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Experimental details

Chemicals

All chemicals were of analytical grade and used without further purification. KMnOj4
and MnSO4-H>O were purchased from Sino-Pharm Chemical Reagent Co., Ltd (AR).
CeO; (Cat. No. C103981-500G), MnO (Cat. No. M105456-500G), commercial
Activated-MnO, (Cat. No. M118110-10G, denoted as A-MnQO»), Co30O4 (Cat. No.
C111615-25G), Mn304 (Cat. No. M111159-250G), Mn;03 (Cat. No. M832185-100G),
SiO, (Cat. No. E1712057-250G), and Al,Os (Cat. No. G1724058-100G) were
commercial products from Aladdin Chemical Company. Benzyl alcohol, n-heptanol,
hexane-1,6-diol, hexan-1-ol, 1-nonanol, 1-decanol, 2-methoxybenzyl alcohol, 3-
methoxybenzyl alcohol, 4-methoxybenzyl alcohol, 4-fluorobenzyl alcohol, 4-
chlorobenzyl alcohol, 4-bromobenzyl alcohol, [4-(trifluoromethyl) phenyl]methanol,
4-methylbenzyl alcohol, furfuryl alcohol, 3-pyridinemethanol, 3-thiophenemethanol,
(2-naphthyl)methanol, 4-nitrobenzyl alcohol, cinnamyl alcohol, Methyl 4-
(hydroxymethyl) benzoate and the corresponding nitrile products were obtained from

Aladdin Chemical Company, TCI, and J&K China Chemical Ltd.
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Figure S1. XRD patterns of various catalysts with Ru loading of 0.1 wt%.
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Figure S2. Oxidative cyanation of n-heptanol in the presence of various catalysts with
Ru loadings of 0.1 wt%. Reaction conditions: 0.2 mmol of substrate, 4 mL of #-amyl
alcohol solvent, 100 puL of aqueous NHjs (28-30 wt%), 100 mg of catalyst, 2.0 MPa of

oxygen, 100 °C, 2 h. Yield: yield to heptanenitrile. More data are presented in Table S2.
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Figure S3. Conversion of n-heptanol in a batch reactor catalyzed by 0.1Ru/MnO»-7 in
the oxidative cyanation of n-heptanol. Reaction conditions: 0.2 mmol of n-heptanol,
100 mg of 0.1Ru/MnO»-r, 4 mL of -amyl alcohol solvent, 100 uL of aqueous NH3 (28-
30 wt%), 2.0 MPa of oxygen, 100 °C. The solid line in blue: the general reaction for 6
h; the dotted line in gray: the solid catalyst was removed after 4 h, the blue lines and

gray lines correspond to data taken in two separate experiments.
Note: After removing the solid catalyst from the reaction liquor at 4 h, the conversion

of n-heptanol remained unchanged with further reaction, indicating that the negligible

leaching of 0.1Ru/MnO»-7 under the reaction conditions.
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Figure S4. Recycling tests of 0.1Ru/MnOz-r in the oxidative cyanation of benzyl

alcohol to benzonitrile. Reaction conditions: 2.4 mmol of benzyl alcohol, 16 mL of #-

amyl alcohol solvent, 600 puL of aqueous NH3 (28-30 wt%), 300 mg of catalyst, 1.5

MPa of oxygen, 75 °C.

S6



0.1 Ru/MnOz—r

Intensity

MnOz—r

30 40 50 60
2Theta (degree)

Figure S5. XRD patterns of MnOz-7 and 0.1Ru/MnO»-r.
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Figure S6. (a) TEM and (b) high-resolution TEM images of MnO:-r. (c) Measurement

of the lattice.

Note: TEM characterization of the MnOz-r shows the nanorod morphology with
average size at about 4.9 nm. The high-resolution transmission electronic microscopic
(HRTEM) image shows the lattice spacing at 0.50, 0.31, and 0.27 nm that correspond

to the (200), (310), and (-101) planes of a-MnO; structure, respectively.'™
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in the red square in (a).
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Figure S8. HAADF-STEM image and the corresponding elemental maps of

0.1Ru/MnQO;-r catalyst.
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Figure S9. HAADF-STEM image and the corresponding elemental maps for the

0.1Ru/MnO;-r catalyst. The randomly selected region is different from that in Figure

S8.
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Figure S10. Ru K-edge EXAFS spectra in R-space of 3.0Ru/MnO»-r. For this sample

with the high Ru loading of 3.0 wt%, the Ru is still dispersed in single sites.
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Figure S11. (a) Ru 3p and (b) O Is XP spectra of Ru/MnO,-r catalyst; (c) Ru K-edge
XANES spectra of various Ru-catalysts; (d) Ru 3p XP spectra of the spent Ru/MnO»-r
catalyst; (e) Au 4f XP spectra of Au/MnO»-r catalyst; (f) Pt 4/ XP spectra of Pt/MnO»-

r catalyst.
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Note: After the reaction, the spent Ru/MnO»-r catalyst still exhibited Ru 3p binding
energy at 464.4 eV (Figure S11d), which is almost unchanged compared with the as-
synthesized catalyst.

Similar to the Ru in the Ru catalyst, the Au and Pt species also show a positively
charged state when localized on MnO»-r (Figures S11e and S11f), which also originated

from the interaction with MnO,-r support.” 4

S14



100 -

801
S
S 60- @ 0.1Ru/MnO_-r
‘» @ MnO_-r
o 40- g
0 @ A-MnO,
S
O 20-

o ¢ ’

o

0 10 20 30 40 50 60 70 80 90
Time (min)
Figure S12. Benzyl alcohol conversions in a batch reactor catalyzed by A-MnO.,
MnO;-7, and 0.1Ru/MnOs-r. Reaction conditions: 0.4 mmol of benzyl alcohol, 50 mg

of catalyst, 4 mL of #-amyl alcohol solvent, 100 pL of aqueous NH3 (28-30 wt%), 1.5

MPa of Oz, 75 °C.
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Figure S13. Arrhenius plots for the benzyl alcohol dehydrogenation catalyzed by

0.1Ru/MnOz-r and MnO,-r. Reaction conditions: 0.4 mmol of benzyl alcohol, 4 mL of

t-amyl alcohol solvent, 100 pL of aqueous NH3 (28-30 wt%), 1.5 MPa of oxygen. The

conversions were lower than 20% for calculating the average reaction rates, which, in

the limit as conversion approaches zero, approach true reaction rates.
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Figure S14. (a) XRD patterns of various catalysts with Ru loading amount at 0.1 wt%.
(b) Catalytic data in oxidative cyanation of benzyl alcohol on various catalysts. Yield:
yield to benzonitrile. Reaction conditions: 0.4 mmol of benzyl alcohol, 4 mL of #-amyl

alcohol, 100 pL of aqueous NHs (28-30 wt%), 10 mg of catalysts, 0.5 MPa of O,

100 °C, 5 h.
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Figure S15. Average reaction rates (r9) characterizing various catalysts in the oxidative
cyanation of (a) benzyl alcohol and (b) benzaldehyde. Reaction conditions: 0.4 mmol
of substrate, 50 mg of catalyst, 4 mL of -amyl alcohol solvent, 100 pL of aqueous NH3
(28-30 wt%), 1.5 MPa of O, 75 °C. Metal content of catalysts: 0.3 wt% for all the

catalysts except MnO;-r.

Note: The average rates of benzaldehyde conversion are always higher than that of
benzyl alcohol under the same reaction conditions with various catalysts, indicating that
the alcohol dehydrogenation may be rate-determining in the alcohol oxidative
cyanation process. Furthermore, the Ru/MnQO»-r exhibits higher activity for the rate-

determining reaction than the other catalysts.
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Figure S16. Time-on-stream course of conversion. Reaction conditions: 0.4 mmol of
benzyl alcohol/a-deuterated benzyl alcohol, 4 mL of -amyl alcohol, 100 puL of aqueous
NH; (28-30 wt%), 50 mg of 0.1Ru/MnOz-; 1.5 MPa of O, 75 °C. C: conversion of

benzyl alcohol.

Note: The H/D KIE and kinetics of the reactions, including the rate constant and
reaction order were studied. Assuming that the oxidation of benzyl alcohol follows the
first-reaction kinetic law, that is In[1/(1-C)] = A(t - to), where C is the conversion of
benzyl alcohol (mol %), k is the rate constant (min'), and ¢ represents reaction time
(min), and a linear relationship between -In(1 - C) and reaction time (min) was obtained,
indicating that the reaction is first order with respect to benzyl alcohol,!® and the rate
constant ki for PhCH,OH at 75 °C is 5.1 x 10 min™!. Additionally, H/D kinetic isotope
effects (KIE) for the oxidation of benzyl alcohol (PhCH>OH) and a-deuterated benzyl

alcohol (PhCD>OH) was evaluated and rate constant kp for PhACD>OH at 75 °C is kp =

7.9 x 10 min’!, thus giving a large value of ku/kp at 6.5.
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Figure S17. Average reaction rates (79) observed with various catalysts in the oxidative
cyanation of benzyl alcohol. Reaction conditions: 0.4 mmol of benzyl alcohol, 50 mg
of catalyst, 4 mL of -amyl alcohol solvent, 100 puL of aqueous NH3 (28-30 wt%), 1.5

MPa of O2, 75 °C.
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Figure S18. Average reaction rates (r9) observed with various catalysts in the oxidative
cyanation of benzyl alcohol. Reaction conditions: 0.4 mmol of benzyl alcohol, 50 mg
of catalyst, 4 mL of t-amyl alcohol solvent, 100 pL of aqueous NH3 (28-30 wt%), 1.5

MPa of Oz, 75 °C. Ru loading content was 0.1 wt% for all the catalysts.
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Figure S19. Plots determining reaction orders for the conversion of benzyl alcohol to
benzonitrile of (a) benzyl alcohol and (b) NH3 on 0.1Ru/MnO3-r and (c) NH3 over
MnO2-r. Reaction conditions: 0.2-0.5 mmol of substrate, 4 mL of t-amyl alcohol

solvent, 50-300 pL of aqueous NH3 (28-30 wt%), 1.5 MPa of oxygen, 50 mg of catalyst.

Note: As shown in Figure S19a, the positive order of reaction in benzyl alcohol (0.27)
indicates that its activation may be involved in the rate-determining step, which is also
confirmed by our H/D kinetic isotope effect (KIE) study (Figure S16) and DFT
simulations (Figure 6).1%17 The reaction order in NHs is -0.72 for reaction on
0.1Ru/MnOQ2-r (Figure S19b), confirming that more ammonia species might inhibit the
catalysis.t”*® In contrast, the reaction order in NHs is -1.04 on the Ru-free MnOg-r
catalyst (Figure S19c). The difference between these values might also be suggested to
confirm the enhanced ammonia resistance after the addition of Ru species to the MnO»-

r.
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Figure S21. Several configurations of the MnO»-7 supported single site Ru (Ru/MnO»-
Note: The computational modeling used the lattice structure of a-MnQO; according to
the XRD experiment results presented in Figure S5. It was also reported that the (100)
surface dominates and represents 54% of the a-MnO: surface area with low energies of
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0.64 J m™.'? In addition, the single atom model used in the simulation is supported by
the EXAFS and HAADF-STEM results (Figure 4 in the main text). Several
configurations of the supported single atoms were considered and the energy and
structural stability for these configurations were evaluated after the geometrical
optimization. As shown in Figure S21, the first configuration with an energy of -500.17
eV is the most stable one in these models. On the basis of the correlation to experimental
results and theoretical optimization, the first model of single-site Ru on MnO»-r was

used for the theoretical investigation in this work.
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Figure S22. The optimized structures of single-site (a) Au and (b) Pt anchored on

MnO;-r.
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Figure S23. The proposed steps for PhCH>OH dehydrogenation on Au/MnO:-r model.
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oC  HeO e Mn @ Pt
Figure S24. The proposed steps for PhCH2OH dehydrogenation on Pt/MnO»-r model.

528



DV Nl WG I SUG  &

@oC HeO o Mn ¢ Ru
Figure S25. The proposed steps for Ph\CH>OH dehydrogenation on Ru/MnO:-r model.
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Figure S26. The models of NH3 adsorbed on the Au-containing, Pt-containing, and

analogous Ru/MnO»-r catalysts.
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Figure S27. Co-adsorption structures of NH3 and benzyl alcohol at the Au site over

Au/MnO;-r before (a) and after (b) geometry optimization.

Note: It is possible that the ammonia molecule adsorbs on the Au sites with benzyl
alcohol pre-adsorbed (Figure S27a); however, the resulting co-adsorption system is
unstable in this case, and the benzyl alcohol molecule tends to desorb from the Au site
after optimization (Figure S27b). These results suggest that the benzyl alcohol
molecules are difficult to adsorb on the Au catalyst surface when ammonia co-exist
there, which is the main reason for the poor catalytic performance in oxidative
cyanation. Therefore, the calculation of the C—H cleavage barrier for the Au + NHj case

was not considered in Figure 6b.
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Figure S28. The proposed PhCH>OH dehydrogenation steps on Pt/MnO»-r catalyst

with the existence of co-adsorbed ammonia molecule (Pt + NH3/MnO»-r).

Note: When a benzyl alcohol molecule is pre-adsorbed on the Pt site, the NH3 molecule
occupies on the neighboring oxygen species of the Pt atom, which might result in the
hindrance of the benzyl alcohol activation because the unavailability of the active
oxygen species for C—H bond cleavage, as confirmed by the increased energy barrier

for the C—H bond cleavage (Figure 6b).
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for O> adsorption and dissociation on MnQO2-7-Oyac, MNO2-7-20yac, and Ru/MnQO»-7-

Ovac. The proposed O» adsorption and dissociation steps on (¢) MnO2-7-Oyac and (d)

MnOZ'r'ZOVac.

S33



oH®@0 @ Ng Mn
Figure S30. The models of NH3 adsorbed on the MnOz-r-Ovac and MNO2-r-20yac.
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Figure S32. (a) The proposed oxygen vacancy formation and replenishment process on

Ru/MnOs-r catalyst and (b) oxidative cyanation of n-heptanol catalyzed by

0.1Ru/MnO:>-r under various atmospheres. Reaction conditions: 0.2 mmol of substrate,

4 mL of t-amyl alcohol solvent, 100 pL of aqueous NH3 (28-30 wt%), 100 mg of catalyst,

100 °C, 2 h. Selectivity: selectivity to heptanonitrile.

Note: The process of PhCH>OH to PhCHO proceeds through O-H cleavage first and

then C-H dissociation’*?}, After the desorption of the final nitrile product from the

surface of Ru-MnO3, two hydrogen atoms (Hq, Hp) will adsorb on the catalyst surface

(Figure S32a, step I). We found that the reaction free energy of the removal of these

hydrogen atoms with surface oxygen to form H>O and an oxygen vacancy is -0.20 eV
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at the reaction temperature (373 K), indicating that the produced hydrogen (Hq, Hp) can
be further removed to form a surface oxygen vacancy on Ru-MnO; (step II).
Subsequently, O» can adsorb on the Ru site due to the enhanced adsorption ability
(Figure 6a), and dissociate to O atoms with a barrier 0.56 eV to replenish the oxygen
vacancy (step III to V, Figure S31). Furthermore, it is observed that the conversion of
n-heptanol increased with increasing initial O, partial pressure (Figure S32b, Table S10),

which should be due to the enhanced oxygen vacancy replenishment.?!
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Figure S33. Models showing the oxygen activation on the Ru/MnO»-r with the

presence of ammonia.
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Figure S34. (a) The optimized structure of single-site Ru anchored on Al>Oz. The

models of (b) NH3, (c) O2, and (d) benzyl alcohol adsorbed single-site Ru/Al>Os.
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Figure S35. (a) Adsorption energies of PhCH2OH, NHz, and Oz on Ru/Al203. (b) The
proposed PhCH20OH dehydrogenation steps on Ru/Al.O3 catalyst with pre-adsorbed
NHs. (c) The dissociation of molecular oxygen on Ru/Al>Os catalyst with pre-adsorbed

NHs.

Note: Over Ru/Al>Os, the activation barrier for the further cleavage of the C-H bond
and disscoiation of molecular oxygen is 1.02 eV and 1.74 eV, respectively, in the
presence of ammonia. One can find that over Ru/Al>,O3, the dissociation of oxygen is
much more difficult than that over Ru/MnO»-r with an activation energy as low as 0.69
eV (Figure S33). These results are in agreement with the experimentally low activity of

Ru/Al>Os3 catalyst in the oxidative cyanation.
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Table S1. Catalytic data characterizing oxidative cyanation of n-heptanol.t

NSO [Cat] SN en P /\/\/TNHZ N
NHa, O N cHo P2 NWOH P4
o]
Conv. Sel. (%) Balance
Catalyst (%) Pl P2 P3 P4 (%)

1 Blank <0.1 n.d. n.d. n.d. n.d. >99.5
2 MnO;-r 40.7 94.3 <0.1 <0.1 n.d. 94.3
3 0.3Au/MnO;-r 324 >99.5 <0.1 <0.1 n.d. >99.5
4 0.3Pt/MnO;-r 35.8 90.5 <0.1 <0.1 n.d. 90.5
5 0.3Pd/MnO;-r 359 93.0 <0.1 <0.1 n.d. 93.0
6 0.3Rh/MnOs-r 35.1 88.3 <0.1 <0.1 n.d. 88.3
7 0.3Ag/MnOy-r 39.9 93.0 <0.1 <0.1 n.d. 93.0
8 0.3Fe/MnO»-r 33.5 91.6 <0.1 <0.1 n.d. 91.6
9 0.3Ru/MnOs-r 66.9 >99.5 <0.1 <0.1 n.d. >99.5
10 0.01Ru/MnO,-r  38.3 >99.5 <0.1 <0.1 n.d. >99.5
11 0.1Ru/MnO»-r 583 >99.5 <0.1 <0.1 n.d. >99.5
12 3.0Ru/MnO»-r 88.5 75.6 <0.1 <0.1 n.d. 75.6
13t 0.1Ru/MnO»-r 82.4 98.3 <0.1 <0.1 n.d. 98.3
14+ 0.1Ru/MnO»-r 89.1 85.5 <0.1 <0.1 n.d. 85.5

tReaction conditions: 0.2 mmol of substrate, 4 mL of -amyl alcohol solvent, 100 pL of
aqueous NH3 (28-30 wt%), 100 mg of catalyst, 2.0 MPa of oxygen, 100 °C, 2 h. Conv.,
conversion; Sel., selectivity. n.d.: not detected.

§Carbon balance before and after the reaction. The lost carbon is CO> from over
oxidation.

5 h.

L6 h.
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Table S2. Catalytic data characterizing oxidative cyanation of n-heptanol.

(Cat /\/\/\CN P1 NWNHZ P3

SN ———— o)
NHj;, O, /\/\/\CHO P2 WOH P4

0

Catalvst Conv. Sel. (%) Balance
atalys (%) Pl P2 P3 P4 (%)

1 0.1Ru/CeO» <0.1 n.d. <0.1 <0.1 n.d. >99.5
2 0.1Ru/MnO <0.1 n.d. <0.1 <0.1 n.d. >99.5
3 0.1Ru/A-MnO, <0.1 n.d. <0.1 <0.1 n.d. >99.5
4 0.1Ru/C0304 <0.1 <0.1 <0.1 <0.1 n.d. >99.5
5 0.1Ru/Mn304 <0.1 n.d. <0.1 <0.1 n.d. >99.5
6 0.1Ru/Mn,03 <0.1 <0.1 <0.1 <0.1 n.d. >99.5
7 0.1Ru/MnO»-r 583 >99.5 <0.1 <0.1 n.d. >99.5

TReaction conditions: 0.2 mmol of substrate, 4 mL of t-amyl alcohol solvent, 100 pL of
aqueous NH3 (28-30 wt%), 100 mg of catalyst, 2.0 MPa of oxygen, 100 °C, 2 h. Conv.,
conversion; Sel., selectivity. n.d.: not detected.

SCarbon balance before and after the reaction.
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Table S3. Surface areas of catalyst samples.

Entry Sample Sget (M?/g)

1 MnOz-r 250.5
2 CeO; 14.0
3 C0304 15.0
4 A-MnO, 1.6

5 ALOs 72.9
6 SiO; 155
7 activated carbon 178.6

Seet: BET specific surface area.
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Table S4. Comparison of 0.1Ru/MnQO,-r with the reported Cu, Fe, and Co-containing

catalysts in the nitrile synthesis.

Entry Product Catalyst Temp. (°C) Time (h)  Yield (%)
1 CN 0.1Ruw/MnO,-r 100.0 5.0 >99.0
©/ Fe-phenanthroline/C 130.0 18.0 98.0
Co-phenanthroline/C 130.0 18.0 98.0
2 F CN 0.1Ruw/MnO,-r 100.0 4.0 >99.0
N
. o Fe-phenanthroline/C 130.0 20.0 93.0
Co-phenanthroline/C 130.0 20.0 95.0
3 CN 0.1Ruw/MnO,-r 100.0 3.0 >99.0
0 Fe-phenanthroline/C 130.0 20.0 97.0
0 Co-phenanthroline/C 130.0 20.0 96.0
4 P CN 0.1Ruw/MnO,-r 100.0 4.0 >99.0
ENj@/ Fe-phenanthroline/C 130.0 20.0 98.0
Co-phenanthroline/C 130.0 20.0 99.0
5 N 0.1Ru/MnO;-r 100.0 5.0 >99.0
P Fe-phenanthroline/C 130.0 24.0 85.0
Zz
Co-phenanthroline/C 130.0 24.0 86.0
6 N 0.1Ru/MnO,-r 100.0 5.0 >99.0
Fe-phenanthroline/C 130.0 20.0 93.0
Co-phenanthroline/C 130.0 20.0 92.0
5 mol% of Cul, bpy, 50.0 24 98.0
TEMPO
7 0.1Rw/MnO,-r 100.0 24.0 >99.0
MEWCN )
o o Fe-phenanthroline/C 140.0 26.0-30.0 62.0
Co-phenanthroline/C 140.0 26.0-30.0 80.0
5 mol% of Cul, bpy, 50.0 24 86.0
TEMPO
9t CN 0.1Ru/MnO»-r 100.0 8.0 95.3
©/ Co-phenanthroline/C 130.0 20.0-30.0 93.0
107 0.1Ruw/MnO»-r 100.0 16.0 96.2
130.0 20.0-30.0 95.0

: ~CN " Co-phenanthroline/C
O
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117 0 CN 0.1Ru/MnO»-r 100.0 6.0 93.6
<O:©/ Co-phenanthroline/C 130.0 20.0-30.0 94.0

Reaction conditions for 0.1Ru/MnQO;-7: 0.4 mmol of substrate, 4 mL of ~-amyl alcohol,

100 pL of aqueous NH3 (28-30 wt%), 5.0 bar of oxygen, 10 mg of catalyst (0.025 mol%
Ru), 100 °C.

tGram scale synthesis of nitriles, 1g of substrate, 60 mL of z-amyl alcohol, 100 uL of
aqueous NH3 (28-30 wt%) for each 0.4 mmol substrate, 0.1Ru/MnOz-7 (0.025 mol%
Ru), 5.0 bar of oxygen, 100 °C.

Reaction conditions for Cu catalyst?*: 1.0 mmol of alcohol, 2 mL of solvent, oxygen
balloon, 24 h, 5mol% Cul.

Reaction conditions for Fe-/Co-carbide catalysts**: 0.5 mmol of substrate, 4 mL of ¢-
amyl alcohol, weight of -catalyst corresponds to 4.0-4.5 mol% metal
(metal:phenanthroline = 1:2, in case of Fe = 1:3), 100 uL of aqueous NH3 (28-30 wt%),

5.0 bar of oxygen, 130 °C.

Note: The data of the previously reported catalysts are from references 23 and 24.
Although the homogenous Cul catalyst could work at low temperature, but the bpy and
TEMPO additives are needed. In addition, this soluble catalyst has difficulty in

separation and regeneration after the reaction?.
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Table SS. Comparison of 0.1Ru/MnQO;-r with reported Ru(OH),/Al,O3 catalyst in the

synthesis of various nitriles.

Entry Product Catalyst Poz (bar) Temp. (°C) Time (h)  Yield (%)
1 CN 0.1RW/MnO-r 5.0 100.0 5.0 >99.0
©/ Ru(OH)/ALOs 6.0 120.0 5.0 72.0
2 CN 0.1RW/MnO- 5.0 100.0 7.0 >99.0
/O/ Ru(OH)/ALOs 6.0 120.0 5.0 80.0
3 CN  0.1RuW/MnOy-r 5.0 100.0 8.0 >99.0
o /@/ Ru(OH)/ALOs 6.0 120.0 5.0 83.0
4 CN 0.1RuW/MnO,-r 5.0 100.0 5.0 >99.0
o /©/ Ru(OH)/ALOs 6.0 120.0 5.0 92.0
5 N 0.1RW/MnO»-» 5.0 100.0 4.0 >99.0
Ru(OH),/ALO; 6.0 120.0 3.0 96.0
6 XN 0.1RWMnO-+ 5.0 100.0 5.0 >99.0
Ru(OH),/ALO; 6.0 120.0 5.0 82.0
7 CN 0.1Ru/MnO,-r 5.0 100.0 5.0 >99.0
@ Ru(OH),/ALO; 6.0 120.0 7.0 80.0
8 N 0. IRWMNOy+ 5.0 100.0 4.0 >99.0
| & Ru(OH)/ALO; 6.0 120.0 6.0 81.0

Reaction conditions for 0.1Ru/MnQO;-r: 0.4 mmol of substrate, 4 mL of -amyl alcohol,
100 pL of aqueous NH3 (28-30 wt%), 10 mg of 0.1Ru/MnO»-r (0.025 mol% Ru), 5.0
bar of oxygen, 100 °C.

Reaction conditions for Ru(OH),/Al,05%°: 0.5 mmol of substrate, 2 mL of 0.45 M THF
solution of ammonia, Ru(OH),/AlO3 (10 mol% Ru), 6.0 bar of oxygen, 120 °C. The

data are from reference 25.

546



Table S6. Average reaction rate (ro) in the conversion of benzyl alcohol catalysed by
MnOa-r, Ru/MnO.-r, and Ru/Al>Oa.

Entry Catalyst Average reaction rate

(mmol gear* 1)

NHz on NH3 off
1 MnO.-r 115 18.6
2 Ru/MnO2-r 25.0 24.7
3 Ru/Al;O3 <0.1 <0.1

Reaction conditions: 0.4 mmol of substrate, 4 mL of t-amyl alcohol solvent, 100 pL of
aqueous NHz (28-30 wt%), 1.5 MPa of oxygen, 75 <C.
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Table S7. Average reaction rates in the conversion of benzyl alcohol on MnO2-r,
Ru/MnO2-r, and Ru/Al;Os.

Entry Catalyst Average reaction rate Average reaction rate
normalized per mole of normalized to surface area
Ru (mol molgy? ht) (mmol Mm%t ht)
NHz on NH3 off NH3 on NH3 off
1 MnO,-r - - 0.05 0.07
2 Ru/MnO2-r 2526.8 2496.5 0.10 0.10
3 Ru/Al,O3 <0.1 <0.1 <0.1 <0.1

Reaction conditions: 0.4 mmol of substrate, 4 mL of t-amyl alcohol solvent, 100 uL of
aqueous NHz (28-30 wt%), 1.5 MPa of oxygen, 75 <C.
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Table S8. Energy barriers for Ph\CH>OH dehydrogenation on various catalysts.

Au/MnO,-r Pt/MnO,-r Ru/MnO,-r
Dehydrogenation Steps

Ea AE Ea AE Ea AE
PhCHgHOH., —>» PhCHgHO+H, / 232/ -3.62  / -3.63

PhCHgHO+H, —> PhCHO+H.H; 046  -1.85 091 -1.14 093 -1.06
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Table S9. Energy barriers for Ph\CH>OH dehydrogenation on various catalysts.

Pt+NH3/MnO»-r Ru+NH3/MnO;-r
Dehydrogenation Steps

Ea AE Ea AE
PhCHgHOH, —> PhCHgHO+H, / 122 / -1.94

PhCHgHO+H, —> PhCHO+H Hp 1.25 -1.08 0.98 -0.88
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Table S10. Catalytic data characterizing oxidative cyanation of n-heptanol under

various atmospheres. "

NN NH,
(Cat] CN P1 /\/W P3
T e

NFa Oz A~ cho P2 MOH P4
o}
Catalyst Atmosphere Conv. (%) Sel. (%) Balance
(%)}
Pl P2 P3 P4
1 0.1Ruw/MnO,-r 0, (1.5 MPa) 58.9 97.0 <0.1 <0.1 n.d. 97.0
2 0.1Ru/MnO»-r 0, (1.0 MPa) 46.7 >99.5 <0.1 <0.1 n.d. >99.5
N2 (0.5 MPa)
3 0.1Ruw/MnO»-r 0, (0.5 MPa) 31.7 984 <0.1 <0.1 n.d. 98.4
N2 (1.0 MPa)
4 0.1Ruw/MnO,-r N, (1.5 MPa) 20.0 >09.5 <0.1 <0.1 n.d. >99.5

TReaction conditions: 0.2 mmol of substrate, 4 mL of -amyl alcohol solvent, 100 uL of

aqueous NH3 (28-30 wt%), 100 mg of catalyst, 100 °C, 2 h. Sel., selectivity. n.d.: not

detected.

SCarbon balance before and after the reaction.
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