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Abstract

This review summarizes the kinetics and mechanisms of the oxidation of various inorganic and organic substrates by frans-dioxoruthenium(VI)
complexes containing macrocyclic tertiary amine ligands during the period 1993-2006.
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1. Introduction

The chemistry of ruthenium oxo complexes has received
much attention during the past 20 years. In particular Meyer
and co-workers [1] and others have shown that ruthe-
nium(IV) oxo complexes containing polypyridyl ligands such
as [(bpy)2(py)Ru'Y O]?* are powerful oxidants that can oxidize
substrates by a variety of mechanisms, including electron trans-
fer [1b], proton-coupled electron transfer [ 1c—e], hydrogen atom
abstraction [1f—i,2], hydride abstraction [lj—m], and oxygen atom
transfer [1n,s].
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Fig. 1. Structure of L! and L2,

Another class of ruthenium oxo complexes that are
potent oxidants are trans-dioxoruthenium(VI) complexes,
trans-[Ru¥I(L)(0),]**, especially those containing macrocyclic
tertiary amine ligands, which were reported by Che et al. [3]. The
coordinated macrocyclic ligand L (L=L", L?; Fig. 1) is resistant
to oxidative degradation and ligand exchange. The lower oxida-
tion states of these complexes (V-II) are also well-characterized,
thus facilitating identification of products and mechanistic
interpretations. These complexes are milder oxidants than
[(bpy)2(py)Ru!VO]%*, so substrates that are too rapidly oxi-
dized by [(bpy)2(py)Ru’YO]>* may be studied with these

a) trans-[Ru"(L")(0),*"
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complexes. Because of the difference in redox potentials and
electron-transfer properties, oxidation of substrates by trans-
[RuVI(L)(0),]** often occurs by mechanisms different from that
by [(bpy)2(py)Ru'YO]?*. The present review is confined to the
kinetics and mechanisms of the oxidation of various inorganic
and organic substrates by trans- [RuVI(L)(0)>]** mainly during
the period 1993-2006. The kinetics of the oxidation of substi-
tution inert ruthenium(Il) complexes and the disproportionation
of trans-[Ru¥ (Lz)(O)z]+ [4], which were reported in 1990, were
also discussed in order to give a more complete picture of the
reactivity of these dioxoruthenium(VI) species. The chemistry
of ruthenium oxo species before this period has been reviewed

[5].

2. Electrochemical and electron-transfer properties

The electrochemical properties of trans-[Ru¥Y(L)(0),]**
have been reviewed. Thermodynamic data (E° versus NHE and
pK, values, 298 K) for trans-[RuVI(L)(0),]** systems in aque-
ous solutions are summarized in Scheme 1 [5-7].

Oxidation
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Scheme 1.
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3. Reaction with inorganic substrates

3.1. Oxidation of substitution inert ruthenium(II)
complexes [4]

Reaction of excess trans-[RuV (L?)(0),]** with [Ru'(NH3),4
(bpy)]** in aqueous solution occurs according to the following
stoichiometry:

trans-[Ru¥ (L?)(0)21*" + [Ru" (NH3)4(bpy)1**
— trans-[Ru (L?)(0)2]" + [Ru™ (NH3)4(bpy) P+ (1)
The trans-[Ru” (L2)(0),]* species then undergoes rapid dis-

proportionation (see Section 3.2). Reaction (1) has the following
rate law:

d[Rull]
dr

ky is independent of pH from 1.0 to 4.0. At 298.0K, k;
is 244+0.1)x10°M s~ at I=0.1M and (6.1£0.3) x
100M~'s7! at 1=0.01M. AH* and AS* are (1.1£0.1)
kcalmol™! and —(28£5)calmol™' K~!, respectively, at
I=0.01 M. The kinetics of the oxidation of [Ru(NH3)s(isn)]**
and [Rull(NH3)s (py)]2+ have also been studied, the second-
order rate constants at 298.0 K are (3.0 £0.1) x 100 I=0.1M)
and 3.4+0.1) x 10°M~'s~! (1=0.01 M), respectively. Using
the Marcus cross-relation [8], the self-exchange rate of the trans-
[RuVI(L?)(0),]**"* couple is estimated to be 1.5 x 10° M~ ! 57!
(298.0K and 7=0.1 M).

= ky[Ru¥1[Ru'"] 2

3.2. Disproportionation oftrans—[RuV(LZ)(O)z]Jr [4]

In aqueous acidic solutions the cyclic voltammogram
of trans-[RuVY(L?)(0),]** shows a two-proton two-electron
RuY/Ru'Y couple, suggesting that the intermediate RuV state
is unstable with respect to disproportionation. The kinetics of
the disproportionation reaction have been studied by generat-
ing RuV in situ by reduction of trans-[Ru¥Y(L?)(0)]** with
[Rull(NH; )4(bpy)]2+. The following rate law is obtained:

B d[RuY]

= kais[Ruv1’ 3)

2ke K [Ht
o = el @
(1+ Kp[H*])

This is consistent with the following mechanism:

trans-[Ru¥ (L)(0),]" + H+gtrans—[RuV(Lz)(O)(OH)]H

)
trans-[Ru” (L2)O)OH)" " + trans-[Ru¥ (L2)(02)]
s trans-[Ru¥(L2)(0), ] + trans-[RulY (1L2)(0)OH)]
(6)

trans-[RutY (L2)(0)(OH)]* 4+ HF
3 rans-[RulY (L2)(0)OH) T )

ke and K, are found to be (2.72+0.34) x 10°M~!s~! and
(615+50)M~!, respectively, at 299K and /=0.1M. AH!
and AS* for the ke step are (4.5%0.7)kcal mol~! and
—(14 £2) calmol~! K1, respectively.

3.3. Oxidation of [Fe"(OH»)sJ** [9]

In aqueous acidic solution, oxidation of excess
[Fel(OH,)6]1** by trans-[RuVI(L?)(0),]** readily occurs
at room temperature according to the following equation:

trans-[Ru¥'(L?)(0):]** + 2Fe?* +2H*
— trans-[Ru"Y (L*)(0)(OH,) >t + 2Fe3* (8)

The kinetics are followed by UV/vis spectrophotometry. The
rate law is:

d[RuVY]
dr

At 298K and I=1.0M, k, is found to be (2.74+
0.08) x I0M~!'s™!. k, is independent of [H*] from 0.01 to
1.0 M and is rather insensitive to temperature from 291 to 311 K.
At [H*]and I=0.1 M, AH* and AS* are (0.1 4+0.1)kcal mol~!
and —(50 & 5) calmol~! K~!, respectively.

The proposed mechanism that is consistent with the simple
rate law is shown below.

= ko[RuV1[Fe?t] 9)

[0=RuV'=0]*" 4+ Fe’* — [0=RuV=0]" +Fe** (slow)
(10)
[0=Ru“=0]* +2H" + Fe?*
— [0=Ru!Y — OH,>" +Fe*T (fast) (11)

Using a self-exchange rate of 4 M~ s~! for Fe?*/Fe3* [10],
the value of k5 is estimated to be 10M~!s~!. This calcu-
lated value compares favorably with the measured value of
27M~!'s~! at I=1.0 M. However, it has been suggested that a
more realistic value for the Fe(OH2)¢23* is 6 x 1073 M1 571,
since the Fe(OH»)g2*3* is probably inner-sphere with a bridg-
ing water molecule [11-13]. Using this value, k3 is calculated
to be 0.5M~!s~!. Moreover, the observed zero AH* is con-
sistent with an inner-sphere mechanism (Egs. (12) and (13))
in which the formation of the bridged intermediate is exother-
mic and hence offsets the activation enthalpy for electron
transfer.
7T 4Fe?t = [0=Ru"'=0-Fe]""

[0O=Ru"'=0 (12)

1" = [0=RuY=0]" + Fe3* (13)

[0=Ru¥'=0-Fe
3.4. Oxidation of sulfite [14]

The kinetics of the oxidation of SO3>~ by trans-
[RuVI(Lz)(O)g]2+ have been studied in aqueous solution at
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298.0 K. The reaction has the following stoichiometry:
trans-[Ru¥'(L*)(0)]*" +S03*~ + H,0

— trans-[Ru"Y (L*)(0)(OH2)1*t 4 S04*~ (14)
The rate law is:

_dRuV k
d  1+[H']/K,

At 298.0K and I=1.0M, k and K, are found to be
(7.0+£1.4) x 10*°M~'s~! and (3.4+1.0)x 1077 M, respec-
tively.

The theoretical value for outer-sphere electron transfer
between SO32~ and trans-[RuY}(L2)(0),2]%* is calculated to be
6.3 x 10> M~ s~! at 298 K by using the Marcus cross-relation,
which is smaller than k by over two orders of magnitude, sug-
gesting that an inner-sphere type of mechanism is operating.
Oxidation of sulfite by one-electron oxidants is usually affected
by air, due to the formation of the SO3°~ intermediate [15]. In
this case the kinetics are unaffected by the presence of O, sug-
gesting that a one-electron mechanism is less unlikely. An OAT
mechanism is proposed:

[Ru¥(s™] (15)

—KacA2— gt
HSO; =S05%” + H (16)
VI 2 2+ 2—
trans-[Ru""(L°)(0),] 4+ SO3
KON ans-[RuY (L2)(0)(0803)] (17)

trans-[RuY (L*)(0)(0S03)] + H,O

ﬁmms-[Ru‘V(LZ)(O)(OHZ)]“ + S04 (18)

The measured value of K, (3.4 x 10~7 M) is in reasonable
agreement with a literature value (1.2 x 10~ M) [16].

3.5. Oxidation of iodide [17]

The kinetics of the oxidation of iodide by trans-
[RuVI(Lz)(O)z]2+ have been studied in aqueous acidic solution.
The reaction has the following stoichiometry:

trans-[RuV{(L?)(0)2 )t + 31~ +2H*
— trans-[Ru'Y (L?)(O)(OH) >t + 13~ 19)
The rate law is:

d[Ru"]
dr

At 298.0K and 7=0.1M, k, and k, are found to be
(41+£13)x1072M~'s7! and (18.5+£0.2)M~ 25~ respec-
tively. The effects of temperature on k, and kp, have been
studied from 290.0 to 318.0K. For the k, path, AHF and
AS*tare (10.3 4 2.2) kcal mol~! and —(31 + 10) calmol ! K1,
respectively; while for the k, path, AH' and AS' are
(8.84+0.7) kcalmol~! and —(23 £ 2) calmol ™' K~!.

= (ka + ky[H D[RuV[I7] (20)

The one-electron outer-sphere oxidation of iodide has been
studied for many complexes under conditions where the reverse
reaction is negligible [18]. The stoichiometry and rate law are
shown in Egs. (21) and (22), respectively.

2Mox + 217 — 2Meq +1n 20
d[Mox] _ _2
% - 2k [Mox ][I ]+ 2k [Mox][17] (22)
The general mechanism is shown in Eqs. (23)—(26).
k
Mox + 17 =Mueq + I (23)
—1
_ky _
Mox + 21 k#Mred +D* 24
_ ks
Mox + I,* k:\Mred +1h (25)
3
_ kg
I*+1 =I° (26)

k4

In the oxidation by rrans-[RuVI(L?)(0);]** the observed
first order dependence of the rate on [I™] is not consistent
with a simple one-electron outer-sphere mechanism, and an
OAT mechanism is proposed. The proposed mechanism (Eqs.
(27)-(31)) involves rapid oxygen atom transfer from Ru(VI) to
iodide followed by rate-limiting acid-catalyzed aquation of the
resulting Ru!V—OI species.

K
[0=Ru"'=07"" + I"=[0=Ru'V-0I1]" @7

[0=Ru'V—OI] "+H;0" -5 [0=RuV-OH,°" + HOI ~ (28)

[0O=Ruv-01]" + H20ﬁ>[0=RuW—OH]+ + HOI (29)
(0=Ru"V-0H]" + H* ™4 [0=Ru!V-OH,]*" (30)
HOI + 1~ + H* ™41, + H,0 G1)

According to this mechanism the rate law is:
Rate = K (k¢ +ks[H[Ru"[I"] (32)
This agrees with the experimental rate law with k, = Kke and
ky = Kks.
3.6. Oxidation of hypophosphite and phosphite [19]

The kinetics of the oxidation of hypophosphite and phosphite
by trans-[RuV{(L")(0),]** have been studied in aqueous acidic
solutions. The reactions have the following stoichiometry (X =2
or 3):

trans-[RuV{(L1(0)2 T + HoPOx ™ + H,O

— trans-[Ru" (L")(0)(OH2)1** + HoPOy 11~ (33)
The two reactions also have the same rate law (P = P! or PIII):
d[Ru"1] k VI
_ = R P 34
o = TryE R (34)
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For hypophosphite (P!), k and K, are found to be (1.3 £0.1)
M~1s ! and 9.7£0.5) x 1072 M, respectively, at 298.0K
and 7=1.0M; AH' and AS' are (14.3£0.5)kcalmol™!
and —(10=£ 1)calmol~! K~!, respectively, at pH 1.86 and
I=1.0M. For phosphite (P!'), k and K, are found to be
(48+04)x1072M~'s7! and (1.240.2) x 1072 M, respec-
tively, at 298.0K and 7/=0.2M; AHY and ASt are
(14.1 £1.0)kcal mol~! and —(18 & 3) calmol™' K~!, respec-
tively, at pH 2.3 and /=02 M.

For hypophosphite, the kinetic isotope effect, k(H,PO, ™)/
k(D2PO;7) is 4.1 at pH 1.07 and /= 1.0 M. For phosphite, the
kinetic isotopic effect, k((HDPO3;™)/k(D,PO37), is 4.0 at pH
2.30 at I=0.2M. The large KIEs indicate that the activation
process involves P-H bond breaking. A mechanism involving
hydride transfer from P-H to Ru¥'=0 is proposed for these two
reactions.

Kq
H3;POx=H,POx~ + H™ (35)

[0=Ru"'=0]"" + H,POx~ - [0=Ru!V-OH]" + HPOy
(36)

HPOy + H,O — H3POyy, (37)

3.7. Oxidation of nitrite [20]

Reaction of trans-[RuVI(Ll)(O)Q]ZJr with nitrite in aqueous
solution or in H, O/CH3CN produces the corresponding (nitrato)
oxoruthenium(IV)  species, trans-[Ru!v(L!)(0)(ONO,)]*
([Ru'v1*), which then undergoes relatively slow aquation to
give trans-[RulY (L1)(O)(OH,)]?*. The stoichiometry for the
first and second steps can be represented by Eqs. (38) and (39),
respectively.

]2

trans-[Ru¥ (L) (0),]"" + NO,~

— trans-[Ru"Y (LY(0)(ONO,)] " (38)
trans-[Ru"Y (L1Y(0)(ONO»)] " + H,0
— trans-[RuY (L1Y(OY(OH,)]" " + NO3~ (39)
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Fig. 2. ORTEP of trans-[Ru"Y (L')(0)(ONO»)]*, thermal ellipsoids are drawn
at the 30% probability (hydrogen atoms are omitted for clarity) [20].

These processes have been monitored by both ESI/MS
and UV/vis spectrophotometry. The structure of trans-
[RulV(L1(0)(ONO,)]* has been determined by X-ray crys-
tallography (Fig. 2). The ruthenium center adopts a distorted
octahedral geometry with the oxo and the nitrato ligands trans
to each other. The Ru=0 distance is 1.735(3) A, the Ru-ONO,
distance is 2.163(4) A and the Ru—O-NO; angle is 138.46(35)°.

Reaction of trans-[Ru¥(L1)(130),](C104), with 1.1 equiva-
lent of N'®0,~ in H,'®O/CH3CN (1:1, v/v) readily produces
the '80-enriched (nitrato)oxoruthenium(IV) complex trans-
[RuV(LH('0)('®ONO,)]Cl04. The ESI/MS spectrum of
trans-[RuY (LM(130)(1¥ONO,)]Cl0;4 taken 5 min after disso-
lution in 1 mM CF3COOH in HO/CH3CN (1:1, v/v) shows
the most abundant peak at m/z=524 [RulV-180,1* (i.e. the
parent ion with two '80 atoms). Analysis of the [Ru!V-
180,1* cluster (Fig. 3) indicates that although there are on
the average two '80 atoms per ion, the actual isotopic com-
position is 30% [RulV-180'°01*, 40% [Ru'V-'80,]* and
30% [Ru'V-'803]* (each+5%). On standing the peak at
mfz=524 gradually decreases while the peak at m/z=477
{trans-[Ru"™ (L")(®0)(1°0OH,)]?*} increases, indicating aqua-
tion of [Ru!V-180,1* to give rrans-[RulY (L")(180)(1°OH,)]**.
The t1, for this aquation is ca. 30min at 297 K. Notably,
although the intensities of the two peaks vary with time, the iso-

524
(b)

514 516 518 520 522 524 526 528 530 532
m/z, amu

Fig. 3. (a) Expanded isotopic distribution of the cluster at m/z = 524 in the ESI/MS spectrum of [Ru"Y ]C104-'30,. (b) Simulated isotopic pattern for 30% [Ru!V]-'30,

40% [Ru!V]-180, and 30% [Ru'V]-'305 [20].
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Fig. 4. ESI/MS spectra (—ve mode) of [Ru'Y]ClO4-1805 in I mM of CF3COOH
in HoO/CH3CN (1:1, v/v) at different time intervals, (a) 5 min; (b) 30 min; (c)
120 min [20].

topic distributions remain unchanged. This means that there is
no O-exchange between [RuW—ISOz]+ and H,!°0, and between
the oxo ligand in trans-[Ru'Y (L")('80)('®OH,)]?* and H,'°0
during this period (2 h, 297 K).

The nitrate released during the aquation of [Ru'Y-180,]*
is shown to be quantitative by ion chromatography. It was
also monitored by ESI/MS in the negative mode. Fig. 4
shows the ESI/MS spectra (—ve mode) of [Ru!V]Cl104-'30,
at various time-intervals after dissolution in 1mM CF3COOH
in H,O/CH3CN (1:1, v/v). Notably N'©O3~ (m/z=62),
N80100,~ (m/z=64), N130,190~ (m/z=66) and N80z~
(m/z=68) are all detected. The intensities of all these peaks
increase with time, consistent with the release of nitrate dur-
ing aquation of [RuIV-1802]+. The t1p is ca. 30 min at 297K,

in agreement with the result obtained from monitoring [Ru'Y-
180, ]* in the positive mode. Significantly the relative intensities
of the four peaks remain more or less unchanged, and assum-
ing that the relative intensities of the peaks are equal to the
relative amounts of the respective ions, then the average %
of N'60;~, N'30190,~, N'80,'0~ and N'80;~ =14, 41,
38 and 7, respectively, (each£5%). If random scrambling
of the 80 atoms has occurred in the initially formed trans-
[RulV(LH1B0)(BONO,)* prior to aquation, as described for
the [Ru'V-130,]* species, then the % should be 12.5, 37.5, 37.5
and 12.5, respectively, which is in reasonable agreement with the
observed values. Independent experiments indicate that there is
no O-exchange between both NaNO3 and NaNO; with H,!80
under similar conditions.

The kinetics for the first step (Eq. (38)) have also been studied
in aqueous acidic solution. The rate is first order in both [RuVT]
and [NO,™], the second-order rate constant k» increases with
pH (1-3) according to the relationship shown below:

k

k=17 [H1/K,

(40
K, is the acid dissociation constant of nitrous acid, &
and K, are found to be (2.33+0.15)x 10*M~'s™! and
(9.1040.90) x 10~* M, respectively. The observed acid depen-
dence of k; is consistent with the reaction scheme shown in Eqs.
(41) and (42).

Ka
HNO,=NO,~ +H" 41)

trans-[RuV'(L1)(0),1"" + NO,~
X, trans-[RuY (L1)(O)(ONOy) (42)

The value of K, is in good agreement with the literature
value of K;=1.1 x 1073M [16]. At pH 2.92 and I=0.1M,
AHY and AS* are found to be (4.2 £0.2)kcalmol~! and
—(26 4 3) calmol~! K~!, respectively. By using the Marcus
cross-relation, k-, is calculated to be 2.4 x 10 M ! sl at298 K,
which is almost three orders of magnitude slower than the exper-
imental rate constant.

A reversible OAT mechanism is proposed to account for the
scrambling of the 80 atoms, as shown in Scheme 2.

The proposed mechanism starts with oxygen-atom trans-
fer to produce initially frans-[Ru! (L1)('30)('* ONO,)]*. This
species then undergoes rapid linkage isomerisation (LI) through
rotation of the nitrato ligand. This is followed by back
oxygen-atom transfer to generate singly '3O-labeled trans-
[RuV(LH(B0)(1°0)1?* and N'80'°O~ jons. Repetition of
these processes would result in the observed scrambling of the
180 atoms in the (nitrato)oxoruthenium(VI) species.

4. Oxidation of organic substrates
4.1. Oxidation of alkylaromatic compounds [21]

The oxidation of a series of 21 alkylaromatic compounds by
trans-[RuVI(L1)(0),]** has been studied in CH3CN. The major
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reaction pathways occurring in the oxidation of alkylaromatic
compounds with primary or secondary C—H bonds by trans-
[RuYI(L1)(0)2]?* can be represented by Eqgs. (43) and (44).

trans-[Ru’'(L1)(0),]"" + ArCH; + CH;CN
— trans-[Ru” (L1Y(O)(CH;CN)*F + ArCH,OH (43)

trans-[RuY (L')(0),1"" + ArCH,OH + CH;CN

— trans-[RuY (L1YO)CH;CN)™T + ArCHO + H,0
(44)

The initial product is the alcohol, which is then further oxi-
dized to the corresponding aldehyde or ketone. The carbonyl
compound is the major product because in general alcohols
are oxidized much more rapidly than hydrocarbons by trans-
[RuV!(L)(O)]** [5.22].

The kinetics of the reactions have been monitored by UV—vis
spectrophotometry, and the rate law is:

d[Ru"]
a

The rate constant k; for various substrates together with the
activation parameters are compiled in Table 1. The KIEs for the
oxidation of toluene/dg-toluene and fluorene/d;o-fluorene are 15
and 10.5, respectively, at 298.0 K.

A plotof AH* versus AS! is linear (Fig. 5), suggesting that all
the hydrocarbons react by a common mechanism. A good linear
correlation between AG* and AH® is also found (Fig. 6), which

k>[RuY[ArCH3] (45)

AH¥ keal mol ™!

-40 -30 20 -10 0 10 20 30 40
AS*/ cal mol K!

Fig. 5. Plot of AH* vs. AS! for the oxidation of alkylaromatic compounds by
trans-[Ru¥(L")(0);2]** in CH3CN (the numberings in the plot are defined in
Table 1) [21].

strongly supports a HAT mechanism for the oxidation of these
substrates by trans-[RuY (L')(0)2]?* [23]. AH® is the difference
between the strength of the bond being broken and that being
formed in a H-atom transfer step, i.e. AH°=BDE of ArCH;-
H — BDE of [0=Ru"(L")O-H]**. BDE of [0O=RuY(L1O-H]**
has been calculated to be 82.8 kcalmol~! [24]. AH* also cor-
relates with AH® since AH' is proportional to AS*. Recently
a variety of H-atom transfer reactions have been shown to fol-
low the Marcus cross-relation [25]. The observation of a linear
correlation between AG! and AH® in this case means that the
H-atom self-exchange rates of the alkylaromatics are similar.
The slope of (0.61 +0.06) in the AGYHAH® plot is in reason-
able agreement with the theoretical slope of 0.5 predicted by the
Marcus theory (for AG° ~ 0, and assuming AH° ~ AG®).

The rate constants for H-atom abstraction from various alky-
laromatic compounds by trans-[RuVI(L!)(0),]** also correlate
with the rates of abstraction by ‘BuOO®, ‘BuO® and MnO4 ™,
plots of log k} (per active hydrogen of the substrates) versus the
strength of the O—H bond formed by the oxidants are roughly
linear (Fig. 7). Such a correlation is typical for HAT reactions
[26].

Using the Marcus cross-relation, it is possible to esti-
mate the [RuYI(L1)(0),]**/[RuY (L!)(0)(OH)]** self-exchange
rate. The self-exchange rate for PhCH3/PhCH,*® is reported
to be ~4 x 1079 M~!s7! at 298K [25]. AG® for the reac-
tion between Ru"! and PhCHj is evaluated using the equation:
AG°=AH°=BDE of PhCH,-H—BDE of [O=Ru"(L")O-
H]** =(89.8 — 82.8) =7 kcalmol~!. The rate constant for the
cross-reaction is 1.11 x 107*M~!s~! at 298 K. Using these

AH¥or AG¥/ keal mol™

-8 -6 -4 -2 0 2 4 6 8
0 -1
AH "/ keal mol

Fig. 6. Plot of AH* and AG* vs. AH® for the HAT step in the oxidation of
alkylaromatic compounds by frans-[Ru¥!(L')(0),]** in CH3CN at 298 K (the
numberings in the plot are defined in Table 1) [21].
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Second-order rate constants at 298.0 K and activation parameters for the oxidation of alkylaromatic compounds by trans-[RuVi(L1)(0),]12 [21]
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No. Substrate ko Mg AH (kcalmol ™) AS™ (cal K~ mol™!) BDES (kcal mol™!) E°4 [V(NHE)]
1 ©/ (3.70 £ 0.13) x 1073, 341+ 14 36+5 89.8 2.64
(6.63£0.07) x 10-5¢
2 ©/\ (1.82 £ 0.05) x 1073 257 + 0.6 15+2 85.4 2.62
3 @J\ (5.38 £ 0.03) x 1073 247 4+ 0.8 14 +2 84.4 2.53
4 —@— (1.62 £ 0.03) x 1074 271+ 19 15+ 3 2.30
5 /@\ (2.19 + 0.01) x 104 27.8 +£0.7 1842 2.35
6 )@\ (3.01 £ 0.07) x 10~ 27.1 4+ 1.0 16 £3 2.13
7 :@ (2.19 + 0.02) x 1074 279 £ 0.7 1942 2.23
8 II (6.29 £ 0.19) x 1074 212415 —2+2) 1.94
9 )ﬁj\ (5.56 + 0.03) x 104 217 £ 1.0 —(1+2) 1.95
10 :@i (1.13 £ 0.07) x 1073 183 + 0.9 —(11 £2) 1.87
11 I?i (3.75 £ 0.04) x 1073 16.6 + 0.3 —(14 £ 2) 1.74
12 Ph,CH, (1.03 £ 0.03) x 102 18.0 + 1.3 —(1+2) 82.0
13 Ph;CH (6.20 % 0.06) x 1072 167 £ 1.2 —8+2) 81.0
14 1.58 £ 0.03 13.8 £ 0.5 —(11 +£2) 80.1 1.91
15 O‘O 7.45 £+ 0.15 90+ 12 —(24 £ 3) 78.0 1.94
16 497 £ 04 57 +09 —(32 £ 3) 75.5
17 CIO (1.62 + 0.07) x 10-3¢
18 MeO-Q— (2.89 + 0.03) x 1073¢
19 NC—@— (1.17 + 0.03) x 10-2¢
20 Q_ (2.29 £ 0.04) x 1075¢
Br
,OMc
21 (8.27 £ 0.11) x 10~%¢

as

2 Values are at 298 K and corrected per active hydrogen of the substrates.
b Temperature range 288-328 K.
¢ Data are from reference [40].
d Data are from reference [41].
¢ Value at 313.0K and corrected per active hydrogen of the substrate.
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Fig. 7. Plot of log k} (the rate constant for H-atom abstraction, per H-atom) vs.
the strength of the O—H bond formed by the oxidants. Solid line (DHA), dash
line (PhyCH)), dot line (PhEt), and dash-dot line (PhMe) [21].

data the [Ru¥(L1)(02)1?*/[Ru" (L")(O)(OH)]** self-exchange
rate in CH3CN is estimated to be 2 x 10! M~! s~ ! at 298 K.

4.2. Oxidation of phenols [24]

The kinetics of the oxidation of phenols by trans-
[RuVI(L1 )(0)2]2+ have been studied in aqueous acidic solutions
and in CH3CN. In H>O the oxidation of phenol produces the
unstable 4,4'-biphenoquinone, as evidenced by a rapid increase
and then a slow decrease in absorbance at 398 nm. The first step
(i.e. the increase in absorbance) is first-order in both Ru"! and
phenol, and the rate constant kf depends on [H*] according to
Eq. (46).

ke = ky o+ (2K (46)
RN T3S

OH Ru"(L")O)1*

RuY(L")O)OH)P*

o- Ky
@ [RuY(L")(O)OH)Z*
Ru¥'(L")©0) 1
+H*

This is consistent with the following scheme:

Ka
PhOH=PhO~ + H* (47)
RuV! + PhOH&produets (48)
VI Kk
Ru"" + PhO™ —products (49)

At 298K and I=0.1M, ky=(1.25+0.10)x I0M~!s~!
and ky=(7.96£0.16) x 10 M~ s~!. For the kx step, AH* =
(11.34+0.8)kcalmol ™! and AS*=—(14 4+ 3)calmol ' K.
For the ky step, AH* =(10.0 £0.5) kcal mol~! and AS* =(15+
2)calmol~! KL,

At I=0.1 M and pH 298, the KIEs are k(H,O)/
k(D20)=4.8 and 0.74 for kx and ky, respectively, and
ki(CeHsOH)/k(C¢DsOH) =1.1. It is proposed that the k4 step,
i.e. oxidation of PhOH, occurs by a hydrogen atom abstraction
mechanism; while the ky step, i.e. the oxidation of PhO™, occurs
by an electron-transfer mechanism. In both steps the phenoxy
radical is produced, which then undergoes two rapid concur-
rent reactions. One is a further three-electron oxidation by RuV!
and RuY to give p-benzoquinone and other organic products,
the other one is a coupling and oxidation process to give 4,4'-
biphenoquinone, followed by the decay step, ks. The proposed
mechanism is shown in Scheme 3.

The oxidation of various substituted phenols were also inves-
tigated at pH 1.1. At this pH the pathway involving oxidation
of the phenolate anion is insignificant, and k¢ ~ kx. The spec-
trophotometric changes for the oxidation of ortho substituted
phenols show the same biphasic behavior as for the parent
phenol. However, for meta and para substituted phenols no inter-
mediate formation of the highly absorbing 4,4’-biphenoquinone
derivatives are observed. Instead the spectral changes reveal
only decay of trans-[RuV{(L1)(0)2]** (Amax =385 nm) to trans-
[RulY(L")(0)(OH»)]?*. For the meta and para substituted
phenols the decay at 385 nm follows first-order kinetics and

(0]
other
+ organic
Wt o products
2[Ru™(L)(O)(OH2)] o

fast
[Ru’(L")0)*",
[Ru(LYO)OHP*

H &\
<=

ks | Ho0, phenol

organic products

Scheme 3.
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Second-order rate constants for the oxidation of substituted phenols (X-PhOH) by trans-[Ru¥!(L")(0),]** in H,O (pH 1.10, I=0.1 M) and CH3CN at 298.0K [24]

X O-H BDE (kcal mol™1) ke(H,0) M~ 15— ky(CH3CN) M~ s71)
H 87.05 (1.10 + 0.04) x 10 2.36 + 0.09

2-Me 85.05 (1.38 + 0.04) x 102 (1.66 + 0.06) x 10
3-Me 86.65 (2.32 + 0.05) x 10 9.46 + 0.08

3-CF3 89.15 (5.69 + 0.10) x 10~! (417 £0.11) x 107!
3-CN 89.75 (2.00 + 0.07) x 107! (1.19 £ 0.06) x 107!
4-MeO 80.95 (8.94 + 0.22) x 10* (3.06 + 0.06) x 10°
4-Me 84.58 (1.89 £ 0.03) x 102 (1.25 £ 0.04) x 10
4-+-Bu 84.76 (1.36 + 0.04) x 10 (1.89 + 0.03) x 10
4-Cl 85.65 (1.87 £ 0.05) x 10 7.77 + 0.20

4-CN 89.25 (8.03 £+ 0.21) x 102 (2.23 + 0.07) x 107!
2-Cl-4-Me 85.55 (1.84 £ 0.05) x 10
2,4-Di--Bu 81.85 (1.35 + 0.02) x 10
3,5-Di-+-Bu 85.68 7.54 £ 0.10
2,6-Di--Bu 81.65 (5.80 + 0.08) x 107!
2,6-Di--Bu-4-Me 79.15 (2.63 £ 0.09) x 10
2,6-Di-t-Bu-4-MeO 75.55 (2.56 £ 0.07) x 1074

the pseudo-first-order rate constants depend linearly on [PhOH].
Representative second-order rate constants are shown in Table 2.

Similar kinetic behavior is also observed for reactions in ace-
tonitrile. The small KIE of 1.1 for the oxidation of C¢Hs;OH
versus C¢D5O0H, and the reactivity order of ortho = para > meta
for the oxidation of methylphenols suggest that a similar hydro-
gen atom abstraction mechanism for the oxidation of phenols
occurs in CH3CN as in H»O. The phenoxyl radical produced
either undergoes coupling or is further oxidized by the ruthenium
0XO species.

Hammett plots of log(kff / k,l({) against o are reasonably lin-
ear for reactions in H,O and in CH3CN (Fig. 8), with the slopes
p=—(3.76 £0.30) and —(2.90 £ 0.25), respectively. The nega-
tive reaction constants are consistent with the formation of the
electron-deficient phenoxyl radical intermediate. A good corre-
lation between rate constants and o* has also been observed
for hydrogen abstraction of phenols by fert-butyl radicals
[27].

For reaction in aqueous solutions there is a linear correla-
tion between log(rate constant) at 298 K and the O-H BDE of
a series of mono-substituted phenols that do not contain any
bulky substituents in the ortho positions (Fig. 9a). For the same
plot in CH3CN (Fig. 9b), it is found that phenols without any
bulky tert-butyl substituent in the ortho positions fall on one
straight line. However, phenols that contain 2,6-di-fert-butyl
groups react much more slowly than phenols of similar O-H
BDE but with no such bulky groups, and they fall on a separate
line in the plot, while 2,4-di-tert-butylphenol lies between the
two lines. Evidently steric crowding about the hydroxyl group is
very important in affecting the reactivity of the phenols, which
is expected for a hydrogen atom abstraction mechanism but not
for an electron-transfer mechanism. Similar steric effects have
been observed in hydrogen atom abstraction from phenols by
peroxy radicals [28] and alkyl radicals [29]. A reasonably linear
correlation is also found between log kx (the rate constant for
hydrogen atom abstraction from phenol) and the strength of the
O-H bond formed for a number of oxygen radicals [30,31] and
trans-[RuY(L")(0),]** (Fig. 10).

4.3. Oxidation of hydroquinones [32]

The kinetics of the oxidation of a series of hydroquinones in
both aqueous solutions and CH3CN by trans-[RuVI{(L2)(0),]1**

have been studied.

(@) 4__ o FMEO

log(k “/k ")

(b)

log(k NIk \")

-0.8 -0.6 -0.4

0.4 0.6 0.8

Fig. 8. Hammett plot of log(k,)f / k,‘?) vs. o™ for the oxidation of substituted phe-
nols by trans-[RuV(L!)(0),]?* at 298.0K: (a) in H,O (pH 1.10 and /=0.1 M)

and (b) in CH3CN [24].



2248 W.W.Y. Lam et al. / Coordination Chemistry Reviews 251 (2007) 2238-2252

'2 T T
80 82 84 86 88 90

BDE / keal mol !

(b) 57

4 - 2.6-Di-"Bu-4-McO

2.4-Di+4-Bu

log k,

4-Mce
2-Mc®

. 2.6-Di4-Bu-4-Me
1 3.5-Di+-Bu *®

2.6-Di+-Bu

T L T b T ¥ T 3 T L T ¥ T X T

74 76 78 80 82 84 86 88 90
BDE / keal mol™
Fig. 9. Plot of logkx vs. O-H BDE for the oxidation of phenols by trans-

[RuVI(L")(0),]** at 298.0K: (a) in H,O (pH 1.10 and I=0.1M) and (b) in
CH3CN [24].
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Fig. 10. Plot of log(rate constants) at 298 K for hydrogen atom abstraction of
phenol by oxygen radicals and trans-[Ru¥ (L)(0)2]** vs. the strength of the
O-H bond [24].

In aqueous solutions the stoichiometry is:
trans-[Ru¥i(L?)(0)21** + H2Q

— trans-[Ru" (L*)(O)(OH)I** +Q (50)

The following rate law is obtained:

dRu"'] _ ka[H*] +kpK,
dt [HT1+ K,

[Ru¥1[H,Q] (51

K, is the acid dissociation constant of H>Q and is taken as
1.41 x 10719Mat298.0 K [33]. At298.0 K and /=0.1 M, k, and
ky are (9.41+0.28) x 10" and (7.91+0.10) x 10’ M~ s,
respectively. At pH 1.16 and /=0.1 M AH* and AS are found to
be (12.3+0.1) kcal mol~! and —(8 & 1) calmol ' K1, respec-
tively. The observed rate law is consistent with parallel pathways
involving oxidation of H,Q and HQ™ (Egs. (52)-(54)):

Ko n

H,Q=HQ™ +H (52)
VI ka

Ru"" + HyQ—products (53)

RuV! + HQ™ g products (54)

In aqueous solutions at pH 1.79, where the pathway involv-
ing the oxidation of HQ™ is insignificant, a large KIE for the
oxidation of HyQ in D0 {k(H20)/k(D,0)=4.9} is observed.
However, no KIE is found for the oxidation of H;Q-ds in
H,0, k{CsH4(OH), }/k{CsD4(OH); } = 1.0. These results sug-
gest that the rate-determining step for the oxidation of the
H>Q molecule involves O—H bond cleavage. On the other
hand, at pH 4.60, in which the oxidation of the HQ™ anion
is the predominant pathway, a negligible KIE of 1.2+0.2 is
found for the oxidation of H»Q in D,O, suggesting that in
this case a simple outer-sphere electron-transfer mechanism is
operating.

The mechanism for the oxidation of H;Q by trans-
[RuY{(L2)(0),1*" in aqueous acidic solution (pH<3) is
summarized in Egs. (55)—(59).

]2+

trans-[RuVI(Lz)(O)z + HQ

SO 1 ans-[RuY (L2)(O)OH)" " + HQ® (55)

trans-[Ru¥'(L2)(0),]"" + HQ®

St prans-[Ru (L2)(0) O™ 4+ Q (56)

trans-[RuY (L2)(0)(OH)*" + H,Q

B0 trans-[RulY (L2)(0)(OH)]” T + HQ® (57)

trans-[Ru” (L3)(0)(OH)]"" + HQ®

St prans-[Ru!Y (L2)(0)OH) ™ + Q (58)
2HQ* L H,Q + Q (59)
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Second-order rate constants for the oxidation of HyQ-X by trans-[Ru¥(L2)(0),]%* in both aqueous solutions and acetonitrile at 298.0 K [32]

Substrate ko M~Ls7ha kacn M1s1ye Ky MLy
2,5-Di-'Bu (5.62 + 0.05) x 10? (2.51 £ 0.17) x 10? (1.00 % 0.09) x 10
‘Bu (7.21 £ 0.15) x 10? (3.50 & 0.52) x 10? (1.18 £ 0.05) x 10!
2,3-Di-Me (6.60 % 0.02) x 10? (2.90 + 0.14) x 10% (1.13 + 0.04) x 10
Me (6.05 + 0.04) x 10% (2.24 £ 0.06) x 102 8.44 + 0.13

OMe (3.18 + 0.03) x 10? (1.73 £ 0.08) x 10% 5.40 & 0.14

H (9.37 + 0.12) x 10! (8.53 £ 0.32) x 10 221 + 0.04

Cl (5.19 %+ 0.06) x 10! (3.44 £ 0.16) x 10" 1.49 £ 0.06
2,3-Di-CN 1.27 + 0.07° 1.00 + 0.04 (4.70 £+ 0.07) x 102

% Experiments were carried out in aqueous solution at pH 1.8 and /=0.1 M unless specified.

b Experiment was carried out at pH 1.0.

¢ Experiments were carried out in CH3CN. kacn and k;\CN are the rate constants for the first and second steps, respectively, (Eqs. (60) and (61)).

HQ® is known to disproportionate rapidly (k=1.1 x 10°
M~1s~1) [34].

In contrast to reaction in water, the spectrophotometric
changes for the oxidation of H>Q by trans-[RuVI(L)(O)g]2+
CH3CN indicate biphasic behavior. The final spectrum (after
removal of organics) shows quantitative formation of trans-
[Ru”(Lz)(CH3CN)2]2+ [35]. The spectrophotometric changes
for the second step are identical to that for the reaction
of H,Q with trans-[Ru'Y (L?)(0)(CH3CN)]?**. Also 2mol p-
benzoquinone are formed from 1 m of Ru¥?. Thus, the reaction of
trans-[RuYY(L2)(0),]** with H,Q in CH3CN can be represented
by Egs. (60) and (61):

trans-[Ru¥'(L2)0),]"" + H,Q

2 srans-[Ra™ (LYO)CHCN) +Q+H0 (60)
3

trans-[RuIV(L2)(O)(CH3CN)]2+ +HyQ

k/
2N frans-[RUNL2)(CH;CN)T + Q 4+ H,0 61)
CH3CN

Rate constants at 298.0K for the first (kacn) and second
step (Kycn) are (8.53£0.32) x 10! and (2.21 £0.04)M~!s71,
respectively. AH' and AS' are (12.3+0.3)kcalmol™! and
—(9+£1)cal mol~! K1, respectively, for the kacn path,
(12.4 +0.3) kcalmol ! and —(15+2)calmol ! K1, respec-
tively, for the k), path.

Rate constants for the oxidation of various substituted hydro-
quinones by Ru"! in HyO and in CH3CN are summarized in
Table 3.

Plots of log(kn,0, kacn or kgCN) at 298.0 K against the O-H
BDE of H,Q-X are linear for reactions in both HyO and CH3;CN
(Fig. 11), consisting with a HAT mechanism for these substrates.
In these plots the O—H BDE:s calculated according to the method
of Wright et al. are used [36], since experimental data for only a
few substrates such as H,Q and HyQ-Me are available. Notably
H,Q-2,5-di-"Bu reacts more slowly than expected from its BDE,
by about 50%. The presence of two bulky groups in the 2- and 5-
positions should reduce the chance of hydrogen atom abstraction
by the bulky frans-[Ru¥ (L?)(0)2]*>* complex by about 50%.

Such steric effects are expected for a HAT mechanism but not
for simple electron transfer.

Mayer and co-workers have recently shown that the Marcus
cross-relation (neglecting work terms) holds fairly well for a
range of PCET/HAT reactions [2b,23b—¢].
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Fig. 11. (a) Plot of log kr20 vs. O—H BDE for the oxidation of H,Q-X by trans-
[RuYL(L2)(0):]** in aqueous solution at 298.0K, pH 1.77 and /=0.1 M. (b)
Plot of log kacn (circles) and log k;\CN (squares) vs. O—H BDE for the oxida-
tion of HyQ-X by trans-[RuV (L?)(0),1** and rrans-[Ru'Y (L?)(O)(CH3CN)]**,
respectively, at 298.0 K in CH3CN [32].



Table 4
Mechanistic summary for trans-[RuVI(L)(0), ]+ systems?
Reductants Pathway Rate law Rate constants Remarks
b d[Ru"!] VIqpm. 2+ —1 1 i ism i
[Fe(H20)6] e-Transfer BT ka[Ru" ' ][Fe "] kpy=274M"" s '€ An inner-sphere mechanism is proposed
dIR 11
[Ru'' (NH3)4(bpy)]>*P e-Transfer - [du 1_ ko [RuV'[Ru™] kr=2.4 x100M~ 1 1d The self-exchange rate of the frans-[RuY (L?)(0),]*2*
! couple is estimated to be 1.5 x 10° M~ ! s~!
d[Ru"! k
H,PO,™¢, H,PO;¢ Hydride abstraction _4 d” I_ TR [Ru""[P] For hypophosphite, k=1.3M"!s7!¢. For hypophosphite, k(H,PO2 ~)/k(D2PO, ™) =4.1. For
! +HT/Ka For phosphite, phosphite, K HDPO3~)/(D2PO3 ™) = 4.0
ky=4.8x 107 2M~s71¢
. : d[Ru] VI 5 -1 o1 o T ;
Akylaromatic compounds® Hydrogen atom abstraction i = kp[Ru" ' ][ArCH3] For toluene k; =3.70 x 107> M~ s ". (1) Plot of AH* vs. ASF is linear. (2) A linear

Phenol® Hydrogen atom abstraction

Hydroquinone? Hydrogen atom abstraction

NO,~¢ Reversible oxygen atom
transfer

S032P Oxygen atom transfer

I° Oxygen atom transfer

d[Ru"T] (k 4 kK
- X

VI
@ H +]) [Ru""][PhOH]

dRuT]  ky[H'] + kK,

& - [HTK, “[Ru""][H,Q]
dRu"T] k - _
T o irmryk, R ING,
dRu"1] k S
TTa T irmEyk e ISt
_d[RuVI]

= (ky + kp[HT[RuVT[I7]

dr

For DHA ky =7.45M~ ! s~!

ky=12.5M"1s71d,
ky=7.96 x 108 M1 5714

ka=9.41x 10! ML g1,
ky=7.91x10"M~1s1d

k=233 x10*M~1s1d

k=7.0x 10*M~1g~le

ka=4.1x10"2 M1 g~1d,
ky=18.5M252d

correlation between AG! and AH® is found. The slope
of (0.61 £ 0.06) is in reasonable agreement with the
theoretical lope of 0.5 predicted by Marcus theory

(1) Linear correlation between log kx vs. BDE of
phenols is observed. (2) The rates constants are
subjected to steric effects by bulky groups in the ortho
positions

(1) At pH 1.79, k(H,0)/k(D20)=4.9, At pH 4.60,
k(H20)/k(D,0) =1.20. At both pH,
k(C6H4(OH)2)/k(C6D4(OH)2) =1.0. (2) In aqueous
solution, the final product is

trans-[RuY (L2)(0)(OH,)]?* while in CH3CN, the final
product is trans-[Rul(L?)(CH3;CN),]%*. (3) Plots of log
(rate constant) against the O—H BDE of HyQ-X are
linear. (4) Plots of log k12 vs. log K2 are linear and the
slopes obtained are in reasonable agreement with the
theoretical slope predicted by the Marcus equation. (5)
The [Ru"!(L?)(0)2]**/[Ru" (L*)(O)(OH)|**
self-exchange rate in CH3CN is estimated to be
4x102M~ 15!

(1) trans-[Ru"Y (L")(0)(ONO,)?* is first formed which
then undergoes slow aquation. (2) '8O-scrambling
occurs in products

The formation of a sulfato ruthenium(IV) intermediate
is proposed

Oxygen atom transfer from dioxoruthenium(VI) to I™ is
proposed

2 All the rate constants are at 298.0 K unless specified.
b Oxidant = trans-[Ru¥'(L?)(0)2]**.

¢ I=1.0M.

d7=0.1M.

¢ Oxidant = trans-[RuVI(L1)(0),]?*.
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3.0 ® Reactions in CH,CN
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Fig. 12. Plot of logkjy vs. logKj, for the oxidation of HyQ-X by trans-
[Ru¥(L2)(0),]** at 298.0K in aqueous solution (circles) and in CH3CN
(squares) [32].

For reactions where the frequency factors, f12, are close to 1,
the Marcus cross-relation can be represented by Eq. (62).

kiz = (kitknK12)'/? (62)

k1o is the rate constant for the reaction between reactants 1
and 2. k11 and kp; are the H-atom self-exchange rates of the
reactants. The equilibrium constant, K1,, for the oxidation of
H,Q-X by Ru¥! is calculated from AG°=—RTInkjs, using
AG° = AH° =0-H BDE of H,Q-X — BDE of [0O=Ru"(L?)O-
HJ?*. It is assumed that AS° for these reactions are relatively
small. The BDE of [O=Ru(L?)O-H]?** is calculated to be
73.7kcalmol~! in aqueous solutions and 76.3 kcal mol~!
in CH3CN according to the equation: D[O=RuY(L?)O-
H]=23.06E° + 1.37pK, +C [23,24,30,37-39,40a]. E° for
[RuVI(L2)(0),]1*/[RuY(L?)(0)2]"=0.56V  (versus NHE)
[4], pK. of [O=RuY(L?>)O-H]**=2.8 [4], C=57 and
59.5kcalmol™!, respectively, in aqueous solutions and in
CH3CN [23d,30]. Fig. 12 shows plots of log k12 versus log K12
for the reduction of RuV! to Ru'v by H,Q-X in H>0O and in
CH3CN. Good linear correlations are obtained, the slopes
of (0.43+£0.01) and (0.39£0.01) for HO and CH3CN,
respectively, are reasonably close to the theoretical slope of 0.5
predicted by Eq. (62). Such linear plots imply that the H-atom
self-exchange rates of the hydroquinones are similar. From the
y-intercepts, which are equal to (1/2)log(k11k12) according to
Eq. (62), kijkap=1.1 x 10% and 1.1 x 10’ M~2s72 for H,0
and CH3CN, respectively. If the H-atom self-exchange rates of
the hydroquinones in CH3CN are taken as 3 x 10 M- ls—1[25],
then the [RuY(L?)(0),]**/[Ru" (L?)(0)(OH)]** self-exchange
rate in CH3CN is estimated to be 4 x 102M~1 s~

5. Summary and conclusions

Mechanistic summaries for the tmns—[RuVI(L)(O)z]2+ Sys-
tems are tabulated in Table 4.

In conclusion, trans-dioxoruthenium(VI) complexes contain-
ing macrocyclic tertiary amine ligands (trans-[RuVI(L)(0),]*")

are versatile oxidants that can react via a variety of pathways
including outer-sphere one-electron transfer, inner-sphere one-
electron transfer, hydrogen atom abstraction, hydride abstraction
and oxygen atom transfer; the choice of pathway depends on the
nature of the reductant.

These complexes are good one-electron oxidants
because they have relatively high redox potentials (E° for
[RuVI(L)(0)2 1% /[RuY(L)(O)]* are 0.94V and 0.56V for
L=L! and L2, respectively) and fast self-exchange rates (k
for [RuV{(L)(O0)]*/[RuY(L)O)n]*~1x10°M s at
298 K for L=L! or L?). The Marcus cross-relation is useful to
distinguish between inner-sphere and outer-sphere mechanisms.

These ruthenium oxo complexes are also good hydrogen
atom abstraction reagents, as evidenced by a relatively large
O-H bond dissociation energy for [0=Ru" (L)O-H] 2+ (82.8 and
76.3kcalmol~! in CH3CN for L=L! and L?, respectively).
They also have a reasonable hydrogen atom self-exchange rate (k
for [RuYI(L")(0),1**/[Ru" (L")(0)(OH)]** in CH3CN is around
2 x 10" M~! s~! at 298 K). Hydrogen atom abstraction by these
complexes typically occur with large deuterium isotope effects
{k(X-H)/k(X-D) =5-15}. Log(rate constants) also show linear
correlations with X—H bond dissociation energies.

These ruthenium oxo complexes are also good two-electron
hydride abstraction and oxygen atom transfer reagents, as evi-
denced by their relatively high two-electron redox potentials
(E° for [RuVY{(L)(0)2]1**/[Ru!V (L)(0O)(OH,)]?* are 1.22V and
0.96 V at pH 1.0 for L=L! and L2, respectively). The relatively
slow oxygen exchange between these complexes and water is
particularly useful for demonstrating oxygen atom transfer pro-
cesses using 180 labeling.
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