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Abstract: The kinetics of the oxidation of trans-[Ru'(tmc)(O)(solv)]?* to trans-[RuV'(tmc)(0),]*" (tmc is 1,4,8,-
11-tetramethyl-1,4,8,11-tetraazacyclotetradecane, a tetradentate macrocyclic tertiary amine ligand; solv =
H,0 or CH3CN) by MnO4~ have been studied in aqueous solutions and in acetonitrile. In agueous solutions
the rate law is —d[MnO4]/dt = ku,o[RUV][MNO4~] = (k« + (ky)/(Ka)[HT])[RUV]IMNO, ], k = (1.49 £ 0.09) x
10 Mtstand k, = (5.72 + 0.29) x 10* M1 s at 298.0 K and / = 0.1 M. The terms k, and k, are
proposed to be the rate constants for the oxidation of Ru"Y by MnO,~ and HMnQ,, respectively, and K is
the acid dissociation constant of HMnO,. At [H'] = /= 0.1 M, AH* and AS* are (9.6 + 0.6) kcal mol~* and
—(18 £ 2) cal mol~* K™, respectively. The reaction is much slower in DO, and the deuterium isotope
effects are kJ/kP = 3.5 + 0.1 and ky/k,° = 5.0 & 0.3. The reaction is also noticeably slower in H;*¢O, and
the oxygen isotope effect is ki,*60/ki, %0 = 1.30 + 0.07. *¥O-labeled studies indicate that the oxygen atom
gained by Ru"v comes from water and not from KMnO,. These results are consistent with a mechanism
that involves initial rate-limiting hydrogen-atom abstraction by MnO,~ from coordinated water on Ru'. In
acetonitrile the rate law is —d[MnO,~]/dt = kcp,en[RUV]IMNO47], kongen = 1.95 4 0.08 M~ s7% at 298.0 K
and /= 0.1 M. AH* and AS* are (12.0 + 0.3) kcal mol~* and —(17 + 1) cal mol~* K1, respectively. 8O-
labeled studies show that in this case the oxygen atom gained by Ru'Y comes from MnQ,~, consistent with
an oxygen-atom transfer mechanism.

1. Introduction H,C_ m CH
High-valent metal-oxo species are active intermediates in a [N N:]
variety of enzymatic and catalytic oxidation process&igletal- . c/Nd\ cH
oxo species are usually prepared by oxygen-atom tr&rfsfen } }
an oxygen donor XO to a metal precursor. Figure 1. Structure of tmc.

(1) The loss of an electron and a proton can proceed by stepwise
pathways involving initial electron transfer or initial proton

They can also be formed via loss of electrons and protons from transfer or by a concerted pathway involving hydrogen-atom

an aqua species, using either chemical or electrochemicaltransfer®

methodst We report here a study of the oxidation of a ruthenium(lV)

0X0 species containing a macrocyclic tertiary amine ligand,

trans[RuV (tmc)(O)(solv)f" (tmc= 1,4,8,11-tetramethyl-1,4,8,-

11-tetraazacyclotetradecane, Figure 1; selid,0 or CH;CN)

by MnO;~ in water and in acetonitrile. In both solvents the

(LM"+ X0 — (L) M2 =0 + X

(LM" = OH,—~ (LM —OH+H " +e (2

LMY - OH— (LM =0+H"+e  (3)

(1) Biomimetic Oxidations Catalyzed by Transition Metal CompleMsinier, (5) Hydrogen-atom transfer (HAT) is defined by Mayer as the concerted

B., Ed.; Imperial College Press: London, 2000.

(2) Metal-Oxo and Metal-Peroxo Species in Catalytic Oxidatiodgunier,
B., Ed.; Springer-Verlag: Berlin, 2000.

(3) (a) Holm, R. H.Chem. Re. 1987, 87, 1401-1449. (b) Woo, L. KChem.
Rev. 1993 93, 1125-1136.

(4) See for example: (a) Meyer, T. J.; Huynh, M. H. Idorg. Chem 2003
42, 8140-8160. (b) Moyer, B. A.; Meyer, T. dnorg. Chem 1981, 20,

436-444. (c) Binstead, R. A.; Moyer, B. A.; Samuls, G. J.; Meyer, T. J.

J. Am. Chem. Sod 981, 103, 2897-2899. (d) Moyer, B. A.; Meyer, T. J.
J. Am. Chem. Sod978 100 3601-3603. () Che, C. M.; Yu, W. Y.
Pure Appl. Chem1999 71, 281-288. (f) Che, C. M.; Yam, V. W. W.
Adv. Transition Metal Coord. Chenl996 1, 209-237. (g) Cheng, W.
C.; Yu, W. Y,; Cheung, K. K.; Che, C. MJ. Chem. Soc., Dalton Trans

1994 57—-62. (h) Che, C. M.; Wong, K. Y.; Leung, W. H.; Poon, C. K.

Inorg. Chem 1986 25, 345-348.
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movement of a proton and an electron in a single kinetic step where both
the proton and the electron originate from the same reactant and travel to
the same product. HAT is one type of the broad class of proton-coupled
electron-transfer (PCET) reactions, which also includes reactions where
the proton and electron are separated. (a) Mayer, JAiviu. Re. Phys.
Chem.2004 55, 363—-390. (b) Mayer, J. M.; Rhile, I. Biochim. Biophys.
Acta2004 1655 51—-58. (c) Mayer, J. M.; Rhile, I. J.; Larsen, F. B.; Mader,

E. A.; Markle, T. F.; DiPasquale, A. ®hotosynth. Re2006 87, 3—20.

(d) Mayer, J. M.; Rhile, I. J.; Larsen, F. B.; Mader, E. A.; Markle, T. F.;
DiPasquale, A. GPhotosynth. Re2006 87, 21-24. (e) Mayer, J. M.;
Mader, E. A.; Roth, J. P.; Bryant, J. R.; Matsuo, T.; Dehestani, A.; Bales,
B. C.; Watson, E. J.; Osako. T.; Valliant-Saunders, K.; Lam, W.-H.; Hrovat,
D. A.; Borden, W. T.; Davidson, E. Rl. Mol. Catal. A: Chem2006

251, 24-33. (f) Mader, E. A.; Davidson, E. R.; Mayer, J. Ml.Am. Chem

Soc 2007, 129 5153-5166.
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Scheme 1

Oxidation

State dioxo oxohydroxo oxoaquo hydroxoaquo diaquo

v [RuORP? 2= RuO)OH)*

| 0.56 V 086V
v [Ru©O)l* 222 [Ru()OH)?*
‘ 0.80V
Ka=4.7
1% [Ru©)OH)I* =0 [Ru(0)(OH)R*
&
I [Ru(OH,)2I**
| 0.39V
i [Ru(OH),I**

reaction results in a net gain of an oxygen atontraps[Ru'V -
(tmc)(O)(solv)FT to givetrans[RuV!(tmc)(O)]?" (with loss of
solvent). However, we provide evidence herein that the initial
rate-limiting step in water occurs by hydrogen-atom transfer,
while that in acetonitrile occurs by oxygen-atom transfer.

Thermodynamic data®’ vs NHE and X, values, 298 K)
for thetrans[RuV!(tmc)(O)]?+ system in aqueous solutions are
summarized in Scheme®1.

2. Experimental Section

Materials. trans[Ru" (tmc)(O)(NCCH)]X2 (X = CIO, or PR) was
prepared according to a literature metHodll chemicals were of

of temperature were studied over a“8temperature range, activation
parameters were obtained by using the Eyring equation.

Products and Stoichiometry. The ruthenium product from the
oxidation of RW by MnO,~ in aqueous solutions was determined as
follows. RUY (1 x 10* M) and MnQ;™ (4 x 1075 M) were allowed
to react. The resulting solution was loaded onto a Sephadex-SP C-25
cation-exchange resin column. By eluting with 0.2 M H¢lénd
examining the UV-vis spectrum of the solutiortrans[Ru"'(tmc)-
(0)2]?" [Amadnm (e/dm® mol~* cm1): 445 (50), 388 (560);-305 (sh)
(960), 256 (1.03x 10% and 225 (1.28x 10%]° was found to be
produced quantitatively.

The K, of HMnO, was determined by a standard spectrophotometric
method'® The spectra of KMn@at various HSO, concentrations were

reagent grade. Potassium permanganate (Aldrich, 97%) was recrystalimeasured (Figure S6, Supporting Information). The spectrum at [H

lized from wate Water for kinetic measurements was distilled twice
from alkaline permanganate D (99.9 atom % D) was obtained from
Aldrich. Hp'80 (97 atom %'%0) was obtained from Medical Isotopes,

SOy = 16 M was taken as that of 100% HMaO he K, was obtained
by extrapolating the plot of (log([HMngY[MnO47]) — log[H']) vs
[H2SOy] to zero ionic strength (Figure S7, Supporting Information).

Inc. lonic strength and pH were maintained with sodium trifluoroacetate The K, of DMnO, was determined similarly by using.D.

and trifluoroacetic acid, respectively. The pD values fe@3olutions
were determined by using a pH meter (Delta 320) using=pPHmeas
+ 0.4.

Warning. Permanganate is a strong oxidizer in strongly acidic
solutions. Although we have not encountered any explosions so far,
the amount of potassium permanganate used each time should be less

180-labeled potassium permanganate was prepared according to ahan 50 mg.

literature method.In a typical experiment K[Mng} (0.19 g, 1.2 mmol)
was refluxed in 97% K20 (1 g) under argon for 30 h. The dark purple
solid was then collected after removal of solvent under vacuum. IR
(Nujol mull)/cm™t: »(Mn?€0), 900;»(Mn*€0), 868.

Instrumentation. Kinetic experiments were done by using a

3. Results and Discussion

3.1. Reaction in Water. 3.1.1. Spectral Changes and
Stoichiometry. trans-[Ru" (tmc)(0)(OHy)]2F was generated in

Hewlett-Packard 8452A diode-array spectrophotometer. IR spectra wereSitu by dissolvingtrans[Ru (tmc)(O)(NCCH)]?* in water.

recorded as KBr pellets on a Nicolet Avatar 360 FT-IR spectropho-
tometer at 4 cm' resolution. Electrospray ionization mass spectra (ESI/

Figure 2 shows the spectral changes upon mixiags[Ru'v-
(tmc)(0)(OH)]1? (5 x 1075 M) with MnO4~ (4 x 1075 M) in

MS) were obtained on a PE SCIEX API 365 mass spectrometer. The .01 M H" andl = 0.01 M at 298.0 K. Well-defined isosbestic
analyte solution was continuously infused with a syringe pump at a points at 292, 390, 422, and 604 nm were maintained throughout

constant flow rate of 5L min~! into the pneumatically assisted

electrospray probe with nitrogen as the nebulizing gas. The declustering

potential was typically set at 220 V.
Kinetics. The concentrations of Ruwere at least in 10-fold excess
of that of MnQ;~. The reaction progress was monitored by observing

absorbance changes at 270 or 526 nm. Pseudo-first-order rate constanté\,/I of MnO,™ at [

kobs Were obtained by nonlinear least-square fits Afvs time t
according to the equatiofy = A. + (Ao — Aw) eXp(—kond), WhereAq

the reaction. Analysis of the solution after cation-exchange
chromatography indicates quantitative formatiotrahs[Ru"'-
(tmc)(O)]?. In a separate experiment a 52104 M solution

of trans[Ru" (tmc)(O)(OHp)]2+ was mixed with a 5.2« 1074

H™] =1 = 0.1 M. Analysis of the [Mn@"]
remaining by monitoring the absorbance at 526 nm indicates
that 5 mol of R reacts with 2 mol of Mn@~. Thus the

andA. are the initial and final absorbances, respectively. The effects Sstoichiometry of the reaction can be represented by

(6) (a) Che, C. M.; Wong, K. Y.; Poon, C. Knorg. Chem 1985 24, 1797
1800. (b) Che, C. M,; Lau, K,; Lau, T. C.; Poon, C. K.Am. Chem. Soc
1990 112 5176-5181.

(7) Che, C. M.; Lai, T. F.; Wong, K. Ylnorg. Chem 1987, 26, 2289-2299.

(8) Armarego, W. L. F.; Perrin, D. DRurification of Laboratory Chemicals,
4th ed.; Reed Educational and Professional Publishing Ltd.: Oxford,
England, 1996.

(9) Heckner, K.-H.Z. Phys. Chem(Leipzig) 1968 239, 387—394.

5[RU” (tmc)(O)(OH)]*" + 2MnO,” + 6H" —
5[Ru”' (tmc)(O)])* + 2Mn*" + 8H,0 (4)

(10) Baiely, N.; Carrington, A.; Lott, K. A. K.; Symons, M. C. R. Chem.
Soc 196Q 290-297.

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13647
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1.5+ ke oL .
HMnO,==H" + MnO, (6)
v - Kk
g Ru” + MnO, — products 7)
g K
5 Ru" + HMnO, — products (8)
g 0.5
| The rate law is shown in eq 9:
00 : d[MnO, ] K,
400 500 600 — = gt v -
Wavelength / nm dt kx+ Ka[H ] [RLI ][Mno4 ] (9)

Figure 2. Spectral changes at 200 s intervals for the oxidatiotraris
[RuV(tmc)(O)(OH)]? (5 x 1075 M) by MnO4~ (4 x 1075 M) in 0.01 M
H* andl = 0.01 M at 298.0 K.

50+

g8 &

kyoor kool M's™

006 008 010 0.12

H1/M
Figure 3. Plot of ky,0 vs [H'] (solid circle) and [D] (open circle) for the
oxidation oftrans[Ru" (tmc)(O)(OH)]?" by MnO,™ in aqueous solution
at 298.0 K and = 0.1. [For Hf, slope= (3.294 0.16) x 10% y-intercept
= (1.49+ 0.09) x 10% r = 0.997. For D, slope= (1.06+ 0.02) x 10%
y-intercept= (4.18 £ 0.14);r = 0.999.]

0.02  0.04

3.1.2. Kinetics.The kinetics of the reaction were monitored

A pKj value of —(2.24 £+ 0.02) was used for HMng which
was determined by a standard spectrophotometric méfthi
value is in agreement with a literature value-e2.251° The
values ofk, andk, were found to be (1.49 0.09) x 10t M~!
stand (5.72+ 0.29) x 10* M1 s71, respectively at 298.0 K
andl = 0.1 M.

The effects of ionic strength were studied frore 0.01—
0.1 M at H" = 0.01 M. The Debye Hiickel plot® of log ku,0
versus 21Y%(1 + 19 is linear (Figure S3, Supporting
Information) and the observed slope 6f2.38 £ 0.31) is
consistent with the major reaction pathway being a bimolecular
reaction between a-2 and a * ion. At pH = 2.0, the
predominant pathway should be the reactiontrahs[Ru'v-
(tmc)(0)(OHy)]?+ with MnO,~.

Kinetic Isotope Effects. The kinetics were also carried out
in D,O at pD= 1—3 and the plot okp,c versus [D] is shown
in Figure 3. The K, value of DMnQ in D,O was determined
to be—(2.03=+ 0.02) using a spectrophotometric metHi8this
gives KK = 1.6. Using thisKL value, kP andk,°, the
rate constants for the oxidation of by MnO,~ and DMnQ,
in DO, respectively, were found to be (4.480.14) M1 s7!

at either 270 or 526 nm. The rate constants obtained are theand (1.14+ 0.02) x 10* M~ s71, respectively. Hence the
same at both wavelengths. In the presence of at least 10-folddeuterium isotope effects akgk,° (MnO4~) = 3.5+ 0.1 and

excess of RY, clean pseudo-first-order kinetics were observed
for over three-half-lives. The pseudo-first-order rate constant,
kobs is independent of the concentration of MTQ(1 x 1075

— 4 x 10°% M) but depends linearly on [RYj (Figure S1,
Supporting Information). Thus, the experimentally determined
rate law is as shown:

d[MnO, ]
o (5)

ku,0 was found to be (4.7% 0.02) x 10t M~1stat 298.0 K,
[HT] =1 = 0.1 M. The effects of temperature were studied
from 288.0 to 318.0 K at [M] =1 = 0.1 M. AH* and AS
were found to be (9.6 0.6) kcal mof! and —(18 + 2) cal
mol~1 K1, respectively (Figure S2, Supporting Information).
The effects of acid on the rate constants were investigated at

= KyolMnO, TRu"]

ky/k,P(HMNO4) = 5.0 + 0.3.

The kinetics were also carried out in¥0 (97 atom %€0)
at 298.0 K, [H] = 0.001 M and = 0.02 M16 Figure 4 shows
plots of kops Vs [RUV] in H,1%0 and H!80. The second-order
rate constantsy,15% andky,%o, were found to be (1.66 0.07)
x 10t M~1stand (1.28+ 0.03) x 10t M~ s71, respectively.
The kinetic isotope effedty,%0/kq,1%0 = 1.30+ 0.07.

3.2. Reaction in Acetonitrile. The spectral changes for the
oxidation oftrans[Ru (tmc)(O)(NCCH)]2™ by MnO,~ in CHz-
CN are shown in Figure 5. The final manganese product is
colloidal MnG,, as shown by its characteristic optical spec-
trum27 The ruthenium product is [Ri(tmc)(O)]?", as shown
by ESI/MS (see section 3.3). In a separate experiment, 5.23
104 M MnO4~ and 5.23x 1074 M Ru"V were allowed to react;
analysis of the amount of MnO consumed by monitoring the

[H*] = 0.001-0.1 M, 298.0 K and = 0.1 M. The plot ofky,o
versus [H1] is linear (Figure 3), this is consistent with the
reaction scheme shown in eqs-8. In acidic medium Mn@~

is known to be protonated to give HMnOwhich has been
isolated and characterizéti Similar acid-dependent behavior
have also been observed in the oxidation of other species by
Mno4—_12—14

(11) Frigerio, N. A.J. Am. Chem. Sod 969 91, 6200-6201.
(12) Thomas, L.; Hicks, K. WInorg. Chem 1974 13, 749-752.

13648 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007

(13) McAllister, R.; Hicks, K. W.; Hurless, M. A.; Pittenger, S. T.; Gederidge,
R. W. Inorg. Chem 1982 21, 4098-4100.

(14) Moore, F. M.; Hicks, K. Winorg. Chem 1975 14, 413-416.

(15) Atkins, P. WPhysical Chemistnbth ed.; Oxford University Press: Oxford,
England, 1994.

(16) The RW¥ complex is significantly less soluble in,HO than in B0, in
some cases 5% of GBN was added to facilitate dissolution. Control
experiments show that the presence of 5%3CN does not affect the rate
constants. At 25C the solubility of the RY complex in H®O, H,'80
(distilled), and RO (determined using the UMvis spectrophotometric
method) are 1.64x 1073 (£3%), 1.23 x 1073, and 1.63x 103 M,
respectively.

(17) Gardner, K. A.; Kuehnert, L. L.; Mayer, J. Mnorg. Chem 1997, 36,
2069-2078.
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0.018- 66%
[Mn O]
0.016-
0.014-
0.012- 27%
. 0010 Mn“0 ‘0.1
2 6%
5 0.008 Mn"0,0.J
x A
0.006- N AW 2 5 1 -
118 120 122 124 126 128
0.004 m/z, amu
0.002. Figure 6. ESI/MS (—ve mode) of'®0-labeled potassium permanganate in
’ acetonitrile.
0.000 Y T T T T ) )
0.0000 0.0002 0.0004 0.0006 0.0008 0.0010 2.0 x 1072 M of acetic acid present were found to be 960
[Ru"]/M 104, 1.44 x 1073 1.98 x 1073 and 1.95x 103 s,
Figure 4. Plots of keps Vs [RUVY] for the oxidation oftrans[Ru"v (tmc)- respectively, indicating that there is a slight rate acceleration
(O)(OH,)]2* by MnO,~ (5 x 1075 M) at 298.0 K, [H] = 0.001 M and effect of acetic acid
= 0.02 M in H:!%0 (solid circle) and K80 (open circle). [For K0, slope 1 ’ 1
— (1664 0.07) x 10% yeintercept= (4.93 455) x 105 r — 0.999. 3.3. 8O-Labeleql Study. _SO-IalbeIed permanganate was
For Hy180, slope= (1.28+ 0.03) x 10%; y-intercept= (1.60+ 2.24) x prepared by refluxing KMn@in H,'80 (97 atom %'%0). The
1074 r = 0.999] IR spectrum of the compound show@in = 180) at 868 cn?,

in agreement with the value of 860 cfncalculated from a
simple diatomic harmonic oscillator model usin@Mn0) =
900 cn1. The ESI/MS spectrum of théO-labeled compound
in CH3CN (—ve mode) shows peaks @tz = 121 [Mn{60)s-
(180)]~ (<1% intensity), 123 [Mn{fO),(180),]~ (6%), 125
[Mn(160)(180)s] ~ (27%), and 127 [MA€O)s]~ (66%), with an
overall 90 atom % of!®0. (Figure 6). The mass spectrum
remains unchanged in#0 at pH 7 for at least 24 h at 2&;
however at pH= 3, the'®0-labeled permanganate (39103
~_ M) exchanges with KO with a half-life of ca. 3 h.
0.0 r y — ; ; 3.3.1. Reaction in Water The ESI/MS ¢-ve mode) of [RtY-
300 4V?Igvelen gf:fnm 600 700 (tmc)(f0)(NCCHy)](PFs)2 in 1 mM CRCOOH in H%0
Figure 5. Spectral changes at 420 s intervals for the oxidatiotrafs- exhibits a pea_k amz = 187.4 Which arises from the dO-Uny
[RUV(tmc)(Q)(NCCH)JZ* (5 x 10-%M) by MnOs- (5 x 10°5 M) in CHa. charged species [R{(tmc)(%0)]2" (Figure _7).18 Upon adding
CN at 298.0 K and = 0.1 M. Isosbestic points are found at 493 and 582 €XCe€SsS KIMABO,] (90% *8O-labeled) this peak gradually
nm. decreases with concomitant increase of a new peakzdt95.4.

o W ) Analysis of the peak atVz = 195.4 at different time intervals
absorbance at 526 nm indicates that 3 mol ofVRaacts with (5 min, 30 min, and 1 h) indicates that it is 100% [Ru(tmc)-

2 mol of MnQy~. Thus the reaction can be represented by (1%0),]2*, that is, there is no incorporation 6O into the

_ dioxoruthenium(VI) product. Analysis of the mass spectrum
3[Ru'V(tmc)(O)(NCCI—§)]2+ +2MnO, +H 0~ (—ve mode) of the permanganate remaining in the solution after
3[Ru'(tmc)(0),])*" + 2Mn0O, + 3CH,CN + 20H™ (10) 1 h indicates that it is ca. 60%8O-labeled. Independent

experiments using [RU(tmc)(F0),]%" in H180 at pH = 3
The reaction progress was monitored by observing absorbanceeviewed that the ruthenium(VI) oxo species remained as 100%
changes at 526 nm under pseudo-first-order conditions with Ru  [RuV'(tmc)(80),]2* after 2 h, indicating that there is no oxygen
in excess, and the following rate law was obtained exchange with water during this period. For [R@mc)(O)-
(OHR)]?" in HL'80 at pH= 3, the mass spectrum indicates a
d[MnQ, ] _ v small amount of [RY(tmc)(80)J2" (5 £ 2%) after 2 h,
T kCchN[MnO4 I[Ru™] (11) indicating a slight exchange of the oxo ligand with water.
The ESI/MS for the reaction of [R{Utmc)0)(NCCHs)]-
At 298.0 K andl = 0.1 M (maintained with"Bus;NPF), the (PFs)2 with KIMNn160Q,] in H,'80 (97 atom %80, pH= 3) was
second-order rate constakg,cn, was found to be 1.95% 0.08 also investigated (Figure 8). In this case a peak/at= 196.4
M~1 s (Figure S4, Supporting Information). The effects of gradually increases, and analysis of the isotopic pattern of this
temperature were studied from 288.0 to 318.QMKI* andAS peak after 1.5 h indicates that it mainly consists of §9)%
were found to be (12.6 0.3) kcal mof? and —(17 & 1) cal [Ru'(tmc)(®0)(*f0)]?+ and (104 5)% [Ru'(tmc)(eO),]2".
mol~1 K™%, respectively (Figure S5, Supporting Information). There is also a small amount ofMnO4" atm/z = 197.4, which
Protons are consumed according to eq 10, presumably theyis also present in the MS of K[Mnfpalone in water. MS/MS
come from trace water in acetonitrile. A few experiments were of this peak gives a fragment peakmafz = 39 which is due to
done with acetic acid added to the solution. At [ju= 5 x
104 M and [MNO; ] = 5 x 1075 M, the pseudo-first-order (18) For all reactions in water, an equal volume of LM was added to the

. sample solution before electrospraying to increase the sensitivity of the
rate constants at 298.0 K with 0, 2201074, 2.0 x 1073, and MS signals. In the absence of GEN the signals are extremely weak.

Absorbance

[
i

J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007 13649
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a) [Ru(tme)(0)]* 171 a) [Ru(tmc)(0)] 1874

187.4 884

188.4 184 186 188

[Ru(tmc)(“0)("*0)*

182 184 186 188 190 192 194 196 198 182 184 186 188 190 192 194 196 198
miz, amu m/z, amu

195.4

187.4
188.4 1974
196.4
182 184 186 188 190 192 194 196 198
mfz, amu

182 184 186 188 190 192 194 196 198

195.1 m/. Z, amu
195.4
c)
196.1
196.4
C) 1971 197.4
192 194 196 198
187.4
182 184 186 188 190 192 194 196 198
miz, amu 188.4
Figure 7. ESI/MS (+ve mode) of [RYY (tmc)(O)(NCCH)](PFs)2 (0.3 mM) A
and K[Mn1804] (1.9 mM) in 1 mM CRCOOH in H,O at 296 K at different 152 1%4 156 158 1§0 152 1§4 196 1§8
time intervals: (a) 5 min, (b) 30 min, (c) 60 min. The insets in panels a miz, amu
and ¢ shc;\iv the calculated isotopic patterns for [Ru(tmcHOghd [Ru- Figure 8. ESIIMS (ve mode) of [REY (tmc)(O)(NCCH)](PFe)2 (0.3 mM)
(tmc)(O)]*", respectively. and KIMnQy] (1.9 mM) in H,!80 (pH = 3) at different time intervals: (a)

) ) ) 5 min, (b) 45 min, (c) 90 min. The inset in panel c shows the calculated
K*. These results again show that in the conversion of isotopic pattern for 90%80-labeled [Ru(tmc}€O)(t80)]2+ and 10% [Ru-

monooxoruthenium(lV) to dioxoruthenium(VI); the oxygen (mc)(¢0)l*.
atom comes from water and not from permanganate.
3.3.2. Reaction in CHCN. The ESI/MS (+ve mode) of
[RuUV (tmc)(O)(NCCH)](PFe)2 in CH3CN shows a peak atvz
187.4 which is due to [Ru(tmc)(3)] (Figure 9). Upon adding

(2) Hydrogen-atom transfer

[RuY (tmc)(0)(OH))*" + [Mn*"'O,]” —

excess K[MA80,] (90% 80-labeled), the peak atvz 187.4 [Ru”(tmc)(O)(OH)F" + [MnY'O,(OH)]™ (13)
decreases with concomitant increase of a new peakzat96.4.
Analysis of the isotopic pattern of the/z 196.4 peak after 24 (3) Hydride transfer

h indicates that it is a mixture of (8@ 5)% [Ru(tmc)eO)-
(180)]2+ and (20+ 5)% [Ru(tmc){€0),]2+. Analysis of the MS  [RU" (tmc)(0)(OH)]*" + [Mn*"' O]~ —

of permanganate<{ve mode) indicates that exchange has [RuV'(tmc)(O)(OH)f++ [MnVO (OH)]Z’ (14)
occurred, thé®0% decreases from the initial 90% to 77% after 3
7 h, and to 64% after 24 h. By taking into account tHi® (4) Oxygen-atom transfer

exchange, our results indicate that there is almost quantitative
incorporation of oxygen atoms from potassium permanganate [py" (tmc)(0)(OH)])* + Mn*" O, —
to the dioxoruthenium(VI) species. VI ot N

3.4. Mechanism. 3.4.1. Reaction in WatefThe mechanism [Ru™(tmc)(O)™" + [Mn"O;] (15)
for the oxidation otrans[Ru (tmc)(O)(OH)]?* to trans[RuV'-
(tmc)(O)]?2t by MnO4~ in water may involve one of the
following initial, rate-limiting steps:

(1) Electron transfer

In eq 15, the reduced manganese species is probably in the form
of [MnO3(OH)J>~ or [MnO3(CHsCN),] ~, arising from combina-
tion of [MnYO3]~ with water or acetonitrile in the solvent cage.
EC for the MnQ;/MnO42~ couple is+0.56 V versus NHE?
v 2+ VIl~ 17— EC for the [RW/V (tmc)(O)(OHy)]*/2* couple is not known, but
[Ru (tmc)(O)(OI—g)l +MnTO, a Ve o should be much higher than tH# for the [RUW/V (tmc)(O)-
[RU(tmc)(O)(OH)]™ + [MnT'O,]" (12) (C)]2** couple, which is ca. 1.05 V versus &gt in CHa-
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a) [Ru(tme)(O)" 1874 difference between _eH BDE of [O=RuV(tmc)(HO—H)]?>*
| and [Mn"'(O)3(0—H)]~. The BDE of [G=Ru" (tmc)(HO—H)]2"

* "' in water is calculated to be 81.9 kcal mbby using the equation
l” 1. BDE[O=RU" (tmc)(OH-H)] = 23.0&° + 1.37[K, + C,20%5

ga |™ ™ ™ C =57 kcal mot .17 The BDE of [Mn¥!(O)3(O—H)] ~ has been

evaluated to be 80 kcal mdl.l’
[Ru(tme)(""0)(“O)1** Although the free energy for hydride-transfer can also be
obtained by using a similar thermochemical cy&e?® it was
T TXT YT YT oy v mr s not evaluated sinci® for [MnV"V (O)3(OH)]* /2~ and [RW"V-
miz, amu (tmc)(O)(OH)P*2+ are not known. However since hydride
b — abstraction by Mn@ would produce HMnG?~ which is a
) highly unstable species in acidic solutide’(= 2.95 V at pH
— = 0),2" the hydride transfer pathway should be much more uphill

than the hydrogen-atom transfer pathway. Moreover hydride
s e transfer should be intrinsically slower than hydrogen-atom
: ' transfer because of larger solvent reorganization energy for

transfer of a charged speci®sHence we conclude that the
oxidation oftrans[Ru (tmc)(O)(OHy)]2 by MnO,~ in aqueous

182 184 186 ‘éfn}f“a,‘fj 194 196 198 solutions most likely occurs by an initial hydrogen-atom transfer
mechanism. Although a relatively strong-® bond has to be
c) = 196.4 broken (81.9 Kcal mol'), an almost equally strong bond is

formed (80 Kcal mot?) in the hydrogen-atom transfer step;
henceAG* is relatively small (15.6 kcal mot). Mayer has
shown thatAG* is related toAGP by the Marcus cross-relation
for a number of hydrogen-atom transfer reactiéhs.

The rate constant for the oxidation of Ry HMnO; is
faster than that by Mng by a factor of 3.8x 1. Since the
pathway for the oxidation of RU by HMnO, also exhibits a
large deuterium isotope effect (4.9), it probably also occurs by
Figure 9. The ESI/MS -ve mode) of [RY (tmc)(O)(NCCH)](PFs)z (3 initial hydrogen-atom transferAGP for this hydrogen-atom
mM) and K[Mn'804] (25 mM) in CHCN at different time intervals: (@) 1 transfer process was not evaluated becauseKkhefiH,MnO,

h, (b) 7 h, (c) 24 h. The insets in panels a and ¢ show the calculated isotopicis unknown. However, since it has a much |ar§@r0f 1.11

tterns for [Ru(tmc)(Of} and 80% [Rul(t 180)]>* + 20% [Ru- . .
Z%S?eso)zrzlv ;‘é;;,‘;fftivgy‘f"” ® [Ru(tme}O)(O) *[Ru V,2it should be a much better hydrogen-atom abstracting agent
than MnG,—.

CN (ca. 1.67 V versus NHEY since the anionic Cl should Similar intermetal hydrogen-atom transfer (or proton-coupled
stabilize high oxidation states better than the neuts& Hhus electron transfer) mechanisms have been proposed for the
the electron-transfer step is expected to be uphill by over 1.0 comproportionation of polypyridyl complexes of oxoruthenium-
V, which is highly unfavorable. (IV) and aquaruthenium(18° The disproportionation of aquach-
On the other hand the large deuterium and oxygen isotopefomium(lV) is also proposed to occur by hydrogen-atom
effects of 3.9 and 1.3, respectively, suggest that the rate-limiting transfer?!
step involves G-H cleavage. This is consistent with either a 3.4.2. Reaction in Acetonitrile.In acetonitriletrans[Ru'V-
hydrogen-atom transfer (eq 13) or hydride transfer (eq 14) (tmc)(O)(NCCH)]?" is quantitatively oxidized terans-[Ru'-
mechanism, which cannot be easily distinguished for this system. (tmc)(O)]** by MnO,~. Using K[Mn(*®0),] the predominant
Hydrogen-atom transfer would result in the formatiortrahs- ruthenium product igrans[Ru!(tmc)(*°0)(*%0)]**, which is
[RuV(tmc)(O)(OH)Rt, however this species would not be consistent with an oxygen-atom transfer mechanism shown in
observed because it is known to disproportionate rapidly in €d 15. The resulting Mn§ species presumably then undergoes
acidic medium to givérans[Ru!(tmc)(O)]?* andtrans[Ru'V- rapid disproportionation to give MnO and MnG.
(tmc)(0)(OH)]2*.6> On the other hand, hydride transfer would ~ Some exchange of K[MAFO)4] with H,*%0 in CH;CN was
producetrans[Ru!(tmc)(O)(OH)P* initially, which would then ~ found to occur during the reaction with [Rgmc)(O)(N-
undergo rapid deprotonation to givens[Ru"!(tmc)(O)]2".

lll,

192 194 196 198

182 184 186 188 190 192 194 196 198
miz, amu

(22) Wayner, D. D. M.; Lusztyk, E.; Pag®.; Ingold, K. U.; Mulder, P.;

The free energy chang@& GP) fqr the hydrogen-atom transfer Laarhoven, L. J. J. Aldrich, H. &1 Am. Chem. Sod99% 117, 8737
step can be evaluated according to Scheme 2. 8744.

. .. . . 23) Bordwell, F. G.; Liu, W. ZJ. Am. Chem. S0d 996 118 8777-8781.
Bond dissociation energies (BDEs) are usually used in 2243 parkévr’ V. DJ. A,#_' Chem. S0d992 114, 7458_9462?‘

discussions of hydrogen-atom transfer reactioH€%21 Since (25) Tilset, M.; Parker, V. DJ. Am. Chem. S0d989 111 6711-6717.
(26) Matsuo, T.; Mayer, J. Minorg. Chem 2005 44, 2150-2158.

the entropy changeAS) for the hydrogen-atom transfer step  (27) Hiooeman, A. F.; Wiberg, Bnorg. Chem. Academic Press: San Diego,
is usually close to zer6”2021 AG? ~ AH% AHO is the CA. 2001.

(28) Roth, J. P.; Yoder, J. C.; Won, T.-J.; Mayer, J. 8tience2001, 294,
2524-2526.
(19) Wong, K. Y.; Che, C. M.; Anson, F. @norg. Chem 1987, 26, 737—741. (29) McAllister, R.; Hicks, K. W.; Hurless, M. A.; Pittenger, S. T.; Gedridge,
(20) Mayer, J. M.Acc. Chem. Red998 31, 441-450. R. W. Inorg. Chem 1982 21, 4098-4100.

ComplexesMeunier, B., Ed.; Imperial College Press: London, 2000; pp Binstead, R. A.; Meyer, T. J. Am. Chem. S0d 987, 109, 32873297.

(21) Mayer, J. M.Biomimetic Oxidations Catalyzed by Transition Metal (30) (a) Farrer, B. T.; Thorp, H. Hnorg. Chem 1999 38, 2497-2502. (b)
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Scheme 2

MnVTO,T" + ¢ — [Mn"'0,1* E'=0.564V 12

AG = -13.0 kcal mol’!
MnY'04)* + H* — [Mn"(0);(OH)]" pK,=74"

AG =-10.1 keal mol!
[Ru™Y(tmc)(0)(OH,)]*" — [RuV(tmc)(O)OH)]* + HY pK,=4.7

AG = 6.4 kcal mol’!
[Ru"(tmc)(O)(OH)]" —> [Ru"(tmc)(O)(OH)** + ¢ E’=0.80V

AG = 18.5 kcal mol’!

MnV10,]" + [Ru"(tmc)(O)(OHY*" —>
MnY(0)3(OH)] + [RuY(tmc)(O)OH)**  AG? = 1.8 keal mol’!

CCHp)]?*, although potassium permanganate alone does notConclusion
exchange with water for at least 24 h at room temperature. One  Hydrogen-atom transfer and oxygen-atom transfer are fun-
possible explanation is the oxygen exchange is catalyzed bydamental processes in chemical and biological systems. The

[MnOg]~ according to oxidation of trans[Ruv (tmc)(O)(solv)Ft by MnO,~ in both
water and acetonitrile results in the formationtans[RuY'-
[RU" (tmc)(*0)(OH)]*" + [Mn¥" (**0),] " = (tmc)(O)]2*. Although the reactions in the two solvents have
[RuV' (tmc)(lso)(lso)]z+ + [an(18o) 1~ (16) similar rates and activation parameters, in water the reaction

occurs by initial rate-limiting hydrogen-atom transfer, while that
in acetonitrile occurs by oxygen-atom transfer. Large deuterium

[MnY(**0)]” + H," 0 = [Mn"(**0),(**0)]” + H,"®0 (17) as well as oxygen isotope effects are observed for reactions in
water.
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MnY! (**0),(*°0)]” + [Mn"(**0);]” (18)

[MnOgz]~ should not catalyze the exchange of fIRtmc)(Oy]%"
with water, otherwise the observed amount of {Rumc)60)-
(*80)]?+ should be less than 80%.

The reaction in CHCN is about ten times slower than in
water, which is due to a slightly highéxH* in CHsCN, while JA074282F
AS is similar for the two solvents. In water, the oxygen-atom (32) (a) Hays, J. A.; Day, C. L.; Young, V. G., Jr.; Woo, L. Kiorg. Chem

i ic i 1996 35, 7601-7607. (b) Woo, L. K.; Hays, J. A.; Goll, J. Gorg. Chem
transfer pathway may be even slowe_r since water is likely to 1990 29, 3916-3917. (¢) Balch. A. L. Chan. YW Cheng R-J.. La
be a better donor ligand than acetonitrile. Intermetal oxygen- Mar, G. N.; Latos-Grazynski, L.; Renner, M. . Am. Chem. S0d.984

i i 106, 7779-7785. (d) Chin, D.-H.; La Mar, G. N.; Balch, A. LJ. Am.
atom transfer has been demonstrated for various metal porphyrin Chem. Soc1980 102 50455047

complexes:32 Oxygen-atom transfer in various nonhemé’Fe (33) Sastri, C. V.; Oh, K.; Lee, Y. J.; Seo, M. S.; Shin, W.; Nam, Aigew.

| 33 [fV= 1] = I Chem., Int. Ed2006 45, 3992-3995.
O/F€! = Ir"=0/Ir'l and O$=0/0¢ systemé“ have also been (34) Fortner, K. C.; Laitar, D. S.; Muldoon, J.; Pu, L.; Braun-Sand, S. B.; Wiest,
reported. 0O.; Brown, S. N.J. Am. Chem. So@007, 129, 588-600.

13652 J. AM. CHEM. SOC. = VOL. 129, NO. 44, 2007



