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Synthesis and reactivity of acyclic heterotrinuclear metal
complexes

Stepwise oxidative addition of ZnEt, with heavier carbene
analogues affords acyclic heterotrinuclear complexes
bearing three different metals. Structural, spectroscopic,
and computational analyses highlight unique Ga-Zn-Al/Si
bridges and reveal cooperative reactivity toward Lewis acids,
NH;, and alcohols.
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Heterobimetallic complexes [LYEt)YMZn(Et)]] (M = Al la, Ga 1b;

= {HC(C(CH3)N(Dipp)),}, Dipp = 2,6-iPr,-CgHs) and heterotri-
nuclear complexes [LYEt)/GaZnM(Et)LY] (M = Al 2a, Ga 2b) and
[LYENGAzZnSI(EYL?] (2c; L2 = {N(Dipp))C(CH3)CHC(CH,)(N(Dipp)})
were synthesized by stepwise oxidative addition reactions of ZnEt,
with heavy carbene analogues and fully characterized including
single crystal X-ray diffraction (sc-XRD). Reactions of 2c with
B(CgFs)s, NHz and PhCH,OH are also reported.

Multimetallic complexes have been intensively studied in small
molecule activation reactions and catalytic reactions.” Homo- and
heterobimetallic complexes are also of interest, since they poten-
tially offer beneficial cooperative effects between the metal
centres,” enabling activation of inert bonds.? For example, coop-
erative C-F bond activation reactions were reported for a bis-
gallanediyl and a Zn-Al compound.*® Acyclic trimetallic com-
plexes are expected to be even more interesting,® but are limited
to acyclic homonuclear (I,” IL,® II1,° Fig. 1) and heterobinuclear
complexes. These are often obtained from oxidative addition of
metal complexes bearing M-M or M-X bonds (X = group 13-17
elements) to monovalent group 13 diyls," i.e., [L'Ga(Et)],InEt IV
(L' = HC[C(CH;)N(Dipp)l,, Dipp = 2,6-iPr,-C¢H;) was synthesized
by twofold oxidative addition of InEt; to L'Ga,"' Zn[Al(n>
Cp*)N(SiMe3),], V by reaction of Cp*Al and Zn[N(SiMes),],,"**
and [L'(X)GaZnGa(X)L'] (X = Me VI, H VII) by reaction of L'Ga
with Zn-X bonds.**”* While this work was in progress, Crimmin
et al. reported the synthesis of acyclic L'M(ZnCp*), (VIII) and
L’Si(ZnCp*), (IX) by reactions of L'M and L’Si (L* =
{DippNC(CH3)C(H)C(CH,)(NDipp}) with Cp*,Zn,,"** while reac-
tions of Cp*,Zn, with transition metal complexes gave cyclic
complexes."*” In addition, Hg(ZnL'), was synthesised by salt
elimination reaction.™ In contrast, acyclic heterotrinuclear com-
plexes containing three different metals have not yet been
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reported, most likely due to the challenging synthetic routes,
ie, the reaction of three different metal precursors is often
accompanied by side reactions. Herein, we report the synthesis
of heterotrinuclear complexes containing three different metal
atoms via stepwise oxidative addition of ZnEt, to L'M and L’Si,
respectively, and reactions of compound 2¢ with B(CeFs);, NH3,
and PhCH,OH.

Equimolar reactions of ZnEt, and L'M (M = Al, Ga) in benzene
or toluene solution gave donor-free compounds [L'(Et)MZnEt]
(M = Al 1a, M = Ga 1b) (Scheme 1) in high yields.

The formation of compounds 1la-b was confirmed by
'H NMR spectroscopy, showing shifts in the methine resonance
of the ligand backbone from 5.18 ppm (L'Al)"® to 4.82 ppm (1a)
and from 5.19 ppm (L'Ga)'® to 4.77 ppm (1b) in C¢De. The "H and
3C{1H} NMR spectra also show characteristic resonances for the
M-Et and Zn-Et groups, respectively. Variable-temperature (VT)
'H NMR studies (—30 °C to 40 °C) were performed to investigate
the thermal stability of compound 1a (Fig. S6-S8). 1a started to
decompose at 20 °C with formation of 1a-Et, along with a dark
grey precipitate of metallic zinc. 'H, "*C{'H} and *’Al{"H} NMR
spectra of 1a were therefore recorded in toluene-ds at —30 °C
(Fig. S1-S3). A solution of 1b in Ce¢Ds also decomposed to
compound 1b-Et, and metallic zinc within 18 h at room tem-
perature (Scheme 1).

Single crystals of 1a and 1b were obtained from n-hexane
solutions upon storage at —30 °C. They crystallize in the
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Fig. 1 Selected structurally characterized acyclic homo-and hetero-
metallic trinuclear complexes (Ar = Dipp = 2,6-iPr,CgH3).
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Scheme 1 Reaction of L'M (M = Al, Ga) with ZnEt,.

orthorhombic space groups Pnma (1a) and P2,2,2, (1b), and
their molecular structures in the solid state are shown in Fig. 2.
The Al/Ga atoms in 1a and 1b exhibit distorted tetrahedral
geometries, whereas the Zn atoms are almost linearly coordi-
nated. The Al1-Zn1 bond length in 1a (2.4908(10) A) is slightly
longer than the Al-Zn bonds in [L'(Et)AIZnL%] (2.488(1) A)** and
in [L'(Br)AlZn(Br)(tmeda)] (2.471(1) A),’” and the Ga1-Zn1 bond
length in 1b (2.4265(4) A) is shorter than the Ga-Zn bond length
in [L*(H)GaZn(H)(tmeda)] (2.4348(6) A),*>* but longer than that
in [L'(Cl)GaZn(CI)(THF),] (2.3920(6) A).**

Reactions of [L'(Et)GaZnEt] (1b) with either one equivalent
of L'M (M = Al, Ga) or L’Si gave [L'(Et)GaZnM(Et)L'] (M = Al 2a,
Ga 2b) and [L'(Et)GaZnSi(Et)L*] (2¢) (Scheme 2) in high yields.
Compounds 2a-c are stable both in the solid and solution
states under argon atmosphere. Their "H NMR spectra show
the characteristic y-CH proton of L' and the Et groups, which
are shifted relative to those in 1b. The "H NMR spectrum of 2b
at room temperature displays two distinct quartets at 0.41 and
0.53 ppm for Ga-CH,CHj3;, suggesting restricted rotation of the
CH, group as confirmed by VT NMR studies. Two quartets were
observed at —60 °C, which coalesce into a single broad peak at
+70 °C (Fig. S24 and S25). Similarly, the spectrum of 2a exhibits
four different quartets (0.03, 0.12, 0.39, 0.50 ppm) due to the
Al-CH, and Ga-CH, protons. Complexes 1a and 2a show broad
*’Al NMR resonances at § 84.76 and 84.13 ppm, indicative of
distorted tetrahedral four-coordinate Al atoms. Compound 2¢
was isolated as a mixture of diastereomers, evidenced by two
sets of proton resonances in the "H NMR spectrum (25 °C). The
v-CH proton of L?, which typically appears as a single reso-
nance, gave two singlets (5.36, 5.39 ppm), and the methylene
(=CH,) protons gave four singlets (3.24, 3.30, 3.97, 4.02 ppm)
rather than the expected two for a symmetric environment. VT
"H NMR studies (25-65 °C) show coalescence of these signals at

1a 1b

Fig. 2 Molecular structures of la—b. Thermal ellipsoids drawn at 50%
probability level. H atoms and the minor component of the disorder are
omitted for clarity. Pale coloured part of the molecule is generated via
symmetry. Selected distances (A) and angles (°): 1a: All-Zn1 2.4908(10),
Zn1-C18 1.983(5), Al1-C16 1.981(4), N1-All-N1' 94.86(12). 1b: Gal-

Zn12.4265(4), Zn1-C30 1.971(3), Gal-C32 1.986(2), N1-Gal-N2 92.13(8).
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Scheme 2 Synthesis of 2a—c by oxidative addition of 1b to heavier
carbene analogues.

higher temperatures, indicating a dynamic equilibrium between
both diastereomers (Fig. $33 and S34). Similarly, the **Si{'H} NMR
shows two peaks at room temperature (—2.23 and —2.81 ppm),
which merge into a single resonance (—2.23 ppm) at 65 °C,
confirming diastereomer interconversion (Fig. S29 and S32).

Single crystals of compounds 2a-c¢ were grown from n-hexane
solutions at —30 °C. Compound 2c also crystallized from benzene
and cyclohexane solution at 25 °C. Crystal structures of these
solvates (Table S1; benzene solvate discussed here) were grown to
resolve the disorder of the central moiety. However, the outer
surfaces of the opposing ends of the molecule are too similar to
achieve an ordered packing this way. Considering systematic
errors and parameter correlations, all solvates yield comparable
results. Complexes 2a-c crystallises in the monoclinic space
group C2/c. The solid-state structures of 2a-c are shown in
Fig. 3 and Fig. S71-S75.

The Al, Ga, and Si atoms in 2a-c adopt distorted tetrahedral
geometries, whereas the Zn atom is almost linearly coordinated.
The Ga1-Zn1 bonds in 2a—c (2.544(5) A, 2.4836(2) A, 2.475(4) A) are
longer than the Ga-Zn bonds in [{L'GaH},Zn] (2.4334(12) A)"** and
[(tmeda)Zn{Ga{[N(Ar)C(H)],}}.] (Ar = 2,6-Pry-CeH3) (2.4491(17) A,
2.4307(17) A, respectively, but comparable to the Ga-Zn bond
length of [{L'GaMe},Zn] (2.4631(7) A, 2.4609(7) A)."** The Zn1-Al1
bond of 2a (2.415(15) A) is shorter than the Zn-Al bond
of [L'(Et)AlznL®] (2.488(1) A)** and Zn[Al(n*-Cp*)N(SiMe;),],
(2.448(2) A)."** Similarly, the Zn1-Si1 bond of 2¢ (2.317(11) A) is
shorter than the Zn-Si bond of LSi(H)-ZnL" (2.4018(9) A).*® The
Gal-Zn1-Gal’ bond angle of 2b (178.853(16)°) reveals the linear
coordination, whereas the Ga-Zn-Ga bond angles in [{L'GaH},Zn]
(172.68(2)°)'* and [{L'GaMe},Zn] (173.61(2)°)**” deviate larger
from linearity. The Gal-Zn1-Al1 bond angle of 2a (179.6(3)°) and

Fig. 3 Molecular structures of 2a and 2c. Thermal ellipsoids drawn at 50%
probability level. H atoms and solvent molecules are omitted for clarity.
The pale-coloured part of the molecule is generated via symmetry. Bonds to
the minor part of the disorder are displayed thinner. Selected distances (A)
and angles (°): 2a: Gal-Znl 2.544(5), Znl1-All 2.415(15), Gal-Znl-All
179.6(3). 2c benzene: Gal-Znl 2.475(4), Zn1-Sil (2.317(11), Gal-Zn1-Sil
174.71(10). See also Table S1.
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the Ga1-Zn1-Si1 bond angle of 2¢ (174.71(10)°) again show the
nearly linear geometry, with 2c exhibiting a slightly greater
deviation.

The reaction of ZnEt, with L'Ga (2 equiv.) was monitored by
in situ "H NMR spectroscopy to identify intermediates formed in
the synthesis of 2a-c. Initially, a singlet due to the y-CH proton
of 1b appeared at 4.77 ppm. After 30 minutes, L'Ga and 1b were
gradually consumed and compound 2b was formed (singlet at
4.82 ppm). The reaction was finished after 2 h, yielding 2b
exclusively (Fig. S26). These results indicate that 2b forms via
stepwise oxidative addition with 1b as an intermediate.

To further understand the bonding and electronic properties
of the binuclear (1b) and trinuclear (2a-c) compounds, DFT-
calculations were conducted at the PBEO0/def2-TZVP level of
theory.'® The calculated structure parameters of all compounds
agree well with values of the experimental crystal structures
(sc-XRD). The HOMO of compound 1b is located along the Ga-
Zn and the Zn-C bonds (Fig. S79), with the main contribution
found at the Ga-Zn single bond. The LUMO is found in the
backbone of the L' ligand. The Ga-Zn bond is identified as a
weakened single bond with a Mayer Bond Order (MBO) of
0.77 and a Wiberg Bond Index (WBI) of 0.62. The Ga-Zn bond
is polarized towards the Ga atom, as proven by the natural
charges of both atoms (Ga = 0.75, Zn = 1.06), with a higher
contribution at the Ga atom (62.4%) than the Zn atom (37.6%).

The HOMO of 2a is located at the Ga-Zn and the Al-Zn
bonds, whereas the LUMO is found in the backbone of the LAl
system. Both the Zn-Ga bond (WBI 0.44) and the Zn-Al bond
(WBI 0.55) in 2a are weaker compared to the Zn-Ga bond in 1b
(Table 1).

Introducing a second L'Ga molecule in compound 2b also
weakens the Ga-Zn bonds as indicated by the reduced MBO
(0.42) and a WBI (0.49) of both Ga-Zn bonds. The HOMO is
located along both Ga-Zn bonds, while the LUMO is found in
both backbones of the L'Ga systems. Compound 2c¢ also shows
the HOMO along the Ga-Zn and Zn-Si bonds and the LUMO in
the backbone of the L'Ga system. The Ga-Zn (WBI 0.55) and
Zn-Si bonds (WBI 0.41) were identified as weak single bonds.
These results are very similar compared to Crimmin’s trinuc-
lear complexes L'M(ZnCp*), (VIII) and L’Si(ZnCp*), (IX), for
which WBIs of 0.68 (Si), 0.84 (Al) and 0.79 (Ga) were reported.

Preliminary reactivity studies were performed with complex
2c¢. 2c¢ reacted with two equiv. of B(C¢Fs); to the zwitterionic
compound 3 and adduct 4 (L'Ga— B(CgFs),Et) (Scheme 3),
while its reaction with NH; gave a mixture of compounds, from

Tablel Calculated bond orders (MBO, WBI) and natural charges in 1b and
2a-c

1b 2a 2b 2¢
MBO (Zn-Ga) 0.77 0.44 0.42/0.42 0.13
MBO (Zn-M) — 0.74 — 0.85
WBI (Zn-Ga) 0.62 0.44 0.49/0.49 0.55
WEI (Zn-M) — 0.55 — 0.41
Natural charge (Zn) 1.06 0.78 0.83 0.87
Natural charge (Ga) 0.75 0.70 0.74/0.74 0.77
Natural charge (M) — 1.01 — 1.20
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Scheme 3 Synthesis of compounds 3, 4, 5, and 6.

which 5 was isolated by fractional crystallisation. In addition,
2c reacted with BnOH to 6 [L'(Et)GaZn(OCH,Ph)] and additional
unidentified by-products (Scheme 3). The >°Si NMR signal of 3
(9.90 ppm) is downfield shifted compared to 2¢ (—2.23 ppm) due
to the higher positive charge at the Si centre. The "H NMR shows
a singlet for the y-CH proton at 6.60 ppm, indicating the
presence of an aromatic ring current as reported for
{N(Dipp)C(CH3)CHC(CH,B(C¢F5)3)(N(Dipp))}Si.*** Compound 4
shows a broad "'B singlet (—19.8 ppm) in the typical region of
tetracoordinated B atoms and very similar to that of L'Ga—
B(C¢F5); (-20.3 ppm),>®* and the 'H NMR spectrum shows the
y-CH resonance at 5.04 ppm (Fig. $39-S59). The 'H NMR spec-
trum of compound 5 shows two singlets (5.43 ppm) for the y-CH
proton and a singlet at 5.36 ppm for the Ar-NH proton. The >°Si
NMR signal of 5 (—20.22 ppm) is upfield shifted compared to
that of 2¢ (—2.23 ppm). The "H NMR spectrum of compound 6
displays a singlet at 4.76 ppm for the y-CH proton and a singlet
at 4.81 ppm corresponding to the OCH,Ph proton.

Compounds 3, 5, and 6 crystallize in the triclinic space
group P1 (Fig. 4 and Fig. S76-S78). The Si atom in 3 adopts a
distorted tetrahedral geometry and the Zn atom is linearly
coordinated.

The Si1-Zn1 bond (2.3508(5) A) is longer, whereas the
Si1-C54 bond (1.8644(14) A) is shorter than in 2¢ (Si-Zn
2.317 A; Si-C 1.962 A), consistent with the increased Lewis acidity
of the cationic silicon centre. Compound 5 shows a heterotricyclic

Fig. 4 Molecular structures of 3 and 6. Thermal ellipsoids drawn at 50%
probability level. H atoms and the minor component of the disorder
are omitted for clarity. Pale coloured part of the molecule is generated
via symmetry. Selected distances (A) and angles (°): 3: Si1-C3 1.8693(14),
Si1-C5 1.8804(14), N1-Si1-N2 111.33(6). 6: Gal-Znl 2.4194(3),
Gal-C371.9987(14), Zn1-01 1.9662(9), N1-Gal-N2 91.79(4).

This journal is © The Royal Society of Chemistry 2025
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framework formed by C-N bond cleavage of L'. The Si1-C3
(1.8693(14) A) and Si1-C5 (1.8804(14) A) bond lengths in 5 are
shorter than the Si-C bond length observed in 2¢ (1.962 A). In
compound 6, the Ga1-Zn1 bond length (2.4194(3) A) is slightly
shorter than that in 1b (2.4265(4) A), while the Ga1-C37 bond
(1.9987(14) A) is longer than the corresponding Ga-C bond in 1b
(1.986(2) A).

In summary, heterotrinuclear complexes [L'(Et)GaZnAl(Et)L']
(2a) and [L'(Et)GaZnSi(Et)L?] (2¢) containing three different metal
centres were synthesized by sequential oxidative addition of ZnEt,
to L'M (M = Al, Ga) and L’Si via intermediate formation of
heterobimetallic complexes [L'(Et)MZnEt] (M = Al 1a, M = Ga 1b).
The stepwise Zn-Et bond activation was proven by in situ "H NMR
spectroscopy, while quantum chemical calculations provided
insight into the bonding and electronic structures of 2a-c. 2c
reacted with B(C¢Fs); to the zwitterionic complex 3 and the Lewis
acid-base adduct 4, while compounds 5 and 6 were isolated from
reactions with NH; and BnOH, respectively. Additional reactivity
studies are currently performed.
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original draft; C. Wolper, investigation (sc-XRD); J. Mobius, inves-
tigation (quantum chemical calculations); S. Schulz, resources,
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