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Summary

An accident caused by an explosion of a stored mixture of propionyl chloride (PC) and
diisopropyl ether (DIPE) led us to carry out thermodynamic calculations (CHETAH) and
a literature study. The conclusion is drawn that mixtures of acid chlorides and ethers are
very unstable and that storage will give rise to dangerous situations.

Introduction

When conducting chemical reactions, it is often necessary for various
reasons to add progressively to the other reaction components one of the
reagents dissolved in, or diluted with, an inert solvent to control the ensuing
reaction. When this technique is used, it is essential that the solvent should
not react with the reagent dissolved in it. In this paper we will describe an
accident with a solution of propionyl chloride (PC) in diisopropyl ether
(DIPE).

In the past such mixtures had been prepared several times on laboratory
and pilot plant scale (100 1) and once on plant scale (3000 1) without causing
any problems.

The accident

The relevant chemical process was the acylation of the anion of diethyl
malonate in an ethanol—DIPE mixture with PC dissolved in DIPE (about 50%
w/w). The procedures in the original literature (Lund, 1934; Breslow et al.,
1944) used diethyl ether instead of DIPE. A mixture of PC and DIPE, meant
for several batches, was prepared in advance in one production run (using a
glass-lined mixing vessel) and was finally drawn off into the original drums.
Half of the mixture was stored in non-coated DIPE drums, and the other half
in the coated acid chloride drums.

The next day, during the starting-up of the malonate anion preparation,
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one of the PC—DIPE drums, stored in the vicinity of the reactor, exploded.
At that moment, three operating personnel were present, but no one was
injured. There was considerable damage but no fire. The lid (seamed joint) of
the drum was rocketed upwards and a big vapour cloud was generated. The in-
sulation of the reaction vessel, glass piping, electrical circuits and a flight of
steel steps were badly damaged.

After the production unit was cleared, the screw caps of all drums were
loosened and the drums transferred elsewhere. Then samples were taken and
the contents of the drums quenched in water as soon as GLC analyses had
been performed.

It was noticed that the contents of the exploded drum were still boiling.

Observations and general conclusions

GLC analysis of the contents of the exploded drum revealed that a reaction
according to Scheme 1 had taken place almost quantitatively (see Table 1).

1 O
/\"/c1+ >——o—< —_— /\n/ Y+ >-01 + cal
0 0
PC DIPE

Scheme 1

Thus DIPE was cleaved by the acid chloride, giving isopropy! propionate
and the volatile isopropyl chloride (B.P. 36°C). Because traces of propene
were also found, the accident must be due to an explosion that occurred when
the drum breakdown-pressure of 20—25 atm was surpassed upon formation
of sufficient volatiles (thermal explosion).

Assuming a head space of 5% (10 1), that would mean an amount of about
2001 of gas, i.e. 8 moles. In a drum of 160 kg of 50% w/w PC—DIPE mixture,
this amount of gas can be formed when only 1% of the acid chloride decom-
poses in some way to give hydrogen chloride, or from 1% of the DIPE giving
propene.

Table 1 shows the results of GLC analysis of samples from a number of
drums in comparison to the pure substances and a reference mixture.

If we analyze these data, the following conclusions may be drawn:

(1) The starting materials PC and DIPE, and also the mixture of these in
the appropriate ratio, prove to be stable. No deterioration is observed in the
injection port or on the column of the gas chromatograph.

(2) Compared to these reference materials, the other samples are not inert
mixtures. All show the peaks of isopropyl chloride and isopropyl propionate
in more or less abundance. This is why the contents of all drums were de-
stroyed by quenching.
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(3) The reaction depicted in Scheme 1 went to completion in drum 8,
which exploded, and also in the unexploded old stock. In drum 8 the reac-
tion velocity was obviously much higher.

(4) The reaction takes place in coated drums as well as in non-coated ones.

(5) The samples from all drums contain iron and zinc, the latter in a much
lower concentration.

(6) There is no correlation between the amount of iron and the kind of
drums. It seems, however, that coated drums contain significantly less zinc
than non-coated ones. Drum 8 is not representative because the concentration
of Fe and Zn would have been considerably increased due to evaporation of
DIPE or isopropyl chloride (the contents were boiling).

It is well known that DIPE, like other ethers, is susceptible to autoxida-
tion. The intermediate dihydroperoxide rearranges to the explosive acetone
peroxide trimer, which was isolated and identified by Rieche and Koch
(1942) and Acree and Haller (1943) from DIPE samples stored for several
years, When ethers are used at Naarden, determination of the peroxide num-
ber is a standard procedure. This method proved the DIPE used to be per-
oxide free! The observed, rapid, quantitative conversion of the PC—DIPE
mixture into isopropyl chloride and isopropyl propionate, by exothermic de-
composition of peroxides, is therefore not only very unlikely, but also with-
out precedence in the literature. Furthermore, no typical peroxide rearrange-
ment products (e.g. acetone, formaldehyde and formic acid) were observed
in the GLC-mass spectra. However, the observed phenomenon is wholly ex-
plained by the presence of low concentrations of heavy metals.

Chemistry

Dialkyl ethers are considered to be rather inert solvents. The C—O bond,
with a bond energy of about 80 kcal, can only be broken under extreme
conditions. This reaction can proceed via oxonium intermediates (Scheme 2).

40 R_IOH + R2X or

ax ® R 0H + E,X

Rg0-R; —— RT?—Rz
R, + R,0H or
R,” + R,0H

Scheme 2

The velocity of the ether cleavage depends partly on the acid strength. For
primary ethers the reactivity increases from HCl to HBr to HI, in a ratio of
1:6:0 (Liittringhaus and Saif, 1938). As can be deduced from Scheme 2, the
structures of the R, and R, groups also play an important role in the decom-
position process. The ether is cleaved more readily with increasing ease of
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formation of a carbenium ion from the oxonium salt (leading to RX and R=
formation). It is known for example that ¢-butyl methyl ether reacts very
rapidly at room temperature with excess HCl, quantitatively giving ¢-butyl
chloride (Norris and Wayne Rigby, 1932).

The stability of ethers as a function of their structures can also be illus-
trated by some second order thermodynamic calculations (Seaton et al.,
1974) shown in Tables 2 and 3.

Table 2 Table 3
An As Ag T AH As A G T
Kecal Gibbs Kcal K Kcal Gibbs Kcal K
NN e N o'+ = Ao\ L, /\OH + N
11.4 x 2.3 298 x A 0.5 -7.0 -1.6 298
13.6%% 298 0.5 -6.0 -1.8 373
>—0Me s MeOH 4 AN >. oMe HCL Lo o4 >__ L
17.4 40.1 5.5 298 B -0.3 5.7 -2.0 298
16.7 38.5 -5.3 573 -1.2 3.8 -3.4 573
ﬁ'_oMe — » MeOH 4 >——_— __i_ oMe HC1 MeOH + __i_. c1
18.3 40.4 3.3 373 C 1.1 3.9 -0.1 298
17.5 38.6 -8.5 673 1.0 3.6 -0.4 373
HC1
e} —< ——— OH 4 /\ [o} —_— OH + Ccl
17.6 38.7 6.0 298 D -0.2 3.0 -1.1 298
17.4 38.4 3.1 373 ~1.0 1.1 -1.7 573
Notes: ¥ Values according to Perry, 1963
¥¥ Value according to Hougen et al., 1943

From Table 2 we may conclude that the ethers considered are stable com-
pounds, at least up to their boiling points. Their thermal, acid-catalysed de-
composition into an alcohol and an alkene is endothermic (positive A H) and
no spontaneous reaction will take place due to the positive AG. In fact, in-
dustrial ether synthesis takes place via the reverse reaction.

In the presence of equimolecular amounts of nucleophilic acids like HC],
the stability of the ethers is decreased. As can be seen from Table 3, their
AG values are all negative, even at room temperatures. Ether cleavage will
proceed spontaneously in all cases.

It must be stressed that these figures do not predict reaction velocity. This
value is related to the activation energy AG*¥, obtained from kinetic measure-
ments, in which the catalyst and the temperature are two important variables,



296

In other words, the values of AH and AG for the formation or decomposition
of a compound are only determined by the enthalpies and entropies of start-
ing materials and end products, and not by the reaction mechanism of the for-
mation or decomposition.

Although Lewis acids like ZnCl, can induce decomposition of ethers into
alcohols and alkenes under extreme conditions, according to Underwood et
al. (1930), this reaction has no preparative importance. Acid chlorides, as
such, react very slowly with ethers (Houben-Weyl, 1965) and only the more
reactive and unstable acid iodides react with ethers at room temperature
(Justus and Stevens, 1933). Yet it can be shown that this combination is
thermodynamically very unstable. This is illustrated by Table 4. It is obvious
that reaction of an ether with an acid chloride can proceed spontaneously
even at room temperature.

Table 4

AH AS AG T
Keal Gibbs Kcal X
cl SN CL
AN 4 \8/ — \g/o\/ +
0.5 7.0 -1.6 298
0.5 ~6.0 -1.8 373
/\n/Cl /\r(O
>~o—< + — N+ >—Cl
o o
~-10.3 3.1 ~11.2 298
-7.5 9.7 ~13.1 573
Yol + Y oy
[*] o
7.5 38.8 -4.1 298
10.4 45.8 ~15.8 573

The reaction path via ester and alkyl chloride is most likely (with negative
or very weak positive AH). The formation of an alkene (propene) can proceed
as well, since the large positive AS contribution makes A G negative notwith-
standing the large positive AH,

It is not surprising that this reaction is also accelerated by Lewis acids
(Meerwein and Maier-Hiiser, 1932; Thomas, 1941; Olah, 1965a). The most
effective catalysts are ZnCl, (Varvoglis, 1937) and SnCl, (Burwell et al.,
1951); sometimes FeCl, (Underwood and Wakefield, 1930) and sulphuric acid
(Varvoglis, 1937) are mentioned.

The literature indicates that the reaction of ethers with acid chlorides to
give esters and alkyl or aryl chlorides has preparative importance only when a
substantial amount of catalyst (10—100 mol %) is used. This can be expected
because complex formation of the Lewis acid with the carbonyl function does
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not vanish along the reaction coordinate, although its character is altered
(Meerwein and Maier-Hiiser, 1932). This is why the Lewis-acid catalyst reac-
tivity (Meerwein and Maier-Hiiser, 1932; Olah, 1965a) is inverse to the activ-
ity sequence in aromatic acylation (Olah, 1965b):

ZnCl, > SnCl, > ZrCl, > TiCl, > SbCl; > FeCl, ~ AlCl, > SbCl, > BF,

From this sequence it is apparent that dimethyltoluidines can be acetylated
under the influence of AICl; in diethyl ether as the solvent (Thomas, 1941,
p. 195), although Table 4 shows that this procedure may cause loss of valu-
able raw material by the formation of the very volatile ethyl chloride (B.P.
13°C).

It is my opinion that the lability of the ether—acid chloride system is large-
ly underestimated in the literature. In contrast to the general concept of the
need of large quantities of catalysts, only two examples have been found
where the reaction was catalyzed by very small (~0.1 mol %) quantities
(Burwell et al., 1951; Kyrides, 1933).

sec-Butyl methyl ether reacts with acetyl chloride in the presence of 0.1
mol % of SnCl, even at —80°C. The reaction is very rapid at 0°C, and runs out
of hand without proper cooling. Without catalyst or in the presence of HCI,
no reaction takes place. In conclusion we can say that even much lower con-
centrations of heavy metals catalyze the reaction effectively (Table 1) and
might be responsible for the accident described above.

Conclusion

Mixtures of propionyl chloride with diisopropyl ether are very unstable.
The exothermic reaction giving isopropyl propionate and isopropyl chloride
has a AH,; of —10 kcal/mole and a A G,5 of —11 kcal/mole, and can proceed
spontaneously. This process is effectively catalyzed by extremely low con-
centrations of ZnCl, (4 ppm) or somewhat less effectively by FeCl; (40 ppm).
In this way pressure may build up in closed vessels, with an explosion as the
result. Thus premixing of ethers and acid chlorides should be avoided.
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