting the benzalde- 
hyde-phosphorus trichloride reaction into a new path- 
way, leading ultimately to a slightly different product, 
i .e. (3). In essence, these pathways are simply ways of 
gene rating alde h yde-de rived alk y lat ing agents , i n  t hc 
presence of the polymeric species (7), a mildly nucleo- 
philic reagent. A consequence of this interpretation is 
that any notion of aldehyde-phosphorus(II1) halide re- 
actions proceeding via oxaphosphiran intermediates," 
as originally suggested by Page 3b and Conant ( 7 1  u/.J41*+c' 
must now be discarded. 

EXPERIMENTAL 

All experiments were performed in a dry, inert atmos- 
phere. All solvents were dried prior to use. Phosphorus 
trichloride and acetic anhydride were carefully fractionated, 
and stored under dry nitrogen. Benzaldehyde was re- 
distilled as required. 1.r. spectra were run on a Perkin- 
Elmer 137, as Nujol mulls, uiiless otherwise stated. hT.m.r. 
spectra were determined on solutions in deuteriochloro- 
form, with tetramethjdsilane as internal standard, and 
using either a Perkin-Elmer RlO or RB12 instrument. 

Reaction of Phosphorus Trichloride, Benzaldehyde, and 
Acetic A nhydride.-(a) I n  Eight petroleum us solvent. 

* These have been the focal point of discussion of several im- 
portant organophosphorus reactions [notably the Perkow reaction 
leading to enol phosphorus(1v) esters] which require the trans- 
formation of P-C-0 structures into P-0-C structures. 
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Benzaldeliyde (3.  I8 g, 0.03 niol) and acetic anhydride (3.06 g, 
0.03 mol) were mixed in dry light petroleum (b.p. 40-60 "C) 
(50 ml) in a Aask under nitrogen. Phosphorus trichloride 
(4.11 g, 0.03 mol) was added over 10 min, via a syringe antl 
serum-cap, to the stirred solution. After 1.5 h a t  20 "C, the 
stirred mixture became cloudy, and a white solid began to 
precipitate. Stirring was continued for 17 h, and the solid 
removed by filtration of the mixture in a nitrogen atmos- 
phere. After washing with a little light petroleum-ether 
(10 : 1), tlie powder r8.21 g, 73?& based on structure (3)] was 
fine, white, and frec-flowing. Upon storage, or the least ex- 
posure to air, it darkened and became tacky, and ultimately 
a syrup. 1 he polvder had no definite m.p., and seemed to 
dissolve onlv in  solvents with which i t  reacted, or which 
were wet. 

(b) I n  deutevzc)ckZovoforllz. The same solutes (0.003 mol) 
as in (a) were dissolved in deuteriochloroforni (1  nil) 
antl the hoiiiogencous niixture stirred a t  20 "C for 16 11.  

.lnalysis t)?+ 'H n 1ii.r. showed that both tlie aldeliyde antl 
tlic anliy(lric1e Iiatl been consumed within 45 niin, to give 
,ibsorptions a t  8 2 05 (s, OAc) and 7.8 ( s ,  PhCZi). After 3 h 
these absorptions had disappeared, ant1 had been replacccl 
by new absorptions at 6 2.18 (s, OAc) and 2.6 ( s ,  AcC1). 
Thereafter thc absorption at 6 2.18 diniinislied steadily, antl 
by 16 11 thc o n l ~ ~  observable non-aromatic absorption was 
due to acet>*l chloride. Removal of volatile material 
vieldetl acctyl cliloride, identified by i.r. am1 lH n.m.r. 
'1.11~ resitlual material was a sticky resin (0.75 g), which 
was tiissolvecl in tlry cliloroforni (2 nil). Atlclition of  light 
petroleum (b.p 40-60 OC) and trituration yielded a white 
amorphous solid (0.61 g, 89yo), ~7liicli had the same pro- 
perties as that  described in (a) .  

React ion o-f PrntadeuteriobenznldeI~yc~e wi th  Phosphovtts 
'I'vicl~lovide and ,-I cetic (1 ~z/zydr~de.-T'entatleuteriobe~izalclc- 
hyde l3 (0.1 11 g, 0.001 mol), acetic anhydride, (0.102 g ,  
0.001 mol), antl phosphorus trichloride (0.137 g, 0.001 mol) 
\\ ere tlissolvecl i n  tleuterioctiloroforiii, and the mixture kept 
sealed a t  20 "C under nitrogen. Successive 'H n.1ii.r. 
spectra showctl the complete formation, after 0.5 11, 01 
I "E-i,]bcnz?.litlciIc cliacetatc [6 7.8 (s, 1 H) and 2.05 (s, 6 H)j ,  
tlicii. after 2 1 1 ,  o f  a-cliloroi~HH,]berizyl acetate 7.5 (s, 1 
H)  ant1 2.18 ( 5 ,  3 H)] and finally, after 24 ti ,  of acetyl 
cliloritlc 18 ?.ti (s)J. .It the end of this period, no absorption 
otlicr tliaii that t i  tie to acetyl chloride, was detectable. 

React ion of Hen,-?/lidene Diacetate wi th  Pliospliorus 
'I'vicliZovzde.-I3~iiz~~litlene tliacetate (2.10 g, 0.01 mol) ancI 
pliospliorus trichloritlc (1.58 g, 0.01 niol) were mixed 
togetlicr iincler nitrogen. As the diacetate dissolved, tlic 
mix turc warmtd up appreciably, and a small sample of tlic 
iiiisture wits removed antl taken up in deuteriocliloroforni 
(0.4 ml). 'H 1 ii1.r. spectroscopy showed that  tlie tliacetatcc 
Ii,itl reac-tt.tl completely within 3 11 at 20 "C, to give a chloro- 
1 ~ ~ 1 i z ) ~ I  acc.t:itr* ant1 acvtyl chloride, as above. ilfter 24 11, 
tlicrc \$.as ;t vcbr?' weak absorption a t  6 6.72 ((1, J 4.5 Hz) ,  
antl another a t  8 1.98 (s), a s  well as a strong absorption due 
to acct!-l chloride. I<einoval of volatile material from tlie 
brilk reaction yicilded a viscous syrup, from which a white 
1)owder (0 .97  g) was obtained as above. The 'H n.m.r'. 
assignincnts were confirmed by a similar reaction (0.001 niol 
m i  lci) of L2H, bcnzylidene diacetate in de l i  teriocliloroform 

I'repavntion of u-Chlorohenzyl Acetate (5).--l'his experi- 
inent was conducted under the most rigorously dry contli- 
tions. Failure in this respect resulted in either no reaction, 
or a low conversion into (5). Freshly distilled acetyl chloride 
(7.8 g, 0.1 niol) and benzaldehyde (10.6 g, 0.01 mol) were 
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mixed in dry, redistilled cliloroforiii (20 ml). After 4 11 at 
20 O C ,  the aldehyde was fully reacted, and removal of the 
solvent left a mobile liquid, which was fractionally distilled 
to give a-chlorobenzyl acetate (5) l2 (11.0 g, 61.5y0), b.p. 
88-89 "C a t  1.5 mmHg; m / e  186 and 184 ( M + ) ,  149, 106, 
102, 100, 80, and 78; v,,~,. (film) 2 950, 1775s, 1212,  835, 
and 705 cm-l; 8~ 2.10 (3 H ,  s ,  OAc) and 7.3-7.8 (6 H, m, 
Ph and CHC1). The main fraction was usually preceded 
by a little acetyl chloride, then a little benzaldehyde. 

React ion of L4cetic A n h y d r i d e  with Phosphovus T v i -  
cIzZoride.-Acetic anhydride (1.53 g, 0.015 mol) and phos- 
phorus trichloride (2.06 g, 0.015 mol) were stirred a t  20 "C 
under nitrogen in a sinall Aask. After 16 h, lH n.m.r. 
indicated that acetyl chloride (6  2.66, s )  had formed, and 
that its integrated intensity was the same as that of several 
acetate absorptions ( 6  2.2-2.4) taken together. Very 
slowl?; the latter absorptions declined, until after one week 
acetyl chloride accounted for GU.  95% of the original acetic 
anhytlride. When the mixture was opened to the atmos- 
phere a fairly rapid darkening of the liquid occurred, and 
when the mixture was heated, in an attempt to distil the 
products, charring resulted. 

React ion oj u-ChlovohenqIl Acetate (5) with (l'OCl),,.---a- 
C'lilorobenzyl acetate (1.82 g, 0 . 0 1  niol) was added riia a 
syringe and serum cap to acetyl chloride (0.78 g, 0 . 0 1  niol). 
l l i c  mixture was kept a t  20 "C for one weel;, but no eviclenccs 
of any reaction was obtained ('H 1i.m.r.). 

a-Clilorobenzyl acetate (1.82 g, 0.01 mol) was  then acltlecl, 
in a separate experiment, to a mixture of acetic anhydride 
(1.02 g,  0.01 niol) and phosphorus tricliloritle (1.37 g ,  0.01 
niol) which had already been stirring for one week, antl 
which was shown to be 95(j,b converted into acetyl chloride, 
and, presumably, ( POCl),. 'Hie homogeneous mixture was 
stirred for 24 h,  by which time GU. 500/,, of the acetate (5) 
had reacted (relative to the acetyl chloride). l k y  light 
petroleum (b.p. 40-60 "C) (20 ml) was gradually added to 
tlie mixture and a white solid (0.95 g) precipitatetl. This 
solid had the same properties as that isolated (above) from 
the reaction of acetic anhydride, benzaldehyde, and phos- 
phorus trichloride. 

\4-e thank 1)r. li. hlackie (St. Anclrws University) for 
mass spectra, and tlic S. K.C. for a stuttentship (to J .  K .  114.). 
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