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Preface

This PhD thesis is submitted for the acquisition of the degree doctor rerum naturalium (Dr. rer.
nat.) in chemistry. This work has been carried out during the period of September 2019 to
December 2024 under the supervision of Professor Dr. Reiner Anwander at the Department of
Chemistry, Institute of Inorganic Chemistry at the Eberhard Karls University Tiibingen.
Funding has been gratefully received from the Vector foundation and the German Research

Foundation (Deutsche Forschungsgemeinschaft, DFG).

The following thesis contains a short review on carbon capture and further utilization, a
summary of the main results including the synthesis of new light metal pyrazolates, reversible
CO: insertion into light metal pyrazolates, CO2 activation of light metal pyrazolates grafted
onto a mesoporous silica surface and light metal pyrazolates as catalyst in the cycloaddition of

CO: and cyclic carbonates as well as a compilation of scientific papers.

Parts of this thesis have been presented at several national and international conferences and

meetings as poster or oral presentation.
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Summary

Previous work has shown that cerium pyrazolates can reversibly insert CO> under formation of
the corresponding carbamate complexes. Earth-abundant light metals are even more
environmentally friendly and the reactivity of their pyrazolate complexes toward CO; has not

been examined.

A series of new light metal pyrazolate complexes were synthesized and characterized with a
focus on pyrazolates with lighter substitutes to minimize the “mass penalty” of the ligand
scaffold. Magnesium-based examples are the donor stabilized [Mgs(pz'*2)e(thf)2] and the
fluorinated [Mga(pz-F>C3)4(thf)s]. Although [Mg(pz*?).], (R = Me, H) is insoluble in common
solvents and thus could not be structurally characterized, their formation via protonolysis of
Mg(nBu), and Hpz®? (R = Me, H) could be unambiguously proofed by solid-state NMR. With
a salt-metathesis protocol dimeric [Al(pz’*2)3]> could be isolated. For the synthesis of rare-earth
metal pyrazolates Ln(pz®"2)3(thf)x (Ln: Sc, x=1; Y, x=2) a mercury-free salt-metathesis
protocol could be applied. Additionally, literature-known light metal pyrazolates were
successfully immobilized at the surface of mesoporous silica and the hybrid materials
[Mg(pzB"2)2,@SBA-15s500, Al(pz®*2);@SBA-15500 and Ti'v(pzM2)s@SBA-15500 were

synthesized.

This study was started with literature-known [Mg(pz®"2),]> which showed not only exhaustive
CO; insertion to monomeric Mg(COx-pz®"2),(thf),, but also a complete reversible behavior in
solution and solid-state when exposed to elevated temperature or reduced pressure. Reversible
and exhaustive CO> insertion also occurs in the solid state without a solvent. Over this pathway
insoluble, unsubstituted [Mg(CO»'pz):]» showed an exceptional high capacity of 35.7 wt% COx.
For Al(pz®"2); only a twofold CO, insertion was observed Al(CO2-pz®"2),(pz®"2) due to the
steric bulk of the /Bu moieties. The insertion step is reversible at elevated temperature but not
under reduced pressure. The scandium pyrazolate Sc(pz®"2);(thf) yielded the mono-insertion
dimeric complex [Sc(CO2-pz™"2)(pz®*?),]o, which only could be isolated under permanent
cooling. This was necessary due to immediate CO; release already at ambient pressure and
temperature. Tetravalent Ti'V(pzM®?); inserts two CO, molecules under formation of
Ti*™V(CO2-pzMe2)5(pz™M°2), which showed a deoxygenation behavior to oxo-bridged titanium
complexes only in solution. Trivalent Ti(pz®*2); yielded Ti"™(CO,-pzB2)2(pz™*?) which is

isostructural to the aluminum congener.
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Lastly, all light metal pyrazolates as well as their corresponding grafted materials were active
catalysts in the cycloaddition of CO; and epoxides to cyclic carbonates. The highest catalytic
activity was achieved with Sc(pz®"?);(thf) with a maximal TOF of 120 h'!. An inverse
correlation of carboxophilicity (CO> affinity) and catalytic activity was observed. The best
catalysts showed either no visible CO» insertion or immediate CO> release. For example
[Mga(pzEF3CF3)4(thf)s] showed no visible COz insertion at ambient temperature but revealed the
highest catalytic activity for magnesium-based catalyst in this study. An increase of catalytic
activity for light metal pyrazolates grafted onto a mesoporous silica surface was observed for
the hybrid material [Mg(pz®*?),].@SBA-15s00. The heterogenous catalyst showed a higher
catalytic conversion compared to its homogenous congener at already ambient temperature. At

elevated temperatures a quantitative conversion was achieved even for bulky epoxides.
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Zusammenfassung

Friihere Arbeiten haben gezeigt, dass Cer-Pyrazolate reversibel Kohlenstoffdioxid einfangen
konnen unter Bildung der entsprechenden Carbamat-Komplexen. Die in der Erdkruste hdufiger
vorkommenden Leichtmetalle konnten die CO2 Speicherung noch nachhaltiger gestalten.
Bisher wurde die Reaktivitit von Leichtmetall-Pyrazolaten gegeniiber CO> noch nicht

untersucht.

Eine Reihe von neuen Leichtmetall Pyrazolaten wurde synthetisiert und charakterisiert mit
einem Schwerpunkt auf Pyrazolaten mit leichteren Substituenten um eine moglichst hohe
Massenbilanz zu erreichen. Beispiele fiir neue Magnesiumpyrazolate sind das donor-
stabilisierte [Mg3(pz™2)s(thf)2] und das fluorinierte [Mga(pz->F3)4(thf);]. Aufgrund schlechter
Loslichkeit in gebriuchlichen Losungsmitteln konnte amorphes [Mg(pz*?)2]» (R = Me, H) nicht
strukturell untersucht werden. Deren Bildung aus der Protonolysereaktion von Mg(nBu), und
dem entsprechenden Pyrazol konnte jedoch zweifelsfrei durch Festkorper-NMR Experimente
bestitigt werden. Uber eine Salzmetathesevorschrift konnte das Dimer [Al(pz™2)3]> erhalten
werden. Die Seltenerd-Pyrazolate Ln(pz™"2);(thf)x (Ln: Sc, x = 1; Y, x = 2) waren zuginglich
iiber eine quecksilber-freie Salzmetathese. Zusétzlich konnten bereits literaturbekannte
Leichtmetall-Pyrazolate auf eine mesopordse Silica Oberfliche immobilisiert werden. So
konnten die Hybridmaterialien [Mg(pz®"?).l.@SBA-15500, Al(pz®"2);@SBA-15500 und
Ti'V(pzM*2)4@SBA-15500 synthetisiert werden.

Diese Arbeit wurde mit literaturbekannte [Mg(pz®"?),], gestartet, welches in Losung nicht nur
eine vollstindige COs-Insertion unter Bildung von Mg(CO,-pz®*?),(thf), zeigte, sondern auch
ein vollstdndig reversibles Verhalten in Losung und als Feststoff bei Temperaturerh6hung oder
Druckminderung. Die unldslichen Magnesium-Pyrazolate zeigten auch eine reversible und
vollstindige CO»-Insertion in den Feststoff ohne die Notwendigkeit eines Losungsmittels. Uber
diesen Reaktionsweg zeigte insbesondere das unsubstituierte [Mg(CO2pz)2]» eine
auBergewdhnlich hohe Kapazitit von 35.7 wt% CO». Fiir Al(pz®"2); wurde aufgrund der
sterisch anspruchsvollen Bu-Gruppen nur eine zweifache CO»-Insertion beobachtet unter
Bildung von Al(CO2-pz®"2),(pz"2). Diese Insertion ist ebenfalls reversibel, jedoch nur bei
Temperaturerhdhung und nicht bei Druckminderung. Das Scandium-Pyrazolat Sc(pz2"2);(thf)
unterliegt einer einfachen CO»-Insertion und es bildet sich das Dimer [Sc(CO2-pz®*2)(pz2*2),]5.
Dieses konnte nur unter standiger Kiihlung isoliert werden, da eine CO»-Freisetzung schon bei
Raumtemperatur und Umgebungsdruck erfolgt. Tetravalentes Ti™V(pzM®2), zeigte eine

zweifache CO»-Insertion zu Ti™V(CO2:pz™e2),(pz™°2), und kann in Lésung CO, desoxygenieren
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unter Bildung von oxo-verbriickten Titankomplexen. Trivalentes Ti""(pz®*%2); zeigte eine
zweifache COx-Insertion zu Ti"M(CO,pz®*2),(pz™"2), welches isostrukturell zum Aluminium

Kongener ist.

Alle wuntersuchten Leichtmetall-Pyrazolate sowie die Hybridmaterialien sind aktive
Katalysatoren in der Cycloaddtionsreaktion von CO; und Epoxiden zu zyklischen Carbonaten.
Die hochste katalytische Aktivitit wurde fiir Sc(pz™®"2);(thf) gefunden mit einer Wechselzahl
von 120 h™!. Eine umgekehrt proportionale Beziehung zwischen Carboxyphilie (CO2-Affinitt)
und der katalytischen Aktivitdt wurde beobachtet. Die besten Katalysatoren zeigten entweder
keine COs-Insertion bei Raumtemperatur oder sofortige CO> Freisetzung. Ein Beispiel ist
[Mga(pzEF3CF3)y(thf)s], welches keine sichtbare CO»-Insertion bei Raumtemperatur eingeht,
jedoch die hochste katalytische Aktivitdt der Magnesium-Katalysatoren dieser Studie aufweist.
Eine Steigerung der katalytischen Aktivitdt fiir immobilisierte Leichtmetall-Pyrazolate auf
einer mesopordsen Silica-Oberfliche fiir das Hybridmaterial [Mg(pz™"2)2.@SBA-15500 wurde
beobachtet. Der heterogene Katalysator zeigte schon bei Raumtemperatur eine hohere
katalytische Umsetzung als sein homogener Kongener. Bei hoheren Temperaturen wurde selbst

fiir sterisch anspruchsvolle Epoxide eine quantitative Umsetzung beobachtet.
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Objective of this Thesis

The main emphasis of this thesis is the synthesis of new light metal pyrazolates and to
investigate the reactivity of new and reported light metal pyrazolates toward carbon dioxide
and the capability to act as catalyst in the cycloaddition of CO> and epoxides into cyclic

carbonates.

Chapter A of this thesis gives a brief review on carbon capture and further utilization. This
includes chapter to carbon capture and carbon dioxide transformation, CO» insertion into
metalorganic light metal compounds, light metal pyrazolates, cycloaddition of CO; and

epoxides to cyclic carbonates as well as copolymerization of CO».

Chapter B gives a summary of the published and unpublished results of this thesis, with the

focus on the following topic:

e Synthesis of new light metal pyrazolates
e Reversible CO; insertion into light metal pyrazolates
e (CO; activation with light metal pyrazolates grafted onto a mesoporous silica surface

e (atalytic conversion of CO; and epoxides into cyclic carbonates

Chapter C includes unpublished results that are not part of publications and manuscripts. This
contains CO» insertion with alkaline metal and zinc pyrazolates, light metal pyrazolates grafted

onto a mesoporous silica surface as well as synthesis of bulky tris(pyrazolyl)borates ligands.

Chapter E contains a cumulative collection of publication with major contributions.
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2 Introduction

1. Carbon Capture and Carbon Dioxide Transformation

This thesis will give an overview of carbon dioxide capture with light metal metalorganic
compounds as well as carbon dioxide conversion into organic compounds with a focus on the
cycloaddition and copolymerization of CO2 and epoxides by using catalysts based on light
metals. In addition, an overview of light metal pyrazolates as promising carbon capture material
is included. The group of light metals is defined with a density below 5 g/cm?. This includes
the alkali metals and alkaline-earth metals as well as aluminum, scandium, yttrium and titanium.
A distinct color code was used for the variety of metals and metal groups and their
corresponding oxidation state (alkaline metals: light blue, alkaline-earth metals (Ae): magenta,

group I metals: orange, Ti!!: dark blue, Ti*'V: yellow, rare-earth metals (Ln): Ln*"": magenta,

Ln™: cyan, Ce™V: red, transition metals: grey) to differentiate between the metals included in

thesis. In addition, when COz is inserted into an organometallic compound it is marked in green.

The main reason for the anthropogenic climate change is the rising carbon dioxide level in
earth’s atmosphere caused by the burning of fossil fuel and the formation as side product in
industrial processes.[' For this reason, the development of new technologies for CO:
management is one of the main focuses of today’s research. Two approaches are carbon capture
and storage (CCS) and direct air capture (DAC). 81 Aqueous amine scrubbers have been used
as sorbent for CCS in the industry for almost a century, however, they have low capacities
(<15 wt% CO») and high regeneration energies.” !l Earth’s natural carbon cycle through
geochemical weathering revolves around minerals containing carbonate or silicate such as
calcite (CaCOs), forsterite (MgSiO4) or feldspar (KAISi3Os) (see Scheme Ala).['?! Carbonic
acid that originates from CO; dissolved in water transforms the minerals into soluble

bicarbonates. Sea organisms transform the bicarbonates back into CaCOjs in the process of shell

a) CaCOj; + H,0 + CO, — Ca(HCO,),
Mg,SiO, + 2 COp + 2 H,0 —— 2 MgCO; + H,SiO,

2 KAISizOg + 2 H,CO3 + 9 H,0 ——>  Al,Si,05(OH), + 4 H,Si0, + 2 K* + 2 HCOy

Scheme Al. a) Carbon capture in earth’s natural carbon cycle via the formation of bicarbonates from carbonates
and silicates. b) Carbon capture with aqueous Ca(OH), solution and regeneration via calcination.
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formation. The dead organism’s deposit at the ocean floor and over time CO»> is culminated in

form of calcite.

Another approach in the industry is the precipitation of CaCO3 from aqueous Ca(OH)»
solutions. The carbonate can be regenerated to CaO via calcination at above 900 °C (see
Scheme 1b).l”! The energy barrier of the regeneration can be lowered when CO; is captured
with NaOH and then transferred to Ca(OH),. This process is called causticization. However,
this method still suffers from high regeneration energies and limited solubility of Ca(OH)> in

water (1 mol/L).[%]

Besides alkali/alkaline-earth metal hydroxides, amine-containing ionic liquids!!*!* or high
surface materials with amine-functional groups such as mesoporous silica, zeolites!!®!7! or
metal-organic frameworks (MOF) are currently under research,!'8-2!! with the latter reaching a
record capacity of up to 35 wt% CO, for Mga(dobdc) (dobdc = 2,5-dioxido-1,4-
benzendicarboxylate).!'®! Further, the MOF Mg>(dobpdc) (dobpdc = 4,4’-dioxidobiphenyl-3,3-
dicarboxylate) currently shows the most promising result for carbon capture from simulated

flue gas.

CCS alone suffers from an appropriate storage place and transportation of stored CO2, so further
utilization is highly desirable.??! As inexpensive, abundant (biproduct in a lot of industrial
processes), non-toxic, non-flammable gas, CO; is an attractive Cl synthon for organic
synthesis. However, because CO; has the lowest energy level of organic compounds, a high
activation energy is necessary. To overcome this energetic barrier and convert CO: into useful

23271 An overview of reported CO; conversion into

chemicals is a top-prioritized research field.!
higher-value organic compounds can be seen in Scheme A2. Few of them are already
industrialized processes such as the cycloaddition or copolymerization of epoxides and CO; to
cyclic carbonates or polycarbonates, respectively. Both reactions together with the coupling of
olefins and CO; will be discussed in detail in a later chapter. Similar conversions are also

28301 Fyrther, CO is already used as feedstock

possible with aziridine and oxetane derivatives.!
in the industrial synthesis of both salicylic acid from sodium phenolate and urea from

ammonia.?' 33!

CO2 can also be used as a replacement for toxic gases such as phosgene, as reported for the
synthesis of dialkyl carbonates, isocyanates, urethanes as well as polyurethanes.** Urethane
can be obtained by reacting ammonia or amines with COz. In the presence of a dehydration
agent like POCIs tertiary amines can be transformed into terminal isocyanates. Carbamate esters

are formed when a mixture of an amine and a halocarbon are reacted with COx.
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Scheme A2. Overview of possible CO; transformation into organic compounds. Already industrialized processes
are marked with a green box. Adapted from ref. [25,27].

Carboxylic acids can be obtained by reactions with organometallic compounds such as metal
alkyls or Grignard reagents and a subsequent hydrolysis. Aryl compounds can be carboxylated
via C—H bond activation with metal carbonates/halides and CO,. Addition of CO; to olefins
and the formation of acrylic acids is also possible. Further, addition of CO; and ZnR» (R =
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alkyls) to olefins and alkynes lead to carboxylic acids and acrylic acids, respectively. The
reaction of both greenhouse gases CO> and CH4 would be an ideal synthesis route for acetic
acid with a 100% atomic-efficiency, however, because of their high activation energies it

currently remains unattractive.

Adducts of dienes and dialkines with CO> form cyclic lactones. One example is 3-ethyl-6-
vinyltetrahydro-2H-pyran-2-one (EVP) from the telomerization of two 1,3-butadiene units and
CO». This lactone can be further polymerized with either a radical or a ring-opening

polymerization.3>-¢]

Another example is the replacement of toxic carbon monoxide in the synthesis of fuels such as
hydrocarbons (Fischer Tropsch synthesis) or highly desirable methanol, the latter also being
one of the most important starting materials for industrial processes.*”*"! For methanol the
technology is already in a stage for an industrial application, it is only held back by a lack of a
sustainable Hz source. Multicomponent catalysts such as CuO/ZnO/ZrO2/Al,03/S10; are used
in these hydrogenation reactions. Generating hydrocarbons from CO; is even less attractive,
because of a much higher H> consumption. A direct hydrogenation of CO> to form formic acid
is possible with iridium pincer hydride complexes as catalyst with an already promising
conversion of a turnover frequency (TOF) up to 150,000 h™! and a turnover number (TON) of

3,500,000.14!]
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2. CO: Insertion into Metalorganic Compounds

Since GRIGNARD reported the conversion of CO> with alkyl magnesium halides (RMgX) to
carboxylic acids in 1901, metalorganic compounds and their reactivity toward CO> have been
well studied./*”) Another example is the reaction of AlMes and CO, reported by ZIEGLER and
WEIDLEIN in the 60/70ies.[*>**1 When CO» is added to a trialkyl aluminum solution the main
products are the corresponding tertiary alkoxides, AIR2(OR) (R = alkyls). These are formed via
a rearrangement alongside R2AIOAIR;, because the reactivity of the AI-C bond is drastically
reduced after the first insertion. However, when AIR3 is added slowly to a saturated CO>
solution the main products are the corresponding carboxylates. Besides the reaction of metal
alkyls to carboxylates, other transformations of organometallic compounds are possible, such
as hydrides to formiates, alk/aryloxides to carbonates, silylamides to siloxides or amides to
carbamates. In most cases these transformations are irreversible.l*>*¥ Since amine functional
groups play a significant role for the most efficient CO, absorbent materials and the focus of
this work is on light metals, only light metal carbamate complexes will be discussed in this

chapter.

CHISHOLM described already in 1977 the formation of carbamates Ti"V(CO2-NRz)4 (1, R = Me,
Et) from the reaction of CO> with the corresponding amides Ti'"V(NR2)s, however, the products
were characterized via X-ray crystallography only more than four decades later.[**2! Since
then, a number of light metal carbamate complexes obtained via CO> insertion into a M—N bond
could be crystallographically authenticated. An overview can be found in Scheme A3. Other
examples for titanium carbamates are [Ti""(CO,-NfBuPh),(N/BuPh)]> (2) and the separated
ion pair [Ti""(CO,-NiPr2)7][NH2iPr2] (3) which were obtained from a one pot reaction of
TiCls, HNiPr; and CO.53753 Metal imide complexes are able to insert two CO, molecules per
M=N bond, as evidential revealed for example for the half-sandwich complex
[Cp*Ti"V({CO2}2'NR2)(L)] (4, R = Me, Ph; L = N,N’diisopropyl-2-methylamidinate) or
[Sc({CO2}2-N{o-iPr,Ph}2)(L)] (5).567]

The first homoleptic aluminum carbamate complex, [Al(CO2-NiPr2)3]> (6), was reported by
CALDERAZZO in 1993 again by an one-pot reaction of AICl3, CO, and HNiPr».58 Later, CHANG
reported the heterometallic [(Me2Al)2({p-CO2-NR2}2)2Mg] (7, R = Et, iPr) and the alkyl
complex [AlMe2(u-CO2-NiPr2)]> (8) both originating from the same starting complex
[MexAl(u-NR2)2Mg(pu-Me)], (n = 2, R = Et; n = 4, R = iPr).>) A recent examples is [Al(x*-
N,0-2-{methylamino}CO>-Py):R] (9, R = Et, iBu) in which one CO; inserts into each M—Npy-


https://www.webofscience.com/wos/author/record/20058046
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Scheme A3. Overview of light metal carbamate complexes originated from CO; insertion. Complexes which were
proven to insert CO; reversibly are marked as such.

bond of Al(k?-N,N-2- {methylamino} Py):R reversibly.[®”! A prolonged reaction time favored an
additional CO; insertion into the AI-C bond. Another reversible CO insertion is possible with
the frustrated Lewis pair [9,9-Me>Xant(4-PPh—AlMe>Cl-5-AIMeCl]).[*" The nucleophilic
phosphorus interacts with the carbon atom and both electrophilic aluminum atoms interact with

one oxygen atom each to form [9,9-Me;Xant(4-PPhz- {3-CO: } - AlMexCl -5-AlMeCl)] (10).
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For magnesium the first homoleptic carbamate complex, the hexameric [Mgs(CO2-NR2)12] (11,
R = Et, Ph) was isolated in 2001 by CHANG.!®*] Other examples for magnesium carbamates
formed by CO: insertion are the donor stabilized complexes [(thf)sMg(Mg{u-CO> N-
C[=NAr]-C[=NAr]-N-u-CO,}3)Mg(thf);] (12, Ar = Ph, p-Tol) and [Mg2(CO2-NCy2)s(hmpa)]
(13).19364 Recently, ROESKY described the first reversible CO» insertion into a Mg—N bond by
using the bis(formazanate) complex [Mg(L)2] (L = N(Ph)NC(p-BuPh)NN(Ph)).l®] Under a
CO; atmosphere the trimeric complex [Mg(u-CO»-L)(L)]3 (14) is formed, which releases CO>
at 110 °C (monitored by "H NMR spectra) or when dissolved in donor solvents such as THF.
Besides the earlier mentioned 5, there is only one scandium complex for which CO> insertion
was reported, the separated ion pair [Sc(CO2-NtBuAr)x(thf);][BPha] (15).1¢! For yttrium only
one CO; insertion carbamate complex is characterized by X-ray analysis, the dimer [Cp*2Y (u-
COz-g-caprolactam)]> (16).1°”) The CO; inserts into the Y-N bond and the carbonyl oxygen
coordinates to one yttrium center each as donor. Alkali metals appear often in ate-complexes
of other metal carbamates, however, a number of monometallic alkali metal carbamates are
known. All are donor stabilized and form dimers, [Li(CO2 'NPhy)(tmeda)]> (17) and
[Li(COz-pipMes)(tmeda)]> (18), tetra-/hexamers, [Li(COz-{N,N‘-bis[Ar]aminidate})(thf)],
(19, n =4 (Ar = 0-Me;Ph), n = 6 (Ar = p-MePh)) and [Li(CO2-2,3-bis {Me}indol)(thf)]4 (20) or
polymeric [Li(COa-pyrrolyl)(thf)]. (21).[6872! Interestingly, MULVEY succeeded in isolating the
dodecametallic complex [Lii2(CO2-NiPr2)12(HO2CNiPr2)2] (22), containing two carbamic

acids, which is the only example of a crystallized carbamic acid metal complex.!’”
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3. Light Metal Pyrazolates

Recently, we found that both tri- and tetravalent cerium pyrazolates, [Ce(pz™*)3;]s and
[Ce(pzM2)4],, respectively, are capable of inserting one CO> reversibly into one Ce—Ny,-bond
of each pyrazolato ligand under formation of the carbamate complexes [Ce ™V (CO2-pzM®2)4] (23)
and [Ce™(CO,-pzM)3]4 (24) with a capacity of up to 25 wt% CO: (see Scheme A4). These

reactions were conducted with excess of CO», but even equimolar reactions with the ceric

24

Scheme A4. Reported carbamate complexes emerging from CO; insertion into the metal-pyrazolato bonds.

pyrazolates, afforded isolable insertion products as revealed for [Ce™V3(pzM2)o-
(CO2-pZM2)5(thf)] (25).731 After a CO; insertion into a classic metal-amide complex the
carbamato ligand coordinates in a carboxylate-like x*(0,0’) mode. In contrast, metal
pyrazolates insert CO, only in one of the two x*(V,N) nitrogen-atoms with one nitrogen of the
pyrazolato ligand still attached to the metal center (see Scheme AS5). The inserted CO> only
coordinates with one oxygen atom to the metal center, which hinders electron delocalization as
revealed by distinct C—O single and double bonds. This allows an easy CO- releasing step and
therefore metal pyrazolates can insert CO2 reversibly. Shortly thereafter, the group of Lu
reported about CO; insertion into the iron pyrazolate [K(18-crown-6)]2[Fe(pzM¢)(NO).]> under
formation of the contact ion pair [K(18-crown-6)][Fe(CO2-pzM)(NO),] (26, see Scheme

+CO, Q
M—NR, ———— ®< >>—NR2
o

O = T

A

Scheme AS. Non-reversible CO, insertion into metal amides and reversible CO; insertion into metal pyrazolates.
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A4)." With a reductive coupling via the pair ferrocenium/ferrocen they were able to convert
CO: to CaCz204, which makes the overall insertion process reversible. Later, we could adapt
this protocol to even bulkier cerium pyrazolates with fBu or Ph moieties and also the mixed

BuMe " although the efficiency decreased with steric bulk.[””) Even after being immobilized

pz
onto mesoporous silica SBA-15500, the cerium pyrazolates kept their CO> insertion properties
and we were able to get capacities up to 20 wt% CO., which features the highest uptake for
silica materials to the best of our knowledge.!”8! To reach high capacities light metal pyrazolates
are highly desirable. Not only are most light metals abundant, inexpensive, nontoxic and thus
favorably environmentally friendly, but the sorption capacity could also be improved by
counteracting any “mass penalty”. This chapter gives a survey on the well-established
compound class of light metal pyrazolato complexes. The aromatic pyrazylato ligand has a wide
range of coordination modes and thus often a rather complex coordination chemistry can be
found. Not only can the free electron pair of the nitrogen coordinate in a terminal
[ (M)]/[«*(N,N’)], side-on [p?: p*>(N,N’)] or end-on bridging [p!: p!(V,N’)] fashion, but also 1!

to n° m-interactions are feasible.

3.1 Synthesis routes for light metal pyrazolates

Literature reported synthesis approaches for light metal pyrazolates comprise salt metathesis
reactions (route a, Scheme A6) of light metal halides (X = CI, Br) and the corresponding
potassium pyrazolates, protonolysis reactions (route b) between light metal alkyls, hydrides or
amides and pyrazoles, transmetalation (route ¢) with the light metal, pyrazole and Hg(Ar)2 (Ar
= Ph, C¢Fs) under formation of the corresponding light metal pyrazolates and elemental
mercury, direct metalation (route d) of solvent-free light metal and pyrazole by heating to 250—
300 °C in a glass ampoule or ammonia activation (route e) of the light metal. Most light metal

pyrazolates are straightforwardly accessible over route a or b. The salt metathesis route is more

a Salt Metathesis: M,(X), + n Kpz®R > Mp(pz*R), + n KX
b Protonolysis: M,(R), + n HpzRR > My(pzRR), + n HR'
c Transmetalation: M + Hg(Ar), + n HpzR?R > M,(pz"R), + Hg + 2 HAr
. 250-300 °C
d Metallation: M + n HpzRR = M, (pz*R), + n/2 H,
: T R.R NHs (1) R,R R,R
e Ammonia Activation: M + n+m Hpz™ >  M,(pz™ "), (Hpz™™), + ni2 Ha

X=ClLBr R=alkyl R =nBuMeN(SiMes),  Ar=Ph, CsFs

Scheme A6. Synthesis routes toward metal-pyrazolates complexes.
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suitable for pyrazolates with large alkyl substituents such as tBu or Ph, because of the decreased
solubility for smaller moieties such as Me or the unsubstituted pyrazole. Whereas pyrazolate
complexes with smaller alkyl substituents are readily accessible via the protonolysis route.
However, the light metal alkyl precursor has to be carefully selected, because decomposition of
the pyrazole and incomplete protonolysis are likely to occur, if the alkyl is too reactive or not
reactive enough, respectively. Early reports for the synthesis of rare-earth-metal pyrazolates
almost exclusively were accessible over route ¢ despite the need to use mercury aryls for the

metal activation.

3.2 Alkali-metal pyrazolates

Alkali metal pyrazolates are important pyrazolate precursors for the salt-metathesis route
targeting almost all other light metal pyrazolates. The structural motifs of alkali-metal
pyrazolates are dominated by either tetrameric complexes [Mpz®?]4, ladder structures [Mpz®2],
or monomeric/dimeric compositions stabilized by donors [M(pz®?)(do)]a (n = 1 or 2; do = thf,
Et,0 or 18-crown-6) (see Scheme A7). However, the first alkali-metal-pyrazolate complexes
mentioned in the literature were either generated in situ or isolated as amorphous powders.l’”

) The first structurally characterized alkali-metal pyrazolate was the hexameric potassium

complex [K(pZth)(thf)]é (27) reported by WINTER in 1998, alongside with a synthesis of
tBu-

Gk \(Q/ o
tBu oM Na_— 45 Na
tBu_ Ly F:\] tht” RNCV /R Tt
N— L/ =N
. b d R
B0 ] 29 M = Na, R = Bu RSP
' - M=K, R = H, Me, tBu R = Me (30), Ph
28
tBu@tBu
N=N
tBu = ~ Ny
thf —{Li{ \Lire—thf
L
N=N
tBuU\tBu
33

31

Scheme A7. Overview of alkali-metal-pyrazolate complexes.
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amorphous [K(pz™®")], (28)."8 Six years later, WINTER reported also the first monomeric
sodium pyrazolate Na(pz®?)(18-crown-6) (29, R = /Bu, Ph) stabilized by a crown ether.[*”) Since

81-831 Soon after,

then, several isostructural examples with sodium and potassium were reported.!
the group of MUNOZ-HERNANDEZ reported the tetrameric complex [Na(pz™?)(thf)]4 (30)34! and
later the donor free [Li(pz®")]s (31).B1 For both metals other donor stabilized examples
followed later.[®386] In the same work, MUNOZ-HERNANDEZ also described the crystal structure
of the above mentioned complex 28, which revealed a highly symmetric ladder arrangement
[K(pz™®"2)]», in which the potassium center is coordinated k2(N,N’) to one pyrazolate and
simultaneously forms a sandwich complex with the neighboring units. The sodium derivative
[Na(pz®?)]. (32) also forms a ladder structure, however, of reduced symmetry. Two
independent ladder arrays can be found in one crystal structure, {[Na(pz®“?)]s}» and

5] Two examples of dimeric lithium pyrazolate complexes

{[Na(pz™")]¢} respectively.
[Li(pz*?)(do)]2 (33, R = tBu, do = thf; 34, R = Ph, do = Et;O) were reported by DEACON and
MUNOZ-HERNANDEZ, respectively.®7] As an overall trend, it is noteworthy that the only
alkali-metal pyrazolates that have been crystallized donor-free contain the pz®"2 ligand. For
smaller moieties like methyl or the unsubstituted pyrazolates donors are necessary to prevent
the formation of amorphous polymeric structures. Two additional examples are the complexes
[Lis(pzM?)3(tmeda)]> (35), [Li(pz™®"2)(Hpz™"2)], (36) and [Ka(pz™2)2(Hpz™?)(18-crown-6)]>
(37), with the latter being an example for mixed pyrazolato/pyrazole complexes featuring a

hydrogen bond between both ligands.[81:86-87]

3.3 Alkaline-earth metal pyrazolates

The first alkaline-earth metal (Ae = Mg, Ca, Sr, Ba) pyrazolate complex, the homoleptic
[Mg(pz™®"2):], (38), was reported by WINTER in 1998 via a salt-metathesis utilizing MgBr» and
Kpz®2 (see Scheme A8).1® The dimeric complex 38 contains two bridging pyrazolato in the
p-n'm!(NV,N’)-mode and two terminal pyrazolato in the n*(N,N’)-mode. This study also
described the donor-stabilized dimer [Mg(pz®")(thf). (39) and monomer
[Mg(pz®*?),(tmeda)]. (40). Complex 39 could be transformed back to 38 under reduced
pressure. The chain-like structural motif of 38 is recurring for the three heavier alkaline-earth
metals and consequently the chain length increases with increasing ionic radio of Ae in
[Ae(pz®"2)2], (41 Ca: n =3; 42 Sr: n = 4; 43 Ba: n = 6) up until six units for barium.®*! There
are several examples for the heavier alkaline-earth metals of the donor stabilized dimer
[Ae(pz®2)(thf):]2 (44 Sr x = 1, 45 Ba x = 2)°Y and [Ae(pzR2)2(do)]2 (46).°'~%% Further, the

donor-stabilized monomeric Ae(pz*?)(do) displays two coordination modes, one with a cis
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Scheme A8. Overview of homoleptic alkaline-earth-metal pyrazolate complexes.

arrangement (47) of the pyrazolato like complex 40°°Y and the other with a trans
configuration (48).°>%371 Cis configurated complex 40 is the only example of a monomeric
magnesium pyrazolate, while the frans configuration is exclusively found for the heavier
alkaline earth metals.

[Ba(pz)y(thf)]. (49).°%

For barium an example of a polymeric chain is reported,

Given the divalent nature of the alkaline-earth metals and hence the resulting tendency of donor
coordination to saturate the coordination sphere, there are several examples of mixed
pyrazole/pyrazolato complexes (see Scheme A9). Monomeric Mg(pz®*2),(Hpz®"2), (50) by

MOSCH-ZANETTI et al. was the first example.[*?) It was achieved by adding two equivalents of

tBu .

- ﬁtBuw 'F’f\@yfprfprwanPr\(y N=N_ N—N
N_N NN NN, N=N_ N % SR_H
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1
R A)\
50 51 R/U‘ R R

53 Ae = Mg; R = H, thiophene
Ae =Ca, Sr; R=Me

Scheme A9. Overview of alkaline-earth metal mixed pyrazolato/pyrazole complexes.
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Hpz™* to the salt metathesis approach for complex 38. The pyrazole coordinates as a donor
and forms a hydrogen bond with one of the pyrazolates. Because of this, complex 50 is
tetrahedrally coordinated with only one nitrogen of each ligand bond to the magnesium center.
RUHLANDT-SENGE reported on the mixed dimer [Mg(pz2),(Hpz""2)]2 (51) bearing the slightly
smaller iPr moiety.’!) Pyrazole donors engage in hydrogen bonding with the terminal
pyrazolato ligand and two pyrazolato are in bridging position. Remarkably, only one pyrazole
donor per magnesium center was found in 51, although in the protonolysis reaction with
Mg(nBu), and Hpz™ a ratio of 1:4 was used. In the same work, the dimeric complex
[Ca(pz™™2)2(Hpz™™™)2]2 (52) was reported, in which two pyrazole donors coordinate to each
calcium atom. Additionally, also monomeric complexes of the form Ae(pz®?)2(Hpz*?)4 (53, Ae
= Mg, Ca, Sr) with four donor pyrazole bond to one metal center are feasible.”>*! In this
octahedral structural motive, two hydrogen bonds are formed to each of the two pyrazolato

ligands.

Although not being an alkaline-earth metal it is noteworthy that two pyrazolate complexes of
zinc are reported in the literature. Because of the almost identical ionic radii of magnesium and
zinc, complexes of these two often share similarities in reactivity and structure. Striking is the
homoleptic chain [Zn(pz):], (54), which was determined via ab-initio X-ray powder

[100

diffraction.['° This indicates that the elusive [Mg(pz)2],» might be feasible as well. The second

reported zinc pyrazolate is Zn(pz™2*2),(Hpz®*2), (55), which is isostructural to complex 50.36!

3.4 Aluminum pyrazolates

There is only one known homoleptic aluminum pyrazolate Al(n?>-pz®*?); (56) and its donor
stabilized derivative Al(n>-pz/®"2)3(thf) (57) (see Scheme A10).[1°1:1921 Unlike to the alkali and
alkaline-earth metals a monomeric complex is possible without donor stabilization. It is easily
accessible via the salt-metathesis route starting with A1Cl; and Kpz®"2. Compound 56 contrast,

by using the protonolysis route with AlMes and a corresponding pyrazole no complete

fBU@fBU R F’2\ ROR R R
N=N Al \M D7Me ()
Bu / tBu N~ \Né N=N_ | N=N

\I/ S Me

N\-—:AI\-—/N | | me:‘Af Al AIC
. ANEN =~
ON NO “Sar e N(_)N r\@] "
R‘ / N\ ) RWR
R R R 59
Bu Bu
58 :
R = tBu, Ad, iPr, 4-tolyl, Ph
56 R = H, Me, Et, nPr, nBu, Bu t: AG, L A0l

R'=H, Me, tBu, Ph, Ar

Scheme A10. Overview of aluminum-pyrazolate complexes.
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conversion can be achieved. At ambient temperature only a single ligand exchange to the dimer
[AlMex(u-pzM2)], (58) is feasible, with both pyrazolato ligands bridging between the two
aluminum centers and two terminal alkyl groups.l'®! Since then, many examples of this
structural motif have been reported with a wide variety of organoaluminum compounds and
differently substituted pyrazolato ligands.'!*) Recently, a higher conversion could be
accomplished in MexAl([p2-n-bpl2AlMe)AlMe: (59) using a 2H,2'H-3,3'-bipyrazole (bp) as a
precursor.[''3] The trinuclear 59 contains two terminal AIMe> groups connected with two bp
ligands. In the center of the two bp ligands is one AlMe group coordinated to the four inner

nitrogen atoms.

H
Me ;'5 Me Me
a M
R W7 A
| I
Ro | Rz Ry Me E) Me Me N N
@ (® GFO T B
A Liy L)
N N -
\\ /R R2 tBu \\ 4 tBu Mg \\ /64 re
2 M./ tBu N NN
(W) | |
NN
do Ge Me E' Mve Me
= I
62 Na R, = Me, R, = tBu, do = thf/HpzB 5 % " & nge H
63 Li Ry = H, R, = Ph, do = thf d 69
66 Na Ry = Me, R, = Ph, do = thf E=Al, Ga

Scheme A11. Examples of Al/Ga Tp-analogous complexes.

Using AlMe; as a precursor in a salt metathesis with [Na(pz®*%)], provided the
poly(pyrazolyl)aluminate [(Na{Al(pzB"2)Me;s})s(thf)2] (60).l''®! Subsequent protonolysis of
60 with one equivalent Hpz™®"2 per aluminum center gave dimeric [Na{Al(pz®"2):Me;} ]2 (61).
However, adding two equivalents of Hpz®* to 60 lead to the scorpionate complex
MeAl(pz®*2);Na(do) (62, do = thf, Hpz®"?) in which the aluminum center adopts the position
of the boron atom in a classic Tp ligand (see Scheme A11). This aluminum Tp-analogue is also
directly isolable by employing Li[AlH4] in a protonolysis with HpzR2, forming the
corresponding lithium salt with one hydrido still attached to the aluminum center.[''”) Since

then, several similar examples have been reported.!'!’-!1]

HAI(pZ™)sLi(thf)  (63), HAIpZ™uZnH  (64),  Al(pz®"M)pz®™MeyLi  (65),
MeAl(pz™);Na(thf) (66), MeAl(pz™2)(u-pz™2),Rh(cod) (67) and even some gallium Tp-
analogue such as RE(pz®“M°);Li (68, E = Al R = H, pz®"M¢; Ga R = H) and the dimer
[HE(pz®*M);Li], (69, E = Al, Ga).

These complexes include
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3.5 Early transition metal pyrazolates

Due to the higher valance of early transition metals, their pyrazolate complexes form mostly
monomeric or dimeric structures in dependence of the ionic radii and the alkyl substituents of
the pyrazolato ligand (see Scheme A12). In 1997, WINTER reported the first homoleptic
titanium pyrazolate complex Ti'V(n2-pzR2)s (R = Me, Ph) (70).[">" It was accessible via the
protonolysis route utilizing Ti'"V(NMez)s and the corresponding pyrazole. Besides tetravalent
70, the homoleptic trivalent Ti"(n?-pz®"2); (71) has been reported by MOSCH-ZANETTL[!2!]
Later, WINTER also reported the mixed tetravalent complexes of the form Ti™"V(n2-pz®*);(L)
(72, L = triazolato, tetrazolato) in which one pyrazolato ligand is replaced by a triazolato or a

tetrazolato ligand.['??]

Both scandium and yttrium form a monomeric complex with di-tert-butylpyrazolate, Sc(n?*-
pz®*2); (73) and the donor stabilized Y(n?-pz®*)3(Py), (74), respectively, with several other
examples of scandium and yttrium with other donors for the latter.[!>*126] By decreasing the
steric bulk of the pyrazolato ligand, dimeric complexes are formed. One example is the donor

stabilized [Y(M?-pzZM)2(p2-pzMe)(uo-thf)]o (75) with an end-on bridging of the pyrazolato

[127]

ligand,!"*”) whereas in the donor free [Sc(n*-pz™)x(p2-pz"™2)]2 (76) the pyrazolato moieties are

bridging in the p- n*:  mode.!'?8!

RR\ﬂijT/RR mwwify,mu \«fEK

N— N=N —N

N%\/NN tBu ~ tBu %\/
O @ > f Az
N /\ N N N N \
O R
tBu tBu
71 72
R= IVIe, Ph Az = triazolate, tetrazolate
\«iy, tm\(”vrmu
N—N
Bu i tBu Bu tBu

Scheme A12. Overview of early transition-metal pyrazolate complexes.
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4. Cycloaddition of CO: and Epoxides to Cyclic Carbonates

The cycloaddition of epoxides and CO; to cyclic carbonates is a carbon dioxide transformation,
which is already well established in the industry (see Scheme A13a). This very reaction is also
a side reaction of the copolymerization with the same compounds, which is discussed in detail
in the next chapter. Nevertheless, the cyclic carbonates are highly sought-after and versatile
products by themselves, since ethylene carbonate (EC) and propylene carbonate (PrC) are used

[129-133] prC was used for the first commercially available

as electrolytes in lithium ion batteries.
lithium ion battery, but was later outperformed by its 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.!!3#!3 Further applications of cyclic carbonates are the replacement

[137-1401 When cyclic

of phosgene in the synthesis of polyurethanes!'** and as fuel additives.
carbonates are added to diesel fuel the amount of unburnt hydrocarbons, carbon monoxide and

particle pollution can be reduced remarkably.

b)
a) 0
0] CO, )|\
R1 R2 )—<
R; R,
EC:R;=H,R,=H
PrC: Ry =Me, Ry = H
HC: Ry =nBu, R, = H PO, 1-methylimidazole
c)
A A A A A A WA
cl
Me Ph nBu tBu
EO PO SO EH tBO ECH
CHO

Scheme A13. a) Cycloaddition of epoxides and CO, to the corresponding cyclic carbonates. b) First catalyst
system of INOUE for the cycloaddition of propylene oxide and CO; with 1-methylimidazole as cocatalyst. c)
Abbreviations for epoxides used in this thesis.

The catalytic cycloaddition of CO> with epoxides using organometallic compound as catalysts
was first described by INOUE in 1978.'4!] He reported that the tetraphenylporphyrin (TPP)
complex (TPP)AI(OMe) (77) can convert propylene oxide (PO) and CO; to PrC at ambient
temperature and pressure by using a catalyst load of 5 mol% and 1-methylimidazole as
cocatalyst (see Scheme A13b). The addition of a cocatalyst was crucial for this transformation,

because when only the catalyst 77 is used, the corresponding polycarbonate formed exclusively.
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Since then, a wide variety of catalysts have been reported which also includes various light
metal complexes. In later works, INOUE reported several additional porphyrin based catalysts,
such as (TPP)AI(OCHMe—CH2),—Cl1 (78) containing a homopolymerized poly(oxyalkyl) chain
or the zinc complex (TPP(N-Me))ZnEt (79), which engages in a light-induced reaction with a
secondary amine and carbon dioxide to the carbamate (TPP(N-Me))Zn(CO>-NR>) (80, R = Et,

nPr, iPr, iBu).l'*214] Both showed the same reactivity towards CO, and epoxides as 77.

[PPNJ[AICI4]
82
PO
60 °C, 83 bar, TOF 50 h~’ Bu tBu

—N N— Cl—Al AI'—CI

N o

/ | \

tBu tBu
X = Cl, Et, OEt OCHZCHZ 5l
83CI
. =OTIEAR , S0, s S0, T

120 °C, 150-160 bar, TOF 3070 h 25°C, 1 bar, 98% (2.5 mol%) 25 °C, 1 bar, 96% (2.5 mol%)

Scheme A14. Salen-based catalysts for the cycloaddition of epoxides and CO»> to cyclic carbonates. Conditions,
cocatalysts and TOFs (conversion if no TOF was stated) for the turnover of the best substrate are stated below the
complexes.

Since the groundbreaking work of INOUE, several catalyst systems have been reported and well-
optimized. One early example was reported by DARENSBOURG in 1996 involving the separated
ion pairs [(HB {pz> "}, {pz> "} ), Al][AICLs] (81) and [PPN][AICI4] (82). Complex 82 showed a
turnover frequency (TOF) of 50 h™! at 60 °C and 83 bar.['**] A well-studied class of catalysts
are aluminum bis(salicyldiimine) (salen) complexes (see Scheme A14). The first example was
(salen)AlX (83, X = Cl, Et, OEt, (OCH2CH>);Cl) described by HE in 200214141 Complex 83¢!
was able to catalyze the cycloaddition of EO and supercritical CO> at 120 °C and 150—-160 bar
with tetra-n-butylammonium bromide (TBAB) as cocatalyst with a significantly increased TOF
of 3070 h™!. By using only 40 bar and 110 °C the conversion still reached a TOF of 1140 h™.
Tetra-n-butylammonium halides play a significant role as cocatalysts and are involved in most
of the leading catalysts today. Other early examples of aluminum salen complexes with a wide
variety of substitution patterns were reported by LU.[' 7148 Later, GARCIA reported the complex
(salen)AICI incorporated on polystyrene (84%S) and poly(ethylene glycol bismethacrylate)
(847EA) 1% These heterogeneous catalysts show a moderate catalytic activity with styrene
oxide (SO) with a turnover number (TON) of 59 at 80 °C and 100 °C. However, they revealed
a high stability and reusability. NORTH presented the oxo-bridged bimetallic salen complex

[(salen)Al]2O (85) as catalyst for the reaction of SO with CO; and reported a high conversion
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at already mild conditions (25 °C, 1 bar).[1*%!5111n 2017, the same group reported the bimetallic
complex [Ph{(salen)AlICl}2] (86), in which two salen ligands are connected via a phenyl
moiety.l'32 Compound 86 showed only moderate catalytic activity, however, was able to
convert a wide variety of epoxide containing terminal and internal epoxides in a quantitative
yield at 25-50 °C and 10 bar. The highest catalytic activity of aluminum salen complexes are
reached with ligand systems already containing a quaternary ammonium salt in the backbone,
which were shown to act as single component catalysts (see Scheme A15). The first example
was described by NORTH in 2009.01°3%15%] The bimetallic [(Rzsalen)Al].O (87, R = —
CHoN(nBn)Ety) with two embodied ammonium salt moieties per salen ligand at the 3-position
showed a quantitative yield even with bulkier epoxides such as SO and EH at ambient
temperature and pressure. In the same work, 87 was incorporated into polystyrene (87%%) and
used in the cyclization of SO and CO2, which yielded >99, 94 and 70% of styrene carbonate
(SC) in three consecutive reactions. In 2012, DARENSBOURG reported the complex ({3-
R}2salen)AICI (88, R = [N-CH.DMAP][X]; X = Cl, Br, I) containing two dimethyl pyridinium
bromide moieties at the salen 3-position.['> The catalytic activity of 88! in the reaction of PO
with CO; reached a TOF of 873 h'! at 120 °C and 30 bar. A drastically increased catalytic
activity was achieved by the complex ({5-R}:salen)AIC]I (89, R = —[C;HsNEtMe][Br])
reported by REN and LU.[?® By positioning the quaternary ammonium moieties on the inner site
of the salen ligand, TOFs of up to 5250 h™! were possible at 120 °C and 25 bar for the
conversion of PO to PrC and a TON of 116,230. Even for bulkier epoxides high TOFs were
obtained, comprising EH (830h!), SO (750h!), epoxy butane (3000h7!), 2-
(chloromethyl)oxirane (1240 h™') and 2-(phenoxymethyl)oxirane (1210 h™!), respectively.

Catalyst 89 was also able to perform a similar transformation with aziridine. Aluminum and

0 ®
Etz(nBu)N(D B Br  N(nBu)Et,
R{R
| 1 Rg O/ CI:I\O
R2 N O
\ / I o’ c| ~o
Ry Ry
@ —
- HZCN MeElg_N Br Br aNEtMe
\
88 PO
Eto(nBu)Ng, B> B oN(MBU)EL, 88¢' PO 120 °C, 25 bar, TOF 5250 h™'
120 °C, 30 bar, TOF 873 h™'
so

26 °C, 1 bar, 97% (2.5 mol%)

Scheme A1S5. Salen-based catalysts containing quaternary ammonium salts in the ligand scaffold. Conditions and
TOFs (conversion if no TOF was stated) for the turnover of the best substrate are stated below the complexes.
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transition-metal complexes of the salen-like ligand N,N’-bis(salicylene)-2-aminobenzylamine
(salabza) of the form (fBussalabza)MX (90, M = Al, Cr, Fe, Co; X = Cl, OAc) were also tested

[156] The aluminum congener 904! revealed the highest catalytic activity with TOFs

as catalysts.
of up to 901 and 3434 h™! for PO and ECH, respectively, with TBAB as a cocatalyst. In 2019,
HOR and WU reported the cage-like complex Al(salen)@cage (91, M = Al, Co) in which three

[157) At ambient temperature

salen ligands are connected over two 1,3,5-phenylbenzene units.
and pressure the heterogeneous catalyst 91 showed a quantitative conversion of even bulky
epoxides like SO and EH to their corresponding cyclic carbonates and only a small decrease of
catalytic activity was observed after five consecutive runs. Interestingly, for the smaller PO

only a conversion of 58% was found.

Further, aluminum trisphenolate complexes were examined as catalysts for the cycloaddition
of epoxides and COx>. In 2013, KLED presented the tris(phenolate) aluminum complex (N{CHa>-
6-[2,4-dichlorophenolate] }3)Al(thf) (92).'%15) Dye to the strong inductive effect of the
chloride moieties, the aluminum center gains a stronger oxophilicity and thus acts as a more
efficient catalyst. For 1,2-epoxyhexane (EH) TONs of up to 112,000 and a maximum TOF
36,000 h! were observed at 90 °C and 10 bar with tetra-n-butyl ammonium iodide (TBAI) as
a cocatalyst. Not only has 92 an exceptionally high catalytic activity, but also high tolerance for
functional groups and so a wide scope of epoxides could be transformed to their corresponding
cyclic carbonates in good to quantitative yield. For example olefins, esters, alkynes,

bisepoxides, fatty acids and even the higher homologous oxetane.[138160]

Cl

Cl

EH, PPN
90 °C, 10 bar, TOF 36,000 h™"

Scheme A16. Superior performance of tris(phenolate) aluminum complex (N{CH-6-[2,4-
dichlorophenolate]}3)Al(thf) (92) in the cycloaddition of CO, and epoxides. Conditions, cocatalyst and TOF for
the turnover of the best substrate are stated below the complexes.

Poly(phenolate) ligands were also applied for designing rare-earth metal-based catalysts (see
Scheme Al17). YAO reported the tetraphenolate complex (Et{N[CH;-6-(2,4-Bu-
phenolato)]>}2)Ln(thf) (93, Ln = Y, Nd, Sm, Yb) in 2014.'6") The light metal complex 93Y
reached a TOF of 330 h™! for PO at 85°C and 10 bar when TBAI is used as cocatalyst.

However, it was outperformed by its heavier congener 93N with a TOF of 4000 h™! under the
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same conditions. Other examples are (N{CH»-6-[2,4-bis-tBu-phenolato]}3)M(thf), (94, M = Al,
x=1;,M=Y, x =2) and (N{CH»-6-[2,4-bis-Me-phenolato]}3)Ln(thf); (95; Ln =Y, La, Nd,
Sm).!162:1631 Both derivatives of 94 show moderate catalytic activity for the sterically demanding
cyclohexene oxide (CHO) at 80 °C, 20.7 bar and TBAB as a cocatalyst (944! TON = 260, TOF
=65h!; 94Y TON = 970, TOF = 80.8 h™!).l2 For 95, it was again observed that the heavier
Nd-based 95N (TON = 1760) performed with a higher catalytic activity than its light metal
derivative 95¥ (TON = 740) for PO at 100 °C and 10 bar when TBAI is used as a cocatalyst.[1*]
In addition, 95 is able to transform a wide variety of epoxides in good to quantitative yield
including terminal, internal and bis-epoxides. Furthermore, 95N is even able to convert PO and

CO;, with several aniline derivative into oxazolidinones.

o)

(thf)y

tBu Clim, WCl
N N
tBu
93 95 (Ln =Y, La, Nd, Sm) 96 Ln:Y, x=1;La, x=2;
93Y PO, TBAI 95Y PO, TBAI Sm,x=1;Yb, x =1
85 °C, 10 bar, TOF 330 h~" 100 °C, 10 bar, 74% (0.1 mol%) 96", EH, TBAI

90 °C, 1 bar, TOF 42 h™!

Scheme A17. Overview of rare-earth metal-based catalysts with a focus on yttrium. Conditions, cocatalysts and
TOFs (conversion if no TOF was stated) for the turnover of the best substrate are stated below the complexes.

Another rare-earth metal catalyst for the coupling of epoxides and CO:x is the separated ion pair
[[Pr][LnCla(thf)2] (96, Ln =Y, La, Sm, Yb; IPr = 1,3-bis(2,6-diisopropylphenyl)imidazolium)
reported by YUAN and YAO in 2017.11%*] Complex 96 acts as a single-component catalyst, while
the samarium complex accomplished a TON up to 480 and a maximum TOF of 48 h™! for EH
already at ambient pressure and 90 °C. Additionally, 96 is recyclable and transforms several
epoxides to their corresponding cyclic carbonates covering terminal, internal and bisepoxides.
The so far best rare-earth metal based catalyst is the heteroscorpionate complex
(CpCHC {Ph}> {N-pz™¢2})La[N{SiHMe:}2]» (97) reported by OTERO, CASTRO-OSMA and
LARA-SANCHEZ in 2017.1'%1 At 110 °C and 10 bar complex 97 exhibited showed a TON of
306,667 and TOFs up to 15,000 h™! for SO. On top of that, 97 revealed quantitative yield for a
wide scope of terminal epoxides with high acceptance for functional groups. The yields for

internal epoxides amounted to 43-99%, applying the same conditions (70 °C and 10 bar).
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Heteroscorpionate complexes of aluminum were also reported and used in the cycloaddition of
epoxides and CO; a few years earlier by NORTH and OTERO. Utilizing a bis(pyrazolyl)methane
ligand complexes of the type (HC {pzM2},CXR’)AIEt; (98, X: =S, =NR; R’: -N(Ph)—, -O-) or
(HC {pz™*2},CHRO)AIR*2AIR’3 (99, R = Bu, p-tolyl, ; R’ = Me, Et) were obtained.[!6:167]
Although several epoxides could be converted to their corresponding cyclic carbonates, only

minor catalytic activities of TOFs 0—1 h™! were observed.

Although the catalytic transformation can also proceed with basic compounds like the oxides
or oxychlorides such as MgO, Al,O3; and SmOCI as reported by SAKAKURA in 2002 (see
Scheme A18), only minor conversions for PO (TON 1-3) are observed even under harsh
condition by using supercritical CO> at 140 bar and 200 °C.!'%8! Other simple systems like the
triflates M(OTf)x (100, M = Mg, Sc, La, Yb, Zn, Sn) can also catalyze the cycloaddition of
epoxides and CO, with hexadecyltrimethylammonium bromide (HMAB) as a cocatalyst as
reported by DE VOS already in 2009.'1 Likewise, they exhibit only a moderate catalytic
activity for the transformation of octylene oxide at 120 °C and 20 bar with TONs of 770 and
534 for 1005¢ and 100Mg, respectively. The simple Lewis acid MCl3 (101, M = Sc, Y) showed
good conversion (98/77%) of terminal epoxides like PO and epichlorohydrin (ECH),
respectively, at ambient pressure and under a constant gas flow of 8 sccm of a 50% mixture of
COz in 0,2.'% Despite the fact only small TOFs (up to 11.7 h™') were achieved, 101 was able
to convert ECH with CO> from flue gas (10.2% CO2, 7.7% O2, 0.1% CO, NOx, SOy, 2% H>0).
The CO; content could be reduced by 97% (TOF 5.4 h'h).

+X,
M™HOTN Ph Ar Ph Ar
M= Mg, Sc, Zn, Sn, La, Yb /" do ! inf
100 />_N 0= N 0=—
100%¢, 0O, HMAB N . /N PPh, / / PPh,
120 °C, 20 bar, TOF 193 h™' >=o N‘< —5 \N
do / /
Ph Ar Ph K
MCl; (M = Sc, Y) 102 103
101 102MeCN,Ph Po TBAB 103Dipp, PO. TBAB
1015¢, PO, ECH o 1 100 °C, 9.6 bar, TOF 300 h~'
100 °C, 9.6 bar, TOF 700 h » 9.6 bar,

22 °C, gas flow 8 sccm, TOF 11.7 h?

Scheme A18. Overview of simple binary catalyst systems and amidinate/ketiminate based catalysts. Conditions,
cocatalysts and TOFs for the turnover of the best substrate are stated below the complexes.

Catalytic systems drawing on amidinate or ketiminates complexes were reported by REDDY (see
Scheme A18).l'71172 These contain the magnesium and aluminum complexes [(L')2Mg(do):]
(102, do = THF, MeCN, L' = N-benzoyl-N -arylbenzamidine; Ar = Ph, p-methoxyphenyl, p-
fluorophenyl, o-methoxyphenyl), [(L?)2Mg(thf)x] (103, L? = Ph,PC(COMe)(C {Me}NAr); Ar =
2,6-diisopropylphenyl (x = 1), 2,6-difluorophenyl (x = 2)) and [(L?)AlMe:] (104). For 102, the
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derivative 102MeCN-Ph showed the highest catalytic activity with TONs of 2800/830 and TOFs
of 700/63.8 h"! for PO/CHO at 100 °C and 9.6 bar. For the ketiminate complexes, the
magnesium derivatives 103 which bear a 2,6-diisopropylphenyl group revealed a slightly lower
catalytic activity with TONs of 1200/750 and TOFs of 300/64.4 h™! for PO/CHO under the same

conditions.

In 2012, EMA and SAKAI combined the porphyrin complexes of INOUE and the intramolecular
ammonium salt units introduced by NORTH and presented the complexes ({[m-
O(CH2):XR3]"[Br] }4TPP)M (105, M = Zn, Mg; x =4, 6, 8; X =N, P; R = Ph, nBu, =(CH)s-),
with four quaternary ammonia units incorporated as cocatalyst into the porphyrin backbone (see
Scheme A19).['73] These single component catalysts displayed drastically increased catalytic
activities at low catalyst loads, in comparison to simple porphyrin-based complexes. The
magnesium complex 105M2 with four —[O(CH2)sN(nBu)s]'[Br]™ units showed the highest
catalytic activity for the conversion of EH and CO; to 1,2-hexylene carbonate (HC) with a TON
of 103,000 and a maximum TOF of 12,000 h™! at 120 °C and 17 bar. In comparison, the
transition metal derivatives (Cr, Mn, Fe, Co) only accomplished TOFs of 225 h™! and lower.[!™]
Two years later, EMA and HASEGAWA varied the counterion and the alkyl chains at the
ammonium nitrogen, however, it was revealed that the catalytic activity decreased in the order
Br >CI">1 and nBu > nPr>nHex > nOct > Et, respectively.l!’”>176l In the same work the
number of —[O(CH2)¢N(nBu)3]'[Br] units at one TPP ligand was increased to eight to form
({[m-O(CH2)sN(nBu)3] " [Br] }sTPP)M (106, M = Mg, Zn) with even better catalytic activity.
Under the same conditions 106™# achieved a TON of 138,000 and a TOF of 19,000 h™! for EH.
Additionally, MAEDA and EMA conducted the catalysis toward HC with multiporphyrin

R = O(CHy)sN"(nBu)3Br R = O(CH,)gN*(nBu);Br
105 (M = Mg, Zn) 106 (M = Mg, Zn)
105M9 EH 106M9, EH
120 °C, 17 bar, TOF 12,000 h~" 120 °C, 17 bar, TOF 19,000 h™"

Scheme A19. Highly active porphyrin-based magnesium catalysts containing quaternary ammonium groups in the
ligand scaffold. Conditions and TOFs for the turnover of the best substrate are stated below the complexes.
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complexes of the type Ph[(Arsporphyrin)M]; } (M = Mg, Zn; Ar = Ph[m-O(CH2)¢NR3]*[Br];
107: x = 2; 108: x = 3) (see Scheme A20).'771 The tris(porphyrin) complexes achieved
exceptionally high TONs/TOFs with 108Mg (220,000/46,000 h™!) exhibiting the highest activity
and 108%" (310,000/40,000 h™!) being more stable over time. In 2016, EMA, MAEDA and
HASEGAWA introduced the monometallic ({[m/p-O(CH2)sN(nBu)3]"[Br] } 12TPP)Mg (109, M =
Mg, Zn) bearing twelve —-[O(CHa)sN(#Bu);]"[Br] units in total and compared it with 106.[!78]
At 120 °C and 17 bar the yield after 24 h obtained by 106 and 109™2 was slightly higher than
with 1067". However, after 48 h the yield for both magnesium complexes 106M2 and 109Mz did
not increase anymore, whereas the yield of 106Z" was still rising even after 120 h, proving again
the zinc complex to be more stable. In the same study, 106%™ was able to catalyze the formation
of cyclic carbonates from a wide scope of terminal and internal epoxides with quantitative or

moderate yields, respectively.

111 (X = CI, OTs, OTY)
111€ PO, PPNCI
R = O(CH,)gN*(nBu);Br 120 °C, 30 bar, TOF 185,200 h™"

108 (M = Mg, Zn

108M9, EH 108%", EH
120 °C, 17 bar, 120 °C, 17 bar,
TON 220,000, TOF 46,000 h~' TON 310,000, TOF 40,000 h™"

Scheme A20. Catalysts with the highest catalytic activity for the cycloaddition of CO> and epoxides. Conditions,
cocatalyst and TOFs for the turnover of the best substrate are stated below the complexes.

JING revisited aluminum, magnesium and tin porphyrin complexes of the type ({o-R-
phenyl}sporhyrin)M (110, M = Mg, AIX (X = halides, OAc), SnX> (halides, OTf); R =H, NO2,
NH,).!'”] The catalytic activity increased in the order of Sn'' < Sn'¥ < Mg < AI"! corresponding

the order of Lewis acidity. By changing the counter anion the catalytic activity increased in the
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order of F- < I" < OAc™ < Br < Cl" making 110A5¢! the most active catalyst with a TOF of
200 h™! at ambient temperature and 10 bar, with two equivalents phenyltrimethylammonium
tribromide as a cocatalyst. It was stated that the catalytic activity increases with increasing
electronegativity of the halide and hence higher Lewis acidity of the aluminum center. This
observation lead QIN and WANG to design the chlorinated porphyrin complex (tetra(2,4-
chloro)phenylporphyrin)AIX (111, X = Cl, OTs, OTY) (see Scheme 20).!'3% The highly electron
withdrawing groups in the ligand scaffold activate the aluminum center drastically, boosting
the TOF up to 185,200 h™! (111" for PO, the highest TOF reported in literature so far. Here,
bis(triphenylphosphine)iminium chloride ([PPN]CI) was used as a cocatalyst at 120 °C and
30 bar. Even at ambient pressure and 30 °C TOFs of 3700 h™! were observed.

112 113 (M = Al, Co, Fe, Mn)
PO 1134 PO, TBAB
140 °C, 30 bar, TOF 15,600 h™" 100 °C, 30 bar, TOF 14,880 h™"

Scheme A21. Examples of catalysts incorporated into polymers. Conditions, cocatalyst and TOFs for the turnover
of the best substrate are stated below the complexes (PS = polystyrene).

In 2017, YAN and DING reported a polystyrene system in which a magnesium porphyrin and a
phosphonium salt are incorporated by polymerizing (tetra{4-vinylphenyl}sporphyrin)Mg
together with [PEt(4-vinylphenyl);]*[Br] to yield (TPP)Mg/pho@POP (112, POP = porous
organic polymer) (see Scheme A21).I'81] This heterogeneous single-component catalyst showed
a high catalytic activity for the conversion of PO with a maximum TOF of 15,600 h™! at 140 °C
and 30 bar and even under milder condition a good TOF of 300 h™! and 87.5 h™! at 10 bar and
at 40 °C and 25 °C, respectively. Aluminum porphyrin complexes were also incorporated onto
hyper-crosslinked polymers (HCPs) by LUO via a Friedel-Crafts alkylation of (TPP)MCI1 (M =
Al, Co, Fe, Mn) and formaldehyde dimethyl acetal yielding M(HCP) (113, M = Al, Co, Fe,
Mn).!'82] The catalytic activity of 113A! outperformed the other metal congeners by far, with a
TOF of 860 h™! and 14,880 h™! for PO (TBAB) at 30 bar and at 40 °C and 100 °C, respectively.
The heterogeneous catalyst displayed a high reusability with no significant decrease of

conversion even after ten consecutive runs. Recently, the same authors reported on the synthesis
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of a hyper-crosslinked ionic polymer (HIP) AI(HIP) (114) via addition of the ionic liquid (3-
{3-methylimidazolemethyl}phenyl) triphenylmethane bromide to a mixture of (TPP)Al and
organic linker.['®3] A TOF of 4000 h™! and 3700 h™! for PO and ECH, respectively, was achieved
at 120 °C and 10 bar. In addition, system 114 was probed as a catalyst with simulated flue gas
(15% COz in N) at 20 bar and 100 °C, which resulted in a yield of 91% already after 6 h, with
a catalyst loading of 0.1 mol% corresponding to a TOF of 152 h™!.

Another material approach for the catalytic cycloaddition of epoxides and CO; is surface
organometallic chemistry (SOMC).' According to this methodology metal complexes are
grafted onto a support material i.e. mesoporous silica, with a large surface area, emerging in
highly active surface species. Different to other materials such as MOFs!!82!1 or
polymers, 1418171831 \which require advanced syntheses, often with an additional metal catalyst
or a high energy penalty, grafting onto a silica surface is feasible at ambient conditions. The
lower catalytic activity due to the heterogeneous nature is compensated by enhanced stability
and recyclability. An overview of catalysts based on SOMC on mesoporous silica can be found
in Scheme A22. In 2002, HE reported the phthalocyanine (Pc) aluminum complex
(Pc)AICI@MCM-41 (115), which was immobilized on mesoporous MCM-41 silica.l'83! With
TBAB as cocatalyst 115 showed TOFs of 415, 280 and 452 h™! for EO, PO and ECH,
respectively, at 110 °C and 40 bar. The catalytic activity remained almost constant even after
ten consecutive runs. RATNASAMY and SRINIVAS presented the SBA-15-based
Ti(OnBu)s@SBA-15 (116) and its organo-functionalized derivatives R@Ti(OnBu)s@SBA-15
(117, R = 3-amino, 3-adenino or (3-chloropropyl)triethoxysilane).l'®¢ All materials showed not
only quantitative conversion (1172derine) of epoxides (ECH TOF 7.3 h'!) with COz to cyclic
carbonates at 120 °C and 6.9 bar, but they were also able to transform alkyl and aryl amines to
carbamates using CO,. NORTH described the immobilization of the single component catalyst
87 onto support material, which gave [(Rzsalen)Al,O@M (118, R = —-CH2N(nBn)Etx; M =
amorphous silica, MCM-41, Al pillared clay, silica sol gel).'”) These materials showed
moderate conversions (52-97%) with a maximum TOF of 26 h™! (118MCM-41) However, due to
loss of the quaternary ammonium moieties it was necessary to add TBAB after several runs.
Further, BASSET and D’ELIA reported several early transition metal chlorides grafted onto a
silica surface which include NbCls@SiO2.700 (119), ZrCla(OEt)@Si102-700 (120) and
Y Clz@Si02-700 (121).1183-1901 A three materials showed a quantitative conversion of PO to PrC
with CO> at 60 °C and 10 bar when TBALI is used as a cocatalyst. Remarkably, yttrium-based
121 was able to quantitatively convert several epoxides (PO, ECH, 1,2-epoxybutane) even at

ambient pressure and 60 °C. In 2018, PAMPALONI reported several transition metal and main
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Scheme A22. Overview of catalysts crafted onto mesoporous silica. Conditions, cocatalysts and TOFs (conversion
over 24 h if no TOF was stated) for the turnover of the best substrate are stated below the complexes.

group carbamate complexes and their corresponding immobilized derivatives M(CO2-NR»),
(122, M =Ti, Zr, Hf, Nb, Ta, Cu, Ag, Al, Si, Sn; R = Me, Et), MCL(CO2NEt), (123, M =Ti,
Zr) and MCly(CO2-NEt)@SiO> (124, M = Ti, Zr) on silica, respectively.l!?!! In this study, the

highest conversion was achieved with the mixed chloride carbamate complex 123T! (69%) at
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ambient temperature and pressure with TBAB as a cocatalyst. As mentioned earlier, we
reported the hybrid material [Ce(pzM2)4].@SBA-15s00 (125) and tested its catalytic activity in
the transformation of epoxides and CO: to cyclic carbonates.’® At 90 °C and 10 bar, 125
achieved good to quantitative yields (>99% PrC, 94% EH, 91% SO, 66% 2-tert-butyloxirane
(1BO)) with a maximum TON of 355. Lately, our group investigated the immobilization of
samarium and ytterbium silylamide complexes on periodic mesoporous silica and subsequent
ligand exchange with alcohols to form HOEt@Ln(N(SiMe3)2)x@M (126, Ln = Sm(II), Sm(III),
Yb(II); M = SBA-15500, MCM-41, MCM-48).1'2] These materials were all active catalysts in
the cycloaddition of epoxides and CO» with 126%™, showing quantitative conversions at 80 °C
and 10 bar for several epoxides (PO, EH, ECH, SO) with a high tolerance for functional groups

(ether, ester and olefin).

C
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Scheme A23: a) Most commonly proposed mechanism of the cycloaddition of CO, and epoxides to cyclic
carbonates in literature.l?1771%1 b) Activation of the epoxide by a single component catalyst. ¢) Proposed
bimetallic mechanism in which the CO; activation occurs at a different metal center.['*1:1%3] d) CO; activation via
insertion into a metal-pyrazolato bond.[”>-76]

In most cases an initial ring-opening of the coordinated epoxide by nucleophilic attack of a
nucleophile (for example a halide of a quaternary ammonium salt) is discussed (see Scheme
23a).28177.190] This explains the drastically increased catalytic activity of catalysts, that contain
quaternary ammonium chains in the ligand scaffold, because the nucleophile is already close to
the metal center (see Scheme A23b). The CO; molecule is activated by the metal center and
subsequent inserts into the metal alkoxide bond under formation of a carboxylate complex. The
coordinated oxygen can then eliminate the nucleophile under ring formation and the cyclic

carbonate dissociates. In some cases, a bimetallic mechanism is also discussed especially for
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bimetallic systems.!>1!1%1 A

second metal center (intra- or intermolecularly) activates the
carbon dioxide and the ring-opened epoxide is transferred to the activated CO> (see Scheme
A23c). For our pyrazolate complexes we proposed a CO; activation by an insertion into the
metal-pyrazolato bond with a subsequent transfer of the alkoxide to the inserted CO» (see
Scheme A23d). However, due to a lack of crystallographically analyzed epoxide complexes, a
full confirmation of this mechanism has remained elusive. One example of the few

characterized epoxide complexes is the calcium complex Tp'Ca(O-2,6-iPr,Ph)(PO) by
CHIsHOLM. %!
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5. Copolymerization of CO:

5.1 Copolymerization of CO: and Epoxides

The best studied copolymerization of CO» is with epoxides to biodegradable polycarbonates
(PC, see Scheme A24a). Consequently, it is already well established in industrial synthesis.
Most studies involved poly(cyclohexene carbonate) (PCHC), especially for comparison of
catalysts, mainly because of its excellent properties (see Scheme A24b). PCHC stands out with
a high tensile strength as well as a high glass transition temperature.l'*>!*! In addition, its
ductility and toughness can be easily adjusted with block polymerization and therefore PCHC
has a wide variety of application areas.['””] Besides their physical properties, PC also have a
high CO; capacity with mass fractions of 42.7 and 31.0 wt% for poly(propylene carbonate)
(PPC) and PCHC, respectively, when the polymer has an ideal carbonate linkage. The
cyclization reaction competes with the copolymerization and cyclic carbonates occur often as
side products. Less sterically demanding epoxides have a high affinity toward the formation of
cyclic carbonates. This is caused by a backbiting reaction in which the nucleophilic alkoxy
chain end attacks a neighboring carbonate.['® This reaction pathway is blocked by steric
epoxides especially CHO. To prevent cyclic carbonate formation well-adjusted catalyst systems

and reaction conditions are necessary.

a) 1 c)
/OA CO, o. O ZnEty + H0
R; R, Y Inoue 1969
R> O /n PO
PC

80 °C, 30-50 bar

b) M,, 50-150 kg/mol
0
@]
CO, e} 0 o— AlEty/PPhs + H,0O
—_—
Koinuma/Hirai 1977
PO
n 80 °C, 50 bar
PCHC

Scheme A24. a) Copolymerization of epoxides and CO; to the corresponding polycarbonates. b) Copolymerization
of cyclohexene oxide and CO; to poly(cyclohexene carbonate) c) First binary catalyst systems by INOUE and
KOINUMA/HIRALI for the copolymerization of propylene oxide and CO,.

First discovered was the ring-opening copolymerization of epoxides and CO2 by INOUE in 1969

with the binary system comprised of either ZnEt, or AlMes with H>O (see Scheme A24c).[1?%:2%0]

Accordingly, the ZnEt;-derived catalyst yielded PPC from PO and CO- at 80 °C and 20-50 bar
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with M, of 50—150 kg/mol. A decade later, HIRAI reported an improved catalytic activity of
AlEt; when the Lewis base PPhs is added to the mixture.?*!! By adding acetylacetone to the
AlEt;/H20 mixture, oxetane could be copolymerize with CO; for the first time yielding
poly(trimethylene carbonate).?°?! In 1978, INOUE used a catalyst mixture of the porphyrin based
complex (TPP)AIEt and different additives (127, additives: MeOH, H>O, Et,AICI) for the
copolymerization of PO and CO» at 20 °C and either 1 or 8 bar (see Scheme A25).251 At
ambient pressure only a carbonate linkage of 15% was observed for 127M¢CH, which could be
increased to 40% (Mn 3.9 kg/mol PDI 1.15) at 8 bar. Interestingly, 12752AICI gave exclusively
the homopolymer and the zinc complex ((N-methyl)TPP)ZnEt gave the cyclic carbonate PrC
exclusively under the same conditions. By using the quaternary onium salts Et4sNBr or EtPh3;PBr
as cocatalysts together with (TPP)AICI (128), INOUE found an active catalyst system yielding a
narrow molecular weight distribution (PDI = PPC 1.09; PCHC 1.06).2%1 At ambient
temperature and 49 bar 128 achieved M, of 4.5 kg/mol for PPC and 6.2 kg/mol for PCHC in
CH»Cl. This catalyst system revealed a living polymerization behavior and thus allowed the
generation of block polymers with polyesters. Mechanistic studies revealed that the polymer
chain is formed on both sides of the porphyrin plane.?°>) In 1999, REE reported a catalysis study
of 128 and (TPP)AI(R).Cl (129, R = OCHMeCH:) containing a PO dimer adduct.?*®! Complex
129 produced without cocatalyst oligomers of PO with a high ether linkage (PC/PE: 23/77%),
however, with TBAB a selectivity switch to carbonate linkage (75/25%) occurred (ambient
temperature and 52 bar). Similarly, 129 showed selectivities of 20/80% without cocatalyst and
72/28% with TBAB. Overall, the content of PrC as side product is lower when no cocatalyst
(TBAB) is used (4.2—-7.7%) versus (17-22.4%), with M, = 3.3 kg/mol and PDI = 1.24.

Ph Ph
Ph Ph Ph Ph
Ph Ph
127 128
PO, MeOH CHO, nBuNX/PPh; CH,Cl,
20 °C, 8 bar, M, 3.9 kg/mol PDI 1.06 RT, 49 bar, M, 6.2 kg/mol PDI 1.06

Carbonate linkage only 40%

Scheme A25. Porphyrin-based aluminum complexes as catalysts. Conditions, cocatalyst, M, and PDIs for the
turnover of the best substrate are stated below the complexes.
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Besides the already mentioned examples, aluminum-based catalyst first showed a rather high
affinity toward homopolymerization of epoxides.[**’2!% For the copolymerization the catalytic
activity often was lower compared to other metals and for this reason early studies were
dominated by transition-metal based catalysts, in particular chromium,?'!! cobalt,?!?) and
zinc.!213216] Considering the non-toxicity and abundance of aluminum, catalysts derived from
it received an increasing research interest in the past two decades.l>'”! One type of catalyst
system which was reported by DARENSBOURG in 2005 are salen-based aluminum complexes of
the type (salen)AIR (130, R = Et, Cl, OPh) with a wide variety of substitution patterns at the
ligand backbone (see Scheme A26).2'8 TOFs of 5.2 to 35.4 h™! were obtained for the formation
of PCHC at 35 bar and 80 °C using a series of ammonium salts (TBAX, X = Cl, N3, Ac) as
cocatalysts. Although PCHC was obtained with a high carbonate linkage (93-99%), the
catalytic activity was significantly lower in comparison to the corresponding chromium

derivatives (salen)CrR (TOF: 1966 h™!), under the same conditions. A further activation of the

R
—N7 ON=—
A R, =NO,, Cl, H, tBu
2T 5 R, = {Bu, CI, H
i © RI = R1 Ry =Et, 1,2-Cy, 0-Ph =N N=
4 R, = Et, Cl, OPh Al
R R 0 Me (@]
2 2
130 131
R1 = N02 R2 = {Bu, R3 = Et, R4 =Cl CHO, TBAAc
CHO, nBuyNClI 80 °C, 50 bar, TOF

35 bar, 8000’ TOF 35.4 h—1 Mn 10.5 kg/mol, PDI 1.54

Scheme A26. Salen-based aluminum complexes as catalysts. Conditions, cocatalyst, TOFs, M, and PDIs (if given
in the publication) for the turnover of the best substrate are stated below the complexes. When different catalysts
are included only the conditions for the best system are mentioned.

aluminum center was observed when N-donor ligands were added, with DMAP affording the
highest increase of catalytic activity. In the same year, SUGIMOTO reported the salen complex
(salen)AlMe (131), which yielded PCHC with an M, of 10.5 kg/mol and a PDI of 1.54 in
CH:Cl, at 80 °C and 50 bar when TBAAc is used as cocatalyst.?'! It is noteworthy, that the
selectivity of copolymerization versus cycloaddition could be manipulated by changes in
temperature and amount of cocatalyst. For example, using 1 equiv. TBAAc at 80 °C gave a
ratio of >95:<5% PCHC:CHC. By raising the temperature to 140 °C a shift to a ratio of 60:40%
was achieved. When 3 or 5 equiv. of TBAAc were used, the ratio shifted to 60:40 and 45:55%,
respectively. QIN and WANG incorporated alkyl chains containing quaternary ammonium salts
at two of the four phenyl moieties of the TPP ligand and consequently increased the catalytic

activity significantly.?2%22!] In their detailed studies they varied the counter ion, the electronic



Introduction 33

properties of the phenyl groups and the chain length of the ammonium units; this includes the
complexes ((RCsH4)2(CeR’s)2porphyirin)AlX (132, R = p-(CH2):NnBusX; R’ H, F, p-fBuH4; X
= Cl, CO3, BF4, ClO4) and ((C¢HsR)2(CsHa-p-R”)2porphyirin)AlX (133, R = p-(CH2)xNnBusX;
x = 2-6; R> = H, Br, OMe; X = Br, NO3) (see Scheme 27). The single-component catalysts
132H:N03 and 1336BrNOs showed the highest catalytic activity for the copolymerization of PO
and CO; at 30 bar with TOFs 0f 3407 h™! (110 °C) and 449 h™! (70 °C) for the former and 560 h-
1 (80 °C) for the latter. For complexes 132H:N03 and 1336BNOs polymers with high molar
masses of 36 kg/mol and 96 kg/mol, respectively, are obtained, the latter with a narrow PDI of
1.08-1.22. Both systems showed a change of selectivity when the temperature is increased,
ranging from 95% PPC content at 25 °C to 71% at 110°C. Recently, HESEGAWA, NOZAKI and
EMA presented the aluminum complex (R4TPP)AIX (134, R = O(CH2)sNnBu3X; X = Cl, Br)
with four ammonium units incorporated into the ligand, which resulted in a drastically increased
catalytic activity for the formation of PCHC.[*? It is striking that the copolymer can be obtained
exclusively in case of an aluminum center, in contrast to the Mg/Zn 105 congener which
exclusively formed the cyclic carbonate. TONs of 55,000 and TOFs of up to 10,000 h™! were
achieved, ranking among the highest values published for the solvent-free copolymerization.
Furthermore, high molecular weights of up to 281 kg/mol were obtained with a small
polydispersity of 1.09, a carbonate linkage between 96—>99% and no visible traces of cyclic
CHC in IR measurements. Strikingly, the magnesium and zinc derivatives (105) only showed

low catalytic activities (TOF 27-48 h™!) and a poor selectivity between 52—-63%.

S} S}
X X
I'TBU;;N NnBU3

R =H, F, p-tBuH,

X = Cl, Br, OMe,
BF, ClO, NO;
R X=Cl,Br R =0(CH,)sNnBus
133 134
1336H.NOs pg 1348 CHO
110 °C, 30 bar, TOF 3407 h™’ 120 °C, 20 bar TOF 10,000 h"'
M, 96 kg/mol PDI 1.08-1.22 M,: 281 kg/mol PDI 1.09

Scheme A27. Porphyrin-based aluminum complexes containing quaternary ammonium on the ligand scaffold as
catalysts. Conditions, cocatalyst, TOFs, M, and PDIs for the turnover of the best substrate are stated below the
complexes. When different catalysts are included only the conditions for the best system are mentioned.



34 Introduction

Some catalysts containing rare-earth metals were also studied for the copolymerization of CHO
and CO> (see Scheme A28). However, in most cases the light metals scandium and yttrium are
outperformed by their heavier congeners.[?2>-225! In the 2000s, HoU used half-sandwich alkyl,
hydride and aryloxide complexes as catalysts, comprising Cp’Ln(CH2SiMe3)2(thf) (135, Ln =
Sc, Y, Dy, Lu), [Cp’Ln(u-H)2]4(thf), (136, Ln: Y, x = 1; Dy, x =2; Lu, x= 1), [Cp’LnH(OAr)]>
(137, Ln = Y, Dy, Lu; Ar = 2,6-tBu-4-Me-Ph) and the CO; insertion compounds
[Cp’Ln(CO2-CH2SiMes)2]2 (138, Ln = Sc, Y, Lu) and [Cp’Ln(CO2-H)( CO2-OAr)]2 (139, Ln =
Y, Dy, Lu).[222281 Although high catalytic activities and M, were achieved (136™": 3693 h'!;
39.8 kg/mol) only poor PDIs were observed (1.79-10.68). 1355¢ showed a high content of ether
linkages (77%), whereas all other catalysts reached carbonate linkages between 90-97%. The
group of HULTZSCH reported various rare-earth-metal complexes coordinated by nacnac and
silylamido ligands, comprising (nacnac™®)Ln(SiXMez), (140, Ln, Y, La, X = H, Me),
(Et{nacnac”"},)Ln(SiXMe>) (141, Ar = mesityl, 0-iPrPh; Ln = Y, La; X = H, Me), (1,2-N,N -
Cy{nacnac?},)La(SiXMe>) (142, Ar = mesityl, o-EtPh, o-iPrPh; X = H, Me),
(nacnac™),Y(N(SiHMez)2) (143), Cp*Y(SiHMez)o(thf) (144), Cp*Y(nacnac™)(SiHMe,)
(145).227:2281 Yttrium complex 143 featured the catalyst with the highest activity (33 h!) at
75 °C and 8.5 bar, yielding PCHC with a maximum M, of 12.6 kg/mol and a PDI of 1.6.
However, the carbonate linkages ranged only between 85-91%. In 2008, Cul used rare-earth
metal nacnac complexes bearing neosilyl ligands of the type (nacnac”")Ln(CH>SiMes)a(thf)x
(146, Ar = m-OMePh, m,p-MePh, Ph; Ln = Sc, Y, Lu) as catalysts in the copolymerization of
CHO and CO,.”*1 Complex 146°MePhY tyrned out to be the most active catalyst (47.4 h™!,
15 bar, 130 °C). In 1,2-dioxane polymers with M, of up to 21.3 kg/mol and a PDI between 1.3

and 1.8 were obtained.

il Sy
- /th ‘ @'
gH - H‘ th
H %,
(MezHSi),N N(SiHMe,), 3
MBQSinc CH25iM82
143 146°MePh.Y (| n =S¢ Y, Lu)
136 (Ln(x) = Y(1), Dy(1), Lu(0)) CHO CHO
136", CHO 75 °C, 8.5 bar, TOF 33h~" 130 °C, 15 bar, TOF 47 h™'
70 °C, 12 bar, TOF 437 h~! M, 12.6 kg/mol, PDI 1.4-1.9 M, 21.3 kg/mol, PDI 1.3-1.8

M, 34.5 kg/mol, PDI 4.39

Scheme A28. Selection of scandium- and yttrium-based catalysts. Conditions, TOFs, M, and PDIs for the turnover
of the best substrate are stated below the complexes. When different catalysts are included only the conditions for
the best Sc/Y species are mentioned.
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In the 2010s, the group of WILLIAMS developed a homodinuclear catalyst [LM2(OAc)>] (147,
M = Mg, Co™, Zn) with the macrocyclic ligand di-tert-butyl-tetramethyl-tetraaza-
dibenzenacyclohexadecaphanebis(olate) (L) (see Scheme A29).1230233] Perfectly alternating
PCHC (>99%) could be obtained with an almost ideal selectivity for polymerization (CHC
<1%) already at ambient pressure and 120 °C with a narrow PDI between 1.04 and 1.32 and
without a cocatalyst. The catalytic activity (1/20 bar) increased in the order of 1477 (25/140 h™
1) < 147Me (368/1060 h™!) < 147C° (712/4200 h"). Complex 147M¢ even reached high TOFs in
the range of 2300-5400 h™! with CO» from post-combustion CCS (10 bar, mechanically stirred
reactor) containing excess of water (48—400 equiv.) and other post-combustions gases such as
H,S, NOx, SOx and amines.[>**] The M, decreased with rising water content from 54.9 kg/mol
(48 equiv.) to 2.3 kg/mol (400 equiv.) due to the chain transfer effect of H,O, however, the
catalytic activity peaked at 192 equivalents with a TOF of 5400 h'!. By using the
heterodinuclear catalyst [LZn,Mg(OAc):] (148), the catalytic activity could be further increased
even more.*>236 Complex 148 achieved TOFs of 438 (1 bar) and 2400 h™! (20 bar) already at

tBu tBu CHO:
CHO 148
120 °C, 20 bar 80 °C, 20 bar, TOF 2400 h™’
PDI 1.04-1.32 H. H H. H M, 32.6 kg/mol, PDI 1.03
NXO N NXO N
><: @ @ :>< ><: I@ @ }< 80°C,20b 14'I?OF 8820 h™"
1472n 140 hf‘l N o] X N\ ,N @] X N. ' ar
" H H H H M, 44.4 kg/mol, PDI 1.04
147M9 1060 h~" 150
147C0 -1
4200h 140 °C, 20 bar
Bu {Bu TOF 12,460 h™"
147 M = Zn, Mg, Co 148 M, = Zn; M, = Mg; X = OAc
X = OAc 149 M, = Zn; M, = Mg; X = OAcPh(p-CF3)

150 M, = Mg; M, = Co; X = OAc

Scheme A29. Homo/heterodinuclear catalyst systems Conditions, cocatalyst, TOF, M, and PDI (if stated in the
publication) for the turnover of the best substrate are stated below the complexes.

80 °C, which is significantly higher than the homometallic 147M# and 147%" complexes. Using
a more electron withdrawing co-ligand [LZn,Mg(OAc{p-CF3}Ph),] (149), the catalytic activity
could be increased to 8830 h™'.12%] The combination of divalent magnesium and cobalt,
[LMg,Co(OAc),] (150), turned out to be the most active catalyst system.!?33] At 120 °C and
1 bar a TOF of 1205 h™! was obtained and at 20 bar 7200 h™!. When the temperature is raised
to 140 °C the catalytic activity even reached 12,460 h™!. Interestingly, at 1 bar when the
temperature is increased gradually the catalytic activity reached its maximum at 100 °C and
drastically decreased over 100 °C. Due to poor CO: solubility, the formation of the cyclic
carbonate is favored. Consequently, at 20 bar the polymerization rate increased exponentially

with the temperature and no CHC formation was observed. Recently, the WILLIAMS group
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reported that 148M2 is even able to depolymerize PCHC which is the first example for any
catalyzed recycling of PCHC.**”] The monomer epoxide CHO was almost exclusively formed

(>98%) at 120 °C with a rate of 150 h™".

A number of titanium-based complexes were also studied as catalysts in the copolymerization
of epoxides and CO; (see Scheme A30). Although low catalytic activities were observed with
TOFs in the range of 40 to 84 h™!, titanium catalysts stayed in the focus of research as more
environmentally friendly alternatives. The first Ti-based catalyst, (L)TiCI(thf) (151, L = 1,9-
bis(2-oxidophenyl)dipyrrinate), was reported by NozAKI in 2011.12%8] Because of the tetravalent
titanium center, a trianionic ligand was used to mimic the common salen ligand for trivalent
metals. With one equiv. [PPN]CI as a cocatalyst, highly alternating copolymers (98-99%) were
obtained for both PO (14 kg/mol, PDI 1.19-1.36) and CHO (13 kg/mol, PDI 1.27) at 60 °C and
20 bar. The overall copolymerization/cyclization selectivity ranged from 67 to 85% polymer
(PPC). When the temperature was raised to 100 °C or 1.5 equiv. of cocatalyst are used, PC is
formed almost exclusively. The group of LE ROUX presented the complexes LTiX»(thf), (152,
L = bis-m-(o,m-{di-tert-butyl } phenolate)-NHC; X: Cl, x = 0; OiPr, x = 0; Cl + OiPr, x = 1) with
a dianionic NHC ligand.!***! The mixed 152%0r gave PCHC as almost perfectly alternating
copolymer (>99%) with molar masses up to 13.8 kg/mol and a narrow PDI of 1.38 at 60 °C and
10 bar with [PPN]CI as cocatalyst. Without cocatalyst polyether was obtained exclusively n

tBu / \ (thf)y By

Y

Ti -
0/ "--.O
tBu R R o/ (l, I\o
R(x) = Cl5(0); OiPrs(0); CI,0iPr(1)

151 152 153
CHO, PPNCI 152C10Fr CHO, PPNCI CHO, PPNCI
60 °C, 20 bar, TOF 76 h™ 60 °C, 10 bar, TOF 46 h™" 120 °C, 40 bar, TOF 125 h~'
M,, 13.0 kg/mol, PDI 1.27 M,, 13.8 kg/mol, PDI 1.38 M, 6.3 kg/mol, PDI 1.05-1.13
R
R 2 %R
+V —N N= O’T|'-o ( 3
D ) § v I
tBu Oc¢c O tBu R R
R = Me, tBu; X = CI, O/Pr
Bu tBu
154 155
CHO, PPNCI 155Me.0Pr cHO [PPNICI
120 °C, 40 bar, TOF 1590 h™* 80 °C, 40 bar, TOF 59 h™!
M, 7.4 kg/imol, PDI 1.06—1.11 M, 36.8 kg/mol, PDI 1.05

Scheme A30. Titanium based catalysts. Conditions, cocatalyst, TOFs, M, and PDIs for the turnover of the best
substrate are stated below the complexes. When different catalysts are included only the condition for the best
system is mentioned.
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minor yields. The salen-based tri- and tetravalent complexes (salalen)Ti*V!Cl (153, salalen =
reduced salen) and (salen)Ti™"C1 (154) showed a slightly higher catalytic activity at harsher
conditions for the copolymerization of CHO and CO> with TOFs up to 125 h™! and 1590 h'!
(120 °C, 40 bar, [PPN]CI), respectively.?*>241l Both tri- and tetravalent catalysts gave a narrow
molar mass distribution between 1.05—1.13 with M, in the range of 4—7.4 kg/mol with a general
high selectivity for copolymer over polyether and cyclic carbonate. The trivalent titanium
complex 154 showed a significantly higher catalytic activity than the tetravalent 153 and can
almost compete with the chromium derivative (salen)CrCl1.1*'!! Lately, WILLIAMS examined the
tris(phenolate) complexes LTiX (155, L = amino-tris-m-(o,m-R-phenolato); X = Cl, OiPr; R =
Me,1Bu) and the oxo-bridged [LM°Ti],O (156) as catalyst in the copolymerization of CHO and
CO..2421 Complex 155Me0®r yielded highly alternating PCHC (>99%) with M, of up to
36.8 kg/mol and a narrow PDI of 1.05 at 80 °C and 40 bar when [PPN]Cl is used as a cocatalyst.
The catalytic behavior of oxo-bridged 156 is almost identical to 155. By raising the temperature
above 80 °C the formation of cyclic CHC is favored, while at 120 °C the selectivity for
copolymer is only 34%.

©
CHO /N
O ju\ o CHO ?Nu
- O oNUD %J\OD
®_@O OAO\P - @_@:'?)LO CHO
SRS

Scheme A31. Proposed mechanism for the copolymerization of CO, and epoxides to poly(carbonates) with CHO
as example.

CO,

Similar to the cycloaddition, an initial coordination of CHO to the metal center and a subsequent
ring-opening induced by an nucleophilic attack is discussed for the mechanism of the
copolymerization of CO, with epoxides (see Scheme A31).12432*1 Nucleophiles like DMAP or
halides with or without quaternary ammonium salts have shown to significantly increase the
catalytic conversion. Carbon dioxide inserts into the metal alkoxide bond under formation of a
carbonate. The chain growth starts with an additional insertion of a CHO unit and continues

with alternating insertions of CO; and CHO. As mentioned earlier, a side reaction is the
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backbiting which resulted in the formation and dissociation of a cyclic carbonate. The
backbiting is favored for epoxides with smaller substituents such as PO and is hindered for
bulkier epoxides like CHO (see Scheme A32a). Most salen-based aluminum complexes showed
cyclization for PO and polymerization for CHO. For the complexes containing intramolecular
quaternary ammonium chains at the ligand scaffold (133/134) a transfer of the polymer chain
with the carbonate anion to the quaternary ammonium unit under formation of an ion pair is
discussed (see Scheme A32b).2?2] The metal center is thereby open for a coordination of
another CHO unit, which further accelerates the catalytic reaction. Because the polymer chain
is already close to the metal center it can easily ring open the CHO with a nucleophilic attack.
In binary catalyst systems, when the carbonate polymer chain disassociates, it can diffuse into
the solution. This is prevented by the integrated quaternary ammonium unit. For the
heterobimetallic systems of WILLIAMS, especially complex 150, a synergetic effect of both
metals was observed (see Scheme A32c).?**] The magnesium center enhances the entropy of
the transition state by activating the epoxide by coordination and the cobalt center reduces the

enthalpy by increasing the nucleophilicity of the carbonate anion.

Scheme A32. a) Hindering of the backbiting side reaction in case of sterically demanding epoxides. b) Enhanced
catalytic activity by polymer chain transfer to the integrated quaternary ammonium chain. ¢) Synergetic effect of
heterobimetallic catalyst systems.
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5.1 Copolymerization of CO2 and Olefins

Although the telomerization of two units 1,3-butaadiene and one CO> molecule to the lactone
3-ethyl-6-vinyltetrahydro-2 H-pyran-2one (EVP) catalyzed by Pd(PhoPEtPPh;), was already
discovered by INOUE and MUSCO in the late 70s, examples for the coupling of CO> with olefin
are rather scarce (Scheme A33).2#5-247] There are reports for one to one coupling of CO> with
ethylene®**] butadiene>*’! and styrene.”>") Copolymerization of CO, with olefins was not
feasible for a long time and early attempts with dienes and vinyl ethers yielded only oligomeric
products.!?>1:221 Qver the years, the catalytic synthesis of EVP was further optimized and the
yield could be increased.[>3-253] DINJUS even reported the telomer of two units of isoprene and
CO2, but only in poor yield.[>*¥ Pd nanoparticles generated in situ from Pd(acac), and TBAAc
were able to yield EVP with 51% and a high selectivity.!*>!

Pd(diphos),
2 / \ +CoO.
\ . 120 °C, 20 h \/(f

Ni(COD),
B U2P(CH2)2PtBU2

Z +CO, NaOifBu

x

Py

(PSiP)Pd(OT)
Co,H R cogH

R
;\+coz AIEt,(OEt)3., ; : , \

Ni(acac),
C52C03

CO,H
() Svco, —EEe @A

Scheme A33. Examples of the coupling of CO, with olefins.

In 1998, DINJUS reported the first copolymerization of EVP with dithiols.[*>! The first
homopolymerization of EVP was described by NozakI in 2014.5%) In a one-pot reaction,
butadiene and CO> could be polymerized in two-steps (see Scheme A34a). In the first step, EVP
is formed with the catalyst system Pd(acac), and PPh3 at 80 °C in EC. In this step, EVP could
also be isolated. In the second step the Lewis acid ZnCl, and the radical starter ABCN (1,1'-
azobis(cyclohexanecarbonitrile)) is added and poly(EVP) was obtained at 100 °C after 24 h
with M, of 19 kg/mol and a PDI of 1.6. EVP can also be polymerized in a solution of EC with
addition of ZnCl; and a radical starter ABCN or V-40 (1,1’-azobis(cyclohexane-1-carbonitrile))
(see Scheme A34b). With this procedure a M, of 85 kg/mol and a PDI of 1.5 were obtained.

The polymer contains the bicyclic camphor-like structure o and the monocyclic structures £ and
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y. Mixtures of butadiene and isoprene or 1,3-pentadiene yielded polymeric material too,
however, a lactone species could not be isolated. In later works, the NOZAKI group was able to
modify the polymer with a ring-opening reaction at the a-unit and conduct a copolymerization

of EVP and ethylene.[?°7->5%]

a) 0.07 mol% Pd(acac), ABCN
0.21 mol% PPh; ZnCI2 CO./B i
= »/Butadiene
Co, + AN R copolymer
EC 100 C,24h

47% 80°C,3h

44%

@)}

Radical Initiator,

Lewis Acid

neat or in EC ;
100 °C, 24 h :
Ox. ;
07!
od :

48%; M 85 kg."mol PDI: 1.6

c)
BBL
# Sc(OTf)s
N 0" X0 70 °C, 90 min
d)
ﬂ

Scheme A34. a) One-pot reaction the coupling of butadiene and CO2 with a subsequent radical polymerization to
poly(EVP). b) Radical polymerization of EVP and the three possible isomers.

A different polymerization approach is the ROP of EVP which was successfully conducted only
recently.[>>?2%0 N1 used Sc(OTH)s as catalyst and could copolymerize EVP with S-butyrolactone
(BBL) to yield the poly(ester) poly(EVP/BBL) with M, of up to 4.1 kg/mol and PDI between
1.86-3.66.121 TONKS used the organocatalyst of 1,5,7-triazabicyclo(4.4.0)dec-5en (TBD). In a
first step EVP was hydrogenated with H> with a subsequent polymerization step. Poly(EVP)
with M, of 13.6 kg/mol could be obtained which is recyclable by heating to 138 °C.[26"]
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1. Synthesis of New Light Metal Pyrazolates

For the start of this study a number of literature-known light metal pyrazolates were synthesized
to test their reactivity toward CO;. These include the following in previous chapter A.2
introduced complexes [K(pz®")], (A),*¥ [Li(pz®2)]s (B),B! [Mg(pzB2)]. (C),B
[Mg(pz™2)2(Hpz™)2] (CHP2),1%) [Mg(pz™)(Hpz"™)]2 (D119, Al(m2-pz®2); (E),10V
Ti™™ (P-pz™2) (F),12 Ti M (n2-pz2); (G), 1 and [Y (1n*-pz™2)a(p2-pzV2) (o-thf) > (H).['*7
Complex C could be isolated by a protonolysis reaction of Mg(nBu). and Hpz®"?, alongside
the salt-metathesis protocol reported in the literature. For complex H the same salt-metathesis

synthesis route as for E was used.

Besides the literature-known complexes a number of new pyrazolates was synthesized. The
focus was on derivatives bearing smaller alkyl substituents one the pyrazolato ring such as iPr,
Me and H. Especially the unsubstituted pyrazolates are highly desirable, because they are easily
accessible and the highest CO: capacity (wt%) can be expected.

The mixed pyrazolato/pyrazole complex D11P% reported by RUHLANDT-SENGE was obtained in
a protonolysis reaction of Mg(nBu), with Hpz™™ in a ratio of 1:4 in THF. We were interested
if homoleptic [Mg(pz™®™),] is feasible by adjusting this ratio. A ratio of 1:2 resulted in an
incomplete protonolysis to the trinuclear complex [Mgs(pz*™)s(nBu)(thf),] (I) with two
terminal butyl groups. Applying a ratio of 1:3 led to the formation of heteroleptic trimetallic
[Mg3(pz™™2)s(Hpz"2)2] (D2HP%) with one extra Mg(pz’?),-unit compared to D1HP% (see Scheme
B1). By using a ratio of 1:2.5 a white powder precipitated. After several recrystallization

x=2
x=4
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Scheme B1. Different products in the reaction of Mg(nBu), and Hpz ™™ with distinct ratios in THF. Complex D11
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has been reported in the literature.®!]
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attempts in n-pentane donor-stabilized [Mgs(pz™)s(thf)2] (D™) could be obtained as a
crystalline material. The amorphous white powder is most likely putative [Mg(pz’*?).], (D) and

the recrystallization mixture contained just enough residual THF that complex D™ is formed.

A salt-metathesis attempt with MgBr, and Kpz®*Me

[KMg(pzB*M);], (J) (see Scheme B2). Donor-stabilized [Mg(pz®"M¢),(thf)], (K) was

in THF gave the ate-complex

obtained, when a ratio of 1:2.5 is used in a protonolysis reaction of Mg(nBu), with HpzB=Me,
This distinct ratio seems to be necessary for protonolysis reactions with pyrazoles containing
alkyl substituents with medium steric bulk. Fluorinated [Mga(pz*F>“F3)4(thf)3] (L) was feasible
via both the salt-metathesis and protonolysis protocol. Protonolysis reactions of Mg(nBu), with
the smaller pyrazoles Hpz™®2 and unsubstituted Hpz yielded amorphous [Mg(pz2),], (M) and
[Mg(pz)2]» (N). The formation of both M and N was validated by '*C CP/MAS spectroscopy.
Further, the IR spectrum of N is almost identical to the one reported for Zn(pz)..'*! Bulky
[Mg(pz™™)2]» (O) was obtained via salt metathesis. This indicates that magnesium pyrazolates

with a steric bulk equal of /Bu/Ph or above are readily feasible via salt metathesis.

MgBr, + 2 Kpz{Bu:Me Mg(nBu), MgBr, Mg(nBu),
. + +
rt, 18 h CF3,CF3 2 HpzCFa.CF3
tBu,M z
]toiuene 2.5 Hpz=Me 2Kpz 3

7. Bu rt, 18 h l l
’@‘\“"1}9_‘ n-hexane CFs e
N TK——N — —
S
N=—N-, M

Me
-\(1‘-‘71‘&1 FSC \N/’—_ i S’N\N/ CFs
éa Me 2 SR T~
Me, 7 = (Bu %o @‘N N/@:
el il i ON > oble Bu o N-NT O
N— 4 N> FsC ™ f/~#\ CF;
K] N =" W FiC o ~CF
Me'"" tBu Me™y b A 4 .
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tBu Me
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Scheme B1. Synthesis of a variety of new magnesium pyrazolate complexes including the ate-complex

[KMg(pz®*M¢);], (J) and the donor stabilized [Mg(pzB*Me),(thf)], (K) and [Mga(pz-F¢F3)4(thf);] (L).
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By applying AICl; and Kpz™? according to a salt-metathesis protocol in THF homoleptic
[Al(pz™™2)3]2 (P) could be isolated as crystalline material (see Scheme B3). In several attempts
few crystals of [Al(pz™™);(Hpz™2)] (PHP?) were obtained most likely due to residual water in

the solvent THF.

iPr iPr Pr iPr. iPr
. ; N Pr
THF NPN /pr IF’I’N@ N> "Pr\f“\v/"
AICI3 6d iPr \Al:/\/ =R/ N — =

+ —_—

—al
AN _—
, = \
3 Koz @N Py '@ Zdw rPr/w\
iPr’K)\

iPr
5|de product
Psz

Scheme B2. Synthesis of the aluminum complex [Al(pz™?2);]2 (P). On several occasions side product

[Al(pz™™)3(Hpz™™™)] (PHP?) was visible in NMR experiments.

Attempts using AlMes as starting material in the protonolysis with Hpz®? (R = Me, iPr) did not
lead to the desired [Al(pz®?)3],. At ambient temperature only a 1:1 conversion into [Me>Alpz*?]»
(Q, R = Me, iPr) is achievable (see Scheme B4). By heating to 130 °C in toluene further
conversion into the separated ion pair [AI(N,N’,N”’-Al{pz™°2};Me)][Al(pzM?);sMe] (R) is
possible which contains three tris(pyrazolyl)borate-like [Al(pz°?);Me]-units. Heating to
180 °C in xylene led to no isolatable product. However, when instead Al(n2-pz®*?); (E) and
unsubstituted pyrazole is reacted in toluene an immediate formation of a white amorphous
powder was observed. '3C CP/MAS spectroscopy revealed a complete conversion into

homoleptic [Al(pz)s]. (S).

RT | 130 °C \©/ @T |

N—N N=

=

AlMe; toluene _ toluene / o
\
.\ L. O| O Me~Af—N—N-JAIF— I—Me
3 HpZR2 = CH4 = C 4 —\N<<[;/§ %Nﬂ%f
= —N
R = Me,iPr R /Q)N\ /NU\
R = Me QV®
Pr QPr [AMe(pzMe2),]

R

Scheme B3. Stepwise protonolysis in the reaction of AlMes and three equivalents Hpz®* to 1:1 conversion product
[MexAlpz®], (Q, R = Me, iPr) at ambient temperature and to the separated ion pair [AI(N,N’,N”-
Al{pzM=}3Me),][Al(pzM*2);sMe] (R) at 130 °C.
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To avoid the use of mercury, which is required for the synthesis of Sc(n?-pz£*2); reported by
DEACON, the same salt-metathesis protocol in THF as for Al(n?-pz®*); (E) was used.!!?%:124]
Activated ScCls(thf); and Kpz®2 yielded Sc(n?-pz™*2)s(thf) (T) with one donor molecule THF
at the metal center. Applying the same protocol [Y(pz®*%)s(thf):] (U) was obtained from
activated YCls(thf)s and Kpz®2. Complex T is isostructural to literature known
[Y (pz'®*2)3(py)2] described by WINTER.!'?*] Amorphous [Sc(pz)3]. (V) could be accessed from
T comparable to the synthesis of S. The reaction of ScCls(thf); and Kpz™ did not yield any
clean product. However, on one occasion the trinuclear oxo-cluster [Sc3;O(pz™?);(HpzM),]
(W) was isolated in a good yield (see Scheme B5). In total there is one water molecule in the

complex, which most likely originated from residual waster in the solvent THF.
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Scheme B4. Synthesis of oxo cluster [Sc;O(pzM®),(HpzM®),] (W).

The synthesis of putative homoleptic gallium pyrazolates was not successful. However, a salt-
metathesis approach using GaCls and Kpz®* in THF produced a few crystals of the dimer
[Ga(pz'®"2)(u-N,N,C-pz/Br-CCH2CH) ], (X see Scheme B6). The solid-sate structure revealed
that one rBu-group of a pyrazolato ligand underwent CH-bond activation under elimination of
one pyrazole. Similar to aluminum, a protonolysis reaction of GaMes with three equivalents
Hpz®"2 at ambient temperature only led to a single ligand exchange, affording literature-known

[1\/Iezc}a(pZtBuz)]2 ) [261]

(\( tBu ‘
GaCl, RL.6d g, QN\ /S—Q\ /CHz

+ —_— Ga

Ga
N 2 tBu
3 Kpz!B: HaG \@— - N}@j

Scheme B5. C-H-bond activation to [Ga(pz™*)(u-N,N,C-pzB-C(CH:2CH)], (X) in the salt-metathesis reaction of
GaCls and Kpz®®,
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To compare the behavior of magnesium and zinc pyrazolates toward CO; the literature-known
[Zn(pz™®"2),(Hpz™*2),] (YHP?) was synthesized via a salt-metathesis protocol applying ZnCl,

and Kpz™®*%, which is different to the reported protonolysis procedure.®®!
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2. Reversible Carbon Dioxide Insertion into Light Metal

Pyrazolates

Reacting complex C with 1 bar CO; in THF led to insertion of CO> into both Mg—(pyrazolato)
moieties and the formation of carbamate complex [Mg(CO2pz®*2)y(thf),] (CCO»thf) (see
Scheme B7). This equals an uptake of 14.3 wt% or 3.3 mmol CO>/g. This process is completely
reversible in solution (VT NMR: 70-105 °C) and in the solid state (TGA: 134-233 °C). Solid
CCOntt glowly releases CO, over time, which can be speed up under reduced pressure or
elevated temperature. NMR studies revealed a stepwise de-insertion, which could be also
observed in two distinct CO»-releasing steps in the TGA. However, putative
[Mg(CO2pz®"2)(pzB*2)(thf)2] could not be isolated. In toluene C showed also an immediate
and complete reaction with CO2, however, no crystalline material could be isolated. An 'H
DOSY NMR study revealed that one distinct product is formed. A subsequent molar mass
calculation resulted in M = 1875 g mol™! which is close to the tetrameric [Mg(CO2pz®"2):]4

(CC€92) with a molar mass of 1883.59 g mol . This would equal an uptake of 18.7 wt% CO».
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Scheme B6. Reversible CO» insertion with [Mg(pz™*),]> (C) to A) monomeric [Mg(CO,-pz®2),(thf),] (CCO>thT)
and B) donor-free tetrameric [Mg(CO2-pzB“2),]4 (CC©2).
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Complex D™ is also capable of inserting CO; in THF to yield [Mg(CO2-pzT2),(thf),] (DCOth),
Although no crystal structure could be obtained, both 'H and '3C NMR confirmed the
formation. In toluene, the reaction of D™ with CO, showed a rather complicated '"H NMR
spectrum, however, a SC-XRD analysis of the few obtained crystals revealed the ate-complex
[LiMga(CO2pz™2)9] (Z). The lithium atom most likely originated from residual lithium
contained in Mg(nBu), as verified by a 'Li NMR experiment. The formation of Z most likely
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Scheme B7. Reactivity of the mixed pyrazolato/pyrazole magnesium complexes toward CO; under the formation
of the corresponding CO, insertion complexes and disassociation of the carbamic acid HO.Cpz®? (AA, R = iPr,

Bu).

was induced by the lithium contaminated [Mgs(pz™)s(thf)2] (D). Reacting the mixed
pyrazolato/pyrazole magnesium complexes CHPZ D1HPZ and D2HP2 with 1 bar CO> led to the
formation of CCO2thf and DCO2t regpectively (see Scheme B8). In addition, signal sets were
observed in the NMR spectra, that can be assigned to the carbamic acids HO.Cpz®? (AA, R =
Bu, iPr). The donor pyrazole dissociates after CO> insertion. In contrast to the metal carbamates

no CO; release is observed for AA.

Because both M and N are not soluble in common solvents, we exposed the solid compounds
to a 1 bar CO> atmosphere without any solvent. Surprisingly, an immediate heat evolution and
a mass gain in accordance to full CO, insertion was observed. This was proven by IR and *C
CP/MAS experiments that showed the quantitative formation of [Mg(CO2-pz™®2),], (M€0?) and
[Mg(CO2pz)2]» (NC©?), respectively (see Scheme B9). Both compounds reach exceptionally
high uptake of 29.4 wt% and 35.7 wt% CO», respectively. Complex M¢©2 even became soluble
in THF and solution NMR experiments confirmed its formation as well. However, no
crystalline material was obtained. Both compounds display a reversible CO> insertion, which

was confirmed by TGA, IR and solid-state NMR studies.
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Scheme B8. Solvent-free CO, insertion into magnesium pyrazolates with small substituents (R = H, Me) at the

pyrazolato ligand (top). Comparison of '3C CP/MAS spectra of N and N¢©? (bottom).

The magnesium complexes J, K and O showed also an immediate CO> insertion, however, the
'H NMR spectra were rather complicated and no clean product could be assigned.
Crystallization attempts were not successful. Fluorinated L showed no visible CO: insertion in
NMR experiments. Most likely, the reduced nucleophilicity of the pyrazolato ligand disfavors

interaction with COs.

Exhaustive CO; insertion was not detected for the aluminum complex E (15.8 wt% CO>), but
the doubly inserted [Al(CO2-pz*2),(pz®"2)] (E€©?) formed in THF (see Scheme B10). The
crystal structure revealed that the third CO: insertion is hindered by the steric bulk of the /Bu
groups. The necessary tilt for the insertion of the third pyrazolato ligand is hindered by the two
carbamato ligands. The insertion process of complex E€©? is reversible which was proved by a
'H VT NMR study and TGA. Striking is that the required energy for the release of CO> is
significantly higher than for the magnesium congener C¢©2, but also that solid E€©? did not
show any de-insertion over time, even under reduced pressure. The less steric demanding P
showed complete CO; insertion to [AI(CO2-pz™*™)3], (P€02) in THF (21.5 wt% CO). Although
no crystalline material was obtained, NMR studies unambiguously revealed full CO; insertion

by showing three different signal sets for only the carbamato ligands.
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Scheme B9. Twofold CO; insertion of complex Al(n?-pz®*®); (E) to [AI(CO2pz®*2)(pz®*)] (E€??) and crystal

structure of E€©2,

The scandium complex T inserted CO2 only into one Sc—pyrazolato moiety in THF to yield
donor-stabilized [Sc(CO2-pz®*2)3(thf)], (TCO»tf) observable in the NMR spectra (see Scheme
B11). However, no crystalline material was obtained, due to immediate de-insertion at ambient
temperature upon solvent removal. This is in stark contrast to the aluminum congener T¢02,
which did not release CO» even under reduced pressure. A "H VT NMR study uncovered a fully
reversible equilibrium between T and T€O>%, In toluene, two different insertion species were
initially observed in the 'TH NMR spectrum, but also crystalline material was formed and a SC-
XRD measurement applying permanent cooling revealed the dimer [Sc(CO2-pz®"2)(pz*2),]>
(T1€92) (7.0 wt% CO,). Complex T€O? 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(CO2pzB2)y(pz/B*2)] (T2€02), which immediately releases one CO> to convert into T1€02
upon opening of the NMR tube. The overall CO; affinity (carboxophilicity) of scandium proved

to be rather weak.
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Scheme B10. Reactivity of complex Sc(n?-pz™=*);(thf) (T) toward CO» in dependence of the solvent.

Even less carboxophilicity was observed for yttrium complex U showing no visible CO»
insertion like complex L. In contrast, with yttrium complex H bearing less bulky pyrazolato
ligands a CO; insertion was observed in NMR spectra. One signal set could be assigned to fully

inserted [Y(CO2-pzM2)s(thf)], (HC?) while the other signals appeared too complicated to be
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assigned to one distinct product. A VT 'H NMR study showed the reversibility of HE0? whereas

the other species remained unchanged.

Surprisingly, the scandium oxo cluster W revealed exhaustive CO> insertion according to NMR
spectrum with one clean product W€02 and the formation of the carbamic acid AA (R = Me).

However, no crystalline material could be obtained.

Both alkali-metal pyrazolates A and B showed clean CO» insertion products [Li(CO2:pz2)],
(AC9?) and [K(CO2:pz®*)], (BC9?) in THF, as monitored by NMR spectroscopy. However,

only microcrystalline material unsuitable for a SC-XRD study was obtained.

At first, tetravalent titanium complex F showed a twofold CO> insertion to yield
Ti(CO2pzM2)(pZM2), (F1€9?) in toluene, which was verified via NMR studies and
experiments with labeled *CO> (see Scheme B12). However, after one day a second signal set
appeared and overtime F1¢9? was converted completely into this new compound in addition to
several other new species. This “decomposition” process is reproducible and occurs always at
ambient temperature. When a solution of F1¢92 was cooled to 0 °C, any decomposition was not
observed. When cooled to —40 °C a yellow amorphous powder precipitated but at first no
crystalline material formed. After one week at ambient temperature yellow crystals could be
obtained from the original solution of F1¢© which revealed the oxo-bridged dimer
O[Ti(CO2-pzM2)2(pzM2)], (F2€02). Two carbamato and one pyrazolato ligand are coordinated

to each titanium center. Two possible reaction pathways come into question a hydrolysis and a
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Scheme B11. CO; insertion into complex Ti(n?*-pzM®)s (F) to yield [Ti(CO»pzMe)a(pzM®2),] (F1€0?) and a

subsequent deoxygenation decomposition reaction.
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subsequent dissociation of pyrazole/carbamic acid or a deoxygenation of inserted CO». For the
latter reaction some examples exist in the literature.?%22%31 A light induced reaction could be
excluded by experiments with amber glass. After two months orange crystals were obtained
from the original F1¢0? solution and a further prolongation of the oxo chain to the trinuclear
[Ti(u-0)2(u-pzM2)a(Ti{CO2-pzM2} {pzM2} ),] (F3C0?) was revealed. It seems that the reaction
over time leads to TiO,. After three years at —40 °C red crystallin needles grew from the solution
with the yellow precipitate. A SC-XRD measurement confirmed the proposed structure of

[Ti(CO2:pzMe2)y(pzM°2),] (F1€0?), which equals an uptake of 17.0 wt% COs.
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Scheme B12. Reactivity of complex Ti(n?-pzM®)s (F) towards an excess of CS; and the formation of

[Ti(CS2pzM)a(pzM)s] (FE).

To examine if the feasibility of a sulfide-bridging, F was reacted with an excess of CS,. At
60 °C, a full conversion to mono-inserted [Ti(CS2-pzM2)2(pz™2),] (FC52) occurred. (see Scheme
B13). The '"H NMR spectrum shows different signal sets of the pyrazolato ligands positioned
trans and cis to the thiocarbamato ligand. Heating up to 130 °C did not led to a formation of a
sulfur bridge but instead to de-insertion of CS,. This is caused by the softer Lewis base character

of sulfur compared to oxygen.
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Scheme 13. Twofold CO; insertion of complex Ti(n?-pz®*); (G) to yield [Ti(CO2pz®®)y(pz®*)] (G°?) and
crystal structure of G2,
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The reaction of the trivalent titanium complex Ti!(n2-pz/®*2); (G) with an excess of CO> led
to immediate color change from blue over green and yellow to finally red. Surprisingly, the
crystal structure revealed that the titanium stayed in the oxidation state of +III and that the
complex Ti(CO2pzB"2)2(pz®%2) (GC02) formed (see Scheme B14). Monomeric G€0 is
isostructural to aluminum complex E€©2 and thus only two of the possible three pyrazolato
ligands inserted a CO2 molecule (13.1 wt% CO»). Compared to E€©2, complex G¢©? a full
release of CO; can be observed at already 70 °C in '"H VT NMR experiments.
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Scheme B14. Reactivity of complex [Zn(pz®*2),(Hpz®*™),] (YHP?) toward an excess of CO».

When exposed to 1 bar CO», the mixed pyrazolato/pyrazole zinc complex YHP? yielded the
dimeric complex [Zn(CO2-pz*2)(n-pz®*2)], (Y€©?), with one inserted CO per zinc center (see
Scheme B15) (9.4 wt% CO»). Although magnesium and zinc have almost identical ionic radii
and the same charge, zinc only inserts CO:z in one of two possible pyrazolato ligands, which
can be explained by decreased oxophilicity of zinc. This is further reflected that no THF donor

is coordinated in Y©9? compared to CCO>tf although both reactions take place in THF.
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3. CO: Insertion into Light Metal Pyrazolates Immobilized onto a

Mesoporous Silica Surface

Given the previous successful grafting of La/Ce pyrazolates grafted onto the mesoporous silica
SBA-15500, we were interested in the behavior of the light metal pyrazolates C, E and F once

[76]

immobilized on a surface.!’® The grafting reaction was conducted with an excess of light metal

pyrazolates and the parent material SBA-15500 (fully characterized in a previous work!*?!) in n-
hexane, which yielded [Mg(pz®*2).[.@SBA-15500 (C@SBA-15), Al(n*-pz®“2);@SBA-15500
(E@SBA-15) and Ti"V(m2-pz2M2)s@SBA-15500 (F@SBA-15). In all three cases, a complete
consumption of the surface silanol sites was confirmed by the disappearance of the Si-O-H
stretching vibration signal in the DRIFT spectra together with the appearance of C—H vibration
bands. Similar to the La/Ce compounds any released pyrazole was not found in the supernatant
solution, which indicates the formation of mixed pyrazolate/pyrazole species at the surface.
This is further emphasized by signals for NH protons in the 'H CP/MAS spectra. ICP-OES and
EA results led to the conclusion that the surface species of C@SBA-15 mainly consists of
bipodal species coordinated with two pyrazole donor molecules of the type [Mg(Hpz™"2),] (see
Scheme B16). For E@SBA-15 the monopodal species [Al(pz™"2)>(Hpz™®"?)] and for F@SBA-
15 the bipodal [Ti(pz™*?)2(Hpz™?)] are plausible. For all three materials the surface area and
the pore volume was decreased by 50% (see Table B1). The pore diameter was reduced from

8.2 nm to 6.2-6.6 nm.

Bu
do = HpzMe:
ONI 'b i
\\\\ """" ”””N O \\\\\ I
(]) N-—-T| -nN@
? ? ' tBu
~o 10" 1~ oot o~ l ’fo“ A\ o
(0] 0] (@)
SBA-1565, SBA-1564, SBA—1 5500
C@SBA-15 E@SBA-15 F@SBA-15

Scheme B15. Possible surface species for the light metal pyrazolate hybrid materials based on EA, ICP-OES,
DRIFTS as well as CP/MAS data.
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Table B1. Analytical data of parent and hybrid materials.

Material CSiOH aset®  Vporel  dporel! Miel CO: uptake M
surfacel?! [m%/g] [em¥/g] [nm] [Wt%] [wWt%]
SBA-15500 2.80 848 1.11 8.2 - -
C@SBA-15 - 410 0.57 6.2 1.85 7
E@SBA-15 - 418 0.55 6.4 1.21 6
F@SBA-15 - 405 0.53 6.6 4.39 11

[al Calcd. according to published procedures; ! BET surface area calcd. between p/po 0.07 and 0.15; €] BTH
desorption cumulative pore volume between 2.0 and 10 nm; [ Maximum pore size distribution calcd. by the BTH
method from the isotherm adsorption branch; [ Metal content determined by ICP-OES; [l Uptake determined by

weight increase of the sample after exposure to an excess of CO,.

When the materials were exposed to a 1 bar CO; atmosphere a mass gain in all three cases was
observed, accounting for 7% (C@SBA-15), 6% (E@SBA-15), 11% (F@SBA-15),
respectively, which resulted in the formation of the materials CO>@[Mg(pz®*2),.@SBA-15500
(CO2@C@SBA-15), CO@Al(M*-pz™*2); @SBA-15500 (CO2@E@SBA-15) and
CO@Ti"™V(m2-pM2)s@SBA-15500 (CO:@F@SBA-15). For material CO:@E@SBA-15 and
CO:@F@SBA-15, the CO; uptake can also be monitored by *C CP/MAS experiments, in
which the quaternary carbon signals at the pyrazole split into two distinct signals, due to the
introduced asymmetry. In both cases the characteristic CO double bond stretching vibration
band is detected in the DRIFT spectra, with a more prominent band for CO2@F@SBA-15
which fits well to the higher CO, uptake. Material CO2@C@SBA-15 showed no change in the
13C CP/MAS spectrum. Although a change of the CH vibration bands can be observed in the
DRIFT spectrum, no band for a CO double bond stretching vibration appeared. However, a
broad band at 1653 cm™! was resolved, which fits to a carboxylate group. This fits well with the
surface character of C@SBA-15 being mostly donor pyrazoles, which form carbamic acids

upon COz insertion.
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4. Catalytic Conversion of Epoxides and Carbon Dioxide to Cyclic

Carbonates

Given our previous work with cerium pyrazolates as catalysts for the conversion of epoxides
and COz to cyclic carbonates, we were interested in the behavior of above introduced light metal
pyrazolates as catalysts. 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). If not stated otherwise the standard protocol for the catalytic conversion was used, with
0.5 mol% metal center of the catalyst, 1 mol% cocatalyst TBAB or TBAI at 1 bar CO;
atmosphere for 24 h at ambient temperature and neat in the corresponding epoxide as solvent
(see Scheme B17). The conversion was determined by comparing the the integrals in a-position
of the epoxide and the corresponding cyclic carbonate except for 3,3-dimethyl-1,2-butene

carbonate where the integral of the fBu moieties was used.
0.5 mol% [Cat.]

0 1 mol% [CoCat.]
rt, 24 h )k
/ \ +1barCO,

>~ O @)

: -

R

Scheme B16. Catalytic conversion of epoxides and CO, to cyclic carbonates by using 0.5 mol% catalyst based on

the metal center.

The results of all conducted catalytic reaction can be found in Table 2. For PO the magnesium
complexes showed only a moderate catalytic activity with conversions between 45% and 59%.
(entries 1-6). The highest conversion was achieved with the fluorinated L (entry 6), however,
with a polymeric side product. An almost equally high conversion was achieved with the /Bu
congener C (56%, entry 2). With donor molecules such as THF or Hpz"? the conversion was
found slightly reduced (entries 3—5). Apparently, the donor molecules compete with the epoxide
for coordination sites at the metal center, in addition to the formation of a carbamic acid from
the corresponding donor pyrazoles under a CO; atmosphere. A slightly higher conversion was
achieved with the group 13 and transition metal pyrazolates E (65%), F (59%) and YHP* (85%)
(entries 7, 8 and 10). In general, the rare-earth metal based catalysts show the highest catalytic
activity, which is in line with their fast ligand exchange character (entries 11-15).264 The
scandium pyrazolates T achieved the highest catalytic activity of soluble pyrazolates with an

almost quantitative conversion of >99% (entry 11), which equals a TON of 199. TOF studies
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revealed a starting TOF of 120 h™! and an almost complete conversion after already 6 h. The

TON can be further increased to 4600 when 0.01 mol% of T 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 8 vs. 9 and 12 vs. 13).
As expected for the more sterically demanding epoxides SO, tBO and EH, an overall lower
catalytic conversion was observed compared to PO with /BO giving the lowest conversion.
Here, only the rare-earth-metal catalysts achieved higher conversion between 5-29% with again
T as the most active catalyst. Not surprisingly, in the case of magnesium and aluminum, the
complexes with less sterically demanding ligands perform slightly better than those with /Bu
substitutes for all three bulky epoxides (entries 2 vs. 3, 8 vs. 9). For yttrium this is only the case

for EH (entries 12 vs. 13).

Table B2. Catalytic activities of light metal pyrazolates (including Zn and Ce) in the cycloaddition of

epoxides to cyclic carbonates. 2]

Entry Cat. Metal mol%/T/p PO SO BO EH CoCat.
1 TBAB! - 0.5/RT/1 3% - - - -
2 C Mg 0.5/RT/1 56% 4% 4% 7% TBAB
3 D24z Mg 0.17/RT/1 45% 4% 3% 11%  TBAB
4 Dtf Mg 0.5/RT/1 42% - - - TBAB
5 K Mg 0.5/RT/1 43% - - - TBAB
6 L Mg 0.25/RT/1 59% 8% 4% 18%  TBAB
7 YHrz Zn 0.5/RT/1 85% - - - TBAB
8 E Al 0.5/RT/1 65% 5% 2% 7% TBAB
9 P Al 0.5/RT/1 43% 8% 3% 11%  TBAB
10 F Ti 0.5/RT/1 59% 8% 2% 7% TBAB
11 T Sc 0.5/RT/1 >99%  27% 24% 29%  TBAB
12 U Y 0.5/RT/1 97% 22% 9% 18%  TBAB
13 H Y 0.5/RT/1 84% 20% 5% 23%  TBAB
14 Ce(1V) Ce 0.5/RT/1 88% 24% 13% 25%  TBAB
15 Ce(11D) Ce 0.5/RT/1 96% 13% 5% 9% TBAB
16 C@SBA-15 Mg 0.5/RT/1 45%!4 - - - TBAB
17 C@SBA-15 Mg 0.5/RT/1 86% - - - TBAI
18 C@SBA-15 Mg 0.5/RT/1 <]l - - - -
19 C@SBA-15 Mg 0.5/90°C/10  >99%  99% 60% 99% TBAI
20 C@SBA-15 Mg 0.01/90 °C/10  21% - - - TBAI
21 E@SBA-15 Al 0.5/RT/1 63%!1 - - - TBAB
22 F@SBA-15 Ti 0.5/RT/1 15% - - - TBAB
23 F@SBA-15 Ti 0.5/90 °C/10 97% 91% 41% 74%  TBAB

[a] Reaction conditions not stated in the table: [Cocat] = 2x[Cat. (referred to metal center)], 24 h, neat in epoxide;
[l Conversion determined by comparison of the proton integrals in a-position of the epoxide and the corresponding
cyclic carbonate (except for tBO where the integral of the /Bu moieties was used); [! Only TBAB is used as
catalyst; 19 Not representative due to polymer formation as side reaction; °) mostly polymer as product; [l Not

representative because of the formation of an unidentified side product.
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To probe whether if the catalytic conversion can be increased when the light metal pyrazolates
are immobilized on a silica surface the materials C@SBA-15, E@SBA-15 and F@SBA-15
were tested as heterogeneous catalysts. For the aluminum-based material E@SBA-15 a
conversion of 63% for PO was observed (entry 21), however, the conversion was not
representative due to a significant formation of an unidentified brown side product. The
titanium material F@SBA-15 achieved a conversion of 15% with no side product (entry 22).
The conversion could be increased to 97% at 90 °C and 10 bar CO> (entry 23). Under these
conditions a moderate to good conversion even for the bulky epoxides could be achieved (SO:
91%; tBO: 41%; EH: 74%). For the magnesium material C@SBA-15, a mixture of the desired
PrC and polymer (not further analyzed) was obtained at standard conditions for PO (entry 16).
Strikingly, when TBAI was used as cocatalyst C@SBA-15 surpassed its homogeneous
derivative C significantly already at standard condition with a conversion of 86% (entry 19).
At 90 °C and 10 bar CO; a quantitative conversion (>99%) of PO was achievable. Even for the
bulky epoxides SO and EH a conversion of 99% was obtained. This remarkable increase of
catalytic activity occurs due to the surface species [Mg(Hpz™®"2),], which is only coordinated
by donor molecules and thus the magnesium center is highly activated for catalytic reactions.
When no cocatalyst is used, C@SBA-15 yielded almost exclusively the uncharacterized
polymer (entry 18). This indicates that the selectivity of C@SBA-15 is tunable by the

cocatalyst.

Table B. Inverse proportional correlation of CO; release temperature and catalytic conversion.

Catalyst CO; release temperature [°C] Catalytic Oxophilicity M
TH NMR TGA Conversion [%] [0](26%)
start—>end start—>end

C Mg tBu 70-105 134-233 56 0.6

E Al tBu 100-120 114-196 65 0.8

HY Me rt=70 60-154 84 0.8
Ce(IV) Me 10-601! 55-95t 88 0.9
Ce(IIl) Me - 5290 96 0.9

UY tBu - - 97 0.8

T Sc tBu rt rt >99 0.8

& previous work.[7%]

Interestingly, an invers correlation between the catalytic conversion and the CO;-affinity
(“carboxophilicity”) can be stated (see Table 3). The carboxophilicity can be derived from the
CO; release temperature of the corresponding CO; insertion complexes determined via VT
NMR and TGA experiments. The magnesium and aluminum compounds C and E require the
highest temperature to release CO; but exhibit the lowest catalytic conversion in this study. In

contrast, the highly active U and T do not insert CO> at all at ambient temperature or release
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CO> immediately. The trend of the carboxophilicity cannot be assigned only to the effects of
oxophilicity, electronegativity or the Lewis acidity. Most likely it is a combination of these
three effects and the nucleophilicity and the steric bulk of the corresponding pyrazolato ligand.
For example, the best magnesium catalyst in this study, L, shows no visible CO> insertion at
ambient condition. This originates from the fluorinated pyrazolato ligand, which has the lowest
nucleophilicity of all used pyrazoles. Another example is the comparison of the magnesium and
zinc carbamates C®°* and Y“°* which was discussed earlier. The zinc containing Y°? show a

significantly higher catalytic activity but only inserted one CO> molecule per zinc center.
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1. Carbon Dioxide Insertion with Alkaline Metal and Zinc
Pyrazolates as well as Bulky Magnesium Pyrazolates/

Triazolates

Alkaline-Metal Pyrazolates

To cover all light metal pyrazolate classes, we were interested in the reaction behavior of
alkaline-metal pyrazolates toward CO;. Both in the literature reported alkaline pyrazolates
[Kpz®*“]. (A) and [Lipz®*2]s (B) were synthesized by deprotonation of Hpz®*> with the
corresponding silylamide salt M[N(SiMe3)2] (M = K, Li) (see Scheme C1). A subsequent
exposure to 1 bar of CO2 led in both cases to an exhaustive CO> insertion into one of the two
nitrogen metal bonds and the formation of the carbamate complexes [M(CO2pz®*)], (A% M
= K; B€02: M = Li). The formation was monitored by '"H NMR spectroscopy, showing that the
signal of the /Bu moieties split into two separated signals, due to the introduced asymmetry.
For AC0? the signals appeared at 8 = 1.39 ppm and & = 1.18 ppm and for B¢©2 at § = 1.43 ppm
and 8 =1.21 ppm (see Figure CX and CX). However, only microcrystalline material was

obtained not suitable for a SC-XRD analysis.

IKe) Bu |
. _ 16 h 1 bar CO
[M(N{SiMe3}»)] t, THF , t, THF >\ N7\
+ —>  [Mpz®¥9, a O |
tBu - N
Hpz™"™ A:M=K;x= -
@-=Li K B: M = Li; x = 4 B Bu |,

A0z M = K
B0z M = Li

Scheme C1. Synthesis of alkaline-metal pyrazolates and their reactivity toward an excess of CO».
Bulky Magnesium Pyrazolate and Magnesium Triazolate.

The salt-metathesis reaction of MgBr» and [Kpz™]

[Mg(pz™2),], (0) with a yield of 56% (see Scheme C2). Although no crystallin material could

» gave the magnesium pyrazolate

be obtained the 'H NMR spectrum confirmed the formation of O. In the aromatic region four
signals appeared. The three signals at 6 = 7.87, 7.19 and 7.00 ppm can be assigned to the ortho,
meta and para protons of the phenyl moieties with an integral ratio of 8:8:4. The signal at
0 = 6.80 ppm with an integral of two protons can be assigned to the backbone proton of the
pyrazolato ligand. When O was reacted with an excess of CO> the four signals split up into

several broad signals in the aromatic region, which indicates an asymmetry of the ligands,
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which is expected for a CO insertion. However, since a crystallin material could not be

obtained, a final confirmation of the structure of O€©? remains elusive.

THF or toluene
MgBr; toluene, rt, 7d O : ”BU) rt, 7d TO
+ - > N
2 KpZPh2 — 2 KBr E 2 thMez —2nBu N\<
Ph 2 dn: 2 dn

Scheme C2. Synthesis of [Mg(pz"™).]. (O, left) and [Mg(tzM2),],, (I, right).

When Mg(nBu), was reacted with two equivalents of the triazole HtzM®2 in THF or toluene an
immediate white precipitate was formed. The white powder is insoluble in all common solvents,
which indicates that the material most likely is amorphous [Mg(tzM2):], (I) (see Scheme C2).
The structure could be chain-like polymer, however, an extension of the coordination via the
nitrogen atom in 4 position seems also possible. When I was exposed to 1 bar CO; a mass gain
of 11 wt% was observed, which deviates significantly from the value expected for a complete
CO; insertion (29 wt%). However, the DRIFT spectrum shows clearly two characteristic

stretching vibrations for a CO double bond at ¥ = 1764 and 1732 cm-1.
CO: insertion into Zinc Pyrazolates.

Given the similar ionic radii of magnesium and zinc (CN = 6; Mg =0.72 A; Zn=0.74 A) and
divalent state, we were interested, if zinc pyrazolates behave similar to their magnesium
derivatives.!?*®) Attempts to synthesize homoleptic [Zn(pz®"2):], via a salt-metathesis reaction
of ZnCl; and the potassium salt A in THF only led to the mixed pyrazolate pyrazole complex
[Zn(pz™®"2)2(Hpz™"2),] (YHP?) in a yield of 41% (see Scheme C3). This complex was already
reported by DEACON/JUNK, however, a protonolysis protocol with ZnEt, and Hpz®* was
applied.[®"] The donor pyrazoles in YHP” in the salt-metathesis reaction most likely originated
from residual water in the solvent THF. In addition to YHP* the unsubstituted [Zn(pz)2]- (IT)

was synthesized according to the literature procedure by reacting ZnCl, and Hpz in water.!!%!

{Bu
tBu@ tBu
THF O Bu 1 parCO, O
____N ar '\
ZnCl, rt,4d H,.N NS rt, THF )d
+ _— \N"—-N’ ‘.H = "
2 Kpz®: —2KCl N _N" —HOCpz®: ! ON tBu"E;ﬁ\
Bu
tBu,K)‘rB
tBu

Ysz

=z

€O tBu

Scheme C3. Synthesis of complex Zn(pz®®),(Hpz5*), and subsequent reaction with CO; to [Zn(CO2-pz®"?)(p-
pZtBuz)] 2 (YCOZ)_
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When YHP” was exposed to an atmosphere of 1 bar CO> an insertion into only one of the two
pyrazolato ligands was observed and dimeric complex [Zn(CO2 pz“2)(u-pz®*2)]2 (Y©2) could
be isolated. This equals a capacity of 9.4 wt% CO; or 2.1 mmol CO; per gram. Crystals could
be obtained overnight at ambient temperature (see Figure C1). The zinc centers in Y¢©? are
coordinated in a distorted tetrahedral geometry, in which the two carbamato ligands coordinate
terminal in a k*(N,0) mode. The two pyrazolato ligands are bridging the two zinc centers in a
u—1x(N):2x(N’) mode forming a six-membered metallacycle in a twist conformation. The C—
O-C angle of inserted CO> ranges between 128.5(3)-128.6(3)° and distinct C—O double
(1.207(4)-1.210(4) A) and single (1.264(4)-1.265(4) A) bonds can be observed.

J "

04 Ndg [
c35 O3 a3 B
'» |
o Nog Zn2 Znlyg— @--N? —
- & O N7 ot ciz2 #®
®—g\s kA

X"-\

Figure C1. Crystal structure of [Zn(CO2-pz®2)(u-pz®®)], (YCO2). Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as two lattice solvent THF are omitted and /Bu moieties are set as wireframe for clarity.
Selected interatomic distances [A]: Zn1-01 1.976(2), Zn1-N2 2.042(3), Zn1-N3 1.976(3), Zn1-N8 2.004(3),
71n2-03 1.971(2), Zn2-N6 2.053(3), Zn2-N4 2.006(3), Zn2-N7 1.986(3), C12-01 1.264(4), C12-02 1.207(4),
C35-03 1.265(4), C35-04 1.210(4). Selected angles [°]: O1-C12-02 128.6(3), O3—-C35-04 128.5(3), O1-Znl-
N2 80.84(9), 03—7Zn2-04 80.51(10).

The 'H NMR spectrum shows three signals for the /Bu moieties. One signal at & = 0.95 ppm
with an integral of 36 protons can be assigned to the bridging pyrazolato ligands and the two
signals at 6=1.17 ppm and 6 =1.27 ppm with each an integral of 18 protons show the
characteristic splitting of substituents at the carbamato ligand caused by the asymmetry
introduced by the CO; insertion. Additionally, two signals in the aromatic region appeared for
the backbone proton of the two different ligands. The same behavior can be observed in the *C
NMR spectrum. Despite the similarities of magnesium(Il) and zinc(Il), Y only inserts COz in

one of the two possible pyrazolato ligands. This is most likely caused by the softer Lewis acid
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character of zinc. Also the oxophilicity of magnesium (0.8) is significantly higher than that of
zinc (0.2).129] Moreover, the structure of complex Y02 does not exhibit any coordinating donor
THF, although the reaction was conducted in THF. This is in stark contrast to the magnesium
complex CCO»tf in which two THF donor molecules coordinate to the metal center. Further,
zinc complex YHP? displayed the highest catalytic activity of all non-rare-earth metal derivatives
as catalyst for the cycloaddition of epoxides and CO: to cyclic carbonates. Under standard
conditions (0.5 mol% metal center of the catalyst, 1 mol% TBAB, 1bar CO,, ambient
temperature, 24 h) YHP? reached a conversion of 85% for PO. This is another example for the
inverse correlation of carbophilicity and catalytic activity. Bearing the less nucleophilic
unsubstituted pyrazolato ligand, complex [Zn(pz):]» showed no CO: insertion at all at ambient
temperature, again in stark contrast to the corresponding magnesium compound [Mg(pz)2]. (N),

for which a quantitative insertion was observed.
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2. Light Metal Pyrazolates grafted onto a mesoporous Silica

Surface

Introduction

The rising carbon dioxide levels since the industrial revolution are the main reason for the
human made climate change.!*”) Two prominent approaches to combat the CO, emission are
carbon capture and storage as well as using CO> as C1 feedstock and convert it into more

valuable organic compounds.!?~7-25-27.38.268]

In the industry aqueous amine scrubbers or
alkali/alkaline-earth metal hydroxides are used as capture materials, however, they have low
capacities and require high regeneration energies.l’'!! Current systems under research include
amino-functionalized materials such as silica, ionic liquids, zeolites and metal-organic

frameworks (MOF),1>-8268-270]

Surface organometallic chemistry (SOMC) is another material approach for targeting the

1842711 Metal complexes are grafted onto a support material with

catalytic conversions of CO.!
a high surface area like mesoporous silica. With this methodology well-defined and higher
active metalorganic surface species can be generated, that are not only protected from
deactivation due to their covalent bonding to the surface, but also are stable at ambient
conditions. A number of SOMC materials which act as heterogenous catalysts in the
cycloaddition of epoxides and CO; are already reported.l’519%:1922721 Although heterogeneous
catalysts often show lower catalytic activity compared to their homogeneous derivatives, this

apparent drawback is often compensated by their high stability and reusability.

Recently, we found that cerium pyrazolates, i.e. [Ce(pzM®)s]>, are able to insert CO»
exhaustively and reversibly under formation of the carbamate complex Ce(CO2pzM2)s.
Further, this conceptional approach could be transferred to light metal pyrazolates based on
magnesium, aluminum and titanium and, inter alia, Mg(CO2pz®*?)y(thf),,
Al(CO2pz™"2)1(pz™®"2) and Ti(CO2pzM2)2(pzV2), could be isolated (see this thesis). Reversible
and extensive CO: uptake was also found when cerium and lanthanum pyrazolates,
[Ce(p2M®2)4]2, [Ce(pzM®2)]4 and [Ln(pz™2)s(thf)]2 (Ln = La,Ce), are grafted onto a mesoporous
surface of SBA-15s500.7®! High capacities of up to 20 wt% CO. were found for
[Ln(pzM2)3(th) 2 @SBA-15500. In addition, tetravalent [Ce(pz™®)s]2@SBA-15500 acts as an
effective and easily recyclable heterogeneous catalyst. Therefore, we were interested whether
the activity toward CO; observed for of light metal pyrazolates can be increased when grafted

onto a mesoporous silica surface.
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Parent material

The most fitting parent material for this study was SBA-15, because it is a large-pore
mesoporous silica. Periodic, long-range ordered silicas with a smaller pore size like MCM-48
or MCM-41 are more likely to get blocked when the relatively large pyrazolate complexes are
immobilized on the surface. The synthesis of SBA-15 was conducted as described in the
literature.?”>] The parent material was activated at 500 °C (denoted as SBA-15s500) and 10~
3mbar. The synthesis, silylation experiments, N> physisorption experiments and full
characterization of the parent material SBA-15500 was reported in a previous work.!"”?) The
surface Si—~OH population was determined to be 2.80 Si—OH groups per nm>. The silanol groups
are clearly visible in the DRIFT spectrum by a sharp signal at ¥ = 3746 cm™'. N physisorption
experiments revealed a surface area of 848 m?g !, a pore volume of 1.11 cm®g! and a pore

diameter of 8.2 nm.
Synthesis and Characterization of Light Metal Pyrazolate Hybrid Materials

To cover a variety of metals the three pyrazolate complexes [Mg(pz2"):]2 (C), Al(n>-pz2*)s
(E) and Ti"V(n?-pz™?)4 (F) were chosen as metalorganic precursor. The grafting reaction was
conducted by suspending the parent material in n-hexane (toluene for Ti) and addition of
equimolar amounts of the metalorganic precursor solvated in n-hexane (toluene for Ti), yielding
the three hybrid materials [Mg(pz®"2):]2@SBA-15500 (C@SBA-15), Al(n*-pz™®*?);@SBA-
15500 (E@SBA-15) and Ti™V(n?-pzM*)s@SBA-15500 (F@SBA-15). The consumption of Si—
OH was confirmed by DRIFT spectroscopy. For both E@SBA-15 and F@SBA-15 a complete
conversion was observed, however, in the case of C@SBA-15 a small signal at 3712 cm™!
remained. For all three hybrid materials C—H vibration bands were observed. The fine white
powders (pale yellow for Ti) were washed with an excess of toluene and n-hexane. The
supernatant solutions were dried under reduced pressure and the remaining solid was analyzed
via '"H NMR experiments. In all hybrid materials only the corresponding starting metalorganic
complex was found. This indicates, that the released pyrazoles Hpz®? are remaining at the
surface species which originated from the protonolysis reaction with the Si—-OH groups during
the grafting process. The presence of Hpz®? was further proved by 'H CP/MAS experiments in
which a signal appeared at 6 = 12.66 ppm for C@SBA-15 and 6 = 11.03 ppm for E@SBA-15.
For F@SBA-15 no clear signal was perceived, however, in the DRIFT spectrum a characteristic
stretching vibration for N-H bonds at ¥=3396 cm™' was observed. Interestingly, for the
magnesium and aluminum hybrid materials this signal was not visible in the DRIFT spectra.

The *C CP/MAS spectra also confirmed the presence of a pyrazolate species with typical signal
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sets. For C@SBA-15 two signals for the quaternary protons in the 3/5-position of the pyrazolato
ligand were observed and for F@SBA-15 two signals for the proton in the 4-position. Both can
originate from the pyrazolato ligand and the donor pyrazole. For all other pyrazolate/pyrazole

signals only one signal was detected.
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SBA-15500 N0r 30" ——0— 30"
° 5l (o 0
C@SBA-15 unlikely

Bu
By, B @ rBu—(N@
N NO : N
| ' i !
Al(pzBU2 n-hexane OI\IJ \N? | N"'SA( : e
(Pz=%) rt, 16 h S tBu N
R : Bu A Bu |
- O/ \O @]
SBA-15500 : : i | Bu
_Si., .Si Si.,
SBA-1550 NO' 30" ——~0— 30"
I ¥e 0 0
E@SBA-15
do = HpzMe:
Me df Me
Ti(pz"e?), toluene Nal v o
+ t, 18 h ON—;TQ'"EO
SBA-155y, > Me ¢ @ Mme
Si, W Si
SBA-15500 ~O" 2 O"1 ~0~
500 O O ~0
F@SBA-15

Scheme C4. Grafting reaction of light metal pyrazolates onto mesoporous SBA-15s00. Proposed surface species
based on EA, ICP-OES, DRIFT and solid-state NMR data.

ICP-OES experiments revealed metal contents of 1.85 wt% (Mg), 1.21 wt% (Al) and 4.39 wt%
(Ti) (see Table C1). Compared to the rare-earth metal based materials [Ce ™ (pzM®2)s].@SBA-
15500 (10.80 wt%) and [Ce™™M(pzM®2);]4@SBA-15500 (22.19 wt%) the metal content is
significantly lower, due to light metal character of the metals used in this study.’®! In
combination with the results of the elemental analysis it can be deducted that the surface species
of C@SBA-15 consist of either a bipodal species with a “naked” magnesium center stabilized
by two donor pyrazole of the type [(—SiO)Mg(Hpz™"2),] or a monopodal species of the type
[(=Si0)Mg(pz™®"2)(Hpz®"?)] (see Scheme C4). For the aluminum hybrid material E@SBA-15
either the monopodal [(-SiO)Al(pz®"?),(Hpz®*)] or the bipodal surface species [(—
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SiO)Al(pz™®*2)(Hpz®*?)] are possible. The results for the titanium-based hybrid material
F@SBA-15 indicate a bipodal species [(—SiO0)2Ti"v(pzM2),(Hpz™*2)]. Due to the small ionic
radii of all three used metals (CN6; Mg: 0.72 A, Al: 0.54 A, Ti: 0.61 A) a bimetallic surface
species like it was observed for [Ln™(pzM2);]4@SBA-15500 (Ln: La, Ce; CN6 La: 1.03 A,
Ce™: 1.01 A) seems unlikely.’*¢1  Further, the tetravalent cerium material
[Ce™(pzM2)4].@SBA-15500 (CN4 Ce™V: 0.87 A) also exclusively consists of a monometallic
surface species. In addition, the metal content of Ti""V-based material F@SBA-15 is almost

three times lower than the three times heavier Ce™V

congener. A similar correlation is also
found for the magnesium-based C@SBA-15. These similarities further indicate, that in both
cases a monometallic surface species is present. However, a final statement on composition of

the surface species cannot be made.

Table C1. Analytical data of parent and hybrid material

Material CSiOH aset®’ Vporel  dpore!d! Miel CO: uptake M
surface!®! [m¥*g] [em¥/g] [nm] [Wt%] [wt%]
SBA-15500'¢! 2.80 848 1.11 8.2 - -
C@SBA-15 - 410 0.57 6.2 1.85 7
E@SBA-15 - 418 0.55 6.4 1.21 6
F@SBA-15 - 405 0.53 6.6 4.39 11

(21 Calculated according to published procedures. ! BET surface area calcd. between p/py 0.07 and 0.15. [ BJH
desorption cumulative pore volume between 2.0 and 10 nm; [ Maximum pore size distribution calcd. by the BIH
method from the isotherm adsorption branch; [! Metal content determined by ICP-OES; [l Uptake determined by

weight increase of the sample after exposure to an excess of COy; [ Characterized in a previous work.9?!

The Nz physisorption experiments revealed a drastic reduction of the surface area for all three
hybrid materials (see Table C1). Compared to the parent material the surface area is reduced to
50% to 405418 m’g!. As expected, a similar decrease can be observed for the pore volume
(0.53-0.57 cm’g ") and the pore diameter (6.2-6.6 nm). The titanium material F@SBA-15
showed the highest pore diameter, which is in line with the small Me moieties at the pyrazolato
ligand, when compared to the other two materials. This reduction is comparable to again
[Ce™(pzM2)4],@SBA-15s500 which further suggest a monometallic surface species. For
trivalent rare-earth-metal pyrazolates materials containing bimetallic surface species a
significantly higher decrease of the surface area was observed.’) Compared to the parent

material the surface got reduced to less than a quarter.
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Figure C2. N, physisorption isotherms (a, left) and pore size distribution (b, right) of parent material SBA-15
(black), [Mg(pz®2),].@SBA-15500 (C@SBA-15, blue), Al(pz®?);@SBA-15500 (E@SBA-15, red) and
Ti(pzM2)s@SBA-15500 (F@SBA-15, green).

Carbon Dioxide Insertion with Mesoporous Hybrid Materials

When exposed to an atmosphere of 1 bar CO; a mass gain for all three hybrid materials was
observed, with 7% for C@SBA-15, 6% for E@SBA-15 and 11% for F@SBA-15 (see Scheme
C4). Further, solid-state NMR, DRIFT and EA experiments confirmed a successful CO-
insertion and the formation of the hybrid materials CO>@[Mg(pz®"2)>@SBA-15500
(CO2@C@SBA-15), CO@AI(m*-pz™*2)3@SBA-15500 (CO2@E@SBA-15) and
CO,@Ti™V(m?-pzM2)4@SBA-15s500 (CO2@F@SBA-15). The DRIFT spectra of E@SBA-15
and F@SBA-15 revealed the characteristic C—O double bond stretching vibration for pyrazolate
inserted CO, at 7=1786cm™! and ¥=1744 cm™!, respectively. For magnesium-based
CO:@C@SBA-15 a broad signal at ¥ = 1655 cm™! was observed which can be assigned to a
C-O stretching vibration observed for carboxylate complexes with a k*(0,0) coordination
mode.?”#! This stretching vibration would also occur, when a carbamato ligand bridges between
two metal centers. However, as discussed above a bimetallic species is highly unlikely. Pyrazole
donors are also able to insert CO> under formation of a carbamic acid when coordinated to a
metal center (Paper 1). The carbamic acid is able to form a carboxylic group via isomerization.
This indicates that the surface species of C@SBA-15 mostly consist of the “naked” magnesium
center stabilized by two pyrazole donors, [(-SiO)>Mg(Hpz2"2),].

The *C CP/MAS spectrum of CO:@C@SBA-15 is almost indistinguishable to the one of
C@SBA-15. The characteristic splitting of the quaternary carbon signals at the pyrazolato
ligand after a CO; insertion is not visible, because for C@SBA-15 already two signals appear
in exact this region. However, for E@SBA-15 and F@SBA-15 this characteristic splitting into
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two distinct signals can be observed, which further confirms the successful CO; uptake. In the
case of E@SBA-15 a signal for the quaternary carbon of inserted CO» was observed at
8 = 144.9 ppm which is reminiscent of the signal found for solvated [AI(CO2-pz®*2),(pz™"2)]
(E€92) at = 146.9 ppm.

Heterogeneous Catalytic Conversion of CO2 and Epoxides to Cyclic Carbonates

All three hybrid materials were tested as heterogeneous catalyst in the conversion of CO> and
epoxides to cyclic carbonates. Initial reactions were conducted with a catalytic load of 0.5 mol%
metal center of the hybrid material, 1.0 mol% of the cocatalyst tetra-n-butyl ammonium
bromide/iodide (TBAB/TBAI), at room temperature, 1 bar CO, and neat in the epoxide for
24 h. In later conversions the temperature was increased to 90 °C and the pressure to 10 bar
COy. The four epoxides propylene oxide (PO), styrene oxide (SO), 3,3-dimethyl-1,2-
epoxybutane (/BO) and 1,2-epoxyhexane (EH) were tested as substrates.

0.5 mol% [M]

1.0 mol% [Cocat.] 0
1-10 bar CO,
0 rt—90 °C, 24 h )}\
ti id
C \ neat in epoxide o o
R > /
R

Scheme CS5. Catalytic conversion of epoxides and CO, to cyclic carbonates.

The magnesium hybrid material C@SBA-15 converted into PO a mixture of the desired
propylene carbonate and a polymeric side product when TBAB is used as cocatalyst (see Table
C2, entry 1). The conversion of 63% is not representative, due to the formation of the side
product. When the cocatalyst was changed to TBAI the selectivity could be drastically increased
and the desired cyclic carbonate is almost exclusively formed (entry 2). The catalytic
conversion 1s 88% which is significantly higher than the 56% achieved by the solvated
[Mg(pz™®"2):], congener (Paper 1). Strikingly, when no cocatalyst is used the selectivity is
reversed and the polymeric product is formed exclusively (entry 3). Not only could the catalytic
conversion be significantly increased when light metal pyrazolates are immobilized on a silica
surface, but also the selectivity is tunable by the choice of cocatalyst. In contrast, the
immobilized cerium pyrazolates have similar conversions when compared to their molecular
congeners.”®! At 90 °C and 10 bar CO; the catalytic conversion could be increased to >99% for
PO as well as the bulky SO and EH (entry 4). Even for the bulkier fBO a conversion of 60%

was achieved. These results are similar to the one achieved for the cerium hybrid material
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[Ce™V(pzM2)4].@SBA-15s500 (entry 9). The significantly increased catalytic activity of
C@SBA-15 compared to molecular [Mg(pz®"2):]» most likely occurs, due to the highly active
surface species [(-SiO):Mg(Hpz®"2),] which is coordinated only by donor pyrazoles. A
quantitative conversion resembles a turnover number (TON) of 198 and a turnover frequency
(TOF) of 8 h™!. When the catalytic load was reduced to 0.01 mol% metal center the TON can
be increased to 2100 affording a TOF of 88 h™! (entry 5).

Table C2. Catalytic activities of light metal pyrazolates grafted onto a mesoporous silica surface in the

cycloaddition of epoxides to cyclic carbonates. 2]

Entry Cat. mol%/T/p PO SO BO EH CoCat.
1 C@SBA-15 (Mg) 0.5/RT/1 63%!°! - - - TBAB
2 C@SBA-15 (Mg) 0.5/RT/1 88% - - - TBAI
3 C@SBA-15 (Mg) 0.5/RT/1 <1l - - - -
4 C@SBA-15 (Mg) 0.5/90 °C/10  >99%  99% 60% 99% TBAI
5 C@SBA-15 (Mg) 0.01/90 °C/10  21% - - - TBAI
6 E@SBA-15 (Al) 0.5/RT/1 48%!! - - - TBAB
7 F@SBA-15 (Ti) 0.5/RT/1 15% - - - TBAB
8 F@SBA-15 (Ti) 0.5/90 °C/10 97% 91% 41% 74% TBAB
9 [Ce(pzM?),@SBA!M  0.5/90 °C/10  >99%  91% 66% 94% TBAB

[al Reaction conditions not stated in the table: [Cocat] = 2x[Cat. (referred to metal center)], 24 h, neat in epoxide.
] Conversion determined by comparison of the proton integrals in a-position of the epoxide and the corresponding
cyclic carbonate (except for fBO where the integral of the /Bu moieties was used). [! Not representative due to
polymer formation as side reaction. [ Mostly polymer as product. [ Not representative because of the formation

of an unidentified side product. ! Previous work.

The aluminum-based hybrid material E@SBA-15 exhibited a lower conversion of 48% for PO
(entry 6). However, this conversion is not representative, due to the quantitative formation of a
brown side product, which could not be further identified (see Figure CX). The titanium-based
hybrid material F@SBA-15 initially showed a low conversion of 15% for PO (entry 7).
However, at 90 °C and 10 bar the conversion could be significantly increased to 97% (entry 8).
Even for the bulkier epoxides high conversions could be obtained, SO (91%), tBO (41%) and
EH (74%) respectively.

These catalytic activity results are comparable to other reported SOMC systems.[!85192] For
example the titanium-based Ti(OnBu)s@SBA-15 (116) and its organo-functionalized
derivatives R@Ti(OnBu)s@SBA-15 (117, R = 3-amino, 3-adenino or (3-
chloropropyl)triethoxysilan) achieved for epichlorohydrin at 120 °C and 6.9 bar CO2 TOFs of
3.0 h"and 7.3 h'!, respectively.['®] The immobilized rare-earth metal chloride YCl3@SiO2-700
(121) showed a quantitative conversion of PO with TBAI as cocatalyst at already mild

conditions of 60 °C and 2 bar CO,.!"”" Recently, we reported the immobilized di-/trivalent rare-
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earth-metal silylamides HOEt@Ln(N(SiMe3)2)x@S (126, Ln = Sm(II), Sm(III), Yb(II); S =
SBA-15500, MCM-41, MCM-48) which also achieved quantitative conversions for PO, EH and
epichlorohydrin with TBAI as cocatalyst at 80 °C and 10 bar CO,.!!*?!
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3. Synthesis of Bulky Tris(pyrazolyl)borate Ligands

The scorpionate ligand class of the tris(3-R,5-R’-pyrazolyl)borates (Tp®R') by TROFIMENKO is
well known for its highly tunable steric properties.?”>277 Representative example, is the steric

(278-281] " phosphindenes!?®?] and other reactive species.

stabilization of rare-earth metal imides
The Tp ligand can also sterically induce dissociation and formation of highly reactive alkyl
species. This is the case for the reaction of rare-earth metal gallates Ln(GaMes)3 with the bulky
HTp"Me and the formation of [Tp“M°*LnMe(GaMes)] (Ln =Y, Dy, Ho).!?8!) Here, GaMe; is
eliminated due to the steric bulk of the Tp ligand. For this reason, we were interested in the
stabilization properties of Tp ligands with even bulkier substituents at the 3 position. One

literature-known example is the thallium complex ThTpA"M¢ (Ar = para-tert-butylphenyl) by

PARKIN.[233]

Ph- tBu
Ph-tBu Bu-Ph (}f
NS O

1/6 KBH, E\K WNERG NEN— | §
/
i

AN

230°C, 4 h -.
tBu- Ph/\) K)\
Ph-tBu |

Iz

Scheme C6. Synthesis of the inorganic polymer [K(B {pz>#Bu"h} 4)],, (IIT).

We started this study with the synthesis of the corresponding pyrazoles. The mono-substituted
3-(para-tert-butylphenyl)pyrazole (Hpz*?B'"") was synthesized via the animoprop-2-eone
route?®¥ and the twofold substituted 3-para-tert-butylphenyl-5-methylpyrazole (Hpz?-BuFh-Me)
via the diketone route.[*3! First the Tp ligand devoid of methyl groups at the 5-position was

synthesized. KBH4 and six equivalents of Hpz*?BuPh

were heated to a melt at 230 °C (see
Scheme C6). The reaction was stopped after H> formation ceased. Different to other Tp ligand
synthesis the separation of excess pyrazole via sublimation was not possible, due to the boiling
behavior of the mixture. Redissolving the mixture in n-pentane and slow evaporation at ambient
pressure led to formation a crystallin material suitable for a SC-XRD analysis. The crystal
structure revealed the inorganic polymer [K(B{pz**?B*"},)].. (III) (see Figure C3). In this
highly symmetric structure the tetra-substituted [B(pz>?B"""),]" ligand is bridging between two
potassium centers with two pyrazole moieties each forming an endless polymeric chain. The
backbone is completely linear with a KI-B1-K 1’ angle of 180°. The boron is surrounded by
the pyrazole moieties in a slightly distorted tetrahedral fashion with angles of 108.49(4)° and

111.45(5)°. The interatomic distances between the potassium center and the nitrogen is
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Figure C3. Crystal structure of [K(B {pz>#h1 )], (II). Ellipsoids are set at the 50% probability level. Hydrogen
atoms are omitted for clarity. Selected interatomic distances [A]: K1-N2 2.8504(11). Selected angles [°]: N2-K1-
N2’ 66.90(4), N2-K1-N2** 134.12(3), N1-B1-N1" 111.45(8), N1-B1-N1"" 108.49(4).

2.8504(11) A. The 'H NMR spectrum shows one signal set for the pz>* 2" ynits but no signal
for a BH. The boron core is resolved in the ''"B NMR as one sharp signal at § = 1.2 ppm. This
is different to three-fold substituted Tp ligands in which the boron signal is resolved slightly
shifted to higher field and appears broader due to the 'J-coupling to the 'H core. The substitution
of all four hydrogen atoms with pyrazolyl moieties can be explained by the missing methyl
groups at the S-position. In addition, the degree of substitution in the melt reaction of Tp ligands
is highly dependent on the reaction temperature, with higher temperature yielding higher

substituted products.?’! In the case of III a combination of both led to the four-fold

substitution.
IVIe ']' Me Me
H Me Me N
decomposition O
1/6 KBH, N over time
HpzP-BuPhMe — —  » O ———  » {Bu-Ph \\\
Ph-tBu
240°C.4h tBu-Ph / Ph-tB .
Ph-Bu Y Me,Aerz/ \HpZAr,Me
lV HpZAI“ME
\%

Scheme C7. Synthesis of the scorpionate ligand KTp?®®»Me (IV) and subsequent decomposition to K(Tp?
tBuPh,Me) (sz p—tBuPh,Me) 3 (V)

ZP-BuPhMe wwag conducted similar to the

To avoid the toxic thallium the synthesis using Hpz
synthesis of III by using KBH4 except the temperature was set at 240 °C (see Scheme C7). In

this case the excess pyrazole could be separated by sublimation and the potassium salt KTp”
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Figure C4. Crystal structure of Tp?PWhMeK (Hpzz-BPhMey, (V) Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as one lattice solvent n-hexane are omitted and p-fBuPh moieties are set as wireframe for
clarity. Selected interatomic distances [A]: K1-N2 2.759(2), K1-N3 3.040(2), K1-N4 2.958(2), K1-N6 3.151(2),
K1-N72.84(2), K1-N9 2.765(2), K1-N11 2.775(2), K1-12 3.367 (2). Selected angles [°]: K1-N2-N1 107.98(13),
K1-N6-N5 96.74(12), K1-N4-N3 80.15(12).

BuPh.Me (TV) could be isolated in the 'TH NMR spectrum as a clean product. A signal set for the

ZP-BuPhMe y1nits was observed in addition to a broad signal at & = 4.68 ppm. As expected,

three p
the boron signal in the ''B NMR spectrum was detected at § = —5.1 ppm. However, a signal set
for reprotonated Hpz"B"*™™¢ appeared in the 'H NMR spectrum and increased overtime.
Recrystallization in n-hexane yielded colorless crystals and a SC-XRD measurement revealed
the formation of Tp?BUFh-MeK (Hpzr-BuF-Mey; (V) in a yield of 38% (see Figure C4). The Tp
ligand is highly distorted due to the sterically demanding substituents. One pyrazolyl arm
coordinates with both nitrogen atoms to the potassium center with almost equal distances (K1-
N3 =3.040(2) A and K1-N4 =2.958(2) A). This is also reflected in the angle between both
nitrogen atoms and the potassium K1-N4-N3 = 80.15(12)°, which is significantly smaller than
the angles for a classic Tp metal coordination (110-130°). The p-fBuPh moieties of two of the
three pyrazole donors intercalate with the moieties of the Tp ligand and one pyrazole is
orientated in the opposite direction. All three pyrazole engage in hydrogen bonding, one
between two pyrazoles (N7-N10) and the other two between one pyrazole and one pyrazolyl
unit each (N4-N8 and N6—-N12). Both the formation of new pyrazole in the NMR spectra and

three equivalents of Hpz? B¢ in the crystal structure indicate that complex IV decomposes

over time. Especially, because already three equivalents of Hpz"B'"P-Me were separated via
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sublimation. The decomposition occurs most likely, due to the high steric demand of the

substituents.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air and
moisture under argon atmosphere (< 0.1 ppm O», < 0.1 ppm of H,O) in a MB200B glovebox (MBraun)
or according to standard Schlenk techniques and in oven-dried glassware. Solvents (THF, Et;O n-
pentane, n-hexane and toluene) were purified by using SPS Grubbs-type columns (MBraun SPS-800,
solvent purification system) and stored inside a glovebox. THF was dried further over molecular sieves.
[Ds]toluene, C¢Ds and [Ds]THF were obtained from Sigma Aldrich and dried over Na/K alloy and
filtered prior to use. Di-n-butylmagnesium (1 M in Et,O/n-hexane), 3,5-dimethyl pyrazole (99%),
hydrazine hydrate, styrene oxide (>97%, degassed prior to use) and 2,2,6,6-tetramethylheptane-3,5-
dione were purchased from Sigma Aldrich and used as received. Propylene oxide and pyrazole (98%)
were purchased from Acros Organics and the former was degassed prior to use. 2-tert-Butyloxirane was
purchased from abcr and degassed prior to use. 1,2-Epoxyhexane (97%) was purchased from Thermo
Fischer and degassed prior to use. 3,5-Di-fert-butylpyrazole,*® Zn(pz), (II),*! 3-para-tert-
butylphenylpyrazole,?®*!  3-para-fert-butylphenyl-5-methylpyrazole,!*%¢)  Ti(pzM),,[1201  Al(pz®2);[101],
[Mg(pz®%),]2,158 [Mpz®2].. (M = Li, K),[”® [Kpz™2],[® and SBA-1527 were synthetized according to
literature known synthesis route. Argon and CO, were supplied by Westfalen AG. Solution 'H, "Li, ''B
and *C spectra were recorded in a J. Young valve NMR tube on a Bruker AVIII-300 spectrometer ('H:
300.13 MHz; C: 75.47 MHz; "Li: 116.64; ''B: 96.29 MHz), a Bruker AVII+400 spectrometer ('H:
400.11 MHz; "C: 100.61 MHz) or a Bruker AVII+500 spectrometer (‘H: 500.13 MHz; '°C:
125.76 MHz) at 299 K. The chemical shifts listed in the experimental section are referenced to solvent
residual resonances in parts per million in relation to tetramethylsilane. Solid-state NMR spectra were
obtained at ambient temperature on a Bruker AVIIIHD-300WB spectrometer (‘H: 300.13 MHz, "*C:
75.47 MHz, Si: 59.62 MHz) equipped with MAS (magic angle spinning) hardware using a ZrO; rotor
with an outside diameter of 4 mm. IR spectra were recorded on a Bruker Invenio R spectrometer
(Bruker). The samples were mixed with KBr powder and measured in a DRIFT cell with KBr windows.
DRIFT data were converted by using the Kubelka-Munk refinement. N> physisorption measurements
were carried out on an ASAP2020 volumetric adsorption apparatus. The samples were degassed at
ambient temperatures for 2 h. Elementary analyses were performed on an Elementar vario MICRO cube
in CHNS mode. ICP-OES measurements were conducted on a Thermo Scientific iCAP 7000 series.
Single crystals were grown from saturated solutions of n-pentane and [Ds] THF by standard techniques.
Crystals of Y©% TII and IV for X-ray structure studies were selected in a glovebox and coated with
Parabar 10312 (Hampton research). Crystallographic data were measured on a Bruker APEX II DUO
instrument equipped with IuS micro focus sealed tube and QUAZAR optics for MoK, radiation
(A=0.71073 A). The data collection strategy was determined using COSMO?*"! employing ®- and ¢
scans. Raw data were processed using APEX% and SAINT,?*’ corrections for absorption effects were
applied using SADABS.*! The structures were solved by direct methods and refined against all data
by full-matrix least-squares methods on F2 using ShelXTL and ShelXle." Disorder models are
calculated using DSR, a program for refining disordered structures in SHELXL.[?°?) All graphics were
produced employing Mercury.[*%*!

[K(CO2pz®2)], (AC®?). [Kpz®*»]. (A, 20 mg, 107 pmol) was dissolved in 0.5 mL of [Ds]THF and the
atmosphere was exchanged to 1bar CO,. The reaction progress was monitored by 'H NMR
spectroscopy. '"H NMR (300.13 MHz, [Ds]THF, 26 °C): 6 =5.89 (s, 1 H, 4-H (pz)), 1.39 (s, 18 H, 3-
C(CHs)3), 1.18 (5-C(CH3)3) ppm.

[Li(CO2pz™®2)], (B€©?). [Lipz®]s (B, 20 mg, 91 umol) was dissolved in 0.5 mL of [Ds]THF and the
atmosphere was exchanged to 1bar CO,. The reaction progress was monitored by 'H NMR
spectroscopy. '"H NMR (400.11 MHz, [Ds]THF, 26 °C): 6 =6.06 (s, 1 H, 4-H (pz)), 1.43 (s, 18 H, 3-
C(CHs)3), 1.21 (5-C(CHs)3) ppm. BC{H} NMR (75.47 MHz, [Ds]THF, 26 °C): § = 160.1 (3-C (pz)),
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155.7 (5-C (p2)), 103.5 (4-C (pz)), 33.3 (5-C(CHs)s), 32.1 (3-C(CHa)s), 29.8 (5-C(CHs)s), 29.5 (3-
C(CHs3)3) ppm. 'Li NMR (116.64 MHz, [Ds]THF, 26 °C): = 2.1 ppm.

[Mg(pz®"2),], (0). MgBr, (84.9 mg, 462 umol) and [Kpz™], (239 mg, 923 pmol) were dissolved in
toluene and stirred for 16 h. After the solvent was removed under reduced pressure the residue was
extracted three times with n-hexane. The solution was concentrated and stored at —40 °C. After removal
of the solvent O (119 mg, 257 umol, 56%) could be obtained as colorless powder. 'H NMR (400.11
MHz, [Ds]THF, 26 °C): 6 = 7.87 (broad s, 8 H, o-H (Ph)), 7.19 (m, 8 H, m-H (Ph)), 7.00 (m, 4 H, p-H
(Ph)), 6.80 (4-H (pz)) ppm.

[Mg(tzM2),], (I). To a solution of Hpz (200 mg, 2.059 mmol) in 10 mL toluene or THF a solution of
Mg(nBu); (1.030 mL, 1.030 mmol, 1 M in Et,O/n-hexane) was added dropwise. A white precipitate is
formed and the solution transforms into a gel. After the solvent is removed I (223 mg, 1.028 mmol,
>99%) was obtained as white powder.

[Zn(pz®"),(Hpz®"?),] (YH?). [Kpz®*]. (A, 200 mg, 916 pmol) and ZnCl, (62 mg, 458 umol) were
dissolved in 15 mL of THF and stirred for 4 d at ambient temperature. The solvent was removed and the
residue was extracted three times with n-hexane. After the solvent was removed under reduced pressure
YHP% (34%, 121 mg, 154 pmol) was obtained as colorless crystals. Analytical data is consistent with the
literature. 6!

[Zn(CO2-pz®*2)(pz®*2)]2 (YC). [Zn(pz™*2),(Hpz™*),] (YHP% 20 mg, 25 umol) was dissolved in 0.5 mL
of [Dg]THF and the atmosphere was exchanged to 1 bar CO,. The reaction progress was monitored by
"H NMR spectroscopy. 'H NMR (400.1 MHz, [Ds]THF, 26 °C): § = 6.33 (s, 2 H, 4-H (CO,pz)), 6.08
(s,2 H,4-H (pz)), 1.27 (s, 18 H, 3-C(CH3)3 (CO2pz)), 1.17 (s, 18 H, 5-C(CH3)3 (CO2'pz)), 0.95 (s, 36 H,
3/5-C(CHs)s (pz)) ppm. BC{H} NMR (100.6 MHz, [D8]THF, 26 °C): § = 168.9 (3-C (CO2pz)), 167
(3/5-C (pz)), 104.9 (4-C (CO2pz)), 102.4 (4-C (pz)), 32.7 (5-C(CHz3)3 (CO2'pz)), 32.6 (3/5-C(CHz3)3
(pz)), 32.3 (3-C(CHs); (CO2pz)), 31.4 (3/5-C(CH3)3 (pz)), 30.8 (5-C(CH3); (pz)), 30.8 (3-C(CH3)3
(pz)) ppm.

[Mg(pz®"2),],@SBA-15s500 (C@SBA-15). SBA-15500 (367 mg, 1.03 mmol of surface SiOH) was
suspended in 2 mL n-hexane and a solution of [Mg(pz®*2),], (C, 394 mg, 0.52 mmol = 1.03 mmol Mg
center) in 8 mL n-hexane was added dropwise. The suspension was stirred for 16 h at ambient
temperature. The hybrid material was separated by centrifugation and was washed two times with
toluene (5 mL) and five times with n-hexane (5 mL). The solvent was removed under reduced pressure
and C@SBA-15 was obtained as a colorless powder (426 mg). The supernatant solution was filtered
and the solvent was removed under reduced pressure. An '"H NMR spectrum revealed the recovery of
some starting material C. '"H CP/MAS spectrum (300.13 MHz, MAS at 8 kHz): § = 12.66 (NH), 6.94
(4-H(pz)), 5.81 (4-H(pz)), 1.03 (C(CHs)3) ppm. 3C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz):
8 =165.1 (3/5-C(pz)), 155.4 (3/5-C(pz)), 99.0 (4-C(pz)), 29.4 (C(CH3)3) ppm. ¥Si CP/MAS spectrum
(59.63 MHz, MAS at 5 kHz): & = ppm. ager = 410 m?/g, Vpore = 0.57 cm®/g, dpore = 6.2 nm. DRIFTS:
V=2967 (w), 2911 (vw), 2873 (vw), 1560 (vw), 1510 (vw), 1491 (vw), 1467 (vw), 1367 (vw), 1281
(vw), 1200 (m), 1079 (vs), 807 (vw), 457 (w) cm'. Elemental analysis found: Mg 1.85 (ICP-OES); C
19.25,H2.67, N 3.71.

Al(pz®*2);@SBA-15500 (E@SBA-15). SBA-15509 (221 mg, 620 umol of surface SiOH) was suspended
in 2 mL n-hexane and a solution of Al(pz®%); (E, 350 mg, 620 umol) in 8 mL n-hexane was added
dropwise. The suspension was stirred for 16 h at ambient temperature. The hybrid material was separated
by centrifugation and was washed two times with toluene (5 mL) and five times with n-hexane (5 mL).
The solvent was removed under reduced pressure and E@SBA-15 was obtained as a colorless powder
(239 mg). The supernatant solution was filtered and the solvent was removed under reduced pressure.
An 'H NMR spectrum revealed the recovery of some starting material E. '"H CP/MAS spectrum
(300.13 MHz, MAS at 8 kHz): § = 11.03 (NH), 6.87 (4-H(pz)), 5.73 (4-H(pz)), 0.97 (C(CH3)3) ppm. 1*C
CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 6 = 161.7 (3/5-C(pz)), 99.3 (4-C(pz)), 30.9 (C(CH3)3),
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29.4 (C(CHs)3) ppm. ?Si CP/MAS spectrum (59.63 MHz, MAS at 5 kHz): & = ppm. ager = 418 m?/g,
Voore = 0.55 cm®/g, dpore = 6.4 nm. DRIFTS: ¥ = 2968 (vw), 2911 (vw), 2873 (vw), 1561 (vw), 1467
(vw), 1368 (vw), 1187 (m), 1075 (vs), 814 (vw), 454 (w) cm ™. Elemental analysis found: Al 1.21 (ICP-
OES); C 19.03, H 2.88, N 3.55.

Ti(pzM*2)s@SBA-15500 (F@SBA-15). SBA-15500 (337 mg, 943 pumol of surface SiOH) was suspended
in 2 mL toluene and a solution of Ti(pzM2), (F, 404 mg, 943 umol) in 8 mL toluene was added dropwise.
The suspension was stirred for 18 h at ambient temperature. The hybrid material was separated by
centrifugation and was washed eight times with toluene (5 mL) and three times with n-hexane (5 mL).
The solvent was removed under reduced pressure and F@SBA-15 was obtained as a pale-yellow
powder (392 mg). The supernatant solution was filtered and the solvent was removed under reduced
pressure. An 'H NMR spectrum revealed the recovery of some starting material F. '"H CP/MAS spectrum
(300.13 MHz, MAS at 8 kHz): 8 =6.75 (4-H(pz)), 5.67 (4-H(pz)), 1.84 (CH;) ppm. *C CP/MAS
spectrum (75.47 MHz, MAS at 8 kHz): & = 146.3 (3/5-C(pz)), 113.9 (4-C(pz)), 104.5 (4-C(pz)), 10.6
(CH3) ppm. #Si CP/MAS spectrum (59.63 MHz, MAS at 5kHz): 6= ppm. ager =405 m%/g,
Vore = 0.53 cm®/g, dpore = 6.6 nm. DRIFTS: ¥ =3396 (vw), 2931 (vw), 2871 (vw), 1572 (vw), 1526
(vw), 1440 (vw), 1422 (vw), 1374 (vw), 1074 (vs), 804 (w), 460 (w) cm™'. Elemental analysis found: Ti
4.39 (ICP-OES); C 17.36, H 2.35, N 7.00.

CO@[Mg(pz®*2),],@SBA-15500 (CO:@C@SBA-15). A Schlenk tube was loaded with solid
C@SBA-15 (100.7 mg, = 2.0 mg (Mg metal), 83.3 umol (Mg metal)) and the atmosphere was changed
to 1 bar CO,. After 3 h CO,@C@SBA-15 could be collected as white powder (108.8 mg). '"H CP/MAS
spectrum (300.13 MHz, MAS at 8 kHz): 6 = 12.12 (COOH/NH), 6.91 (4-H(pz)), 5.77 (4-H(pz)), 1.03
(C(CH3)3) ppm. *C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): § = 163.3 (3/5-C(pz)), 156.0 (3/5-
C(pz)), 98.1 (4-C(pz)), 30.6 (C(CH3)3), 29.0 (C(CHs)3) ppm. DRIFTS: ¥ = 2367 (w), 2911 (vw), 2874
(vw), 1655 (vw), 1560 (vw), 1491 (vw), 1467 (vw), 1368 (vw), 1281 (vw), 1189 (s), 1080 (vs), 806 (W),
461 (w) cm™'. Elemental analysis found: C 18.47, H 3.19, N 3.66.

CO@AI(pz®*)3@SBA-15500 (CO:@E@SBA-15). A Schlenk tube was loaded with solid E@SBA-15
(70.6 mg, = 0.9 mg (Al metal), 31.7 umol (Al metal)) and the atmosphere was changed to 1 bar CO..
After 3 h CO,@E@SBA-15 could be collected as white powder (75.3 mg). 'H CP/MAS spectrum
(300.13 MHz, MAS at 8kHz): 6=11.15 (COOH/NH), 6.75 (4-H(pz)), 5.86 (4-H(pz)), 1.08
(C(CH5)3) ppm. *C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 6 = 163.4 (3-C(pz)), 156.3 (5-
C(pz)), 144.9 (CO»), 107.2 (4-C(pz)), 98.5 (4-C(pz)), 30.6 (C(CHs)3), 29.1 (C(CHs)3) ppm. DRIFTS:
¥=2967 (w), 2911 (vw), 2875 (vw), 1786 (vw), 1760 (vw), 1561 (vw), 1490 (vw), 1467 (vw), 1368
(vw), 1333 (vw), 1191 (s), 1075 (vs), 812 (w), 461 (m) cm'. Elemental analysis found: C 17.81, H2.91,
N 3.56.

CO@Ti(pzM?)s@SBA-15500 (CO@F@SBA-15). A Schlenk tube was loaded with solid F@SBA-15
(66.4 mg = 2.9 mg (Ti metal), 60.9 umol (Ti metal)) and the atmosphere was changed to 1 bar CO..
After 3 h CO,@F@SBA-15 could be collected as pale-yellow powder (74.7 mg). 'H CP/MAS spectrum
(300.13 MHz, MAS at 8 kHz): § = 6.67 (4-H(pz)), 5.34 (4-H(pz)), 1.83 (CHs), 0.84 (CH;) ppm. *C
CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 6 = 149.9 (3-C(pz)), 142.7 (5-C(pz)), 108.1 (4-C(pz)),
10.6 (CH3) ppm. DRIFTS: ¥ = 3390 (vw), 2995 (vw), 2934 (vw), 2864 (vw), 1744 (w), 1573 (vw), 1526
(vw), 1467 (vw), 1419 (vw), 1381 (vw), 1350 (vw), 1068 (vs), 804 (w), 580 (vw), 456 (w) cm™'.
Elemental analysis found: C 16.39, H 1.97, N 6.77.

[K(B{pz>PBu"11 )], (IIT). A 250 mL three-necked flask was charged with KBH4 (699 mg, 12.95 mmol)
and HpZ3'1’7 -BuPh (155 g, 77.71 mmol). The mixture was heated to 230 °C until a melt had formed. After
the H, formation ceased (4 h) the melt was cooled to ambient temperature. The white powder was

recrystallized from n-pentane and via slow evaporation of the solvent I (1.86 g, 2.19 mmol, 17%) was
obtained as colorless crystals suitable for a SC-XRD analysis. '"H NMR (400.1 MHz, [Ds]THF, 26 °C):
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5=7.71 (d, 8 H, 0-H (Ph)), 7.49 (s, 4 H, 5-H (pz)), 7.33 (d, 8 H, m-H (Ph)), 6.49 (s, 4 H, 4-H (pz)), 1.31
(s, 36 H, CH3) ppm. ''B NMR (96.29 MHz, [Ds]THF, 26 °C): 6 = 1.2 ppm.

KTpPBuPhMe (TV) and decomposition to TpPBuPBMeK(HpzPBuPhMe); (V), A 100 mL three-necked
flask was charged with KBH, (166 mg, 3.072 mmol) and Hpz*”B""" (3.95 g 18.43 mmol). The
mixture was heated to 240 °C until a melt had formed and stirred until H> formation ceased (4 h). The
melt was cooled to 180 °C and poured into a mortar. After the mixture cooled to ambient temperature,
it was grinded down to a powder. The white powder was dissolved in n-pentane and filtered with
subsequent removal of the solvent under reduced pressure. The excess Hpz3#-BuPh
sublimation at 200 °C. The potassium salt IV (752 mg, 1.09 mmol, 35%) was isolated as white a powder.
"H NMR (400.1 MHz, C¢De, 26 °C): 8 = 7.25 (d, 6 H, 0-H (Ph)), 7.12 (d, 6 H, m-H (Ph)), 6.11 (s, 3 H,
4-H (pz)), 4.68 (broad s, 1 H, H-B), 2.14 (s, 9 H, CH3), 1.31 (s, 27 H, C(CHs)) ppm. ''B NMR
(96.29 MHz, [Ds]THF, 26 °C): 6 =-5.1 ppm. Over a week IV decomposed and was completely
transformed to donor-pyrazole stabilized Tp”BPbMeK(Hpz’BuPhMe); (V). Crystallin material was
obtained via recrystallization from n-pentane.

was removed via
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Figure C4. "H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [K(CO2-pz®®)], (AC?).
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Figure C5. Comparison of 'H NMR spectra (26 °C, 400.11 MHz, [Ds]THF) of [K(pz®")]. (A, bottom) and
[K(CO2pz®2)]s (A, top).



&4

Unpublished Results

1 3 2
© o —
S <
[le] —
_ , _ X
O *
pa
o s
Li-N=s
L 3 X
+
T T T [ I
6.0 5.0 4.0 3.0 2.0 1.0 ppm
: EhES
5] ®| |
— oy [2]

Figure C6. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Li(CO2-pz®*)], (B€©?) (+ n-hexane).
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Figure C7. Comparison of '"H NMR spectra (26 °C, 400.11 MHz, [Ds]THF) of [Li(pz®*)], (B, bottom) and
[Li(CO2-pz®2)], (B, top) (+ n-hexane).
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Figure C9. 'Li NMR spectrum (26 °C, 116.64 MHz, [Ds]THF) of [Li(CO2-pz®*2)], (B€©?) (+ n-hexane).
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Figure C11. '"H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Mg(pz™).], (O) (+ toluene).
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Figure C12. Comparison of the 'H NMR spectra (26 °C, 400.11 MHz, [Ds]THF) of [Mg(pz™),], (O, bottom) and

the reaction of [Mg(pz™),], and CO; (top) (+ toluene).
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Figure C13. '"H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Zn(CO,pz®"2)(u-pz®*)], (YO?) (#, unknown

impurities; + n-hexane).
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Figure C14. BC{'H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) [Zn(CO2pz®*)(u-pz’®2)]2 (Y?) (+ n-
hexane).
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Figure C15. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Zn(pz®*2),(Hpz™*), (Y) as
catalyst.
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Figure C16. 'H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of [Mg(pz®*),]1,@SBA-15s500 (C@SBA-15).
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Figure C17. 3C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(pz®*),].@SBA-15500 (C@SBA-

15).
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Figure C18. 2Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of [Mg(pz®*),,@SBA-15500 (C@SBA-
15).
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Figure C19. 'H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of Al(pz®);@SBA-15s500 (E@SBA-15).
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Figure C20. '*C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of Al(pz®*2); @SBA-15500 (E@SBA-
15).
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Figure C21. °Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of Al(pz®*);@SBA-15s500 (E@SBA-
15).
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Figure C22. 'H MAS NMR spectrum (300.13 MHz, MAS at 8 kHz) of Ti(pzM2)s@SBA-15s00 (F@SBA-15).
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Figure C23. 3C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of Ti(pzM*)s@SBA-15s500 (F@SBA-15).
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Figure C24. Si CP/MAS NMR spectrum (59.63 MHz, MAS at 5 kHz) of Ti(pzM*);@SBA-15s00 (F@SBA-15).

6+8

5+7

T T T T T \ T T T T 1
180 160 140 120 100 80 60 40 20 ppm

Figure C25. 3C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO.@[Mg(pz™®*),],@SBA-15s00
(CO@C@SBA-15).
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Figure C26. Comparison of '*C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of [Mg(pz®*),].@SBA-

15500 (C@SBA-15) and CO,@[Mg(pz®),],@SBA-15500 (CO:@C@SBA-15).
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Figure C27. 3C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO,@Al(pz®*);@SBA-15s00

(CO@E@SBA-15).
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Figure C28. Comparison of 3C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of Al(pz®®*2);@SBA-15500
(E@SBA-15) and CO,@AI(pz™2);@SBA-15500 (CO:@E@SBA-15).
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Figure C29. 3C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of CO,@Ti(pz¥®)s@SBA-15500
(CO:@F@SBA-15).
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Figure C30. Comparison of *C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz) of Ti(pzZM®?)4@SBA-15s00
(F@SBA-15) and CO-@Ti(pz)s@SBA-15500 (CO:@F@SBA-15).
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Figure C31. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO» to propylene carbonate by using 0.5 mol% of [Mg(pz®*),]»@SBA-1550
(C@SBA-15) as catalyst and TBAB as cocatalyst.
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Figure C32. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO> to propylene carbonate by using 0.5 mol% of [Mg(pz®*),]»@SBA-1550
(C@SBA-15) as catalyst and TBAI as cocatalyst.
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Figure C33. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO> to propylene carbonate by using 0.5 mol% of [Mg(pz®*),]>@SBA-15500
(C@SBA-15) as catalyst and without cocatalyst.
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Figure C34. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO> to propylene carbonate by using 0.5 mol% of [Mg(pz®*),]»@SBA-1550

(C@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO,.
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Figure C35. '"H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO; to styrene carbonate by using 0.5 mol% of [Mg(pz®"2),].@SBA-15s00

(C@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO,.
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Figure C36. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
[Mg(pz™*),:@SBA-15500 (C@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO».
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Figure C37. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and COs to 1,2-n-hexylene carbonate by using 0.5 mol% of [Mg(pz™=*?),.@SBA-

15500 (C@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO,.
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Figure C38. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Al(pz®*2);@SBA-15500
(E@SBA-15) as catalyst and TBAB as cocatalyst.
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Figure C39. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Ti(pzM®)s@SBA-15s00
(F@SBA-15) as catalyst and TBAB as cocatalyst.



Unpublished Results 101

7.0 6.0 5.0 4.0 3.0 2.0 ppm

—_—
3.52 —

96.48

Figure C40. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO> to propylene carbonate by using 0.5 mol% of Ti(pzM®)s@SBA-15500
(F@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO..
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Figure C41. '"H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO; to styrene carbonate by using 0.5 mol% of Ti(pzM®)s@SBA-15500 (F@SBA-
15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO..



102 Unpublished Results

A
o B
O )J\
/ \ o o)
Bu > /
Bu
A B
A By
hu Lu ™ '_“ 1 — L.J L_A;
T T T T T T T
7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm
’é ﬁ
<0
—| 00
A aiits}

Figure C42. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
Ti(pzM®2)s@SBA-15500 (F@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO».

7.0 6.0 5.0 4.0 3.0 2.0 1.0 ppm

|

Figure C43. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO to 1,2-n-hexylene carbonate by using 0.5 mol% of Ti(pzM*2)s@SBA-15500
(F@SBA-15) as catalyst and TBAI as cocatalyst at 90 °C and 10 bar CO,.
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Figure C44. "H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [K(B {pz3#-B"} ,)]., (III).

8
0

1

0

8
4

8.27 —

36.04 =

1.2

D N

[RAARAS RAAMAS ERAAA) AAARY RAAARS RRRARD \ T \ T \ NARRSS MAAARS AERAS) LRSS ARAMN RARAAD AARSA) RARRAN RAAMA) ERAMES RRARNS RN
240220200180 160140 120100 80 60 40 20 O -20 -40 -60 -80-100-120-140-160-180-200 ppm

Figure C45. "B NMR spectrum (26 °C, 96.29 MHz, [Ds] THF) of [K(B {pz>#B4*} )], (III).
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Figure C46. 'H NMR spectrum (26 °C, 400.11 MHz, CsDs) of KTpr-BuFhMe (Ty),
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Figure C47. '"H NMR spectrum (26 °C, 96.29 MHz, C¢Dg) of KTp?BuPhMe (TV),
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Figure C48. N, physisorption isotherm of parent SBA-1550.
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Figure C49. Maximum pore-size distribution of parent SBA-15s0 calculated by the BJH method from the
isotherm adsorption branch.[%%
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Figure C48. N: physisorption isotherm of [Mg(pz®"):]@SBA-15500 (C@SBA-15).
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Figure C49. Maximum pore-size distribution of [Mg(pz"),]-@SBA-15500 (C@SBA-15) calculated by the BJH
method from the isotherm adsorption branch.
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Figure C50. N, physisorption isotherm of Al(pzE®);@SBA-15500 (E@SBA-15).
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Figure C51. Maximum pore-size distribution of Al(pz®"2)3@SBA-15500 (E@SBA-15) calculated by the BIH
method from the isotherm adsorption branch.
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Figure C52. N, physisorption isotherm of Ti(pzM®)4@SBA-15500 (F@SBA-15).
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Figure C53. Maximum pore-size distribution of Ti(pzM*?)4@SBA-15s00 (F@SBA-15) calculated by the BJH
method from the isotherm adsorption branch.
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Figure S54. DRIFT spectrum of parent material SBA-15s09 at 25 °C.
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Figure S55. DRIFT spectrum of material [Mg(pz™®*%),].@SBA-15500 C@SBA-15 at 25 °C.
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Figure S56. DRIFT spectrum of material Al(pz’®"2);@SBA-15s500 E@SBA-15 at 25 °C.
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Figure S57. DRIFT spectrum of material Ti(pzM®2)s@SBA-15500 F@SBA-15 at 25 °C.
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Figure C58. Comparison of DRIFT spectra of parent material SBA-1550 (bottom, light blue), Ti(pzM°?)4@SBA-
15500 F@SBA-IS (red), Al(pZ’Buz)g,@SBA-lSsoo E@SBA-IS (yellow) and [Mg(pZtBuz)z]z@SBA-ISw() C@SBA-IS
(top, dark blue) at 25 °C.
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Figure $59. DRIFT spectrum of CO,@[Mg(pz®),,@SBA-15500 CO:@C@SBA-15 at 25 °C.
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Figure S60. Comparison of DRIFT spectra of [Mg(pz®*®),,@SBA-15500 C@SBA-15 (bottom) and
CO@[Mg(pz™®»),:@SBA-15s500 CO:@C@SBA-15 (top) at 26°C.
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Figure S61. Comparison of zoomed in DRIFT spectra of [Mg(pz®*2),],@SBA-15s500 C@SBA-15 (bottom) and
CO@[Mg(pz™®»),:@SBA-15s500 CO:@C@SBA-15 (top) at 26°C.
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Figure S62. Comparison of DRIFT spectra of parent material SBA-15s0o (bottom, red), [Mg(pz®*2):],@SBA-15500
C@SBA-15 (middle, yellow), CO,@[Mg(pz®*2)::@SBA-15s500 CO:@C@SBA-15 (top, blue) at 26 °C.
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Figure S63. DRIFT spectrum of CO,@Al(pz®);@SBA-15500 CO:@E@SBA-15 at 25 °C.
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Figure S64. Comparison of DRIFT spectra of Al(pz®2);@SBA-15500 E@SBA-15 (bottom) and
CO@Al(pz®*)3@SBA-15500 CO:@E@SBA-15 (top) at 26°C.
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Figure S65. Comparison of zoomed in DRIFT spectra of Al(pz®*);@SBA-15500 E@SBA-15 (bottom) and
CO@Al(pz®*);@SBA-15500 CO:@E@SBA-15 (top) at 26°C.
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Figure S66. Comparison of DRIFT spectra of parent material SBA-15s09 (bottom, red), Al(pz5*2); @SBA-15500
E@SBA-15 (middle, yellow), CO.@Al(pz®*);@SBA-15500 CO:@E@SBA-15 (top, blue) at 26 °C.

[o2]
(o]
o
—

4000 3500 3000 2500 ZOOQI 1500 1000 500
Wavenumbers [cm ' ]

Figure S67. DRIFT spectrum of CO>@Ti(pzM®2)s@SBA-15500 CO:@F@SBA-15 at 25 °C.
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Figure S68. Comparison of DRIFT spectra of Ti(pzM®2)s@SBA-15500 F@SBA-15 (bottom) and
CO@Ti(pzZM2)4@SBA-15500 CO:@F@SBA-15 (top) at 26°C.
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Figure S69. Comparison of zoomed in DRIFT spectra of Ti(pzM®?)4@SBA-15s500 F@SBA-15 (bottom) and
CO,@Ti(pzM*2)4@SBA-15500 CO:@F@SBA-15 (top) at 26°C.
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Figure S70. Comparison of DRIFT spectra of parent material SBA-15s09 (bottom, red), Ti(pzM®2)s@SBA-15500
F@SBA-15 (middle, yellow), CO@Ti(pzM®2)s@SBA-15500 CO:2@F@SBA-15 (top, blue) at 26 °C.
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Table C3. Crystallographic data for compounds Y©02, III, and V.

Y0 (PP12) 111 (FK28) V (HP5)
formula Cs4HooNsOoZn2 Cs>HeoBK N CgsH106BKN 2
CsHiq
M [g mol™'] 1080.09 846.99 1416.86
color/shape colorless/plate colorless/column colorless/block

Crystal dimensions
[mm]

cryst. system
space group
a[A]

b[A]

c[A]

o [°]

B

7 [°]

VA3

V4

T[K]
wavelength [A]
Peatea [g cm]

p [mm]

F(000)

6 range [°]
unique reflns
observed reflns
R1/wR2 (I>20)l!
R1/wR2 (all data)®

GOF!

0.212x 0.149 x
0.102

monoclinic

P21/c

12.2745(7)
18.4415(10)
25.2636(14)
90
96.9830(10)
90

5676.3(5)

4

100(2)
0.71073

1.264

0.898

2320
1.371/26397
11627

11627
0.0525/0.1226
0.0694/0.1295

1.052

0.498x 0.127 x
0.064

tetragonal

P42/n

16.6466(10)
16.6466(10)
8.7847(6)

90

90

90

2434.3(3)

2

100(2)
0.71073

1.156

0.152

904
2.447/28.278
3018

27178
0.0440/0.1078
0.0639/0.1226

1.022

0.139x0.127 x
0.104

triclinic

P1

17.2424(16)
17.434(2)
18.6027(17)
89.773(4)
63.675(3)
60.765(3)
4208.9(8)

2

100(2)
0.71073

1.118

0.114

1530
1.269/27.242
18689
104343
0.0654/0.1564
0.1165/

1.025

[a] R1 = 3(||Fol-|Fel[)/Z|Fol, Fo > 46(Fo). wR2 = {Z[w(Fo*-F )X /Z[w(Fe?)?]} 2.
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Organomagnesia: Reversibly High Carbon Dioxide Uptake

by Magnesium Pyrazolates

Felix Kracht, Philipp Rolser, Paul Preisenberger, Cdcilia Maichle-Mdssmer,

and Reiner Anwander*

A series of new pyrazolate and mixed pyrazolate/pyrazole magnesium
complexes is described and their reactivity toward carbon dioxide is
examined. The dimeric complex [Mg(pz'8:*8"),], inserts CO, instantly and
quantitatively forming the tetrameric complex [Mg(CO,-pz'®**8¥),], and
monomeric donor-stabilized [Mg(CO,-pz'B*B!), (thf),]. Complexes of the type
Mg, (pz*F),,(Hpz*®),], (R = iPr, tBu) engage in similar insertion reactions
involving dissociation of the carbamic acid HOOCpz®R. Even solid polymeric
derivatives [Mg(pz®R),], (R = Me, H) react instantaneously and exhaustively
with CO,, the resulting [Mg(CO,-pz),],, featuring a CO, capacity of 35.7 wt%
(8.2 mmol g). All described magnesium pyrazolates display completely
reversible CO, uptake in solution and in the solid state, respectively, as
monitored via VT "H NMR and in situ FTIR spectroscopy as well as
thermogravimetric analysis. Fluorinated [Mg,(pz<™<3), (thf),] does not yield
any isolable CO, insertion product but exhibits the highest activity in the
catalytic transformation of epoxides and CO, to cyclic carbonates.

1. Introduction

Carbon dioxide emissions originating from fossil fuel (including
energy sector and transportation; 2023: ca. 37 billion tons = 37
Gt) and as byproduct from industrial processes have been iden-
tified as the main causes of anthropogenic climate change.'-
Accordingly, CO, management has evolved as a top-prioritized
research field. One strategy to reduce CO, emissions is to cap-
ture the post-combustion CO, before it gets released into the at-
mosphere, in order to either permanently sequester it or utilize
it further as an effective C1 synthon in organic synthesis.[%’! Cru-
cially, any sustainable valorization of CO,-loaded materials is de-
pendent on energy-saving, reversible processes. Since the 1930s,
aqueous amine scrubbers have been used in industry, but this
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technology is affected by low capacities
(max. < 15 wt% CO,), sensitivity to oxy-
gen and high regeneration energies (high
“energy penalty”).®°l Current advanced
technologies for CO, uptake are based
on alkali/alkaline-earth metal hydroxides,
amine-containing ionic liquids or amine-
functionalized high-surface materials such
as porous silica, zeolites, or metal-organic
frameworks (MOF),1%1] with carbamate
formation as the most efficient underly-
ing principle. Striking are the properties
of magnesium carboxylate-based MOFs
such as Mg(dobdc) (= Mg,[2,5-dioxido-1,4-
benzenedicarboxylate] featuring a CO, ca-
pacity of up to 35 wt%,[12] or the tetraamine-
appended MOF Mg(dobpdc) (= Mg,[4,4'-
dioxidobiphenyl-3,3’-dicarboxylate] which
is currently the best system for cooperative
CO, capture from simulated flue gas.[!314

Magnesium is also a crucial component
in natural CO, storage in the lithosphere
(insoluble sedimentary carbonates: >60000000 Gt) and in
oceans (ca. 38000 Gt inorganic carbon: CO,, bicarbonate,
carbonate).”?l Our conceptual approach of CO, capture is inspired
by this natural role model and in a broader sense by the indus-
trially applied (re)causticization of alkaline-earth and alkali-metal
hydroxides.l%! Accordingly, modification of the dianionic carbon-
ato moiety in terms of charge and functional group (CO;*~ —
HCO,~ = (HO)CO,~ — (X)CO,; X = NR, = carbamato ligand)
is envisaged to facilitate reversible CO, uptake with minimum
energy penalty (Figure 1).°] In contrast to the aforementioned
magnesium-based MOFs, carbon dioxide is supposed to interact
in a cooperative manner with the monoanionic nitrogen ligand
X and the metal center.

The proof of concept was recently demonstrated for ho-
moleptic cerium pyrazolate complexes which were found to
reversibly insert CO, to afford complexes [Ce'V(CO,-pzMeMe),]
and [Ce!ll (CO,-pzM=Me) ] (max. 25 wt% CO,).11%l We wondered
about the applicability of this approach for magnesium as an
environmentally even friendlier oxophilic earth-abundant light
metal. Pertinent magnesium-carbamate complexes such as
mixed metallic [(Me,Al),({#-CO,-NR,},),Mg] (R = Et, iPr) were
already described 30 years ago, via CO, insertion into Mg—N
amido bonds (Figure 1).17] The first homoleptic magnesium
carbamate complex, hexameric [Mg¢(CO,-NR,),,] (R = Et, Ph)
was reported in 2001.1%1 Since then, several more magnesium
carbamate complexes appeared in the literature, however, CO,
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Figure 1. Top: design strategy of reversible molecular CO, adsorbers. Mid-
dle: examples of structurally characterized magnesium carbamate com-
plexes via CO, insertion into Mg—N (amido) bonds. Bottom: examples of
structurally characterized magnesium pyrazolate complexes.

insertion has proven irreversible.!'”! The first and only homolep-
tic magnesium pyrazolate complex [Mg(pz®¥*B4),], (1) was
reported by the group of Winter as a potential CVD precursor,!?!
along with the donor adducts [Mg(pz'®-®"), (thf),], (1-thf) and
[Mg(pz'®**BY), (tmeda)] (1-tmeda). Moreover, the two mixed
pyrazolato/pyrazole complexes [Mg(pz'®*»'®"),(Hpz'®*'B¥)], (1-
Hpz)!?!l and [Mg(pz't*"™),(Hpz'**)], (4-Hpz) are known.!??!
The present study aims to adapt the class of magnesium pyra-
zolates for efficient CO, capture and contributes to a better
understanding of the effectiveness of such pyrazolate complexes
in the catalytic formation of cyclic carbonates.

2. Results and Discussion

2.1. Why Magnesium? Why Pyrazoles?

Magnesium features an earth-abundant, non-toxic, non-strategic
light metal and hence is prone to high CO, uptake (resulting
in low “mass penalty”). Pyrazoles feature the conceptually re-
quired adjacent nitrogen coordination sites, while displaying flex-
ible coordination behavior as evidenced by many distinct coordi-
nation modes.[?3! As revealed by cerium pyrazolate complexes,
the k2(N,N’)-coordinating pyrazolato ligand decisively promotes
reversible and cooperative CO, insertion by counteracting the
mostly irreversible x%(0,0’) coordination mode.?*?>] Moreover,
pyrazoles are straightforwardly synthesized with easily tunable
stereoelectronic properties via the 3,5-substitution pattern. Such
five-membered heterocycles occur in natural products, albeit iso-
lated pyrazoles cause severe toxicity for the nonsubstituted parent
representative.[2¢]
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MgBr, + 2 KpzBuMe Mg(nBu), + 2.5 Hpz®uMe

RT, 18 h RT, 18 h
toluene n-hexane

3-thf

Scheme 1. Synthesis of complexes 2 and 3-thf bearing the mixed 3-tert-
butyl-5-methyl pyrazolato ligand.

2.2. Choice of Magnesium Pyrazolates

This study was launched with the discrete tBu-substituted com-
plexes [Mg(pz'™/%), ], (1) and [Mg(pz®**®),(thf)], (1-thf) previ-
ously reported by Winter.[?’] However, due to the apparent high
“mass penalty” caused by the tBu moieties and the THF donor,
further attempts were made to synthesize homoleptic magne-
sium pyrazolates with smaller substituents in the 3,5 positions,
like iPr/iPr, mixed tBu/Me, Me/Me, and H/H. To probe any
marked electronic effects on CO, insertion, the CF,/CF, variant
was considered as well. In our hands, salt-metathesis reactions of
magnesium bromide with 3,5-substituted potassium pyrazolates
bearing alkyl groups smaller than tBu did not lead to the isola-
tion of homoleptic magnesium pyrazolates. The mixed tBu/Me
pyrazolato ligand afforded ate complex [KMg(pz'B*™¢),], (2) as
the only isolable metathesis product (Scheme 1). For the other
alkyl-substituted pyrazolato ligands either no reaction took place
or a complex mixture of products was observed.

The single crystal X-ray diffraction (SCXRD) analysis of 2 re-
vealed a dimeric structure in which the two magnesium cen-
ters are bridged by two pyrazolato ligands in the u—1x(N):2x (N’)
mode forming a six-membered ring, slightly distorted to a
seat conformation (Figure 2, top).*”] In addition, each mag-
nesium center is x!(N)-coordinated by two pyrazolato ligands
above and beneath the metalacyclic ring implying a strongly dis-
torted tetrahedral coordination of the magnesium atoms. The
three distinct pyrazolato ligands also encapsulate the potassium
cations by bridging to the magnesium centers with the approxi-
mate coordination modes p—1x(N):2k(N’), u—1x(N):27° (pz), and
p—1x(N):2k(N):3%°(pz). The equilateral triangle N5-K1-N6 is
perpendicular to the pyrazolyl plane (90.05°), while the angle be-
tween the planes of the #*- and n°-coordinating pyrazolatos is
close to perpendicular (95.14°).

Despite the different coordination modes, the '"H NMR spec-
trum of 2 in [Dg]toluene shows one signal set of the aromatic pro-
ton, the methyl and the tert-butyl groups indicating a high ligand
mobility in solution.

Applying a protonolysis protocol by reacting Mg(nBu),
with 2.5 equivalents of the corresponding pyrazole Hpz'BuMe
in a n-hexane/THF solution afforded the donor adduct
[Mg(pz'BuMe), (thf)], (3-thf) (Scheme 1, Figure 2, bottom).[?’] The
crystal structure of 3-thf revealed a dimeric complex isostruc-
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Figure 2. Crystal structures of [KMg(pz®“Me);], (2, top) and
[Mg(pz'B“Me), (thf)], (3-thf, bottom). Ellipsoids are set at the 50%
probability level. Hydrogen atoms are omitted and some Me/tBu moities
are displayed as wireframe for clarity. See supporting information for
selected interatomic distances and angles.[?’]

tural to Winter’s tBu/tBu-congener [Mg(pz'®"*B), (thf)], with
two u—1x(N):2x(N’)-bridging pyrazolato ligands, two terminal
k%(N,N’) pyrazolatos and two THF molecules.[?*]

The mixed pyrazolato/pyrazole complex
[Mg(pz'""P"), (Hpz'™ ™)}, (4-Hpz) reported by Ruhlandt-Senge
and co-workers was obtained via protonolysis of Mg(nBu),
with 4 equivalents of Hpz*** in THF.I??] In order to avoid
two potential reactive sites for CO, (vide infra) and since ho-
moleptic [Mg(pz'"*i""),] has not yet been reported, we revisited
the Mg(nBu),/Hpz """ reaction. It was revealed that alkane
elimination is very sensitive to the molar ratio employed. Apply-
ing a 1:2 ratio in THF did not give the anticipated homoleptic
complex but incomplete protonolysis to trimetallic complex
[Mg, (pz'?*), (nBu),(thf),] (5) with two remaining n-butyl
moieties (Scheme 2). The crystal structure revealed a central
magnesium coordinated by four pyrazolato ligands, bridging
to the peripheral magnesium centers in 1x(N):2«x(N’) fash-
ion (Figure S86, Supporting Information).?”] The tetrahedral
coordination of the outer magnesium atoms is completed by
one n-butyl moiety and one THF molecule each. Note that
Mg-alkyl moieties irreversibly insert CO, to afford carboxylato
ligands.[2+28]

Aiming at a suitable compromise between incomplete
protonolysis and coordination of excess pyrazole, the ratio of
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4a-Hpz 4-Hpz

Scheme 2. Formation of different complexes in the reaction of Mg(nBu),
with Hpz™+P" by using distinct ratios in THF. Complex 4-Hpz has been
reported previously.[??]

Mg(nBu), to Hpz'T*i?* was increased to 1:3. Now, crystallization
accomplished the trimetallic mixed pyrazolato/pyrazole complex
Mg, (pz'™" ") (Hpz'F"if1),] (4a-Hpz, Figure 3, top).””! Like in
complex 5, each magnesium center adopts a distorted tetrahe-
dral coordination sphere. Also, the central magnesium is coor-
dinated by four »'(N)-pyrazolato ligands, bridging to the outer
magnesium atoms in the same fashion as in 5. Overall, a spiro
arrangement of two six-membered rings in half-chair conforma-
tion about the central magnesium is observed. The outer magne-
sium atoms are further coordinated by pyrazolato and pyrazole
ligands, which are connected via a N—H—N hydrogen bond. The
pyrazolato and pyrazole ligands display a staggered arrangement
when viewed along the axis of the magnesium centers.

The 'H NMR spectrum of 4a-Hpz in [Dg]toluene indicated
a mixture of different species and, hence, fragmentation in so-
lution. Remarkably, two proton signals appeared at 19.89 and
19.51 ppm, respectively, highly shifted to lower field and with
a ratio of 1:0.2 (Figure S9, Supporting Information). Addition-
ally, three signals in the region for the proton at the pyrazole ring
can be observed along with several septet and doublet signals in
the expected region for iPr moieties. The 'H NMR spectra of
4-Hpz and 4a-Hpz show the same signal pattern/fragments in
[DgJtoluene but different signal intensities, due to distinct pyra-
zolato/pyrazole ratios. The two strong low-field shifted signals in
4-Hpz appear in the reversed ratio of 0.2:1. The intensity of all
other signals of 4-Hpz are equally reversed, except for one signal
at 5.84 ppm of the pyrazolato ring proton. The strongly low-field
shifted proton signals corroborate a low-barrier hydrogen bond
(LBHB) typical of symmetric hydrogen bonding.[?"]

The very same fragmentation of 4-Hpz and 4a-Hpz in
solution was confirmed by 'H DOSY (diffusion-ordered
spectroscopy) NMR experiments in [Dgltoluene, reveal-
ing [Mg,(pz'™"™),(Hpz'**F),] (M = 958.02 g mol™!) and
[Mg, (pz:"™), (Hpz'™"")] (M = 805.78 g mol™') as preferred
fragments (for an in-depth discussion and other evaluation
methods see the supporting information).[3%]

Using a ratio of 1:2.5 of Mg(nBu), and Hpz in the pres-
ence of THF first led to the isolation of a white amorphous
powder, which after several recrystallization steps in n-pentane
afforded single-crystalline [Mg, (pz'"*:""), (thf),] (4-thf, Figure 3,
middle).[?”] The white amorphous powder is most likely the ho-

iPr,iPr
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Figure 3. Crystal structures of [Mg; (pz™""")¢ (Hpz™"*"),] (4a-Hpz, top),
[Megs (p2°"") (thf),] (4-thf, middie) and [Mg, (pzC"CF), (thf),] (6-tht,
bottom). Ellipsoids are set at the 50% probability level. Hydrogen atoms
are omitted as well as the iPr groups and THF ligands are displayed as
wireframe for clarity. See supporting information for selected interatomic
distances and angles.[?’]

moleptic donor-free [Mg(pz'"™"),], (4) forming an insoluble in-
finite chain structure. The crystal structure of 4-thf is similar to
that of 4-Hpz except for the terminating donor ligand (THF ver-
sus Hpz). The syntheses of 3-thf and 4-thf underline that the for-
mation of homoleptic [Mg(pz*®'),], occurs preferentially when
Mg(nBu), and Hpz®®? are employed in a ratio of 1:2.5.

For the  3,5-bis(trifluoromethyl)pyrazole, both  the
protonolysis and the salt-metathesis route in THF yielded
[Mg, (pzEF3€F3), (thf);] (6-thf) as a crystalline material (Scheme
3). The crystal structure of 6-thf revealed 5-coordinate magne-
sium centers in a strongly distorted trigonal bipyramidal geom-
etry (Figure 3, bottom).[?”] The magnesium centers are bridged
by two pu—1k(N):2x(N’) pyrazolato and one u—1x(0):2x(O) THF
ligand.[3" The bridging THF distorts the six-membered metalla-
cycle to a twisted boat conformation. The 'H, *C and YF NMR
spectra of 6-thf revealed high mobility of the pyrazolato ligands
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F30 CF3

6-thf
Scheme 3. Synthesis of complex 6-thf according to salt-metathesis and
protonolysis protocols.

in solution at ambient temperature. Both 'J.; (267.77 Hz)
and 2J. couplings (36.58 Hz) were observed as quartets at
123.0 ppm and 142.7 ppm, respectively.3?]

Protonolysis of Mg(nBu), with both the 3,5-dimethylpyrazole
and the unsubstituted “parent” pyrazole gave amorphous white
powders, which are insoluble in common solvents. However, the
13C CP/MAS (magic-angle spinning) spectra unambiguously re-
vealed the formation of [Mg(pzMe™e), ], (7) and [Mg(pz),], (8). For
compound 7 the carbon resonances in the 3 and 5 position ap-
peared as one signal at 152.1 ppm, while the carbon in the 4 po-
sition and the Me moieties were detected at 107.1 ppm and as
two close signals at 12.0 and 10.9 ppm, respectively. As expected,
compound 8 shows only two *C signals in the aromatic region at
141.6 and 103.1 ppm, respectively. Both compounds most likely
form an infinite chain structure like [Zn(pz),], which was charac-
terized by powder X-ray diffraction.®3] This is underlined by the
fact, that the DRIFT spectra of 8 and [Zn(pz),], are nearly identi-
cal (Figure S79, Supporting Information).

The level of magnesium pyrazolate hydrolytic stability was
probed for [Mg(pz'B**B4),], (1) and [Mg(pz),], (8). When exposed
to air (and moisture) a solution of 1 in THF shows slow decompo-
sition as indicated by anhould incipient precipitation (Mg(OH),)
and formation of the respective pyrazole. A morphology change
of mostly insoluble, flaky 8, mainly affecting the surface of the
material, was clearly visible in SEM images upon exposure to am-
bient atmosphere (Figures S81-S83, Supporting Information).

2.3. CO, Insertion into Magnesium Bis(pyrazolate)s under
Anhydrous Conditions

Exposing dimeric [Mg(pz'B**B4),], (1) to 1 bar CO, in THF led to
the insertion of CO, into the Mg—N(pyrazolato) bonds, forming
the monomeric carbamate complex [Mg(CO,-pz'B"B4), (thf),] (1
CO,,thf) (Scheme 4a).3 The reaction occurs instantly in a small-
scale reaction and single crystals could be obtained overnight at
ambient temperature. The mass fraction of 1-CO,,thf amounts
to 14.3 wt% CO, or 3.3 mmol CO, per gram.

Complex 1-CO,,thf displays a distorted octahedral coordina-
tion geometry, the magnesium center being coordinated by two
nearly planar CO,-pz'B"'Bu carbamato moieties in the x?(N,0O)
mode, and two apical THF donor molecules (Figure 4).%*) The
inserted CO, moiety exhibits an angle of 129.23(9)° and dis-
tinct C—O distances of 1.2165(12) and 1.2621(11) A, which how-
ever, are less divergent from each other than in cerium com-
plex [Ce(CO,-pzMeMe),] (1.207 A and 1.291 A).I'2] This can be at-
tributed to the less oxophilic character of magnesium compared
to cerium.3®] The pyrazole ring of the carbamato ligand loses its
aromaticity compared to the pyrazolato ligand of precursor 1, as
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Scheme 4. Reaction of magnesium pyrazolates with excess CO,.

revealed by distinct interatomic distances of both the C—C ring
bonds (C2—C1: 1.3788(13) A; C2—C3: 1.4073(13) A) and the
C—N ring bonds (C1—N1: 1.3800(12) A; C3—N2: 1.3310(12) A).

Carbon dioxide insertion into homoleptic pyrazolate 1 was ini-
tially observed by DRIFTS measurements showing the charac-
teristic stretching vibration of the C—O double bond at ¥ =
1745 cm™! and of the C—O single bond at ¥ = 1293 cm™!
(Figure S75, Supporting Information). The '"H NMR spectrum
of 1-CO,,thf in [Dg]THF revealed the characteristic splitting of
the tBu resonances into two signals at 6 = 1.48 ppm and 6 =
1.24 ppm (Figure S24, Supporting Information) due to the asym-
metry caused by the inserted CO,. The 1*C NMR signal of the
inserted CO, appeared at 149.0 ppm (Figure S25, Supporting
Information) which is in the range of known complexes with
CO,-pz* R moieties.[162:37]

Complex 1-CO,,thf is stable in solution at ambient tempera-
ture and as a solid at -40 °C. In neat form, CO, slowly volatilizes
at ambient temperature, as monitored by 'H NMR spectroscopy.
Under reduced pressure (ca. 1072 mbar), enhanced CO, evapo-

®

Figure 4. Crystal structure of [Mg(CO,-pz'B4*BY), (thf),] (1-CO,,thf). El-
lipsoids are set at the 50% probability level. Hydrogen atoms as well as
disorder in the thf ligands are omitted for clarity. See supporting informa-
tion for selected interatomic distances and angles.[?’]
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Scheme 5. Reversibility of CO, insertion into the Mg—N bond of
[Mg(pz*84*BY),], (1) at elaborate temperature or reduced pressure (10
mbar).

ration occurred, and after 6 h a mixture of 1-CO,,thf, 1, and a
proposed mono-inserted complex was observed in the 'H NMR
spectrum, in a ratio of 1:0.8:0.8 (Figure S26, Supporting Infor-
mation). Admitting in turn 1 bar of CO, led to the complete re-
formation of 1-CO,,thf. This reversible behavior was further in-
vestigated by variable-temperature (VI) 'H NMR spectroscopy
(Figure S27, Supporting Information). The signal of 1 emerged
at 70 °C, while at 105 °C 1-CO,,thf was completely converted into
1. Cooling to ambient temperature did not afford complete re-
insertion of CO, but again a mixture of 1-CO,,thf, 1, and the
mono inserted complex in a ratio of 1:1:1. After renewed addi-
tion of 1 bar CO,, the mixture quantitatively reformed 1-CO, thf,
indicating that the overall CO, insertion step is fully reversible
(Scheme 5).1%8]

The CO, de-insertion process of 1-CO,,thf was further in-
vestigated using thermogravimetric analysis (TGA) by heating
the solid from 28 °C to 450 °C and applying a heating rate of
2 K min~! under constant argon flow (Figure S71, Supporting
Information). The first step of 22.16 % mass loss between 78 °C
and 134 °C corresponds to the release of the THF donor lig-
ands (calcd. 23.5%). This is followed by two distinct de-insertion
steps of each CO, (calcd. 7.2 % each) with mass-loss events of
4.70 % between 134 °C and 170 °C and 6.15 % between 170 °C
and 233 °C. The deviation from the calculated value can be ex-
plained by incipient gas formation before the TGA experiment
and slightly overlapping release of donor THF and the first CO,
de-insertion step. The two distinct de-insertion steps observed by
TGA support the proposed formation of the mono inserted com-
plex, indicated by 'H NMR spectroscopy (Scheme 5).

The reaction of unsolvated 1 with CO, in toluene or benzene
did not afford a single-crystalline product. However, the occur-
rence of a CO, insertion was clearly indicated by the respec-
tive 'H NMR spectrum (Figure S30, Supporting Information).
Five signals for the pyrazole backbone protons between 5.89 and
6.05 ppm each with an integral of 1 and nine signals for tBu moi-
eties between 0.87 and 1.78 ppm, of which eight have an inte-
gral of 9 and one has an integral of 18, are detected. This pat-
tern indicates that 1 reacts with CO, in non-donating solvents to
a putatively oligomeric species 1-CO, (Scheme 4a). Compound
1-CO, was further examined by 'H DOSY NMR spectroscopy
in [Dg]toluene (Figures S31-S33, Supporting Information). Ac-
cordingly, only one large signal was revealed with a diffusion co-
efficient of logD = —8.96 log(m? s7!) for all the 'H NMR sig-
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nals mentioned above. The molar mass calculation of the mea-
sured diffusion coefficient, approximated by a highly compact
sphere, accounts for a molar mass of 1875 g mol~!. This sug-
gests that 1-CO, is a tetrameric oligomer /cluster containing four
Mg(CO,pz'B**B¥), units with M = 1883.59 g mol~! (see Sup-
porting Information for a more in-depth discussion).*"! The pro-
posed complex [Mg(CO,-pz'B**Bv),], (1-CO,) achieves a capacity
of 18.7 wt% CO, or 4.3 mmol CO, per gram.

Reacting 4-thf with 1 bar CO, led to the formation of
[Mg(CO,-pz'F=if1), (thf),] (4-CO,,thf) (not shown in Scheme 4).
Although the "H NMR spectrum of 4-thf is rather complicated
(Figure S16, Supporting Information), due to possible fragmen-
tation/oligomerization like in 4-Hpz and 4a-Hpz, the '"H NMR
spectrum of 4-CO, ,thf revealed complete and clean CO, insertion
as indicated by two distinct iPr groups. The *C NMR showed the
corresponding iPr signal patterns and a resonance at 149.6 ppm
for inserted CO,. Unfortunately, complex 4-CO,,thf could not be
obtained in single-crystalline form. Conducting the 4-thf/CO, re-
action in toluene (not shown in Scheme 4), gave also a complex
'"H NMR spectrum (Figures S40 and S41, Supporting Informa-
tion), but resulted in a few crystals suitable for an XRD analysis.
The crystal structure of LiMg,(CO,-pz‘F#iF*)y, albeit of low qual-
ity (connectivity structure only) clearly revealed an exclusive car-
bamato environment of the metal centers (Figure S91, Support-
ing Information). The magnesium atoms are arranged tetrahe-
drally around a central lithium atom. Contamination of the reac-
tion mixture with lithium originated from precursor Mg(nBu), as
revealed by ’Li NMR spectroscopy. We assume that crystallization
of putative donor-free [Mg, (CO,pz'*"""),] is strongly favored by
the presence of the alkali metal.

Treatment of the mixed pyrazolato/pyrazole complexes 4-Hpz,
4a-Hpz, and known [Mg(pz'5"84), (Hpz'B%!B4)], (1-Hpz)?? with
CO, was performed in the same way as for 1 (Scheme 4b).
The 'H NMR spectra of the 1-Hpz/CO, reactions revealed sig-
nal sets identical to those of 1-CO,,thf ([D¢]THF) and 1-CO, (in
[Dg]toluene); for the reaction in THF, the formation of 1-CO,,thf
could be confirmed by a unit-cell check of the obtained crys-
tals. In both solvents, an additional set of four new broad sig-
nals is detected: two in the range of tBu moieties (6 = 1.28 and
1.23 ppm), one in the aromatic range (6 = 5.82 ppm) and one
in the acidic proton range at 6 = 11.34 ppm, which does not
align with free Hpz'®"'B" (Figure S34, Supporting Information).
Furthermore, the presence of two tBu signals corroborates a re-
action of CO, with the donor pyrazole to yield the new carbamic
acid HOOCpz'®"Bu, Since free pyrazoles, like aromatic amines,
do not react with CO, under these conditions, it can be hy-
pothesized that the hydrogen-bond pyrazolato/pyrazole arrange-
ment is a prerequisite for forming the carbamic acid/ammonium
carbamate.® A similar motif was observed for compound
[{Cd(u-ac),(Hpz),},] (ac = acetate) in which the acetate has an
H-bond interaction with the pyrazole.[**] Such two-fold activa-
tion of CO, also applies for the isopropyl-substituted pyrazole
adducts 4-Hpz and 4a-Hpz. The 'H NMR spectra display one
signal set assignable to [Mg(CO,-pz'"*""), (thf),] (4-CO,,thf) with
the expected splitting of the iPr signals. Additionally, one sig-
nal set appeared ascribed to the carbamic acid HOOCpz """,
Both starting materials lead to similar spectra, with varying sig-
nal intensities, due to the different pyrazolato/pyrazole ratios. As
for [Mg(pz'B»*Bv), (Hpz'B**Bv)], (1-Hpz), the CO, insertion is re-
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versible for the carbamato ligand in 4-CO, ,thf, but remains irre-
versible for the disassociated carbamic acid, under the conditions
applied (Scheme 4c).

Complex [Mg(pz'B'Me), (thf)], (3-thf) featuring the mixed
tBu/Me 3,5-substitution of the pyrazolato ligand clearly engaged
in CO, insertion. The resulting 'H NMR spectra, however, re-
vealed very complicated signal pattern, which is why this com-
plex was not pursued further. In contrast, CO, insertion was not
detected for fluorinated [Mg, (pzF>CF3), (thf),] (6-thf), likely due
to the decreased nucleophilicity of the pyrazolato nitrogen atoms
(vide infra).

Unexpectedly, the polymeric pyrazolates Mg(pzMeMe),]. (7)
and [Mg(pz),], (8), which are insoluble in most common
solvents, feature a rather remarkable CO,-insertion behavior
Scheme 3d). When exposing the solids in a very simple man-
ner to an atmosphere of 1 bar CO, for three hours, a mass
gain of 29.4 wt% for 7 and 36.3 wt% for 8 were found, accom-
panied by slight morphology change and warming of the sam-
ples. This is close to the calculated exhaustive CO, insertion into
the Mg-N(pyrazolato) bond, accounting for 29.1 and 35.7 wt%
CO,, respectively. The obtained materials [Mg(CO,-pzMeMe), ], (7-
CO,) and [Mg(CO,-pz),], (8-CO,) were further examined by TGA
(Figures S72 and S73, Supporting Information) and solid-state
NMR and FTIR spectroscopy. For 7-CO,, a CO, release step of
29.5 % was observed when heating a sample from ambient tem-
perature to 210 °C, in line with the CO, mass fraction. Similarly,
material 8-CO, revealed a mass-loss event of 34.3 %, in the range
from 50 °C to 225 °C. Different from 1-CO, thf and 8-CO,, where
the CO, de-insertion only starts at elevated temperatures, the CO,
release for 7-CO, already takes place atambient temperature. The
IR spectra of both complexes 7-CO, and 8-CO, (Figures S76 and
S77, Supporting Information) show an intense and broad band
between 1709 and 1744 cm™! for the C—O double bond stretch-
ing vibration of the inserted CO,. The CO, insertion/de-insertion
behavior of [Mg(pz),], (8) was further elucidated by conducting
an in situ IR experiment. When replacing the argon atmosphere
by CO,, immediate formation to 8-CO, took place. When restor-
ing the argon atmosphere and heating in 10 °C steps to 240 °C,
the C—O double bond stretching vibration at 1709 cm™! slowly
decreased and the overall IR spectrum converted back to that of
8 (Figure S80, Supporting Information). The *C CP/MAS NMR
spectrum of 7-CO, revealed distinct carbon atoms at the 3 and 5
positions (148.6 and 142.7 ppm) in comparison to 7 (152.1 ppm)
The 13C signal of the inserted CO, appeared as a shoulder to the
signal at 148.6 ppm. To further clarify the signal assignment com-
plex 7 was treated with labeled *CO,, which resulted in two in-
tense signals at 152.4 and 148.7 ppm. The signals of the methyl
groups appeared as one signal at 12.3 ppm. Upon CO, insertion,
7-CO, is soluble in THF and the respective 'H NMR spectrum
confirmed its formation by two signals at 2.46 and 2.12 ppm of
the methyl groups in 3 and 5 position. The solution 1*C NMR sig-
nal of the inserted CO, could be resolved at 149.8 ppm. The 1*C
CP/MAS NMR spectrum of 8-CO, shows four distinct signals in
the aromatic region (Figure 5). The inserted CO, appeared as a
signal at 150.2 ppm, and the carbon atoms in 3 and 5 position at
139.1 and 128.6 ppm, and the carbon in 4 position at 107.2 ppm.
Repeated CO, insertion/de-insertion was probed for 7/7-CO, and
proven to be fully reversible by solid-state NMR and FTIR spec-
troscopy (Figures S51 and S78, Supporting Information).
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Figure 5. *C CP/MAS NMR spectra (75.47 MHz) of [Mg(pz),], (8) and
Mg(CO;p2),], (8-CO,).

Comparative studies with literature known [Zn(pz), ], and CO,
did not indicate any appreciable CO, insertion.[**] Although both
metal centers have the same charge and similar ionic radii, the
pronounced oxophilicity of magnesium*®! combined with the
harder Mg(Il) ion determine the high CO, affinity of the pyra-
zolate complexes compared to the zinc congeners.

Having established these solid/gas reactions for 7 and 8, a
solid sample of 1 was exposed similarly to 1 bar CO,. A mass
gain of 18.4 % close to the calculated mass fraction of 18.7 wt%
CO, suggested the formation of putative 1-CO, (vide supra). Dis-
solving the obtained solid in [Dg]THF and [Dg]toluene gave 'H
NMR spectra identical to those of 1-CO,,thf and 1-CO,, respec-
tively. The TGA of 1-CO, showed a continuous mass loss with
less distinct releasing steps, which would be expected for a clus-
ter species. For further comparison, our previously reported ceric
pyrazolate [Ce(Me, pz), (thf)] did not insert the heteroallene when
stored under 1 bar CO, pressure for three days.[1%

2.4. Catalytic Formation of Cyclic Carbonates from CO, and
Epoxides

The discrete complexes [Mg(pz'B*Bv),], (1), [Mg(pz'B*Me),
(thf), (3-hf), [Mg,(pz™ ") (Hpz"7),] (4a-Hpz), [Mg,
(pz'T5iPr)4 (thf),] (4-thf), and [Mg,(pzECF3), (thf);] (6-thf) were
probed as catalysts in the cycloaddition of epoxides and CO, to
cyclic carbonates (see Scheme S2, Supporting Information for a
proposed mechanism). For better comparability, the conditions
stated in Table 1 have been adapted to those reported previously
for the rare-earth-metal pyrazolates.!1]

Complex [Mg(pz'B**B1),], (1) gave 56 % conversion of propy-
lene oxide and CO, to the cyclic carbonate, with a TON of 112
(Table 1, entry 1). By using a twofold catalyst load of 1 mol% the
conversion increased to 85 %, while the TON decreased to 85 (en-
try 2). This might result from catalyst aggregation in solution, by
exceeding the solubility of 1 in epoxide or due to a solubility gra-
dient shift between epoxide and cyclic carbonate. As expected,
donor adduct 1-thf showed a slightly lower conversion of 51 %
(entry 6). Similarly, for catalysts 3-thf, 4a-Hpz and 4-thf the con-
version slightly decreased to 43 %, 45 % and 42 %, respectively
(entries 7 to 8 and 13). As mentioned before, the pyrazole donors
disassociate upon CO, insertion as carbamic acid which can lead
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Table 1. Formation of cyclic carbonates from epoxides and CO,, catalyzed
by magnesium pyrazolates under study.

[Cat.] o
o 1 mol% TBAB )J\
A +1 bar CO; 1. L. o” o
R
R
Entry? Catalyst R= Conversion TON9
(9]
1 1 Me 56 112
29 1 Me 85 85
3 1 Ph 4 8
4 1 tBu 4 8
5 1 nBu 7 14
6 1-thf Me 51 102
7 3-thf Me 43 86
8 4a-Hpz Me 45 90
9¢) 4a-Hpz Me 77 51
10 4a-Hpz Ph 4 8
1 4a-Hpz tBu 3 6
12 4a-Hpz nBu 1 22
13 4-thf Me 42 84
14 6-thf Me 59 118
15 6-thf Ph 8 16
16 6-thf tBu 4 8
17 6-thf nBu 18 36
180 - Me 3 6

? Reaction conditions if not noted otherwise: 1 bar CO,, 0.25 mol% catalyst or
0.167 mol% for 4a-Hpz and 4-Hpz (=0.5 mol% Mg centers), 1 mol% TBAB at ambi-
ent temperature for 24 h in neat epoxide; ®) Determined by comparison of the pro-
ton integrals in a-position of the epoxide and the corresponding cyclic carbonate
(expect for 3,3-dimethyl-1,2-butene carbonate where the integral of the tBu moieties
was used); C)((epoxide/Mg) - conversion)/100; "1 bar CO,, 1 mol% catalyst 1,
1 mol% TBAB, at ambient temperature for 24 h; <1 bar CO,, 0.5 mol% catalyst 4a-
Hpz, 1 mol% TBAB, at ambient temperature for 24 h. f)only TBAB without metal
catalyst; TON refers to concentration TBAB.

also to solubility shifts or blocking of the metal center. Increasing
the amount of 4a-Hpz from 0.167 mol% (=0.5 mol% Mg centers)
to 0.5 mol% complex 4a-Hpz (=1.5 mol% Mg centers) led to an
enhanced conversion of 77 % but also here the TON was reduced
to 51 (entry 9). Accordingly, the effects of reduced catalytic activity
due to high catalyst load seem to be intrinsic.

Interestingly, fluorinated complex 6-thf shows the highest cat-
alytic activity with a TON of 118 (entry 14), despite a side reac-
tion, causing a highly viscous reaction mixture. Crucially, 6-thf
exhibits the highest catalytic activity although it does not insert
CO, (vide supra). Consequently, catalytic activity and CO, affinity
seem to be inversely proportional. As expected, switching to the
more sterically demanding epoxides with tBu, nBu and Ph moi-
eties, the conversion is drastically decreased ranging from 4% to
11% (entries 3-5, 1012 and 15-17). Again, striking is compara-
tively increased catalytic activity in case of 6-thf, giving 18% con-
version of epoxyhexane in the absence of any side reaction. Com-
plexes 7 and 8 showed also moderate conversion, however, due to
high contents of insoluble oligomeric/polymeric side products,
these values were not considered representative.
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To determine the state of the catalyst after the catalytic re-
action, each 10 mol% of 1 and TBAB were employed and the
reaction mixture examined by 'H NMR spectroscopy (Figure
S70, Supporting Information). Besides the signals for TBAB and
propylene carbonate, one signal set could be assigned to com-
plex [Mg(CO,-pz'Bw'Bu), (thf),] (1-CO,,thf). Moreover, three ad-
ditional signals in the region for pyrazolate backbones were de-
tected, assignable neither to the carbamic acid, a mono-inserted
species nor to a hydrolysis product.

The overall catalytic activity of the magnesium pyrazo-
lates is only moderate in comparison to the rare-earth-metal
congeners.['%) For example, cerium pyrazolate [Ce(Me,pz),],
converted up to 98 % of propylene oxide with a TON of 196,
under the same conditions. By heating the cerium reaction up
to 90 °C, applying a pressure of 10 bar CO, and using a cat-
alytic load of 0.1 mol% the TON could even be increased to 600.
This is clearly reflected in the higher CO, release temperatures
of magnesium pyrazolates (higher CO, affinity), in agreement
with the NMR/TGA studies (vide supra). Also, in comparison
to other magnesium catalysts used in this very cycloaddition re-
action, our complexes show only moderate catalytic activity.*>*!]
Although hardly comparable due to much harsher reaction con-
ditions, a magnesium porphyrin complex with an incorporated
tetra-n-butylammonium reported by Ema et al. reaches TONs of
up to 138 000 with a catalytic load of 0.0005 mol%, at 120 °C and
17 bar CO,.

3. Conclusion

The conceptional approach of carbon dioxide insertion into metal
pyrazolates is applicable to the light metal magnesium. Ex-
haustive CO, insertion into the Mg-N(pz®®) bond is proven
by the crystal structure of [Mg(CO,-pz'B%!B4),(thf),] as well
as 3C NMR spectroscopy and thermogravimetric analysis of
[Mg(CO,-pz*®),], (R = H, Me, iPr). Carbon dioxide uptake at
ambient temperature is instant and reversible with de-insertion
temperatures <250 °C. Remarkably, CO, insertion also occurs
quantitatively using the magnesium pyrazolates in solid form
(without solvent!). Unsubstituted [Mg(CO,-pz),], accomplishes a
maximum capacity of 35.7 wt% CO, (8.2 mmol g™!) leveling that
of the most efficient metalorganic frameworks (MOFs). Depend-
ing on the pyrazolate substituents R, the homoleptic magnesium
complexes are easily obtained via salt metathesis or protonolysis
applying MgBr, and Mg(nBu),, respectively. For the protonoly-
sis protocol, stoichiometric control and hence pyrazole coordi-
nation are critical since the CO, uptake is affected by additional
formation of the respective carbamic acids HOOCpz*R. The salt-
metathesis protocol is prone to ate complex formation as evi-
denced for [KMg(pz'B*M¢),],. The magnesium pyrazolates dis-
play only moderate catalytic activity in the reaction of CO, and
epoxides to cyclic carbonates. Crucially, catalytic activity and CO,
affinity seem to be inversely proportional, as revealed by the flu-
orinated complex [Mg, (pz°F3CF3), (thf),], exhibiting the highest
catalytic activity while lacking any traceable CO, insertion, un-
der the applied conditions. Overall, the catalytic activity is lower
than that of the cerium congeners attributable to the higher CO,
release temperatures of the magnesium complexes. Due to sig-
nificant hydrolytic instability such magnesium pyrazolate com-
plexes are not meant for any industrial large scale carbon dioxide
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removal technology but might stimulate new inorganic material
design.
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the author.
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Experimental Section.

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture under
argon atmosphere (< 0.1 ppm O3, < 0.1 ppm of H,0) in a MB200B glovebox (MBraun) or according to standard
Schlenk techniques and in oven-dried glassware. Solvents (THF, n-pentane, n-hexane, Et,0 and toluene) were
purified by using SPS Grubbs-type columns (MBraun SPS-800, solvent purification system) and stored inside a
glovebox. THF was dried further over molecular sieves. [Dg]benzene, [Dg]toluene and [Dsg]THF were obtained
from Sigma Aldrich and dried over Na/K alloy and filtered prior to use. 3,5-Bis(trifluoromethyl)pyrazole (99%),
3,5-dimethylpyrazole (99%), di-n-butylmagnesium (1 M in Et,0/n-hexane), epoxystyrene (>97%, degassed prior
to use) and magnesium bromide (98%) were purchased from Sigma Aldrich and used as received. 3,5-Di-iso-
propylpyrazole (98%) was purchased from TCl and used as received. 1,2-Epoxyhexane (97%) was purchased from
Thermo Fischer and degassed prior to use. Propylene oxide and pyrazole (98%) were purchased from Acros
Organics and the former was degassed prior to use. 2-tert-Butyloxirane was purchased from abcr and degassed
prior to use. 3-Methyl-5-tert-butylpyrazole and 3,5-di-tert-butylpyrazole were synthesized according to
procedures known in the literature.!*! Argon and CO; (99.95%) were supplied by Westfalen AG. *H and 3C NMR
spectra were recorded on a Bruker AVII+400 spectrometer (*H: 400.13 MHz; *3C: 100.61 MHz) at 299 K. The
chemical shifts listed in the experimental section are referenced to solvent residual resonances in parts per
million in relation to tetramethylsilane. The variable temperature *H NMR spectra and some other spectra were
recorded in a J. Young valve NMR tube on a Bruker AVII+500 spectrometer (*H: 500.13 MHz; 3C: 125.76 MHz).
The *H DOSY NMR spectra were recorded in a J. Young valve NMR tube on a Bruker AVIII HDX 700 spectrometer
(*H: 700.29 MHz). IR spectra were recorded on a NICOLET 6700 FTIR spectrometer (Thermo Fisher Scientific). The
samples were mixed with KBr powder and measured in a DRIFTS cell with KBr windows. In situ IR spectra were
recorded on a Bruker Invenio R spectrometer equipped with a praying mantis unit. Data were converted by using
the Kubelka-Munk refinement. Elementary analyses were performed on an Elementar vario MICRO cube. SEM
images were obtained on a Hitachi SU8030. Single crystals were grown from saturated solutions of n-hexane or
THF by standard techniques. Suitable single crystals for X-ray structure analysis were selected in a glovebox and
coated with Parabar 10312 (Hampton research). Crystallographic data were measured on a Bruker APEX || DUO
instrument equipped with InS micro focus sealed tube and QUAZAR optics for MoKa radiation (A = 0.71073 A)
and CuKg radiation (A = 1.54184 A). Compounds 2 and 4a-Hpz were crystallized at —40 °C from a solution of n-
hexane, 3-thf at ambient temperature. Crystals of 4-thf could be obtained from n-pentane at —40 °C, and for 5 a
mixture of chilled Et,0/n-hexane (40 °C) was used. Crystals of 1-CO,,thf were harvested from a THF solution at
ambient temperature and those of 6-thf at —40 °C. The crystallization of LiMga(CO,Pz""")g became feasible due
to a slight contamination of the magnesium precursor with lithium, after many unsuccessful crystallization
attempts. A few crystals were obtained in a J. Young tube at ambient temperature from a toluene solution. The
crystal quality was low and only intensities up to 1 A could be found. Although the structure could be solved, the
calculated data only represent a connectivity structure, ruling out any detailed interpretation of metrical
parameters. The data collection strategy was determined using COSMO®? employing w- and ¢ scans. Raw data
were processed using APEX!®! and SAINT,!! corrections for absorption effects were applied using SADABS.P! The
structure was solved by direct methods and refined against all data by full-matrix least-squares methods on F?
using ShelXTL®! and ShelXle.”! Disorder models are calculated using DSR®!, a program for refining disordered
structures in SHELXL. All graphics were produced employing Mercury.!

[Mg(pz®Bu),(thf)], (1-thf). Hpz®“®Y (200.0 mg, 1.109 mmol) was dissolved in 10 mL THF and a solution of
Mg(nBu), (0.56 mL, 0.56 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring for 2 h, the solution
was concentrated under reduced pressure and stored at ambient temperature. Overnight colorless crystals were
obtained suitable for an X-ray structure analysis. Drying the crystals under reduced pressure gave 1-thf (210.0 mg,
461.6 umol, 83%). Analytical data are consistent with the literature.™!%!

[KMg(pz®*Me)5], (2). Magnesium bromide (121.7 mg, 661 umol) and Kpz®“Me (233.1 mg, 1.322 mmol) were
dissolved in toluene and stirred for 16 h. After the solvent was removed under reduced pressure the residue was
extracted three times with n-hexane. The solution was concentrated and stored at —40 °C. Overnight 2 (71.3 mg,
75 umol, 23%) could be obtained as colorless crystals. *H NMR (400.1 MHz, [Dg]THF, 26 °C): & = 5.87 (s 6H, 4-
H(pz)), 2.14 (s, 18H, CHs), 1.17 (s, 54H, C(CHs)s) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 163.3 (3-C(pz)),
148.1 (5-C(pz)), 100.5 (4-C(pz)), 32.3 (C(CHs)s), 31.7 (C(CHs)s), 13.2 (CH3) ppm. IR (Nujol/Csl): Uimax = 2953 (Nujol;
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CH), 2923 (Nujol; CH), 2854 (Nujol; CH), 1515 (vs), 1497 (s), 1462 (Nujol), 1410 (vs), 1377 (Nujol), 1363 (vs), 1312
(vs), 1232 (s), 1206 (s), 1092 (m), 1072 (s), 1060 (s), 1043 (w), 1020 (s), 996 (m), 987 (m), 972 (w), 933 (vw), 923
(vw), 893 (vw), 816 (m), 772 (vs), 728 (m), 694 (m), 570 (w), 503 (w), 492 (w), 467 (w), 436 (s) cm™. Elemental
analysis calcd. (%) for CasH7sK2Mg,N1> (950.04 g mol™?): C 60.68, H 8.28, N 17.69; found: C 60.56, H 8.50, N 17.49.

[Mg(pz®uMe),(thf)], (3-thf). Hpz®®“Me (200.0 mg, 1.447 mmol) was dissolved in 10 mL THF and a solution of
Mg(nBu), (0.58 mL, 0.58 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring overnight, the solution
was concentrated under reduced pressure and stored at ambient temperature. After 7 days colorless crystals
were obtained suitable for an X-ray structure analysis. The supernatant slurry solution was separated and the
crystals covered with a sticky oil were washed several times with n-pentane. Drying the crystals under reduced
pressure gave 3-thf (180.4 mg, 243 umol, 67%). *H NMR (500.13 MHz, [Dg]THF, 26 °C): 6 = 5.78 (s, 4H, 4-H(pz)),
3.61 (m, 8 H, 1/4-CH, (thf)), 2.08 (s, 12 H, CHs), 1.77 (m, 8 H, 2/3-CH, (thf)), 1.15 (s, 36 H, C(CHs)s) ppm. *C{H} NMR
(125.76 MHz, [Ds]THF, 26 °C): 6 = 163.0 (br, 3/5-C(pz)), 149.6 (br, 3/5-C(pz)), 102.1 (4-C (pz)), 68.0 (1/4-C (thf)),
32.2 (C(CHs)3), 31.4 (C(CHs)s), 26.2 (2/3-C (thf)), 13.0 (CHs) ppm. IR (Nujol/Csl): {imax = 2950 (Nujol, CH), 2928
(Nujol, CH), 2860 (Nujol, CH), 1524 (vs), 1516 (vs), 1463 (Nujol), 1416 (s), 1377 (Nujol), 1363 (vs), 1313 (s), 1235
(s), 1207 (m), 1078 (w), 1060 (m), 1030 (s), 1020 (s), 1005 (w), 983 (w), 912 (w), 892 (w), 833 (vw), 784 (s), 735
(vw), 726 (w), 697 (w), 676 (vw), 570 (vw), 506 (m), 476 (vw), 412 (vs) cm™. Elemental analysis calcd. (%) for
CaoHesMg2NsO, (741.65 g mol™): C 64.78, H 9.24, N 15.11; found: C 64.27, H 9.28, N 15.09.

[Mgs(pz™*")6(Hpz™"*),] (4a-Hpz). Hpz™*" (600.0 mg, 3941 umol) was dissolved in 10 mL THF and a solution of
Mg(nBu), (1.31 mL, 1.31 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring overnight, the solvent
was removed under reduced pressure. After several recrystallization steps of dissolving the residue in n-hexane
and storing it afterwards at —40 °C, 4a-Hpz (381.0 mg, 296.5 umol, 68%) could be obtained as colorless crystals
suitable for an X-ray structure analysis. DRIFTS: Vimax = 3357 (vw), 2962 (vs), 2928 (s), 2871 (m), 2572 (vw), 1559
(vw), 1523 (m), 1506 (m), 1458 (m), 1421 (w), 1379 (w), 1363 (m), 1304 (w), 1273 (w), 1178 (w), 1141 (w), 1095
(w), 1042 (m), 1021 (w), 923 (vw), 878 (vw), 786 (m), 726 (w), 591 (w), 528 (w), 503 (w), 472 (w), 419 (w) cm™.
Elemental analysis calcd. (%) for C7,H122MgaN16 (1284.80 g mol™): C 67.31, H 9.57, N 17.44; found: C 67.10, H
9.52, N 17.54.

[Mgs(pz™*)s(thf),] (4-thf). Hpz""™" (200.0 mg, 1313 umol) was dissolved in 10 mL THF and a solution of
Mg(nBu), (0.53 mL, 0.53 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring overnight, the solvent
was removed under reduced pressure. After several recrystallization steps of dissolving the residue in n-pentane
and storing it at —40 °C, 4-thf (101.4 mg, 90.1 umol, 51%) could be obtained as colorless crystals suitable for an
X-ray structure analysis. DRIFTS: Vmax = 3115 (vw), 2961 (vs), 2930 (vs), 2875 (s), 1526 (vs), 1508 (s), 1481 (m),
1459 (s), 1421 (w), 1380 (s), 1363 (s), 1300 (s), 1177 (m), 1141 (m), 1104 (w), 1066 (m), 1040 (vs), 1015 (s), 996
(w), 921 (w), 886 (w), 786 (s), 726 (w), 701 (vw), 591 (vw), 526 (m), 475 (m) cm™. Elemental analysis calcd. (%)
for Cs2H10sMgsN1,0, (1124.53 g mol™?): C 66.22, H 9.50, N 14.95; found: C 66.13, H 9.38, N 15.45.

[Mgs(pz™"*)a(nBu),(thf),] (5). Hpz™* (200.0 mg, 1313.7 umol) was dissolved in 10 mL THF and a solution of
Mg(nBu), (0.66 mL, 0.66 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring overnight, the solvent
was reduced and stored at —40 °C. Overnight, single crystals were grown suitable for an X-ray structure analysis.
After separation of the supernatant solution and drying of the crystals under reduced pressure, 5 could be
obtained as colorless powder (86.5 mg, 92.3 umol, 42%). *H NMR (500.13 MHz, [Dg]THF, 26 °C): 6 =5.82 (s, 4 H,
4-H(pz)), 3.61 (m, 1/4-CH, (thf)), 3.15 (broad s, 4H, CH(CHs),), 2.71 (broad s, 4H, CH(CHs),), 1.77 (m, 2/3-CH, (thf)),
1.51 (m, 4 H, MgCH,CH,), 1.39-1.06 (broad s, CH(CHs),), 1.20 (m, CH,CHs), 0.99-0.62 (broad s, CH(CHs)), 0.81 (t,
CH,CHs), —0.39 (m, 4H, MgCH.) ppm. 3C{H} NMR (125.76 MHz, [Ds]THF, 26 °C): 6 = 163.5 (3/5-C(pz)), 95.6 (4-
C(pz)), 67.7 (1/4-C(thf)), 33.6 (MgCH2CH,), 32.5 (CH,CHs), 28.8 (CH(CHs)), 25.6 (2/3-C(thf)), 24.5 (CH(CHs),), 14.2
(CH2CHs), 9.1 (MgCHa) ppm. IR (Nujol): Umax = 2959 (Nujol; CH), 2923 (Nujol; CH), 2856 (Nujol; CH), 1524 (m), 1504
(m), 1481 (vs), 1460 (Nujol), 1424 (m), 1377 (Nujol), 1366 (vs), 1300 (m), 1269 (vw), 1177 (w), 1141 (vw), 1105
(s), 1061 (w), 1041 (s), 1017 (m), 990 (vw), 951 (vw), 919 (w), 886 (m), 831 (vw), 784 (vs), 725 (m), 702 (vw), 681
(vw), 590 (vw), 544 (w), 527 (m), 511 (m), 477 (m)cm™. Elemental analysis calcd. (%) for Cs;HsaMgsNgO,
(936.29 g mol™?): C66.91, H 9.87, N 12.34; found: C 66.64, H 9.96, N 12.18.

[Mg2(pz+F3)4(thf)s] (6-thf). Route A: Hpz™"s (200.0 mg, 980 umol) was dissolved in 10 mL THF and a solution
of Mg(nBu), (0.49 mL, 0.49 mmol, 1 M in Et,0/n-hexane) was added dropwise. After stirring for 3 d, the solvent
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was reduced and stored at —40 °C. Overnight, single crystals were grown suitable for an X-ray structure analysis.
After separation of the supernatant solution and drying of the crystals under reduced pressure, 6-thf could be
obtained as dark red powder (250.0 mg, 464 umol, 95%). Route B: Kpz*™>"s (179.4 mg, 980 umol) and MgBr;
(68.2 mg, 370 umol) were dissolved in 10 mL THF and stirred for 7 d. After the solvent was removed under
reduced pressure the residue was extracted three times with n-hexane. The solution was concentrated and
stored at —40 °C. Overnight 6-thf (55.9 mg, 104 umol, 28%) could be obtained as dark red crystals. *H NMR
(400.1 MHz, [Dg]THF, 26 °C): 6.84 (s, 4 H, 4-H(pz)), 3.62 (m, 12 H, 1/4-CH5(thf)), 1.78 (m, 12 H, 2/3-CH,(thf)) ppm.
13C{H} NMR (100.6 MHz, [Dg]THF, 26 °C): 142.7 (q, C(CFs), 2Jc£=36.58 Hz), 123.0 (q, CF3, Jcr=267.77 Hz), 103.3 (4-
C(pz)), 68.0 (1,4-C(thf)), 26.2 (2,3-C(thf)) ppm. °F NMR (282.4 MHz, [Dg]THF, 26 °C): —60.9 (CF3) ppm. IR (Nujol):
Umax = 3154 (vw), 2956 (Nujol, CH), 2924 (Nujol, CH), 2854 (Nujol, CH), 1651 (vw), 1637 (vw), 1540 (m), 1501 (w),
1462 (Nujol), 1456 (s), 1375 (Nujol), 1346 (s), 1261 (vs), 1223 (s), 1138 (vs), 1124 (vs), 1084 (s), 1022 (s), 999 (s),
963 (w), 919 (w), 876 (s), 844 (w), 819 (m), 755 (m), 737 (w), 718 (w), 684 (vw), 654 (vw), 600 (vw), 576 (w), 545
(vw), 468 (w), 425 (m) cm™. Elemental analysis calcd. (%) for Cs;H2sF24Mg>NgOs (1077.20 g mol?): C35.68, H 2.62,
N 10.40; found: C 35.89, H 2.55, N 10.64.

[Mg(pzF+<%),], (6). Kpz™> s (220.0 mg, 909 umol) and MgBr; (83.6 mg, 454 umol) were dissolved in 10 mL
toluene and stirred for 5 d. After the solvent was removed under reduced pressure the residue was extracted
three times with n-hexane. The solvent was removed under reduced pressure affording 6 as dark red powder
(101.6 mg, 236 umol, 28%). *H NMR (300.1 MHz, [Ds]THF, 26 °C): 6.50 (s, 4 H, 4-H(pz)) ppm. °F NMR (282.4 MHz,
[Ds]THF, 26 °C): —=59.8 (CF3) ppm. IR (Nujol): ¥max = 2953 (Nujol, CH), 2923 (Nujol, CH), 2854 (Nujol CH), 1547 (w),
1510 (vw), 1461 (Nujol), 1377 (Nujol), 1369 (vs), 1269 (m), 1228 (w), 1144 (s), 1113 (s), 1020 (vs), 989 (m), 886
(w), 822 (m), 759 (m), 735 (m), 722 (m), 608 (vw), 580 (w), 544 (w), 500 (w), 476 (w), 450 (m) cm™.

[Mg(pzMeMe),], (7). HpzMeMe (500.0 mg, 5.201 mmol) was dissolved in 10 mL of toluene and a solution of
Mg(nBu), (2.60 mL, 2.60 mmol, 1 M in Et,0/n-hexane) was added dropwise. A white precipitate formed and the
reaction mixture was stirred for 3 h. After the solvent was removed under reduced pressure, the white powder
was washed three times with n-pentane. The white powder was then dryed further under high vacuum for 6 h
to remove excess solvent, which gave 7 (536.6 mg, 2.505 mmol, 96%) as a white powder. 3C CP/MAS spectrum
(75.47 MHz, MAS at 8 kHz): 152.1 (3/5-C(pz)), 107.1 (4-C(pz)), 12.0 (CHs), 10.9 (CH3) ppm. IR (Nujol): Vimax = 2954
(Nujol, CH), 2924 (Nujol, CH), 2854 (Nujol, CH), 1567 (vw), 1524 (vs), 1461 (Nujol), 1425 (vs), 1377 (Nujol), 1352
(s), 1320 (s), 1153 (vw), 1105 (w), 1073 (m), 1036 (s), 975 (w), 946 (vw), 891 (vw), 869 (vw), 837 (vw), 779 (vs),
752 (s), 724 (m), 687 (vw), 592 (vw), 537 (vw), 519 (vw), 432 (s), 413 (vs) cm™. Elemental analysis calcd. (%) for
C10H14MgN4 (214.56 g mol™?): € 55.98, H 6.58, N 26.11; found: C 56.87, H 6.83, N 23.59.

[Mg(pz):]. (8). Pyrazole (200.0 mg, 2.938 mmol) was dissolved in 10 mL of toluene and a solution of Mg(nBu),
(1.47 mL, 1.47 mmol, 1 M in Et,0/n-hexane) was added dropwise. A white precipitate formed and the reaction
mixture was stirred for 3 h. After the solvent was removed under reduced pressure, the white powder was
washed three times with n-pentane. The white powder was then dryed further under high vacuum for 6 h to
remove excess solvent, which gave 8 (204.1 mg, 1.288 mmol, 88%) as a white powder. 3C CP/MAS spectrum
(75.47 MHz, MAS at 8 kHz): 141.6 (3/5-C(pz)), 103.1 (4-C(pz)) ppm. IR (Nujol): Vmax = 2952 (Nujol CH), 2923 (Nujol
CH), 2854 (Nujol CH), 1501 (s), 1460 (Nujol) 1411 (s), 1376 (Nujol) 1306 (vw), 1265 (s), 1248 (m), 1169 (m), 1156
(m), 1072 (m), 1053 (vs), 968 (w), 920 (vw), 885 (m), 778 (vs), 761 (vs), 724 (w), 627 (vs), 408 (vs) cm™. Elemental
analysis calcd. (%) for CsHsMgN4 (158.45 g mol™?): C 45.48, H 3.82, N 35.36; found: C 46.65, H 4.24, N 33.25.

Mg(CO,-pz™®»BU),(thf), (1-CO,thf). A solution of [Mg(pz™®*“®¥),], (154 mg, 402 umol) in THF was stirred under
1 bar CO; for 30 min and stored at ambient temperature. Overnight, colorless crystals were obtained suitable for
an X-ray structure analysis. The supernatant solution was separated, the residue was dried for 30 min under
glovebox atmosphere and 1-CO,,thf was obtained as colorless crystals (235 mg, 381 umol, 95%). *H NMR
(400.1 MHz, [Ds]THF, 26 °C): & =6.08 (s, 2H, 4-H (pz)), 1.48 (s, 9H; 3-C(CHs)s), 1.24 (s, 9H; 5-C(CHs)s) ppm.
13C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): 6 = 161.5 (3-C (pz)), 155.8 (5-C (pz)), 149.0 (CO,), 104.9 (4-C (pz)), 33.9
(C(CHs)s3), 32.5 (C(CHs)3), 30.1 (C(CHs)s), 29.7 (C(CHs)s) ppm. DRIFTS: imax = 3016 (W), 2960 (vs), 2924 (s), 2871 (s),
1745 (vs), 1699 (m), 1579 (vw), 1543 (s), 1516 (w), 1481 (m), 1465 (s), 1456 (s), 1436 (m), 1425 (m), 1393 (m),
1362 (s), 1328 (vs), 1294 (vs), 1250 (vs), 1229 (w), 1208 (m), 1170 (vs), 1143 (s), 1064 (m), 1041 (s), 1021 (m),
1009 (s), 965 (vw), 925 (m), 888 (vs), 850 (s), 815 (vs), 790 (s), 734 (vw), 699 (w), 680 (w), 566 (vw), 522 (w), 484
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(w), 461 (m), 308 (w) cm™. Elemental analysis calcd. (%) for Cs;HsaMgN4Os (615.11 g mol™): C 62.48, H 8.85, N
9.11; found: C62.14, H 8.89, N 9.08.

Mg(CO,-pz™"*"),(thf), (4-CO,,thf). [Mgs(pz"")s(thf),] (4-thf, 20 mg, 27 umol) was dissolved in 0.5 mL of [Dg] THF
and the atmosphere was exchanged to 1 bar CO,. The reaction progress was checked by *H NMR spectroscopy.
H NMR (400.1 MHz, [Ds]THF, 26 °C): 6 =5.99 (s, 1H, 4-H(pz)), 3.95 (broad sept., 1H; CH(CHs)), 3.62 (m; 1/4-
H(thf)), 3.10 (broad sept., 1H; CH(CHs),), 1.77 (m; 2/3-H(thf)), 1.20 (broad d, 6H; CH(CHs),), 0.96 (broad d,
3Jy,4=6.08 Hz, 6H; CH(CHs)2) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 158.7 (5-C(pz)), 154.5 (3-C(pz)),
149.6 (CO,) 100.9 (4-C(pz)), 68.0 (1/4-C(thf))27.6 (CH(CHs),), 26.8 (CH(CHs)2), 26.2 (2/3-C(thf)), 23.0 (CH(CHs),),
22.8 (CH(CHs),) ppm.

Mg(CO,-pz™®»tB),(thf), (1-CO,thf) + HOOCpz™B™“®BY, [Mg(pzB¥®Bl),(Hpz®“®Y),] (1-Hpz, 20 mg, 16 umol) was
dissolved in 0.5 mL of [Dsg]THF and the atmosphere was exchanged to 1 bar CO,. The reaction progress was
checked by *H NMR spectroscopy. *H NMR (400.1 MHz, [Dg]THF, 26 °C): HOOCpz®“®": § = 11.34 (s, 1H, COOH),
5.82 (s, 1H, 4-H(pz)), 1.28 (s, 9 H, C(CHs)s), 1,24 (s, 9 H, C(CHs)s) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C):
HOOCpz®®u: § = 161.2 (3,5-C(pz)), 152.6 (3,5-C(pz)), 96.8 (4-C(pz)), 31.2 (C(CH3), 31.0 (C(CH3), 30.6 (C(CHs) ppm.

Mg(CO,-pz™"*"),(thf), (4-CO,,thf) + HOOCpZ™*". [Mgs(pz™"")s(Hpz™"""),] (4-Hpz, 20 mg, 27 umol) was dissolved
in 0.5 mL of [Dg]THF and the atmosphere was changed to 1 bar CO,. The reaction progress was checked by
1H NMR spectroscopy. 'H NMR (400.1 MHz, [Ds]THF, 26 °C): HOOCpz™": § = 11.22 (s, 1H; HOOC), 5.76 (s, 2H; 4-
H(pz)), 2.92 (sept., 3Ji4=6.84 Hz, 2H; CH(CHs),), 2.85 (sept., 3/ 1=6.84 Hz, 2H; CH(CHs)2), 1.23 (d, Ji4=6.84 Hz,
12H; CH(CHs)s), 1.18 (d, 3J41=6.84 Hz; CH(CHs)2) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): HOOCpz™"iPr:
§=158.7 (5-C(pz)), 154.5 (3-C(pz)), 97.7 (4-C(pz)), 28.7 (CH(CHs)z). 26.6 (CH(CHs),), 23.1 (CH(CHs),), 22.7
(CH(CHs)2) ppm.

[Mg(CO,-pzMeMe),], (7-CO,). A Schlenk tube was loaded with solid [Mg(pzMe™Me),], (95.44 mg, 440.8 ummol) and
the atmosphere changed to 1 bar CO,. After 3 h 7-CO; could be collected as a white powder in quantitative yield.
13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 148.6 (5-C(pz)), 142.7 (3-C(pz)), 108.8 (4-C(pz)), 12.3 (CH3) ppm.
2954 (Nujol CH), 2924 (Nujol CH), 2854 (Nujol CH), 1744 (vs), 1716 (vs), 1597 (w), 1570 (m), 1523 (vw), 1459
(Nujol), 1420 (s), 1377 (Nujol), 1350 (vs), 1292 (s), 1212 (m), 1157 (w), 1133 (s), 1077 (vw), 1044 (s), 981 (s), 840
(s), 797 (vs), 765 (vs), 724 (s), 632 (w), 585 (vw), 507 (w), 420 (m) cm™. C1oH14MgN40,4 (302.57 g mol™?): C 47.64,
H 4.66, N 18.52; found: C 48.41, H5.13, N 17.36.

[Mg(CO2pz).]» (8-CO,). A Schlenk tube was loaded with solid [Mg(pz).]» (78.57 mg, 495.9 ummol) and the
atmosphere was changed to 1 bar CO,. After 3 h 8-CO, could be collected as a white powder in quantitative yield.
13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 150.2 (OCO), 139.1 (5-C(pz)), 128.6 (3-C(pz)), 107.2 (4-
C(pz)) ppm. IR (Nujol): ¥max = 3131 (w), 2954 (Nujol CH), 2924 (Nujol CH), 2854 (Nujol CH), 1718 (vs), 1709 (vs),
1590 (vw), 1520 (w), 1460 (Nujol), 1398 (vs), 1376 (Nujol), 1366 (vs), 1350 (vs), 1317 (vs), 1287 (vs), 1238 (m),
1198 (s), 1169 (vw), 1074 (w), 1047 (vs), 977 (m), 922 (w), 820 (vs), 793 (vs), 767 (vs), 724 (m), 654 (m), 631 (vw),
603 (W), 496 (w) cm™. CsHsMgN4O4 (246.47 g mol™): C 38.99, H 2.45, N 22.73; found: C 40.08, H 2.85, N 22.44.

General procedure of the catalytic conversion of epoxides to cyclic carbonates. Representative example: A small
Schlenk tube was charged with [Mg(pz!®“®!),], (10.0 mg, 26.1 umol) and TBAB (16.8 mg, 52.2 umol) and
dissolved in the corresponding epoxide (5.224 mmol). The atmosphere was exchanged with 1 bar CO; and the
reaction mixture was stirred for 24 h. The progress of the reaction was determined via *H NMR spectroscopy by
dissolving the reaction mixture in CDCls.
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Figure $10. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Mgs(pz®""")s(Hpz""""),] (4a-Hpz).
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Figure S11. VT *H NMR spectra (500.13 MHz, [Ds]THF) of [Mgs(pz™"")s(Hpz"""");] (4a-Hpz) in the range of 26 °C
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Figure S12. 'H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mgs(pz™"*")¢(Hpz"""""),] (4a-Hpz). 4a-
Hpz disassociates into two different species in solution. Molecular weight calculation see below.
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Figure S13. H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mgs(pz™"*")s(Hpz"""");] (4a-Hpz) in the
region of strongly low field shifted H-N signals.
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Figure S14. 'H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mgs(pz™"™)s(Hpz"™"""),] (4a-Hpz) in the
aromatic region.
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DOSY Experiment Data of [Mgs(pz™"*")s(Hpz™"*"),] (4a-Hpz)

The *H NMR spectrum of 4a-Hpz revealed that dissolving 4a-Hpz in [Ds]toluene leads to fragmentation into two
distinct species. The same fragmentation species were observed when 4-Hpz was dissolved in [Ds]toluene but
the integrals of the two species were reversed (see Figure S7). To examine this fragmentation behavior further a
'H DOSY NMR experiment was carried out for 4-Hpz and 4a-Hpz. This experiment confirmed two fragmentation
species with two distinct diffusion coefficients.

Table S1. Diffusion coefficients of the fragmentation species of 4-Hpz and 4a-Hpz in [Dg]toluene determined via 1H DOSY
NMR experiment.

4a-Hpz 4-Hpz
Substance A| D (average) [ Variance [pD (average)lSubstance A|D (average)| Variance [pD (average)
T1T2 7.284E-10 0.595% -9.1377 T1T2 8.262E-10 0.894% -9.0829
Contin 7.445E-10 1.491% -9.1281 Contin 7.843E-10 3.067% -9.1055
Expt 7.843E-10 2.020% -9.1055 Expt 8.607E-10 1.476% -9.0651
Substance B| D (average) | Variance |pD (average)|Substance B|D (average)| Variance |pD (average)
T1T2 7.845E-10 1.31% -9.1054 T1T2 9.050E-10 1.030% -9.0434
Contin 8.160E-10 0.48% -9.0883 Contin 8.979E-10 3.577% -9.0468
Expt 8.359E-10 0.10% -9.0778 Expt 9.649E-10 0.073% -9.0155

The diffusion coefficients (D) were determined via three different evaluation methods provided by Topspin. The
T1/T2 module uses a numeric calculation for D, whereas the contin/exponential evaluation uses manual signal
picking. D was calculated from the measured pD values. The D values listed in Table S1 are averaged over all
signals assigned to one species that are not overlapping with signals from another species. As expected, the DOSY
revealed two species with distinct diffusion coefficient of logD = —9.13 log(m?:s) (A) and —9.09 log(m?-s%) (B)).
The signal at 5.84 ppm is an overlapping signal from both species hence the unchanged intensity between the
spectra of the reaction of 4-Hpz and 4a-Hpz.

Table S2. Molecular weight calculation via the measured diffusion coefficients of the fragmentation species of 6 and 4a-Hpz
with an approximation of a highly compact sphere.

4a-Hpz 4-Hpz
Substance A| M/(calc.) M(found) | Deviation M (calc.) M(found) Deviation
T1T2 958.02 934 3% 805.78 794 1%
Contin 958.02 960 0% 805.78 902 -12%
Expt 958.02 888 7% 805.78 802 0%
Substance B M/(calc.) M(found) | Deviation M (calc.) M(found) Deviation
T1T2 805.78 804 0% 631.25 662 -5%
Contin 805.78 800 1% 631.25 688 -9%
Expt 805.78 781 3% 631.25 639 -1%

For the molecular weight calculation the method described by Stalke was used.[!!! There are nine different
fragments possible for 4a-Hpz and six for 4-Hpz (see Scheme S1). Because there must be at least one hydrogen
bond, three fragments could be eliminated for 4a-Hpz and two for 4-Hpz. Using an approximation of a highly
compact sphere all three evaluation methods led to the same two fragments 4 (M=958.02 g/mol) and 5
(M = 805.78 g/mol) for complex 4a-Hpz (see Table S2). In all six cases the deviation lies within the methods error
of 9%. However, calculating the molecular weight of the fragmentation species of 4-Hpz led to the fragments 5
(M =805.78 g/mol) and 7 (M = 631.25 g/mol). This indicates that either 4a-Hpz and 4-Hpz fragment into different
species with a comparable chemical shift or the method varies with the used substrate.
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Table S3. Molecular weight calculation via the measured diffusion coefficients of the fragmentation species of 4-Hpz and
4a-Hpz with an approximation of an ellipsoid.

4a-Hpz 4-Hpz
Substance A] M (calc.) M(found) | Deviation M (calc.) M(found) Deviation
T1T2 631.25 603 4% 631.25 599 5%
Contin 631.25 668 -6% 631.25 665 -5%
Expt 631.25 636 -1% 631.25 604 4%
Substance Bl M(calc.) | M(found) | Deviation | M/(calc.) | M(found) | Deviation
T1T2 479.01 554 -16% 479.01 516 -8%
Contin 479.01 588 -23% 479.01 533 -11%
Expt 479.01 565 -18% 479.01 501 -5%

Using an approximation of an ellipsoid leads to higher deviations for species 2. For complex 4a-Hpz, the deviation
is too high to assign it to one of the six possible fragments. For complex 4-Hpz, the T1/T2 and exponential
evaluation of species 2 could be assigned to fragment 8 (M =479.01 g/mol). In the case of species 1 both
complexes 4a-Hpz and 4-Hpz led to fragment 7 (M = 631.25 g/mol).

Depending on the approximation method for the molecular weight calculation the fragments are either fragment
4, 5 and 7 for a highly compact sphere or 7 and 8 for an ellipsoid.
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Scheme S1. Possible fragmentation species for 4a-Hpz dissolved in toluene.

Since a crystal structure of any fragmentation product of 4-Hpz or 4a-Hpz could not be obtained, a comparison
of the calculated and measured hydrodynamic radii was not possible.
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Figure S17. *H NMR spectrum (26 °C, 300.13 MHz, [Ds]THF) of [Mga(pzt%3)4(thf)s] (6-thf) (+ n-hexane).
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Figure $18. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Mg2{pz®F2)4(thf)s] (6-thf) (+ solv. CO;).
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Figure $19. °F{*H} NMR spectrum (26 °C, 282.40 MHz, [Ds]THF) of [Mg2(pz > F3)4(thf)s] (6-thf).
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Figure S20. H NMR spectrum (26 °C, 300.13 MHz, [Ds]THF) of [Mg(pz"F3);], (6) (+ n-hexane/# impurities).
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Figure S21. °F NMR spectrum (26 °C, 282.40 MHz, [Ds]THF) of [Mg{pz®%3),], (6) (+ impurities).
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Figure S22. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(pz™e™¢),], (7).
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Figure $23. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(pz)2]. (8).
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Figure $25. 13C{*H} NMR spectrum (26 °C, 100.60 MHz, [Ds]THF) of [Mg(CO,-pzB*®Y),(thf);] (1-CO,,thf) (+

impurities).
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Figure $S26. Comparison of *H NMR spectra (26 C, 400 MHz, [Ds]THF) of [Mg(CO,-pz'®BY),(thf),] (1-CO,,thf) after
exposure to reduced pressure over different time periods showing the formation of [Mg(pz™“®!),(thf)], (1-thf,
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Figure $27.VT *H NMR spectra (500.13 MHz, [Ds]THF) of [Mg(CO;-pz™®*®Y),(thf);] (1-CO,,thf) in the range of 26 °C
to 105 °C showing the formation of [Mg(pz'®8¥),(thf)]; (1-thf) and proposed [Mg(CO;-pzB¥BY)(pz!BBY)(thf),].

S22



105 °C " "

80 °C X . s
60 °C , . \ .
RT start ‘ N N ;
[ T T T T T T 1
6.0 5.0 4.0 3.0 2.0 1.0 ppm

Figure S28. VT 'H NMR spectra (500.13 MHz, [Dg]THF) of [Mg(pz™®"®),(thf);] (1-thf) in the range of 26 °C to
105 °C.

[Mg(CO,-pzBU-BY),(thf),],

Bu.Buy,1,

. \ L

I T T T T T T 1
6.0 5.0 4.0 3.0 2.0 1.0 ppm

Mg(pz

*
*

Figure S29. Comparison of 'H NMR spectra (500.13 MHz, [Ds]THF) of [Mg(pz®®“BY),(thf)]; (1-thf) and
[Mg(CO,-pz®4Y),(thf),] (1-CO,,thf) at 105 °C.
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Figure $30. H NMR spectrum (26 °C, 400.11 MHz, [Ds]toluene) of [Mg(CO,-pz®*®Y),]4 (1-CO;).
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Figure S31. 'H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mg(CO,-pz™¥Bl),]s (1-CO,).
Decomposition species 2 is most likely HO,Cpz!B®¢

but a molecular weight calculation was not possible due to
overlapping of the signals with 1-CO,. Decomposition species 1 could not be assigned to a specific product.
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Figure $32. 'H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mg(CO,-pzBY®!);]4 (1-CO,, top red line)
and decomposition product 2 (bottom red line) in the aromatic region.
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Figure $33. H DOSY NMR spectrum (26 °C, 700.29 MHz, [Ds]toluene) of [Mg(CO,-pz®®4),]4 (1-CO;) in the region
of tBu moities. Abbrivations of the signals of 1-CO, at 1.48 and 1.16 ppm of the diffusion coefficient of 1-CO, are

due to overlapping with signals of decomposition product 2.
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'H DOSY NMR Experiment Data of [Mg(CO,-pzt®+8!),]4 (1-CO,)

The 'H DOSY NMR measurement was performed to determine whether 1-CO, is an oligomeric species as
indicated by the *H NMR spectrum. Indeed, the DOSY experiment showed only one species with one diffusion
coefficient for all 15 signals of 1-CO,. In the period between recording the initial *"H NMR spectrum and
performing the DOSY experiment two decomposition products formed which are marked in Figures S27-529.
Each of these decomposition products has a specific diffusion coefficient. According to its chemical shift,
decomposition product 2 is most likely the carbamic acid HO,Cpz™®"“®, However, a molecular weight calculation
was not possible, due to overlapping of the signals with other species.

Table S4. Diffusion coefficients in [D¢]toluene determined via tH DOSY NMR experiment

Evaluation | D (average)| Variance | Variance% |pD (average)
T1T2 1.0323E-09 | 9.393E-11 | 9.099E-02 | -898.620%
Contin 1.171E-09 | 1.335E-12 | 1.140E-03 | -893.145%
Expt 1.0955E-09 | 6.816E-11 | 6.222E-02 | -896.039%

The diffusion coefficients (D) where determined via three different evaluation methods provided by Topspin. The
T1/T2 module uses a numeric calculation for D, whereas the contin/exponential evaluation uses manual signal
picking. D was calculated from the measured pD values. The D values listed in Table S4 are averaged overall
signals assigned to one species that are not overlapping with signals from another species.

Table S5. Molecular weight calculation via the measured diffusion coefficients

Shpere Ellipsoid Merged
Evaluation | M(calc.) M(found) | Deviation M(calc.) M(found) Deviation M (calc.) M(found) | Deviation
T1T2 1883.59 1721 9% 1280.66 1133 12% 1280.66 1104 14%
Contin 1883.59 1911 -1% 1280.66 1234 4% 1280.66 1200 6%
Expt 1883.59 1875 0% 1280.66 1215 5% 1280.66 1182 8%

For the molecular weight calculation the method described by Stalke was used.[*! The approximation of a highly
compacted sphere is probably the best way to describe such a oligomer due to the molecular rotation and
vibration. Using this approximation, molecular weights between 1721 and 1911 g/mol were found applying the
three evaluation methods. This fits good to the tetrameric species [Mg(CO,-pz®“®),]4 with a molecular weight
of 1883.59 g/mol. All three evaluation methods are within the methods error of 9 % with the exponential
evaluation being the closet with 1875 g/mol. Changing the approximation from a sphere to an ellipsoid or a less
accurately merged one, the deviation from an oligomer of the form [Mg(CO,-pz®“®!),], is too big for an
accordance. The found molecular weights are between 1104 and 1234 g/mol, which does not fit for any
oligomeric species with complete CO; insertion. However, given that a highly compact sphere is the most likely
state in solution over the NMR timescale and the solid-state experiments speaks for a complete CO, insertion, 1-
CO; is most likely the tetrameric species [Mg(CO,-pz®"84),],.

Since a crystal structure of 1-CO, could not be obtained, a comparison of the calculated and measured
hydrodynamic radii was not possible.
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Figure S34. 'H NMR spectrum (26 °C, 500.13 MHz, [Ds]THF) of the reaction of [Mg(pz8"®!),(Hpz™®"8"),] (1-Hpz)
with CO; and the formation of [Mg(CO-pz®“®),(thf),] (1-CO,,thf) and HO,Cpz!Bw®BY,
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Figure $35. 3C{*H} NMR spectrum (26 °C, 125.76 MHz, [Dg]THF) of the reaction of [Mg(pz®*®!),(Hpz™®"®"),] (1-
Hpz) with CO; and the formation of [Mg(CO,-pzB“®Y),(thf);] (1-CO,,thf) and HO,Cpz™“BY (+ impurities).
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Figure $36. Comparison of the *H NMR spectra (26 °C, 400.11 MHz, [Ds]THF) of the reaction of [Mg(pz®“™®),]; (1,
bottom) and [Mg(pz™®"8"),(Hpz!B"®Y),] (1-Hpz, top) with CO; in [Dg]THF.
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Figure $37. Comparison of the *H NMR spectra (26 °C, 400.11 MHz, [Ds]toluene) of the reaction of [Mg(pz®"8!),],
(1, bottom) and [Mg(pz™®“™®!),(Hpz™"®"),] (1-Hpz, top) with CO; in [Ds]toluene.
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Figure $38. H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Mg(CO,-pz’™"™"),(thf);] (4-CO,,thf) (+ n-hexane).
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Figure $39. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Mg(CO,-pz/P"""),(thf);] (4-CO,,thf).
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Figure S40. H NMR spectrum (26 °C, 400.11 MHz, [Ds]toluene) of [Mg(CO,-pz™"*");]4 (4-CO3).
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Figure S41. Comparison of the H NMR spectra (26 °C, 100.61 MHz, [Ds]toluene) of [Mgs(pz™""")s(thf);] (4-thf,

bottom) and [Mg(CO2-pz™>*"),]4 (4-CO;, top) (+ residual THF).
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Figure S42. H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF)

of the reaction of [Mgs(pz”™""")s(Hpz™"""),] (4a-Hpz)

with CO; and the formation of [Mg(CO2 pz™™"*"),(thf),] (4-COz) and HO,Cpz™"*" (+ Et;0).
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Figure S43. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of the reaction of [Mgs(pz"""")s(Hpz™"""),] (4a-
Hpz) with CO; and the formation of [Mg(CO,-pz""""),(thf),] (4-CO;) and HO,Cpz™"*" (+ Et,0).
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Figure S44. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]toluene) of the reaction of [KMg(pz'B"M¢)s]; (2) with CO,.
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Figure S45. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of the reaction of [Mg(pz!®“™e),(thf)]; (3) with CO,.
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Figure S46. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(CO2-pz™&™M¢),], (7-CO2) (+ n-hexane).
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Figure S47. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(*3CO,-pzM*Me),], (7-CO,) (+ rotation
side band; # 13C0O; unknown side product).
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Figure S48. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Mg(CO,-pzMeMe);], (7-CO2,thf) (+ n-hexane).
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Figure S49. 13C NMR spectrum (26 °C, 125.76 MHz, [Dg]THF) of [Mg(CO;-pzMeMe),;], (7-COythf) (+ n-hexane/#

impurities).
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Figure S50. 13C CP/MAS NMR spectrum (75.47 MHz, MAS at 8 kHz) of [Mg(CO2-pz):]. (8-CO2).
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Figure S51. CO; insertion and release behavior of [Mg(pz"'*"),], (7) and [Mg(CO,-pz"*Me),], (7-CO,) monitored

by 13C CP/MAS NMR spectra (75.47 MHz, MAS at 8 kHz).
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Figure S52. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of propylene oxide and CO, to propylene carbonate by using 0.5 mol% (in relation to Mg) of [Mg(pz®“®"),], (1).
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Figure S53. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of propylene oxide and CO, to propylene carbonate by using 1 mol% (in relation to Mg) of [Mg(pz'®“®4),], (1).
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Figure S54. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion
of styrene oxide and CO; to styrene carbonate by using 0.5 mol% (in relation to Mg) of [Mg(pz'®*®4),], (1).
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Figure S55. 'H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% (in relation to Mg) of
[Mg(pz®**®),]5 (1).
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Figure S56. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% (in relation to Mg) of [Mg(pz®*®Y),],

(1).
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Figure S57. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of propylene oxide and CO; to propylene carbonate by using 0.5 mol% (in relation to Mg) of [Mg(pz'®*®!),(thf)],

(1-thf).
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Figure S58. 'H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion
of propylene oxide and CO; to propylene carbonate by using 0.5 mol% (in relation to Mg) of [Mg(pz®“M¢),(thf)],
(3-thf).
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Figure S59. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion
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45.34

of propylene oxide and CO, to propylene carbonate by using 0.5 mol% (in relation to Mg) of
[Mgs(pZiPr,iPr)G(HpZiPr,iPr)z] (4a_sz).
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Figure S60. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion
of propylene oxide and CO; to propylene carbonate by using 1 mol% (in relation to Mg) of [Mgs(pz™"™")s(Hpz™"""),]

(4a-Hpz).
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Figure S61. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of styrene oxide and CO; to styrene carbonate by using 0.5 mol% (in relation to Mg) of [Mgs(pz™"™")s(Hpz™""");]

(4a-Hpz).
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Figure S62. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

96.72 —

of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% (in relation to Mg) of
[Mgs(pZiPr,iPr)G(HpZiPr,iPr)z] (4a_sz).
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Figure S63. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% (in relation to Mg) of

[Mgs(pZiPr,iPr)G( H pZiPr,iPr)z] (4a_sz) .
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Figure S64. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of propylene oxide and CO; to propylene carbonate by using 0.5 mol% (in relation to Mg) of [Mga(pz™"")(thf);]

(4-thf).
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Figure $65. 'H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of propylene oxide and CO; to propylene carbonate by using 0.5 mol% (in relation to Mg) of [Mga(pztF3),(thf)s]

(6-thf).
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Figure S66. 'H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

of styrene oxide and CO; to styrene carbonate by using 0.5 mol% (in relation to Mg) of [Mg,(pz®F+F3),(thf)s] (6-

thf).
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Figure S67. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion
of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% (in relation to Mg) of

[Mgz(pZCFa'CF3)4(thf)3] (6-thf).
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Figure S68. H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the catalytic conversion

17.89

of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% (in relation to Mg) of
[Mgz(pZCFa'CF3)4(thf)3] (6-thf).
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Figure S69. 'H NMR spectrum (26 °C, 400 MHz, chloroform-d) of the reaction mixture of the conversion of
propylene oxide and CO; to propylene carbonate in the absence of magnesium pyrazlate, by using only 1 mol%
TBAB as catalyst.
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Figure $70. *H NMR spectrum (26 °C, 400 MHz, [Dg]THF) of the reaction mixture of the catalytic conversion of
propylene oxide and CO, to propylene carbonate by using 10 mol% (in relation to Mg) of [Mg(pz™®“®),], (1).
Visible products are [Mg(CO,-pz™®*8¥),(thf),] (#), propylene carbonate (S$), and TBAB (+).
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Scheme S2. Proposed mechanism for the catalytic conversion of propylene oxide to propylene carbonate with 1
as an exemplary catalyst.
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Figure S71. TGA of [Mg(CO,-pz™®Y),(thf);] (1-CO2,thf). Sample was heated from 28 °C to 1000 °C with a heating
ratio of 1 Kmin? under constant Ar flow.
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Figure S72. TGA of [Mg(CO2 pzM®™¢),], (7-CO,). Sample was heated from 28 °C to 1000 °C with a heating ratio of
1 Kmin™? under constant Ar flow.
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Figure S73. TGA of [Mg(CO;-pz);], (8-€C0O;). Sample was heated from 28 °C to 1000 °C with a heating ratio of
1 Kmin™? under constant Ar flow.
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Figure S74. TGA of [Mg(CO2pz®84),]4 (1-CO,). Sample was heated from 28 °C to 1000 °C with a heating ratio of
1 Kmin™? under constant Ar flow.
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Figure S75. DRIFT spectrum of [Mg(CO,-pz¥Y),(thf),] (1-CO,,thf) at 25 °C.
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Figure S76. IR (Nujol) spectrum of [Mg(CO,-pzM*Me),], (7-C0O,) at 25 °C.
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Figure S77. IR (Nujol) spectrum of [Mg(CO,-pz).], (8-CO,) at 25 °C.
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Figure S78. CO; insertion and release behavior of [Mg(pzM*™®),], (7) and [Mg{CO-pz™*V¢),], (7-CO,) monitored
by IR spectra (Nujol bottom two, DRIFT top two).
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Figure S79. Comparison of the DRITF spectra of [Mg(pz).]» (8, bottom) and [Zn(pz).]» (top).*?
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Figure S80. In situ VT DRIFT spectra of [Mg(CO,-pz):], (8-CO,) after the atmosphere was changed from CO; to Ar.
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Figure S81. SEM images of [Mg(pz).]» (8). The overall morphology of 8 features thin layers (10-20 nm) of round

platelets (3-6 um). SEM images of 8-CO, were infeasible, due to immediate CO; release in high vacuum.




Figure S82. SEM images of [Mg(pz):]. (8, a), c), e), g)) and 8 after one week exposure to ambient atmosphere (b),
d), f), h)).
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Figure S83. SEM images of [Mg(pz):]. (8, a), c), e), g)) and 8 after one week exposure to ambient atmosphere (b),
d), f), h)).




Table S6. Crystallographic Data for 2, 3-thf, 5 and 4a-Hpz

2 3-thf 5 4a-Hpz
formula CagH78KoMgaN12 Cs0HesMg2NsO2 Cs2HgaMgzNsO2 C72H122Mg3N16
CCDC 2342200 2342196 2342195 2342199
M [g mol™] 950.04 741.64 936.28 1284.78

color/shape

Crystal dimensions

[mm]
cryst. system
space group
a [A]
b [A]
c[A]

[°]

[°]

[°]
VA
z
T[K]
wavelength [A]
Pealed [g €M)
u [mm™]
F(000)
0 range [°]
unique reflns
observed reflns

Ri/WR; (1>2 )@

R1/WR; (all data)®!

GOF®!

colorless/prism

0.137 x 0.114 x

0.076
triclinic

P1

9.844(2)
11.547(3)
13.742(3)
71.277(4)
74.381(4)
66.942(4)
1342.7(5)

1

173(2)
0.71073
1.175

0.243

512
1.586/28.734
6953

53540
0.0426/0.0990
0.0617/0.1100

1.037

colorless/block

0.251 x 0.204 x

0.101
triclinic

P1
10.6846(7)
10.7816(7)
11.3605(8)
66.078(2)
68.914(2)
73.097(2)
1099.96(13)
1

100(2)
0.71073
1.120

0.096

404
2.041/28.723
5697

34062
0.0426/0.1102
0.0530/0.1179

1.031

colorless/block

0.249 x 0.129 x

0.101
monoclinic
P2/n
16.1661(13)
10.4304(8)
18.4158(15)
90
112.411(2)
90

2870.7

100(2)
0.71073
1.083

0.096

1028
1.430/26.375
10731

5742
0.0722/0.1555
0.1148/0.1773

1.036

colorless/column

0.437 x 0.184 x

0.139
monoclinic
P2./c
21.9180(10)
18.1705(8)
20.3234(9)
90
103.1070(10)
90

7883.2(6)

4

100(2)
0.71073
1.083

0.087

2808
1.472/28.334
18652

86840
0.0522/0.1170
0.0913/0.1355

1.017

@Ry = X(| |Fol - |Fcl |) / Z| Fol, Fo > 40(Fo), WR2 = {E[w(Fo? - F2)? / Z[w(Fo?)2]}/2. PIGOF = [Ew(Fo? - F2)? / (no - np)]Y/2.
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Table S7. Crystallographic Data for 4-thf, 6-thf and 1-CO,thf, and LiMga(CO2-Pz"P"*"),

4-thf* 6-thf 1-CO,, thf LiMga(CO,-PZPP)o*
formula Ce2H106M83N1202  C32Hz8F24MgaNgOs C32H54MgN4Os 2 CgoH135LiMgaN1501s,
5-CsHs
CCDC 2342201 2342198 2342197 2352312
M [g mol™] 1124.51 1077.24 615.10 4183.33

color/shape

Crystal dimensions

[mm]
cryst. system
Space group
a [A]
b [A]
c[A]

[°]

[°]

[°]
VA3
z
T[K]
wavelength [A]
Peaiea [8 €M™
u [mm™]
F(000)
6 range [°]
unique reflns
observed reflns
Ri/wR; (1>2 )@
R1/WR; (all data)?!

GOF!

colorless/block

0.088 x 0.038 x
0.035

monoclinic
P2./c
32.802(3)
10.5871(11)
19.763(2)

90

103.477(7)

90

6674.3(12)

4

100(2)
1.54184

1.119

0.789

2456
2.770/50.221
6222

79269
0.0888/0.1572
0.2489/0.2221

1.015

yellow/column

0391 x 0.143 x
0.120

monoclinic
C2/c

27.807(3)
9.5838(9)
18.5235(17)
90
123.1410(10)
90

4133.4(7)

4

100(2)
0.71073

1.731

0.213

2160
2.221/28.724
5336

32769
0.0372/0.0911
0.0490/0.0998

1.041

colorless/column

0.303 x 0.138 x
0.105

monoclinic
P21/n
8.6250(7)
10.9218(9)
17.9314(14)
90

93.313(2)

90

1686.3(2)

2

100(2)
0.71073

1.211

0.100

668
2.184/29.552
4700

42441
0.0375/0.0958
0.0446/0.1021

1.037

colorless/plate

0.148 x
0.045

0.118

orthorhombic
Pbca
21.2556(7)
22.0236(8)
50.9504(16)

90

90

90

23851.2(14)

4

100

1.54178

1.165

0.832

8968
2.707/50.501
12499

94548

0.0848/ 0.2006
0.1520/ 0.2395

1.046

X

@Ry = X(| |Fol - |Fcl|) / Z| Fol, Fo > 40(Fo), WR2 = {E[w(Fo? - F2)? / Z[w(Fo?)2]}/2. PIGOF = [Ew(Fo? - F2)? / (no - np)]Y/2.

* Connectivity structure only.
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Figure S84. Crystal structure of [Mg(pz®“Me);(KpzB+Me)], (2). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and some Me/tBu moieties are displayed as wireframe for clarity. Selected
interatomic distances [A]: Mg1-N1 2.0541(14), Mg1-N3 2.0414(14), Mg1-N5 2.0759(14), Mg1-N6' 2.1061(14),
K1-N4 2.8419(14), K1-N5 2.7940(14), K1-N6 2.9040(14), K1-Ct 2.800, N(pz)—-C(pz(3/5-position)) 1.340(2)-
1.3567(19), C(pz(4-position))—C(pz(3/5-position)) 1.381(2)-1.406(2). Selected angles [°]: N3—Mg1—-N1 135.24(6),
N3—Mg1-N5 104.92(6), N1-Mg1-N5 99.90(6), N3-Mg1-N6" 103.18(6), N1-Mg1-N6’ 99.59(5), N5—Mg1-N6’
114.27(5). ‘= x+1, -y+l, -z2+1
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Figure S85. Crystal structure of [Mg(pz®“Me),(thf)], (3-thf). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and some Me/tBu moieties are displayed as wireframe for clarity. Selected
interatomic distances [A]: Mgl-N1 2.0783(10), Mg1-N2’ 2.0890(11), Mg1-N3 2.0454(11), Mgl-N4 2.0965(11),
N(pz)—C(pz(3/5-position)) 1.3377(15)-1.3530(15), C(pz(4-position))—C(pz(3/5-position)) 1.3898(17)-1.3970(17).
Selected angles [°]: N3—-Mgl-01 101.22(4) N3-Mgl-N2’ 114.10(4), O1-Mgl-N2’ 93.98(4), N3—-Mgl-N4
39.25(4), 01-Mg1-N4 140.35(4), N2’-Mg1-N4 104.89(4), 01-Mgl1-N1 92.42(4), N1-Mg1-N2’ 113.83(4), N1-
Mgl-N4 110.40(4), N3— Mgl-N2’ 114.10(4). ‘= x+1, -y, -z+1

Figure S86. Crystal structure of [Mgs(pz™"P")4(nBu);(thf);] (5). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and jPr moieties are displayed as wireframe for clarity. Selected interatomic
distances [A]: Mg1-N1 2.081(3), Mg1-N4 2.071(3), Mg2-N2 2.059(3), Mg2-N3 2.055(3), Mg1-01 2.051(3), Mgl-
C23/C23A 2.140(13)/2.09(2)*, N(pz)—C(pz(3/5-position)) 1.338(5)-1.347(4), C(pz(4-position))—C(pz(3/5-position))
1.376(5)-1.392(5). Selected angles [*]: 01-Mg1-N4 102.97(12), 01-Mg1-N1 99.40(12), N4-Mg1-N1 106.52(11),
01-Mg1-C23A 100.3(6), N4-Mg1—C23 121.0(7), N1-Mg1-C23 122.0(8), 01-Mg1-C23 113.0(3), N4-Mg1-C23
114.5(4), N1-Mg1-C23 118.4(4), N3-Mg2-N3 108.63(19), N3‘-Mg2-N2‘ 109.12(11), N3‘~Mg2—N2 110.92(11),
N3‘-Mg2-N2 110.92(11), N3-Mg2-N2 109.12(11), N2’-Mg2—-N2 108.15(18). ‘= -x+1/2,y, -2+3/2 *disorder
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Figure S87. Crystal structure of [Mgs(pz*""")s(Hpz™"""),] (4a-Hpz). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and jiPr moieties are displayed as wireframe for clarity. Selected interatomic
distances [A]: Mg1-N 2.0485(15)-2.1000(16), Mg2—N 2.0846(15)-2.1008(15), Mg3—N 2.0374(15)-2.0915(16), N2—
H4A 1.61(3), N4—H4A 1.05(3), N14-H14 1.06(3), N16-H14 1.60(3). Selected angles [*]: N5—-Mg1-N7 102.25(6),
NS5—Mgl-N1 109.91(6), N7-Mg1-N1 121.34(6), N5-Mgl-N3 118.44(6), N7-Mg1-N3 106.26(6), N1-Mgl-N3
99.66(6), N8-Mg2-N11 122.50(6), N8-Mg2-N6 101.06(6), N11-Mg2-N6 101.74(6), N8—Mg2-N9 105.56(6),
N11-Mg2-N9 102.95(6), N6—Mg2-N9 124.94(6), N12-Mg3-N10 103.85(6), N12-Mg3-N15 108.94(6), N10-
Mg3-N15 118.91(6), N12-Mg3-N13 114.92(6), N10-Mg3-N13 110.26(6), N15—Mg3-N13 100.48(6).

Figure S88. Crystal structure of [Mgs(pz™"™)s(thf),] (4-thf). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and iPr moieties are displayed as wireframe for clarity (connectivity structure only).
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Figure S89. Crystal structure of [Mg,(pzF>F3),(thf)s] (6-thf) Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted and THF donors are displayed as wireframe for clarity. Selected interatomic
distances [A]: Mgl-N1 2.1533(13), Mgl-N2 2.0939(13), Mgl-N3 2.1577(12), Mgl-N4 2.1386(12), Mgl-O1
2.2979(10), Mg1-02 2.0554(11). Selected angles [°]: 02—Mg1—-N2 107.94(5), 02-Mg1-N4 88.27(4), N2-Mg1-N4
145.30(5), 02—-Mg1-N1 95.86(5), N2-Mg1-N1 37.44(5), N4—Mg1-N1 112.47(5), 02—Mg1-N3 92.92(5), N2—-Mgl—
N3 101.02(5), N4—Mgl—N3 108.74(5), N1-Mg1-N3 138.02(5), 02—Mg1-01 163.32(4), N2-Mg1-01 88.73(4), N4—
Mg1-01 77.58(4), N1-Mgl—01 97.68(4), N3—Mg1-01 83.47(4).

Figure S90. Crystal structure of [Mg(CO pz'®*BY),(thf);] (1-CO,,thf). Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as disorder in the thf ligands are omitted for clarity. Selected interatomic distances [A]:
Mgl-02 1.9917(7), Mgl-N2 2.2273(8), Mgl-03 2.1095(7), C12-01 1.2165(12), C12-02 1.2621(11), C12-N1
1.4773(12), C2—C1 1.3788(13), C2—C3 1.4073(13), N1-C1 1.3800(12), N2—C3 1.3310(12). Selected angles [°]: 01—
C12-02 129.23(9), 02-Mg1-N2 75.33(3), 02—Mg1-03 90.95(3), 02-Mg1-N2 75.33(3), 02'-Mg1-N2 104.67(3),
02-Mg1-02’ 180.0. ‘= -x+1, -y+1, -z+1
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Figure S91. Crystal structure of [LiMgs(CO,-pz™"")g] (connectivity). Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as lattice solvent toluene and THF are omitted for clarity. For a better description of the
molcular structure, sections of the distinct metal-carbamato coordination are highlighted and further clarified by
ChemDraw representations.

562



(1]
(2]
(3]
(4]
(5]
(6]
(7]
(8]

(9]

G. Yang, R. G. Raptis, Inorg. Chim. Acta 2003, 352, 98—-104.

COSMO V. 1.61, Bruker AXS Inc., Madison, WI, 2012.

APEX3 V. 2019.11-0, Bruker AXS Inc., Madison, WI, 2019.

SAINT V. 8.38A, Bruker AXS Inc., Madison, WI, 2017.

SADABS L. Krause, R. Herbst-Irmer, G. M. Sheldrick D. Stalke, J. Appl. Cryst. 2015, 48, 3—-10.

a: G. M. Sheldrick, Acta Cryst. A 2015, 71, 3—8. b: G. M. Sheldrick, Acta Cryst. C 2015, 71, 3-8.
SHELXLE, C. B. Hibschle, G. M. Sheldrick, B. Dittrich, J. Appl. Cryst. 2011. 44, 1284-1284

D. Kratzert, J. J. Holstein, I. Krossing, DSR: enhanced modelling and refinement of disordered structures
with SHELXL. J. Appl. Cryst. 2015, 48, 933-938.

C. F. Macrae, I. J. Bruno, J. A. Chisholm, P. R. Edgington, P. McCabe, E. Pidcock, L. Rodriguez-Monge, R.
Taylor, J. Van de Streek, P. A. Wood, J. Appl. Cryst. 2008, 41, 466—470.

[10] D. Pfeiffer, M. J. Heeg, C. H. Winter, Angew. Chem. Int. Ed. 1998, 37, 2517-2519.
[11] R. Neufeld, D. Stalke, Chem. Sci. 2015, 6, 3354-3364.
[12] N. Masciocchi, S. Galli, E. Alberti, A. Sironi, C. Di Nicola, C. Pettinari, L. Pandolfo, Inorg. Chem. 2006, 45,

9064-9074.

S63






Paper 11

Carbon dioxide affinity
(“carboxophilicity”) of trivalent
light metal pyrazolates

AllpzBu2  Y/pzMe2  y/pzBuz  gg/pztBu2

Carboxophilicity

Catalytic Activity
pz = pyrazolate

https://doi.org/10.1039/D4QI01656D
reprinted with permission from
Inorg. Chem. Front. 2024, [ 1, 6948—6959







CCS CHINESE oy
INORGANIC CHEMISTRY (S ciicvica A P BiSaeeTy

FRONTIERS

View Article Online

RESEARCH ARTICLE

View Journal | View Issue

Carbon dioxide affinity ("“carboxophilicity”) of
trivalent light metal pyrazolates+

Cite this: /norg. Chem. Front., 2024,
11, 6948

Felix Kracht, Philipp Rolser, Klaus Eichele, 2 Cacilia Maichle-M&ssmer and

Reiner Anwander 2 *

Trivalent group 3 and 13 light metal pyrazolates were synthesised and their reactivity towards CO, was
investigated. The homoleptic complex Al(pz!®“)s reversibly inserts two molecules of CO, to afford Al
(CO»-pz™®)5(pzB™), exhibiting CO; release only at elevated temperatures (>100 °C). In contrast, donor-
stabilised Sc(pz® pz®¥),],, which already releases
CO, at ambient temperature and pressure and hence is isolable only at low temperature. For the yttrium
complex Y(pz®*)s(thf),, insertion of CO; is not observable at ambient temperature. The new homoleptic
aluminium diisopropyl pyrazolate complex [Al(pz™™)s], shows exhaustive CO, insertion, while dimethyl
pyrazolate could be isolated as the separated ion pair [AUN,N',N"-Al{pz"*}sMe),][Al(pz™*)sMe]. The scan-
dium complex Sc(pz™“)s(thf) performed best in the catalytic cycloaddition reaction of CO, and epoxides,
unveiling an inverse correlation of carboxophilicity (=CO, affinity) and catalytic activity. Carboxophilicity

)3(thf) forms mono-inserted species [Sc(p—COz-pztB“z)(
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rsc.li/frontiers-inorganic is assessed using CO,-release temperature (via VT *H NMR spectroscopy and thermogravimetric analysis).
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Introduction

Anthropogenic greenhouse gases, in particular carbon dioxide,
are the main reason for global climate change. Consequently,
combating CO, build-up has developed into the most impor-
tant and compelling research field in the chemical
sciences." ™' Carbon dioxide capture and storage (CCS) from
flue gas or directly from air (DAC) are industrially realised with
aqueous amine scrubbers; this technology, however, is affected
by low capacities (<15 wt% CO,), sensitivity to oxygen and high
regeneration energies (high “energy penalty”).>® Academic
research has focused on amino-functionalized porous
materials such as mesoporous silica, zeolites or metal-organic
frameworks, with the latter showing promising results under
simulated flue gas.>'®>™’ Moreover, a detailed molecular
understanding of metal-ligand interactions with carbon
dioxide seems crucial for developing efficient (catalytic) pro-
cesses for its chemical valorization.'® Here, metal-N(ligand)
cooperativity has proven particularly effective in CO, trans-
formations together with a synergistic interplay to reversibly
insert this heteroallene."® Any reversible insertion/de-insertion
process will rely on a fine balance of metal-centred oxophilicity
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and ligand-nitrogen nucleophilicity, which we have termed car-
boxophilicity (Fig. 1, top).

Recently, we found that CO, reversibly inserts into metal-pyr-
azolato bonds involving oxophilic metal centres. It was revealed
that tetravalent dimeric [Ce(pz™*),], and the trivalent cluster [Ce
(pz*);]s can accommodate 25 wt% CO,."° Adapting this
approach to the environmentally friendlier earth-abundant light
metal magnesium, parent pyrazolate [Mg(pz),], achieved an
exceptionally high reversible CO, uptake of up to 35.7 wt%.>°
Structurally authenticated complexes include tetravalent Ce
(CO,-pz™®); (A)*° and divalent Mg(CO,-pz™®"),(thf), (B),*°
showing exclusive ¥*(N,0) carbamato coordination (Fig. 1,
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Fig. 1 Top: Carboxophilicity of metal-ligand entities as driven by the
oxophilicity of the metal centre and nucleo(carbo)philicity of the ligand.
Bottom: Examples of tetravalent (cerium, A)*° and divalent (magnesium,
B) carbamate complexes,2® which feature fully reversible CO, insertion.
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bottom). Moreover, all pyrazolate complexes displayed moderate
catalytic activity in the conversion of CO, and epoxides to their
corresponding cyclic carbonates. In this work, we report on the
reactivity of trivalent pyrazolates of highly oxophilic group 3 and
13 light metals aluminium, scandium and yttrium towards CO,.
In addition, we discuss CO, release temperature as a quantifi-
able measure for assessing carboxophilicity.

The reactivity of organoaluminium complexes towards carbon
dioxide was described by Ziegler in 1960 and expanded on later
in 1970 by Weidlein.*"** Accordingly, CO, inserts irreversibly into
trialkyl aluminium compounds to afford tertiary alkoxides or car-
boxylates, which upon hydrolysis, produced their corresponding
alcohols or carboxylic acids. Dimeric [Al(p-CO,-N(iPr),)(CO,-N
(iPr),),], features the first structurally characterised aluminium
carbamate complex, accessed from  AIBry/HN(iPr),/CO,.”*
Moreover, dimeric heteroleptic carbamate [Me,Al(p-CO,-N(iPr),)],
was obtained (among others) via CO, insertion into [Me,Al(p-N
(iPr),),Mg(-Me)],.>* More recently, compound [Al(x*-N,N-2-
{methylamino}pyridine),R] (R = Et, iBu) was shown to insert CO,
not only into the Al-C(alkyl) bond but also in one of the two Al-N
bonds of each pyridine ligand.>**® Furthermore, the frustrated
Lewis acid pair 9,9-dimethylxanthene(PPh,-AlMe,Cl-AlMeCl)
engaged in reversible CO, insertion.”” In addition, aluminium
compounds supported by a rigid ligand backbone, such as por-
phyrinato, salen or amino-tris(phenolato), are active in the cyclo-
addition of CO, with epoxides, with the latter displaying a prom-
ising performance with low catalyst loads.*®*® The porphyrinate
complex (TPP)Al(OMe) showed reversible insertion behaviour
towards CO, in the presence of 1-methylimidazole.”®

For rare-earth metals, a rich CO,-insertion chemistry is
already existent.’®” However, for most metal-ligand entities,
CO, insertion turned out to be irreversible, forming carboxy-
lates/formiate from alkyls/hydrides,>”** carbonates from alk-
oxide/aryloxide**** or carbamates from amide complexes.*>™*®
Scandocene [(CsMes),Sc(CO,-p-tolyl)] features the first structu-
rally characterised organoscandium CO, insertion complex.’”
Evans et al. described the first yttrium carbamate complex,
[(CsMes),Y(CO,-e-caprolactam)],, obtained by CO, insertion
into the Y-N bond of (CsMe;),Y(O,N-e-caprolactam).”” Rare-
earth-metal complexes also gained attention for their catalytic
performance in the co-polymerisation of CO, and epoxides to
polycarbonates,***°>> as well as the cycloaddition of both
compounds to the cyclic carbonates with amino-tris(phenol-
ates) as the most promising catalysts.>>™>° Particularly thanks
to the works of the groups of Deacon, Junk, and Winter, there
exists a vast variety of rare-earth-metals pyrazolates, featuring
distinct coordination modes.®*"** We were mostly interested in
diamagnetic scandium and yttrium pyrazolates, such as Sc
(P2, [Y(p2*)(¢hf)],  and Y(pz™)s(do),.”

Results and discussion
Selection and CO, insertion of group 13 pyrazolates

Aluminium pyrazolates. Deacon et al. obtained discrete Al
(pz™®™); (1) via a salt-metathesis reaction of AlCl; and K(pz®™)
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in THF as the first and so far only known homoleptic alu-
minium pyrazolate complex.®® In addition to tert-butyl-substi-
tuted pyrazolate complex 1, we probed the feasibility of new
derivatives bearing smaller, “lighter” methyl and isopropyl
substituents. Since the salt-metathesis reactions of AlCl; and
Kpz™* led to no isolable product, a protonolysis protocol with
AlMe; and Hpz™® was applied. Even though a ratio of 1:3 of
both compounds was used, only a single methane elimination
occurred at ambient temperature, affording the well-known
[Me,Alpz™*], (2a) (Scheme 1).°*

Complex 2a features a recurring structural motif,**”° which
was also observed for the new diisopropyl derivative
[Me,Alpz'™™], (2b). Refluxing a 1:3 mixture in toluene gave a
more extensive but still incomplete ligand exchange. The crys-
talline material gained overnight revealed the solid-state struc-
ture of the separated ion pair [Al(N,N',N"-Al{pz"*"};Me),][MeAl
(pz™*);] (3) (Fig. S1027). The mono-cationic fragment revealed
an aluminium(m) centre coordinated by two mono-anionic
[MeAl(pz“*);]” ligands. The latter are reminiscent of the tris
(pyrazolyl)hydroborato ligand Tp™*™¢, while the Tp analogous
aluminium ligand is accessed via a protonolysis reaction of
LiAlH, with pyrazole.”*’* The separated anion in complex 3 is
another [MeAl(pz™*);]” entity. The central aluminium atom of
the cationic fragment features a slightly distorted octahedral
geometry (N-Al-N angles +3° off). The aluminium centres of
the tridentate “scorpionato”-type ligand adopt a slightly dis-
torted tetrahedral geometry with N-Al-N angles around 100°
and C-Al-N angles around 117°. The respective angles in the
separated [MeAl(pz™®);]” anion are 103° and 112° and hence
are closer to tetrahedral. The three aluminium centres of the
cationic fragment are almost linearly arranged (zAl, Al, Al
1.5°), with the outer Al1/AI3-N (av. 1.874 A and 1.893 A) and
inner AI2-N distances (av. 2.035 A and 2.048 A) reflecting the
distinct coordination numbers. The trinuclear complex [AlMe
({N,N"-3,3"-bipyrazolate},AlMe,),], obtained from bispyrazole
and AlMe; (1:1.5),”® shows a similar structural motif. The *”Al
NMR spectrum of compound 3 revealed only two signals at § =
75.7 ppm and 0.3 ppm, assignable to 4- and 6-coordinated alu-
minium centres, respectively.

AlMe; + 3 HpzR (R =Me,iPr)
tolu:ne _CH,

S 130 °C

N N toluene
| | _—
N N —CHy4

R Me  Me R

2a (R = Me)
2b (R =/Pr) 3

[AIMe(pz"e2)3]”

2

Scheme 1 Protonolysis reactions of AlMez with three equivalents Hpz®
(R = Me and iPr), to form [Me,Alpz™*], (3) at ambient temperature and
separated ion pair [AUN,N'N"-Al{pz"*}sMe),l[MeAl(pz™*)s] (4) by
refluxing at 130 °C.

Inorg. Chem. Front,, 2024, 1, 6948-6959 | 6949



Open Access Atrticle. Published on 23 August 2024. Downloaded on 1/27/2025 1:13:50 PM.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Lo
-

Research Article

Further heating a 1 : 3 mixture of AlMe; and Hpz™® in mesi-
tylene to 180 °C, in order to achieve full methyl elimination,
did not lead to any isolable product, and thus the homoleptic
[Al(pz™*);] remains elusive.

Unlike the dimethyl derivative, potassium diisopropyl pyra-
zolate reacted smoothly with aluminium chloride via a salt-
metathesis route (Scheme 2). The crystal structure revealed the
homoleptic bimetallic complex [Al(pz'*™);], (4) (Fig. 2), with
two bridging pyrazolato ligands arranged in an approximate
boat conformation with the aluminium atoms. Interestingly,
the terminal pyrazolato ligands show different coordination
modes. One aluminium centre features terminal pyrazolatos
coordinated exclusively in a k' coordination mode, while the
other one accommodates the N-ligand in both x' and x?
fashion. The 'H and "*C NMR spectra of 4 show the bridging
and terminal pyrazolatos as two different signal sets in a ratio
of 1:2. The >’Al NMR resonance was detected at § = 68.1 ppm.
Some reactions gave 'H NMR spectra with an additional
slightly shifted signal set. We were able to fractionally crystal-
lize this side product, and the solid-state structure revealed the
monomeric  mixed  pyrazole/pyrazolato  complex Al
(pz'"™);(Hpz'™) (4a) (Fig. S104%). The structure of 4a is quite
similar to that of 4 with one Al(pz"™), fragment replaced by a

AICl; + 3 Kpzr

THF, rt,6d l— KCI

iPr

@N S

iPr Pr i Pr

;7 =, lPr

/

iPr<
\
Z@N IPr/v\lPr

4a (minor side product)

Scheme 2 Synthesis of homoleptic [Al(pz*")s], (4) via salt metathesis
of AlCls and Kpz™". The side product Al(pz"*™)s(Hpz™") (4a) is formed in

the presence of residual moisture.
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Fig. 2 Crystal structure of [Al(pz"*")sl, (4). Ellipsoids are set at the 50%
probability level. Hydrogen atoms are omitted for clarity. See ESIf for
selected interatomic distances and angles.
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proton, which forms a hydrogen bond with the pyrazolyl moi-
eties. Most likely, the pyrazole originated from partial hydro-
lysis caused by residual moisture in the solvent THF.

Attempts at homoleptic gallium pyrazolates. Since CO,
insertion/de-insertion into metal-ligand bonds crucially
depends on the bond polarization, we also aimed at employing
gallium pyrazolates. Surprisingly, homoleptic gallium pyrazo-
lates have not been reported yet.”>”®7° Given that [Al(pz"?);]
(R = iPr, tBu) could be readily obtained by salt metathesis, we
used similar protocols to access putative gallium derivatives.
However, the reactions of GaX; (X = Cl, Br) with Kpz® (R = Me,
¢Bu) turned out very unsatisfactorily, and only a small amount
of crystalline material could be obtained (Scheme 3).

An X-ray structural analysis revealed the formation of the
dimeric complex [Ga(pz™")(u-N,N,C-pzB»C(CH2CH2)] - (5)
(Fig. 3). C-H-bond activation at one tBu moiety under release
of pyrazole generated a dianionic pyrazolato ligand, bridging
with both nitrogen atoms and one CH, group between the
gallium atoms.

The molecular structure of complex 5 indicates a rather
complex reactivity of gallium pyrazolates. Such distinct behav-
iour of aluminium and gallium in salt-metathesis reactions is
not unknown, as previously shown for MCl,;/LiN(SiMe3), or
MCI;/LiN(SiHMe,), mixtures (M = Al, Ga). There, gallium also
engaged in extensive Si-X-bond activation (X = C, H).*
Application of a protonolysis protocol employing a
1:3 mixture of GaMe; and Hpz™" led to the known [Me,Ga

RT, 6d
THF

GaClj + 3 KpzBu.BU ———

5 (minor product)

Scheme 3 Reaction of GaCls with Kpz™®* to yield [Ga(pz®*)(u-N,N,C-
pzBuC(CH:CHz)], (5) as a side product.
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Fig. 3 Crystal structure of [Ga(pz®¥)(u-N,N,C-pzB+CCH:CHy],  (5)
Ellipsoids are set at the 50% probability level. Hydrogen atoms are
omitted for clarity. See ESIf for selected interatomic distances and
angles.
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(pz™®")],,*" analogous to the aluminium-based reactions dis-
played in Scheme 1.

Reactivity of aluminium pyrazolates towards CO,. Reacting
Deacon’s Al(pz™®*); (1) with an excess of CO, in THF led to
heteroallene insertion into two of the three pyrazolato ligands
forming the bis(carbamato) complex Al(CO,-pz*®"),(pz®") (1-
CO,) (Scheme 4). The CO, content in 1-CO, corresponds to
13.5 wt% CO, or 3.1 mmol CO, per gram. Performing an NMR-
scale reaction revealed the formation of a mono-inserted inter-
mediate prior to full conversion into 1-CO,. This contrasts
with our observations with magnesium and cerium pyrazolates
showing such an intermediate only in the CO,-releasing
steps.'®>°

The crystal structure of 1-CO, revealed a strongly distorted
octahedral geometry (see Fig. 4). The aluminium centre is co-
ordinated with two carbamato moieties in the ¥*(N,0) mode
and one pyrazolato ligand in the terminal x*(N,N) mode.
Because of the sterically demanding ¢Bu moieties, all three
ligands are twisted against each other, which gives the
complex a propeller-like overall geometry. Both stereoisomers
(A,A) can be found in the unit-cell which is further corrobo-
rated by the centrosymmetric space group Pbca. The solid-state
structure might also explain the non-occurrence of an exhaus-
tive CO, insertion, since the bulky tBu moieties hinder a vital
tilt of the third pyrazolato ligand. The inserted CO, moieties
exhibit an angle around 127.5°, along with localized C-O
double (1.199-1.203 A) and single bonds (1.285-1.288 A). Such

+CO, B
Al(pzBr)y == { 5{\5\ }
o N AN
1 100 °C I\ Ly )

~CO; tBu

Scheme 4 Reaction of Al(pz%*)z (1) with excess CO, in toluene.

Q ®
Nswwe
G//@ &1’/‘}[1 N3
c—@ ‘:\‘
\ e ‘0/31 03 N4 g

04

Fig. 4 Crystal structure of Al(CO,pz®¥),(pz!®*) (1-CO,). Ellipsoids are
set at the 50% probability level. Hydrogen atoms and disorder in the tBu
moieties are omitted for clarity. See ESIf for selected interatomic dis-
tances and angles.
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bond localization is also found in the pyrazolato rings. The
4C-3/5C and the 1/2N-3/5C distances of the non-inserted pyra-
zolato ring differ slightly by 0.005 A, whereas, for the carba-
mate pyrazolato rings, the differences are significantly larger at
0.031-0.034 A and 0.047 A, respectively.

DRIFTS measurements further validate this behaviour, dis-
playing strong absorption bands at 7 = 1774/1763 cm™" and 7 =
1328 em ™" for the C=0 and C-O stretching vibrations, respect-
ively. The "H NMR spectrum of 1-CO, shows two singlets for
the pyrazolato backbone proton at § = 6.32 and 6.00 ppm in a
1:2 ratio. Additionally, three singlets with an integral of 18
protons each, one at § = 1.50 and two at § = 1.05 ppm, are
detected, in accordance with three distinct ¢Bu moieties.
Further, the *C NMR spectrum of 1-CO, shows a signal at § =
146.9 ppm, assignable to inserted CO,, while the *’Al reso-
nance at § = 17.0 ppm appears slightly shifted, broadened and
less intense (due to loss of symmetry) compared to that of pre-
cursor 1 (§ = 23.3 ppm).

Unlike the previously examined cerium and magnesium
pyrazolates, solid 1-CO, does not show any CO, release at
ambient temperature, not even under reduced pressure. This
high carboxophilicity was further revealed by a variable-temp-
erature (VT) NMR study in THF-dg (see S15), revealing promi-
nent CO, release only at 90 °C. At this temperature, the for-
mation of small amounts of the mono-inserted complex [Al
(CO,-pz™®™)(pz™®™),] can be detected, while increasing the
temperature to 100 °C led to small amounts of 1. This is in
contrast to the CO,-inserted magnesium pyrazolates which
fully de-insert the heteroallene in this temperature range.'
Cooling the sample which was heated to 100 °C to ambient
temperature shows the re-formation of 1-CO, as the predomi-
nant species, along with small amounts of the mono-inserted
complex and 1. Retreatment of this mixture with an excess of
CO, fully restores compound 1-CO,. A thermogravimetric ana-
lysis (TGA) of 1-CO, revealed CO, release in the temperature
range between 114 °C and 196 °C, with a mass loss of 15.8%
which is in good agreement with the calculated 13.5%. A
single CO,-release step like in solution could not be observed.

Treatment of [Al(pz™™");], (4) with 1 bar CO, gave no crystal-
line material; however, the NMR data suggest an exhaustive
insertion into every pyrazolato ligand (see S16-S18%). Three
signals for the pyrazolato backbone protons appear in the 'H
NMR spectrum in a 1:1:1 integral ratio. Furthermore, four
septets for the tertiary iPr proton are detected in a 3:1:1:1
integral ratio. This indicates the expected asymmetry of the iPr
groups resulting from CO, insertion, in accordance with dis-
tinct signals for the iPr moieties adjacent to the inserted CO,
and one signal for iPr distant to the inserted CO,. This assign-
ment is further strengthened by the *C NMR spectrum, which
shows three signals for inserted CO, ranging from § = 147.0 to
146.6 ppm. A "H-">C HMBC experiment revealed that each of
the three pyrazolato backbone proton signals couples with two
carbon signals in the shift region for 3/5-pyrazolato carbon
atoms, lending more evidence for the new asymmetry. The iso-
propyl CH; groups appear as one multiplet with 24 protons
and four doublets with 3 protons. This suggests a hindered
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rotation of the iPr moieties as a result of the three inserted
CO,. Upon CO, insertion, the *’Al NMR signal shifted to
higher field, from 6 = 68.1 ppm in 4 to § = 12.1 ppm. The puta-
tive [Al(CO,-pz'"");] (4-CO,) would infer a capacity of 21.6 wt%
CO,.

Reactivity of group 3 metal pyrazolates towards CO,

The scandium pyrazolate Sc(pz™®"),(thf) (7) was synthesized by
applying the salt-metathesis protocol described by Deacon for
aluminium pyrazolate Al(pz™“), (1, vide supra). Accordingly,
the mercury-free synthesis using THF-activated scandium
chloride and Kpz™®" gave 7 in a good yield (see Scheme 5).

The crystal structure of 7 revealed one THF donor molecule
bound to the scandium centre and three ¥*(N,N)-coordinated
pyrazolato ligands (see Fig. S1077). Unsurprisingly, the Sc-N
distances are slightly longer than those in donor-free Sc
(pz™®");.5* The scope of group 3 metal pyrazolates was
extended to the literature known complex [Y(pz™);(thf)], (9)
obtained via protonolysis of YCp; with Hpz“®%.%> Dimeric 9
contains two bridging and four terminal pyrazolato ligands
which appear in solution "H and "*C NMR experiments as only
one signal set due to fast ligand exchange. A >*C CP/MAS NMR
experiment revealed separated signal sets for the terminal and
bridging ligands (see S26t). The quaternary carbon atoms of
the terminal pyrazolatos even appear as four well separated
signals. Applying the synthesis protocol as used for scandium
complex 7, monomeric [Y(pz™");(thf),] (10) was obtained. The
solid-state structure of 10 revealed two THF donor molecules

[Sc(CO,pze)(pzBe)y(thf)]  7-CO,
exc. CO, rt
t, THF || —CO,
THF
ScClathf)s 1 3 4
+ — > Sc(pzB),(thf) 7
3 KpzfBu:
exc. CO, rt
1, toluene || — CO,
—-THF || +THF
tBu

twofold
+ inserted
product

7b-CO,

7a-CO; tBu

Scheme 5 Salt-metathesis reaction of ScCls(thf)s and Kpz®* to yield

donor-stabilised Sc(pz™®*)s(thf) (7). Treatment with an excess of CO,
produces the donor-stabilised mono-insertion product [Sc(CO,-pz™)
(pzB¥),(thf)] (7-CO,) in THF and a mixture of the mono-inserted species
[Sc(CO,-pztB)(pzB),], (7a-CO,) and a higher inserted species 7b-CO,
in toluene.
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bound to the metal centre, isostructural to the pyridine-stabil-
ized derivative [Y(pz™®");(Py),] (see 51087).°

Treatment of Sc(pz®");(thf) (7) with 1 bar CO, in THF-dg
gave immediate CO, insertion, as evidenced by 'H NMR spec-
troscopy. Three signals for tBu moieties appeared at § = 1.51,
1.24 and 0.77 ppm, with an integral ratio of 9:36:9, respect-
ively, as well as two signals for pyrazolato backbone protons at
6 = 6.15 ppm and 6 = 6.04 ppm with an integral ratio of 2:1,
respectively. In addition, two signals of coordinated THF were
observed. These signals can be assigned to the mono-inserted
donor-stabilized complex [Sc(CO,-pz™®™)(pz®™),(thf)] (7-CO,).
The "*C NMR spectrum shows the resonance for the inserted
CO, at § = 149.7 ppm. The CO, insertion can be also tracked
by **Sc NMR spectroscopy, since the sharp resonance of 7 at §
= 41.6 ppm shifts slightly towards lower field at 6 = 69.1 ppm
for 7-CO,, also involving signal broadening. Unfortunately, we
were not able to isolate any crystalline material of 7-CO,, due
to immediate complete CO, release in the absence of solvent,
already at ambient temperature and pressure. This effective
and immediate reversibility of 7/7-CO, is a stark contrast to the
aluminium derivative 1-CO,, where CO, release only occurred
at elevated temperature and was not observed at reduced
pressure. To further confirm CO, insertion into scandium pyr-
azolate 7, in situ DRIFTS experiments were pursued. At 1 bar
CO, atmosphere, the immediate formation of a single strong
band at 7 = 1759 was observed, indicative of a C=0 bond
stretching vibration (see S98 and S9971). Replacing the carbon
dioxide atmosphere by argon resulted in complete CO, de-
insertion and back-formation of 7. A VT "H NMR experiment
uncovered a fully dynamic equilibrium between 7 and 7-CO, in
solution inside a closed vessel (see S317}). Starting with 7-CO,,
even at ambient temperature, traces of 7 were detected. By
gradually increasing the temperature, the conversion of 7-CO,
into 7 became more and more prominent and vice versa.
Cooling the mixture to ambient temperature resulted in an
almost identical "H NMR spectrum as that at the outset of the
VT NMR experiment.

Treatment of 7 with 1 bar CO, in toluene-dg instead of THF-
dg resulted in immediate CO, insertion as well. However, this
time, the 'H NMR spectrum revealed the formation of two dis-
tinct insertion products, 7a-CO, and 7b-CO,. One species
shows three signals for tBu moieties (9:36:9) with chemical
shifts close to 7-CO,, while the second species gives four tBu
proton signals at § = 1.69, 1.49, 0.74 and 0.49 ppm with an
integral ratio of 18:9:18:9. This second species appeared to
be a product with a higher degree of inserted CO,.
Correspondingly, the pyrazolato backbone protons appeared as
two sets of two singlets with an integral ratio of 2:1.
Furthermore, the *>Sc NMR spectrum showed two resonances
at 6 = 165.7 ppm and 6 = 39.1 ppm.

This time, single-crystalline 7a-CO, could be obtained from
the solution; however, like observed for 7-CO,, solid 7a-CO,
showed immediate CO, release at ambient temperature.
Therefore, permanent cooling at —40 °C was essential for
setting up and performing a successful XRD measurement.
The crystal structure revealed the dimeric donor-free mono-
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inserted species [Sc(CO,-pz®")(pz®"),], (7a-CO,) bearing the
two carbamato ligands in a [p-1x*(N,0):2x(0)] bridging fashion
(Fig. 5). Moreover, the scandium centres accommodate two
terminal ¥*(N,N’) pyrazolatos. As indicated by the "H NMR
spectrum, coordinated THF from the starting material was
displaced.

The overall reversibility of the CO, insertion of 7a-CO, is
akin to that of 7-CO,. The original NMR solution as well as iso-
lated 7a-CO, redissolved in toluene-dg, giving similar "H NMR
spectra, both showing small amounts of the second species
7b-CO,. In the absence of a CO, atmosphere, 7b-CO, seems to
be unstable in solution at ambient pressure, which is why no
crystalline 7b-CO, could be isolated. Given the tBu proton
signal set (integral ratio of 18:9:18:9), representing two car-
bamato ligands and one pyrazolato ligand, species 7b-CO,
likely features the twofold CO,-inserted compound [Sc
(COppz™)s(pz™™)].

Our attempts to synthesize the homoleptic scandium
dimethyl pyrazolate via a salt-metathesis protocol [ScCl;(thf);
+ 3Kpz™®] were unsuccessful. However, on one occasion, the
trimetallic oxo-centred cluster [Sc;O(pz™),(Hpz"*),] (8) was
obtained as the main product in a crystalline yield of 74% (see
Scheme 6, Fig. 6).5?

Two scandium centres in 8 are coordinated by four pyrazo-
lato ligands each, and one is coordinated by three pyrazolatos
and two donor pyrazoles. Each scandium centre bears one
terminal k*(N,N') pyrazolato ligand, while two scandium
centres are bridged twice by p-1x(N):2k(N') pyrazolatos. The
scandium centre being single-bridged to the other two accom-
modates the two pyrazole donors. Overall, a total of one equi-
valent H,O is formally required to yield complex 8, which most
likely originated from residual water in the solvent THF.

The "H NMR spectrum of compound 8 displays the methyl
groups and the backbone protons of the pyrazolato and pyra-
zole ligands as one signal each, at 6 = 2.13 ppm and é =
5.73 ppm, respectively, which indicates rapid exchange of the
ligands in solution. The two NH-protons appear as one broad

{ 02 } ® ®
@
Fig. 5 Crystal structure of [Sc(CO,-pz™®*)(pz®¥),], (7a-CO,). Ellipsoids
are set at the 50% probability level. Hydrogen atoms and disorder in the

tBu moieties are omitted for clarity. See ESIf for selected interatomic
distances and angles.
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Scheme 6 Synthesis of the oxo-centred cluster [SczO(pz™®),(Hpz"*),]
(8).

Me:

Fig. 6 Crystal structure of [SczO(pz™®),(Hpz™*),] (8). Ellipsoids are set

at the 50% probability level. Hydrogen atoms are omitted for clarity. See
ESI} for selected interatomic distances and angles.

signal at § = 11.82 ppm. As expected, the **Sc NMR spectrum
features two resonances at § = 153.2 ppm and § = 45.1 ppm in
a ratio of 1:2. More surprisingly, treatment of 8 with 1 bar
CO, led to two well-defined products as suggested by NMR
spectroscopy. One product presents the carbamic acid
HO,Cpz™® with typically broad proton and carbon signals,
which we reported lately as a co-product of the reaction of
mixed pyrazolato/pyrazole magnesium complexes with CO, or
as a hydrolysis product of the carbamate complexes.”® The
second product 8-CO, appeared as three sharp signals in the
'H NMR spectrum at § = 5.95, 2.26 and 2.18 ppm. This pattern
indicates exhaustive CO, insertion into the oxo-cluster. This is
further implied by the **Sc NMR spectrum, featuring only one
signal at 6 = 53.6 ppm. The "*C NMR spectrum revealed two
signals for inserted CO, at § = 151.2 ppm and § = 150.2 ppm,
assignable to the carbamic acid and the CO,-functionalized
oxo cluster, respectively. However, no crystalline material of 8-
CO, could be obtained yet, and attempts to reproduce 8 by
using an equimolar amount of water in the reaction depicted
in Scheme 5 were unsuccessful.

The CO,-inserted product of [Y(pz™);(thf)], (9) shows the
typical splitting of the methyl groups in the 'H NMR spectrum
(THF-dg), resonating at § = 2.18 ppm and § = 2.09 ppm, indica-
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tive of the formation of Y(CO,-pz™®);(thf) (9-CO,). However,
several other non-assignable signals were detected along with
that of putative 9-CO, (see Fig. S451), most likely representing
a rather complex cluster species. A VT 'H NMR study revealed
that 9-CO, fully back-converts into 9 at 70 °C, while the
unknown species remains unchanged (see Fig. S487). Recently,
we introduced a solvent-free procedure, in which the pyrazo-
late compound is reacted with CO, neat as a solid.>° By using
this procedure for 9, the resulting 9-CO, exhibited a mass gain
of 15.6 wt%. This is slightly higher than the expected value for
a two-fold insertion (14.5 wt%) and lower than that for a com-
plete insertion (20.3 wt%). Correspondingly, the *C CP/MAS
spectrum of 9-CO, revealed two signal sets. One can be
assigned to unreacted 9 and the other to putative 9-CO,. The
chemical shifts are comparable to those observed for [Mg
(CO,pz™®),], with a resolved signal for inserted CO, at
152.1 ppm. A final statement on the amount of inserted CO,
in 9-CO, cannot be made. In contrast, Y(pz®");(thf), (10) did
not show any traceable CO, insertion into the Y-N bond at
ambient temperature. Only traces of the carbamic acid
HO,Cpz™" could be detected in the "H NMR spectrum, point-
ing to some Hpz™" impurities in 10 (see Fig. S517). Overall,
this indicates that yttrium complex 10 has an even less pro-
nounced capability to bind CO, than the scandium congener
7. This is also in agreement with the CO,-insertion capability
of homoleptic ceric pyrazolates Ce(pz~"), which was found to

decrease in the order of pz™* > pz®"M¢ > pz™ > pz P 53

Synthesis and reactivity of unsubstituted “parent” pyrazolates
of aluminium and scandium

Since the parent pyrazolate [Mg(pz),], displayed an exception-
ally high reversible CO, uptake of up to 35.7 wt%,?® it was of
interest to examine such reaction behaviour for the trivalent
light metals. The trivalent parent pyrazolates [Al(pz);], (11)
and [Sc(pz);], (12) were accessed via transamination of Al
(pz™®"); (1) and Sc(pz®*);(thf) (7) with Hpz in toluene, as indi-
cated by the instant formation of a white precipitate. The *C
CP/MAS spectra of amorphous 11 and 12 showed the expected
signal sets (Fig. S$52/S541). The >’Al CP/MAS experiment
revealed a signal at 5.2 ppm (Fig. S537) featuring the most
high-field shifted signal observed for a homoleptic aluminium
pyrazolate. For polymeric 12, the **Sc resonance was resolved
at 156.0 ppm (Fig. S55T). Not unexpectedly, the CO,-uptake
behaviours of 11 and 12 were in line with those of the discrete
substituted pyrazolates (vide supra). When exposing the solids
in a very simple manner to an atmosphere of 1 bar CO,
for three hours, mass gains of 8.2 wt% for 11 and 6.9 wt% for
12 were found. However, these materials rapidly release CO, at
atmospheric pressure, as indicated by FTIR spectroscopy.

Catalytic cycloaddition of epoxides and CO,,

Given our previous works on metal pyrazolates, we were inter-
ested in the behaviour of trivalent metal pyrazolates as cata-
lysts in the cycloaddition of epoxides and CO, (Table 1).
Applying the standard protocol (0.5 mol% catalyst, 1 mol%
cocatalyst tetra-n-butylammonium bromide (TBAB), epoxide as
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Table 1 Catalytic activities of trivalent metal pyrazolates in the conver-
sion of epoxides to cyclic carbonates®?

[Cat]

(0]
o 1 mol% TBAB
rt, 24 h )J\
/ \ +1barCO, ———— o~ 0

R
R
Entry Catalyst R=Me R=Ph R=1¢Bu R =nBu
1 1-Al 65% 5% 2% 7%
2 4-Al 43% 8% 3% 11%
3 7-Sc >99% 27% 24% 29%
4 9-Y 84% 20% 5% 22%
5 10-Y 97% 22% 8% 18%
6 13-Ce™ 96% 13% 5% 9%
7 14-Ce" 88% 23% 13% 25%

“Reaction conditions: 1 bar CO,, 0.5 mol% metal centre of the catalyst,
1 mol% TBAB at ambient temperature for 24 h. ? Conversion deter-
mined by comparison of the integral protons at the a-position of the
epoxide and the corresponding cyclic carbonate (expect for 3,3-
dimethyl-1,2-butene carbonate where the integral of the ¢tBu moieties
was used).

solvent), the catalysis was performed under 1 bar CO, at
ambient temperature. After 24 h, the conversion was deter-
mined from the "H NMR spectra. Pyrazolates Al(pz™®"); (1) [Al
(p2™)sl, (4), Sc(pz™)y(thf) (7), [Y(p™*)y(thf)l, (9) and
Y(pz™");(thf), (10) were employed as catalysts in addition to
tetrametallic cluster [Ce(pz""*);]; (13) and the tetravalent [Ce
(pz™*)4], (14) for comparison. Propylene oxide, styrene oxide,
2-tert-butyloxirane and 1,2-epoxyhexane were employed as sub-
strates. Aluminium complex 1 showed only moderate catalytic
activity, converting 65% of propylene oxide to the cyclic car-
bonate (entry 1). The sterically more demanding epoxides were
only minimally converted by complex 1, which achieved the
highest conversion for 1,2-epoxyhexane (7%).

Dimeric complex 4 displayed an even lower conversion of
43% for propylene oxide, but performed slightly better in the
cases of styrene oxide (8%) and 1,2-epoxyhexane (11%) (entry
2). This can be ascribed to the smaller iPr groups of 4 (versus
tBu of 1) in agreement with the observations made for mag-
nesium pyrazolates.>°

Scandium complex 7 performed best in this cycloaddition
reaction, affording 99% conversion of propylene oxide with
only traces of the starting material left (entry 3). Complex 7
also exhibited the highest catalytic activity of the metal pyrazo-
lates under study for the three other epoxides, ranging from 24
to 29%. The yttrium-based catalysts 9 and 10 provided similar
results, with monomeric 10 achieving slightly higher conver-
sions than dimeric 9, except for 1,2-epoxyhexane (entry 4 and
5). The results obtained for the cerium-based catalysts were in
line with our earlier report, showing only slight deviations."®
Strikingly, there seems to be a negative correlation between the
carboxophilicity of the metal pyrazolate and its catalytic activity
(Table 2). As described above, scandium carbamate 7-CO,
releases CO, readily in the absence of a solvent or when placed
in an open vessel. Also, under the applied conditions, mono-
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Table 2 Correlation of catalytic conversion and CO, release tempera-
tures (from VT *H NMR studies and TG measurements)

CO,-release temperature [°C]

"H NMR TGA start ~ Catalytic Oxophilicity
Catalyst start — end — end convers. [%] M [0]°
15-Mg*  70-105 134-233 56 0.6
1-Al 100-120° 114-196 65 0.8
9-Y rt-70 60-154 84 0.8
14-Cce”  10-60“ 55-95¢ 88 0.9
13-Ce™ 52-90° 96 0.9
10-Y — 97 0.8
7-Sc rt rt >99 0.8

“Pprevious work Mg,?° Ce.'® ?Ref. 84. “De-insertion not complete at
this temperature, which is the upper limit of the VT NMR setup.

meric yttrium pyrazolate 10 did not insert any significant
amount of CO,, while dimeric yttrium pyrazolate 9 did insert
CO, and displayed a CO,-releasing step at 70 °C. Since the CO,-
release temperature range of complexes that reversibly insert
CO, is an approximate measure of their carboxophilicity, com-
parison with the respective catalytic conversions clearly show
that the lower the carboxophilicity, the higher the catalytic
activity (Table 2). On the other hand, the carboxophilicity does
not reflect the trends in the extent of the (calculated) oxophili-
city (Table 2)** and electronegativity (Pauling scale)®® and
might be affected further by the Lewis acidity of the metal
centre (AI*" > Sc*" > Y**), as well as the carbophilicity,®® sterics
and coordination mode (terminal versus bridging) of the carba-
mato ligand. For further comparison, the average N-C(CO,) dis-
tance in complexes 1-Al-CO, (1.444(3) A), 7-S¢-CO, (1.436(2) A),
[Ce(CO,-pz™);]s (13-CO,) (1.432(12) A), [Ce(CO,-pz™®),] (14-
CO, = A, Fig. 1 bottom) (1.436(3) A) and [Mg(CO,-pz™®"),(thf),]
(B, Fig. 1 bottom) (1.477(1) A) were detected in a close range.
Finally, the best-performing scandium complex 7 was exam-
ined for the cycloaddition of propylene oxide and CO, under
varying conditions (Table 3). The aforementioned performance
using the standard procedure (conversion of >99%) corres-
ponds to a TON of >199 (entry 1). Decreasing the catalyst con-
centration to 0.25 mol% lowered the overall catalytic conver-
sion to 71, but increased the TON to 284 (entry 2). Employing
only 0.01 mol% of 7 at harsher reaction conditions (10 bar
CO, and 90 °C), further increased the TON to 4600 (entry 3).

Table 3 Catalytic activity of 7 in the conversion of propylene oxide and
CO, to cyclic carbonate under different conditions?

Entry  T[°C]/p[bar]  C(Cat.)[mol%] Conversion”[%]  TON*
1 24/1 0.5 >99% 199
2 24/1 0.25 71% 284
3 90/10 0.01 45% 4600

“24 h in neat epoxide. ” Conversion determined by comparison of the
integrals protons at the a-position of the epoxide and the corres-
ponding cyclic carbonate.  ((epoxide/Mg) x conversion)/100.
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The TOF of 7 was determined at 120 h™" over the progress of
the reaction applying our standard procedure (Fig. S86 and
Table S17).

Accordingly, complete conversion (>99%) was already
detected after 12 h, but already after 6 h, the conversion was
noted at 96%. Using half the amount of catalyst (entry 2) did
not give similarly high conversions after 6 or 10 h, pointing to
the catalyst load as the determining factor. Overall, a mecha-
nism/catalytic cycle as described for the cerium and mag-
nesium congeners is proposed.'®?° To put the present catalytic
results into a proper perspective, even the most active catalysts
under study show only moderate catalytic activity in compari-
son to systems described in literature. For example, the chlori-
nated tetraphenyl porphyrin aluminium complex (tetra(2,4-
chloro)phenylporphyrin)AlCl  reaches TOFs of wup to
185200 h™'3® For the rare-earth metals, the scorpionate
complex [La{N(SiHMe,),},{x*-(1-[2,2-bis(pz"*)-1,1-Ph,Et]-1,3-
Cp)}] was noted at TOFs of 15000 h™" and TONs of up to
306 667.°

Conclusions

The scope and feasibility of reversible metal-pyrazolate CO,-
insertion chemistry is expandable to the trivalent light metals of
groups 3 and 13. The reaction behaviors of monomeric alu-
minium(m) and scandium(m) pyrazolates are strikingly distinct
under identical conditions. While homoleptic Al(pz™*™),,
bearing the comparatively small metal centre, inserts two CO,
molecules to form Al(CO,-pz™"),(pz™®™), Sc(pz™™)s(thf) accom-
modates only one molecule CO, per scandium, affording the
dimeric complex [Sc(p-CO,-pz™®*)(pz®*),,- Both complexes
feature completely reversible heteroallene insertion, as revealed
by FTIR and VT 'H NMR spectroscopy and thermogravimetric
analysis (TGA). Again, strikingly, the aluminium complex
releases the CO, only at temperatures >100 °C, while the scan-
dium complex undergoes CO, de-insertion at ambient tempera-
ture and pressure. The implications of the pyrazolato substitu-
ents for the extent of CO, insertion was demonstrated for the
new homoleptic complex [Al(pz"™);],, which gave exhaustive
CO, insertion, marking a capacity of 21.6 wt% CO,. Applying the
metal pyrazolates under study as catalysts in the cycloaddition of
CO, and epoxides to cyclic carbonates revealed an inverse corre-
lation of the catalytic activity and carboxophilicity ( =CO,
affinity): the higher the carboxophilicity, the lower the catalytic
activity. Given the reversible CO, insertion into metal pyrazo-
lates, the carboxophilicity can be assessed by the CO,-release
temperature (via VT '"H NMR spectroscopy and TGA). The scan-
dium complex Sc(pz"®*);(thf) performed best, with a maximum
TOF of 120 h™" and a TON of 284 at ambient conditions.

Data availability

The data that support the findings of this study are available
in the ESIT of this article.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air and moisture under
argon atmosphere (< 0.1 ppm O3, < 0.1 ppm of H,0) in a MB200B glovebox (MBraun) or according to standard
Schlenk techniques and in oven-dried glassware. Solvents (THF, n-hexane and toluene) were purified by using
SPS Grubbs type columns (MBraun SPS-800, solvent purification system) and stored inside a glovebox. THF was
dried further over molecular sieves. [Dg]toluene and [Dg] THF were obtained from Sigma Aldrich and dried over
Na/K alloy and filtered prior to use. AICl3 (99%), 3,5-Dimethyl pyrazole (99%), GaCls (99%), GaBrs (99%), hydrazine
hydrate and 2,2,6,6-tetramethylheptane-3,5-dione were purchased from Sigma Aldrich and used as received.
Trimethylaluminium (98%) was purchased from abcr and used as received. 3,5-Di-tert-butylpyrazole,! di-iso-
propyl pyrazole,! [Ce(pzV®2),4], (ref. 2) and [Ce(pz™®?)s]s (ref. 3) and were synthesised according to procedures
known in the literature. ScCls(thf); was synthesised according to procedures known in the literature by using the
route via Sc,03; and SOCI,.* Argon and CO, were supplied by Westfalen AG. Solution H, 13C, Al and **Sc NMR
spectra were recorded on a Bruker AVII+400 spectrometer (*H: 400.11 MHz; *3C: 100.61 MHz, ?7Al: 104.26 MHz;
455¢:97.19 MHz) at 299 K. The chemical shifts listed in the experimental section are referenced to solvent residual
resonances in parts per million in relation to tetramethylsilane. The variable temperature *H NMR spectra and
1H, 13C, Al and *°Sc NMR spectra were recorded in a J. Young valve NMR tube on a Bruker AVII+500 spectrometer
(*H: 500.13 MHz; 3C: 125.76 MHz; ?7Al: 130.3 MHz; *Sc: 121.5 MHz). For Al NMR spectra in general, the probe
head itself gives a broad signal at around 64 ppm for the 400 MHz spectrometer and around 12 ppm for the
500 MHz spectrometer. Solid-state NMR spectra were obtained at ambient temperature on a Bruker AVIIIHD-
300WB spectrometer (*H NMR 300.13 MHz, 13C 75.47 MHz, Al 78.20 MHz, *°Sc 72.90 MHz) equipped with MAS
(magic angle spinning) hardware using a ZrO, rotor with an outside diameter of 4 mm. IR spectra were recorded
on a NICOLET 6700 FTIR spectrometer (Thermo Fisher Scientific). The samples were mixed with KBr powder and
measured in a DRIFT cell with KBr windows. DRIFT data were converted by using the Kubelka-Munk refinement.
In situ IR spectra were recorded on a Bruker Invenio R spectrometer with a praying mantis unit. Elementary
analyses were performed on an Elementar vario MICRO cube. Single crystals were grown from saturated
solutions of n-hexane, toluene, THF, or [Dg] THF by standard techniques. Suitable single crystals from 1-CO,, 3, 4,
43, 5,7, 7-CO,, 8 and 10 for X-ray structure studies were selected in a glovebox and coated with Parabar 10312
(Hampton research). Crystallographic data were measured on a Bruker APEX Il DUO instrument equipped with
IuS micro focus sealed tube and QUAZAR optics for MoK, radiation (A = 0.71073 A). The data collection strategy
was determined using COSMO® employing w- and ¢ scans. Raw data were processed using APEX® and SAINT,’
corrections for absorption effects were applied using SADABS.2

Al(pz®®2); (1). The procedure and the analytical data are consistent with the literature (ref. 9). Al NMR
(130.3 MHz, [Ds]THF, 26 °C): & = 23.3 ppm.

[AlMez(pz™)], (2b). To a solution of Hpz™2 (200.0 mg, 1.314 mmol) in 10 mL toluene a solution of AlMe;
(32.6 mg, 437.9 umol) in 2 mL toluene was added dropwise and stirred for 24 h. The solvent was removed under
reduced pressure and washed three times with 10 mL n-hexane. After removing the solvent under reduced
pressure 2b (60.0 mg, 144.0 umol, 66%) was obtained as a colourless powder. 'H NMR (400.1 MHz, [Dg]THF,
26 °C): 6 =6.36 (s, 2 H, 4-H(pz)), 3.36 (sept., 34 +=6.73 Hz, 4 H, CH(CHs)2), 1.31 (d, 3Ju4=6.73 Hz, 24 H, CH(CHs),),
—0.62 (s, 12 H, Al(CHs);) ppm. Elemental analysis calcd. (%) for Ca2Ha2AlN4 (416.57 gmol™?): C 63.43, H 10.16, N
13.45; found: C 63.68, H 10.16, N 13.68.

[AI(N,N’,N”’-AK{pz™e:}sMe),][Al(pz™e2)sMe] (3). To a solution of HpzVe: (200.0 mg, 2.081 mmol) in 10 mL toluene
a solution of AIMes (50.0 mg, 693.5 umol) in 2 mL toluene was added dropwise in a pressure tube. The solution
was heated to 130 °C and stirred for 4 d. After cooling to ambient temperature colourless crystals were grown
suitable for an X-ray structure analysis. The supernatant solution was separated and the crystalline material was
dried under reduced pressure. Compound 3 was obtained as a colourless powder in a quantitative yield. 2’Al NMR
(104.3 MHz, [Ds]THF, 26 °C): 6 = 75.7 (MeAlpzs), 0.3 (Al(pz3),) ppm. DRIFTS: Vimax = 3118 (m, CH(aryl)), 3052 (w),
2978 (m), 2954 (m), 2928 (s), 2867 (m), 2814 (vw), 2744 (vw), 1577 (w), 1541 (vs), 1506 (m), 1419 (vs), 1370 (m),
1328 (s), 1316 (vs), 1208 (vw), 116 (s), 1124 (vs), 1090 (m), 1055 (vs), 1042 (s), 1015 (s), 988 (m), 971 (s), 821 (s),
791 (vs), 776 (s), 756 (m), 746 (s), 671 (m), 595 (m), 530 (s), 505 (s), 482 (s), 461 (m), 411 (m), 402 (m) cm™.
CasH72AlIzN1g (1009.16 gmol™?): C 58.21, H 7.57, N 23.96; found: C 58.27, H 6.87, N 26.74. The hydrogen and
nitrogen results are outside the range for analytical purity, but no better elemental analysis could be obtained

Me2

to current date, due to co-crystallization of excess Hpz"'** and the high nitrogen content.
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[Al(pz®)3], (4). AICI5 (87.0 mg, 653 umol) and Kpz™ (372.5 mg, 1.958 mmol) were dissolved in 15 mL THF and
stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted three times with
n-hexane. The solution was concentrated and stored at —40 °C. Overnight single crystals formed suitable for an
X-ray structure analysis. After separation of the supernatant solution and drying of the crystals under reduced
pressure, 4 could be obtained as a colourless powder (142.8 mg, 149 umol, 46%). *H NMR (400.1 MHz, [Dg]THF,
26°C):86=6.27(s,2 H, 4-H(p-pz)), 5.89 (s, 4 H, 4-H(pz)), 2.99 (sept., 3Jun=6.77 Hz, 4 H, CH(CHs),(u-pz)), 2.68 (sept.,
3JH,H=6.89 Hz, 8 H, CH(CH3)2(pZ)), 1.04 (d, 3./H,H=6.89 Hz, 48 H, CH(CHa)z(pZ)), 1.04 (d, 3JH,H=6.77 Hz, 24 H,
CH(CHs)2(p-pz)) ppm. BC{H} NMR (100.6 MHz, [Dg]THF, 26 °C): 6 = 167.3 (3/5-C (u-pz)), 161.5 (3/5-C (pz)), 101.7
(4-C (p-pz)), 99.4 (4-C (pz)), 27.8 (CH(CH3)2 (pz)), 27.7 (CH(CH3)2 (u-pz)), 24.0 (CH(CHs)2 (pz)), 23.4 (CH(CHs)2 (1~
pz)) ppm. Al NMR (104.26 MHz, [Dg]THF, 26 °C): 6 = 68.1 ppm. Vmax = 2963 (vs), 2928 (s), 2908 (m), 2868 (m),
1534 (s), 1518 (w), 1495 (w), 1459 (m), 1423 (w), 1380 (m), 1360 (m), 1300 (w), 1283 (w), 1266 (w), 1179 (w),
1167 (w), 1141 (m), 1107 (m), 1071 (w), 1054 (m), 1030 (w), 991 (w), 926 (vw), 879 (vw), 800 (w), 731 (w), 720
(w), 693 (vw), 596 (w), 561 (w), 540 (m), 504 (w), 483 (w), 440 (w) cm™. Cs4HgoAlN1, (961.36 gmol™?): C 67.47, H
9.44, N 17.48; found: C67.80, H 9.44, N 17.65.

[Al(pz™"2)3(Hpz™"2)], (4a). Compound 4b was obtained as a crystalline side product in the synthesis of 4 due to
residual water in the solvent THF. 'H NMR (400.1 MHz, [Dg]THF, 26 °C): § =5.99 (s, 4 H, 4-H(pz)), 2.75 (sept.,
3JH,H=6.89 Hz, 8 H, CH(CHa)z), 1.12 (d, 3JH,H=6.89 Hz, 48 H, CH(CH3)2) ppm.

[Ga(pz!®¥2)(u-N,N,C-pzBC(CH:):CH2)], (5). GaCls (31 mg, 178 umol) and Kpz®¥2 (125 mg, 534 umol) were dissolved in
15 mL THF and stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted
three times with THF. The solution was concentrated and stored at —40 °C. Overnight a few colourless single
crystals of 5 formed suitable for an X-ray structure analysis. NMR studies showed a complicated product mixture.

[GaMe;(pzt®*)],. To a solution of Hpz® (236 mg, 1.306 mmol) in 10 mL toluene a solution of GaMes (50 mg,
435 umol) in 2 mL toluene was added dropwise and stirred overnight. The solvent was removed under reduced
pressure and washed three times with 10 mL n-hexane. After removing the solvent under reduced pressure
[GaMey(pzt®*2)], was obtained as colourless crystals in a quantitative yield. *H NMR (400.1 MHz, [Dg]Tol, 26 °C):
8=6.19 (s, 2 H, 4-H(pz)), 1.33 (s, 36 H, C(CHs)3), —0.23 (s, 6 H, Ga(CHs),) ppm.

Al(CO,-pz'¥2),(pzB¥2) (1-CO,). A solution of Al(pz®¥2)3 (300.0 mg, 531 umol) in THF was stirred under 1 bar CO, for
16 h and stored under ambient temperature. By evaporating the solvent slowly under glovebox atmosphere
colourless crystals were obtained suitable for an X-ray structure analysis. The supernatant solution was
separated, the residue was dried for 2 h at glove box atmosphere and 1-CO, was obtained as a white powder
(304.0 mg, 465 umol, 88%). 'H NMR (400.1 MHz, [Ds]THF, 26 °C): 6 = 6.32 (s, 2 H, 4-H (CO,-pz)), 6.00 (s, 1 H, 4-H
(pz)), 1.50 (s, 18 H, 3-C(CHs)s (CO»-pz)), 1.05 (s, 18 H, 3-C(CHs); (CO2-pz)), 1.05 (s, 18 H, 3/5-C(CHs)s (pz)) ppm.
13C{H} NMR (100.6 MHz, [Dg]THF, 26 °C): 6 =161.9 (5-C (CO2-pz)), 161.8 (5-C (pz)), 156.7 (3-C (CO,pz)), 146.9
(CO»), 108.2 (4-C (CO2pz)), 102.5 (4-C (pz)), 34.0 (3-C(CHs)3 (CO2-pz)), 33.2 (5-C(CHs)s (CO2-pz)), 32.5 (3/5-C(CH3)3
(pz)), 31.0 (3/5-C(CHs)s (pz)), 30.3 (5-C(CH3)3 (COz-pz)), 29.2 (3-C(CHs)3 (CO2-pz)) ppm. Al NMR (130.3 MHz,
[Dg]THF, 26 °C): 6 = 17.0 ppm. DRIFT: Vimax = 3144 (vw), 2968 (s), 2912 (w), 2871 (w), 1774 (vs), 1763 (vs), 1722
(w), 1543 (w), 1508 (w), 1480 (w), 1462 (m), 1431 (m), 1397 (vw), 1363 (m), 1328 (vs), 1314 (s), 1289 (vs), 1253
(s), 1233 (w), 1215 (w), 1191 (m), 1159 (m), 1066 (s), 1018 (s), 999 (w), 931 (w), 880 (vs), 866 (s), 835 (vs), 822
(w), 805 (w), 779 (m), 720 (vw), 699 (w), 632 (vw), 575 (vs), 562 (vs), 539 (w), 512 (vs), 482 (w), 428 (m) cm™.
Elemental analysis calcd. (%) for CasHs7AINsO4 (652.84 gmol™?): C 64.39, H 8.80, N 12.87; found: C 64.19, H 8.15,
N 13.10.

[AI(CO,-pz™"2)3]4 (8-CO,). A solution of [Al(pz”™)s]; (4). (20 mg, 21 umol) in 0.5 mL THF-ds placed in a J.Young NMR
tube was put under 1 bar CO, atmosphere. A complete CO; insertion was observed in the *H NMR. However, 4-
CO; could not be isolated as a solid. *H NMR (400.1 MHz, [Dg]THF, 26 °C): § = 6.50 (4-H (pz)), 6.35 (4-H (pz)), 6.31
(4-H (pz)), 3.86 (CH(CHs),), 3.58 (CH(CHs),), 3.35 (CH(CHs),), 1.96 (CH(CHs)2), 1.27 (CH(CHs)z), 1.14 (CH(CHs),), 0.92
(CH(CHs),), 0.86 (CH(CHs),), 0.79 (CH(CHs)2) ppm. C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 162.3 (3-C(pz)),
160.9 (3-C(pz)), 159.5 (3-C(pz)), 156.5 (5-C(pz)), 155.8 (5-C(pz)), 155.6 (5-C(pz)), 147.0 (CO,), 146.6 (CO,), 146.6
(CO,), 105.7 (4-C(pz)), 104.6 (4-C(pz)), 103.9 (4-C(pz)), 26.8 (CH(CHs)2), 26.7 (CH(CHs)2), 26.5 (CH(CHs),), 24.4
(CH(CHs)2), 23.1 (CH(CHs)2), 22.5 (CH(CHs);), 22.4 (CH(CHs)2), 22.2 (CH(CHs)2), 21.8 (CH(CHs),), 21.3
(CH(CHs)2) ppm. Al NMR (130.3 MHz, [Ds]THF, 26 °C): 6 = 12.1 ppm.
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Sc(pz®2)s(thf) (7). ScCls(thf)s (143.8 mg, 391 umol) and Kpz®*: (275.1 mg, 1.173 mmol) were dissolved in 15 mL
THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three
times with n-hexane. The solution was concentrated and stored under —40 °C. Overnight single crystals were
grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the
crystals under reduced pressure, 7 could be obtained as a colourless powder (210.0 mg, 321 umol, 82%). *H NMR
(400.1 MHz, [Ds]THF, 26 °C): 6 = 6.06 (s, 3 H, 4-H(pz)), 3.62 (M, 4 H, 1,4-CHa(thf)), 1.77 (m, 4 H, 2,3-CHa(thf)), 1.20
(s, 54 H, C(CHs)s) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 158.9 (3/5-C(pz)), 103.0 (4-C(pz)), 67.7 (1,4-
CHa(thf)), 32.4 (C(CHs)s), 31.5 (C(CHs)s), 25.6 (3,4-C(thf)) ppm. “*Sc NMR (121.5 MHz, [Dg]THF, 26 °C):
6 =41.6 ppm. DRIFTS: Vimax = 3115 (vw, CH(aryl)), 2963 (vs), 2929 (s), 2902 (s), 2867 (s), 1520 (m), 1505 (s), 1459
(s), 1434 (m), 1415 (w), 1387 (w), 1359 (s), 1310 (w), 1252 (m), 1229 (m), 1205 (w), 1108 (vw), 1020 (m), 997 (m),
952 (vw), 919 (w), 871 (m), 825 (vw), 796 (m), 724 (w), 682 (vw), 628 (vw), 562 (vw), 538 (w), 478 (m)cm™.
C37HesNsOSc (654.92 gmol?): C 67.86, H 10.00, N 12.83; found: C 67.12, H 9.70, N 12.42. The carbon value is
outside the range for analytical purity, but no better elemental analysis could be obtained to date, due to residual
THF.

[Y(pz™e2)3(thf)]2 (9). YCls(thf).s (200.0 mg, 446 umol) and Kpz™®¥2 (179.9 mg, 1340 umol) were dissolved in 15 mL
THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three
times with n-hexane. The solution was concentrated and stored under —40 °C. Overnight single crystals were
grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the
crystals under reduced pressure 9 could be obtained as a colourless powder (138.1 mg, 309 umol, 69%). *H NMR
(400.1 MHz, [Ds]THF, 26 °C): & = 5.86 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 1,4-CH(thf)), 2.18 (s, 18 H, CHs), 1.77 (m, 4
H, 2,3-CH,(thf)) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 144.9 (3/5-C(pz)), 107.4 (4-C(pz)), 68.0 (1,4-
CHa(thf)), 26.2 (2,3-CHa(thf)), 13.2 (CHs) ppm. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): 148.8 (3/5-C(pz)),
145.6 (3/5-C(pz)), 144.9 (3/5-C(pz)), 143.7 (3/5-C(pz)), 111.3 (4-C(n-pz)), 105.0 (4-C(p-pz)), 72.2 (1,4-CH,(thf)),
24.5 (2,3-CH;(thf)), 15.5 (CHs(p-pz)), 15.0 (CHs(u-pz)), 13.6 (CHs(n-pz)) ppm.

[Y(pzt®2)s(thf),] (10). YCls(thf),5 (100.0 mg, 266 umol) and Kpz®“: (174.4 mg, 799 umol) were dissolved in 15 mL
THF and stirred for 3 d. The solvent was removed under reduced pressure and the residue was extracted three
times with n-hexane. The solution was concentrated and stored under —40 °C. Overnight single crystals were
grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the
crystals under reduced pressure 10 could be obtained as a colourless powder (171.1 mg, 189 umol, 71%). *H NMR
(400.1 MHz, [Ds]THF, 26 °C): 6 = 6.05 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H, 1,4-CH,(thf)), 1.77 (m, 4 H, 2,3-CH,(thf)), 1.22
(s, 54 H, C(CHs)s) ppm. 3C{H} NMR (100.6 MHz, [Ds]THF, 26 °C): & = 159.2 (3/5-C(pz)), 101.6 (4-C(pz)), 68.0 (1,4-
CHa(thf)), 32.4 (C(CHs)3), 31.6 (C(CHs)s), 26.2 (2,3-CHa(thf)) ppm. CaiH73NgO,Y (770.98 gmol™): C 63.87, H 9.54, N
10.90; found: C 64.42, H9.32, N 11.05.

[Sc(CO,-pz!¥2)(pztBH2),(thf)], (7-CO,). A solution of Sc(pz®“2)s(thf) (7) (20 mg, 34 umol) in 0.5 mL THF-ds in a
J.Young NMR tube was put under 1 bar CO, atmosphere. While, a CO, insertion was observed in the *H NMR
spectrum, 7-CO; could not be isolated as a solid, due to immediate CO, release in the absence of a solvent.
1H NMR (400.1 MHz, [Ds]THF, 26 °C): 6 =6.15 (s, 2 H, 4-H(pz)), 6.04 (s, 1 H, 4-H(CO,pz)), 3.62 (m, 4 H, 1,4-
CHa(thf)), 1.77 (m, 4 H, 2,3-CHa(thf)), 1.51 (s, 9 H, C(CHs)3(CO2pz)), 1.24 (s, 36 H, C(CHs)3(pz)), 0.77 (s, 9 H,
C(CHs)3(CO2-pz)) ppm. BC{H} NMR (100.6 MHz, [Ds]THF, 26 °C): 6 = 160.5 (3/5-C (CO»-pz)), 159.4 (3/5-C (pz)),
157.0 (3/5-C (CO,-pz)), 149.7 (CO,), 104.9 (4-C(pz)), 104.6 (4-C(CO,-pz)), 68.2 (1,4-C(thf)), 34.1 (C(CH3)3(CO,-pz)),
32.6 (C(CHs)3(pz)), 32.4 (C(CHs)3(C0O2+pz)), 31.5 (C(CH3)s(pz)), 30.2 (C(CH3)3(CO,-pz)), 29.7 (C(CH3)3(CO»-pz)), 26.4
(2,3-C(thf))ppm. **Sc NMR (121.5 MHz, [Dg]THF, 26 °C): & = 69.1 ppm. For an IR spectrum, see $99. Elemental
analysis was not feasible due to immediate CO, release upon drying the CO,-inserted compound.

[Sc(CO,-pzB¥2)(pztBt),], (7a-CO,). A solution of Sc(pz®“)s(thf) (7) (20 mg, 34 umol) in 0.5 mL toluene-ds in a
J.Young NMR tube was put under 1 bar CO, atmosphere. A complete insertion was observed in the 'H NMR
spectrum. Overnight single crystals of 7a-CO, were grown suitable for an X-ray structure analysis. *H NMR
(500.1 MHz, [Ds]Tol, 26 °C): 6 = 6.29 (s, 4 H, 4-H(pz)), 5.92 (s, 2 H, 4-H(CO,-pz)), 1.67 (s, 18 H, 5-C(CH3)3(CO,-pz)),
1.39 (s, 72 H, C(CHs)s(pz)), 0.78 (s, 18 H, 3-C(CHs)3(CO,-pz)) ppm. *C{H} NMR (100.6 MHz, [Ds]Tol, 26 °C):
& =159.9 (3-C (CO»-pz)), 159.1 (3/5-C (pz)), 156.9 (5-C (CO,-pz)), 148.6 (CO,), 104.7 (4-C(pz)), 103.9 (4-C(CO»-pz)),
33.9 (5-CC(CH3)3(CO2pz)), 31.9 (3CC(CHs)3(CO2-pz)), 31.4 (3/5-CC(CHs)s(pz)), 30.6 (C(CHs)s(pz)), 30.0 (3-
CC(CH3)3(CO2+pz)), 29.3 (5-CC(CH3)3(CO2-pz)) ppm. #*Sc NMR (97.19 MHz, [Dg]Tol, 26 °C): & = 39.1 ppm. For an IR
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spectrum, see S99. Elemental analysis was not feasible due to immediate CO, release upon drying the CO-
inserted compound.

[Sc30(pzMe2);(Hpz™e2),] (8). ScCls(thf)s (113.8 mg, 310 umol) and Kpz“e: (124.7 mg, 929 umol) were dissolved in
15 mL THF and stirred for 6 d. The solvent was removed under reduced pressure and the residue was extracted
three times with THF. The solution was concentrated and stored under —40 °C. Overnight single crystals were
grown suitable for an X-ray structure analysis. After separation of the supernatant solution and drying of the
crystals under reduced pressure, 8 could be obtained as a colourless powder (75.4 mg, 75 umol, 72%). *H NMR
(400.1 MHz, [Ds]THF, 26 °C): & = 12.38 (s, 2 H, NH), 5.74 (s, 9 H, 4-H(pz)), 2.14 (s, 54 H, C(CHs)s) ppm. 3C{H} NMR
(100.6 MHz, [Ds]THF, 26 °C): &=143.6 (3/5-C(pz)), 105.3 (4-C(pz)), 11.7 (CHs) ppm. *5Sc NMR (121.5 MHz,
[Dg]THF, 26 °C): 6 = 153.2 (5cO(pz)3(Hpz),), 45.1 (ScO(pz)s) ppm.

[Y(CO2-pzMe:)5(thf)]2 (9-CO,). Route A: A solution of [Y(pzM®2)s(thf)], (9) (30 mg, 40 umol) in 0.5 mL THF-ds placed
in a J.Young NMR tube was put under 1 bar CO, atmosphere. A complete insertion was observed in the *H NMR
spectrum. However, a crystalline material of 9-CO; could not be isolated. Route B: A Schlenk tube was loaded
with solid [Y(pzMe2)s(thf)], (9) and the atmosphere changed to 1 bar CO,. After 3 h 9-CO; could be collected as a
white powder in quantitative yield. *H NMR (400.1 MHz, [Ds]THF, 26 °C): § =5.66 (s, 3 H, 4-H(pz)), 3.62 (m, 4 H,
1,4-CHa(thf)), 2.18 (s, 9 H, CHs)), 2.09 (s, 9 H, CHs), 1.77 (m, 4 H, 2,3-CH,(thf) ppm. 3C{H} NMR (100.6 MHz,
[Ds]THF, 26 °C): & = 148.4 (3-C (pz)), 138.6 (5-C (pz)), 103.4 (4-C (pz)), 68.0 (1,4-C(thf)), 26.2 (2,3-CHa(thf)), 13.1
(5-CCHs (pz)), 10.4 (3-CCH; (pz)) ppm. *C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz): § = 152.1 (CO,), 149.6
(5-C(pz)), 143.8 (3-C(pz)), 109.5 (4-C(pz)), 67.2 (1,4-C(thf)), 25.1 (2,3-CHa(thf)), 12.8 (CHs) ppm. DRIFTS:
Umax = 3327 (vw), 3145 (vw), 3107 (vw), 2981 (w), 2926 (w) 2870 (w), 1729 (vs), 1702 (vs), 1686 (vs), 1561 (m),
1521 (vw), 1467 (m), 1415 (m), 1368 (s), 1341 (s), 1300 (s), 1213 (m), 1158 (vw), 1133 (m), 1068 (w), 1042 (s),
983 (m), 913 (vw), 834 (s), 791 (m), 727 (vw), 663 (vw), 632 (w), 607 (vw), 577 (vw), 477 (w), 456 (w), 426 (w),
407 (vw) cm™,

[Al(pz)s]» (10). To a solution of Al(pz®“2); (1) (228 mg, 404 umol) in 8 mL toluene a solution of Hpz (83 mg,
121 umol) in 8 mL toluene was added dropwise. An immediate formation of a white precipitate was observed.
The reaction mixture was stirred for an additional 4 h. The solvent was removed under reduced pressure and the
residue was washed three times with n-hexane. After drying the residue under reduced pressure 10 could be
obtained as a white powder (71 mg, 310 umol, 77%). 3C CP/MAS (75.47 MHz, MAS at 8 kHz): 6 = 139.8 (3/5-
C(pz)), 102.4 (4-C(pz)) ppm. 2’Al CP/MAS (78.20 MHz, MAS at 8 kHz): & = 5.2 ppm. DRIFTS: imax = 1502 (m), 1425
(w), 1411 (vw), 1397 (s), 1354 (vw), 1278 (m), 1252 (vw), 1184 (w), 1172 (w), 1066 (vs), 976 (vw), 945 (vw), 927
(vw), 894 (vw), 764 (s), 628 (s), 480 (m), 444 (m) cm™. CoHgN6Al (228.19 gmol™?): C 47.37, H 3.98, N 36.83; found:
C50.12, H 4.68, N 33.93. The values are outside the range for analytical purity, but no better elemental analysis
could be obtained to date, due to the high nitrogen content and residual 1, which is visible in the solid-state NMR
spectra.

[Sc(pz)s]s (11). To a solution of Sc(pz®¥2)s(thf) (7) (200 mg, 270 umol) in 8 mL toluene a solution of Hpz (84 mg,
124 umol) in 8 mL toluene was added dropwise. An immediate formation of a white precipitate was observed.
The reaction mixture was stirred for an additional 4 h. The solvent was removed under reduced pressure and the
residue was washed three times with n-hexane. After drying the residue under reduced pressure 11 could be
obtained as a white powder in quantitative yield. 3C CP/MAS (75.47 MHz, MAS at 8 kHz): & = 139.5 (3/5-C(pz)),
102.9 (4-C(pz)) ppm. **Sc CP/MAS (72.90 MHz, MAS at 8 kHz): = 156.0 ppm. DRIFTS: ¥max = 1493 (vs), 1444 (w),
1412 (vs), 1367 (vs), 1257 (vs), 1240 (m), 1156 (vs), 1074 (m), 1041 (vs), 962 (s), 920 (m), 882 (w), 762 (vs), 730
(w), 695 (vw), 619 (vs), 465 (vw) cm™. CsHoNsSc (246.17 gmol™): C 43.91, H 3.69, N 34.14; found: C 48.35, H 4.52,
N 28.83. The values are outside the range for analytical purity, but no better elemental analysis could be obtained
to date, due to the high nitrogen content and residual 7, which is visible in the solid-state NMR spectra.

[AI(CO2:pz)x(pz)3-x]n (10-CO,). A Schlenk tube was loaded with solid [Al(pz)s], (78.57 mg, 495.9 ummol) and the
atmosphere was changed to 1 bar CO,. Overnight 10-CO; could be collected as a white powder in quantitative
yield. DRIFTS: Vmax = 1767 (w), 1503 (vw), 1425 (vw), 1397 (m), 1353 (vw), 1278 (m), 1185 (vw), 1173 (vw), 1067
(vs), 977 (vw), 956 (vw), 838 (vw), 762 (m), 627 (m), 480 (vw), 446 (vw) cm™.

General procedure of the catalysis of epoxides to cyclic carbonates. As a representative example: a small
Schlenk tube was charged with Al(pz®®“); (10.0 mg, 17 umol) and TBAB (11.4 mg, 35 umol) and dissolved in the
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corresponding epoxide (3.541 mmol). The atmosphere was exchanged with 1 bar CO, and the reaction mixture
was stirred for 24 h. The state of the conversion from the epoxide to the cyclic carbonate was determined via *H
NMR by dissolving the reaction mixture in CDCls.
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Figure S1. Al NMR spectrum (26 °C, 130.32 MHz, [Ds]THF) of Al(pz®“)s (1).
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Figure S2. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [AlMe;pz/*2], (2b) (n-hexane, #Hpz'™").
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Figure S3. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [AI(N,N’,N”’-Al{pzV:}sMe),][Al(pzMe:)sMe] (3).
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Figure S4. Al NMR spectrum (26 °C, 104.26 MHz, [Dg]THF) of [AI(N,N’,N”-Al{pz™:}:Me);] [Al(pzVe:)sMe] (3).
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Figure S5. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Al(pz"2)3], (4) (+ Al(pz™"2)s(Hpz"™") (4a)).
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Figure S6. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Al(pz™™2)3]; (4).

S10



68.1

" A alia
TP "

L o)

T T T T T T T T T
400.0 300.0 200.0 100.0 0.0 -100.0 -200.0 -300.0 -400.0 ppm

Figure S7. Al NMR spectrum (26 °C, 104.26 MHz, [Dg]THF) of [Al(pz™"2)3]; (4).
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Figure S8. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of Al{pz"™"2)s(Hpz™") (4a).
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Figure S9. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of the reaction mixture resulting in [Ga(pz®“2)(u-N,N,C-
pzBuCCH:,CHa) 1) () as a side product.
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Figure S10. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [GaMe,pzB'2]; (# excess Hpz™®2).
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Figure S11. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of Al{COpz®¥2),(pz®*) (1-CO;) (+ n-hexane).
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Figure S12. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of Al(CO,-pz'®2);(pz'®2) (1-CO,) (+ n-hexane).
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Figure S13. 27Al NMR spectrum (26 °C, 130.32 MHz, [Ds]THF) of Al(CO,-pz™®2),(pz®2) (1-CO,).
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Figure S14. Comparison of the Al NMR spectra (26 °C, 130.32 MHz, [Dg]THF) of Al{pz™®“)s (1, bottom) and
Al(CO, pz®¥2),(pzB™) (1-CO,, top).
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Figure S15. VT 'H NMR spectra (500.13 MHz, [Ds]THF) of Al{CO,-pz®),(pz™") (1-CO;) in the range of 26 °C to

100 °C and back to 26 °C showing the formation of + Al(pz®“2); (1) and # Al(CO,-pz!®*2)(pzi®2),.
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Figure S16. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [AI{COz pz™2)3]; (4-CO3).
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Figure S17. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Al{CO;-pz"™"2);]; (4-CO;).
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Figure S18. 'H-13C HMBC NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Al(CO,-pz/*7)s]; (4-CO;).
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Figure S19. 27Al NMR spectrum (26 °C, *H: 400.11 MHz/13C: 104.26 MHz, [Dg]THF) of [Al{CO2-pz™")3]; (4-CO,).
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Figure S20. Comparison of the Al NMR spectra (26 °C, 130.32 MHz, [Ds]THF) of Al(pz*™)s], (5, bottom) and
[Al(COZ'pZiPrZ)g,]z (4-C02, tOp).
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Figure S21. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of Sc(pz®“)s(thf) (7).
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Figure S22. 13C{*H} NMR spectrum (26 °C, 125.76 MHz, [Ds]THF) of Sc(pz®“2)s(thf) (7).
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Figure S23. “>*Sc NMR spectrum (26 °C, 121.49 MHz, [Ds]THF) of Sc(pz®“)s(thf) (7).
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Figure S24. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Y(pzMe2)s(thf)] (9).
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Figure S25. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Y(pz™®2)s(thf)], (9).
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Figure S26. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz) of [Y(pz™®)s(thf)]; (9).
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Figure S27. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Y(pz®“)s(thf);] (10).
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Figure S28. 13C{*H} NMR spectrum (26 °C, 100.61 MHz, [Ds]THF) of [Y(pz™®)s(thf);] (10).
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Figure S29. 'H NMR spectrum (26 °C, 400.11 MHz, [Dg]THF) of [Sc(CO»pz¥2)(pzi®2),(thf)] (7-CO,).
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Figure S30. 13C{*H} NMR spectrum (26 °C, 125.76 MHz, [Dg] THF) of [Sc(CO,-pz’2)(pzB¥2),(thf)] (7-CO.).
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Figure S31. VT H NMR spectra (500.13 MHz, [Dg]THF) of [Sc(CO,-pz2)(pz®),(thf)] (7-CO,) in the range of 26 °C
to 80 °C and back to 26 °C showing the formation of + Sc(pz®“)s(thf) (7).
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Figure S32. **Sc NMR spectrum (26 °C, 121.49 MHz, [Dg]THF) of [Sc(CO,-pz™2)(pz®¥),(thf)] (7-CO,).
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Figure S33. Comparison of the **Sc NMR spectra (26 °C, 121.49 MHz, [Ds]THF) of Sc(pz'®2);(thf) (7, bottom) and

Sc(CO,-pziBe2)(pziBh),(thf) (7-CO,, top).
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Figure S34. *H NMR spectrum (26 °C, 400.12 MHz, [Ds]toluene) of a [Sc(COy-pz™2)(pz®),]; (7a-CO;) and b a

higher inserted product (7b-CO,, + free THF).
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Figure $35. 'H NMR spectrum (26 °C, 500.13 MHz, [Ds]toluene) of [Sc(CO,-pz®2)(pzB¥),], (7a-CO,) (# a higher
inserted product 7b-CO;; + free THF).
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Figure S36. 3C{'H} NMR spectrum (26 °C, 125.76 MHz, [Ds]THF) of [Sc(CO;-pz™“)(pz'B:);]; (7a-CO;) (+
free/coordinated THF; # higher inserted species 7b-C0O,).
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Figure S37. **Sc NMR spectrum (26°C, 97.19 MHz,

[Ds]toluene) of [Sc(CO,-pz®)(pzt®);]; (7a-CO;) at

6 =39.1 ppm and higher inserted species 7b-CO; at 6 = 165.8 ppm.
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Figure S38. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [ScsO(pzMe2);(HpzV<2),] (8) (# n-hexane, do =
HpzpzMe).
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Figure $39. 13C{*H} NMR spectrum (26 °C, 125.76 MHz, [Ds]THF) of [SczO(pzV®2);(HpzV);] (8) (+ n-hexane).
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Figure S40. “>*Sc NMR spectrum (26 °C, 121.49 MHz, [Ds]THF) of [Scz0(pzM2);(HpzVe:),] (8).
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Figure S41. *H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of the product from [ScsO(pz™©2),(HpzV<:),] + CO; (8-
CO,).

2/4
1710 8 3 9 611512
AN oo N~ [{e}
- O WM o S o 0=~
LLeIIR - 2 LN
CO,
N o | . NV
o 5 0 O
Me 7
/U\ 2 0Sc 1
HO 1 N X g N 8 Me
/
| N3 \N\ /
N~ 10— 9
Me | Me ]
6 12 X-2
+ +
+
A...AL_"J_J J\_'_' L " Wt
[ T T T T T T T 1
140 120 100 80 60 40 20 ppm

Figure $42. 13C{*H} NMR spectrum (26 °C, 125.76 MHz, [Ds]THF) of the product from [SczO(pzVe2);(HpzV),] + CO;
(8-C0O;,) (+ n-hexane).

528



53.6

T T T T T T T T T
900 800 700 600 500 400 300 200 100 0 ppm

Figure S43. **Sc NMR spectrum (26 °C, 121.49 MHz, [Ds]THF) of the product from [SczO(pzV®2);(Hpz™e);] + CO;
(8-C0O,).
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Figure S44. Comparison of the **Sc NMR spectra (26 °C, 121.49 MHz, [Ds]THF) of [SczO(pzV2);(HpzMe),] (8,
bottom) and of the product from [ScsO(pz™©2);(HpzV¢2),] + CO; (8-CO,, top).
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Figure S45. 'H NMR spectrum (26 °C, 400.11 MHz, [Ds]THF) of [Y(CO;-pzMe2)s(thf)], (9-CO;) (# cluster insertion

species).
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Figure S46. 'H NMR spectrum (26 °C, 125.76 MHz, [Ds]THF) of [Y(CO,-pzMe2)s(thf)], (9-CO;) (# cluster insertion

species).
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Figure S47. Comparison of the *H NMR spectra (26 °C, 400.11 MHz, [Ds]THF) of [Y(pzV®)s(thf)]; (9, bottom) and

[Y(COy-pzMe2)s(thf)4], (9-CO;, top).
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Figure S48. VT 'H NMR spectra (500.13 MHz, [Ds]THF) of [Y(CO,-pzMe2)s(thf)], (9-CO2) in the range of 26 °C to
100 °C (+ showing CO, release and formation of [Y(pzVe2)s(thf)]; (9)).
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Figure S49. 3C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz) of [Y(COz-pzMe)(pz™®2);.,(thf),], (9-CO,) (a =

[Y(pz")s(thf)]2 (9)).
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Figure S50. Comparison of 13C CP/MAS spectra (75.47 MHz, MAS at 8 kHz) of [Y(pzV2)s(thf)]; (9, bottom) and

[Y(CO2-pz¥')(pz"***)s-(thf),]» (9-CO2, top).
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Figure S51. 'H NMR spectrum (26 °C, 400.11 MHz, [Dg]THF) of Y(pz®“)s(thf); (10) reacted with 1 bar CO,.
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Figure S52. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz) of [Al(pz)s]. (10) (+ residual Al(pz®")s (1); # rotation
side band).
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Figure S53. 27Al CP/MAS spectrum (78.20 MHz, MAS at 8 kHz) of [Al(pz)s]. (10).
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Figure S54. 13C CP/MAS spectrum (75.47 MHz, MAS at 8 kHz) of [Sc(pz)s]» (11) (+ residual Sc(pzB)s(thf) (7); #
rotation side band).
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Figure S55. *>Sc CP/MAS spectrum (72.90 MHz, MAS at 8 kHz) of [Sc(pz)s]. (11).
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Figure S56. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Al{pz

tBu

2); (1) as a catalyst.
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Figure S57. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of Al(pz®); (1) as a catalyst.
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Figure S58. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of Al(pz“);

(1) as a catalyst.
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Figure $59. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO, to 1,2-n-hexylene carbonate by using 0.5 mol% of Al(pz'®:); (1) as a

catalyst.
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Figure S60. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of [Al(pz™"2)3); (4) as a catalyst.
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Figure S61. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of [Al(pz™™)s), (4) as a catalyst.
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Figure S62. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of [Al(pz™"2)3);
(4) as a catalyst.
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Figure S63. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO, to 1,2-n-hexylene carbonate by using 0.5 mol% of [Al(pz™);]; (4) as a

catalyst.
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Figure S64. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a

catalyst.
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Figure S65. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of Sc(pz®“2);(thf) (7) as a catalyst.
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Figure S66. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
Sc(pz™2)s(thf) (7) as a catalyst.
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Figure S67. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of Sc(pz'®“)s(thf) (7) as a

catalyst.
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Figure S68. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.25 mol% of Sc(pz®2);(thf) (7) as a

catalyst.
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Figure S69. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.01 mol% of Sc(pz®2);(thf) (7) as a

catalyst at 90 °C and 10 bar CO,.
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Figure $70. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of [Y(pzMe)s(thf)]; (9) as a

catalyst.
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Figure S71. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of [Y(pzMe2)s(thf)], (9) as a catalyst.
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Figure S72. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
[Y(pzMe2)5(thf)]; (9) as a catalyst.
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Figure S73. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of [Y(pzMe2)s(thf)]; (9) as

a catalyst.
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Figure S74. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO, to propylene carbonate by using 0.5 mol% of [Y(pz™);(thf)]; (10) as a

catalyst.
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Figure S75. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO; to styrene carbonate by using 0.5 mol% of [Y(pz®'2)s(thf)], (10) as a catalyst.
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Figure S76. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
[Y(pz®“)3(thf)]; (10) as a catalyst.
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Figure S77. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of [Y(pz®2);(thf)], (10) as

a catalyst.
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Figure S78. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO, to propylene carbonate by using 0.5 mol% of [Ce(pz™®)s]s (13) as a

catalyst.

S46



8.0 7.0 6.0 5.0 4.0 3.0 ppm

12.65
7.35

8

Figure $79. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of [Ce(pz™®)s]4 (13) as a catalyst.
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Figure S80. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
[Ce(pzMe2)3]4 (13) as a catalyst.
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Figure S81. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of [Ce(pz™®2)3], (13) as a

catalyst.
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Figure $S82. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO, to propylene carbonate by using 0.5 mol% of [Ce(pz™®),); (14) as a

catalyst.

548



A o) 0
Ph h)_/

P
A
A
B
A
s N\

N Jl JL L Jo
T T T T T T 1
8.0 7.0 6.0 5.0 4.0 3.0 ppm

: :

Figure S83. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of [Ce(pz™®),); (14) as a catalyst.
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Figure S84. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO, to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of
[Ce(pzMe2),4]; (14) as a catalyst.
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Figure S85. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of [Ce(pz™®2),); (14) as a

catalyst.
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Figure S86. Conversion of propylene oxide to the corresponding cyclic carbonate with Sc(pz®“);(thf) (7) as a
catalyst, plotted against the reaction time.

Table S1. TOF determination of Sc(pz®“2)s(thf) (7) with 1 bar CO; at ambient temperature

Entry Time [h] Conversion [%] TON TOF [hY]
1 0 0 0 0
2 5 min 5 12 120
3 0.5 14 28 43
4 1 35 70 84
5 2 51 102 32
6 3 56 112 10
7 4 71 142 30
8 6 96 192 25
9 12 100 200 1.3
10 24 100 200 0
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Figure S87. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 5 min.
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Figure S88. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 30 min.
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Figure $S89. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 1 h.
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Figure $90. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 2 h.
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Figure S91. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a

catalyst after 3 h.
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Figure $92. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a

catalyst after 4 h.
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Figure S93. H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 6 h.
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Figure S94. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Sc(pz™“);(thf) (7) as a
catalyst after 12 h.
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Figure S95. TGA of Al{CO;-pz™®2),(pz®) (1-CO,). Sample was heated from 28 °C to 1000 °C with a heating ratio of
1 K/mint under constant Ar flow.
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Figure $S96. TGA of Y(CO,-pzMe)3(thf); (9-CO;). Sample was heated from 28 °C to 1000 °C with a heating ratio of
1 K/mint under constant Ar flow.
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Figure S97. DRIFT spectrum of Al(CO,-pz8),(pz®*:) (1-CO,) at 25 °C.
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Figure S98. DRIFT spectrum of Sc(pz®“)s(thf) (7) at 25 °C.
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Figure S99. DRIFT spectrum of Sc(pz™“2)s(thf) (7-CO;) under 1 bar CO; at 25 °C.
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Figure S100. DRIFT spectrum of Y(CO,-pzV)s(thf); (9-CO,) at 25 °C.
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Figure S101. DRIFT spectrum of [AI{CO;-pz)«(pz)sx]n (10-CO,) at 25 °C.
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Table S2. Crystallographic data for compounds 3, 4, 4a and 5

3 4 4a 5
Formula CagH72Al4N18 Cs4HgoAl2N12 C3sHe1AINg Ca4H74GazNs
CCDC 2358936 2358938 2358937 2358935
M [g mol™] 1009.15 961.33 632.90 854.55

colour/shape

Crystal dimensions
[mm]

cryst. system
space group

a [A]

b [A]

c[A]

al’]

Bl

7l

VA%

z

T[K]

wavelength [A]
Peaied [g cm™]
p[mm™]

F(000)

0 range [°]

unique reflns
observed refins
GIRy/BIWR, (1>20)!
aIR;/bIwWR; (all data)

GOF

colourless/cube

0.251 x 0.214 x
0.208

orthorhombic
Cmc2,
13.5515(8)
17.0956(11)
22.4553(13)
90

90

90

5202.2(5)

4

100(2)
0.71073

1.288

0.143

2152
1.814/30.517
8255

37775
0.0389/0.0976
0.0438/0.1020

1.027

colourless/block

0.260 x 0.257 x
0.216

triclinic

P1
11.9641(18)
14.235(2)
18.584(3)
89.358(3)
89.130(3)
67.655(3)
2927.1(8)

2

100(2)
0.71073

1.091

0.094

1048
1.547/24.881
10026

53177
0.0452/0.1076
0.0651/0.1214

1.026

colourless/block

0.259 x 0.226 x
0.128

triclinic

P1

10.0806(6)
18.8650(11)
21.4540(13)
70.659(2)
85.157(2)
83.751(2)
3821.7(4)

4

100(2)
0.71073

1.100

0.088

1384
1.756/25.049
13486

55907
0.0466/0.1009
0.0774/0.1158

1.018

colourless/needle

0.201 x 0.086 x
0.071

monoclinic
P2:i/c
11.4112(11)
8.8769(9)
22.888(2)

90

98.730(2)

90

2291.6(4)

2

100(2)
0.71073

1.238

1.214

912
1.806/27.527
5194

32488
0.0401/0.0864
0.0648/0.0973

1.034

(al Ru=2(|[Fol - [Fcl 1)/ 2| Fol, Fo>4o(Fo), [b] WR2 = {Z[w(Fo? - F2)? / Z[w(Fo?)2]}*/2. [c] GOF = [2w/(Fo? - F?) / (no - np)]*/2
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Table S3. Crystallographic data for compounds 1-CO3, 7, 10 and 7-CO>

1-CO; 7 10 7-CO;
formula C3sHs7AIN6O4 C37HesN6OSc Ca9HgaNeO42Y Ca2H130N1204S5¢>
CCDC 2358942 2358939 2358941 2358943
M [g mol™] 652.84 654.91 915.17 1437.89

colour/shape

Crystal dimensions

[mm]

cryst. system
space group
alA]

b [A]

cA]

al’]

Bl

7[°]

VA%

z

T[K]
wavelength [A]
Pealed [g cm™]
p[mm™]
F(000)

0 range [°]

unique reflns

observed reflns
IR1/EIWR, (1>20)!

@R, /IIWR, (all data)

GOF

colourless/block

0.193 x 0.121 x

0.119
orthorhombic
Pbca
12.7837(12)
21.0258(19)
28.522(3)

90

90

90
7666.2(12)

8

100(2)
0.71073
1.131

0.095

2832
1.428/25.024
6769

57763

0.0451/0.0993

0.0786/0.1178

1.012

colourless/block

0.297 x 0.181 x

0.116
monoclinic
P2:i/c
9.7097(5)
22.2896(11)
18.4502(9)
90
102.3030(10)
90

3901.4(3)

4

100(2)
0.71073
1.115

0.223

1432
1.453/26.205
7822

52769

0.0417/0.0988

0.0576/0.1097

1.018

colourless/column

0.268 x 0.077 x

0.064
orthorhombic
Pna2,
22.7827(11)
9.7252(5)
23.6286(12)
90

90

90

5235.3(5)

4

100(2)
0.71073
1.161

1.159

1984
2.265/30.519
15927

70066

0.0521/0.1227

0.1024/0.1427

1.032

colourless/cube

0.339 x 0.220 x

0.176
monoclinic
P21/n
14.3516(15)
17.1001(19)
18.145(2)
90
109.058(2)
90
4209.0(8)

2

100(2)
0.71073
1.135

0.214

1560
1.581/28.299
10457

62529

0.0472/0.1190

0.0688/0.1332

1.053

[al Ru=2(|[Fol - [Fcl 1)/ 2| Fol, Fo>4o(Fo), [b] WR2 = {Z[w(Fo? - F2)? / Z[w(Fo?)2]}*/2. [c] GOF = [2w/(Fo? - F?)2 / (no - np)]*/2
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Table S4. Crystallographic data for compound 8

8
formula CasHesN1s0Scs
CCDC 2358940
M [g mol™] 1009.03

colour/shape

Crystal dimensions
[mm]

cryst. system
space group
alA]

b[A]

cIA]

al’]

Al

7[°]

VA%

z

T[K]

wavelength [A]

Pealed [8 €M)

w1 [mm™]

F(000)

0 range [°]

unique reflns
observed reflns
GIRy/BIWR, (1>20)!
aIR;/bIwWR; (all data)

GOF

colourless/block

0.399 x 0.328 x
0.128

triclinic

P1
11.6097(7)
13.0389(7)
18.9316(11)
97.154(2)
96.121(2)
111.919(2)
2601.2(3)
2

100(2)

0.71073

1.288

0.432

1064
1.711/28.699
13459

103615
0.0376/0.0931
0.0481/0.1005

1.026

(@l Ru=2(| [Fol - [Fcl 1)/ 2| Fol, Fo > 4o(Fo) [b] WR = {Z[w(Fo? - F2)? / Z[w(Fo?)2]}*/2. [c] GOF = [2w/(Fo? - F?)2 / (no - np)]*/2
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The structures were solved by direct methods and refined against all data by full-matrix least-squares methods
on F? using ShelXTL® and ShelXle.!* All the non-hydrogen atoms were refined anisotropically. Disorder models
for 1-CO; and 7 were calculated using RIGU and SIMU restraints. For 7-CO; and 10 DSR!? was used, a program for
refining disordered structures in SHELXL. Complex 10 was refined in an orthorhombic space group Pna2; and
shows disorder of the whole complex. Attempts to do the calculation in the monoclinic system (P2;/n) using a
twinlaw (-1000-1000 1), did not result in a better refinement. All this data can be obtained free of charge

from The Cambridge Crystallographic Data Centre via: https://www.ccdc.cam.ac.uk/structures/

@
C21

Figure S102. Crystal structure of [AI(N,N’,N”-Al{pzV:};Me);][Al(pz™*2)3Me] (3). Ellipsoids are set at the 50%
probability level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A]: All-N1 1.875(3),
Al1-N3 1.8816(19), Al1-C21 1.945(3), Al2—N2 2.043(3), Al2—N4 2.0483(18), AI2—N5 2.0348(18), Al2—N7 2.037(3),
AI3-N6 1.8861(18), AI3—N8 1.892(3), Al3—C22 1.938(3), Al4—N10 1.887(3), Al4—N11 1.9026(18), Al4—C33 1.952(4).
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Figure $103. Crystal structure of [Al(pz™);]; (4). Ellipsoids are set at the 50% probability level. Hydrogen atoms
are omitted for clarity. Selected interatomic distances [A]: Al1-N2 1.8358(17), Al1-N3 1.8904(16), Al1-N9
1.8417(16), AI1-N11 1.9093(17), Al2—N4 1.8926(17), AI2—N5 1.8672(16), Al2—N7 1.8288(17), Al2—N8 2.1461(17),

AI2-N12 1.8901(16).

Figure $104. Crystal structure of Al(pz™)s(Hpz"™") (4a). Ellipsoids are set at the 50% probability level. Hydrogen
atoms as well as a second complex in the unit cell are omitted for clarity. Selected interatomic distances [A]: Al1—
N2 1.8365(17), Al1-N3 1.8513(17), Al1-NS5 1.9085(17), Al1-N7 1.8716(16), N6—H6 0.8800. N8—H6 1.946.
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Figure S105. Crystal structure of [Gapz™'(u-N,N,C-pzB*C(cH::CHy) ], (5). Ellipsoids are set at the 50% probability
level. Hydrogen atoms are omitted for clarity. Selected interatomic distances [A]: Gal-N1 1.9197(19), Gal-N3’
1.9848(19), Gal-N4 1.950(2), Gal-C22’ 1.957(2).

f=ox+1, -y+l, -2+l

Figure $106. Crystal structure of Al(COypz™®:);(pz'®*) (1-CO,). Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as disorder in the tBu moities are omitted for clarity. Selected interatomic distances [A]:
Al1-N1 2.0633(17), Al1-N3 2.0713(18), Al1-N5 2.0188(19), Al1-N6 1.8881(18), Al1-O1 1.8025(15), Al1-03
1.8043(15), C34—01 1.288(2), C34-02 1.199(2), C35-03 1.285(2), C35-04 1.203(3).
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Figure S107. Crystal structure of Sc(pz™®2)s(thf) (7). Ellipsoids are set at the 50% probability level. Hydrogen atoms
as well as disorder in tBu moities and the coordinated THF are omitted for clarity. Selected interatomic distances
[A): Sc1-N1 2.1663(14), Sc1-N2 2.1338(14), Sc1-N3 2.1634(14), Sc1-N4 2.1306(14), Sc1-N5 2.1772(14), Sc1-N6
2.1368(14), Sc1-01 2.1928(12).

Figure S108. Crystal structure of [Y(pz®“);(thf);] (10). Ellipscids are set at the 50% probability level. Hydrogen
atoms as well as disorder in both pyrazolate and THF ligands omitted for clarity. Selected interatomic distances
[A): Y1I-N1 2.385(7), Y1-N2 2.284(7), Y1-N3 2.345(11), Y1-N4 2.281(11), Y1-NS 2.340(11), Y1-N6 2.406(10), Y1-
012.427(8) Y1-02 2.397(2).
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Figure S109. Crystal structure of Sc(CO;-pz'®*2)(pz'®+), (7-CO,). Ellipsoids are set at the 50% probability level.
Hydrogen atoms as well as disorder in tBu moities and one solvent toluene are omitted for clarity. Selected

interatomic distances [A]: Sc1-N2 2.3188(13), Sc1-N3 2.1854(13), Sc1-N4 2.1394(13), Sc1-N5 2.1383(14), Sc1—
N6 2.1672(13), Sc1-01 2.1713(10), Sc1-01’ 2.1604(11), C34-01 1.2991(18), C34—-02 1.2035(19).

‘

=-x+1, -y+1, -z+1

Figure S110. Crystal structure of [Sc3O(pzM®:);(HpzMe);] (8). Ellipsoids are set at the 50% probability level.
Hydrogen atoms are omitted for clarity. Selected interatomic distances [A]: Sc1-N7 2.3496(13), Sc1-N10
2.2535(12), Sc1-N11 2.1921(13), Sc1-N12 2.1884(12), Sc1-N13 2.3716(13), Sc1-N17 2.2667(12), Sc1-01
2.0132(10), Sc2—N12.2926(12), Sc2—N3 2.1755(12), Sc2—N4 2.1585(13), Sc2—N9 2.2624(13), Sc2-N152.2173(13),
Sc2—-01 1.9886(10), Sc3—N2 2.2103(13), Sc3—N5 2.1652(13), Sc3—N6 2.1834(13), Sc3—N16 2.2786(13), Sc3—N18
2.2570(12), Sc3-01 1.9886(10).
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Reactivity of Mg(AlMey), towards neutral
tris(pyrazolyl)alkanesy

Felix Kracht, Christoph Stuhl, Cacilia Maichle-Mo6ssmer and Reiner Anwander (2 *

Various new tris(pyrazolyl)alkanes of the class R'CTp*® (R' = Me, Et, nPr, iBu; R = Et, cyPr, Cy, p-tBuPh,
Ph; cyPr = cyclopropyl, Cy = cyclohexyl, p-tBuPh = para-tert-butylphenyl) were synthesised and their
reactivity towards Mg(AlMey), was examined. Along with new examples of recurring structural motifs,
such as separated ion pairs and “metal in a box” complexes, e.g., [(MeCTp* &), Mg]lAlMe,],, several mag-
nesium complexes with new structural features/compositions were obtained. Treatment of the “metal in a
box" species [(MeCTp* ®)Mgl[AlMe4l, with THF donor gave the terminal methyl complex [(MeCTp* ™)
MgMe(thf),][AIMe4]. Variation of the backbone alkyl substituent R’ in the tris(pyrazolyl)alkane R'CTp* ™"
gave ionic liquids (R' = Et, nPr) and the methyl-bridged dimagnesium complex [({iBuCTp®*""Mg
{AlMe})o(u-Me)l[AlMey]. The bulky Cy and p-tBuPh moieties at the pyrazolyl 3 position gave the new
structural motif [MeCTp®> *Mg(n”-AlMe,)l[AlMes] (n°, R = Cy; n2, R = p-tBuPh), stabilising a “[Mg(AlMe4)]*™"
entity. The AlMes group can be reversibly displaced under reduced pressure affording the new separated
ion pair [(MeCTp* P BPMMgMel[AlMe,] with a terminal “[MgMe]*" moiety. Moderate thermal treatment of
both [(MeCTp> P BPMMgMe][AlMe,] and [(MeCTp>P BUPMMgnZ-AlMe,)l[AIMe,] resulted in selective

C-H-bond activation in the 5 position of one of the pyrazolyl moieties and the formation of an AlMes-

DOI: 10.1039/d4dt02722a modified  anionic

rsc.li/dalton

Introduction

While Grignard compounds RMgX (R = hydrocarbyl; X = Br,
Cl) are among the most eminent reagents in organic
synthesis,"® the elucidation of the Schlenk equilibrium has
clearly opened new avenues in organometallic chemistry.
Crucially, manipulation of the Schlenk equilibrium by donor
solvents features a viable path to dialkyl and diaryl magnesium
species.”'® As early as 1964 Weif structurally characterised
[MgMe,],, which was obtained in this way."" Since then,
several donor-stabilised monomeric and dimeric complexes of
[MgMe,], have been reported (e.g., donor = quinuclidine, THF,
TMEDA).">™"

The seminal discoveries of tris(pyrazolyl)methane (HCTp)
by Hiickel und Bretschneider in 1935 (ref. 18) and sub-
sequently of the trispyrazolylborato (Tp) scorpionate ligands in
1966 by Trofimenko paved the way for a new class of highly ver-
satile ancillary ligands applicable in various areas of coordi-
nation chemistry."®” Such polypyrazolyl scorpionate ligands

Institut fiir Anorganische Chemie, Eberhard Karls Universitdt Tiibingen (EKUT), Auf
der Morgenstelle 18, 72076, Germany. E-mail: reiner.anwander@uni-tuebingen.de
tElectronic supplementary information (ESI) available. CCDC 2386219-2386230.
For ESI and crystallographic data in CIF or other electronic format see DOI:
https://doi.org/10.1039/d4dt02722a
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tris(pyrazolyl)alkane
(pz3—p—tBuPh)2( pZS—p—tBuPh,5—ALMe3)]MgMeA

and hence the neutral complex [MeC

can be easily modified both at the pyrazole carbon atoms
(Tp*®°®) and in the case of HCTp additionally at the apical
carbon atom (R'CTp*™*®*®). Neutral R'CTp (R = H, alkyls)
have been repeatedly used to stabilise highly reactive mag-
nesium alkyl species.?® Also, several complexes of magnesium
bearing a mono-anionic CTp ligand have been structurally
characterised (see Scheme 1).>7** “Metal in a box” complexes
such as (CTp*™*®*R®),Mg (I) were first described by
Mountford and Breher in 2008.%° Here, the application of mag-
nesium dialkyl species led to the deprotonation of the back-
bone hydrogen. Similarly, such carbanion formation can be
triggered in the presence of highly basic [AlMe,] moieties,
which can subsequently form trialkylaluminium adducts (or
heteroaluminato-type  species) to afford complexes
(R;AICTP* ®),Mg (I1).*>*° By using an alkylated backbone or by
protonating the apical carbanion with HOTf, separated ion
pair “metal in a box” complexes [(R'CTp*®°®),Mg][A], (III, A =
OTf, AlMe,) can be obtained.>****” When HCTp is reacted
with a bulky magnesium base MgR, (R = Ph or [N(SiMe;),]) or
has a bulky substituent at the 3 position (adamantyl), deproto-
nation occurs as well but only one monoanionic CTp ligand
coordinates at the magnesium centre to yield (CTp*™*>*)MgR
(do) (Iv).>***3**3> Re-protonation of complexes of the type IV
afforded (HCTpM*™M®)MgX,(do) (V) with the neutral HCTp
dOnOr.29'30'32

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Structural motifs of reported magnesium tris(pyrazolyl)
alkane and methanide complexes? ¥*(N,N’).

We have recently reported on several new magnesium tris
(pyrazolyl)alkane complexes that resulted from the treatment
of homoleptic tetramethylaluminate Mg(AlMe,), with differ-
ently substituted R'CTp>®.*>> The isolated complexes revealed
species of types II and III as recurring structural motifs.
Sterically demanding MeCTp>® (R = ¢Bu, Ph) ligands were able
to stabilise a [MgMe]" fragment in compounds [(MeCTp*¥)
MgMe][A] (VI, A = AlMe,, Al,Me;). Use of silyl-substituted
Me;SiCTp resulted in SiMe, elimination and formation of a
“Me;AICTp”.
Accordingly, a “metal in a box” complex could be prevented
and the neutral Me;AICTp*™*Mg(AlMe,) (VII) was isolated
with one [AlMe,] unit remaining at the magnesium centre.

monoanionic heteroaluminate species

Longer alkyl chains in the backbone led to the dimagnesium
complex [({nBuCTp**"\Mg{AIMe,}),(1-Me)][AlMe,] (VIII) with
the rare x*(N,N') coordination mode of the RCTp ligand.
Finally, the MeCTp>"*" ligand provided the appropriate steric
bulk to accommodate two [AlMe,] units at the magnesium
centre, namely MeCTp* *"Mg(AlMe,), (IX).*°

In the present study, we further expanded the tris(pyrazo-
lyl)alkane ligand library [R'CTp*®] to gain an even better
understanding of the steric influence of both the position 3
substituents on the pyrazolyl groups and the apical carbon
atom substitution on the stabilisation of magnesium alkyl
fragments.

This journal is © The Royal Society of Chemistry 2024
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Results and discussion
R'CTp**® ligand synthesis

Several new R'CTp*® derivatives were synthesized to investigate
the feasibility of additional bis(aluminate) complexes of the
favoured type IX (Scheme 1). The HCTp>® derivatives 2 were
obtained from the corresponding 3-R-pyrazoles 1 applying the
phase-transfer catalysis reaction of Elguero et al., which was
optimised by Reger et al.*®*° To separate the desired product
from the three other formed isomers, the mixture was refluxed
with p-toluenesulfonic acid (Scheme 2). The apical carbon
atom was alkylated in a one-pot synthesis by initial lithiation
of the carbon atom with Li[N(SiMej;),], followed by the
addition of alkyl halides, which gives the neutral tris(pyrazo-
lyl)alkane R'CTp* ™ (3, Scheme 2 and Fig. 1).

Considering the successful formation of the donor-stabil-
ised Dbis(tetramethyl)aluminate magnesium complex IX
employing MeCTp>™*, tris(pyrazolyl)alkanes 3a-c were syn-
thesised to examine the steric demand of pyrazolyl substitu-
ents (R = Et, ¢yPr, Cy) comparable to the iPr group and to com-
plete the series of previously employed substituents Me and

®> The bulky 3d (R = 3-p-tBuPh) was selected not only to
prevent the formation of a “metal in a box” complex but also
to assess the feasibility of methyl activation and hence the for-
mation of a methylidene species. For comparison, the potass-
ium salt of isoelectronic monoanionic Tp*?**"* formed the
neutral complex Tp*?®"""MgMe when reacted with MgMe,.*°
We previously noticed a pronounced variability of the reactivity
of monomeric Mg(AlMe,), *"** towards R'CTp>*" depending

R

z

1 2aR=Et 3aR'=Me; R=Et
2b R=cyPr 3b R'=Me; R =cyPr
2cR=Cy 3cR'=Me; R=Cy
2d R = p-tBuPh 3d R' = Me; R = p-tBuPh
2e R=Ph 3eR'=Et;R=Ph

3fR'=nPr; R=Ph
3g R =iBu;R=Ph

Scheme 2 Preparation of ligands R'CTp*® 3a—g. (i) (nBu)4NBr, CHCls,
Na,CO3, H,O, reflux, 3-7 d. (ii) pTsOH, toluene, 120 °C, 1 d. (iii) Li[N
(SiMez),], THF, =78 °C, 30 min. (iv) RI, THF, =78 °C to rt, 16 h.

c02 N2 ca

Fig. 1 Representative solid-state structure of 3a. For the crystal struc-
tures of compounds 3b, 3c (connectivity) and 3e—g, see the ESL.{

Dalton Trans., 2024, 53,19280-19291 | 19281



This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 21 October 2024. Downloaded on 1/27/2025 3:21:53 PM.

(cc)

Paper

Me

View Article Online

Dalton Transactions

ks

auR

AIMe3

0. G0 = n,

tBu-Ph Ph-tBu Ph-tBu cyPr cyPr
Me 2 [AIMe
tBu-Ph_BU-PN, Ph-tBu (AMear Ve / ? AN
NN N 5aR = Et th
O\ ’\\‘ '\l‘ 5b R = cyPr thf [AlMe,]-
N
o7 6
| 2d 3a/3b
AlMe;
Me Me Ph +
“ w4
e~AD
Mg(AlMey) 3 Me oh Ph\© Q
3d p N
/ \ N N— \ /N
— N C
o ! —Me— § T j\
+ 3c \ —_—
N @
/ N~ \
N thg
N/ Ph Me
O: 0 O
Me
Me
tBu-Ph Ph |y Ph-tBu . Ph ; Me [AIMe4]
\
Me Me

Me Me [AlMe4]”

/ T\
Me e Me

Al

Me
N/'é' \N
Qo
Cy éy Cy

Me [AlMe4]”

8

Scheme 3 Reaction of Mg(AlMey), with 2d, 3a—d and 3g in a toluene/n-hexane mixture.

on the chain length of R', affording either separated ion pairs
VI or the unusual methyl-bridged dimagnesium complex VIIIL
To further examine the effect of distinct backbone alkylation,
the tris( pyrazolyl)alkanes 3e-g (R’ = Et, nPr, iBu) were targeted.
All ligands were purified by recrystallization or column chrom-
atography. Solid-state structures for 3a—-c and 3e-g could be
determined by single-crystal X-ray diffraction (SCXRD) analysis
(Fig. 1 or ESIf). Tris(pyrazolyl)alkane backbone moieties other
than alkyl chains (e.g. H, SiMe; or Bn = benzyl) were ruled out
since we found previously that their reaction with Mg(AlMe,),
either led to decomposition or carbanion formation via the
displacement of the hydrogen atom at the apical carbon atom
with an AlMe; moiety.

Magnesium R'CTp>® complexes

Homoleptic Mg(AlMe,), was previously identified as a suitable
precursor preventing the decomposition of R'CTp*® ligands as
observed in the case of MgMe,.>* For the synthesis of the new
discrete magnesium complexes, a solution of Mg(AlMe,), in

19282 | Dalton Trans., 2024, 53,19280-19291

n-hexane was added dropwise to a solution of 2d or 3a-g in
toluene (for an overview see Scheme 3).

To assess whether the sterically demanding HCTp
(2d) can prevent methanide formation and any concomitant

3-p-tBuPh

functionalization of the apical carbon atom, Mg(AlMe,), was
treated with the crude product of 2d. However, SCXRD analysis
of the crystallized product revealed the recurring structural
motif of the neutral “metal in a box” bis(methanide) complex
(Me;AICTp*>7BPM) Mg (4) (see the ESI{). Even the bulky p-
tBuPh groups protrude into the coordination sphere of the
other scorpionate ligand and thus cannot prevent the accom-
modation of two monoanionic heteroaluminato ligands. The
magnesium centre in 4 is coordinated by the six nitrogen
atoms of the two methanide ligands in a distorted octahedral
fashion with N-Mg-N angles in the range of 85.45(9) to 102.49
(14)°. The apical carbon-magnesium-apical carbon axis is
close to linear (178.58°).

Treatment of Mg(AlMe,), with 3a/b instantly gave a white
precipitate indicative of the formation of a separated ion pair

This journal is © The Royal Society of Chemistry 2024
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with a “metal in a box” structure. This very structural motif
could be confirmed by the solid-state structure of complex
[(MeCTp**),Mg][AIMe,], (5a) (Fig. 2). Two MeCTp* ™ ligands
coordinate the magnesium centre in the x*(N,N’,N") mode
forming a dicationic entity with two [AlMe,]” anions as
counter ions. The six-coordinated magnesium centre adopts a
slightly distorted octahedral geometry with longer distances to
the equatorial nitrogen atoms (Mg1-N2, 2.1666(10) A; Mgl
N4, 2.1676(10) A; Mg1-N6, 2.1458(10) A). All observed Mg-N
distances are in the expected range of magnesium complexes
bearing two tris(pyrazolyl)methane ligands (2.113(1)-2.196(1)
A).29731:33:35 The CH, groups of the ethyl moiety are almost co-
planar with the magnesium centre and the CH; groups are dis-
placed only marginally from this plane. The apical carbon
atom (C01) adopts an almost ideal tetrahedral geometry
(109.21(9)-109.93(9)°). The NMR spectra of 5a match those
found in the reference literature, with ligand signals only
slightly shifted.

In the ">C NMR spectrum, the two [AlMe,]” ions appear as
a non-binominal sextet at 6 = —4.2 ppm due to the interaction
with the ?’Al nucleus (I = 5/2, 'J(Al,C) = 70.4 Hz) (Fig. $291).*3
In the "H NMR spectrum, the proton signals of the [AlMe,]”
moieties appear at § = —1.28 ppm but the expected sextet is
not fully resolved (Fig. S287).

Given the similar reaction behaviour of the Mg(AlMe,),/3b
mixture involving product precipitation, the formation of puta-
tive complex [(MeCTp>?""),Mg][AlMe,], (5b) seemed obvious.
However, a crystalline material could only be obtained by
heating a solid sample in a ]J. Young valve NMR tube to 150 °C
in toluene. The structural motif of a separated ion pair

co2eb
c17 & C16
c19
S—QAn
c18
78]

Fig. 2 Crystal structure of 5a. Hydrogen atoms, one lattice THF mole-
cule and the second [AlMe,]™ are omitted for clarity and atomic displa-
cements are set at a 50% probability level.

This journal is © The Royal Society of Chemistry 2024
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[(MeCTp*?""),Mg][AIMe,], could be confirmed by a connec-
tivity structure of crystals obtained under these harsh con-
ditions (Fig. S6t). The formation of the “metal in a box”
complex came as a surprise since the steric difference of cyPr
and iPr is marginal. It is likely that the conformational/
rotational flexibility of the iPr methyl moieties counteracts the
coordination of a second MeCTp ligand. Because of the high
insolubility of the precipitated product in aliphatic and aro-
matic solvents, THF was used as a solvent for NMR measure-
ments. The "H NMR spectrum indicated that the separated ion
pair converted to a complex of the type [(MeCTp**)MgMe
(thf),][AIMe,] as proposed previously by NMR spectroscopy.’”
Crystallisation could be achieved by cooling the THF solution
to —40 °C revealing the solid-state structure of methyl complex
[MeCTp* ?""MgMe(thf),][AIMe,] (6) (Fig. 3). The [MgMe]" frag-
ment is coordinated by one MeCTp*®*" ligand and two THF
donor molecules, which are fully separated from the charge-
balancing [AIMe,]” counter ion. The magnesium centre adopts
a distorted octahedral geometry with angles ranging from
78.18(10) to 105.39(17)°.

Unsurprisingly, the Mg1-C001 distance of 2.182(4) A is
slightly longer than those of 4-coordinate terminal methyl
magnesium complexes [MeCTp**MgMe][AlMe,] (R = tBu:
2.115(2) A and R = Ph: 2.091(2) A) and Tp*™*MgMe (R = Me:
2.097(4) A and R = tBu: 2.119(3) A) but distinctly shorter than
the Mg-C distance involving the bridging position of MgMe,
with 2.234(2) and 2.24(3) A.*?>*%* However, the Mg1-C001
distance in 6 is in line with other six-coordinate terminal
methyl complexes [MeMg(15-crown-5)][A] (A = MesMgj,: 2.140
(7) A and A = Cp: 2.124(2) A) and [MeMg(thf)(dme),]I (2.162(6)
A).***8 It appears that the cyPr substituents of 6 provide
enough steric flexibility so that the magnesium centre can
accommodate two THF molecules, which is in contrast to com-
plexes [MeCTp®*MgMe][AlMe,] (VI; R = ¢Bu, Ph) mentioned
above, in which the THF solvent is not coordinated to
magnesium.

Fig. 3 Crystal structure of 6. Hydrogen atoms are omitted for clarity
and atomic displacements are set at a 50% probability level.

Dalton Trans., 2024, 53,19280-19291 | 19283
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For further probing the impact of the apical carbon substi-
tution, Mg(AlMe,), was reacted with R'CTp>*" (R’ = Et (3e), nPr
(3f), and iBu (3g)). Note that complexes [MeCTp*""MgMe]
[AIMe,] (R' = Me, type VI) and [({#BuCTp*""}Mg{AlMe,}),(1-
Me)][AlMe,] (R’ = nBu, VII) were identified previously.*®
Accordingly, instant oil formation was observed in the case of
tris(pyrazolyl)alkanes 3e and 3f. The crude products showed
characteristic behaviour of an ionic liquid, impeding their crys-
tallographic characterization. Moreover, the "H NMR spectra
showed broadened signals that were not indicative of any
structural motif detected so far. However, the Mg(AlMe,),/3g
reaction produced colourless crystals suitable for SCXRD ana-
lysis. The connectivity structure revealed that the methyl-
bridged dimagnesium complex [({iBuCTp**"}Mg{AlMe,}),(n-
Me)|[AlMe,] (7, Fig. S8%) is isostructural to the previously
identified n-butyl derivative VIII.

Further increasing the steric demand of the substituent in
the 3 position of the pyrazole rings (compared to R’ = iPr, com-
pound IX), Mg(AlMe,), was reacted with 3¢ bearing cyclohexyl
(Cy) groups. Crystals suitable for SCXRD analysis were
obtained by recrystallisation in 1,2-difluorobenzene. The solid-
state structure revealed the new structural motif of the separ-
ated ion pair [(MeCTp* ¥)Mg(AlMe,)][AIMe,] (8) (Fig. 4).

The MeCTp*? ligand stabilises a [Mg(AlMe,)]" fragment
via «*(N,N',N") coordination while the [AIMe,] ligand interacts
with the magnesium centre in an n’® fashion. The monoanionic
[AlMe,] counter ion is fully separated. The magnesium centre
adopts a slightly distorted octahedral geometry with both
ligands coordinating in a facial manner. The C01-Mgl1-All
axis running through the ligand backbone is almost linear
(176.45°). As expected the cyclohexyl groups adopt the chair
conformation pointing away from the magnesium centre just
like the cyPr groups in 6 and the iPr groups in IX.*?
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Fig. 4 Crystal structure of 8. Hydrogen atoms are omitted for clarity
and atomic displacements are set at a 50% probability level.
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Crystallisation of the reaction product formed by the treat-
ment of Mg(AlMe,), with the bulky 3d (with R’ = p-tBuPh) was
achieved by redissolving the residue in benzene and dropwise
addition of n-pentane to the solution at 40 °C. As detected for
8, the solid-state structure revealed the formation of a mono-
cationic complex entity in [(MeCTp*?""")Mg(AlMe,)][AlMe,]
(9) (Fig. 5) with the magnesium centre also coordinated with
one tris(pyrazolyl)ethane ligand in the x*(N,N',N") mode.
However, due to the enhanced steric demand of 3d compared to
3c, this time the [AIMe,] unit is n*-coordinated. The now 5-coordi-
nate magnesium centre adopts a strongly distorted square pyra-
midal geometry with two nitrogen atoms (N2 and N4) of the scor-
pionate ligand and two carbon atoms of the [AlMe,] unit (C40
and C41) located in the equatorial and one ligand nitrogen (N6,
the “sting”) in the apical position. Hence, the coordination of the
MeCTp* 7" ligand itself appears highly asymmetrical, very
much scorpionate-like with two pincers and one sting. The puta-
tive sixth coordination position for octahedral geometry is
approached by ortho-carbon atoms of two different phenyl rings
(C18: 3.592, C9: 3.700 A). The overall asymmetric coordination of
the scorpionate ligand is also seen in the distance of the phenyl
rings, measured by the distance of the ortho-carbon atoms
closest to each other (C9-C18 4.118 A, C5-C31 6.187 A, and C22-
C35 8.567 A) and furthermore in the N-N distances between the
three coordinating nitrogen atoms (N2-N4 2.717 A, N2-N6
2.877 A, and N4-N6 3.110 A), as well as by the N-Mg-N angles
(N2-Mg1-N4 76.64(5)°, N2-Mg1-N6 83.24(6)°, and N4-Mg1-N6
91.91(6)°). Finally, the C01-Mg1-All axis deviates considerably
from linearity (165.43°).

The pronounced asymmetric tris(pyrazolyl)ethane coordi-
nation in complex 9 is not detected in the ambient tempera-
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Fig. 5 Crystal structure of 9. Hydrogen atoms, the lattice [D¢lbenzene
molecules and the disorder in one tBu group are omitted for clarity and
atomic displacements are set at a 50% probability level.
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ture "H NMR spectrum, which is similar to that of complex 8.
The two pyrazole hydrogen atoms in the 4- and 5 positions
appear as multiplets in the aromatic region at § = 8.03/
7.84 ppm and § = 6.28/5.80 ppm, respectively, with an integral
of each being three. Also, there is only one sharp signal found
for the bridging and terminal methyl groups of the co-
ordinated [AlMe,] unit and for the methyl groups of the dis-
placed [AlMe,] at 6 = —0.19 (8)/—0.34 ppm (9), which indicates
fast exchange of the coordinated and free tetramethyl-
aluminato groups. Because of this dynamic behaviour VT 'H
NMR spectroscopy experiments were performed on both com-
plexes 8 and 9 (Fig. S34/387). Accordingly, the signals at § =
—0.19 ppm and § = —0.34 ppm broaden as the temperature
decreases. For 8, the signal splits into two separated singlets at
—50 °C while for 9 this behaviour is detected at —60 °C. At
—80 °C, these two signals are located at 6 = 0.18 and
—0.06 ppm (8) and at § = 0.24 and —0.79 ppm (9), both in a
ratio of 2:1. All other signals ascribed to 8 split into two
signals at —80 °C even that of the backbone methyl group,
which means that the [AlMe,] group exchange is more compli-
cated. The same signal splitting is observed for 9 (at —80 °C)
except that the signal of the backbone methyl group appears
as a very broad signal. This could indicate that for 9 only one
R'CTp*™® ligand species is present during the exchange of the
[AlMe,] groups, but acts in a hemilabile fashion with one arm
off. The splitting of the signals is completely reversible for
both complexes upon warming the solutions to ambient temp-
eratures. Complex 9 also remains intact when heated to 80 °C
and re-cooled to ambient temperature.

Behaviour of [(MeCTp*? #"*")Mg(AlMe,)][AlMe,] (9) at
elevated temperatures and under vacuum

As revealed by 'H NMR spectroscopy, further heating of
complex 9 to 90 °C led to a selective activation of the scorpio-
nate ancillary ligand. Full conversion was indicated by a new
set of signals showing the pyrazolyl moieties in a ratio of 1:2
along with the backbone methyl group, which appeared
slightly shifted to lower field. Slow evaporation of the solvent
generated crystals suitable for SCXRD analysis. The solid-state
structure revealed C-H-bond activation of one pyrazole ring at
the 5 position forming the neutral complex [MeC(pz*? "),
(pz*PBuPh>AMeIVone (10) (Scheme 4 and Fig. 6). Notably,
heating a solution of 10 to 100 °C resulted in complete
decomposition. Complex 10 adopts a distorted tetrahedral geo-
metry with the magnesium centre accommodating the new
scorpionate ligand in the routine n® fashion and a terminal
methyl group. The Mg1-C43 distance of 2.090(2) A matches
other terminal Mg-C distances of tetrahedral magnesium
methyl complexes.*>** Due to the metalation of one pyrazolyl
ring the scorpionate ligand is monoanionic. Because of this
and the less bulkier methyl group the overall geometry of the
ligand scaffold is more symmetrical in comparison with that
of complex 9. As a consequence, the N-N distances of the
three coordinating nitrogen atoms lie between 2.842 and
2.873 A (¢f, 9 Amax = 0.393 A) and the C01-Mg1-C43 axis is
close to linear (177.65°). Since the scorpionate ligand in 10 is
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Scheme 4 Thermal activation and reversible coordination of AlMes in
complex 9. R = p-tBuPh.

Fig. 6 Crystal structure of 10. Hydrogen atoms and two solvent
toluene molecules are omitted for clarity and atomic displacements are
set at a 50% probability level.

monoanionic, complex 10 is now comparable to the
Tp*7BuPhMoMe complex proposed by Parkin.*® A striking
feature of the "H NMR spectrum of 10 is the considerable low-
field shift at 6 = 7.32 ppm of the singlet of the hydrogen atom
in the 4 position of the activated pyrazolyl ring. In contrast,
the doublet signal of the hydrogen atom in the 4 position of
the non-activated pyrazolyl rings appears at § = 5.90 ppm. The
methyl ligand and the AlMe; group were detected at § =
—0.99 ppm and 0.16 ppm, respectively.

By applying reduced pressure, AlMe; can be displaced from
complex 9 forming the new separated ion pair
[(MeCTp*?®""M)MgMe][AIMe,] (11) (Scheme 4). The 'H NMR
spectrum of 11 shows slightly shifted signals of the ancillary
ligand while the counter ion [AlMe,] and the methyl group co-
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ordinated to the magnesium centre appear as two distinct
signals at § = —0.09 ppm and -1.04 ppm, respectively
(Fig. S42%). Adding a stoichiometric amount of AlMe; to 11 re-
formed complex 9 quantitatively, thus proving full reversibility.
This behaviour is reminiscent of the Tp™*™°Mg(AlMe,)/
TpM*M°MgMe system engaging in donor-induced tetraalkylalu-
minate cleavage.*” Heating complex 11 to 90 °C also led to the
formation of complex 10, suggesting that the C-H-bond acti-
vation in the 5 position of the pyrazolyl moiety is caused by
the attack of the separated [AlMe,] anion via the release of
methane.

Cone angle calculations

The mathematically exactly calculated cone angles*® of the
scorpionate ligands of the newly synthesised complexes are
shown in Table 1. The cone angles featured by
[(MeCTp*™),Mg][AIMe,], (53, ©° = 247.95°) and
[MeCTp* ¥""MgMe(thf),][AlMe,] (6, @° = 250.80°) are very close
to that observed for the bis(tetramethylaluminato) complex
[(MeCTp*'*"Mg(AIMe,),] (6 = 248.76°).>° Despite this simi-
larity, completely different coordination environments exist
even though all complexes exhibit a coordination number of
six. It seems that the slightly higher steric demand of the iPr
group in comparison to Et and cyPr, caused by the flexibility of
the two Me groups, is sufficient to prevent the formation of the
“metal in a box” complex. As expected the cone angle calcu-
lated for [(MeCTp* ¥)Mg(AlMe,)][AIMe,] (8) (©° = 260.64°) is
distinctly higher than that enforced by the iPr, Et or cyPr sub-
stituents, which allows the stabilization of the Mg(n*-AlMe,)"
fragment with three methyl groups coordinated to the metal
centre. The tentative cone angles of the two disordered species
of 9 are determined as @° = 289.60° and @° = 291.34°. The
only magnesium complexes with a cone angle comparable to 9
are [(MeCTp* "™ MgMe][AIMe,] (€° = 282.84°) and the extre-
mely bulky [(CTp**™*)MgMe] (€° = 301.47°).>**° Upon
thermal C-H-bond activation and formation of [MeC
(pz> P BUPh), (pP PP SAIMeIVoNe  (10), the cone angle
increased even further to @° = 299.10°. Now that the scorpio-
nate ligand has a negative charge it is better comparable to the
adamantyl methanide complex [(CTp*®™*)MgMe] and both
angles are indeed very close. Comparing the cone angles of
(Me;AICTp 7P Mo (4) and 10, which both feature anionic
scorpionate ligands with p-tBuPh moieties in the 3 position,
there is a difference of 11.08°. Therefore, the ligand co-
ordinated to the metal centre opposite to the examined/calcu-
lated R'CTp*™ ligand has a vast influence on the cone angle
too.

Table 1 Overview of the mathematically exactly calculated cone angle
©° of the magnesium tris(pyrazolyl)alkane complexes under study (see
the ESIf for calculations)

4 5a 6 8 9 10
288.02 247.95 250.80 260.64 289.60 299.10
291.34
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Conclusions

The scope of the tris(pyrazolyl)alkane R'CTp*® library, here
with varying substituents in the pyrazolyl 3 position and at the
apical carbon atom, could be successfully expanded by deriva-
tives MeCTp ™, MeCTp* ", MeCTp*®, MeCTp*? B
EtCTp> ™", nPrCTp**™ and iBuCTp*™ (cyPr = cyclopropyl, Cy =
cyclohexyl, 3-p-tBuPh = para-tert-butylphenyl). As anticipated,
the reaction of bis(tetramethylaluminato) magnesium
Mg(AIMe,), with neutral tris(pyrazolyl)alkanes R'CTp*® is
strongly dependent on the steric effect of such scorpionate
ligands, resulting in the partial or full displacement of the alu-
minato ligands. The smaller Et and cyPr substituents in the 3
position favour the formation of the recurring “undesired”
structural motifs of a “metal in a box” complex
[(MeCTp*®),Mg][AlMe,], (R = Et, cyPr). The bulky Cy and
p-tBuPh moieties led to the separated ion pairs [(MeCTp* ™ )Mg
(AlMe,)][AIMe,] (R = Cy, p-tBuPh) with distinct n>- and n’-
coordination modes of the AIMe, moiety. Variation of the alkyl
substituent R’ at the apical carbon atom of R'CTp>*" (R’ = Et,
nPr, iBu) led to the isolation of the dimagnesium species
[{iBuCTp® "M Mg{AIMe,}),(1-Me)][AIMe,]  with a  «*(N,N)
coordination mode of the tris(pyrazolyl)alkane ligand.
Separated ion pairs of the type [(MeCTp*¥)Mg(AlMe,)][AlMe,]
are prone to AlMe; separation, when exposed to a vacuum, and
a selective pyrazolyl deprotonation, upon thermal treatment.
The latter C-H-bond activation is triggered by the non-coordi-
nating [AlMe,] anion and generates a new monoanionic scor-
pionate ligand in [MeC(pz*?BPh),(pz> 7 BuFh>AMe N oMe
featuring a terminal Mg-CH; moiety.

Experimental
General considerations

All manipulations were performed under rigorous exclusion of
air and moisture under an argon atmosphere (<1 ppm O,,
<1 ppm of H,0) in an MB200B glovebox (MBraun) or according
to standard Schlenk techniques and in oven-dried glassware.
Solvents (THF, n-pentane, n-hexane, Et,O and toluene) were
purified by using Grubbs-type columns (MBraun SPS-800,
solvent purification system) and stored inside a glovebox. THF
was dried further over molecular sieves. [Dg|Benzene, [Dg]
toluene and [Dg]THF were obtained from Sigma Aldrich and
dried over a Na/K alloy and filtered prior to use. 1,4-Dioxane
was dried over sodium metal, distilled and degassed and
stored inside a glovebox. 1,2-Difluorobenzene was purchased
from Sigma Aldrich, dried over CaH,, distilled and degassed
prior to use. Acetophenone (>98%), benzophenone (>98%),
n-Buli (2.5 M in n-hexane), cyclopropyl methyl ketone (99%),
1,4-dihydro-2H-pyrane (>97%), ethyl bromide (>99%), ethyl
iodide (99%, copper stabilized), hexamethyldisilazane (>99%),
hydrazine  dihydrochloride  (>98%), methylmagnesium
bromide (3 M in Et,0), n-propyl iodide (99%), 1-iodo-2-methyl-
propane (97%, copper stabilized), pyrazole (>98%) and tetra-n-
butylammonium bromide (98%) were purchased from Sigma
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Aldrich and used as received. Iodomethane (>99%) and methyl
tert-butyl ether (MTBE) were purchased from Acros Organics
and used as received. N,N-Dimethylformamide dimethylacetate
(>97%), 4'-tert-butylacetophenone (98%) and trimethyl-
aluminium (98%) were purchased from abcr and used as
received. Cyclohexyl methyl ketone (95%) was purchased from
Alfa Aesar and used as received. Li[N(SiMe;),],>" MgMe,”*°
and Mg(AlMe,),"" were synthesized according to the literature
procedures. The 3-R-pyrazoles 1 were synthesized according to
standard procedures (R = Et,>*> ¢yPr,”* Cy,*® Ph,> p-tBuPh **).
Argon was supplied by Westfalen AG. 'H and ">C NMR spectra
were recorded on a Bruker AVII+400 spectrometer ('H:
400.11 MHz; ’C: 100.61 MHz) at 299 K. The chemical shifts
compiled in the Experimental section are referenced to solvent
residual resonances in parts per million relative to tetramethyl-
silane. The variable temperature "H NMR spectra of 8 and 9
were recorded in a J. Young valve NMR tube on a Bruker
AVII+500 spectrometer (*H: 500.13 MHz; *C: 125.76 MHz) at
299 K. IR spectra were recorded on a NICOLET 6700 FTIR
spectrometer (Thermo Fisher Scientific). The samples were
mixed with KBr powder and measured in a DRIFT cell with
KBr windows. DRIFT data were converted by using the
Kubelka-Munk refinement. Elemental analyses were per-
formed on an Elementar Vario MICRO cube. Single crystals were
grown from saturated solutions of [Dg]benzene, 1,2-difluoroben-
zene, Et,0, MTBE, n-pentane, or THF by standard techniques.
Suitable single crystals for X-ray structure studies were selected in
a glovebox and coated with Parabar 10312 (Hampton Research).
Crystallographic data were measured on a Bruker APEX II DUO
instrument equipped with an IpS micro focus sealed tube and
QUAZAR optics for MoK, radiation (4 = 0.71073 A). The structures
were solved by direct methods using SHELXT software packages
and refined on F* (with all independent reflections) using the
SHELXL software package. The non-hydrogen atoms were refined
anisotropically. All hydrogen atoms of C-H bonds were located
using a riding model at the expected position for hydrogen with a
fixed interatomic distance.

General procedure for the synthesis of 2. The synthesis of
tris(pyrazolyl)alkanes 2 was achieved according to the litera-
ture procedure by Reger.’® In a 1 L three-necked flask with a
KPG stirrer the corresponding 3-alkylpyrazole (1 equiv.),
Na,COj3 (20 equiv.) and (n-Bu),NBr (0.05 equiv.) were dissolved
in 350 mL each of water and CHCI;. The reaction mixture was
heated to 95 °C and was stirred vigorously until completeness
(3-7 days). After cooling to ambient temperature, water was
added to dissolve excess Na,COj;. The organic layer was separ-
ated and the solvent was removed under reduced pressure.
After redissolving the residue in Et,O and combining all layers
the aqueous layer was washed three times with Et,O. The com-
bined organic layers were dried over Na,SOy,, filtered and the
solvent was removed under reduced pressure. The residual
dark red oil was redissolved in 200 mL of toluene in a 500 mL
round bottom flask. After adding 400 mg of pTsOH the
mixture was heated to reflux for 1 d. After cooling to ambient
temperature, the reaction mixture was washed with brine and
the aqueous layer was extracted three times with Et,O. The
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combined organic layers were dried with Na,SO, and filtered.
After removal of the solvent in vacuo an oil was obtained.
Unreacted pyrazole could be separated by sublimation. The "H
NMR spectra showed that the oil was a mixture of the desired
product 2 (HC(pz*™);) and the undesired isomer (HC
(pz*)a(pz>®)) with one flipped pyrazolyl moiety. The isomer
ratio depended on the steric bulk of the corresponding pyra-
zole and was determined by comparison of the backbone
hydrogen H-CTp>™® signal integrals. Used quantities and yields
for 2:

HCTp*** (2a). 3-Ethylpyrazole (27.2 g, 282 mmol), Na,CO;
(180 g, 1.697 mol), and (n-Bu),NBr (4.56 g, 14 mmol). Reaction
time: 7 d. 2a was obtained as a dark red oil (88%, 24.7 g,
82.9 mmol). The ratio of the crude product mixture: 2a:
undesired isomer = 1: 0.4.

HCTp>®"" (2b). 3-Cyclopropylpyrazole (25.0 g, 231 mmol),
Na,CO; (143 g, 1.350 mol), and (n-Bu),NBr (3.62 g, 11 mmol).
Reaction time: 7 d. 2b was obtained as a dark brown oil (81%,
21.1 g, 63 mmol). The ratio of the crude product mixture: 2b:
undesired isomer = 1: 0.6.

HCTp*® (2¢). 3-Cyclohexylpyrazole (24.0 g, 160 mmol),
Na,CO; (102 g, 960 mmol), and (n-Bu),NBr (2.58 g, 8.0 mmol).
Reaction time: 5 d. 2¢ was obtained as a dark red oil in a quan-
titative yield. The ratio of the crude product mixture: 2c:
undesired isomer = 1:0.2.

HCTp*P*B"Pt (2d). 3-para-tert-Butylphenylpyrazole (25.0 g,
124 mmol), Na,CO; (79.4 g, 749 mol), and (n-Bu),NBr (2.0 g,
6.2 mmol). Reaction time: 7 d. 2d was obtained as a dark red
oil (50%, 11.4 g, 19 mmol). The ratio of the crude product
mixture: 2d : undesired isomer = 1:0.1.

HCTp>™ (2e). 3-Phenylpyrazole (25.0 g, 173 mmol), Na,CO;
(110 g, 1.040 mol), and (n-Bu),NBr (2.80 g, 8.7 mmol).
Reaction time: 3 d. 2e was obtained as a dark red oil (45%,
11.5 g, 26 mmol). The ratio of the crude product mixture: 2e:
undesired isomer = 1:0.1.

Preparation and characterization of compounds 3, 4, 5, 6, 8, 9,
10 and 11

MeCTp>®* (3a). The crude product of HCTp>™* (2a) (3.00 g,
10.1 mmol) was dissolved in 80 mL of THF. After cooling to
—78 °C, a solution of Li[N(SiMe;),] (2.52 g, 15.1 mmol) in THF
was added dropwise. The reaction mixture was allowed to
warm to ambient temperature and stirred for another hour.
After re-cooling to —78 °C, Mel (0.94 mL, 15.1 mmol) was
added dropwise and the mixture was allowed to warm to
ambient temperature. After stirring at ambient temperature
overnight, water (50 mL) was added, THF was removed under
reduced pressure and the aqueous solution was extracted three
times with Et,O (50 mL). The combined organic layers were
dried over Na,SO,, filtered and the solvent was removed under
reduced pressure. The obtained dark red oil was chromato-
graphed on a silica gel column that was packed and flushed
with a mixture of 3:1 petroleum ether and Et,0. The fractions
containing the desired product were combined and the solvent
was removed under reduced pressure, which gave 3a as a col-
ourless powder (670 mg, 2.14 mmol, 28%). Crystals suitable
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for SCXRD analysis could be obtained by recrystallization from
MTBE. 'H NMR (400.1 MHz, CDCl;, 26 °C): § = 6.52 (d, 3H,
an = 2.5 Hz; 5-H(pz)), 6.09 (d, 3H, >y = 2.5 Hz; 4-H(pz)),
2.91 (s, 3H; CH;CTp), 2.67 (q, 6H, *Juy = 7.6 Hz; CH,CH3;),
1.24 ppm (t, 3H, *Jjyy = 7.6 Hz; CH,CH;). “C{'H} NMR
(100.6 MHz, CDCl;, 26 °C): 6 = 156.7 (3-C(pz)), 129.6 (5-C(pz)),
104.8 (4-C(pz)), 90.1 (CH,CTp), 25.9 (CH;CTp), 21.6 (CH,CHj,),
13.8 ppm (CH,CHj;). DRIFTS: T = 3134w, 3115w, 2969s,
2935m, 2873m, 2641vw, 1703vw, 15265, 1467m, 1454m, 1371s,
1312m, 1260s, 1209s, 1112m, 1049s, 1008w, 976m, 952w, 796s,
759s, 659w, 632w, 578vw, 439vw cm ‘. Elemental analysis
caled (%) for C;,HpuNg (312.42 ¢ mol™'): C 65.36, H 7.74, N
26.90; found: C 65.49, H 7.47, N 26.94.

MeCTp*?®* (3b). Following the procedure described for 3a,
the crude product of 2b (3.00 g, 8.89 mmol), Li[N(SiMe;),]
(1.95 g, 11.7 mmol) and Mel (1.50 mL, 11.2 mmol) yielded 3b
as a brownish oil as the crude product. Further purification
was achieved by flash column chromatography with a
3:1 mixture of petroleum ether and Et,O with subsequent
recrystallization from Et,O to afford 3b as colourless crystals
(983 mg, 2.82 mmol, 31%) suitable for SCXRD analysis. 'H
NMR (400.1 MHz, CDCl;, 26 °C): § = 6.46 (d, 3H, *Juy = 2.6 Hz,
5-H(pz)), 5.85 (d, 3H, *Juu = 2.6 Hz, 4-H(pz)), 2.84 (s, 3H,
CH,CTp), 1.92 (m, 3H, (CH,),CH), 0.88 (m, 6H, (CH,),CH),
0.67 ppm (m, 6H, (CH,),CH). “C{'H} NMR (100.6 MHz,
CDCl;, 26 °C): 6 = 157.2 (3-C(pz)), 129.7 (5-C(pz)), 102.7 (4-
C(pz)), 90.1 (CTp), 25.8 (CH3CTp), 9.4 ((CH,),CH), 8.2 ppm
((CH,),CH). DRIFTS: Pya = 3142w, 3124w, 3087vw, 3003m,
2952w, 2852vw, 2469vw, 2075vw, 1708w, 1613vw, 1531vs,
1480m, 1444m, 1397s, 1371s, 1305s, 1259vs, 1220s, 1208vs,
1177s, 1113m, 1045s, 988s, 883m, 763s, 709vw, 561vw, 631vw,
488vw cm™'. Elemental analysis caled (%) for CyoH,sNp
(348.21 g mol™!): C 68.94, H 6.94, N 24.12; found C 68.86, H
6.85, N 23.99.

MeCTp>® (3c). Following the procedure described for 3a,
the crude product of 2¢ (2.65 g, 5.75 mmol), Li[N(SiMe;),]
(1.93 g, 11.5 mmol) and Mel (0.72 mL, 11.5 mmol) yielded a
mixture of a dark red oil and small cubic crystals. After recrys-
tallization from methyl tert-butyl ether and washing with
MeOH, 3c could be obtained as cubic colourless crystals
(344 mg, 0.72 mmol, 13%). 'H NMR (400.1 MHz, CDCl,,
26 °C): § = 6.39 (m, 3H; 5-H(pz)), 6.05 (m, 3H; 4-H(pz)), 2.90 (s,
3H; CH;CTp), 2.68 (m, 3H; 1-H(Cy)), 1.96-1.94 (m, 6H; 2,6-
H(Cy)), 1.80-1.77 (m, 6H; 3,5-H(Cy)), 1.73-1.69 (m, 3H; 4-
H(Cy)), 1.45-1.31 (m, 12H; 2,6-; 3,5-H(Cy)), 1.30-1.20 ppm (m,
3H; 4-H(Cy)). *C{"H} NMR (100.6 MHz, CDCl;, 26 °C): § =
160.3 (3-C(pz)), 129.4 (5-C(pz)), 103.4 (4-C(pz)), 90.3 (CH;CTp),
37.7 (1-C(Cy)), 33.2 (2,6-C(Cy)), 26.3 (3,5-C(Cy)), 26.1 (4-C(Cy)),
25.7 ppm (CH;CTp). DRIFTS: ¥ay = 29225, 2849m, 1522m,
1447w, 1370w, 1347vw, 1289vw, 1260m, 1232w, 1213w, 1132vw,
1106vw, 1058w, 1033vw, 977w, 891vw, 817vw, 793m, 768w,
752m, 640vw cm™ ", Elemental analysis caled (%) for CpoHy,Np
(474.70 g mol™): C 73.38, H 8.92, N 17.70; found: C 73.23, H
8.73, N 17.42.

MeCTp* 7P (3d). Following the procedure described for
3a, the crude product of 2d (2.00 g, 3.27 mmol), Li[N(SiMe;),]
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(822 mg, 4.91 mmol) and MelI (0.31 mL, 4.91 mmol) yielded a
mixture of a dark red oil and a colourless solid. The solid was
washed five times with n-pentane. Further purification was
achieved by flash column chromatography with a 5:1 mixture
of petroleum ether and Et,O to afford 3d as a colourless
powder (671 mg, 10.7 mmol, 33%). 'H NMR (400.1 MHz,
CDCl;, 26 °C): § = 7.79 (m, 6H; 0-H(Ph)), 7.45 (m, 6H; m-
H(Ph)), 6.82 (d, 3H, *Jyy = 2.5 Hz; 5-H(pz)), 6.58 (d, 3H, *Jyyp; =
2.5 Hz; 4-H(pz)), 3.16 (s, 3H; CH;CTp), 1.36 ppm (s, 27H;
C(CHs)3). "*C{"H} NMR (100.6 MHz, CDCl;, 26 °C): § = 153.2
(3-C(pz)), 151.3 (p-C(Ph)), 130.5 (5-C(pz)), 130.1 (i-C(Ph)), 125.7
(0-C(Ph)), 125.5 (m-C(Ph)), 103.8 (4-C(pz)), 91.1 (MeCTp), 34.6
(C(CH3)3), 31.3 (C(CH3)3), 26.0 ppm (CH3CTp). DRIFTS: D,y =
3127vw, 2963m, 2902w, 2865w, 1719vw, 1668vw, 1605vw,
1501m, 1450w, 1387w, 1365w, 1268m, 1232s, 1124w, 1089vw,
1047w, 1017vw, 978vw, 948vw, 839m, 793m, 763m, 742w,
700vw, 642vw, 560w, 501vw cm ™. Elemental analysis caled (%)
for C41H,gNg (624.88 ¢ mol_l]: C 78.81, H 7.74, N 13.45; found:
C 79.01, H 7.85, N 13.35.

EtCTp>*™ (3e). Following the procedure described for 3a, the
crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe;),]
(983 mg, 5.88 mmol) and EtI (542 pL, 6.78 mmol) yielded 3e as
a pale yellow solid as the crude product. Further purification
was achieved by recrystallization from a 1:1 mixture of
n-hexane and MTBE to afford 3e as colourless crystals (1.55 g,
3.28 mmol, 73%) suitable for SCXRD analysis. '"H NMR
(400.1 MHz, CDCl;, 26 °C): § = 7.86 (m, 6H, 0-H(Ph)), 7.38 (m,
9H, m-H(Ph), p-H(Ph)), 7.07 (d, 3H, *Juu = 2.8 Hz, 5-H(pz)),
6.62 (d, 3H, *Juy = 2.7 Hz, 4-H(pz)), 3.54 (q, 2H, *Juy = 7.2 Hz,
CH,CTp), 1.38 ppm (t, 3H, *Jyy = 7.2 Hz, CH;CH,C(pz);). **C
{*H} NMR (100.6 MHz, CDCl;, 26 °C): § = 153.1 (3-C(pz)), 133.1
(i-C(Ph)), 131.6 (5-C(pz)), 128.8 (m-C(Ph)), 128.3 (p-C(Ph)),
126.1 (0-C(Ph)), 103.7 (4-C(pz)), 93.1 (CTp), 34.1 (CH,CTp),
9.3 ppm (CH3;CH,). DRIFTS: ¥y, = 3145vw, 3064vw, 3004vw,
2982vw, 2951vw, 2953w, 1604vw, 1582vw, 1528m, 1497m,
1457s, 1390s, 1358m, 1298m, 1275w, 1247w, 1217vs, 1180vw,
1160vw, 1100w, 1075m, 1051m, 1028m, 859s, 758s, 750s,
520vw cm™'. Elemental analysis caled (%) for Cs;oH,eNg
(470.22 g mol™): C 76.57, H 5.57, N 17.86; found C 76.30, H
5.97,N 17.62.

nPrCTp>™ (3f). Following the procedure described for 3a,
the crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe;),]
(983 mg, 5.88 mmol) and nPrI (553 pL, 5.88 mmol) yielded 3f
as a pale yellow solid as the crude product. Further purifi-
cation was achieved by recrystallization from a 1:1 mixture of
n-hexane and MTBE to afford 3f as colourless crystals (2.13 g,
4.40 mmol, 97%) suitable for SCXRD analysis. '"H NMR
(400.1 MHz, CDCl;, 26 °C): § = 7.87 (m, 6H, o-H(Ph)), 7.39 (m,
9H, m-H(Ph), p-H(Ph)), 7.06 (d, 3H, *Juy = 2.7 Hz, 5-H(pz)),
6.62 (d, 3H, %Jyy = 2.7 Hz, 4-H(pz)), 3.46 (m, 2H, CH,CTp),
1.89 (m, 2H, CH,CH,CTp), 1.08 (t, 3H, *Jyy = 7.4 Hz, CH,CH,)
ppm. *C{’H} NMR (100.6 MHz, CDCl;, 26 °C): § = 153.1 (3-
C(pz)), 133.1 (i-C(Ph)), 131.5 (5-C(pz)), 128.8 (m-C(Ph)), 128.3
(p-C(Ph)), 126.1 (0-C(Ph)), 103.7 (4-C(pz)), 92.8 (C(pz)s), 42.5
(CH,CTp), 17.8 (CH,CH,CTp), 14.4 (CH3CH,) ppm. DRIFTS:
Pinax = 3059vw, 2961w, 2869vw, 1604vw, 1528m, 1499vs, 1455vs,
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1435s, 1385s, 1357s, 1301s, 1279w, 1210vs, 1100w, 1074w,
1044w, 1028w, 946vw, 903m, 855m, 800w, 752s, 695s, 686m,
659vw, 627w, 511vw cm™'. Elemental analysis caled (%) for
C31H,sNe (484.2 g mol™"): C 76.83, H 5.82, N 17.34; found C
76.35, H 5.69, N 17.43.

iBuCTp>™ (3g). Following the procedure described for 3a,
the crude product of 2e (2.00 g, 4.52 mmol), Li[N(SiMe;),]
(983 mg, 5.88 mmol) and iBul (676 pL, 5.88 mmol) yielded a
pale yellow solid as the crude product. Further purification
was achieved by recrystallization from MTBE to afford 3g as
colourless crystals (1.99 g, 3.98 mmol, 88%) suitable for
SCXRD analysis. "H NMR (400.1 MHz, CDCl;, 26 °C): § = 7.85
(m, 6H, 0-H(Ph)), 7.38 (m, 9H, m-H(Ph), p-H(Ph)), 7.02 (d, 3H,
*Juu = 2.7 Hz, 5-H(pz)), 6.61 (d, 3H, *Jyy = 2.7 Hz, 4-H(pz)),
345 (d, 2H, *Jjyqy = 5.4 Hz, CH,CTp), 2.55 (m, 1H,
(CH;),CHCH,CTp), 1.00 (d, 6H, */yy = 6.7 Hz, (CHj3),CH,)
ppm. “C{*H} NMR (100.6 MHz, CDCl;, 26 °C): § = 152.8 (3-
C(pz)), 133.1 (i-C(Ph)), 131.6 (5-C(pz)), 128.8 (m-C(Ph)), 128.3
(p-C(Ph)), 126.1 (0-C(Ph)), 103.9 (4-C(pz)), 93.3 (CTp), 47.6
(CH,CTp), 24.5 ((CH3),CHCH,CTp), 24.1 ((CH;),CH) ppm.
DRIFTS: Do = 3145vw 3060vw, 2992vw, 2955w, 2867w,
1954vw, 1713vw, 1605vw, 1528m, 1499vs, 1456vs, 1387s, 13565,
1288m, 1219s, 1208vs, 1102m, 1075m, 1045w, 1028vw, 975vw,
946w, 924w, 915w, 885w, 822w, 777w, 7565, 6975, 686w, 661vw,
627vw, 513 cm™'. Elemental analysis caled (%) for Cs,Hjz0Np
(498.3 g mol™): C 77.08, H 6.06, N 16.85; found C 76.53, H
5.92, N 16.49.

[(AIMe;CTp*?™®"""),Mg] (4). A solution of Mg(AlMe,),
(16.3 mg, 81.9 pmol) in 5 mL of n-hexane was added dropwise
to a stirred suspension of the crude product of 2d (100 mg,
164 pmol) in 5 mL of toluene. After stirring for 2 h the solvent
was removed under reduced pressure yielding a white solid.
Recrystallization from toluene gave 4 (47.8 mg, 34.5 pmol,
42%) as colourless crystals suitable for SCXRD analysis. 'H
NMR (400.1 MHz, [Dg]toluene, 26 °C): & = 8.92 (d, 6H, *Juy =
2.8 Hz, 5-H(pz)), 6.88 (m, 12H, o-H(Ph)), 6.69 (m, 12H, m-
H(Ph)), 5.78 (d, 6H, °Juu = 2.8 Hz, 4-H(pz)), 1.14 (s, 54H,
C(CH;);), 0.20 ppm (s, 18H, AI(CH3);). “C{'H} NMR
(100.6 MHz, [DgJtoluene, 26 °C): § = 156.3 (3-C(pz)), 151.5 (p-
C(Ph)), 138.5 (3-C(pz)), 129.2 (i-C(Ph)), 128.3 (m-C(Ph)), 124.0
(0-C(Ph)), 105.0 (4-C(pz)), 87.6 (CAlMe;), 34.4 (C(CH3);), 31.2
(C(CH3);), —2.2 ppm (Al(CH3);). DRIFTS: 0 = 3163w, 2964s,
2922m, 2868w, 1912vw, 1614w, 1568vw. 1505m, 1474m, 1420w,
1378m, 1363w, 1344w, 1309vw, 1270w, 1248w, 1186s, 1020vw,
1005vw, 991vw, 949vw, 839m, 812s, 775vs, 744m, 731m, 695vs,
644w, 618vw, 561w, 523vw, 501w, 463vw, 429vw cm™'.
Elemental analysis caled (%) for CggHjosAl,MgN;,-0.5C,Hg
(1434.37 g mol™): C 74.95 H 7.87 N 11.72; found: C 75.61 H
8.28 N 10.90. The carbon result is outside the range for analyti-
cal purity, but no better elemental analysis could be obtained
to date, due to solvent molecules in the lattice and due to the
highly air- and moisture-sensitive nature of compound 4.

[(MeCTp**"),Mg][AIMe,], (5a). A solution of Mg(AlMe,),
(31.7 mg, 0.16 mmol) in 5 mL of n-hexane was added dropwise
to a stirred suspension of 3a (100 mg, 0.32 mmol) in 5 mL of
toluene and a white precipitate formed immediately. After stir-
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ring for 2 h the solvent was removed under reduced pressure
and the residual solid was washed three times with n-pentane.
5a was obtained as a white powder (121 mg, 0.14 mmol, 92%).
Colourless crystals of 5a suitable for SCXRD analysis were
grown from THF at —40 °C. 'H NMR (400.1 MHz, [Dg]THF,
26 °C): 6 = 8.58 (d, 6H, *J(H,H) = 2.8 Hz; 5-H(pz)), 6.60 (d, 6H,
e = 2.9 Hz; 4-H(pz)), 3.55 (s, 6H; CH,CTp), 1.86 (g, 12H,
*Jin = 7.6 Hz; CH,CHj;), 1.01 (t, 18H, *Jyy = 7.6 Hz; CH,CH;),
-1.28 ppm (m, 24H; [Al(CH3),]). *C{*H} NMR (100.6 MHz,
[Dg]THF, 26 °C): § = 161.1 (3-C(pz)), 134.8 (5-C(pz)), 106.7 (4-
C(pz)), 85.1 (MeCTp), 24.8 (CH;CTp), 20.94 (CH,CH,), 12.15
(CH,CH;), —4.2 ppm (sext, J(AL,C) = 70.4 Hz; [Al(CHj),]).
DRIFTS: Pmax = 3160vw, 2975vw, 2898m, 2798vw, 1528m,
1478w, 1436vw, 1411vw, 1386s, 1357w, 1314vw, 1298vw, 1212s,
1150w, 1080m, 1058w, 1025w, 994vw, 951vw, 796vw, 775m,
696s, 687m, 596vw, 546w, 488vw cm™'. Elemental analysis
caled (%) for C4,H-,A1,MgNg (823.39 g mol™): C 61.27, H 8.81,
N 20.41; found: C 60.84, H 8.76, N 20.10.

[(MeCTp*?™),Mg][AIMe,], (5b) and [MeCTp*?*"MgMe
(thf),][AlMe,] (6). A solution of 3b (100 mg, 287 pmol) in 2 mL
of toluene was added dropwise to a solution of Mg(AlMe,),
(57.0 mg, 287 pmol) in 5 mL of toluene and a white precipitate
formed immediately. After removing the solvent under
reduced pressure, the crude product was washed with
n-pentane (3 x 3 mL) to yield [(MeCTp*“*"),Mg]|[AlMe,], (5b)
as a white powder. Colourless crystals suitable for SCXRD ana-
lysis could be obtained by heating the solid in a J. Young valve
NMR tube to 150 °C in toluene. Elemental analysis caled (%)
for C4gH,,Al,MgN;,-CsH,,MgAl, (1094.01 ¢ mol™'): C 61.48 H
8.85 N 15.36; found: C 61.16 H 8.52 N 15.11 (crude product).
Because of the high insolubility of 5b in aliphatic and aromatic
solvents, no satisfactory NMR spectra could be obtained.
Redissolving 5b in THF and cooling to —40 °C led to the for-
mation of colourless crystals of 6 suitable for SCXRD analysis.
'H NMR (400.1 MHz, [Dg]THF, 26 °C): § = 8.36 (d, 3H, *Juy =
2.7 Hz, 5-H(pz)), 6.09 (d, 3H, *Juy = 2.4 Hz, 4-H(pz)), 3.40 (s,
3H, CH;C(pz);), 1.12 (m, 3H, (CH,),CH), 0.67 (m, 12H,
(CH,),CH) ppm. “*C{'H} NMR (100.6 MHz, CDCl;, 26 °C): § =
163.2 (3-C(pz)), 133.9 (5-C(pz)), 101.3 (4-C(pz)), 84.1 (C(pz)s),
23.8 (CH;C(pz);), 10.9 ((CH,),CH), 9.40 ((CH,),CH), —4.8 (sext,
Je.a1 = 70.4 Hz, Al(CH,),) ppm.

[(MeCTp*> ¥)Mg(AIMe,)][AIMe,] (8). A solution of Mg
(AlMe,), (42.0 mg, 0.21 mmol) in 5 mL of n-hexane was added
dropwise to a stirred suspension of 3¢ (100 mg, 0.21 mmol) in
5 mL of toluene. After stirring for 2 h, the solvent was removed
under reduced pressure yielding a white solid. Redissolving
the solid in anhydrous 1,2-difluorobenzene and cooling to
—40 °C afforded colourless crystals of 8 (66.5 mg, 0.10 mmol,
46%) suitable for SCXRD analysis. "H NMR (400.1 MHz, [Dg]
toluene, 26 °C): 6 = 7.84 (m, 3H; 5-H(pz)), 5.80 (m, 3H; 4-
H(pz)), 3.11 (s, 3H; CH;CTp), 2.69 (m, 3H; 1-CH(Cy)), 1.59 (m,
12H; 2,6+ 3,5-CH,(Cy)), 1.52 (m, 3H; 4-CH,(Cy)), 1.21 (m, 6H;
3,5-CH,(Cy)), 1.06 (m, 9H; 2,6~ 3,5-CH,(Cy)), —0.19 ppm (s,
24H; [Al(CH;),]/Mg(CH3),Al(CH3)). C{"H} NMR (100.6 MHz,
[Dg]toluene/1,2-difluorobenzene, 26 °C): § = 164.4 (3-C(pz)),
133.1 (5-C(pz)), 105.1 (4-C(pz)), 83.5 (MeCTp), 37.5 (1-C(Cy)),
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33.4 (2,6-C(Cy)), 26.3 (3,5-C(Cy)), 25.7 (4-C(Cy)), 24.9 (CH;CTp),
—4.2 ppm ([Al(CH;),]/Mg(CH;);A1(CH;)). DRIFTS: Dpa =
3147w, 2922vs, 2850m, 2797w, 1530s, 1507vw, 1479w, 1447m,
1414w, 1397w, 1378w, 1360m, 1346w, 1303vw, 1290vw, 1268vw,
1211vs, 1185w, 1142m, 1078vs, 1031m, 996vw, 967vw, 890vw,
851vw, 812vw, 791w, 767vs, 743w, 723s, 705vs, 694vs, 613s,
548w, 419w cm™'. Elemental analysis caled (%) for
C3,HgALMgN, (689.29 g mol™): C 66.01, H 9.88, N 12.48;
found: C 65.96 H 10.10 N 12.37.

[(MeCTp*7*®"PM)Mg(AlMe,)][AIMe,] (9). A solution of Mg
(AlMe,), (42.8 mg, 0.22 mmol) in 5 mL of n-hexane was added
dropwise to a stirred suspension of 3d (135 mg, 0.22 mmol) in
5 mL of toluene. After stirring for 2 h the solvent was removed
under reduced pressure yielding a yellow oil. Redissolving the
oil in anhydrous benzene and adding n-pentane dropwise
under stirring at 40 °C afforded colourless crystals of 9
(134 mg, 0.16 mmol, 79%) suitable for SCXRD analysis. 'H
NMR (400.1 MHz, [Dg]toluene, 26 °C): § = 8.03 (m, 3H; 5-
H(pz)), 7.31 (m, 6H; 0-H(Ph)), 7.23 (m, 6H; m-H(Ph)), 6.28 (m,
3H; 4-H(pz)), 3.27 (s, 3H; CH,CTp), 1.12 (s, 27H; C(CH,);),
—0.34 ppm (s, 24H; [Al(CHs),]/Mg(CH;),Al(CH3)). ">C{"H} NMR
(100.6 MHz, [Dg]toluene/1,2-difluorobenzene, 26 °C): § = 158.7
(3-C(pz)), 154.4 (p-C(Ph)), 133.4 (5-C(pz)), 129.2 (ipso-C(Ph)),
128.3 (0-C(Ph)), 126.5 (m-C(Ph)), 107.5 (4-C(pz)), 84.6 (MeCTp),
34.8 (C(CH,);), 31.0 (C(CH,);), 25.2 (CH5CTp), —4.5 ppm ([Al
(CH3),]/Mg(CH;),Al(CH3),). DRIFTS: ¥ = 3147w, 2962m,
2906m, 2870w, 2800w, 1615w, 1541w, 1505m, 1468w, 1383m,
1364w, 1304vw, 1260w, 1212m, 1153vw, 1127vw, 1098vw,
1066m, 1017vw, 991vw, 947vw, 839w, 775s, 698m, 688s, 623w,
541vw, 501vw cm ‘. Elemental analysis caled (%) for
CoH,,Al,MgN, (823.43 g mol™): C 71.47, H 8.81, N 10.21;
found: C 71.97, H 8.13, N 10.94. The hydrogen result is outside
the range for analytical purity, but no better elemental analysis
could be obtained to date due to solvent molecules in the
lattice and the highly air- and moisture-sensitive nature of
compound 9.

[MeC(pz>PBUPh),(pz* P PuPh>AMes)IvoMe (10). A solution
of 9 (144.2 mg, 0.18 mmol) in benzene was heated in a
pressure tube to 90 °C for 1 d. The mixture was allowed to cool
to ambient temperature and the solvent was removed under
reduced pressure. Redissolving the obtained solid in toluene
and slow evaporation of the solvent led to colourless crystals of
10 (84.9 mg, 0.12 mmol, 66%) suitable for SCXRD analysis. "H
NMR (400.1 MHz, [Dg]benzene, 26 °C): § = 7.45 (m, 2H, o-
H(Ph, pz>7BuPh>AMeNy '3 41 (m, 4H, o-H(Ph, pz°>?®"""), 7.32
(s, 1H, 4-H(pz, pz’?™®uPhoAMes) 748 (m, 6H, 5-H(pz,
pz* PPN and m-H(Ph, pz*P™"M)) 7.06 (m, 2H, m-H(Ph,
pz? P BuPhsAIMen) 5 90 (d, 2H, 4-H(pz, pz>?="*™), 3.35 (s, 3H,
CH;), 1.08 (s, 18H, C(CH,);(pz*?™""™), 1.06 (s, 9H,
C(CH;);(pz> P BurhsaMesy) 10 16 (s, 9H, Al(CHj);), —0.99 ppm
(s, 3H, MgCH;). C{"H} NMR (100.6 MHz, [Dg]toluene/1,2-
difluorobenzene, 26 °C): § = 156.7 (3-C(pz, pz>¥*="™)), 156.5
(3-C(pz, pz> P BurhoAIMes) 153 7 (p-C(Ph, pz*7B"PM) 152.2 (p-
C(Ph, pz’?™BuPhsAIMen) " 13 1 (5-C(pz, pz ™M), 128.2 (4-
C(pz, pz>?BuPhsAIMen) - 198.0 (0-C(Ph, pz*? ™M), 126.3 (m-
C(Ph, pz*P™®"PM)) 126.0 (m-C(Ph, pz*7BuPh>AMey) 1057 (4-
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C(pz, pz>?™""™M), 87.4 (MeCTp), 34.7 (C(CH;); (pz°™)), 34.6
(C(CHy)3(pz* P ™™™ ANe) | 311 (C(CH,)y(p2»™™)), 31.1
(C(CH3)3(pz*> P BurhoAMesy) 96,7 (CH5CTp), —4.6 ppm (AlMe;).
The C NMR resonances for Mg-CHj, both quaternary ipso-Ph
carbons, the 0-Ph carbon of the pz*?BuPh>AMe: an( the 5-
C(pz"*™¢) could not be detected due to overlap with the
solvent signal or insufficient resolution. Elemental analysis
caled (%) for C45Hs0AIMgN (735.3 g mol™): C 73.54, H 8.45, N
11.19; found: C 74.88, H 8.44, N 10.11.

[(MeCTp*?®"PMMgMe][AIMe,] (11). Solid 9 converted to
complex 11, either over 6 months at ambient temperature or
after 4 d under reduced pressure. Compound 11 was obtained
quantitatively as a white solid. "H NMR (400.1 MHz, [Dg]
toluene, 26 °C): § = 8.28 (m, 3H; 5-H(pz)), 7.34 (m, 6H; o-
H(Ph)), 7.16 (m, 6H; m-H(Ph)), 6.33 (m, 3H; 4-H(pz)), 3.54 (s,
3H; CH5CTp), 1.08 (s, 27H; C(CH3);), —0.09 (s, 12H; Al(CH3),),
-1.04 ppm (s, 3H, MgCH;). *C{'"H} NMR (100.6 MHz, [Dg]
toluene/1,2-difluorobenzene, 26 °C): § = 158.2 (3-C(pz)), 153.9
(p-C(Ph)), 134.3 (5-C(pz)), 129.2 (ipso-C(Ph)), 128.3 (o-C(Ph)),
126.2 (m-C(Ph)), 107.1 (4-C(pz)), 85.0 (MeCTp), 34.7 (C(CH,)3),
31.0 (C(CHs)3), 25.6 ppm (CH5CTp). The carbon signal of the
methyl group coordinated to the magnesium centre could not
be detected. Elemental analysis caled (%) for C,5Hs50AIMgN,
(735.3 g mol™"): C 73.51, H 8.09, N 11.43; found: C 73.40, H
8.14, N 10.62. The nitrogen result is outside the range for
analytical purity, but no better elemental analysis could be
obtained to date due the highly air- and moisture-sensitive
nature of compound 11.
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Table S1. Crystallographic Data for Compounds 3a, 3b, 3¢ and 3e

3a 3b 3c* 3e
formula Ci7H24Ne C20H24Ns C20H42Ns Cs30H26Ns
CCDC 2386227 2386220 2386219 2386222
M [g mol ] 312.42 348.39 474.68 470.57
color/shape colorless/needle colorless/rod colorless/block colorless/block

Crystal dimensions

(mm]
cryst. system

space group

wavelength [A]
Peatca [g em™]
p[mm™']

F (000)

0 range [°]
unique reflns

observed reflns

@IRy/IWR; (1>20)!

&R, /IwWR; (all data)

GOF

0.232 x 0.176 x

0.088
orthorhombic
Pca2,
10.2106(6)
30.7802(17)
11.0809(6)
90

90

90

3482.6(3)

8

100(2)
0.71073
1.192

0.075

1344
1.323/26.361
7074

76630
0.0406/0.0923
0.0513/0.0989

1.034

0.389 x 0.235 x

0.186
hexagonal
P63
12.7968(10)
12.7968(10)
6.5617(5)

90

90

120
930.57(16)

2

100(2)
0.71073
1.243

0.078

372
3.184/30.049
1824

25103
0.0404/0.0914
0.0486/0.0989

1.054

0360 x 0.340 x

0.280
trigonal

R3c
13.0173(14)
13.0173(14)
27.493(5)

90

90

120
4034.5(11)

6

100(2)
0.71073
1.172

0.071

1548
2.336/28.774
2338

10181
0.0832/0.2389
0.0989/0.2587

1.077

0.549 x 0.256 x

0.216
triclinic

P1
11.6713(8)
13.0857(9)
17.0523(12)
92.633(2)
97.331(2)
100.998(2)
2529.0(3)

4

100(2)
0.71073
1.236

0.076

992
1.795/28.282
12609

12609

0.0517/0.01166

0.0689/0.1279

1.042

@Ry =3(| | Fo| - |Fe||) / Z|Fol, Fo> 40(Fo), PWR, = {E[w(Fo? - F2)? / E[w(Fo?)?]}Y2. FIGOF = [Sw(Fe? - F2)? / (no - np)] Y2 *connectivity only.
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Table S2. Crystallographic data for compounds 3f, 3g, 4 and Sa

3f 3g 4 5a
formula C31HasNs C32H30Ns %‘g(lgjﬁgMgNu g“(zgﬁlsg)l\/[gN6
CCDC 2386225 2386224 2386228 2386223
M [g mol ] 484.59 498.62 1434.17 967.59
color/shape colorless/block colorless/block colorless/block colorless/plate
Crystal dimensions 0.390 x 0.263 x 0.232x0.174 x 0.263 x 0.259 x 0.348 x 0.153 x
[mm] 0.209 0.169 0.196 0.110
cryst. system triclinic triclinic tetragonal triclinic
space group P1 P1 142d P1
a[A] 10.0945(6) 9.9371(2) 34.119(3) 9.7777(12)
b[A] 10.6005(6) 10.2888(2) 34.119(3) 12.1692(14)
c[A] 14.4819(8) 14.6512(4) 15.6274(12) 13.3741(16)
al°] 68.975(2) 71.1880(10) 90 111.897(2)
B1°] 84.913(2) 87.3140(10) 90 103.651(2)
7 [°] 66.2510(10) 68.6040(10) 90 97.092(2)
V[A3] 1321.17(13) 1315.95(5) 18192(3) 1394.8(3)
z 2 2 8 1
T[K] 101(2) 101(2) 100(2) 100(2)
wavelength [A] 0.71073 0.71073 0.71073 0.71073
Pealed [g cm™] 1.218 1.258 1.047 1.152
u [mm'] 0.074 0.077 0.086 0.111
F (000) 512 528 6168 526
0 range [°] 1.510/27.102 1.473/28.700 3.470/28.350 2.205/29.026
unique reflns 5840 6810 11311 7374
observed reflns 47758 47259 77626 34685
@R, /BIWR; (1>25)  0.0520/0.1240 0.0414/0.1039 0.0570/0.1290 0.0406/0.0961

&R, /IwWR; (all data)

GOF

0.0600/0.1317

1.040

0.0518/0.1113

1.022

0.0774/0.1392

1.044

0.0540/0.1045

1.060

Ry = 3(| [ Fol - |Fc| )/ 2| Fol, Fo> 40(Fo), PIwR, = {Z[w(Fo? - F2)? / Z[w(Fo?)’]}/2. 1 IGOF = [Tw(Fo? - F?)? / (no - np)]Y?
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Table S3. Crystallographic Data for Compounds 5b, 6, 7 and 8

Sb* 6 7* 8
formula (3142121(7:271%182;\/1 gNiz 23(33 E/?(I)I;/IgN(,Oz C77HoAlsMgoN12 - C37HesAlLMgNe
CCDC 2386221 2386230
M [g mol '] 1045.72 763.32 1322.24 673.22
color colorless/plate colorless/plate colorless/block colorless/plate
crystal dimensions 0.098 x 0.118 x 0.329x 0.189 x 0.212x0.273 x 0.186 x 0.056 x
[mm] 0.140 0.155 0.291 0.053
cryst. system triclinic triclinic monoclinic orthorhombic
space group P1 P1 P2i/n P21212,

a[A] 13.275(3) 12.099(4) 18.0198(13) 11.1027(12)
b[A] 13.327(3) 12.786(4) 23.3262(17) 17.3897(19)
c[A] 17.445(5) 15.286(4) 24.3189(17) 20.542(2)
a[°] 85.470(6) 90.005(5) 90 90

BI°] 86.305(5) 109.607(4) 108.3360(10) 90

7[°] 83.301(5) 103.636(4) 90 90

V[A3] 3050.8(14) 2156.8(11) 9703.1(12) 3966.1(7)
z 2 2 4 4

T[K] 100(2) 100(2) 100(2) 100(2)
wavelength [A] 0.71073 0.71073 0.71073 0.71073
Pealed [g cm ] 1.138 1.175 0.905 1.127

4 [mm'] 0.104 0.107 0.091 0.122

F (000) 1114 832 2832 1472

0 range [°] 1.173/25.184 1.419/24.712 1.746/23.852 2.085/27.166

unique reflns

observed reflns

@IRy/bIWR; (1>20)!

aIR,/IIWR, (all data)

GOF

9558

48977

0.1806/0.3484

0.2128/0.3571

2.154

7361

49371

0.0737/0.1292

0.1093/0.1438

1.084

14946

157365

0.0981/0.2943

0.1276/0.3271

1.022

8754

95948

0.0525/0.1223

0.0756/0.1350

1.019

Ry = 3(| [ Fo| - |Fc| )/ 2| Fol, Fo> 40(Fo), PIwR, = {Z[w(Fo? - F2)? / Z[w(Fo?)’]}/2. 1IGOF = [Tw(Fo? - F?)? / (no - np)]Y?

S5
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Table S4. Crystallographic Data for Compounds 9 and 10

9 10
formula C49H72A1:MgNs CasHsoAIMgNeg-2(C
+2.5(CsDs) 7H3s)
CCDC 2386229 2386226
M [g mol '] 1033.75 919.54
color colorless/plate colorless/block

crystal dimensions
(mm]

cryst. system

space group

wavelength [A]
Pealed [g cm?]

4 [mm™]

F (000)

0 range [°]

unique reflns
observed reflns

@R, /BIWR; (1>20)R
aIR,/IIWR, (all data)

GOF

0.488 x 0.102 x
0.065

monoclinic
P2i/c
21.4977(15)
18.5064(13)
15.4454(11)
90
97.1020(10)
90

6097.7(7)

4

100(2)
0.71073

1.126

0.100

2204
1.457/27.463
13915

85399
0.0471/0.1032
0.0859/0.1232

1.015

0.273x0.103 x
0.089

triclinic

P1
12.9915(16)
13.6495(17)
15.6799(19)
88.421(3)
83.625(3)
78.741(3)
2710.1(6)

2

100(2)
0.71073

1.127

0.091

992
1.307/25.081
9624

59387
0.0423/0.1017
0.0636/0.1148

1.020

@Ry =3(| | Fo| - |Fe||) / Z|Fol, Fo > 40(Fo), PWR, = {E[w(Fo? - F2)? / E[w(Fo?)?]}/2. FIGOF = [Sw(Fe? - F)? / (no - np)] Y2
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Figure S1. Crystal structures of 3a (left) and 3b (right), thermal ellipsoids set at 50%
probability. Hydrogen atoms are omitted for clarity.
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Figure S2. Connectivity structure of 3¢ (left) and crystal structure 3e (right), thermal ellipsoids
set at 50% probability. Hydrogen atoms are omitted for clarity.

Figure S3. Crystal structures of 3f (left) and 3g (right), thermal ellipsoids set at 50% probability.
Hydrogen atoms are omitted for clarity.
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Figure S4. Crystal structures of 4. Thermal ellipsoids set at 50% probability. Hydrogen atoms
and one lattice toluene are omitted and p-rfBuPh moieties are set as wireframe for clarity.

Selected interatomic distances [A]: Mg1-N2 2.221(3), Mg1-N4 2.2214(3), Mg1-N6 2.222(2),
Al01-CO1 2.209(4).
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Figure SS5. Crystal structure of Sa, thermal ellipsoids set at 50% probability. Hydrogen atoms

are omitted for clarity. Selected interatomic distances [A]: Mgl-N2 2.1666(10), Mgl-N4
2.1676(10), Mg1-N6 2.1458(10).
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Figure S6. Connectivity of Sb, hydrogen atoms are omitted for clarity. Thermal ellipsoids set
at 50%. [AlMe4]” and CsDs are omitted for clarity.
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Figure S7. Crystal structure of 6, thermal ellipsoids set at 50% probability. Hydrogen atoms
are omitted for clarity. Selected interatomic distances [A]: Mgl-N2 2234(4), Mgl-N4
2.230(4), Mg1-N6 2.233(3), Mg1-C001 2.182(4), Mg1-O1 2.184(4), Mg1-02 2.186(4).
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Figure S8. Connectivity of 7, thermal ellipsoids set at 50% probability. Hydrogen atoms and
the counter ion [AlMe4]™ are omitted for clarity. Phenyl moieties are set as wireframe.
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Figure S9. Crystal structures of 8, thermal ellipsoids set at 50% probability. Hydrogen atoms
are omitted for clarity. Selected interatomic distances [A] and angles [°]: Mgl1-N2 2123(3),
Mgl-N4 2.128(3), Mgl-N6 2.143(3), Mgl-C28 2.545(4), Mgl-C29 2.633(4), Mgl-C30
2.442(4); Mg1-C28-Al1 66.84(13), Mg1-C29-Al1 65.13(12), Mg1-C30-Al1 68.74(13).
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Figure S10. Crystal structures of 9, thermal ellipsoids set at 50% probability. Hydrogen atoms
and 2.5 lattice solvent C¢Ds are omitted for clarity. Selected interatomic distances [A] and
angles [°]: Mgl-N2 2.1933(15), Mgl-N4 2.1882(15), Mgl-N6 2.1387(15), Mgl-C40
2.346(2), Mg1-C41 2.284(2); Mg1-C40-Al1 77.85(7), Mg1-C41-Al1 78.65(7).
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Figure S11. Crystal structures of 10, thermal ellipsoids set at 50% probability. Hydrogen atoms
are omitted for clarity. Selected interatomic distances [A]: Mgl-N2 2.1398(16), Mgl-N4
2.1231(16), Mg1-N6 2.0965(16), Mg1—-C43 2.090 (2).
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Figure S12. '"H NMR spectrum (400 MHz) of 3a in CDCl3 (*) at 26 °C.
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Figure S13. BC{'H} NMR spectrum (101 MHz) of 3a in CDCl3 (*) at 26 °C.
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Figure S14. '"H NMR spectrum (400 MHz) of 3b in CDCl3 (*) at 26 °C.
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Figure S15. BC{'H} NMR spectrum (101 MHz) of 3b in CDCI3 (*) at 26 °C.
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Figure S16. '"H NMR spectrum (400 MHz) of 3¢ in CDCl3 (*) at 26 °C.
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Figure S17. BC{'H} NMR spectrum (101 MHz) of 3¢ in CDCl3 (*) at 26 °C.
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S15

BC{'H} NMR spectrum (101 MHz) of 3d in CDCl3 (*) at 26 °C (+ impurities).
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Figure S21. BC{'H} NMR spectrum (101 MHz) of 3e in CDCl3 (*) at 26 °C.
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Figure S22. '"H NMR spectrum (400 MHz) of 3f in CDCl3 (*) at 26 °C (+ mtbe).
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Figure S23. 3C{'H} NMR spectrum (101 MHz) of 3f in CDClI3 (*) at 26 °C.
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Figure S24. 'H NMR spectrum (400 MHz) of 3g in CDCl3 (*) at 26 °C (+ impurities).
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Figure S25. BC{'H} NMR spectrum (101 MHz) of 3g in CDCl3 (*) at 26 °C.
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Figure S26. '"H NMR spectrum (400 MHz) of 4 in [Ds]toluene (*) at 26 °C.
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Figure S27. BC{'H} NMR spectrum (101 MHz) of 4 in [Ds]toluene (*) at 26 °C.
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Figure S28. 'H NMR spectrum (400 MHz) of 5a in [Ds]thf (*) at 26 °C.
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Figure S29. 3C{'H} NMR spectrum (101 MHz) of 5a in [Dg]thf (*) at 26 °C.

S20



2 3 1 4 5 8 7 6
N~ — O
o [o2] o [V s o M O
® S < - © S — =
I I I R
— 1 _*
I\l/le
Youl
i
=Ny f\\lO
\M'g/cyPr cyPr , g
5 Me N i
& inf thf | [AIMe,] / AMes(thf)
- 6
i . Ml
T o T T T YT i [ i T i I i T T T i
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0.0 -1.0 ppm
S S S = |5 3
™ 4V (o2} (o2} [aV} <
— Al
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Figure S31. 3C{'H} NMR spectrum (101 MHz) of 6 in [Dg]thf (*) at 26 °C.
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Figure S33. 3C{'H} NMR spectrum (101 MHz) of 8 in [Dg]toluene(*)/1,2DFB(+) at 26 °C.

S22



M X A M e J\L
RT
_A A Mmoo~ J\L
10 °C
0°C
C A N e~ _.___/\L\_L
-10°°
A e /\_L.L
-20 °C
A S e " S &dl—
-30 °C /\
40 5C AN I NV i S P
AN ” ~ e S~ M
-50 °C
U s - N _._Ml%
-60 °C
-~ e~ _.__J\\_NL—__
-70 °C
et NG P i e M_—A
-80 °C
! T I T I T T T T T I T T T T
78 7.7 ppm 58 57 ppm 32 3.0 ppm 1.5 ppm 0.2 0.0 ppm
Figure S34. VT 'H NMR spectrum (500 MHz) of 8 in [Dg]toluene/1,2DFB.
e —*
of) Q
\ | X
Mg y
/|\/|| \Me
\ |e [AMe,] +
I
Me
+
RT +
- | X
+H#
S0 _M .
I T T I I [ I I I
0.4 0.3 0.2 0.1 0.0 -0.1 -0.2 -0.3 -04 ppm

Figure S35. VT 'H NMR spectrum (500 MHz) of 8 in [Ds]toluene/1,2DFB.
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Figure S37. BC{'H} NMR spectrum (101 MHz) of 9 in [Dg]toluene(*)/1,2DFB(+) at 26 °C.
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Figure S39. VT 'H NMR spectrum (500 MHz) of 9 in [Ds]toluene/1,2DFB (+ impurities).
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Figure S42. 'H NMR spectrum (400 MHz) of 11 in [Ds]toluene (*) at 26 °C.
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Figure S43. 3C{'H} NMR spectrum (101 MHz) of 11 in [Ds]toluene(*) at 26 °C (+

impurities).
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Cone-Angle Calculation
For the calculation of the mathematically exact cone angles .xyz files were generated from the

final .cif files with Mercury. The Mathematica package was downloaded free of charge from
http://www.ccqc.uga.edu/references/software.php. The adopted van der Waals radii were

r=1.20, 1.70, 1.55, 1.52, 1.84, 1.73 A for H, C, N O, Al and Mg in this order.

[(AIMesCTp>PBUPh), Me] (4)
Ligand atoms forming cone = {31, 55, 90}
Cone angle (deg) = 288.022

Cone axis = {-0.00734705, 0.157434, -0.987502}

Y\ A\
[(MeCTp*F),Mg][AlMes]> (5a)

Ligand atoms forming cone = {15, 26, 38}
Cone angle (deg) =247.949

Cone axis = {0.395488, —0.110808, 0.911762}

[MeCTp?Y""Me(thf)2][AlMes] (6)
Ligand atoms forming cone = {13, 26, 39}
Cone angle (deg) =250.799

Cone axis = {0.15295, -0.986949, —0.0503766}
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[(MeCTp>“Y)Mg(AlMes)] (8)
Ligand atoms forming cone = {20, 41, 58}
Cone angle (deg) = 260.64

Cone axis = {0.259263, —0.0918334, 0.961431}

Because of the ample distance between two of the p-/BuPh substituents in complex 9 it was necessary
to place two dummy germanium atoms between those substituents; otherwise the program would not

find an appropriate cone.

[(MeCTp*PBPMMg(AlMes)|[AlMes] 1 (9)
Ligand atoms forming cone = {34, 78, 90}
Cone angle (deg) = 289.6

Cone axis = {0.862318, 0.272602, —0.426728}

[(MeCTp*PBPMg(AlMes)|[AlMes] 2 (9)
Ligand atoms forming cone = {34, 78, 87}
Cone angle (deg) =291.336

Cone axis = {0.870764, 0.248934, —0.42403 }
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[MeC(pz3-p-tBuPh)2(pz3-p-tBuPh,5-AlMe3)|MgMe 10
Ligand atoms forming cone = {19, 54, 76}
Cone angle (deg) =299.101

Cone axis = {0.282265, —0.854919, —0.435247}

S30



Raw Data Files for Cone Angle Calculations

ComplexDataBasel .txt
(X1) [(AIMe3CTp-3-ptBuPh)2Mg] 4

1 Mg 16.549421 25.589250 9.767125
2 N  17.881427 25.590274 7.051083
3 N  18.153696 25.094866 8.318465
4 N 15.532675 25.128985 6.947942
5 N  15.163848 24.792571 8.235640
6 N 16320824 27.362073 7.307372
7 N 16364155 27.519362 8.679458
8 C 19.429747 24.676908 8.273146
9 C 19.987934 24.934165 7.004201
10 H 20.877416 24.756746 6.719782
11 C 18.986882 25.492352 6.271276
12 H 19.052050 25.766669 5.363324
13 C  20.152046 24.009540 9.379565
14 C 19.525963 23.338078 10.410974
15 H 18.581207 23.238451 10.389096
16 C 20.233932 22.805822 11.478325
17 H 19.765137 22.354769 12.170619
18 C 21.614045 22918756 11.554900
19 C 22261965 23.532898 10.482860
20 H 23211156 23.583053 10.484423
21 C  21.555361 24.078461 9.407695
22 H 22.023815 24.497442 8.695085
23 C 22416865 22.459514 12.773837
24 C 22917732 23.709293 13.531766
25 H  23.456812 23.429517 14.300634
26 H 22.150055 24.231314 13.842751
27 H 23.463636 24.258609 12.931674
28 C  21.549560 21.689448 13.777116
29 H 22.081817 21.464263 14.567862
30 H 21.222018 20.863769 13.359864
31 H  20.785295 22.245588 14.044344
32 C  23.572817 21.580267 12.378464
33 H 24.060719 21.300492 13.181712
34 H 24.176723 22.081817 11.789311
35 H  23.238451 20.788707 11.906516
36 C 14.113666 23.964162 8.101244
37 C 13.821266 23.764566 6.730721
38 H 13.135815 23.221391 6.360352
39 C 14737702 24.517231 6.057180
40 H 14.800822 24.596387 5.113285
41 C 13.359294 23.352750 9.206101
42 C 13314940 23.904113 10.484423
43 H 13.719250 24.749923 10.643822
44 C 12.687150 23.234698 11.534584
45 H 12.685444 23.627408 12.400342
46 C 12.064478 22.007779 11.347055
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47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
&9
90
91
92
93
94
95
96
97
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12.052878
11.603872
12.680326
12.641090
11.469784
11.743760
11.358215
11.341156
12.712739
12.112245
11.753996
13.084637
11.904119
9.978784
9.590851
9.812624
9.566968
16.161829
15.974175
15.807333
16.079944
15.998399
16.135899
15.352526
14.855413
15.281559
14.753056
15.979634
16.792348
17.301745
16.881058
17.451868
15.859876
17.240331
17.144798
17.632699
17.823766
14.889532
14.838353
14.002438
15.193191
15.350138
15.309195
15.964280
14.456220
16.588999
17.021628
17.700937
16.209937
17.359747
18.024385

21.500088
20.679526
22.161655
21.795217
21.170498
21.791805
21.228842
22.682311
21.863455
19.758313
19.212409
19.840198
19.335237
21.020716
20.539638
20.519167
21.907810
28.832261
29.508500
30.437560
28.562038
28.711139
29.501676
30.625556
30.956169
31.288147
32.075272
30.807751
29.690695
29.362811
29.049599
28.294887
31.459424
31.942208
32.440345
32.522231
31.167706
32.604116
32.948718
32.293633
33.317203
30.393205
30.792397
29.628940
30.089546
26.101035
24.624023
24.726039
24.238138
24.030012
27.789243

10.045293
9.873391
8.987318
8.112183

12.489418

13.842751

14.544421

13.880257
13.977147

12.442536

13.172335
12.539426

11.583029

12.283136
13.042628
11.458010
12.215939

8.898242
7.680867
7.560536
6.711968
5.777450

10.231259

10.381282
9.640543

11.614284

11.692421

12.736331

12.537863

13.267663

11.326740

11.231412

14.117793

14.586615

15.424244

13.902135

14.733513

14.167801

15.083566

13.884945

13.566146

15.136700

16.032150

15.146076

14.872597
6.615078
3.642747
2.944202
3.253625
4.344417
4.083440



98
99
100
101
102
103
104
105
0

> Io T O I T T

—

17.670230
18.792745
18.304844
14.775233
14.387982
14.828117
14.210564
16.601282

28.489365
27.360026
28.189118
27.071721
26.507051
27.998051
27.029072
26.418683

3.494287
3.652123
4.932007
3.984987
3.281754
3.669314
4.785110
4.428961

(X2) [(MeCTp3-Et)2Mg][AlMe4]2_5a

03O\ DN kWi~

W LI LI WD WY LI LW W LW W DN DN DD DN DN NN N o e ek ek ek ek ek e e \O
OO NDHANWNNROOVWONDNDNMPDN WOV NMNWN—=O
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Mg
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4.137628 6.038048 0.000000

4.086232
3.268001
5.864076
5.296724
6.021866
5.680649
2.024768
2.046068
1.298454
3.364102
3.709871
0.834088
0.540432
1.104938
-0.345004
-0.114697
-0.551263
-1.126979
5.769926
6.630968
7.093378
6.667941
7.163649
5.409066
4.657112
6.181727
5.014042
4.788814
5.762741
4.236894
6.276276
6.995524
7.505253
6.812616
7.173176
6.123972
6.245302
5.204931

5.393307
5.398417
6.882195
7.387616
4.548128
4.641693
5.274417
5.228883
5.162812
5.297939
5.281894
5.135950
4.190979
5.365203
6.017990
6.958786
5.876803
5.784173
8.634976
8.927930
9.743032
7.801400
7.684399
9.497735
9.076058
9.533512
10.918345
11.418217
11.356709
10.895462
3.604640
2.846615
2.062946
3.465928
3.190041
3.339423
4.187686
3.015574

2.977860
1.878453
2.380492
1.238442
1.847149
0.523066
2.363836
3.765648
4.348249
4.122391
5.007397
1.461583
1.462410
0.537477
1.862506
1.715202
2.810238
1.319477
1.123623
2.195860
2.350724
2.972071
3.774153
-0.050558
-0.536296
-0.667417
0.322250
-0.490226
0.778456
0.917846
-0.080917
0.855475
0.686317
2.060250
2.894108
-1.548997
-2.044776
-1.724652



40
41
42
43
44
45
46
47
48
0
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7.122919
6.999633
6.976144
8.034685
5.543912
6.209874
5.965057
5912154
7.182721

2.310706
2.196255
1.453669
2.622096
5.524520
5.255059
4.358357
5.921387
5.310561

-2.071118
-3.037041
-1.618338
-1.893573
2.833981
4.170586
4.482914
4.824300
4.068289

(X3) [MeCTp-3-cyPrMe(thf)2][AlMe4] 6

01N N kW~

W LI LI WD LW LW LW W WD DN DN DD NN N M e ek ek ek e pd ek e \O
O N NP W, OOWONIDTDNPA WOV IOD WM P WNE—=O
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Mg
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4.708899 6.565086 10.130630

5.211565
4.239381
5.451727
5.662178
6.202559
4.645905
4.245122
4.017725
4.638475
4.737554
3.894021
3.992083
2.773956
2.315335
2.189548
4.140269
4.421158
4.547854
2.642720
2.386700
1.701702
3.323822
3.410958
1.933570
2.159294
1.607551
1.867119
1.662742
0.528296
-0.090504
0.113572
7.707010
8.446649
9.345055
7.616065
7.828534
8.119874

3.259387
5.191196
1.752426
1.410151
1.570028
1.308410
3.922925
3.722824
3.041366
2.102636
6.502473
7.286766
6.590544
5.750256
7.389254
6.774541
7.688749
6.050993
4.728038
3.388364
3.053368
2.665218
1.719754
5.927128
6.777393
6.067961
5.327137
6.971338
5.812334
6.555928
4.912970
5.537010
4.349842
4.262176
3.360850
2.436765
6.919418

9.986026
7.171404
9.911428
10.805164
9.307475
9.572870
6.566017
5.665108
7.517135
7.409542
6.594708
7.207268
5.594814
5.340896
5.626375
5.150098
4.896180
4.610701
11.918389
12.235428
12.802082
11.562616
11.561181
12.390362
11.914085
13.845013
14.448966
14.245258
12.868073
12.661495
12.865203
11.059083
11.179586
11.473673
10.792253
10.759258
11.351734



39 H 7.413214 7.616025 11.228362
40 C  9.124883 7.191543 12.453483
41 H  9.005428 8.011886 12.994315
42 H 9487009 6.415331 12.949843
43 C 9521564 7.350286 11.026088
44 H 10.132931 6.674294 10.640189
45 H 9.651349 8.270850 10.684660
46 N  4.864680 3.754221 8.651878

47 N  4.608084 5.091011 8.453908

48 N 4.104948 3.544228 10.898411

49 N  3.695526 4.834705 11.104989
50 N 6424793 3.915478 10.457999
51 N  6.466683 5.278033 10.621540
0

(X4) [(MeCTp-3-Cy)Mg(AlMe4)]_8

[98)
(98]

9.000959 4.820425 2.822471
9.891395 5.663825 1.143368

1 Mg 5.119677 6.696426 4.109222
2 C 4109109 3.923116 5.437878
3 C 4195710 3.314477 6.695870
4 H 3807116 2.486727 6.953467
5 C 4944032 4.138749 7.475850
6 H 5171638 3.997892 8.387299
7 C 3.397426 3.432727 4.219121
8 H  3.625032 4.048322 3.463381
9 C 3.844865 2.018944 3.822866
10 H 4821903 2.013727 3.662639
11 H  3.652788 1.391176 4.564432
12 C 3.123190 1.558117 2.567750
13 H  3.407419 0.634724 2.350005
14 H 3378552 2.142411 1.811804
15 C 1.606561 1.587680 2.738249
16 H 1.170225 1.333790 1.885756
17 H 1.334545 0.935566 3.430514
18 C 1.162453 2.982334 3.144980
19 H  0.184305 2.982334 3.296991
20 H 1.354529 3.613580 2.407522
21 C 1.865254 3.460550 4.406259
22 H 1.613222 2.877995 5.166313
23 H 1.574363 4.383943 4.617842
24 C 8.349230 6.839369 4.466036
25 C 9.235226 6.938490 5.547778
26 H 10.174514 7.074130 5.503202
27 C 8.483573 6.802851 6.674917
28 H 8.805551 6.811545 7.567673
29 C 8.682311 6.867193 3.007965
30 H  7.828514 6.844586 2.487636
31 C 9.516124 5.642958 2.626089
32 H 10.341055 5.625568 3.173739
H
C

(98]
B

S35



35 H 10.469846 4.886506 0.940824
36 H  9.069796 5.585572 0.595718
37 C 10.621953 6.943707 0.777309
38 H 11.491295 6.973270 1.248954
39 H 10.800707 6.954141 -0.197203
40 C 9.803684 8.164464 1.150352

41 H 8974312 8.185332 0.610097
42 H 10.321070 8.983519 0.949040
43 C 9440626 8.145335 2.639647

44 H 10.268887 8.202721 3.179902
45 H 8881050 8.933089 2.853284
46 C  3.839314 8.986997 6.016341

47 C  3.778249 9.242626 7.392655

48 H  3.280848 9.927780 7.822394
49 C 4573202 8312277 7.992071

50 H 4723089 8.213155 8.925499
51 C  3.165380 9.750405 4.924945

52 H  3.491799 9.400872 4.046774
53 C 1.634317 9.592159 4.975272

54 H 1.396720 8.637464 4.870508
55 H 1.299016 9.898217 5.856524
56 C 0977038 10.400780 3.876275
57 H -0.006662 10.313831 3.948172
58 H 1.251274 10.040813 2.995024
59 C 1.360081 11.875426 3.962552
60 H 0959273 12.365816 3.200444
61 H 1.003684 12.263216 4.800665
62 C  2.864497 12.033672 3.931739
63 H  3.207570 11.738048 3.050487
64 H  3.095433 12.990106 4.042666
65 C  3.530659 11.228529 5.022519
66 H  3.250871 11.578062 5.905825
67 H 4513248 11.329390 4.952676
68 C  6.016553 6.416799 7.129307

69 C 6462882 6.262031 8.577312

70 H  7.104618 5.524708 8.644074
71 H  5.684582 6.069005 9.141190

72 H  6.887005 7.091520 8.878252

73 N 5307091 5.198825 6.711071

74 N 4785264 5.081096 5.445068

75 N  7.188998 6.651039 6.288112

76 N  7.091294 6.679036 4.908305

77 N 5112793 7.554433 7.005644

78 N  4.656472 7.960657 5.776000

0

(X5) [(MeCTp3-ptBuPh)Mg(AlMe4)][AlMed] 9 1

1 Mg 15.170285 9.647016 5.566269
2 C 17.782064 10.312506 3.873413
3 C 18987124 10.647287 3.014954
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[c BN B NIV, IF SN

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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19.142422
19.776038
18.820017
16.903935
17.875075
18.176958
18.295548
18.967369
16.167986
15.525768
15.633941
14.726145
14.288059
14.549982
15.269298
15.218967
16.063006
16.542921
13.541417
13.906972
13.983120
14.763180
13.209062
13.511260
13.260239
12.856100
14.398602
12.136312
12.124488
11.481473
11.907060
17.609693
18.883271
19.475572
19.099848
19.882225
16.965164
16.152907
16.001699
15.564142
15.019056
15.752964
16.591163
16.755739
17.190357
17.765996
15.024779
14.498885
15.240279
14.896795
16.545484

9.923132
10.754069
11.481371
12.219406
13.082914
13.902008
12.504219
12.839740
12.287139
13.457854
14.257331
13.453598
14.255480
12.298798
11.168057
10.387642
11.163060
10.376538
12.301944
13.407517
14.262882
13.193213
13.474510
10.971889
10.254396
11.020561
10.787381
12.556777
13.420841
12.567696
11.844096
7.426618
7.218421
6.499448
8.256075
8.405607
6.598642
7.140694
8.078044
6.335111
6.730778
4.956754
4.428952
3.494008
5.231944
4.841274
4.077145
10.260133
10.070072
9.973099
10.054527

2.374136
3.586494
2.528938
6.737244
6.211991
6.585968
5.052665
4.469323
8.014741
8.415693
7.913277
9.552029
9.812280
10.322359
9.961717
10.501990
8.821089
8.589193
11.477547
12.474102
12.000960
12.900649
13.158141
12.226879
11.608592
12.954293
12.600242
10.903095
10.440682
11.633115
10.270554
5.922926
5.378975
5.566729
4.527565
4.011049
6.951514
7.944237
7.963856
8.901402
9.570115
8.906000
7.929370
7.916342
6.976497
6.330008
9.917575
2483111

1.303399
0.423022
1.678908



55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
0
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a

(X6) [(MeCTp3-ptBuPh)Mg(AlMe4)][AlMed] 9 2

1 Mg
2 C
3 C

S38

17.293034
13.051433
12.532823
13.107912
11.188352
10.856665
10.312191
10.835428
10.258032
12.179106
12.504455
8.833713
8.695215
9.149205
9.101663
7.746283
8.098452
8.529509
7.165670
8.129543
8.175661
7.231329
8.633425
8.241825
17.580778
16.701954
17.992713
17.045359
16.591177
15.324792
13.957213
13.360540
13.426365
14.442338
14.167907
13.486962
14.726986
13.733275
15.945066
16.387620
15.446465
16.617129
14.045359
14.045359

9.943489
10.497755
11.516348
11.993998
11.846132
12.539937
11.181197
10.148540
9.662191
9.806541
9.090344
11.584266
13.100125
13.374575
13.557789
13.337562
10.905822
11.144554
11.203775
9.934236
11.156768
11.420299
11.592409
10.184072
11.359043
11.176385
9.035565
8.529600
10.224601
10.321760
3.221964
3.840078
2.642714
2.674175
4.830170
5.337246
5.446434
4.195401
3.120179
2.602000
2.513169
3.601345
5.529600
14.52960

1.102004
2.572926
3.360422
3.945143
3.305245
3.862378
2.450464
1.687951
1.109667
1.746040
1.213890
2.402798
2.223779
1.399346
2.988745
2.168756
1.250522
0.403097
1.238413
1.370225
3.719378
3.713707
4.469323
3.816397
4.881617
5.920321
4.553468
5.414073
3.018632
3.542812
9.016814
8.543212
9.602301
8.366953
10.897424
10.410028
11.413940
11.504369
10.523448
9.818410
11.108935
11.047627
5.414073
5.414073

15.170285 9.647016 5.566269
17.782064 10.312506 3.873413
18.987124 10.647287 3.014954



[c BN B NIV, IF SN

10

12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
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19.142422
19.776038
18.820017
16.903935
17.875075
18.176958
18.295548
18.967369
16.167986
15.525768
15.633941
14.726145
14.288059
14.549982
15.269298
15.218967
16.063006
16.542921
13.541417
13.906972
13.983120
14.763180
13.209062
13.511260
13.260239
12.856100
14.398602
12.136312
12.124488
11.481473
11.907060
17.609693
18.883271
19.475572
19.099848
19.882225
16.965164
16.152907
16.001699
15.564142
15.019056
15.752964
16.591163
16.755739
17.190357
17.765996
15.024779
14.498885
15.240279
14.896795
16.545484

9.923132
10.754069
11.481371
12.219406
13.082914
13.902008
12.504219
12.839740
12.287139
13.457854
14.257331
13.453598
14.255480
12.298798
11.168057
10.387642
11.163060
10.376538
12.301944
13.407517
14.262882
13.193213
13.474510
10.971889
10.254396
11.020561
10.787381
12.556777
13.420841
12.567696
11.844096
7.426618
7.218421
6.499448
8.256075
8.405607
6.598642
7.140694
8.078044
6.335111
6.730778
4.956754
4.428952
3.494008
5.231944
4.841274
4.077145
10.260133
10.070072
9.973099
10.054527

2.374136
3.586494
2.528938
6.737244
6.211991
6.585968
5.052665
4.469323
8.014741
8.415693
7.913277
9.552029
9.812280
10.322359
9.961717
10.501990
8.821089
8.589193
11.477547
12.474102
12.000960
12.900649
13.158141
12.226879
11.608592
12.954293
12.600242
10.903095
10.440682
11.633115
10.270554
5.922926
5.378975
5.566729
4.527565
4.011049
6.951514
7.944237
7.963856
8.901402
9.570115
8.906000
7.929370
7.916342
6.976497
6.330008
9.917575
2483111

1.303399
0.423022
1.678908



55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
0

(X7) [MeC(pz3-p-tBuPh)2(pz3-p-tBuPh,5-AlMe3)|MgMe 10

1
2
3
4

S40
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Mg
C
C
H

17.293034
13.051433
12.532823
13.107912
11.188352
10.856665
10.312191
10.835428
10.258032
12.179106
12.504455
8.833713
8.695215
9.149205
9.101663
7.746283
8.098452
8.529509
7.165670
8.129543
8.175661
7.231329
8.633425
8.241825
17.580778
16.701954
17.992713
17.045359
16.591177
15.324792
13.543348
13.343218
13.246659
13.073769
15.483384
15.287250
15.007865
16.448453
15.324651
16.285723
14.837392
15.036793
14.045359
14.045359

9.943489
10.497755
11.516348
11.993998
11.846132
12.539937
11.181197
10.148540
9.662191
9.806541
9.090344
11.584266
13.100125
13.374575
13.557789
13.337562
10.905822
11.144554
11.203775
9.934236
11.156768
11.420299
11.592409
10.184072
11.359043
11.176385
9.035565
8.529600
10.224601

10.321760
4.158573
3.841929
5.087409
3.599495
2.619766
2.242976
2.106028
2.576091
4.604762
4.545172
4.062155
5.538966
5.529600
14.52960

9.921594 8.286851
8.417664 5.660597 4.305021
8.382184 4.288323 3.995550
7.791439  3.635323 4.352237

1.102004
2.572926
3.360422
3.945143
3.305245
3.862378
2.450464
1.687951
1.109667
1.746040
1.213890
2.402798
2.223779
1.399346
2.988745
2.168756
1.250522
0.403097
1.238413
1.370225
3.719378
3.713707
4.469323
3.816397
4.881617
5.920321
4.553468
5.414073
3.018632
3.542812
9.674491
8.768518
9.767831
10.327263
9.870522
8.987692
10.557167
10.037585
11.356771
11.533490
12.011689
11.429267
5.414073
5.414073

3.133050



03O\ D

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
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9.371052
9.599875
7.567657
8.088728
9.009313
7.276022
7.652494
5.914725
5.408377
4.485902
6.210098
5.830854
5.056161
4.932609
5.823607
4.373384
4.522626
5.718747
5.811097
5.161466
6.603970
3.647985
3.183297
3.151443
3.707591
9.375715
9.804578
9.659020
10.475375
10.886985
8.622568
7.622311
7.391630
6.954163
6.271081
7.266347
8.247067
8.464046
8.910606
9.573005
6.541507
7.241154
7.216311
8.173589
6.781938
5.103275
4.621887
4.649209
5.121634
6.504473
6.075281

4.090964
3.263743
6.396576
7.372256
7.600056
8.007094
8.672203
7.703973
6.742751
6.522657
6.101426
5.451754
8.428448
9.907281
10.315855
10.377476
9.971945
8.333469
7.391227
8.796617
8.752285
7.841400
7.951100
8.308562
6.887977
8.117982
7.298279
7.436189
6.260948
5.533590
9.383676
9.696517
9.071692
10.911489
11.103115
11.859664
11.516575
12.129121
10.307064
10.101677
13.215055
14.218992
13.888002
14.327658
15.082604
12.988941
13.842600
12.360291
12.620281
13.819286
14.699939

3.078822
2.670868
5.255252
6.107156
6.055421
7.023416
7.587197
7.149324
6.275293
6.317210
5.348904
4.769852
8.189778
7.788837
7.767956
8.441127
6.901560
9.577570
9.831100
10.237807
9.545937
8.294806
7.439162
8.998986
8.514365
-0.052358
-1.100603
-2.028862
-0.521240
-0.973916
-0.123726
0.785210
1.463212
0.716179
1.347900
-0.262879
-1.193008
-1.887060
-1.128496
-1.777981
-0.289058
-1.211708
-2.133266
-0.928727
-1.162466
-0.779289
-0.782250
-0.180759
-1.687602
1.123821
1.090786



56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99
100
101
102
103
104
105
106
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7.418869 13.913701
5.994936 13.229837

13.033777
13.959437
14.835337
13.406559
13.229096
14.083085
14.479687
14.360884
14.934502
13.818501
12.961925
12.567397
12.671090
12.080719
14.181398
13.619855
13.959977
13.900333
12.641426
15.710660
16.064349
16.099315
15.942207
13.618418
12.646584
13.822427
14.025449
15.108049
14.529338
16.045593
14.972436
13.913540
13.456317
13.276472
14.643813
16.275303
16.964830
16.039471
16.616778
11.036966
11.538290
10.810803
11.851675
12.278709
9.970508

9.380580

10.445146
9.769407

12.137397

7.896159
6.858621
6.861638
5.822987
9.217318
9.345482
8.568918
10.590262
10.648096
11.757590
11.618629
12.394511
10.375199
10.315435
13.126704
14.288651
14.231853
15.139385
14.238650
13.280231
13.270577
12.538863
14.130076
13.196600
13.068737
14.072569
12.492536
4.341268
3.731529
4.085857
5.258762
2.467293
2.042396
2.604234
1.890829
4.637599
3.964643
4.622044
5.525188
5.601911
4.320346
3.894717
3.711867
4.523230
5.285718
6.270687
6.460343
7.609831
6.296436

1.463212
1.718767
3.677508
3.556430
3.923714
2.818591
4.301593
5.398301
5.776492
5.943538
6.698985
5.410299
4.321383
3.940855
3.778016
3.035502
6.017244
5.191051
4.274324
5.591058
5.179676
6.058382
5.145394
6.568091
6.488619
7.441187
7.415788
7.830286
7.987671
0.387229
-0.118428
0.255556
0.070122
2.903829
2.148849
3.635434
3.210028
3.420550
3.242751
4.370936
3.183537
1.876152
1.246924
0.747968
1.949391
0.637331
2.853652
3.603334
0.821985
1.126626
2.545116



107 N  11.885647 7.556082 3.069316
108 Al 14.655052 4.233154 2.327582
0
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Reactivity of titanium
pyrazolates towards COz, CS;
and N.O

R CO,:

© E — - insertion
o “*CH-FM - Ti-oxy formation

5 / \Nf’ R - catalytic

P S e S = s > cyc-carbonate

5 formation
\° T N2O:

P - Ny elimination

N +W @ E=05 - Ti-oxy formation
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Reactivity of titanium pyrazolates towards CO,,
CSZ and NzOT

Felix Kracht, Sophie Mayer, Cacilia Maichle-Mossmer and Reiner Anwander (& *

The tetravalent titanium pyrazolate Ti(pz"'®2)

4 inserts two molecules of carbon dioxide instantly at
ambient temperature and 1 bar heteroallene, forming the complex Ti(CO,-pz"®2),(pz™®?), (pzM®2 = 3,5-di-
methylpyrazolato). CO, insertion is reversible as proven by thermogravimetric analysis (TGA). Solid Ti
(CO-pzM®2),(pzMe2), exhibits an exceptionally high stability at ambient atmosphere but converts in solu-
tion over time via deoxygenation into the oxo-bridged species [Ti(CO,-pzM®?),(pz™Me2)],(u-0) and [Ti(u-
0)(u-pzMe2) 4(THCO,-pzMe2H{pz™°2)),]. Treatment of Ti(pz"®?), with CS, results in a mono-insertion to Ti
(CS2-pzMe?)(pzMe2)5, which is reversible at 110 °C. Applying similar conditions, trivalent Ti(pz®“2)5 inserts
also two molecules of CO; to afford Ti(CO,-pz®2),(pz®Y?) displaying complete de-insertion at 70 °C. At
elevated temperatures compound Ti(CO,-pz'®*2),(pz®“2) does neither display redox activity nor engages

Meg)

in a deoxygenation reaction. While tetravalent Ti(pz %), does not react with N,O under ambient con-

tBuz) tBuz)

ditions, trivalent Ti(pz

3 converts into oxo-bridged [Ti(pz™"2)z],(u-O) via initial N,O insertion and sub-

rsc.li/dalton sequent fast release of Na.

Introduction

The rapidly rising greenhouse gas emissions and concomitant
record-high concentrations in the Earth’s atmosphere are the
primary cause for the anthropogenic global climate change,
with carbon dioxide (CO,) having the greatest impact, followed
by methane (CH,) and nitrous oxide (N,0)."™® Although the
concentration of N,O (337.69 ppb, 2024) is relatively low when
compared to CO, (427 ppm, 2024; 50% increase since start of
industrialization), its global warming potential is 300 times
stronger, contributing 6% to the anthropogenic greenhouse
effect.””'>"® The activation of these small, mostly inert mole-
cules leading to their capture, conversion, storage, and ulti-
mately climate change mitigation, has become a major focus
of research in the past decades. For the development of
efficient capture materials, a fundamental understanding of
the activation of such small molecules by metal centres is
crucial. In particular, amine-functionalized and M-N(ligand)
components/materials feature efficient systems for CO,
capture and valorization.***
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Titanium is attractive as a sustainable metal, not only
because it is affordable and non-toxic, but also because of its
high abundance in the Earth’s crust. Already in the 1970s, CO,
insertion into the Ti-N bond of tetravalent Ti(NMe,), under
formation of carbamate complex Ti(CO,-NMe,), was reported.
However, such carbamate complexes were structurally eluci-
dated only three decades later."®*® Similar examples exist for
trivalent titanium complexes.">>' In addition, a twofold
addition of CO, across the Ti=N double bond of the tetrava-
lent imide complex (CsMe5)Ti(=NAr)(L) (Ar = 2,6-CsHzMe,; L =
(NiPr,),CR; R = Me, Ph) was achieved resulting in (CsMes)Ti
({CO,},-NAr)(L).>*** For sterically less demanding imido
ligands, the mono-inserted congener (CsMe;)Ti(CO,-N¢Bu)(L)
(L = (NR"),CR* R' = SiMe;, iPr; R*> = Ph, Me) was shown to
rapidly deoxygenate CO, under formation of the oxo-bridged
dimer [(CsMes)Ti(L)(p-O)], and elimination of the corres-
ponding isocyanate (Scheme 1A).

Light-induced deoxygenation of CO, is feasible on a TiO,
surface in the presence of H,O under formation of CH,, CH;OH,
H, and 0,,***® whereas CO, deoxygenation reactions were also
observed for divalent and trivalent titanium compounds.**”

The activation of N,O with trivalent titanocene complex
(Cp,TiCl), has been reported, proceeding via slow oxidation of
the titanium centre under formation of oxo-bridged species
[Cp,TiCl],0 and elimination of N,.>*! Only a few examples of
N,O-inserted compounds prior to N, elimination have been
reported,”®>° including azoxymetallacylopentene complex
(CsMe;),Ti(N{O}NCPhCPh)  obtained from (CsMes),Ti
(PhCCPh) (Scheme 1B).?®

This journal is © The Royal Society of Chemistry 2025
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Scheme 1 A: addition of CO, across a Ti=N bond and subsequent
deoxygenation;?> B: N,O insertion into titanium/zirconium complexes
and subsequent N, elimination;2® C: reversible CO, insertion into metal
pyrazolates;>2~3* D: literature-known tetravalent and trivalent homolep-
tic titanium pyrazolate complexes.®>3¢

Recently, we found that homoleptic metal pyrazolates [M
(pz®®),] insert CO, readily and reversibly, forming the corres-
ponding carbamate complexes (see Scheme 1C).*” Structurally
characterized examples comprise redox-active Ce(CO,-pz™),,
the tetranuclear cluster [Ce(CO,-pz™®);]s, and the light metal
derivatives Mg(CO,-pz®"),(thf),, Al(CO,-pz™"2),(pz™") and [Sc
(1-COLpz™®*)(pz®™),],.**** Using unsubstituted [Mg(pz),].,
exceptionally high reversible CO, capacities of up to 35.7 wt%
have been achieved, highlighting its potential as an efficient
CO, capture material. Spurred by these findings, we envisaged
the reactivity of pyrazolate complexes of the light metal tita-
nium toward both carbon dioxide, CS, and N,0. Homoleptic

complexes, tetravalent Ti(pz™®), (1) and trivalent Ti(pz®"),
(4), previously reported by Winter and Mosch-Zanetti, respect-

ively, were chosen as discrete precursors (see Scheme 1D).*>*°

Results and discussion

CO, activation with tetravalent Ti(pz"'**),

Exposure of tetravalent Ti(pz“®), (1) to a 1 bar CO, atmo-
sphere in benzene or toluene gave the twofold inserted carba-
mate complex Ti(CO,-pz™),(pz™2), (1°°%) (Scheme 2). The
insertion reaction occured instantly, as monitored by an
immediate colour change of the solution from yellow to
orange. The CO, uptake of complex 1°°* equals a mass frac-
tion of 17.0 wt% CO, or 3.8 mmol CO, per gram.

A single crystal X-ray diffraction (SCXRD) analysis of 1°°*
revealed two distinct molecules in the unit cell with slightly
varying metrical parameters. The four ligands of 1°°* arrange
in a distorted square planar geometry, with the cis-positioned

This journal is © The Royal Society of Chemistry 2025
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Scheme 2 Reaction of Ti(pz"®2), (1) with an excess of CO, and sub-
sequent deoxygenation in solution affording oxo-bridged species.

carbamato ligands coordinated in the ¥*(N,0) mode (Fig. 1).
The pyrazolato ligands are tilted out of the plane spanned by
the titanium centre and the two coordinating nitrogen atoms,
by 26.6° and 18.9°, respectively. The inserted CO, exhibits loca-
lized C-O single (1.275(3)-1.277(3) A) and double bonds (1.205
(3)-1.207(3) A) and OCO angles ranging from 128.5(2) to 129.0
(3)°. The loss of aromaticity of the pyrazole ring of the carba-
mato ligand is indicated by distinct C-C and C-N double/
single bonds. Additional CO, insertion into 1°°* is most likely
impeded by the coordinative saturation of the small titanium
centre, and would cause unfavourable tilting and hence signifi-
cant steric interference of newly formed carbamato ligands.
Fourfold inserted Ce(CO,-pz™®), clearly supports the size-
determining influence of the metal centre for CO, insertion
(effective ionic radii for 6-coordination: Ti*" 0.605, Ce**
0.87 A).*” Although an electronic effect caused by saturation of
the titanium centre with two oxygen atoms might play a role as
well, this is opposed by the comparatively higher oxophilicity
of titanium (@ = 1.0) versus cerium (4 = 0.9).>®
Formation of the twofold inserted complex
firmed by solution NMR spectroscopy. The "H NMR spectrum

1°©% was con-

Fig. 1 Crystal structure of Ti(CO,-pzM®?),(pz™®2), (1°©?). Ellipsoids are
set at the 50% probability level. Hydrogen, lattice toluene and a second
molecule of 12 are omitted for clarity. See ESIt for selected intera-
tomic distances and angles.
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shows three methyl group signals at § = 2.62, 2.21 and
2.17 ppm with an integral of 6, 6 and 12 protons, respectively.
The two signals at lower field can be assigned to the distinct
methyl groups of the two carbamato ligands, caused by CO,
insertion. The third signal is attributed to the magnetically
equal methyl groups of the two unchanged pyrazolato ligands.
Further, two signals for the ring protons at § = 5.72 and
5.00 ppm were detected. The >*C NMR spectrum is consistent
with the "H NMR spectrum and a signal for the inserted CO,
could be resolved at 6 = 150.5 ppm via experiments with
labelled '*CO, (see Fig. S41). A diffuse reflectance infrared
Fourier transform (DRIFT) measurement revealed a strong
band at 7 = 1740 cm ' assigned to the C=O stretching
vibration. The CO, uptake was corroborated by a thermo-
gravimetric analysis (TGA) showing a CO, releasing step of
17.5% between 90-150 °C which is in good agreement with the
aforementioned calculated uptake of 17.0 wt%. When solid 1
is exposed to an atmosphere of 1 bar CO, a colour change of
the powder from yellow to orange was observed. The orange
product was identified as 1°°> by "H NMR spectroscopy. This
can be further interpreted as a fully reversible CO, insertion
process in the solid state of compound 1. Application of
higher CO, pressure of up to 10 bar did not lead to any
additional insertion of CO, but only the formation of 102,
The combination of the small titanium(wv) centre and the
steric bulk of the pyrazolato ligand seem to suppress further
insertion reactions.

Strikingly, different to our previous studies on magnesium,
aluminium and rare-earth-metal pyrazolates, solid 1°°2
remained stable under ambient atmosphere. After one month
only small amounts of the hydrolysis product HOOCpz™® were
observed in the "H NMR spectrum and the solid kept its
orange colour (Fig. S61). In stark contrast, decomposition of
1992 readily occurred in solution, both under an argon or CO,
atmosphere (Fig. S7). Overnight a new signal set appeared in
the "H NMR spectrum which accumulated over time and after
one week only a minor amount of 1°°* was left. The observed
decomposition is reproducible at ambient temperature. The
obtained solution provided access to crystals suitable for a
SCXRD analysis, which revealed the formation of the oxo-
bridged bimetallic complex [Ti(CO,-pz™),(pz™)](1-0) (2)
(Scheme 2 and Fig. S35t). Each titanium centre of 2 is co-
ordinated by two terminal carbamato and one terminal pyrazo-
lato ligand. However, NMR experiments showed the presence
of more than one species ruling out a clear signal assignment
to 2. Further, after three months morphologically different
crystals formed in the same solution and could be identified
by a SCXRD measurement as the oxo-bridged trimetallic
complex  [Ti(p-0)(-p2*)(THCO, p2Hpz™),] (3,
Scheme 2 and Fig. S367). The central titanium of 3 is bridged
by one oxo and two pyrazolato ligands in the p-N,N mode to
each of the outer titanium atoms. The coordination sphere of
the outer titanium centres is completed by one terminal pyra-
zolato ligand in the x*(N,N) mode and one carbamato ligand
in the ¥*(N,0) mode. The Ti-O(oxo0) interatomic distances of 2
and 3 range from 1.790(2) to 1.8199(12) A with one exception
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for the inner titanium centre of 3 which is slightly elongated
(1.8465(12) A). The latter is comparable with the reported bis-
oxo [(CsMes)Ti((NSiMe;),CPh)(u-O)], (1.8429(13)-1.8604(12) A)
and mono-oxo [(CsH,Me),TiCl],0 (1.837(2) A).>**° Similarly,
the Ti-O(carbamato) interatomic distances of oxo- bridged 2
and 3 are slightly shorter (1.9930(18)-2.0286(19) A) than in
oxo-free 1°°% (2.0445(18)-2.0484(16) A), with again one excep-
tion detected for 3 (2.0437(13) A).

Decomposition of 1°°% was not observed when the solution
is kept at 0 °C. Deoxygenation of inserted CO, or hydrolysis
and a subsequent dissociation of pyrazole/carbamic acid are
likely decomposition pathways of 1°°* (Fig. S42f), which
would result in oxo complexes like 2 and 3. Note that single-
crystalline 1°°* was obtained after three years at —40 °C, while
the corresponding 'H NMR spectrum revealed that it remained
stable during this time span. This makes a hydrolysis pathway
highly unlikely. However, reactions of titanium compounds
with CO, involving a deoxygenation process and subsequent
formation of oxo bridges have been reported previously.”?
Unfortunately, conclusive organic co-products of a putative
deoxygenation reaction involving 1°°* could not be identified
by *C NMR spectroscopy, even when labelled *CO, was used.
The formation of CO was not observed. Mass spectrometry
experiments revealed a [M + H]"-fragment of 219.16 g mol™*
which fits well to the urea derivative OC(pz"®), (219.12 g
mol™). This is in good agreement with the displacement of
two pz™“>-moieties upon the formation of 2. Experiments in
amber glass NMR tubes showed the same decomposition
pattern, excluding a light-induced mechanism. The elongation
of the titanium-oxo chain indicates that this decomposition
pathway might ultimately lead to the formation of titania,
TiO,. However, it has remained unclear whether trimetallic 3
is formed via bimetallic 2.

CS, activation with tetravalent Ti(pz™),

To examine the feasibility of a sulfido-bridged compound
similar to complexes 2 or 3,"° 1 was reacted with an excess of
CS,. "H NMR monitoring at ambient temperature indicated a
rather slow conversion which was not complete even after
several weeks. Therefore, the reaction was conducted at 60 °C
affording full conversion to the mono-inserted complex
Ti(CS,pz™*)(pz™'*?); (1°°%) after five days (Scheme 3). The thio-
carbamato ligand coordinates to the metal centre in the ¥*(N,S)
mode similar to the carbamato ligand in complex 1°°* (Fig. 2).
The C-S interatomic distances of the inserted CS, moiety reveal

60 °C

toluene S,
N/u, \ / \\\\NO exc. CSZ ?\/
N(/ \\N T 10°c . A
toluene N=N
1 1652 (81%)

Scheme 3 Reaction of Ti(pz™®2), (1) with an excess of CS,.
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localized double and single bonds of 1.6543(19) A and 1.7019
(19) A, respectively, forming an angle of 121.64(12)°.

Accordingly, the degree of electron delocalization is com-
paratively larger in 1% (Ac_g 0.0476 A) than in 1°°* (4A¢o
0.068-0.072 A). An additional insertion of CS, seems dis-
favoured for steric reasons considering the larger size of the
sulphur atoms. Moreover, the HSAB mismatch according to
Pearson, the low thiophilicity of titanium (S = 0.0),>® and
changed electrophilicity of the heteroallene will counteract a
second insertion.

At ambient temperature, the 'H NMR spectrum of 1°%?
shows the thiocarbamato ligand as sharp signals, with the aro-
matic backbone proton resonating at § = 5.05 ppm and distinct
methyl groups at § = 2.38 and 2.36 ppm. In the aromatic
region two broad signals appeared at § = 5.75 and 5.61 ppm in
a 2:1 integral ratio, while the remaining methyl groups gave
one broad signal. The integral ratios of the aromatic protons
indicate that the pyrazolato ligands positioned ¢rans and cis to
the thiocarbamato ligand are magnetically unequal.
Correspondingly, a variable temperature (VT) "H NMR experi-
ment at —60 °C revealed a sharpening of the broadened reso-
nances resulting in three distinct signals sets with an integral
ratio of 1:1:2, assigned to the thiocarbamato ligand, the
trans- and the two cis-positioned pyrazolato ligands (Fig. S127).
The "*C signal of the inserted CS, is resolved at § = 209.2 ppm
being consistent with the literature.*' In the DRIFT spectrum
of 1952 vibrations characteristic of C-S double and single
bonds are detected in the fingerprint region at ¥ = 1071 and
895 cm™', respectively.”>** A TGA experiment revealed a CS,
releasing step of 14.8% between 110-180 °C, which is close to
the theoretical value of 15.1%.

Any decomposition of 1°°* could not be observed at ambient
temperature, while heating to 110 °C led to de-insertion of CS,
under full recovery of 1. Again, this is most likely caused by the
soft Lewis base character of sulphur, which also disfavours the
formation of sulphido bridges. Crucially, complex 1 features a
hard titanium(wv) centre featuring a significantly higher oxophili-
city (9 = 1.0) than thiophilicity (S = 0.0).>®

\ Q
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Q“\@’ TG?I .

e

O

Fig. 2 Crystal structure of Ti(CS,pz™®?)(pz™®2); (1°5?). Ellipsoids are set
at the 50% probability level. Hydrogen atoms and one toluene lattice are
omitted for clarity. See ESIf for selected interatomic distances and
angles.

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

CO, and N,O activation with trivalent Ti(n>-pz"®");

Exposure of trivalent Ti(pz®"2); (4) to a 1 bar CO, atmosphere
in toluene gave an immediate colour change of the solution
from blue over green and yellow to finally red. An SCXRD ana-
lysis revealed the formation of the twofold-inserted titanium
(i) complex Ti(CO,-pz™=U2),(pz"2) (4°°%) (Scheme 4). The CO,
uptake of complex 4°°*> amounts to a mass fraction of
13.1 wt% CO, or 3.0 mmol CO, per gram.

Complex 4°°? is isostructural to the aluminium complex Al
(COL-pz™™),(pz™™) reported recently (Fig. 3).** Accordingly,
two carbamato ligands in the k*(N,0) mode and one pyrazolato
in the x*(N,N) mode adopt a propeller-like geometry with both
stereoisomers (A,A) present in the unit cell. Another CO, inser-
tion into the third pyrazolato ligand is impeded by the bulky
{Bu moieties, which prevent the pyrazolato ligand from the
necessary tilting (cf, effective ionic radii for 6-coordination:
Ti** 0.670, AI** 0.535 A).*” The unit cell holds three distinct

CO2

molecules of 4~ and six lattice toluene, which form a super-

structure with alternating layers of complex 4°°*> and toluene
(Fig. S397).

tBu tBu Bu@ﬂu
N=N rt, toluene N=N
% exc. CO, tBu tBu
Bu i i BU A N““"&‘N %
S Y/ 70°C I\ z oy
O N N -Co, tBU \rO OW\/ tBu
[0} O
tBu tBu 4°0: (63%)
4
tBu

rt, toluene
exc. N,O

_N2

Scheme 4 Reactions of Ti(pz®“2); (4) with an excess of CO, and N,O.
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Fig. 3 Connectivity of Ti(CO,-pz®¥2),(pz®“2) (4°°?). Ellipsoids are set at
the 50% probability level and tBu moieties are displayed in wireframe
projection for clarity. Hydrogen atoms, two additional molecules of 4©2
and six lattice toluene are omitted for clarity.
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The DRIFT spectrum of 4°°* shows two characteristic
bands for C=0 stretching vibration at ¥ = 1765 and 1753 cm ™"
similar to the aluminium congener. Due to the paramagnetic
character of 4°°? the signals in the "H NMR spectrum are sig-
nificantly broadened and only two signals are resolved. One
very broad signal between § = 7-3 ppm can most likely be
assigned to aromatic protons in the pyrazolato/carbamato
backbones while the other broadened signal at § = 1.55 ppm
can be ascribed to ¢Bu moieties. Despite the broadened
signals, the CO, insertion reaction can be easily monitored by
"H NMR spectroscopy (Fig. S161). At the start of the reaction
signals for 4 and 4°°” in addition to another signal at § =
1.67 ppm could be observed. The additional signal likely arises
from a mono-inserted product, which was also found for the
aluminium congener. The EPR spectrum of 4°°* is shown in
Fig. S41.1

After one hour the conversion of 4 to 4°°% is complete,
which is also indicated by the red colour of the solution. AVT
"H NMR study revealed a complete CO, release already at
70 °C suggesting that the overall CO, insertion process into 4
is reversible (Fig. S18%). This is again also indicated by the
colour of the solution which turns blue after the experiment
and again red after several hours at ambient temperature.
Shining UV light on compound 4°°* led to oxidation of the
titanium centre, however, the formation of a significant
amount of oxalate was not observed by *C NMR spectroscopy.
A TGA experiment revealed an initial toluene solvent release of
13.9% between 77-110 °C, which is in line with the high
lattice toluene content in the crystalline material.
Subsequently, a CO, releasing step of 12.1% between
110-150 °C was observed. Both releasing steps fit to a toluene/
4°° ratio of 1:1 (toluene: 12.0%; CO,: 11.5%). Interestingly,
different to tetravalent 1°°®> no deoxygenation reaction was
observed for 4°°% over time in solution, however, a fast
decomposition of neat 4°°* occurred at ambient atmosphere
to unidentified products.

Treatment of tetravalent 1 with an excess of N,O led to no
visible reaction as suggested by "H NMR spectroscopy and the
unchanged yellow colour of the solution. In contrast, exposure
of trivalent 4 to N,O resulted in an immediate colour change
from blue to green and after 10 minutes to yellow. A '"H NMR
spectrum revealed the presence of a paramagnetic (not 4) and
a diamagnetic species. Overnight, orange crystals formed in a
toluene solution and a SCXRD measurement revealed the for-
mation of the oxo-bridged species [Ti(pz™®");],(1-0) (5)
(Scheme 4). Both titanium centres of 5 underwent N,O-pro-
moted +m — +wv oxidation under elimination of N,. The 'H
NMR spectrum of the supernatant solution revealed a full con-
version of 4 to 5, while the signals of the new paramagnetic
species disappeared completely. The latter paramagnetic
species is most likely the elusive N,O insertion complex in
which the titanium centre is still in the formal oxidation state
+m. So far, attempts to isolate this paramagnetic species were
not successful.

The connectivity structure of 5 indicates a highly symmetri-
cal structure with only one symmetrically independent pyrazo-
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Fig. 4 Connectivity of [Ti(pz™®“)s],(u-O) (5). Ellipsoids are set at the
50% probability level. Hydrogen atoms are omitted and tBu moieties are
displayed in the wireframe projection for clarity.

lato ligand, the titanium centre and bridging oxygen in the
asymmetric unit (Fig. 4).

Each titanium centre is coordinated by three terminal pyra-
zolato ligands in the x*(N,N) mode adopting a propeller-like
geometry. NMR studies corroborate the highly symmetric char-
acter of 5 showing only one signal set for all six pyrazolato
ligands. The "H NMR spectrum displays a sharp signal at 6 =
6.36 ppm with an integral of six protons assignable to the aro-
matic ring protons and a slightly broadened signal at § =
1.01 ppm with an integral of 108 protons for the tBu moieties.
Similarly, the >C NMR spectrum revealed one signal set,
however, the quaternary carbon ring atom could only be
resolved in a "H-"*C HMBC NMR experiment at § = 157.5 ppm.

The core structure of 5 is reminiscent of 2 except the
inserted CO,. Therefore, we wondered about whether 5 can be
transformed into putative {[Ti(CO,-pz®"2),(pz®"?)],(n-0O)} or
{[Ti(CO,-pz"®")(pz"®"),],(1-O)} when exposed to an excess of
CO,. Due to the insolubility of 5 in non-donating solvents
these experiments were conducted in THF, which however did
not result in any CO, insertion at ambient conditions as indi-
cated by "H NMR experiments. This behaviour can be ascribed
to the enhanced steric bulk of the ¢{Bu moieties blocking the
titanium centres, in addition to the low solubility of 5 in THF.
Attempts to synthesize the sterically less demanding Ti(pz™),
as a precursor in order to access putative [Ti(pz™);]y(1-O)
were not successful.

Catalytic formation of cyclic carbonates

Titanium complexes are widely used in the copolymerization
of CO, and epoxides.**® Since metal pyrazolates effectively
promote the catalytic cycloaddition of CO, and epoxides, a
similar behaviour of the titanium derivatives could be
anticipated.®*>* For better comparability, the conditions of
the catalytic transformations were adapted to our previous
studies (Scheme 5).

Tetravalent Ti(pz"®’), (1) exhibits moderate catalytic activity
for the conversion of propylene oxide (59%), ranging between

This journal is © The Royal Society of Chemistry 2025
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Scheme 5 Catalytic conversion of CO, and epoxide into cyclic carbon-
ates by applying titanium pyrazolate 1 as catalyst. “Reaction conditions:
1 bar CO,, 0.5 mol% catalyst (1 and 2), 1 mol% tetra-n-butylammonium
bromide (TBAB) as cocatalyst at ambient temperature for 24 h in neat
epoxide; ?Conversion determined by comparison of the integral protons
at the a-position of the epoxide and the corresponding cyclic carbonate

(exception:  2-tert-butyloxirane/3,3-dimethyl-1,2-butene  carbonate
where the integral of the tBu moieties was used).
magnesium  (42-59%) and rare-earth-metal pyrazolates

(84-99%) and close to Al(pz®"); (65%).*>* This is in line
with the carboxopilicity criterion (as derived from the CO,-
release temperature),*® and reflects both the enhanced oxophi-
licity and Lewis acidity of titanium(w).*" As expected, the con-
version of sterically more demanding epoxides was consider-
ably lower, being lowest for 2-tert-butyloxirane (3%) and
highest for epoxy hexane (11%). Trivalent Ti(pz®"); (4)
showed a significantly lower conversion of 27% for propylene
oxide compared to tetravalent 1. This can be ascribed to side
reactions, as indicated by an immediate colour change upon
the addition of epoxide. Trivalent titanium compounds are
known to catalytically convert epoxides to alcohols under ring
opening and oxidation of the titanium center.** Examples of
titanium-based catalysts in this cycloaddition reaction are
rather rare.”®° The highest catalytic activity was observed for
the tetrazole containing (CsMes)TiCl,(O,N-L) (L = 5-(2-hydroxy-
phenolate)-1H-tetrazole) featuring a maximum TOF of 422 for
propylene oxide at 75 °C and 22 bar CO,.”* Recently, the Tis;
cluster (C,HgN)g[Tiz105,(0iPr),(PhCO,),,] was reported to
reach a quantitative conversion for propylene oxide when a
catalyst load of 0.83 mol% is used at 80 °C and 1 bar CO, over
five days, according to a photocatalytic mechanism.>

Conclusions

Tetravalent Ti(pz"*), undergoes a twofold CO, insertion to Ti
(CO,pz™®),(pz™®?), when exposed to an excess of CO, as
proven by SCXRD, NMR and DRIFT experiments. A thermo-
gravimetric analysis showed an exhaustive CO, release between
90-150 °C pointing to the reversibility of the CO, insertion. In
solid form, Ti(CO,-pz™*),(pz™?), showed an exceptionally
high stability, when compared to derivatives of other light
metals. Even after a month at ambient atmosphere only minor
hydrolysis products were observed. Strikingly, in solution
under a 1 bar CO, atmosphere Ti(CO,-pz™),(pz™), con-

This journal is © The Royal Society of Chemistry 2025
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verted into oxo-bridged species [Ti(CO,-pz™),(pz™*)]s(n-O)
and  [Ti(p-0),(p-pzV)4(Ti{CO,-pzM*Hpz"?}),], en route to
titania. This transformation reflects the highly polarizing
nature of titanium(iv) and is accelerated at elevated tempera-
tures. Heteroallene CS, undergoes a fully reversible mono-
insertion into Ti(pz"*?), via formation of Ti(CS,pz"®)
(pz™®);. The thiocarbamate complex does not engage in the
formation of sulfido-bridged species, even under thermal treat-
ment. Trivalent Ti(pz®"*); also undergoes a twofold CO, inser-
tion and the obtained bis(carbamato) complex Ti
(CO,-pz™®*),(pz™®™) is stable in solution against oxidation and
deoxygenation. Ti(CO,-pz®"),(pz™®") de-inserts CO, exhaus-
tively already at 70 °C without a decomposition side reaction.
Distinct reactivity of tetravalent Ti(pz™?), and trivalent Ti
(pz®"); is also found when treated with nitrous oxide. The tet-
ravalent pyrazolate displayed inert behaviour toward N,O,
whereas Ti(pz®"); gets oxidized to afford the oxo-bridged
complex [Ti(pz®");],(11-O) via fast release of N,.
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Experimental Section

General Considerations. All manipulations were performed under rigorous exclusion of air and
moisture under argon atmosphere (< 0.1 ppm O3, < 0.1 ppm of H,0) in a MB200B glovebox (MBraun)
or according to standard Schlenk techniques and in oven-dried glassware. Solvents (THF, Et,O n-
pentane, n-hexane and toluene) were purified by using SPS Grubbs-type columns (MBraun SPS-800,
solvent purification system) and stored inside a glovebox. THF was dried further over molecular sieves.
[Ds]toluene, C¢Dg and [Ds] THF were obtained from Sigma Aldrich and dried over Na/K alloy and filtered
prior to use. 3,5-Dimethyl pyrazole (99%), hydrazine hydrate, styrene oxide (>97%, degassed prior to
use), tetrakis(dimethylamido)titanium (99.999%), 2,2,6,6-tetramethylheptane-3,5-dione and titanium
tetrachloride (99.9%) were purchased from Sigma Aldrich and used as received. Carbon disulfide
(99.9%), propylene oxide (99.5%) and pyrazole (98%) were purchased from Acros Organics and the
former was degassed prior to use. 2-tert-Butyloxirane was purchased from abcr and degassed prior to
use. 1,2-Epoxyhexane (97%) was purchased from Thermo Fischer Scientific and degassed prior to use.
3,5-Di-tert-butylpyrazole?, TiCls(thf)s? and Ti(pz®'2);* (2) were synthetized according to literature
known synthesis routes. Argon and CO, were supplied by Westfalen AG. Solution *H and 3C spectra
were recorded in a J. Young valve NMR tube on a Bruker AVII+400 spectrometer (*H: 400.11 MHz; 3C:
100.61 MHz) or a Bruker AVII+500 spectrometer (*H: 500.13 MHz; 3C: 125.76 MHz) at 299 K. The
chemical shifts listed in the experimental section are referenced to solvent residual resonances in parts
per million in relation to tetramethylsilane. Solid-state NMR spectra were obtained at ambient
temperature on a Bruker AVIIIHD-300WB spectrometer (*H: 300.13 MHz, 3C: 75.47 MHz) equipped
with MAS (magic angle spinning) hardware using a ZrO; rotor with an outside diameter of 4 mm. IR
spectra were recorded on a Bruker Invenio R spectrometer (Bruker). The samples were mixed with KBr
powder and measured in a DRIFT cell with KBr windows. DRIFT data were converted by using the
Kubelka-Munk refinement. EPR spectra were measured on a continuous wave X-band Bruker ESP 300E
instrument using 5 mm O.D. Wilmad quartz (CFQ) EPR tubes. Spectra are referenced to the Bruker
strong pitched standard gis, = 2.0088. Elementary analyses were performed on an Elementar vario
MICRO cube in CHNS mode. Mass spectrometry experiments were conducted on an AmaZon SL
(Bruker). Single crystals were grown from saturated solutions of toluene by standard techniques.
Suitable single crystals from 192, 2, 3, 152, 4°°2 and 5 for X-ray structure studies were selected in a
glovebox and coated with Parabar 10312 (Hampton research). Crystallographic data were measured
on a Bruker APEX Il DUO instrument equipped with IuS micro focus sealed tube and QUAZAR optics for
MoK, radiation (A = 0.71073 A). The data collection strategy was determined using COSMO* employing
w- and @ scans. Raw data were processed using APEX> and SAINT,® corrections for absorption effects
were applied using SADABS.” The structures were solved by direct methods and refined against all data
by full-matrix least-squares methods on F2 using SHELXTL® and Shelxle.® For 1°°2and 2, disorder models
were calculated using DSR', a program included in ShelXle, for refining disorder. For 1°2, embedded
solvent molecules, which are seriously disordered, were treated by using PLATON/Squeeze.'* All
graphics were produced employing Mercury 2022.2.*?

Ti(pzV®2), (1). To a solution of Ti(NMe3)s (237 mg, 1.06 mmol) in 10 mL toluene a solution of HpzV®
(407 mg, 4.22 mmol) in 3 mL toluene was added dropwise and the resulting dark red solution was
stirred overnight at ambient temperature. The solvent was removed under reduced pressure and 1
was obtained as yellow crystals (443 mg, 1.03 mmol, 98%). The analytical data was consistent with the
literature.® DRIFTS: ¥ = 3110 (w), 2981 (w), 2954 (m), 2922 (m), 2859 (w), 1582 (vw), 1548 (vw), 1520
(s), 1462 (vs), 1440 (vs), 1415 (vs), 1366 (s), 1390 (w), 1174 (vw), 1139 (s), 1063 (w), 1015 (vs), 964 (m),
787 (vs), 729 (m), 663 (vw), 639 (w), 586 (w), 553 (vw), 478 (m), 437 (vs) cm™.

Ti(CO2-pzV®2),(pzV2), (1°%). In a 25 mL Schlenk tube a solution of Ti(pzV¢2)4 (201 mg, 469 pmol) in 5 mL
toluene was stirred under 1 bar CO; for 3 h at 0 °C. The solution was transferred to the glovebox and
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stored at —40 °C. A yellow amorphous precipitate was formed and over time of three years orange
crystals suitable for a SCXRD analysis were formed. The supernatant solution was removed and the
residue was dried for 30 min at reduced pressure and 1°? was obtained as orange powder (224 mg,
435 pumol, 93%). *H NMR (500.1 MHz, C¢D¢, 26 °C): 6 =5.72 (s, 2 H, 4-H(pz)), 5.00 (s, 2 H, 4-H(CO,-pz)),
2.62 (s, 6H, 5-CHs5(COzpz)), 2.21 (s, 3-6H, CHs(CO»pz)), 2.17 (s, 12H, 3/5-CHs(pz)) ppm.
Ti(*3CO,-pzMe2),(pzMe2),: 3C{*H} NMR (125.76 MHz, CsDs, 26 °C): & = 150.5 (CO,), 150.3 (5-C(CO,-pz)),
144.7 (3/5-C(pz)), 141.8 (3-C(CO-pz)), 141.8 (3-C(CO,-pz)), 116.2 (4-C(pz)), 110.2 (4-C(CO,-pz)), 110.2
(4-C(CO2-pz)), 13.3 (5-CH3(CO2-pz)), 12.3 (3-CH3(CO2-pz)), 11.9 (3/5-CHs(pz)) ppm. DRIFTS: ¥ =3131
(vw), 3104 (vw), 2978 (vw), 2929 (vw), 2867 (vw), 1740 (vs), 1690 (vw), 1559 (vw), 1521 (vw), 1459
(m), 1440 (w), 1413 (w), 1386 (w), 1348 (m), 1287 (s), 1230 (w), 1138 (w), 1048 (s), 1024 (m), 987 (w),
848 (s), 804 (s), 778 (s), 728 (w), 630 (vw), 583 (vw), 478 (m), 441 (s), 406 (m) cm™. Elemental analysis
calcd. (%) for C22H2sNgO4Ti (516.39 g mol™): C 51.17, H 5.47, N 21.70; found C 51.63, H 5.28, N 21.83.
After 1 week at ambient temperature a few crystals of 2 suitable for a SCXRD analysis were formed.
Fragments of the side product urea derivative OC(N-pz™¢?), were analyzed by mass spectrometry.
LRMS(ESI): m/z calcd. for CiiH14N4O [M+H]* 219.12; found 219.16. After 3 months at ambient
temperature a few crystals of 3 suitable for a SCXRD analysis were formed.

Ti(CS2:pzMe2)(pzMe2); (1°2). In a pressure tube, an excess of CS; (504 mg, 6.62 mmol) was added to a
solution of Ti(pz“2)4 (100 mg, 233 umol) in 10 mL toluene. The mixture was heated to 60 °C and stirred
for 5 d. The solution was concentrated and stored at —40 °C. Overnight yellow crystals were obtained
suitable for a SCXRD measurement. The supernatant solution was removed and 1%? was obtained as
yellow powder after evaporation of the solvent (94.9 mg, 188 umol, 81%). *H NMR (500.1 MHz, C¢Ds,
—60 °C): 6 =5.76 (s, 2 H, 4-H(cis-pz)), 5.52 (s, 1 H, 4-H(trans-pz)), 4.78 (4-H(CS;'pz)), 2.41 (s, 3 H, 5-
CHs(CS2pz)), 2.39 (s, 6 H, 3/5CHs(cis-pz)), 2.27 (s, 3 H, 3-CH3(CS,-pz)), 2.06 (s, 6 H, 3/5-CHs(trans-pz)),
1.97 (s, 6 H, 3/5-CHs(cis-pz)) ppm. *C{*H} NMR (125.76 MHz, CsDs, 26 °C): 6 = 209.2 (CS;), 150.6 (5-
C(CSz-pz)), 145.5 (3/5-C(cis-pz)), 145.0 (3-C(CS2'pz)), 144.0 (3/5-C(trans-pz)), 114.2 (4-C(trans-pz)),
113.8 (4-C(cis-pz)), 113.2 (4-C(CS;-pz)), 17.9 (3-CH3(CS2+pz)), 15.7 (5-CH3(CS»-pz)), 12.9 (3/5-CHs(cis-pz)),
12.5 (3/5-CHs(trans-pz)) ppm. DRIFTS: ¥ = 3105 (w), 2972 (w), 2954 (w), 2621 (m), 2861 (w), 1579 (s),
1520 (s), 1477 (m), 1462 (s), 1439 (vs), 1414 (s), 1373 (s), 1323 (vs), 1313 (s), 1247 (vs), 1168 (w), 1131
(vs), 1071 (vs), 1033 (vs), 1015 (s), 985 (s), 895 (s), 814 (m), 795 (m), 749 (m), 729 (m), 665 (vw), 635
(vw), 586 (w), 548 (vw), 523 (vw), 480 (m), 438 (vs), 408 (vs) cm™. Elemental analysis calcd. (%) for
C21H28NsS,Ti (504.50 g mol™): €50.00, H 5.59, N 22.21, 5 12.71; found C49.79, H 5.65, N 22.05, S 12.42.

Ti(CO,-pz'®2),(pz®“2) (4°2). In a 25 mL Schlenk tube, a solution of Ti(pz®“2); (100 mg, 233 pmol) in 5 mL
toluene was stirred under 1 bar CO, for 3 h at ambient temperature. The color of the blue solution
turned green, then yellow and finally red. The solution was transferred to the glovebox and stored at
—40 °C. A red amorphous precipitate formed and overnight also colorless crystals suitable for a SCXRD
measurement. The supernatant solution was removed and the residue was dried for 30 min at reduced
pressure yielding 4°°2 as a light red powder (99.1 mg, 147 umol, 63%). *H NMR (500.1 MHz, C¢D¢, 26
°C): 6 =5.30 (4-H(pz)), 1.55(tBu) ppm. C{*H} NMR (125.76 MHz, C¢Ds, 26 °C): 6 =170.7 (pz), 30.9
(tBu) ppm. DRIFTS: V =2962 (s), 2911 (w), 2871 (w), 1765 (s), 1753 (vs), 1545 (vw), 1513 (vw), 1482
(vw), 1462 (w), 1435 (w), 1393 (vw), 1363 (w), 1324 (m), 1259 (s), 1239 (s), 1179 (w), 1138 (vw), 1062
(m), 1016 (w), 976 (vw), 857 (w), 825 (w), 818 (m), 780 (w), 525 (vw), 498 (w), 437 (w), 404 (w) cm™.
Elemental analysis calcd. (%) for CssHs;NgO4Ti (673.75 g mol™): C 62.40, H 8.53, N 12.47; found C 63.16,
H 8.35, N 12.71. The carbon value is outside analytical purity, but no better elemental analysis could
be obtained to date, due to the high content of solvent molecules in the lattice.

[Ti(pz™“2)3]5(u-0) (5). In a 25 mL Schlenk tube, a solution of Ti(pz®2); (100 mg, 233 umol) in 5 mL
toluene was stirred under 1 bar N,O for 30 min at ambient temperature. The color of the blue solution
turned green, then yellow and finally orange. Orange crystals suitable for a SCXRD measurement
formed overnight under ambient temperature. The supernatant solution was removed and the residue
was dried at reduced pressure yielding 5 as an orange powder (100 mg, 84.5 umol, 99%). *H NMR
(400.11 MHz, THF-Ds, 26 °C): & = 6.36 (4-H), 1.01 (C(CHs)s) ppm. **C{*H} NMR (100.61 MHz, THF-Ds, 26
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°C): 6 =157.5 (3/5-C), 109.5 (4-C), 32.3 (C(CHs)3), 31.1 (C(CHs)3) ppm. The signal at 157.5 ppm was only
resolved in an *H-*C-HMBC experiment. DRIFTS: ¥ = 3118 (vw), 2961 (vs), 2929 (m), 2903 (m), 2867
(w), 1520 (m), 1501 (m), 1484 (w), 1461 (w), 1427 (m), 1388 (vw), 1363 (s), 1288 (vw), 1253 (m), 1229
(m), 1206 (w), 1020 (vw), 999 (w), 801 (s), 744 (vs), 708 (m), 627 (vw), 564 (vw), 531 (w), 482 (s) cm™.
Elemental analysis calcd. (%) for CesH114N120Ti, (1186.82 g mol™): C 66.76, H 9.68, N 14.15; found C
67.14,H9.20, N 14.17.

General procedure of the catalytic conversion of epoxides and CO, to cyclic carbonates.
Representative example: A Schlenk tube was charged with Ti(pz™®2), (10.5 mg, 24.5 pmol) and TBAB
(15.8 mg, 49.0 umol) dissolved in propylene oxide (343 uL, 4.90 mmol). The atmosphere was
exchanged with 1bar CO, and the reaction mixture was stirred for 24 h. The conversion was
determined via *H NMR spectroscopy by dissolving the reaction mixture in CDCls.
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Figure S1. 'H NMR spectrum (400.11 MHz, CsDs) of Ti(pz™¢2), (1) at 26 °C.

4 1 3 25
N o N - N~
™~ S © N
[ [RY
5 4 5
Me\@Me
3
N—N
Me O
1 Y //O EN Me
. T| .
oW
Me/U\Me
| | | | I
[ I [ I I I
7.0 6.0 5.0 4.0 3.0 2.0 ppm
ﬁ fﬁ ﬁ foﬁ
S o S v b
ai - © ol

Figure S2. 'H NMR spectrum (500.13 MHz, CsDs) of Ti(CO»-pz™Me?),(pzMe?), (1°92) at 26 °C.
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Figure S3. Comparison of *H NMR spectra (400.11 MHz, CsDs) of Ti(pz™¢2), (1, bottom) and Ti(CO,-pz™¢?),(pzM?),
(192, top) at 26 °C.
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Figure S4. 13C{*H} NMR spectrum (125.76 MHz, CsDs) of Ti(*3C0O;-pz™e?),(pzV*?), (113¢°2) at 10 °C.
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Figure S5. 'H-13C HMBC NMR spectrum (*H: 500.13 MHz, 13C: 125.76 MHz, CsDs) of Ti(*3CO;-pz™e?),(pzMe?), (113¢02)
at 26 °C.
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Figure S6. H NMR spectrum (400.11 MHz, CsDs) of Ti(CO,-pz™e?),(pzM?), (+, 1°92) at 26 °C after being stored for
one month at ambient atmosphere and the formation of small amounts of carbamic acid HO,Cpz™e? (# most likely
mono-insertion product).
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Figure S7. Comparison of 'H NMR spectra (400.11 MHz, CsDs) of the decomposition of Ti(CO;-pzMe2),(pz™e?), (1°92)
over time at 26 °C.
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Figure S8. Monitoring of the decomposition of Ti(CO,-pzMe?),(pz™¢?); (1¢°?) after one week via *H NMR spectra
(400.11 MHz, CsDs) in a normal NMR tube (bottom) and an amber class NMR tube (top) (+ Ti(COz-pz™€?),(pzM?),
(1€92)) at 26 °C.
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Figure S9. Acceleration of the decomposition of Ti(CO,-pzV?),(pz™e?); (+ 1°?) at elevated temperature. 'H NMR
spectra (500.13 MHz, [Ds]toluene, 26 °C).
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Figure S10. Monitoring of the reaction of Ti(pzV®?), (1) with CS; via *H NMR spectra (400.11 MHz, [Ds]toluene) at
26 °C.
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Figure S11. *H NMR spectrum (400.11 MHz, [Ds]toluene) of Ti(CS,-pzMe?)(pze?)s (152) at 26 °C.
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Figure S12. 'H NMR spectrum (500.13 MHz, [Ds]toluene) of Ti(CS,-pz™e?)(pzV?)s (152) (+ toluene) at —60 °C.
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Figure S13. 13C{*H} NMR spectrum (125.76 MHz, [Ds]toluene) of Ti{CS, pz™e)(pz™e?); (1¢2) (+ n-hexane) at 0 °C.
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Figure S14. 'H NMR spectrum (400.11 MHz, [Ds]toluene) of Ti(pz™®?); (4) at 26 °C (+ n-hexane, # grease).
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Figure S16. Monitoring of the conversion of Ti(pz™®'?); (4) to Ti(COz pz'?);(pz'"?); (4°°?) via 'H NMR spectra
(400.11 MHz, [Ds]toluene) at 26 °C.
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Figure S18. VT 'H NMR spectra (500.13 MHz, [Ds]toluene) of Ti(CO2 pz'®?),(pz'B?) (4°2) in the range of 26 °C and
70 °C showing the formation of Ti(pz®“?)s (4).
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Figure $19. 'H NMR spectrum (400.11 MHz, [Ds]toluene) of [Ti(pz'®2);),(11-0) (5) at 26 °C (+ H grease).
1 34
[To]
) € v
o Al —
| \
. tBu tBu
tBu
N=N =N 2/3 4
N\E’ ‘:\ ‘ [\\\\N
| o o——Tiv, IQ
NT&2 VAL
Bu /Q}‘tBuJ\O)\tBu
tBu tBu
+
s
I | L T I L I I
160 140 120 100 80 60 40 ppm

Figure $20. 13C{*H} NMR spectrum (100.61 MHz, [Ds]toluene) of[Ti{pz'®“2);](1-0) (5) at 26 °C (+ H grease).
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Figure $21. 'H-13C HMBC NMR spectrum (*H: 400.11 MHz, 13C: 100.61 MHz, [Ds]toluene) of [Ti(pz'®2)s]2(1-0) (5)
at 26 °C (+ H grease).
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Figure $22. 13C{*H} NMR projection calculated from *H-13C HMBC NMR spectrum (H: 400.11 MHz, 13C: 100.61
MHz, [Ds]toluene) of [Ti(pz'®?)s)2(1-0) (5) at 26 °C.
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Figure S23. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic

conversion of propylene oxide and CO, to propylene carbonate by using 0.5 mol% of Ti(pz™e2), (1) as catalyst at
26 °C.
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Figure S24. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of styrene oxide and CO, to styrene carbonate by using 0.5 mol% of Ti(pzV?), (1) as catalyst at 26 °C.
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Figure S25. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 2-tert-butyloxirane and CO; to 3,3-dimethyl-1,2-butene carbonate by using 0.5 mol% of Ti(pzM),

(1) as catalyst at 26 °C.
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Figure S26. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of 1,2-epoxyhexane and CO; to 1,2-n-hexylene carbonate by using 0.5 mol% of Ti{pz™®2), (1) as catalyst

at 26 °C.
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Figure S27. 'H NMR spectrum (26 °C, 400.11 MHz, chloroform-d) of the reaction mixture of the catalytic
conversion of propylene oxide and CO; to propylene carbonate by using 0.5 mol% of Ti(pz®2); (4) as catalyst at
26 °C.
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Figure S28. DRIFT spectrum of Ti(CO,-pzVe2);(pzV°?); (1€C2) at 25 °C
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Figure S29. DRIFT spectrum of Ti(CS,-pzMe2)(pz™e2); (1%2) at 25 °C.
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Figure S30. DRIFT spectrum of Ti(CO,-pz®2),(pzB"2) (4%C2) at 25 °C.
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Figure S31. TGA of Ti(CO»-pzVe2),(pzV*2), (1°°). The sample was heated from 27 °C to 1000 °C with a heating
ratio of 2 Kmin under constant Ar flow.
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Figure S32. TGA of Ti(CSy-pzMe2)(pzMe2); (1%2). The sample was heated from 27 °C to 1000 °C with a heating ratio
of 2 Kmin™! under constant Ar flow.

S21



100 -
| 1-13.9%
80 1-12.1%
60 |
g
2 ~60.0%
40 -
20 - l
] —8.7%
O T 1 T 1 T 1 T 1 T 1
0 100 200 300 400 500

Temperature (°C)

Figure S33. TGA of Ti(CO,-pz®*2),(pz®2) (4C2). The sample was heated from 27 °C to 1000 °C with a heating
ratio of 2 Kmin= under constant Ar flow.
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Table S1. Crystallographic data for complexes 192, 2, 3 and 1¢2

1C02 2 3 1C52
CCDC 2423933 2423932 2423934 2423931
C22H23N804Ti -0.5 C34H42N1209Ti2 . C42H56N1506Ti3 - 0.5 .
formula .
C7Hg C7H8 C7Hg CqugNsSle C7Hs
M [g mol™] 562.49 950.73 1070.79 596.67
color/shape orange/plate yellow/plate orange/block yellow/plate

Crystal dimensions
[mm]

cryst. system
space group
a[A]

b [A]

c[A]

al’]

8[°]

v[°]

VA3

z

T[K]

wavelength [A]
pcalcd [g cm-3]
p [mm™]

F(000)

U range [°]
unique reflns
observed reflns
R:E/wWR; (1>20)®!
Ri/wR; (all data)®

GOF

0.210x 0.103 x
0.069

orthorhombic
Pccn
13.996(4)
15.781(5)
27.295(8)
90

90

90
6029(3)

8

100(2)
0.71073

1.239

0.326

2360
1.945/28.776
7839

93953
0.0606/0.1559
0.0756/0.1641

1.106

0.183 x0.151 x
0.053

monoclinic
P2:/n
12.0147(16)
12.7078(17)
29.572(4)
90
92.721(3)
90
4510.0(11)
4

100(2)
0.71073

1.400

0.421

1984
1.379/27.143
9977

64412
0.0502/0.1115
0.0931/0.1316

1.017

0.172x0.163 x
0.140

triclinic

P1
10.2731(3)
13.7173(4)
18.2960(6)
82.3550(10)
81.5940(10)
85.9250(10)
2524.38(13)
2

100(2)
0.71073

1.409

0.527

1118
1.764/28.744
13079

100585
0.0413/0.1032
0.0554/0.1126

1.047

0.264 x 0.150 x
0.112

orthorhombic
Pbca
14.9266(7)
16.7993(8)
24.6971(13)
90

90

90
6193.0(5)

8

100(2)
0.71073

1.280

0.442

2512
2.003/26.398
6339

40857
0.0381/0.0932
0.0497/0.1015

1.053

ERi=3(| [ Fol - |Fel 1) / Z]Fol,

Fo > 40(Fo), ° WRa = {E[w(Fo? - F2)? / E[w(Fo2)2]}V2. IGOF = [Sw(Fo? - F2)? / (no - np)]Y2,
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Table S2. Crystallographic data for complexes 4%°2* and 5*

402 5*
CCDC 2423936 2423935
formula CasHs7N6O,Ti - 2 CesH11aN120Tiz

CsHs

M [g mol™] 858.03 1187.46
color/shape colorless/column yellow/block
Crystal dimensions 0.434 x0.179 x 0.212 x0.199 x
[mm] 0.143 0.168
cryst. system orthorhombic cubic
space group Pbca Pa3
a[A] 28.975(4) 19.2439(11)
b [A] 23.619(3) 19.2439(11)
c[A] 43.439(6) 19.2439(11)
al’] 90 90
B 90 90
v [ 90 90
VA3 29728(7) 7126.6(12)
Z 24 4
TIK] 100(2) 100(2)
wavelength [A] 0.71073 0.71073
pcaled [g cm™3] 1.150 1.107
f[mm™] 0.219 0.270
F(000) 11112 2584
0 range [°] 1.455/24.462 1.833/28.740
unique reflns 24573 3094
observed reflns 199425 138932
R:E/wWR; (1>20)®! 0.0844/0.1760 0.0923/0.2387
R:®/wR; (all data)®!  0.1548/0.2094 0.1061/0.2466
GOF! 1.039 1.133

IRy = 5(] | Fol - |Fel ) / Z|Fol, Fo > 4o(Fo), (™) WR2 = {E[w(Fo? - F2)? / Z[w(Fo?)2]}/2. FIGOF = [Ew(Fo? - F)? / (o - np)]/2
* Connectivity structure only.

S24



N3'

Figure S34. Crystal structure of [Ti(CO2-pzMe?)y(pzMe2),] (1%92), thermal ellipsoids set at 50%
probability. Hydrogen atoms, one lattice solvent toluene and a second unit of 192 are omitted
for clarity. Selected interatomic distances [A]: Til-01 2.0445(18), Til-N1 2.211(2), Ti1-N3
2.045(2), Til-N4 2.016(2), C6-01 1.275(3), C6-02 1.207(3). Selected angles [°]: 01-Ti1-01’
141.77(11), 01-C6-02 129.0(3), O1-Ti1-N1 72.82(8), O1'-Ti1-N1 80.61(8). ‘x+1/2, -y+3/2, z

Figure $35. Crystal structure of [Ti(CO2 pz™®?),(pzM©?2)]5(1-O) (2), thermal ellipsoids set at 50%
probability. Hydrogen atoms and one lattice solvent toluene are omitted for clarity. Selected
interatomic distances [A]: Ti1-01 1.9930(18), Ti1-03 2.0286(19), Ti1-09 1.8164(19), Ti1-N2
2.244(2), Ti-N4 2.164(2), Ti2-05 1.995(2), Ti2—-07 2.0140(19), Ti2—09 1.790(2), Ti2—-N8
2.214(2), Ti2-N10 2.222(2), 01-C6 1.290(3), 02-C6 1.208(3), 03-C12 1.280(3), 04-C12
1.209(3), 05-C29 1.297(3), 06-C29 1.203(3), 07-C23 1.275(3), 08-C23 1.215(3). Selected
angles [°]: O1-Ti1-N2 73.13(8), O3-Ti1l-N4 74.09(8), O5-Ti2-N10 73.97(9), O7-Ti2—-N8
73.79(8), 01-C6-02 127.6(3), 03-C12-04 129.4(3), 05-C29-06 128.1(3), 07-C23-08
129.2(3), Ti1l-09-Ti2 148.94(11).
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Figure S36. Crystal structure of [Ti(pu-O)2(p-pzMe2)a(Ti{CO2-pzMe2HpzMe2}),] (3), thermal
ellipsoids set at 50% probability. Hydrogen atoms and one lattice solvent toluene are omitted
for clarity. Selected interatomic distances [A]: Ti1-05 1.8465(12), Ti1-06 1.8199(12), Ti2-01
2.0126(13), Ti2-N1 2.2030(16), Ti2—06 1.8075(12), Ti3—03 2.0437(13), Ti3—-05 1.7935(12),
Ti3—N15 2.1877(15). Selected angles [°]: 01-C4-02 129.38(18), 03-C40-04 129.64(19), O1-
Ti2-N1 73.78(5), 03-Ti3—N15 73.32(6), Til-06-Ti2 123.94(7), Ti1l-05-Ti3 122.70(7), O5-Til-
06 104.58(6).
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Figure S37. Crystal structure of [Ti(CSa'pzMe2)2(pzMe2),] (152), thermal ellipsoids set at 50%
probability. Hydrogen atoms and one lattice solvent toluene are omitted for clarity. Selected
interatomic distances [A]: Til-S2 2.4617(5), S1-C6 1.6543(19), S2-C6 1.7019(19). Selected
angles [°]: S1-C6-S2 121.64(12), S2-Ti1-N2 74.75(4).
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Figure S38. Connectivity of [Ti(CO2-pz!®2),(pz®42)] (4%C2), thermal ellipsoids set at 50%
probability. Hydrogen atoms, six lattice solvent toluene and two molecules of 492 are omitted
for clarity.
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Figure S$39. Layer arrangement of [Ti(CO, pz®¥2),(pzi®¥2)] (4°?) and lattice toluene. Thermal
ellipsoids set at 50% probability. Hydrogen atoms and tBu moieties are omitted for clarity.
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Figure S40. Connectivity of O[Ti(pz®?)s]> (5), thermal ellipsoids set at 50% probability.
Hydrogen atoms are omitted and tBu moieties are set as wireframe for clarity.
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Figure S41. X-Band (v =9.2808 GHz) cw-EPR spectrum of Ti(CO,-pzi®¥2),(pz®?) (4?) in toluene
at 298 K. Parameters for simulation: S = 1/2; gy = 1.975, g, = 1.956; (2*) A,,N = 5 MHz, (1*)
Aj,H =5 MHz; due to the unresolved hyperfine coupling in the g, direction, an HStrain (x, v,
) of 4 MHz, 20 MHz, and 20 MHz was employed. A second signal at giso = 1.955 overlaps;
parameters for simulation: S = 1/2; g = 1.955; Gaussian Line (lwpp)®! with 1 mT.

[a] HStrain: anisotropic residual line width (FWHM), in MHz, describing broadening due to unresolved hyperfine
couplings or other transition-independent effects. [b] lwpp: Line width for isotropic broadening.
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Figure S42. *H NMR spectrum (400.11 MHz, [Ds]THF) of the carbamic acid HOOCpz™e? at 26 °C. It was isolated
from the reaction of Ti(COypzV®?),(pz™e?); (1¢°%) with a 2 M H,0 solution in THF. The protonolysis reaction

produced also a white amorphous precipitate.'*
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Appendix







Structurally characterized compounds not included in publication or unpublished
results of this thesis

rt, 4 h
n-hexane
Y(AIMe,); + 3 Hpz®UBY —— 0.5

[Y (u-pz2)(pz22)(AlMes) |, FK265
Ri[[>26] 5.08%; wRa(all data) 12.47%
a=13.730(2) A; o = 89.538(2)°

b =14.304(2) A; p = 83.008(3)°
c=17.987(3) A; y=67.121(2)°



Structurally characterized complexes

On the following pages all compounds structurally characterized via SC-XRD are listed as ChemDraw
sketches.



Magnesium Pyrazolates (Paper I)
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Group III and XIII metal pyrazolates (Paper II)




CO., CS2 and N0 Insertion into Titanium Pyrazolates (Paper I, I and
Unpublished Results)
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CO., CS2 and N0 Insertion into Titanium Pyrazolates (Paper 1V)
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MeCTp Ligands and Magnesium CTp Complexes (Paper III)
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Unpublished Crystal Structures or from Publication with minor
Contribution
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