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Homoleptic hexa- and penta-coordinated
gallium(i) amide complexes of ruthenium and
molybdenumf

Raphael Buhler, = { Richard J. J. Weininger, ‘' { Johannes Stephan,
Maximilian Muhr, Balasai M.-T. Bock, Christian Gemel and Roland A. Fischer @2/ *

Reaction of neutral olefin complexes of ruthenium and molybdenum with GaTMP (TMP = 2,2,6,6-tetra-
methylpiperidinyl) by substitution leads to the formation of respective five- and six-coordinated homolep-
tic products. [Ru(GaTMP)s] (1) and [Mo(GaTMP)¢] (2) were isolated and characterized. Core structure geo-
metries were analyzed using continuous shape measure, and the complexes were subjected to DFT cal-
culations unveiling competing n-interactions between the transition metal center and the amido substitu-
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Introduction

Exploring the chemistry of low valent group-13 metallo-ligands
ER* (E = Al, Ga, In; R* = sterically demanding protection
group) coordinated to d- and f-block metal centers (transition
metals, M) has significantly been motivated by the isolobal
relationship between ER* and CO. The choice or design of R*
has been crucial to allow for preparative access to ER* com-
pounds and utilize them in organometallic coordination
chemistry. The first example of a mononuclear homoleptic
complex of the general formula [M(ER*),], namely [Ni(InC
(SiMes);)4] (R* = C(SiMe;);), was reported by W. Uhl in 1998,"
followed by P. Jutzi’s [Ni(GaCp*),] in 1999 and our [Ni(AICp*),]
in 2005 (Cp* = C5(CH,3)s).>* All these complexes can be viewed
as analogues of [Ni(CO),]. However, there are cases such as the
trinuclear, linear [(Cp*In),Pd(p-(InCp*)),Pd(p-(InCp*),)Pd
(InCp*),],* which has no analogous metal carbonyl [M,(CO),,]
structure. Other protecting groups, R*, including amides (e.g
N(SiMe;)(2,6-bis-mesityl phenyl)),® ketoiminates (e.g. DDP = 2-
{(2,6-diisopropylphenyl)amino}-4-{(2,6-diisopropylphenyl)-

imino}-2-pentene) and amidinates (e.g. [N(Ar)[,CNCy,; Ar =
CeH,'Pr,-2,6; Cy = cyclohexyl), have been introduced with great
success, for example, to yield [Pt(Ga[N(Ar)],CNCy,);], as
reported by Jones and co-workers.® Due to the high steric bulk
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ent with the unoccupied p, orbitals of the gallium.

of these types of metallo-ligands ER*, the transition metal
coordination number of any of their homoleptic complexes
has not exceeded three. We and others have reviewed the devel-
opment of this chemistry in the past.”'® Specifically, an
updated comprehensive listing of all structurally elucidated
homoleptic complexes [M,(ER*),], including [Mo(GaCp*)e] as
the only example of that series with coordination number cn
(M) greater than five, is provided in the ESL.**

The history of heterometallic group-13 metal/transition
metal complexes of the more general formula [(L,M),(ER;_,)]
(L = CO, phosphines, etc.; R = any inorganic or organic substi-
tuent, ie. including hydrides or halides) featuring unsup-
ported covalent (donor/acceptor) bonds M-E dates back to the
early work of Hieber on [((CO),Co);In] in 1942.">"3 The related
work since the mid-1990s focused on synthesis, structure and
the elucidation of details of the M-E bonding by theoretical
approaches applying various computational frameworks.'*"®
Herein, we are particularly interested in exploring the tran-
sition from discrete heterometallic complexes to the related
clusters in which an intermetalloid M E,, core is protected by
an all-hydrocarbon shell of R*, i.e. matching with the general
formula [M,E;](R¥),, with (a + b) > ¢."®'® A recent example of
that work is the assignment of individual structures from a
preparative inseparable ensemble of Ni/Ga clusters [Nig,,Gag.y]
(Cp*)6 = [Ni,Gae+,|(NiCp*)s (x +y < 2). Notably, in this particu-
lar case, protection group transfer (R* = Cp*) occurs from the
Ga to the Ni during the synthesis of the clusters from Ni(0)
olefin complexes with GaCp* in toluene or mesitylene at elev-
ated temperatures.®*°

A relationship exists between the molecular coordination
and cluster chemistry of the solid-state and the materials
chemistry of the respective intermetallic M/E (nano) phases

This journal is © The Royal Society of Chemistry 2024
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and their catalytic properties.>" > For example, the oligonuc-
lear Ni/Ga hydrido clusters [H,Niz(GaR*),] (x = 2,4,6; R* = TMP
= 2,2,6,6-tetramethylpiperidinyl) are moderately active in
alkyne semi-hydrogenation to alkenes, mimicking the surface
chemistry of the respective solid-state Ni/Ga (nano) alloys.>
Compared to the other types of R* mentioned in this introduc-
tion, considerably few studies have been conducted using R* =
TMP as a protecting group, which was mainly introduced by
Linti and co-workers. With respect to GaTMP in particular,
only the following few complexes are known in the literature:
[(CO)sCr(GaTMP)] and [(CO);Cr(1*-GaTMP);Cr(CO);] were pre-
pared simultaneously from [Cr(CO)s(cyclooctene)]; [(CO);Co
(1*-GaTMP),Co(CO);] was synthesized from [Co,(CO)g].>* The
homoleptic ~ dinuclear [Niy(GaTMP),]** and trinuclear
[Ni;(GaTMP);(p*-GaTMP);(u>-GaTMP)]*° complexes were acces-
sible from [Ni(COD),] (COD = 1,5-cyclooctadiene). Searching
for any compound with the structural element structure
TMP-E-M yielded one more entry to the list. [(TMP),AlFe(Cp)
(CO),] was reported in 1997 by Néth et al.,>® while Dankert and
Hevia published earlier this year the synthesis of [(TMP),AlZn
(Cp*)].*° However, here, the E center (E = Al) is a tri-coordinate
and is formally in a higher oxidation state. Thus, these com-
pounds and any related ones are not of immediate concern to
our work. Thus, we further investigate the coordination chem-
istry of GaTMP against d-block metals M with a focus on
homoleptic [M,(GaTMP),] complexes or clusters [H,M,Ga,]
(TMP), and aim for a more expanded library of such com-
pounds. Herein, we now report the first homoleptic GaTMP
complexes of second row transition metals, namely [Ru
(GaTMP)s] (1) and [Mo(GaTMP)g] (2).

View Article Online

Paper

Results and discussion

[Ru(GaTMP);] (1, Fig. 1) was obtained as a brown, crystalline
solid, suitable for SC-XRD, by reacting [Ru(COD)(COT)] (COD =
1,4-cyclooctadiene; COT = n°-1,3,5-cyclooctatriene) with 1.25
eq. (GaTMP), in toluene at 100 °C for 19 h (Fig. 2). After
workup, compound 1 was isolated at a yield of 20% (based on
Ru).

+1/5 2
Sl GaTMP
7
Z TMPGa., | _.GaTMP
"Ru’
N angy ™MPGa”  GaTMP
1
GaTMP
TMPGa,,, | .GaTMP
“Mo.
110 °C, 22h
(toluene) T™PGa™ | NGatvp
2 GaTMP

Fig. 2 Reaction scheme for the synthesis of 1 and 2 by ligand
substitution.

0—f | Np—®
N

Fig. 1 Left: molecular structure of [Ru(GaTMP)s] (1) in the solid state determined by single crystal X-ray diffraction. Ru: yellow, Ga: pink, N: blue and
C: grey. Hydrogen atoms and disordered molecule fragments are omitted. C and N are displayed as wireframe. Right: square pyramidal coordination
polyhedron calculated from crystal structure data. Thermal ellipsoids are shown at the 50% probability level. Selected bond lengths [A] and angles
[°l: Rul-Ga3: 2.274(10) Rul-Ga2*!/Ga2: 2.281(7), Rul-Gal*'/Gal: 2.291(6), Ga3—-Rul-Ga2*'/Ga2: 104.6(2), Ga3—Rul-Gal*!/Gal: 103.0(2), Ga2—-
Rul-Gal: 84.2(3), Ga2—Rul-Gal*:! 89.3(2). Note: Gal/Gal*! and Ga2/Ga2*! are symmetry related.

This journal is © The Royal Society of Chemistry 2024
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The C, H and N values of 1 obtained by elemental analysis
are within the expected range. The "H-NMR and *C-NMR in
Ce¢Dg (25 °C; see Fig. S1-37) indicate the presence of five equi-
valent TMP groups with only minor shifts of all signals with
respect to free (GaTMP),.>” Trace impurities are almost absent.
The presence of only one set of signals for all five GaTMP
units indicates a fast fluxional process, which is very common
for five-coordinate metal complexes.”® The IR spectrum (see
Fig. S8t) does not show absorption bands in the region associ-
ated with Ru-H vibrations (ca. 1900 cm™'-1700 cm™") and all
features can be assigned to the TMP groups (see Fig. S107).>°
High-resolution LIFDI-MS (Fig. S11-137) gives a molecular ion
[M]" signal of 100% rel. intensity at 1151.25 m/z (caled. m/z
1151.25) and a fragment [M — TMP]" signal at 1011.11 m/z of
1.6% rel. intensity (caled. m/z 1011.11). Compound 1 crystal-
lizes in the monoclinic space group C2/c, and the molecular
structure in the solid state is shown in Fig. 1 together with a
selection of structural parameters (bond lengths and angles).

The molecular unit of 1 exhibits a square pyramidal co-
ordinated Ru center that is slightly distorted along the z-axis,
elevating the Ru above the Ga, plane by 0.545 A, with Gagyy-
Ru-Ga angles in the range of 103.0-104.6°. The Ru-Ga bond
lengths show only a slight variance between 2.274 A (Rul-
Ga3), 2.291 A (Rul-Ga1) and 2.281 A (Ru1-Ga2) but are signifi-
cantly shortened by 0.10 A-0.15 A compared to known Ru-
GaCp* complexes.”*® To quantify the distortion of the

View Article Online
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[RuGas;] core, the so-called continuous shape measures were
calculated.” Using continuous shape measures (So(P)), distor-
tions of molecular structures from reference structures (e.g.
ideal polhyhedra) can be quantified (for details and the calcu-
lation code see ESIt). In general, So(P) = 0 indicates no distor-
tion from the reference, So(P) < 1.00 indicates minor distor-
tions and 1.00 < S(P) < 3.00 indicates major distortions from
the reference shape.”” In the case of 1, So(P) = 0.99 was found
when compared to an ideal square pyramid with the Ru in the
centroid of the polyhedron, while So(P) was distinctly higher
for a square pyramidal shape when was placed Ru in the
center of the basal square plane (Sq(P) = 4.63) or compared to
an ideal trigonal bipyramidal shape with the Ru in the centre
of the equatorial plane (So(P) = 7.63). With respect to the a and
p angles (150.72° and 154.11°), a 75 value of 0.0565 is found.
This value is close to the ideal value of a basally distorted
square pyramid,®” as demonstrated by the Ruthenium center
being 0.545 A above the square plane.

[Mo(GaTMP)¢] (2, Fig. 3) was obtained in an analogous syn-
thesis to 1 by reaction of [Mo(n*-C4Hg);] with 1.5 eq. of
(GaTMP), in toluene at 110 °C for 22 h. Compound 2 was iso-
lated as a beige, crystalline solid suitable for SC-XRD in a total
yield of 42% after workup.

The C, H and N values of 2 obtained by elemental analysis
are within the expected range. "H-NMR and "C-NMR spectra
in toluene-dg exhibit each set of TMP signals, which are only

Fig. 3 Left: molecular structure of [Mo(GaTMP)g] (2) in the solid state determined by single crystal X-ray diffraction. Mo: turquoise, Ga: pink, N: blue
and C: grey. Hydrogen atoms and disordered molecule fragments are omitted. C and N are displayed as wireframe. Right: octahedral coordination
polyhedron calculated from crystal structure data. The two crystallographically distinct units present in the SC-XRD data are very similar and most
likely an effect of packing; the unit with higher deviations in bond lengths is depicted. Thermal ellipsoids are shown at the 50% probability level.
Selected bond lengths [A] and angles [°]: Mo1-Ga6: 2.374(2), Mo1-Ga3: 2.396(3), Ga6-Mol-Gal: 81.9(9), and Ga5—-Mol-Ga3: 97.7(9). (largest/

smallest).

17164 | Dalton Trans., 2024, 53,17162-17168
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slightly shifted with respect to the signals of 1 or free
(GaTMP), (see Fig. S4-67).>” IR spectroscopy provides data very
similar to [Ru(GaTMP)s] (1) and shows no absorption in the
range of typical Mo-H vibrations between 1900 cm™ and
1650 cm™', indicating the presence of hydrides (see Fig
$91).>% High-resolution LIFDI-MS (see Fig. $14-167) gives a
molecular ion [M]" signal at 1356.32 m/z (caled. m/z 1356.32)
with 100% rel. intensity. The compound crystallizes in the
monoclinic space group P2,/c, with two crystallographically
distinct units per unit cell, both exhibiting six Ga(TMP)
ligands coordinating in an octahedral fashion around the Mo
centers (Fig. 3). In relation to each other, the two independent
octahedral units are rotated along all three axes. The average
Mo-Ga bond lengths of the independent units are 2.385 A and
2.386 A with minimal deviation. Ga-Mo-Ga angles in both
units point to a slight distortion from the ideal octahedral geo-
metry and range between 81.9° and 97.7°. The analogous [Mo
(GaCp*)s] molecule shows less angular distortion with Ga-Mo-
Ga angles between 85.1° and 94.2° with slightly elongated Mo—
Ga bonds (average 2.462 A; shortest bond: 2.385 A)."
Comparing 2 (both independent molecules in the elementary
cell) to the ideal octahedral geometry yielded only minor devi-
ation, giving So(P) = 0.20. Both GaCp* and GaTMP are closely
related ligands and formally isolobal to CO but are predomi-
nantly c-donor ligands with notably weak
n-backbonding.”?*?”*° The slightly shortened M~GaTMP dis-
tances with respect to the M-GaCp* distances may be taken as
an indication of more significant n-backbonding of GaTMP,
compared to GaCp*. This effect is more clearly observed when
comparing 2 to its homologue [Mo(GaCp*)s] although no such
direct comparison is available for 1; however, an indirect com-
parison to the series of previously reported Ru-GaCp* sup-
ports this assignment,'!>427:2973436:40 The same trend towards
shortened M-Ga bonds when comparing GaTMP to GaCp* can
be found across all known M-GaTMP compounds. Seifert et al.
reported the investigation of a series of heteroleptic M-GaTMP
compounds also bearing carbonyl ligands that afford
additional insight because they allow for the direct compari-
son of M-CO vs. M-Ga distances. They observed shorter M-Ga
and longer M-CO distances for the TMP stabilized gallium(i)
ligand, leading to the suggestion of more pronounced
n-backbonding for GaTMP compared to GaCp*.>*

Although a square pyramidal ligand sphere around a Ru(0)
centre is not uncommon,*"*> mononuclear, homoleptic com-
pounds of Ru(0) with this structure are still rare in the litera-
ture. The only known examples are Ru(CO)s, Ru(NO)s and bis
(2,3,4,5-tetramethylthiophene)ruthenium.****  These com-
pounds, however, rely on ligands with strong zn-backbonding,
whereas 1 has primarily only o-donating ligands. To gain more
insights into the structure and bonding situation of 1, we per-
formed DFT calculations starting with the experimental square
pyramidal (SP) structure of the molecular crystal structure as
the input for modelling 15p and from a hypothetical, ideal tri-
gonal bipyramidal (TB) structure for modelling 17g. The model
structures 1sp and 1yg were optimized at the BP86/TZVPP level
of theory (see computational details), and frequency calcu-

This journal is © The Royal Society of Chemistry 2024
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lations were performed to ascertain that the optimized struc-
ture is true energy minima. The trigonal bipyramidal structure
175 shows a distortion in the equatorial plane with Ga.q-Ru-
Ga.q angles of 110°, 118° and 130°, most notable in the outer
coordination sphere (N.-Ru-N.q angles of 104°, 112° and
142°). The axial distortion is also significant with the angles
Gag—Ru-Gagy, = 161° and Ng—Ru-Ng, = 153°. Although both
computed structure models 1gp and 14p (Fig. S20t) are highly
distorted compared to the ideal square pyramidal and trigonal
bipyramidal geometries, they are both energy minima struc-
tures, as shown by the frequency calculations. On the energetic
side, the AE and AG between 1gp and 1 are very small (0.9
and 2.0 kcal mol™" respectively, Table 1) and, with respect to
the precision of DFT energies, are not significant. Additionally,
the HOMO-LUMO gaps are nearly identical (Table 1), indicat-
ing similar electronic structures. The NMR data show only one
GaTMP signal group. This indicates a rapid exchange between

Table 1 Selected computed data for complexes 1 and 2 and their sim-
plified model structures

HOMO-LUMO AE AG

Complexes Gap [eV] [keal mol™"]  [keal mol™"]
[Ru(GaTMP)s] (1sp) 2.56 0.9 2.0
[Ru(GaTMP);] (1) 2.51

[Ru(GaNMe,)s] (Inmes sp) 302 0.0 0.2
[Ru(GaNMe,);] (1nmes t8)  3.-08

[Mo(GaTMP),] (2) 3.10

[Mo(GaNMe,)s] (2nmez) 3.15

HOMO-7

HOMO-8

Fig. 4 Occupied molecular orbitals of 1ymez (@) and 2yme2 (b) showing
n interactions between the GaNMe; ligand and the transition metal.

Dalton Trans., 2024, 53,17162-17168 | 17165
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both structures in the solution, while the observed crystal
structure might be favored by the packing effects.

To facilitate a straightforward bonding analysis, a simpli-
fied model of 1 based on GaNMe, model ligands was
employed and calculated (1nmez), and the molecular orbitals
were analyzed (Fig. S21}). The primary coordination sphere
shows a distortion similar to 1gp and 1yg. Beyond the expected
o-donating properties of the Ga-amide (Fig. S19t), the orbital
analysis shows the occupied = orbital of the Ga-N bond to
interact with the d,, and d, orbitals in the HOMO-7 and
HOMO-8 (Fig. 4). This behavior of the gallium(i) amide ligand
is also observed for the 2ymer (Fig. S221) model complex
(HOMO-6, -7 and -8, Fig. 4) and is in line with the bonding
model for TM-ER, i.e. competing TM — E n-back-donation and
E <« R n-donation when R has at least one occupied p,-
orbital."?

Conclusion

[Ru(GaTMP);5] (1) and [Mo(GaTMP)¢] (2) were prepared by
ligand substitution from the olefinic precursor compounds.
[Ru(GaTMP);] is a rare example of homoleptic Ru(0) complexes
and the first case where the ligand sphere is dominated by o-
donation. [Mo(GaTMP)s] was prepared similarly to [Mo
(GaCp*)s] though notably without the need for supporting
hydrogenolysis of the butadiene ligands of the Mo(0)-precursor
and exhibits the same trends observed in the ruthenium com-
pound. The compounds were characterized using crystallogra-
phy, 'H and "*C-NMR, IR spectroscopy, high-resolution mass
spectrometry and elemental analysis. Bond lengths between
the title compounds and previously reported TM-GaCp* com-
pounds were analyzed, and the results were compared to hom-
ologous homoleptic and heteroleptic transition metal-GaCp*/
GaTMP compounds that have been reported previously. The
findings indicate that the Ru-GaTMP bond, though primarily
dominated by the o-donor property of the gallium amide
ligand, exhibits competing n interaction between the z-back-
bonding of the ruthenium and the n-donation of the amide to
the gallium. The precursor complexes and possible intermedi-
ates, such as 1 and 2, require a thorough theoretical investi-
gation of their bonding situation. The translation of this differ-
ence between GaTMP and GaCp* in ligand properties into syn-
thetic access to novel intermetalloid clusters [M,Ga,|(TMP), is
the subject of ongoing research by our group.

Experimental

All manipulations were carried out using standard Schlenk
and glovebox techniques under argon atmospheres. Solvents
were dried and degassed using an MBraun Solvent Purification
System. The final H,O content of all solvents was checked by
Karl Fischer titration and was below 5 ppm. Tris(butadiene)-
molybdenum was prepared from MoCls according to the litera-
ture-known procedures and characterized by "H-NMR (see ESI

17166 | Dalton Trans., 2024, 53,17162-17168
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Fig. $77).*>*® (GaTMP), was prepared from GaCp* according to
the literature.”* NMR spectra were recorded using a Bruker
Avance III AV400US (25 °C; 'H, 400 MHz; *C, 101 MHz).
Chemical shifts are given relative to trimethylsilane and were
referenced to the residual solvent peak as internal standards.
Chemical shifts are reported in parts per million, downfield
shifted from TMS, and are consecutively reported as position
(6y or &¢), relative integral, multiplicity (s = singlet, and m =
multiplet) and assignment. FTIR spectra were measured with
an ATR setup using a Bruker Alpha FTIR spectrometer under
an argon atmosphere inside a glovebox. Liquid Injection Field
Desorption Ionization Mass Spectrometry (LIFDI-MS) was
measured directly from an inert atmosphere glovebox with a
Thermo Fisher Scientific Exactive Plus Orbitrap (mass accuracy
3 ppm; external calibration) equipped with an ion source from
Linden CMS."” Reference isotope patterns were calculated
using enviPat Web.*®

Computational details

Computational modelling of the molecular structures was per-
formed using the ORCA5.0"° software package with the
exchange-correlation functional BP86.°° Grimme’s Dispersion
correction, including Becke-Johnson damping (D3BJ),>"*> was
used. The structure optimization and analytical calculations of
the Hessian were performed using Ahlrich’s def2-TZVPP basis
set> with the auxiliary basis def2/].>*

Synthesis and analytical data of Ru(GaTMP); (1)

A 50 mL Schlenk-tube was loaded with a sample of 49.0 mg
[(COD)(COT)Ru] (0.16 mmol, 1.00 eq.), and a sample of
164 mg (GaTMP), (0.78 mmol, 1.22 eq.) and the two solids
were then dissolved in 5 mL of toluene. The orange-coloured
solution was then stirred at 100 °C for 19 h; during this time, a
change in colour to dark red occurred. Removing the liquid in
vacuo yielded a brown solid, which was extracted with 10 mL
n-hexane. The resulting solution was reduced in vacuo to 1/3
volume and cooled to —80 °C overnight. A brown, crystalline
product suitable for SC-XRD was isolated from the reddish-
brown supernatant solution via filtration at —78 °C and dried
in vacuo. This yielded 35.0 mg (30 pmol, 20%) of [Ru(GaTMP)s]
(1) as brown crystals. "H-NMR (C¢Dy): & (ppm) = 1.34 [t, *Jyy =
6.05 Hz, 20 H, (CH;),CCH,), 1.57 [m, 10 H, CH,CH,CH,], 1.71
[s, 60 H, CH;]. ">*C-NMR (C¢D): 6 (ppm) = 18.9 [CH,CH,CH,],
36.3 [CH;], 41.0 [CH,CH,CH,], 55.2 [C(CH3),]. C45HgoGasNsRu
(1150.94): caled C 46.96, H 7.88, Ga 30.29, N 6.09, Ru 8.78;
found C 47.31, H 8.12, N 6.14. LIFDI-MS: m/z 1151.25 [M]"
(caled. m/z 1151.25).

Synthesis and analytical data of [Mo(GaTMP);] (2)

A 100 mL Schlenk-tube was loaded with a sample of 100 mg
[(n*-C4H,);Mo] (385.8 pmol, 1.00 eq.), and a sample of 485 mg
(GaTMP), (2.31 mmol, 6.00 eq.) and both solids were dissolved
in 30 mL toluene. The solution was stirred at 110 °C for
22 hours. The liquid was removed in vacuo, and the remaining
solid was extracted with 5 ml boiling hexane. The resulting
solution was set to 0 °C overnight, after which a beige, crystal-

This journal is © The Royal Society of Chemistry 2024
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line product was isolated via filtration and then dried in vacuo,
affording 218 mg of [Mo(GaTMP)¢] (2) (160.8 pmol, 42%).
"H-NMR (Tol-dg): 6 (ppm) = 1.35 [t, *Juu = 6.11 Hz, 24 H,
(CH3),CCH,), 1.60 [m, 12 H, CH,CH,CH,], 1.73 [s, 72 H, CHj].
BC-NMR (Tol-dg): § (ppm) = 18.9 [CH,CH,CH,], 36.6 [CHj],
41.2 [CH,CH,CH,], 55.1 [C(CHj);]. Cs4H10sGasMON, (1355.79)
Cale: C 47.84; H 8.03; N 6.20; Mo 7.08; Ga 40.86. Found: C
47.40; H 8.07; N 5.98. LIFDI-MS: m/z 1356.32 [M]" (caled. m/z
1356.32).
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