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1. Synthesis of KRh@MFI samples

1.1. Chemical reagents.

All chemicals and materials were obtained from commercial sources and used without further
purification unless otherwise specified. Tetrapropylammonium bromide (TPABT),
tetraorthoethylsilicate (TEOS), ethylenediamine (EDA), rhodium (III) chloride hydrate
(RhCI3:3H20), potassium hydroxide (KOH), 1-hexene, 1-octene, 1-decene, decane, isooctane,
toluene, acetone, 1-methyl-2-pyrrolidone (NMP), furfural, 5-methyl-furfural, N-methylpyrrolidine
(MP), cyclopentanone, N-methyldiphenylamine, 1-benzylpyrrolidine-2,5-dione, rhodium(I)
dicarbonyl acetylacetonate, rhodium(III) acetylacetonate and commercial homogeneous Wilkinson-
type catalyst RhRHCO(PPhs); and RhCI(PPh3); were purchased from Sigma Aldrich, 99.9% purity.
Anion exchange resin (Amberlite® IRN-78) was purchased from Thermo Scientific.
Tetrapropylammonium hydroxide (TPAOH) was obtained by ionic exchange of TPABr with anion
exchange resin. Deionized (DI) water from Milli-Q integral water purification system (Millipore,

18.2 MQ-cm™).

1.2. Catalyst synthesis.

KRh@MFTI is synthetized by conventional hydrothermal synthesis with tetraorthoethylsilicate
(TEOS) as silica source and tetrapropylammonium hydroxide (TPAOH) as organic template. For
the synthesis of KRh@MFI, molar ratio SiO,: TPAOH: H,O: Rh: K=1: 0.4: 25: 0.0012: 0.09 are
used, representing KRh@MFI with 0.2wt% Rh and 1wt% K loading. Normally, 0.263g RhCl3-3H,O
is dissolved in 80g H»O, then 20g EDA is added and stirring overnight until a clear light-yellow
colour of Rh-EDA solution. For the synthesis of KRh@S-1, for example, 8.32g TEOS, 8g TPAOH
(40wt%), 20g Milli-Q water, 0.2g KOH are mixed and kept stirring overnight. Then 4.67g Rh-EDA
is added into the clear zeolite synthesis gel and transferred to a 35mL Teflon-lined autoclave and
heated to 100 °C under static for 48h for crystallization. When the crystallization was finished, the
solid product was collected by filtration and washed thoroughly with distilled water and dried in air
at 100 °C. The dried sample is calcined in a tubular oven with 50 mL/min air at a heating rate of 1.5
°C/min to 550 °C and maintain 6 hours. The obtained sample is stored in air and aged naturally

inside glass bottle for 60 days before activity tests and characterizations, this sample is named as



KRh@MFI-Cal. For the preparation of KRh@MFI-CalRed-CO, the KRh@MFI-Cal sample is
firstly ex-situ reduced in a tubular oven with 50 mL/min pure H; at a heating rate of 10 °C/min to
600 °C for 3h. The reduced sample was then transferred into a glove box and loaded into a batch
reactor. Prior to the catalytic reaction, the reactor is pressurized with 5 bar H, and maintained at 150
°C under stirring for 1h, after which the H; is released. Subsequently, the reactor is pressurized with
5 bar of pure CO and stirred at 90 °C for 2h. For the preparation of KRh@MFI-Cal-CO/H,, the
KRh@MFI-Cal is loaded into batch reactor together with 4 mL of toluene. The reactor was then
pressurized with 40 bar CO/H2/Ar and maintained under stirring at 80 °C for 2h. Rh@MFI-Cal is
prepared similarly to KRh@MFI-Cal without KOH in the synthesis gel and hydrothermally

crystallized at 175 °C for 96h.

1.3. Characterization methods.

Samples for electron microscopy studies were prepared by dropping the suspension of KRh@MFI
catalysts, using CH)Cl, as the solvent, directly onto holey-carbon-coated Cu grids. The
measurements were performed using a JEOL 2100F microscope operating at 200 kV, both in
transmission (TEM) and scanning-transmission modes (STEM). HR-HAADF-STEM and iDPC
imaging were performed using a double aberration-corrected, monochromated FEI Titan3 Themis
60-300 microscope operating at 300 kV. Specifically, 2048 x 2048 HAADF-iDPC image pairs were
acquired with a convergence angle of 18.6 mrad and collection angles of 48-198 mrad. This
configuration optimized signal collection on the HAADF and FEI DF4 detectors. To minimize
electron beam damage, a fast image recording protocol was employed, utilizing a beam current of
10 pA, a 1.25-us dwell time (corresponding to a dose rate of 2500 €/A?), and automated fine-tuning
alignment of A1 and C1 using OptiSTEM software. Inductively Coupled Plasma Mass Spectrometry
(ICP) was carried out with a Varian 715-ES ICP-Optical Emission spectrometer and analyzed with
a SCHN FISONS elemental analyzer. Powder X-ray diffraction was performed with a HTPhilips
X’Pert MPD diffractometer equipped with a PW3050 goniometer using Cu Ko radiation and a
multisampling handler (1=0.15406 nm). IR spectra of CO adsorbed on KRh@MFI-Cal and
corresponding after reaction samples were recorded with Bruker 70V spectrometer under -65 °C.

In-situ and ex-situ X-ray absorption spectra (XAS) spectroscopy was acquired at CLZESS beamline

22 of the ALBA synchrotron!. The synchrotron radiation generated by a multipole wiggler source



was monochromatized by a Si(311) double-crystal monochromator. The beam was focused
horizontally and vertically by a Pt-coated toroidal mirror resulting in a spot size of 450x450 pm?>.
Rh K-edge spectra were collected under ambient conditions in transmission mode for the standard
reference materials (Rh foil, Rh,O3 and Rh(CO),(acac)) and in fluorescence mode for the catalysts
using a multi-channel silicon drift detector (SDD). Several XAS repeats were collected to ensure
reproducibility and statistics. The KRh@MFI-Cal and KRh@MFI-Cal-500MP after reaction
samples and KRh@MFI-Cal-CO/H, were loaded in liquid phase in the NMR quartz tube. The
KRh@MFI-CalRed-CO catalyst was pressed into a 5 mm diameter pellet and placed in a solid-gas
reactor available at the beamline. The sample was first reduced under a flow of pure H; at 400 °C
for 2 hours, followed by a treatment in pure CO at 90 °C and 5 bar for an additional 2 hours. Finally
cooling the sample to room temperature under a He atmosphere at 1 bar. X-ray absorption spectra
were continuously collected throughout all experimental steps for in-situ experiments. All XAS data
were processed using the Demeter package®. Extended X-ray absorption fine structure (EXAFS)
were extracted using the AUTOBK algorithm employing a spline in the range of 0 to 15.9 A™! having
an Ryye of 1.05. The FEFF6 code®* was used for scattering path generation, and multi (k', k?, k*)-
weighted fits of the data were carried out in r-space over r- and k- ranges as indicated in the
Supporting Information. The S¢* value was set to 0.9, and a global Eo was employed with the initial
Ey value set to the maximum inflection point of the rising edge. Single scattering paths were fit in
terms of a Areff and o, which represent the deviation from the expected interatomic distances and
the structural disorder, respectively. Co-linear Rh-C=0 paths were fit with a common Areff and c°.

To assess the goodness of the fits both the Reucior (%R) and the reduced y? (%) were minimized,

2AkAT
b4

with a number of variables always below the limit imposed by the Nyquist theorem ( ), ensuring

that the data was not over-fit. Best fit models were determined using a grid search with fixed values

for path coordination numbers (CN) by employing Larch, the Python implementation of Artemis>.

1.4. DFT calculation methods.

Periodic density functional theory (DFT) calculations were performed to describe Rh species
confined within the MFI zeolite framework using the Perdew-Burke-Ernzerhof (PBE) exchange-

correlation functional within the generalized gradient approximation (GGA)®’, as implemented in



the Vienna ab initio Simulation Package (VASP, version 5.4.4)%. The valence electronic density was
expanded in a plane-wave basis set with a kinetic energy cutoff of 520 eV. Core-valence interactions
were described using the projector augmented-wave (PAW) method’. All calculations were spin-
polarized. Brillouin zone integrations were carried out using I'-point sampling, which is sufficient

for the large periodic MFI supercell employed.

The MFI zeolite framework was modelled using a periodic supercell in which one Si atom in the
sinusoidal channel was removed and a H atom was added to one or three out of the four
uncoordinated O atoms, thus leaving one or three negative charges, respectively. Subsequently Rh
species were located in the defects, coordinated to the previously mentioned siloxy species.
Hydrides species were created by one H on the Rh and one H atom on the siloxy forming a silanol
group. In the case of Rh*" to four H atoms were added, one on Rh and the rest on siloxy oxygen
atoms. The framework atoms were fully relaxed unless otherwise stated. Geometry optimizations
were performed using a conjugate-gradient algorithm until the residual forces on all atoms were

below 0.01 eV AL

Transition state (TS) structures were located using the DIMER method'?, and vibrational
frequencies were calculated numerically by finite differences to confirm the nature of stationary
points (zero imaginary frequencies for minima and a single imaginary frequency for transition
states). Dispersion interactions were accounted for using Grimme’s D3 correction with Becke-

Johnson damping!'!.

For each elementary step, the total energies of the reactant complex (E(R)), transition state (E(TS)),
and product complex (E(P)) were obtained, including zero-point energy (ZPE) corrections. Unless

otherwise stated, all reported energies throughout the text correspond to ZPE-corrected values.
The absolute Gibbs free energy (G) of each species was computed as:
G = Etot + Zzpe + RT + Evib - TSm-b

where Ey is the electronic energy obtained from the DFT calculation, Ezpz is the zero-point energy
correction, E, is the vibrational thermal energy contribution, and S, is the vibrational entropy. The
zero-point energy and vibrational contributions to the energy and entropy were calculated within

the harmonic approximation using the vibrational frequencies v; obtained from the DFT calculations:
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For gas-phase molecules and the complex systems, translational and rotational contributions to the
energy and entropy were also included. The translational and rotational thermal energy contributions

are given by:
G = Etot + Zzpe + Evib + Erot + Etrans + RT — T(Svib + Srot + Strans)

where E,»r = Eirans = 3/2RT, and the rotational and translational contributions to the entropy are given

by:

Nl dgls 2[MkgT 3
Srot:R{ln[ 2BC( 2 )3/2]+_}

h? 2

2[IMkgT 3
Strans = R {ln [ (TB)3/2 V] + E}

To improve the accuracy of the calculated vibrational frequencies and enable a more reliable
comparison with experimental infrared (IR) spectra, additional cluster-model calculations were
performed using the hybrid PBEO exchange-correlation functional as implemented in the ORCA
quantum chemistry package (version 6.1.0)!'. Vibrational frequencies were calculated numerically
using a partial Hessian approach, in which only the carbon and oxygen atoms of the CO ligands
were included in the dynamical matrix. Geometry optimizations for selected reaction intermediates
and transition states along the reaction mechanism were also carried out at the PBEO level using
ORCA. Calculations on the gas phase complex systems were also performed with PBEO functional

in ORCA.



2. Alkenes hydroformylation (Long-chain a-olefin, LAO)

2.1. Characterizations of Rh@MFI-Cal and KRh@MFI-Cal catalysts before

reaction
o
=
& KRh@MFI-Cal
e’
>
N
o i
7]
=
[=P]
=
=
Rh@MFI-Cal
MFI-Standard PDF#44-0696
II ||||Il " .Ill..llllll.l i, Ill
5 10 15 20 25 30 35

20 (degree)

Supplementary Fig. 1. X-ray Diffraction results. XRD of KRh@MFI-Cal and Rh@MFI-Cal.

Supplementary Fig. 2. Microscopic results. STEM images of KRh@MFI-Cal.
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Supplementary Fig. 3. High-resolution high-angle annular dark-field scanning transmission
electron microscopy (HR-HAADF-STEM) combined with integrated differential phase

contrast (iDPC) imaging of fresh sample. (a, c) HAADF-STEM and (b, d) iDPC images of
KRh@MFI-Cal.
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Supplementary Fig. 4. Microscopic results. STEM images of Rh@MFI-Cal.
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Supplementary Fig. 5. High-resolution high-angle annular dark-field scanning transmission
electron microscopy (HR-HAADF-STEM) combined with integrated differential phase
contrast (iDPC) imaging of fresh sample. (a, c) HAADF-STEM and (b, d) iDPC images of
Rh@MFI-Cal.
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Supplementary Fig. 6. IR-CO results. IR-CO at —65 °C and at increasing CO coverage (0.01-2
mbar) for (a) KRh@MFI-Cal and (b) Rh@MFI-Cal (Taken from ref '*) samples.
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2.2. Hot-filtration experiments on Rh@MFI-Cal and KRh@MFI-Cal catalysts.
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Supplementary Fig. 7. Rh stability tests. Hot-filtration experiments on Rhi@MFI-Cal (a) and
KRh@MFI-Cal (b) catalysts. Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh),
20 mg decane (internal standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10 vol%), 80 °C, 800 rpm.

Notes: Rh is readily leached out from the Rh@MFI-Cal catalyst during 1-hexene hydroformylation,

where Rh leaching is effectively suppressed on KRh@MFI-Cal. As demonstrated by the catalytic

results in Supplementary Fig. 8 and 11a, b, the leached Rh species could catalyze homogeneous

hydroformylation with significantly lower aldehyde regioselectivity.

Therefore, suppressing Rh leaching during the reaction is essential for maintaining the high

aldehyde regioselectivity.
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Supplementary Fig. 8. Products distribution illustration. Possible products on 1-hexene

hydroformylation reaction (Taken from ref '4).
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2.3. HAADF-STEM and iDPC images of KRh@MFI-Cal catalyst after 1-hexene

hydroformylation reaction

Supplementary Fig. 9. Microscopic results. STEM images of KRh@MFI-Cal after 1-hexene

hydroformylation reaction.
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Supplementary Fig. 10. High-resolution high-angle annular dark-field scanning transmission
electron microscopy (HR-HAADF-STEM) combined with integrated differential phase
contrast (iDPC) imaging of fresh sample. (a, c) HAADF-STEM and (b, d) iDPC images of
KRh@MFI-Cal after 1-hexene hydroformylation reaction.
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2.4. 1-Hexene hydroformylation (C6 LAO)
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Supplementary Fig. 11. 1-hexene hydroformylation activity. (a) K-free Rh@MFI-Cal, (b)
KRh@MFI-Cal catalysts, (c) homogeneous Wilkinson’s type catalyst RhHCO(PPh3); and (d) in the
presence of 500/1 molar ratio of MP/Rh. Reaction condition: 1 mmol LAO, 0.36 mg catalyst
(0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10
vol%), 80 °C, 800 rpm, Ro, TOF and TON are values for linear aldehyde formation.
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Supplementary Table 1. 1-hexene hydroformylation activity. Catalytic results for KRh@MFI
catalyst of 1-hexene hydroformylation at 80 °C.?

CHO __ CH,OH

X KRh@MFI N Ny ey
R - tR +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 2 3 4 5
Selec. (% i 0 R R
Cony. | S€1€ (%) Yield (%) 0 d 0 ) TOF
Entry Catalyst %) Aldehyde | 1/b° (mmol/h) (mmol/h) TON® oy
° (L)® 234 > L-Aldehyde | Iso-Alkenes
Rh@MFI-Cal 99.7 | 784 (514) | 19782005210 0.26 0.16 1289 | 646
2 KRh@MFI-Cal 99.5 | 90.9(85.1) | 15904 |0 | 1.1 | 8.0 0.35 0.05 2024 | 872
3¢ RhHCO(PPh3)3 98.8 | 62.6(38.5) | 1.6 619|003 | 36.7 0.45 0.54 760 | 1274
N RhHCO(PPh3);-
4 SOOMP 94.2 66.4(47.5)125]1625|0 |03 |314 0.26 0.20 861 676

2 Reaction conditions: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10 vol%), 80 °C, 800 rpm and 4h reaction. For
RhHCO(PPhs); catalyst, 0.36 mg catalyst with 0.00038 mmol Rh is used.

® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

d Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,
mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 4h reaction time.

fRate for the formation of linear aldehyde/total mmol of Rh.

£ 1h reaction.

" 2h reaction.
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2.5. Hydroformylation of trans-2-hexene on KRh@MFI-Cal catalyst
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Supplementary Fig. 12. Trans-2-hexene hydroformylation activity of KRh@MFI-Cal catalyst.
(a, ¢) Without and (b, d) with a molar ratio MP/Rh = 500/1 additive. Reaction condition: 1 mmol
trans-2-hexene, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene,
40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm, Rg, TOF and TON are values for linear aldehyde

formation.
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Supplementary Table 2. Trans-2-hexene hydroformylation activity. Catalytic results for
KRh@MFI-Cal catalyst of trans-2-hexene hydroformylation with and without 1-Methylpyrrolidine

promoter at 80 °C.*

CHO _ CH,OH
_NGEN.  KRh@MFI PN Py
R - +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 2 3 4 5
Ent Conv. Selec. (%) Yield (%) Ro TOF
Catalysts b 1/b° 4 | TON® NE
ry (%) Aldehyde (L) 2 3| 4 5 (mmol/h) (h™)
1 KRh@MFI-Cal 82.5 88.3(78.9) 8.4 72.8 | 0] 0.8 | 8.9 0.12 1797 | 311
KRh@MFI-Cal-
2 34.8 72.4 (66.7) 11.8 | 252 | 0| 0.6 | 9.0 0.05 517 131
500MP

@ Reaction conditions: 1 mmol trans-2-hexene, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane
(internal standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm and 4h

reaction.

® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

d Reaction rate for linear aldehyde formation, mmol/h, calculated when trans-2-hexene conversion

is <20%.

¢ mmol of linear aldehyde/total mmol of Rh at 4h reaction time.

fRate for the formation of linear aldehyde/total mmol of Rh.
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2.6. Hydroformylation of trans-3-hexene on KRh@MFI-Cal catalyst
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Supplementary Fig. 13. Trans-3-hexene hydroformylation activity of KRh@MPFI-Cal catalyst.
(a, ¢) Without and (b, d) with a molar ratio MP/Rh = 500/1 additive. Reaction condition: 1 mmol
trans-3-hexene, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene,
40 bar CO/Ha/Ar (45/45/10 vol%), 80 °C, 800 rpm, Rg, TOF and TON are values for linear aldehyde

formation.
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Supplementary Table 3. Trans-3-hexene hydroformylation activity. Catalytic results for
KRh@MFI-Cal catalyst of trans-3-hexene hydroformylation with and without 1-Methylpyrrolidine

promoter at 80 °C.*

e~ KRh@MFI /\;\CHO /\;\CHZOH
R - > * R
Toluene, 80 °C
1 40 bar CO/H,/Ar 2 3 4 5
Ent Conv. Selec. (%) Yield (%) Ro TOF
Catalysts b 1/b° 4 | TON® NE
ry (%) Aldehyde (L) 2 3| 4 5 (mmol/h) (h™)
1 KRh@MFI-Cal 56.6 60.4 (44.2) 2.7 342 | 0] 0.5 | 219 0.09 508 240
KRh@MFI-Cal -
2 12.9 37.8 (27.6) 2.7 49 |0 08 | 72 0.01 30 30.6
500MP

@ Reaction conditions: 1 mmol trans-3-hexene, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane
(internal standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm and 4h

reaction.

® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

d Reaction rate for linear aldehyde formation, mmol/h, calculated when trans-3-hexene conversion

is <20%.

¢ mmol of linear aldehyde/total mmol of Rh at 4h reaction time.

fRate for the formation of linear aldehyde/total mmol of Rh.
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2.7. Reaction order of 1-hexene hydroformylation and isomerization

Varying the concentration of 1-hexene at a fixed Rh loading
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Supplementary Fig. 14. 1-hexene hydroformylation activity under different substrate
concentration. Conversion of 1-hexene, aldehyde yield and selectivity, regioselectivity (1/b),
isomerized olefins selectivity and yield on KRh@MFI-Cal sample under different 1-hexene
concentrations (a, b) 0.25 mol/L, (c, d) 0.5 mol/L, (e, f) 0.75 mol/L, (g, h) 1.0 mol/L and (i, j) time
profiles of linear aldehyde and isomerized olefins concentration during reaction. Reaction condition:
1-4 mmol 1-hexene, 20 mg catalyst (0.00038 mmol Rh), 20-80 mg decane (internal standard), all
liquid components were dissolved in toluene to a final volume of 4 mL, 40 bar CO/H2/Ar (45/45/10
vol%), 80 °C, 800 rpm, Ro and TOF are values for linear aldehyde formation.
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Supplementary Fig. 15. Kinetics. Reaction order of 1-hexene hydroformylation and isomerization
on KRh@MFI-Cal sample.

Notes: As shown in Supplementary Fig. 14 and 15, increasing the concentration of 1-hexene leads
to a more pronounced enhancement in the isomerization reaction than in hydroformylation. For
instance, when the 1-hexene concentration exceeds 1 mol/L, the accumulation of isomerized internal
olefins results in a substantial decline in both aldehyde selectivity and overall yield. Moreover, the
hydroformylation of these internal olefins predominantly generates branched aldehydes, leading to
a markedly lower linear-to-branched (1/b) regioselectivity under high 1-hexene concentrations (1/b

<10 at high 1-hexene conversion).
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2.8. 1-Hexene isomerization on homogeneous and heterogeneous Rh catalysts
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Supplementary Fig. 16. Time profiles of 1-hexene isomerization activity of 1-hexene
isomerization activity. (a) Homogeneous RhHCO(PPh3); and Rh(acac); catalysts, (b)
heterogeneous KRh@MFI-Cal-CO/H;, KRh@MFI-Cal-CO/H,-MP, KRh@MFI-CalRed-CO and
KRh@MFI-CalRed-CO-MP catalysts at 40 bar N». Reaction condition: Isomerization: 1 mmol LAO,
20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene, 40 bar N», 80
°C, 800 rpm, molar ratio of MP/Rh = 500/1 if used.

Notes: Isomerization experiments are conducted using homogeneous RhHCO(PPh;3)s, and
Rh(acac); catalysts, representing Rh™ and Rh3" oxidation states, respectively. As shown in
Supplementary Fig. 16a, RhHCO(PPh;3); exhibits significantly higher isomerization activity,

whereas Rh(acac)s showed nearly zero activity for 1-hexene isomerization.

To evaluate the isomerization activity of the heterogeneous KRh@MFI catalysts, a set of parallel
experiments was conducted by replacing the standard 40 bar CO/H; syngas atmosphere with 40 bar
Na. The catalysts: KRh@MFI-Cal-CO/H>, KRh@MFI-Cal-CO/H>-MP, KRh@MFI-CalRed-CO,
and KRh@MFI-CalRed-CO-MP were pretreated under controlled conditions to generate primarily
Rh*/Rh*, pure Rh", and Rh sites selectively blocked by MP, respectively. The KRh@MFI-CalRed-
CO sample was prepared following the procedure described below for obtaining pure Rh*. The
KRh@MFI-Cal-CO/H; sample was prepared starting from KRh@MFI-Cal sample and then
pretreated under 40 bar CO/H, with toluene solvent at 80 °C for 2h. As shown in Supplementary
Fig. 17 and discussed in Appendix 3.3 for the semi-quantitative analysis of IR peak intensities, the

KRh@MFI-Cal-CO/H, sample shows predominately Rh** versus Rh".
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As shown in Supplementary Fig. 16b, the isomerization rate of KRh@MFI-CalRed-CO sample
(Red line) is approximately two orders of magnitude higher than that of the same catalyst in the
presence of MP additive (Violet-blue line), and in both cases higher than that of the KRh@MF]I-
Cal-CO/H; sample (Blue line), in which Rh®" species are predominant. In this sample the 1-hexene
isomerization rate is close to zero (0.17x10* mmol/h), and further decrease by a factor of ~20%

upon addition of the MP additive.

Rh*" Rh'

Absorbance (a.u.)

2200 2100 2000
Wavenumber (cm™)

Supplementary Fig. 17. IR-CO results. IR-CO at —65 °C and 2 mbar CO coverage for KRh@MFI-
Cal sample after syngas pretreatment. Pretreatment: 40 mg of KRh@MFI-Cal was stirred in 4 mL
toluene under 40 bar CO/Ha/Ar (45/45/10 vol%) at 80 °C for 2 h.
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2.9. CO pretreatment on KRh@MFI-Cal catalyst for 1-hexene hydroformylation

and isomerization

Pretreatment: Cao and co-workers reported the generation of Rh(I)-gem-dicarbonyl centres inside
MEL zeolite channel by H, pre-activation and subsequent CO disruption'®. Herein, KRh@MFI-Cal
is firstly ex-situ reduced at 600 °C under pure H, for 3h, followed by loading into batch reactor
inside glove box. Before reaction, reactor is pressurized to 5 bar H, and stirred at 150 °C for 1h,
after which the H; is released. Subsequently, the reactor is pressurized 5 bar CO and stirred at 90 °C
for 2h. For comprehensive propose, the CO activated catalyst is labelled herein as KRh@MFI-
CalRed-CO. After catalyst pretreatment, reactants are injected inside reactor with 10 mL syringe

and the system is pressurized with mixed CO/Ho/Ar (45/45/10 vol%) to 40 bar for reaction.

Catalyst characterizations of XAS and IR-CO of KRh@MFI-CalRed-CO sample are included in the

main text of Figure 2i-k.

Supplementary Fig. 18. Microscopic results. STEM of KRh@MFI-CalRed-CO.
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Supplementary Fig. 19. High-resolution high-angle annular dark-field scanning transmission
electron microscopy (HR-HAADF-STEM) combined with integrated differential phase
contrast (iDPC) imaging of fresh sample. (a, c) HAADF-STEM and (b, d) iDPC images of
KRh@MFI-CalRed-CO.
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2.10. 1-Hexene hydroformylation on KRh@MFI-Cal, KRh@MFI-CalRed-CO
and KRh@MFI-CalRed-CO-500MP catalysts
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Supplementary Fig. 20. 1-hexene hydroformylation activity. (a, b) KRh@MFI-Cal, (c, d)
KRh@MFI-CalRed-CO and (e, f) KRhi@MFI-CalRed-CO-500MP catalysts (1-Hexene conversion,
aldehyde selectivity and yield, regioselectivity (I/b), isomerized hexene selectivity and yield).
Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Ha/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ro, TOF and TON are

values for linear aldehyde formation.
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Notes: As shown in Supplementary Fig. 20, both the hydroformylation and isomerization activities
of 1-hexene over KRh@MFI-CalRed-CO are significantly suppressed in the presence of the organic
additive MP (molar ratio MP/Rh = 500). These findings confirm that MP, featuring a nucleophilic
-:N-CHj3 functional group, can selectively coordinate to Rh* centres, leading to site blockage and

consequently a marked decrease in hydroformylation activity.
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2.11. Hydroformylation on homogeneous and heterogeneous systems with DFT

calculations

In the present work, the Rh* system was used as a reference to evaluate the plausibility of a full
catalytic cycle occurring on a single Rh*" center. The goal was not to reproduce known Rh*
chemistry, but to assess whether the key transformations of hydroformylation: migratory insertion,
CO insertion, and hydrogenolysis, remain kinetically accessible when the metal is maintained in a
higher oxidation state. This approach allows a direct comparison between well-established Rh*

energetics and hypothetical Rh®" behaviour within a common mechanistic framework.

For the Rh** system, a hypothetical complex was constructed based on two criteria: (i) maintaining
close structural similarity to the Rh* analogue by retaining the two phosphine ligands (PH3), and (ii)
mimicking the silanol/siloxy environment of a zeolite by introducing two negatively charged OH™
ligands. The Rh*" mechanism was explored following the same sequence of elementary steps as for
Rh"; however, the oxidative addition and reductive elimination processes were replaced by 6-bond
metathesis type step to ensure that the +3 oxidation state of rhodium was preserved throughout the

catalytic cycle.

2.11.1 Rh* (Reference) Mechanism

The Rh* catalytic cycle follows the generally accepted sequence of elementary steps: competitive
adsorption of propene (S1-2); migratory insertion to form the propyl intermediate (S2-3); CO
adsorption (S3-4); CO insertion yielding the propionyl species (S4-5); oxidative addition of Hy (S5-
6), comprising H> coordination (S5-6a) and H-H bond cleavage (S6a-6b); and finally, n-butanal

formation (S6-7). Labels in the step name refer to the reactant and product intermediate numbering.

The computed free energy profiles for the formation of linear n-butanal and branched 2-
methylpropanal on Rh" are presented in Supplementary Fig. 21 and the reaction and activation free
energies are given in Supplementary Table 4. The initial step S1-2, which is common to both
pathways, is disfavoured, in terms of free energy, by approximately 46.8 kJ/mol, reflecting the need
for propene to displace the more strongly adsorbed CO ligand from the Rh* center. In the resulting

n-complex (/2), the C=C bond of propene adopts an orientation perpendicular to the Rh-H bond
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(Supplementary Fig. 22 and 23), enabling hydride transfer to either the C1 or C2 carbon atoms and
thus giving rise to the linear (PL) and branched (PB) pathways, respectively. These hydride transfer
steps exhibit activation free energies of 48.9 and 56.4 kJ/mol for the PL and PB pathways,

respectively, leading to the formation of primary and secondary propyl intermediates (12).

Following the favourable adsorption of CO (AG = —43 kJ/mol), the subsequent CO insertion steps
(S4-5) display activation free energy barriers of 49.7 and 71.6 kJ/mol for the PL and PB pathways,
respectively, with only slightly positive reaction free energies. The oxidative addition of Hz, leading
to the formation of Rh** species, proceeds without an activation barrier for either pathway, being
the H» coordination endergonic (AG > 30 kJ/mol) and the H; splitting exergonic (AG = —29.7 and
—35.9 klJ/mol for PL and PB, respectively). Finally, product formation (steps S6-7) proceeds with

relatively low activation barriers of 44.7 and 53.4 kJ/mol for the PL and PB pathways, respectively.

Overall, no highly endergonic steps are observed, confirming the kinetic and thermodynamic
feasibility of the Rh*-catalyzed sequence even at low temperatures. The consistently higher barriers
along the PB pathway, especially S2-3 and S4-5, reflect the increased steric hindrance at the
secondary carbon center and the reduced accessibility of the f-hydride migration transition state.
These results are consistent with experimental selectivity trends, where linear aldehydes dominate
the product distribution under standard hydroformylation conditions'®. Taken together, the Rh*

mechanism establishes a quantitative benchmark for comparison with alternative catalytic systems.
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Supplementary Table 4. DFT calculation results. Calculated free energy (G) and enthalpy (H)
changes for reaction (AXreact) and activation (AXac) steps at 300 K, covering all elementary steps of
propene hydroformylation with the isolated complex models RhH(CO)(PH3), and
RhH(OH)»(PH3).. All energies are given in kJ/mol.

Rh* Rh3*
Step AGact (AHacr) AGreact (AHreact) AGact (AHacr) AGreact (AHreact)
PL PB PL PB PL PB PL PB
46.8 41.5 42
S1-2 ] ; ; ;
(37.3) 349) | (34.2)
2.3 48.9 56.4 0.4 5.4 4.6 8.0 -0.4 -1.3
562) | @71 | o | @8 | @4 | a3 | 15 | 04
—43 —53.1 -97.2 —83.8
$3-4 ; ; ; ;
-91.6) | (~99.6) (—144) | (~131.5)
S4.5 49.7 71.6 —4.18 -2.5 721 80.4 60 46
) 675 | 754 | 38) | 20) | (793) | 858 | (70.8) | (54.3)
31 36.8 -10.1 11.3
S5-6a ; - - -
-6.8) | (-1.3) (-52.4) | (-282)
—29.7 -35.9
S6a-6b ; ; - - ; -
(-31.5) | (-38.0)
S6.7 44.7 53.4 1.7 -33 40.6 159 —30.6 —55.2
27) | 588) | 84y | (10.8) | @25 | 172) | 31| -53.8)
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Supplementary Fig. 21. Energy profiles. Calculated free energy profiles of hydroformylation of
propene on Rh* (upper panel) and Rh** (lower panel) leading to the formation of n-butanal (green)
and methylpropanal (violet) aldehydes. Free energy was calculated at 300 K.
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Supplementary Fig. 22. Model structure. Optimized structures of minima involved in

homogeneous hydroformylation on Rh*.
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Supplementary Fig. 23. Model structure. Optimized structures of minima involved in

homogeneous hydroformylation on Rh**.

2.11.2 Rh*" Mechanism on a hypothetical complex

The Rh*"-catalyzed mechanism also begins with the competitive adsorption of propene. In this case,
two distinct adsorption geometries are identified: parallel and antiparallel relative to the Rh-H bond,
with comparable free energy penalties of 41.5 and 42 kJ/mol, respectively. Although both
configurations are energetically similar, the parallel orientation favours the formation of branched
aldehydes, whereas the antiparallel arrangement leads to linear aldehydes following hydride
insertion. The presence of two well-defined adsorption modes arises from the increased steric
constraints imposed by the octahedral coordination environment, which prevents the alkyl
substituent from overlapping with the PH3 and OH ligands in the equatorial plane. Despite a low

rotation barrier of approximately 21 kJ/mol between these two orientations, the restricted flexibility
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of the octahedral Rh** center could, in principle, offer greater control over regioselectivity compared

to Rh* systems, owing to the more rigid coordination geometry.

Formation of the alkyl intermediates (S2-3) is highly facile, with free energy barriers of only ~5-8
kJ/mol for both PL and PB. As in the Rh* system, CO adsorption significantly stabilizes the complex,
but in this case with a stronger adsorption free energy of > —80 kJ/mol. The subsequent CO insertion
(S4-5) represents the rate-determining step, with barriers of 72.1 and 80.4 kJ/mol for PL and PB,
respectively, and the resulting acyl intermediates (I5) are relatively unstable (AG = +70 kJ/mol). IS
is slightly stabilized upon H; coordination (S5a) in the PL pathway, (—10 kJ/mol), whereas no such
stabilization is observed for PB. Nevertheless, this step is more favourable than in the Rh" system,
where H, adsorption is endergonic. Finally, product formation, yielding n-butanal (PL) and 2-
methylpropanal (PB), occurs via a 6-bond metathesis-type step with low activation barriers of 41
and 16 kJ/mol, confirming that the hydroformylation cycle is kinetically accessible even at low

temperatures, while maintaining the +3 oxidation state of rhodium throughout.

In terms of selectivity, the rate-determining CO insertion step (S4-5) in the PB pathway is higher in
energy by ~ 4 kJ/mol, and the corresponding intermediates are systematically less stable, reflecting
the greater steric effect associated with branched intermediates. These trends closely parallel those
observed for the Rh* system, suggesting that Rh** is expected to exhibit similar regioselectivity,

favouring formation of the linear (PL) aldehyde product.

2.11.3 Comparative Mechanistic Analysis

Mechanistically, both Rh* and Rh*" pathways are similar, but their electronic profiles differ
markedly. In Rh" catalysis, the metal alternates between 16¢™ and 18e~ configurations through two-
electron oxidative addition and reductive elimination steps, stabilizing the hydride and acyl
intermediates. In contrast, Rh*" species are formally d® and may proceed through associative or o-
bond metathesis-type mechanisms, rather than formal redox processes. Nonetheless, the resulting
transition states exhibit comparable overall energetics. The comparative analysis thus establishes
Rh" as a quantitative and mechanistic reference, against which Rh*" shows comparable energy

barriers and favourable thermodynamics. While Rh™ remains the experimentally verified active
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species in hydroformylation, these results indicate that Rh** complexes can be, in principle,
catalytically active showing similar selectivity as the Rh" complexes. Overall, the data support the
view that Rh*-mediated hydroformylation is energetically plausible, expanding the conceptual

space for designing rhodium catalysts.

2.11.4 Mechanism on MFI

Having established that the mechanism is kinetically feasible for Rh**, we extended our study to the
hydroformylation reaction on an MFI periodic model, to account for the local environment of

Rh*/Rh*" cations within a zeolite framework.

The active sites are modelled as Z-Rh"-H™ and Z-Rh**-H species, i.e., a zeolite-bound Rh* and Rh**
center charge-compensated by one hydride ligand and (for Rh*") two negatively charged siloxy
groups (Supplementary Fig. 26). Up to acyl formation, the reaction mechanisms are, involving
competitive propene adsorption, hydride-driven propyl formation, CO coordination, and CO
insertion. However, subsequent steps differ from the classical oxidative addition-reductive
elimination sequence characteristic of Rh". Instead, for Rh?" the mechanism proceeds via H,
coordination followed by aldehyde formation through a o-bond metathesis-type step, such that the
formal oxidation state of rhodium remains +3 throughout the catalytic cycle. Desorption of the
products regenerates the initial Z-Rh*-H™ and Z-Rh**-H active sites. Pathways leading to linear and
branched aldehydes are denoted PL and PB, respectively, and the corresponding activation free

energies are summarised in Supplementary Table 5.

The computed free energy profile for the Z-Rh*™-H™ system is presented in Supplementary Fig. 24.
The initial intermediate corresponds to a square-planar Rh"H (CO)s complex, which is essentially
detached from the zeolite framework because the adsorption of three CO molecules onto the pre-
stabilized Z-Rh*-H" species in the silanol nest is highly exothermic, with a stabilization energy of
approximately —553 kJ/mol. This large value highlights the much stronger interaction of CO with
the Rh* center compared to the silanol groups, suggesting that the catalytic behaviour should
resemble that of the homogeneous system in terms of ligand effects but the geometric confinement

at the zeolite channel intersections may restrict molecular rotation and thereby enhance

40



regioselectivity. The weak interaction between the Rh* complex and the framework suggests limited

structural stability, especially during the hydroformylation of olefins.

In the Rh"H (CO)3 mechanism, the formation of propyl intermediate (I3) has low activation barriers,
approximately 2.9 and 2.6 kJ/mol for the PL and PB pathways, with exergonic reaction free energies
—27.8 and —8.2 kJ/mol respectively. Subsequent CO adsorption further stabilizes the complex by
—5.2 and —64.6 kJ/mol. Intermediate 14, in contrast to the homogenous mechanism (trigonal-
bipyramidal), is square planar reflecting the stabilizing effect of the zeolite framework
(Supplementary Fig. 25 and 26). As in the homogeneous case, CO insertion (S4-5) constitutes the
rate-determining step, with an associated barrier of 58.8 and 50.1 kJ/mol for PL and PB respectively.
The oxidative addition of H» is a spontaneous one-step process, being exothermic in both pathways,
PL and PB, leading to the formation of a square pyramidal Rh** hydride complex. Finally, n-butanal
formation occurs via surmounting a low barrier of 23.6 kJ/mol, regenerating the initial square-planar

Rh™H (CO)s species and closing the catalytic cycle.

The computed free energy profile for the hydroformylation on Z-Rh**-H site (Supplementary Fig.
24) reveals a multistep sequence in which the key elementary steps differ between the two pathways,
PL and PB. The adsorption of propene (S1-2) is similarly endergonic for both routes (33.5 and 27.5
kJ/mol). Subsequent propyl formation and CO coordination steps (S2-3 and S3-4) are spontaneous
and significantly exothermic, —151.3 and —179.6 kJ/mol for PL and PB respectively, driving the
system downhill toward I4. From this point, the two pathways differ: for PL, the next transformation
(S4-5) occurs with a barrier of 77.9 kJ/mol and a reaction energy of 37.8 kJ/mol while for PB the
corresponding step is kinetically and thermodynamically more disfavoured (AGact = 148.8, AGreac =
72.8 kJ/mol). This step is the rate-determining step for PB and thus constitutes a key selectivity-
determining point, where the linear route (PL) becomes strongly preferred. Subsequent adsorption
of Hy (S5-6) is exergonic for PL (=31.6 kJ/mol) but endergonic for PB (32.3 kJ/mol). The final

formation of butanal proceeds with barriers of 92 and 56 kJ/mol for PL and PB, respectively.

Isomerization reactions are in general less favoured than hydroformylation since the transfer of C3-
H atom to Rh*" cation from secondary propyl intermediates compete with the exothermic adsorption
of CO. In Rh*" sites this adsorption is even more exothermic and thus isomerization is more strongly

hindered at this active site. Furthermore, an additional key distinction between the Rh** centers
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stabilized within the zeolite framework and either the homogeneous Rh** species or the Rh*-MFI
model (which resembles the homogeneous complex in its ligand environment) is the rigidity of the
coordination sphere. In the Rh**-MFI system, the ligands (siloxys and silanol groups) are spatially
constrained. As a result, the H-C3 bond cleavage required for double-bond migration from C1 = C2
to C2 = C3 would necessitate a major ligand rearrangement, feasible for Rh* but not for Rh**. This
geometric rigidity is thus reflected in the relatively high activation barrier calculated for alkene
isomerization, 91.2 kJ/mol, implying that conversion to internal (2-) alkenes is expected to be

significantly slow.

Supplementary Table 5. DFT calculation results. Calculated free energy (G) and enthalpy (H)
changes for reaction (AXreact) and activation (AXac) steps at 350 K, covering all elementary steps of

propene hydroformylation within the periodic MFI model. All energies are given in kJ/mol.

Rh* Rh*
Step AGact (AHacr) AGreact (AHreact) AGact (AHacr) AGreact (AHreact)
PL PB PL PB PL PB PL PB
Sl ] ] 25 19.5 ] ] 33.5 275
25.4) | (203) 343) | (30.7)
o3| 2° 2.6 7.8 8.2 ] ] ) ]
(3.7) (1.1) | 293) | -11.1)
34 ] ] 952 | —64.6 ] ] -1513 | -179.6
-111.5) | (-80.9) (-169.0) | (~199.0)
s | 388 50.1 33.3 28.9 77.9 148.8 37.8 72.8
(552) | 46.0) | @63) | @500 | (752) | 145.7) | (36.8) | (71.0)
S5 ] ] 16.5 8.3 ] ] -31.6 32.3
-11.6) | (-26.7) -672) | 2.1
s | 236 15.6 514 | 517 92.3 56.6 9.8 -5.6
(199 | 19.1) | 625 | 467 | ©1.6) | (59.8) | (123) | (-4.3)
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Supplementary Fig. 24. Energy profiles. Free energy (solid line) and energy (dashed line) profiles
of hydroformylation on Rh* (upper panel) leading to the formation of n-butanal (green) and
methylpropanal (violet), and on Rh** (lower panel) for n-butanal (green) and methylpropanal (violet)
and isomerized alkene (black), within the periodic MFI model.

43



Linear

Supplementary Fig. 25. Model structure. Optimized structures of minima involved in
hydroformylation on Rh* within the periodic MFI model.
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Linear

Model structure. Optimized structures of minima involved in

Supplementary Fig. 26.

hydroformylation on Rh*" within the periodic MFI model.
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2.12. 1-Hexene hydroformylation in the presence of organic molecules
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Supplementary Fig. 27. Organic additives molecules and kinetic diameter. (a) 1-Methyl-2-
Pyrrolidone (NMP), (b) Furfural, (c) 5-Methyl-Furfural, (d) N-Methylpyrrolidine (MP), (e)
Cyclopentanone, (f) N-Methyldiphenylamine, (g) 1-Benzylpyrrolidine-2,5-dione and (h) MFI
zeolite structure and corresponding kinetic dimensions.
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Supplementary Fig. 28. 1-hexene hydroformylation activity of KRh@MFI-Cal catalyst. (a)
Without and with (b) 1-Methyl-2-Pyrrolidone (NMP), (c) Furfural, (d) 5-Methyl-Furfural, (e) N-

Methylpyrrolidine (MP),

(f) Cyclopentanone (g)

N-Methyldiphenylamine

and (h)

1-

Benzylpyrrolidine-2,5-dione organic ligand additives (Molar ratio of organic ligand/Rh = 4000).
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Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 4000/1 molar ratio additive/Rh, 80 °C,
800 rpm, Ry, TOF and TON are values for linear aldehyde formation.

Notes: It is clearly observed NMP and N-methylpyrrolidine have strong influence on the
regioselectivity of aldehyde, while furfural, 5-methyl furfural and cyclopentanone with -C=0
functional group only influence reaction rates. Thus, it confirmed -:N-CHj; functional group is key
to increase the regioselectivity of aldehyde during hydroformylation. However, N-
methyldiphenylamine and 1-benzylpyrrolidine-2,5-dione with same -:N-CHj3 functional group but
larger molecular size, fail to improve the regioselectivity of aldehyde. This highlights the
importance of molecular diffusion, where only small Lewis base molecules capable of accessing the

MFT zeolite channels can effectively modulate the local environment and enhance regioselectivity.
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2.13. Spectroscopic characterization of spent samples

HAADF-STEM and iDPC images of KRh@MFI-Cal-500MP catalyst after 1-hexene
hydroformylation

Supplementary Fig. 29. Microscopic results. STEM images of KRh@MFI-Cal-500MP after 1-

hexene hydroformylation reaction.
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Supplementary Fig. 30. High-resolution high-angle annular dark-field scanning transmission
electron microscopy (HR-HAADF-STEM) combined with integrated differential phase
contrast (iDPC) imaging of fresh sample. (a, c) HAADF-STEM and (b, d) iDPC images of
KRh@MFI-Cal-500MP after 1-hexene hydroformylation reaction.
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2.14. Stability of Rh active sites and theoretical IR analysis

The experimental infrared spectra of the Rh carbonyl species show characteristic v(CO) bands that
provide direct insight into the electronic properties of the Rh center and the effect of molecular
adsorption. For the Rh™-2CO complex, the symmetric and asymmetric stretching modes appear at
2092 and 2065 cm ™, respectively, whereas the Rh**-CO species displays a single band at 2173 cm ™.
Upon exposure to the N-methylpirrolidine (MP) molecule, the dicarbonyl bands of Rh" shift
markedly to lower frequencies (2013 and 1996 cm ™), while the vibration of the Rh** monocarbonyl
remains essentially unchanged. This behaviour clearly indicates that MP interacts selectively with

the Rh" sites, leading to a net decrease in the Rh-CO bond strength, consistent with an electron-

donating effect of MP that enhances back-donation from Rh* to CO.

The DFT-calculated vibrational frequencies, shown in Supplementary Table 6 (models in
Supplementary Fig. 31), reproduce these experimental trends with remarkable fidelity. The
calculations correctly predict higher v(CO) values for the Rh** monocarbonyl (2203 cm™!) compared
with the Rh" dicarbonyl (2173 and 2117 cm™!), reflecting the greater electrophilicity of Rh*" and
the corresponding reduction in metal-to-CO back-bonding. Moreover, upon adsorption of MP, the
computed Rh* symmetric and asymmetric CO stretching modes both shift to lower wavenumbers,
from 2173 to 2163 cm™' and from 2117 to 2079 cm™!, respectively, mirroring the experimental
redshift and confirming that MP coordination attenuates the Rh-CO bond. Although the calculations
also predict a redshift for the Rh?"-CO vibration, this shift is not observed experimentally,
confirming that MP does not significantly interact with Rh*" sites, otherwise, a comparable spectral
response would be detected. This lack of experimental change is consistent with the energetic
analysis presented below, which shows that MP binds much more strongly to Rh™ than to Rh**

species.

The energetic analysis further supports the vibrational evidence for selective stabilization of the Rh*
species upon MP adsorption. The interaction of MP with Rh" is highly exothermic, as reflected by
the very low relative energy obtained for Rh"H-MP-2CO (=535 kJ/mol). These values indicate the
formation of strongly bound adducts stabilized by electronic interactions between MP and the Rh
center. In contrast, the interaction of MP with Rh*" is significantly weaker: the Z-Rh**-MP-CO

adduct exhibits a relative energy of —263 kJ/mol, notably less stable than either Rh" complex and
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even less favourable than Z-Rh**H-CO (—338 kJ/mol). This energetic hierarchy confirms that MP
preferentially binds to Rh™ sites, in excellent agreement with the spectroscopic observation that only

the Rh" carbonyl bands respond to MP exposure.

Overall, the combined experimental and theoretical results provide a coherent picture in which MP
adsorption selectively stabilizes Rh* species through a strong donor interaction that enhances metal-
CO back-bonding and weakens the CO bonds, producing the observed red-shift in v(CO). The Rh**
sites, in contrast, remain largely unaffected due to their lower affinity for the MP molecule. The
consistent agreement between experimental infrared data, computed vibrational trends, and relative
energies lends strong support to the proposed interaction mechanism and validates the theoretical

description of these Rh-carbonyl systems.

Supplementary Table 6. Calculated vibrational frequencies of carbonyl C-O stretching of the
species resulting from competitive interaction of CO and MP with the Rh* and Rh3" active
sites. Relative energies are referenced to the optimized Rh*-H-MFI and Rh**-H-MFI models plus

the energies of the isolated adsorbates.

Species Frequency (cm™) Relative Energy (kJ/mol)
Rh*
Rh*-H-2CO 2173, 2117 —457.7
Rh*-H-MP-2CO 2163,2079 —535
Rh3*
Z-Rh*-H-CO 2203 —338.6
Z-Rh**-MP-CO 2140 —263

Rh*-H-2CO Rh*-H-MP-2CO Z-Rh3*-H-CO Z-Rh3*-MP-CO

Supplementary Fig. 31. Model structure. Optimized geometries of Rh* and Rh** active sites
interacting with the CO and MP, used to perform normal mode analysis presented in

Supplementary Table 6.
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To further confirm the preferentially coordination of MP with Rh*, we performed the titration
experiment of MP with KRh@MFI-Cal-CO/H» sample, which after low-temperature CO titration,

shows both Rh*" and Rh*(CO), species (Supplementary Fig. 17).

Subsequently, 1.7-2.4 mbar of MP was co-added into the IR cell. A red-shift of the Rh*(CO), bands
from 2090 and 2011 cm™! to 2081 and 2000 cm™ was observed upon 2.4 mbar MP dosing, while the
position of the Rh*" peak remained unchanged (Supplementary Fig. 32), in line with the IR-CO

observed in KRh@MFI-Cal and KRh@MFI-Cal-MP samples in Figure 2k.

2011 f:
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=
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Supplementary Fig. 32. IR-CO results. IR-CO of KRh@MFI-Cal-CO/H, sample with MP

titration.
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2.15. Catalytic performance of 1-hexene hydroformylation on KRh@MFI-Cal and

KRh@MFI-Cal-500MP catalysts
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Supplementary Fig. 33. 1-hexene hydroformylation activity. (a, c) KRh@MFI-Cal catalyst and
(b, d) KRh@MFI-Cal catalyst with a molar ratio MP/Rh = 500/1 additive. Reaction condition: 1
mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene,
40 bar CO/Ha/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ry, TOF and TON are values for linear aldehyde

formation.
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Supplementary Fig. 34. Yield of linear aldehyde, branched aldehyde, isomerized olefins as a
function of 1-hexene conversion. (a) KRhi@MFI-Cal, and (b) KRh@MFI-Cal-500MP catalysts.
Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm.

Notes: With increasing 1-hexene conversion, the yield of linear aldehyde increases nearly linearly,
indicating that hydroformylation of terminal olefin is the dominant pathway. However, at
conversions above 90%, the yield of isomerized olefins begins to decline, accompanied by a notable
increase in branched aldehyde formation. This trend suggests that isomerized olefins serve as
intermediates which are further converted into branched aldehydes in the later stage of the reaction,

once most of the terminal olefins are consumed.

As shown in Supplementary Fig. 34, on the KRh@MFI-Cal-500MP catalyst, the yield for linear
aldehyde formation is enhanced at same 1-hexene conversion, while the formation of branched
aldehydes from isomerized olefins is suppressed in the presence of MP. This suggests the essential
role of the MP additive in inhibiting alkene isomerization and, consequently, achieving high

regioselectivity of linear aldehyde formation.
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2.16. Exclude mass transport limitations
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Supplementary Fig. 35. Excluding mass transfer limitations. Comparison of linear aldehyde
formation rates for 1-hexene hydroformylation under 600, 800 and 1000 rpm stirring speed on
KRh@MFI-Cal catalyst (Molar ratio of 500/1=MP/Rh were used in all tests). Reaction condition: 1
mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene,

40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 600-1000 rpm, Ro, TOF and TON are values for linear
aldehyde formation.
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2.17. Apparent activation energy of KRh@MFI-Cal catalyst for 1-hexene

hydroformylation and isomerization
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Supplementary Fig. 36. 1-Hexene hydroformylation activity of KRh@MFI-Cal catalyst under
different reaction temperatures. (a, b) 50 °C, (c, d) 80 °C, (e, f) 100 °C (1-hexene conversion,
aldehyde yield and selectivity, regioselectivity (I/b), isomerized olefins selectivity and yield).
Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 50-100 °C, 800 rpm, R, TOF and TON

are values for linear aldehyde formation.

57



2.18. Apparent activation energy of KRh@MFI-Cal catalyst for 1-hexene

hydroformylation and isomerization in the presence of N-methylpyrrolidine
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Supplementary Fig. 37. 1-Hexene hydroformylation activity of KRh@MFI-Cal catalyst with
N-methylpyrrolidine additive under different reaction temperatures. (a, b) 50 °C, (c, d) 80 °C,
(e, f) 100 °C (1-hexene conversion, aldehyde yield and selectivity, regioselectivity (I/b), isomerized
olefins selectivity and yield). Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh),
20 mg decane (internal standard), 4 mL toluene, 40 bar CO/Ha/Ar (45/45/10 vol%), 50-100 °C, 800
rpm, Ry, TOF and TON are values for linear aldehyde formation.
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2.19. Apparent activation energy of RhHCO(PPhs3); catalyst for 1-hexene

hydroformylation
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Supplementary Fig. 38. 1-Hexene hydroformylation activity of RhRHCO(PPh3); catalyst under
different reaction temperatures. (a, b) 50 °C, (c, d) 80 °C, (e, f) 100 °C (1-hexene conversion,
aldehyde yield and selectivity, regioselectivity (I/b), isomerized olefins selectivity and yield).
Reaction condition: 1 mmol LAO, 0.36 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4mL toluene, 40 bar CO/Ha/Ar (45/45/10 vol%), 50-100 °C, 800 rpm, Rg, TOF and TON

are values for linear aldehyde formation.
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Supplementary Fig. 39. Apparent activation energy of 1-hexene. (a) Hydroformylation and (b)
isomerization on RhHCO(PPhs); catalyst.
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2.20. Reaction orders of 1-hexene, CO and H> on KRh@MFI-Cal, KRh@MFI-
CalRed-CO and KRh@MFI-Cal-500MP catalysts

1-Hexene CO H
a -0s b -0.5 C 05 2
~ KRh@MFI-Cal 3
-1.0 * 1 -1.0 9
-1.0 @ ---Q-0-9- x k=0.79+0.04 .
.15/ KRh@MFI-Cal ,* 7 s 0/
’ ] -1.5-
KRh@MFI-Cal k=1.55:0.03 _,° ’
g-l.s— B E g_zo 9 ? g .o @
= k=-0.005+0.01 = ”: S . = 20 - Q- ’,,
£ E 25 P . ,0' E e Q
£ Lo g - . e £ _,5/KRh@MFI-Cal-500ME -
3 1Y L’ % s _ ’/
o s & 30 2 ’,g, I~ k=027£0.05 o,
=~ o D =~ 7 s S = 3.0 %
= 254 e = R 28 ? = o’
- o = 354 - KRh@MFI-CalRed| = P
7 3.5 o
KRh@MFI-CalRed 0] /" k=10.80+0.09 L
3.0 o -4 S .@ KRh@MFI-CalRed
f=0.22+0.18 / KRh@MFI-Cal-500MP <401 -7 . 0
4519 k—208:0m T
35 . . ‘ ; . g S-LORO0l 45 ———
25 20 L5 -0 -05 0.0 12 15 1.8 21 24 27 3.0 33 12 15 18 21 24 27 3.0 33
Ln (Cy_gexenes Mmol/L) Ln (P, bar) Ln (Py, bar)

Supplementary Fig. 40. Kinetics. Reaction orders of 1-hexene, CO and H, on KRh@MFI-Cal,
KRh@MFI-CalRed-CO and KRh@MFI-Cal-500MP catalysts.

Notes: The reaction orders for linear aldehyde formation on KRh@MFI-Cal, KRh@MFI-CalRed-
CO and KRh@MFI-Cal-500MP are shown in Supplementary Fig. 40. The reaction orders with
respect to 1-hexene, CO, and H» vary significantly among the different catalysts, indicating distinct
reaction regimes and rate-determining steps. For all catalysts, the near-zero reaction order in 1-
hexene suggests that olefin coordination is not rate-limiting, consistent with strong confinement or

saturation of olefin adsorption within the zeolite channels.

With respect to CO, the high positive reaction order for KRh@MFI-Cal and KRh@MFI-Cal-500MP
indicate that CO insertion plays a dominant role in determining the reaction rate, whereas the lower
CO dependence observed for KRh@MFI-CalRed-CO suggests partial saturation of CO
coordination or competitive site occupation. The reaction orders in H» further reveal differences in
hydrogen activation: the higher H, order for KRh@MFI-CalRed-CO points to hydrogenation of the
acyl intermediate as a kinetically relevant step, while the moderate H» dependence for KRh@MFI-

Cal indicates a more balanced contribution of CO insertion and hydrogenation.

Overall, these distinct kinetic dependencies demonstrate that different Rh species inside KRh@MFI
catalyst are related to olefin adsorption, CO insertion, and hydrogenation steps, which ultimately

governs both activity and regioselectivity in 1-hexene hydroformylation.
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2.21. Optimum loading of organic additives (MP and NMP) in 1-hexene

hydroformylation

In order to know the optimum loading of additives during reaction, experiments with different
MP/Rh or NMP/Rh molar ratios have been performed.
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Supplementary Fig. 41. 1-hexene hydroformylation activity of KRh@MFI-Cal catalyst with
different MP additive loading amount. Molar ratio of MP/Rh = (a) 0, (b) 250, (c) 500, (d) 1000,
(e) 4000) and (f) MP as solvent. Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol
Rh), 20 mg decane (internal standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10 vol%), 250-4000/1
molar ratio MP/Rh, 80 °C, 800 rpm, Ry, TOF and TON are values for linear aldehyde formation.
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Supplementary Table 7. 1-hexene hydroformylation activity. Catalytic results for KRh@MFI

catalyst of 1-hexene hydroformylation in the presence of N-Methylpyrrolidine.?

Xy KRh@MFI /\;\CHO ;\CHzOH PN
R - +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 3 4 5
Mol Selec. (% i 0 R R

Ent | Organic ,0 a Conv. clec. (%) Yield (%) ° d ° d TOF
. ratio to Aldehyde | 1/b° (mmol/h) (mmol/h) TON® nf
ry | additive (%) b 2 3| 4 5 (h™)

Rh L) L-Aldehyde | Iso-Alkenes
18 / / 99.5 | 90.9(85.1) | 15 | 904 | 0] 1.1 8.0 0.35 0.050 2024 | 872
2 MP 250 93.8 | 90.0(88.7) | 65 | 844 | 0] 1.2 8.1 0.19 0.014 2158 | 486
3 MP 500 99.6 | 92.8(91.9) | 112 | 924 | 0| 1.5 5.7 0.15 0.010 2386 | 394
4h MP 1000 99.6 | 94.2(93.6) | 141 | 939 | 0| 1.3 4.4 0.19 0.011 2364 | 482
5t MP 4000 844 | 91.3(90.6) | 145 | 77.0 | 0| 1.1 6.3 0.12 0.010 1943 | 292
6’ MP Solvent | 98.1 | 92.6(924) | 428 | 909 | 0| 14 | 5.8 0.13 0.009 2216 | 302

# Reaction conditions: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal

standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm and 5h reaction.
® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

4 Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,
mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 5h reaction time.

f Rate for the formation of linear aldehyde/total mmol of Rh.

£ 4h reaction.
b 6h reaction.
i 7h reaction.
7 9h reaction.

Thus, minimum N-methylpyrrolidine loading is MP/Rh = 500/1 molar ratio loading, nearly 92%

linear aldehyde with 1/b=112 at ~100% conversion.
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Supplementary Fig. 42. 1-hexene hydroformylation activity of KRh@MFI-Cal with different

NMP additive loading amount. Molar ratio of NMP/Rh = (a) 0, (b) 1000, (c) 2000, (d) 4000, (e)
6000, (f) 8000. Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane
(internal standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 1000-8000/1 molar ratio
NMP/Rh, 80 °C, 800 rpm, Rg, TOF and TON are values for linear aldehyde formation.
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Supplementary Table 8. 1-hexene hydroformylation. Catalytic results for KRh@MFI-Cal

catalyst of 1-hexene hydroformylation in the presence of NMP.*

Xy KRh@MFI /\;\CHO ;\CHzOH PN
R - +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 3 4 5
Mol Selec. (% i 0 R R
Ent | Organic .0 o Conv. clec. (%) Yield (%) ° d ° d TOF
. ratio to Aldehyde | I/b¢ (mmol/h) (mmol/h) TON® g
ry | additive (%) b 2 3| 4 5 (h™)
Rh L) L-Aldehyde | Iso-Alkenes
1 / / 99.5 | 90.9(85.1) | 15 | 904 |0 1.1 8.0 0.35 0.050 2024 | 872
2 NMP 1000 97.1 | 859(81.8) | 20 | 834 | 0| 1.0 | 12.7 0.22 0.029 2005 | 543
3 NMP 2000 96.9 | 90.5(89.1) | 65 | 876 |0]| 1.2 | 8.1 0.24 0.014 2131 | 603
4 NMP 4000 93.8 | 92.7(92.2) | 197 | 87.0 | 0] 1.1 5.8 0.19 0.013 2205 | 469
5¢ NMP 4000 99.7 | 945(93.9) | 164 | 942 | 0] 1.1 4.4 0.19 0.013 2401 | 469
6 NMP 6000 754 | 90.9(90.5) | 237 | 68.5 | 0] 1.1 5.8 0.20 0.009 1672 | 499
7 NMP 8000 85.7 | 92.1(91.8) | 287 | 789 | 0] 1.1 5.6 0.19 0.008 1856 | 477
gh NMP Solvent | 27.0 | 90.2 (90.2) o | 244 |0]| 06 | 2.0 0.03 0.002 435 82

@ Reaction conditions: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal

standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm and 4h reaction.
® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

4 Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,
mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 4h reaction time.

f Rate for the formation of linear aldehyde/total mmol of Rh.

¢ 5h reaction.

" Herein, NMP is used as solvent for reaction, 6h reaction result.

Thus, optimum NMP loading is NMP/Rh = 4000/1 molar ratio loading, nearly 92.2% linear

aldehyde selectivity with I/b=197 at 93.8% conversion, even at 99.6 % conversion, 1/b still keep at

164 with 94% linear aldehyde selectivity.

Moreover, when NMP is used as the solvent instead of toluene, the reaction rate becomes very low

while only linear aldehyde is formed, indicating a strong steric effect imposed by the bulkier NMP

molecules inside MFI zeolite.
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Supplementary Fig. 43. Optimum MP or NMP operating windows. Correlation of linear
aldehyde formation rate and 1/b ratio with (a) MP and (b) NMP additive amount in 1-hexene
hydroformylation.

Notes: As Supplementary Fig. 43 shown, increasing the amount of MP and NMP, the reaction rate
gradually decreases and reaches a plateau with MP used as solvent. In contrast, the hydroformylation
rate drops to a very low level in the presence of NMP as solvent. This difference is reasonable, as
MP has a smaller molecular size than NMP and can more readily diffuse in and out of the MFI

zeolite channels, whereas excessive NMP may hinder olefin accessibility within the zeolite channels.

Based on these results, we determined an optimal operating windows for MP and NMP, respectively.
The optima MP/Rh molar ratio is 500 until MP as solvent, whereas the optimal NMP/Rh molar ratio

is approximately 3000-8000.
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Herein, elemental analysis was performed on the spent catalysts to quantify the residual MP content
after hydroformylation reaction. After reaction, the samples were cooled down, depressurized, and
washed several times with toluene. During these post-treatment processes, the weakly coordinated
MP molecules and the free MP molecules physically confined inside the MFI channels were mostly
desorbed and washed away. The residual MP/Rh molar ratio on the spent catalyst determined by
CHNS elemental analysis is 15-19 (Supplementary Table 9, assuming that all detected nitrogen
originates exclusively from the MP additive), which is significantly lower than the initial feeding
ratio (500-1000). Furthermore, the Rh free K-MFI-Cal-500MP (after reaction) gives similar
nitrogen amount, which indicates that the MP coordinated to Rh should be at least stoichiometric

molar ratio.

The excessive MP dosage (molar ratio MP/Rh > 500) is required because hydroformylation is
performed under elevated temperatures and high CO/H; pressures, where CO behaves as a strongly
ligand and continuously competes with MP (or NMP) for Rh" coordination sites. As a result, ligand
exchange between CO and MP is inevitable under reaction conditions. According to Le Chatelier's
principle, maintaining a large excess of MP in the liquid phase (MP/Rh > 500) is thermodynamically
necessary to shift the equilibrium toward the MP-coordinated Rh* state. This high ligand
concentration continuously replenishes the Rh*-MP complexes as MP is displaced by CO during
catalysis, thereby ensuring persistent suppression of the isomerization-active Rh* species
throughout the reaction. In addition to the stoichiometric Rh-MP complex, MP can also interact with
MFTI through silanol groups (=Si-OH). The residual MP molecules, particularly those located in the
vicinity of Rh" centers, may also create a sterically confined microenvironment that suppresses a-
olefin insertion into Rh*-H(CO),-MP intermediates and inhibits the undesired olefin isomerization

pathway catalyzed by Rh".
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Supplementary Table 9. Characterizations. Elemental analysis results on KRh@MFT catalysts.

b MP/Rh
Sample Cwt%)?* | HwWt%)?* | N(wt%)* | S(wt%)? | Rh (wt%) )
molar ratio °
K-MFI-Cal-500MP 2.46 0.48 0.29 0 0 -
KRh@MFI-Cal
) 1.44 0.29 0 0 0.2 0
(Before reaction)
KRh@MFI-Cal-500MP
i 8.47 1.49 0.52 0 0.2 19
(After reaction)
KRh@MFI-Cal-MP solvent
) 2.83 0.58 0.41 0 0.2 15
(After reaction)
KRh@MFI-Cal-4000NMP
) 8.62 1.50 0.29 0 0.2 11
(After reaction)

# Measured by elemental analysis.
® Measured by ICP-OES.

¢ The MP content was calculated based on the nitrogen content, and the molar ratio of residual MP

to Rh in the catalyst was determined.
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2.22. 1-Octene hydroformylation (C8 LAO)
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Supplementary Fig. 44. 1-Octene hydroformylation activity. (a) KRh@MFI-Cal, (b)
KRh@MFI-Cal with a molar ratio MP/Rh = 500/1 additive, (c) KRh@MFI-Cal with MP as solvent,
(d) KRh@MFI-Cal with a molar ratio NMP/Rh = 4000/1 additive, (¢) commercial homogeneous
Wilkinson-type catalyst RhHCO(PPhs); and (f) RhHCO(PPhs); with a molar ratio MP/Rh = 500/1
additive. Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane
(internal standard), 4 mL toluene, 40 bar CO/H2/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ry, TOF and

TON are values for linear aldehyde formation.
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Supplementary Table 10. 1-Octene hydroformylation activity. Catalytic results for KRh@MFI-
Cal catalyst of 1-octene hydroformylation at 80 °C.?

CHO __ CH,OH

X KRh@MFI N Ny e
R - tR +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 2 3 4 5
Selec. (% i 0 R R

Ent Conv. clec. (%) Yield (%) ° d ° d TOF

Catalysts Aldehyde 1/b¢ (mmol/h) (mmol/h) TON® nf

ry (%) b 2 |3 4 5 (h™)

L) L-Aldehyde | Iso-Alkenes

1 KRh@MFI-Cal | 979 | 84.8(81.0) | 21.7 | 83.0 | 0| 3.0 11.9 0.80 0.221 1933 | 1979
KRh@MFI-Cal-

2 96.0 | 84.2(83.2) | 82.0 | 80.8 | 0| 1.7 13.5 0.76 0.122 2060 | 1919

500MP

KRh@MFI-Cal-

3¢ 92.8 | 82.8(82.6) | 462 | 769 0| 1.2 14.8 0.17 0.026 1977 | 419

MP solvent

» | KRh@MFI-Cal-

4 979 | 85.0(84.8) | 352 | 832 (0] L5 13.1 0.45 0.079 2122 | 1136

4000NMP

5t RhHCO(PPh;3); | 974 | 58.8 (38.0) 1.8 572 | 0] 8.0 32.1 0.57 0.56 802 | 1463
.| RhHCO(PPh3)s3-

6 S00MP 93.1 | 68.1(48.7) 2.5 634 | 0| 2.1 27.6 0.36 0.23 1023 | 921

@ Reaction conditions: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg decane (internal
standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10 vol%), 80 °C, 800 rpm and 3h reaction. For
RhHCO(PPh3); catalyst, 0.36 mg catalyst with 0.00038 mmol Rh is used.

® Total aldehyde selectivity (L = Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

4 Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,

mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 3h reaction time.

f Rate for the formation of linear aldehyde/total mmol of Rh.

€ Oh reaction.

b 6h reaction.

! 1h reaction.

i 2h reaction.
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2.23. Apparent activation energy of KRh@MFI-Cal catalyst for 1-octene

hydroformylation
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Supplementary Fig. 45. 1-Octene hydroformylation activity of KRh@MFI-Cal catalyst under
different reaction temperature. (a) 50 °C, (b) 65 °C and (c) 80 °C (1-octene conversion, aldehyde
yield, aldehyde selectivity and regioselectivity). Reaction condition: 1 mmol LAO, 20 mg catalyst
(0.00038 mmol Rh), 20 mg decane (internal standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10
vol%), 50-80 °C, 800 rpm, Ry, TOF and TON are values for linear aldehyde formation.
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Supplementary Fig. 46. Kinetics. Apparent activation energy of 1-octene hydroformylation on
KRh@MFI-Cal catalyst.
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2.24. 1-Decene hydroformylation (C10 LAO)
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Supplementary Fig. 47. 1-Decene hydroformylation activity. (a) KRh@MFI-Cal, (b)
KRh@MFI-Cal with a molar ratio MP/Rh = 500/1 additive, (c¢) KRh@MFI-Cal with MP as solvent,
(d) KRh@MFI-Cal with a molar ratio NMP/Rh = 4000/1 additive, (¢) commercial homogeneous
Wilkinson-type catalyst RhHCO(PPhs); and (f) RhHCO(PPh3); with a molar ratio MP/Rh = 500/1
additive. Reaction condition: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg isooctane
(internal standard), 4 mL toluene, 40 bar CO/H2/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ry, TOF and

TON are values for linear aldehyde formation.
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Supplementary Table 11. 1-Decene hydroformylation activity. Catalytic results for KRh@MFI-

Cal catalyst of 1-decene hydroformylation at 80 °C.?

X KRh@MFI /\;\CHO ;\CHZOH e
R - tR +* R *R
Toluene, 80 °C
1 40 bar CO/H,/Ar 2 3 4 5
Selec. (% i 0 R R
Ent Conv. clec. (%) Yield (%) ° d ° d TOF
Catalysts %) Aldehyde 1/b¢ (mmol/h) (mmol/h) TON® Y
v ’ (L)® 2 34 > L-Aldehyde | Iso-Alkenes
1 | KRh@MFI-Cal | 99.4 92.1(89.2) | 30 | 91.6 | O | 1.2 | 6.6 0.85 0.036 2137 | 2096
KRh@MFI-
2 98.5 96.8(96.5) | 378 | 953 | 0 | 0.5 | 2.6 0.82 0.018 2279 | 2052
Cal-500MP
KRh@MFI-
3¢ 93.6 95.7(95.6) | 655 | 89.6 | 0 | 1.1 29 0.20 0.013 1943 | 761
MP solvent
. | KRh@MFI-
4 99.8 959(95.8) | 817 | 957 | 0 | 1.0 | 3.1 0.67 0.017 2406 | 1706
Cal-4000NMP
5t | RhHHCO(PPh3); | 96.7 583(36.7) | 1.7 | 563 | 0 | 1.8 | 38.6 0.46 0.57 816 | 1179
| RhHCO(PPhs);
6 97.6 59.1(41.5) | 23| 577 | 0 | 1.1 | 388 0.28 0.27 811 709
-500MP

@ Reaction conditions: 1 mmol LAO, 20 mg catalyst (0.00038 mmol Rh), 20 mg isooctane (internal
standard), 4 mL toluene, 40 bar CO/Ho/Ar (45/45/10 vol%), 80 °C, 800 rpm and 3h reaction. For

RhHCO(PPh3); catalyst, 0.36 mg catalyst with 0.00038 mmol Rh is used.
® Total aldehyde selectivity (L = Linear aldehyde selectivity).
¢ Ratio of the linear aldehyde to the branched aldehyde.

4 Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,

mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 3h reaction time.

f Rate for the formation of linear aldehyde/total mmol of Rh.

£ 9h reaction.

h 4h reaction.

i 1h reaction.

i 2h reaction.
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2.25. 1-Decene hydroformylation at scaled-up concentration on KRh@MFI-Cal
catalyst in the presence of NMP or MP
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Supplementary Fig. 48. Scaled-up investigation. 1-Decene hydroformylation activity of
KRh@MFI-Cal catalyst with a molar ratio (a) NMP/Rh = 4000/1 and (b) MP/Rh = 500/1 additive
under 1 mol/L substrate concentration. Reaction condition: 4 mmol LAO, 80 mg catalyst (0.00152
mmol Rh), 80 mg isooctane (internal standard), all liquid components were dissolved in toluene to
a final volume of 4 mL, 40 bar CO/H»/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ry, TOF and TON are

values for linear aldehyde formation.
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Supplementary Table 12. Scaled-up investigation. Catalytic results for KRh@MFI-Cal catalyst

of 1-decene hydroformylation at 80 °C under 1 mol/L reactant concentration.?

/\ KRh@NIEN /\ffjHO /\f"\CHZOH AN
R * R *R
Toluene, 80 °C
1 40 bar CO/Hy/Ar 2 3 4 5
Selec. (% i 0 R R

Ent Cony, | %1% ) Yield %) " " TOF

Catalysts Aldehyde 1/b° (mmol/h) (mmol/h) TON® N

ry (%) b 2 3| 4 5 (h)

(L) L-Aldehyde | Iso-Alkenes

KRh@MFI-

1# 93.7 93.9(93.8) | 760 | 88.0 | 0 | 1.5 | 4.3 1.80 0.08 2374 | 1251
Cal-4000NMP
N KRh@MFI-

2 98.3 94.1(939) | 715 | 924 | 0 | 1.5 | 43 1.80 0.08 2528 | 1251
Cal-4000NMP
KRh@MFI-

3¢ 99.4 94.7(94.1) | 160 | 942 | 0 | 09 | 44 2.93 0.13 2530 | 1870
Cal-500MP
N KRh@MFI-

4 99.5 952(94.5) | 148 | 947 | 0 | 09 | 4.0 2.93 0.13 2556 | 1870
Cal-500MP

@ Reaction conditions: 4 mmol LAO, 80 mg catalyst (0.00152 mmol Rh), 80 mg isooctane (internal
standard), all liquid components were dissolved in toluene to a final volume of 4 mL, 40 bar

CO/Ha/Ar (45/45/10 vol%), 80 °C, 800 rpm.

® Total aldehyde selectivity (L = Linear aldehyde selectivity).
¢ Ratio of the linear aldehyde to the branched aldehyde.
4 Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,

mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 5 or 9h reaction time.

fRate for the formation of linear aldehyde/total mmol of Rh.

€ 5h reaction.
h 9h reaction.
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2.26. Apparent activation energy of KRh@MFI-Cal catalyst for 1-decene

hydroformylation
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Supplementary Fig. 49. 1-Decene hydroformylation activity of KRh@MFI-Cal catalyst under
different reaction temperature. (2) 65 °C, (b) 80 °C and (c) 100 °C (1-Decene conversion, aldehyde
yield, aldehyde selectivity and regioselectivity). Reaction condition: 1 mmol LAO, 20 mg catalyst
(0.00038 mmol Rh), 20 mg isooctane (internal standard), 4 mL toluene, 40 bar CO/H»/Ar (45/45/10
vol%), 65-100 °C, 800 rpm, Ry, TOF and TON are values for linear aldehyde formation.
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Supplementary Fig. 50. Kinetics. Apparent activation energy of 1-decene hydroformylation on
KRh@MFI-Cal catalyst.
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2.27. Apparent activation energy of RhHCO(PPh;s); catalyst for 1-decene

hydroformylation
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Supplementary Fig. 51. 1-Decene hydroformylation activity of RhHCO(PPh;); catalyst under
different reaction temperatures. (a, b) 50 °C, (c, d) 80 °C, (e, f) 100 °C (1-hexene conversion,
aldehyde yield and selectivity, regioselectivity (I/b), isomerized olefins selectivity and yield).
Reaction condition: 1 mmol LAO, 0.36 mg catalyst (0.00038 mmol Rh), 20 mg isooctane (internal
standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 50-100 °C, 800 rpm, Ry, TOF and TON

are values for linear aldehyde formation.
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Supplementary Fig. 52. Apparent activation energy of 1-decene. (a) Hydroformylation and (b)
isomerization on RhHHCO(PPh3)s catalyst.

Notes: As shown in Supplementary Fig. 36-39, 45-46, 49-52, the higher apparent activation energy
obtained for C8-C10 (56.7 £ 3.5 kJ/mol to 52.0 = 3.7 kJ/mol) than C6 (38.8 = 1.2 kJ/mol) on
KRh@MFI-Cal catalyst. Further increasing the carbon chain to C10, results in similar values in both
the reaction rate and the apparent activation energy than CS8. Probably due to the optimal match
between the molecular length of C10 and the zig-zag channel dimensions of the MFI zeolite, it
brings the reaction performance close to the activity plateau of the different olefins. Besides, the
apparent activation energy obtained for C6 and C10 on homogeneous RhHCO(PPh3); Wilkinson
catalyst are similar (e.g., C6: 53.2 + 4.4 kJ/mol for linear aldehyde formation and 94.2 + 7.8 kJ/mol
for isomerization, C10: 53.7 + 4.4 kJ/mol for linear aldehyde formation and 91.5 + 4.0 kJ/mol for
isomerization). This observation underscores the pronounced influence of zeolite confinement on
the heat of alkenes adsorption, which in turn modulates the apparent activation energy observed

over the KRh@MFI-Cal catalyst.
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Supplementary Table 13. Comparison with other catalysts. State-of-the art Rh catalyst for LAO (C6-C10) hydroformylation.

Temp. | Pressure | Conver. | Selec. (%) | Selec. (%) | /b ratio of B Ea
Entry Catalyst LAO TOF (h™) Ref
O (bar) (%) aldehydes | l-aldehyde aldehydes (kJ/mol)
1 KRh@MFI-Cal Co6 80 40 99.5 90.9 85.1 15 872° 38.8+1.7 This work
KRh@MFI-Cal- .
2 C6 80 40 99.6 92.8 92.0 112 394¢ 39.0£1.2 This work
500 MP
KRh@MFI-Cal- .
3 C6 80 40 93.8 92.7 92.2 197 469° This work
4000 NMP
KRh@MFI-Cal- .
4 C6 80 40 98.1 92.6 92.4 428 302 This work
MP as solvent
5 Rh-MFI-nano Co6 80 40 96.4 92.1 89.4 32.8 NA 17
6 Rh@S-1 zeolite Co6 100 50 99.7 95.5 42.1 0.79 1725° 18
Rh@Hollow S-1 b .
7 . C6 100 50 >99 96.0 40.8 0.74 3461
zeolite
Rh@S-1 Co6 85 50 99 100 44 .4 0.8 5229 163 19
9 K7"Rh@S-1 Cé6 85 50 99 100 66.7 2.0 2679° 60 19
Rh@S-1-350 Co6 85 40 NA 100 52.4 1.1 287 20
10 RhCx@S-1-400 C6 85 40 96 99 54 1.2 1428 20
11 Rhi@S-1 C6 80 40 87.8 45.6 35.7 3.6 NA 21
12 Rhi@S-1 C6 100 40 100 83.5 31.3 0.6 NA 21
13 1% Rh@C C6 60 40 63 72 48.2 2.03 308 22
14 1% Rh,P@C C6 60 40 96 94 63.0 2.03 563° 22
15 1% Rh-PPh;@C C6 60 40 100 83 45.6 1.22 3530 22
16 0.5wt% Rh/C Co6 130 30 94.5 44 16.5 0.6 22
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17 Rh;Co SAA/N-C C6 100 40 99 95 61.1 1.8 1759 23.8 2
18 CoRhHT-1 C6 100 50 99 81 70.0 6.36 5.6° 24
19 PEGa000-Rh NPs Co 120 60 100 99 44 0.8 2
20 Rh(0) NPs C6 100 50 100 >99 63.6 1.8 26
RhZn/SBA-15 Co6 100 30 - 1341° 27
21 Rh/RGO Co6 70 50 100 95 49.8 1.1 28
22 1% Rh@NaX C6 100 50 100 >90 38.0 0.73 3047 33.7 29
23 PPhs-1%Rh@NaX | C6 100 50 100 97.5 70.3 2.59 6588 2
24 Rh@Y Coé 60 60 99 100 58.3 1.4 60.6 30
25 Rh/AC-80 C6 70 50 ~85 ~68 47.4 ~2.3 31
26 PPh3-Rhac.sa/N-C | C6 100 40 95 96.8 69.9 2.6 6599 32
Xantphos doped " -
27 C6 100 10 34 88 76.6 6.7 340
Rh/POPs-PPh3
Rh/Si10, C6 100 10 6.9 3.6 1.1 21 34
PPh3-Rh/SiO2 C6 100 10 83.5 63.1 3.1 1011 34
RhHCO(PPh3)3 ”
C6 100 10 87.1 66.4 3.2 1658
(Homogeneous)
RhHCO(PPhs); .
28 C6 50 40 69.6 82.8 52.1 1.7 180° 53.2+4.4 This work
(Homogeneous)7h
RhHCO(PPhs); .
29 C6 80 40 99.8 86.1 40.8 0.9 1274° 53.2+4.4 This work
(Homogeneous)4h
RhHCO(PPhs); .
30 C6 100 40 99.7 81.0 38.4 0.9 2465% 53.2+4.4 This work
(Homogeneous)3h
31 RhHCO(PPh3)3 C6 100 40 98.8 98.8 71.0 2.55 2467 33
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b O e
Oy e
W W
3
Temp. | Pressure | Conver. | Selec. (%) | Selec. (%) I/b of Ea
Entry Catalyst LAO TOF (h") Ref
(°0O) (bar) (%) aldehyde | l-aldehyde aldehyde (kJ/mol)

35 KRh@MFI-Cal C8 80 40 97.9 84.8 81.0 21.7 1979 56.7+£3.5 This work

KRh@MFI-Cal- .
36 C8 80 40 96.0 84.2 83.2 82.0 1919 This work

500 MP

KRh@MFI-Cal- .

37 C8 80 40 97.9 85.0 84.8 352 1136 This work
4000 NMP

KRh@MFI-Cal- .

38 C8 80 40 92.8 82.8 82.6 462 419 This work
MP as solvent

39 Rh/S1-OH C8 110 30 82.3 97.8 38.5 0.65 NA 4
40 Rh,O;@S-1 C8 80 50 98.1 97.1 49.7 1.05 2
41 RhyO:@S-1-11 C8 80 50 97.7 94.2 59.4 1.71 2
42 RhC@S-1-400 C8 85 40 95 100 50 1.0 NA 20
43 Rh@Y C8 60 60 99 100 52.8 1.12 30
44 Rh;Co SAA/N-C C8 100 40 94 88 56.6 1.8 1542 23

Xantphos doped -
45 C8 100 10 42 87 78.3 9.0 NA

Rh/POPs-PPh;
46 Rh/POPs-PPh; C8 100 10 98 46 20.6 0.81 NA 33

PVP-capped Rh P
47 C8 90 50 90 82.2 41.1 1.0 NA

NSs

86



24

48 CoRhHT-1 C8 100 50 98 96 34.9 0.57 5.5°
49 PEGa000-Rh NPs C8 120 60 100 99 40.8 0.7 25
50 Rh(0) NPs C8 100 50 100 >99 62.3 1.7 26
51 PPh3-Rhac.sa/N-C | C8 100 40 66 95.5 67.4 2.4 4324 32
52 Rh/POL-PPh3 C8 90 20 99.4 92.1 42.8 0.87 H
53 Rh/POL-dppe C8 90 20 96.9 99.3 70.6 2.46 NA 45
54 Rh/PSA-PPh; C8 100 20 96.3 98.4 72.5 2.8 NA 46
55 Rh/PSA-Xantphos | C8 120 20 94.7 98.0 95.6 39 NA 46
Rh@POP-PTBA- ) p
56 C8 120 60 87.2 96.3 88.6 11.5 801
HA-50
Rh-30PTA@MIL- s
57 C8 70 40 98 89 39.6 0.8 NA
101 (Cr)
BISBI/Rh=2.3
58 Rh(acac)(CO), C8 95 21 94 76 50.7 2 e
(Homogeneous)
RhHCO(PPhs); 35
59 C8 100 40 98.8 98.2 69.5 2.42 1391
(Homogeneous)
Rh(CO
60 (COR(acac) | g | g 20 98.8 50.1 25.9 1.07 NA 5
(Homogeneous)
Rh/Xantphos
(Homogeneous)
Ph,P PPh,
C8 80 10 97.7 95.9 53.5 800 30

409
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N
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(Homogeneous)

Bis-
phosphoramidite

40
P N<:| C8 80 10 - 87.8 87.1 117
O\
2

(Homogeneous)

Tetra-
phosphoramidite

C8 80 10 - 77.8 77.7 559 40
CN P\ P N\/:[
CN EI O E—N
Temp. | Pressure | Conver. | Selec. (%) | Selec. (%) I/b of Ea
Entry Catalyst LAO TOF (h) Ref
(°O) (bar) (%) aldehyde | l-aldehyde aldehyde (kJ/mol)
69 KRh@MFI-Cal C10 80 40 99.4 92.1 89.2 30 2096 52.043.7 This work
70 KRh@MFI-Cal- C10 80 40 98.5 96.8 96.5 378 2052 This work
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500 MP

KRh@MFI-Cal- )
71 C10 80 40 99.8 95.9 95.8 817 1706 This work
4000NMP
KRh@MFI-Cal- )
72 C10 80 40 93.6 95.7 95.6 655 761 This work
MP as solvent
KRh@MFI-Cal- )
73* C10 80 40 93.7 93.9 93.8 760 1251 This work
4000NMP-1 mol/L
74 Rh-MFI-100-H, C10 80 40 89.9 83.9 47.4 1.3 ~1700* 17
0.6K-Rh-MFI-
75 C10 80 40 97.4 61.0 46.5 32 NA i
100-H;
1.2K-Rh-MFI-
76 C10 80 40 84.5 76.3 71.4 14.5 ~1000* i
100-H;
1.6K-Rh-MFI-
77 C10 80 40 35.6 84.7 80.5 19.1 NA 7
100-H»
2.2K-Rh-MFI-
78 C10 80 40 24.6 89.3 86.6 32.3 ~800° 7
100-H»
79 Rh-MFI-nano C10 80 40 >99 89.9 88.1 47.6 ~4500* i
80 RhyO3@S-1-11 C10 80 50 96.1 95.5 61.3 1.79 2
81 Rh,O;@S-1-11 C10 80 50 99.3 93.6 81.4 6.65 2
82 RhCx@S-1-400 C10 85 40 49 99 72.2 2.7 NA 2l
83 Rh@Y C10 60 60 96 97 52.1 1.16 £l
84 Rh;Co SAA/N-C Cl10 100 40 70 88 52.8 1.5 1141 %
85 PEGu000-Rh NPs C10 130 60 100 99 44 0.8 %
86 CoRhHT-1 C10 100 50 99 96 65.0 2.10 5.6° 2
87 Rh-Co-Pi/ZnO C10 100 40 >95 81 54.9 2.1 e
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88 Rh(0) NPs C10 100 50 100 >99 59.4 1.5 26
RhHCO(PPhs); .
89 C10 50 40 66.2 80 51.4 1.8 181* 53.7+4.4 This work
(Homogeneous)7h
RhHCO(PPhs); .
90 C10 80 40 99.8 74.8 39.2 1.1 1179° 53.7+x4.4 This work
(Homogeneous)3h
RhHCO(PPhs); .
91 C10 100 40 99.9 72.6 323 0.8 2552¢ 53.7+4.4 This work
(Homogeneous)3h
RhHCO(PPhs3)3 s
C10 60 27.2 NA NA NA NA NA 49.2
(Homogeneous)
RhHCO(PPhs)3 35
92 C10 100 40 98.2 92.2 53.1 1.36 961
(Homogeneous)

 Rate for the formation of linear aldehyde/total mmol of Rh.
® Rate for the formation of (linear + branch aldehyde)/total mmol of Rh.
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3. Appendix

3.1. Compare RhHCO(PPhs); and RhCIl(PPh3); catalyst

a 10 b 10
S~ - _~
c\c 100 e\c 100 1 -—
= o8 18 = 18
= 80+ e -~ = 804 =
i 2 2 =
>~ +(‘<_mw:rsinn 16 = >- = +(?f)m'crsi0n 16 =
« 604 —B— Yield@Aldehyde _g « 60 E —&— Yield@Aldehyde %
m} L
) )
40 ¥ —O— Regio-selectivity 14 % 40 —O— Regio-selectivity 14 -q,:)
= = - 3 =
=]
$ 0l R;=0.45 mmol/h 1, < @ 2. Ry=0.48 mmolh | <
H —  TOF=1274h" = TOF=1227 h"!
o 0. . C ] ,
0 1 2 3 4 S 6 0 1 2 3 4 5 6
Time (h) Time (h)

Supplementary Fig. 53. 1-Hexene hydroformylation activity. (a) RhHCO(PPh3); and (b)
RhCI(PPh3); catalysts (1-hexene conversion, aldehyde vyield, aldehyde selectivity and
regioselectivity). Reaction condition: 1 mmol LAO, 0.36 mg catalyst (0.00038 mmol Rh), 20 mg
decane (internal standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm, Ry,
TOF and TON are values for linear aldehyde formation.

a 10 b 10
~ ~
e\c 100 - e\e 100 -
~ 18 ~ 18
o g = = =
2 50 - L 9 5 2
ol = X =
" B e i e
>:‘ 60+ &— Conversion 6 )] « 60 —@— Conversion 6 o
—i— Yield@Aldehyde = —&— Yield@Aldehyde e
B > e >
= o =
40 —O— Regio-selectivity 4 o 40 - —O— Regio-selectivity 142
- = S ° : =
5 < 5 f <
:E 204 R(=0.46 mmt:l/h 2 :E 20 =] R(=0.47 mmol/h
S TOF=1179 5 TOF=1207 11
SN SN
T T T T T T — 0 T T T T T T — 0
0 1 2 3 4 5 6 0 1 2 3 4 5 6
Time (h) Time (h)

Supplementary Fig. 54. 1-Decene hydroformylation activity. (a) RhHCO(PPhs); and (b)
RhCI(PPh3); catalysts (1-decene conversion, aldehyde yield, aldehyde selectivity and
regioselectivity). Reaction condition: 1 mmol LAO, 0.36 mg catalyst (0.00038 mmol Rh), 20 mg
decane (internal standard), 4 mL toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm, R,
TOF and TON are values for linear aldehyde formation.

Notes: It is clearly observed an induction period on RhCI(PPhs); catalyst for hydroformylation due
to the formation of RhNHCO(PPh3); active centres during reaction. The final reaction rate, aldehyde

selectivity, yield and I/b ratio are similar, thus we use RhHCO(PPhs); as Wilkinson’s catalyst for

comparison in this work.

96



3.2. XAS Analysis

S

Supplementary Fig. 55. XAS measurement. Demonstration of ex-situ XAS measurement in
CLZASS 22 beamline of the ALBA synchrotron (Spain).

Notes: To obtain reliable X-ray absorption spectroscopy (XAS) data of KRh@MFI-Cal,
KRh@MFI-Cal-CO/H; and KRh@MFI-Cal with MP organic additive after the hydroformylation
reaction, it is critical to prevent catalysts exposure to air, as rhodium species are highly sensitive to
oxidation. Any contact with oxygen could alter their oxidation state or coordination environment,

thereby compromising the accuracy of post-reaction structural characterization.

Therefore, following a standard 1-hexene hydroformylation reaction, the batch reactor was
transferred into an inert glovebox atmosphere. Inside the glovebox, the reactor was opened, and the
solid catalyst together with the remaining liquid phase was carefully transferred into a liquid NMR
analysis tube. The tube was immediately sealed to ensure an airtight environment (Supplementary
Fig. 55a). Subsequent XAS analysis was performed under inert conditions to preserve and capture

the authentic post-reaction state of the catalyst, as shown in Supplementary Fig. 55b.

97



3.3. Quantification of Rh3*/Rh* species ratio based on IR-CO

Quantifications of Rh™ and Rh3* species, requires determination of IR extinction coefficients for
Rh*-(CO), and Rh**-(CO) IR bands. We did a semi-quantitative estimation correlating the intensity
of the Rh™-(CO), and Rh**-(CO) IR bands with the Rh loading of pre-selected reference compounds,
assuming that all Rh of our compound is interacting with CO and that the IR spectra correspond to

maxima CO surface coverage.
The experimental procedure used is detailed below:

The Beer-Lambert Law is usually used to estimate the extinction coefficient ()¢

_AS
_e-m

n

Where n stands for the Rh concentration (mol/g); A is the integrated absorbance area (cm™) or
absorbance intensity (a.u.); S represents the surface area of pellets (cm?); ¢ is the extinction

coefficient (cm/mol); and m stands for the weight of pellet (g).

For the case of Rh" we used different amounts of Rh(CO)x(acac) (Sigma-Aldrich, 98% purity) mixed
with KBr and pressed into 10 mm diameter pellets. In the calculations, we used the intensity of the

peak at 2064 cm ™! corresponding to the v, vibration of the di-carbonyl specie interacting with Rh*.

The corresponding data are included in Supplementary Table 14 and plotted in Supplementary Fig.
56.

Supplementary Table 14. Calibration of Rh* concentration. Rh* (CO), peak intensity and
correlation with Rh* amount.

Samples KBr | (m)Pellet Rh (A) IR Rh(CO); (8) Pellet
Rh(CO);(acac) weight (2) | weight (g) concentration intensity (2064 cm) surface area A-S/m
weight (g) ght(e g8 | (x107% mol/g) Y (cm?)
0.0040 0.0522 0.0562 0.2758 0.773 0.785 10.80
0.0064 0.0587 0.0651 0.3810 1.171 0.785 14.12
0.0099 0.0542 0.0641 0.5985 2.235 0.785 27.37
0.0122 0.0592 0.0714 0.6622 3.311 0.785 36.40
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Supplementary Fig. 56. Calibration of Rh* concentration. (a) IR peak of CO corresponding to
different amount Rh(CO)x(acac) mixed KBr samples, (b) correlation of Rh* molar concentration
and IR Rh"(CO); intensity.
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In the case of Rh*", there are no commercial salts containing CO ligands which can be used as

reference, which complicates the analysis of extinction coefficients.

In our previously publication!®, we reported a low-temperature IR-CO protocol for the identification
of Rh*" species, involving sample evacuation at 80 °C followed by CO titration at low temperature
of —65 °C. Rh** has a weak interaction with CO and is easily reduced to Rh* at increasing CO
coverages. Therefore to operate at low temperature is mandatory for a realistic quantification of

Rh** species.

Two KRh@MFTI calcined samples with different Rh loadings were prepared: 0.05SKRh@MFI-Cal
(0.05wt% Rh), and 0.2KRh@MFI-Cal (0.2wt% Rh). Considering that the Rh clusters size is
approximately 0.4 nm, corresponding to about 2-3 Rh atoms, the Rh dispersion is close to 100%,

and all Rh atoms are accessible to CO.

The IR spectra were acquired at —65 °C at increasing CO coverage (from 0.16 to 10 mbar) until
saturation. At this condition, we assume that all Rh species are interacting with CO, and from curve-
fitting of the IR spectra we can determine the peak area of the IR band corresponding to Rh*" at
2137 cm’! (see Supplementary Fig. 57)'%. Due to the coexistence of a small peak at 2120 cm™!
attributed to Rh?*, we have considered both peak areas to define the adsorption coefficient of oxidise
Rh™ species (See Supplementary Fig. 57c and d). The inclusion or not of the peak area of Rh?",

results in final errors of + 30% when calculating the Rh**/Rh" ratio.

The corresponding data are included in Supplementary Table 15 and 16 and plotted in
Supplementary Fig. 57.

Supplementary Table 15. Calibration of Rh®" concentration. Calculation of Rh*" extinction
coefficient based on KRh@MFI-Cal.

Rh (S) Pellet Rh (A) Rh* A-S/m
. (m) Pellet Overtone . .
Samples loading weight () surface area area concentration | peak area | normalized to
(Wt%) gntis (cm?) (103 mollg) | (x107%) overtone ®
0.05KRh@MFI-Cal 0.05 0.0163 0.785 50.53 0.486 7.91 0.00754
0.2KRh@MFI-Cal 0.20 0.0089 0.785 30.08 1.943 8.13 0.0238

?The A-S/m values were normalized using the SiO overtone band to compensate for variations in
sample thickness and IR optical path caused by the heterogeneous nature of powder samples,
thereby allowing a more reliable comparison between Rh concentration and peak area.
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Supplementary Table 16. Calibration of Rh* concentration. Calculation of Rh*" & Rh**
extinction coefficient based on KRh@MFI-Cal.

Rh (S) Pellet Rh (A) R A-S/m
) (m) Pellet Overtone . & Rh** :
Samples loading cight (2) surface area arca concentration cak arca normalized to
(wt%) | Veentis (cm?) (x107 mol/g) p(x 10°) overtone *
0.05KRh@MFI-Cal 0.05 0.0163 0.785 50.53 0.486 10.53 0.0100
0.2KRh@MFI-Cal 0.20 0.0089 0.785 30.08 1.943 10.94 0.0321

2The A-S/m values were normalized using the SiO; overtone band to compensate for variations in
sample thickness and IR optical path caused by the heterogeneous nature of powder samples,
thereby allowing a more reliable comparison between Rh concentration and peak area.

a

0.0008 1
0.0006 1
0.0004 -

0.0002 4

Intensity (a.u.)

(=]

(=3

(=3

(=3

=)
1

0.0SKRh@MFI-Cal

ESi'()H Rh3+

Peak area = 0.00791 cm™

Peak area =
0.00262 cm™!

2200 2180 2160 2140 2120 2100 2080

Wavenumber (cm™)

S
—
]

0.05

0.00

A-S/m normalized to overtone o

Rh concentration (mol/g)

b

0.0008 -
0.0006 -
0.0004

0.0002

Intensity (a.u.)

0.0000

=Si-OH 0.2KRh@MFI-Cal

Rh3+
Peak area = 0.00813 cm™

Rh2+

Peak area =
0.00281 cm™

d

2200 2180 2160 2140 2120 2100 2080

Wavenumber (cm™)

Rh concentration (mol/g)

= 010
8
Rh3* § Rh3* & Rh2*
=)
=]
y = 12.016x + 0.0007 = y = 16.187x + 0.0009
R? = 0.9948 T 0051 Rr-.9954
N
N
]
=)
P
=}
S 000
E !
~~
&5
0.000 0.001 0.002 003 0.000 0.001 0.002 0.003

Supplementary Fig. 57. Calibration of Rh3" concentration. (a) Deconvolution of Rh*" and Rh**
species on 0.05SKRh@MFI-Cal sample, (b) deconvolution of Rh** and Rh*" species on
0.2KRh@MFI-Cal sample, (c) correlation Rh concentration and IR normalized Rh*" integrated area.
(d) correlation Rh concentration and IR normalized Rh** plus Rh*" integrated areas.
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Based on the above correlations, it is clear that at the same Rh concentration, the peak intensity for
Rh*(CO); is higher than that for Rh**(CO). This is reasonable considering the different electronic
configuration of both Rh** and Rh* species. Indeed, Rh* has a d® electronic configuration, which
enables strong m backdonation to adsorbed CO molecules. Electrons from the Rh d orbitals are
donated into the ©* antibonding orbitals of CO, significantly altering the dipole moment of the C-O
bond and resulting in extremely high infrared absorption intensity. Consequently, even at very low

concentrations, the characteristic of Rh*(CO), doublet is easily detected in IR spectrum.

In contrast, Rh?" exhibits a d° electronic structure with a higher positive charge and much stronger
electron binding ability, which largely suppresses n-backdonation to CO. As a result, CO adsorption
on Rh’" is dominated by c-donation from CO to the metal center. In this case, the variation in dipole
moment during C-O vibration is low, leading to weak IR absorption intensity of Rh** carbonyl

species.

With these results in hand, we have estimated the relative amount of Rh® versus Rh™ in the
KRh@MFI-Cal-CO/H, and in others KRh@MFI-Cal catalysts included in our work in
Supplementary Fig. 58. This is summarized in Supplementary Table 17.
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—— KRh@MFI-Cal-CO/H, 0.1
— KRh@MFI-Cal

—— KRh(@MFI-Cal-MP
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Supplementary Fig. 58. IR-CO results. IR-CO at —65 °C and 2 mbar CO coverage spectra for
KRh@MFI-Cal-Toluene-CO/H,, KRh@MFI-Cal after 1-hexene hydroformylation reaction, and
KRh@MFI-Cal-500MP after 1-hexene hydroformylation reaction.
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Supplementary Table 17. Quantification results. Rh**, Rh* concentrations in KRh@MFI-Cal
catalysts system.

3+ + 3+ +
(m) Pellet | S Pellet | o000 | RB Rh Rh™ Rh™ Rh*/ Rh*
Samples weight (g) surface e arca peak peak concentration | concentration molar ratio @
g8 | area (em?) area intensity | (x107mol/g)® | (X107 mol/g)
KRh@MFI-Cal | 6197 | 0785 | 103.60 | 0.07201 | 0.01138 |  1.7-23 5.4 31.2-424
(After reaction)
KRh@MFI-Cal-
500MP 0.0161 0.785 43.363 | 0.03919 | 0.06153 2.7-3.6 10.3 26.0-35.1
(After reaction)
KRhCC@gfgi'cal' 0.0146 | 0785 | 41.072 | 0.08158 | 0.02547 |  6.5-88 72 91.3-123.3

* The range was determined by taking the equations in Supplementary Fig. 57c and 57d into
consideration.

We would like to admit that this calculation method involves uncertainties, primarily due to the lack
of a well-defined Rh®" reference system, the potential partial reduction of Rh*" under low-
temperature CO titration conditions, the lack of accurate quantification of sites interacting with CO
and the absence of a pure Rh*" containing reference sample. Nevertheless, this approach still
provides a useful semi-quantitative indication of the relative Rh*"/Rh* molar ratio, offering insight
into the predominant Rh species distribution. This IR-CO quantification clearly confirms that Rh*"
species are the predominant Rh form in the KRh@MFI-Cal-CO/H,, KRh@MFI-Cal and
KRh@MFI-Cal-MP samples.
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3.4. Quantification of Rh3*/Rh" species ratio based on XAS

Herein, Rh2O3, Rh(CO)2(acac), and Rh foil have been identified as the most close references to
represent the data set for comparison with KRh@MFI-Cal based catalysts. In particular, the Fourier
Transform (FT) of the k*> weighted EXAFS oscillations was suggesting a high fraction of CO ligand

contribution in the samples, but its effect on the XANES region was not discussed.

It is challenging to quantify the Rh oxidation state based on the XAS spectra in the present case.
Both linear combinations fitting (LCF) and Multivariate Curve Resolution Analysis (MCR) were
attempted (Supplementary Table 18 and 19). While similar trends are obtained by LCF and MCR,
the MCR analysis allowed a better reconstruction of the sample spectra (Supplementary Table 19).
Indeed, the LCF, even if it allows to represent the already discussed trends, it did not satisfactorily
reproduce the experimental spectral features, indicating that the available reference dataset is not
fully representative of the local environments present in the samples. Indeed, the quantitative
estimation of the Rh*"/Rh" ratio which can be extracted do not agree with the data obtained by CO-
FTIR.

The MCR approach was confirming the closeness of the main three components expected in the
dataset, allowing at the same time to slightly variate them. Such flexibility is not possible within an
LCF approach. The analysis converged in two components exactly overlapping with Rh metal (Rh?)
and RhO; (Rh*") reference spectra, and a third component which slightly differs from
Rh(CO)x(acac). Such contribution seems to corresponds to Rh®" oxidation state, with a local
structure similar to the one of the Rh(CO)x(acac) reference and a slightly different electronic
distribution. The quantitative results obtained by these two approaches are reported in

Supplementary Table 18 and 19.
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Supplementary Fig. 59. XAS analysis. (a) Normalized XANES spectra and (b) k*-weighted FT of
the EXAFS oscillations of KRh@MFI catalysts compared with the full references data set. The FT
of Rh foil was scale down by factor 2 for better representation.

Supplementary Table 18. XAS analysis. Results of the Athena-based LCF using Rh,Os,
Rh(CO)(acac), and Rh foil as references. The analysis was carried out over an energy range from

=70 to +130 eV.
Sample Rh’ weight Rh* weight | Rh3" weight | R-factor
KRh@MFI-CalRed-CO | 0355 (0.043) | 0.557(0.039) |0.088(0.019)| 0.0012
ﬁfe?féﬂlgg)l 0.252 (0.038) | 0.541(0.034) |0.207(0.017)| 0.0009
KRh(%?refihiﬁfMP 0.208 (0.032) | 0.536(0.029) |0.255(0.014)| 0.0006
KRh@MFI-Cal-CO/H, | 0.171(0.038) | 0.577(0.034) |0.252(0.017)| 0.0009
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Supplementary Table 19. XAS analysis. Results of the MCR analysis performed in ProQEXAFS>’.
The analysis was carried out over an energy range from —70 to +130 eV.

Sample Rh’ weight Rh%" weight | Rh3" weight |LOF, %*
KRh@MFI-CalRed-CO 0.343 0.657 0.0 0.33
KRh@MFI-Cal
(After reaction) 0.283 0.566 0.151 0.07
KRh@MFI-Cal-500MP 0.232 0.571 0.196 035
(After reaction)
KRh@MFI-Cal-CO/H; 0.169 0.649 0.182 0.61

*The error metric is provided as lack of fit (LOF).

While similar trends are obtained from both LCF and MCR analyses, the MCR allowed a better
reconstruction of the sample spectra. Supplementary Fig. 60a compares the reference spectra with
the obtained MCR components, where the difference between the third component and
Rh(CO);(acac) standard spectrum are highlighted by dashed lines. The catalyst KRh@MFI-CalRed-
CO spectrum can now be satisfactorily reconstructed without requiring any Rh*" contribution, in
agreement with the IR data. To quantify the average Rh oxidation state would imply to know the
oxidation state corresponding to the MCR 3™ component spectrum. Comparing the here reported
results with the IR spectra it seems that the MCR 3™ component corresponds to overlapping Rh*

and Rh>" contributions.
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Supplementary Table 20. EXAFS fitting results. EXAFS analysis using Multi (k!, k2, k%)-
weighted fits carried out in r-space (1-3.2 A) over a k-range of 3-13.5 A™! using a Hannings window
(dk 1), and S¢*>= 0.9. Bond distances and disorder parameters (Aresr and o2) were allowed to float
having initial values of 0.0 A and 0.003 A? respectively, with a universal Eog and AEo =0 eV.

KRh@MFI-Cal (Before reaction)

RracTor X2, Var. No. k-rali)ge @& r-range (A) | AEg(eV)
0.023 15.7 4 3-13.5 1-3.2 ~3.4(1.3)
PATHS
CN r (A) o2 (x10° A?)
Rh-C/N/O
48 2.04 (0.01) 3.0 (0.5)
CN r (A) o2 (x10° A?)
Rh-Rh
1.0 3.09 (0.01) 4.6 (1.3)
KRh@MFI-CalRed-CO
RracTor X2, Var. No. k-ral:)ge @A r-range (A) [ AEo(eV)
0.009 0.8 7 3-13.5 1-3.2 ~5.6(0.7)
PATHS

Rh-C CN r (A) o2 (x10% A?)
(Rh-CO) 0.85 1.79 (0.01) 3.4 (1.3)

Rh-O CN r (A) o? (x10° A?)
(Rh20) 1.0 1.93 (0.01) 5.0(1.2)

Rh-Rh CN r (A) o? (x10° A?)

(Rh) 2.0 2.73 (0.01) 5.7 (0.4)

Rh-O CN r (A) o? (x10° A?)
(Rh-CO) 0.85 2.94 (0.01) 3.4 (1.3)
Rh-O-C CN r (A) o? (x10° A?)
(Rh-CO) 1.28 2.94 (0.01) 3.4 (1.3)
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KRh@MFI-Cal (After reaction)

RracTOR X2, Var. No. k-rar:)ge (A r-range (A) | AEq(eV)
0.011 1.3 7 3-13.5 1-3.2 ~4.8(0.8)
PATHS

Rh-C CN r (A) o? (x10° A?)
(Rh-CO) 0.8 1.80 (0.01) 2.6 (1.3)

Rh-O CN r (A) o2 (x10% A?)
(Rhz0) 1.9 2.0 (0.01) 6.6 (1.0)
Rh-Rh CN r(A) o? (x10° A%

(Rh) 2.0 2.72 (0.01) 5.6 (0.4)

Rh-O CN r (A) o? (x103 A2)
(Rh-CO) 0.8 2.95(0.01) 2.6 (1.3)
Rh-O-C CN r (A) o? (x103 A2)
(Rh-CO) 1.2 2.95 (0.01) 2.6 (1.3)

KRh@MFI-Cal-500MP (After reaction)
RracTor X2, Var. No. | KT a'};ge A rrange &) | AR (eV)
0.014 1.6 7 3-13.5 1-3.2 ~3.4(1.0)
PATHS

Rh-C CN r (A) o? (x10% A2)
(Rh-CO) 0.5 1.80 (0.02) 3.1(2.5)

Rh-O CN r(A) o? (x10° A%
(Rhz0) 2.0 2.01 (0.01) 5.5 (0.8)
Rh-Rh CN r(A) o? (x10° A%

(Rh) 2.0 2.71 (0.01) 6.2 (0.6)

Rh-O CN r (A) o2 (x10° A?)
(Rh-CO) 0.5 2.95 (0.02) 3.1(2.5)
Rh-O-C CN r (A) o2 (x10% A?)
(Rh-CO) 0.75 2.95 (0.02) 3.1(2.5)

110



KRh@MFI-Cal-CO/H,

RracTOR X2, Var. No. k-rar:)ge @& r-range (A) | AEq(eV)
0.018 15.7 7 3-13.5 1-3.2 ~1.1(1.6)
PATHS

Rh-C CN r (A) o? (x10° A?)
(Rh-CO) 0.55 1.86 (0.03) 4.0 (3.6)

Rh-O CN r (A) o2 (x10% A?)
(Rhz0) 2.1 2.03 (0.01) 5.7 (1.0)

Rh-Rh CN r(A) o? (x10° A%

(RK’) 2.0 2.75 (0.01) 4.4(1.2)

Rh-O CN r (A) o? (x10% A2)
(Rh-CO) 0.55 3.0 (0.03) 4.0 (3.6)
Rh-O-C CN r (A) o? (x10% A2)
(Rh-CO) 0.83 3.0 (0.03) 4.0 (3.6)
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Supplementary Fig. 61. EXAFS fitting results. EXAFS fitting results of KRh@MFI samples
presented in Supplementary Table 20.
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3.5. 1-Decene hydroformylation on Rh@zeolite with different topology type zeolite

Herein, Rh@Na-FER sample was synthesized by a one-pot hydrothermal method using colloidal
silica (Ludox AS-40) as the silica source and ethylenediamine (EDA) as the organic template.
Briefly, 0.33g of NaAlO,, 0.077g of NaOH, and 12.9g of Milli-Q water were mixed under stirring
to get transparent solution. Then, Ludox AS-40, 1.83g of EDA, 1.63g Milli-Q water and desired
amount of Rh-EDA solution were added separately. The resulting synthesis gel was stirred for 2h
before being transferred into a 35 mL Teflon-lined stainless-steel autoclave and crystallized at 175
°C under continuous agitation for 3 days. After crystallization, the solid product was recovered by
filtration, thoroughly washed with deionized water, and dried overnight at 80 °C. The organic
template was subsequently removed by calcination in air (RT to 550 °C, 1.5 °C/min and held at

550 °C for 6h). The obtained sample was named Rh@Na-FER-Cal.

Rh@Na-FAU sample was synthesized by a one-pot hydrothermal method using a synthesis gel with
a molar composition of SiOy: Al,O3: Na,O: H,O = 7.8: 1: 2.2: 174. Typically, 8g Ludox AS-40,
1.12g NaAlO,, 0.66g NaOH, 14.36 g Milli-Q water and desired amount of Rh-EDA solution were
mixed and kept stirring overnight. The resulting synthesis gel was transferred to a 35 mL Teflon-
lined stainless-steel autoclave and crystallized statically at 100 °C for 4 days. After crystallization,
the solid product was recovered by filtration, thoroughly washed with deionized water, and dried
overnight at 80 °C. The organic template was subsequently removed by calcination in air (RT to

550 °C, 1.5 °C/min and held at 550 °C for 6 h). The obtained sample was named Rh@Na-FAU-Cal.

The samples show good crystallinity based on the XRD pattern and STEM images (Supplementary
Fig. 62 and Fig. 63, respectively).

As shown in Supplementary Table 22 and Supplementary Fig. 64 and 65, both Rh@Na-FER and
Rh@Na-FAU exhibit pronounced olefin isomerization. Upon the addition of MP or NMP, both the
isomerization and hydroformylation activities are significantly suppressed. This could be related on
the one hand to an accumulation of MP/NMP inside the zeolite channels (as found from the
elemental analysis, see Supplementary Table 23), which restrict the access of the olefin to the active
sites lowering catalytic activity, and on the other hand to a different local environment of Rh* (as
evidenced from the IR-CO studies, see Supplementary Fig. 66 and 67) which makes MP/NMP

interaction weaker and not so efficient as in the KRh@MFI zeolite.

Thus, the additives alone are not enough to achieve high regioselectivity. Instead, the combination
of the MFI zeolite topology (silicalite-1), confined Rh** active sites, and MP/NMP additives are

essential for highly regioselective a-olefin hydroformylation.
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Supplementary Table 21. Characterizations. Physicochemical properties of Rh-based catalysts.

Catalysts Kwi%)® | Na(wi)® | Alwig)® | VAL moRr | Rh (%)
KRh@MFI-Cal 10 - - - 020
Rh@Na-FER-Cal - 15 6.0 6.2 0.10
Rh@Na-FAU-Cal i 10.6 10.4 3.0 0.13

? Measured by inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis.

KRh@MFI-Cal

h@Na-FER-Cal
L J ALJ‘L

Rh@Na-FAU-Cal

Intensity (a.u.)

5 10 15 20 25 30 35 40
20 (degree)

Supplementary Fig. 62. X-ray diffraction results. XRD of KRh@MFI-Cal, Rhi@Na-FER-Cal and
Rh@Na-FAU-Cal samples.
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Supplementary Fig. 63. Microscopic results. STEM images of (a, b) Rh@Na-FER-Cal, and (c, d)
Rh@Na-FAU-Cal-catalysts.
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Supplementary Table 22. 1-Decene hydroformylation activity. Catalytic results for KRh@MFI-
Cal, Rh@Na-FER-Cal, and Rh@Na-FAU catalysts of 1-decene hydroformylation at 80 °C.?

CHO __ CH,OH

/\ KRh@MFI /\& < /\
R ~———R +R +R° TR
Toluene, 80 °C
1 40bar CO/H,/Ar 2 3 4 5
r;I Catalysts ((;1)\/ ' Aldehyde 1/b¢ (mmol/h)? (mrIr:; ) TON® (!
0 b -
L) 2 3 4 5 L-Aldehyde Alkenes
1 KRh@MFI-Cal | 99.4 92.1(89.2) | 30 | 91.6 | 0 | 1.2 6.6 0.85 0.036 2137 | 2096
KRh@MFI-
2 Cal-500MP 98.5 96.8 (96.5) | 378 | 953 | 0 | 0.5 2.6 0.82 0.018 2279 | 2052
KRh@MFI-
g
4 Cal-4000NMP 99.8 959(95.8) | 817 | 957 | 0 | 1.0 3.1 0.67 0.017 2406 1706
sh Rh@g;FER— 74.5 572@393) | 22 | 426 | 0 | 0.2 | 31.7 0.02 0.040 1543 87
Rh@Na-FER- _ _
h 3 3
6 Cal-500MP 7.8 70.7 (66.3) 15 5.5 003 2.0 1.4x10 0.19%x10 199 7
Rh@Na-FER- _ .
h 3 3
7 Cal-4000NMP 1.3 454 (34.8) | 3.3 0.6 0 0 0.7 0.5x10 0.27%10 211 2
8! Rh@ljj:lFAU_ 99.3 63.6(38.2) | 1.5 | 63.1 | 0 | 1.5 | 347 0.08 0.117 1523 310
; Rh@Na-FAU-
j
9 Cal-500MP 73.2 53.3(399) | 3.0 | 39.0 | 0 | 0.5 | 33.8 0.07 0.08 790 172
Rh@Na-FAU-
h
10 Cal-4000NMP 15.4 50.6 (40.9) | 4.3 7.8 0] 02 7.4 0.01 0.008 321 22

 Reaction conditions: 1 mmol LAO, 20 mg catalyst, 20 mg isooctane (internal standard), 4 mL
toluene, 40 bar CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm and 3h reaction.

® Total aldehyde selectivity (L=Linear aldehyde selectivity).

¢ Ratio of the linear aldehyde to the branched aldehyde.

d Reaction rate for linear aldehyde formation and reaction rate for isomerized alkenes formation,

mmol/h, calculated when LAO conversion is < 20%.

¢ mmol of linear aldehyde/total mmol of Rh at 3h reaction time.

f Rate for the formation of linear aldehyde/total mmol of Rh.

€ Oh reaction.

B 22h reaction.

! 7h reaction.

J 6h reaction.
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Supplementary Fig. 64. 1-Decene hydroformylation. (a) Time profiles of activity on Rh@Na-
FER-Cal catalyst and (b) yield of linear aldehyde, branched aldehyde, isomerized olefins as a
function of 1-decene conversion. (¢) Time profiles of activity Rh@Na-FER-Cal-500MP catalyst and
(d) yield of linear aldehyde, branched aldehyde, isomerized olefins as a function of 1-decene
conversion. (e) Time profiles of activity Rh@Na-FER-Cal-4000NMP catalyst and (f) yield of linear
aldehyde, branched aldehyde, isomerized olefins as a function of 1-decene conversion. Reaction
condition: 1 mmol LAO, 20 mg catalyst, 20 mg isooctane (internal standard), 4 mL toluene, 40 bar
CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm, Rg, TOF and TON are values for linear aldehyde
formation.
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Supplementary Fig. 65. 1-Decene hydroformylation. (a) Time profiles of activity on Rh@Na-
FAU-Cal catalyst and (b) yield of linear aldehyde, branched aldehyde, isomerized olefins as a
function of 1-decene conversion. (¢) Time profiles of activity Rh@Na-FAU-Cal-500MP catalyst
and (d) yield of linear aldehyde, branched aldehyde, isomerized olefins as a function of 1-decene
conversion. (e) Time profiles of activity Rh@Na-FAU-Cal-4000NMP catalyst and (f) yield of linear
aldehyde, branched aldehyde, isomerized olefins as a function of 1-decene conversion. Reaction
condition: 1 mmol LAO, 20 mg catalyst, 20 mg isooctane (internal standard), 4 mL toluene, 40 bar
CO/Hy/Ar (45/45/10 vol%), 80 °C, 800 rpm, Rg, TOF and TON are values for linear aldehyde
formation.
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Supplementary Table 23. Characterizations. Elemental analysis results on Rh@Na-FER catalysts.

MP/Rh

Sample C(wt%)® | H(wt%)* | N(Wt%)* | S(wt%)®* | Rh(wt%)® molar ratio

Rh@Na-FER-Cal-500MP

(After reaction) 2.10 1.37 0.78 0 0.1 57

Rh@Na-FER-Cal-4000NMP

(After reaction) 1.90 1.34 0.62 0 0.1 46

? Measured by elemental analysis.

® Measured by ICP-AES.

¢ The MP content was calculated based on the nitrogen content, and the molar ratio of residual MP
to Rh in the catalyst was determined.

Herein, IR-CO studies on the Rh@Na-FER-Cal and Rh@Na-FAU-Cal samples, after reaction in the

presence of MP and compared to the corresponding samples in absence of MP additive.

In the case of the Rh@Na-FER-Cal sample (Supplementary Fig. 66), both Rh*" (2137 cm™) and
Rh* (2114 and 2047 cm™') are not influenced by the addition of MP. Furthermore, the Rh*(CO),
dicarbonyl vibration appears at 2114 and 2047 cm!, which differs to that obtained in the
KRh@MFI-Cal-500MP sample (2065 and 1996 cm™). These differences are related to the different
Rh" Lewis acidity related to the different zeolite topology.

The absence of the Rh* site blocking in the presence of MP could be related to the lower Lewis

acidity of the Rh" site which may influence the MP interaction.

In the case of the Rh@Na-FAU-Cal sample, the only signal we found is relative to Na*-CO*® (2171
cm !; see Supplementary Fig. 67), which is due to the high Na loading in the sample (10.6wt% Na
loading based on ICP-OES analysis, Supplementary Table 23).
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Supplementary Fig. 66. IR-CO results. IR-CO at —65 °C and 2 mbar CO coverage spectra for
Rh@FER-Cal and Rh@FER-Cal-500MP, both after 1-decene hydroformylation reactions.
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Supplementary Fig. 67. IR-CO results. IR-CO
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at —65 °C and at increasing CO coverage (0.01-2

mbar) for (a) Rh@Na-FAU-Cal and (b) Rh@Na-FAU-Cal-500MP after 1-decene hydroformylation

reactions.
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3.6. Hydroformylation of bulky olefins over KRh@MFI-Cal

Herein, the hydroformylation of cyclohexene and p-methoxyallylbenzene over KRh@MFI-Cal
catalyst were investigated. Both substrates exhibited nearly ~0% activity over 11h reaction
(Supplementary Fig. 68a). No Rh leaching was observed in both cases. The ~0% activity can be
attributed to the relatively large kinetic diameter of cyclohexene (5.85-6.0 A)*, which is
comparable to or exceeds the pore aperture of MFI zeolite channels (Supplementary Fig. 68b).

Even if partial diffusion into the MFI channels is possible due to zeolite framework flexibility, the
subsequent C=C coordination to the Rh center preferentially located in the sinusoidal channels is
still strongly hindered, as cyclohexene lacks sufficient conformational adaptability to properly align
its double bond within the confined environment. Moreover, the corresponding hydroformylation
product (cyclohexanecarboxaldehyde), bearing an additional aldehyde substituent and a rigid chair

conformation, is unable to diffuse out of the MFI channels due to increased steric constraints.

A similar explanation can be applied to p-methoxyallylbenzene and other bulky cyclic substrates

with large kinetic diameters.
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Supplementary Fig. 68. Hydroformylation of bulky olefins over KRh@MFI-Cal. (a)
Cyclohexene and p-methoxyallybenzene hydroformylation on KRh@MFI-Cal catalyst. Reaction
condition: 1 mmol LAO, 20 mg catalyst, 20 mg isooctane (internal standard), 4 mL toluene, 40 bar
CO/Ho/Ar (45/45/10 vol%), 80 °C, 800 rpm. (b) Illustration of MFI zeolite channel and
corresponding straight channel size and sinusoidal channel size.
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3.7. Summary of the identification of Rh species by IR-CO

Supplementary Table 24. Rh carbonyl assignments. Vibrational frequencies of gem-dicarbonyls,
linear carbonyls, and bridged carbonyls of rhodium supported on zeolites and metal oxides.

Initial forms of Pre- Tf:)‘;l{)lil:actgl’e O-RhCO vs Rh(CO)2 | vas Rh(CO)2 RhCO Rh2CO Ref
catalyst treatment Q) Rh3* Rh2* Rht Rh' U Rh°
Supported molecular Rh complex
Rh(C,H4),/H-Beta None 25 2115 2048 o1
RA(CORDAY None 25 2116 2050 @
Rh(C2H3“)72/ SAPO None 25 2115 2052 63
Rh(C;H4)2/ZSM-5 None 25 2116 2049 64
Rh(C,H4)2/HY None 25 2118 2052 o1
RhCl;:3H,0/ALO; None 25 2135 2088 2016 65
Rhe(CO)16/AlLO3 CO,25°C 25 2095 2020 65
Rhe(CO)16/ALO3 0>, 200 °C 200 2135 65
Rhe(CO)16/Al,03 CO, 100 °C 100 2095 2020 65
RhCl3/SiO; He, 30 °C 30 2145 2102 2036 66
RhCl;3-3H,0/ALO; Vacuum 25 2136 2098 2029 67
RhCI3H,0/ALO; | 12 120400 25 20962102 | 2022-2032 | 2042-2076 | 1845-1875 | &
Supported Rh nanoparticles/clusters/atoms
Rh/ALO3 thlc_elri 2)020207% C 27 2128 2110 2038 68
Rh/NaY 2138 69
RWHY Ha, 300 °C 50 2114,2100 | 2049, 2025 1990 1843 70
Rh/KY Ha, 300 °C 50 2109, 2092 | 2042,2014 1999 1812 70
Rh/Si0, H,, 350 °C 25 2067 1901 7
Rh/ALLO3 H,, 250 °C 23 2120 2091 2020 1810-1835 | 7
Rh/ALLO3 H,, 100 °C 2142 | 2120 2090 2017 3
Rh/SiO; H», 200 °C 25 2104 2042 2048-2067 | 1900-1925 | ™
RIDAY zeolite Air, 400 °C 25 2118 2053 75
H», 300 °C 25 2093 2036 2075 1860 7
Rh/Na-Y zeolite CO, 100 °C 25 2086 2010 76
Ha, 200 °C —-120 2097 2031 i
RW/TiO, Ha, 300 °C —-120 2094 2030 2070 i
Ha, 300 °C 25 2094 2027 7
Rh/DeAl-Beta Ha, 200 °C 30 2093-2113 | 2037-2048 2069 1915 78
RhZn/DeAl-Beta Ha, 200 °C 30 2096 2030 2066 78
RhCo/DeAl-Beta H,, 200 °C 30 2096 2025 2064 78
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