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The kinetics and mechanism of reductiontns-[Ru! (tpy)(O)(L)]2" (L is H2O or CHCN; tpy is 2,2:6',2"-
terpyridine) by benzyl alcohol have been studied in water and acetonitrile. The reactions are first order in alcohol
and complex in both solvents and give benzaldehyde as the sole oxidation product. In acetonitrile, sequential
RuW' — RuUV and R — Ru" steps occur. As shown by FTIR and BVisible measurements, Risolvolyzes

to give [RU'(tpy)(CHCN)z]2+ and benzaldehyde. WifO-labeled RM', ~50% of the label ends up in the aldehyde
product for both the Rl — RuY and R — RuU' steps as shown by FTIR. In water, Ru~ RUV reduction is
followed by rapid dimerization by-oxo formation. Kinetic parameters for the individual redox steps in 0.1 M
HCIO, at 25°C areky,—yv = 13.3+ 0.8 M1 571 (AH* = 11.44 0.2 kcal/mol,AS" = —15.0+ 1 eu,ku/kp =

10.4 foro,a-dz benzyl alcohol). In CHCN at 25°C, kyj—y = 67 £ 3 M~ s71 (AH¥ = 7.5+ 0.3 kcal/mol,ASf

= —33 4 2 eu,ky/kp = 12.1) andky— = 2.4+ 0.1 (AH* = 5.1+ 0.3 kcal/mol,AS = —47 + 2 eu,ku/kp =

61.5). On the basis of tH8O labeling results in CECN, the O atom of the oxo group transfers to benzyl alcohol

in both steps. Mechanisms are proposed involving prior coordination of the alcohol followed by O insertion into
a benzylic C-H bond.

Introduction (bpyX(py)(O)*" (eq 1) is a significant reaction because of the
magnitude of thenx,o-CH/a,a-CD; kinetic isotope effect of
ku/kp = 50 at 25°C in 0.1 M HCIQ,.22 A mechanism has been

n proposed involving hydride transfer or H atom transfer followed
by rapid electron transfer,

An extensive library of oxidative reactivity exists for high
oxidation state ruthenium-oxo compourid$.For oxo com-
plexes of Ru(lV), a series of reaction pathways have bee
identified including epoxidatiof;*? eletrophilic addition to
phenol® and oxidation of alcohols to aldehydes and ketdfie3. v 2+ .

The oxidation of benzyl alcohol to benzaldehydedis{Ru'V- [RU™ (bpy)(py)(O)I" + PhCHOH
[Ru" (bpy),(py)(OH)]" + PhCH(OH) (La)
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Oxidation of Benzyl Alcohol by a R Dioxo Complex

the study include: (1) How do the mechanistic details compare
with those forcis{Ru" (bpy)(py)(O)?" and related oxidants?
What are the differences, if any, betweenVRand R\ as
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spectra of the colored species, concentration profiles with time, and
globally optimized rate constants. Each reported rate constant is the
average of 815 separate experimental determinations performed under

oxidants? (2) Are there special pathways that appear associate§onstant reaction conditions.

with the four-electron acceptor ability df (3) How dokp/kp
kinetic isotope effects compare for Ricompared to RY?

Experimental Section

Materials. High-purity acetonitrile (Burdick & Jackson) was used
as the solvent for kinetic studies after distillation frosOPwith use
of a Vigereux column. High-quality deionized water6.5 MQ) was
prepared by passing house-distilled water through a Nanopure (Barn-
stead) water purification system. High-purity NMR solvef{S-labeled
H,'%0 (Cambridge Isotope Laboratories)p-dq-benzyl alcohol (99.8%,
Isotec, Inc, Miamisburg, OH), deuterium oxide, and doubly distilled
perchloric acid (G. Frederick Smith) were used as received without
additional purification. High-purity (99.9%) benzyl alcohol was obtained
from Aldrich. Purity was verified by silica TLC (80:20, hexanes/ethyl
acetate) andH NMR. All other common reagents were ACS grade
and used without additional purification.

Preparations. trans[Ru!(tpy)(O)(H20)](ClO4), was prepared by
using a literature methddCaution! Particular care should be exercised
in the preparation and handling of transition metal perchlorate salts.
This salt is known to explode spontaneously amdently when dried
extensiely.

trans-[RuV (tpy)(*80)2(H280)](ClO 4)2. A 50 mg (0.11-mmol) quan-
tity of [Ru"(tpy)(C204)(H20)]:2H,0 was suspended and stirred for 1
hin 1 mL of a 2 MHCIO, solution which was prepared by using
180-labeled water. This solution was added dropwise to a magnetically
stirred solution containing a 20-fold excess of'Cgs [(NH,),CéV-
(NOs)g] in 2 M HCIO4 made in*®O-labeled water). The reaction mixture
was cooled for-2 h at 0°C. A yellow solid appeared and was collected
by centrifugation followed by decanting of the supernat&i@. label
incorporation was determined to b&2% in CHCN by FTIR analysis
of the symmetric and asymmetric modes for ttens-dioxo group®

Instrumentation. UV —visible kinetic measurements for rapid
reactions were made by use of a Hi-Tech CU-61 rapid scanning
spectrophotometer attached to a Hi-Tech Scientific SF-61 double mixing
stopped-flow apparatus by using the KinetAsyst 2.0 software program.
For slower reactions, spectra were obtained as a function of time by
use of a Hewlett-Packard 8452A diode array spectrophotometer. Manual
mixing of solutions from conventional syringes into standard cuvettes
was employed. Kinetic runs were initiated by mixing an equivalent
volume of alcohol solution with the ruthenium solution. Substrate
concentrations were calculated from known molar absorptivities of the
Ru”' species and from the known densities of the liquid alcohols. The
temperatures of solutions during kinetic studies was maintained to
within +0.2 °C with use of a Lauda RM6 or a Neslab RTE-110
circulating water baths and monitored with an Omega HH-51 thermo-
couple probe!H NMR spectra were obtained in,O or CD;CN by
using Bruker WM-250 MHz FT-NMR or AC-200 MHz FT-NMR
spectrometers. Reaction mixtures were analyzed by use of a Hewlett-
Packard 5890 Series Il gas chromatograph with a 12 ;2 mm x
0.33um HP-1 column and a Hewlett-Packard 5971A mass selective

Results

Product Analysis and Stoichiometry. HO. Kinetic data for
oxidations involvingtrans[Ru"'(tpy)(O)(H20)]>" in 0.1 M
HCIO4 were obtained from absorbance-time traces fro850
to 700 nm. A typical trace is shown in Figure 1 of the Supporting
Information. At early times €300 s), [RY'(tpy)(O)(H20)]2"
(Amax = 410 nm, e = 3700 M1 cm 1?2 disappears with
simultaneous growth of a new spectral feature near 440 nm.
This spectrum evolves into a complicated spectrum which
includes an absorption at650 nm, indicative of higher
oligomers?* Reduction of1-H,O to RUY by Fé' or hydro-
guinone gives [(tpy)(K0).RUYORUY(H,O)(OH)(tpy)P* fol-
lowed by slower reduction to [(tpy)@D).Ru"ORUY(H,0)-
(OH)(tpy)I** and [(tpy)(HO).RU" ORU" (H20)(tpy)]**.2*

Product studies by GEMS (following CH,Cl, extraction)
show that at a 1:1 ratio of benzyl alcohol tens[RuV'(tpy)-
(0)(H20)]?+, the sole product in stoichiometric or near-
stoichiometric amounts is benzaldehyde consistent with,

2 trans[Ru"' (tpy)(O),(H,0)]*" + 2 PACHOH — [(tpy)
(H,0),Ru"ORU" (OH)(H,0)(tpy)" + 2 PhCHO (2)

Independent experiments show that the"RRUY and RUV-
ORUY forms of theu-oxo dimer do oxidize benzyl alcohol to
benzaldehyde in 0.1 M HClgbut on a longer time scale than

for the mixing experiments in Figure 1 of the Supporting
Information. With excess benzyl alcohol, the ultimate product
is [RU'(tpy)(H20)3]%" (Amax = 532 nm,e = 3450 M1 cm™1).2
These reactions presumably occur by one-electron pathways and
intermediate radical formatiof¥.Under anaerobic conditions,
with RUYORUY as oxidant, the stoichiometry is

[(tpy)(H,0),Ru" ORU (OH)(H,0)(tpy)]>" +
PhCH,OH — [(tpy)(H,0),Ru" ORU" (H,0),(tpy)]"" +
PhCHO (3)

Product Analysis and Stoichiometry. Acetonitrile. In
Figure 1 are shown visible spectral changes with time for the
reaction betweetrans[Ru' (tpy)(O)(CHsCN)]?* (1.6 x 1074
M) and benzyl alcohol (1.6« 1072 M) in CH3CN at 25°C. A
sequence of reactions occurs, but there is no sign of dimerization
or higher oligomerization. In stage ¥60 s) RY' (Amax= 416
nm, e = 3500 cnT! M~1) is lost concomitant with appearance
of a broad, new spectral feature at lower energy. In stage 2,
this feature evolves nearly isosbestically into a spectrum similar

detector. IR spectra were recorded on a Mattson Galaxy 5020 seriesto that of [RuU(tpy)(CHsCN)3]?*, but with a shoulder that

FTIR spectrophotometer with a liquid nitrogen cooled external detector
by Gaseby Infrared (model MI 0465-0052-6) and had 2‘trasolution.
IR measurements were made in £IN solution by use of a demount-
able cell with NaCl plates and Teflon spacers or a fused,RaH
with a 1 mmpath length. Unless otherwise noted, experiments were
performed under aerobic conditions.

Kinetics. Spectral-kinetic data were processed by use of either the
program KINFIT! or SPECFIT? Use of SPECFIT gives the predicted

(30) Dovletoglou, A. Ph.D. Dissertation, University of North Carolina,
Chapel Hill, NC, 1992.

(31) Binstead, R. AKINFIT Nonlinear Cuwe Fitting for Kinetic Systems
Chemistry Department, University of North Carolina: Chapel Hill,
NC, 1990.

(32) Spectrum Software Associates, Chapel Hill, NC.

extends into the low-energy visible range. In stage 3, the
spectrum further evolves into [R(tpy)(CHsCN)z]2" with Amax
values at 419 and 435 nff.

The reaction with benzyl alcohol was also investigated by
FTIR in the region 17561300 cnt? (Figure 2 of the Supporting
Information). Even with fast mixing, stages 1 and 2 were
complete by the first scan, acquiredlO s after mixing. New
bands appear in the initial spectrum at 1{@2C=0), benzal-
dehydé, 1479, and 1318 cni. At the first scan, 1 equiv of

(33) Lebeau, E. L. Ph.D. Dissertation, University of North Carolina, Chapel
Hill, NC, 1997.

(34) Suen, H.-F.; Wilson, S. W.; Pomerantz, M.; Walsh, dnbrg. Chem.
1989 28, 786-791.
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. Table 1. Kinetic Parameters for PhGBH (and PhCBOH)
R — Oxidation bytrans[RuV!(tpy)(O)(L)]?>" (L = H.0, DO, CHCN)

T and R at 25°C

AH*

/ L k(M~t sl  solvent (kcal/mol) AS(eu)

/ Oxidation by RY!'

H.0 0.1MHCIQ 11.4+0.2 —15.0+1

H,0?2 0.1 MHCIQ 14.0+£0.2 —10.8+1

DO 12.8+ 0.3 0.1 MHCIQ

H,0b 28+ 4

CHsCN
CH:CN 62+ 3 CHCN 75+04 -33+2
CHsCN2® 55+0.3

8

e

ki/ko

13.3£ 0.8

13402 10.4+£038

Absorbance

>
=

416 nm

I
6000 CHCN 86+04 —34+p 121£07
Oxidation by Rt
CHCN 51403 —4742

CH:CN 9.9+ 0.5 —39+2

; T
0 2000 4000

Time, sec. CHCN 2.4+0.1

CHsCN# 3.94+ 0.2 x
102

Absorbance

61.5+1.2

aOxidation ofo,a-d, benzyl alcohol® In CH;CN, 2.85 M in HO.

trans[Ru” (tpy)(0),(H,0)]*" + CH,CN %

trans[Ru" (tpy)(O),(CH,CN))** + H,0 (5)

lies 95% towardtrans[Ru'(tpy)(O)(H.0)]?" (K = 0.15)?2
Under these conditions, the spectral changes observed upon
addition of PhCHOH are essentially those in Figure 1 of the
Supporting Information. R{ reduction to RYY is followed by
rapid u-oxo formation.

Reduction oftrans-[Ru¥'(tpy)(O)(CH:CN)]?* with hydro-
quinone in dry CHCN also occurs withu-oxo formation to
give RUYORUY as the initial product. It is reduced further to
RU"ORU". Addition of an excess of ascorbic acid results in
benzaldehyde (compared to the inilia_ins[RuV' (tpy)(O)(CHs- quantitative formation of [Ri(tpy)(CHCN)g]2*.

CN)J*") had appeared based on the integrated intensity@* All attempts, chemical and electrochemical, to generate
O) as determined by a calibration curve. All other bands in the [RUV (tpy)(CHCN),(O)J2* independently were unsuccessful due
spectrum are assignable to solvent, benzyl alcohol, or benzal-tg dimer formation. Kinetics studies of benzyl alcohol oxidation
dehyde. by RuV were followed as the second stage in the net reduction

i |
700 800

e
600

I
500
Wavelength, nm

Figure 1. Absorbance-time traces at various intervals over a period
of 2 h for the reaction betweemans[Ru"'(tpy)(O)x(CHsCN)]?* (1.6

x 1074 M) and benzyl alcohol (1.6< 1073 M) in CH3CN at 25°C.
Inset shows absorbance changes with time at 416 nm whichjs@

for trans-[Ru¥'(tpy)(O)x(CHsCN)J?*.

The new bands at 1479 and 1318drdisappear at the same
rate as an additional increase#(C=0). On the basis of the
results of parallel experiments with UWisible monitoring, this

of RU! to [Ru'(tpy)(CH3CN)3]% .
Kinetics and Mechanism. Water. From concentration
dependence studies in the kinetics o’/Reeduction by PhCht

process occurs on the same time scale as stage 3, in whichoH, |oss of RY is first order in both RY and benzyl alcohol.
solvolysis occurs to give free benzaldehyde and'[Ry)(CHs- A plot of kops versus alcohol concentration was linear from
CN);]2*. The additional benzaldehyde produced at this stage is [PhCHOH] = 5.0 x 1071 t0 5.0 x 10~4 M with [Ru"'] = 5.0
equal to the amount produced in the first stage by IR. The net ;. 1G5 M (Figure 5 of the Supporting Information). The
stoichiometry based on FTIR, UWisible, and*H NMR quantitative evaluation dé,sinvolved fitting over 80 separate
analysis is kinetic runs which included an average of 83 experimental
determinations under each set of reaction conditions. The results

trans{Ru" (tpy)(O),(CH,CN)]*" + 2 PhCHOH — are consistent with the rate law,

1] 2+
[Ru™(tpy)(CH,CN);]*" + 2 PhCHO (4) —d[Ru"")/dt = k,,JRu"'][benzyl alcohol]

(6)

Rate constants are listed in Table 1. These data include the
reaction with a,a-d, benzyl alcohol for which aro,a-CD,
kinetic isotope effect oky/kp = 10.4 can be calculated. The
solvent kinetic isotope effect is smaki{o/kp,0 = 1.04).

Temperature dependence studies were conducted between 5.0
and 50.0°C. Plots of InkondT) versus 1T were linear (Figure
4 of the Supporting Information) as predicted by the Eyring
equation (eq 7). The data are listed in Table 1.

kobs = (kg T/h) exp (~AG'IRT) =
(kgT/h) exp (AH'/RT) exp ASTR) (7)

The same stoichiometry was obtained with 1:2 to 1:10 ratios
of [Ru¥!(tpy)(O)(CH3CN)]?>*/benzyl alcohol based on IR peak
height measurements. At a 1:1 ratigC=0) for benzoic acid

at 1725 cm! appears, but only after several hours.

The FTIR experiment was repeated with 726@-labeled
trans{Ru¥'(tpy)(O)(CHsCN)]?*. After the labeled complex was
mixed in a 1:4 ratio with benzyl alcohol, band intensities at
both v(C=0) andv(C=180) (at 1657 cm') were measured.
Based on the calibration curve30(+£5)% of the benzaldehyde
present initially wasi®O labeled. Following the second, time-
resolved step, the extent of incorporation wed4(+5)%. These
results are consistent with incorporation-660% of the label
originally in trans{Ru!(tpy)(*80)2(CH3sCN)]?*) into the ben-
zaldehyde product at each step.

Product Analysis and Stoichiometry. CHCN/H,O Mix-
tures. In acetonitrile, 2.85 M in added water, the equilibrium

Acetonitrile. Stage 1.In stage 1, RY is reduced to RY.
With benzyl alcohol in pseudo-first-order excess otrans
[RuV!(tpy)(OR(CHSCN)]?*, the first stage is kinetically separable
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from the following reactions. From measurements between 325 15000

and 820 nm, with [benzyl alcohol] from 1.54 104 to 1.51x
1072 M, a plot of kops Vs [PNCHOH] was linear, consistent Ru(VI)
with the rate law 10000
—d[Ru"")/dt = k,[Ru""][PhCH,OH 8
[Ru™] 1[RUT][PhCH,OH] (8) so00

From the slope of the plok; = 67(*3) M~ s ! at 25°C.
With o,a-d; benzyl alcohol as reductarky = 5.5(0.3) M1

sl andky/kp = 12.1. The kinetics of both reactions were r T T
investigated from 5 to 47.8C, and activation parameters are 600 800
listed in Table 1. 15000

Stage 2.In stage 2, RY is reduced to a Ruintermediate,
Ru". It is kinetically separable from the other two stages. From Ru(IV)
kinetic studies over the range [Phg@bH] = 1.5 x 102to 1.5 10000
x 1074 M, k; varies linearly with [PhCHOH] consistent with
the rate law 5000
—d[Ru"]/dt = k[Ru"][PhCH,0OH] (9)

2
g
with k; (25 °C) = 2.4(£0.01) Mt s7t andk; (25 °C) = 3.9- Q 400 600 800
(£0.02) x 102 M~ts 1 for reaction witha,o-d; benzyl alcohol, &_f
Table 1. Activation parameters are listed in Table 1. .8
Stage 3.In stage 3, RU undergoes solvolysis to give 215000* Ru(l) '
[Ru(tpy)(CHCN)3]2" (as shown by UV-visible measure- 3

ments) and benzaldehyde (by FTIR). The kinetics are first order, ~ 10000
consistent with the rate law

5000+ \
—d[Ru"}/dt = kj[Ru'"] (10) f \

with ks (25 °C) = 1.130.06) x 1074 s™L. For comparison,
under the same conditions, substitution of O for H,O in
cis-[Ru'(bpy)(py)(H20)]>" occurs withk (25 °C) = 1.66-
(£0.02) x 108513 15000
Global Kinetic Analysis in Acetonitrile. As a further Ru(I
confirmation of mechanism, absorbandene data monitored 10000+
from ~300 to 750 nm under conditions where the three stages
were kinetically coupled, were analyzed by applying a global 5000
kinetic analysis based on the reactions in Scheme 1. Singular
value decomposition (SVD) of the data shown in Figure 1 -
revealed the presence of four significant timé &« S) and : T T
spectral domain eigenvector¥)(3® Additional eigenvectors 400 600 800
contained only lamp and random noise which was factored out
of the data. The presence of four significant eigenvectors implies Wavelength, nm.
a minimumof three distinct kinetic processes. Figure 2. Predicted spectra farans[Ru"'(tpy)(O)(CHsCN)]?*, RuY,
The data were fit to the mechanism in Scheme 1 by using Ru", and [RU(tpy)(CHCN)s]** by global analysis of absorbance-time
the program SPECFIT2036]t uses a stiff differential numerical ~ racesin CHCN at 25°C with [Ru] initially 1.6 x 10" M and benzy|
integration method and fits the data globally. Predicted spectraaICOhOI L6x 107 M.
are shown in Figure 2, and rate constants are shown in Schemescheme 1In Acetonitrile, 25.0°C
1. Spectra fotrans[RuV!(tpy)(O)(CHsCN)J?" and [RU (tpy)-

(CH3CN)3])2™ compare well with known spectra as do the rate trans[RuV' (tpy)(O),(CH, CN)]2+ 4 phcl_EOH =
constants with those obtained by kinetic isolation (Table 1). (In

T T T
400 600 800

a previous publicatio,the spectrum claimed to be Ruis Ru" + PhCHO 67¢3) Mtst
actually that of Rl{.) Examples of single-wavelength absor- v k 1o
bance-time traces, fits, and residuals are shown in Figure 3.  Ru™ + PhC"EOH —Ru 2.4&0.1) M-

Several different models were examined when fitting the data.

Only the model presented in Scheme 1 returned both satisfactoryRu" + CH,CN -l [Ru"(tpy)(CH,CN)J*" +
fits to the data as well as acceptable predicted spectra that 451
compared well to the known spectra. PhCHO 1.13€0.06)x 10°

(35) 5Béilréstead, R. A.; Stultz, L. K.; Meyer, T. Ihorg. Chem.1995 34, There is no evidence for [FQ'L(tpy)(CI—bCN)g]3+ or other RUI!
(36) For a complete description of the method of Singular Value Decom- iNtermediates in the reduction of Ruto Ru'. In reactions
position and the use of SPECFIT, see: Malinowski, E.Factor involving cis{Ru" (bpy)(py)(O)?*, reduction tacis{Ru'" (bpy)-

Analysis in Chemistry2nd ed.; Wiley-Interscience: New York, 1991;

ref 9 and references cited therein. (py)(H20)]#* is often followed by rapid comproportionatidh,
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Figure 3. Single wavelength comparisons of experimental and
calculated absorbance-time traces and residualadcording to Scheme

1 for the reaction betwedrans[Ru"'(tpy)(O)x(CH:CN)J?* (1.6 x 104

M) and benzyl alcohol (1.6« 1072 M) in CH3CN at 25°C.

cis{RU" (bpy),(PY)(O)I" + cis{Ru" (bpy),(py)
(H0)*" =2 cis{Ru" (bpy),(py)(OH)F" (11)

This complicates the kinetic analysis and introduce¥ Re a
secondary oxidant. Analogous reactions betweetY [Ruy)(CHs-
CN)(0)]?" and RU' or [Ru'(tpy)(CHsCN)3]?" do not occur.
The latter reaction is, no doubt, thermodynamically unfavorable
since the potential for the [Ru(tpy)(GBN)z]3*/2* couple isEy»
= 1.49 V vs SSCE*

CH3CN/H,0 Mixtures. Reaction betweetrans-[Ru' (tpy)-
(0)2(H20)1?" and PhCHOH in acetonitrile 2.85 M in KO gives

Lebeau and Meyer

RUVORUY, as the product as shown by WVisible measure-
ments. One equivalent of benzaldehyde is produced. These
observations are consistent with‘Reeduction to R followed

by rapid dimerization by:-oxo formation. Under these condi-
tions, the rate constant for Ru— RuV reduction isk (25 °C)
=284+ 4 M 1st(Table 1).

Discussion

The results presented here establish that the reaction between
trans[Ru¥'(tpy)(O)(CH3:CN)]2" and PhCHOH in CHsCN
occurs in three stages: (1) Reduction ta'Rwith the production
of PhCHO. (2) Reduction of RUto RuU". (3) Solvolysis of
Ru" to give [RU'(tpy)(CHsCN)3]2" and PhCHO. These three
steps are written out in Scheme 1. In water,YRto RuV
reduction is followed by rapid dimerization Iayoxo formation
(eq 2). There is more mechanistic insight in {0, and those
results will be discussed first.

Stage 1. RY' — Ru"V. CH3CN. A number of experimental
facts relate directly to the mechanism of MRuwxidation of
benzyl alcohol. The reaction is first order in bottans
[Ru¥'(tpy)(O)(CH3CN)]?" and PhCHOH. The products are
RuY and PhCHO. Added £has no effect on either the product
distribution or the rate constant, suggesting that the redox step
involves synchronous or near-synchronous two-electron transfer
without formation of intermediate alcohol radicdfsThere is
no evidence for RUas an intermediate oxidation state.

Net O atom transfer occurs from Buo PhCHOH. This is
evident from the'®O labeling results which demonstrate that
~50% of thel®0 atoms which originate in Rliare incorporated
in the PhCHO product. It is also consistent with the products
of the several mixing studies in GAN which reveal that (1)
reduction oftrans[Ru¥'(tpy)(O)(CH3sCN)]?" gives RV but
reduction oftrans[Ru¥!(tpy)(O)(H20)]?" gives RWWORUY; (2)
reduction oftrans[RuV!(tpy)(O)%(CHsCN)]?* by hydroquinone,
which is known to reduceis-[Ru" (bpy)(py)(O)?* by proton-
coupled electron transfé? also gives [(tpy)(HO)RUYORU"-
(OH)(HO)(tpy)IP*. The results of these studies suggest that
when RU! is reduced to RY and there is an aqua ligand in
the coordination sphere,g

trans[Ru" (tpy)(O),(CH,CN)** + H,Q —
[Ru"(tpy)(O)(H,0)(CHCN)I** + Q (12)

reduction is followed by rapigi-oxo formation. By inference,
u-oxo formation requires both oxo and aqua groups, and a
coupling reaction, probably

2 [RU" (tpy)(H0)(CHCN)(O)F —
[(tpy)(OH)(CH,CN)RU"ORU" (OH)(CHCN)(tpy)I™" +
H,O (13)

With trans[Ruv'(tpy)(O)(H-0)]%" as the oxidant in aceto-
nitrile, O-transfer to the alcohol occurs to give [Ripy)(H.0)-
(CH3CN)(O)J?+ followed by u-oxo formation. With trans
[RuV'(tpy)(O)(CH3CN)]?*, u-oxo dimer formation does not
occur in CHCN. By inference, RY does not have a bound
water and can be reasonably formulated ag{fay)(CHsCN),-
(O)]? This conclusion is also consistent with an O-atom
transfer mechanism.

(37) Thompson, M. S.; Meyer, T. J. Am. Chem. Sod.982 104, 4106~
4115.

(38) Binstead, R. A.; McGuire, M. E.; Dovletoglou, A.; Seok, W. K;
Roecker, L.; Meyer, T. JJ. Am. Chem. S0d.992 114, 173-186.
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Scheme 2
. v 2+ = . v 2+
cis-[Ru " (bpy)2(py)(0)]” + PhACH,OH === cis-[Ru " (bpy)2(py)(0)]” ,PhCH,0H
Il{ 2+
cis-[Ru" (5py)a(py)(O)) " PhCH,0H —» | (bPY2(PYRU=0H: €= Ph
OH
i
[bpya(pyRA—O—H"  C—Ph" > cis-(Ru' (bpy)a(py)(H:0)"" + PRCHO
Scheme 3
[Ru"(tpy)(*0)2(CH;CN)]*" + PhCH,0H —> [Ru" (tpy)(*0)a(CH3CN)J*",PhCH,0H
' 2 v, M
— (tpy)(CH3CN)(*O)Ru=*O.~'C _OH —>  [(tpy)(CH;CN)(*O)Ru—*0 _ C/OHf*
s \ 7/ \
H pp N
In considering mechanism there is ato-CHy/o,0-CD; in water because of O exchange with solvent in the benzalde-
kinetic isotope effect okq/kp = 12.1 at 25°C for the RlY' — hyde product through the hydrate.
RuV reduction . This necessarily implicates-8 bond involve- Cundari and Drago have investigated the relative energies
ment in the rate-determining step. of various reaction pathways in the oxidation of methanol by
The original proposal for oxidation of benzyl alcohol &ig- the hypothetical, stereochemically unencumbered’RO

[RUV (bpy)(py)(O)2* in water was that the key redox step oxidantcis-[Ru'V_(N1H=CH—CH=NH)Z(NHg)(O)]2+ by applying
involved hydride transfer within an association complex of the INDO/1 analysis! . -

reactants followed by proton equilibration (Scheme 2). This . 'nese calculations reveal that the initial RQ---H—C
cannotbe the mechanism by which Bwxidizes benzyl alcohol interaction in Scheme 2 is attractive, but in the gas phase in the
in acetonitrile. If it were, [RUY (tpy)(O)(HO)(CHCN)JZ+ would absence of solvent molecules. There is a large barrier to further
be an intermediate ar;d RORUY the product by eq 13. A hydride tr_ansfe_r arising ffo"? Rto ar_1d C-H stretching. For
mechanism consistent with the observation of O transfer from the CfH insertion pathwa}y implied in Schgme .2 the =RQ/ .
the oxo to the-CH,— C atom is “insertion” into the €H bond. C—H interaction is repulsive at all separation distances and it

This mechanism is illustrated in Scheme 3 with #@ label was con(_:ludec_i that it was L_mlmportant. T_he !OWESt energy
shown as *O. pathway in their calculations involved coordination expansion

) ) ) o with addition of methanol to form the pentagonal plane of a
The immediate organic product in this case would be a bound pentagonal bipyramidal intermediate. Coordination activates
aldehyde hydrate. Rapid solvolysis (there is no evidence for an CHsOH toward Re=0 insertion into a methanol €H bond.
intermediate) would lead to Ruand the hydrate This mechanism is illustrated schematically for oxidation of
PhCHOH by RW!' in Scheme 4. There is a basis for coordina-

v A tion expansion for theZRuW' dioxo ion given the unoccupied
[(tpy)(CHsCT*T)(*O)RU‘*O\C/OH]“_> dr orbitals. Rather than the dioxo, the seven-coordinate
H \P . intermediate could be the hydroxy-oxo [R(py)(O)(OH)(CHs-
CN)(PhCHOH)J2*.
[Ru" (tpy)(CH;CN),(*0)]>* + CH;CN + PhCH(OH)(*OH) (14) For trans[RuV'(tpy)(O)(CH3CN)]?*, prior substitution at a

normal coordination site is possible, but only if special nucleo-
philic properties are ascribed to the alcohol. From earlier studies
n H,O substitution for CHCN in CH:CN, ki = 35.3 M1s1
andk, = 4.9 s'1 for

Dehydration cannot occur while the aldehyde is bound tf Ru
because an aqua group in the coordination sphere results in rapi
dimerization, which is not observed. Additionally, a satisfactory
fit to the data wasiot obtained when the model incorporated k
dehydration in the coordination sphere. Although a measurabletrans[RuVI (tpy)(O)z(CH3CN)]2+ + H20~—kr—‘
hydration equilibrium exists for the benzaldehyde hydrate in VI ot

water, it is negligibly small in CHCN, eq 15340 Its release trans{Ru” (tpy)(O),(H,0)I"" + CH,CN (16)
from the coordination sphere followed by dehydration would N o

give free aldehyde and water. Dehydration would explain the Under the same conditionk,= 67 M~* s™* for oxidation of

experimental observation that50% 180 atom transfer occurs, ~PhCHOH showing that oxidation is faster than substitution by
eq 15. water. Rate-limiting substitution also appears unlikely for

PhCHOH based on the considerable kinetic isotope effect of
ka/kp = 12.1, Table 1. If the true isotope effect is higher and

PhCH(OH)(*OH) =

%2 PhCHO + %2 H,*O + %2 PhCH*O + 2 H,0  (15) (39) Bover, W. J.; Auman, RI. Chem. Soc., Perkin Trans.1®973 786—
790.
. ) (40) Greenzaid, PJ. Org. Chem1973 38, 3164-3167.
No attempt was made to carry out tH® labeling experiment  (41) Cundari, T. R.; Drago, R. $norg. Chem.199Q 29, 3904-3907.
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Scheme 4
[Ru"(tpy)(*0)5(CH3CN)}*" + PhCH,0H —> [Ru" (tpy)(*0)2(CH3CN)}>" PhCH,OH
== [Ru"\(tpy)(*0),(CH;CN)(PhCH,0H)]"” —>
OH H 2+ H
(tPY)(CH3CN)(O)Ru~\\ ;C\/ s [(tpy)(CH3CN)(O)RuIYO/\C/H 1%
O Pn e b
H
Scheme 5
[Ru'"(tpy)(CH3CN)(*0)]*" + PhCH,0H == [Ru' (tpy)(CH3CN)»(*0)]** PhCH,0H
M
[Ru'" (tpy)(CH3CN)»(PhCH,0H)(*0)]** [Ru" (tpy)(CH3CN)(PhCH,0H)(*0)]*" + CH;CN
*?{-”\ /Ph 2+ *O'_’j._\C/Ph 2+
(tpy)(CH3CN>zR‘u~Q/ H (pY)(CHCN)Rh-g B
H H

+ CH5CN +2 CH5CN

[Ru'(tpy)(CH;CN);*" +  PhCH(OH)(*OH)

oxidation partly rate limited by substitution, this sets an upper  On the basis of the available evidence, oxidation of PRCH
limit for substitution that is far slower than oxidation of PhgH  OH by RUV also occurs by O transfer and the intermediaté Ru
OH. Competitive substitution and oxidation for Ph&&HH seem is the bound aldehyde hydrate,

unlikely given the extended linear region found in the Arrhenius

plots. [Ru" (tpy)(CH,CN),(O)]*" + PhCHOH —

The redox step is characterized by a low activational Il +
requirement AH* = 7.5+ 0.4 kcal mot?) and a large entropy [R' (tpy) (CHLCN),((OH),CHPh)™ (17)
of activation AS" = —33 + 2 eu). Theky/kp kinetic isotope
effect appears largely inH*, AAH* = AH*pp — AH*f =
1.1(£0.1) kcal mof?, revealing an increased activational

Possible structures for Ruinclude the chelate and mono-
dentate forms ir2 and 3.

requirement for the deuterio form. Ph Ph
Stages 2 and 3. RY — Ru"" — [Ru" (tpy)(CH 3CN)3]?*. H H_

CH3CN. Although we were unable to prepare 'Rindepen- o—c—H o—c—H

dently, it can be formed in dry C3&N with 1 equiv of added [(tpy)(CH3CN)14uH—(I) P [(tpy)(CH3CN)2RuH——$ >

PhCHOH. The available evidence establishes with reasonable “H “H

certainty that RY is [RuV(tpy)(CHCN)x(O)]J?". Its rate of 5 3

oxidation of PHCHOH is slower, and kinetically separable from

oxidation of PhCHOH by trans[Ru"(tpy)(O)(CHsCN)J?". From the time-resolved FTIR data from 1750 to 1300 &m

The rate law is first order in both Riand PhCHOH. new bands for Rii appear at 1479 and 1318 cfnas well as

As for RuU', the 180 labeling study demonstrat_es that net O ¥(C=0) at 1702 cm. In primary alcohols, the ©H in-plane
atom t_ransfer occurs as part of the_ r_edox mechanism. In addition, ;e nq couples with €H wagging modes to give two bands,
Fhere is qlear ewdence_ in the UWisible and FTIR dat.a for an typically near 1420 and 1330 crh The bands at 1479 and
intermediate that, ultimately, undergoes solvolysis to give 131g cnrt may arise from a combination of these modes or be
PhCHO and [RU(tpy)(CHsCN)s?" _ _ _ v(tpy) modes shifted in the intermediate.

'_I'he_re have been other reports of bound mtermeo_llates in the Based on the intervention of O-transfer and the ldagéo
oxidation of benzyl alcohol to benzaldehyde by various metal inetic isotope effect there must be significant 8 involvement
complexes, including a Re=O oxidant:"#2"#* For RUY as in the redox step and net-@ insertion. Based on the results
oxidant, the appearance o_f MLCT b_and_s characteristic of related 5t - ,ndari and Drago, the redox step may be preceded by bind-
Ru! —tpy complexe¥’ S’ points to oxidation state Il as the best  jhg of the alcohol, possibly by coordination sphere expansion

oxidation state description for Ru asin Scheme 3 for Rti Substitution for CHCNin[RuV (tpy)(CHs-
42) Nakeo, M.. Nishiyama. S.. Tsuruya, S.: Masal[Norg. Chem1992 CN),(O)]?" appears to be rapid, and the mechanism in this case
“2) 31 4662-4668. yama, = ya = g could involve prior substitution of PhGE®H for CHCN in a
(43) Banerjee, R.; Das, A.; Dasgupta,JSChem. Soc., Dalton Trans99Q

1207-1212. (45) Silverstein, R. M.; Bassler, G. C.; Morrill, T. Gpectrophotometric
(44) Sun, W.-Y.; Ueyama, N.; Nakamura, Aetrahedron1993 1357 Identification of Organic Compoungd$&th ed.; John Wiley & Sons,

1370. Inc.: New York, 1991; Chapter 3.
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Table 2. Rate Constants and Activation Parameters for the Oxidation of Benzyl Alcohol by Ruthe@ixmReagents

oxidant k(M~1ts? solvent AH¥ (kcal/mol) ASf (eu)
trans-[Ru¥'(tpy)(O)x(H0)]?" 2 13.3 0.1 MHCIQ 11.4+0.2 —-15.0+1
trans[RU (tpy)(O)(Hz0)]2+ a4 1.28 0.1 MHCIQ 14.0+£0.2 -10.8+1
trans-[Ruv'(tpy)(O)x(CHsCN)J?t 2 67+ 3 CHCN 7.5+ 0.4 —-33+2
trans[RU' (tpy)(O)(CHsCN)]2+ ad 5.5+ 0.3 CHCN 8.6+ 0.4 —34+2
trans-[Ru" (tpy)(CHsCN)(O)]?+ 2 2.44+0.1 CHCN 5.1+ 0.3 —4742
trans[RUY (tpy)(CH;CN),(0)]2+ a¢ 0.0394+ 0.002 CHCN 9.9+ 0.5 —39+2
cis-[Ru" (bpyk(py)(O)F* ® 2.43+0.03 0.1 M HCIQ 57+0.2 -38+1
cis-[RuY(bpy)(py)(O)F+® 0.048 0.1 M HCIQ 5.6+ 0.6 —46+ 2
[RUY(EDTA)(O)]~ ce 5.2 x 10° pH 5 buffer 4.8 -63
[Ru’(PDTA)(O)]™ ¢© 6.0 x 108 pH 5 buffer 4.7 —64

aThis work.? Reference 23¢Kahn, M. M. T.; Merchant, R. R.; Chatterjee, D.; Bhatt, K. N.Mol. Catal.1991, 67, 309-315. ¢ a,a-d, benzyl
alcohol. EDTA = ethylenediaminetetraacetate anion; PDFApropylenediaminetetracetate anion.

normal coordination position. If this is the case, the bound 0.1 M HCIO,. In H,O, the reaction remains first order in Phg&H
alcohol undergoes rapid intramolecular oxidation since there is OH and RY', and PhCHO is the product. The solvent effect
no evidence for a kinetic intermediate. between CHCN and HO is partitioned between bulk solvent
Possible mechanisms for Rwxidation of PhCHOH involv- and the coordination sphere. This is shown by the rate constant
ing initial binding to the metal are illustrated in Scheme 5. for oxidation of PhCHOH by trans[Ru¥! (tpy)(O)(H20)]2* in
Again, the'®O label is indicated by the asterisk. The distinction CH;CN 2.05 M in HO. Under these condition&,= 28 + 4
between branches andb is in the nature of the substitution, M-1s1 Table 1, Suggesting that the Change in inner coordina-
coordination expansion ia, and substitution irb. tion sphere ligand between GEN and HO causes a decrease
As for RU", release of the hydrate and dehydration would of ~2. For the R reaction in water, there is a very slight
complete the mechanism and explain the observations@%o H,0/D;0 kinetic isotope effect with,o/kp,o (25 °C) = 1.04.

1 S
Sq'rLaeb:::ir]k?nln ftggtlﬂ)rrt(a)itggﬁt the redox step in this case is the A mechanistic dilemma also exists for Ruoxidation in
g b comparing the results in 40 and CHCN as solvents. The

extraordinarily large kinetic isotope effect wikh/ko (25 °C) kinetics are the same in both akdkp kinetic isotope effects

= 61.5. It is even larger thaky/kp = 50 for cis{Ru"v (bpy)- .
ot : : - comparable (at 25C), but the patterns of activation parameters
(p)(O)F as the oxidant in 0.1 M HCIO These large isotope Between the two solvents are distinctly different. In watekS'

effects have been discussed elsewhere as a nuclear tunnelin
p.p — AStHn = +4.2@0.5) eu andAAH* = 2.6(+0.1)

phenomeno#? . - M
Even though there are similarities in the oxidation of PhcH ~ kcal mol. in CH3(1:N' AAS' = —1(£0.5) eu andAAH" =
OH by cis{Ru" (bpyk(py)(O)+ and [RUY(tpy)(CHCN),- 1.1&0.1) kcal mot?. Once again, the implications for mech-

(0)J2*, there are important differences. As shown by the data @nism of the change in activation parameters are not understood.
in Table 2, both have large, negatie' values. However for N either case, the large:/kp kinetic isotope effect points to
cis{Ru" (bpy)(py)(O)P+ as oxidant, the kinetic isotope effect ~the redox step rather than the substitution as rate determining.

appears largely as a decreaseAS, AASF = —8 eu. For . ) .
[RUV (tpy)(CHCN)(O)J2*, the origin of the isotope effect is Acknowledgmentis made to the National Science Founda-
in AH*, with AAH* = 4.8(0.3) kcal/mol andAAS' = +8- tion under Grant CHE-9503738 for support of this research.

(£0.4) eu. The entropy of activation favors the deuterio

N . - . Supporting Information Available: Figure showing absorbanee
substrate. If the mechanisms are the same, this comparison pointg pporng g g

me traces at various intervals over a peridd2ch for the reaction

to the importance of thermal activation to levels abeove 0 betweentrans [Ru!(tpy)(O)(OHz)J2+ (1.21 x 107* M) and benzyl
for the critical C-H mode in order to enhance vibrational giconol (4.9x 104 M) in 1 M HCIO, at 25.0°C. IR spectra at various
overlap in the tunneling mechanism. intervals ove a 2 hperiod for the reaction betwedrans[Ru"'(tpy)-

However, detailed comparisons must be made with care. A (0),(CDsCN)J?* (2.29 x 10-3 M) and benzyl alcohol (2.2% 102
variety of pathways may be operative in the oxidation of M) in CDsCN in a 1 mm Bakcell. Plots ofkss versus concentration
alcohols, including the earlier suggestion of hydride transfer. of benzyl alcohol for the reduction afans[Ru"'(tpy)(O)(H.0)]?* to
In the oxidation of 2-propanol to acetone big-[Ru" (bpy)- RUVORUY in 0.1 M HCIOy at 25°C. Plots of Ink/T) versus 1T for
(py)(O)?", there is no net O atom transfer as shownf@ the oxidation of benzyl alcohol and,a-d, benzyl alcohol bytrans
labeling??® The key difference between the two 'Rwxidants [Ru"'(tpy)(Ox(Hz0)]*" in 0.1 M HCIO,. Plots of Ink/T) versus 1T
could be stereochemical. The tpy-based coordination results infor the RY' — Ru" stage in the reaction betweérans[Ru"(tpy)-
a more open structure at the metal and this may open (O)2(CH3CN)J?" and benzyl alcohol and,a-d, benzyl alcohol, and

substitutional pathways that are inaccessible or less facile for for the R = Ru" stage of oxidation for benzyl alcohol ando-d; -
the bis-bpy structures. benzyl alcohol in CHCN. This material is available free of charge via

RuV! Oxidation in H 0. There is an increase in rate constant the Internet at hitp://pubs.acs.org.
of ~5 for Ru”' oxidation of PhCHOH in CH;CN compared to 1C981040V



