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Starting from the alkyne complex Cp,Zr(py)(n?-MesSiC,SiMes) (Cp = n°-cyclopentadienyl, py = pyridine),
the synthesis and complete characterisation of a zirconocene(v) triazenido hydride complex and its use in

the activation of small molecules is reported. The reaction with CO, led to the formation of a zircono-
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Introduction

In coordination chemistry, bidentate anionic bases with nitro-
gen donor sites such as amidinates, guanidinates and
B-diketiminates play a crucial role in stabilising and shielding
reactive sites, making them widely used and extensively studied
ligands." Interestingly, structurally related triazenido ligands
have received comparatively less attention. Due to their two- or
four-electron donor character, triazenido ligands exhibit a wide
range of structural chemistry. They can either coordinate in
monodentate® or bidentate® mode to a single metal fragment
and serve as bridging ligands between two metal centres.***

In group 4 coordination chemistry, several documented
routes have been established for the introduction of these
types of ligands. One of the first reported examples is the use
of 1,3-tolyltriazene and hafnocene hydrides, which forms a
triazenide hydride complex (Fig. 1a).> Furthermore, insertion
of organic azides into M-C bonds allows the synthesis of
unsymmetrical triazenido complexes (Fig. 1b).® A rather
unusual protocol includes the insertion of alkynes into an N-
N bond in zirconium tetraazadienediyl complexes (Fig. 1c).”

The use of free triazenes as starting materials was investi-
gated using various sources of reactive group 4 metal frag-
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cene(v) triazenido-formate complex, which was further investigated for its stability towards different
bases with respect to the formation of formic acid. The experimentally observed reaction pathway was
investigated computationally using DFT methods, revealing the favourable role of pyridine coordination in
the hydrogen transfer from the triazene to the alkyne unit of the zirconocene reagent.

ments. Both, the prior basic treatment of free triazenes® with
subsequent transmetallation to the group 4 metal,® as well as
direct treatment with basic group 4 metal amido complexes,
form products of the type [M(RNNNR),(X),,] (M = Ti, Zr or Hf,
X = e.g. NMe,, Cl, Cp)."® It was claimed that alkyl triazenido
complexes can be used to form Zr and Hf monolayers by

Group 4 metal triazenido complexes
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Fig. 1 Top: (a) Bercaw's hafnocene triazenido hydride complex; (b) gen-
eralised representation of azide insertion into the metal carbon bond. M =
Zr, Hf; R and L = various substituents; (c) synthesis of zirconocene triaze-
nido complexes using zirconocene tetraazadienyl complexes as staring
material; (d) formation of Ti(n) triazenido complexes under release of
hydrogen, starting from Ti(1) sources. Bottom: reaction of Zr(i) precursor
1, formation of four- vs. eight-membered metallacycles.
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CVD,'* whereas aryl-substituted analogues can serve as pre-
catalysts for olefin polymerisation.'®® The use of aryl triazene
and Ti(u) sources or Ti(iv) precursors has also been investi-
gated by the Beckhaus group and by us before. Beckhaus’ Ti
(v) bis(pentafulvene) complexes, formally Brensted basic, lead
to Ti(w) triazenido complexes where the proton is transferred
to one of the pentafulvene units.'* Conversely Ti(u) sources
such the alkyne complex [Cp,Ti(n*-Me;SiC,SiMe;)] (Cp = n
cyclopentadienyl) lead to rare Ti(m) triazenido complexes
under evolution of hydrogen (Fig. 1d).”""

Considering the divergent coordination behaviour that can
be observed with the related triatomic allenediide ligand
[Me;SiCCCSiMe;]*~, giving either four-membered 1-metalla-
cyclobuta-2,3-dienes (similar to structure A Fig. 1 bottom)
when using ansa-metallocenes,”” or dinuclear dizirconacy-
clooctatetraenes with smaller metallocenes (like structure B
Fig. 1 bottom),"*'?” the question arises whether similar,
hitherto unknown triazenido-bridged dinuclear zirconocene
complex B can be prepared using Rosenthal’s reagent [Cp,Zr
(py)(n®>-Me;SiC,SiMe;)] (1, py = pyridine) as the Zr(u) precur-
sor' (Fig. 1, bottom). Herein we present an investigation of
this reactivity and the study of the obtained first zirconocene
triazenido hydride complex towards CO,.
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Fig. 2 H NMR spectra of (a) complex 1 (room temperature, 300 MHz,
CeDe.); (b) reaction mixture of 1 and 1,3-diphenyltriazene after 24 h
(room temperature, 80 MHz, CgDg,). Labelling scheme: ®: Cp, MesSi of
2. W Cp, Zr—H of 3. py: free pyridine. #: free Me3;SiCCSiMes. (c) isolated
complex 3 (room temperature, 300 MHz, C¢Dg,).
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Results and discussion

The reaction of complex 1 with an excess of 1,3-diphenyltriazene
(PhNNNH(H)Ph) was investigated by low-field "H NMR spec-
troscopy (room temperature, 80 MHz, C¢Ds). No evidence for H,
formation was found, corroborated by the absence of the charac-
teristic resonance at § 4.47 ppm.'®> However, the 'H NMR spectra
show the full consumption of 1 (Fig. 2a and b), as well as two
new prominent resonances in the SiMe; region (Fig. 2b, § 0.36,
—0.03 ppm) and a characteristic signal for Cp protons (&
5.70 ppm). Furthermore, an isolated resonance of free pyridine
(6 8.53 ppm, CH-2,6)" indicates ligand exchange in the first
step, likely forming the complex [Cp,Zr(PhNNNPh)Me;SiC(H)
CSiMe;] (2, Scheme 1). Monitoring the prominent SiMe; signals
for 75 hours at room temperature suggests that 2 is a transient
species. During this time the signal of non-coordinated
Me;SiC,SiMe; (6 0.16 ppm) increases with decreasing reaction
rate, which allows a first-order follow-up reaction to be estimated
(Fig. S1 and S27). Although full conversion is not achieved after
80 h at room temperature, slow formation of a new zirconocene
species occurs with characteristic resonances for Cp protons (&
5.68 ppm) and an additional broad N-H or Zr-H signal at §
5.30 ppm. To support the proposed structure of 2 a series of
in situ 2D-NMR experiments were performed at ambient temp-
erature and at 7 = —20 °C which agree with the proposed zirco-
nocene triazenido vinyl complex structure (Fig. S4-11%).
Formation of complex 2 probably occurs by exchange of the pyri-
dine for the triazene ligand and subsequent transfer of the tria-
zenido NH proton to the alkyne ligand, corroborated by its
characteristic 'H (§ 6.76 ppm) and *°Si (5 —9.7 ppm, s = 23
Hz) resonances (Fig. S8-S11t). Ligand substitution is a common
process in zirconocene chemistry and is also used in the syn-
thesis of 1, where THF is replaced by a pyridine ligand.'®

Proton transfer reactions, in particular from acidic groups
to the alkyne Me;SiC,SiMe;, are well known.” However, reac-
tions in which the hydrogen atom of the resulting alkenyl/vinyl
group undergoes a subsequent shift along with elimination of
the alkyne, are much rarer.'® The reactivity described here is
reminiscent of that of the chemically related N,N‘-diphenylfor-
mamidine with 1, in which a complex similar to 2 was identi-
fied. Upon heating this species formed the Zr hydrido complex
[Cp,Zr(H)PhNC(H)NPh], suggesting the formation of an analo-
gous complex in our case.'® With this in mind, we then
focused on the more stable follow-up reaction product identi-
fied in our NMR monitoring experiments. To bypass the long
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Scheme 1 Summary of the reaction sequence of the Rosenthal complex 1 with diphenyltriazene at room temperature, giving spectroscopically
characterised intermediate 2 and the zirconocene hydride complex 3. Selective formation of 3 at T = 50 °C, onward reactivity with CO, and for-

mation of 4.
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reaction time observed, a 1:1 mixture of 1 and 1,3-diphenyl-
triazene was reacted in C4Hg for 18 hours at 50 °C, giving a
clear dark red solution. Single crystals suitable for single
crystal X-ray diffraction (SC-XRD) analysis of the follow-up
product 3 (Fig. 3, left) could be obtained after addition of
pentane to the concentrated reaction solution at —78 °C. The
molecular structure reveals the formation of a zirconocene tria-
zenido hydrido species, similar to Bercaw’s hafnocene hydrido
complex (Fig. 1a), which explains the lack of hydrogen evol-
ution and again shows the preferential chelating coordination
of the NNN unit. A comparison of 'H NMR resonances of
redissolved (C¢Ds) isolated crystals of 3 and those observed in
the above monitoring experiment (Fig. 2b and c) shows excel-
lent agreement. Due to the moderate solubility of 3 in CgD,
further NMR analysis was performed in THF-dg, where the Cp
signal shifts to § 6.05 ppm and the Zr-H resonates at §
5.17 ppm. The presence of a hydride in 3 is substantiated by
the "H-">N HMBC correlation between the Zr-H signal and the
terminal o-nitrogen atoms (§ —122.5/—109.6 ppm) as well as a
minor correlation with the central f-nitrogen atom at §
126.6 ppm (Fig. S157). The large relative shift between a- and
B-nitrogen signals of Ad = 249 and 236 ppm reflects their con-
trasting electronic situations, ruling out a partial Zr-Nj inter-
action (see ESI section 2.5%1). The ATR-IR spectrum of 3 shows
a strong v, (NNN) vibration at 1271 em™" and y(Zr-H) stretch-
ing mode at 1591 cm™' in good agreement with Bercaw’s
heavier hafnocene congener (Fig. 1a) (vas (NNN) = 1301, y(Hf-
H) =1630 cm™)."?

In an initial attempt to crystallise complex 3, a colour
change of the solution from orange to yellow was observed
after storing the flask in a Dewar barrel cooled with dry ice.
Surprisingly, 'H NMR analysis of this solution showed a
different set of characteristic signals in THF-dg for Cp ligands
(6 6.38 ppm) and a further singlet at § 8.28 ppm. The latter
shows C satellites with a remarkably large coupling constant
(Y = 205 Hz). After clarifying the formation of 3, we focused

Fig. 3 Molecular structures of complexes 3 (left) and 4 (right). Thermal
ellipsoids correspond to 30% probability (3: 110 K; 4: 150 K). Hydrogen
atoms except H1 in 3 and H23 in 4 as well as the second molecule of 3
from the asymmetric unit are omitted for clarity. Selected bond lengths
for 3: Zr1—N1 2.336(2); Zr1-N3 2.332(2); N1-N2 1.314(3); N2—-N3 1.312
(3); second molecule: Zr2—-N4 2.333(2), Zr2—N6 2.337(2), N4—N5 1.308
(3), N5—-N6 1.306(3). 4: Zr1-N1 2.360(2); Zr1-N3 2.300(2); N1-N2 1.304
(2): N2—N3 1.314(2).
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on this secondary finding as we had reason to assume that CO,
accidently entered the flask, resulting in serendipitous, yet
selective follow-up reaction of complex 3 with the former.
Reproducing this transformation by treatment of isolated crys-
tals of 3 with CO, in THF shows a colour change of the solution
from orange to yellow (Scheme 1). The 'H NMR spectrum of
the yellow solid obtained after workup was identical to that
observed earlier, thus confirming our assumption. The "H-"°N
HMBC spectrum neither shows correlation between the new
resonance at 6 8.28 ppm and the a-nitrogen atoms
(=113.3/=97.7 ppm) nor with the p-nitrogen atom (Fig. $207),*°
indicating CO, insertion into the Zr-H bond. This assumption
could be confirmed by SC-XRD analysis, which revealed the for-
mation of a zirconocene triazenido formate complex 4 (Fig. 3,
right). Based on this finding, the new "H NMR resonance at
low field can be assigned to the formate ligand. The insertion
of CO, into metal hydride bonds is a well-documented reaction,
particularly in late transition metal chemistry, where the cata-
Iytic reduction of CO, with hydrogen to formic acid has been
studied in detail.>" Of note, there are comparably few examples
of such insertion reactions in group 4 metal chemistry. These
studies were carried out in the context of frustrated Lewis pair
chemistry, showing the same behaviour.”> To our knowledge,
only one comparable isolated zirconocene formate complex
was reported before, showing a formate "H NMR resonance at &
8.87 ppm (C¢De) that agrees well with the value of 4.>*
Formation of such species was observed as an intermediate in
the reaction of the related Schwartz reagent Cp,Zr(H)Cl with
CO, which furnishes formaldehyde and the dinuclear complex
p-O{Cp,ZrCl],.>* This onward reactivity contrasts with the
herein reported formation of a stable, mononuclear formate
complex 4, likely due to the presence of the sterically demand-
ing triazene ligand. In previous studies, hydrogenation of the
formate with bulky Lewis acids as a further activating agent was
attempted, however, formation of formic acid was not found.
To deepen our understanding of the observed reactivity, a
two-step computational analysis was carried out. First, the
observed reaction pathway and its possible transition states
were investigated using the semi-empirical GFN2-xTB
method,>* followed by a DFT re-optimisation and verification
at the B3LYP*>-D3%/def2-TZVP*’ level. The rapid formation of
2 from 1 suggests that in the first step the pyridine ligand is
exchanged by the coordination of one nitrogen of the triazene
unit. To our surprise, the subsequent hydrogen transfer from
the triazene NH to the alkyne unit in this structure shows an
activation barrier of AG* = 138.5 k] mol™, which is not compa-
tible with the experimentally observed fast formation of 2
under ambient conditions. Therefore, the influence of the pyri-
dine ligand on this transformation was further evaluated and
coordination of the 1,3-diphenyltriazene unit in between the
pyridine and alkyne ligand was found to be preferred (Fig. 4,
Int1). Starting from this structure, four different reaction path-
ways were explored at the GFN2-xTB level of theory (Fig. S3771),
revealing that a hydrogen shift to the pyridine and pyridine de-
coordination is rather unlikely. Interestingly, the hydrogen
shift to the alkyne unit shows the lowest estimated energy

Dalton Trans., 2025, 54,1929-1934 | 1931
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Fig. 4 Calculated relative Gibbs free reaction energies along the experimentally observed reaction sequence based on experimentally identified
complexes 2—4. Level of theory B3LYP-D3/def2-TZVP/uncorrected in gas phase.

barrier and the second highest energy gain, which agrees with
the experiment and therefore this pathway was investigated
further on a higher level of theory. The consideration of pyri-
dine in Intl leads to a remarkable decrease of the activation
barrier for the hydrogen shift (TS1, AG* = 81.4 k] mol™) fol-
lowed by strongly favoured pyridine de-coordination via Int2
and Int3 leading to complex 2 (Fig. 4, Int4, AxG’ = —66.3 k]
mol ™). It was not possible to locate a transition state structure
between Int2 and Int3 probably due to the flat energy surface
connecting these species. The subsequent hydrogen shift from
the vinyl group of 2 to the Zr centre in 3 (Int6), shows the
highest-lying transition state of the entire reaction sequence
(TS2, AG* = 117.6 k] mol™?), which explains the rather slow
reaction at ambient temperature or the need for thermal acti-
vation. The rapid formation of highly exergonic complex 4
(Int8, ARG’ = —123.6 k] mol™) at ambient conditions is well
explained by the low-lying transition state (TS3, AG* = 76.0 k]
mol ™). Although transition states could not be localised for all
reaction steps, in particular for substrate coordination and de-
coordination, presumably due to flat potential energy surfaces,
the calculations show very good agreement with the observed
experimental behaviour and shed light on a likely reaction
pathway. Particularly noteworthy are the lowered activation
barrier for the NH shift to the alkyne unit due to additional
pyridine coordination at Zr and the activation barrier of
117.6 k] mol™" for the rate-determining step of the H transfer
to the Zr centre. Next, the possibility of catalytic use of
complex 3 for the reduction of CO, with H, was studied. While
the formation of 4 from 3 and CO, is exergonic (ARG’ =
—54.3 k] mol™"), the regeneration of 3 with H, and elimination
of formic acid is strongly endergonic (AxG’ = 105.8 k] mol™)
and lies at the upper limit of a reaction possible at ambient
conditions (Fig. S40%1). Nevertheless, this motivated us to
conduct a series of NMR experiments to shed more light on

1932 | Dalton Trans., 2025, 54, 1929-1934

this transformation. Heating complex 4 at 80 °C in hydrogen
atmosphere did not lead to any reaction (Fig. S257). The hydro-
genation of CO, is endergonic; however, the reaction can be
influenced by the addition of a base, producing formate salts,
For example,
Leitner and co-workers used methyldiethanolamine to facili-
tate the iridium-catalysed hydrogenation of CO,.>° The impact
of the addition of different bases was investigated by a series
of stability tests on the NMR scale (see ESI Fig. S28-337).
Complexes 3 and 4 were dissolved in THF-dg and approx. 10
equiv. of the bases triethyl amine (NEt;), pyridine and 1,8-dia-
zabicyclo(5.4.0)undec-7-ene (DBU) were added. From the
resulting samples a series of '"H NMR spectra were recorded,
revealing that virtually no reaction takes place when adding

which can lead to an exergonic reaction.”®

NEt; or pyridine to 3 or 4, even after a reaction time of several
days at room temperature. The same was observed with 3 and
DBU. However, when the Ar atmosphere was replaced by CO,
in this case, the '"H NMR spectra showed formation of
unknown Cp resonances. Decomposition into an ill-defined
mixture was also observed when DBU was added to indepen-
dently synthesised 4. In turn, the addition of hydrogen to
samples containing 4 and pyridine or NEt; shows practically
no changes in the "H NMR spectra. No hydrogen consumption
or decrease in the signals for 4 was detected, even after three
days at 60 °C (Fig. S34 and 35%). Another possibility to facili-
tate the reaction of 4 back to 3 may be the addition of a
hydride source. This was investigated using a 1:1 ratio of
Et,SiH, and 4 in THF-dg, however, the "H NMR spectra remain
unchanged at ambient conditions or after heating to 50 °C for
three days (Fig. S367). Additionally, the stability of complexes 3
and 4 in the presence of formic acid itself was tested in THF-dg
solutions. Both complexes were not stable under these con-
ditions with 3 reacting to 4 and molecular hydrogen and
complex 4 further reacting to an unidentified species (Fig. S26

This journal is © The Royal Society of Chemistry 2025
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and 277). Broadening of the excess formic acid signal could
suggest an exchange of the formate ligand.

Conclusions

In summary, the synthesis of a new zirconocene(w) triazenido
hydride complex starting from Rosenthal’s reagent [Cp,Zr(py)
(n>-Me;SiC,SiMe;)] is reported. The zirconocene(w) hydride
complex shows facile activation of CO, to form a rare example
of a Zr(wv) formate complex. A computational study of the reac-
tion pathway reveals a lowering of the activation barrier for the
first reaction step of hydrogen transfer from the diphenyltria-
zene to the alkyne unit when pyridine is coordinated to the zir-
conium centre compared to a path in which pyridine is
exchanged by diphenyltriazene before this hydrogen shift.
Attempts to produce formic acid through hydrogenation of the
Zr(v) formate complex were unsuccessful thus far. The reac-
tion of the potentially catalytically active Zr hydride species
with formic acid to form the formate complex was found to be
a limiting factor for a catalytic reaction in a single-phase
system. To avoid this, subsequent studies with two-phase
systems and/or other substituents on both Cp and triazene
ligands should be performed.
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