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A new type of ammonium salt containing DMAP in the cat-
ion was prepared and applied for the depolymerization of nylon-
6 giving monomeric caprolactam in high yield through direct
distillation. The ionic liquids could be used at least five times.

Development of a new method for plastic recycling is one of
an urgent problem to be solved.! To achieve efficient recycling
of plastics, a convenient and effective depolymerization reaction
which selectively gives monomeric materials suitable for further
recycling is necessary. During such reaction, monomeric materi-
als should be isolated in high yields as well as in sufficient purity
through simple manipulation. On the other hand, depolymeriza-
tion however usually requires high temperatures which compli-
cate the process. Nylon-6 is a commonly used polymer and de-
polymerization has been explored for over 30 years, however,
efficient isolation of the resulting monomer remains problem.”
Recently, we developed a new method for depolymerization of
nylon-6 in ionic liquids.? This is the first example employing
ionic liquids for the depolymerization and showed a new meth-
odology for plastic chemical recycling as well as a new use of
ionic liquids. Our methodology enabled depolymerization of ny-
lon-6 into caprolactam in a selective manner, and the monomeric
material was isolated in pure form by direct distillation from
the reaction pot. For efficient progress of the reaction, N,N-di-
methylaminopyridine, (DMAP),* was needed as a catalyst,
which promoted cleavage of amide linkages in the polymer. Al-
though the ionic liquids could be used several times, addition of
fresh DMAP was necessary for each reaction. If a DMAP unit
were to be appended to the cation of an ionic liquid, the resulting
functionalized solvent could be expected to be widely employed
in not only depolymerization but also in organic synthesis.> In
this paper we report the preparation of new type of ammonium
salts 3 and 4 in which DMAP was installed. Prepared salts were
examined for the depolymerization reaction of nylon-6.

DMAP-containing ammonium salts 3 and 4 were prepared
in the following procedure (Scheme 1). The first step is installa-
tion of a 4-amino group by using the Buchwald-Hartwig reac-
tion.> Commercially available 4-bromopyridinium was treated
with piperazine 1a in the presence of palladium catalyst resulting
in the formation of 4-aminopyridine derivatives 2a. The results
are summarized in Table 1. We examined various reaction con-
ditions for the conversion. Use of BINAP as a ligand only gave
2a in 27% yield (Entry 1). Prolonged reaction time did not im-
prove the yield (Entry 2). Use of dppp, dppf, and Xphos also pro-
vided similar results (Entries 3, 4, and 6). Finally we found that
use of DME as the solvent and Xphos for the additional ligand
led to successful introduction of amine at the C4 position in pyr-
idine and desired 2a was isolated in 97% yield (Entry 7).

Another 4-aminopyridine 2b was also prepared in 70% yield
under the optimized conditions. The next stage was N-methyl-
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Scheme 1. Preparation of DMAP-containing ammonium salts 3
and 4.

Table 1. Preparation of 4-aminopyridine 2a

Temp. Time Yield?

Entry Catalyst Solvent /°C /h /%
1 Pd(OAc),/BINAP toluene 70 2 27
4 mol %
2 Pd(OAc),/BINAP toluene 70 20 18
4 mol %
3 Pd(OAck/dppp  © o 90 3 22
4 mol %
4 Pd(OAc),/dppf toluene 70 1 Trace
4 mol %
5 Pd(OAc),/BINAP CPME 70 7 30
4 mol %
6 Pd(OA), /Xphos toluene 90 20 26
4 mol %
7 Pd(OAc),/Xphos DME 90 44 97
4 mol %
Isolated yield.

ation of 2. Treatment of 2a with Mel in CH,Cl, resulted in the
formation of precipitation, the filtration of which readily gave
pure N-metyhylated product 3a in 18% yield. Although the yield
was poor, this preparation was quite simple because the precip-
itate only included 3a and further methylated compounds were
not observed in the precipitate. We proceeded to optimize the re-
action conditions, however, use of large excess of Mel provided
dimethylated product as a side product. Compound 2b was also
methylated under the same conditions, and compound 3b was
isolated in pure form. It should be noted that use of other alkyl
iodide such as propyl iodide did not provide the desired product
3c but led to N-alkylation of another position as in 2a.
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Scheme 2. N-propylation of 2a.
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Scheme 3. Depolymerization of nylon-6 in ionic liquids con-
taining 3 and 4.

Table 2. Depolymerization of nylon-6

Yield %*
Entry DMAP salt
Ist  2nd 3rd 4th  5th
1 3a I~ 70 67 79 61 42
2 4a THHN™ 64 74 38 67 42
3 3b I~ 61 66 77 72 76
4 4b Tf,N~ 67 80 75 78 79

4[solated yields.

The last step of the preparation of 4 was anion exchange of
3, which was performed by simple extraction method to give 4a
and 4b in good yields. Unfortunately, all of these ammonium
salts 3 and 4 were solid at room temperature.

With desired DMAP-containing ammonium salts 3 and 4 in
hand, we examined the depolymerization of nylon-6 (Scheme 3).
The depolymerization was carried out in [PP13][TFSA] in the
presence of catalytic amounts of 3 and 4. The results are summa-
rized in Table 2.

The ionic liquids containing ammnonium salts 3 and 4
smoothly depolymerized nylon-6 in good yield. A mixture of ny-
lon-6 chips were added to a mixed solvent of [PP13][TFSA] with
4a and heated at 300 °C. After 1 h, the mixture became homoge-
neous oil. Depolymerized caprolactam was obtained in 64%
yield (Entry 2, 1st) by distillation of the oil using Kugelrohr ap-
paratus for 6h. All of the ammonium salts prepared here were
effective for the depolymerization reaction and caprolactam
was isolated in more than 60% yield (Entries 14, 1st). The
counter anion of the salts did not cause a significant difference
in the reaction.

Repeated use of the ionic liquid system was also examined.
Nylon-6 chips were added to the recovered mixed ionic liquid
and the resulting mixture was heated at 300 °C under reduced
pressure for 6 h. Caprolactam was collected in a similar manner.
The yield of caprolactam was usually about 70-80%, so eftec-
tive depolymerization was accomplished by using these ionic
liquids several times. It should be mentioned that no addition
of DMAP was needed for the effective depolymerization with
the present mixed ionic liquids system. Thus, DMAP installed
in the cationic part of ammonium salt survived under the high
temperature conditions and catalysed the reaction several times
effectively. Use of 3a and 4a tended to lower the yield of the de-
polymerization the 5th time; this is probably due to the partial

1017

decomposition of the ammonium portion of 3a and 4a (Entries
1 and 2). On the other hand, compound 4b endowed with both
DMAP and [TMPA] structures, showed the best results for the
repeated depolymerization. The yields over 5 reaction cycles
constantly exceeded 70% except for the 1st time (Entry 4). Com-
paring the counter anion, TESA seemed to provide better results
than iodide (Entries 3 and 4). These results suggest that the am-
monium salts 3b and 4b were stable and survived through the
treatment at 300 °C for several times. Thus, the installation of
DMAP led to effectictively catalyzed depolymerization of ny-
lon-6 in ionic liquid.

In conclusion we have successfully prepared a new type of
ammonium salt containing DMAP in the counter cation. This
salt well catalyzed the depolymerization of nylon-6, and was
useful for several reaction cycles. With the expectation that
the novel ammonium salts could catalyze not only high-temper-
ature reactions but also other organic transformations, we are
now investigating the use of the ammonium salt in organic syn-
thesis.
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Science and Technology, Japan.
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