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1. Materials and Methods

1. Materials and Methods

Spectroscopy NMR spectra were recorded on a Bruker Avance 11l AV400US (1H, 400 MHz). The
deuterated solvents were degassed and stored over molecular sieves. Chemical shifts are
given relative to TMS 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 (8H or 6C), relative integral, multiplicity (s = singlet, d =
doublet, g = quartet and m = multiplet) and assignment. Variable temperature (VT) NMR
spectra were recorded on a Bruker DRX 400 spectrometer (*H, 400 MHz). FT-IR spectra were
measured in an ATR setup with a Bruker Alpha FTIR spectrometer under an inert gas
atmosphere in a glove-box.

Elemental Analysis (EA) EA measurements were conducted in the Microanalytical Laboratory
Kolbe in Miilheim an der Ruhr.

Spectrometry Mass spectrometry was conducted on filtered solutions with an Exactive™
PlusOrbitrap system from the Thermo Scientific company and a Micromass LCT-QTOF-Micro
mass spectrometer; lonisation method: Liquid injection field desorption ionization (LIFDI;
special ionization cell obtained from Linden CMS GmbH, Leeste, Germany; http://www.linden-
cms.de), solvent: toluene. The sample is applied on a tungsten wire which is coated with
thousands of micro graphite dendrites. By applying a potential between the emitter and the
counter electrode of 10 kv the sample molecules are ionised and subsequently accelerated to
the counter electrode and eventually to the detector. The resulting ions are radical cations,
e.g. [M]e+. Accordingly, all LIFDI-MS spectra presented in this work are recorded in the
positive ion mode.

For GC-MS measurements few drops of water were added to the respective diluted reaction
solution in toluene. The mixture was filtered over neutral aluminium oxide and afterwards
again over standard filter paper. Measurements were conducted on a Agilent GC-7890 with
Autosampler.

TEM measurements

Samples were measured by High Resolution Transmission Electron Microscope
(HRTEM) Titan G2 (FEI) with Image corrector on accelerating voltage 80
kV. STEM images were taken with HAADF detector 3000 (Fishione). Energy
Dispersive Spectrometry (EDS) was performed by Super-X system with four
silicon drift detectors (Bruker).
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X-ray crystallography

Data were collected on a single crystal x-ray diffractometer equipped with a CMOS detector
(Bruker APEX lll, k-CMOS), a TXS rotating anode or an IMS microsource (see Table S4) with
MoK, radiation (A = 0.71073 A) and a Helios optic using the APEX3 software package.c!
Measurements were performed on single crystals coated with perfluorinated ether. The
crystals were fixed on top of a kapton micro sampler and frozen under a stream of cold
nitrogen. A matrix scan was used to determine the initial lattice parameters. Reflections were
corrected for Lorentz and polarisation effects, scan speed, and background using SAINT.¢?
Absorption correction, including odd and even ordered spherical harmonics was performed
using SADABS.®3 Space group assignments were based upon systematic absences, E statistics,
and successful refinement of the structures. The structures were solved using SHELXT with the
aid of successive difference Fourier maps, and were refined against all data using SHELXL-
2014/2017 in conjunction with SHELXLE.“4®>% Hydrogen atoms were calculated in ideal
positions as follows: Methyl hydrogen atoms were refined as part of rigid rotating groups, with
a C—H distance of 0.98 A and Uison) = 1.5-Ueq(c). Other H atoms were placed in calculated
positions and refined using a riding model, with methylene and aromatic C—H distances of 0.99
A and 0.95 A, respectively, other C—H distances of 1.00 A, all with Uiso() = 1.2+Ueq(c). Non-
hydrogen atoms were refined with anisotropic displacement parameters. Full-matrix least-
squares refinements were carried out by minimizing Zw(Fo? - Fc2)? with the SHELXL weighting
scheme.® Neutral atom scattering factors for all atoms and anomalous dispersion corrections
for the non-hydrogen atoms were taken from International Tables for Crystallography.©” A
split layer refinement was used for disordered groups and additional restraints on distances,
angles and anisotropic displacement parameters were employed to ensure convergence
within chemically reasonable limits, if necessary. Heavily disordered solvent molecules were
treated as a diffuse contribution to the overall scattering without specific atom positions using
the PLATON/SQUEEZE procedure.®® Images of the crystal structures were generated with
Mercury and PovRay (illustration of polyhedra).®® €10

Computational Details

Density Functional Theory (DFT) calculations®! were carried out with the use of the
Amsterdam Density Functional code (ADF2017).¢*2 with the addition of Grimme’s D3 empirical
corrections®®3 in order to take into account dispersion effects. The triple-& Slater basis set plus
two polarization functions (STO-TZP),“** was used, together with the Becke-Perdew (BP86)“'>
€16 exchange-correlation functional. All the optimized structures were confirmed as true
minima on their potential energy surface by analytical vibration frequency calculations.
Natural atomic orbital (NAO) populations and Wiberg bond indices were computed with the
natural bond orbital NBO6.0 program®’ implemented in the ADF2017 package. The NMR
chemical shifts were computed according to the gauge-independent atomic orbitals (GIAQO)
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method,“'® assuming the Zero Order Regular Approximation (ZORA) for the S = % complex

34 C19

2. Synthesis

General

All experiments were conducted using standard Schlenk and glovebox techniques under an
atmosphere of purified argon. All solvents were carefully dried (water content <5 ppm) and
saturated with argon prior to their use. The starting compounds AlCp*, CuMes = [Cus](Mes)s
and (TMS)3SiBr were prepared according to literature methods. 2

Synthesis of [CusAls](Cp*)s(Mes) (1)

Mes
‘ AlCp*
Al
b N
toluene u
+ 2.5 AlMes
Cu + ll (1.32eq) ——— // \ 3
75°C, 1 hour Cu\/ CuCp*
*CpAl Al
Cp
*
1

Scheme S1: Synthesis of [CusAls](Cp*)s(Mes) (1).

232.56 mg (1.4 mmol, 1.31 eq.) of AlCp* and 200 mg (1.1 mmol, 1 eq.) of CuMes were
dissolved in 20 ml of toluene and heated to 75 °C for 60 minutes resulting in a dark green
solution. The solution was filtered via canula, concentrated under reduced pressure (10 ml)
and left for crystallization at -30 °C for one week. The resulting needle-like crystals were
isolated, washed with n-hexane (3 x 0.25 ml) and recrystallized from a minimum amount of
toluene at -30 °C giving pure 1in 5 % yield (based on Cu).

IH-NMR (400mHz, 298 K, toluene-dg): 6.90 (s, 2H, CHaryi(Mes)), 2.31 (s, 3H, -CHs(Mes)), 2.28
(s, 6 H, -CHs(Mes)), 2.10 (s, 30H, -CHs(CuCp*)), 1.97 (s, 15H, -CH3(AICP*bridging)), 1.92 (s, 30H, -
CH3(AICp*apicat)). 3C-NMR (400 mHz, 298 K, toluene-ds): 143.10 (s, quaternary C(Mes)), 126.79
(s, quaternary C(Mes)), 115.37 (s, quaternary C(AICp*)), 114.45 (s, quaternary C(AICp*)),
103.39 (s, quaternary C(CuCp*)), 32.46 (s, CHz(Mes)), 25.23 (s, -CH3(Mes)), 13.13 (s, -
CH3(CuCp*)), 11.97 (s, -CH3(AICp*)), 10.78 (s, -CH3(AICp*)).
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IR (ATR, 298 K): v [cm1] = 2897 (b), 2835 (b), 1482 (w), 1415 (s), 1376 (s), 1376 (s), 1023 (w),
846, 800, 731 (w), 590, 538 (w), 453 (s, i), 422 (s).

Elemental analysis [%]: Calculated for CusAlsCsoHge: C: 61.22, H: 7.49, Al: 9.32, Cu: 21.96;
found: C: 60.14, H: 7.61, Al: 9.25, Cu: 21.68.

Note: Despite the reaction being rather selective according to in-situ NMR analysis, pure 1 is
only accessible in small yields (5 %) due to very similar solubility properties of 1 and side
products (AlCp*Mes,, AIMes3s) requiring profound washing and recrystallization procedure.

Synthesis of [CuAl,](Cp*)s (2)

*CpCu< A
\ /Cu + 3-hexyne (excess) Al
_T/—CuCp* o / \

toluene, RT, 3 days /CU
*CpAl Al or
Cp 75 °C, 2 hours

isolated or in situ

Scheme S2: Synthesis of [Cu2Al](Cp*)3 (2).

232.6 mg (1.4 mmol, 1.31 eq.) of AICp* and 200 mg (1.1 mmol, 1 eq.) of CuMes were dissolved
in 20 ml of toluene and heated to 75 °C for 60 minutes resulting in a dark green solution. 3 ml
(26.4 mmol, 24 eq.) of 3-hexyne were added under vigourous stirring resulting in a color
change to dark brown. The solution was heated to 75 °C for 60 minutes, filtered via canula,
concentrated under reduced pressure (10 ml) and left for crystallization at -30 °C for one week.
The resulting yellow-orange crystals were isolated, washed with n-hexane (3 x 0.3 ml) and
dried to yield pure 2 in 14 % vyield (based on Cu).

1H-NMR (400mHz, 298 K, benzene-ds): 2.32 (s, 30H, -CH3(CuCp*)), 1.70 (s, 15H, -CHs(AICp*)).
13C-NMR (400 mHz, 298 K, benzene-ds): 115.82 (s, quaternary C(AlCp*)), 104.32 (s, quaternary
C(CuCp*)), 12.55 (s, -CH3(CuCp*)), 9.87 (s, -CH3(AICp*).

IR (ATR, 298 K): v [cm™!] = 2894 (b), 2848 (b), 2716 (w), 1480 (w), 1425, 1375, 1261 (w), 1160
(w), 1049-1115 (w), 1020, 799, 729, 694, 591, 518 (i), 430, 420.

Elemental analysis [%]: Calculated for CuAlCsoHas: C: 64.37, H: 8.10, Al: 4.82, Cu: 22.70; found:
C:63.22, H: 8.01, Al: 4.89, Cu: 22.02.
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Synthesis of [Cuz/sAls](Cp*)s (3/4)

ﬁ— toluene, +[CuMes] (2.88 eq) N
el A .
“ | (36eq) toluene,

Al

+
75°C, 4.5 hours 75°C, 18 hours

AlCp* AlCp*

i ——
SN= CU?CU<\—CU

Cu
Cp*AIé : /l \Cu/\/;§AICp* // — <N\
T\\ : \./_/ // Cp*A|\/\ /| ‘C\U ///'A|Cp*
AN %CU< I/ N S A A 9 /
—ClE——|=Cu SA7 = N\/I7
A=/ hicp* *CpAl“=—Cc CU—N) ¢
AlCp* AlCp*
4 3

preparative access

Scheme S3: Synthesis of [Cuz/sAls](Cp*)s (3/4).

500 mg (3.1 mmol, 1 eq.) of AICp* and 156.3 mg (0.86 mmol, 0.28 eq.) of CuMes were
suspended in 50 ml of toluene and heated to 75 °C for 4.5 hours resulting in a deep-green
solution. Additional 305 mg (1.7 mmol, 0.55 eq.) CuMes were added and the mixture was
heated to 75 °C for 24 hours. The dark-brown solution was concentrated under reduced
pressure to half its volume and cooled to -30 °C for 7 days. The black precipitate was isolated
by means of canula filtration, washed with hexane at -78 °C (4 x 0.4 ml) and dried under
reduced pressure to yield 3/4 in 23 % vyield.

'H-NMR (400mHz, 298 K, 0.007 mmol/ml, benzene-ds): 1.94 ppm (s, [CusAle](Cp*)s), -
1.03 ppm (broad paramagnetic signal, [Cu7Alg](Cp*)s), 13C-NMR (400 mHz, 298 K, benzene-dg):
115.19 (s, quaternary C([CusAls](Cp*)s)), 12.89 (s, -CH3(([CusAle](Cp*)s)).

IR (ATR, 298 K): 2962 (w), 2903, 2850, 1489 (w), 1423 (s), 1369 (s), 1264 (w), 1157-1017 (b),
799, 729, 587 (w), 414 (s, i);

Elemental analysis [%]: Calculated for CugAlsCsoHoo: C: 48.64, H: 6.12, Cu: 34.31, Al: 10.93;
found: C: 48.16, H: 6.04, Cu: 34.77, Al: 10.76.
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Note: The synthesis of 3/4 turned out to be very sensitive even to subtle changes of reaction
conditions. Small variations of the CuMes:AlCp* ratio employed resulted in isolation of a
mixture of 3/3u/4 instead of 3/4. In situ *H-NMR analysis suggests Cp* to be the origin of the
hydride ligand in these cases, as pentamethylfulvene was detected as a reaction product. The
stepwise addition of CuMes allowed for a better reaction control and isolation of pure 3/4 as
described above.

Synthesis of [H3Cus](dppbz)s (dppbz = 1.2-bis(diphenylphosphinobenzene)

68.1 mg (0.035 mmol, 1 eq.) of [HeCue](PPhs)s and 95.3 mg (0.21 mmol, 6 eq.) of dppbz were
suspended in 1.5 ml of toluene and stirred for several hours resulting in a color change from
red to yellow. The solution was kept standing without stirring overnight resulting in a yellow
precipitate, which was subsequently isolated by filtration. After recrystallized from 0.5 ml of
hot toluene, [H3Cus](dppbz)s was isolated as yellow powder in 50 % yield based on Cu. H- and
31P-NMR analysis of the product is consistent with values reported in literature.3

Synthesis of (TMS)sSiD

2.5 g (7.6 mmol, 1 eq.) of (TMS)3SiBr and 300 mg (1.04 eq.) of LiAlDs were heated in 100 ml
diethylether under reflux conditions for three days under argon atmosphere. 1M KOH solution
(50 ml) in water was added slowly and the mixture was extracted three times with
diethylether. The organic layer was separated, dried over anhydrous MgSQy, filtered and the
solvent was removed under reduced pressure resulting in (TMS)3SiD in 50 % yield, which was
dried over molecular sieve for further use.

'H-NMR (toluene-ds): 0.24 (s, 27H, Si-CHs).
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Table S1: Access to different Cu/Al cluster composites as determined by LIFDI-MS analysis.

conditions reaction product crystal preparative
composite structure synthesis possible
obtained
A [Cu(dppbz)H]s + AICp* 3u/4 yes no
B CuMes + AlCp* 3/4 no yes
C thermal treatment 1 3/34/4 no no
D 3/4 + CuMes 4 yes” no
2 + CuMes 4 yes no
thermal treatment 3/4 3/3u/4 no no
(toluene)
G 3/4 + (TMS)3SiH 3/3u/4 no no
H 3/4 + (TMS)sSiD 3/3u/30/4 no no

dppbz = 1,2-bis(diphenylphosphino)benzene

*Likewise to entry F, a crystal structure of 4 was obtained for conditions H, showing a [Cus]

kernel with fully occupied Cu positions.
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Experimental procedures for conditions described in Table S1

Conditions A: Reaction of [H3Cus](dppbz)s with AlICp* / Synthesis of 3./4

ﬁ_ toluene,
R ——
/|AI (2.45 eq.) 75°C, 3 hours

AlCp*
CUVCU —Cu
* // /\§ \/\ 5\ .
Cp*AI<7 /I C\u ///‘AICp
N> A \ /
u pS /7
—~ ey —QCU
(V1 _—AICp* *CpAl Cu\\@// —\ cp*
AlCp* AlCp*
4 only single crystals 3H

+

various side products

Scheme S4: Synthesis of [Cuz/sAls](Cp*)s (31/4).

20 mg (13.0 umol, 0.4 eq.) [H3Cus](dppbz); and 5.20 mg (0.032 mmol, 1.0 eq.) AlICp* were
heated at 75 °C for 2 hin 2.5 mL toluene resulting in a dark solution. Cooling the concentrated
and filtered reaction solution to -30 °C for several days leads to an inseperable mixture of few
dark single-crystals of 3u/4 suitable for SC-XRD in addition to free dppbz ligand and other side-
products.

For in-situ LIFDI-MS experiments, the synthesis of 3u/4 can also be conducted as follows:

12.3 mg (6.27 umol, 0.2 eq.) of [HsCue](PPhs)s, 5 mg (0.031 mmol, 1 eq.) of AlICp* and 3.4 mg
(7.62 umol, 1.2 eq) of dppbz were heated in 1 ml of toluene for three hours resulting in a dark
solution. In the same manner, preparation of 3p/4 was conducted using [DsCue](PPhs)s as
starting material.

Conditions C: Thermal treatment of 1

5 mg (4.3 umol) of isolated 1 were dissolved in 0.5 ml of toluene-ds or benzene-ds in a sealed
Young-NMR tube and heated to 75 °C for six hours.
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Conditions D: Conversion of isolated 3/4 with CuMes

5 mg (3.4 umol, 1 eq.) of isolated 3/4 and 3.1 mg (0.017 mmol, 5 eq.) of CuMes were dissolved
in 0.5 ml of benzene-d6 in a sealed Young-NMR tube and heated to 75 °C for several hours.

10 mg (6.8 umol, 1 eq.) of isolated 3/4 and 12.4 mg (0.068 mmol, 10 eq.) of CuMes were
dissolved in 1 ml of toluene and heated to 75 °C for 5 hours resulting in a metallic precipitate
(Cu). Filtration of the solution and storage at -30 °C led to crystallization of pure 4 as
determined by SC-XRD in very small yield.

Conditions E: Conversion of 2 with CuMes

5 mg (8.9 umol, 1 eq.) of isolated 2 and 1.9 mg (10.4 umol, 0.4 eq) of CuMes were dissolved
in 0.5 ml of benzene-ds in a sealed Young-NMR tube and heated to 75 °C for 6 hours.
Conducting the reaction toluene and cooling the filtered reaction solution to -30 °C for several
weeks led to few single crystals of pure 4 as determined by SC-XRD.

Conditions F: Thermal treatment of 3/4

5 mg (3.4 umol) of isolated 3/4 were heated in 0.5 ml of toluene to 110 °C for 5 days in a
sealed Young-NMR tube.

Conditions G/H: Conversion of isolated 3/4 with excess (TMS)3SiH and (TMS)3SiD

10 mg (6.8 umol) of isolated 3/4 and 0.3 ml (1 mmol) of (TMS)3SiH / 0.3 ml (1 mmol) of
(TMS)3SiD were dissolved in 2.5 ml of toluene and heated to 110 °C for 5 days.

For the in-situ *H NMR reaction, 5 mg (3.4 umol) of isolated 3/4 and 10 mg (40.3 pmol) of
(TMS)3SiH were dissolved in 0.5 ml of toluene-ds and heated to 110 °C for 5 days.
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3. NMR analvsis

3.1 Time dependant analysis
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Figure S1: In-situ *H-NMR spectra (benzene-ds) of the reaction CuMes + AlCp* (1:1.3), 75 °C.
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Figure S2: In-situ 'H NMR spectra (benzene-ds) of the conversion of 1 with 3-hexyne (8 eq.). Up: Aliphatic
region, Bottom: Aromatic region of the spectra.
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Figure S3: In situ *H-NMR spectra (benzene-ds) of heating isolated compound 1.
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Figure S4: In-situ *H-NMR spectra (toluene-ds) of the conversion of 2 with CuMes (1:1.2).
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Figure S5: In-situ NMR spectra (benzene-ds) of synthesis of 3/4. The reaction was conducted at 75 °C.
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Figure S6: In-situ 1H-NMR spectra (benzene-ds) of the conversion of 3/4 with CuMes (1:5).

15



3. NMR analysis

3.2 Single point NMR analysis
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Figure S7: 'H-NMR spectrum (toluene-ds) of 1 in toluene-ds at room-temperature.
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Figure S8: 13C-NMR spectrum (toluene-ds) of 1 at room-temperature.

The *H-NMR spectrum of 1 in toluene-d® is fully consistent with the molecular symmetry found
in the solid state. In the 3C-NMR of 1 in toluene-d® all the expected signals were found apart
from two aromatic mesityl carbon signals, which could not be identified due to small signal
intensities. The ATR-IR spectrum shows the characteristic bands for the Cp* ligand as well as
the characteristic vai.c stretching vibration at 418.17 cm-1.# A band at 455 cm™ is tentatively
assigned to metal-metal vibrations within the cluster core. The elemental analysis of 1 is in

good agreement with the calculated values.



3. NMR analysis
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Figure S9: 'H-NMR spectrum (benzene-ds) of 2.

J

T T T T T T T T T T T T T T T T T T T T T T T T T T T
135 130 125 120 115 110 105 100 95 90 8 80 75 70 65
f1 (ppm)

Figure S10: 3C-NMR spectrum (benzene-ds) of 2.

The H-NMR and 3C-NMR spectrum of 2 in benzene-d® show two sets of signals attributable
to CuCp* and AlCp* moieties, fully consistent with the symmetry of the molecular structure in
the solid state.
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3. NMR analysis
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Figure S11: *H-NMR spectrum (benzene-ds) of compound 3/4. The inset shows the signal attributed to
paramagnetic 3 at -0.95 ppm.

Note: Several small signals are observed at 2.03 ppm, 1.97 ppm and 1.95 ppm, probably
assignable to minor quantities of smaller Cu/Al clusters also detected in LIFDI-MS spectra of
the isolated product (see Figure S22). No significant spectral changes were observed in *H-NMR
spectra recorded at variable temperature, however, with significant precipitation of the
sample at low temperatures. The small peak at 2.11 ppm, as well as the aromatic signals at
6.9 ppm - 7.15 ppm are caused by toluene, which is co-crystallised with compound 3.

co-crystallized toluene

P

il [Cu7/sAls](Cp*)s

® “
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Figure S12: 13C-NMR spectrum (benzene-ds) of compound 3/4.
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3. NMR analysis

The 1H-NMR of isolated 3/4 in benzene-d® gives rise to one sharp singlet at 1.94 ppm, which is
attributed to diamagnetic [CusAlg](Cp*)s. A very broad signal is observed at -1.03 ppm, which
is assigned to paramagnetic [Cu;Als](Cp*)s. The 13C-NMR of 3/4 in benzene-d® shows signals
for Cp* at 12.89 ppm and 115.19 ppm, again assigned to diamagnetic 4, while paramagnetic
3 could not be identified in the 3C-NMR spectrum.
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3. NMR analysis
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Figure S13: In-situ *H-NMR spectra (toluene-ds) of the conversion of 3/4 with (TMS)sSiH.
20



3. NMR analysis

Note: The silane reaction products could not unambiguously be identified by in-situ *H NMR
spectroscopy. However, suggestions for functional groups of the species can be made and are
inserted as text boxes in the spectra.’® It is noted that these suggestions are consistent with
the GC-MS results. 2°Si spectra of the solution were recorded but due to low concentrations of
the silane reaction products, no meaningful signals apart from unconsumed (TMS)3SiH were
observed.

(TMS)aSi

N

S

HCp*

(TMS)sSi-H /
pentamethylfulvene

JJL# . A \AJ W

T T T T T T T T
7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0.0

f1 (ppm)

Figure S14: In-situ 'H-NMR spectra (toluene-ds, 110 °C, 5 days) of the conversion of 3/4 with (TMS)aSi.
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4. LIFDI-MS analysis

4. LIFDI-MS analysis
4.1 Time dependant LIFDI-MS analysis
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Figure S15: Bottom: LIFDI-MS spectra of the reaction solution CuMes + AICp* (1:1.3, 75°C) after different
reaction times. Top: Comparison between calculated (red) and experimental (black, determined by LIFDI-
MS) mass-envelopes for the species [CusAl7](Cp*)s and {[Cu7Al7](Cp*)s -H}. The Isotopic pattern of
[CusAls](Cp*)s is depicted and analyzed in Figure S16.
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4. LIFDI-MS analysis

Note: The peak at m/z = 1443 is found to be a mixture between the deprotonated cluster
[Cu7Al;](Cp*)s -H and the parent ion [Cu;Al;](Cp*)s. Likewise, the peak at m/z = 1418 is a
mixture between the radical 1 and the hydride 1.
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Figure S16: Bottom: Time-dependent LIFDI-MS spectra of the reaction solution 1 + 3-hexyne (10. Eq.), RT.

Top: Enlarged isotopic pattern as determined by LIFDI-MS (red) and calculated mass envelopes (black) for
selected peaks.
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4. LIFDI-MS analysis

Table S2: Species observed in LIFDI-MS analysis of the reaction 1 + 3-hexyne (10 eq.), RT.

after6 h after8 h after 13 h after 26 h after 3 days
[CusAle](Cp*)s [CusAle](Cp*)s [CusAle](Cp*)s [CusAls](Cp*)s [CusAls](Cp*)s
[Cu7Ale])(Cp*)s [CusAla](Cp*)3 [Cu7Ale])(Cp*)s [Cu7Al6])(Cp*)s H[Cu7Als](Cp*)s
[Cu7Ale])(Cp*)s(AntiH), [CusAl7)(Cp*)s(AntiH) [Cu7Al7])(Cp*)s(AntiH) [CusAl7])(Cp*)s(AntiH) [Cu7Al7])(Cp*)s(AntiH)
[CusAle](Cp*)s(Mes)s [CusAle])(Cp*)s(Mes)s [CusAls](Cp*)s(Mes)s [CusAle](Cp*)s(Mes)s [CusAls](Cp*)s(Mes)s
[CusAl7](Cp*)7(Mes)(AntiH)
[CwA(Cp¥)e(Hex) |
[CusAle](Cp*)s [CusAle](Cp*)s [CusAle](Cp*)s [CusAls](Cp*)s [CusAls](Cp*)s
| [CuAll(Cp*alHen) |
[ [CuzA](Mes)(Hex)(H): |
[ [CuzAL](Cp*)2(Mes)(Hex):
| [CuzAL](Cp*)s(Mes)(Hex)2 | [CusAl](Cp*)s(Mes)(Hex): |

7_
[Cu2Al)(Cp*)s [CuzAl)(Cp*)s [Cu2Al](Cp*)s
[Cu2Al)(Cp*)2 [CuzAl)(Cp*)2 [Cu2Al](Cp*):
[Cu](Cp*)2 [Cul(Cp*)2 [Cu2](Cp*)2
[HCu,Al](Cp*)2(Mes)

yellow: Cu-rich clusters; blue: Cu:Al 1:1 clusters; _; _

grey: 2 and fragments thereof;

Note: Isotopic patterns of the main peaks in LIFDI-MS spectra of reaction solutions (3 days) are shown
in Figure 516, top.
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4. LIFDI-MS analysis
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Figure S17: Bottom: LIFDI-MS spectra of a solution of isolated [CusAls](Cp*)s(Mes) (1) in toluene heated to
75 °C. Top: Comparison between experimental (black, LFIDI-MS) and calculated (red) isotopic patterns for

selected peaks.

Note: The isotopic pattern of [CusAls](Cp*)s is shown in Figure S16.
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4. LIFDI-MS analysis
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Figure S18: Bottom: /n situ LIFDI-MS spectra of the synthesis of 3/4. Top: Comparison between experimental
(black, LIFDI-MS) and calculated (red) isotopic pattern for 3 and {[CusAl7](Cp*)s — H}.

Note: Figure S20 (top, left) illustrates the size-focusing process towards the radical species 3.
Before addition of the second portion of CuMes, a mixture between 3 and 3y is detected, which
is converted to pure 3 upon CuMes addition. For isotopic patterns of [CuscAl7](Cp*)s and
[CusAlg](Cp*)s see Figure S16.
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4. LIFDI-MS analysis
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Figure S19: In-situ LIFDI-MS spectra of the reaction of 3/4 with CuMes: Bottom: Conversion with 5 eq. CuMes,
toluene, 75 °C, 5h; Top: Conversion with 2.5 eq. CuMes, toluene, 75 °C, 5 h.

* Note: The small peak at m/z = 1720 in the lower spectrum is attributed to [CusAls](Cp*)s(Br)z
and caused by trace impurities of bromide in CuMes. Due to its very low intensity it can be
assumed that the small impurities do not affect the general outcome of the reactions studied.
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4. LIFDI-MS analysis

4.2 Single point LIFDI-MS analysis
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Figure S20: /n-situ LIFDI-MS spectra of the conversion of 2 with CuMes (1:1.2, toluene, 75°C, 7 h).
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4. LIFDI-MS analysis
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Figure S21: a) Full range LIFDI-MS spectrum of the reaction solution [Cu(dppbz)H]s + AICp* (1: 2.46, toluene,
3 h, 75 °C). b) Comparison of experimental (black, LIFDI-MS) and calculated mass envelopes (red) of the species

34, 3p and 3.
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4. LIFDI-MS analysis
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Figure S22: LIFDI-MS spectrum of isolated compound 3/4. For isotopic pattern assignment see Figure S21 for 3,
as well as Figure 4 (main article) for 4.

Note: Small signals of other Cu/Al clusters are observed in the full-range spectrum of isolated
3/4 highlighting the difficulty of separation of closely related cluster species. Isotopic pattern
analysis for both 3 and 4 is presented in the main article and in Figures S21 and S16,
respectively.
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4. LIFDI-MS analysis
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Figure S23: Full range in-situ LIFDI-MS spectrum of a solution of 3/4 heated in toluene-hs to 110 °C for 5 days.
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4. LIFDI-MS analysis
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Figure S24: In-situ LIFDI-MS spectrum of the conversion of 3/4 with (TMS)sSiH (toluene-hs, 110 °C, 5 days).
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4. LIFDI-MS analysis

3 calc. ‘ calc.
Ll =
% L1y,
miz 1548 1550 1552 ijSSA 1556 1558 1560

[CusAle](Cp*)s] . {[CusAls](Cp*)s(MesSi) — H}
S

8

P

@

C

g

£

(O]

>

s

o 3/3u

\ {4 + SiMes -H}
{4 -Cp*}
— /
: , : ,
1000 1500 2000

Figure S$25: /n-situ LIFDI-MS spectrum of the conversion of 3/4 with (TMS)4Si (toluene, 110 °C, 5 days).

Note: Whether [CusAls](Cp*)s is also formed as a product of the reaction with toluene or is only
fragment of 4 is unclear so far and will be subject of further investigations.
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Figure S26: a) Isotopic pattern of a mixture of 3/3u/20 as determined by LIFDI-MS after heating of 3 with excess
(TMS)sSiD in toluene (110 °C, 5 days). Fractions of 3, 34 and are illustrated in green, purple and orange,
respectively. b) Isotopic pattern of a mixture of 3/3u as determined by LIFDI-MS after heating of 3 with excess
(TMS)aSi in toluene (110 °C, 5 days). Fractions of 3 and 3u are illustrated in green and purple, respectively.
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4. LIFDI-MS analysis

Note: The presented figures show deconvolution of the detected peak into its components (3,

3n, 3p). The calculated isotopic patterns of 3, 3w and 3p are shown in Figure S23.

Table S3: LIFDI-MS data (peak centers with corresponding intensity, normalized to the highest peak in the
pattern) for the most important species described in this work.

[CUsAlsl(Cp*)a {[CU7A|5](Cp*)5 + 3/4 + (TMS)gSiH,
(4) (TMS)3Si — H} tol-hg
m/z / m/z / m/z /
1476,0303 0,61664 | 1659,19855 0,1045 1413,08125 | 0,01352
1477,0303 0,59425 | 1660,19265 0,14578 | 1414,0895 | 0,02368
1478,0303 0,81562 | 1661,18765 0,52092 | 1415,09883 | 0,05429
1479,0303 0,72252 | 1662,18354 0,57442 | 1416,08397 | 0,07839
1480,0303 1 1663,18032 0,92898 | 1417,09544 | 0,09631
1481,0303 0,82871 | 1664,2102 0,93102 | 1418,08266 | 0,11176
1482,0303 0,99118 | 1665,20881 1 1419,09628 | 0,09633
1483,0303 0,8065 1666,20832 0,82685 | 1420,08559 | 0,09082
1484,0303 0,82604 | 1667,20873 0,66084 | 1421,07595 | 0,06184
1485,0303 0,69777 | 1668,21004 0,44164 | 1422,09277 | 0,04667
1486,0225 0,66349 | 1669,17991 0,28368 | 1423,08522 | 0,029
1487,0225 0,60355 | 1670,183 0,16524 | 1424,07871 | 0,01644
1488,0225 0,57875 | 1671,18699 0,07736 | 1425,07325 | 0,00926
1426,09436 | 0,00416
1427,09101 | 0,00247
[CusAle])(Cp*)s (3) {[CusAlc](Cp*)s 3/4 + (TMS)sSiH,
+(TMS)3Si — H} tol-hg
m/z / m/z /
m/z /
1413,10327 0,19646 | 1722,12354 0,12115 | 1413,08864 | 0,17432
1414,08632 0,14047 | 1723,14081 0,11189 | 1414,0969 | 0,18807
1415,09565 0,67786 | 1724,12503 0,51267 | 1415,08099 | 0,63728
1416,10606 0,45779 | 1725,11009 0,42951 | 1416,09138 | 0,62826
1417,09224 1 1726,13001 0,93643 | 1417,07755 | 1
1418,10479 0,62481 | 1727,11679 0,76039 | 1418,09008 | 0,88068
1419,09307 0,83636 | 1728,13849 1 1419,07835 | 0,91483
1420,08238 0,48773 | 1729,127 0,76327 | 1420,09302 | 0,68191
1421,09813 0,43038 | 1730,11635 0,75356 | 1421,08338 | 0,53428
1422,08954 0,2407 1731,10655 0,47251 | 1422,07477 | 0,33678
1423,08198 0,14736 | 1732,13179 0,35154 | 1423,09267 | 0,19423
1424,10096 0,06835 | 1733,12373 0,20414 | 1424,08616 | 0,10776
1425,09551 0,03282 | 1734,11651 0,1262 1425,0807 | 0,05053
1426,09111 0,01284 1426,07628 | 0,02121
1427,08774 0,00456
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4. LIFDI-MS analysis

[HCU7A|6]CP*5 {[CUsAls]Cp*s 3/4 +
(3n) + MesSi -H} (TMS)4Si
m/z / m/z / m/z /
1414,08014 0,21084 | 1548,07009 0,10807 | 1413,09703 | 0,17915
1415,08946 0,16639 | 1549,05272 0,05391 | 1414,10528 | 0,18912
1416,07459 0,69378 | 1550,06523 0,56494 | 1415,08936 | 0,64567
1417,08605 0,47913 | 1551,04976 0,39716 | 1416,09975 | 0,62437
1418,07326 1 1552,06423 0,99927 | 1417,08592 | 1
1419,08686 0,63002 | 1553,05067 0,67853 | 1418,09844 | 0,88313
1420,07617 0,84121 | 1554,0671 1 1419,0867 | 0,91114
1421,09192 0,46501 | 1555,05545 0,66206 | 1420,10137 | 0,69533
1422,08333 0,43252 | 1556,07385 0,63931 | 1421,09172 | 0,53933
1423,07577 0,21039 | 1557,06411 0,38966 | 1422,08311 | 0,3305
1424,06925 0,13646 | 1558,05532 0,28825 | 1423,10099 | 0,19916
1425,06377 0,05451 | 1559,04747 0,10327 | 1424,09448 | 0,10619
1426,08488 0,01898 1425,08901 | 0,04695
1426,08459 | 0,01712
[DCu,Als]Cp*e (3p) 3/4 + tol- 3/4 + tol-ds
hs
m/z / / m/z /
m/z
1413,09104 0,06756 | 1413,09144 0,05343 | 1413,08333 | 0,18758
1414,07407 0,07223 | 1414,09969 0,18608 | 1414,09158 | 0,16787
1415,08338 0,3836 1415,10902 0,29016 | 1415,10091 | 0,64577
1416,09377 0,32524 | 1416,09416 0,61637 | 1416,08605 | 0,53354
1417,07994 0,8303 1417,10563 0,61166 | 1417,09752 | 1
1418,09247 0,62086 | 1418,09285 0,8872 1418,08474 | 0,74638
1419,08074 1 1419,10647 0,67662 | 1419,09835 | 0,86672
1420,09541 0,65894 | 1420,09578 0,7394 | 1420,08766 | 0,60307
1421,08577 0,7525 1421,11154 0,43989 | 1421,07801 | 0,47266
1422,07716 0,44337 | 1422,10296 0,37648 | 1422,09483 | 0,29692
1423,09505 0,35139 | 1423,09541 0,19276 | 1423,08728 | 0,1824
1424,08855 0,19799 | 1424,0889 0,11027 | 1424,08077 | 0,09197
1425,08308 0,11907 | 1425,10895 0,04687 | 1425,10082 | 0,04439
1426,07866 0,05457 | 1426,10455 0,01638 | 1426,09642 | 0,01983
1427,10085 0,02117
1428,09855 0,00392
[CuAl](Cp*)s
(2)
m/z /
558,1454 1
559,1569 0,33351
560,1494 0,91405
561,1427 0,30012
562,1371 0,25417
563,1421 0,0695
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5. Crystallography
5. Crystallography

5.1 Powder X-ray diffraction

calculated from SC-XRD of 4

relative reflex intensity (a.u.)

J WI Compound 3

T T T T 1
10 20 30

2 theta (°)

Figure S27: Powder X-ray diffraction pattern of 3/4 (bottom) and calculated pattern based on SC-Xray
diffraction data of 3u/4 (top).

Note: For compound 3/4, no SC-XRD data is available due to low quality of the crystals obtained.
However, the good agreement between the powder X-ray diffraction pattern of 3/4 and the one
calculated from the SC-XRD data of 3y/4 allows for the conclusion that the two compounds are
isostructural.
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5. Crystallography

5.2 Single crystal X-ray diffraction

Table S4: Crystallographic information for compounds 1, 2, 31/4 and 4.

1 2 3u/4 4
chemical formula Cs9HssCuaAls C3oHasCu2Al Cu7.33AlsCsoHs0 CusAlsCeoHoo
formula weight 1157.40 559.74 1438.63 1481.60
temperature 100(2) K 100(2) K 100(2) 100(2)

A A 0.71073 0.71073 0.71073 0.71073
crystal size [mm] 0.208x0.261x0.815 | 0.025x 0.055x | 0.048x 0.102x | 0.093x0.142x0.187
0.075 0.193
crystal habit black-green yellow-orange black needle black fragment
fragment fragment
crystal system monoclinic triclinic monoclinic monoclinic
space group P21/n P-1 12/m C2/m
unit cell dimensions a=14.6563(11) A a=10.6817(8) | a=12.9999(9) a=19.603(4)A
b =25.306(2) A A A b =17.296(4)A
c=19.6043(16) A | b=10.6837(8) b= c=12.944(2)A
a=90° A 17.2545(13) A a= 90°
B =92.589(3)° c=15.0961(12) c= B =123.107(7)
y=90° A 16.5285(17) A y=90°
a=75.703(2)° a= 90°
B =72.180(2)° B=
y =60.202(2)° 97.7410(16)°
y =90°
volume [A3] 7263.7(10) 1413.85(19) 3673.7(5) 3676.4(13)
Z 4 2 2 2
p (calculated) [g/cm?] 1.058 1.315 1.301 0.158
absorption coefficient [mm™] 1.232 1.551 2.181 0.583
F(000) 2432 592 1481 163
diffractometer BRUKER D8 VENTURE BRUKER D8 BRUKER D8 BRUKER D8 VENTURE
Duo IMS VENTURE VENTURE Duo IMS
radiation source IMS microsource, TXS rotating TXS rotating IMS microsource,
Mo anode, Mo anode, Mo Mo
0 range for data collection [°] 2.08 —25.39 2.39-25.76 2.36-25.68 2.355-25.693
index ranges -17<h<17 -12<h<13 -15<h<15 -23<h<23
-30<k<30 -12<k<12 21 <k<20 21<k<21
-23<1<23 -18<1<18 -20<1<20 -15<1<15
reflections collected 278735 60165 46509 86379
independent reflections 13338 5328 3607 3610
[(Rint) =0.1132] [(Rint) = 0.0299] [(Rint) = [(Rint) = 0.0271]
0.0412]
coverage of independent 99.9 % 98.6 % 99.9 % 99.9%
reflections
absorption correction Multi-scan Multi-scan Multi-scan Multi-Scan
max. and min. transmission 0.5707 and 0.7452 0.7073 and 0.9030 and 0.7453 and 0.6940
0.7452 0.6780
structure solution technique direct methods direct methods direct direct methods
methods
structure solution program SHELXS-97 SHELXS-97 SHELXS-13/1 SHELXS-13/1
(Sheldrick 2008) (Sheldrick (Sheldrick (Sheldrick 2008)
2008) 2008)
refinement method full matrix least full matrix least full matrix full matrix least
squares on F? squares on F? least squares squares on F?
on F?
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5. Crystallography

refinement program SHELXL 2014 SHELXL 2014 SHELXL 2014 SHELXL 2018/3
(Sheldrick 2014) (Sheldrick (Sheldrick (Sheldrick 2018)
2014) 2014)

function minimized Y w(Fo? — F¢?)? Y w(Fo?—F3)? | Y w(Fo®—F?)? Y w(Fo? — F2)?

data/restraints/parameters 13338/840/833 5328/145/334 | 3607/160/249 3610/217/248

goodness of fit on F? 1.059 1.269 1.118 1.097

A/Omax. 0.543 0.001 0.001 0.018

final R indices [ I>20] R1=0.0718, wR2 R1=0.0389, R1=0.0572, R1 =0.0790, wR2
=0.1499 wR2 =0.0872 wR2 =0.1882 =0.2315

final R indices [ all data] R1 =0.0960, wR2 R1 =0.0405, R1 =0.0683, R1=0.0816, wR2
=0.1437 wR2 =0.0878 wR2 =0.1974 =0.2361

AFmax., AFmin. [e / A7) 0.853, -0.847 0.532,-0.639 0.617,-0.579 2.932/-0.823

Figure S28: Molecular structure of 1 in the solid state as determined by SC-XRD. Thermal ellipsoids are shown
at the 50 % probability level, hydrogen atoms, co-crystallized solvent molecules and disordered groups are
omitted for clarity and ligands are simplified as wireframes. Selected interatomic bond distances [A] and angles
[°]: Cu2-Cu3: 2.5335(13), Cul-Cu2: 2.5441(2), Cu3-Al2: 2.3103(14), Cul-Al4: 2.3190(14), Cud-All: 2.3519(15) A;
Cul-All: 2.4386(14) A; Cul-Al3: 2.4277(16) A; Cu3-Al3: 2.4261(16) A; Al3-Cp*centroia: 1.906, Al4-Cp* centroid:
1.958, A|2-Cp*centroid§ 1.958, CU4-Cp*centroidI 1.922, Cu2- Cp*centroid: 1.900, Al1-Cresitylene: 1966(5), Cul-Cu2-Cu4:
106.16(4), Cu2-Cu3-Cu4: 107.20(4), Al2-Cu3-Cul: 179.25(8), Al4-Cul-Cu3: 178.89(7); Cul-Al1-Cu3: 57.75(3).

1 crystallizes in the monoclinic space group P21/n with four molecules per unit cell as well as
three heavily disordered toluene molecules per asymmetric unit. 1 consists of a Cus(Cul-
Cud)AI(Al1) trigonal bipyramid, whereby the central Cu; unit is additionally coordinated by two
“terminal” (Al2, Al4) as well as one bridging (AI3) AlICp* ligand. Interestingly, to the best of our
knowledge, 1 is the first crystallographically characterized compound featuring an Al'Mes
ligand. The bonding Cu-Cu distances in 1 (mean value 2.541 A) are within the expected range
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5. Crystallography

for this class of compounds>®. The Cu-Cu-Cu bond angles are 106.16(4)° (Cu4-Cul-Cu2) and
107.20(4)° (Cu2-Cu3-Cud), whereas the central triangle of the bipyramid exhibits a Cul-Al1-
Cu3 angle of 57.75(3)°. The Cu-Al1 and Cu-AI3 distances (2.3519(15) A (Cu4-Al1); 2.4386(14) A
(Cul-Al1); 2.4277(16) A (Cul-Al3); 2.4261(16) A (Cu3-Al3)) are slightly longer than the ones of
terminally bound AlCp* (2.3103(14) A (Cu3-Al2); 2.3190(14) A (Cul-Al4)). In general, the Cu-
Al distances are shorter than those found in [H3CusAls](Cp*)s(PhCHN) (2.4027(14) — 2.7189(14)
A)® or the Hume Rothery phases CuAl; (2.587(4))” and CusAls (2.468(2) — 2.737(3) A)E. The
horizontal axis of 1 is close to linearity with bond angles of 179.25(8)° (Al2-Cu3-Cul) and
178.89(7)° (Al4-Cul-Cu3). The Al-Cp*centroid distances are well comparable to other compounds
featuring coordinated AICp* groups.® 1° The Cu-Cp*centroia distances in 1 are found to be 1.900
A and 1.922 A. The Al1-Cwes bond length (1.966(5) A) is slightly shorter than the Al-Cyes bond
found in the corresponding Al(lll) compound AlMess (1.995(8) A).1* It is noted that from an
alternate point of view, a Cuqbutterfly structural motif can be distinguished in the structure of
1, which is known from other molecular Cu cluster compounds like [CusTes](PiPr)s*? and
[Cus](PPhs)2(mt)413 (mt = 2-mercaptothiazoline). Interestingly, similar structural motifs can
also be identified in larger Cu/Al clusters. Thus, an Al atom surrounded by four butterfly-like
arranged Cu atoms is found in the molecular structure of [HaCusAls](Cp*)s’, while in the large
cluster [Cus3Al12](Cp*)12, AICp* occupies positions capping Cus triangular faces.’ In view of
these structural analogies, 1 can be seen as a native “building block” for larger Cu/Al
aggregates.

Figure $S29: Molecular structure of 2 in the solid state as determined by SC-XRD. Thermal ellipsoids are shown
at the 50 % probability level, hydrogen atoms, co-crystallized solvent molecules and the disorder of the metal
triangle are omitted for clarity and ligands are simplified as wireframes. Selected interatomic bond distances
[A] and angles [°]: Cul-Cu2: 2.265(8), Cu2-Al: 2.314(15), Cul-Al: 2.40(2), Cul-Cp*centroid: 1.942, Cu2-Cp*centroid:
1.920 A, Al-Cp*centroia: 1.933.
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5. Crystallography

Compound 2 crystallizes in the triclinic space group P-1 with two molecules per unit cell and is
isostructural to the related isoelectronic triangular cluster [CuZn;](Cp*)s (see figure 1).24 The
metal distribution within the cluster core is disordered over all three positions. Thus, all
structural and geometric parameters involving the metal core are subject to some uncertainty
and will therefore be discussed only on a qualitative level. The three metal atoms span an
almost equilateral triangle. The Cul-Cu2 distance (2.265(8) A) is significantly shorter than in
other cluster compounds exhibiting Cu-Cu bonds, such as 1 (mean Cu-Cu bond distance 2.541
A) or [H3CusAls](Cp*)s(PhNHC) (mean distance 2.531 A)°. Also the Cu-Cu distances within the
CusCp*s triangle in the trigonal bipyramidal cluster [CusZna](Cp*)s, (2.442(2)-2.446(2) A)* are
distinctly longer than in 2. The two Cu-Al distances in 2 (2.314(15) A and 2.40(2)) are
comparable to those found in [H3CusAls](Cp*)s(PhNHC) > or Hume Rothery Cu/Al solid state
structures (vide supra)” 8. The Cu-Cp*centroid distances in 2 (1.942 A and 1.920 A) are slightly
longer than those in related compounds 4 1>, whereas the Al-Cp*centroia distance (1.933 A) is
within the range for complexes and clusters of AICp* with transition metals.> 1°

Figure S30: Molecular structure of 3u/4 in the solid state as determined by SC-XRD, the two co-crystallizing cluster
3u (left) and 4 (right) are shown separately. Thermal ellipsoids are shown at the 50 % probability level, hydrogen
atoms, co-crystallized solvent molecules and disordered groups are omitted for clarity and ligands are simplified
as wireframes. Selected interatomic bond distances [A] and angles [°]: Cul-Cu2: 2.311(3), Cul-Cu5: 2.626(2), Cul-
Cu6: 2.381(2), Cul-Cu3: 2.563(2), Cu2-Cu3: 2.314(3), Cu3-Cu5: 2.625(2), Cu3-Cu4: 2.390(2), Cu2-Cu5: 2.326(3),
Cub-Cu5: 2.404(2), Cu4d-Cu5: 2.396(2), Cul-All: 2.4850(15), Cu2-All: 2.588(2), Cu5-All: 2.4966(18), Cub-All:
2.5193(16), Cul-Al2: 2.450(2), Cu2-Al2: 2.528(2), Cu3-Al2: 2.477(2), Al2-Cp*centroid: 1.94, Al1-Cp*centroid: 1.96; Cu5-
Cu5a-Cu3: 59.0, Cu3-Cul-Cu5: 60.77(5), Cu2-Cul-Cu2a: 108.83(12), Cul-Cu2-Cu3: 67.31(9), Cu2-Cu4-Cu2a: 58.9,
Al1-All1a-Allb-Alc: 0.0, Al2-Al1b-Al2a-Al1: 0.0.

Compounds 3n/4 co-crystallize in the monoclinic space group 12/m with two molecules per unit
cell. In general, the structure compromises a core of two nested copper tetrahedra embedded

into an AICp* octahedron. Hereby, the outermost Cu positions (Cu2) are only partially occupied,
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5. Crystallography

being well consistent with a composite of [HCu;Als](Cp*)s and [CusAls](Cp*)s as determined by
LIFDI-MS (vide supra). The hydride could not be located by SC-XRD but DFT calculations allow
for an assessment of its binding mode (vide infra). The faces of the inner Cu tetrahedron (Cul,
Cu3, Cu5) are capped by the Cu atoms (Cu2, Cu2a, Cud, Cu6) of the outer Cu tetrahedron
resulting in an overall structural motif, which is well known from corresponding Hume-Rothery
phases like y-brass (CusZnsg) or CusAls. Additionally, the tetracapped tetrahedron to tricapped
tetrahedron relationship is documented in the literature for copper clusters, although for
Cu(1).*¢ 17 The structure can be also be described as a superposition of two AlCp* capped Cu-
butterfly motifs (Cu4, Cu5, Cu5a, Cu6 / Cul, Cu2, Cu2a, Cu3) giving a structural analogy to
compound 1. Cu-Cu distances vary between 2.311(3) A (Cul-Cu2) and 2.703 A (Cu5-Cu5a) with
a mean value of 2.447 A, which is slightly shorter than in 1 or the closely related molecules
[H3CusAlg](Cp*)s(PhCHN) and [CuasAli2](Cp*)12. The Cu-Cu distances inside the inner Cu
tetrahedron are thereby longer than those connecting the inner tetrahedron with the capping
Cu atoms. The triangular faces of the inner tetrahedron span almost equilateral triangles with
bond angles close to 60 ° (e.g. Cu5-Cu5a-Cu3: 59.0 °; Cu3-Cul-Cu5: 60.77(5) °). The acute and
obtuse angles between the outer and inner Cu tetrahedron vary between 108.83(12) ° (Cu2-
Cul-Cu2a) and 67.31(9) ° (Cul-Cu2-Cu3). The outer tetrahedron itself is spanned by almost
equilateral triangles (e.g. Cu2-Cu4-Cu2a: 58.9 °; Cu4-Cu6-Cu2a: 59.7 °). Al-Cu distances vary
between 2.450(2) A (Al2-Cul) and 2.588(3) A (Al1-Cu2). The mean Cu-Al distance of 2.51 A is
slightly longer than in 1 and 2, but very similar to the mean distance in the solid-state phase
CuAl; (vide supra). Very interestingly, the AICp* shell adopts a perfect octahedral shape with
dihedral angles of 0.0° between All-Alla-Allb-Allc and Al2a-Al1-Al2-Allb. Al-Cp* entroid
distances are with 1.94 A (Al2-Cp*centr.) and 1.96 A (Al1-Cp*centr) very similar to those in 1, 2 as
well as [Cua3Al12](Cp*)12 (vide supra).
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6. Additional experimental data (ATR-IR, TEM, GC-MS)

6. Additional experimental data (ATR-IR, TEM, GC-MS)

6.1 ATR-IR data

relative intensity (a.u.)

T T T T T T T T T T T T T T T T 1
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wavenumber (cm-1)

Figure S31: ATR-IR spectrum of [CusAls](Cp*)s(Mes) (1).
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6. Additional experimental data (ATR-IR, TEM, GC-MS)

relative intensity (a.u.)
Ii——
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Figure S32: ATR-IR spectrum of 2.

The ATR-IR spectrum of 2 is very similar to that of 1, a very strong signal at 519.1 cm™ is
tentatively attributed to metal-metal vibrations of the Ms triangle. Results from elemental
analysis are consistent with calculated elemental composition.

relative intensity (a.u.)

T T — T
500 1000 1500 2000 2500 3000 3500 4000 4500
wavenumber (cm-1)

Figure $S33: ATR-IR spectrum of compound 3/4.
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6. Additional experimental data (ATR-IR, TEM, GC-MS)

6.2 TEM data

Figure S34: Left: TEM image of evaporated reaction solution of CuMes + 2 (conditions E in Table S1); Right: TEM
image of evaporated reaction solution of CuMes +3/4 (conditions D in Table S1).
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6. Additional experimental data (ATR-IR, TEM, GC-MS)

6.3 GC-MS results

Table S5: Reaction conditions applied in C-H and Si-H activation reactions with isolated 3/4 and reaction

products observed by LIFDI-MS (cluster species) and GC-MS (organic species).

silane species added | solvent

product cluster observed in LIFDI-
MsS

species identified by GC-MS

(TMS)sSiH

toluene-hg

3/3H/4;
{[Cu7Ale])(Cp*)e(Si(TMS)s) — H},
{[CusAlc](Cp*)e(Si(TMS)3) — H}

HSiMes: m/z = 73.1 [-H]*, 59.1 [-Me]*
HMe,Si-SiMes:1° m/z = 133 [+H]*, 117
[-Me]*, 103 [-2xMe]*, 87 [-3xMe]*, 73
[-HMe2Si]*, 59 [-HMe2Si, -Me]*
Me;sSi-SiMes:20 m/z = 147.1 [+H]*, 131
[-Me]*, 117 [-2xMe]*, 103 [-3xMe]*, 87
[-4xMe +H]*, 73 [-SiMe3]*, 59 [-Me, -
SiMe3]*

Me;sSi-SiH,-SiMes:2! 176.1 [M]*, 161.0
[-Me]*, 145.0 [-2xMe, -H]*, 131 131 [-
3xMel*, 117 [-4xMe +H]*,101 [-SiMe3,
-2H]*, 88 [SiMe4]*, 73 [SiMes]t, 59
[SiMe,]*

(C/H7)Si((TMS)3:22 m/z = 341.1 [+ 3H]*,
325 [-Me + 2H]*, 267 [-SiMes + H], 253
[-SiMe3, -Me, +3H]*, 236 [-SiMe3, -
2xMe, +H]*, 193 [-2xSiMe3, +H]*, 154,
133 [HMe,Si-SiMe;s +H]*, 87, 73
[SiMes]*, 59 [HSiMe,]*;

(TMS)sSiH

toluene-ds

3/3u/4;
{[CU7A|5](Cp*)e(Si(TMS)g) - H},
{[CusAlc](Cp*)e(Si(TMS)s) — H}

HSiMes: m/z = 73.1 [-H]*, 59.1 [-Me]*
(HSiMe;),(SiMes)SiH: m/z = 220.2
[M]*, 205.2 [-Me]*, 177, 161, 145.1,
129.1, 105.1, 91.0, 73.0, 57.1

(TMS)sSiD

toluene-hg

3/3u/30/4

(TMS).Si

toluene-ds

3/3H/4;
{[CUsAlsl(Cp*)s(SiMeg) - H}

Pentamethylfulvene:[" m/z = 134.1
[M]*, 119.1 [-Me]*, 103 [- 2x Me -H]*,
103, 91, 77, 51;

(TMS)3SiH:[*] 248.1, 207, 190.9, 174.1
[-SiMesH]*, 159.0, 145.0, 129.0, 91.0,
73.1, 59.0;

none toluene-hg

3/3u/4

Pentamethylfulvene:[" m/z = 134.1
[M]*, 119.1 [-Me]*, 103 [- 2x Me -H]*,
103, 91, 77, 51

none toluene-ds

3/4

none methyl-
cyclo-
hexane

3/4

[*]: identified by software database

Note: As expected, HCp* was detected in all GC experiments resulting from protolytic cleavage

of the cluster species during sample preparation. Additionally, several silyl ether species/silanol

species were detected, probably formed by oxidation during sample preparation or due silicon

grease impurities.
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7. DFT calculations: Supplementary data

It is noted that no C-H activation was observed with simple alkanes such as methylcyclohexane.
The substrate scope of C-H activations realizable by 3 will be subject of further research in our

group.

7. DFT calculations: Supplementary data

Scheme S5: Sketches of the three bonding MO containing the six electrons associated with the CusAl2 core of 1.

7 By, = 1,02268,,, +0,113
R? = 0,99338

Figure S35: Correlation between experimental (8exp) and DFT-computed (8cac) *H NMR chemical shifts for 1.
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7. DFT calculations: Supplementary data

160 Sgup, = 0,96455¢, +2,8086
R? = 0,99955

140 |
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Figure S36: Correlation between experimental (8exp) and DFT-computed (8caic) 3C NMR chemical shifts for 1.

Table S6: Relevant computed data for 1. Distances are in A. WBI = Wiberg bond index).

HOMO-LUMO Gap (eV) 1.28
NBO charges within the Cu.Al Cul Cus3 Cu2 Cu4 All
bipyramid 0.15 0.15 0.40 0.41 0.50
NBO charges of p,- and terminal Al3 Al2 Ala
Al 0.69 0.83 0.86
Within the Cu,Al bipyramid Dist. [WBI] (u2-Al)-Cu Dist. [WBI]
All-Cul 2.445 [0.250] Al3-Cul 2.398[0.297]
All-Cu3 2.476 [0.251] Al3-Cu3 e
All-Cu2 2.363[0.510] Terminal Al-Cu Dist. [WBI]
Al1-Cu4 2.390 [0.479] Al4-Cul 2.294[0.442]
Cu2-Cul 2.522 [0.071] Al2-Cu3 2.302[0.431]
Cu2-Cu3 2.562 [0.042]
Cu4-Cul 2.543 [0.061]
Cu4-Cu3 2.484[0.104]
Cul-Cu3 2.441 [0.045]




7. DFT calculations: Supplementary data
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Figure S37: Correlation between experimental (8exp) and DFT-computed (8caic) 3C NMR chemical shifts for 2.
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7. DFT calculations: Supplementary data

3@

Figure S38: The ten bonding Kohn-Sham orbitals containing the 20 electrons in the simplified superatom model
[CusAls](Cp)s. They are composed by more than 85% of that of [CusAls]®* shown in Figure S41. Similar results are
obtained for the real cluster [CusAls](Cp*)e (4), but with more mixing with ligand levels.
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7. DFT calculations: Supplementary data
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Figure S39: The ten bonding Kohn-Sham orbitals containing the 20 electrons in the simplified superatomic
[CusAls]®* inner core of the [CusAls](Cp)s model, and which generate the ten jellium orbitals of [CusAlg](Cp)s. The
numerical values indicate the occupation (in electron) of the [CusAlg]®* orbitals in the [CusAls](Cp)s model, as
calculated by the ADF program on the basis of its interaction with the (Cps)® fragment.
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8. Supplementary Figure for conclusion and perspectives

Table S7: Relevant computed data for 4, 3 and 3u. Distances are in A. WBI = Wiberg bond index (in brackets).
Values in parenthesis are the numbers of averaged quasi-equivalent atoms, owing to the fact that 4 is pseudo-
Th, whereas 3, 3u(a) and 3u(a) are close to 3-fold symmetry.

Compound 4 3 3u(@) 3u(b)
HOMO-LUMO Gap (eV) 1.17 - 1.16 1.81
0.16 (3) 0.25 (3) 0.28 (3)
Cu(inner) 0.16 (4)
0.34 (1) 0.33 (1) 0.25 (1)
NBO Cu(cap) 0.24 (4) 0.21 (3) 0.26 (3) 0.23 (3)
charges
(av.) 0.21 (3) 0.16 (3) 0.48 (3)
Al 0.28 (6)
0.45 (3) 0.49 (3) 0.26 (3)
ps-H -0.35 -0.58
(Ms-H)-Cu 1.795[0.128] | 1.810[0.045]
(av. and range) 1.788-1.800 | 1.807-1.813

Cu(innen)-Cu(inner) 2745 0.030] 2.941[0.026] | 3.085[0.022] | 3.047 [0.014]

Distances (av. and range) 2.568-3.318 | 2.599-3.616 | 2.586-3.457

[wBI] 2.580[0.023] | 2.535[0.030] | 2.573[0.021]

Cu(cap)-dCu(lnner) (av. 2.505 [0.023]
and range) 2.502-2.684 | 2.438-2.598 | 2.489-2.753

) 2.494[0.300] | 2.524[0.279] | 2.505 [0.301]
Al-Cu(cap) (av. 2,530 [0.289]

and range) 2.413-2.625 | 2.396-2.762 | 2.405-2.737

8. Supplementary Figure for conclusion and perspectives

Figure S40: Conceptual models for intermetalloid clusters of TM/E (TM = transition metal, E = group 12/13 metal)
combination highlighting our research perspectives. a) Small core-shell cluster with reactive TM site. The
[Cu7Als](Cp*)s cluster from this work falls in this class. b) Small core-shell cluster with inverted core composition.
c) Large, ligand protected core-shell cluster. d) Large intermetalloid cluster with random elemental distribution
and open coordination site.
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