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A. R. GALBRAITH, P. HALE, and J. E. ROBERTSON, Procter & Gamble Limited,

Newecastle upon Tyne, England

Abstract

An investigation of the reaction of phosphorus
trichloride with fatty acids has provided a re-
liable guide to choice of reaction conditions. Ex-
cesses of 25-100% phosphorus trichloride are
required for high conversions; the shorter the
chain length of the acid, the larger the execess
of reagent required.

We consider the reaction path to be satisfac-
torily established and have shown several hypoth-
eses made to account for the formation of hydro-
gen chloride as a by-product, to be unnecessary.

Two alternative mechanisms for the reaction
are proposed and discussed.

Introduction

ECENT WORK In these laboratories has utilised
fatty acid chlorides as intermediates, and a clean,
rapid and economical method of preparation was
sought. Acid chlorides may be readily prepared by
a variety of reagents and Bauer (1) has made a cost
comparison favouring phosphorus trichloride as the
most economical reagent. A survey of the literature,
however, revealed a wide variation in reecommended
usage (1-6). Sonntag (2) has remarked that no
satisfactory account of the reaction of phosphorus
trichloride with earboxylic aeids is available, and
that work is required to establish the contributions
of the. various reactions postulated. The generally
aceepted (2,7,8) stoichiometry of the reaction is given
by equation I, with production of an upper layer of
3RCOOH + PCl; ——— 3RCOCI + H.PO; [1]

acid chloride containing phosphorus chlorides, and a
lower layer of impure phosphorus acid. We refer to
this impure phosphorous acid as ‘‘phosphorous acid,’’
to distinguish it from pure erystalline phosphorous
aecid. All phosphorus trichloride/carboxylic acid re-
actions evolve hydrogen chloride, and it is the failure
of equation I to account for this by-produet which
has led to the confused and hesitant explanations in
the current textbooks (2,7-9).

Experimental

Baw Materials. The fatty acids used were acetic
(99.6% May and Baker laboratory chemicals), octa-
noic (98% B.D.H. laboratory reagent grade), oleie
(95-100% B.D.H. laboratory reagent grade), and
tallow (mw 266). Phosphorus trichloride was from
Albright and Wilson, Ltd.

Infrared Spectra. IR curves were obtained in CCly
solution on a Perkin-Elmer ‘‘Infracord’’ spectropho-
tometer.

General Method of Reaction. A convenient sample
size (100-200 g) of liquid or molten fatty acid was
treated with phosphorus trichloride over a set period
with or without agitation, and allowed to separate
into two layers. The syrupy lower layer, essentially
(3) phosphorous acid, was run off leaving a water-
white layer of acid chloride, containing unreacted
fatty acid and chlorides of phosphorus. All runs were
carried out under anhydrous conditions, and hydrogen
chloride evolved during the reaction was flushed out
at the end of the reaction period with dry nitrogen.
Yields were estimated from the weight of produect,
its analysis for free fatty acid (IR carbonyl stretch-
ing intensity using calibration curves), and phos-
phorus chlorides content (volumetric analysis for
phosphorus). Hydrogen chloride was estimated by
back titration after absorption in a caustic trap, in
front of which was a solid COjp/methanol trap to
retain volatile acid chlorides.

Discussion

An examination of the reaction variables: agita-
tion, time, temp and excess of phosphorus trichloride,
adopting the stoichiometry of equation I, and confin-
ing ourselves to acetic, caprylic, and tallow acids,
afforded results in Table I. The following coneclusions
were made on the basis of these experimental results:

1) Little reliance could be placed upon the analyses
of acetyl ehloride, which partly hydrolysed dur-
ing the combined operational and analytical
procedures {Table I, rung 24-29).

2) Reaction rate for all three acids was rapid, a
period of 2 hr ensured reaction completeness and
clean separation of layers. (Table I, 17,18,20).

3) Evolution of hydrogen chloride was temp-de-
pendent (Table I, 3 and 12; 5,7, and 11; 21,22
and 23).

4) Yield of acid chloride was independent of temp
over the range 70-160F, although operation at
180F or above caused drastic reductions in
yield (Table I, 2.4 8 and 13).

5) The effect of agitation was insignificant com-
pared with that of the excess of phosphorus tri-
chloride. (Table I, 1 and 2; 6 and 7).

In later experiments, conditions were fixed at 2 hr
reaction time, no agitation, and minimum temp at
which the fatty acid was liquid, leaving the excess
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TABLE I
Results of Initial Acid-Phosphorus Trichloride Reactions
HC1 evo- .
Acid . Excess : F ; W Pin
I;‘(l)n chain Agit. Te];np T;lr;le PCls Y};]d F%A ;;ttlleosn/ HsPO:
length Do ° mole F.A. %
1 Cir No 110 2 0 87 13.4 0.07 32.6
2 avg Yes 110 2 0 90 9.7 0.14 | .
3 No 110 2 100 99 0.5 0.21 36.3
4 Yes 140 2 10 90 100 | bl
5 Yes 140 2 60 98 1.4 0.21 | e
6 Yes 160 2 80 99 1.1 0.25 1 ...
7 No 160 2 60 99 0.9 0.27 36.0
8 Yes 160 2 10 87 116 L e
9 Yes 180 2 10 36 11.7
10 Yes 180 2 10 80 9.7
11 Yes 180 2 60 97 0.7
12 No 180 2 100 52 0.5 | 056 | e
small upper
layer
13 Yes 200 2 10 no separation | ...
of layers
14 No 110 2 20 92 7.1 0.09
15 No 110 2 25 95 4.7 0.05
16 No 110 2 100 99 0.4 0.12
17 Cs No 70 22 0 88 iz6 1 L
18 No 70 6 0 87 11.4 |
19 No 70 2 0 76 224 1 L
20 Yes 70 2 0 85 123 | L.
21 No 70 2 60 93 6.8 0.09
22 Yes 180 2 0 87 10.5 0.16
23 Yes 240 2 0 no separation 0.35
of layers
24 Cs Yes 65 2 0 70 29.0 0.01
25 Yes 65 2 0 90 9.8 0.06
26 Yes 65 4 0 62 37.0 0.02
27 Yes 65 4 0 80 19.4 0.10
28 Yes 65 6 0 72 27.4 0.05
29 Yes 65 6 0 83 16.0 0.10

H:sPOs has 9% P = 37.8. P20s3 has 9% P =564,

of phosphorus trichloride as the only variable. The
results of this investigation are expressed graphically
in Figure I. The acid chlorides contain mixed phos-
phorus chlorides, proof of which is given in a later
section of the text. For convenience, we have ex-
pressed the phosphorus content as phosphorus tri-
chloride, and we shall discuss the effect of the assump-
tion later. The phosphorus content is plotted as
%PCls by weight to allow use of the same scale as
the % {free fatty acid content. Both PCl; content
curves become virtually identical as expected, if
plotted as mole PClz/mole fatty acid chloride.

Comparison of the curve for tallow acid chloride
with that of the lower acid chloride indicates the
comparative economy of reagent usage when working
with longer-chain acids. The sharpness of the break
in the fatty acid curve for tallow acid chloride sug-
gests an optimum at 30% excess trichloride, as little
further conversion is achieved on increasing the ex-
cess used, while a rise in phosphorus chlorides con-
tent must be tolerated. With caprylic acid, the picture
is less clear-cut, and the excess chosen will depend
on the degree of conversion required.

The investigation has been extended to include
oleic acid in order to check the above findings, and
also to check the effect of phosphorus trichloride
under these conditions on the c¢is double bond. The
results were consistent with the general pattern, al-
though the conversion was somewhat lower than ex-
pected: 85% conversion using 20% excess trichloride.
Nevertheless, this represents an advantage over pre-
vious findings for oleoyl chloride (Table II).

It was noticeable that in all cases where a good
grade of acid was used, water-white produet was ob-
tained, comparable to that produced by distillation.
Thus if the chlorides of phosphorus present in the
product can be tolerated, this procedure offers a
high yield of good quality produet. Preparations
using thionyl chloride or phosphorus pentachloride
afford dark products which require distillation, with
consequent dimimution of yield, to achieve similar
quality.

In Table I1 a comparison has been made of yields
of acid chloride obtained in these laboratories with
those reported in the literature for reactions using
phosphorus trichloride. If the known levels of chlo-
rides of phosphorus in the product can be tolerated
the high yields obtained favour isolation without dis-
tillation. When phosphorus must be eliminated from
the product, the patented method (4,9), of rapid
treatment with water may be used without incurring
reduction in yield.

Hydrogen Chloride Evolution. Hydrogen chloride
is evolved in all fatty acid/phosphorus trichloride
reactions. Equation I accounts for the stiochiometry
observed in the reaction, but offers no explanation of
the evolution of hydrogen chloride. The literature is
undecided whether the evolution is part of the main
reaction, or due to a side reaction. Equations II and
I1I have been postulated (2,3) as alternative reaction

Reference

2 6RCOOH + 3PCl:i—» 6RCOCL + P.0; + 3HCL+ HPO, [IT]

3 3RCOOH + 2PClz— 3RCOCI + P.0; + 2HC1 [111]
% 259 25
BY WEIGHT CAPRYLIC ACID
204 20
154 15
o)
104 Llo
54 5
q
20 - 40 60 go
159 TALLOW ACID 15
104 bio
5 =
20 40 60 80

Excess PCL (o)

Fig. 1. Effect of excess of phosphorus trichloride reagent
on yield of aeid ehloride. O = PCl;, X = Fatty acid.
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TABLE 11 o
Comparison of Present and Literature Yields of Acid Chloride A
B
Excess . S
. . Isolation
Fatty acid Pgla Yield procedure Ref. 8
- R
Acetic acid 0 69 Distilled 10 N Q.TALLOW ACID
Acetie acid 20 84 Separated off Present c |os
A 3 . work E 583
Acetic acid 80 79 Distilled 11 ool3 5 7 10 13
Caprylie 40 90 Separated off Present o
work
Decanoic 200 97 Excess PCls 3
reagent
removed at
reduced b. DISTILLED
pressure TALLOW ACID
CHLORIDE
Lauric 7 96 In solvent, 3 oS
lower layer 552
separated off 3 5 7 10 13
and solvent ‘8
. removed
Lauric 20 54-59 Distilled 1
Lauric 200 T0-96 Distilled 1
Tallow 20 93 Separated off Present
work 768 C. REACTION PRODUCT
Palmitic 200 85 Distilled 1 OF TALLOW ACID
Oleic 20 85 Separated off Preseﬁlt o5 & peLy (100% xs)
Wwor.
Oleic 20 37-60 Distilled 1 552
eic 3 42 istilled 12 |
Oleie 450 89 Distilled 13 =B 3 z o 2
stoichiometries, but they can play no major part in
the reaction, as the high conversions achieved on the
stoichiometry of I, and the phosphorus content of the 4. OLEIC ACID
lower ‘‘phosphorous acid’’ layer found by both Pie- o5
karski (3) and ourselves (Table I) confirm that the 583 o 3
reaction path is as represented by I. The reaction path o 3 5
of equation IT is said (2) to proceed via the anhydride
as an intermediate. We find this postulate difficult
to accept since no evidence of anhydride formation €. REACTION PRODUCT
is provided. These equations can still be used to ex- 583 ‘:Zf'é‘gaﬁi';’) ¢
plain hydrogen chloride evolution, but bearing in os 3
mind the temp dependence found for the evolution, 554
we reject these equations in favour of a side reaction. w3 ___5 7 10 13

The following side reactions represented by equa-
tions IV--VII have been postulated in the literature
(2,3,10,14) to account for hydrogen chloride evolu-
tion. We investigated these reactions under experi-
mental conditions. No reaction took place between
phosphorus trichloride and ‘“phosphorous acid,’’ con-
tradictory to the postulation of Piekarski (3), but
in agreement with Brooks (14), Partington (15) and
Wolf (16). At higher temp volatilisation of trichlo-
ride and decomposition of the ‘‘phosphorous acid’’

took place.
Reference
3 PCl+ H:POy ————— P:0; + 3HCI [1IV]
2,14 RCOOH + RCOCI —— (RCO)-0 + HCL V]
14 RCOCl+ H.PO:——— RCOOP(OH)+ HCI [VI]
10 HPO{OH)Cl——— (HPO:) + HCI [VII]

We were unable to detect significant quantities of
anhydride in any reaction product, or to find reliable
accounts of anhydride formation and identification in
the literature (4,10,14). We consider it more likely
that anhydride formation would take place during dis-
tillation of the produet, and cannot support Brooks’
(14) postulate that acid chloride and fatty acid re-
act to form anhydride, generating hydrogen chloride.
We quote the results of runs 3,5,6,7,11, Table I as
support. Sonntag (17) also doubts the validity of
equation V in the case of higher fatty acids.

Brooks (14) has deseribed the preparation of ace-
toxyphosphorus compounds as in equation VI, but
under our reaction conditions no reaction was obtained
between fatty aeid chloride and ‘‘phosphorous acid’’;
raising the temp of the reactants only succeeded in
decomposing the ‘‘phosphorous acid.”’

MICRONS
F1g. 2. Infrared speectra in CCL solution.

The only eredible explanation of hydrogen chloride
evolution is given by Cade and Gerrard (10), who
propose that the reaction proceeds by stepwise hy-
droxylation of phosphorus trichloride, producing two
intermediates, HPOCl, and HPO(OH)Cl. The latter
may either continue to react with another molecule
of acid, or degrade to hydrogen chloride and con-
densed phosphorous acids as in equation VII. This
degradation we would expect to be temp-dependent,
and VanWazer (18) considers that these intermediates
are capable of at least temporary existence. We have
found evidence of their existence in tallow acid chlo-
ride containing 2% phosphorus: namely, a peak at
7.7 w in the IR spectrum of the reaction produet,
attributable only to the P=O0 stretching frequency,
as the peak is absent in the spectrum of the pure
acid chloride, and the acid content of the reaction
product is too low to acecount for it. (Fig. 2, a,b and
¢).

Further evidence was forthcoming from unsuccess-
ful attempts to remove excess phosphorus trichloride
from reaction products by distillation, contrary to
reported elaims (2,3,12,14,19). Distillation of the
above tallow aecid chloride below 212F afforded no
phosphorus trichloride (bp 167F) and when tenfold
excesses of phosphorus trichloride were used, only
part of the calculated excess was recovered. It ap-
pears unlikely that phosphorus present in the reaction
product exists as the trichloride.

In the lower ‘‘phosphorous acid’’ layer, in spite
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of repeated flushing with nitrogen, chlorine could not
be entirely removed. We suspect the presence of the
chlorophosphorous acid, rather than dissolved hydro-
gen chloride. We have found enough chlorine to
account for 4% of the lower layer as monochlorophos-
phorous acid [HPO(OH)Cl]. The observed diminu-
tion in yield at increased temp (Table I, 10,12,13
and 23) may be attributed to interaetion of both in-
termediate chlorophosphorous acids with fatty acid
chloride, producing acyloxyphosphorous compounds,

RCOCI1 + HPO(OH)Cl —— HPQ(OCOR)Cl+ HCl [VIII]

as in equation VIII. This reaction we expect to
proceed more readily that the acid chloride/phos-
phorous acid reaction of Brooks (14) (equation VI),
as the latter reagents are immiscible. A concrete ex-
ample may be found in the reaction with oleic acid.
Sonntag (12) reports a 42% yield after distillation
from a reaction using 30% excess phosphorous tri-
chloride, and doubts the value of this reagent with
unsaturated acids. He considers that side reactions
such as isomerisation of, and hydrogen chloride addi-
tion to the double bond are extremely likely. With
oleic acid we have shown that no isomerisation of the
double bond takes place under mild conditions; no
inereage in absorption at 10.4 x (Fig. 2, d and e). We
have obtained an 85% yield using only 20% excess
phosphorus trichloride. We consider that poor yields
reported for phosphorus trichloride reactions with
fatty acids are caused by high temp, either in the re-
action or in the isolation, at which acyloxyphosphorous
compounds are formed. The postulate of chlorophos-
phorous acids affords an explanation of observed in-
creases in yields from stirred reactions (Table II,
1 and 2; 19 and 20), namely, better contact of un-
reacted fatty acid with the chlorophosphorous acids
carried down to the lower layer.

The phosphorus contents were expressed as %PCl;
in Figure 1. From the evidence quoted above, we
must modify them to correct for the over-estimation
of mol wt of the impurity, by using a correction factor
intermediate between 100/137 and 119/137. This
will increase the yields of acid chloride, but not
enough to make a significant difference to the values
quoted in Tables I and II.

The explanation of Cade and Gerrard (10) is the
only one to explain all the observed facts, and we
consider that no other explanation of hydrogen chlo-
ride evolution is necessary.

Catalysts of the Reaction. Reaction catalysis by
neutral salts has been studied by Kraft (5). His
arguments lead him to favour a mechanism proposed
by Luecas and Pressman (20), but his evidence is
based on the belief that rate of evolution of hydrogen
chloride is a direct measure of reaction rate. On our

RCOOH + PCls—> RCOOPCI: + HC1
RCOOPCl; ———— > RCOC1 + (POCI)

evidence we consider that hydrogen chloride simply
measures loss of available reagents, varies with temp,
and is not related to the yield of acid chloride. We
therefore disregard Kraft’s conclusions. We have
investigated catalysis of the reaction by the neutral
salts (NaCl and KCl1}, but have found no significant
gains in conversion over the 2 hr period (Table IIT).
Rate of reaction was not studied.

Mechanism of the Reaction. In spite of the use
made of this reaction, little has been said on its
mechanism. The mechanism suggested by Lucas and
Pressman (20) may be ruled out since it requires
one mole of hydrogen chloride to be evolved for each

GALBRAITH ET AL.: REACTION OF PHOSPHORUS TRICHLORIDE 107
TABLE IIL
Comparison of Conversions from Catalysed and Uncatalysed Reactions
HC1
- :
Acid | Cata- . Excess evo. P in
Run | grain | lyst | TP | Time | Tpey, | FOA | Hon |epspos
n0. | length | 1g Yo ¢ mole %
A,
1 N Cr 110 2 0 13.4 0.07 32.6
2 110 2 0 9.7 0.14 | ...
30 110 2 0 4.8 0.04 34.3
31 110 2 0 14.8 0.08
14 110 2 20 7.1 0.09 38.0
32 110 2 20 5.0 0.09 32,2
33 110 2 20 4.3 014 | .nne
19 s . 70 2 O 224 | e | e
20 . 70 2 0 12.3 | ...
34 Na(Cl 70 2 0 21.2 | s | e
35 KCl 70 2 0 18.2 | cees | e
36 NaCl 70 2 40 5.2 | werer | e
37 NaCl 70 2 40 154 | o | Gl

mole of fatty acid, and that strong acids might be
expected to react faster than weak acids. Our obser-
vations of hydrogen chloride evolution were normally
0.1 mole/mole (Table IT), and weak acids react much
more rapidly (5) than do strong acids.

Cade and Gerrard (10) explain the reaction as a
stepwise hydroxylation to phosphorous acid, by a
four-centre transition mechanism. This explanation
is acceeptable, but provides no explanation of the more
rapid reaction rate of weak acids, nor does it suggest
a driving foree for the reaction. We can also regard
phosphorus trichloride as a strong acid, capable of
using a weak acid to act as its conjugate base, supply-
ing OH-. The driving force could be the expansion
of the d orbital of phosphorus to accommodate 10
electrons, eliminating Cl~. With increase in acid

H‘:\ a H

H Ccl \ \ _
o= I:-CI +Q

“o-F oLPlcl —»

cl CEI A

strength, this reaction would proceed more slowly, and
with fully ionised acids, little or no reaction would
take place, as is found experimentally (5). There is
no evidence as yet for the existence of the infer-
mediate ion RC*=0, and a kinetic investigation of the
reaction is necessary to differentiate between the two
mechanisms.

4
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