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SUMMARY

Mononuclear metal-peroxo species are invoked as the key intermediates in metal-
loenzymatic or synthetic catalysis. However, either transience or sluggishness
reactivity of synthetic analogs of metal-peroxo species impedes our understand-
ing of oxygen activation mechanism. Herein, we designed and characterized a di-
oxygen-derived mononuclear osmium-peroxo complex, in which the peroxo
ligand is stabilized by internally aromatic metallacycle. We demonstrate that
the osmium-peroxo species shows catalytic activity toward promoterless alcohol
dehydrogenations. Furthermore, computational studies provide a new mecha-
nism for the osmium-peroxo-mediated alcohol oxidation, starting with the
concerted double-hydrogen transfer and followed by the generation of
osmium-oxo species. Interestingly, the internally aromatic metallacycle also plays
a vital role in catalysis, which mediates the hydrogen transfer from osmium center
to the distal oxygen atom of Os-OOH moiety, thus facilitating the Os—OOH —
Os=0 conversion. We expect that these insights will advance the development
of aromatic metallacycle toward aerobic oxidation catalysis.

INTRODUCTION

Capturing highly active species and illustrating their reactivities are central issues in dioxygen activation
chemistry (Elwell et al., 2017; Karlin, 2010; Lewis and Tolman, 2004; Hong et al., 2017; Dong at al., 2013; Sol-
omon et al., 2014; Cho et al., 2016). Mononuclear metal-peroxo complexes are commonly implicated as
reactive intermediates in oxidative catalysis of enzymatic or abiological systems, and considerable efforts
have been dedicated to the synthesis and the mechanistic studies of them (Meunier, 2000; Karlsson, 2003;
Yee and Tolman, 2015; Nam, 2015; Quist et al., 2017; Costas et al., 2004). Despite the fact that a number of
mononuclear metal-peroxides have been elegantly synthesized and characterized, either the transient na-
ture or the sluggish reactivity of these intermediates hampers our insight into the detailed dioxygen acti-
vation mechanisms during catalytic turnover (Shook et al., 2008; Cho et al., 2011; Ohta et al., 2013; Barman
etal, 2019; Tronicetal., 2011). As the relative reactivity and stability of the metal-oxygen species are highly
dependent on the supporting ligands or coordination environments (Cook and Borovik, 2015; Kovacs,

2015; Neu et al., 2015; Yan Poon et al., 2019), the rational ligand design constitutes a promising way to College of Chemistry and
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Scheme 1. Synthesis of 2 via the Reaction of Osmapentalyne 1 with O, in the Presence of CH;ONa
See also Figures S1 and S14-S16.

terminal oxidant is one of the long-term pursuit of chemists (Arends and Sheldon, 2004; Parmeggiani and
Cardona, 2012; Shi et al., 2012; Punniyamurthy et al., 2005). Although great progress has been achieved in
transition-metal-catalyzed aerobic oxidations of alcohols in the past decades (Brink et al., 2000; Stahl, 2004,
2005; Ryland and Stahl, 2014; Chung et al., 2013; Konnick, and Stahl, 2008; Sigman and Jensen, 2006), ex-
amples of alcohol oxidation mediated by mononuclear metal-peroxo species are rare (Bianchini et al.,
1990; Esteruelas et al., 2011). Interestingly, osmium-dioxygen adduct was found to be an active catalyst
in alcohol oxidations (Esteruelas et al., 2011). Nevertheless, understanding on the structural and mecha-
nistic features in osmium-dioxygen-mediated alcohol oxidation is still limited.

Herein, we present the synthesis, characterization, and reactivity of a mononuclear osmium-peroxo com-
plex. Theoretical investigations, including aromatic stabilization energy (ASE), nucleus-independent chem-
ical shift (NICS) and anisotropy of the current-induced density (ACID), as well as experimental evidences
indicated that the active species was stabilized by the internally aromatic pincer backbone. In particular,
we demonstrate that the osmium-peroxo species could act as a pre-catalyst in alcohol oxidations without
using additives. In contrast to the commonly proposed B-hydride elimination mechanisms for alcohol
oxidation, our calculations show a new mechanism that the osmium-peroxo-catalyzed aerobic oxidation
of alcohol proceeds via the concerted double-hydrogen transfer. As far as we know, the result outlined
above is the first experimental evidence of a structurally characterized mononuclear metal-peroxide that
is able to perform the alcohol dehydrogenation.

RESULTS AND DISCUSSION

Synthesis and Characterization of an Osmium-Peroxo Complex

Osmapentalyne 1 (Zhu et al., 2013) was used as the starting material to study the binding of dioxygen
(Scheme 1). The nucleophilic attack at carbyne carbon atom by sodium methoxide led to the reduction
of metal center and dissociation of chloride, which facilitated the coordination and the following reduction
of dioxygen. The yellow solution of 1 and CH3ONa in methanol under dioxygen atmosphere at room tem-
perature (RT) underwent gradual color change to generate a brown solution (Figure 1A, left insets), which
was followed by ultraviolet-visible spectroscopic changes (Figure 1A). As also indicated by in situ NMR, the
mixture of 1 and excess CH3ONa in the presence of dioxygen at RT for 3 h resulted in almost quantitative
conversion to 2 (Figure S1, and see also Transparent Methods for details), which was characterized by high-
resolution electrospray ionization-mass spectroscopy (HRMS). The HRMS of 2 shows a prominent peak at
m/z=1,187.2762 (Figure 1B), in which the mass and isotope distribution patterns correspond to the cation
of 2 (calculated for cation of 2, m/z 1.187.2793). Upon introduction of "0 into 2 using "0, a shift of four
mass units was observed, from m/z 1,187.2762 to 1,191.2884 (Figure 1B, insets), indicating that dioxygen
bound to the metal center of 2.

The good thermal stability of 2 (Figure S2) in the absence of substrates allowed us to obtain single crystals
suitable for spectroscopic and structural analysis. The solid infrared spectrum (KBr) of 2 exhibits a vibra-
tional band at 913 cm™', which shifts to 860 cm™" upon replacement of 'O by 0 (Figure 1C). The
observed isotopic shift value of Av = 53 cm™" is consistent with the value of 52 cm™', calculated using
Hooke's law of harmonic oscillators. These values are also comparable to those recorded for metal-peroxo
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Figure 1. Spectroscopic Characterization of 2
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(A) UV-visible spectral changes observed upon addition of CH3ONa (15 equiv; 1.5 mM in methanol) to a methanol solution of 1 (0.1 mM; yellow line) under O,

atmosphere at RT. The left insets show the color changes of the solution during the conversion of 1 (yellow) to 2’ (brown). The right inset shows the change

over time of the absorbance at 382 nm.

(B) High-resolution electrospray ionization mass spectrometry spectra (positive ion mode) of the reaction mixture of 1 and CH30ONa (5 equiv, CH30H, 3 h) in

air. The insets show the observed isotope distribution patterns for 2-1%0, (green panel) and labeled 2-'80, (purple panel).
(C) Fourier transform infrared spectra of 2-1°0, (greenline) and 2-'%0, (purple dashed line) as recorded from KBr disks. Yellow line is the difference spectrum

of 2-°0, and 2-'%0,.
See also Figure S17.

complexes (Cho et al., 2011; Tronic et al., 2011; Hu et al., 2004; Lee et al., 2012; Waidmann et al., 2010), and
lead us to conclude that the O, unit in 2 possesses a peroxo character.

Direct evidence for the geometry of osmium-dioxygen moiety is provided by the X-ray crystal structure of 2.
As shown in Figure 2, the crystal structure revealed a mononuclear osmium complex with the triangular
Os—0; unit having a small bite angle (40.18(14)° for O1-0s—02). The five coordination sites in the equa-
torial plane are occupied by the CACAC-type tridentate ligand and the peroxo ligand, and the axial posi-
tions are occupied by two phosphine ligands. The peroxo ligand within the Os—O, unit is bound almost
symmetrically to the metal center with Os—O bond lengths of 2.034(4) and 2.051(4) A. The 01-02 bond
length in 2 (1.403(5) A) is within the range of O—0O bond distances found in other osmium-peroxo com-
plexes (ca. 1.396-1.452 A) (Mezzetti et al., 1994: Maddock et al., 1996). In accordance with the experimental
values, we concluded that 2 is a side-on osmium-peroxo complex. This structure contains three metal-car-
bon bonds and two metal-oxygen bonds in an equatorial plane, which has not been reported previously in
coordination chemistry. To the best of our knowledge, this crystal structure is the first example of a metal-
peroxo complex lacking heteroatomic binding sites of a polydentate ligand scaffold.

Aromaticity Evaluation of Osmium-Peroxo Complex

Aromaticity plays vital role in stabilizing organic-aromatic or metalla-aromatic compounds (Krygowski and
Cyranski, 2001; Chen and Jia, 2013; Schleyer, 2001). In this study, the stability of the osmium-peroxo com-
plex 2 could be attributed to the aromaticity of the metallacycle composed of the CACAC skeleton and a
metal center, which is also thought to have strong influence on the oxygen transfer process. The good sta-
bility, ring planarity, bond length equalization, and low-field exocyclic proton chemical shifts of metalla-
cycle indicate that complex 2 is aromatic in nature. To shed light on the aromaticity, density functional the-
ory (DFT) calculations were performed on the simplified model complexes 2-1 and 2-2. The PPhs and the
ester in 2-1 are replaced by PH3 and methyl, respectively, whereas in 2-2, the ester group is reserved (Fig-
ure 3). The computed positive ASE values (Schleyer and Pihlhofer, 2002; Wannere et al., 2003) and negative
NICS values (Schleyer et al., 1996; Chen et al., 2005; Fallah-Bagher-Shaidaei et al., 2006) generally act as the
indicator for aromaticity. As depicted in Figure 3A the ASE values of 2-1 (28.7 and 25.8 kcal mol™") are com-
parable to the corresponding ASE values of previously reported metalla-aromatics (Chen and Jia, 2013;
Landorf and Haley, 2006; Fernandez et al., 2015), indicating the aromaticity of 2. The calculated NICS(1),,
values for the two metallacyclic rings of 2-2 are —10.3 (ring a) and —12.7 (ring b) ppm (Figure 3B), which are
similar to those reported for other metalla-aromatics (Wei et al., 2018; Frogley and Wright, 2018). The
aromaticity of 2 is further supported by the ACID (Herges and Geuenich, 2001; Geuenich et al., 2005), which
can simulate the density and direction of the induced ring current in a molecular system under an external
magnetic field. As shown in Figure 3C, an obvious clockwise diatropic ring current can be observed in 2-2,
indicating the aromaticity of the two fused five-membered rings.
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Figure 2. Molecular Structure of the Cation of 2

Molecular structure of 2 with thermal ellipsoids drawn at 50% probability level. Hydrogen atoms in the PPh3 moieties are
omitted for clarity. Selected bond lengths (A) and angles (deg): O1-02 1.403(5), Os1-01 2.034(4), Os1-02 2.051(4),
O1-0s1-02 40.18(14), Os1-01-02 70.6(2), Os1-02-01 69.2(2).

See also Table S1.

The Reactivity of Osmium-Peroxo Complex in the Catalytic Oxidation of Alcohol

Metal-oxygen intermediate was extensively invoked as the active species for the hydrogen atom abstrac-
tion from C—H or O—H bonds (Sacramento and Goldberg, 2018; Gordon et al., 2019). As such, we first
investigated the catalytic activity of 2 with 4-methylbenzyl alcohol using pure oxygen as the terminal
oxidant. It is seen from Figure 4 that the catalytic oxidation completes within 12 h, affording the desired
aldehyde in 92% isolated yield. With the preliminarily optimal reaction conditions in hand, we explored
the substrate generality of this protocol (Figure S3). We found that alcohols with weak C-H bonds and acidic
O-H bonds, such as 4-nitrobenzyl alcohol, 1-pyrenemethanol, and benzhydrol, were converted to the cor-
responding carbonyl compounds in high yield. In contrast, cyclohexanol with stronger C-H bond and
slightly acidic O-H bond had significantly low yield relative to benzylic alcohols, suggesting that the alcohol
oxidation rate is dependent on the C-H strength of substrate (Rajabimoghadam et al., 2018).

The parallel kinetic isotope effect (KIE) studies conducted with the 2-catalyzed oxidation of 4-MeCgH,.
CH,0OH (3) and 4-MeC4H,CH,OD (3-OD), respectively, revealed an overall KIE value of 1.16 (Figures 4A
and S4). In addition, with 3 and 4-MeCsH,CD,0OH (3-CD5), a relatively larger overall KIE value of 2.50
was observed (Figures 4B and S5). To ensure the reliability of the later KIE value, intermolecular competi-
tion experiment by mixing equal molar amounts of 3 and 3-CD; in the same reaction vessel was carried out
to give an overall KIE value of 2.86 (Figure S6). The aforementioned kinetic results imply that the bond
cleavage is C—H rather than O—H occurring in the turnover-limiting step (Simmons and Hartwig, 2012;
Jones, 2003).

Mechanistic Studies of Catalytic Oxidation

Despite extensive experimental studies, the mechanisms of O, activation and the metal-peroxo-mediated
oxidation of alcohols remain elusive. Herein, computational studies in combination with experiments were
conducted to gain insight into the detailed mechanism. We first carried out the catalytic oxidation reaction
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Figure 3. Aromaticity Evaluation of 2

(A) Aromatic stabilization energy (ASE, kcal mol™") evaluations of the aromaticity of model complex 2-1.

(B) NICS(1),, (nucleus-independent chemical shift along the z axis at 1 A above the ring critical point) evaluations of the
aromaticity of model complex 2-2.

(C) Anisotropy of the current-induced density (ACID) plot of 2-2 from 7 contribution with an isosurface value of 0.035. The
magnetic field vector is orthogonal to the ring plane and is directed upward (aromatic species exhibit clockwise diatropic
circulations).

with excess of 1,1-diphenylethylene and 2,4,6-tri-tert-butylphenol, respectively, and found that free radical
scavenger did not obviously suppress the reaction rates and the yield of aldehyde. This finding suggests
that the catalytic oxidation probably proceeds via a non-radical mechanism. In the control experiments,
the amounts of PPh3 and Ph3P=0 in the initial stage of the reaction mixture with and without substrate
were monitored by gas chromatography-mass spectrometry (GC-MS) (Figure S7). It was found that the
amount of free PPh3 in both control experiments were negligible, but the amount of Ph3P=0 in the initial
stage of the reaction mixture in the presence of substrate was about 11 mg according to the GC-MS anal-
ysis. As such, we think that the first step of the catalytic cycle involves the dissociation of one of the phos-
phine ligand, which was then oxidized to phosphine oxide. In addition, the addition of PPhs would signif-
icantly suppress the catalytic reaction, probably due to the inhibition of first step in catalytic cycle or
competitive oxidation between PPh3 and substrate. With these results, we proposed that the first step
of catalysis involves the dissociation of one PPhj ligand from 2 and the following alcohol coordinate to
the metal center (Figure S8). Figure 5 presents the calculated free energy profiles for the osmium-per-
oxo-catalyzed aerobic oxidation of alcohols. It is seen from Figure 5 that two distinct binding conforma-
tions of benzyl alcohol can be located in this study. In reactant complex RCO, the hydroxyl oxygen atom
is coordinated to osmium center, whereas in the alternative reactant complex RC1, the hydrogen of hy-
droxyl is H-bonded to one of the peroxo oxygen atom. Although RCO is calculated to be 8.6 kcal/mol lower
in energy than RC1, the aldehyde formation via the initial proton transfer from the hydroxyl group of sub-
strate to the peroxo moiety in RCO, followed by another hydride dissociation from the benzylic C-H bond, is
demonstrated to be highly unfavorable (the calculated barriers are over 30 kcal/mol in all three possible
pathways, see Figure S9). By contrast, we located a new pathway from RC1 (Figure 5), in which the proton
transfer from the hydroxyl group to the peroxo moiety is coupled with the hydride transfer from the benzylic
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Figure 4. Aerobic Catalytic Oxidation of p-methylbenzyl Alcohol by 2 and the Kinetic Isotope Effects

(A) Parallel KIE studies conducted for the 2-catalyzed oxidation of 4-MeC,H,CH,OH (3) and isotopically labeled
4-MeC¢H4CH,OD (3-OD). (B) Parallel KIE studies conducted for the 2-catalyzed oxidation of 4-MeCgH,CH,OH (3) and
4-MeCygH4CD,OH (3-CDy).

See also Figures S3-56.

CH; group to metal center (TS1). This new reaction channel involves a Gibbs energy barrier of 22.1 kcal/mol
relative to RCO, leading to the formation of aldehyde products and OsH(OOH) species in IC1. By investi-
gating all the possible reaction pathways for the OsH(OOH) intermediate in 1C2 (Figure S10), we found
that the most favorable pathway is initiated by the hydride shift from osmium center to the neighboring
C1 (TS2), with a Gibbs energy barrier of 16.1 kcal/mol relative to IC2, whereas the hydride transfer to the
another neighboring carbon (C7) requires an even higher barrier of 20 kcal/mol (Figure S11). Notably, con-
version of IC2 to IC3 involves dearomatization of internally aromatic metallacycle, which is similar to the
previously reported metal-ligand cooperation via dearomatization-aromatization process of ligand (Guna-
nathan and Milstein, 2011; Zeng et al., 2014; Khusnutdinova and Milstein, 2015; Li et al., 2019) The subse-
quent proton transfer from C1-H to the distal oxygen atom of Os—OOH (TS3) leads to the heterolytic cleav-
age of O-O bond and the formation of osmium-oxo species (Os=0) in IC4. Meanwhile, the internal
aromaticity for metallacycle was recovered. This step experiences an overall Gibbs energy barrier of
24.2 kcal/mol (TS3) and constitutes the rate-determining step for the overall transformations. Such compu-
tational finding is in accordance with KIE experiments that the hydrogen originally from substrate C-H bond
participates in the rate-determining transformations.

To complete the catalytic cycle, we proceed to consider the Os=0O-mediated oxidation of alcohols. The
calculated free energy profile is depicted in Figure 6. It is seen that the formation of aldehyde occurs via
a double-hydrogen shift mechanism (TS4), in which the proton from the hydroxyl group shifts to oxo of
Os=0 species, whereas the hydride from the benzylic CH, group shifts to the metal center. Such mecha-
nism is analogous to the osmium-peroxo-catalyzed oxidation of alcohol via TS1. This step experiences a
Gibbs energy barrier of 16.5 kcal/mol relative to IC5, leading to the formation of aldehyde product and
osmium-hydrido-hydroxo species (OsH(OH)) in IC6. All these indicate that the reactivity of osmium-oxo
is much higher than that of osmium-peroxo species. The final hydride shift to the neighboring C1, followed
by the H,O formation, recovers the initial state of osmium-peroxo species RCO (Figure S12, and see also
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Figure 5. DFT-Computed Gibbs Energy Profile (in kcal/mol) for the Osmium-Peroxo-Catalyzed Aerobic Oxidation of Alcohol
Key distances are given in angstroms.
See also Figures S7-S11 and S13.

Figure S13 for full catalytic mechanism). Our calculations demonstrate that hydrogen transfer in TS3, where
the hydrogen is initially derived from the benzylic CH; group of alcohol, is involved in the rate-determining
step in overall transformations. This is in line with our experimental findings. As such, our computational
studies reveal that both osmium-peroxo and oxo species act as the reactive intermediate toward alcohol
oxidations. Interestingly, the internally aromatic metallacycle plays an unusual role in catalysis by facile
metal-ligand cooperative catalysis through reversible dearomatization-aromatization. Such reversible
transformation would facilitate the Os—OOH — Os=0 conversion via the neighboring carbon site-assisted
proton transfer, and thus significantly enhance the catalytic reactivity of 2. This also explains why the
osmium-peroxo species 2 could serve as an oxidant in the promoterless alcohol oxidations, whereas
most of the previously catalytic processes require additives, such as nitroxyl radicals and base, to complete
the catalytic cycle (Kopylovich et al., 2015).

Conclusion

In this work, we demonstrated that the relatively stable osmium-peroxo species can be achieved through
the reaction of osmapentalyne with molecular oxygen in the presence of nucleophile. The peroxo ligand
was almost symmetrically bound to the metal center in a side-on fashion determined from X-ray crystal
structure. DFT calculations together with experiments showed that the aromaticity of metallacycle
provided the stability for active osmium-peroxo species, which was also capable of promoterless
alcohol dehydrogenation. Different from the commonly proposed B-hydride elimination mechanisms
for alcohol oxidation, our calculations demonstrate that the osmium-peroxo-catalyzed aerobic oxidation
of alcohol proceeds via the concerted double-hydrogen transfer mechanism, affording the osmium-hy-
drido-hydroperoxo species (OsH(OOH)) and aldehyde in one step. The subsequent ligand-assisted O-O

iScience 23, 101379, August 21, 2020 7
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Key distances are given in angstroms.

See also Figures S12 and S13.

heterolytic cleavage in OsH(OOH) generates the second active species of osmium-oxo complex (Os=0) for
alcohol oxidation. Thus the catalysis involves an unusual dearomatization-aromatization of metallacycle.
The kinetic results and theoretical calculations suggest that the turnover-limiting step involves the transfer
of a hydrogen atom derived from the benzylic CH, of the substrate. These observations represent the rare
examples of structurally characterized metal-peroxo complex in the aerobic oxidation of alcohol, and
mechanistic insights could help to develop the new and more efficient catalytic systems for green and sus-
tainable chemistry. Moreover, it is expected that the osmium-peroxo complex synthesized here could be
applied to the promoterless oxidations of other substrates, such as amines.

Limitations of the Study
Alkene oxidation was also studied under the present catalytic conditions, but no hydroxylation or epoxida-
tion products were observed.

Resource Availability
Lead Contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-
tact, Haiping Xia (hpxia@xmu.edu.cn).
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Materials Availability

Any materials generated in this study are available from the Lead Contact without restriction.

Data and Code Availability
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The accession number for the crystallographic data of complex 2 reported in this paper is Cambridge Crys-

tallographic Data Center: 1892835.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.

SUPPLEMENTAL INFORMATION

Supplemental Information can be found online at https://doi.org/10.1016/}.is¢i.2020.101379.
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Figure S1. (a) Synthesis of osmium-peroxo complexes. (b) In situ NMR monitoring
for the generation of 2. Overlapping 3P{*H} NMR spectrums of 1, the in situ reaction
mixture of 2’ (1+CH3ONa+O2, CH3OH, RT, 3 h), and 2. The similar nuclear magnetic
resonance (NMR) spectrums of 2’ and 2 suggest the same cation of them. Related to

Scheme 1.
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Figure S2. Thermal stability tests of 2 observed by *:P{*H} NMR. Test conditions: 1,2-
dichloroethane, air, 60 <C. Related to Scheme 1.
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Figure S3. Substrate scope for the aerobic catalytic oxidation of various alcohols.
Reaction conditions: alcohol (0.3 mmol), catalyst (2, 5 mol%), DCE (1,2-
dichloroethane,1.5 mL), under 1.5 atm of O, and 12 hours reaction time at 80 <C.
Isolated yield. 2Catalyst loading (3 mol%). °Yield was determined by GC using

mesitylene as an internal standard due to the product volatility. Related to Figure 4.
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Figure S4. KIE on kon/kop was determined from two parallel reactions using 3 (109.8
mg, 0.9 mmol) and 3-OD (110.7 mg, 0.9 mmol; approximately 97% D-enriched) as

substrates respectively. The procedure was similar to that described in Figure S5.

Related to Figure 4.
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Figure S5. KIE on kcn/kep was determined from two parallel reactions. Experimental
procedure: 3 (109.8 mg, 0.9 mmol) and 3-CD2 (111.6 mg, 0.9 mmol; approximately 95%
D-enriched) were placed in a dried reaction tube with an inner volume of 50 mL
respectively, and then treated with the same mixture of 2 (5% mmol), mesitylene
(internal standard, 60 pL) in freshly distilled DCE (4.5 mL) at 80 °C under O
atmosphere (1.5 atm). Each reaction was stopped after desired time (every 20 minutes),
the catalyst was separated by precipitation with ether, to extract 1 pL solution for GC
analysis. The GC yields were calculated after calibrating the response of GC, and
reactions with the two substrates were carried out in parallel to minimize experimental

error. Related to Figure 4.
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Figure S6. Intermolecular competition KIE experiments. KIE value was observed by
'H NMR when the reaction was in low conversion. Reaction conditions: 3 (0.3 mmol),
3-CD2 (0.3 mmol), 2 (0.015 mmol), DCE (1,2-dichloroethane, 1.5 mL), under 1.5 atm
of Oy, and 1 hour reaction time at 80 °C. After cooled to RT, the reaction mixture was
isolated by flash silicon column chromatography to afford crude products containing 4

and 4-CD. Related to Figure 4.
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Figure S7. Detection of PPhs and O=PPhs in the initial stage of the reaction mixture
with and without alcohol using GC-MS. (a) p-methylbenzyl alcohol (0.9 mmol), 2
(0.045 mmol, 5% mmol), DCE (1,2-dichloroethane, 4.5 mL), under 1.5 atm of O, and
at 80 °C. (b) 2 (0.045 mmol), DCE (1,2-dichloroethane, 4.5 mL), under 1.5 atm of Oy,
at 80 °C. The catalyst was separated by precipitation with ether, to extract 1 uL solution
for GC-MS analysis. Related to Figure 5.
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Figure S8. Dissociation of PPhs ligand from 2 and following alcohol coordination to

the metal center. Related to Figure 5.
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Figure S9. Calculated Gibbs energy profile (in kcal/mol) for the osmium-peroxo
mediated aerobic oxidation of alcohol from RCO. The reaction is initiated with proton

transfer from the hydroxyl group of substrate to peroxo moiety, followed by another

hydride transfer in three possible pathways. Related to Figure 5.
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Figure S10. The scanned barriers (in kcal/mol) for the other three unfavorable reaction

pathways from the OsH(OOH) intermediate 1C2, including Os=0O formation, H20-
formation, as well as the H> formation. Related to Figure 5.
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Figure S11. Calculated Gibbs energy barrier for the hydride transfer to the neighboring
C7 from IC2. Related to Figure 5.
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Figure S12. Calculated Gibbs energy profile for hydride transfer in IC7. The final
hydride shift to the neighboring carbon (either C1 or C7), followed by the H.O

formation, O coordination, and substrate binding. Related to Figure 6.
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Figure S13. Full catalytic mechanism for the osmium-peroxo catalyzed aerobic

oxidation of alcohol. Related to Figures 5 and 6.
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Figure S15. The 3!P{*H} NMR (162.0 MHz, CD,Cl.) spectrum for complex 2. Related
to Scheme 1.
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Figure S16. The *C{*H} NMR (100.6 MHz, CDCl,) spectrum for complex 2. Related

to Scheme 1.
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Figure S17. Positive-ion ESI-MS spectrum for complex 2 measured in methanol.

Related to Figure 1.



Table S1. Crystal data and structure refinement for 2. Related to Figure 2.

Empirical formula
Formula weight
Temperature/K
Crystal system
Space group

alA

b/A

c/A

o/°

pre

v/°

Volume/A3

VA

Peaicg/cm?

wmm?

F(000)

Crystal size/mm3

Radiation

20 range for data collection/°
Index ranges

Reflections collected
Independent reflections
Data/restraints/parameters
Goodness-of-fit on F?

Final R indexes [I>=2c (I)]
Final R indexes [all data]
Largest diff. peak/hole / e A3

BCooClsH78050sP3
1675.24

176(2)

monoclinic

P21/n

13.0726(3)

23.6457(7)

25.5454(8)

90

98.734(3)

90

7804.8(4)

4

1.426

1.886

3408.0

0.3 x0.2 x0.2

MoKa (A = 0.71073)

4.13 t0 49.998
-15<h<15,-28<k<28,-30<1<30
36994

13735 [Rint = 0.0745, Rsigma = 0.1006]
13735/60/895

0.999

R; = 0.0556, wR, = 0.0963
R1=0.0844, wR, = 0.1049
1.42/-0.68




Transparent Methods

General Information. Unless otherwise stated, all manipulations were carried out
under an inert atmosphere (N2) using standard Schlenk techniques or a glovebox.
Nitrogen was purified by passing through columns of supported P2Os. Solvents were
distilled from sodium/benzophenone (hexane and diethyl ether) or calcium hydride
(dichloromethane and 1,2-Dichlorethane) under N2 prior to use. H2'0 (90% 8O-
enriched) was purchased from J&K Scientific company. 0, (97% 80-enriched) and
D20 (99% D-enriched) were purchased from Sigma-Aldrich company. The
metallopentalyne were synthesized according to previously published procedures (Zhu
etal., 2013). All other reagents were used as received from commercial sources without
further purification. Column chromatography was performed on silica gel (200-300
mesh) in air. NMR spectroscopic experimentals was recorded using a Bruker Advance
Il 400 spectrometer (*H, 400.1 MHz; 3C, 100.6 MHz; 3P, 162.0 MHz), a Bruker
Advance 111 500 spectrometer (*H, 500.2 MHz; 13C, 125.8 MHz; 3P, 202.5 MHz) or a
Bruker Ascend 111 600 spectrometer (*H, 600.1 MHz; 13C, 150.9 MHz; 3!P, 242.9 MHz)
at room temperature. The *H and *C NMR chemical shifts (5) are relative to
tetramethylsilane, and the 3P NMR chemical shifts are relative to 85% H3PO.. The
absolute values of the coupling constants are given in hertz (Hz). Two-dimensional and
one-dimensional NMR are abbreviated as heteronuclear single quantum coherence
(HSQC), heteronuclear multiple bond correlation (HMBC), and distortionless
enhancement by polarization transfer (DEPT). The multiplicities are abbreviated as s
(singlet), d (doublet), t (triplet), g (quartet), m (multiplet), and br (broad). High-
resolution mass spectrometry (HRMS) was conducted using a Bruker En Apex-Ultra
7.0 T FT-MS instrument. GC analysis was performed on a GC-2060 spectrometer or a
SHIMADZU QP-2010 Plus GC-MS spectrometer Infrared spectra were obtained using
a Nicolet AVATAR FTIR380 spectrometer using KBr discs.

Single-Crystal X-Ray Diffraction Experiments. Single-crystal X-ray diffraction data
were collected on an Agilent SuperNova Dual system with mirror-monochromated Mo

Ka radiation (A = 0.71073 A). A multi-scan absorption correction was performed using



CrysAlisPro 1.171.38.43 (CrysAlisPro Software System, Rigaku Oxford Diffraction,
2015) using spherical harmonicsas implemented in SCALE3 ABSPACK. The structure
was solved with the ShelXT (Sheldrick, 2015) structure solution program using the
Intrinsic Phasing solution method and by using Olex2 (Dolomanov et al., 2009) as the
graphical interface. The model was refined with version 2016/6 of ShelXL (Sheldrick,
2015) using Least Squares minimisation. Non-H atoms were refined anisotropically
unless otherwise stated. The hydrogen atoms were introduced at their geometric
positions and refined as riding atoms unless otherwise stated. Single crystals suitable
for X-ray diffraction were grown from a solution of CH2Cl> layered with hexane. The
solvent molecules, dichloromethane, in 2 were masked due to the disorder.
Methoxycarbonyl group in 2 was disordered and refined with suitable restraints.
Deposition Number CCDC 1892835 for 2 contain the supplemental crystallographic
data for this paper. These data are provided free of charge by the joint Cambridge
Crystallographic Data Centre and Fachinformationszentrum Karlsruhe Access

Structures service www.ccdc.cam.ac.uk/structures. Further details on the crystal data,

data collection, and refinements are provided in Table S1. Related to Figure 2.

Computational Details. Related to Figures 3, 5 and 6.

ASE calculations: Structures were optimized at the MO6L functional (Lee et al., 1988;
Miehlich et al., 1989; Becke, 1993) with the Gaussian 09 software package (Frisch et
al., 2009). Frequency calculations were performed to confirm that the optimized
geometries were minima on the potential energy surface. The SDD (Dunning and Hay,
1977) pseudo potentials were used for the Os and P atoms, whereas the standard 6-
31G* basis set was used for the C, O, and H atoms. Polarization functions were added
for Os ({(f) = 0.886) and P ({(d) = 0.340) (Huzinaga, 1985) in calculations.

NICS and ACID calculations: Structures were first optimized at the B3LYP/6-31G*
functional with the Gaussian 09 software package. The LanL2DZ (Hay and Wadt, 1985)
pseudo potentials were used for the Os and P atoms, with polarization functions added
for Os ({(f) = 0.886) and P ({(d) = 0.340) in calculations.

The standard 6-311++G** basis set was used for the C, O, and H atoms in the NICS



(Schleyer etal., 1996; Chen et al., 2005; Fallah-Bagher-Shaidaei et al., 2006) and ACID
calculations. The anisotropy of the current-induced density (ACID) calculations were
carried out with the ACID program (Herges and Geuenich, 2001; Geuenich et al., 2005).
Reaction mechanism calculations: Structure optimizations were carried out by using
B3LYP functional as implemented in the Gaussian 09 program. The effective core
potentials (ECPSs) given by Hay and Wadt with a double-{ valence basis set (LanL.2DZ)
were used to describe the Os atom, while the standard 6-31G* basis set was used for C,
H, O and P atoms. The energies were further refined using a mixed basis set
(LANL2TZ(f) for Os and 6-311G** for the rest atoms). During all calculations, the
self-consistent reaction field (SCRF) method (SCRF = SMD) (Marenich et al., 2009)

was used to treat the solvent effect of Dichloromethane (¢ = 8.93).



Preparation and characterization of osmium-peroxo species 2. Related to Scheme

1 and Figure 1.
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Figure S18. The synthetic route of 2. Related to Scheme 1.

Osmapentalyne 1 (1.19 g, 1 mmol), CH3ONa (270 mg, 5 mmol) were placed in a Shlenk
flask (100 mL). Under an Oz atmosphere, methanol (30 mL) was injected via syringe,
and then the reaction mixture was stirred at ambient temperature for 3 h when the 3!P
NMR spectra of the reaction mixture indicated that the starting material had been
completely converted to 2’ (3)P-NMR (162.0 MHz, CD2Cl,): 6 = 11.83 (s, CPPha),
—16.23 ppm (s, OsPPhz). HRMS (ESI): m/z calcd for [CesHs4050sP3]*, 1187.2793;
found, 1187.2762). Then NaBPhs (1.71 g, 5 mmol) was slowly added into the mixture,
giving a precipitate, which was collected and washed with water, methanol and diethyl
ether separately. The solvent was dried under vacuum to give 2 as a brown solid (1.23
g, 82% yield).

IH NMR (400.1 MHz, CD,Cl): § (ppm) = 13.17 (q, Jp-+ = 3.0 Hz, 1H, H7), 8.70 (d, Jp-
H = 3.2 Hz, 1H, H5), 8.38 (d, Jp-+ = 5.8 Hz, 1H, H3), 3.92 (s, 3H, OCHs3), 3.55 (s, 3H,
COOCHSz), 7.77-6.86 (m, 45H, PPhs3). 3P NMR (162.0 MHz, CD2Cl,): § (ppm)= 11.89
(s, CPPhs), —16.25 (s, OsPPhs). 3C NMR (100.6 MHz, CD,Cly): 5 (ppm) = 239.52 (t,
Jp.c =8.1Hz, C1), 214.60 (t, Jp-c = 9.6 Hz, C7), 191.05 (d, Jp-c = 24.4 Hz, C4), 162.35(s,
COOCHs3 ) 161.38 (d, Jp-c = 15.5 Hz, C3), 157.30 (s, C5), 119.81 (d, Jp-c = 90.0 Hz,
C2), 150.96 (s, C6), 62.93 (s, OCHs), 51.09 (s, COOCHa), 119.37-135.84 (m, PPhs).
HRMS (ESI): m/z calcd for [CeaHs4050sP3]*, 1187.2793; found, 1187.2798.
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