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ARTICLE

C(sp?>)-H bond activation by carboxylate-adduct of osmium

tetroxide (OsO,)
Received 00th January 20xx, Tomohiro Fujimoto,® Yuka Hirata,® Hideki Sugimoto,*@ Mayuko Miyanishi,® Yoshihito Shiota,”
Accepted 00th January 20xx Kazunari Yoshizawa*® and Shinobu Itoh*2

DOI: 10.1 ) . . .
O: 10.1035/x0xx00000x The reaction of osmium tetroxide (0OsO,) and carboxylate anions (acetate: X = AcO~ and benzoate: X = BzO") gave 1 : 1

adducts, [0sO4(X)]~ (1%), the structures of which were determined by X-ray crystallographic analysis. In both cases, the
carboxylate anion X coordinates to the osmium centre to generate a distorted trigonal bipyramidal osmium(VIIl) complex.
The carboxylate adducts show a negative shift of the redox potentials (E;/,) and a red shift of vos-o stretches as compared to
those of tetrahedral OsO, itself. Despite of the negative shift of £/, the reactivity of these adduct complexes 1* was
enhanced compared to OsO, in the benzylic C(sp?)—H bond oxidation. The reaction obeyed first-order kinetics both on 1%
and the substrates, giving the second-order rate constants (k;), which exhibit a linear correlation with the C—H bond
dissociation energy (BDE.y) of the substrates (xanthene, 9,10-dihydroanthracene, fluorene and 1,2,3,4-
tetrahydronaphthalene) and a kinetic deuterium isotope effect (KIE) of 9.2 (k,(xanthene-h,)/k,(xanthene-d,)). On the basis
of these kientc data together with the DFT calculation results, we propose a stepwise reaction mechanism involving rate-
limiting benzylic hydrogen atom abstraction and subsequent rebound of the generated organic radical intermediate to a
remained oxido group on the osmium centre.

oxidation proceeds via a concerted [3 + 2] mechanism illustrated in
Introduction Scheme 1(a). On the other hand, Lau and co-workers reported that an
oxido-osmium(V) complex, [OsV(O)(qpy)(pic)CI]** (qpy =
2,2°:6°,2°°:67°,2°’-quaterpyridine; pic = 4-picoline), exhibited
C(sp®)-H bond hydroxylation reactivity, for which they proposed
hydrogen atom abstraction and subsequent OH rebound mechanism
(Scheme 1(b))."?

Meanwhile, it has been demonstrated that the oxidation ability of
Os0y in the cis-dihydroxylation is largely enhanced when Lewis base
such as pyridine coordinates to the Os-metal centre.'® We have also
found that coordination of fluoride anion (F-) to OsO, enhances the
reactivity toward alcohol oxidation reaction.!” Thus, it is highly
desired to explore the effects of external ligands in more detail in the
alkane oxidation reaction by OsOs.

In this study, we investigated the reactivity of carboxylate-adducts
of Os04, [0s04(X)]~ (1%, acetate: X = AcO~ and benzoate: X = BzO")
in C(sp®)-H hydroxylation. Adoption of the carboxylate anion as the
external ligand allowed us to perform isolation and structural
characterisation of the anion adducts of OsO, as well as kinetic studies
on the hydroxylation reactions of a series of alkane substrates.
Combined with DFT calculations, we propose a mechanism involving
two oxido groups, acting as the hydrogen atom accepter from the
alkane substrate (R—H) and the oxygen atom donor to the generated
alkyl radical intermediate (Re), a stepwise version of the [3 + 2]
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Activation of C(sp?)-H bonds is of great importance in synthetic
organic chemistry, industrial chemistry and biological chemistry.
Metal-oxido complexes with a high-oxidation state have been
frequently employed as an oxidant in the oxidation of a variety of
organic compounds in those systems. Osmium tetroxide (OsOy)
having the high oxidation state of VIII at the metal centre is a versatile
oxidant in synthetic organic chemistry.! Majority of the oxidation
reactions induced by OsOy is, however, cis-dihydroxylation and cis-
aminohydroxylation of alkenes.*!? In 2005, Mayer and co-workers
reported that OsO4 can also induce oxygenation reaction of simple
alkanes under an aqueous alkaline condition (pH = 12.1, at 85 °C for
7 days), where alkane substrates having a tertiary C—H bond (R;C-H)
are oxidised to the corresponding alcohols (R;C—OH) whereas cyclic
alkanes having secondary C—H bonds (R,CH,) such as cyclohexane
and cyclopentane are converted to the ring-opened dicarboxylic acid
derivatives.!* They also reported oxidation of methane to methanol
using an OsO4/NalOQ, system in water.'* Although mechanistic details
of such alkane oxygenation reactions have yet to be clarified, a
hydroxide adduct of OsO4, [OsO4(OH)]-, was proposed as an active
oxidant in the alkane oxygenation reaction, where the C—H bond

General.
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Scheme 1. Proposed mechanisms for C(sp*)-H bond hydroxylation by osmium-oxido complexes.

The reagents and the solvents used in this study were commercial
products of the highest available purity and further purified by
the standard methods, if necessary.'® 'H NMR spectra were
recorded on a JEOL ECP400 or a JEOL ECS400 spectrometer.
FT-IR spectra were recorded with a Jasco FT/IR—4100
spectrometer. Elemental analysis was carried out with a Yanaco
CHN-Corder MT-5. UV-vis spectra were recorded on a Hewlett
Packard 8453 photo diode array spectrometer or a Jasco V-650
spectrometer. Electrochemical measurements were performed
with a Hokuto Denko HZ-7000.
electrode, an Ag/Ag" reference electrode, and a platinum counter
After the CV
measurements, ferrocene was added to the sample solution as an

A set of carbon working
electrode was employed in these experiments.

internal standard and the redox potential of Fc/Fc* was set as 0.0
V. A 0.1 M acetonitrile stock solution of OsO,4 was prepared by
dissolving 1.0 g of OsO,4 (3.93 mmol) in 39.3 mL of acetonitrile
and stored in a bottle with a screw cap. Products formed after
the oxidation of substrates with osmium compounds were
analysed with a HPLC system of an EXTREMA series (JASCO
Co.) equipped with a reverse-phase column (column: Nacalai
Co. COSMOSIL 5C;s3-AR-II, eluent: CH;CN / H,O = 4 / 6).
Ph,POBz, [PhyP][OsV0,] and deuterated xanthene (xanthene-
d,) were synthesized by reported methods.!9-22

Synthesis.

[BuyN][OsO4(OAc)] (194). BuyNOAc (60.3 mg, 0.20
mmol) was dissolved in a 2.0 mL of an acetonitrile stock solution
containing 0.1 M OsO4 (0.20 mmol), and the resultant solution
was stirred for 15 min, during which colour of the solution
became orange. Diethyl ether was added to the resultant orange
solution to give an orange powder, which was collected by
filtration and dried under air. Yield: 87.7 mg (0.16 mmol, 79%).
Single crystals suitable for X-ray crystallographic analysis were
obtained by of diethyl into a
dichloromethane solution containing the product complex.

slow diffusion ether
Elemental analysis data did not match well with the calculated
values because the orange powder changed to a black powder
under air within a few hours. UV-vis (in-situ generated 1°9A¢ in
CH;CN): Apax = 320 nm (& = 2560 M1 cm™1), 390 (840 M~ cm™
. FT-IR (KBr): 886 (V0s=0jasym) and 909 cm™! (vos—0ysym)- IR
spectrum was measured quickly before the colour changed to
black.

[Ph P][OsO4(OBz)] (1°8%). This compound was prepared
according to a similar procedure described for synthesis of 10A¢
by using PhyPOBz (50.2 mg, 0.20 mmol) instead of BuyNOACc.
The generated violet powder was collected by filtration and dried
under air. Yield: 62.6 mg (0.12 mmol, 62%). Single crystals
suitable for X-ray crystallographic analysis were obtained by

2| J. Name., 2012, 00, 1-3

slow diffusion of diethyl ether into a dichloromethane solution
containing the complex. Calcd.(C5,H,500sP):C, 52.09; H, 3.53
%. Found: C, 52.45, H, 3.58 %. UV-vis (CH3CN): Apax = 320
nm (¢ =2600 M~! cm™), 390 nm (800 M~! cm™!). FT-IR (KBr):
886 (V(0s=0jasym) and 906 cm™! (v(0s=0)sym)-

Determination of formation constant (K;) for Os-carboxylate
adduct complexes 1X.

The titration of OsO4 by BuyN*X~ (X = AcO~ or BzO") was
carried out in acetonitrile at 30 °C using a 1.0 cm path length
UV-vis cell closed with a septum cap. Concentrations of the
reagents are described in the figure captions of Figures 1 and S1.
The formation constants of complexes 10A¢ and 1°B% were
calculated from the plots of (4—A4¢)/(A—A) against [L]o—a[M]
(0= (A—A¢)/(4.—Ayp)), which is ordinary used to determine larger
equilibrium constants,??- 24 where [M], is the initial concentration
of OsOy, [L]o is concentration of the BuyNX added, 4y and A4,
are the initial and final absorbance, respectively, and A4 is the
observed absorbance at added [BuysNX] (eq. 1).
A- 4,

A4,
o= —(D
A4 A, — A

K ([BugNX] — a[0sO4]g) =

Kinetic studies.

All reactions of 194¢ (0.5 mM) with the substrates (5.0-450 mM)
were carried out in a 1.0 cm path length UV-cell closed with a
septum cap. After generation of 194¢ by the treatment of OsOy4
(0.5 mM) with BuuNOAc (5.0 mM) in acetonitrile, reactions
were started by adding the substrate into the solution through a
septum cap with using a microsyringe at 70 °C under N,
atmosphere. The reactions were followed by monitoring the
increase of an absorption band around 694 nm due to an OsV!!
species. After the reaction, anisole was added into the resulting
solution as an internal standard to analyse the products by HPLC.
The yields of products were calculated by comparing the peak
area of the products to those of the authentic samples using
calibration curves.

X-ray crystallographic analysis.

The single crystal was mounted on a loop with a mineral oil, and
all X-ray data were collected at —170 °C on a Rigaku R-AXIS
RAPID diffractometer using filtered Mo-Ka radiation. The
structures were solved by direct method (SIR 2011) and
expanded using Fourier techniques. The non-hydrogen atoms
were refined anisotropically by full-matrix least-squares on F2.
The hydrogen atoms were attached at idealised positions on
carbon atoms and were not refined. All of the crystallographic
calculations were performed using the Crystal Structure software
package of Molecular Structure Corp. [Crystal Structure, Crystal

This journal is © The Royal Society of Chemistry 20xx
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Structure Analysis Package, version 3.8.1, Molecular Structure
Corp. and Rigaku Corp. (2005)].

Computational Details.

The density-functional-theory (DFT)
performed with the Gaussian 16 program package (Rev. C01).2%
All geometry optimizations were carried out with the MO06
functional.’® We employed the SDD (Stuttgart/Dresden
pseudopotentials) basis set?”> 28 for Os and the 6-311+G** basis
set?® for the other atoms. After geometry optimisations,
vibrational analyses were calculated for all reaction species to
confirm stable and transition structures. Energy profiles of
calculated pathway are presented as the SCF energy considering
the solvent effect of acetonitrile (¢ = 35.688) based on the
Polarizable Continuum Model (PCM).30

calculations were

Results and discussion

Adduct formation of OsO4 with carboxylate ions.

The reactions of OsO,4 with carboxylate ions, AcO~ and BzO-,
were first examined. In Fig. 1(a) is shown the UV-vis spectral
changes observed upon addition of various amounts of
BuyNOAC to an acetonitrile solution of OsO,4 (0.5 mM) at 30 °C.
0sO,4 has no absorption band in the visible region in CH;CN,
whereas an intense absorption band at 310 nm and a shoulder
band at 390 nm gradually appeared as the amount of AcO-
increased. The spectral change almost completed when total
concentration of BuyNOAc reached about 4.0 mM, and the plot
of A4bs against the concentration of BuyNOAc gave a saturation

2.
(@ 20 "
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15F § 03
8 310 Bo2
5 \ &
810 Jo
2 %70 20 30 40
2 | [Bus;NOAC], mM
0.5} \ 390
300 400 500 600
Wavelength, nm
(b) 4
P 3 I
A
IB
A
X 27
o
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NS
1 -

% 01 02 03 04 05 06
[BusNOAC]o- a[0sO4]p, mM
Fig. 1 (a) UV-vis spectral changes observed in the titration of
0504 (0.5 mM) by BuyNOAC in acetonitrile at 30 °C. Inset: Plot
of AAbs at 390 nm against [BuyNOAc]. (b) Plot of

(A—Ay)/(A—A) against [BusNOAc], — a[OsOy4]p.

This journal is © The Royal Society of Chemistry 20xx
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curve (Figure 1(a), inset), which can be analysed by using
equation (1) (see Experimental section). Thus, the plot of (4—
Ao)/(A—A) against [BuyNOAc]y— a[OsOy4]y gave a straight line
as shown in Fig. 1(b), from which the formation constant K{°A¢
of 10A¢ was calculated as 5.7 x 10> M~!. The formation constant
KB for 1982 was also determined as 5.4 x 10> M~! by a similar
manner (Fig. S1). In both cases, the KX values are nearly the
same, reflecting the similar pK, value of the conjugated acid
(22.3 of AcOH and 20.7 of BzZOH in CH3CN).

Crystal structures and spectroscopic characteristics of [OsO4(X)]~

The OsVll-carboxylate adducts, [BusN][OsO4(OAc)] (194¢€) and
[PhyP][OsO4(OBz)] (1°B%), were obtained as powder samples
from the preparative scale reactions in acetonitrile (see
Experimental section). The isolated carboxylate-adducts
exhibited two strong IR bands ascribable to asymmetric
(V(0s=0)asym) and symmetric (vV(os=0)sym) Os=0 stretches at 886 and
909 cm™! for 194¢ and 886 and 906 cm! for 1987 respectively,
in the solid state (KBr) (Fig. S2). These values are lower than
those of OsQy itself (954 and 965 cm™),3! reflecting weakened
Os=0 bonds due to electron donation by the carboxylate anion
and/or decrement of the coordination number from 4 to 5.
Furthermore, the vos—o values of 194¢ and 19B% are nearly the
same due to similar degree of Os—X bonding interaction as
reflecting in the Os—X bond lengths in the crystal structures as
described below.

The crystal structures of 194¢ and 1982 are shown in Fig. 2.
The osmium centres are coordinated by the five oxygen atoms,

o1

02 Os1

03 04
05

1 OAc

1 OBz

Fig. 2 ORTEP drawings of 104¢ and 1°B* showing 50%
probability thermal-ellipsoids. Hydrogen atoms and counter
cation are omitted for clarity. Selected bond distances (A) and
angles (°):  For 104¢, Os(1)-O(1), 1.730(4); Os(1)-0O(2),
1.709(3); Os(1)-0(3), 1.706(3); Os(1)-0O(4), 1.707(3); Os(1)-
0O(5), 2.218(3); O(1)-plane(020304), 0.299; O(1)-Os(1)—
0O(5), 177.45(1); O(1)-Os(1)-0(2), 100.43(2); O(2)-Os(1)—
0(3), 116.57(1); O(3)-0s(1)-0O(4), 118.50(2). For 1982 Os(1)—
O(1), 1.719(5); Os(1)-0(2), 1.691(4); Os(1)-0O(3), 1.704(4);
Os(1)-0(4), 1.701(5); Os(1)-0O(5), 2.225(3); O(1)»-
plane(020304), 0.302; O(1)-Os(1)-0O(5), 175.54(2); O(1)-
Os(1)-0(2), 99.80(3); O(2)-Os(1)-0(3), 116.28(2); O(3)-
Os(1)-0(4), 117.39(2).

J. Name., 2013, 00, 1-3 | 3
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four oxide oxygen atoms (O(1) to O(4)) and one carboxylate
oxygen atom O(5). In 194¢ the O(1)-0s(1)-O(5) angle is
177.45(1)°, and three bond angles of O(2)-Os(1)-0(3), O(2)—
Os(1)-Os(4) and O(3)-Os(1)-O(4) are close each other
(116.57(1), 115.93(2) and 118.50(2)°, respectively). The sum of
the three bond angles is 351.0° and the Os(1) atom is located
above the plane consisting of O(2), O(3) and O(4) atoms by
0.299 A. The bond angles of O(1)-Os(1)-0(2), O(1)-0s(1)—
O(3) and O(1)-Os(1)-O(4) also are very close each other
(100.43(2), 100.28(2) and 99.56(2)°, respectively). It should be
also noted that the Os(1)-O(1) bond is elongated upon
coordination of AcO~ anion to the Os(1) centre from 1.712 A to
1.730(4) A.32 These observations reveal that the Os(1) centre
adopts a slightly distorted trigonal-bipyramidal geometry having
a O(1)-0s(1)-0O(5) C;, axis. The overall structures of 1982 are
similar to that of 194¢ as shown in Fig. 2. In this case as well,
the coordination of BzO~ makes the osmium centre to adapt a
slightly distorted trigonal bipyramidal structure.

Electrochemical properties.

The cyclic voltammetric (CV) measurements were performed to
examine the electronic effects of coordinated carboxylate anions.
050y itself exhibited a reversible redox couple assignable to the
Os(VIII)/Os(VII) redox process at £, =—0.32 V (vs. Fc/Fc*, Ey,
=-0.28V, E,. =—0.35 V, black line trace in Fig. 3). Addition of
an excess amount of BuyNOAc (10 mM) to the OsO4 (1.0 mM)
solution gave a quasi-reversible redox wave in the negative
region (red line trace), from which the redox potential of
complex 194¢ (E, ;) was determined as —0.42 V (vs. Fc/Fc*, Ep,
=037V, E,. = -0.46 V). 1982 also gave a quasi-reversible
redox couple (Fig. S3), from which E,,, values was determined
as —0.42 V (vs. Fc/Fc*, E,, =—0.38 V, E,. =—0.46 V). The redox
potential shifted to the negative direction compared to that of
050y, indicating that the coordination of the carboxylate anion
makes the osmium centre harder to be reduced. Such a negative
shift of the redox potential (AE = 0.10 V) demonstrates that the
electron-transfer oxidation power of complex 104¢ and 10B2
decreases by 9.6 kJ mol!.

Oxidation of C(sp?)-H bonds by 1X

The oxidation ability of 1°94¢ and 1982 was examined in the
oxidation of xanthene. In Fig. 4(a) is shown the UV-vis spectral
changes observed in the reaction of OsO4 (0.5 mM) and xanthene

nTransactions| =1

Journal Name

-0.28
0s0O
20 pA 4
-
-0.35
-0.37
10Ac
20 pA
-
-0.46

207 -06 -05 -04 -03 -02 -0.1
E, V vs. Fc/lFc*

Fig. 3 Cyclic voltammograms of OsO4 (1.0 mM, black line
trace) and that in the presence of BuyNOAc (10 mM, red line
trace) in CH;3CN containing 0.1 M of BuyNPFj as the electrolyte
at a scan rate of 100 mV/sec 25 °C.

(15 mM) in the presence of BuyNOAc (20 mM) in CH3;CN at 70
°C under N, atmosphere. Under this reaction condition, almost
all OsOy is converted to the acetate adduct 19A¢ based on the
KO value determined by the titration at 70 °C (Fig. S4, K{°Ac =
1.3 x 103> M! at 70 °C in CH3CN). The shoulder band around
390 nm due to 194¢ decreased with concomitant increase of a
new absorption bands at 573, 660 and 694 nm. These bands are
similar to those of the authentic sample of [OsV'O4]~ (Fig. S5),
the formation of which was confirmed by ESI-MS of the
resultant solution (Fig. S6). [OsV1O4] can be generated by the
comproportionation reaction between OsV! species and remained
10Ac¢ 35 discussed below.3> From the final reaction solution,
xanthone (ketone) and xanthydrol (alcohol) were obtained in a
13 and a 22% yield based on OsOy, respectively (Table 1). Since
xanthone and xanthydrol are four-electron and two-electron

(@) 15 (b) © 3
0.04f
© 660 £ s -
81'0" x 10 573 l69 50.03- w 2f
4 — .l ©
g N/ 3 ’.r/ X ¢ o
o 002t {1 sl b
(%) ; = )
Q L 1) i E . 340
< 0.5 % H 6 ".v\q ¢<o 1
0.01f P
- 0 500 1000 1500 2000
Time, s
0 s 0 - - - 0 : :
300 400 500 600 700 800 0 1000 2000 3000 4000 0 10 20 30
Wavelength, nm Time, s [xanthene], mM

Fig. 4 (a) UV-vis spectral change of 194¢ ([0sO,4]y = 0.5 mM, [BuyNOAc], = 20 mM) observed upon addition of xanthene (15 mM)
in CH3CN at 70 °C under N, atmosphere. (b) The time course of the growth of OsV!! species monitored at 694 nm ([xanthene] = 15
mM). Inset: Plot of In(4., — 4;) against the reaction time. (c) Plot of ks against [xanthene].

4| J. Name., 2012, 00, 1-3
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Fig. 5 Plots of kg, against [xanthene-/,] and [xanthene-d,].

oxidation products, respectively, the product yields based on the
oxidation equivalent are 52 and 44%, respectively (total 96%).
A similar result was obtained in the oxidation of xanthene by
198z (Table S1). On the other hand, such oxidation products
were hardly obtained in the reaction of OsQy itself and xanthene

ARTICLE

Thus, it is
apparent that the adduct formation greatly enhances the

under the same reaction condition (Table S1).

reactivity of OsQy in the C(sp®)-H bond oxidation reaction.
Such an enhancement of oxidation ability of OsO4 was also
observed in alkene cis-dihydroxylation when pyridine was added
to the reaction solution.!® These phenomena are notable because
the adduct formation causes the decrease of the electron-transfer
oxidation ability of OsO,4 as mentioned above (Fig. 3 and Fig.
S3). Thus, the oxidation of xanthene by 1°9A¢ and 1°9B* was
further investigated kinetically to get further insights into the
reaction mechanism.

The time course of the absorption changes at 694 nm is
shown in Fig. 4(b). The pseudo-first order rate constants (kyps)
were then determined by the plots of In(A4) against the reaction
time as shown in Fig. 4(b) (inset). Then, the plot of ks against
the concentrations of xanthene gave a straight line (Fig. 4(c)),
from the slope of which the second-order rate constant (k) was
determined as 9.7 x 102 M! s7!. The reaction of 198 with
xanthene were analysed in the same way to get k, = 7.6 x 102

M- s ! at 70 °C, where K{©B% at 70 °C was also determined as
1.0 x 103> M~! by a similar manner in the case of 1°94¢ (Fig. S7
and S8). Since 1°4¢ and 198% showed similar reactivity, further
kinetic studies were performed using 10A¢,

xanthene

The second-order rate constant k,® was determined as 1.0 x

g“ _2 102 M! s7! using xanthene-d, (Fig. 5 and Fig. S9). Thus, the
g fluorene kinetic deuterium isotope effect (KIE = k,"/k,P) was determined
as 9.7, indicating that the C(sp?)-H bond cleavage of xanthene is

3 involved in the rate determining step. In addition to xanthene

tetralin (BDEcy = 750 kcal mol'), oxidation of 9,10-
. . . . . dihydroanthracene (BDEc_y = 76.2 kcal mol ™), fluorene (BDEc_
74 76 78 80 8 &4 1 = 80.0 kcal mol™') and 1,2,3,4-tetrahydronaphthalene (tetralin)

BDEc_, kcal/mol . . .
G-, KCalimo (BDEc p = 82.5 kcal mol ') were also investigated in the same
Fig. 6 Plot of log(k;’) against BDEc g for the oxidation of a

series of substrates.

manner (Fig. S10-12), and the normalised second-order rate
constant (k,’) of each substrate was obtained by dividing the

Table 1. Rate constants and products of the oxidation of C(sp>)-H substrates by 10A¢,

BDE k &y
Substratel?] (keal /121_ (ﬁ) (M‘12 N (M_lz &) Product®! and Yield!®!
OH (0]
75.0 97x102  48x1072 22% (44%) 13% (52%)
(0]
(0] (0]
(0]
76.2 93x102  23x102 O‘O 12% (96%)
(0]
(0]
Q.O 80.0 76x10°%  3.8x 1073 Q.O 19% (76%)
(0]
@ 82.5 32x103  0.81x1073 @é 6% (24%)

[a] Reaction conditions: [194¢] = 0.5 mM (1.0 pmol / 2.0 mL) in the oxidation of xanthene (5.0 mM), [194¢] = 1.0 mM (2.0 pmol / 2.0
mL) in the oxidation of 9,10-dihydroanthracene (10 mM), fluorene (50 mM) and tetralin (200 mM) in CH3CN at 70 °C for 2 h under
N,. [b] Products were detected by HPLC or 'H NMR. [c] Numbers shown in the parenthesis are the yields based on the oxidation
equivalent.

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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Fig. 7 Computed energy diagrams for the oxidation of xanthene by 1°94¢ in the singlet state.

observed second-order rate constant k, with the number of
equivalent C(sp?)-H bond in the substrate (Fig. S13). Fig. 6
shows the plot of log(k,”) against the BDE_y of the substrates.
As clearly seen, there is a good linear corelation between them,
strongly supporting that the reaction involves the C—H bond
cleavage in the rate-limiting process.

Notably, the keto-products were obtained as the major
products in the oxidation of 9,10-dihydroanthracene, fluorene
and tetralin by 194¢ (Table 1). For instance, anthraquinone was
obtained in a 12% yield based on OsQOy, which corresponds to a
96% the
anthraquinone is 8-electron oxidation product (12% * 8 = 96%).

yield based on oxidation equivalent, since
The yields of fluorene and a-tetralone (four-electron oxidation
products) are 76 and 24% based on the oxidation equivalent,
respectively. In the oxidation of tetralin, some oxidation
products besides a-tetralone were observed by HPLC, however,
they could not be identified.

To get insights into the oxidation mechanism, density
functional theoretical (DFT) calculations were performed.
Except for A + radical species, which is the open-shell singlet
state, the ground state is the closed-shell singlet state. The
calculated energy diagram and optimized structures in each step
are shown in Fig. 7 and S14, respectively. First, a reactant
complex (RC) was generated between 19A¢ and xanthene. Then,
hydrogen atom abstraction takes place by the oxido group at the
axial position of 10A¢ yig a transition-state (TS) with an
activation barrier of 13.6 kcal/mol to produce hydroxido-
osmium(VII) species A and a radical intermediate of the
substrate. In the final step, the radical carbon atom binds to one
of the three equatorial oxido groups of A with nearly barrierless
in energy to form alkoxide product B (Fig. S15). The formation
of B from RC is an exothermic reaction of 46.6 kcal/mol. These
computed results indicated that the oxygen atom of the alcohol
product is derived from one of the oxido groups in 10A¢,

In general, oxidation of 9,10-dihydroanthracene with metal-
oxido complexes gives anthracene as the major product, which
is formed by hydrogen atom abstraction and subsequent rapid

6 | J. Name., 2012, 00, 1-3

On the other hand, the reaction of 9,10-
dihydroanthracene and 194¢ only gave the oxygenated product,
9,10-anthraquinone (Table 1).
oxygenated products (Table 1).
between one oxido group of A and the carbon radical

aromatisation.34-38

Other substrates also gave the
Thus, the bond formation

intermediate, generated by the initial hydrogen atom abstraction,
Then,
alcohol product was dissociated from the alkoxide adduct B to
give OsV! species such as [OsV(0);(OAc)]~. The generated OsV!
species may be oxidised by remained [OsV'O4(OAc)] to give
[OsVIO,], OsVI(0);(0Ac) and AcO™ as experimentally detected
as the final products (Fig. 4(a) and Scheme S1). On the other
hand, the alcohol products may be immediately oxidized by 1¥

may be much faster than the aromatisation process.

to give the keto-products.

Summary

In the present study, the reactions of OsO, with carboxylate
anions (AcO~ and BzO") were examined to investigate the anion
coordination effects on the structure, physicochemical properties
and oxidation reactivity. The carboxylate anions formed stable
1 : 1 adducts with OsO,, 1X with the formation constants of K0A¢
=5.7x103M"'and K{Bz= 5.4 x 103 M. Structures of the 1 :
1 adduct 1X were determined by X-ray crystallographic analysis
as a slightly distorted trigonal bipyramid structure. The strong
interaction induces the negative shift of the redox potentials of
104¢ and 1982 in the cyclic voltammetric measurements.
Nonetheless, these adducts showed a higher reactivity in the
oxidation of benzylic oxidation of C(sp?)-H bonds compared to
0s0y itself. Kinetics and DFT calculation studies indicated that
the reaction proceeds via hydrogen atom abstraction from the
benzylic position of the substrate by the axial oxido group of
194¢ and subsequent bond formation between carbon-centre
radical and one of the equatorial oxido ligands of OsVl-
hydroxido species A to give alkoxido-adduct B (Fig. 7). The
enhancement of the C(sp®)-H oxidation ability of OsO, can be

This journal is © The Royal Society of Chemistry 20xx



Page 7 of 7

attributed to the increase of reactivity of the axial oxido group by
strong anion coordination from trans-position, as reflected with
the elongation of Os(1)-O(1) bond length (1.70 A — 1.73 A) and
red shifts of vos—0 stretches by carboxylate anion coordination to
OSO4.
abstraction. The subsequent radical rebound to one of the oxido

These effects may enhance the hydrogen atom

group at the equatorial position may also be enhanced by the
structural distortion from tetrahedron to trigonal bipyramid.
Namely, the steric relation between the oxygen atom of the oxido
group and the carbon centre radical in intermediate A may be
favourable to induce the oxygen rebound process and prevent the
aromatisation reaction. The present studies give deeper insights
into the [3 + 2] type alkane hydroxylation mechanism by with
the anion-adducts of OsO,.
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