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1. The full optimized structure of rhodium catalysts

Rh2-SPhos RhX-SPhos

Rh-Rh: 2.491 A (2.468 A) Rh-Rh: 2.427 A (2.420 A)
Rh-P: 2.296 A (2.263 A) Rh-P: 2.287 A (2.247 A)

Rh-Rh-P: 99.15° (100.38°) Rh-Rh-P: 92.56° (92.58°)
average error. 1.2 % average error: 0.7 %

Figure S1. The full optimized structure of rhodium catalysts, the X-ray single-crystal diffraction

data' is shown in brackets.

2. The thermodynamic data of pre-activation

The excessive ‘BuOK could react with 1a to afford the potassium phenate (1aK) with a free
energy decrease of 21.7 kcal/mol (Figure S2). CO; can react with the generated 1aK, ‘BuOH and
the remaining ‘BuOK (eq. 1-3), and the results indicate that the remaining '‘BuOK would transform

to ‘BuOCO2K.
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Figure S2. Thermodynamic data of acid-base reaction in the system

3. The coordination state of initially rhodium dimer
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Figure S3. Gibbs free energy of rhodium dimer in different states (4G are given in kcal/mol, P =
PCy3).
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4. The strategies for rhodium dimer dissociation

Combining the calculation results (Figure S4) and X-ray diffraction data of Li et al.,' the dissociation
of the rhodium dimer catalyst was hard to achieve under the current reaction conditions.
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Figure S4. Gibbs free energy profiles of the rhodium catalyst dissociation

5. The ligand exchange between hemicarbonate and acetate
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Figure S5. Gibbs free energy profiles of ligand exchange between hemicarbonate and acetate

tBuO
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6. The other possible C-H bond activation methods
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Figure S7. Gibbs free energy profiles of the C-H bond cleavage step via internal base Ac'.

7. The acetate dissociation on earlier intermediates
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Figure S8. Acetate dissociation on the earlier intermediates (4G are given in kcal/mol, P = PCyz3)
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8. The spontaneous rearrangement of Rh8
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Figure S9. The scan data of Rh7 dissociated potassium acetate to produce Rh8.
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Figure S10. The bond angle (Rh?-Rh'-O') relationship of Rh8 in molecular dynamics analysis via
ORCA 5.0.1 program? and VMD 1.9.3% (Functional: B97-3¢,* T = 373.15 K, timestep = 1.0 fs).
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9. The scan data of direct carboxylation in the Rh-O site
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Figure S11. The scan data of direct carboxylation in the Rh-O site from Rh15 to Scan-TS4.

10. the direct carboxylation pathway from Rh7
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Figure S12. Gibbs free energy profiles of the direct carboxylation pathway from Rh7.

11. The other schemes of lactonization from Rh14 or Rh14'

(1) The direct lactonization pathways
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Figure S13. Gibbs free energy profiles of the direct lactonization from Rh14 (A) or Rh14' (B)
species.

(i1) The CO»-assisted lactonization pathways
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Figure S15. Gibbs free energy profiles of the CO,-assisted lactonization from Rh14'.

(i) The CO»-assisted rearrangement and lactonization pathways
After the O' atom of Rh14' dissociated and rearranged to four-membered metallacycle species
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RhS13, then go through the CO; insertion to form RhS14. In addition, the O! atom of Rh12 could
also be electrophilically attacked by CO» to generate a ten-membered metallacycle species RhS16.
And then transfer into the six-membered metallacycle species RhS17. Unfortunately, the energy
barriers of these two options are both beyond the allowable value.
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Figure S16. Gibbs free energy profiles of the lactonization with Rh14'.

12. Proton transfer and lactonization after Rh-O carboxylation
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Figure S17. Gibbs free energy profiles of the lactonization steps after protonation of Rh14.

13. Comparison of the ability of different proton receptors
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Figure S18. Comparison of the ability of different proton receptors to capture protons.
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14. The scheme of CO: directly insert into the Rh-C bond of Rh4
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Figure S19. Gibbs free energy data of CO» insertion with Rh4.

15. Gibbs free energy data of different bases (and conjugated acids)

‘BuOK and the corresponding derivatives have been performed to produce potassium phenate (in
the form of ‘BuOK), facilitate the C-H metalation (in the form of ‘BuOCO:K), and mediate the
lactonization (in the form of ‘BuOCOH).

From the calculated data in Table S1, it can be found that AcOK, ‘BuOCO;K, MeOCO-K and
KHCOj can simultaneously satisty the C-H bond activation and protonation. However, AcOK and
KHCOj are not acidic enough to convert phenol to potassium phenate. '‘BuOCO:K and MeOCO>K
can be obtained from the corresponding potassium alkoxide. Therefore, potassium alkoxide is an
effective additive for reaction. Carbonate may also be suitable,' because carbonate and phenol can
react to obtain bicarbonate, which then participates in the subsequent process.
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Table S1. Gibbs free energy data of C-H bond activation with bases

LoD petld '/°°* &
°§9 7 O — T‘? i O >/TﬁB 3 Rh\@ Rh\@
%
Rh5-MOR TS1-MOR Rh6-MOR Rhi14' Rh16
AG* AG*

Base (KOR) I\I}[l(l)sR I\TE)IR I\I’{[l(l)(;R actg‘Cl;tI-ilon) AG” H-Base T(:;T::et) pKa
KOH 2.7 9.5 -24.4 -27.1 6.8 H:0 45.1 41.3
tBuOK 2.6 | 11.1 -22.6 -25.2 8.5 tBuOH 394 39.2
MeOK 4.0 | 1.5 | -189 -21.0 9.4 MeOH 379 379
K:COs 43 146 | -17.3 -21.5 10.3 KHCO; 34.8 35.1
AcOK 59 | 25.0 7.6 32 19.1 AcOH 12.8 21.9
tBuOCO:K | 4.0 | 23.8 5.1 1.1 19.8 tBuOCO:H 7.0 18.3
MeOCO:K | 44 | 264 9.4 5.0 22.0 MeOCO:H 6.2 17.9
KHCOs 6.4 | 282 12.8 6.9 21.8 H:CO; 4.9 17.2
CF3COK 6.5 | 36.8 | 243 17.8 30.3 CF;CO:H -8.3 9.2
KOPiv 42 | 223 6.8 2.6 18.1 HOPiv 11.8 21.3
AllylICO:K 3.7 | 249 59 2.2 21.2 AllylICO:H 11.9 21.3
CH:FCO:K | 4.5 | 274 14.6 10.1 22.9 CH2FCO:H 5.8 17.7
EtCO:K 4.8 | 24.0 5.6 0.8 19.2 EtCO:H 10.3 204
nPrCO:K 42 | 229 4.9 0.8 18.7 nPrCO:H 14.6 23.0
BnCO:K 57 | 23.6 6.3 0.5 17.9 BnCO:H 12.9 21.9
PhCO:2K 3.6 | 24.6 9.9 6.3 20.9 PhCO:H 9.7 20.0

16. More O’Ferrall-Jencks Plots

More O’Ferrall-Jencks plots® were constructed using Wiberg bond orders of M-C and C-H bonds.
These bond orders were calculated using the Natural Bond Orbital (NBO)® software. In the More
O’Ferrall-Jencks plots, the lines separating the CMD and the BIES regime were consequently
constructed by connecting intermediate Rh5 (the starting point of the C-H metalation process) with
intermediate Rh6, which represents the C-H metalation product.

TS1-MOR
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Table S2. Wiberg bond orders of M-C and C-H bonds.

Wiberg Rh5-MOR TS1-MOR Rh6-MOR
bond orders | C-Hbond | Rh-Cbond | C-Hbond | Rh-Cbond | C-Hbond | Rh-C bond
‘BuOK 0.893 0.0708 0.525 0.324 0.001 0.722
KHCO:3 0.893 0.0688 0.321 0.465 0.008 0.717
KoCO; 0.884 0.1056 0.457 0.379 0.002 0.712
‘BuOCO:K 0.893 0.0686 0.348 0.443 0.001 0.722
KOAc 0.893 0.0686 0.358 0.441 0.001 0.724

17. The influence of phosphine ligands on reactivity

As suggested by Houk et al.,” the structure of the transition state is artificially divided into two parts,
one is the COsz-part, and the rest is labeled Rh-Part. Interestingly, the interaction energy (4Ei.)
negatively correlates with the carboxylation elementary step (4G?). In contrast, there exists a
positive correlation between the distortion energy (4Eise = AEaise-rn + AEis-co2) and AG7.
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Figure S20. The distortion/interaction model analysis of TS4' with different ligands. (all the
electron energies are obtained at the level of M06-D3/6-311+G(d,p)//SDD)
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Figure S21. The relationship between energy barrier and interaction energy or distortion energy.
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