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1. Theoretical methods

The Gaussian 09 suite of ab initio programs® was employed to perform DFT calculations using
the hybrid meta-GGA level M06 functional? in conjugation with 6-31G(d) basis set> * for small
atoms, and Stuttgart relativistic effective core potential basis set for Os (ECP60MDF).> The
accuracy of numerical integrations is at the ultrafine grid (99,590) level. Geometric optimizations
were performed without restriction in formic acid (¢ = 51.1). The integral equation formalism
polarizable continuum (IEFPCM) solvation model® with the SMD radii’ were used for solvent
effect corrections. Thermal corrections were obtained by frequency calculations on optimized
structures within the harmonic potential approximation under 298.15 K and 1 atm pressure. The
optimized structures were confirmed to have no imaginary vibrational mode for all equilibrium
structures and only one imaginary vibrational mode for each transition state. Transition states
were further characterized by intrinsic reaction coordinate (IRC) calculations to affirm that the
correct stationary points were connected. The 3D molecular structures were drawn by using the

JIMP2 molecular visualizing and manipulating program.?



Activation strain model (ASM), also known as the distortion/interaction model, is a
computational method which gives an insight into the physical factors controlling the potential
activation barriers among the competing pathways.” 1° This method is a fragment approach to
predict the influences on activation barriers of chemical reactions.!’ Along the reaction
coordinate {, the relative energy AE({) can be decomposed into the strain energy AEstrain({) and
interaction AEint(0). The former derives from the deformed reactants during the transformation
of equilibrium geometry to the transition state, and the latter comes from the electronic

structure as well as the interaction between the increasingly deformed reactants:
AE({) = AEgrain(§) + AEin:(4)

2. Evaluation of density functionals

Table S1. Absolute and relative free energies of TSz,3.r and TSz,3.s with different functionals.

Absolute free energies Relative energies
Functionals (Hartree) (kcal mol?)
TS2,3.r TS2,3-s TS2,;3.r >TS2,3-5

TPSS -2483.911319 -2483.910449 0.5
TPSS-D3 -2484.038631 -2484.037163 0.9
B3LYP -2483.543424 -2483.541050 15
B3LYP-D3 -2483.691637 -2483.689928 1.1
B3PWI1 -2482.807880 -2482.806182 1.1
B3PW91-D3 -2482.977159 -2482.974311 1.8
wB97X -2483.042475 -2483.042316 0.1
wB97X-D -2482.972605 -2482.971261 0.8
PBEh1PBE -2481.333522 -2481.330876 1.7
MO6 -2482.172058 -2482.169444 1.6

In order to evaluate the dependence of density functionals of this osmium system, especially
the effect of dispersion on the weak interactions responsible for enantioselectivity, we calculated
the relative free energies of between TS;,3.r and TSz,3-s (Table S1), as well as between the 5’ and
TSs,1 (Table S2) using nine other widely-used and/or recently developed functionals, including
TPSS,*2 B3LYP,'>14 B3PW91,1>1¢ and these functionals with Grimme’s GD3 dispersion correction'’,
TPSS-D3, B3LYP-D3, B3PW91-D3, as well as wB97X,'® wB97X-D*° and PBEh1PBE?° functionals. All

other computational details are the same as described in the above section.



As shown in Table S1, the relative energies differences between TS,3-r and TS2,3.s obtained
with or without Grimme’s dispersion correction (including wB97X and wB97X-D) are less than 1.0
kcal mol?, and all functionals have similar enantioselectivity. Table S2 shows the difference of
relative energies between 5’ and TSs,; obtained with all functionals is less than 7.7 kcal mol™. The
relative free energy differences caused by the dispersion correction are less than 2.5 kcal/mol.
The MO06 result of 16.6 kcal mol™ is in the middle and very close to the results of B3LYP, B3LYP-
D3, B3PW91, B3PW91-D3 and PBEh1PBE functionals. More importantly, the total free energy
barrier calculated by using the M06 functional matches well with the observed reaction rate.

Therefore, we believe MO06 is a suitable functional for the computational study of this Os system.

Table S2. Absolute and relative free energies of 5’ and TSs,1 with different functionals.

Absolute free energies Relative free energies

Functionals (Hartree) (kcal mol?)

5 TSs1 5' > TS5,
TPSS -2140.375823 -2140.353318 14.1
TPSS-D3 -2140.480140 -2140.457581 14.2
B3LYP -2140.053348 -2140.027830 16.0
B3LYP-D3 -2140.175722 -2140.150020 16.1
B3PWI1 -2139.449762 -2139.423999 16.2
B3PW91-D3 -2139.589021 -2139.562987 16.3
wB97X -2139.635726 -2139.600979 21.8
wB97X-D -2139.579978 -2139.549216 19.3
PBEh1PBE -2138.183205 -2138.156137 17.0
MO06 -2138.858290 -2138.831787 16.6

3. Evaluation of basis sets

Table S3. Absolute and relative electronic energies of TSz,3.r and TS;,3-s with different basis sets.

Absolute electronic energies AE

Basis sets (Hartree) (kcal mol?)

TS23r TS2,3-s

6-31G(d)\MDF -2482.808777 -2482.805077 -2.3
6-31G(d,p)\MDF -2482.873662 -2482.870584 -1.9
6-31+G(d,p)\MDF -2482.961035 -2482.957858 -2.0
6-31++G(d,p)\MDF -2482.963159 -2482.959808 -2.1
6-31G(d)\MWB -2482.636850 -2482.633943 -1.8
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In order to evaluate the accuracy of basis sets used in our DFT calculations, we used four larger
basis sets to calculate the single point energies of key transition states in the enantio-determining
steps, 6-31G(d,p) basis set for small atoms and ECP60MDF for Os, 6-31+G(d,p) basis set for small
atoms and ECP60MDF for Os, 6-31++G(d,p) basis set for small atoms and ECP60MDF for Os, 6-
31G(d) basis set for small atoms and ECP60MWB?? for Os. As shown in Table S3, the electronic
energy differences between TSz,3.r and TS;,3-s obtained by using different basis sets are from -1.8
to -2.3 kcal mol™. Such a 0.5 kcal mol* range of difference indicates that the 6-31G(d) and

ECP60MDF basis sets used in this study are large enough for the DFT calculations of this Os system.

4. Isomers of catalyst 1

Figure S1. Optimized structures of 1 and its isomer 1'.

In order to find out the most stable structure of the chiral catalyst 1, we examined its isomer
1’, in which the two phenyl group in the five numbered Os—N-C-C-N ring are at the axial positions
(Figure S1). The optimized structure of 1’ is 3.3 kcal mol™* less stable than 1, so we believe 1 is the

real catalyst in the reaction.

5. The influence of solvent FA molecule.

In order to have a better understanding of the influence of solvent FA molecule in the reaction,
we also considered the situations without the participation of FA and with the presence of two
FA molecules for hydride and proton transfer in our computational study. The mechanism for the
hydrogenation of PA catalysed by 1 without the participation of extra FA molecule for proton

transfer is shown in Scheme S1. The corresponding free energy profile is shown in Figure S2. DFT



calculation results suggest that the hydrogen transfer proceeds via two steps, hydride transfer
from metal to carbonyl carbon and proton transfer from the axial hydrogen in nitrogen ligand to
the carbonyl oxygen. The EDSs are still the metal to the carbonyl carbon hydride transfer process,
but the ion-pair intermediates 3’ have the highest relative free energies. This result further
demonstrates the importance of solvent FA molecule in the asymmetric reduction of PA.

Scheme S1. Proposed mechanism for the hydrogenation of PA catalysed by 1 without the
participation of formic acid.
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Figure S2. Energy profile for the hydrogenation of PA catalysed by 1 without the participation of
formic acid. The relative electronic energies are shown in parentheses.



Scheme S2. Proposed mechanism for the hydrogenation of PA catalysed by 1 with the presence

of two FA molecule.
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Figure S3. Free energy profile for the hydrogenation of PA catalysed by 1 with the presence of
two FA molecule in calculations.

The mechanism for the hydrogenation of PA catalysed by 1 with the participation of two FA
molecule is shown in Scheme S2. The corresponding free energy profile is shown in Figure S3. We
found that the second FA molecule only has some weak hydrogen bond interactions with the

reactant, but does not participate the proton transfer process. The calculated relative energies



are almost the same as the results with the participation of only one FA molecule. Therefore,
although the reaction happens in the FA solvent, we believe one extra FA molecule in our
computational reaction mechanism study is accurate enough because normal hydrogen bonds

are usually 10 times stronger than nonspecific intermolecular interaction forces.?

6. The influence of water for hydride transfer

TS2,3-r-H20 TS2,3-s-H20

Figure S4. Optimized structures of TSz,3-r-n20 (319/ cm™) and its isomer TS2,3-s-n20 (333i cm™). Bond
lengths are in A,

Table S4. Relative free energies of the enantio-determining state with the involvement of a
formic acid or water molecule.

AGsor (1 > TS23-8/TS2,38H20)  AGsor (1 = TS2,3.5/TS2,3-5-H20)
kcal mol™
HCOOH 3.9 5.5
H,O 5.5 7.7

Additional molecule

In order to evaluate the possible influence of water to the reaction mechanism, we also
calculated the enantio-determining hydride transfer process with the formic acid molecule
replaced by a water molecule. Figure S4 shows the optimized transition state structures of TS 3-
r-H20 Or TS23.5-u20. Different with the formic acid molecule, the H,O molecule cannot provide a
proton to carbonyl oxygen of pyruvic acid because of its weak acidity. The relative free energies
of TS2,3-r-H20 OF TS2,3-s.n20 are 5.5 or 7.7 kcal mol™?, respectively, which are at least 1.6 kcal mol™
higher than the corresponding relative free energies involving formic acid (Table S4). More

importantly, formic acid is the hydrogen source in this catalytic transfer hydrogenation reaction.

|



7. Electrostatic potential map analysis
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Figure S5. Electrostatic potential maps of pro-2s and pro-2g (isosurface value of 0.001 a.u.)

We also performed electrostatic potential analysis using Molekel 4.3.2% As shown in Figure S5,
the electrostatic potential distributions are in agreement with the conclusion that the n®-p-

cymene ligand and the carboxyl group in pro-2g is in a more positive-enrichment region with

primary electrostatic attractions.
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