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A Highly Reactive Seven-Coordinate Osmium(V) Oxo Complex:

[0s" (0)(gpy)(pic)CIT*

Yingying Liu, Siu-Mui Ng, William W. Y. Lam, Shek-Man Yiu, and Tai-Chu Lau*

Abstract: Seven-coordinate ruthenium oxo species have been
proposed as active intermediates in catalytic water oxidation by
a number of highly active ruthenium catalysts, however such
species have yet to be isolated. Reported herein is the first
example of a seven-coordinate group 8 metal-oxo species,
[0sV(0)(qpy)(pic)CI]*"  (qpy =2,2":6',2":6",2""-quaterpyri-
dine, pic=4-picoline). The X-ray crystal structure of this
complex shows that it has a distorted pentagonal bipyramidal
geometry with an Os=0 distance of 1.7375 A. This oxo species
undergoes facile O-atom and H-atom-transfer reactions with
various organic substrates. Notably it can abstract H atoms
from alkylaromatics with C—H bond dissociation energy as
high as 90 kcalmol™. This work suggests that highly active
oxidants may be designed based on group 8 seven-coordinate
metal oxo species.

H igh-valent metal oxo complexes play important roles as
oxidants in both chemical and biological systems.™ Exten-
sive work has been done on oxidation by metal oxo
complexes, especially those based on iron! and ruthenium,®
because, with a suitable choice in ancilliary ligands these
metals can form highly oxidizing oxo complexes. In contrast,
osmium oxo species are in general much less oxidizing than
either ruthenium or iron oxo species.”! Apart from the use of
050, and cis-[Os¥(0)(OH)] species® in the cis dihydrox-
ylation of alkenes, there are few reports on C—H bond
activation based on osmium oxo species.

So far all known group 8 metal oxo complexes are eiher
four-, five-, or six-coordinate species. However, recently
seven-coordinate ruthenium(V) oxo species have been pro-
posed as active intermediates in the catalytic oxidation of
water!!"?l and organic substrates!™" in the presence of
a number of octahedral ruthenium catalysts. So far no such
species has been isolated, although a seven-coordinate Ru'—
OH species, which is probably a catalytic resting state, has
been isolated by Sun and co-workers.'*! In contrast, seven-
coordinate osmium oxo species should be more stable and
hence may be more readily isolated. We report herein the
synthesis, structure, and reactivity of the first seven-coordi-
nate osmium oxo complex, [Os¥(O)(qpy)(pic)CI*" (qpy =
2,2":6'2":6",2""-quaterpyridine; pic =4-picoline). This com-
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plex is a strong oxidant. It undergoes facile O-atom and H-
atom-transfer reactions with various organic substrates.

The synthesis of the [Os(qpy)] complexes is summarized
in Scheme 1. Reaction of (NH,),0sCls with 1 equivalent of

(NH4),0s"Clg
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Scheme 1. Synthesis of seven-coordinate osmium(V) oxo species.

gpy in ethylene glycol at 150°C afforded the purple [Os™-
(qpy)CL]", isolated as the ClO,  salt. Refluxing [Os™-
(qpy)CL,]* with 10 equivalents of 4-picoline in 1,4-dioxane/
water (4:1) under argon for 20 hours resulted in the formation
of the green complex [Os"(qpy)(pic)CI]" (Os"), isolated as
the PF, salt (Scheme 1). Oxidation of Os™ with 40 equiv-
alents of (NH,),[Ce(NO;)s] (CAN) gave the dark-red seven-
coordinate osmium(V) oxo complex [Os"(gpy)(pic)Cl(O)]*
(0s¥0), isolated as the PF,~ salt. Treatment of Os'O with
1 equivalent of PPh; in CH;CN afforded the dark brown Os™
complex [Os™(gpy)(pic)CI]*" (Os™). Direct oxidation of Os"
with CAN also gave Os™, but the product was usually
contaminated with a small amount of either Os™ or Os¥O.
All newly synthesized compounds have been character-
ized by elemental analysis, electrospray ionization mass
spectrometry (ESI/MS), and infrared spectroscopy (IR), as
well as either nuclear magnetic resonance (NMR) spectros-
copy or magnetic susceptibility measurements. Os" is dia-
magnetic, as expected for its low-spin d’-electronic config-
uration, while Os™ and OsYO are paramagnetic with S="/,
(ue;=2.20 and 2.05 g, respectively, Evans’ method). The
ESI/MS of Os", Os™, and 0sY0O in CH;CN show the parent
peaks at m/z =630.5, 315, and 323, respectively. In the IR
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spectrum of 0s"0, the v(Os=0) stretch occurs at 856 cm ™,
and this peak is shifted to 816 cm™' (theoretical 811 cm™)
upon "®O-labeling (see Figure S1 in the Supporting Informa-
tion). This v(Os=0) stretch value is similar to that of the
octahedral OsY=0 species [Os¥(O)(OH)(tpa)]*" [881 cm™;
tpa = tris(2-pyridylmethyl)amine].1*"

The molecular structures of Os"(PF;), Os™(PF;),, and
0sY0 (PF;), have also been determined by X-ray crystallog-
raphy (Figure 1). The X-ray crystal structure of Os"(PF)

Figure 1. ORTEP drawings of a) Os", b) Os", and c) 0s'O. Thermal ellipsoids are
drawn at 50% probability. Anions, solvent, and hydrogen atoms are omitted for

clarity. In (a) and (b), symmetry operations used to generate equivalent atoms are
(+x +y, —z+1/2) and (+x, —y, +2), respectively.

(Figure 1a; see Table S1) shows that the osmium complex has
a distorted octahedral geometry with the equatorial positions
occupied by the four N atoms of the planar gpy ligand, and
the axial positions occupied by the picoline and the chloro
ligands. The two inner Os-N(gpy) distances (Os]1-
N3 =0s1-N3a=1.9349 A) are  significantly
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stable in CH;CN for more than 8 hours at room temperature,
as monitored by UV/Vis spectrophotometry (see Figure S4).

The cyclic voltammetry (CV) of Os™ and Os™ exhibit
areversible Os™" couple at 0.42 V (versus SCE, AE =61 mV;
Figure 2a). An irreversible wave also occurs at 1.59 V, which
presumably results from Os™—Os". This wave is accompa-
nied by new reduction waves at 0.73 and 0.16 V, probably
arising from decomposition of the Os' species (see Fig-
ure S5). The CV of 0sYO shows an irreversible wave at 0.27,
and two quasi-reversible couples at —0.27 V and
—0.53V versus SCE (Figure 3b). The observed
initial irreversible reduction wave, which probably
results from OsYO —0s"™v O, suggests that Os™O is
unstable. This assumption is supported by the
following experiment. Os'O was treated with
1 equivalent of the one-electron reductant [Fe-
(Cp),] in CH;CN, thus leading to an immediate
color change from red to brown, most likely
because of reduction of Os'O to Os™O. ESI/MS
of the product solution shows the presence of
[0s™(O)(gpy)]*" and [Os™(O)(qpy)Cl]* at m/z =
259 and 553, respectively. There are also several
minor peaks in the MS (see Figure S6). These
results indicate that Os"™ O is unstable with respect
to ligand dissociation and possibly other decomposition
pathways. The subsequent quasi-reversible couples in CV of
0sY0 are presumably a result of the additional reduction of

(o

20

shorter (by 0.185 A) than the two outer ones
(Os1-N2=0s1-N2a=2.1201 A), as a result of
considerable strain in the planar coordination
mode of the “short” qpy ligand. Notably, the
complex has a large N2-Osl-N2a bite angle of
121.655°, thus suggesting that it is possible to
accommodate an additional small ligand such as

Osll

Current / pA

0s'O
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104
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o
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The bond distances and angles for Os™ are b
comparable to those of Os" (Figure 1b; see
Table S2), which is attributed to strong m-back
bonding between Os™ and the gpy and pic ligands.

The X-ray crystal structure of OsYO(PFy),
(Figure 1c; see Table S3) shows that it is a seven-
coordinate osmium(V) oxo species with a distorted ~ a

pentagonal bipyramidal geometry. The equatorial 2.5qy 1
positions are occupied by the four N atoms of the 208 nm
quaterpyridine ligand and an oxo ligand, while the Sy %’
axial positions are occupied by a picoline and §1_5. \
a chloro ligand. The N2-Osl-N5 bite angle is ‘f; ‘
expanded to 154.161° after accommodating the §1.0-

new oxo ligand. The Os=0O (Os1-O1) distance of
1.7375 A is comparable to that of six-coordinate
osmium(V) oxo complex [OsY(O)(OH)(tpa)]**
(1.726 A) as reported in the literature.

0s"0 is unstable in water (see Figure S2), and
ESI/MS shows the appearance of peaks resulting
from the loss of 4-picoline within minutes upon
dissolution in water (see Figure S3). However, it is
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Figure 2. CV of a) 1.0 mm Os" at 23°C and b) 0.5 mm Os'O at 0°C in 0.1m
nBu,NPFg in CH,CN. Scan rate=100 mVs™".
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Figure 3. a) Spectral changes at 0.2 s intervals for the reaction between Os'O
(1.73x107*m) and PPh; (1.50x10®m) in CH;CN at 298.0 K. Inset shows the
corresponding absorbance-time trace at 470 nm. b) Plot of k,, vs. [PPh;].
Slope = (1.08 +-0.02) x 10°; y-intercept =-(6.33 +10.6) x 10~2; *=0.9994.

www.angewandte.org


http://www.angewandte.org

GDCh
~—

290

Os™O to Os™ and Os" species, but the exact composition of
these species are uncertain.

Unlike the corresponding ruthenium complexes, 0s'O
does not oxidize water either stoichiometrically or catalyti-
cally using CAN. However, Os'O readily oxidizes various
organic substrates in CH;CN, and reacts cleanly and rapidly
with PPh;, as monitored by UV/Vis spectrophotometry
(Figure 3). The final spectrum indicates quantitative forma-
tion of Os™. PPh;O could be detected by GC/MS and ESI/MS
[as (PPh;O + H)*, m/z =279]. When "¥O-enriched Os"O was
used, PPh,'®0 could be detected (see Figure S7). These results
demonstrate O-atom transfer from O0s'O to PPh;. The
reaction is first-order in [Os¥0] and [PPh;], and the second-
order rate constant ky(PPh,)=(1.0840.02)x10°m 's™! at
298.0 K. A similar O-atom-transfer reaction occurs between
0sY0 and thioanisole, and k,(PhSCH,) was found to be
(929+0.13) x 10°m 's' at 298.0 K (see Figures S8 and S9).
0sY0 also undergoes O-atom transfer to cyclooctene to give
cyclooctene oxide (yield 40 % ) with k,(CgHg) = (1.14 £ 0.05) x
10*m~'s™! (see Figure S10). These results show that Os'O
can react by a two-electron O-atom transfer pathway, which
bypasses the unstable Os'" state.

050 also reacts readily with various alkylaromatic
compounds (RH) at ambient conditions. Oxidation of 1,10-
dihydroanthracene (DHA) produces anthracene in 88%
yield, while oxidation of cumene and diphenylmethane give
the alcohol (44 % yield) and ketone (76 % yield), respectively
(see Table S4). The yields are based on 0s'O functioning as
a two-electron oxidant. However OsYO does not react with
alkanes. Kinetic studies have been carried out with a variety
of alkylaromatic substrates (Figure 4; see Figures S11 and
S12). The reactions are first-order in [Os¥0] and [RH]. The
second-order rate constants span over six orders of magni-
tude. Xanthene, which has the smallest o« C—H bond
dissociation energy (BDE) of 75.5 kcalmol™!, is the most
reactive substrate [k, = (3.65+0.14) m 's ' at 298.0 K], while
toluene, with the largest BDE of 89.8 kcalmol !, is least
reactive [k, =(1.054£0.01)x10°m 's™']. The plot of logk’,
(rate constant per active H) versus C—H BDE of the
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Figure 5. Plot of log k', vs. C—H BDEs for the reaction between Os'O
and alkylaromatics in CH;CN at 298.0 K. Slope =-(4.26 +0.26) x 107 ;
y-intercept = (3.25+£0.21) x10"; *=0.9776.

alkylaromatic compounds is linear (slope =0.43; Figure 5),
and consistent with a mechanism involving initial rate-limit-
ing H-atom transfer (HAT) from the alkylaromatic substrate
to 0s'0 (0s'O +R-H—0Os"OH +R"), with subsequent
rapid O-rebound (Os"VOH + R'—Os"™ + ROH), as observed
in C—H activation by cytochrome P450 and other metal oxo
species.'®! The Os"' product could be detected by ESI/MS
(see Figure S13). The product yields and rates were not
affected by the presence of air or a radical scavenger such as
BrCCl;, thus indicating that O-rebound to the carbon radicals
is very efficient (see Table S5). The HAT mechanism is
further supported by the observed large deuterium isotope
effects in the oxidation of [D,]DHA, [D,y]ethylbenzene, and
[Dg]toluene, with k/kP = 5.6 (Figure 4b), 10 (see Figure S11),
and 9.1 (see Figure S12), respectively. Similar linear correla-
tions between log k', and C—H BDE were also observed in the
oxidation of alkylaromatics by other metal oxo species such as
[Ru(O)(bpy)spy]* and [Ru(0),(N,O,)**.™
In conclusion, we have reported the first example of
a group 8 seven-coordinate oxo species, [Os'(O)(qpy)-
(pic)CIJ*". This complex readily undergoes O-atom transfer
to phosphine and thioanisole, and H-atom transfer to
alkylaromatics. Although a number of osmium(VI) dioxo
species, such as [Os(O),(TMC)]** (TMC=14,8,11-tetra-
methyl-1,4,8,11-tetraazacyclotetradecane)'” and trans-[Os"'-
(0),(4,4-Me,bipy)(CN),]  (4,4-Me,bipy =4.4'-
dimethyl-2,2"-bipyridine)® are strong photo-
oxidants, Os¥O can thermally abstract H atoms
from alkylaromatics with
C—H BDE as high as 90 kcalmol™', which to the
best of our knowledge has not been reported for
other osmium oxo species. Our work suggests
that highly active oxidants may be designed
based on group 8 seven-coordinate metal-oxo
species.
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Figure 4. a) Spectral changes at 20 s intervals for the reaction between Os'O
(1.71x107*m) and DHA (5.15x10*m) in CH;CN at 298.0 K. Inset shows the
corresponding absorbance-time traces at 357 and 509 nm. b) Plot of k. vs. [DHA] for
the reaction between Os'O and DHA in CH;CN at 298.0 K [for DHA (solid circle):
slope=(2.23 £0.07); y-intercept = (4.59 +4.50) x 10~*; *=0.9965. For [D,JDHA (open
circle): slope=(3.95+£0.31) x 107"; y-intercept = (2.68 +-3.43) x 10*; ¥ =0.9819).
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