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Catalytic ethylation of alkylbenzenes at high

pressure
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Study of the catalytic ethylation of p-t-butyltoluene
in the presence of organosodium compounds, and
of toluene in the presence of organopotassium
compounds, was carried out at an ethylene pres-
sure of 40 bar.

Various yields of different products were
obtained after 23 h of reaction in the presence of
different tertiary polyamines used to complex and
solubilize the organoalkali compounds.

A higher initial ethylation rate was observed in
the presence of organosodium than in the presence
of organopotassium species. However, the thermal
stability of organopotassium species being higher,
much higher yields were observed in their pres-
ence in catalytic ethylation reactions than those
observed previously.

The results obtained concerning metallation or
ethylation of hindered alkylaromatics may be
interpreted by an anionic mechanism and the
activation by a steric effect.
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1 INTRODUCTION

The catalytic ethylation reaction of arenes at high
pressure has been extensively studied by Pines
and Stalick.!

The catalysts used were the following:

(a) alkali metals (sodium or potassium) dis-
persed and activated in most cases by
o-chlorotoluene or anthracene;

(b) alkali metals supported on calcium oxide or
graphite.

These authors clearly showed that the ethyla-

tion mechanism is anionic. Alkali metals are

transformed at high temperatures into alkali salts,
either by attack of the chloro compound (the
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classical reaction for the preparation of organo-
alkali compounds), or by a metallation reaction
via radical anions. The latter reaction has been
studied by Petrov et al.? (metallation of triphenyl-
methane using the radical anion of the sodium salt
of naphthalene) (Scheme 1).

The organometallic compound formed then
reacts with ethylene (Scheme 2), the catalytic
cycle then completed by the remetallation reac-
tion of compound RH (Scheme 2).

This method of in-situ formation of the metal-
late is not very efficient, at least for the ethylation
of alkylaromatics; according to data given by
Pines and Stalick,' at about 210°C the number of
moles of the ethylated product is never much
greater than the number of moles of metallic
sodium used. It is known that metallation reac-
tions have a poor yield at high temperatures
because of competitive reactions (e.g. the
Wurtz-Fittig reaction, hydride elimination, etc.).

In-situ production of an undefined quantity of
metallate is not very satisfactory from a mechanis-
tic viewpoint and has not enabled the reaction
mechanisms to be elucidated.

The Ethyl Corporation (Closson) has
patented®* a more direct method of ethylation
using ‘preformed’ organoalkali species.

The catalyst chosen for the ethylation of
toluene was benzylsodium and in slightly milder
conditions (140°C instead of 210°C), the ethyla-
tion yield is much improved: 36 mol of ethylene
were consumed per mol of organometallic, i.e.
18 mol per sodium atom.>*

An improvement in yield could also be ob-
tained by the use of benzylpotassinm or phenyl-
potassium instead of the sodium derivative, but
the preparation of these species is difficult,
because the Wurtz—Fittig coupling reaction takes
place preferentially if the potassium dispersion is
not fine enough.

On the other hand, Schaap and Pines’ have
shown that, in the presence of potassium and
anthracene, a competitive reaction leads to the
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formation of indane and potassium hydride
(Scheme 3).

As will be seen below, ethylation under mild
conditions, with preformed metallates chelated
with tertiary polyamines, both enables improve-
ment in yields and also allows a theoretical study
of the catalytic cycle.

RESULTS

Ethylation in the presence of
organosodium compounds

The development of the ethylation reaction of
p-t-butyltoluene at 85°C and 40 bar is presented in
Fig.1 and Scheme 4. It can be seen that after 3h
of reaction, the quantity of ethylene consumed is
about 17 X 1072 mol, i.e. 17 times more than the
initial quantity of organosoedium (10~? mol of phe-
nylsodium). The reaction appeared to stop at this
stage, probably on account of decomposition of
the organosodium. The shape of these curves is
typically that of a system of consecutive reactions
with yields of intermediate products reaching a
maximum at about 1h.

RNa + CH,—CH, - R—CH,—CH,Na
r R—CH,—CH;Na + RH=R—CH,—CH, + RNa

Scheme 2

?"’ —_ ?H' + KH
K+ <-I:/c"iz /CHa
H

Scheme 3

The yields of the different products of the
ethylation reaction of p-t-butyltoluene (7= 60°C;
Pc,u,=40 bar) after 23 h of reaction in the pres-
ence of different chelating polyamines are given
in Table 1.

In this Table, results are expressed in moles of
hydrocarbon per mole of phenylsodium initially
placed in the vessel. It can be seen that a lowering
of the temperature from 85°C to 60°C increases
the amount of ethylene consumed (about 56 mol
instead of 18 mol in the previous case). The use of
2,2,6,6-tetramethylpiperidine (TMP) does not
noticeably change the overall yield, but consider-
ably increases the ratio of diethyl to monoethy!
product. This ratio is larger when hexamethyl-
triethylenetetramine (HMTTA) is used; the

initial reaction rate increases considerably
: CH- c CH,
t.C.H, t.C.H,

Scheme 4
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Figure 1 Change in amounts of the products of the ethylation
of p-t-butyltoluene at 85°C and 40bar, in the presence of
organosodium species chelated by tetramethylcyclohexanedia-
mine (TMCHDA): a, no of moles of hydrocarbon per mole of
metallate (R"Na*); curve 1, ethylene consumed, 2, mono-
ethyl derivative; 3, diethyl derivative, 4, p-t-butyltoluene.

(37.9mol C;H,h™! per mol of metallate against
4.06 with tetramethylcyclohexanediamine
(TMCHDA)).

Ethylation in the presence of
organopotassium compounds

The development with time of the ethylation
reaction of toluene at 80°C and 40 bar is shown in
Fig. 2. It can be seen that the initial reaction rate
is lower than in the presence of organosodium
species. But the organopotassium compound is
much more thermally stable and the reaction
continues even after 23 h. This suggests that the
reaction temperature could be increased further.
The quantities of ethylene consumed in 23 h, as
well as the initial reaction rates obtained, are
reported in Tables 1 and 2.

It can be observed that the methyl group on the
aromatic is readily triethylated. In two of the runs
shown in the Tables, triethylation is towards com-
pletion (13.7/18.8 for toluene and 43.4/46 for p-t-
butyltoluene). Study of the structure of this pro-
duct by mass spectrometry coupled to a gas chro-
matograph (GC MS) confirms the formation of 3-
ethyl-3-phenylpentane derivatives (I).

C(CH,),

When all the benzylic hydrogens of the original
hydrocarbon have been replaced by ethyl groups,
ethylation continues on the aromatic ring to give
tetra- and penta-ethylated compounds whose
structure is probably II and III.

C(C,H,)‘ C(CH, ),
7/ C:Hs
CH, C\H
R R CH,
11 111

Unlike with the sodium catalyst, examination
of the reaction curves does not show any slowing
of the reaction rate with time, this being the case
for all five runs carried out in the presence of
organopotassium species. Hence, the yields (eth-
ylene consumed in 23h per mol of metallate)
presented in Tables 1 and 2 may not, in this case,
be the maximum yields it is possible to reach.
These yields are, however, already much higher
than those so far reported.

Table 1 Ethylation of p-t-butyltoluene at 60°C and Py, = 40 bar®

Initial Reacted
Organo- p-t-

Butyltoluene Ethylated derivatives after 23 h reaction ethylene
alkali Chelating rate during
used polyamine t=0 ¢=23h Mono- Di- Tri- Tetra- Penta- {(molCH,h™")  23h
CH;Na TMCHDA" 46 7.2 21.8 17.0 — — — 4.06 55.8
CH;Na  TMCHDA-TMP® 46 16.8 3.6 256 — — — 2.8 54.8

(2.5:1)
CHNa  HMTTA® 46 39 1.3 38.3 0.19 23 — 37.9 87.7
CH:K HMTTA® 46 0.22 0.20 046 434 0.72 1.04 6.02 139.4

2 Results expressed as mol of hydrocarbon per mol of metallate. * TMCHDA, tetramethylcyclohexanediamine. ¢ TMP, tetra-

methylpiperidine. ¢ HMTTA, hexamethyltriethylenetetramine.
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Figure2 Change in amount of the products of the ethylation
of toluene at 80°C and 40 bar, in the presence of organopotas-
sium species chelated by hexamethyltriethylenetetramine
(HMTTA): a, no of moles of hydrocarbon per mole of
metallate (R"K™); curve 1, ethylene consumed, 2, monoethyl
derivative; 3, diethyl derivative; 4, triethyl derivative; 5,
toluene.

The potassium salt of TMP is also a good
ethylation catalyst, due to the fact that it stoichio-
metrically metallates toluene.

Use of heptamethyltetracthylenepentamine
(HMTPA) slightly increases the initial reaction
rate and the yield after 23 h.

DISCUSSION

The results presented here on catalytic ethylation
have been interpreted using results on equilib-
rium and metallation rate constants® and results
on ethylation rate constants.” These results con-
firm that the anomalies previously mentioned by
Morton® concerning metallation or ethylation of

Table2 Ethylation of toluene at 80°C and Pc,;;, =40 bar®

hindered alkyl groups can be interpreted by an
anionic mechanism and the activation by a steric
effect; Morton suggested that only a radical
mechanism (i.e. a single-electron transfer mech-
nism), could explain these phenomena. We have
discussed the kinetic and theoretical aspects
elsewhere .’

A coupling reaction by a single-electron
transfer has however been described by Wilhelm
et al.® This reaction can only take place in the
presence of a dimetallate (Scheme 5).

We have never observed the formation of a
dimetallate in the reaction medium. Also, the
reaction shown in Scheme 5 cannot be catalytic
since the alkali metal would precipitate from
solution. A detailed study of the kinetic develop-
ment of a catalytic ethylation has not yet been
undertaken: it would be necessary to determine
the amount of the intermediate metallated pro-
ducts with time and to determine the ethylation
rate constant for each intermediate ethylated pro-
duct. The qualitative study presented in this work
nevertheless gives a relatively clear idea of the
mechanism: the initial rate of sodium-catalysed
ethylation is generally ten times faster than
potassium-catalysed ethylation;’ this advantage of
sodium tends to disappear for the ethylation of
very hindered salts (i.e. the progression from the
diethylated to the triethylated compound). On
the other hand, the equilibrium constant for
metallation of hindered hydrocarbons is much
lower with sodium than with potassium,® so it can
be readily understood that potassium is better
able to carry out a trisubstitution. Another rea-
son, already mentioned, is that the thermal stabi-
lity of compounds of the type: a-
methylbenzylpotassium CgH~—CHK—CH,; is
greater than those of the lithium or sodium analo-
gues, this being linked to the hydride formation

Initial Reacted
Organo- Toluene Ethylated derivatives after 23 h reaction ethylene
alkali Chelating rate during
used polyamine t=0 t=23h  Mono- Tri- Tetra- Penta- (molCH,h™") 23h
C¢H:K HMTTA® 113 48.9 14.7 373 53 3.6 32 4.6 135.6
CH:K HMTTA 18.8 0.78 0.007 0.02 137 0.094 4.2 —_ 62.5
CH:K HMTTA-TMP* 75 23.8 11.6 38.2 031 0.82 0.42 23 94.3

(1:1)

C¢H:K HMTPA 226 93.6 50.4 78.2 34 0.31 0.13 7.6 218.9

* Results expressed as mol of hydrocarbon per mol of metallate. * HMTTA, hexamethyltriethylenetetramine.  TMP, tetramethyl-

piperidine. ¢ HMTPA, heptamethyitetraethylenepentamine.
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Figure 3 Stainless steel reactor used for high-pressure ethylation.
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energy (LiH >NaH >KH). Sodium catalysts thus
have an insufficient lifetime for trisubstitution
products to be obtained.

EXERIMENTAL

To carry out ethylations of alkylaromatic hydro-
carbons at high pressure in ethylene, a stainless-
steel vessel was used (capacity 50 cm®) (Fig. 3).
All work was carried out under a nitrogen atmos-
phere

Ethylation of p-t-butyltoluene
(exemplification of Fig. 1)

In the vessel swept with nitrogen, 11.5 X 1072 mol
(20 cm®) of p-t-butyltoluene was introduced with
1072 mol (10 cm®) of a phenylsodium dispersion in
decalin' and 1072 mol (2 cm?) of tetramethylcyc-
lohexanediamine (TMCHDA). The mixture was
agitated using a magnetic stirring bar. After about
30 min at ambient temperature, the metallate of
p-t-butyltoluene was formed (p-t-CH—CH,—
CH,Na, ca 1072 mol).

After immersing the vessel in a glycerine bath
at 85°C, it was connected to an ethylene cylinder.
This was zero time for the reaction. The ethylene
pressure was regulated at 40 bar.

Over time, using a nylon tube fitted to a valve
at the vessel outlet, under the pressure of the
ethylene, samples were immersed in a
0.1 moldm™" hydrochloric acid solution, con-
tained in a series of test-tubes. The organic phase
containing the products of ethylation, among
others, was analysed by gas chromatography. The
quantities of ethylation products were calculated
with respect to decalin introduced as an internal
standard into the vessel with the phenylsodium
dispersion.

Ethylation of toluene (exemplification
of Fig. 2)

To prepare the toluene metallate, 28 X 107> mol
(30 cm’) of toluene, 2.5x10™*mol (5cm’) of a
phenylpotassium dispersion in methylcyclo-
hexane," and 2.5x107*mol (0.7 cm®) of hexa-
methyltriethylenetetramine (HMTTA) were
introduced into the vessel swept with nitrogen;
6.3 X 10~*mol (1 cm®) of trans-decalin was added
to the mixture as an internal standard.

The contents of the vessel were agitated using a
magnetic stirring bar. At ambient temperature
after about 30 min, the metallate of toluene was
formed (~2.5x1072mol of CHs;CH,K).
Ethylation of the toluene was then carried out
using the same procedure as for p-t-butyltoluene
above.

CONCLUSION

To summarize: the specificity of the organopotas-
sium catalysts results from their high thermal
stability and from the fact that activation by the
steric effect is more effective for the ethylation
reaction than for the demetallation reaction.

It would seem that optimization of the ethyla-
tion reaction would involve the combination of
different factors, e.g. use of a preformed metal-
late (already proposed by Closson et al.** for
organosodium species), use of a very pure metal-
late containing the fewest possible Wurtz—Fittig
coupling products, and use of pure tertiary
amines not possessing any free hydrogen atoms
on the nitrogen atoms as chelating reagents
(TMCHDA, HMTTA, HMTPA).
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