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The tetravalent titanium pyrazolate Ti(pz™®2)

ambient temperature and 1 bar heteroallene, forming the complex Ti(CO,-pz"®2),(pz™®?), (pzM®2 = 3,5-di-

4 inserts two molecules of carbon dioxide instantly at

methylpyrazolato). CO, insertion is reversible as proven by thermogravimetric analysis (TGA). Solid Ti
(COzpzMez)z(pzMez)z exhibits an exceptionally high stability at ambient atmosphere but converts in solu-
tion over time via deoxygenation into the oxo-bridged species [Ti(CO,-pz™®2),(pz™®?)],(u-O) and [Ti(p-
O),(p-pz™2) 4(THCO,-pzMe2}{pz™®2}),]. Treatment of Ti(pz"e?), with CS, results in a mono-insertion to Ti
(CS,-pzMe?)(pz™e2)5, which is reversible at 110 °C. Applying similar conditions, trivalent Ti(pz®?)

also two molecules of CO, to afford Ti(CO,-pz™“2),(pz™®*?) displaying complete de-insertion at 70 °C. At
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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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elevated temperatures compound Ti(CO,-pzU2),(pz
in a deoxygenation reaction. While tetravalent Ti(pz
ditions, trivalent Ti(pz®“2)3 converts into oxo-bridged [Ti(pz

Buz) does neither display redox activity nor engages

Mez), does not react with N,O under ambient con-

tBU2).],(u-0) via initial N,O insertion and sub-

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 (CsMe;5)Ti(=NAr)(L) (Ar = 2,6-C¢Hz;Me,; 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 [(CsMe;s)Ti(L)(1-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).?®
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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
(-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
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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 (6 = 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 6 = 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 192,
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. S6T). 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)(-pz2*)(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(ox0) 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. S421), 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 s
toluene YS

N—=N

Ol \/“““O Rl e
N(/\\N 11000 \ /N‘”‘“ : RN
till(l:esr,le /E_)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
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).>®

cs2
1

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.
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CO, and N,O activation with trivalent Ti(n>-pz™");

Exposure of trivalent Ti(pz®"?); (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="2),(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
€02 and six lattice toluene, which form a super-
structure with alternating layers of complex 4°°*> and toluene
(Fig. S397).

molecules of 4

tBu tBu tBu\@tBu
N=N t, toluene N=N
% exc. CO, tBu tBu
tBu N i By = 4 N“""&‘N >
S Y/ 70°C I\ 2 N
ON N \[ro O\“/ tBu
tBu tBu

4

t, toluene
exc. N,O

_N2

Scheme 4 Reactions of Ti(pz'B“2)3 (4) with an excess of CO, and N,O.

P W
Lo e '
€ Nee—ans

9/ VN1 Ti1 N3\
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\ N2 % 01 03 S N4
2 Cc24

.C1

02 04

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®"?)],(u-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-
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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®");],(11-0) via fast release of N,.
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