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Section S1. Generation and validation of catalytic site models

A catalytic site model consisting of -OReO; anchored to the SiO, support was carved from the amorphous
silica model reported previously.! The amorphous silica slab contains more than 10,000 atoms and thus is
not feasible to study using DFT calculations. Therefore, the following algorithm was used to generate the
truncated structures:
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Scheme S1. Algorithm for generating cluster models of a catalytic site.

The carving radius was chosen based on the convergence of the grafting energy of ReO, on the surface:
Egrare = Esi_o ~Re0, t EHZO) ~(Egi_ont+ EHR304)

In cluster comparison calculations, spin-polarized periodic DFT was employed using VASP 6.2.0%3 at
the PBE* level of theory using D3 dispersion correction with Becke-Johnson damping®. The projector-
augmented wave’> 8 method was employed to describe core-valence electron interactions. A 400 eV plane
wave energy cutoff and a I'-point were employed for both small and large cluster models. A 25 A x 25 A x
25 A unit cell was used to prevent interactions between two nearest images. A Gaussian smearing with 0.03
eV width was used. Convergence criteria were set to 10 eV for the self-consistent field (SCF) loop and
0.02 eV/A for the ionic relaxation loop. VASP results for the large model were also compared to
calculations of the small model using ORCA software® at the PBE/ma-def2-TZVP!? level. Transition state
optimization in VASP was performed by the improved dimer method'' implemented in VASP, with the
force and SCF iteration break conditions of 0.02 eV/A and 107 eV, respectively.
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Figure S1. Convergence checks of carving radius. The carving radius is 6 A was chosen as it nearly reaches
the convergence and minimizes the number of atoms in the structure to reduce the computational cost.
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Figure S2. CO binding reaction used for validating reactivity of the small cluster model.

Table S1. Geometric properties of small and large catalytic site models.

Large model Small model Experiment?
Method VASP VASP ORCA
PBE/400 eV PBE/400 eV PBE/ma-def2- EXAFS
Bond cutoff cutoff TZVP
Re=0 (A) 1.73 1.73 1.72 1.69
Re-O (A) 1.89 1.87 1.87 1.77




Table S2. Electronic energy barrier and reaction energy of CO binding on small and large clusters.

Large model (PBE) Small model (PBE)
Method VASP VASP ORCA
PBE/400 eV cutoff PBE/400 eV cutoff PBE/ma-def2-TZVP
Activation barrier (eV) 0.96" 0.91 0.96
Reaction energy (eV) -0.13 -0.19 -0.01

*The difference with the 2.3 eV barrier reported in Figure 1 of the main text is mainly due to the neglect of
entropic and temperature effects (~ 1 eV) and partially due to barrier underestimation at the PBE level of
DFT theory in comparison with the hybrid theory (~ 0.3 eV).

Table S3. Geometric properties of the catalytic site grafted onto both the simple -Si(OH); model and larger
supports featuring a randomly selected silanol group on the amorphous silica surface. The larger cluster
was truncated at the third-nearest oxygen atom to the Re center and capped with H atoms. Geometry
optimizations were performed using the PBE/ma-def2-TZVP basis set to enable direct comparison with the
simplified cluster geometry. The electronic activation barriers of C-C coupling on the complex
Re(=0)(CO)(CH3)(OH) were calculated using ®B97x-D3BJ/ma-def2-TZVP for direct comparison with the
value obtained for the simplified model as mentioned in the main text. Red = O, white = H, yellow = Si,
rey = C, and blue = Re.
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Section S2. Estimation of the energetic span from experimental kinetic data
For a reaction that is first order in methanol and CO, the expression for the turnover frequency (TOF) is

TOF =k ¢ (XcoXpeom

Keff is the effective rate constant, which can be defined as

SE
kgT T

off =g

where

k

kp is the

Boltzmann’s constant, 1 is the Planck’s constant, R is the ideal gas constant, and *i is a molar fraction of
species L.
From the kinetic data obtained by Qi and coworkers!'2, the TOF of the 1% Re/SiO, at 280°C is approximately

7.08-10° &1 (rate = 0.038 mmol s gg:!) with 30 mbar of CO and 30 mbar of CH;OH (corresponding
o =787s71

where OE is the energetic span of the catalytic cycle, T is the temperature of the reaction,

molar fractions of 0.03). Consequently, k . Therefore, the energetic span estimated from the

experimental measured rate is

Keprh . 7.87 X 6.626 x 10~ 34
0E =— RTIn|——| =-8.63 x 10> x (553.15) X In ~1.34eV
kT 1.38 x 10~ %3 x 553.15




Section S3. Model mechanisms involving the Re*” catalytic site

Section S3.1: Proposed mechanism by Qi et al.

Qi and colleagues proposed a mechanism based on experimental evidence showing that Re maintains the
+7 oxidation state under reaction conditions.'? Consequently, our initial approach involved conducting DFT
calculations to pinpoint the proposed intermediate. Despite numerous attempts, we were unable to locate
the intermediate shown on the left in Figure S3a, as CO does not bind to Re-CH;. Upon inspecting the
LUMO of the methoxy species (the intermediate on the right), we observed no symmetry compatibility
with the HOMO of the CO molecule, and the HOMO-LUMO gap is notably large. This leads us to conclude
that there is no overlap between CO and CHj, indicating that CO cannot bind to the CH; end of the methoxy
group. Perhaps this is not very surprising, since the middle C atom cannot be 5-valent. Therefore, we
discarded this hypothesis and explored other possibilities.
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Figure S3. (a) Proposed mechanism by Qi et al., 2020, (b) HOMO of intermediate on the right and LUMO
of CO molecule (iso-surface value = 0.08). The HOMO is localized on Re and neighboring O, which
indicates no interaction between CO and C-end of -OCH; group. Red = O, White = H, Yellow = Si, Grey
= C, and Blue = Re.

Section S3.2: Proposed mechanism involving the formation of ketene species

We hypothesized the mechanism involving the formation of ketene species (-CH,CO) as an intermediate
after the C-C coupling step, as reported in a DFT study on the dimethyl ether carbonylation over HPA
(Scheme S2). However, Figure S4 shows that the Gibbs free energy of the intermediate corresponding to
the ketene species is 1.99 eV, which makes this mechanism infeasible at the experimental reaction
conditions. Therefore, we also reject this hypothesis.
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Scheme S2. The proposed mechanism involving ketene species inspired by the study of Cai et al'4.
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Figure S4. Gibbs free energy profile of the pathway associated with ketene species. No transition states were
computed since the mechanism can be ruled out from thermodynamics alone.



Section S4. The meta-stable -OCO species

As the -OCO bidentate species was observed during our investigation of the Re(VII) reduction, we proposed
a mechanism involving this species which forms the C-C bond with -CH; group (Scheme S3). Although
we were able to optimize the intermediate Re(O)(CH;)(OH)(=0OCO), it was found to dissociate easily to
form CO, with no barrier (Figure S5). Moreover, the TS structure for the C-C coupling step could not have
been located that would satisfy the criterion of having a single imaginary mode associated with bond
formation.
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Scheme S3. The hypothetical -OCO pathway. The pathway involves an induction process of reducing Re'” to
Re™. The bidentate -OCO intermediate is meta-stable.
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Figure S5. The dissociation of the -OCO ligand to form CO; is barrierless. The transition metal complex is
reduced to a +3 oxidation state. The electronic energy of the reaction is -0.58 eV, indicating that the state
involving the (-OCO) ligand is meta-stable.



Section S5. The Eley-Rideal mechanism for C-C coupling.

We propose the direct C-C coupling of gas-phase CO with the -CH; group bound to Re center (Scheme
S4). The barrier for the Eley-Rideal C-C coupling step is very high (2.55 eV), ruling out the mechanism in
favor of the co-bound -CHj; and -CO to the Re center.
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Scheme S4. The Eley-Rideal mechanism for the direct C-C coupling between gas-phase CO and the -CH; group.
The electronic barrier of the C-C coupling step is 2.55 eV, suggesting that the mechanism is unfeasible.



Section S6. NBO analysis of proposed elementary steps
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Scheme S5. Algorithm of ligand screening for each proposed elementary step.

Table S4. Rhenium-center’s lone pair (LP) occupancy and the most significant donor-acceptor interaction
represented by the largest second-order perturbative energy (E(2)) in high and low oxidation-state TS complexes
of the C-C coupling step. Maximum occupancy is 2 for the ideal Lewis bonding pattern. Low occupancy
indicates delocalization of the electron pair into an acceptor NBO.

Complex LP Occupancy E(2) (kcal/mol) Acceptor
Re(=0)(CO)(CH;)(OH) 1 1.95183 107.35 BD*( 1) Re=O
Re(=0)(CO)(CH3)(OCHj;) 1 1.94858 151.57 BD*( 1) Re=O
Re(=0)(CO)(CH;)(CHa) 1 1.92983 79.51 BD*( 1) Re=O
Re(=0)(CO)(CH;)(COCH3;) 1 1.71085 27.37 BD*(2) O-C
Re(=0)(CO)(CH3)(OCOCHj;) 1 1.95867 60.77 BD*( 1) Re-O
wcococmon 3 LRD e B0

1 1.50139 98.54 BD*( 1) O-C

Re(CO)(CO)(CH;)(OCH3)

\]

1.07448 1827.67 BD*( 1)Re-C*



| 156613 76.57 BD*( 1) O-C
Re(COYCO)CH;)(CH) 2 0.93380 2149.55 BD*E 1§Re-c*
| 155975 69.56 BD*( 1) O-C
Re(COYCO)CH;)(COCH;) 2 0.93721 3614.33 BD*E 1§Re-c*
| 173482 40.89 BD*( 2) O-C*
Re(CO)CO)CH5)(OCOCH;) 2 172398 64.99 BD*E 23 0-C

*Carbon with the asterisk is the carbon participating in the C-C coupling process. BD* means antibonding
orbital.

Table SS. Electronic O-H scission energy in adsorbed methanol for various ligand configurations.

Reaction | Electronic reaction energy (eV)
Re(=0),(CH;0H) = Re(=0)(OH)(OCH3) -0.262
Re(=0)(CH30H) = Re(OH)(OCH3) -0.729
Re(=0)(CH;0H)(CO) = Re(OH)(OCH;)(CO) -1.262

Table S6. Re-center’s lone pair (LP) occupancy and the most significant donor-acceptor interaction
represented by the largest second-order perturbative energy (E(2)) in high and low oxidation-state
complexes (with and without CO) for C-O bond cleavage step. Maximum occupancy is 2 for the ideal
Lewis’s bonding pattern. Low occupancy indicates the delocalization of the electron pair to the acceptor
NBO.

Complex LP Occupancy E(2) (kcal/mol) Acceptor
Re(=0)(OCH;)(OH) 1 1.60013 170.88 BD*( 1) C-O*
Re(=0)(OCH3)(OCHj;) 1 1.21011 622.43 BD*( 1) C-O*
Re(=0)(OCH;)(CH;) 1 1.66797 89.15 BD*( 1) C-O*
Re(=0)(OCH;)(COCH3;) 1 1.62606 128.38 BD*( 1) C-O*
Re(=0)(OCH;)(OCOCH5;) 1 1.72951 69.86 BD*( 1) O-C
Re(CO)(OCH;)(OH) 1 1.51943 116.42 BD*( 1) Re-C
Re(CO)(OCH;)(OCH3) 1 1.72016 72.19 BD*( 1) O-C
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Re(CO)(OCH;)(CH3) 1 1.45525 78.56 BD*( 1) Re-C

Re(CO)(OCH;)(COCH3) 1 1.65750 41.65 BD*( 1) O-C

Re(CO)(OCH;)(OCOCH;) 1 1.73937 54.12 BD*( 1) O-C

*C-O* indicates the antibonding of atoms participating in the TSs. BD* means antibonding orbital.

Table S7. Relative electronic energies of reactants, TS, and products for C—O bond scission in singlet and triplet
states for Y = vacant.

Reactant complex Spin states Reactant TS Product
Re(OCH;)(OCH;) %‘:ﬁg 0446 o 308
Re(OCH,)(OH) W o 442 120
Re(OCH;)(CHs) ?;‘}ﬁ}:ﬁ e a7 1506
Re(OCH;)(COCH;) %‘ﬁz 0.0n0 U080 200
Re(OCH3)(OCOCHS) %‘ﬁg 0352 o B

*The reference state is the most stable spin state of the reactant. Energy is in eV.

Table S8. Gibbs free energy of CO binding to Re(OCH;)(X) complexes

Complex AG o binding (V)
“Re(OCH,)(OH) 1179
“Re(OCH,)(OCH3) 21.239
“Re(OCH,)(CHs) 11341
“Re(OCH,)(COCH,) 11367
“Re(OCH,)(OCOCH,) 71,089
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Table S9. NBO analysis of C—O bond scission transition state complexes with Y = vacant. For open-shell
calculations (triplet TSs), NBO was performed separately for alpha and beta spin orbitals (occupancy from
0 to 1). For closed-shell calculations (singlet TSs), electrons are paired (occupancy from 0 to 2), and a
single set of natural orbitals is generated for the entire system. This table lists low-occupancy lone electrons
associated with the atoms involved in the transition state (i.e., Re, O, and C, where O and C belong to the
reacting —OCHj; ligand of the complex).

. EQ2)
Complex Atom | Spin | Occupancy (keal/mol) Acceptor Note
Re o 0.70694 910.19 | BD* Re—O | Reactive O
Re(OCH;)(OH) B | 086742 | 64.04 LV Re
(triplet) 0
B 0.63070 86.55 | BD*Re-C
Re o 0.62592 979.19 | BD* Re - O | O of spectator OCH;
ﬁ:i(;)?tg;{3)(OCH3) o B 0.86875 13.73 BD* Re — O | O of spectator OCH;
B 0.63018 85.68 | BD* Re—C | Reactive C
Re(OCH;)(OCOCHy) | o 0.70208 85.08 | BD*Re-C
(triplet) B 0.61089 95.08 | BD*Re-C
Complex LP Occupancy E(2) (kcal/mol) Acceptor
Re(OCH;)(CH;) 1 1.96821 19.14 BD*( 1) Re- C
(singlet)
Re(OCH;)(COCH;) 1 1.80022 63.99 BD*( 1) Re-C
(singlet) 2 1.69056 42.12 BD*( 1) Re-O

* LP = Lone Pair, BD = Bonding, BD* = Anti-bonding, LV = Lone valency (unfilled non-bonding)

Table S10. Ligand screening results of the C-O bond formation to form the (-OCOCHj;) ligand for
plotting the histogram in Figure 6a.

Reactant complex AE* (eV) AE, (eV)
ReO-COCH;-OH 1.27 1.33
ReO-COCH;-OH-Met 2.44 1.13
ReO-COCH;-OH-H20 1.66 1.15
ReO-COCH;-OH-CO 1.96 1.24
ReO-COCH;-OH-CO-CO 1.71 -1.47
ReO-COCH;-OH-CO-Met 1.50 -1.10
ReO-COCH;-OH-OCH;-OH 0.71 -1.22
ReO-COCH;-OH-CH;-OH 0.56 -0.76
ReO-COCH;-OCH; 2.33 1.65
ReO-COCH;-OCH;-CO 1.95 1.03
ReO-COCH;-OCH;-CO-H20 1.70 -1.00
ReO-COCH;-OCH;-CO-CO 1.47 -1.84
ReO-COCH;-OCH;-Met 2.29 1.20
ReO-COCH;-OCH;-CO-Met 2.10 -1.00
ReO-COCH;-OCH3-H20 1.74 1.19
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ReO-COCH;-CH;-CO 2.21 -0.23

ReO-COCH;-CH;-Met 2.51 1.73
ReO-COCH;-CH;-CO-CO 1.70 -1.62
ReO-COCH;-COCH; 2.31 1.04
ReO-COCH;-COCH;-CO 1.86 -0.90
ReO-COCH;-COCH;-Met 2.24 1.25
ReO-COCH;-COCH;-H20 2.28 1.58
ReO-COCH;-COCH;-CO-Met 1.77 -1.10
ReO,-COCHj;-CH; 0.27 -1.60

Table S11. Ligand screening results of the C-O bond formation to directly form AA for plotting the
histogram in Figure 6a.

Reactant complex AE* (eV) AE, (eV)
ReO-COCH;-OH 1.19 1.02
ReO-COCH;-OH-CO-CO 1.78 0.16
ReO-COCH;-OH-CO-Met 1.89 0.97
Re-COCH;-OH-OCH;-OH 1.03 0.96
Re-COCH;-OH-OH-OH 1.15 0.89
Re-COCH;-OH-CH;3-OH 1.00 0.95
Re-COCH;-OH-CH;-CH; 1.45 0.48
Re-COCH;-OH-OCH;-COCH; 0.93 0.86
Re-COCH;-OH-OCH;3-CH;4 0.92 0.07
Re-COCH;-OH-OCH;-OCH; 1.02 0.14
Re-COCH;-OH-COCH;-OH 0.75 0.67
Re-COCH;3-OH-COCH;-COCH3; 0.17 -0.15
Re-COCH;-OH-CO-CO 0.77 0.30
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Table S12. Rhenium center’s lone pair (LP) occupancy and the most significant donor-acceptor interaction
represented by the largest second-order perturbative energy (E(2)) of different TS complexes for the C-O

bond formation step.

Complex LP Occupancy E(2) (kcal/mol) Acceptor
Re(OH)(COCHj;)(OH)(OH) 1 1.97439 104.23 BD*( 1) Re-O
Re(OH)(COCH;)(OCHj;)(OCHs;) 1 1.95000 27.12 BD*( 1) Re-O
Re(OH)(COCH;)(CH;)(CH3) 1 1.94594 38.02 BD*( 1) Re-C
Re(OH)(COCH;)(COCH;)(COCH;3) 1 1.70742 31.65 BD*(2) O-C
RAOHCOCHNCONCO) ) G35y 343 BD*(3) 0

*BD* means antibonding orbital.

Table S13. The occupancy of natural bonding orbitals between metal and the reactive ligands in the AA
formation step (-COCHj; and -OH). Maximum occupancy is 2. Low occupancy indicates weak bonding.

Complex Re-COCH; BD Re-OH BD
Re(OH)(COCH;)(OH)(OH) 1.95656 1.97690
Re(OH)(COCH;)(OCHj;)(OCHs;) 1.95639 1.98074
Re(OH)(COCH;)(CH;)(CHs) 1.94702 1.97668
Re(OH)(COCH;)(COCH;)(COCHs;) 1.91155 1.97483
Re(OH)(COCH;)(CO)(CO) 1.86520 1.93447

14



Section S7. Constructing reaction pathways based on ligand screening data
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Figure S6. C-O bond scission on the Re (I) center. Direct C-O bond scission of methanol is associated with
the extremely high barrier (2.85 eV), indicating the infeasibility of this pathway. This result is consistent

with the prediction in Section 3¢ of the main text.
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Figure S7. Gibbs free energy profile of the reaction cycle as presented in Scheme S6. States (1)/(10), (2), and
(9) are depicted in their triplet spin states due to their more favorable energetics. A fast spin-crossing rate is

assumed for transitions between spin states.!> 16
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Figure S8. Gibbs free energy profile of the reaction cycle as presented in Scheme S7. All states are singlet; no
spin-forbidden reactions are assumed to occur.
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