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The development of new carbon (CO,) capture materials has emerged as a top-priority transdisciplinary
research field. Ideally, CO, is not only captured and stored (CCS), but also transformed into more valuable
organic compounds, because CO, itself is a cheap, abundant, non-fllmmable gas and thus an attractive C1
building block. However, activation of this thermodynamically rather stable molecule requires high activation
energies. To overcome this energy barrier, activation of the C—O double bond is routinely achieved by
exploiting a synergetic metal-ligand cooperativity. The most promising candidates from academia or industry
revolve around amino-functionalized materials or components featuring metal-nitrogen bonds. Given their
natural abundance, low prices and nontoxicity, environmentally friendly materials should ultimately involve

Me2),1, is able to insert CO, exhaustively

light metals. Recently, we found that the cerium pyrazolate [Ce*"(pz

and reversibly. In general, such nitrogen-rich azolato ligands comprising pyrazolato, triazolato and tetrazolato

derivatives exhibit five-membered aromatic ring systems with nucleophilic nitrogen coordination sites. Azolato

ligands adopt a wide variety of coordination modes and especially light metal pyrazolates are a well-

established class of compounds. Aiming at higher CO, uptake capacities, the conceptual approach, devel-
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DOI: 10.1039/d5cc06950e viour as well as their catalytic activity in the cycloaddition reaction of CO, and epoxides to cyclic carbonates.

In addition, consideration is given to immobilized variants as well as exemplary complexes and metal—-organic
rsc.li/chemcomm framework materials derived from nitrogen-richer azoles/azolates.
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Introduction

The inexorably rising carbon dioxide level in the Earth’s atmo-
sphere is mainly caused by the continuous burning of fossil
fuels needed for increased energy production/consumption.'™?
Noteworthily, the associated anthropogenic climate change was
originally theorized about as early as 1896 by Svante Arrhenius."*
The development of new technologies for CO, management is
one of the most pressing concerns of our times, particularly in
the environmental, engineering, and chemical sectors. Carbon
capture and storage (CCS) as well as direct air capture (DAC)
display effective approaches in this regard.>'>""” Aqueous amine
scrubbers have been used as a sorbent for industrial CCS for
almost a century, although low capacities (<15 wt% CO,) and
high regeneration energies (‘‘energy penalty”) reduce their effec-
tiveness and sustainable use.'®?°

Another industrial approach exploits the precipitation of
CaCO; from aqueous Ca(OH), solutions, but the carbonate can
be regenerated to CaO via calcination only at above 900 °C.'°
The energy barrier for regeneration can be lowered when CO, is
captured with NaOH and the carbonate subsequently trans-
ferred to Ca(OH),. This process which is called causticization
still suffers from high regeneration energies and limited solu-
bility of Ca(OH), in water (1 mol L™").**

Newer technologies successfully draw on the nucleophilic
characteristic of nitrogen-containing components as revealed
by amine-containing ionic liquids**** or amine-functionalized
porous high-surface materials such as silica, zeolites***> or
metal-organic frameworks (MOFs).>*° For example, the latter
reach a record-high capacity of 35 wt% CO, at ambient tem-
perature for Mg,(dobdc) (dobdc = 2,5-dioxido-1,4-benzen-
dicarboxylate) when adsorption and chemisorption are
combined.*® Further to this, the related MOF Mg,(dobpdc)
(dobpdc = 4,4’-dioxidobiphenyl-3,3’-dicarboxylate) currently
seems to be the most effective absorbent for carbon capture
from simulated flue gas.*®

Generally, CCS largely depends on appropriate storage
locations and the transportation of stored CO,, which makes
its (on-spot) utilization/valorization highly desirable.>® As an
inexpensive, “abundant” (byproduct in a lot of industrial
processes), non-toxic, non-flammable gas, CO, features an
attractive C1 synthon for organic synthesis. However, because
CO, has the lowest energy level of organic compounds, its
conversion necessitates a high activation energy. Therefore,
coping with this energetic barrier and converting CO, sustain-
ably into higher-value ‘“useful” chemicals is a top-priority
research field.'%*'7*

The cooperation of a nucleophilic ligand that attacks the
electrophilic carbon atom of CO, and a Lewis acidic metal
centre that interacts with the nucleophilic oxygen atom (nc-
MLC, non-classical metal-ligand cooperativity), can decrease
the activation barrier of CO, significantly (carboxophilicity,
Fig. 1A).>® In nature calcium and magnesium carbonates (litho-
sphere) and bicarbonates (oceans) function as natural CO,
storage (Fig. 1B).” Inspired by this role in nature, the natural
abundancy of metal carbonates and the related industrial
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Fig. 1 (A) Non-classical metal-ligand cooperativity (nc-MLC) involving an
oxophilic metal and a nucleophilic ligand determines/impacts the affinity
for CO; and its activation, termed carboxophilicity. (B) Naturally occurring
metal carbonates. (C) Conceptional approach and design strategy for reversible
molecular CO, adsorbers, resulting in carbamates for N-functional groups.

approach of causticization as well as the exceptional perfor-
mance of amine-functionalized materials we developed the
conceptional approach of pyrazolato-based carbamate com-
plexes (Fig. 1C). By changing the functional group of a carbo-
nate to a N-functionalized group the “energy penalty” gets
reduced significantly.

Why pyrazolates?

The pyrazolato ligand (pz) as derived from deprotonation of the
corresponding aromatic pyrazole (Hpz) stands out through its
highly versatile coordination chemistry. This monoanionic
ligand provides an equally stabilizing environment for both
main group and early/late transition metals adopting a wide
range of coordination modes. The free electron pairs of the
adjacent nitrogen atoms can engage in terminal [k'(N)]/
[K*(N,N")], side-on [u,: M,(N,N')] or end-on bridging [u;:
w1 (N,N")] coordination, but also n' to n® n-interactions with
the metal centre are feasible. In addition, the steric and
electronic properties of the pyrazolato ligands can be fine-
tuned by ring substitution in the 3/5 position. For example,
molecular homoleptic [Ce™(pz™);], (1) features a cage struc-
ture with as many as six distinct pyrazolato coordination
modes.*® Our interest in carbon dioxide valorization was trig-
gered by the facile reversible insertion of benzophenone into
homoleptic tetravalent [Ce™(pz™?),], (2).*” Along this line, we
found that both tri- and tetravalent cerium pyrazolates,
[Ce™(pzM®);], (1) and [Ce™(pzM*),], (2), respectively, are
capable of inserting CO, reversibly into one Ce-Np,-bond
of each pyrazolato ligand. Exhaustive CO, insertion gave the
carbamate complexes Ce™™(CO,-pz"***), (1-CO,) and [Ce"™(CO,-
pz™®);]s (2-CO,) featuring CO, capacities of up to 25 wt%
(Fig. 2).%®
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Fig.2 CO, insertion products of homoleptic cerium pyrazolates

[Ce+IV(p Me2)4]2 ( ) and [Ce+ll\(pZMe2)3]4 (2)

These reactions were conducted with excess of CO,, but even
equimolar reactions with the ceric pyrazolate, afforded isolable
insertion products as revealed for [Ce™™;(pz"?)o(CO,-pz™)5-
(thf)] (3). Crucially, following the CO, insertion into a classic
metal-amide complex the resulting carbamato ligand coordi-
nates routinely in a carboxylate-like x*(0,0’) mode (Scheme 1).
In contrast, metal pyrazolates insert CO, only in one of the two
«*(N,N') nitrogen-atoms resulting in CO,-pz™™® carbamato moi-
eties in the ¥*(N,0) coordination mode, with one nitrogen of
the pyrazolato moiety still attached to the metal centre. Since
the inserted CO, coordinates with one oxygen atom only to the
metal center, electron delocalization is hindered as revealed by
distinct C-O single and double bonds. This allows for an easy
CO, releasing step which is why metal pyrazolates can insert
CO, reversibly. All cerium compounds in this study were also
active catalysts in the cycloaddition of CO, and epoxides to
cyclic carbonates.*®

Shortly thereafter, the group of Lu reported on the CO,
insertion into the iron pyrazolate [Fe(pz"'¢)(NO),], (4). Upon
initial reduction of 4 with KCg/18-crown-6 to [K(18-crown-
6)]2[(NO),Fe(u-pz™€),Fe(NO),] (5) exposure to 1 bar CO, gave
the contact ion pair [K(18-crown-6)][Fe(CO,-pz™)(NO),] (5-CO,,

D—Nr, 5%, @<>>_NR2
0 ﬁfz @< x

Scheme 1 Comparison of irreversible CO, insertion into metal amides
(R = alkyl or aryl group) and reversible CO, insertion into metal pyrazolates.
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Scheme 2 CO, insertion and reduction to oxalate with iron pyrazolate
[Fe(pz™®)(NO),l, (4) via the potassium iron carbamate [K(18-crown-
6)1[Fe(CO,-pzM®)(NO),] (5-CO,).

see Scheme 2).*° Via reductive coupling involving the ferro-
cenium/ferrocene couple and Ca(OTf),, 5-CO, could be con-
verted into CaC,0,, reforming iron precursor 4.

Later, this CO,-insertion protocol could be adapted to ceric
pyrazolates with bulkier alkyl moieties at the pyrazolato ligand,
comprising Ce™™(pz®"), (6), Ce™(pz"™), (7) and Ce™(pz™*™°),
(8) respectively, although the efficiency decreased with increasing
steric bulk."® However, when grafted onto periodic mesoporous
silica SBA-15509, the cerium dimethylpyrazolates kept their CO,
insertion properties, affording capacities of up to 20 wt% CO,,
which, to the best of our knowledge, features the highest uptake
for silica materials.** This immobilization study produced hybrid
materials denoted as [Ce™(pz™*),],@SBA-1550, (1-SBA-15),

V(pz™),(thf)@SBA-1550 (9-SBA-15), Ce™™ ,(pz"**);,@SBA-
15500 (2-SBA-15), and [Ce™(pz"**);(thf),@SBA-1550, (10-SBA-15)
including the lanthanum-based [La(pz™®);(thf)l,@SBA-15540
(11-SBA-15).

Light metal pyrazolates by nature should provide high
weight percentages of inserted CO, and hence a low ‘“mass
penalty” (light metal density: p < 5 g em™>). Herein, CO,
capacity refers to the CO, mass percentage of the inserted
pyrazolates measurable by weight gain. Moreover, most light
metals are abundant, inexpensive, nontoxic and thus favour-
ably environmentally benign. In this review, we give an overview
of light metal pyrazolates as carbon capture systems and point
to their use in the catalytic conversion of CO, (CCC).

Choice of light metal pyrazolates

Light metal pyrazolates are already a well-established class of
compounds. Given their favourable thermal stability and vola-
tility, early studies on light metal pyrazolates focused on their
potential use as precursors for metal nitrides via chemical
vapour deposition (CVD). Initial examples include Winter’s
monomeric titanium complex Ti"™V(pzM*), (12, Fig. 3)** and
the homoleptic magnesium dimer [Mg(pz®"?),(thf),], (13, x = 0,
1; Fig. 4)*® as well as the mixed pyrazolato/pyrazole magnesium
complex [Mg,(pz'*™),(Hpz'*™),] (14) reported by Ruhlandt-
Senge.** Other examples were synthesized as potential precur-
sors for polynuclear species like the mixed pyrazolato/pyrazole
magnesium complex [Mg(pz®*),(Hpz*®"),] (15) described by
Mésch-Zanetti.*

Most of these studies focused on the structural chemistry re-
emphasizing the feasibility of ample pyrazolato coordination
modes. The structurally authenticated monomeric homoleptic

This journal is © The Royal Society of Chemistry 2026
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Fig. 4 Examples of dimeric light metal pyrazolates.

complexes comprise Ti"™(pz"®), (12, Fig. 3),"* Al(pz™®"); (16,
Fig. 3),*° Ti"™(pz™"); (17, Fig. 3)," and Sc(pz®"); (18).*®
Dimeric derivatives feature [Mg(pz®*),], (13)** and adduct
[Y(pz"*);(thf)], (19, Fig. 4).*° Strikingly, except for titanium
complex Ti™V(pz"*?), (12)** all structurally elucidated homo-
leptic light metal pyrazolates bear tBu moieties on the pyrazo-
lato ring. Further examples include alkali-metal complexes,
tetrameric [Li(pz™*)], (20) and the ladder-like [K(pz™*)], (21).*°

In the case of smaller pyrazolato substituents solubility
issues occur and donor stabilization is necessary to yield
crystalline material. For this reason, we targeted the synthesis
of several new light metal pyrazolates bearing smaller alkyl
substituents on the pyrazolato ring such as iPr, Me and H
(Fig. 5). The “unsubstituted” parent pyrazolates seemed parti-
cularly desirable, because of their easy accessibility and
expected highest CO, capacity (minimum mass penalty).

For magnesium, a wide variety of pyrazolato ligands was
probed, affording the mixed pyrazolato/pyrazole complex [Mg;-

(2™ )oHpz™):] (22), [Meo(p2™)(chDs] (23), and [Mgfpz™).-
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Fig. 5 Examples of recently reported light metal pyrazolates with tailor-
made modified pyrazolato ligand substitution.
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(thf)], (24) containing a pyrazolato ligand with distinct alkyl
substituents, the fluorinated complex [Mg,(pz“F*°"),(thf),] (25,
Fig. 5), and the two amorphous compounds [Mg(pz"*),], (26,
Fig. 5) and [Mg(pz),]. (27, Fig. 5).>* The highest CO, capacity
was to be expected for the latter two compounds, assuming
(exhaustive) CO, insertion in all Mg-pzR (R—H, Me) bonds of
these low-mass pyrazolates (0.5 M(13) = 454.99 g mol ™", M(13-
CO,) = 615.11 g mol ! = 14.3wt% CO,; M(26) = 214.56 g mol !,
M(26-CO,) = 302.57 g mol ' = 29.1wt% CO, M(27) =
158.04 g mol '; M(27-CO,) = 246.47 g mol ' = 35.7wt% CO,).

Access to crystalline 26 and 27 was hampered because of
their insolubility in all common solvents, however, their formation
was confirmed by C CP/MAS (magic-angle spinning) NMR
experiments. The fluorinated complex 25 was envisaged because
of the strongly electron-withdrawing substituents which might
contribute to a better understanding of the nc-MLC.

Furthermore, a series of new trivalent light metal pyrazolates
was obtained, comprising dimeric [Al(pz'*™);], (28, Fig. 5),
monomeric Sc(pz®*);(thf) (29), which was synthesized over a
mercury-free salt-metathesis protocol, monomeric Y(pz™®"),(thf),
(30), and the two amorphous [Al(pz)s],, (31, Fig. 5) and [Sc(pz)s].
(32, Fig. 5) which both contain the parent pyrazolato ligand.>>
Compounds 31 and 32 were accessed via a transamination proto-
col from the corresponding di-tBu-pyrazolate derivatives 16 and 29,
respectively. All listed light metal pyrazolates, except for the alkali
metal derivatives, were tested for their capability to take up CO, as
well as their catalytic behaviour in the cycloaddition of CO, and
epoxides to cyclic carbonates.

Reversible carbon dioxide insertion
into light metal pyrazolates
Magnesium pyrazolates

Reacting complex [Mg(pz"®"*),(thf)], (13-thf) with 1 bar CO, in
THF led to insertion of CO, into both Mg—(pyrazolato) moieties
and the formation of carbamate complex [Mg(CO,-pz™*),(thf),]
(13-CO,,thf) (Scheme 3).>' This equals an uptake of 14.3 wt% or
3.3 mmol CO, per g. An overview of CO, capacities and selected
interatomic distances and angles of metal carbamates can be
found in Table 1. This process is completely reversible in
solution (VT NMR: 70-105 °C) and in the solid state (TGA:
134-233 °C).

CO, ( 0
g A\ tBu
. THF, rt i °N /N
MYz, ——— 2 /C( M
‘ - -l 2 T 405°Cor Bu” N ‘,/‘}9\”\

in vacuo

CO;
toluene,rl\\ i
0.5 [Mg(CO, pzB),),
13-CO,

13-CO, thf

Scheme 3 Reversible CO, insertion into [Mg(pz®“2),(thf),], (13) to yield
monomeric [Mg(CO,-pz®¥2),(thf),] (13-CO,,thf) in THF and donor-free
tetrameric [Mg(CO,-pz®¥2),],4 (13-CO,) in toluene.
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Table 1 Overview of selected interatomic distances, bond angles and capacities of metal carbamates originated from CO, insertion into the

corresponding metal pyrazolates

Compound Metal R, C-0[A] Cc=o0 [A] 0-C=0 [] N-M-0 [°] Wt% CO,” mmol CO, per g Ref.
13-CO,thf Mg  ¢Bu  1.2621 (11) 1.2165 (12) 129.23 (9) 75.33 (3) 14.3 3.3 51
13-C0,° Mg  Bu® — — — — 18.7 4.3 51
23-CO,thf> Mg  iPr — — — — 15.7 3.6 51
337 Mg, Li iPr  1.244 (9)-1.278 (9) 1.203 (9)-1.248 (9) 128.4 (8)-130.2 (8)  73.3 (2)-77.0 (2) 21.2 4.8 51
26-CO,° Mg Me — — — — 29.1 6.6 51
27-C0,> Mg H — — — — 35.7 8.1 51
16-CO, Al tBu  1.288 (2), 1.285 (2) 1.199 (2), 1.203 (3) 127.47 (19), 127.4 (2) 81.22 (7), 80.57 (7) 13.5 3.1 52
28-CO,° Al irr — — — — 21.5 4.9 52
12-CO, Ti'™V' Me  1.275 (3) 1.207 (3) 129.0 (3) 72.82 (8) 17.0 3.8 55
17-C0,"  Ti™ Bu  1.276 (6)-1.290 (6) 1.201 (6)-1.217 (6) 126.6 (5)-128.6 (4)  74.05 (14)-75.45 (14) 13.1 3.0 55
29-CO, Sc tBu  1.2991 (18) 1.2035 (19) 126.24 (14) 70.30 (4) 7.0 1.6 52
1-CO, ce'™ Me  1.276 (6)-1.289 (2) 1.201 (3)-1.212 (3) 126.6 (5)-128.6 (4)  64.06 (5)-64.68 (5)  25.3 5.7 38
2-CO, ce™ Me  1.26 (1)-1.301(9) 1.21 (1)-1.235 (9) 123.8 (8)-131.0 (8)  59.43 (19)-63.1 (2)  23.6 5.4 38
5-CO, Fe Me, H 1.2608 (4) 1.2257 (4) 130.1 (3) 76.81 (9) 8.1 1.8 39

“ Calculated from molecular formula. ? A crystal structure could not be obtained. ¢ Donor-free. ¢ Connectivity only.

An overview of CO, release temperatures of the pyrazolate-
based carbamate complexes can be found in Table 2. Solid
13-CO,,thf slowly releases CO, over time, which can be expe-
dited under reduced pressure or elevated temperature. Solution
NMR studies of 13-CO,,thf revealed a stepwise de-insertion, in
accordance with two distinct CO,-releasing steps in the thermo-
gravimetric analysis (TGA). However, putative [Mg(CO,-pz™")-
(pz™®**)(thf),] could not be isolated. In toluene, donor-free 13
showed also an immediate and complete reaction with CO,,
however, no crystalline material could be isolated. A "H DOSY
NMR study revealed the exclusive formation of one distinct
product with a molar mass M = 1875 g mol ™' which is close to
tetrameric [Mg(CO,-pz™®"),]; (13-CO,, M = 1883.59 g mol 7).
This would equal an uptake of 18.7 wt% CO,.

Complex 23 is also capable of inserting CO, in THF solu-
tion to afford [Mg(CO,-pz'*™),(thf),] (23-CO,). Although the

Table 2 Overview of the CO, releasing temperature of light metal
carbamate complexes

CO, release temperature [°C]

Compound  'H NMR (start»end)®  TGA (start — end)’  Ref.
Mg:13-CO, 70-105 134-233 51
Mg:26-CO, — rt-210 51
Mg:27-CO, 70-240° 50-220 51
Al:16-CO, 100-120¢ 114-196 52
Ti'"v:12-CO, — 90-150 55
Ti"™:17-CO,  40-70 77-110 55
Y:19-CO, rt-70 60-154 52
ce':1-CO, 10-60 55-95 38
ce™:2-CO, — 52-90 38
S¢:29-CO, rt rt 52

% VT NMR experiment: solution of compound in THF-d; (toluene-dg for
Ti and Ce) placed in a J. Young-valved NMR tube and stepwise heated
with 20 °C per step and steps of 5-10 °C close to the CO, release
temperature (first cooled to 10 °C for 1-CO,). After each step a "H NMR
spectrum was recorded upon temperature equilibrium. Afterwards the
sample was cooled applying similar temperature steps and '"H NMR
spectra were recorded at each temperature stage. > TGA samples were
heated in the range of ambient temperature to 1000 °C with a heating
ratio of 1 K min~* under constant argon flow. ¢ VT IR experiments were
used due to the insolubility of 27. ¢ No complete CO, release because of
the temperature limit of the device.

5592 | Chem. Commun., 2026, 62, 5588-5602

structure was not verified by SCXRD analysis, both the 'H
and "®C NMR spectra confirmed its formation. In toluene, the
reaction of 23 with CO, gave a rather complicated "H NMR
spectrum, however, an SCXRD analysis of the few obtained
crystals revealed the ate-complex [LiMg,(CO,-pz'*™)s] (33). The
lithium atom most likely originated from residual lithium
contained in Mg(nBu), as verified by a Li NMR experiment.
The formation of 33 most likely was induced by the lithium
contaminated trimer [Mg;(pz”")s(thf),] (23). The exhaustive CO,
insertion revealed by complex 33 (21.3 wt% CO, or 4.5 mmol CO,
per g) might be exploited for the targeted synthesis of light metal
ate complexes and their use for CO, uptake.

Treatment of the mixed pyrazolato/pyrazole magnesium
complexes 14, 15 and 22 with 1 bar CO, led to the formation
of 13-CO, and 23-CO,, respectively (Scheme 4). In addition,
NMR signal sets were observed that can be assigned to the
respective carbamic acids HO,Cpz™ (R = ¢Bu, iPr). The pyrazole
donor dissociates after CO, insertion. For complexes 14 and 15
the produced amounts of carbamate and carbamic acid reflect
the different ratios of pyrazolato and pyrazole donor in both
complexes. In contrast to the metal carbamates, CO, release
was not observed for the carbamic acids. Noteworthy, the
carbamic acids also occur as decomposition products, when

R thf _ (
S ‘/’ R
| N—_ N
X ’ Mg—
R N\ ‘,/ ¥ N
1 bar CO, 0 thf R
: THF, rt 13-CO, thf (R = fBu)
Mgy(pzR)a(Hpz2)y] ———— 23-co:'thf (R=iPr)
15(x =1, R=1Bu) o+
14 (x=2; R=iPr) b R
22 (x=3;R=iPr) AN
5 HO™ Ny R=Bu
I\llo R=iPr

R

Scheme 4 Reactivity of mixed pyrazolato/pyrazole magnesium com-
plexes towards an excess of CO, under the formation of the corres-
ponding carbamates and dissociation of the corresponding carbamic acid.
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light metal carbamates are exposed to ambient atmosphere and
react with moisture.

Due to their insolubility in common organic solvents, solid
powders of [Mg(pz™),],, (26) and [Mg(pz),], (27) were exposed
to an atmosphere of 1 bar CO, in the absence of solvent.
Surprisingly, an immediate heat evolution and a mass gain in
accordance with full CO, insertion was observed. Successful gas/
solid-state reactions were proven by FTIR and *C CP/MAS NMR
signatures showing the quantitative formation of [Mg(CO,-
pz?),]. (26-CO,) and [Mg(CO,-pz),]. (27-CO,), respectively
(Fig. 6). Both compounds exhibit exceptionally high CO,
uptakes of 29.1 wt% (measured mass gain: 29.4 wt%; TGA:
29. 5 wt%) and 35.7 wt% (measured mass gain: 36.3 wt%;
TGA: 34.3 wt%), respectively. Complex 26-CO, even became
soluble in THF and solution NMR experiments confirmed
its formation as well. Unfortunately, no crystalline material
was obtained. Both compounds display a reversible CO,
insertion at elevated temperatures, which was confirmed by
TGA and IR (see Table 2). A complete reversibility was also
observed under reduced pressure as monitored by **C CP/MAS
experiments.

The mixed substituted complex [Mg(pz™*™€),(thf)], (24)
also inserted CO,, but no crystalline material was obtained
and the NMR spectra were rather complicated, ruling out the
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Fig. 6 Top: Solvent-free CO, insertion into solid magnesium pyrazolates
with small substituents (R=H, M) at the pyrazolato ligand. Middle: **C CP/
MAS NMR spectra (75.47 MHz) of [Mg(pz).l, (27) and [Mg(CO,-pz),], (27-
CO,). Bottom: TGA of 27-CO,. The sample was heated from 28 °C to
1000 °C with a heating ratio of 1 K min~ under constant argon flow.
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assignment of a precise structure. In contrast, fluorinated
[Mg,(pz°F“*),(thf);] (25) did not indicate any perceptible
CO, insertion in NMR experiments. It can be hypothesized that
the reduced nucleophilicity of the pyrazolato ligand disfavours
interaction with CO,.

Group III and XIII light metal pyrazolates

Exhaustive CO, insertion was not detected for the aluminium
complex 16 but the doubly inserted [Al(CO,-pz™"),(pz®™)]
(16-CO,) formed in THF (Scheme 5).>> This equals a CO, uptake
of 13.5 wt% or 3.1 mmol CO, per g (TGA: 15.8 wt%).

A close examination of the crystal structure revealed that the
third CO, insertion might be hindered by the steric bulk of the
tBu groups. The necessary tilt for the insertion of the third
pyrazolato ligand is hindered by the two carbamato ligands.
The insertion process of complex 16-CO, is reversible which
was proven by a "H VT NMR study and TGA (Table 2). Striking is
that the required energy for the release of CO, is significantly
higher than for the magnesium congener 13-CO,, but also that
solid 16-CO, did not show any de-insertion over time, even
under reduced pressure. The less sterically demanding 28
showed complete CO, insertion to [Al(CO,-pz™*™);], (28-CO,)
in THF, equaling a capacity of 21.5 wt% CO,. Although no
crystalline material was obtained, NMR studies unambiguously
revealed full CO, insertion by showing three distinct signal sets
for the carbamato ligands.

In THF, the scandium complex 29 inserted CO, only into
one Sc-pyrazolato moiety to yield donor-stabilized [Sc(CO,-
pz®*)(pz®"),(thf)], (29-CO,,thf), as detectable in the NMR
spectra (Scheme 6).>> However, no crystalline material was
obtained, due to immediate CO, de-insertion at ambient tem-
perature upon solvent removal. This is in stark contrast to the
aluminium congener 16-CO,, which did not release CO, even
under reduced pressure. A "H VT NMR study uncovered a fully
reversible equilibrium between 29 and 29-CO,,thf. In toluene,
two different insertion species were initially observed in the
"H NMR spectrum. Also, a crystalline material was formed and
an SCXRD measurement applying permanent cooling revealed
the dimer [Sc(CO,-pz™®")(pz™®*),], (29-CO,). This equals a CO,
uptake of 7.0 wt%. Complex 29-CO,, could be assigned to one of
the two species found in the "H NMR spectrum. The second
species is most likely the twofold inserted [Sc(CO,-pz™"),-
(pz™®")] (29a-CO,), which immediately releases one CO, to
convert into 29-CO, upon opening of the NMR tube. An IR
spectrum of 29-CO, could only be obtained with an in situ

rt, THF
+CO Bu \ ; tBu
N(pzlﬁug):s > N"'"'-AI-‘N 3
16 100 *C i N’ s N Y
~CO, Bu R Bu
 16CO;

Scheme 5 Twofold CO, insertion into complex Al(pz™“2)5 (16) to [Al(CO,-
pz'®¥2),(pz®2)] (16-CO,).
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Scheme 6 Solvent-dependent reactivity of scandium complex Sc(pz®“2);(thf) (29) towards CO,.

experiment in an CO, atmosphere. The overall CO, affinity
(carboxophilicity) of the scandium pyrazolate proved to be
rather weak.

Even less carboxophilicity was observed for yttrium complex
Y(pz®"2);(thf), (30) showing no detectable CO, insertion remi-
niscent of fluorinated [Mg,(pz“*°"),(thf);] (25). In contrast,
yttrium complex [Y(pz™®);(thf)], (19) bearing less bulky pyra-
zolato ligands engaged in CO, insertion as detected by NMR
spectroscopy. One signal set could be assigned to fully inserted
[Y(CO,-pz™*);(thf)],, (19-CO,) while the other signals appeared
too complicated to be assigned to one distinct product. A VT
"H NMR study showed the reversibility of 19-CO, whereas the
other species remained unchanged.

In contrast to compound [Mg(pz),], (27), the parent pyrazo-
late derivatives of aluminium (31) and scandium (32) displayed
no extensive CO, insertion. When exposed to a CO, atmosphere
mass gains of only 8.2 wt% (Al) and 6.9 wt% (Sc) were observed.
This is far off from an exhaustive CO, uptake which would
correspond to 36.7 and 34.9 wt%, respectively. Further analytics
of putative 31-CO, and 32-CO, like FTIR and *C CP/MAS NMR
experiments indicated only traces of CO,-inserted products.
This is in accordance with either a fast CO, release in non-CO,
atmospheres or CO, adsorption only at the solid surface.
Apparently, combining the trivalent metal centres AI** and
Sc*" with the less nucleophilic parent pyrazolato ligand results
in a low carboxophilicity. Hence, the enhanced oxophilicity of
these two metals compared to magnesium (Mg: 0.6, Al: 0.8, Sc:
0.8) seems to be overcompensated by the lower electronegativity
of magnesium (Mg: 1.31, Al: 1.61, Sc: 1.36).>>** The combi-
nation Mg>" centre/parent pyrazolato ligand seems to achieve
an optimal nc-MLC for high CO, uptake.

Titanium pyrazolates

The tetravalent titanium complex Ti*"™(pz™), (12) displayed a
twofold CO, insertion in toluene to yield Ti™(CO,-
pz™),(pz™*?), (12-CO,), which was verified by NMR studies
and experiments with labeled '*CO, (Scheme 7).>®
after one day a second signal set appeared and over time 12-CO,
was fully converted into this new compound in addition to
several other new species. This ‘“‘decomposition” process is
reproducible at ambient temperature but was not observed
when a solution of 12-CO, was stored in the cold (0 °C). After
one week at ambient temperature the original solution of
12-CO, produced yellow crystals of the oxy-bridged dimer

However,
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Scheme 7 CO, into the tetravalent

insertion
Ti*V(pzMe2), (12) to yield Ti*™(CO,-pzMe2),(pzMe2), (12-CO,) and subse-
quent deoxygenative decomposition.

titanium complex

O[Ti"™(CO,-pz™),(pz™)], (34). Two carbamato and one pyr-
azolato ligands are coordinated to each titanium centre. Oxy
formation in 34 can be rationalized by terms of hydrolysis and a
subsequent dissociation of pyrazole/carbamic acid or deoxy-
genation of inserted CO,. For related deoxygenation reactions
some examples exist in the literature.>®*” A light-induced
reaction could be excluded in the case of 34 by experiments
with amber glass. The urea derivative OC(pz"?), could be
detected by mass spectrometry as a possible deoxygenation
side product. After two months orange crystals were obtained
from the original 12-CO, (ambient temperature) solution.
SCXRD analysis revealed the formation of trinuclear [Ti"™(u-
0),(n-pz™)4(Ti™{CO,-pzM**Hpz™*?}),] (35, Scheme 7) fea-
turing a prolonged oxy chain. This suggests that over time the
reaction might result in the formation of titania, TiO,.
Conducting and instant storage of the 12/CO, reaction at
—40 °C produced a yellow amorphous precipitate. After an
extended storage time at —40 °C red crystalline needles grew
from the original solution. An SCXRD measurement confirmed
the proposed structure of [Ti™(CO,-pz™),(pz"**),] (12-CO,)
with an uptake of 17.0 wt% CO,. While complete CO, release
could be observed by TGA (17.5 wt%), a VT "H NMR experiment
was inexpedient, due to a fast decomposition of 12-CO, at
elevated temperatures. In contrast, solid 12-CO, displayed an

This journal is © The Royal Society of Chemistry 2026
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Scheme 8 Reactivity of complex Ti*V(pz"*?), (12) towards an excess of
the heteroallene CS, under formation of [Ti*™(CS,-pz™M?)(pz™e?);] (12-
CS,).

exceptional high stability under an ambient atmosphere, show-
ing only traces of hydrolysis after one month. Therefore, it can
be hypothesized that solvated CO, initiates the deoxygenation
decomposition pathway of 12-CO,. The high stability of 12-CO,
at ambient atmosphere is in stark contrast to the CO,-inserted
magnesium(n) and aluminium(m)/lanthanide(m) congeners
which were only stable for a few days or decomposed almost
instantly, respectively.

Complex Ti"V(pz™), (12) is also capable of inserting the
related heteroallene CS,.”> The insertion reaction is rather slow
under ambient conditions but reached completion after three
days at 60 °C. In contrast to CO,, the heavier homologue CS,
only inserts into one of the four possible pyrazolato ligands to
afford complex [Ti"™V(CS,-pz™*)(pz""*);] (12-CS,) (Scheme 8).

This reaction behaviour is consistent with the carboxophili-
city criteria stated in Fig. 1. First, CS, is a weaker electrophile
than CO,.>® Together with the low thiophilicity of titanium
(S = 0.0),>® the combination of the hard Lewis-acid Ti** and soft
Lewis-base CS, and the increased steric bulk of the sulfur
atoms results in a mismatch of absorber and sorbent.>® More-
over, at 110 °C no decomposition to sulfur-bridging compounds
was observed, but CS, release with the recovery of complex 12
was noted, again reflecting the almost “non-existent” thiophi-
licity versus high oxophilicity (O = 1.0) of titanium.>*

The reaction of the trivalent titanium complex Ti"™"(n>-
pz™®"); (17) with an excess of CO, led to an immediate colour
change from blue over green and yellow to finally red. Surpris-
ingly, the crystal structure revealed that the titanium stayed in
the oxidation state of +III and that the complex Ti™™(CO,-
pz®"%),(pz™®*) (17-C0O,) formed (Scheme 9).>* Monomeric 17-
CO, is isostructural to the aluminium complex 16-CO, and thus
only two of the possible three pyrazolato ligands inserted a CO,
molecule (13.1 wt% CO,, TGA: 13.9 wt%). Compared to 16-CO,,
complex 17-CO, shows a full release of CO, already at 70 °C in
"H VT NMR experiments.

Complex 17 reacts with N,O under N, elimination and
oxidation of the titanium centre to the oxo-bridged tetravalent
dimer O[Ti"™(n>pz™");], (36). This is also indicated by the
color change from dark blue to yellow and the change of a
paramagnetic to a diamagnetic signal set in the NMR experi-
ments. The core structure of 36 is similar to O[Ti"V(CO,
pz™"),(pz"*’)], (34) without inserted CO,. However, exposure
of 36 to an excess of CO, did not lead to a putative tBu analogue
of 34. This is caused by the sterically bulky tBu moieties which

+III(
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Scheme 9 Reactivity of the trivalent titanium complex Ti*"'(pz®®“2); (17)
toward CO, and N,O and the formation of trivalent Ti*"(CO,-
pz'842),(pzB2) (17-CO,) and tetravalent oxo-bridged O[Ti*V(n2-pz®¥2);],
(36), respectively.

shield the titanium centres towards any insertion reactions.
Tetravalent Ti™V(pzM*), (12) did not show any reactivity
towards N,O.

Catalytic conversion of epoxides and
carbon dioxide to cyclic carbonates

The cycloaddition of epoxides and CO, to cyclic carbonates is a
carbon dioxide transformation well established in industry.
The cyclic carbonates are highly sought-after and versatile
products, since ethylene carbonate (EC) and propylene carbo-
nate (PrC) are used as electrolytes in lithium-ion batteries.®®™**
PrC was used for the first commercially available lithium-ion
battery, but was later outperformed by the smaller derivative
EC. Not only has EC a higher dielectric constant (¢ = 78), which
is necessary to dissolve the corresponding salts, but also a
better conductivity.®>®® Further applications of cyclic carbo-
nates are the replacement of phosgene in the synthesis of
polyurethanes®” and as fuel additives.®®*”* When cyclic carbo-
nates are added to diesel fuel the amount of unburned hydro-
carbons, carbon monoxide and particle pollution can be
reduced remarkably.

Given our previous work on cerium pyrazolate promoted
conversion of epoxides and CO, to cyclic carbonates, we were
interested in the catalytic performance (if existing) of the light
metal pyrazolates. The scope of the catalytic study was limited
to the four epoxides propylene oxide (PO), styrene oxide (SO),
2-tert-butyloxirane (¢BO), and 1,2-epoxyhexane (EH). The proto-
col for the catalytic conversion and proposed mechanistic
scenario are stated in Table 3 and Scheme 10. In general, the
pyrazolate complexes show a similar conversion as their corres-
ponding carbamate complexes.

For PO, the magnesium complexes showed only a mode-
rate catalytic activity with conversions between 45% and 59%
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Table 3 Catalytic activities of light metal pyrazolates in the cycloaddition
of epoxides to cyclic carbonates®*°

[Cat] o
& 1 mol% TBAB )k
i, 24 h
/A +1barCOp ———— > 0O (o}
R \ /
R
Entry Catalyst PO (%) SO (%) tBO (%) EH (%)
1 TBAB® 3 — — -
2 13-Mg 56 4 4
3 22-Mg 45 4 3 11
4 23-Mg 42 — — —
5 24-Mg 43 — — —
6 25-Mg. 59 8 4 18
7 12-Ti 59 8 2 7
8 17-Ti™ 27 — — —
9 16-Al 65 5 2 7
10 28-Al 43 8 3 11
11 29-Sc >99 27 24 29
12 19-Y 84 20 5 22
13 30-Y 97 22 8 18
14 1-Ce"™ 88 23 13 25
15 2-Ce™ 96 13 5 9

“ Reaction conditions not stated in the table: 0.5 mol% [Cat.] (referred
to metal centre), 24 h, neat in epoxide. > Conversion determined by
comparison of the proton integrals in the a-position of the epoxide and
the corresponding cyclic carbonate (except for tBO where the integral of
the tBu moieties was used). © Only TBAB is used as the catalyst.

X
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Scheme 10 General proposed mechanism for the cycloaddition of CO,
and epoxides to cyclic carbonates.

(entries 1-6). The highest conversion was achieved with the
fluorinated derivative [Mg,(pz“*>"),(thf);] (25) (entry 6), however,
impaired by a polymeric side product. An almost equally high
conversion was achieved with the tBu congener [Mg(pz™®%),], (13)
(56%, entry 2). The presence of donor molecules such as THF or
Hpz"™ slightly reduced the conversion (entries 3-5). Apparently, the
donor molecules compete with the epoxide for coordination sites
at the metal centre. In addition, the formation of carbamic acid
from the respective pyrazole donors affects the transformation.
The group 13 and titanium(wv) pyrazolates 16 (65%) and 12 (59%)
displayed slightly higher conversions (entries 7 and 9). In general,
the rare-earth metal-based catalysts revealed the highest catalytic
activity, which is in line with their fast ligand exchange character-
istics (entries 11-15).”> The scandium pyrazolate 29 performed
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best of all molecular/soluble pyrazolates with an almost quantita-
tive conversion (entry 11), equaling a TON of 199. TOF studies
revealed a starting TOF of 120 h™' and an almost complete
conversion after 6 h. The TON could be further increased to
4600 when 0.01 mol% of 29 is used at 90 °C and 10 bar CO,.

Dimeric compounds of the same metal perform slightly
worse than their monomeric compounds despite having a less
bulky alkyl moiety at the pyrazolato ligand (entries 9 vs. 10 and
12 vs. 13). As expected for the sterically more demanding
epoxides SO, ¢tBO and EH, an overall lower catalytic conversion
was observed compared to PO with ¢BO being converted
the least. Here, only the rare-earth-metal catalysts achieved
significant conversions between 5-29%, with scandium
complex 29 again as the most active catalyst. Not surprisingly,
in the case of magnesium and aluminium, the complexes with
less sterically demanding ligands performed slightly better
than those with ¢Bu substituents for all three bulky epoxides
(entries 2 vs. 3 and 9 vs. 10). For yttrium this was only the case
for EH (entries 12 vs. 13).

Interestingly, an inverse correlation between the catalytic
conversion and the carboxophilicity can be stated (Table 2). The
carboxophilicity is expressed by the CO, release temperature of
the corresponding CO, insertion complexes which can be
determined by VI NMR and TGA experiments. The magnesium
and aluminum compounds 13 and 16 require the highest
temperature to release CO, but exhibit the lowest catalytic
activity in cyclic carbonate formation. In contrast, the highly
active rare-earth-metal complexes 29 and 30 do not insert CO,
at all at ambient temperature but release CO, immediately. The
trend in/origin of carboxophilicity is multifaceted and cannot
be assigned only to the effects of oxophilicity, electronegativity,
ionic radii or the Lewis acidity. Most likely it is a combination
of these four metal properties and the nucleophilicity, the steric
bulk and the coordination mode of the corresponding pyrazo-
lato ligand. For example, the best-performing magnesium
catalyst in this study, [Mg,(pz® > ),(thf);] (25), shows no
visible CO, insertion under ambient conditions. This originates
from the fluorinated pyrazolato ligand, which has the lowest
nucleophilicity of all used pyrazoles. Another example is the
dual effect of the ¢{Bu moiety at the pyrazolato ligand which on
the one hand increases the nucleophilicity of the ligand and
thus enhances activation of CO,, but on the other hand can also
prevent further CO, insertion due to steric bulk.

In context with other reported catalyst systems, light metal
pyrazolates show only a moderate catalytic activity. Two out-
standing examples are the triple magnesium porphyrin complex
Ph[(Arsporphyrin)Mg]; (Ar = Ph[m-O(CH,)sN(Bu);]'[Br]") which
features the tetraalkyl ammonium salt cocatalyst unit incorpo-
rated intramolecularly into the ligand scaffold and the tetraar-
ylporphyrin  aluminium complex [({2,4-CI}Ph),porphyrin]AICI
(with bis(triphenylphosphine)-iminium chloride as the cocatalyst)
exhibiting the highest catalytic activity not only for light metals
but also for catalysts in general.”>’* These porphyrin complexes
accomplish TOFs of 46000 h™" and 185200 h™', respectively,
although under much harsher conditions (120 °C, 17 and
30 bar CO,).

This journal is © The Royal Society of Chemistry 2026
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Heterogenized light metal pyrazolates for the catalytic
formation of cyclic carbonates

Metal-amide grafting has emerged as a prolific branch of sur-
face organometallic chemistry, especially when periodic meso-
porous silicas (PMSs) are used as support materials.”*>”®
Considering the pK, criterion (vide infra) the related pyrazolates
ideally qualify for monofunctional protonolytic surface reac-
tions. This was successfully shown for the immobilization
of La/Ce pyrazolates onto the mesoporous silica SBA-15500.*"
In general, such surface grafting of metal complexes on che-
mically robust and surface-rich supports like PMS ensure a
high population of active surface species. Moreover, surface
confinement and site isolation minimize (intermolecular) deac-
tivation processes, while the grafted metal centres can exhibit
increased reactivity/Lewis acidity originating from distorted
coordination geometry and the electron-withdrawing effect of
the activated silica surface. Large-pore PMSs favour an efficient
grafting of comparatively large pyrazolate complexes, minimiz-
ing any diffusion limitations during the grafting reaction (pore
blockage as the worst case scenario) and promote any envi-
saged surface-promoted follow-up chemistry. Consequently,
the surface chemistry of light metal pyrazolates 13, 16, 12 and
17 was investigated on large-pore PMS SBA-15. As for the rare-
earth-metal pyrazolates, the grafting reaction was conducted
with a slight excess of the light metal pyrazolates on dehydrated
silica SBA-15540 in n-hexane/toluene, yielding [Mg(pz™®"),].@
SBA-1550, (13@SBA-15), Al(pz®"2);@SBA-1550, (16@SBA-15)
and Ti™(pzM*),@SBA-1550, (12@SBA-15) and Ti™(pz®"),@
SBA-1559, (17@SBA-15).””

Complete consumption of the surface silanol sites was
confirmed for the grafted materials by the disappearance of
the Si-O-H stretching vibration signal and the appearance of
C-H vibration bands in the DRIFT spectra. Similar to the La/Ce
protocols any released pyrazole was not detected in the super-
natant solution, which indicates the formation of mixed pyr-
azolate/pyrazole species at the surface. This is further
emphasized by signals for NH protons in the 'H MAS NMR
spectra. Elemental analyses led to the conclusion that the
surface species of magnesium hybrid species 13@SBA-15
mainly consists of bipodal species of the type [(=SiO),Mg-
(Hpz™®"™),] coordinated with two pyrazole donor molecules
(Fig. 7). For 16@SBA-15 the monopodal species [(= SiO),Al-
(pz™®*))(Hpz™®"™),] and for 12@SBA-15 the bipodal [(=Si0),.
Ti(pz™**),(Hpz"**)] seem plausible. Trivalent 17@SBA-15 most
likely consists of a mixture of monopodal [(=SiO)Ti™™-
(pz™®"9),(Hpz™®")] and bipodal [(=Si0),Ti"™(pz"™")Hpz"™")].
For all four materials the surface area and the pore volume
decreased by ca. 50%. The pore diameter was reduced from
8.2 nm to 6.2-6.5 nm.

Exposing the magnesium(u)/aluminium(m)/titanium(rv) hybrid
materials to an atmosphere of 1 bar CO, afforded mass gains
accounting for 7% (13@SBA-15), 6% (16@SBA-15) and 11%
(12@SBA-15), respectively. The obtained CO,-inserted materials
are denoted CO,@[Mg(pz™"),],@SBA-15509 (CO,@13@SBA-
15), CO,@Al(pz™®"*);@SBA-1554, (CO,@16@SBA-15) and CO,@
Ti™(pz*),@SBA-15500 (CO,@12@SBA-15). In contrast, the

This journal is © The Royal Society of Chemistry 2026
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titanium(imr) hybrid material 17@SBA-15 was oxidized when
exposed to CO, while CO, insertion was not observed. The
oxidized surface species of 17@SBA-15 is reminiscent of oxo-
bridged tetravalent dimer O[Ti"™(pz");], (36) which also did
not engage in CO, insertion.

The mesoporous hybrid materials 13@SBA-15, 16@SBA-15,
12@SBA-15 and 17@SBA-15 were tested as heterogeneous
catalysts. For PO, the magnesium material 13@SBA-15 yielded
a mixture of the desired cyclic carbonate and a polymeric side
product at ambient temperature and 1 bar CO, (see Table 4,
entry 1). Strikingly, when TBAI instead of TBAB was used
as a cocatalyst the selectivity of the transformation shifted to
the cyclic carbonate exclusively. Moreover, grafted 13@SBA-15
outperformed the molecular precursor 13 under standard
conditions converting 88% of PO (entry 2). At 90 °C and
10 bar CO, a quantitative conversion (>99%) of PO was
achieved (entry 4). Under these conditions, even for the bulky
epoxides SO and EH a conversion of 99% was obtained.
This performance is similar to the cerium material 1@SBA-15

Table 4 Catalytic activities of light metal pyrazolates immobilized onto
periodic mesoporous silica SBA-15 in the cycloaddition of epoxides to
cyclic carbonates®

Entry Catalyst PO SO tBO EH Cocat.
1 13@SBA-15  63%° — — — TBAB
2 13@SBA-15  88% — — — TBAI
3 13@SBA-15 <1 — — — —

4° 13@SBA-15  >99%  99%  60%  99%  TBAI
5 12@SBA-15  15% — — — TBAB
6° 12@SBA-15  97% 91%  41%  74%  TBAB
7 17@SBA-15  46% — — — TBAB
8 1@SBA-15 >99%  91%  66%  94%  TBAB

% Reaction conditions if not stated otherwise: 0.5 mol% [catalyst]
(referred to metal centre), 0.5 mol% cocatalyst 24 h, neat in epoxide,
ambient temperature and 1 bar CO,.” Conversion determined by
comparison of the proton integrals in the o-position of the epoxide
and the corresponding cyclic carbonate (except for tBO where the
integral of the ¢tBu moieties was used) Not representatlve due to
polymer formation as a side reaction. Pol{ymer as the main product.
€90 °C, 10 bar CO,./ Oxidation to a Ti" species occurred. Values
adapted from ref. 41 and 77.
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(entry 8). With a catalyst load of 13@SBA-15 of 0.01 mol% and
conditions of 90 °C/10 bar CO, a TON of 2100 was achieved. This
remarkably increased catalytic activity can be ascribed to the
surface species [(SiO),Mg(Hpz™®"),], which is only coordinated
by donor molecules, thus affording highly active magnesium
centres. In the absence of cocatalyst, 13@SBA-15 yielded almost
exclusively a polymeric product which was not further charac-
terized (entry 3). Overall, this indicates that the selectivity
of 13@SBA-15 is tunable via the use of (distinct) cocatalysts.
In addition, 13@SBA-15 displayed a high reusability and the
catalytic conversion of PO remained stable after eight consecu-
tive runs. The titanium material 12@SBA-15 gave a conversion of
PO of 15%, in the absence of any side product (entry 5), which
could be increased to 97% at 90 °C and 10 bar CO, (entry 6).
Under these conditions a moderate to good conversion even for
the bulky epoxides could be achieved. The trivalent titanium
material 17@SBA-15 converted 46% of PO. However, when
contacted with PO instant oxidation of the material was observed
by a color change from purple to yellow.

Pyrazole-based metal-organic frameworks for CO, activation

Metal-organic framework (MOF) formation features an alter-
native approach to access periodic porous metal-containing
materials with high intrapore surface.”® Bridged bis- and
tris(pyrazolyl) ligands emerged as robust linkers in MOF com-
pounds qualifying them as potential candidates for carbon
capture materials.””®* However, mostly transition metal-based
MOFs have been targeted and examples involving light metals
are rather scarce. For example, the zinc-based BUT-31 (37) with 2,5-
bis(4-pyrazole)benzaldehyde as a linker hit a CO, uptake of 23.2 wt%
at 0 °C (15.8 wt% at 26 °C, Fig. 8).%® Another example features
MOF [Cog 5(}4-O)(bpdc)s(bpz)s(Hbpz);](dmf)s(CH;0H)o(H,0)15
(38) with a mix of 3,3',5,5'-tetramethyl-4,4-bipyrazolate (bpz)
and 4,4'-biphenyldicarboxylate (bpdc) linkers.®® Capacities of
up to 5.9 wt% CO, at 40 °C were achieved with a high selectivity
over N, (58-188) in a CO,/N, mixture of 50:50.

MOF-303 [Al(OH)(pdc)], (39) features a light metal MOF
where aluminium(u) centres are linked by 3,5-(dicarboxylate)-
pyrazole.®” MOF 39 was incorporated into a polymer matrix

N—Ne
4
;\I—Ne ,,,,,,,,,,,,,,,,, o
: © 0 N—N
7 N—NC 10 /g)\ Il
i . F
\ NH NéN |
7 F
/ 7
(@]
N—N )
7 S} [¢)
) © oN—N I
@N_N
R=CO (37) 38 39,40 41
Ha2) 0 e - /
H, NO, (44) Used for light metal based oN—N

aluminum MOF-303

Fig. 8 Representative examples of pyrazolato/pyrazole derived linkers
employed in MOF design.
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which afforded a microporous membrane (40). Material 40
accomplishes a CO, uptake of over 11 wt% with a high
selectivity over N, (25.6) at 35 °C. Additionally, bispyrazolato-
based materials, like [Zn(azbp)], (41) with a dianionic 4,4’
azobis(3,5-dimethylpyrazolato) linker, were used for gas separa-
tions showing no preference for CO, in mixtures with acetylene
(selectivity of 2.6 for C,H, over CO,).%

The aluminium-based MOF-303 (39) displays a highly versa-
tile material, which not only can be used as a water absorber,
but it also achieves CO, uptakes as high as 22.4 wt% (5.1 mmol
g~ '; 25 °C) with a high selectivity over N, (18) and CH, (5).5%°°
In addition, MOF 39 is also capable of reducing CO, photo-
catalytically to CO and CH,.”" DFT calculations revealed that
the pyrazole ligand plays an active role in the reduction step by
hydrogen bonding to the oxygen (CO,) and nucleophilic bond-
ing of the pyrazole-nitrogen to the carbon (CO,). This was
further confirmed by in situ DRIFT experiments showing char-
acteristic stretching vibrations for the carbamate unit NCOO.

The iron-based MOF Fe,[1,4-bis(4-pyrazolate)phenyl]; (42)
achieved an adsorption capacity of 6.4 wt% at 0 °C using an
85:15 mixture of N, and CO,. Computational studies revealed
that CO, molecules mainly interact with the aromatic linker.”> MOF
Fe,[1,4-bis(pyrazolate-4-ethynyl)benzene]; (43) features a linker
which is extended by two alkyne moieties to allow for a higher
porosity.”> The increased porosity resulted in a significantly
increased adsorption capacity of 20.6 wt% under similar conditions.
At 10 bar and 25 °C the capacity could be increased to 40.5 wt%.

Pyrazole-based MOFs like the bispyrazolato linked Ni[1,4-
bis(4-pyrazolate)phenyl] (44) and the trispyrazolato linked
Nij[1,3,5-tris(4-pyrazolate)phenyl], (45) were tested as catalysts
in the cycloaddition of epoxides and CO,.”* Material 44 with
TBAB as a cocatalyst, showed a quantitative conversion at 80 °C/
5 bar. Material 45 contains less active metal sites than 44 and
thus accomplishes a lower conversion of 70%. An overview of
pyrazole-based MOFs as well as tri- and tetrazole compounds as
catalysts in the cycloaddition of epoxides and CO, to cyclic
carbonates can be found in Table 5.

Triazolates and tetrazolates for CO, activation

The nucleophilicity of the N-heterocyclic pyrazolato ligand can
be effectively modified by substituents in the 2,5-ring positions

Table 5 Bispyrazole, triazole and tetrazole-based compounds used in the
catalytic conversion of CO, and propylene oxide to propylene carbonate

Compound  T/p/t M/TBAX  Conversion

(metal) (°C/bar/h)  (mol%) (%) Cocatalyst  Ref.
44 (Ni) 80/5/24 0.5/8 >99 TBAB 94
45 (Ni) 80/5/24 0.5/8 70 TBAB 94
47 (Cu) rt/1/48 0.2/10 96 TBAB 108
48 (Zn) 40/1/24 0.5/1 >99 TBAB 109
49 (Ti) 75/22/4.5 0.1/0.1 39 TBAI 110
50 (Ti) 75/22/4.5  0.1/0.1 29 TBAI 110
51 (Ti) 75/22/4.5 0.1/0.1 86 TBAI 110
54 (Cd) 80/1/4 0.2/2 98 TBAB 113
55 (Zn) 60/40/24  0.2/0.4 99 TBAB 114

Values adapted from the corresponding references. Pressure is con-
verted to bar for an easier comparison.

This journal is © The Royal Society of Chemistry 2026
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but to an even greater extent by introducing additional nitrogen
atoms into the aromatic ring. Consequently, the nitrogen-richer
azolates comprising 1,2,4-triazolate, 1,2,3-triazolate and tetra-
zolate display potential CO, activation compounds as well. The
changed basicity of the azolato ligands is nicely quantified by
comparison of the pK, values of the respective proligands,
encompassing a wide range of at least 10 orders of magnitude
(Scheme 11, pyrazole/19.8 — tetrazole/8.2).° Such distinct
nucleophilicity makes triazolate and tetrazolate complexes inter-
esting candidates for examining nc-MLC in CO, activation. A lower
nucleophilicity of the ligands should lead to an increased stability
of the complexes towards hydrolysis. Similar to bridged pyrazoles,
both (deprotonated) triazoles and tetrazoles display robust linkers
in framework materials acting as the coordination site as well as
bridging backbone.”® However, the interaction of the framework
with CO, was noticed almost exclusively of adsorptive nature and
only rarely a chemisorption behaviour was reported.

Metal-free carbon capture materials based on triazoles
including functionalized porous organic polymers or 1,2,3-
triazole-based deep eutectic solvents have been reported.’”*®
Triazole itself is also capable of activating CO, as reported by
Zare for its reduction to formic acid by using 1,2,3-triazole-
containing water microdroplets.”® Accordingly, gas-phase CO,
is captured by triazole at the gas-liquid interface which is
significantly increased for water microdroplets.

A number of MOF compounds with triazole-containing
linkers were reported as carbon capture materials, however
exclusively for transition metals.'***°” The highest CO, uptake
was achieved with the copper-triazolyl MOF [Cu(L)], (46, L =
5-(3-methyl-5-(pyridine-4-yl)-4H-1,2,4-triazol-4-yl)isophthalate)
which achieves 26.8 wt% at ambient temperature.'®® Several of
these MOFs were tested as heterogenous catalysts in the
cycloaddition of CO, and epoxides. The copper-triazole-based
MOF [Cu4l], (47, L = 5,5,5",5""-((methanetetrayltetrakis-
(benzene-4,1-diyl)) tetrakis(1H-1,2,3-triazole-4,1-diyl))tetra-iso-
phthalic acid) displayed a 96% conversion of PO to propylene

This journal is © The Royal Society of Chemistry 2026

carbonate (PC) (Table 5)."°® The triazole-functionalized tetra-
carboxylate zinc MOF [(Zn{L{H,0})-4(H,0)],, (48, L = Me,Si[1,4-
Ph-(1,2,3-triazol-4,1-diyl)-1,4-Ph(C0OO0),],) gave a quantitative
yield of PC under mild conditions.'® The carboxylato groups
function as metal-binding sites while the nucleophilic triazole
sites activate CO,.

Regarding the application of tetrazoles, the titanium com-
plexes CpTiCl,(L) (49, L = N,0-5-(2-hydroxyphenyl)-1H-tetra-
zole), CpTiCl;(L)(thf) (50) and CpTiCl,(L), (51) were tested as
homogenous catalysts in the conversion of PO (Table 5).**°
Complex 51 showed the highest conversion (86%) and a
maximum TOF of 422 h™" (0.01 mol% catalyst), however under
harsher conditions (80 °C and 22 bar). A number of tetrazole-
containing frameworks were reported either as CO, storage/
separation materials or for catalytic conversion of CO,, but
again mostly based on transition metals, especially zinc. For
example, the MOF [(Zn{i})-dmf-0.5H,0], (52, . = 1,5-bis(5-
tetrazolo)-3-oxopentane) can achieve CO, uptakes of up to
22 wt% at ambient temperature.""* The zeolitic zinc tetrazo-
late framework [Zn(H,Ntet),], (53) exhibited a CO, uptake as
high as 24.6 wt%.'"” The additional amino group at the
tetrazolato linker enhances the adsorptive properties. More
recently, tetrazole-based MOFs were also tested as catalysts in
the cycloaddition of CO, and epoxides (Table 5). The cadmium
MOF [M,NH,]"[Cd(dtztp), s(HCOO)] -1.5(dmf)-H,0 (2,5-di(5-
tetrazole)-terephthalate) (54) achieved a conversion of 98% for
PO."™ The zinc MOF [Zn,(L),(dmf),],-nH,0 (55, L = 4-[(4-{1H-
tetrazol-5-yl}phenyl)carbamoyl]benzoate) converted PO quan-
titatively, albeit under much harsher conditions (60 °C,
40 bar)."**

Conclusions and outlook

An in-depth understanding of the interaction of carbon dioxide
with carbon capture materials is crucial for designing more
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efficient adsorber components and catalysts. A synergetic non-
classical metal-ligand cooperativity (nc-MLC) can be exploited
to tailor metal complexes for CO, capture as well as trans-
formation. The carboxophilicity of the metal complexes gener-
ally depends on the interplay of various factors including the
nucleophilicity and steric bulk of the ligand as well as the Lewis
acidity, oxophilicity and electronegativity of the metal centre.
Monoanionic N-functional ligands stand out and in particular
pyrazolato ligands provide a perfect fit for controlling reversible
insertion/de-insertion scenarios.

Metalorganic amide complexes M(NR,), (R = aliphatic or
aromatic group) are able to insert CO, quantitatively, however,
this process is irreversible in most cases, since the formed
carbamato ligands engage in a stable carboxylato coordination.
In contrast, (light) metal pyrazolates insert CO, not only
exhaustively and most weight efficiently but also reversibly
under the formation of pyrazole-based carbamato ligands.
The parent magnesium pyrazolate excels in CO, uptake, accom-
plishing a record high CO, chemisorption of 35.7 wt% CO,.
This is comparable to the most effective metal-organic frame-
works which combine CO, adsorption and chemisorption.
Fine-tuning of the carboxophilicity is nicely revealed by the
trivalent complexes Al(pz™®"?); and Sc(pz®"*);(thf). The former
aluminium derivative combines a hard Lewis acid and strongly
nucleophilic pyrazolato ligands (¢Bu substituents), and hence,
imparts a strong carboxophilicity, but it exhibits only moderate
catalytic conversion in the cycloaddition of CO, and epoxides.
On the other hand, the same ligand on trivalent scandium
(Sc(pz®*);(thf)) does not lead to an isolable carbamato deriva-
tive but excels as a catalyst. This is facilitated by a comparatively
softer Lewis acidity and more rapid ligand exchange rates. The
apparent inverse correlation of the catalytic activity and carbox-
ophilicity makes light metal pyrazolates highly attractive and
versatile CO, capture and transformation components. Conse-
quently, supported light metal pyrazolates have been exploited
as heterogeneous catalysts. In particular, favourable basicity of
the pyrazolate complexes makes silica-grafted variants of the
type M(pz™*)@silica easily accessible materials. Such hybrid
materials take up CO, to generate CO,@M(pz™),@silica or act
as reusable catalysts for cyclocarbonate formation.

Although pyrazolate complexes featuring high stability
towards hydrolysis have been discovered, like the mixed carba-
mato/pyrazolato titanium complex Ti"™V(CO,-pz™*),(pz™*),,
most light metal pyrazolates are sensitive towards moisture.
Since framework materials based on the nitrogen-richer azoles
- 1,2,4-triazole, 1,2,3-triazole and tetrazole - are stable towards
hydrolysis and adsorb CO,, it should be enlightening to study
the respective reaction behaviour of molecular metal-azolate
complexes. Our initial studies on cerium triazolate and tetra-
zolate chemistry revealed the feasibility of CO, insertion but it
was less pronounced than for pyrazolate derivatives.''®
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