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The kinetics of the oxidation of hydroquinone (H,Q) and its derivatives (H,Q-X) by trans-[Ru¥(tmc)(0),]** (tmc =
1,4,8,11-tetramethyl-1,4,8,11-tetraazacyclotetradecane) have been studied in aqueous acidic solutions and in
acetonitrile. In H,0, the oxidation of H,Q has the following stoichiometry: trans-[RuV(tmc)(0),J?>* + H,Q — trans-
[Ru(tmc)(O)(OH,)]>* + Q. The reaction is first order in both Ru¥' and H,Q, and parallel pathways involving the
oxidation of H,Q and HQ~ are involved. The kinetic isotope effects are k(H,0)/k(D,0) = 4.9 and 1.2 at pH = 1.79
and 4.60, respectively. In CHsCN, the reaction occurs in two steps, the reduction of trans-[Ru¥(tmc)(0)zJ?* by 1
equiv of H,Q to trans-[Ru"(tmc)(0)(CHsCN))?, followed by further reduction by another 1 equiv of H,Q to trans-
[Ru"(tmc)(CH3CN),J?*. Linear correlations between log(rate constant) at 298.0 K and the O—H bond dissociation
energy of H,Q—X were obtained for reactions in both H,O and CHsCN, consistent with a H-atom transfer (HAT)
mechanism. Plots of log(rate constant) against log(equilibrium constant) were also linear for these HAT reactions.

Introduction [Cu'(dmp)]?*,” [RU"(CN)e®,2 VO 2,° and Cd*(aq)l®
These reactions usually involve a rate-determining one-
electron oxidation of the hydroquinone to a semiquinone
radical followed by a second one-electron oxidation to the
quinone, by either an inner- or outer-sphere mechanism. On
the other hand, the oxidation of hydroquinone by 'TRupy)-
(py)(O)P* and [RU'(bpy)(py)(OH)F" proceeds through a
proton-coupled electron-transfer (PCET) mechanism.

*To whom correspondence should be addressed. E-mail: bhtclau@ We report he_re t_he results (_)f a kinetics ar_]d mechanlstlc
cityu.edu.hk. study of the oxidation of a series of hydroquinones in both
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characterized. The oxidation of alcohétsalkenes; [Fe-
(H20)e]?",*> iodide ¢ sulfite }” and a number of outer-sphere
ruthenium(ll) reductantd by trans[Ru¥'(tmc)(O)]?" has
been reported. Thermodynamic dai (s NHE and K,
values, 298 K) for thérans[Ru"'(tmc)(O)]?>" system are
summarized in Scheme!218

Experimental Section

Materials. trans[Ruv'(tmc)(O)](PFs). and trans[Ru"v(tmc)-
(O)(CHCN)](PFs), were prepared according to the literatiite.
Hydroquinone (HQ) was obtained from Reidel-deHaen and was
recrystallized from ethandf. 2,5-Di-tert-butylhydroquinone (Al-
drich) was recrystallized from glacial acetic aé¥dAll other
hydroquinones (kRQ-X) were of reagent grade and were used as
received. Water for kinetic experiments was distilled twice from
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titration with standard NaOH solutions or by using a pH meter with
the relationship P = pHmeas+ 0.4.

Kinetics. The kinetics of the reaction were studied by using either
a Hewlett-Packard 8452A diode array spectrophotometer, an
Applied Photophysics SX-17MV, or a Hi-Tech SF-61 stopped-flow
spectrophotometer. The concentrations eQFHX were at least in
10-fold excess of that of Rl The reaction progress was monitored
by observing absorbance changes at 246 nm. Pseudo-first-order rate
constantskons Were obtained by nonlinear least-squares fité\of
vst according to the equatiof, = A. + (Ao — Ax) eXp(—Kond),
whereAq andA, are the initial and final absorbances, respectively.
For reactions that occur in two steps, the sequential pseudo-first-
order rate constants were calculated by fitting the kinetic trace to
a biexponetial functioR?

Product Analysis. For Reactions in Aqueous SolutionsThe
ruthenium product for the reduction of Ruby H,Q in aqueous
solutions was determined by the following procedure. A known
amount oftrans-[Ru¥'(tmc)(O)]3 (1.0 x 10~4 M) was allowed
to react with an excess amount of®(4.0 x 1073 M) at 298.0 K,
pH = 1.49 and = 0.1 M. The resulting solution was loaded onto
a Sephadex-SP C-25 cation-exchange column. By elution with 0.2
M CFsCO;H and then examination of the UWis spectrum of the
solution, trans-[Ru" (tmc)(0)(OH)]?* (Amax = 290 nm,e = 1600
M~1 cm 112 was found to be produced quantitatively.

The organic products were determined by W's spectropho-
tometry and gas chromatography (GC). In a typical -tiNs
spectrophotometric determinatianans-[Ru¥!(tmc)(O)]3" (2.5 x
105 M) was allowed to react with $Q (1 x 1074 M) at pH =
4.67. After the reaction was completed (ca. 5 min), the solution
was loaded onto a Sephadex-SP C-25 cation-exchange column and
eluted with water. The UWvis spectrum of the eluted solution
showed the presence of 241075 M p-benzoquinone (Qmax =
246 nm,e = 2.0 x 10* M~ cm™1),2! corresponding to a yield of
94%.

In GC determination of organic products, a Hewlett-Packard 5890
gas chromatograph equipped with a DB-5MS capillary column and
a Hewlett-Packard 5890 gas chromatograph interfaced with a
HP5970 mass selective detector were used.The analysis of the
products resulting from the oxidation oL@ was typically carried
out as follows. RY (4.8 x 10~ mmol) was added to 3@ (4.8 x
102 mmol) in 1 mL of H,O at room temperature in the dark with
vigorous stirring. After 10 min, analysis by G@nass spectrometry
(MS) indicated the presence of Q. Qualitative analysis by GC with
a flame ionization detector indicated that 4410-2 mmol of Q

alkaline permanganate. The ionic strength was maintained with was produced, corresponding to a yield of 92%. This is in good
sodium trifluoroacetate. Acetonitrile (analytical reagent grade) was agreement with the yield obtained by the BVis method.

refluxed overnight with KMnQ@ and then distilled. It was further
distilled over CaH under argon. KQ-ds (98 atom % D, Cambridge
Isotope) and BO (99.8 atom % D, Acrs) were used as received.
The D values for all BO solutions were determined either by
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3091-3093.
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For Reactions in CH;CN. Typically, a known amount dfans
[RuV'(tmc)(O)]?" (2.5 x 105 M) was allowed to react with pQ
(1 x 1074 M) in CH3CN. After 10 min, the amount of Q produced
was determined spectrophotometrically at 246 nm, taking into
account the absorbance due to thens[Ru'(tmc)(CHCN),]?"
product at this waveleng#?.5.2 x 10> M Q was found, and the
ratio of Q formed with RY' used is 2.2 0.1.trans[Ru' (tmc)(CHs-
CN);]2" was found to be produced quantitatively by evaporating
the solution after reaction to dryness, extracting the organics with
diethyl ether, and then examining the BVis spectrum of the
residue in CHCN.

(20) Espenson, J. HChemical Kinetics and Reaction Mechanisr@ad
ed.; McGraw-Hill: New York, 1995; pp 7276.

(21) Kettle, A. J.; Winterbourn, C. Cl. Biol. Chem 1992 267, 8319
8324.

(22) Che, C. M.; Wong, K. Y.; Poon, C. Knorg. Chem1986 25, 1809—
1813.
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Figure 1. Spectrophotometric changes at 2000-s intervals during the Figure 2. Plot of ku,o vs pH for the oxidation of KQ by trans[Ruv'-
oxidation HQ (5 x 1075 M) by trans[Ru¥!(tmc)(O)]?* (2.5 x 107> M) (tmc)(O)]?" at 298.0 K and = 0.1 M.

at 298.0 K, pH= 2.06 andl = 0.1 M.

andl = 0.1 M. At higher pH, RY' is not very stableky,o
Results is nearly constant below pH 3 but increases rapidly above

Reactions in HO. Spectrophotometric Changes and PH = 3.5 (Figure 2). The data were fitted to eq 3.

Products. Figure 1 shows the spectrophotometric changes ka[H+] + kK
when a solution ofrans[Ru¥'(tmc)(O)]?" (2.5 x 1075 M) Kyo= +—a 3)
was mixed with a solution of b (5 x 1075 M) at 298.0 K, ’ H'T+K,

pH = 2.06 and = 0.1 M. Well-defined isosbestic points at . o o .

234, 258, and 312 nm were maintained throughout the course  Ka is the acid dissociation constant of® and is taken
of the reaction. The growth of a peak at around 246 nm &s 1.41x 1071° M at 298.0 K** k, and k, are the rate
indicated the formation of @ which was also detected by constants for the oxidation of & and HQ, respectively.
GC—MS. Examination of the final spectrum after removal At 298.0 K-andl = 0.1 M, ks andk, are (9.41+ 0.28) x
of the organics by column chromatography indicated quan- 10 and (7.91+ 0.10) x 10" M~* s™, respectively.

titative formation oftrans[Ru" (tmc)(O)(OH)]2* (see the Activation Parameters. The effects of temperature on the
Experimental Section). Further reductiort@ins[Ru (tmc)- oxidation of HQ by RW' were studied from 288.0 to 318.0
(0)(OH,)]>* was not observed for at least 3 h. Kat pH=1.16 and = 0.1 M. At pH= 1.16, the pathway

The oxidation of HQ results in the formation of over 90%  for the oxidation of HQ is negligible. Activation parameters
Q as determined by UWvis and GC (see the Experimental Were obtained from the plot of Ikg,o/T) vs 1/T according
Section). The yields are based tans[Ru"(tmc)(Oy]2* to the Eyring equatiomH* andAS" are found to be 12.3
acting as a two-electron oxidant. No other organic products 0-1 kcal mof* and —(8 & 1) cal mol* K™%, respectively.
were detected. The stoichiometry of the reaction can be Kinetic Isotope Effects. The kinetics were carried out in

solvent kinetic isotope effeck(H,O)/k(D,O) = 4.9 + 0.3.
trans[Ru"' (tmc)(0),]*" + H,Q — On the other hand, at p& 4.60,k(H,0)/k(D,0) = 1.20+

0.2. However, at both pHs, the oxidation of®tds in H,O

trans{Ru" (tme)(O)(OH)I*" + Q (1) shows no kinetic isotope effect§CsHa(OH),/k[CsD4(OD),]

Kinetics. The kinetics of the reaction shown in eq 1 were
followed at 246 nm, the absorption maximum of Q. In the
presence of at least 10-fold excess of} clean pseudo-
first-order kinetics were observed for over 3 half-lives. No
induction periods were observed. The pseudo-first-order rate
constantkops is independent of the concentration of the/Ru
complex (2.5x 10°5—1 x 10~ M) but depends linearly on
the concentration of . The experimentally determined
rate law is as shown in eq 2.

1.0.

Oxidation of Substituted H,Q. The kinetics of the

oxidation of various substituted,R (H.Q-X) by Ru"' have

been investigated in aqueous solutions atpH.78 at 298.0

K; at this pH, the pathway involving HQ-Xis negligible.

The spectrophotometric changes are the kinetic behavior for

the oxidation of HQ-X substrates are similar to that of the

parent HQ. Representative data are collected in Table 1.
Reactions in CHCN. In contrast to the reaction in water,

the spectrophotometric changes for the oxidation g Hy

trans[Ru¥'(tmc)(O)]?" in CH:CN indicate biphasic behavior

K, olHoQIIRU""] = kypdRu""] 2) (Figure 3). The first step shows isosbestic points at 234 and

254 nm, while the second step shows isosbestic points at

_d[Ru"] _
a

Effects of Acidity. The effects of acidity on the rate (23) McAuley, A.: MacDonald, C. J.. Spencer, L.; West, P.JRChem.
constant were studied over the range pH—5 at 298.0 K Soc., Dalton Trans198§ 2279-2286.
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Table 1. Summary of the Second-Order Rate Constants for the Oxidation@fXlby trans[Ru"'(tmc)(O)]%" in Both Aqueous Solutions and

Acetonitrile at 298.0 K

substrate ky,o/M~1s1a Kacn/M 15710 Kacn/M~1s71b
2,5-di‘Bu (5.62+ 0.05) x 102 (2.51+ 0.17) x 10 (1.00+ 0.09) x 10!
Bu (7.214 0.15) x 10 (3.50+ 0.52) x 102 (1.18+ 0.05) x 10t
2,3-di-Me (6.60+ 0.02) x 10 (2.90+ 0.14) x 12 (1.13+ 0.04) x 10t
Me (6.05£ 0.04) x 102 (2.24+ 0.06) x 10? 8.44+0.13

OMe (3.18+ 0.03) x 10 (1.734 0.08) x 10 5.40+ 0.14

H (9.37+0.12) x 10 (8.53+0.32) x 10t 2.21+0.04

cl (5.19+ 0.06) x 10t (3.44+ 0.16) x 10t 1.49+ 0.06
2,3-di-CN 1.27+£ 0.07 1.00+ 0.04 (4.70£0.07) x 1072

a Experiments were carried out in aqueous solution atpH8 and = 0.1 M unless specified. Experiments were carried out in GEIN. kacn andk acn
are the rate constants for the first and second steps, respectiiigeriment was carried out at pH 1.0.
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Figure 3. Spectrophotometric changes at 864-s intervals for the oxidation
of HQ (5 x 1075 M) by trans[Ru"'(tmc)(O)]?+ (2.5 x 1075 M) in CHs-

CN at 298.0 K. The inset shows the oxidation ofH(5 x 107> M) by
trans[Ru"Y (tmc)(O)(CHCN)]?™ (2.5 x 1075 M) in CH3CN at 298.0 K at
200-s intervals.

224 and 280 nm. The final spectrum (after removal of
organics) shows the quantitative formation thns
[RuU"(tmc)(CHCN),]?*.2? The spectrophotometric changes
for the second step are identical with those for the reaction
of H,Q with trans[Ru" (tmc)(O)(CHCN)J?*. Also, 2 mol

of Q is formed from 1 mol of RYU (see the Experimental
Section). Thus, the reaction wns[Ru"!(tmc)(O)]?" with

H,Q in CHsCN can be represented by eqs 4 and 5.

CH,CN

trans[Ru" (tmc)(0),)*" + H,Q
trans[Ru" (tmc)(0)(CHCN)*" + Q + H,O (4)

CH,CN

trans[RU" (tmc)(O)(CHCN)*" + H,Q
trans[Ru' (tmc)(CH,CN),1*" + Q + H,O (5)

The kinetics were monitored at 246 nm, and the data were
fitted to a biexponential functioff. The pseudo-first-order
rate constantskgss andk'ong depend linearly on [kQ] but
are independent of [Rt]. The second-order rate constants
(kacn @andK acn) for both steps are collected in Table 1. The
effects of temperature were investigated from 288.0 to 318.0
K in CH3CN. AH* andASf are 12.3+ 0.3 kcal mot* and
—(9 £ 1) cal mol* K1, respectively, for théacy path (first
step) and 12.4t 0.3 kcal mot? and —(15 + 2) cal mol?

K1, respectively, for thé&acy path (second step).

318 Inorganic Chemistry, Vol. 45, No. 1, 2006

Table 2. Thermodynamic Data for Hydroquinones

H.Q-X BDE/kcal mof-12 pKa E°(Q-X/HQ-X)/V

2,5-di‘Bu 79.0 0.562
Bu 79.6 10.22 0.628
2,3-di-Me 79.9

Me 80.3 10.05 0.644
OMe 80.9 9.91 0.594
H 82.3 9.85 0.699
Cl 83.3 8.90 0.712
2,3-di-CN 88.6 5.5 0.910

aBDE = O—H bond dissociation energy, calculated according to ref
24,5 From ref 25.¢ From ref 7.9 From ref 5.

The kinetics of the oxidations of #@-X were also studied
in CH3CN, and the rate constants are shown in Table 1. A
few experiments were done by usitngns[Ru" (tmc)(O)(CH-
CN)J?>" as the oxidant, and the rate constants obtained were
the same a&'acn.

Discussion

Reactions in HO. In the presence of excess® trans
[RuV'(tmc)(O)]?" was rapidly reduced tvans[Ru' (tmc)-
(O)(OH)]?" in H,O. No intermediate RU species was
observed, as in the reactiontons[Ru"'(tmc)(O)]?* with
a number of other reducing agefts!’ In aqueous acidic
solutions trans[Ru"(tmc)(O)(OH)F" is a stronger oxidant
thantrans[Ru"'(tmc)(O)]?"; once formed it will either be
reduced more rapidly than Ruor undergo rapid dispropor-
tionationi® Further reduction of RY to RU" or Ru' does
not occur. Thermodynamically, the [R{tmc)(O)]**/[Ru'V-
(tmc)(O)(OH)]?" couple is capable of oxidizing 49-X to
Q-X (Scheme 2 and Table 2). However, although the\{Ru
(tmc)(O)(OH)12H/[RUM (tmc)(OH),] 3t couple should also be
able to oxidize some of the substrates such a®-BMe
and HQ-di-Bu, the reactions are probably too slow to be
observed at room temperature.

In aqueous solutions, the observed acid dependeriegf
is consistent with parallel pathways involving the oxidation
of H,Q and HQ (eqgs 6-8).

K, N
HQ=HQ +H (6)

Ru” + H,Q 5 products (7)

Ru”" +HQ™ 5 products (8)
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k, andk;, correspond to the rate constants for the reduction Scheme 3

of Ru"' by H,Q and HQ, respectively. According to this Q 222 g 2 2
scheme, the rate law is given by eq 3.

The observed acid dependence may also be accounted for -7 41 11.4
by a pathway that involves protonated MRspecies (eqs . 076 0.46
9-11). HQ HQ* HQ

[O=RUV|=O]2+ + H+ . [O=RUV|_OH]3+ (9) -1 9.85
H2Q+. L H2Q

[0=Ru"'—OHJ*" + H,Q — products (10)
mechanisms, similar to those described by Meyer for the

[0=Ru"'=0]*" + H,Q — products (11)  reduction of [(bpy)(py)RUV=0]2* by H,Q:!!

This pathway is rejected because there is no evidence for(1) initial electron transfer followed by rapid proton transfer

protonation of R even h 6 M acid. Moreover, the [Ru" (tmc)(0))*" + H,Q — [Ru(tmc)(0)]* + H,Q™*

oxidation of substrates with no acidic protons, such as [Ru- 1

NH3)4(bpy)?* (bpy = 2,2-bipyridine), is ind dent of
E)H fsr)égnpg)t]o 558py ipyridine), is independent o (AG® = 12.5 keal mal?)

2)

In aqueous solutions at pH 1.79, where the pathway v 4 n
involving the oxidation of HQ is insignificant, a large [Ru"(tme)(O)]™ + H,Q™ —
kinetic isotope effect for the oxidation of B in D,O [Ru’(tmc)(O)(OH)f * + HQ' (fast) (13)
[k(H20)/k(D,O) = 4.9] was observed. However, no kinetic
isotope effect was found for the oxidation of®tds in H,O
{ [K(CeHa(OH)J/K[CeD4(OH),] = 1.Gt. These results suggest  [Ry"' (tmc)(O)2]2+ + H,Q—
that the rate-determining step for the oxidation of th&H Vi . _
molecule involves G-H bond cleavage. On the other hand, [Ru(tme)(O)OH)F" +HQ™ (14)
at pH= 4.60, in which the oxidation of the HQanion is
the predominant pathway, a negligible kinetic isotope
effect of 1.2+ 0.2 was found for the oxidation of J@ in
D.0.

Reactions in CHCN. In contrast to the reaction inJ@,
two steps are observed in @EN for the reduction ofrans
[RuM(tmc)(O))?" by H.Q-X. The first step is the reduction

(2) initial proton transfer followed by electron transfer

(AG°® = >14.8 kcal mol?)

[Ru” (tmc)(O)(OH)F* + HQ™ —
[RuY(tmc)(O)(OH)F" + HQ" (fast) (15)

(3) H-atom transfer (HAT; concerted one-electron,

of trans[Ru"'(tmc)(0)]2* to trans[Ru"(tmc)(O)(CH:- one-proton transfef]
CN)J**, while the second step corresponds to the reduction [Ry" (tmc)(0),)?* + H,Q — [Ru”(tmc)(O)(OH)f" + HQ'
of trans[Ru" (tmc)(O)(CHCN)]?" to trans[Ru" (tmc)(CHs- (16)
CN),]?", as shown in egs 4 and 5, respectively. For the first

step, the aquo speciesrans[Ru"(tmc)(O)(OH)]?", is (AG® = 8.6 kcal moT?)

probably formed initially (eq 1), followed by rapid solvolysis

to give the CHCN complex. Similarly, for the second step, (4) hydride transfer

the speciegrans[Ru'(tmc)(OH,)(CH:CN)J** is probably (concerted two-electron, one-proton transfer)

formed initially. Vi ot v .
CHACN is ar-acid ligand that has a high affinity for u [RU” (tME) (O™ + HQ — [Ru™(tme)(O)(OH)" + HQ

For exampleE° for [RU(NH;3)s(OH,)]3™2" and [Ru(NH)s- (17)

(CH3CN)J3*2* are 0.067 and 0.426 V (vs NHE), respec-

tively.?® If a similar shift of 0.36 V occurs for Riftmc),

thenE® for the [RUY (tmc)(O)(CHCN)Z/[RuU" (tmc)(OHy)-

(CHsCN)]2* couple would be around 0.95 V. The higher [Ru" (tmc)(O)(OH)" + HQ" —

(AG® = 6.2 kcal mol'* in H,O)

redox potential in CKCN explains why RY is able to [Ru" (tmc)(0)(OH)]*" + Q (fast) (18)
oxidize HQ-X in CH;CN but not in HO.
Mechanisms.In the reduction of R to Ru¥ by H,Q in AG? for each pathway was calculated based on the thermo-
HZO (ka path) or in CHCN’ there are four possib'e dynamiC data for RYJ in Scheme 2 and fOI’fQ in Scheme
311,28

(24) Wright, J. S.; Johnson, E. R.; DiLabio, G. A.Am. Chem. So2001,

123 1173-1183. (27) HAT may be regarded as a subset of PCET. For discussions of HAT
(25) Evans, D. H. InEncyclopedia of Electrochemistry of the Elements. and PCET, see: (a) Mayer, J. Mnnu. Re. Phys. Chem2004 55,

Organic SectionBard, A. J., Ed.; Marcel Dekker: New York, 1976; 363-390. (b) Mayer, J. M.; Rhile, I. Biochim. Biophys. Acta004

Vol. XII. 1655 51-58.
(26) Matsubara, T.; Ford, P. org. Chem 1976 15, 1107-1110. (28) Laviron, E.J. Electroanal. Chem1984 169 29-46.
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For the oxidation of HQ (k, pathway), an estimation of
the theoretical rate constant for outer-sphere electron transfer
can also be made using the Marcus equations (eqs 19 and
20) and a self-exchange rate ofx2 1 for the HQ/HQ~
couple® The calculate rate constant is 3<110° M1 st at
298 K, which is not too different from the experimental value
of 7.9 x 10/ M~ s71. The negligible deuterium isotope
effects are also in agreement with an electron-transfer
mechanism, although it is possible that there may be some
hydrogen-bonding effects in the transition state.

The mechanism for the oxidation of @ by trans
[RuV'(tmc)(O)]?" in aqueous acidic solutions (pH 3) is
76 78 8o 82 81 8 8 90 summarized in Scheme 4.

BDE / keal mol

Figure 4. Plot of log kn,0 vs O—H BDE for the oxidation of HQ-X by
trans[Ru"'(tmc)(O)]2* in aqueous solutions at 298.0 K, pH 1.77 and \/| 2 slow
= 0.1 M (slope= —0.31+ 0.01;y intercept= 27.86+ 0.67;r = 0.998). trans[Ru”(tmc)(0)]~" + H,Q —

trans[Ru’ (tmc)(O)(OH)F" + HQ" (16)

4.0

3.5+
. 23-di-Me
3.0+

1 o
25 2,5-di-Bu’

2.0 1

logk,

0.5
4 2,3-di-CN
0.0 4

Scheme 4

For the initial electron transfeAG° is only lower than
AG* (14.7 kcal mot?) by around 2 kcal mot, suggesting VI 2+ , fast
that this pathway is rather unlikely. An estimation of the trans{RUT(tme)(OR1™ + HQV .
theoretical rate constant for outer-sphere electron transfer trans[Ru”(tmc)(0)(OH)f " + Q (21)
(k12) can be made using the Marcus cross relatfoegs 19 fast
and 20 (neglecting work termss,, the equilibrium constant  trans-[Ru" (tmc)(O)(OH)f™ + H,Q —
trans[Ru" (tmc)(0)(OH,)]*" + HQ" (22)
kjp= (k11k22K12f12)l/2 19)

(logK,,)? trans[Ru(tmc)(0)(OH)F" + HQ" =%
log flzzm (20) trans[RuV (tmc)(O)(OH)IZ + Q (23)
fast

for the reaction, is calculated from the reduction potentials 2HQ —H,Q+Q (24)

for the [RW'(tmc)(O)])?"/[RuY(tmc)(O)]* and HQ/HQ » _ . o,
couples to be 2.5 10* A value of 1x 1° M1 s tis used HQ is known to disproportionate rapidik (= 1.1 x 10°

for ki, the self-exchange rate for [R{gtmc)(O)]?"/ M Sfl)'so_
[RUY(tmc)(O)]*:28 krp, the self-exchange rate fon&*/H,Q Correlation between Rate Constants and G-H BDEs
is taken as 2; 106' M- s15 Using these dataki, is’ of Hydroquinones. Mayer and co-workers have shown that

calculated to be 1.2 M st at 298 K. which is almost 2 for PCET/HAT reactions the rates should correlate with the
' ' bond strengths of the substraféswe found that linear

orders of magnitude slower than the experimental rate X . B
9 P correlations were obtained for the oxidation ofQ4X by

constant (9.4x 10' M1 s71), again suggesting that this .
mechanisEn is unlikely. ). ag 99 g Ru" in both HO and CHCN when log(rate constant) at

The initial proton-transfer mechanism can be ruled out 298:0 K was plotted against the-® BDE of H,Q-X
becauseAG® > AG. On the other hand. the HAT and (Figures 4 and 5). In these plots, the-8 BDEs calculated
hydride-transfer mechanisms have much ’lowep values according to the method of Wright and co-workers were used
and are more feasible mechanisms. The hydride-transfer(Table 2j* because we could only find experimental data

mechanism is less likely than HAT for the following reasons. [0f @ few substrates such as,@l and HQ-Me. Similar
H,Q-2,3-di-Me is oxidized at about the same rate a@H correlations have also been observed in the oxidation of
Me and is only 6 times faster than,@. Similarly, H,Q-ClI hydrocarbons by CriZl,,* "BuNMnO,,*'andtrans{Ru"-

is oxidized by less than 2 times slower thag@H A hydride (NZaZ)(O)Z]2+ * "’2‘”‘34i” the oxidation of phenols hyans-
+ it
mechanism with a partially cationic hydroquinone transition [RU*/(N202)(O).]*".** Notably, H1$Q-2,5-di‘Bu reacts more

state should be much more susceptible to substituent effectsSIOWlY than expected from its BDE, by about 50%. The

For the same reason, a hydride-transfer mechanism shoulqgo) Adams, G. E.: Michael, B. Dirans. Faraday Socl967, 63, 1171
be rather sensitive to solvent effects; however, reactions in 1180.

i i (31) (a) Bryant, J. R.; Mayer, J. M. Am. Chem. So@003 125 10351
water are only slightly faster than those in €HN. Further 10361, (B) Mayer 3 MAce. Chem. ReSi908 31 441-450. ()

support of HAT over hydride transfer comes from a study Gardner, K. A; Kuehnert, L. L.; Mayer, J. Mnorg. Chem 1997,
of the relation between the rates and B bond dissociation @2) %6, 2|?6g}%07|3' 3. M0, Am. Chem. So0995 117 71397156
: ook, G. K.; Mayer, J. MJ. Am. Chem. So 4 .
energies (BDEs) of bQ-X. (33) Lam, W. W. Y.; Yiu, S. M.; Yiu, D. T. Y.; Lau, T. C.; Yip, W. P.;
Che, C. M.Inorg Chem 2003 42, 8011-8018.
(29) Marcus, R. A.; Eyring, HAnnu. Re. Phys. Chem1964 15, 155— (34) Yiu, D. T. Y.; Lee, M. F. W.; Lam, W. W. Y.; Lau, T. Clnorg.
196. Chem 2003 42, 1225-1232.
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4'0-_ @ Reactions in aqueous solution
3.5 3.0-4| ® Reactionsin CHCN
1 Bu' 53 iMe E
3.0 - 25
2.5 o :
é 2,0—- 2,5-di-Bu 2.0-_
tl) 1.5_- 1.5+
= 10 o S
. 104 =
S E 2,5-di-Bu’ r o 10
% 0.5 OMe =) 4
-~ 1 2,3-di-Me 0.54
0.0 -
2 E 23-di-CN 1
054 0.0
{ ] 2,3-di-CN
1.0
] 0.5 -
1.5 2,3-di-CN J
T T T T T T T T T T T T T T T -1.0 4
76 78 80 82 84 86 88 90 T 1 T T T T 1T T T T 1
BDE / kcal mol™ M1 10 9 -8 7 6 5 -4 -3 2
Figure 5. Plot of logkacn (circles) and lodacn (squares) vs ©H BDE log K,
for the oxidation of HQ-X by trans[RuY!'(tmc)(O)]?" and trans Figure 6. Plot of logkiz vs logKj2 for the oxidation of HQ-X by trans-
[Ru(tmc)(O)(CHCN)J%H, respectively, at 298.0 K in GJEN. (For the [Ruv'(tmc)(O)]%* at 298.0 K in aqueous solutions (circles) and in:CN
kacn path, slope= —0.28 + 0.01,y intercept= 25.11+ 0.65, andr = (squares). (In aqueous solutions, slep®.434 0.01,y intercept= 4.03
0.998. For theiacn path, slope= —0.27 + 0.01,y intercept= 22.49+ + 0.06, and = 0.998. In CHCN, slope= 0.39+ 0.01,y intercept= 3.52
0.42, andr = 0.999.) + 0.05, andr = 0.998.)

Figure 6 shows plots of ok, vs log K, for the reduction
presence of two bulky groups in the 2 and 5 positions should of Ru' to RUY by H,Q-X in H,O and in CHCN. Good
reduce the chance of H-atom abstraction by the btréys- linear correlations are obtained; the slopes of G48.01
[RuV(tmc)(O)]** complex by about 50%. Such steric effects and 0.394 0.01 for O and CHCN, respectively, are in
are expected for a HAT mechanism but not for simple reasonable agreement with the theoretical slope of 0.5
electron transfer. predicted by eq 25. Such linear plots imply that the H-atom

Application of the Marcus Cross Relation. Mayer and self-exchange rates of ,@-X are similar. From they
co-workers have recently shown that the Marcus cross intercepts, which are equal to (1/2) légik,) according to
relation (eq 19; neglecting work terms) holds fairly well for eq 25,kyk> = 1.1 x 10° and 1.1x 10’ M~2 572 for H,O
a range of PCET/HAT reactiori$% and CHCN, respectively. If we take & 10 M~1s 1 as the

For reactions where the frequency factdss, are close H-atom self-exchange rate of8-X in CH;CN,%2then the
to 1, eq 19 is simplified to eq 2%, is the rate constant for  [Ru¥!(tmc)(O)]?"/[RuV(tmc)(O)(OH)F" self-exchange rate

in CH3;CN is estimated to be 4 10> M~* s, The higher
Kip = (Kygko oK) (25) kitkoo value in water could be due to a higher H-atom self-
exchange rate for either one or both of the reactants in water.
Similar treatment of the data for the reduction todns

th tion betw tardtend 2. k dk th
e reaction between reactarit@an 11 andky, are the [RUY (tmc)(O)(CHCN)> to trans [Ru(tmc)(CHCN)2

?Oﬁgi;nmsiz:xfc:rar:gg rg;?ja?:(;gec:? aég_r;zs'b;h%fﬁu':;b“umwas not cr;liri.ed out because the BDE of [(CHI)RU"-

calculated fromAG® = —RT In Ky, USingAG°® ~ AH® = (tmc)O-H]** is not known.

O—H BDE of H,Q-X — BDE of [O=Ru"(tmc)O—H]?". It Conclusions

is assumed thakS’ values for these reactions are relatively  The oxidation of a series of #-X compounds byrans

small. The BDE of [G=Ru’(tmc)O—H]*" is calculated to  [Ru'(tmc)(O)]?* in aqueous solutions and in GEN, and
be 73.7 kcal mol' in agueous solutions and 76.3 kcal mbol by trans[Ru" (tmc)(O)(CHCN)]?* in CHsCN, occurs by

in CH;CN according to the equatidd[O=Ru"(tmc)O—H] initial, rate-limiting H-atom abstraction. This is supported

= 23.0° + 1.37K, + C.310363%° for [RuV'(tmc)(O)]?*/ by a large solvent kinetic isotope effed(tf,0)/k(D.0) =

[Ru¥(tmc)(O)]" = 0.56 V (vs NHE);® pK, of [O=Ru'- 4.9] and linear correlations between log(rate constants) and

(tmc)O—H]?* = 2.8 C = 57 and 59.5 kcal mot O—H BDE of H,Q-X. The Marcus cross relation appears to

respectively in aqueous solutions and in CiNI.36.40 hold reasonably well for these HAT reactions.
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