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Heterometallic calcium—alkali metal aryloxides as
catalysts for the solvothermal alcoholysis of
nylon-6 wastet

Rafat Petrus, (2 *@ Karolina Matuszak,® Adrian Kowalinski ¢ 2 and Tadeusz Lis®

In this study, we report the synthesis of homometallic and heterometallic calcium aryloxides: [Ca(sal-
Me),(MeOH)],, (1), [Caz(sal-Me)g(MeOH),] (2), [CasLix(sal-Me)g(THF),l (3), [CasNay(sal-Me)g(MeOH)4l (4),
and [CayKs(sal-Me)g(MeOH),4] (5). Compounds 1 and 2 were obtained via direct reaction of metallic
calcium with methyl salicylate (Hsal-Me) in methanol (MeOH). A similar synthetic route, incorporating one
equivalent of an alkali metal (M' = Li, Na, K) and tetrahydrofuran (THF), was used to obtain the heterome-
tallic derivatives 3—5. A central focus of this work is the synthesis of heterometallic Ca®*—M'* complexes,
of which only 13 examples have been previously documented. A detailed investigation of the reaction
pathways led to the identification of intermediate compounds: [Caz(sal-Me)g(THF),4] (2a), [CaLig(sal-Me)sgl
(6), and [CazNay(sal-Et)io(Hsal-Et),] (7) (Hsal-Et = ethyl salicylate). Additionally, reactions conducted under
atmospheric moisture conditions yielded the uncommon pentanuclear complexes [CasNa(ps-OH)(sal-
Et)g(MeOH)] (8) and [CasK(ps-OH)(sal-Et)g(EtOH)] (9). Compounds 1-9, along with previously reported
[M'g(sal-Me)e] (M = Li*(10), Na*(11), K*(12)), [Mg,(sal-Et)4(EtOH),] (13), [Zn,(sal-Me)g] (14), [M,M',(sal-
Me)s(THF),] (M?* = Mg?*: M* = Li*(15), Na*(16), K*(17); M** = Zn®": M'" = Li*(18), Na*(19), K*(20); x = 0,
2, 4), and [MgsNax(sal-Me)g(sal)2(THF)4] (21) were evaluated as catalysts for the chemical recycling of
polyamide waste. Among them, the heterometallic catalysts 3, 6, and 18-20 exhibited the highest cata-
lytic activity in the methanolysis of nylon-6 at 220 °C. Particular emphasis is placed on the reaction con-
ditions and the high efficiency of the catalysts.

perovskite (CaTiOz) for immobilizing high-level radioactive
waste."”

Over the past few decades, research on the chemical and struc-
tural properties of calcium compounds has been largely over-
shadowed by that of its lighter congener, magnesium. Most
studies have focused on calcium alkyl, hydrido, amido, and
alkoxido complexes, primarily investigated as catalysts in
organic synthesis,"* or the polymerization of activated
alkenes.” Due to their strong permeability, high reactivity,
good film-forming capabilities, and consolidation properties,
calcium alkoxides have found applications as Ca*" precursors
in the synthesis of CaCO; for cultural heritage conservation,®®
S$i0,-CaO bioactive glasses for medical technologies,’ and syn-
thetic rock waste (Synroc), such as zirconolite (CaZrTi,O) and
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In contrast, calcium aryloxides have received significantly
less attention despite their practical relevance. These calcium
derivatives have been used as additives in lubricating oils,
acting as detergents to disperse sludge, reduce corrosion, and
maintain engine cleanliness."™ Sulfurized calcium alkyl
phenolates are also employed in the production of environmen-
tally friendly packaging materials."**> Moreover, calcium phen-
oxides have been studied for wood preservation, as active
adhesives in bitumen,'® and even as insecticides.'”*® The reac-
tion between CaO and phenols has been employed to remove
concentrated aromatic hydroxy compounds from wastewater,
achieving removal rates as high as 85.5%.'° Additionally, a
calcium compound formed by the reaction of 1,3-butylene
glycol disalicylate with Ca(OH), has been identified as a com-
ponent in the self-setting dental cement Dycal®.° Boyle and
colleagues also explored the use of tetranuclear [Ca,(p3-OH),(p-
OAr),(OAr),(THF)g] (ArO~ = 2,6-dimethylphenolato) and mono-
nuclear [Ca(OAr),(THF),] (ArO~ = 2,6-diisopropylphenolato; x =
3, 4) aryloxides as molecular precursors for the synthesis of por-
tlandite (Ca(OH),) and vaterite (CaCO;), respectively.”*
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The development of catalytic transformations based on
earth-abundant, non-toxic, and inexpensive early main-group
metals is essential for establishing sustainable alternatives to
transition-metal-based catalysis.?>** Despite their economic
and environmental advantages, the catalytic applications of
calcium aryloxides remain underexplored. Their use has been
largely confined to the ring-opening polymerization (ROP) of
cyclic esters, such as 1~ or rac-lactide (i-LA or rac-LA).>*° For
example, [Ca(BHT),(THF);] and [Ca(EDP)(THF),], initiate the
polymerization of 1-LA with 84-93% conversion in
1.5-4 minutes (-LA/I/BnOH = 100/0.1/1 in toluene), yielding
PLLA with number-average molecular weight (M,) values of
12.1 and 13.4 kDa, and dispersity (P) of 1.08 and 1.25, respect-
ively.>’ Another notable example is the ionic complex [Ca
(L)JH>N{B(C6F5)3}»] (L™ = 2-[(1,4,7,10-tetraoxa-13-azacyclopen-
tadecan-13-yl)methyl]-4,6-di-tert-butylphenolato), which
reached 96% conversion of L-LA after 24 h (t-LA/I/BnOH = 300/
0.1/1 in toluene at 60 °C), producing PLLA with M,, of 30.0 kDa
and D of 1.06.%?

In organic synthesis, catalytically active calcium aryloxide
species remain poorly defined and are typically generated
in situ by combining Ca(OR), with biphenolate ligands. These
species have been applied in various reactions, including
transesterifications,”  amine-borane  dehydrogenations,**
enantioselective 1,4-addition of malonates to nitroalkenes,*”
asymmetric Baylis-Hillman reactions,*® asymmetric epoxi-
dation of a,p-unsaturated enones,’” and asymmetric Michael
additions.*®?°

While the synthesis of simple calcium aryloxides is well
established,’®*° reports on well-characterized heterobimetallic
calcium-alkali metal complexes remain scarce due to their ten-
dency to form mixtures of homometallic species or structurally
diverse mixed-metal aggregates.’®™*® Recently, heterometallic
cooperativity involving s-block elements has attracted growing
interest, as such systems often demonstrate enhanced catalytic
activity and selectivity compared to their homometallic
counterparts.’® However, no studies to date have addressed the
use of heterometallic calcium-alkali metal complexes as cata-
lysts in organic synthesis, polymerization of heterocyclic
monomers, or the chemical recycling of plastics.

In this context, our focus is primarily on the chemical re-
cycling of polyamide 6 (PA6), one of the most widely used ther-
moplastic polymers, known for its high thermal and mechani-
cal resistance, tensile strength, and excellent chemical resis-
tance to acids and alkalis. These properties make it suitable
for diverse applications, including construction, automotive,
textiles, and separation processes.’®>' However, due to its
excellent chemical and thermal stability, recycling post-consu-
mer PA6 presents a significant challenge. Mechanical recycling
is a common method for PA6 recycling because of its lower
cost, shorter processing time, reduced carbon footprint, and
lower environmental impact. However, it often results in degra-
dation and deterioration of the material’s properties.”* In con-
trast, chemical recycling breaks down the polymer chain into
monomers, oligomers, or other low-molecular-weight deriva-
tives, making it a viable option for plastics that are no longer
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suitable for mechanical recycling.>® Various chemical depoly-
merization routes have been explored for PAs, including pyrol-
ysis, hydrolysis, hydrogenolysis, ammonolysis, aminolysis, and
alcoholysis. Generally, PA6 chemical recycling requires high
temperatures (270-320 °C), high-pressure steam, long reaction
times, sub- and supercritical water/ammonia/amines/alcohols,
acid or base reagents, and efficient catalysts (e.g, inorganic
acids, organic acids/bases, metal salts, or hydroxides).”*>” Most
studies focus on PA6 depolymerization to recover e-caprolactam
(CL), the cyclic monomer, which is subsequently isolated via dis-
tillation (ESI, section: Chemical recycling of PA61).>® The devel-
opment of new catalytic systems enabling the recovery of value-
added chemicals from polymer waste has attracted increasing
attention in the fields of environmental impact, plastic recycling
technologies, catalysis, and fine chemical production.

In this study, we report the synthesis of a one-dimensional
coordination polymer, [Ca(sal-Me),(MeOH)], (1), and a trinuc-
lear calcium compound, [Ca;(sal-Me)s(MeOH),] (2), via direct
reaction of metallic calcium with two equivalents of methyl
salicylate (Hsal-Me) in MeOH, followed by crystallization from
concentrated or diluted methanolic solutions. Particular focus
was placed on synthesizing heterometallic Ca**-M'" com-
pounds, achieved by reacting metallic Ca with Hsal-Me (1: 3),
followed by the addition of one equivalent of an alkali metal
(M’ = Li, Na, K). This approach yielded heterometallic arylox-
ides: [Ca,Liy(sal-Me)s(THF),] (3), [Ca,Na,(sal-Me)s(MeOH),]
(4), and [Ca,K,(sal-Me)s(MeOH),] (5). Detailed reaction ana-
lysis revealed the formation of intermediates such as [Ca;(sal-
Me)s(THF),] (2a), [CaLig(sal-Me)g] (6), and [CazNa,(sal-
Et),o(Hsal-Et),] (7) (Hsal-Et = ethyl salicylate) during the syn-
thesis of 3-5. When reactions were conducted with a fourfold
molar excess of Ca relative to metallic Na or K, and using eight
equivalents of Hsal-Me in a ROH/THF solution, exposure to
atmospheric moisture or the deliberate addition of water led
to the formation of pentanuclear [Ca,Na(ps-OH)(sal-
Et)s(MeOH)] (8) and [Ca K(ps-OH)(sal-Et)g(EtOH)] (9). The cata-
lytic potential of compounds 1-9 was evaluated in the chemi-
cal recycling of polyamide waste.

Results and discussion

Synthesis and structural characterization of homometallic and
heterometallic calcium aryloxides

The direct reaction of metallic calcium with two equivalents of
methyl salicylate (Hsal-Me) in methanol resulted in the for-
mation of a one-dimensional coordination polymer, [Ca(sal-
Me),(MeOH)],, (1, 59%), in which aryloxide oxygen atoms of
the ligands bridge Ca®* ions. Bis(phenolato)calcium coordi-
nation polymers are uncommon, with only four examples
reported to date: [Ca(OAr),(H,0),], (ArO™ = 2-nitrophenolate,
4-nitrophenolate; x = 1, 2), {|Ca(p-H,0),(OAr)(H,0),]|OAr},, and
[Caz(0Ar)s(H,0),], (ArO~ = 2,5-dihydroxy-3,6-diisopropyl-p-
benzoquinone).>® Calcium coordination polymers are more
commonly formed using phenolic carboxylate ligands, such as
[Ca(bdda)(H,0),], (bdda®>~ = benzene-1,3-dioxydiacetate;

This journal is © the Partner Organisations 2025
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Scheme 1 Synthesis of 1 and 2.

benzene-1,2-dioxydiacetate),**®" [Ca,(u-H,0)(dhob),], (dhob*~
= 3,5-dihydroxy-4-oxybenzoate),* [Cay(dmob),(H,0),],
(dmob®~ = 3,5-dimethoxy-4-oxybenzoate),*® and
[Cay(dhtp),(H,0)], (dhtp®>~ = 2,3-dihydroxyterephthalate, x =
0, 3; 2,5-dihydroxyterephthalate, x = 4).°%° Additional
examples include [Ca(3,5-NO,sal)(H,0)],, (3,5-NO,sal*~ = 3,5-
dinitrosalicylate),®® and coordination polymers with phenolic
sulfonate ligands, such as [Ca(p-H,0)(dhbds)], (dhbds®>~ = 4,6-
dihydroxybenzene-1,3-disulfonate),’”  [Ca,(dobds),(H,0)10]»
(dobds*~ = 4,6-dioxidobenzene-1,3-disulfonate), and [Ca
(L)2(H20),]» (L™ = 5-chloro-2-[2-(2-oxynaphthalen-1-yl)diazen-1-
ium-1-yl]-4-methylbenzene-1-sulfonate).®® Compound 1 crystal-
lizes as a 1D coordination polymer from a concentrated metha-
nolic solution. However, in the presence of excess MeOH, the
polymer network is broken, leading to the formation of the tri-
nuclear calcium complex [Caz(sal-Me)s(MeOH),] (2, 66%),
which contains terminal methanol ligands as shown in
Scheme 1. Calcium phenolates generally exhibit a tendency to
form dinuclear or tetranuclear complexes, whereas the linear
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trinuclear core arrangement observed in 2 has previously been
identified mainly in heterometallic rare-earth-calcium com-
plexes of the type [RE,Ca(OAr)g] (ArO™ = quinolin-8-olate; RE**
_ SCS+, Y3+, Lu3+, Yb3+, Trn3+, H03+, Tb3+, Gd3+, Sm3+, Nd3+,
Eu*, Er3+).69—72

Notably, 1 and 2 represent the first structurally character-
ized calcium alkyl salicylates, which are commonly used as
high-performance automotive lubricating oil additives.””*

In 1, the Cal atom is coordinated by two bidentate sal-Me
ligands, two aryloxide oxygen atoms from two additional sal-
Me ligands, and one MeOH molecule, adopting a capped trigo-
nal prismatic geometry (Fig. 1). The same coordination geome-
try is observed for the external Cal and Ca1' atoms in 2, which
are coordinated by one MeOH and three sal-Me ligands
(Fig. 2). In contrast, the central Ca2 atom in 2 is octahedrally
coordinated by six aryloxide oxygen atoms (see ESI, Table S27).
The Ca-O bond lengths of 2.3593(10)-2.3928(10) A in 1 and
2.3251(19)-2.3791(17) A in 2 are slightly longer than those typi-
cally observed in calcium aryloxide structures.”>”®

Fig. 1 The molecular structure of [Ca(sal-Me),(MeOH)], (1). The displacement ellipsoids are drawn at the 25% probability level [symmetry code: (i)
X+ 1 -y+1 —z+1(i)-1/2+x,y, —z+1; (i) x+1/2, -y +1,z; (V)1 + x,y, z; (v) =x, =y + 1, =z + 1; (vi) =1 + X, y, z]. Hydrogen atoms have been

omitted for the sake of clarity.

This journal is © the Partner Organisations 2025
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Fig. 2 The molecular structure of [Casz(sal-Me)s(MeOH),] (2). The dis-
placement ellipsoids are drawn at the 25% probability level [symmetry
code: (i) —=x + 1, —y + 1, —z + 1]. Hydrogen atoms have been omitted for
the sake of clarity.

Heterometallic calcium-alkali metal aryloxides form a
small group of compounds, with only 13 examples of such
coordination connections reported to date. Among these, the
first group includes [CaM'g(p;-OPh)g(THF)s] (M"" = Li', Na'),
[Ca,Li,(p-OPh)g(dme),], and [Ca,Nay(p3-OPh),(p-OPh),(dme),],
which feature vertex-sharing {CaM';0,}, heterodicubane, a
chain arrangement of double rhombi, or a double-open dicu-

bane core structure, respectively.*®*”

THF
6 + 2Ca + 2M'Me—OH
H -3H,

M" = Li, Na, K

M’ = Na, K

View Article Online
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Another example consists of dinuclear or trinuclear Ca**-
M'"" complexes with bulky 2,6-diphenylphenolato ligands, such
as [CaM'(OAr);] (M"" = Na', K', Cs") and [CaLi,(OAr),]. The
final example, [CaNa,(L),(THF),], features a tridentate amido-
iminophenolato ligand (L*>~ = 2,4-di-tert-butyl-6-[(3-{[2,6-di-iso-
propylphenyl]imino}but-1-en-2-ylJamino]phenolato).”®

Synthesizing heterobimetallic compounds of heavy alkaline
earth and alkali metals is challenging due to their tendency to
form mixtures of homometallic species and various mixed-
metal aggregates. Fromm and colleagues demonstrated that
the synthesis of heterometallic Ca**~-M'" compounds is not a
straightforward reaction in which the final product structure
can be easily controlled by adjusting reagent stoichiometry.
For example, the reaction of Cal, with Na(OPh) in a
1:10 molar ratio results in the formation of [CaNag(us-
OPh)y(THF)s] in THF, whereas a THF/DME (2/1) solvent
mixture yields [Ca,Na,(p;-OPh),(p-OPh),(dme),].*® Moreover,
7Li NMR studies revealed that [CaLie(j3-OPh)g(THF),] in THF-
dg undergoes disaggregation into [Lig(ps-OPh)s(THF)s] and
[Ca,Li,(p3-OPh),(p-OPh),(THF),], although the latter species
has never been isolated in the solid state.?” Another example,
[CaLi,(OAr),], obtained from the reaction of Ca, ArOH, and Li
(OAr) (3:2:1), demonstrates a different Ca:Li ratio than the
initial reaction stoichiometry.*®

In this study, the synthesis of heterometallic Ca*>*-M"" com-
pounds was achieved by reacting metallic calcium with Hsal-
Me (1:3) in a THF/MeOH mixture, followed by the addition of
1 equivalent of M' (M’ = Li, Na, K). The general synthetic
routes, summarized in Scheme 2, led to the isolation of
[Ca,Li,(sal-Me)s(THF),] (3, 57%), [Ca,Na,(sal-Me)s(MeOH),] (4,

M’ = Na(4), K(5)

Scheme 2 Synthesis of heterometallic compounds 3-6.

Inorg. Chem. Front.

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00994d

Open Access Article. Published on 02 July 2025. Downloaded on 9/18/2025 1:45:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

59%), and [Ca,K,(sal-Me)s(MeOH),] (5, 69%). Compounds 3-5
share the same structural motif as the recently reported by our
group alkali metal-magnesium aryloxides [Mg,M/,(sal-
Me)s(THF), ] (M"" = Li*, Na*, K*; x = 0, 2, 4).%°

Compound 3 is isostructural with the previously published
[M,Liy(sal-Me)s] (M** = Mg®", Zn*"), in which the common
face-sharing vertices of the central core are occupied by M>*
ions, while the external vertices are occupied by Li' ions

Fig. 3 The molecular structure of [CajLi(sal-Me)g(THF),] (3) in
cocrystal [CasLix(sal-Me)g(THF),]-[Cas(sal-Me)g(THF),] (3-2a). The dis-
placement ellipsoids are drawn at the 25% probability level [symmetry
code: (i) —x + 1, —y, —z + 2]. Hydrogen atoms have been omitted for the
sake of clarity.

View Article Online
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(Fig. 3). Similarly, in 4 and 5, the M"" ions are positioned at the
external vertices, demonstrating a reversed metal atom
arrangement in the tetranuclear units compared with
[Mg,M',(sal-Me)s(THF),] (M = Na', K') as shown in Fig. 4. A
continuous shape measure (CShM) analysis of the coordi-
nation geometries in 3 and 4 revealed that Ca®>" ions are sur-
rounded by seven oxygen donor atoms, forming capped trigo-
nal prisms (ESI, Table S2}). The external Li* or Na* ions adopt
axially vacant trigonal bipyramidal or vacant octahedral geo-
metries, respectively (ESI, Table S27). For the X-ray diffraction
study, compound 3 was isolated as cocrystals with the general

Fig. 4 The molecular structure of [CaNa(sal-Me)s(MeOH),] (4). The
displacement ellipsoids are drawn at the 25% probability level. Hydrogen
atoms have been omitted for the sake of clarity.

Fig. 5 The molecular structure of [Caz(sal-Me)g(THF)4] (2a) in cocrystal [CasLix(sal-Me)g(THF),]-[Cas(sal-Me)g(THF),4] (3-2a). The displacement ellip-
soids are drawn at the 25% probability level [symmetry code: (i) —x, —y, —z + 1]. Hydrogen atoms have been omitted for the sake of clarity.

This journal is © the Partner Organisations 2025
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formula [Ca,Li,(sal-Me)s(THF),]-[Caz(sal-Me)s(THF),] (3-2a,
45%), containing additional [Cas(sal-Me)s(THF),] species (2a)
(Fig. 5).

The presence of excess calcium ions in 3-2a suggests a non-
stoichiometric reaction between these two metallic species,
leading to the formation of an additional Li-rich compound,
[CaLig(sal-Me)g] (6, 78%). In 6, the six-coordinate Cal atom
adopts an octahedral geometry, while the Li" ions exhibit four-
and five-fold coordination, forming either axially vacant trigo-
nal bipyramid (Li1) or trigonal bipyramid (Li2 and Li3) (Fig. 6;
ESI, Table S2).

Further detailed analysis of the reaction pathway revealed
that 6, based on a vertex-sharing {CaLi;O,}, heterodicubane,

View Article Online
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forms as the main product alongside 2a in the initial reaction
step. Subsequent reaction of 6 with 2a in a concentrated THF
solution leads to the formation of 3, as shown in Scheme 2.
Analogous studies on intermediate products isolated from
the reaction of Ca and Na with Hsal-Me (1:1: 3), conducted in
an EtOH/toluene solution, resulted in the formation of the
heptanuclear sodium-rich aryloxide [Ca;Nay(sal-Et),q(Hsal-
Et),] (7, 72%) as shown in Fig. 7. Structurally, 7 can be con-
sidered as two Cal-sharing double-open dicubanes. The
central Cal atom, chelated by four sal-Et ligands, adopts a
square antiprismatic geometry, while Ca2 and Ca3 are octa-
hedrally coordinated by six oxygen donor atoms from four sal-

Fig. 6 The molecular structure of [CalLig(sal-Me)g] (6). The displace-
ment ellipsoids are drawn at the 25% probability level [symmetry code:
(i) —x + 1, -y + 1, —z + 1]. Hydrogen atoms have been omitted for the
sake of clarity.

moisture,

MeOH, EtOH
8 +4Ca + M —————

Fig. 7 The molecular structure of [CazNay(sal-Et);o(Hsal-Et),] (7). The
displacement ellipsoids are drawn at the 25% probability level. Hydrogen
atoms have been omitted for the sake of clarity.

" M’ = Na, K N / \/\/IO\H/\O:’,\/@

Scheme 3 Synthesis of heterometallic compounds 8-9.

Inorg. Chem. Front.

M’ = Na(8), K(9)
ROH = MeOH, EtOH
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Et ligands. The Na' ions, surrounded by six oxygen donors,
adopt highly distorted trigonal prismatic (Na1) or octahedral
(Na2-Na4) geometries. Furthermore, the presence of a linear
trinuclear {CazO,4} unit in 7, capped by four Na(sal-Et) species,
suggests a possible transformation pathway from 2 or 2a into
4. The molecular structures of the isolated intermediates 6
and 7 expand the existing group of Ca>*-M'" compounds, sig-
nificantly enhancing our understanding of their chemistry,
reactivity, and solid-state aggregation phenomena.

The Ca-O bond distances in compounds 3-7 (2.291(2)-
2.466(2) A in 3, 2.288(5)-2.491(5) A in 4, 2.3404(11)-2.3630(11)
Ain 6, and 2.209(14)-2.539(4) A in 7) are comparable and align
well with previously reported parameters for calcium com-
plexes containing 0,0'-chelating ligands.®’®* The Li-O bond
distances in 3 (1.876(5)-1.934(6) A) are consistent with those
reported for [Lig(sal-Me)s], [Li(sal-Me)(Hsal-Me)], and [Li(sal-
Me)(MeOH),].®> In contrast, the Li-O distances in 6 (1.846(3)-
2.088(3) A) resemble those found in tetranuclear [AlLiz(sal-
Me)c].2® The Na-O bond distances in 4 (2.267(6)-2.387(6) A)
fall within the expected range for this type of coordination, as
observed in [Na,Zn,(sal-Me),],*° and [NaEr(sal-H);],.*” The sig-
nificantly elongated Na-O bonds in 7 (2.845(4)-2.886(4) A)
further support the hypothesis of Na(sal-Et) species aggrega-
tion on the trinuclear {Ca;(sal-Et)s} motif observed in 2 or 2a.

The final group of heterometallic Ca®*-M'* aryloxides
includes [Ca,Na(ps-OH)(sal-Et)g(MeOH)] (8, 62%) and [CasK
(ns-OH)(sal-Et)g(EtOH)] (9, 74%), obtained from the reaction of
8 equivalents of Hsal-Me with 4 equivalents of Ca and 1 equi-
valent of Na/K in ROH/THF solution, followed by exposure to
atmospheric moisture or the deliberate addition of water
(Scheme 3). Crystallographic analysis of 8 and 9 reveals Na'/K"
ions coordinated by MeOH/EtOH ligands, disordered over two
positions at opposite ends of the pyramidal base formed by
four Ca atoms bridged by OH group (Fig. 8 and 9; ESI, Fig. S1
and S21).

The pentanuclear cores of 8 and 9 (Fig. 8 and 9) resemble
those in heterometallic Ca®>*/Eu**-Li* ps-hydroxo-alkoxides of
the general formula [MLiy(ps-OH)(is-O'Bu)s(THF),I] (M>" =
Ca**, Eu”").*® The number of known pentanuclear homometal-
lic alkaline-earth ps-hydroxo-alkoxides/aryloxides is limited to
only four examples: [Bas(ps-OH)(13-OR)4(p-OR)4(OR)(H,O)
(THF),] (RO~ = hexafluoroisopropoxo),®® [Bas(j15-OH)(jt3-OR)4(jt-
H,0);(0R)s] (RO~ = 2,2,6,6-tetramethyl-3,5-heptanedionato),®’
[Bas(p5-OH)(ju3-OAr) 4(p-OAr),(OAr)(THF)5] (ArO™ = 3,5-di-t-butyl-
phenolato),”® and [Bas(jt5-0)(13-OPh)4(1-OPh),(PhOH)(THF)g].”*

In isostructural compounds 8 and 9, the capped trigonal
prismatic coordination geometry around Ca** ions exhibits
comparable deformations, as indicated by the CShM para-
meters S(CTPR-7), which range from 1.012 to 1.386 for 8 and
from 0.752 to 1.586 for 9 (ESI, Table S2}). Within the group of
alkali metal ion octahedra, the smaller geometric deformation
was observed for Na'-containing polyhedra (S(Oh) =
3.570-3.547 for Nal/Na2 and 6.771-6.919 for K1/K2). The
coordination environments of Ca>* in 8 and 9, along with Ca-
O(sal-Et) bond distances of 2.331(4)-2.402(4) A for 8 and 2.327
(2)-2.411(2) A for 9, are similar to those reported for 1 and 2.

This journal is © the Partner Organisations 2025
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Fig. 8 The molecular structure of [CazNa(pus-OH)(sal-Et)g(MeOH)] (8).
The displacement ellipsoids are drawn at the 25% probability level.
Hydrogen atoms and the second disordered component of Na atom and
MeOH ligand have been omitted for the sake of clarity.

Fig. 9 The molecular structure of [CasK(us-OH)(sal-Et)g(EtOH)] (9). The
displacement ellipsoids are drawn at the 25% probability level. Hydrogen
atoms and the second disordered component of K atom and EtOH
ligand have been omitted for the sake of clarity.

Likewise, the Ca—OH bond lengths of 2.391(3)-2.429(3) A for 8
and 2.391(2)-2.402(2) A for 9 are elongated compared to those
observed in [Ca,(ps-OH),(OAr)e(en),] (ArO™ = 2,4,6-trimethyl-
phenolato)®® and [Cas(ps-OH),(OAr)s(THF)s] (ArO~ = 2-iso-
propylphenolato).> The Na-O(sal-Et) bond lengths of 2.438
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(4)-2.633(5) A, Na-OH bond lengths of 2.336(5)-2.363(5) A, K-
O(sal-Et) bond lengths of 2.694(2)-2.898(3) A, and K-OH bond
lengths of 2.816(3)-2.855(3) A are significantly longer than
those typically reported for alkali metal aryloxides. However,
they are similar to bond lengths found in the structures of
homometallic or heterometallic alkali metal salicylic acid
derivatives, such as [Mg,M’,(sal-Me)s(THF),] (for M"" = Na*, K,
and x = 2, 4),%° [Mg,Na,(sal-Me)(sal),(THF),], [MgcNa,Al(sal-
Me),;5(OH)q(Hsal-Me)(THF), 5(H,0)o5], [MgK(sal-Et);],,>> and
[M'5(-H,0),(dhb)e] (for M™ = Na®, K; dhb*" = 24
dihydroxybenzoato)®*

Compounds 1-9 were isolated as crystalline materials with
good solubility in aromatic and ether solvents. They were
characterized using analytical methods, FTIR-ATR, and NMR
spectroscopy (ESI, Fig. $3-S317). The 'H-DOSY NMR study of
1-8 in THF-dg was conducted to investigate the nature of
homometallic and heterometallic calcium aryloxides in solu-
tion (ESI, Fig. S32-542, Tables S3 and S47). Dissolution of 1 in
THF-dg led to the formation of [Cas(sal-Me)s(THF),] (2a) and
higher aggregates of [Ca(sal-Me),], (where x = 8), as verified by
"H-DOSY NMR measurements (Fig. $32, $33 and Table S31). In
compounds 4 and 5, donor MeOH ligands were removed from
the alkali metal coordination sphere via vacuum drying before
NMR measurements. Subsequent dissolution in THF-dg
resulted in the coordination of THF ligands. "H-DOSY NMR
analysis of 3-5 confirmed the presence of tetranuclear species
in solution, with estimated formula weights and hydrodynamic
radii (3: FW = 1074 g mol™", rH = 8.79 A; 4: FW = 1275 g mol ",
rH = 9.31 A; 5: FW = 1158 g mol™ %, rH = 9.02 A), which corre-
late well with data from X-ray structures (ESI, Fig. S34-S39,
Tables S3 and S4t). Additionally, compounds 6-8 retain their
structural integrity in solution (ESI, Fig. S40-S427).

Catalytic applications of homometallic and heterometallic
calcium aryloxides in chemical recycling of PA6

The alcoholysis reactions using MeOH as a reagent and homo-
metallic and heterometallic aryloxides as catalysts were
studied as a chemical recycling method for post-consumer
nylon-6 waste. Previous studies on PA6 alcoholysis have
demonstrated that depolymerization of PA6 with supercritical

View Article Online
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MeOH at 300-370 °C produces CL, N-methylcaprolactam,
methyl 6-hydroxycaproate, methyl 5-hexenoate, and methyl 6-
(N,N-dimethylamino)caproate, with total yields ranging from
77% to 81% (ESI, section: Chemical recycling of PA61).”°> A
similar approach using supercritical primary alcohols (MeOH,
EtOH, "PrOH, "BuOH) enables the recovery of 14-47% CL at
370 °C after 1.5 h (PA6/ROH = 1/13.33 wt), with yields increas-
ing as the alkyl chain length of the alcohol increases.”®

Our studies utilized commercially available zip ties and
mowing lines as sources of nylon-6 resins for catalytic reac-
tions. Before the catalytic investigation, both plastic materials
were analyzed using TGA-DSC to determine their phase tran-
sition temperatures and thermal stability. The polymer demon-
strated excellent thermal stability up to 375 °C, with weight
loss not exceeding 10%. The maximum degradation tempera-
ture was 438.5 °C for PA6 (mowing line) and 427.0 °C for PA6
(zip tie) (Fig. 10a). During the first heating scan, both
materials exhibited a single endothermic peak corresponding
to the melting of a-form PA6 crystals at 219.9 °C and 222.8 °C,
respectively (Fig. 10b).

Typical reactions were conducted under solvothermal con-
ditions at 200-240 °C for 8 hours in 25 mL PTFE-lined hydro-
thermal reactors, using compounds 2-9 as catalysts with a stoi-
chiometry of [PA6]/[MeOH]/[Ca] = 1/50/0.05. The resulting pro-
ducts were identified using FTIR-ATR spectroscopy, ESI-MS,
and 'H and "*C NMR spectroscopy. The progress of the alcoho-
lysis reactions and the catalytic activity of compounds 2-9 were
monitored over time by "H NMR spectroscopy. The results
showed that 5-92% of the PA6 was consumed, yielding a
liquid consisting of oligomers of 6-aminocaproic acid and low
molecular weight organic products (Fig. 11).

The FTIR-ATR spectrum of virgin PA6, presented in Fig. 12,
exhibits strong N-H stretching vibrations at 3400-3200 cm™*
(amide A), C=O0 stretching at ~1635 cm™" (amide I), and N-H
bending coupled with C-N stretching at ~1539 cm™" (amide
II). Additionally, a combination of C-N stretching and N-H
bending vibrations is observed at 1260 cm™" (amide III).

The aliphatic chain contributes C-H stretching at
~2930 cm™" and bending at 1462 cm ™", along with additional
C-H bending adjacent to N-H at 1436 cm™". Scissoring and
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Fig. 10 TGA (a) and DSC (b) thermograms of PA6 zip ties and mowing lines investigated in alcoholysis reactions.
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Fig. 11 The PA6 waste used in the chemical recycling process (a) and
the liquid mixture of organic products obtained from the alcoholysis
reaction at 240 °C (b).

twisting vibrations of CH, groups appear at 1419 and
1371 cm™ ", respectively, while a twisting vibration associated
with the amide III band is observed at 1238 cm™'. Other
characteristic vibrations include CH, wagging at 1202 cm™"
and C-N skeletal vibrations at 1170 and 1118 cm™". Peaks at
1027, 974, 929, and 830 cm™ " indicate the crystalline o-phase
of PA6, with a signal at 726 cm™ corresponding to CH,
wagging vibrations. N-H bending vibrations appear at
684 cm ™', while C=0 bending is observed at 577 cm™". The

spectrum is completed by a C-C skeletal vibration at 519 cm™".
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Comparison of FTIR-ATR spectra of PA6 and its methanoly-
sis products (Fig. 12; ESI, Fig. S437) highlights the breakdown
of amide linkages and the formation of low molecular weight
esters, hydroxyesters, cyclic lactams, or linear oligomers of
6-aminocaproic acid, providing insights into the chemical re-
cycling process. The FTIR-ATR spectrum of the sample depoly-
merized at 220 °C after 8 hours primarily consists of metha-
nol-soluble oligomers of 6-aminocaproic acid, as evidenced by
sharp and well-defined amide A and I-III bands.

The spectrum of the sample depolymerized at 240 °C after
61 hours reveals a broad O-H stretching vibration at
3302 em™', a sharp C=O0 stretching vibration at 1736 cm™,
and scissoring vibrations of the methyl ester group at
1437 em™ ", confirming the formation of methyl esters of car-
boxylic or hydroxycarboxylic acids. The presence of CL in the
reaction mixture is well recognized by the appearance of C-N
stretching vibration at 1437 cm™ as well as C-H and N-H
rocking vibrations at 577 and 484 cm™', respectively. The
amide II band is shifted to higher wavenumbers, demonstrat-
ing the changes in the amide bond environment caused by
polymer chain cutting.

ESI-MS analysis of the previously examined samples con-
firmed the degradation of PA6 into a liquid mixture containing
oligomers of 6-aminocaproic acid, X-[HN(CH,)sCO],~O(CH,/
H), capped by four distinct end groups (X). These include
5-hexenoyl (A and B series), 6-methoxyhexanoyl (C series),

3302
3078
2858

2928

c) PA6 degradation products at 240 °C, after 61h

Transmittance [%]

b) PA6 degradation products at 220 °C, after 8h

1636

3079

2859

a) PAG g
4000 3500 3000 2500 2000 1500 1000 500

Wavenumber [cm™]

Fig. 12 Comparison of FTIR-ATR spectra of virgin PA6 (a) and liquid organic products obtained from PA6 methanolysis using 2 as a catalyst after 8 h

at 220 °C (b) and 61 h at 240 °C (c).
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6-hydroxyhexanoyl (D series), and 6-(dimethylamino)hexanoyl
(E series), as well as cyclic oligomers (F series) (Fig. 13 and
ESI, Fig. S44-S491). When the reaction temperature was
increased to 240 °C and the reaction time extended from 8 to
61 hours, an increased intensity of low molecular weight pro-
ducts, such as CL and its N-methyl or methanolyzed derivative,
H,N(CH,)5(CO)OCHj3;, was observed (Fig. 13).

The '"H NMR spectrum of the liquid products obtained
from PA6 methanolysis after 61 h, supported by "H-'H COSY
and 'H-'>C HSQC analyses, revealed the formation of a

View Article Online
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mixture of seven distinct compounds (Fig. 14 and 15; ESI,
Fig. S507). As the reaction progressed, PA6 degraded into
low molecular weight oligomers (I) and caprolactam (II).
Subsequently, the NH group in II, along with the NH, group
in H,N(CH,)5(CO)OCH;, underwent alkylation by MeOH,
forming N-methylcaprolactam (III) and methyl 6-(N,N-di-
methylamino)caproate (IV). Under prolonged heating, III
and IV were further converted into methyl 6-hydroxycaproate
(V), methyl 6-methoxycaproate (VI), and methyl 5-hexenoate
(VII), with VI being formed through direct etherification of
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Fig. 13 Comparison of ESI-MS spectra of liquid organic products obtained from PA6 methanolysis at 240 °C using 2 as a catalyst after 61 h (a and
b). ESI-MS spectra were recorded for fractions collected from 3.79 to 4.01 min (a) and 3.33 to 3.69 min (b). The * symbol denotes a series containing

one 6-(methylamino)hexanoate unit instead of 6-aminohexanoate.
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V. The overall pathway for the chemical recycling of PA6 is
summarized in Scheme 4.

The comparison of "H NMR spectra of the products
obtained from PA6 methanolysis using 2 as a catalyst after 8 h
at 220 °C and after 8 or 61 h at 240 °C (Fig. 16; Fig. S50-S521)
revealed that lower reaction temperatures and shorter reaction
times primarily favor the degradation of PA6 into oligomers
(I). As both reaction time and temperature increase, the inten-
sity of signals corresponding to products II-VII also increases.
For instance, at 240 °C, the conversion of PA6 into I/II/III/IV/V/
VI/VII was observed as 34%/12%/1%/7%/12%/4%/1% after 8 h
and 27%/34%/6%/4%/3%/18%/8% after 61 h. An important
economic consideration in these studies is the ability to
achieve rapid PA6 decomposition.

After identifying a suitable system for the chemical recycling
of PA6 to compounds I-VII, we investigated a broad range of cat-
alysts to achieve high product yields under mild reaction con-
ditions, including low pressure, low temperature, and short
reaction times. First, we examined the catalytic activities of com-
pounds 2-9 in PA6 methanolysis under standard conditions:
[PA6]/[MeOH]/[Ca] = 1/50/0.05 at 200-240 °C for 8 h. The results
indicate that PA6 conversion typically ranges from 5% to 20% at
200 °C, except for catalyst 6, which achieves 61% conversion
(ESI, Table S5t). The high reactivity of 6 in this reaction signifi-
cantly surpasses that of alkali metal aryloxides [M's(sal-Me)g]
(where M"" = Li" (10), Na' (11), K" (12)), divalent metal arylox-
ides 2, [Mg,(sal-Et),(EtOH),] (13) and [Zn,(sal-Me)g] (14), as well
as heterometallic aryloxides 3-5, 7-9, [M,M';(sal-Me)s(THF),]
(where M** = Mg®" and M"" = Li" (15), Na" (16), K* (17); or M** =
Zn** and M"" = Li" (18), Na* (19), K* (20); with x = 0, 2, 4), and
[Mg,Na,(sal-Me)g(sal),(THF),] (21). Scheme 5 summarizes the
homometallic and heterometallic aryloxides (10-21) investi-
gated in PA6 alcoholysis.
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In addition to compound 6, catalysts 10 (41%), 14 (39%), 17
(39%), and 20 (50%) also exhibited high activity at 200 °C.
When the reaction temperature was increased to 220 °C, good
catalytic performance was observed for compounds 3, 10, and
18-20, with PA6 conversion values ranging from 60% to 69%
(ESI, Table S51). However, as before, the highest conversion
(84%) was achieved with catalyst 6 (Fig. 17).

At 240 °C, within the heterometallic double-opened tetra-
nuclear catalyst group, compounds 15-20 demonstrated com-
parable and significantly higher activity (86%-98%) than cata-
lysts 3-5 (81%-92%). The highest catalytic activity at 240 °C,
with polymer conversion exceeding 90%, was observed for cata-
lysts 3 (92%), 6 (93%), 7 (93%), 15 (97%), 16 (98%), 18 (96%),
and 19 (97%).

For the catalysts mentioned above, which yielded similar
PA6 conversion values, the composition of individual products
in the resulting mixture was also very similar (ESI, Table S57).
The product distribution was within the following ranges: I
(35%-44%), T (18%-24%), I (2%-3%), IV (9%-10%), V (10%-
16%), VI (5%-10%), and VII (3%-4%), as shown in Fig. 18
(ESI, Table S51). A comparison of these results with those from
catalyst-free reactions reveals an exceptionally high PA6 conver-
sion, reaching 29% at 220 °C and 60% at 240 °C. This high
conversion is attributed to the significantly higher autogenous
pressures of the reactants compared to reactions performed
with catalysts.

When the reaction time was extended from 8 to 48 h at
220 °C, the overall PA6 conversion ranged from 92% to 100%,
yielding individual product distributions as follows: I (26%-
35%), 11 (21%-30%), III (3%-6%), IV (5%-8%), V (1%-18%), VI
(9%-25%), and VII (4%-8%) (ESI, Table S6t). The results indi-
cate that prolonging the reaction time generally led to either a
slight decrease or minimal increase in the yield of I, a 2- to
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Scheme 4 The general route for the methanolysis of PA6.
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Scheme 5 Homometallic and heterometallic aryloxides 10—-21 investigated as catalysts in PA6 alcoholysis.

4-fold increase in II, a 2- to 6-fold increase in III, no change or
up to a 3.5-fold increase in IV, a 1.5- to 11-fold increase in VI,
and a 4- to 8-fold increase in VII (ESI, Table S6t). For the cata-
lysts that exhibited the highest activity at 220 °C for 8 h, an
extended reaction time of 48 h resulted in a 2- to 8-fold
decrease in V, likely due to etherification reactions leading to

This journal is © the Partner Organisations 2025

an increased formation of VI. These findings suggest that the
primary challenge in this process is the generation of a
complex mixture of inseparable products (I-VII). While
increasing the reaction time enhanced polymer degradation, it
did not significantly alter the relative composition of individ-
ual compounds in the reaction mixture.

Inorg. Chem. Front.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00994d

Open Access Article. Published on 02 July 2025. Downloaded on 9/18/2025 1:45:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Research Article

[PAG]/[MeOH]/[Ca] = 1/50/0.05 at 220 °C

View Article Online

Inorganic Chemistry Frontiers

v

100
Y
- B v
v
80 b ]
|
< =
o -
?:, 60 =
S -
¢ |
S =
O 40
N ™ S
‘
- o’ N m
—= - i
© 7 [0} N
20 = ©
< = g ITo)
™ 7o) N~
S N
= ] = = ©
0 T T T T T T T T
catalyst 2 5 7 8 9
free Catalyst

Fig. 17 Catalytic activities of 2—9 in PA6 alcoholysis with stoichiometry [PA6]/[MeOH]/[Ca] = 1/50/0.05 at 220 °C for 8 h. * — Indicates that the

content of Il and Vil is less than 1%.

When PA6 alcoholysis was performed using benzyl alcohol
(BnOH) as the reagent and 13 as the catalyst under the reaction
stoichiometry [PA6]/[BnOH]/[M’'] = 1/10/0.05 at 220 °C for 25 h,
ESI-MS spectra revealed the formation of oligomers X-[HN
(CH,)5CO]J,~O(Bn/H), capped by 6-(dibenzylamino)hexanoyl (A
and B series) and 6-(benzylamino)hexanoyl (C series).
Additional series (D, E), generated due to the use of catalyst
13, supported by EtsalO and EtOH ligands, were also detected
in the MS spectra (ESI, Fig. S531). "H NMR and FTIR-ATR ana-
lysis of the liquid organic products confirmed the presence of
low-molecular-weight  oligomers (I), caprolactam (II),
N-benzylcaprolactam (III), benzyl 6-(N,N-dibenzylamino)capro-
ate (IV), and benzyl 6-(N-benzylamino)caproate (IV'), as shown
in Fig. 19 (ESI, Fig. S54-S56%).

The use of excess BnOH also led to the formation of benzyl
benzoate and dibenzyl ether. Performing the reaction at
260 °C for 6, 29, or 54 h using 12, revealed that longer reaction
times facilitated the conversion of I and II into III and IV. For
example, after 6 h, the reaction mixture consisted of I (34%), II
(23%), III (17%), IV (19%), and IV’ (7%). After 54 h, the corres-
ponding values were I (2%), II (9%), III (26%), IV (56%), and
IV’ (7%) (ESI, Table S7t). Within the group of catalysts investi-
gated for the alcoholysis of PA6 using BnOH, the most efficient
were 6 < 10 < 13, leading to IV with a 32-42% content in the

Inorg. Chem. Front.

reaction mixture. Notably, the heterometallic catalysts 3-5 and
15-20 facilitated the formation of products with a high
amount of I (51-66%) and a low content of II (2-11%) (ESI,
Table S87).

A plausible explanation for the role of metal aryloxides 2-21
in the alcoholysis of PA6 is their ability to increase the porosity
of the polymer matrix, thereby enhancing mass transfer and
accelerating reaction rates. The observed differences in reactiv-
ity among aryloxides 2-21 can be attributed to their varying
degrees of migration into the solid PA6, which correlates with
the acid-base properties, solubility, and the presence of alkali
metal ions in the homometallic and heterometallic aryloxides.
Alkali metal aryloxides exhibit greater mobility and are more
likely to diffuse into the amorphous regions of PA6. Their
higher solubility in MeOH also improves their dispersion,
facilitating migration through the polymer and enabling inter-
action with internal sites. This migration induces local chain
mobility or swelling within the polymer, increasing free
volume and porosity. Due to their strong basicity and nucleo-
philicity, alkali metal aryloxides tend to be more ionic and
reactive, which promotes chain scission, and depolymerization
processes. In contrast, aryloxides of Ca>", Mg**, and Zn** (e.g.,
2, 13, and 14) form larger, more tightly bound, and less
soluble aggregates, limiting their mobility and penetration

This journal is © the Partner Organisations 2025
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Fig. 20 Comparison of SEM micrographs of virgin PA6 (a—d) with solid residues isolated from reaction mixture (e—h).

into the polymer chains. Heterometallic aryloxide complexes
3-6 and 17-20 generally exhibit even greater solubility in
MeOH than their homometallic counterparts, improving their
mobility. The presence of divalent metal ions in these hetero-
metallic complexes stabilizes their structural integrity.
Furthermore, alkali metal ions in complexes 4-5 and 19-20 are
coordinated with THF or MeOH ligands, which can be readily
displaced during catalytic process, providing easier access to
the polymer backbone. Direct esterification of amides is chal-
lenging due to the resonance stabilization of the amide bond
and the inherently low nucleophilicity of alcohols. As a result,
such reactions typically require harsh conditions and pro-
longed reaction times.’” Various strategies have been devel-
oped to overcome these challenges, including the use of acti-
vating agents,”® twisted amides,”® and directing groups.
Numerous catalytic systems such as Sc(OTf);,'°>"%" Ni(cod),/
NHC,'** FeCl;-6H,0,'” and Ce0,."** have also been explored
to enhance amide reactivity.

In the present study of PA6 alcoholysis, we propose a
mechanism involving amide bond activation via coordination
of the carbonyl oxygen to Lewis-acidic metal centers. This
interaction increases the electrophilicity of the carbonyl
carbon, making it more susceptible to nucleophilic attack by
MeOH. The resulting addition forms an unstable tetrahedral
intermediate that subsequently collapses, leading to cleavage
of the amide bond and release of oligomers capped with
amine and methyl ester end groups. Such nucleophilic acyl
substitution mechanisms have been previously reported for
metal complexes with amide ligands, undergoing random
esterification upon dissolution in MeOH.'*>°® Mashima and
co-workers reported the esterification of N,N-dialkyl aryla-
mides  catalyzed by  [Mn(p-O"Bu)(acac)(Me,N-Phen)],
(Me,N-Phen = 4,7-bis(dimethylamino)-1,10-phe-nanthroline),
in which one Mn”" center acted as a Lewis acid by coordinat-
ing the amide carbonyl, while the second Mn>" center acti-
vated the alcohol nucleophile."'® More recently, the same

Inorg. Chem. Front.

group demonstrated that the heterometallic complex [KMn(p-
O"Bu)(p-0”Tol)(acac)(Me,N-Phen)] exhibits superior catalytic
activity, attributed to dual substrate/nucleophile activation
occurring exclusively at the Mn** center.'"*

SEM analysis of the morphology of the PA6 resin used in
the reactions revealed a rough and fragmented texture, consist-
ing of irregularly shaped particles with blunt edges and a
coarse surface due to mechanical fragmentation (Fig. 20a and
b). The analyzed material predominantly exhibits fibrillary
structures with a limited number of defects (Fig. 20c and d). In
contrast, PA6 residues after alcoholysis show significant mor-
phological alterations compared to the virgin material. The
irregularly shaped polymer particles break down into smaller
pieces (Fig. 20e and f), exhibiting a rougher surface texture,
while low molecular weight products crystallize on the
polymer surface. The polymer material begins to crack, with
numerous voids and creases appearing due to the loss of struc-
tural integrity (Fig. 20g and h), supporting our hypothesis that
metal aryloxide catalysts increase the porosity of the polymer
matrix and enhance mass transfer.

Conclusion

We describe a simple and convenient solvothermal alcoholysis
method for the chemical recycling of post-consumer nylon-6
in the presence of methanol or benzyl alcohol under both cata-
lyst-free and catalytic conditions. A series of homometallic and
heterometallic aryloxides, including [Ca(sal-Me),(MeOH)], (1),
[Caz(sal-Me)s(MeOH),] (2), [Ca,Li,(sal-Me)s(THF),] (3),
[Ca,Na,(sal-Me)s(MeOH),] (4), [Ca,K,(sal-Me)s(MeOH),] (5),
[CaLig(sal-Me)g] (6), [CazNay(sal-Et);o(Hsal-Et),] (7), [CasNa(ps-
OH)(sal-Et)s(MeOH)] (8), [CasK(ps-OH)(sal-Et)s(EtOH)] (9),
[M'q(sal-Me)s] (for M"" = Li" (10), Na* (11), K" (12)), [Mgy(sal-
Et),(EtOH),] (13), [Zny(sal-Me)g] (14), [M,M/;(sal-Me)s(THF),]
(for M*" = Mg®" and M"* = Li* (15), Na* (16), K* (17); for M** =

This journal is © the Partner Organisations 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5qi00994d

Open Access Article. Published on 02 July 2025. Downloaded on 9/18/2025 1:45:30 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Inorganic Chemistry Frontiers

Zn** and M"™ = Li* (18), Na* (19), K" (20); and x = 0, 2, 4), and
[Mg,Na,(sal-Me)q(sal),(THF),] (21) were investigated as cata-
lysts for the depolymerization of polyamide waste. Among this
group, heterobimetallic calcium-alkali metal aryloxides (3-9)
are uncommon examples of molecular aggregates in inorganic
structural chemistry, with only 13 known representatives to
date.

In reactions conducted with MeOH, PA6 degradation
yielded low molecular weight oligomers (I), caprolactam (II),
N-methylcaprolactam (III), methyl 6-(N,N-dimethylamino)
caproate (IV), methyl 6-hydroxycaproate (V), methyl 6-methoxy-
caproate (VI), and methyl 5-hexenoate (VII). Among the tested
catalysts, 6 demonstrated remarkable activity at 200-220 °C.
Additionally, binary metal catalysts 3 and 18-20 also exhibited
very good catalytic activity in the methanolysis of nylon-6 at
220 °C.

The degradation of PA6 using BnOH led to the formation of
I, I, benzyl derivatives of IIT and IV, as well as benzyl 6-(N-ben-
zylamino)caproate (IV’). Among the catalysts tested for PA6
alcoholysis with BnOH, the most efficient were 6, 10, and 13,
yielding IV with a content of 32-42% in the product mixture.
Furthermore, heterometallic double-open dicubanes 3-5 and
15-20 enabled the formation of products containing a high
amount of I (51-66%) with a low content of II (2-11%) when
BnOH was used at 260 °C.

An effective method was developed to convert PA6 waste
into a mixture of products I-VII, which are well-soluble in low-
boiling alcohols, making them attractive for further appli-
cations as reagents in the synthesis of polymers and resins of
industrial importance.

Experimental section
Materials and methods

All syntheses were performed under a dry N, atmosphere
using Schlenk techniques. Standard purification methods
were applied to the reagents: toluene, hexane, and tetrahydro-
furan (THF) were distilled over sodium (Na); CH,Cl, was dis-
tilled over phosphorus pentoxide (P,Os); and methanol
(MeOH) and ethanol (EtOH) were distilled over magnesium
(Mg). All chemical reagents were purchased from commercial
sources: methyl salicylate (Hsal-Me), metallic calcium, lithium,
sodium, and potassium (Sigma-Aldrich); CH;0H and C,H;OH
(Stanlab); THF and benzyl alcohol (BnOH, Eurochem BDG);
hexane (Chempur); THF-dg and CDCl; (Eurisotop); DMSO-d,
(Deutero and Eurisotop). Polyamide-6 (PA6) was obtained in
the form of commercially available zip ties (for alcoholysis
using MeOH) or mowing lines (for alcoholysis using BnOH).
'H and C{'H} NMR spectra were recorded at room tempera-
ture on JEOL JNM-ECZ 400 MHz, Bruker Avance III 500 MHz,
or Bruker Avance 600 MHz spectrometers. Chemical shifts
were reported in parts per million (ppm) and referenced to
residual protons in deuterated solvents. Compounds 1-9
exhibited moderate solubility in THF-dg, and due to the pres-
ence of trace amounts of the free Hsal-Me ligand - a highly
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soluble liquid with a high boiling point - it was visible in the
'H and "*C NMR spectra. FTIR-ATR spectra were recorded on a
Bruker Vertex 70 vacuum spectrometer. Elemental analyses
were performed using a PerkinElmer 2400 CHN elemental ana-
lyzer. ESI-MS data were collected using an XEVO-Waters G3
QTOF mass spectrometer. ESI-MS measurements were per-
formed in a MeOH/H,O mixture with an additional CH;CN
0.01% NaOOCH solution. Thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC) measurements
were conducted using a TGA/DSC 3+ Mettler-Toledo analyzer.
Each analysis was performed in the temperature range of
25-800 °C with a heating rate of 5 °C min~" under a nitrogen
(N,, 6.0) atmosphere (50 mL min~"). The melting temperature
(Tm) and degradation temperature (74) were determined from
the midpoint of the slope change in the curve and from the
minima of the endothermic peaks, respectively. Scanning elec-
tron microscopy (SEM) imaging of pure PA6 and PA6 residues
after alcoholysis was performed using a Hitachi S-3400N
microscope equipped with a Thermo Noran System SIX energy
dispersive spectroscopy (EDS) system. Single-crystal X-ray diffr-
action (SCXRD) data were collected using Xcalibur Ruby (com-
pounds 1, 7, 8), SuperNova Dual Atlas (compounds 2-4), or
Kuma KM4 (compounds 6, 9) diffractometers at 100 K.
Experimental details and crystal data are summarized in
Table S1.f The structures were solved by direct methods and
refined using the full-matrix least-squares method on F* with
the SHELXTL software package.''> Non-hydrogen atoms were
refined with anisotropic thermal parameters. Hydrogen atoms
were positioned geometrically and included in structure factor
calculations but were not refined. Molecular graphics for the
resulting structures were created using Diamond (version
3.1e)."" The crystal of compound 4 was twinned, and its final
structure refinement was performed using an HKLF 5 format
file generated by CrysAlisPro 1.171.41.80a.

Synthesis and spectroscopic characterization of 1-9

Synthesis of [Ca(sal-Me),(MeOH)],, (1). To a 150 mL Schlenk
flask equipped with a stir bar, metallic calcium (0.2 g,
5.0 mmol) and Hsal-Me (1.3 mL, 10.0 mmol) in MeOH
(30.0 mL) were added. The mixture was stirred and heated for
12 h, then concentrated under vacuum to an oily residue and
left to crystallize in a refrigerator. The resulting colorless crys-
tals were filtered, washed with hexane (3 x 10 mL), and dried
under vacuum. Yield 0.97 g (59%). Anal. caled for
C,,H,40,Ca: C, 54.54; H, 4.85. Found: C, 54.57; H, 4.86. 'H
NMR (400 MHz, THF-dg): 6 7.61 (2H, m, ArH), 7.11 (2H, m,
ArH), 6.93 (2H, m, ArH), 6.38 (2H, m, ArH), 3.58 (6H, s, CH;).
3C NMR (101 MHz, THF-d): § 172.54 (2C, C=0), 171.21 (2C,
C-0), 135.35 (2C, Ar), 131.31 (2C, Ar), 124.86 (2C, ArH),
114.72 (2C, Ar), 51.95 (2C, CH;). FTIR-ATR (cm™*): 3048 (vw),
3022 (w), 2988 (w), 2944 (W), 2896 (vw), 2846 (W), 1914 (vw),
1798 (vw), 1743 (vw), 1657 (vs), 1600 (m), 1543 (m), 1499 (vw),
1469 (m), 1436 (s), 1325 (s), 1263 (m), 1219 (s), 1157 (m), 1085
(m), 1038 (m), 964 (m), 949 (m), 905 (w), 865 (m), 853 (m),
819 (m), 797 (m), 749 (s), 706 (s), 658 (m), 579 (s), 554 (m),
532 (m), 445 (m), 423 (m).
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Synthesis of [Caz(sal-Me)s(MeOH),] (2). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium (0.3 g,
7.5 mmol), Hsal-Me (2.0 mL, 15.0 mmol), THF (20 mL), and
MeOH (10.0 mL) were added. The mixture was stirred and
heated for 12 h, then concentrated to half of its volume and
left to crystallize in a refrigerator. The resulting colorless crys-
tals were filtered, washed with hexane (3 x 10 mL), and dried
under vacuum. Yield 1.8 g (66%). Anal. caled for
CsoHs0050Cas: C, 55.04; H, 4.62. Found: C, 55.11; H, 4.64. 'H
NMR (400 MHz, THF-dg): 6 7.73 (3H, d, J = 7.2 Hz, ArH), 7.63
(3H, d, J = 7.2 Hz, ArH), 7.00 (3H, m, ArH), 6.91 (3H, m, ArH),
6.52 (3H, d, J = 8.1 Hz, ArH), 6.40 (3H, m, ArH), 6.33 (3H, d, ] =
8.2 Hz, ArH), 6.26 (3H, m, ArH), 3.62 (6H, s, CH;), 3.40 (12H, s,
CH;), 3.26 (6H, s, MeOH), 2.65 (2H, s, OH). *C NMR
(101 MHz, THF-dg): 6 {172.10, 171.32 (6C, C=0)}, {171.11,
171.00 (6C, C-0O)}, 135.05 (6C, ArH), {132.20, 131.95, 131.52
(6C, ArH)}, {124.81, 124.58, 124.28 (6C, ArH)}, {116.56, 115.05
(6C, Ar)}, {114.09, 112.87 (6C, ArH)}, {51.70, 51.46 (6C, CHj;)},
49.69 (2C, MeOH). FTIR-ATR (cm™"): 3546 (vw), 3329 (vw), 3056
(vw), 3019 (vw), 2995 (vw), 2948 (vw), 2846 (vw), 2674 (vw), 1660
(vs), 1599 (m), 1543 (m), 1468 (s), 1446 (s), 1436 (s), 1325 (s),
1262 (m), 1221 (vs), 1157 (s), 1048 (s), 1037 (m), 965 (w), 864
(s), 818 (m), 797 (w), 754 (vs), 708 (s), 658 (m), 579 (s), 555 (W),
534 (m), 445 (m), 424 (m).

Synthesis of [Ca,Li(sal-Me)s(THF),] (3). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium
(0.196 g, 4.9 mmol), Hsal-Me (1.9 mL, 14.7 mmol), MeOH
(5.0 mL), and THF (25 mL) were added. After 3 h, Li (0.034 g,
4.9 mmol) was introduced. The mixture was stirred and heated
for 12 h, then concentrated to half of its volume and left to
crystallize in a refrigerator. The resulting colorless crystals
were filtered, washed with hexane (3 x 10 mL), and dried
under vacuum. Yield 1.6 g (57%). Anal. caled for
Cs6Hs50,0Ca,Li,: C, 58.74; H, 5.11. Found: C, 58.78; H, 5.12.
'H NMR (400 MHz, THF-dg): § 7.64 (6H, d, J = 7.2 Hz, ArH),
7.03 (6H, t, J = 7.2 Hz, ArH), 6.70 (6H, m, ArH), 6.21 (6H, ¢, J =
7.1 Hz, ArH), {3.68, 3.40 (18H, s, CH;)}. *C NMR (101 MHz,
THF-dg): § 173.24 (6C, C=0), 170.80 (6C, C-0O), 134.69 (6C, Ar),
131.86 (6C, Ar), 124.70 (6C, Ar), 115.06 (6C, Ar), 111.72 (6C,
Ar), 51.12 (6C, CH3;). "Li NMR (155 MHz, THF-dg): & 4.01 (6Li).
FTIR-ATR (cm™): 3024 (w), 2950 (w), 2847 (w), 2658 (vw), 1667
(vs), 1599 (m), 1547 (m), 1469 (m), 1446 (m), 1437 (m), 1320
(m), 1261 (m), 1222 (s), 1193 (m), 1156 (m), 1141 (m), 1083
(m), 1037 (m), 964 (m), 862 (m), 819 (m), 797 (m), 755 (s), 708
(m), 660 (m), 578 (m), 535 (W), 462 (m), 422 (m).

The molecular structure of compound 3 was determined
based on studies of 3-2a cocrystals, which were isolated from
the initial reaction stage with a yield of 45%.

Synthesis of [Ca,Na,(sal-Me)s(MeOH),] (4). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium
(0.200 g, 5.0 mmol), Hsal-Me (1.95 mL, 15.0 mmol), THF
(30 mL), and MeOH (5.0 mL) were added. After 8 h, metallic
sodium (0.115 g, 5.0 mmol) was introduced. The mixture was
stirred for 7 h, then concentrated to half of its volume and left
to crystallize in a refrigerator. The resulting colorless crystals
were filtered, washed with hexane (3 x 10 mL), and dried
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under vacuum. Yield 1.7 g (59%). Anal. caled for
Cs,H550,,Ca,Na,: C, 53.79; H, 5.03. Found: C, 53.82; H, 5.05.
'H NMR (400 MHz, THF-dg): 6 7.62 (6H, dd, J = 8.0, 1.4 Hz,
ArH), 7.02 (6H, t, ] = 7.1 Hz, ArH), 6.75 (6H, m, ArH), 6.19 (6H,
t, J = 7.2 Hz, ArH), 3.66 (18H, s, CH;). *C NMR (101 MHz,
THF-dg): 6 173.33 (6C, C=0), 170.86 (6C, C-0), 134.56 (6C, Ar),
131.87 (6C, Ar), 124.72 (6C, Ar), 115.01 (6C, Ar), 111.69 (6C,
Ar), 51.06 (6C, CH3). FTIR-ATR (cm™): 3057 (w), 3016 (w), 2983
(w), 2950 (W), 1845 (vw), 1662 (vs), 1598 (m), 1542 (m), 1465 (s),
1447 (s), 1436 (m), 1405 (m), 1317 (m), 1325 (m), 1259 (m),
1219 (s), 1191 (m), 1155 (m), 1138 (m), 1081 (m), 1029 (m), 993
(vw), 965 (vw), 893 (m), 859 (m), 839 (m), 815 (m), 797 (m), 756
(vs), 707 (s), 669 (m), 657 (m), 638 (m), 574 (m), 535 (m), 476
(m), 453 (m), 435 (m), 423 (m).

Synthesis of [Ca,K,(sal-Me)s(MeOH),] (5). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium
(0.204 g, 5.1 mmol) and Hsal-Me (1.97 mL, 15 mmol) in THF
(30 mL) and MeOH (5.0 mL) were introduced. After 8 h, metal-
lic potassium (0.199 g, 5.0 mmol) was added. The mixture was
stirred for 12 h, concentrated to half of the volume, and left
for crystallization in the refrigerator. The colorless polycrystal-
line powder was filtered off, washed with hexane (3 x 10 mL),
and dried under a vacuum. Yield 2.1 g (69%). Anal. caled for
Cs,Hs550,,Ca,Ky: C, 52.34; H, 4.90. Found: C, 52.38; H, 4.92.
'H NMR (400 MHz, THF-dg): 6 7.62 (6H, d, J = 7.1 Hz, ArH),
7.01 (6H, m, ArH), 6.70 (6H, m, ArH), 6.18 (6H, m, ArH), 3.57
(18H, s, CH3). *C NMR (101 MHz, THF-dg): § 173.34 (6C,
C=0), 170.65 (6C, C-0), 134.74 (6C, ArH), 132.05 (6C, Ar),
124.23 (6C, Ar), 115.26 (6C, Ar), 111.48 (6C, Ar), 51.01 (6C,
CH3). FTIR-ATR (cm™): 3047 (vw), 3019 (w), 2950 (W), 2847 (W),
1664 (vw), 1598 (m), 1543 (m), 1467 (m), 1447 (s). 1436 (s),
1324 (m), 1260 (m), 1219 (s), 1192 (m), 1155 (m), 1141 (m),
1082 (m), 1035 (m), 964 (w), 861 (m), 816 (m), 797 (m), 757 (s),
709 (m), 657 (m), 576 (m), 535 (m), 426 (m).

Synthesis of [CaLig(sal-Me)g] (6). To a 150 mL Schlenk flask
equipped with a stir bar, metallic calcium (0.101 g, 2.5 mmol),
Hsal-Me (2.61 mL, 20 mmol), THF (15 mL), and MeOH
(5.0 mL) were added. After 0.5 h, Li (0.104 g, 15 mmol) was
introduced. The mixture was stirred for 12 h, concentrated to
half of the volume, and left for crystallization in the refriger-
ator. The resulting colorless crystals were filtered, washed with
hexane (3 x 10 mL), and dried under vacuum. Yield 2.54 g
(78%). Anal. caled for Ce4Hs560,4CaLlis: C, 59.55; H, 4.37.
Found: C, 59.57; H, 4.38. '"H NMR (400 MHz, THF-dy): § 7.68
(8H, dd, J = 8.1, 1.8 Hz, ArH), 7.07 (8H, ddd, J = 8.7, 6.9, 1.9
Hz, ArH), 6.67 (8H, d, J = 8.5 Hz, ArH), 6.23 (8H, ddd, J = 8.0,
6.9, 1.2 Hz, ArH), 3.72 (24H, s, CH;). "*C NMR (101 MHz, THF-
dg): § 173.40 (8C, C=0), 171.03 (8C, C-0), 134.76 (8C, Ar),
131.86 (8C, Ar), 124.48 (8C, Ar), 115.05 (8C, Ar), 111.85 (8C,
Ar), 51.14 (8C, CH3). "Li NMR (155 MHz, THF-dg): 6 4.01 (6Li).
FTIR-ATR (cm™'): 3062 (vw), 3025 (vw), 2949 (w), 2846 (vw),
1710 (m), 1678 (vs), 1600 (m), 1549 (m), 1471 (m), 1446 (m),
1437 (m), 1317 (s), 1265 (m), 1227 (s), 1195 (m), 1155 (m), 1141
(m), 1082 (m), 1038 (m), 964 (w), 951 (W), 863 (m), 821 (m), 798
(m), 758 (s), 709 (m), 662 (m), 583 (m), 541 (m), 521 (w), 469
(m), 422 (m).
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Synthesis of [Ca;Na,(sal-Et),o(Hsal-Et),] (7). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium
(0.1068 g, 2.7 mmol) in MeOH (5.0 mL) was introduced. Once
the metallic calcium had fully reacted, metallic sodium
(0.0817 g, 3.6 mmol) and Hsal-Me (1.15 mL, 8.9 mmol) in
EtOH (15 mL) were added. The mixture was stirred for
12 hours, concentrated to half of its volume, and left to crystal-
lize in the refrigerator. The resulting colorless crystals were fil-
tered off, washed with hexane (3 x 10 mL), and dried under
vacuum. Yield: 1.1 g (72%). Due to the high solubility and sig-
nificant concentration of the free Hsal-Et ligand, which was
removed from the Na' coordination sphere in solution, spec-
troscopic analysis was performed on the isostructural com-
pound [Ca;Na,(sal-Me);,]. Anal. caled for CgoH;0030CazNay,: C,
55.75; H, 4.09. Found: C, 55.78; H, 4.10. "H NMR (400 MHz,
THF-dg): & 7.62 (10H, d, J = 6.5 Hz, ArH), 7.05 (10H, m, ArH),
6.73 (10H, m, ArH), 6.25 (10H, s, ArH), 3.67 (30H, s, CH3). *C
NMR (101 MHz, THF-dg): § 173.47 (10C, C=0), 170.91 (10C,
C-0), 134.80 (10C, Ar), 131.66 (10C, Ar), 124.33 (10C, Ar),
114.63 (10C, Ar), 112.21 (10C, Ar), 51.24 (10C, CH;). FTIR-ATR
(ecm™): 3018 (w), 2950 (w), 2845 (w), 2656 (vw), 1664 (vs), 1615
(vw), 1599 (m), 1541 (m), 1466 (m), 1436 (s), 1323 (m), 159 (m),
1217 (s), 1192 (m), 1155 (m), 1141 (m), 1080 (m), 1035 (m), 964
(m), 859 (m), 813 (m), 797 (m), 754 (s), 708 (m), 657 (m), 575
(m), 534 (m), 426 (m).

Synthesis of [Ca,Na(ps;-OH)(sal-Et)g(MeOH)] (8). To a
150 mL Schlenk flask equipped with a stir bar, metallic
calcium (0.2622 g, 6.5 mmol) in MeOH (2.0 mL) was added.
Once the metallic calcium had fully reacted, metallic sodium
(0.0639 g, 1.65 mmol), Hsal-Me (1.7 mL, 13.1 mmol), and H,O
(0.028 mL, 1.6 mmol) in EtOH (25 mL) were introduced. The
mixture was stirred for 12 h, concentrated to half of the
volume, and left for crystallization in the refrigerator. The
colorless crystals were filtered off, washed with hexane (3 x
10 mL), and dried under a vacuum. Yield 1.57 g (62%). Anal.
caled for C,3H;,0,6Ca,Na: C, 56.43; H, 5.00. Found: C, 56.47;
H, 5.02. "H NMR (600 MHz, THF-dg): § 7.71 (4H, d, J = 7.6 Hz,
ArH), 7.60 (4H, d, J = 7.4 Hz, ArH), 6.95 (4H, t, J = 7.0 Hz, ArH),
6.85 (4H, t, ] = 6.9 Hz, ArH), 6.47 (4H, d, J = 8.3 Hz, ArH), 6.34
(4H, t, J = 7.2 Hz, ArH), 6.27 (4H, d, J = 8.3 Hz, ArH), 6.20 (4H,
t, J = 7.2 Hz, ArH), 4.06 (1H, s, MeOH), 3.93-3.68 (16H, m,
CH,), 3.35 (3H, d, J = 16.0 Hz, MeOH), 1.06 (24H, m, CH,). *C
NMR (151 MHz, THF-dg): 6 {172.06, 171.07 (8C, C=O0)},
{170.96, 170.55 (8C, C-O)}, {135.01, 134.93 (8C, Ar)}, {132.26,
131.54 (8C, Ar)},{124.48, 124.18 (8C, Ar)}, {116.75, 115.26 (8C,
Ar)}, {113.96, 112.75 (8C, Ar)}, {60.97, 60.55 (8C, CH,)}, 51.40
(2C, MeOH), {14.34, 14.21 (8C, CH;)}. FTIR-ATR (cm™): 3571
(w), 3320 (vw), 3053 (w), 3017 (w), 2981 (w), 2932 (vw), 2906
(w), 2781 (vw), 2660 (vw), 1656 (vs), 1599 (m), 1542 (m), 1467
(s), 1446 (m), 1393 (m), 1370 (m), 1335 (m), 1318 (m), 1257
(m), 1216 (s), 1154 (m), 1081 (m), 1038 (m), 1017 (m), 948 (W),
892 (m), 862 (m), 825 (m), 795 (w), 758 (s), 708(m), 658 (m),
580 (m), 554 (w), 536 (m), 466 (m).

Synthesis of [Ca,K(j;-OH)(sal-Et)g(EtOH)] (9). To a 150 mL
Schlenk flask equipped with a stir bar, metallic calcium
(0.2427 g, 6.1 mmol) in MeOH (2.0 mL) was introduced. Once
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the metallic calcium had fully reacted, metallic potassium
(0.0595 g, 1.5 mmol), Hsal-Me (1.57 mL, 12.1 mmol) and H,0
(0.026 mL, 1.5 mmol) in EtOH (25 mL) were introduced. The
mixture was stirred for 6 h, concentrated to half of the volume,
and left for crystallization in the refrigerator. The colorless
crystals were filtered off, washed with hexane (3 x 10 mL), and
dried under a vacuum. Yield 1.77 g (74%). Anal. caled for
C,4H790,6Ca,K: C, 56.12; H, 5.03. Found: C, 56.07; H, 4.99. 'H
NMR (400 MHz, CD;0D): [Ca,K(ps-OH)(sal-Me)g(HOEL)]: 5 7.64
(8H, d, J = 6.8 Hz, ArH), 7.12 (8H, t, J = 7.4 Hz, ArH), 6.71 (8H, J
= 8.3 Hz, ArH), 6.34 (8H, t, J = 7.4 Hz, ArH), 3.34 (24H, s, CHj,,
sal-Me); [Ca,K(ps-OH)(sal-Et)g(HOEt)]: 6 7.79 (8H, d, J = 6.9 Hz,
ArH), 7.13 (8H, m, ArH), 6.76 (8H, d, J = 8.2 Hz, ArH), 6.56 (8H,
t, ] = 6.7 Hz, ArH), 3.60 (2H, q, J = 7.0, CH,), 1.17 (3H, t, ] = 7.0,
CH,); EtOH(traces): 3.63 (m, CH,), 1.22 (m, CH;). C NMR
(101 MHz, CD;OD): § 172.38 (8C, C=0), 172.17 (8C, C-0O),
135.64 (8C, Ar), 133.61 (8C, Ar), 132.29 (8C, Ar), 124.38 (8C,
Ar), 116.20 (8C, Ar), 113.69 (8C, Ar), 61.40 (8C, CH,, sal-Et),
49.00 (8C, CHj;, sal-Me), 14.60 (8C, CHj, sal-Et); EtOH(traces):
58.32 (CH,), 18.36 (CHj;). FTIR-ATR (cm™): 3573 (vw), 3552
(vw), 3060 (vw), 3017 (vw), 2987 (vw), 2954 (w), 2847 (vw), 1659
(vs), 1596 (m), 1562 (m), 1541 (m), 1517 (m), 1468 (m), 1446
(m), 1437 (m), 1401 (m), 1372 (w), 1324 (m), 1261 (m), 1219 (s),
1157 (m), 1084 (m), 1039 (m), 965 (w), 948 (w), 882 (m), 864
(m), 818 (m), 796 (W), 754 (s), 708 (s), 658 (m), 580 (s), 554 (W),
534 (m), 448 (m), 422 (m).

Synthesis of [M'¢(sal-Me)] (for M'" = Li" (10), Na* (11), K"
(12)), [Mg,(sal-Et)y(EtOH),] (13), [Zny(sal-Me)g] (14),
[M,M',(sal-Me)s(THF),] (for M>* = Mg** and M"* = Li* (15), Na*
(16), K" (17); for M** = Zn®*" and M"* = Li* (18), Na" (19), K"
(20); and x = 0, 2, 4), and [Mg,Na,(sal-Me)(sal),(THF),] (21).
Compounds 10-21 for catalytic application were synthesized
using previously published procedures.®*8¢93114

Polyamide-6 alcoholysis procedure

The PA6 processing procedure using MeOH was carried out as
follows: In a standard experiment, PA6 (0.5 g, 4.46 mmol, zip
ties) was added to 9.2 mL of MeOH and placed in a 25 mL
PTFE-lined hydrothermal reactor. The reactions were con-
ducted at 200-240 °C for 8-48 hours using catalysts 2-21 with
a molar ratio of [PA6]/[MeOH]/[M/M’'] = 1/50/0.05. After the
reaction, the mixture was filtered, and excess MeOH was
removed by distillation. The remaining PA6 residue was dried
and weighed to calculate the conversion yield. The conversion
of PA6 into low molecular weight oligomers (I), caprolactam
(I1), N-methylcaprolactam (III), methyl 6-(N,N-dimethylamino)
caproate (IV), methyl 6-hydroxycaproate (V), methyl 6-methoxy-
caproate (VI), and methyl 5-hexenoate (VII) was determined by
'H NMR measurements in DMSO-ds.

For polymer alcoholysis using benzyl alcohol (BnOH), typi-
cally, 0.5 g of PA6 (5 mm-long fragments cut from a nylon-6
fishing line) was placed in a PTFE reaction vessel, and 4.6 mL
of BnOH (10 equivalents per polymer unit) along with catalysts
2-21 (5 mol% relative to M>* or M" ion) was added. The PA6
alcoholysis was performed at 220-260 °C for 6-54 h, achieving
complete conversion of PA6 into a mixture of low molecular
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weight oligomers (I), caprolactam (II), N-benzylcaprolactam
(1), benzyl 6-(N,N-dibenzylamino)caproate (IV), and benzyl 6-
(N-benzylamino)caproate (IV').
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