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Oxoruthenium complexes which contain para-substituted triphenylphosphine ligands cleanly oxidize para-substituted 
benzyl alcohols to the corresponding benzaldehydes. Linear free energy correlations between the logarithms of the 
second-order rate constants of benzyl alcohol oxidation and either the potential values of the ruthenium(IV)/ 
ruthenium(II1) redox couples of the oxoruthenium complexes or the Hammett u values of the substituents of the 
para-substituted triphenylphosphine ligands were observed. However, there were no good correlations for plots of 
log ( k x / k H )  versus the Hammett substituent constants u, u+, or u- for the oxidation of the para-substituted benzyl 
alcohols by [R~(bpy)~(O)PPh~](Clo~)~. Notably, the plot of log ( k x / k ~ )  - u* versus 6, where u* is the free radical 
stabilization constant, gave an excellent correlation with p = -0.57 and R2 = 0.99 for the oxidation of the para- 
substituted benzyl alcohols by [Ru(bpy)2(O)PPh,] (C10& in methylene chloride. From these and other results, 
we propose a reaction pathway for the oxidation of benzyl alcohol by oxoruthenium(1V) complexes which involves 
a partial hydrogen atom abstraction from the benzylic carbon in the rate-determining step. 

Introduction 

The ability to oxidize alcohols, in particular benzylic and 
secondary alcohols, to the corresponding aldehydes or ketones 
without further oxidation to carboxylic acids is an important 
synthetic process. The reagents commonly used for selective 
alcohol oxidation often utilize toxic metals such as chromium, 
employ high temperatures, strong acids. or strong bases, and 
suffer from poor selectivity and low product yield.1*S-7v8 Thus, 
there has been considerable attention focused on the development 
and study of novel oxidants that will selectively oxidize alcohols.'-' 

Owing to the importance of alcohol oxidation there is a need 
to develop novel oxidation reagents that will act as selective 
oxidants and can also be synthetically modified. In this manner, 
the redox reactivity of the reagents can be rationally varied, and 
established mechanistic probes can be applied to investigate the 
mechanisms of alcohol oxidation reactions. The use of oxoru- 
thenium complexes for the selective oxidation of alcohols is 
intriguing, since oxoruthenium complexes containing tertiary 
phosphine ligands act as potent stoichiometric and catalytic 
oxidants under mild conditions.'*-'6 In addition, the tertiary 
phosphine ligand provides steric, electronic, and hydrophobic 
control of the oxoruthenium  enter.^^,'^ Specifically, the use of 
para-substituted triphenyl phosphine ligands allows for the 
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electronic modification of the oxo(phosphine)ruthenium(IV) 
complexes while maintaining constant steric pr~perties, '~ thereby 
producing a method of controlling the rate of substrate oxidation 
and allowing the use of linear free energy relationships for the 
correlation of electronic properties to the rate constants of alcohol 
oxidation. 

Linear free energy relationships have been utilized in a number 
of studies involving organic substrate oxidations with transition 
metal oxidants in which the organic substrate is modified.3.i8-25 
Even though electronic modifications of transition metal com- 
plexes have been utilized to control reaction rates and study the 
mechanisms associated with a variety of metal centered 
there are only a few examples of reactions involving organic 
substrate oxidation by transition metal complexes containing an 
oxo ligand.20~~5 

With this paper, we wish to report the kinetics and mechanistic 
investigation of the oxidation of benzyl alcohol and para- 
substituted benzyl alcohols by a series of [Ru(bpy)z(O)(P(p- 
C S H ~ X ) ~ ) ]  (C104)2 complexes (where bpy = 2,2'-bipyridine and 
P@-C6H&)3 = para-substituted triphenyl phosphine ligand). 
The use of para-substituted triphenylphosphine ligands allows 
for control of the potential values of the ruthenium(IV)/(III) 
redox couples of the oxo(phosphine)ruthenium(IV) complexes 
while maintaining a constant cone angle of the phosphine ligand. 
In addition, by including in this discussion kinetic data involving 
theoxidationofa varietyofalcohols by [Ru(bpy)2(0)(P(CbH&)]- 
(C104)2, this paper represents a rare example in which the rate 
constants for benzyl alcohol oxidation are interpreted in terms 
of both substrate electronic properties and oxidant electronic 
properties. From our studies, we propose a reaction pathway 
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which involved a partial hydrogen atom abstraction in the 
transition state followed by a rapid reaction of the Ru(lll)-OH 
intermediate and the strongly reducing alcohol radical interme- 
diate to form the final products. 

Erpcriacntal seetim 
Mitedab, The following chemicals were obtained commercially and 
d as received: ruthenium trichloride trihydratc (Johnson Matthey), 
2,2'-bipyridine (Aldrich Chemical Co.). triphenylphosphine (Aldrich 
Chemical Co.), uir@-methoxyphcnyl)phosphine ( S m  Chemicals. lnc.), 
iris@-methylpheny1)phosphinc (Strem Chemicals, Inc.), tris@-fluo- 
rophenyl)phosphine (Strem Chemicals. Inc.), tris@-trifluoromcthylphen- 
yl)phosphine (Strem Chemicals, Inc.). and methylene chloride (HPLC- 
GC/MS) (Fisher Scientific). pMethoxybenzyl alcohol,pmsthylbenzyI 
alcohol. pbromobenzyl alwhol. pfluoroknzyl alcohol, and p(trifluc- 
mmethyl)benzyl alcohol were purehad from Lancasrcr Synthesis. Benzyl 
alcohol was fractionally distilled from CaHI. while benzaldehyde was 
fractionally distilled from MgSO,. &nzyl-a,a-dl alcohol was prepared 
by thereductionof theethyl benmtewith LiAlD4 by a previously reported 
prmdure." All aqueous reactions used house-distilled water, which 
was p a d  through a Barnstead combination canridge and an organic 
removal cartridge prior to use. 

The ligand (P(C~HI)@-C~HICFI)I) was prepared by modifications 
of published prmdures utilized for the synthesis of similar bisaubstitutsd 
triphenylphosphine ligands.*7 The complexes [Ru(bpy)ACI)(P@- 
GHX)I)](CIOI) were prepared by previously reported prmdurcs.'6.2* 
The complexes [Ru(H~O)(bpy)~(P@GHSol)l(ClO~)t (where X - 
OCH]. CHI. H. F. CF]) were prepared by previously reported prac- 
d~res . '~ .~~and thecomplex. [Ru(HzO)(bpy)l(P(CsHs)@-C6H4CF,)*)]- 
(Cl0.h was prepared in an analogous manner. The complexes [Ru- 

of thepublishedproccdurefor thesynthesisof [Ru(bpy),(O)(P(C6Hs)l)]~ 
(CI04)*,'6 as descrikd below. 

Courion! While we how used perchlorote os o counterion with o 
number of ruthenium complexes without incident. perchlorote solrs of 
mer01 complexes with orgonic ligonds ore potentiolly explosiw. Core 
should be exercised in using o spotulo or srirring rod to mechonicolly 
agitore ony solid perchlorote. These complexes. os well os ony orher 
perchlorote solt. should be hondled only in smoll quonriries.'.l' 

sampleof [R~(~~~)~(CI)(P(GHS)@-C~H,CFI)I(CIO~) (0.079 mmol) 
in I30 mL of H20 was added dropwise a solution of 0.025 g of AgCIO4 
(0.120 mmol) in 20 mL of HlO. The resulting orange suspension was 
then heated at 85 OC under NAg) for IO h, then stored in a refrigerator 
for8 h. Thccmled solutionwasgravity filtered,andthenexesssNaClO, 
wasadded. Theorangeprecipitate wasthencollected byvacuum filtration 
and washed with 5 mL of cold HlO yield (0.060 g) 75%. Anal. Calcd 
forCloHl,N,OPPCI~F6Ru(ZHP): C.45.12; H. 3.31. Found C.45.33; 
H. 3.28. UV-vis max (H10, pH 2.00): 290 nm (e 3.8 X IO'); 423 nm 
(e 7.0 X IO'). UV-vis max (CH~CII): 290 nm (e 3.6 X IO'); 425 nm 
(e 7.2 X IO3). 
[RU(~)I(O)(P(~-)~)I(~~)~ (2). In the ahceoflight.  

a solution of 0.60 mL of Ce(lV) (0.5 N H+2e(ClO& in 6 N HCIO,) 
(0.130 mmol) and 25 mL of HlO was added dropwise over a period of 
IO min to 0.020 g of [RU(H*O)(~~~)~(P@-GHICH,),)I)](CIO~)* (0.021 
mmol) in 75 mL of HlO. The yellow suspension was stirred for an 
additional 2 min. followed by the addition of 2 mL of 0.33 M NaCIO.. 
The yellow-green precipitate was collected by vacuum filtration and 
washed with 5 mL of cold H*O yield (0.012 g) 60%. Anal. Calcd for 
C,,H,~Nl~PCllRu(3H~O): C, 49.90, H. 4.39. Found C, 49.64: H, 
4.14. UV-vis mar (H*O, pH 2.00): 298 nm (e 2.2 X IO'). 

The remaining oxo complexes. [Ru(bpy),(O)(P(pCsH4X)')](ClOl)t 
(where X = OCHI. F. CFI) were prepared as for 2. and a11 ofthewmplaes 
gave satisfactory analyses. 

M e " e o D .  Elemental analyses were wnducted by Atlantic 
Microlabs. Narou.GA. Electronic absorption spectra werecarried out 
in methylene chloride and in pH = 2.00 NaNOl/HNOI aquccus buffer 
(r = 0.06 M) and measured with a Milton Roy Spcctronic 3000 array 
spctmphotometer cquippcd with a Hwlett-Packard 7470A plotter. Cyclic 

~bw~*~o~~p@c6Hs(~3~I~clo4~l were prcpad by s y n w  modili"s 

[ R u ( H ~ O ) ( ~ P Y ) I ( P ( C ~ ~ ) ~ F ~ ) I ) I ( ~ ~ ) I  (1). To a 0.075-8 
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Figure 1. Spectral changes observed in the reaction of bmzyl alcohol 
(2.7 X IO-] M) with I R ~ ( ~ ~ ~ ) ~ ( O ) ( P ( C I H I ) @ - G ~ C F I ) ~ ) ~ ( C I O , ) ~  (4.7 
X 10-9 M) in methylene chloride at 25 OC. 
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Flme 2. Plot of the observed pseudo-first-order rate constants (icobl) as 
a function of benzyl alwhol concentrations for the oxidation of benzyl 
alcohol by IR~(~~~)~(O)(P(CIHI)@-GH~CFI)~)~(CIO,)~ in methylene 
chloride at 25 OC. Inset: Corresponding plot for theoxidation of benzyl- 
a,a-dl alwhol by ~ R ~ ~ ~ P Y ~ ~ ~ O ~ ~ P ~ C ~ H ~ ~ ~ G H ~ C F I ~ ~ ~ I ~ C I O ~ ~ ~  in 
mcthykm chloride at 25 OC. 

voltammetric and differential-pulse voltammetric experiments were 
carried out in pH = 2.00 KS04/HS04 aqueous buffer (p = 0.20 M). 
A glassycarbon working electrode (Bioanalytical Systems). a platinum 
auxiliary clectrodc, and a saturated sodium chloride calomel reference 
electrode (SSCE) were u d  for all clstmehemical experiments. Prior 
to use thcglasayarbon working electrode was polished for 3 min utilizing 
a minimet polisher (Buehler Ltd.). 0.3 pm alumina polishing wmpound 
(Buchlcr Ltd.). and 7.3 cm (diameter) polishing cloth (Buehler Ltd.). 
followed bysonication for 30s in water. Voltammetric experiments were 
conducted with an IBM EC/225 polamgraphic analyzer equipped with 
a Houston Instruments Model I00 recorder. All separations were 
performed using a Shimadzu GC-8A gas chromatograph equipped with 
a flame ionization detector and either a 0.32 mm i.d.. 5% diphenyl 
polysiloxanecolumn.oraO.53 mmi.d.. lM)9bdimcthylpolysiIo~anewlumn 
(Restck Corporation). Kinetic studies were carried out spwtrophote 
metrically using Beckman DU spcctrophotometers that were retrofitted 
with Gilfordacerrsorics. Thecell blocks in thesptrophotometers were 
maintained at 25 ' C  by the use of thermostatted water baths. 

KiaaicRondure. Thekineticsofthcoxidationofbenzylalwholand 
the para-subrtituted benzyl almholswereconducted in methylencchloride 
and in pH = 2.00 NaNO,/HNO, aqueous buffer (p = 0.06 M) at 25 
OC and monitored spcctrophotometrically at the wavelength maximum 
corresponding to the formation of [Ru(HlO)(bpy),(P(pC6H,X)l)]- 
 clod)^. Pseudo-first-order conditions were maintained, where a min- 
imum of a 50-fold SXMS of benzyl alcohol was utilized. Kinetics plots 
were exponential and yielded pseudo-firstador ratewnstants proportional 
to substrate concentration. The accuracies of the measurements for all 
of thcsccond-order-rateconstantswere within 10% at a 95Sconfidence 
limit. 

Prodrt A d y a k  The oxidation of benzyl alcohol and the para- 
substituted benzyl alcohols was wnducted under an atmosphere of 
dinitrogen at 25 O C  and the benzaldehyde or the para-substituted 
benzaldehyde formed was analyzed by gas chromatography. The 
ruthenium products were characterized by electronic sptrmcopy. The 
oxidation of the benzyl alcohols by [Ru(bpy)z(O)(P(pCsHX),)I (CIOdi 
wmplexes conducted in methylene chloride and in pH = 2.00 NaNO,/ 
HNOI aqueous buffer (p = 0.06 M) produced only the benzaldehyde in 
80-95% yield, plus the analogous [Ru(H,O)(bpy)l(P@-C6HIX),)I- 
(CIO& complexes in quantitative yields. 
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Table 1. €112 Potentials for the Ruthenium(IV)/Ruthmium(III) 
Couples of [Ru(bpy),(O)(Y)l(CIO,)z Complexes and Second-Order 
Rate Constants at 25 OC for the Oxidation of Benzyl Alcohol by 
[R~(~PY)z(O)(Y)I (CIOdz 

EiIi k 
Y (V vs SSCE). solvent (M-I s- I )~  

P@-CsH4WHi)i I .02 CHlClr 0.28 * 0.03 
HzW 0.47 0.02 

P@C~HICHI)I 1.03 CHzCli 0.34 * 0.03 
H@ 0.49 * 0.03 

P(CsHs)i I .OS CHFIz 0.45 0.04 
H O  0.58 * 0.0s 

HI@ 2.36 0.31 

Conditions: differential pulse voltammetry; pH - 2.00 in KzSO4/ 
HSO, aqueous buffer (p - 0.06); glassysarbon working electrode; 
saturated sodium chloride reference electrode SSCE; scan rate = 5 mV/ 
s. b Uncertainty at 95% confidence limits. 'Solvent: pH - 2.00 in 
NaNOi/HNOi aqueous buffer (p = 0.06 M). 

R d t S  
Spectral rad KIdc Shdis. The oxidation of benzyl alcohol 

by [RU(~PY)Z(O)(P@-CSHX)I)~(CI~~)Z comp~exes, (where X 
= OCHi, CHI, H, F, CFi) in methylene chloride and aqueous 
solution p r d s  as illustrated in eq I. Spectrophotometric 

[RU(~PY)Z(O)(P@-C~H,X)I)I(CIO,)Z + C~H,CHZOH + 

[RU(HZOO)(~PY)Z(P@-C~H,X),)~(CIO,)Z + C~HSCHO (1) 

changes display isosbcstic behavior for the oxidation of benzyl 
alcohol by [RU(~PY)Z(O)(P@-CSHX),)~(CIO~~Z complexes, 
where [Ru(bpy)z(0)(P@-C6HX)l)](C10,)z was cleanly con- 
verted to [RU(HZO)(~PY)Z(P@C~HX)I)I(C~O~)Z. (= Figure 
1). The kinetics for the oxidation of benzyl alcohol by [Ru- 
(bpy)z(o)(P@-C64X)1)1(CIO*)2 complexes were determined 
to be second-order overall, first-order in both substrate and 
oxidant. The linear plot of k h  vs benzyl alcohol concentration 
clearly demonstrates the first-order dependency on benzyl alcohol 
(Figure 2). The results of the kinetic studies conducted in both 
aqueous solution and methylene chloride are given in Table 1. 

Deuterium Labeling Studies. Kinetic isotope effects for the 
oxidation of benzyl-a.a-dz alcohol by [RU(bpy)z(O)(P@-Cs- 
H 8 ) i ) l ( C W z  and [RU(~PY)Z(~)(P(C~HS)@-C~H,CF~)~)~- 
(C101)2 were determined in methylene chloride at 25 "C and 
display large deuterium isotope effects (kH/ko) of 17f2 and 
13f2 respectively. These isotopic ratios are considerably larger 
than the maximum value of 6.9 that is attributable to the zero- 
point-energy difference8 between C-H and C-D bonds.Jz.33 Large 
isotopic ratios have been o b s e ~ e d  for other reactions involving 
a transfer of a proton, hydrogen atom, or a hydride ion and are 
believed to be at least in part due to quantum-mechanical 
t~nneling.~' 

Pbosphim EIeftrolllf Eflects. The use of para-substituted 
triphenylphosphine ligands allows for the control of electronic 
properties of the [Ru(bpy)~(o)(P@-C,HX)~)](clo~)~ com- 
plexes, while constant steric properties are maintained." A plot 
of the Ell* values of the ruthenium(IV)/ruthenium(III) couples 
(TableI), asa functionofEu,(u, = Hammettsubstituentconstad 
for para-s~bstituents)~~ yields a linear relationship, withp = +O.M 
i 0.01, Thislinearrelationshipindicates that theelectroniceffects 

(32) Bell. R. P. Chrm.Soc. Reo. 1974.3.513. 
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Fl- 3. Plot of the log of the Kcond-order rate constan8 (k )  for the 
oxidation of benzyl alcohol by [Ru(bpy)z(0)(P@CsHIX)1)](ClO,)r 
complexes asa funetionoftheobaerved E,lzvalues forthe Nthenium(lV)/ 
Nthenium(ll1) redoxcouple for thesecomplexca. Thephosphineligands 
used were (1) P@-GHOCHI)I, (2) P@-CLHICHI)I. (3) P(C6Hh (4) 
P@-C~HIF)I. ( 5 )  P(C6Hr)@-CsH~CFi)2. and ( 6 )  P@-GH,CFi)i. The 
oxidation reactions were conducted in methylene chloride at 25 OC. 

11.65 

-0 4 - 
- 1 2  -112 (1 x I X  

lq' 
pipre 4. Plot of log (kx/kH) as a function of the summation of the 
Hammett substituent constan@ (0,) for the oxidation of benzyl alcohol 
by ~R~~~PY~Z~O~~P@-C~HX~I ~ I ~ C I O ~ ~ Z  complexes at pH - 2.00 
(NaNOi/HNOI aqueous buffer; p = 0.06 M) at 25 OC. The phosphine 
ligands Ussd were ( I )  P@-CsH@CHi)i. (2) P@C~HICHI)I. (3) 
P(GHs)s (4) P@-C~HIF)I. ( 5 )  P(C6Hr)@-C6H&Fi)z, and (6) P@- 
C~HICFI)~. 

associated with the para-substituted triphenylphosphine ligands 
are transmitted to the ruthenium c ~ n t e r . ~ . ~ ~  

The potentials of the ruthenium(IV)/(IIl) d o x  couples of 
the [RU(~~~)Z(O)(P@-C,H~)I)~(CIO,)Z complexes havea dire* 
effect on the values of the second-order rate constants for the 
oxidationofhzylalcohol. Aplotoflog kvsEllzfortheoxidation 
reactions conducted in methylene chloride yields a linear rela- 
tionship with a slopeof +5.2 f 1.0 (Figure 3). The relationship 
between log k and E l p  is given by eq 2. Similarly, a plot of log 

(2) log k = (5.2 f 1.0)EIIz - 5.9 i 1.1 

k vs E I ~  for the reactions conducted in aqueous solution also 
displays a linear relationship and is represented by eq 3. The 

logk=(5.1 i 1.Z)E1,,-5.6f1.3 (3) 

relationship log k = (a)I6.9Elp + Cat 25 OC has bccn shown 
to be equivalent to the Brsnstcd relationship log k = (a) log K 
+ C, where the Bronsted parameter a a n  be obtained from log 
k versus E l p  plots.zo~16~37 The slopcs obtained from the plots of 
log k vs Ell2 correspond to a values of 0.31 i 0.06 (methylene 
chloride) and 0.30 i 0.07 (water). 

The electronic ligand effects of the [Ru(bpy),(O)(P@ 
C6HX)])](CI04)~complexes on thesecond-order rateconstants 
for the oxidation of benzyl alcohol can also be expressed in terms 
of Hammett parameters (Xup), whereplotsoflog (kX/kH)vsEu, 
for the [RU(~~~)Z(O)(P@-C~H,X)~)](CIO~)~ complexes yield 
linear relationships with p = +0.33 i 0.06 (methylene chloride) 
and p = +0.31 i 0.09 (water) (see Figure 4). Also, the use of 
Kabachnik's u,ph substituentconstants,)B which have bccn utilized 

(36) Fukurumi. S.; W0ng.C. L.; K a h i .  J. K. J .  Am. Chem.Sm. IWO. 108. 

(37) Ng. F. 7. T.; Henry. P. M. 1. Am. C h m .  Soe. I976 98.3fA6 
2928. 
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T8bk 11. EI,Z Potentials for the One-Electron Oxidation of 
Alcohols. and Scmnd-Order Rate Constants for the Oxidation of 
Eknzyl Alwhol by IR~(~~~)Z(O)(P(C~HI),~(CIO.)Z at 25 'C 

Eiiz 10zk 
substrate (V vs Ag/AgCI)' solvent (M-' s-l)bx 

methanol 3.57 CHtCN 0.058 i 0.002 
H M  0.025 * 0.001 

ethanol 3.26 CHiCN 0.16i0.001 
HzW 0.052 i 0.002 

I-propanol 3.05 CHiCN 0.30 * 0.02 . .  
H2Od 0.079 0.002 

2-propanol 2.97 CHiCN 0.72 * 0.05 
H@ 0.23 * 0.01 

I-butanol 

I-pcntanol 

benzyl alcohol 

~~~ ~~~ 

2.92 CHiCN 0.27 * 0.02 

2.87 CHKN 0.30 0.02 

1.63 CHiCN 83* 13 

H@ 0.1 I i 0.002 

HzW 0.15 i 0.008 

HzOd 105*5.0 

*Extrapolated from ps-phase ioniration potentials to acetonitrile 
versus Ag/AECI as described in ref 40 and in the text. 6 Scmnd-order 
rate constants from ref 14. Uncertainty at 9% wnfidence limits. 
*S+lvent: pH = 2.00 in NaNO>/HNO, aqueous buffer ( p  = 0.06 M). 

Figure 5. Plot of the log of the scwnd-order rate wnstant (k) for the 
oxidation of alcohols by [Ru(bpy)z(O)(P(GHr)t)](ClO~)z as a function 
of the calculated En12 values for the one-clectron oxidation of alcohols. 
The alcohols used were ( I )  methanol, (2) ethanol. (3) I-propanol. (4) 
2-propanol, ( 5 )  I-butanol, (6) I-pcntanol. and (7) knzyl alwhol. The 
oxidation reactions were conducted in acetonitrile at 25 'C, and the 
wnd-ardcr rate constants were obtained from ref 14. 

to correlate the electronic effects associated with tertiary 
phosphine ligands. also yields straight lines, with p = +0.40 * 
0.17 (methylene chloride) and p = +0.27 f 0.13 (water). 

In addition to linear free energy correlations between the log 
k for the oxidation of benzyl alcohol and the electronic ligand 
effects of the [Ru(bpy)~(O)(P@-C6HX),)j(ClO4)2 complexes, 
we can utilize previously reported kinetic data (see Table 11) to 
construct a linear free energy correlation for the oxidation of 
variousprimaryandsecondary alcohols bya singleoxoruthenium 

associated with the one-electron oxidation of primary and 
secondary alcohols (see Table 11) were derived from the gas- 
phase ionization potentials39 in a manner analogous to the 
determination of the one-electron potentials associated with 
alkenes,%tilizing the relationship Elp = 0.8271,- 5.40 V.Q For 
the oxidation reactions conducted in acetonitrile a plot of log k 
vs Ell2 for the oxidation of primary and secondary alcohols by 
[Ru(bpy)~(O)(P(C~H,),)1(C10,)~ yields a straight line (see 
Figure 5 and eq 4). Similarly, a plot of log k vs Ellz  for the 

complex, [Ru(~PY)z(O)(P(C~H~),)~(C~O~)Z. The Ell2 values 

log k = (-1.6 f 0.4)Ell, + 2.5 f 1.0 (4) 

reactions conducted in aqueous solution also displays a linear 
relationship (see eq 5) .  The slopes of -1.6 * 0.4 (acetonitrile) 

(38) h4astryukwa.T. A.;l(rbachnik. M. 1. Russ. Chcm.Rw. (EngL Tr4ml.) 
I- a* TO< .,",, <". .,<. 

(39) Lias, S. 0.; Bar". J. E.; Licbman. 1. F.; Holmes. J. L.; k i n .  R. D.: 

(40) Nickman. W. C.; Dime1er.G. R.; Desmond, M. M. 1. Elecrrmhrm.Sm. 
Mallard. W. G .  J. Phys. C h m .  Re/. Lb14 1988.17, Suppl. No. 1. 

IW, 111. 1190. 
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log k = (-1.9 f 0.4)E,,, + 3.0 f 1.0 ( 5 )  

and-1.9f0.4(water)canbeconvertedtotheBr~nstsdavalues 
of 0.09 0.02 (acetonitrile) and 0.1 I i 0.02 (water) for the 
oxidation of alcohols by [Ru(bpy)z(O)(PPht)](CIO4)~. 

Substrate Electronic ENectr The rate constants of the 
oxidation of para-substituted benzyl alcohols by [Ru(bpy)z- 
(O)(PPh,)](CIO& were measured (see Table 111). Plots of the 
log(kx/kH) data versus the Hammett substituent constants. a, 
a+, or d gave scattered plots with low R'values. However, the 
kinetic data were then further analyzed by using the modified 
Hammett equation, (6). In eq 6, u* is the free radical substituent 

log (k,/k,) - a' = p a  (6) 

constant developed by Fisher." The plot of log (kx/kH) - a- 
versus d gave an excellent correlation for the oxidation of the 
para-substituted benzyl alcohols by [Ru(bpy)z(O)PPhi] (C10& 
in methylene chloride with p = -0.57 * 0.07, R2 = 0.99 (see 
Figure 6). For the rate constant data for the oxidation of the 
para-substituted benzyl alcohols by [Ru(bpy)z(O)PPht] (CIO& 
in water. the plot of log (kx/kH) - a. versus a+ gave a poor 
correlation, with p = -0.34 f 0.36. Rz = 0.80. 

Solvent Effect. The oxidation of benzyl alcohol by the 
[R~(~~~)Z(O)P@-C~HX)I](C~~~)Z complexes in methylene 
chloride and in water showed no solvent effect as can be seen 
from the p values, p = +0.33 * 0.06 (in CHZCIZ) and p = +0.31 
f0.W (in HzO). By contrast, theoxidationofthe para-substituted 
benzyl alcohols by [Ru(bpy)z(O)PPh,](ClO,)* showed that the 
second-order rate constants for the oxidation in water are 
approximately twice the values obtained in methylene chloride 
with the exception of the unsubstituted benzyl alcohol which has 
the same value in both solvents. 

Diseusrioa 
Phosphine Electronic EN& The results of the oxidation of 

benzyl alcohol by [Ru(bpy)~(O)(P@c~HX)1))(Cl0.)~ com- 
plexesclearlydemonstrate that the rateofoxidation isdependent 
on the electronic properties of the oxoruthenium complexes. The 
valueof p .  obtained from the Hammett equation, has b a n  utilized 
asa measureofthechargedistribution in the transitionstate,and 
has b a n  also shown to be sensitive to subtle changes in the 
mechanism of chemical procsses."* The relatively small 
positive pvalues of approximately +0.3 obtained in our oxidation 
reactions are reminiscent of thesmall positive p values for reactions 
in which there is only a small increase of negative charge in the 
transition state." 

For reactions in which the oneelectron redox potentials can 
be obtained, the determination of the degree of electron transfer 
or the fraction of charge associated with an oxidation reaction 
can  be readily obtained from the linear free energy relationship 
between the log of the second-order rate constants and the Ellz 
va l~es .~J6  The Brensted parameter (a), which can be obtained 
from the slope of the plot of log k vs E112 values, has been shown 
to be approximately equal to the fractional displacement of the 
transition state along the reaction coordinate from reactants to 
products?'." The small a values of 0.09 0.02 (acetonitrile) 
and 0.1 I f 0.02 (water) obtained for the oxidation of a variety 
of alcohols by [Ru(hpy)z(0)(P(C~H~),1(CI04)z. in conjunction 
with small a values of 0.31*0.06 (methylene chloride) and 

(41) Fisher, T. H.; Meierhafcr, A. W. 1. olg.  Chcm. 15%. 43.224. 
(42) Hammctt. L. P. Physieololgmic Chemistry ReocIionRoIes, Equilib&. 

and Mechanism; McGraw-Hill: New York. 1910: p 347. 
(43) Wells. R. P. Linear Free Energy Reloriotships: Academic Pres: New 

York. 1970. 
(44) Leffler. J. E.; Gnmwald. E. Raresand Equilibriaof OrgmicRmerim: 

John Wiley & Sons: New York. 196): D 128. 
(45) Bunting. J; W.; Sindhuatmadja. S .  J. &g. C h m .  15-81, 46.4211 
(46) Lefflcr. J. E. Science 1953. 117,340. 
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6. This observation illustrates that the oxidation of para- 
substituted benzyl alcohols does not involve a pure resonance 
stabilizing situation. where electrondonating groups accelerate 
and electron-withdrawing groups decelerate a reaction involving 
anelectron deficient transitionstate." Substituenteffectssimilar 
toournonlinear correlation havebxn reported for thedissociation 
of hexaarylethanes." the reactivity of aromatic compounds in 
the reaction with phenyl  radical^,^^^'] the thermal decomposition 
ofsubstituteddibenzyl mercurycompounds."andthe abstraction 
of the benzylic hydrogen atom from substituted dibenzyl ethers 
by benzoyloxy and tert-butoxy radicals.",'6 The similarity of 
our results with reactions which involve radical character in the 
transition state prompted us to examine our results from the 
point of view of a radical mechanism. 

Various models have been made todevelopsubstituent constants 
for studying substituent effects in radical mechanismsfl.5'+) The 
Fisher model is based on the reaction of N-bromosuccinimide 
with para-substituted 3-cyanotoluenes in which Bratomabstracts 
a hydrogen from the benzylic carbon in the rate-determining 
step.4' We applied the free radical substituent constant u* 
developed by Fishertotreatour kineticdataobtainedinmethylene 
chloride, and we found that d values best fit with the coir+ 
spondinglog kx/kH-u'values, where u'is theradicalsubstituent 
constant. Anexcellentcorrelation wasobtained in the plot of log 
(kx/kH) - u'versus d with p = -0.57 * 0.07 and Rz = 0.99. We 
also applied the Fisher analysis to our kinetic data obtained in 
water,and wefoundthat u+valuesbestfit withthecorresponding 
log (kx/kH)-u'values. However thecorrelationoflog (kx/kH) 
- u- versus u+ for our data obtained in water yielded a poor 
correlation, with p = -0.34 f 0.36 and Rz = 0.80. Although the 
correlationispoor,theuseofu+withthedata takenin watercan 
probably be interpreted as evidence of a polar transition state 
with benzyliccation character. Intuitively, this typeoftransition 
state is anticipated in the oxidation of benzyl alcohol. Thus, the 
correlation of log (kx/kH) - u. versus 6 for the data obtained 
in methylene chloride is surprising. Although radical reactions 
have commonly been found to give good correlations of log (kx/ 
kH) versus uor o+, Zavitsas" hasshown that a numberofreactions 
which give excellent correlations with u or u+ actually give the 
best correlations with 6. Also Jaffe's review mentions that d 
constants better represent some free radical reactions?' One 
possible interpretation of the u+ and the u- correlations is that 
solvent water should stabilize a charged transition state, and thus 
a cationic transition state is observed with water as the solvent. 
With methylene chlorideas thesolvent, acharged transition state 
might be suppressed. As a result, u- correlations in methylene 
chloride could then be due to hyperconjugation effects in the 
ground state of the target para-substituted benzyl alcohols. 

Ourkineticdata isreminisccntofthedataobtained by Roecker 
and Meyer" for the oxidation of benzyl alcohol with [Ru(bpy)i- 
(O)(py)]'+ in acetone/water and acetonitrile. However, the 
authors did not apply the Fisher analysis to their results. We 

para k para k 
substituent solvent (M-' s-I). substituent solvent (M-1 s-1). 

OCH, CHiCIz 0.54 IO.08 F CHiCIz 0.29 i 0.02 
HI@ 1.29 i 0.09 HQ 0.48 I 0.04 

CHI CHiCli 0.61 i 0.05 Br CH2CIz 0.55 i 0.08 
Hz06 0.97 I 0.09 Hi06 1.12iO.10 

H CHIC% 0.45 i 0.04 CFI CHzCIz 0.53 i 0.05 
H@ 0.58 i 0.04 HI@ 1.02iO.10 

Uncertainty at 95% confidence limits. b Solvent: pH = 2.00 in 
NaNOl/HNOI aquwus buffer ( p  = 0.06 M). 

-0.2 - 
-0.3 -0.2 -O.I 0.n (1.1 0.2 0.3 

4~ 

Figure 6. Plot of log ( k x / k H )  - 0. versus e- for the oxidation of para- 
substituted benzyl alcohols by [Ru(bpy)z(O)(P(C6H1),)](ClOl)t in 
methylenechlorideat25'C. ThedataforpCF,hasbanomittdbccauw 
of the unavailability of the o* value for CFI. The pXCsH4CH2OH 
compounds used were ( I )  X = OCH,, (2) X = CHI, (3) X = F. (4) X 
= H. and ( 5 )  X = Br. 

0.30f0.07 (water) obtained for the oxidation benzyl alcohol by 
a variety of [Ru(bpy)i(o)(P(pC~HX)~)] (CIO.), complexes are 
similar to a values for reactions such as the oxidation of alkenes 
by oxochromium(V) porphyrin complexes, wherea = 0.18 when 
the alkene is varied and a = 0.55 when the porphyrin is variedJ0 
The existence of small a values has been suggested to indicate 
that only oartial charae transfer in the rate-determinine steo has 
occurreiio 

A more quantitative interpretation of the progress along the 
reaction coordinatecan be obtained from the a values for substrate 
oxidation as presented by Bruice,20 where a is a combination of 
the Leffler-Hammond contribution (x) and the Thornton 
contribution(O.S(r- I))andisrepresentedbyeq7. TheLeffler- 

a = x f O.S(r - I )  (7) 

Hammond contribution is a measure ofthe progress of the reaction 
along the reaction coordinate, while the Thornton contribution 
is a measure of the 'tightness" of the transition ~tate.~~.'6-'~ The 
values associated with ,y and T can be readily determined from 
cq 7, utilizing the a values obtained from the reaction of primary 
and secondary alcohols with [RU(~~~)~(O)(P(CSHS)I)](CIOI)~ 
and the reaction of benzyl alcohol with [Ru(bpy)i(0)(P@- 
CsHX)J(CIO,)z. For the reactions conducted in nonaqueous 
solutions (acetonitrile or methylene chloride) x = 0.21 and T = 
0.77, while in aqueous solution x = 0.21 and T = 0.81. The 

complexes can be k t  described by a reaction in which the 
transition state associated with charge transfer is located ~ 2 0 %  
along the reaction coordinate and is moderately 'loose". Ac- 
cordingly, the transition state might be envisaged as involving 
more C-H bond breaking relative to R u 4 - H  bond formation. 

Substrate ElectroNc Effect. The effect of para-suhstituents 
on the oxidation of benzyl alcohol in methylene chloride and in 
water by [Ru(bpy)z(0)PPh,](C104)~showed no linear correlation 
of log ( k x l k d  versus any of the substituent constants u, u+, or 

reaction Of alcohols with [RU(bpy)i(O)(P(c~HX),)1(C10~)~ 

(41) Krccvoy. M. M.; Le. 1. S. H. J. Am. Chrm. Soc. 1984,106.2550. 
(48) Hammond. G. S.  J. Am. Chem. Sor. 1955. 77.334. 
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(52) Augmd. D. R.; Hey. D. H.; William.G. H. 1. Chem.Soc. 1952.2094. 
(53) Danncly. R. L.; Greg. Jr. E. C.: Phclps. R. E.: Coleman. C. B. 1. Am. 

Chrm C m  19U 76 MS - - -. . . . - .. . -. . .- . 
(54) Dincturk. S.; Jackson. R. A.: Townsoon. M. J.  Chrm. Soc.. Chcm. 

Commun. 1979. 172. 
(55) Huang. R. L.: Singh. S .  J. Chcm. Soc. 1959. 3183. 
(56) Huang. R. L.; Yco. Oon-Kcong. J. Chem. Soc. 1959.3190. 
(51) Dinckurt. S.: Jackson, R. A.;Townson. M.: Agirbar. H.: Billingham. N. 

C.: March.G. J .  Chem. Soc.. Perkin Tram. 2 1981. 1121. 
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therefore applied the Fisher analysis to the data obtained by 
Roecker and Meyer, and we observed that u+ gave the best 
correlation with log ( k x / k ~ )  - u* for acetone/water, p = -0.25 
f 0.17 (R2 = 0.88), and also for acetonitrile, p = -0.35 f 0.28 
(R2 = 0.83). Because these correlations are not good (R2 < 0.9), 
there can be no conclusive statements made about the nature of 
the transition state. However, the signs and magnitudes of the 
calculated p values are at least consistent with benzyl alcohol 
oxidation, and thus these Fisher analyses appear to yield more 
insight than the plots of log k versus u reported by Roecker and 
Meyer. Notably, we observed that u+ gave the best correlations 
for both reactions. This observation is in agreement with our 
earlier conclusion that the more polar solvents (water, acetone/ 
water and acetonitrile) stabilize a charged transition state whereas 
methylene chloride suppresses the charged transition state. 

Deuterium Labeling Studies. The oxidation of benzyl alcohol 

P(p-C6&CF3)2)] (C104)2 proceeds with a-C-H isotope effects 
( k ~ / k ~ )  of 17 f 2 and 13 f 2, respectively. These large primary 
isotope. effects are reminiscent of the value of 10 obtained for the 
oxidation of 2-propanol by [ Ru(bpy)2(0)(P(C&I~)3)] ( C104)2,l4 
a value of 16 obtained for the oxidation of a-(trifluoromethy1)- 
benzyl alcohol by Mn04-,66 and values of 9 and 24 obtained for 
the oxidation methanol and benzhydrol by [Ru(bpy)2(0)(py)l2+ 
respectively.ll The ( k ~ / k ~ )  values obtained in this work are 
much smaller than the values reported by Roecker and Meyerll 
where ( k ~ / k ~ )  = 50 was obtained for the oxidation of benzyl 
alcohol by [Ru(bpy)2(0)(py)l2+. Recently, Che andco-~orkers~~ 
reported ( k ~ / k ~ )  values in the range 15-19 for the oxidation of 
benzyl alcohol by a series of trans-dioxoruthenium(V1) complexes. 
Quantum mechanical tunneling has been invoked in order to 
explain large (>6.9) deuterium isotopic ratios.34 Quantum 
mechanical tunneling has been suggested for proton, hydrogen 
atom, and hydride transfer reactions, therefore large ( k ~ / k ~ )  
ratios are not indicativeof any particular atom transfer pathway.32 
Deuterium isotopic ratios of 8-100 have been observed where the 
magnitude is believed to be dependent on the degree of steric 
hindrance, the magnitude of the activation, and the degree of 
solvation associated with the atom being transferred.34 Although 
the presence of large (kH/kD) ratios for the oxidation of alcohols 
by [Ru(bpy)2(O)(P(p-C6H&)3)] (C104)2 complexes does suggest 

by [Ru(bpy)2(O)(P(PC6H4F)3)1 (c104)2 or [Ru(bpy)2(O)((C6Hd- 
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that a-C-H bond breaking does occur in the rate-determining 
step, the degree of bond breaking cannot be interpreted in terms 
of the magnitude of the ( k ~ / k ~ )  ratios alone. 

Solvent Effects. For our experiments the linear free energy 
relationships for the oxidation of benzyl alcohol when the 
phosphine ligand of the oxidant is varied demonstrate that there 
is no solvent effect associated with the magnitude of the p values. 
The Hammett linear free energy relationship between log (kx/ 
k ~ )  and the Cup for the oxidation of benzyl alcohol by 
[R~(bpy)~(O)(P(p-C~H4X)~)](C104)2 yielded p = 0.33 f 0.06 
for reactions conducted in methylene chloride and p = 0.31 f 
0.09 for reactions conducted in aqueous solution. Since it has 
been demonstrated that the magnitude of p is generally dependent 
on thedielectric constant of the the activesite associated 
with the transition state for the oxidation of benzyl alcohol by 
[Ru(bpy)2(o)(P(p-C6H4X)3)](C104)2 must be shielded from the 
solvent. More specifically, since the para-substituents of the 
tertiary phosphine ligands affect only the energy of the R u 4  
bond, the solvent effect indicates that the R u - O  bond is effectively 
shielded from the solvent. This observation corroborates the 
mechanism proposed earlier for the hydrophobic effect involved 
in the oxidation of aliphatic alcohols in aqueous media by 
[R~(bpy)2(0)(P(R)3)](ClO~)~, where it was suggested that the 
tertiary phosphine ligand inhibits water solvation of the oxo 
ligand.14 

Conclusions. The unique aspect of this report lies in our study 
of the substituent electronic effects for both the ruthenium-based 
oxidants and the target alcohol substrates. All of our studies 
combine to yield a consistent image of the mechanism for the 
oxidation of benzyl alcohol by [RU(~PY)~(O)(P@-C~H&)~)]-  
(C104)2complexes, where we propose that in therate-determining 
step a partial hydrogen atom abstraction from the target benzyl 
alcohol occurs in the transition state, yielding intermediates 
consisting of a hydroxyruthenium( 111) complex and a benzyl 
alcohol radical. This rate-determining step is followed by a rapid 
reaction of the hydroxyruthenium(II1) complex and the benzyl 
alcohol radical to form an aquaruthenium(I1) complex and 
benzaldehyde. 
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