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Figure S1. Relaxed potential-energy surfaces scan for the DMSOR-Xan and SO-Xan reactions with
neutral xanthine protonated either on the Ni, N7, and Ng (H7) or on the N1, N3, and N7 atoms (H3) along
the Cg—O(Mo) reaction coordinate (RCG —IM reaction; for the XO model, RC, TS1 and IM are found at
Cs—O distances of 2.72, 1.75, and 1.43 A, respectively). The reference energy is that of the RC state.
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Table S1. Reaction free energies (kJ/mol) of the general OAT reaction in Eqn. 2, calculated with TPSS
functional (corresponding to the data in Table 1).

X Y 7=

DMS SO;* Xan
DMDT OMe 1041  -873 9.9
DMDT SMe 111.7 -79.8 17.5
DMDT OH 100.0 -91.4 5.8
o) OMe 183.1 8.3 89.0
o) SMe 1802  -11.3 86.0
O OH 182.9 -8.5 88.7
S OMe 199.5 8.0 105.3
S SMe 195.0 3.6 100.9
S OH 188.9 2.6 94.7
S o) 183.2 8.2 89.0

Table S2. The four reduction potentials (V) in Scheme 3 for the ten models, calculated with TPSS
functional (corresponding to the data in Table 2).

X Y AGgids(?é AGerjg,%XH AGsTi(()));I AGsie:,l\?\;(at
DMDT OMe -3.06 -0.94 -2.96 -0.51
DMDT SMe -2.79 -0.72 -2.81 -0.74
DMDT OH -2.73 -0.84 -2.93 -0.50
¢ OMe -3.39 -0.88 -3.50 -1.24
¢ SMe -3.08 -0.57 -3.08 -1.05
(0] OH -3.42 -0.66 -3.38 -1.19
S OMe -2.96 -1.38 -3.51 -1.20
S SMe -2.59 -1.20 -3.50 -1.08
S OH -2.94 -1.10 -3.47 -1.20
S O -5.28 -2.94 -5.54 -2.53

Table S3. The four acidity constants (pK, units) in Scheme 3 for the ten models, calculated with TPSS
functional (corresponding to the data in Table 3).

X Y AGe,ggio AGs,ggio AGS,WI:t(iOH AG4,WI:t(iOH
DMDT OMe 11.7 47.6 14.9 56.4
DMDT SMe 9.7 44.8 12.1 47.0
DMDT OH 13.1 45.0 12.5 53.5
O OMe 11.8 54.3 10.4 48.5
(0] SMe 10.1 52.5 7.9 42.2
(0] OH 9.3 56.0 9.5 46.6
S OMe 10.4 37.0 18.9 57.9
S SMe 94 32.9 16.9 57.8
S OH 6.0 37.2 18.3 56.7
S O 43.1 82.7 39.6 90.4




Table S4. Reaction energies of the two hydrogen-atom transfer reactions in Scheme 3 (diagonal
reactions; V) for the ten models, calculated with TPSS functional (corresponding to the data in Table 4).

X Y AGESE  AGHT
DMDT OMe -0.24 0.38
DMDT SMe -0.14 -0.02
DMDT OH -0.06 0.24
O OMe -0.18 -0.63
O SMe 0.03 -0.59
o OH -0.11 -0.62
S OMe -0.77 -0.08
S SMe -0.64 -0.09
S OH -0.74 -0.12
S O -0.39 -0.19

Table S5. Gibbs free energies (kJ/mol) for the water-binding reaction in Eqn. 3 calculated with TPSS
functional (corresponding to the data in Table 5).

X Y AG
DMDT OMe 10.6
DMDT SMe 33.6
DMDT OH 17.3
0 OMe 16.9
0 SMe 0.5
0 OH 11.9
S OMe 7.1
S SMe 0.0
S OH 15.1
S 0 22

Table S6. Relative enthalpies (kJ/mol) along the reaction paths for the studied reactions calculated with
TPSS functional (corresponding to the data in Table 6).

DMSOR- SO- XO- XOH- SO- DMSOR- XO- XOH- XO- XOs-
State | DMSO DMSO DMSO DMSO| SO;> SO SO SOs"|  Xan Xan
SR 00 00 00 00 0.0 0.0 0.0 00 00 00
TS1 112 1.6 191  -71.4 1340 146.6 4415 1547 468  62.6
M 40 -505 -64 -196.5 353 66.0 93.1 455 525
TS2 232 -550 -103  -17.5 151.9 56.7 1589 474 105.7
SP 1025 -180.7 -182.2 -181.4) -13.8 -88.0 7.8 93 -11.4 326

 preR (with XOH); RC is at 12.7 kJ/mol. b preR; RC is at 6.8 kJ/mol.



Table S7. Mo-ligand bond lengths (A), angles and dihedrals () for the DMSOR-DMSO reaction,
obtained at the BALYP-D2/def2-TZVPP+ZORA+COSMO level.

l

Meo1 O/Ss\
S “ll'M°-||l|"S4/

M-0; M-O; M-S; M-S; M-S; M-S; 03-S; MO,S; S:MS3 S1S28384
SR 1.86 234 234 236 236 1.50

TS1 262 194 237 235 236 238 151 116.6 140.1 177.6
IM 231 199 238 237 237 239 1.53 121.4 140.2 175.5
TS2 1.91 199 243 242 242 244 1.89 121.3 151.5 143.7
SP .71  1.94 245 243 261 242

Table S8. Mo-ligand bond lengths (A), angles and dihedrals (°) for the SO-DMSO reaction, obtained at
the BSLYP-D2/def2-TZVPP+ZORA+COSMO level.
O4

Szln..Mo..nn\S3Me

\ S/ \\\\\ -—- /
1 (@] ‘_84
AN

M-0; M-0; M-S; M-S; M-S; 05-S4 MO2S SiMS,S;3
R 6.19 1.71 2.32 232 235 1.51 -112.1
TS1| 320 1.69 2.35 231 239 151 982 -122.3
IM | 224 170 239 237 242 154 126.9 -187.1
TS2| 195 1.70 242 242 242 1.84 129.1 -140.7
P .71 1.72 246 247 244 5.01 83.7 168.5

Table S9. Mo-ligand bond lengths (A), angles and dihedrals (°) for the XO-DMSO reaction, obtained at
the BSLYP-D2/def2-TZVPP+ZORA+COSMO level.

M-0; M-0O; M-S; M-S; M-S3 05-S4 MO3S4 S1MS,S3
R 8.84 1.72 2.36 2.36 2.24 1.50 70.7  -114.1
TS1| 235 1.72 237 239 235 153 1188 -123.1
IM | 210 1.71 241 241 238 1.62 121.5 -134.6
TS2| 2.01 1.71 244 243 235 1.74 120.7 -139.7
P 1.74 1.72 257 252 227 4.17 101.4 -163.6




Table S10. Mo-ligand bond lengths (A), angles and dihedrals (*) for the SO-SO3? reaction, obtained at
the BSLYP-D2/def2-TZVPP+ZORA+COSMO level.
O,

Sz“"'Mo"‘”"SSMe

\ 31/ \01 \\\\\O

_--—SZ‘O

O
M-0; M-0; M-S; M-S; M-S3 O1-S4 MO;S4 S1MS,83 $15,01S3
SR | 1.71 1.72 246 248 244
TS1| 1.78 1.72 250 2.5 243 251 1354 -153.2 -176.1
IM | 213 170 243 241 243 155 140.7 -144.0 173.8
TS2| 3.60 1.69 2.37 233 237 149 1472 -128.7 152.4
SP 1.70 233 2.32 235 1.50 -113.17

Table S11. Mo-ligand bond lengths (A), angles and dihedrals (°) for the DMSOR~-SO3? reaction,
obtained at the BALYP-D2/def2-TZVPP+ZORA+COSMO level.

-
-
-
-

M-0O; M-0O; M-S; M-S; M-S3 M-S4 O1-S5 MO;S5 S:MS4 515253554
SR | 1.71 195 246 243 262 244 132.8 159.0 -46.7
TS1| 1.80 198 253 247 254 246 226 1275 157.2 -40.6
IM | 213 196 248 237 241 240 154 135.7 1523 -28.9
TS2| 275 1.87 241 230 234 240 150 1469 157.3 -29.4
SP | 5.37 1.85 239 239 233 234 149 146.3 -0.95

Table S12. Mo-ligand bond lengths (A), angles and dihedrals (°) for the XO-SO32 reaction,
obtained at the BALYP-D2/def2-TZVPP+ZORA+COSMO level.

O4

Sz“ll-Mo.’.’.:::83 \\\\O

\ 7/ \ s 0

81 02 ————— \

M-0; M-0O; M-S; M-S, M-S3 02-S4 MO,Ss S1MS2S3  S1S202S3
R 1.74 1.72 253 257 2.26 14.86 161.3 -152.6 175.1
TS1| 1.88 1.72 2,50 2.55 236 2.05 136.2 -141.8 163.2
P 19.04 1.73 236 236 224 149 1728 -114.0




Table S13. Mo-ligand bond lengths (A), angles and dihedrals (°) for the XOH-SO3? reaction, obtained
at the B3LYP-D2/def2-TZVPP+ZORA+COSMO level.
o O

]

-S4
_—' \
0j 0

SZHI--MO-:-S3

\ 51/ \02H

M-0; M-0O; M-S; M-S, M-S3 01-S4 MO;S4 S1MS2S3 S:S0:0:S3
R 1.95 1.71 248 245 2.16 112.6 -74.7
TS1| 198 1.78 248 245 220 2.32 1289 107.1 -67.6
IM 1.99 2.13 241 234 2.19 155 136.8 100.1 -54.9
TS2| 1.93 3.01 231 231 2.17 150 172.0 104.3 -49.5
P 1.90 229 229 217 111.0

Table S14. Mo-ligand bond lengths (A), angles and dihedrals (*) for the XO—Xan reaction, obtained at
the BSLYP-D2/def2-TZVPP+ZORA+COSMO level.
O,

H
N

I ... P
Szllu.MO::--Sg,
\, ]
vats
N

M-0O; M-0; M-S; M-S; M-S3 0:;-C C-H S3-H MO;C Si1MS;,S3 S$:50:0:S3
RC| 1.75 1.72 253 252 228 2.72 1.09 2.26 113.7 -138.3 -174.6
TS1| 1.84 1.71 2.48 250 223 1.75 1.09 2.44 127.2 -145.3 169.0
IM 1.93 1.70 246 246 2.19 1.43 1.10 2.69 130.0 -140.3 162.7
TS2| 2.00 1.70 2.43 243 227 135 1.32 1.69 129.2 -139.2 167.4
P 222 1.70 238 238 243 1.25 2.82 1.35 1233 -135.6 159.5

Table $15. Mo-ligand bond lengths (A), angles and dihedrals () for the [MoO3(DMDT)]* —Xan
reaction, obtained at the BSLYP-D2/def2-TZVPP+ZORA+COSMO level.
O,

I Y
Szlln-Mo::-—O3 N
N\ weo
WaN \\j[
R

M-0O; M-0; M-03 M-S; M-S, 0;-C C-H 03-H MO;C SiMS;03 $;50:0,03
RC | 1.76 1.73 1.77 254 2,59 2.71 1.09 1.84 104.8 -146.4 171.4
TS1| 1.85 1.72 1.74 251 253 1.75 1.09 221 1225 -140.7 165.1
IM 1.93 1.71 1.72 249 248 143 1.09 246 128.1 -138.0 162.0
TS2| 1.95 1.71 1.84 2.45 245 1.41 1.33 1.25 119.7 -140.0 173.5
P 227 1.70 2.01 2.37 2.38 1.25 3.00 2.23 134.3 -128.4 149.7




