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Bond activation reactions using main group metal complexes are
gaining increasing interest. We report on reactions of LGa (L =
HCIC(Me)N(An],, Ar = Dipp = 2,6-i-Pr,CgHsz,) with heteroleptic
tetrylenes L'ECL (E = Ge, Sn; L’ = N(SiMe3)Ar), yielding the donor—
acceptor complex LGa-Sn(Cl)L’ (1) or the oxidative addition
product L(Cl)GaGeL' (3). The reaction with DMPGeCl (DMP = 2,6-
Mes,CgHz, Mes = 2,4,6-MezCgH,) yielded LGa(p—Cl)GeDMP (2),
which represents an intermediate of the oxidative addition reaction.
1-3 were characterized by NMR and IR spectroscopy as well as by
single crystal X-ray diffraction (sc-XRD), while their electronic
nature was analyzed by quantum chemical calculations.

Oxidative addition and reductive elimination reactions are key
steps in catalytic processes and typically call for transition
metal complexes as they tend to easily change their electronic
situation. Oxidative addition with rather nonpolar substrates
such as H, and hydrocarbons mainly proceeds via a concerted
mechanism with formation of a three-centered ¢ complex,
whereas a bimolecular nucleophilic substitution is often
observed with polar and electrophilic substrates, i.e. alkyl
halides. The metal center undergoes nucleophilic attack at
the less electronegative atom in the substrate, resulting in
R-X bond cleavage and formation of a cationic [M-R]" species,
followed by rapid coordination of the anion. Low valent main
group metal complexes, i.e. carbene-type group 13 (RM; M = Al,
Ga, In) and group 14 compounds (R,E; E = Si, Ge, Sn), with
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energetically high lying HOMOs and low lying LUMOs show
electronic similarities to transition metal complexes,' and were
therefore successfully applied in bond activation and catalytic
reactions.”” Oxidative addition is expected to proceed similar
to transition metal complexes, i.e., H, activation by cyclic and
acyclic silylenes and germylenes followed a concerted
mechanism,®® whereas a singlet carbene reacted via a hetero-
Iytic mechanism.®>

Oxidative addition of group 14 compounds to group 13 diyls
LM has also been reported, including C-F bond activation by
LAI"*? and a dinuclear gallanediyl,”* as well as C-Cl bond
activation by LGa.”®* Interestingly, indanediyl LIn reacted with
alkyl iodides in a radical mechanism via homolytic bond
cleavage.” Gallanediyl LGa on the other hand reacted with
heavier tetravalent group 14 compounds, ie., SiCly, HSiCl;,
Me,SnCl,, Ph;SnH, and Me;PbCl,”%#%? with oxidative addition.
In contrast, reactions with divalent tetrylenes EX, proceeded
either with oxidative addition, i.e., reactions with plumbylene
Pb(0SO,CF;),*” and silylene PhC(Nt-Bu),)SiCl,** or with E-E
bond formation as observed with Do-GeCl, (Do = IDipp =:
C[N(Dipp)CH],, CysP) and SnCl,,*”* respectively. Even though
the reducibility of heavier tetrylenes is expected to play a major
role, the reaction mechanism and the reason behind different
product formation could not be clearly identified.

We are generally interested in bond activation of group 13,
15, and 16 complexes with group 13 diyls LM, *** for which we
have recently extended these studies to group 14 complexes.
Si-X bond activation of SiBr, and IDippSil, with LGa under CO
atmosphere gave the first room temperature stable silylene
carbonyl complexes [L(X)Ga],SiCO (X = Br, I),"> while hetero-
leptic metallasilylenes [L(CI)MSi(Nt-Bu),)CPh were formed in
reactions of LM (M = Al, Ga) with PhC(Nt-Bu),SiCl.°* The
carbonyl complexes serve as masked silylenes as shown in
reactions with H, and NHj;, which occurred with oxidative
addition and formation of the corresponding tetravalent
silanes,"> whereas the heteroleptic metallasilylenes reacted
with P, with unprecedented [2 + 1 + 1] fragmentation.’®"?

This journal is © The Royal Society of Chemistry 2022
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Unfortunately, the isolation of the homoleptic metallasilylenes
[L(X)Ga],Si has failed, rendering mechanistic studies rather
complicated, whereas the heteroleptic metallasilylenes reacted
too fast. We therefore became interested in extending these
studies to the heavier heteroleptic group 14 homologues, which
were expected to be less reactive and therefore promising
candidates for conducting mechanistic studies and evaluating
the role of the central group 14 element.

Equimolar reactions of LGa'* with heteroleptic tetrylenes
L’ECI (E = Ge, Sn") either yielded the Lewis acid-base adduct
LGa-Sn(CD)L" (1), or occurred with oxidative addition and
formation of L(Cl)GaGeL’ (3). This is somewhat unanticipated
since the heavier stannylene was expected to exhibit a lower
reduction potential compared to the lighter germylene and
since the Sn-Cl bond is slightly weaker than the Ge-Cl bond.
However, the formation of 1 clearly shows that the reaction
proceeds as a Lewis acid-base type reaction in which LGa serves
as a Lewis base, thus supplying electron density into the empty
p orbital of the stannylene. The same reaction mechanism is
expected to occur with the germylene, but in this case, the
adduct formation is followed by a Ge-Cl bond activation,
resulting in the oxidative addition. This proposed mechanism
is supported by the formation of LGa(u-Cl)GeDMP (2), which
was obtained by reacting LGa with DMPGeCl,'® especially since
2 represents an intermediate between adduct formation and
oxidative addition (Scheme 1).

Compounds 1-3 were isolated in moderate yields (1:43%,
2:43%, 3 :48%) after re-crystallization from saturated solutions
of toluene or n-hexane at —20 °C. The *H and *C NMR spectra
of 1-3 show resonances of the p-diketiminate (L) and the amine
(1, 3) or the DMP (2) ligands. In situ "H-NMR studies proved that
1 and 2 are quantitatively formed immediately after dissolution
of the starting reagents in toluene-dg at ambient temperature,
while the in situ '"H NMR spectrum of 3 also shows the
formation of small amounts of LGaCl, in benzene-ds. An
isolated sample of 3 is stable in benzene solution at ambient
temperature for one week, whereas 1 slowly decomposes within
four days with formation of LGacCl, and L’,Sn according to an
in situ "H NMR spectroscopy study (Fig. S25, ESIt). 2 rapidly
decomposes within 90 minutes forming LGaCl, and unidenti-
fied products (Fig. S28, ESIt).

Single crystals were obtained from saturated solutions in
toluene (1, 3) and n-hexane (2) at -20 °C as yellow (1) and purple
(3) platelets or pale-yellow blocks (2). 1 crystallizes in the
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Scheme 1 Syntheses of compounds 1-4 (Ar = Dipp).
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Fig. 1 Molecular structures of 1-4. Displacement ellipsoids are set at 50%
probability. Hydrogen atoms, alternate positions of the disordered parts
and solvent molecules are omitted for clarity.

monoclinic space group P2/c, while 2 and 3 in the triclinic
space group P1 (Fig. 1), respectively. Selected bond lengths and
angles are summarized in Table 1. The Sn-Cl moiety in 1 is
disordered over two positions. The Ga-Sn bonds (2.8854(5) A;
2.902(7) A) are substantially elongated compared to those in
[K(tmeda)][R,SnGa{[N(Ar)C(H)],}] (R = CH(SiMe;), 2.7186(6) A;
i-Pr;CeH, 2.6660(18) A)," [L(Cl)Gal,SnMe, (2.6236(7)-2.6328(7) A)**
and the metalloid tin clusters [L(Cl)Ga],Sn;, (2.580(4)-2.598(3) A)
and [L(Cl)Ga],Sn, (2.5783(15)-2.5876(13) A), respectively.”* They
are also longer than the calculated covalent single bond radii
(> Feov = 2.64 A),*® but shorter than the sum of van der Waals radii
(> Fyaw = 4.04 A),* thus indicating a rather weak donor-acceptor
interaction. The Ga-Ge (2.5533(2) A) and Ga-Cl bond length
(2.2537(3) A) in 3 are within the reported bond length ranges
(Ga-Ge 2.390-2.592 A; Ga-Cl 2.142-2.322 A%°),

In remarkable contrast to 1 and 3, 2 shows a triangular
coordination of Ge-Ga with a p*-bridging Cl atom that was only
observed in transition metal complexes such as LGa(p-Cl)-
Rh(PPh;),.2"** The Ga-Ge bond length of 2.4678(4) A agrees
with the sum of calculated covalent single bond radii (D 7coy =
2.48 A),'®* whereas both the Ge-Cl (2.4924(6) A) and Ga-Cl

Table 1 Selected bond length [A] and bond angles [°] of 1-7

Ga-Cl E-Cl Ga-E E-C/N Ga-E-C/N
1 — 2.4917(14)  2.8854(5)  2.122(3) 112.07(9)
2 2.6076(6)  2.4924(6) 2.4678(4)  2.022(2) 113.38(6)
3 2.2537(3) — 2.5533(2)  1.8424(11)  110.10(3)
4 22779(4) — 2.4964(3)  2.0413(15)  116.79(4)
5 — — 2.7894(4)  2.033(2) 106.50(7)
6 — — 2.6217(4)  2.014(2) 108.23(6)
7 — — 2.5985(4)  1.8162(15)  110.71(4)

= Ge, compounds 2, 3, 4, 6, 7; E = Sn, compounds 1, 5.
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Fig. 2 Calculated (B3LYP-D3BJ/def2-TZVP) bond lengths [A] of the ger-
mylene compounds 2, 3 and 8 (Ar = Dipp).

bonds (2.6076(6) A) are substantially elongated compared to
those observed in DMPGeCl (2.120(2) A),*® LGa(u~CI)Rh(PPh;),
(2.485 A),*? and L(Cl)Ga-substituted compounds (2.142-2.322 A).*
The R-E-Ga bond angles of 1-3 are very similar (1 112.07(9)°; 2
113.38(6)°; 3 110.10(3)°).

To gain a deeper understanding of the electronic nature and
bonding situation of these complexes, we performed quantum
chemical calculations on 1-3 and 8 (LGa-Ge(Cl)L’), which
represents the germanium analogue of compound 1, using
B3LYP-D3B]J/def2-TZVP (Fig. 2).

The energy difference between 3 and 8 and thus for the
oxidative addition of the Ge-Cl bond computes to 9.3 kcal mol "
in favour of 3. An analysis of the frontier orbitals of 1-3 and 8
shows (Fig. S37 and S38, ESIt) that the “empty” p orbital at Ge in
3 is stabilized by the electron lone pair of the adjacent nitrogen
atom. In germylene 2, the aryl system is unable to adequately
stabilize the empty p orbital at Ge, which therefore requires the
stabilizing effect of the bridging chlorine atom. QTAIM*® calcu-
lations were performed for 2 (Fig. S43 and Tables S4, S5, ESIT).
Further analysis reveals that the Laplacian of the electron density
at the bond critical points in Ga—-Cl and Ge-Cl bonds is positive,
whereas the total energy densities (Hgp) are negative. This is
consistent with a highly polarized covalent interaction.”*
The stabilizing effect of the bridging chlorine atom is further
confirmed by calculations of reference compounds S1-S6
(Fig. S39, ESIY). The smaller the electron-donating character of
the substituent on the Ge atom, the shorter is the Ge-Cl distance
and the larger is the Ga—Cl bond. It is also interesting to note
that the Ga-Ge bond lengths decreases in the reference com-
pounds S1-S6 due to the stabilizing effect of the bridging
chlorine atom. Accordingly, the Ga-Ge bond in 2 (2.494 A) is
also shorter than that in 3 (2.586 A, Fig. 2). A comparison of the
experimentally determined bond lengths with the calculated
ones (Table 1 and Table S3, ESIt) shows that the highest devia-
tions are found for the Ga-CI (exp: 2.6076(6) A; calc: 2.502 A) and
the Ge-Cl bonds (exp: 2.4924(6) A; calc: 2.604 A) in 2. A reference
calculation reveals that the energy changes upon modifying
the Ga—-Cl and Ge-Cl distances are very small in this structure
(see Fig. S42, ESIT).

To support the description of 2 as an intermediate of the
oxidative addition product, we studied its reactions with Lewis
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Fig. 3 Salts 5-7.
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bases (CyNC, IMe, (IMe, =: C[N(Me)CMe],)) and the strong
Lewis acid (B(CeFs)3). The reaction of 2 with IMe, and B(CeFs)3
proceeded with Ga-Ge bond cleavage and formation of IMe,~
Ge(CI)DMP and LGa, as well as LGa-B(C¢F5);** and DMPGeCl
as was confirmed by in situ "H NMR spectroscopy studies (Fig.
S33-S35, ESIT). In remarkable contrast, the reaction with iso-
nitrile CyNC gave the CyNC-coordinated germylene L(Cl)GaGe-
(CNCy)DMP 4 (Scheme 1 and Fig. S36, ESIt). Single crystals of 4
were obtained after storing an n-hexane solution at ambient
temperature. The Ga-Ge (2.4964(3) A) and Ge-Cpyp 2.0413(15)
A) bond lengths as well as the Ga-Ge-Cpyp bond angle
(116.79(4)°) of 4 are very similar to those of 2 (Table 1). Despite
its dative character, the Ge-Coync bond in 4 (2.0037(18) A) is
slightly shorter that the Ge-Cpyp bond (2.0413(15) A).

To further investigate the stabilizing role of the chlorine
substituent in 1-3, we studied halide abstraction reactions with
Li(Al(OR"),) (R® = C(CF;);) and Na(B(Ar"),) (Ar" = 3,5-
(CF3),CeHzy), respectively, yielding the corresponding salts 5-7
in low to moderate yields (5 11%, 6 39%, 7 25%) (Fig. 3).

Compounds 5-7 are stable in solutions in fluorobenzene
and 1,2-difluorobenzene. Due to the insolubility or instability
of the compounds in C¢Dg, C¢DsBr, CD,Cl, and THF-dg, the
NMR spectra were recorded in a mixture of benzene-dg with
fluorobenzene (6) or toluene-dg with 1,2-difluorobenzene (5, 7),
respectively. The 'H and "*C NMR spectra of 5-7 feature the
signals of the B-diketiminate (1) and the amide (5, 7) or the
DMP ligand (6). 'H NMR resonances of the y-CH and CH;
groups () of 5 are low-field shifted compared to 1, whereas
resonances of the i-Pr and Me;Si groups are high-field shifted.
Comparable trends are observed for compound 7 with respect
to compound 3 and were also reported for L(X)Ga-substituted
group 15 cations.>®

Single crystals of 5-7 were isolated as orange blocks from
fluorobenzene solutions layered with n-hexane upon storage at
ambient temperature. 5 and 6 crystallize in the monoclinic
space group P2,/c and 7 in the triclinic space group PI,
respectively (Fig. 4). Selected bond lengths and bond angles
are summarized in Table 1.

The Ga-Sn (2.7894(5) A) and the Sn-N (2.033(2) A) bonds in 5
are shorter than those of 1 (Ga-Sn 2.8854(5) A; Sn-N 2.122(3) A)
as is expected due to the positive charge at the Sn center, which
results in an enhanced Lewis acidity of the Sn atom. In
contrast, the Ga-Ge (2.5985(4) A) and Ge-N (1.8162(15) A) bond
lengths in 7 are almost comparable to those in the neutral

Fig. 4 Molecular structures of the cations in 5—7. Displacement ellipsoids
are set at 50% probability. Hydrogen atoms, alternate positions of the
disordered parts, counter anions and solvent molecules are omitted for
clarity.

This journal is © The Royal Society of Chemistry 2022
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compound 3 (Ga-Ge 2.5533(2) A; Ge-N 1.8424(11) A). Surprisingly,
the Ga-Ge bond in 6 (2.6217(4) A) is significantly longer whereas
the Ge-C bond length (2.014(2) A) is slightly shorter than those
in the neutral complex 2 (Ga-Ge 2.4678(4) A); Ge-C 2.022(2) A).
The Ga-Ge-N bond angle in 7 (110.71(4)°) remains constant after
the chloride abstraction from 3 (110.10(3)°), whereas the Ga-E-R
bond angles in 5 (106.50(7)°) and 6 (108.23(6)°) are smaller than
those in 1 (112.07(9)°) and 2 (113.38(6)°).

To interpret these results, the cations in 5-7 were studied by
quantum chemical calculations. In all of the studied cations,
the LUMO consists of a binding linear combination of the
empty p orbitals at the Ga and E centers (Fig. S40, ESI{), hence
the positive charge is distributed over both centers. The experi-
mentally observed changes in the Ga-E bond lengths due to
halide abstraction are also found in the calculations of 1-3 and
5-7. The elongation of the Ga-Ge bond at the transition from
neutral compound 2 to the cation 6 can be mainly attributed to
the removal of the stabilizing chlorine bridge, which becomes
obvious when looking at the reference compounds S3, S7 and
S8 (Fig. S41, ESIT). In compound S7, the Cl atom on the Ga
center is replaced by a methyl group, which therefore cannot
form an electronically stabilizing bridge. As a result, the Ga-Ge
bond length in S7 (2.547 A) is significantly elongated compared
to that in $3 (2.502 A) by roughly 45 pm. The abstraction of
the (anionic) CH; ligand in S7 leads to only a small increase
(+0.05 A) of the Ga-Ge distance, roughly half of the increase
observed for the removal of the Cl anion in compound 2 (+0.10 A).

To conclude, LGa reacted with Ar(SiMe;)NECI following
either an adduct formation (E = Sn, 1) or an oxidative addition
(E = Ge, 3), whereas the reaction with DMPGeCl gave compound
2, which represents an isolable intermediate of the oxidative
addition reaction. Quantum chemical calculations provided
deeper insights into the role of electron donating groups
attached to the germanium atom, which play a crucial role in
its electronic stabilization. In compound 3, the empty p orbital
is stabilized by the electron lone pair of the amino ligand,
whereas in the case of 2, the bridging Cl atom is necessary since
the DMP aryl system is unable to adequately stabilize the empty
p orbital at the Ge centre. Our studies clearly revealed the
crucial electronic role of the tetrylene ligand L’ on the product
formation. Finally, the effect of Cl abstraction on the structures
of the cations in salts 5-7 was also demonstrated.
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