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The reactivity of the formazanate potassium salt [L®'K(thf)]
(L®=PhNNC(4-BuPh)NNPh) with the group 14 chlorotetrylenes
[{PhC('BuN),}ECI] (E=Si, Ge, Sn) was investigated. Three corre-
sponding compounds with unique configurations were formed,
demonstrating the diverse reactivity of the system. In addition
to the anticipated salt metathesis reactions of the potassium
salt with the chlorine function of tetrylenes, unexpected

Introduction

Formazans, a class of nitrogen-rich compounds featuring a
—NH-N=C—N=N- backbone,” have gained significant attention
for their applications in textile dyes”™ and chemical biology.*™”
Furthermore, formazanates, derived from the deprotonation of
formazans, exhibit distinctive characteristics as monoanionic
chelating ligands. While formazanates are often compared to -
diketiminate ligands, they possess unique electronic
properties.® The presence of four nitrogen atoms in the
backbone grants formazanates a low-energy LUMO, enabling
ligand-based reductive activations of coordinated compounds
under mild conditions.”™ Extensive research has focused on
the redox-active nature of formazanates, including the reduc-
tion of corresponding metal complexes using CoCp, (Cp =
cyclopentadienide) or Na, leading to the formation of radical
anions.”'>"¥ Notably, our research group has demonstrated
that when these reduction reactions were performed with
electropositive rare-earth compounds, the resulting reduction
products were unstable and could not be isolated.™

Over the past two decades, extensive research has been
conducted on formazanate complexes based on main group
elements, with a particular focus on compounds containing
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reduction/insertion steps into the N=N bond of the formazanate
(Si, Ge) and subsequent C—H activation (Ge) were also observed.
Furthermore, when the neutral formazan ligand [L®'H] was
exposed to silylenes [{PhC('BuN),}SiCI] and [L™"SiNMePy], sub-
stitution and addition reactions occurred. These discoveries
significantly enrich the diversity of formazanate/formazan redox
chemistry, opening up new avenues for exploration in this field.

boron."*">7'"" However, the literature regarding formazanate

compounds of group 14 elements remains considerably limited,
especially when compared to the well-explored chemistry of
group 13 formazanate species. To the best of our knowledge,
the only reported group 14 complexes are a series of hyper-
coordinated heavier group 14 neutral compounds and their
radical anions."® These radical anions are analogues to verdazyl
radicals and remained exceptionally stable even in the absence
of significant steric bulk or other stabilizing effects (Scheme 1).
Since then, no further research on formazanate chemistry
related to group 14 elements has been reported.

In recent decades, the chemistry of low-valent group 14
compounds has undergone significant expansion. These com-
pounds exhibit a distinctive dual Lewis acid-base character
attributed to the presence of both a lone pair and a vacant p-
orbital."?* Consequently, they have garnered substantial
interest, particularly regarding the capability to cleave both
single bonds, such as R—H (R=H, C, N, O, etc), and double
bonds, such as C=X (X=C, N, O, etc.).?**"

Taking into account the redox-active nature of formazanates
and the versatile reactivities of low-valent group 14 com-
pounds, we decided to use both as starting materials to
investigate their coordination and redox chemistry.

1. NaH
THF, r. t.
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Scheme 1. Reported synthesis of hypercoordinated group 14 formazanate
compounds (Cp* = pentamethylcyclopentadienide).'®
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Results and Discussion

The formazan ligand comprising tert-butyl substituent on the
backbone [L®H] (L®*=PhNNC(4-'BuPh)NNPh) and its potassium
salt [L®K(thf)] were synthesized following previously reported
methods."! Salt metathesis reactions of the [L®'K(thf)] with
benzamidinate-supported  chlorotetrylenes  [L™"ECI]  (L*"=
PhC('BuN),, E=Si, Ge, Sn)**% in THF at room temperature led to
three different reaction pathways and the corresponding
products 1-3 were isolated (Scheme 2).

In the reaction with the chlorosilylene, unexpected smooth
oxidative addition of one formazanate N=N to both Si(ll) centers
resulted in the formation of compound 1 comprising a fused
four-membered Si,N, core and a five-membered NCN,Si hetero-
cycle. Formally, the reaction can be understood as a two-step
process, in which one N=N bond is reduced to a N-N by one
Si(Il) atom followed by the oxidative addition of the newly
formed N-N bond to the other Si(ll) atom. Similar cleavage of
the N-N bond in formazanate chemistry has thus far been
observed primarily in boron compounds but under much
harsher conditions involving reaction with Na reagent or
heating.>*" Crystals of compound 1 with a red coloration were
obtained through the diffusion of n-pentane into its toluene
solution, resulting in its crystallization in the monoclinic space
group P2,/n. The molecular structure of compound 1 in the
solid state is illustrated in Figure 1.

In compound 1, the silicon atom Si1 is pentacoordinated by
five nitrogen atoms in a distorted trigonal-pyramidal geometry,
while atom Si2 is tetrahedrally coordinated by atoms N3, N4, an
intact formazanate ligand in its ‘open’ «'(N)-form through N10
atom and the «'(N)-coordinated benzamidinate via N11 atom.
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Scheme 2. Reactions of formazanate potassium salt with tetrylenes.
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Figure 1. Molecular structure of 1 in the solid state. All hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and bond angles [°]: Si1—N1
1.759(2), Si1—N3 1.833(2), Si1—N4 1.781(2), Si1—N5 1.844(2), Si1—N6 1.928(2),
Si2—N3 1.717(2), Si2—N4 1.729(2), Si2—N10 1.766(2), Si2—N11 1.726(2), N1-N2
1.411(2), N7—N8 1.264(2), N9—N10 1.374(2), N2—C1 1.286(3), N3—C1 1.389(3),
N5—C26 1.356(3), N6—C26 1.317(3), N8—C39 1.411(3), N9—C39 1.299(3),
N11-C66 1.453(3), N12—C66 1.266(3); Si1—N3—Si2 95.42(8), Si1—N4-Si2
96.93(8), N10—Si2—N11 107.12(8), N1-Si1—N3 84.76(8), N3—Si1—N4 81.32(8),
N3—Si2—N4 86.26(8), N5—-Si1—N6 69.47(8), C39—N9—-N10 123.5(2),
N9—N10-Si2 107.31(12), C26—N5-Si1 92.96(13), C26—N6-Si1 90.47(13),
N2—N1-Si1 116.15(13), C1-N2—N1 110.5(2), C1-N3-Si1 110.83(14),
C1-N3-Si2 137.26(14), N5—C26—N6 107.1(2), N2—C1-N3 117.4(2),
N8—C39-N9 120.3(2), N11-C66—N12 115.9(2), C66—N11-Si2 120.72(13).

No matter in the cleaved or intact formazanate ligand moieties,
the N-N and C-N bond distances are assigned to the
corresponding double and single bonds, respectively. The bond
lengths of Si1-N5 (1.844(2) A) and Si1-N6 (1.928(2) A) are
comparable to those in the precursor [LSiCI1.2? All of the other
Si—N bond distances (1.717(2) to 1.833(2) A) are in the typical
range for single bond lengths.®® Both the four-membered
(Si,N,) ring and five-membered (SiCN;) ring exhibit virtually
planar geometry, as evidenced by the sum of inner angles
being 359.93° and 539.64°, respectively. In addition, both rings
are oriented at a dihedral angle of 36.88° between their
respective planes.

In comparison to the precursor [L™SiCl] (0 (*Si{'H})=
14.6 ppm),? the *Si{'H} NMR signals of compound 1 are
upfield shifted to —45.8 and —102.3 ppm. The former signal
could be assigned to the tetracoordinated Si atom, while the
latter corresponds to the pentacoordinated Si atom. Further-
more, the 'H NMR spectrum reveals the presence of multiple
distinct sets of signals for the ‘Bu groups (Figure S1), in line with
the asymmetric structure observed in the solid state. Some
dynamic behaviour is seen in the '"H NMR spectrum (Figure S2),
which causes a superimposition of signals.
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In the case of the reaction with the heavier chlorogermy-
lene, a similar N=N bond cleavage and oxidation of the Ge
center led to the formation of compound 2. Remarkably, an
anomalous C—H activation event occurred at one of the phenyl
rings of the formazanate, resulting in the formation of a new
C—N bond and the migration of H to N2. The precise
mechanism of this process remains unclear. Interestingly, a
comparable C—H activation and C—N bond formation was
previously observed as a minor side product during the
reduction of a formazanate boron compound, in which the
aromatic homolytic substitution via a nitrogen-centered radical
was proposed."**? Another similar C—N bond formation in
formazanate compounds has been reported via nucleophilic
aromatic substitution of a CgFs-substituted formazan in the
presence of a base.®™ Colorless crystals of compound 2 were
obtained from a concentrated n-pentane solution and the
molecular structure in the solid state is shown in Figure 2.

Compound 2 crystallizes in the triclinic space group P1. The
central Ge atom is pentacoordinated by five nitrogen atoms,
with two nitrogen atoms from the benzamidinate ligand and
three nitrogen atoms from the cleaved formazanate ligand. The
newly formed phenylene entity, along with the derived
formazanate is fused to two planar five-membered rings GeCN,
and GeGN, through the Ge—N4 bond. The dihedral angle
between the two five-membered planes is 31.77°. The almost
equal bond distances of Ge—N1 (1.8726(15) A), Ge—N2
(1.870(2) A) and Ge—N4 (1.8771(14) A) are comparable to the

Figure 2. Molecular structure of 2 in the solid state. Hydrogen atoms (except
NH) are omitted for clarity. Selected bond lengths [A] and bond angles [°]:
Ge—N1 1.8726(15), Ge—N2 1.870(2), Ge—N4 1.8771(14), Ge—N5 2.0034(14),
Ge—N6 1.9467(15), N2—C1 1.375(2), N3—C1 1.303(2), N3—N4 1.393(2), N4—C3
1.384(2), N5—C2 1.324(2), N6—C2 1.336(2), N1-C8 1.399(2), C3—C8 1.426(2);
N1-Ge—N2 144.39(7), N1-Ge—N4 85.16(6), N1-Ge—N5 99.73(6), N1-Ge—-N6
107.04(6), N2—Ge—N4 80.76(7), N2—Ge—N5 93.99(6), N2—Ge—N6 108.57(7),
N4—Ge—N5 174.67(6), NA—Ge—N6 114.23(6), N5—Ge—N6 66.51(6), C2—N5—Ge
91.07(10), N3—N4—Ge 117.66(11), C3—N4—Ge 114.89(11), C3—N4—N3
120.84(13), C1-N2—Ge 113.45(13), C8-N1-Ge 112.73(11), C2-N6—Ge
93.19(10), N4—C3—C8 112.04(14).
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single bond lengths in the reported Ge-amidinate structures.”®
The bond length of C1-N2 (1.375(2) A) is longer than that of
C1-N3 (1.303(2) A), representing a single bond and a double
bond character, respectively.

In the '"H NMR spectrum of compound 2, the NH signal is
observed at 5.38 ppm, consistent with its molecular structure.
Two singlets at 1.27 and 0.75 ppm could be assigned to the ‘Bu
groups of the formazanate and amidinate, respectively. Fur-
thermore, the IR spectrum reveals a characteristic N—H stretch-
ing absorption at 3457 cm™', which aligns with the published
Value.[37_38]

The reactivity towards potassium formazanate exhibited a
remarkable shift upon using the corresponding chlorostanny-
lene. Rather than undergoing a redox reaction, a salt metathesis
reaction resulted in the formation of heteroleptic stannylene
compound 3. Dark red plate-like single crystals of compound 3
were obtained from n-pentane solution. It crystallizes in the
triclinic space group P1 and the molecular structure in the solid
state is shown in Figure 3.

In compound 3, the tetracoordinated Sn atom, along with
four nitrogen substituents, adopts a distorted square pyramidal
geometry, with the Sn atom occupying the apical position. The
presence of a stereochemically active lone pair on the opposite
side of the Sn center forces both ligands to be oriented on the
same side. The almost equal bond lengths of N-N and C—N in
formazanate and benzamidinate ligands, indicate the significant
delocalization of the negative charge in each ligand backbone.

In the "H NMR spectrum of 3, two singlet signals corre-
sponding to the '‘Bu groups are observed at 1.35 ppm and
0.96 ppm, which could be assigned to the formazanate and

Figure 3. Molecular structure of 3 in the solid state. All hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and bond angles [°]: Sn—N1
2.272(2), Sn—N4 2.344(2), Sn—N5 2.265(2), Sn—N6 2.235(2), N1-N2 1.314(2),
N3-N4 1.306(2), N2—C1 1.342(3), N3—C1 1.343(3), N5—C2 1.318(2), N6—C2
1.333(2); N1-Sn—N4 63.78(6), N1-Sn—N5 82.86(6), N1-Sn—N6 107.25(6),
N4—Sn—N5 118.03(6), N4—Sn—N6 82.49(6), N5—Sn—N6 58.59(6), N2—C1-N3
122.3(2), N5—C2—N6 112.3(2), N1-N2—C1 116.8(2), N2-N1-Sn 118.97(12),
N4-N3—C1 117.3(2), N3—N4-Sn 118.73(13), C2-N5-5n 93.74(12), C2-N6-5Sn
94.65(12).
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benzamidinate ligands, respectively. Both signals show a slight
downfield shift compared with corresponding signals in com-
pound 2. In the "Sn{'H} NMR spectrum, the resonance of
compound 3 is detected at —499.9 ppm, which is significantly
upfield shifted compared to the starting material stannylene
[LPSNnCI] (0 =29.6 ppm)©” and in agreement with the resonance
of the homoleptic bis(guanidinato) tin(ll) complex [{pTol-NC[N-
(SiMe;,),IN-pTol},Sn] (0 = —432.0 ppm).B?

Given the intriguing and smooth insertion of the chlorosily-
lene [L™SiCl] into the N=N bond of the formazanate, we were
motivated to explore this reactivity further. Consequently, we
conducted a reaction between the neutral formazan ligand
[L®H] and the silylene [L™SiCl]. This reaction led to the
formation of compound 4, where the anionic formazanate
coordinates to the Si atoms (Scheme 3). We speculate that HCI
elimination occurred during this reaction and a part of the
chlorosilylene in the reaction mixture acted as a base to capture
the HCI, as evidenced by the isolation of the side product
[{PhC('BuN),H,}Cl] several times. The structure of the side
product is shown in Supporting Information (Figure S26) and its

tBu
tBu
Ph /tBu
tBllJ ) N\
N . - tBu—N N TN
Nea:' — |
+ 2 Ph—<(/S|\ M, C|/S'\ \ _N—Ph
NN N~ Cl rt N—Si
N HN tBu o | N
- ~Ph J
Ph tBu/N\<
Ph
LBuH 4 (39%)

Scheme 3. Reaction of the neutral formazan ligand with silylene [L™SiCl].

Figure 4. Molecular structure of 4 in the solid state. All hydrogen atoms are
omitted for clarity. Selected bond lengths [A] and bond angles [°]: Si2—Cl
2.088(2), Si1-N1 1.766(4), Si1—N3 1.806(4), Si1—N4 1.787(4), Si1-N5 1.837(4),
Si1—N6 1.905(4), Si2—N3 1.696(4), Si2—N4 1.711(4), Si2—N7 1.711(4), N1-N2
1.428(5), N2—C1 1.299(6), N3—C1 1.379(6), N7—C5 1.425(6), N8—C5 1.272(6);
N3—Si2—N4 86.4(2), N3—Si1—N4 81.0(2), N1-Si1—N3 84.3(2), Si1-N3-Si2
96.2(2), C1-N3-Si1 112.6(3), C1-N2—N1 108.7(4), N2-N1-Si1 116.6(3),
N2—C1—-N3 117.4(4), N7—C5—N8 115.8(4).
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crystal characteristics match well with the published data.*” To
optimize the reaction conditions, pyridine was employed as a
solvent to consume the generated HCI. As a result, the yield of
compound 4 was increased, but the formation of side product
could still be traced based on 'H NMR analysis of the crude
product.

Single crystals of 4 suitable for X-ray diffraction analysis
were obtained by slow evaporation of its Et,O solution at room
temperature. Different from compound 1, compound 4 crystal-
lizes in the triclinic space group P1 and its molecular structure
is depicted in Figure 4. From the molecular structure, we can
see that there is a striking similarity between compounds 1 and
4, Compared with compound 1, the intact formazanate is
replaced by a Cl atom in compound 4, while the other parts of
the molecule are similar. As observed for 1, compound 4 is also
formed by the insertion of two Si(ll) atoms into one N=N bond.

In the °Si{'"H} NMR spectrum of compound 4, two distinct
signals were observed at —63.3 ppm and —101.9 ppm. The
former signal is upfield shifted when compared to compound 1
(—45.8 ppm) due to the coordination of Cl atom to the Si atom
instead of N atom. The latter peak is similar to the resonance of
the pentacoordinated Si atom in compound 1 (—102.3 ppm). In
the "H NMR, signals of ‘Bu groups appeared as three singlets
and could be clearly identified for the formazanate (1.23 ppm)
and amidinate (1.11 and 0.92 ppm).

To avoid the HCl elimination, the pyridine-functionalized
and chlorine-free silylene [L™"SiNMePy] (Py=pyridine)*" was
chosen as the precursor. An equimolar mixture of [L™SiNMePy]
and [L®H] was reacted, leading to the isolation of compound 5
as colorless crystals with a yield of 41% (Scheme 4).

In this reaction, one of the N=N bonds was reduced and
Si(IV) was formed. Interestingly, in contrast to aforementioned
Si compounds 1 and 4, no N—N bond cleavage was observed in
this case. The successful isolation of compound 5 supports the
hypothesis that the oxidative addition of the formazanate to
two Si(ll) atoms is a stepwise process as discussed in details for
the formation of compound 1 (see above). It is worth noting
that for formazan (with NH) supported complexes, there are
only limited examples reported,*?™ in contrast to the more
extensive studies on anionic formazanate complexes.

The structure of compound 5 in the solid state was
confirmed through X-ray diffraction analysis, as shown in
Figure 5. It crystallizes in the monoclinic space group P2,/c. The
central Si atom is surrounded by five nitrogen atoms derived

Bu
E/? tBu H
N< /N
Toluene  pp” N |
\ (j\ / \>>_P | \ /N_Ph
N N N N—siZ _tBu
N HN‘F’h l N ILQL
= p
tBu
LBy Ph
5 (41%)

Scheme 4. Reaction of the neutral formazan ligand with silylene
[LP"SiNMePy].
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Figure 5. Molecular structure of 5 in the solid state. Hydrogen atoms (except
NH) are omitted for clarity. Compound 5 crystallizes with two molecules in
the asymmetric unit, the bonding angle and distances are similar, thus only
one molecule is depicted here. Selected bond lengths [A] and bond angles
[°]: Si-N2 1.7558(11), Si—N4 1.8101(12), Si—N5 1.7693(13), Si—N7 1.9408(11),
Si—N8 1.8334(11), N1-N2 1.4190(15), N3—-N4 1.4068(15), N2—-C1 1.405(2),
N3—C1 1.289(2); N2—Si—N4 83.76(5), N7—Si—N8 69.15(5), C1-N2-Si 113.83(8),
C1-N2—-N1 117.78(11), C1-N3—N4 109.06(11), N3—N4—Si 115.98(8), N1-N2-Si
126.66(9), N2—C1-N3 116.72(12).

from the ligands and its coordination geometry can be best
described as a distorted trigonal bipyramidal. The formally
negatively charged formazanate ligand coordinates to the Si
atom in a bidentate fashion via internal atom N2 and terminal
atom N4, generating a five-membered chelate. The bond
lengths of the N—N and N—C within the formazan backbone are
consistent with those observed for the 5-membered chelate
rings in formazanate compounds 1 and 4.

The presence of the NH moiety in compound 5 was
confirmed by the observation of a singlet resonance at
5.63 ppm in the "H NMR spectrum, which is consistent with the
NH resonance observed in compound 2. The asymmetric
molecular structure of compound 5 was evidenced by the
presence of two distinct singlet signals at 1.18 and 0.76 ppm,
corresponding to the ‘Bu substituents of the benzamidinate
ligand. The Bu group of the formazanate ligand exhibited a
signal at 1.42 ppm, which is slightly downfield shifted compared
to its position in compound 4. In the IR spectrum, an absorption
band corresponding to the N—H stretching vibration was
observed at 3353 cm™', which is in agreement with the N-H
stretching frequency observed in the Ge compound 2.

The successful synthesis of complex 5 highlights the
potential of using neutral formazan ligands in the coordination
chemistry with silylenes. However, when [L®H] was reacted
with the germylene [L™GeCl], a tetrazolium cation was formed
(see Supporting Information, Figure 527).%¥ We performed no
further investigation on this compound. Meanwhile, there was

Chem. Eur. J. 2023, €202301958 (5 of 6)

no reactivity was observed between [L®'H] and [L""SnCl], which
is rational due to the lower reactivities of the heavier tetrylenes.
These observations provide basic insights into the reactivity
patterns of formazan ligands with different tetrylene com-
pounds.

Conclusions

In conclusion, a series of reactions of formazanate or formazan
with low valent group 14 compounds were explored. These
reactions showcased various reactivity patterns, including N=N
bond cleavage, Si or Ge insertion into the N=N bond, C—H
activation of a phenyl group, as well as substitution and
addition reactions. This work expanded our understanding of
the diverse redox chemistry of formazanate ligands and
provided more valuable insights into the formazanate coordina-
tion chemistry.

Experimental Section

Experimental details are given in the Supporting Information,
including starting materials, characterization methods, experimental
procedures, full spectroscopic data for all new compounds, copies
of "H, *C{'H}, *Si{"H}, ""°Sn{’"H} NMR spectra, IR spectra, elemental
analyses, and crystallographic data.

Deposition Numbers 2270922 (for 1), 2270923 (for 2), 2270924 (for
3), 2270925 (for 4), and 2270926 (for 5) contain the supplementary
crystallographic data for this paper. These data are provided free of
charge by the joint Cambridge Crystallographic Data Centre and
Fachinformationszentrum Karlsruhe Access Structures service.

The authors have cited additional references within the Supporting
Information.">*"!
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The diverse redox chemistry of for-
mazanate/formazan with low-valent
group 14 compounds is inverstigated.
Both formazanate potassium salt and
neutral formazan ligands were
subjected to reactions with tetrylenes.
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In the former case, the anticipated salt
metathesis reactions occurred, accom-
panied by unexpected reduction/
insertion and C—H activation. The
latter reactions displayed substitution
and addition reaction patterns.
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