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The net six-electron oxidation of aniline to nitrobenzene or azoxybenzene by cis-[Ru"(bpy)2(py)(O)I** (bpy is 2,2'-
bipyridine; py is pyridine) occurs in a series of discrete stages. In the first, initial two-electron oxidation is followed
by competition between oxidative coupling with aniline to give 1,2-diphenylhydrazine and capture by H,O to give
N-phenylhydroxylamine. The kinetics are first order in aniline and first order in Ru(IV) with k(25.1 °C, CH3CN) =
(2.05 + 0.18) x 102 M~! st (AH¥ = 5.0 + 0.7 kcal/mol; AS* = =31 + 2 eu). On the basis of competition
experiments, ku,o/kp,o kinetic isotope effects, and the results of an 20 labeling study, it is concluded that the initial
redox step probably involves proton-coupled two-electron transfer from aniline to cis-[Ru"(bpy)2(py)(0)]** (RuV=
0?%). The product is an intermediate nitrene (PhN) or a protonated nitrene (PhNH*) which is captured by water to
give PhNHOH or aniline to give PANHNHPh. In the following stages, PANHOH, once formed, is rapidly oxidized
by RuV=02* to PhNO and PhNHNHPh to PhN=NPh. The rate laws for these reactions are first order in RuV=
02* and first order in reductant with k(14.4 °C, H,0/(CH3),CO) = (4.35 + 0.24) x 108 M~* s~ for PhANHOH and
k(25.1 °C, CHsCN) = (1.79 + 0.14) x 10* M~ s~ for PANHNHPh. In the final stages of the six-electron reactions,
PhNO is oxidized to PhANO, and PhN=NPh to PhN(O)=NPh. The oxidation of PhNO is first order in PhNO and
in RuV=02* with k(25.1 °C, CHsCN) = 6.32 + 0.33 M~* s (AH* = 4.6 + 0.8 kcal/mol; AS* = -39 + 3 eu).
The reaction occurs by O-atom transfer, as shown by an 180 labeling study and by the appearance of a nitrobenzene-
bound intermediate at low temperature.

Introduction azoxy compounds (ArN(G3NAr),” (3) attack occurs at the

There is a well documented oxidation chemistry of the N-atom to giveN-oxide products (Ar(MeN—O)® or attack

anilinest The products that appear depend on the reaction ©ccurs at an alkyl group adjacent to the N-atom to give

conditions and the nature of the oxidant. Reactions have beerfl€@lkylated compounds (ArNHM&gnd (4) oligomerization
found in which (1) oxidation leads to nitroso (ArNOYr occurs to give emeralidine, or polymerization occurs to give

nitro compounds (ArNG),34 (2) oxidative coupling occurs ~ Polyanilines , _ o
to give hydrazine (ArNHNHATF azo (ArN=NAr),*¢ or Of the chemical oxidants based on the_ higher oxidation
states of Ru or O¥)'! mono-oxo, polypyridyl complexes
tThe University of North Carolina and Dongguk University. such agis[RuU" (bpy)(py)(O)F" (bpy is 2,2-bipyridine and
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mechanistic studie’$:*3 For this oxidant, there are coordi- Preparation. Salts ofcis-[Ru(bpy)(py)(OHy)]?*, cis-[Ru(bpy)-
natively stable Ru(lll) and Ru(ll) forms such ais-[Ru'"- (py)(*®OH,)]?*, cis-[Ru(bpyk(py)(O)F*, and cis-[Ru(bpy)k(py)-
(bpy)(py)(OH)Z* andcis-[Ru' (bpyk(py)(OH,)]?*. Because (180)]2* were prepared by previously reported proceddes.

of the color changes that occur between oxidation states, ~CiSTRU" (bpy):(py)(OH)F*" was prepared by dissolvirgs-[Ru-
straightforward spectral measurements can be used forPPYR(PY)(OR)I** (13 mg) in a minimum of water~3 mL)
product analysis and kinetic studies. TH® labeled oxidant  "Mitally- The perchlorate salt odis [Ru(bpyh(py)(O)F” (8.7 mg)

v o . . . was added to the resulting solution, which immediately turned
I[aRtl)JeIi(:;)i/rzzf(gryr%(;ig)r]\ is available and provides isotope golden brown. One drop of saturated sodium perchlorate solution

o . was added, and the resulting solid was collected by filtration,
We report here product and mechanistic studies on theyashed with cold water, and vacuum-dried.

oxidation of anilines bgis-[Ru" (bpy)(py)(O)F*. Our initial Instrumentation. Routine U\-visible spectra and slow kinetic
goal was to apply the well defined redox propertiesisf studies were followed on a Hewlett-Packard 8450A diode array
[RUY (bpy)(py)(O)F" to elucidate the reaction mechanisms spectrophotometer. IR spectra were obtained on a Nicolet model
involved. Another was to develop the insight required to 20DX FT-IR spectrophotometer in solutions by using NaCl plates.
explain product distributions with an eye toward possible H NMR spectra were recorded on an IBM AC 200 spectrometer

applications in chemical synthesis. by using CRICN as deuterated solvent and are referenced versus
tetramethylsilane (TMS). Temperatures were controlled by using
Experimental Section a Varian variable temperature accessory calibrated with methanol

by the Van Geet method.Stopped-flow measurements were carried
out on two separate systems. Early measurements were performed

pressurep-Toluidine (Aldrich Gold Label) was recrystallized from on an Aminco-Morrow stopped flow appara_ltus attac_hed o a
S . .. Beckman DU monochromator, details of which are given else-
petroleum ether and dried in a vacuum desiccator. The other anilines 18 .
- . where!® The absorbancetime traces were analyzed by the use of
such asp-anisidine, p-bromobenzenep-chloroaniline, p-fluoro- a Commodore PET computer, model 4032, which utilized locall
aniline, andp-phenetidine were obtained from Aldrich and purified puter, ; y

by using standard techniqu¥sNitrosobenzene from Aldrich was written programs. Later expenmt_ents were carried ou_t onaHi TECh
: . . . ! SF-51 stopped-flow apparatus interfaced to a Zenith 158 micro-
recrystallized from ethanol twice. 1,2-Diphenylhydrazine obtained . .
. N computer by using software from On Line Instrument Systems
from Aldrich was used after recrystallization from hot ethanol.

Deuterium oxide purchased from Aldrich (99.8 atom % D) was (OLIS). Temperature was maintained .1 °C by a Brinkman

used as received. Sealed ampule acetonitgk99 atom % D) was Lauda K-2/RD water bath. GC analyses were performed on a
; o P : y Hewlett-Packard model 5890A gas chromatograph fitted with a 6
obtained from Aldrich and used as receivé#D labeled water

. . ft x Ygin. column of Carbowax 20M on Chromosorb W-HP {80
(isotope purity>97.1%) was purchased from Isotec Inc. and used .

. - . 100 mesh). We also used a Hewlett-Packard 5750 instrument
as received. A Millipore water system was used to purify house-

distilled water. High-purity acetonitrile obtained from Burdick & containing & 10 fbx 0.125 in. stainless steel column packed with

0, -
Jackson (the water content wa®.002-0.008 wt %) was purified ZSafj)ieif rga(; oerzj ?gio Sgti;hzsgimr:lromosorb W. The temperature
by distillation from ROs under argon atmosphere. HGIQr0%) ’ Kinetic Mgasurements Rate aata for the disappearance of
was obtained from G. Frederick Smith and used without further . o s . pp
o ) S . . Ru(lV) in the oxidation of anilines bgis-[Ru" (bpy)(py)(O)}**
purification. lonic strength was maintained with the use of sodium . . )
. . - were obtained by following the absorbance increase at 391 nm.
sulfate, which was recrystallized once from distilled water. All other

. .. This wavelength is an isosbestic point fois-[Ru"'(bpy)(py)-
common reagents were ACS grade and were used without additional o . | o . i
purification.N-Phenylhydroxylamine was synthesized by reducing (OH)*" andcis-[Ru'(bpy)(py)(OFp)]*" in CHsCN. At this wave

nitrosobenzene with zinc dust followed by recrystallization from length, the disappearance of Ru(IV) can be followed without a

benzené® 1,2-Diphenylhydrazineh, was prepared by heating at contribution from the subsequent conversion of Ru(lll) to Ru(ll),

reflux a solution ofN,N-bis(trimethylsilyl)-1,2-diphenylhydrazine which is slquer. The rggctlons were garrled out under pseudo-first-
order conditions in aniline. Pseudo-first-order rate constants were

Materials. Aniline from the Aldrich Chemical Co. was dried
by stirring with CaH followed by fractional distillation at reduced

in CH;0OD.16 .
° calculated from the slopes of plots of k(— A) versus according
(10) (a) Griffth, W. P.Coord. Chem. Re 1970 5, 459. (b) Moyer, B. A; (O the relation
Meyer, T. J.J. Am. Chem. Sod978 100, 3601. (c) Moyer, B. A;;
Meyer, T. JInorg. Chem1981, 20, 436. (d) Dobson, J. C.; Takeuchi, In(A, — A) = —kt+In(A, — A)

K. J.; Pipes, D. W.; Geselowitz, D. A.; Meyer, T. lhorg. Chem
1986 25, 2357. (e) Holm, R. HChem. Re. 1987, 87, 2357. (f) Che,
C.-M.; Yu, W.-Y.; Chan, P.-M.; Cheng, W.-C.; Peng, S.-M.; Lau, K.-  In this equation,A, is the final absorbanced, is the initial

C.; Li, W.-K. J. Am. Chem. So@00Q 122, 11380. (g) Gallagher, L. ; ;
A Meyer, T. J.J. Am. Chem. So@001, 123 5308, absorbance, andy is the absorbance measured at timeThe

(11) Mtiler, J. G.; Acquaye, J. H.; Takeuchi, K.l&org. Chem1992 31, constantk is the pseudo-first-order rate constant. The plots were
4552, linear for at least 4 half-lives. In experiments wheig[Ru'" (bpy),-

(12) (a) Meyer, T. J.; Huynh, M. V. Hnorg. Chem2003 42, 8140. (b) 2+ ; ; ;
Moyer_B. A.: Sipe, B. K.: Meyer, T. dnorg. Chem 1981, 20, 1475, (py)(OH)F** was the oxidant, the complex was either generated in

(13) (a) Thompson, M. S.; Meyer, T.J.Am. Chem. Sod982 104 5070.  Situ by mixing cis-[Ru" (bpy)(py)(O)F" with an excess otis-
(b) Dobson, J. C.; Seok, W. K.; Meyer, T.ldorg. Chem 1986 25, [Ru"(bpy)k(py)(OH,)]?" or prepared as described in the Experi-
1514. (c) Seok, W. K.; Dobson, J. C.; Meyer, Tirbrg. Chem 1988 mental Section. The same results were obtained within experimental

27, 3. (d) Farrer, B. T.; Holden, T. Hnorg. Chem200Q 39, 44. (e)
Farrer, B. T.; Pickett, J. S.; Holden, T. B. Am. Chem. So00Q
122 549. (f) Stultz, L. K.; Huynh, M. H. V.; Binstead, R. A.; Curry,

error by either method of preparation. Rate data for the disappear-

M.; Meyer, T. J.J. Am. Chem. So200Q 122 5984. (16) Bassindale, A. R.; Eaborn, C.; Walton, D. R. M.Chem. Soc. C
(14) Perrin, L. G.; Armarego, W. L. F.; Perrin, D. R. Rurification of 197Q 1577.
Laboratory ChemicalsPergamon Press: New York, 1980. (17) Van Geet, A. LAnal. Chem 1968 40, 2227.
(15) Kamm, O. InOrganic SynthesjsAdams, R., Ed.; John Wiley & (18) Cramer, J. L. Ph.D. Dissertation, University of North Carolina, Chapel
Sons: New York, 1943; Collect. Vol. 1, p 445. Hill, NC, 1975; p 191.
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ance of Ru(ll) at 470 nm, which is fnax for cis-[Ru''(bpy)(py)-
(OH,)]2*, gave the same results. Plots ofAg(— Ay) versust for
oxidations by Ru(lll) were nonlinear inJ@. The nonlinearity arises
because of a significant contribution from initial disproportionation,
2Ru(lll) — Ru(IV) + Ru(l1), 1319 followed by oxidation of aniline
by Ru(lV) and by Q in the solutions. The linearity of the plots
could be significantly improved by deaerating the solutions by N
bubbling and, in water, by addingjs-[Ru'" (bpy)(py)(OH.)]2+ to
suppress the disproportionation reaction.

Rate constants for the oxidation Nfphenylhydroxylamine or
1,2-diphenylhydrazine bgis-[Ru" (bpy)(py)(O)** were obtained
by following the absorbance increase at flagy for Ru(ll) at 470
nm in HO/(CH:),CO or at 450 nm in CBCN. The latter
wavelength is an isosbestic point betweeis-[Ru"(bpy)(py)-
(OHL)]?" and cis-[Ru"(bpy)(py)(CHsCN)]?* in CHCN. In the
oxidation of PANDNDPh, théH NMR spectrum in CBCN showed
that H/D exchange with trace added®in the solvent was slow
on the time scale of the kinetics experiments.

Rate data for the oxidation of nitrosobenzenets{Ru' (bpy)-
(py)(O)FF in CH3CN were collected by following the absorbance
increase at 440 nm, which is/g.ax for cis-[Ru"(bpy)(py)(CHs-
CN)J?*, or at 391 nm with identical results.

Infrared Measurements. Quantitative infrared analyses of

nitrosobenzene and nitrobenzene, which are products of the

oxidation of aniline bycis-[Ru" (bpy)(py)(O)J?*, were carried out

by infrared measurements. In the measurements, the peak heights

of the v(NO) stretching frequencies for PhNO at 1507 ¢nand
the asymmetric and symmetrigNO,) stretching frequencies at
1530 and 1352 crt for PhNQ, were determined by using the
baseline methoél. For nitrosobenzene, the calibration curve in££D
CN was linear over the concentration range +8%.6 mM, and
for nitrobenzene in CECN, over the concentration range 5:50

38.9 mM. Blank experiments showed that little or no air oxidation

of aniline to nitrosobenzene or nitrobenzene occurred in thee CD

Figure 1. (A) Repetitive UV-visible scansn a 1 cmcell at 20 s intervals
for the reaction between [Ru(bpgpy)(O)F (8.6 x 107> M) and aniline
(8.6 x 1072 M) in CH3CN. The spectra illustrate that [Ru(bpfy)(OH)]2*
(Amax= 470 nm) is present during the first scan. It then solvolyzes to give

CN solutions used for the calibration experiments or after the [Ru(bpyk(py)(NCCH)]2" (Amax= 440 nm). (B) Successive spectral scans
workup procedures, which were used for the product analyses. Thein a 1 cmcell at 1 min intervals during the oxidation of PhNO (35103

accuracy of the infrared procedure is estimated tati€%.

Results

Stoichiometry and Product Analysis. The oxidation of
aniline bycis-[Ru" (bpyk(py)(O)F+ (RuV=0?") in CH:CN

M) by [Ru(bpyk(py)(O)?* (2.5 x 105 M) in CH3CN. The absorption at
Amax = 750 nm arises from PhNO.

8000 M cm™ at Adnax = 440 nm) for either aniline or
p-toluidine as the reductant.
Organic product analyses for the oxidations of aniline or

occurs via a series of sequential, stepwise reactions. Wep-toluidine by R&=0?" in CH;CN were carried out by a

investigated the product distribution at each stage.
Stage 1.The UV-visible spectral changes that occur at
20 s intervals after mixing RU=0?" and aniline in excess

combination of quantitative FT-IR, GC, antH NMR
measurements. In a typical experiment with Ru(IV) at 21.9
mM and p-toluidine at 21.9 mM, analysis of the product

(8.6 x 1072 M) are shown in Figure 1A. The spectral changes solution revealed only the nitroso compoup€CHsCeHa-

show that the aqua complegjs-[Ru"(bpy)(py)(OH.)]%*
(RU'—OH,?"), is an initial product of a rapid redox step.

NO and unreactep-toluidine as products. The stoichiometry
of the reaction with regard to the nitroso compourb¢s)

The redox step is complete by the first spectral scan takenis shown in eq 2.

20 s after mixing. The slower spectral changes that follow

arise from subsequent solvolysis of the aqua compigx (
~ 8 min at 23°C).*?

cis-[Ru" (bpy),(py)(OH,)]*" + CH,CN —
cis-[Ru" (bpy)(pY)(CHCN)I* + H,0 (1)

The acetonitrilo complex is formed quantitativebm{x =

(19) Thompson, M. S.; Meyer, T. J. Am. Chem. Sod 982 104, 4106.
(20) Conley, R. T.Infrared Spectroscopy2nd ed.; Allyn and Bacon:
Boston, MA, 1972; pp 181, 184, 227.

2cis-[Ru" (bpy),(py)(O)** + p-CH,C;H,NH, + H,0—
2cis-[Ru' (bpy),(py)(OH)I** + p-CH;CgH,NO (2)

The products depend on the 'Re&0?"/p-toluidine ratio.
With RUV=0?" in x2 excess, a metal-complex-based
product or products appear with low energy absorption
features in the regiofmax = 550—650 nm. This is a spectral
region in which an intermediate arising from ring attack of
RuY=0?" on phenol to give [Ri(bpy)(py)(p-benzoqui-
none)ft absorbg!? as dou-oxo bridged complexes of
Ru(lll).2p

Inorganic Chemistry, Vol. 43, No. 17, 2004 5207



With p-toluidine in large excess over Re=0?", only the
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cis-[Ru"(bpyx(py)(OHy)]?* (6(6') = 9.2 ppm). In the initial

nitroso and hydrazine compounds appear as products. Thespectrum, the '6resonance was somewhat broadened, ap-
nitroso product decreases and the hydrazine product increasegarently by the presence of still unreacted, paramagnistic

as the toluidine concentration is increased (see below).

In an experiment in CECN with RUV=0?" at 21.9 mM
and aniline at 21.9 mM, the product solution contained
unreacted aniline, nitrosobenzene (BA.0% of the organic
product formed based on the initial amount of"ReO?",
assuming a four-electron oxidation from the FT-IR and GC
measurements), and 1,2-diphenylhydrazine £200% of
the organic product formed based on the stoichiometry in
eq 3 from GC measurements). The total yield of organic
products was 7875% based on R(—=0?" consumed.

The ratio of PANO to PhANHNHPh as products depended
on water content and the initial concentration of aniline. The
background concentration of water in “dry” acetonitrile in
our experiments was 12 mM based upon near-infrared
measurements in theyy first overtone regiod? When the
oxidation of aniline was repeated with water added at 111
mM, the products were PhNO in 9¢ 10% vyield and
PhNHNHPh in ~1% vyield based on R(=0?" as the
limiting reagent. With aniline at 80 mM, the product
distribution was 95+ 10% PhNHNHPh and-5% PhNO.

By inference, with a large excess of aniline, the oxidation
stoichiometry is

cis-[Ru" (bpy),(py)(O)F*" + 2C;HsNH, —
cis-[RU" (bpy),(py)(OH,)]*" + CaHNHNHC:H; (3)

Under these conditions, the aqua complex is the initial Ru
product. It undergoes solvolysis according to eq 1.

To determine the origin of the O-atom in the PhNO
product, a reaction was carried out betweer[RuU" (bpy),-
(py)(*tO)J?* (14 mM, ~85%*0) and aniline (14 mM). The
nonexistence of O-atom transfek10%) was confirmed by
the absence of any shift in thgo stretching frequency in
the PhNO product. In a blank experiment in £IN
containing PhNO (8.7 mM) and#O (0.56 M), no'80/*%0
exchange occurred between PhNO an®Hbver a period
of 2 h atroom temperature, as shown by FT-IR measure-
ments.

Attempts were made to observe possible intermediates in
the oxidation of aniline by low temperaturtd NMR
measurements. Focis-[Ru"(bpy)(py)(L)]?" (L H,0,
DMSO, CHCN, etc.), thetH NMR chemical shift of the 6
proton on the bipyridine ring lying nearest to ligand L is
sensitive to the nature of L. Chemical shifts for protons in
this position vary from 9 to 11 ppi##2Whencis-[Ru" (bpy)-
(py)(O)J?" and aniline in CRQCN were mixed in equimolar
amounts in an NMR tube at20 °C, the initial product was

(21) (a) Seok, W. K.; Meyer, T. J. Am. Chem. S0d988 110, 7358. (b)
Doppelt, P.; Meyer, T. Jnorg. Chem 1987, 26, 2027.

(22) Nakamoto, Kinfrared and Raman Spectra of Inorganic and Coor-
dination Compoundsth ed.; John Wiley & Sons: New York, 1997;
p 159.

(23) (a) Roecker, L.; Dobson, J. C.; Vinig, W. J.; Meyer, Tindrg. Chem
1987, 26, 779. (b) Dobson, J. C.; Helms, J.; Doppelt, P.; Sullivan, B.
P.; Hatfield, W. E.; Meyer, T. Jinorg. Chem.1989 28, 2200. (c)
Seok, W. K.; Kim, M. Y.; Yokomori, Y.; Hodgson, D. J.; Meyer, T.
J. Bull. Korean Chem. Sod 995 16, 619.
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[RUY (bpy)(py)(O)F.2* When the sample was warmed to
room temperature, the 6esonance of the final producis-
[Ru"(bpy)(py)(CD:CN)]?" appeared at 9.42 ppm at the
expense oftis-[Ru"(bpy)(py)(OH,)]?". No evidence was
found for additional intermediates.

Although not studied in detail, the product distribution in
the oxidation of aniline by [Rli(bpy)(py)(OH)?*" in CHs-

CN is quite different from that by RU=0?". A significant
product is polyaniline, as evidenced by the appearance of a
visible absorption band at 580 nmPhNHNHPh also
appeared as a product but in small amount@% by GC).
There was no sign of PhNO as a product within experimental
error (+5%).

Stage 2.The oxidation of aniline to nitrosobenzene is a
four-electron change. A reasonable two-electron intermediate
is PANHOH. The oxidation of PhANHOH by R&=0%" was
studied by quantitative U¥visible spectral measurements.
Under the conditions described in the caption to Figure 1A,
the redox step is rapid and the only spectral change observed
was the solvolysis of the aqua complex. Quantitative FT-IR
measurements based og—o = 1507 cn! were used to
establish the stoichiometry with regard to PhN®10%)
shown in eq 4.

cis-[Ru" (bpy),(py)(O)F" + CH.NHOH —
cis-[Ru" (bpy),(py)(OH)]*" + CgH:NO (4)

The oxidative pathway that leads to-W coupling and
1,2-diphenylhydrazine as product, eq 3, is also a two-electron
pathway. Once formed, 1,2-diphenylhydrazine undergoes
further oxidation bycis-[Ru" (bpy)(py)(O)J*". The stoichi-
ometry of the reaction in eq 5 was established by quantitative
UV —visible measurements for the aqua complex anéby
NMR spectroscopy £10%) for PhN=NPh ©(phenyl) =
7.46-7.94 ppm). The agua complex subsequently undergoes
the solvolysis reaction in eq 1.

cis-[Ru" (bpy),(py)(O)F" + CqH.NHNHCH; —
cis-[Ru' (bpy),(py)(OH)1*" + CsHsN=NCsH; (5)

Stage 3.The stoichiometry of the oxidation of PhNO by
cis-[RuV (bpyk(py)(O)]** is shown in eq 6.

cis-[Ru" (bpy),(py)(O)F" + CsH:NO + CH,CN —
cis-[Ru" (bpy),(py)(NCCH,)]*" + C;HsNO, (6)

It was established by UVvisible measurements for the
acetonitrilo complex and by quantitative IR measurements
for CsHsNO, (+10%). The latter analysis utilized the
intensities of the/(NO,) bands at 1530 and 1352 cf

The spectral changes in Figure 1B show that, in contrast
to the two-electron and four-electron stages, the initial Ru(ll)
product at room temperature is the acetonitrilo complex.
Under the conditions of the experiment, the redox step is
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Figure 2. FT-IR spectra in CBCN following oxidation of PhNO (20.5
mM) by [Ru(bpy}(py)(°0)]?* (=, 20.5 mM) and by [Ru(bpyfpy)(**0)]**
(85% 80; - - -, 14.2 mM).

more rapid than the rate of solvolysis of the agqua complex,
eq 1, and it can be ruled out as an intermediate.

The appearance of the acetonitrilo complex as the initial
product leads to the inference that O-atom transfer occurs
between RY=0?" and GHsNO to give GHsNO,. This
implication was verified by the results of &f0 labeling
experiment in whicleis-[Ru" (bpy)(py)(*f0)J]*" (~85%1%0)
was used as the oxidant. In the experiment! R$FO?" (14.2
mM) and GHsNO (20.5 mM) were allowed to react in GH
CN. The relative peak heights of ti¢NO,) bands at 1530
and 1352 cm! and thev(N*80,) bands at 1506 and 1336
cmtindicated that O-atom transfer was quantitative within
experimental error£10%) (Figure 2).

Attempts were made to detect the possible PHRGuUnd
intermediate [RY (bpy)(py)(ON(O)Ph)¥* by low temper-
ature™™ NMR measurement.In 'H NMR spectra in Cl-

CN, the appearance of &proton resonance at 9.28 ppm at
—10 and—20°C (Supporting Information Figure 1) provides
evidence for an intermediate. It disappears with the con-
comitant appearance ois-[Ru' (bpy)(py)(NCCD)]2* (6(6")

= 9.42 ppm) as the final product.

The oxidation of nitrosobenzene at the third two-electron
stage also has its analogue in the-N coupling chemistry.

In CH3;CN, azobenzene undergoes further oxidatiorcisy
[RUY(bpy)(py)(O)F" to give azoxybenzene via eq 7.

cis-[RU" (bpy),(py)(O)** + PhAN=NPh+ CH,CN —
cis-[Ru" (bpy),(py)(NCCH,)]** + PhN=N(O)Ph (7)

The Ru(ll) product was identified by the characteristic VvV
visible spectrum and azoxybenzene by TLC andHt&NMR
spectrum §(phenyl)= 7.45 ppm).

Kinetics. The oxidation of aniline byis-[Ru" (bpy)(py)-
(O)]1?" in CH3CN occurs via a series of stepwise reactions,
and we investigated the kinetics at each stage.

Stage 1 Kinetics were followed by stopped-flow monitor-
ing in CH:CN and HO with aniline in excess. Good pseudo-
first-order kinetic plots were obtained over 4 half-lives. The
reactions are first order in [Rt=0?"] (0.005-0.01 mM)
and first order in aniline over the concentration range +.59
22.3 mM, consistent with the rate law shown below. In€H

Figure 3. Plots of kidkn,0 vs mole fraction of DO (x) in H,O—D>0O
mixtures for the oxidation of (A) aniline (2.&% 10-3 M) at 24.9°C and
(B) p-toluidine (2.9x 1073 M) at 25.4°C by [Ru(bpy}(py)(O)}*+ (5.0 x
103 M).

CN, kobs Was independent of added,®l at least up to 0.1
M

—d[Ru’=0""]

& = kypdRUY=07"][PhNH,]

The oxidation kinetics were also studied ipgand mixed
H,0O—D,0 solutions for both aniline anp-toluidine. Plots
of ky/ku,0 versus mole fraction DXp) are shown in Figure
3, andky,0m,0 kinetic isotope effects are listed in Table 1.
The same kinetic characteristics were observed for the
series of substituted anilines for which data are presented in
Table 1 (Supporting Information Table 1). In all cases, the
reactions were carried out with the aniline present in pseudo-
first-order excess. The products are expected to be the
corresponding 1,2-diarylhydrazines as in eq 3, given the large
excess of anilines used in the kinetic runs. With this
stoichiometry kons = k for the redox step. Presumably, with
a large excess of anilines, complications arising from
competitive four-electron oxidation to the corresponding
nitrosoarenes are not important. If subsequent oxidation of
the hydrazine to the corresponding azo compound ArN
NAr) is important (see belowkq,s could be as large ak?
in accordance with the stoichiometry shown in eq 8.

2cis-[Ru" (bpy),(py)(O)*" + 2ArNH, —
2cis-[Ru" (bpy),(py)(OH,)]*" + ArN=NAr (8)

The fact thak,,scould vary fromk to 2k could explain some
of the scatter in the plot of lodps Versus the Hammett
parameter ¢*) in Figure 4. For the oxidation of aniline in
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Table 1. Summary of Kinetic Parameters for the Oxidation of Aniline and Its Oxidized Forms by [Ru(bg)(O)[Z" or [Ru(bpy)(py)(OH)]?+

reaction medium ka, M~1s71 AH¥, kcal/mol AS, eu K1,0/0,0 OF Kiyp'
[Ru(bpyk(py)(O)R* + PhNH CHsCN (2.05+ 0.18) x 12 5.0+ 0.7 —3142
H.0, pH=7 (2.754 0.18) x 10? 5.3+0.8 —28+2
D.0, pD=7 (1.774 0.20)x 10 15.5+ 2.2
Hz0, pH= 1 (5.88+ 0.26) x 103
H,0, pH= 4.4 (8.44+ 0.38) x 10
+ p-toluidine CHCN (1.264 0.08) x 10° 5.0+ 1.0 —27+£5
H,0, pH= 7 (1.99+ 0.16) x 108
D,0, pD=7 (1.90+ 0.14) x 12 10.24+ 1.4
H.0, pH=1 (4.164 0.23)x 10°
H.0, pH= 4.4 (3.73+ 0.34) x 103
+ p-anisidine CHCN (1.284+ 0.04) x 10*
+ p-phenetidine CHCN (7.204+ 0.38) x 10°
+ p-fluoroaniline CHCN (2.144£0.12) x 1?
+ p-chloroaniline CHCN (8.53+0.30) x 10
+ p-bromoaniline CHCN (5.104+0.23)x 10
+ PhNHOH HOP (4.35+£0.24)x 1P ©
+ PhNDOD DO (3.55+£0.21)x 10° ¢
+ PhNHNHPh CHCN (1.79+ 0.14) x 10*
+ PhNDNDPh CHCN (3.964 0.24) x 107 452+ 1.7
+ PhNO CHCN 6.32+ 0.33 4.6+ 0.8 —39+3
+ PhNNPh CHCN 24+5
[Ru(bpy)(py)(OH)P* + PhNH, CHsCN 1.3+ 0.2
H.0, pH=1 (3.94£0.5)x 10 ©
H,0, pH= 4 (1.0+£0.2) x 1% ©
H,0, pH=7 (4.5+0.23)x 10° 9.2+1.8 —25+ 9

aAt 25.0 4+ 0.1°C. °In H,O/(CHs)>CO 10:1 (volivol).c At 14.4 + 0.1 °C. 91In D,0/(CDs)>,CO 10:1 (volivol).€kess the reaction stoichiometry is not
known.fAt 24.3+ 0.1°C.

Stage 2.The kinetics of the oxidation of PANHOH or
PhNHNHPh by RY=0?" were investigated in C}CN,
H,0, and DO. The results are summarized in Table 1 with
additional information in Supporting Information Table 2.
Both reactions were sufficiently rapid that the stopped-flow
technique was required. The reactions were studied under
pseudo-first-order conditions with [PhNHOH] or [Ph-
NHNHPh] > [RuV=0?"]. In either case, the kinetics data
showed that the reactions were first order in fReO?']
and in [PhNHOH] or [PhNHNHPh], consistent with the rate
laws shown below.

—d[RUuY=0%*"]

& = kypdRU"=0"][PhNHOH]

_d[Ru|V=02+]
dt

Stage 3.The last stage in the six-electron oxidation of
Figure 4. Plot of logk vs the Hammett parametes) for the oxidation aniline, the oxidation of PhNO to PhNQwas also followed

= k,dRU"Y=0?"[PANHNHPH]

of para-substituted anilines by [Ru(bpfgy)(O)F*" in CHyCN at 25.1°C. kinetically under pseudo-first-order conditions in PANO. The
water, where the nitrosoarene is expected to be the solevariations inkos with [PhNO] were consistent with the rate
product,kops = 2K. law shown below.
In either acetonitrile or water, the rate law for the oxidation M=o
of aniline by cis-[Ru" (bpy)(py)(OH)** was first order in —d[Ru"=0"] = k. JRUV=0?"][PhNO]
each, as shown below. dt
—d[RU" —OH?] Rate constant data for the oxidation of PhNO are available
— - kopdRU" —OH*"][PhNH,] in Supporting Information Table 2. The temperature depen-

dence of the reaction was studied over the temperature range
Activation parameters for the oxidation of aniline and of 14.6-41.8°C. The activation parameters in Table 1 were

p-toluidine by RW=0?" were obtained from plots of In-  obtained from a plot of IfudT) versus 1T.

(KobdT) versus 1T both in CHCN and in HO over the

temperature range 14411.9 °C (Supporting Information

Table 1). The plots are linear over the temperature range Products of Aniline Oxidation. A summary of the

studied in this case. The results are summarized in Table 1.sequence of reactions found in the oxidation of aniline by

Discussion
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Scheme 1 only become important under our conditions above pH
[RuV=01%" + PhNH, (k =2.1x10* M''s™) 9—1024
Mechanisms of Aniline Oxidation. Several distinct
+H,0 +PhNH, - o
mechanistic pathways have been proposed for the oxidation
of anilines! One feature common to many oxidants is the
PhNHOH PHNHNHPh appearance o_f ollgom(.arlc polyamlmgg (e.g., emeralidine) or
even polymeric polyanilines (e.g., aniline black) as products.
+ RUM-OP" |@ax10°M s, 1440) + RUV=01 | (18x10" MsT) The coupling products are thought to arise following initial
PANO PhN=NPh one-electron oxidation to give anilinium radicals
+ [RuV=0*" [(6.3M's ") +[Ru¥=0*" | 24 M''s™) PhNH, —e PhNI—E‘*v—‘PhN—i Lt
PhNO, PhN(O)=NPh

Radical formation is followed by oligomerization via radical
cis-[RuV (bpy)(py)(O)[** is shown in Scheme 1. Second- chain processes. The one-electron chemistry appears in the
order rate constants for the individual steps in:CN at 25 electrochemical oxidation of anilin®sand in oxidations by
°C are shown in parentheses. one-electron outer-sphere oxidants such as FefCRP

The reactions have some important implications for  For peroxycarboxylic acids or peroxysulfonic acids used
synthesis. In the initial stage, there is no sign of one-electron, as oxidantg/-2¢it has been suggested that aniline can attack
ring-coupled products. This is in contrastdis-[Ru" (bpy)- the peroxo link as a nucleophile, for example,

(py)(OH)t which is constrained to be a one-electron

oxidant. From the mechanistic discussion below, the ability

of [Ru" (bpy)(py)(O)F* to avoid ring-coupled products is PhNH, + RC(0)0,H-—— PhNH, + RCOH

apparently tied to its ability to act as a two-electron acceptor.
In the individual redox steps, discrete one-electron intermedi- e
ates are avoided. PhNH, —— = PhNO

Beyond the initial competition between oxidative coupling
to give PhNHNHPh and oxidation to give PhANHOH, the jith H,0, as oxidant,N,N-dialkylanilines give the corre-
individual reactions are quantitative. The individual redox sponding\-oxide, for example, Ar(MeN—O, as a product.
steps are well defined, but the final distribution of products Nycleophilic attack by the lone pair on the N-atom has also
depends on the reaction conditions. In dry acetonitrile, which peen invoked in the oxidation of anilines by hypochlorite.

(0]

contains HO at =12 mM, with a 1:1 ratio of PhNEito On the basis of the appearance of the cyclic nitrite ester
RuV=0*", both PANO and PhNHNHPh are observed as shown below as product, it has been suggested that oxidation
products. Forp-toluidine under the same conditionss of 2-nitroaniline by OCt occurs through an intermediate

nitrosotoluene is the sole product. For aniline, PhNO also pjtrene2®
becomes essentially the sole product if excess water is added.

In either case, in the presence of excess aniline, the H\ /Cl
corresponding hydrazine becomes the dominant product. NH, N

Because of the relative rate constants and the competition O NO
between oxidation and oxidative coupling, the only signifi- : ? .
cant products of the oxidation of aniline by R&0?" with * o+ och ——= v o
aniline present in stoichiometric or greater amounts are PhNO

and PhNHNHPh. The hydrazine dominates with aniline in
large excess.
It can be deduced from the rate constant data in Schemet\ “

1 that, except at [aniline]/[RU=02"] ratios which exceed N N N ‘l)
104, the four-electron product PhNO is expected to appear NO, NO, /Nto-
initially rather than PhNHOH. Even with aniline in large -HCl

excess, PhNHOH, once formed, would be essentially com- _’| |

pletely oxidized to PhNO.

The ratio of second-order rate constants for the oxidations
of PANHNHPh and PhNKis lower (~1(). In a dry solvent (24) Smith, P. A. SOpen Chain Nitrogen CompoundBenjamin Press:

A . ; New York, 1965; Vol. 1.
where oxidative coupling need not compete with th&H (25) (a) Speiser, B.; Rieker, A.; Pons,B Electroanal. Cheml983 147,

pathway, azobenzene would be expected to become a  205. (b) Speiser, B.; Rieker, A.; Pons,JSElectroanal. Cheml983

ynifi i — 02+ rati 159, 63.
Sl.gnlflcant product at [aniline}/[RY=0="] ratios that .exce.e:d . (26) (a) sarmah, G.; Dasgupta, G.; Mahanti, M.Bll. Soc. Chim. Fr
1:1. Azobenzene does not appear as a product if aniline is”™ "~ 1984 271. (b) Dasgupta, G.; Mahanti, M. gull. Soc. Chim. Fr

present in stoichiometric or slightly excess amounts. Azoben- 27) %9)82 492. W. D3, Am. Chern. So0957, 79, 5526, (b) Ibne-R
. . a) eEmmons, . . AM. em. S0 ) A . ne-rasa,
zene can also form by the condensation reaction between”"’ M.: Edwards, J. OJ. Am. Chem. Sod962 84, 763,

nitrosobenzene and aniline with aniline in excess but should (28) Hoffman, R. V.; Kumar, AJ. Org. Chem1984 49, 4011.
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A hydride transfer has been proposed to occur in the RuUV=0?" and RU'—OH?* differ in oxidizing strength by

oxidation of aniline by Mn@".% only 100 mV1633
(4) The initial redox step appears to involve a net two-
MnO,” + ArNH, — ArNH™ + Mn(IV) + H* electron transfer, since the initial product is "RtOH,2"
rather than RU—OH?". This is true unless the initial one-
ArNH™ + ArNH, — = ArNHNHAr %’j ArN=NAr electron-transfer step

H \% 2+
In the oxidation of aniline to azobenzene by V(V), it has cis-{RU™ (bpy),(pY)(O)I"" + PhNH, — )
been proposed that H-atom transfer is involved in the initial cis-[Ru" (bpy),(py)(OH)F*" + PhiH
redox step?
In the oxidation of aniline by Fe@" in water at pH 9 or produces an intermediate which is oxidized far more rapidly
14, the products depend on the reaction conditfos. by RU"—OH** than by RW=0?*. This seems unlikely,
common first step was invoked involving oxidation to the Since, as noted above, initial oxidation of aniline by*Re

hydroxylamine 02" is 110 times faster than oxidation by RaOH?*,
(5) The plot in Figure 4 shows that a good correlation
FeQ? + PhNH,— PhNHOH-+ Fe(IV) exists between logk,s and the Hammett parametes™).
Although a trend exists between lég,s ando as well, the
followed by rapid oxidation to nitrosobenzene correlation witho is far bette*3°Theo* values are defined
on the basis of solvolysis rate constant measurements on
Fe042_ + PhNHOH— PhNO+ Fe(IV) para-substitutetert-cumyl chlorides in 90% aqueous aéfd.

They include the effects of electronic delocalization and
The appearance of azobenzene was exp]ained by rapid)fObab'y give an indirect, relative measure of the reduction

Coup“ng of nitrosobenzene and aniline potentials for the series of anilinium and aniline COUpleS.
From the slope of the plop™ = —2.5 £ 0.2. The large
PhNO+ PhNH, — PhN=NPh+ H,O sensitivity toward rate enhancements by electron donating

substituents is consistent with a charge transfer reaction and
We have attempted to explore the mechanism in the an excess buildup of positive charge in the transition state.
oxidation of aniline bycis-[RuY (bpy)(py)(O)F* in a detailed The available experimental evidence points to a mecha-
way. A number of observations give insight into the nism for the initial redox step in which two electrons and
mechanism: (1) The rate law is first order in aniline and one proton are transferred from aniline to the oxidant which
first order in RW=02?". H,O does not appear in the rate points to intermediate nitrene or protonated nitrene formation.
law, but the product distribution depends on thgOHto The redox reaction follows formation of an association
aniline ratio. These observations point to an intermediate complex, eq 9, in which there may be a H-bond interaction
formed in a rate determining redox step, which is subse- between the oxo group and the aniline. There is no direct

quently captured by eitherJ@ or PhNH. Capture by HO experimental evidence for an association complex, for
gives PhNO as the final product following oxidation of example, by the appearance of saturation kinetics in added
PhNHOH. Capture by PhNHjives PhNHNHPh. PhNH..

(2) There is N-H participation in the initial redox step,
given the relatively large ArNHAIrND, kinetic isotope [Ru'V(bpy)z(py)(O)]2++ PhNH, =
effects of 15.5+ 2.2 for aniline and 10.2+ 1.4 for RuV(b o) NH.Ph (9
p-toluidine in HO at 25°C. The reasonably linear plots of [ (bpy)pY)O)I™, NH,Ph (9)

kdk,0 in Figure 3 point to kinetic isotope effects that arise  The subsequent redox step could involve the following:

from the transfer of a single %\H hydrogen from the aniline (1) Concerted two-electron/one-proton (hydride) transfer
reductant to the RY=0?" oxidant?* followed by separation and proton equilibration. (A more

(3) The O-atom of the initial oxo group is retained as appropriate mechanistic description may be proton-coupled
bound HO in RU'—OH,". This fact and the failure df0  two-electron transfer, as described below.)

initially in RuV=!0?" to appear in the nitrosobenzene

product suggest that O-atom transfer is not involved in the [(bpy)(py)Ru'Y=0]*", NH,Ph —— [(bpy)s(py)Ru-OH]" + "HNPh (10a)
redox step. Mechanisms involving Rt-OH?** are con-
strained to occur by one-electron-transfer steps via the
Ru(Ill/11) couple 3 As an oxidant, it is slower than Ris= HNPh = H' +{\Ph (10c)
0O?" in the oxidation of aniline by a factor of 110 even though

[(opy)a(py)Ru"-OH]" + H  —— [(bpy)s(py)Ru"-OH,*" (10b)

29) Dyall, L K. Aust. J. Chem1984 37, 2013 (2) Sequential one-electron/one-proton transfers within the
yall, L. K. Aust. J. Chem \ .

(30) Radhakrishnamurti, P. S.; Panda, Rirdian J. Chem197Q 8, 9468. solvent cage of the association complex
(31) Binstead, R. A.; McGuire, M.; Dovletoglou, A.; Seok, W. K.; Roecker,
L.; Meyer, T. J.J. Am. Chem. S0d 992 114, 173. (34) (a) Brown, H. C.; Okamoto, YJ. Am. Chem. Sod.958 80, 4979.
(32) Binstead, R. A.; Moyer, B. A,; Samuels, G. J.; Meyer, TJ.JAm. (b) Hirsch, J. A.Concepts in Theoretical Organidllyn and Bacon:
Chem. Soc1981 103 2897. Boston, MA, 1974.
(33) Binstead, R. A.; Meyer, T. J. Am. Chem. S0d 987 109, 3287. (35) Roecker, L.; Meyer, T. J. Am. Chem. Sod 987, 109, 746.
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[(bpy),(py)RU'=OJ?*, NH,Ph— On the basis of the magnitudes of tkeo/kp,o kinetic
. or isotope effects, the oxidation of aniline shares a mechanistic
[(bpy)(py)RU'—OH*", HNPh (112)  pyance with the oxidation of hydroguinone or other reduc-
0 o e tants in which acidic &H, N—H, S—H, or P—H bonds are
[(bpy),(py)RU" —OHJ*", HNPh— coupled to electron transfét38 For these reactions, the
[(bpy)z(py)Rd'—OH]+ + *HNPh (11b) electron and proton donor functions reside at different places
in the reductant. In the oxidation of hydroquinone by\Rsl
before the one-electron intermediates separate in solution.O*" shown in eq 14, hydroquinone acts as an electron/proton
A mechanism involving insertion into an-\H bond to donor. Electron transfer occurs from a nonbondingrbital
give an O-bound phenylhydroxylamine, eq 12, seems with some O character and coupled proton transfer occurs
unlikely. There is no sign of a detectable intermediate even from ooy (shown in eq 14 H-bonded to the oxo group).

[(bpyh(py)Ru"=OF", NH,Ph ~ ——— [(bpy)z(py)ku“-?-th* (12a) .
H ,H\ 2+
11 24 11 2+ RUIV=O’ QOOH

[(bpy)»(py)Ru -Cl)-NHPh]' + Hy0 — [(bpy)(py)Ru'-OH,]*" + PhNHOH (12b) v i

H dn)’ e (M)

2+

on the short time scale of the stopped-flow experiments (10 1t /H*OOOH (14)
ms). Also, the absence &0 labeling in the ultimate PhNO Ru™-0 *
product would require rapid water attack on the N-atom of (dny’ '

the bound PhNHOH in the reaction in eq 12b. A blank
experiment with H'¥O added to an acetonitrile solution Electron transfer to Ru(IV) greatly increases the basicity
containing PhNO showed that O-exchange betwegh &hd of the O-atom bound to Rlor Ru', and a nonbonding lone
PhNO is slow. pair at that site is available for accepting the transferring
O-atom transfer to give thB-oxide as an intermediate proton. RWW=0?" acts as an electron/proton acceptor in the
v ot net reaction by adding an electron atscand a proton at an
[(opy),(py)RU’=0F"", NH,Ph— oxo lone pair to give theso bond in RU'—OH?*,
[(bpy),(py)RU'—O=NH,Phf* (13a)  Hydroquinone acts as an electron/proton donor. Electron
transfer occurs by orbital overlap between@u") andmo
[(bpy),(pu)RU'—O=NH,Ph}" + H,0 — through the H-bonded framework illustrated in eq 14.
[(bpy),(py)RU'—OH,]%* + PhN(OH)H (13b) Because of thg orbital differen(_:e between the electrqn and
proton transfer sites, such reactions have been described as
also seems unlikely. It would also require® attack on occurring by proton-coupled electron transfe#” 28 This
the N-atom of the bound-oxide in order to explain the term has been coined to distinguish this pathway from
absence of®0 transfer. The results of initial experiments H-atom transfer where both the electron and proton are
with PhNMe show that arN-oxide product does form in  transferred from the same bond.
this case, but the reaction is far slowerl(0~#).3¢ The rapid A proposed two-electron/one-proton transfer oxidation for
rate constants observed here appear to rely on the presenceniline is shown in eq 15. It adds an additional mechanism
of a dissociable proton.
The correlation between lol.ps and ot points to the H 2+
buildup of positive charge and supports the two-electron/ NAALPEILN /
one-proton mechanism over a one-electron/one-proton mech{ " =0 N_Q -
anism. Simultaneous transfer of a single electron and proton
involves no charge transfer. (dm)* (nN)2
RUuV=02?" has the electronic configurationsfg?(ds,)?- "
(dn5)° and the ability to accept either one or two electrons. ™ _H.. (+)/
Both dr, and dr; are largely 4d(Ru) in character but are 1~ I.\I.
strongly mixed with 2po orbitals on the oxo group and (15a)
antibonding with regard to the RtO interaction. Oxidation (dn)é (HN)O
of hydroquinone by R¥=0?" has been shown to occur by
one-electron/one-proton transfer through semiquinone as a H 2+
intermediateé! With hydroquinone as the reductant, there is L /
almost no kinetic discrimination between 'R&0%" and Ru™-O I‘I_@ —_—>
RuU"—OH?*, With aniline as the reductant, oxidation by
Ru(1V) is more facile by 60 at pH= 7 and by 160 in Cht -
CN. There is even greater discrimination in favor of Ru(IV) Ru-OH" + *HN—Q (15b)
in the oxidation of alcohol®

2+

(37) Hammes-Schiffer, SAcc. Chem. Re®001, 34, 273.
(36) Seok, W. Unpublished results. (38) Huynh, M. H. V.; Meyer, T. JAngew. Chem., Int. E@002 41, 1395.
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for RuV=0?* oxidations. This mechanisrproton-coupled  Scheme 2
two-electron transferis distinct from hydride transfer where [y, (py)RuV =01, HN-Ph —— [(bpy)»(py)Ru"-OH]", i:l'Ph
: | : |

both electrons and the transferring proton are taken from the OH OH +

same bond, as in the oxidation of the formate anion by=Ru

0.3 [(bpy)(py)Ru"V=0F", HN-Ph  ——  [(bpy)(py)Ru’-OH]", N-Ph
The experimental evidence points to the net two-electron ]I\I\ Iﬂji

oxidation of aniline initially to give a nitrene or protonated P H P

nitrene intermediate, as in eqs 10, 11, and 15. The chemicalgcheme 3

properties of the nitreng-O,NCsH,N have been investi- b RO HONph b RLOHT . O—i.Ph
gated following its generation by laser flash photolysis of by )o(py)R =0T, i Koy (py)Ru O, E
p-O.NCeHsN3 in solution?® From these results, it was

concluded that: (1) triplet3ArN-) and singlet ¥ArN) . . Ph
nitrenes are in rapid equilibrium by intersystem crossing; [bpy)xey)Ru"=0F"", H-N-N-H —— [(bpy)y(py)Ru'-OH]", N=N-H
(2) 3ArN- can couple to give ArkNAr; (3) *ArN is in Ph Ph
equilibrium with an isomer that has been identified as the d

dehvd ine: (4) the dehvd . q i ominant form of aniline at pH 1. The effect is even more
eny roazepine; ( ) € dehydroazepin€ Undergoes a reac Iorgtriking for RU"—OH,?" as oxidant where the rate enhance-
with added HNEt in cyclohexene solution to give the

. : ment is nearly 90 (Table 1). Related observations have been
corresponding azepine. made in the oxidation gb-XCgHsNH, (X = Cl or NO,) by
S S V(V) where the rate of oxidation also increases with TH
h and in the oxidation of hydroquinone by [R(bpy)(py)-

| A ya (OH)P* 2
/j % For Ru(lll) as oxidant at pH 1, botbis-[Ru" (bpy)(py)-
H NEt,

|
H solution, since the I, for Ru"—0OH,*" is 0.85%2 The rate

e

R (OHY)1*" and cis[Ru" (bpy)x(py)(OH)P?* are present in
dehydroazepine azepine enhancement may signal the onset of outer-sphere electron

The appearance of a nitrene or protonated nitrene as antransfer followed by proton loss as the dominant pathway.

intermediate would explain the water and aniline dependent
competition between PhNO and PhNHNHPh as products of
the oxidation of aniline by RY=0?". The first-order . i 3+ .
dependence on aniline in the rate law and the zero—ordermsr[Ru (BPYL(PY)(OHLI™ + ANH, )
dependence on @ in CHCN show that the two bases cis-[Ru' (bpy),(py)(OH,)]*" + ArNH, " (17)
compete for an intermediate that appears after the rate ) )
determining step. Competition for an intermediate nitrene 1he [Ru(bpy)(py)(OH,)]***2* couple is more strongly oxi-
by H.O or aniline would account for the product distribution, dizing than the [Ru(bpyjpy)(OH)F** couple by 0.56 24!

as shown in eq 16, for the nitrene as the active intermediate. Similarly, preprotonation of Rt—02" followed by outer-
sphere electron transfer could explain the enhancement for

ArNH," = ArNH, + H*

th\f- m:\]: (16a) RUV=0?" as oxidant! It should be noted that a product
study was not conducted under these conditions. We cannot
0 L piNHOH —2% - PRNO rule out a mechanism involving attack on the ring.
2H" Mechanisms of Oxidation of PhANHOH and of Ph-
PN (16b) NHNHPh. The oxidations of PANHOH to PhNO and of
i, | INHNHPh PhNHNHPh to PhNPh are well defined kinetically and

stoichiometrically. Both reactions are first order in both
Given the essentially quantitative appearance of six mem- RuV=02* and reductant. The initial Ru product is 'Ru
bered ring products: (1) the dehydroazepine isomer is lessQH,2t rather than RU—OH2". The PhNHOH/PhNDOD
important for aniline ang-toluidine, (2) the nitrene form  kinetic isotope effect is 12.2 1.2 in 10:1 BO/(CDs),CO
dominates the reactivity toward,8 and aniline, or (3) the  (vol/vol) at 14.4°C, and the PANHNHPh/PhNDNDPh kinetic
protonated nitrene dominates reactivity. isotope effect is 45.2t 1.7 in CHCN at 25.1°C.

In water, the oxidation of aniline is pH dependent. The  There are several mechanisms by which these reactions
pH dependence was not explored in detail, but from data might occur, consistent with the appearance of Ru(ll) as the
reported in Supporting Information Table Ky increases  initial product. They include (1) hydride transfer from an
by 10 as the pH is decreased from pH 7 to pH 1. TKeqf N—H bond (Scheme 2), (2) proton-coupled two-electron
PhNH;" is 4.6 at 25°C, u = 0.1 M, and PhNH" is the transfer (Scheme 3), (3) the equivalent of (1) or (2) but via

sequential one-electron steps (Scheme 4), (4) and oxo transfer

(39) Roecker, L.; Meyer, T. J. Am. Chem. S0d 986 108 4066. Sch 5

(40) (a) Shields, C. J.. Chrisope, D. R.; Schuster, G. B.. Dixon, A. J; (Scheme 5).
Poliakoff, M.; Turner, J. JJ. Am. Chem. Sod987 109, 4723. (b)
Liang, T. Y.; Schuster, G. Bl. Am. Chem. S0d 987, 109, 546 and (41) Lebeau, E. L.; Binstead, R. A.; Meyer, TJJAm. Chem. So2001,
references therein. 123 10535.
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Oxidation of Anilines by cis-[RIY (bpy)(py)(O)E"

Scheme 4
[(bpy)(py)R"=OF"", H-O-N-Ph ——>
H
Il’h
[(bpy)a(py)Ru"'=0T*", H—lTl-N-H _—
Ph
Scheme 5
OH OH
[Gpy)(pyRUV=01"" 3N-Ph —— [(bpy)(py)Ru"-O=N-PhI*
H H
——> [(bpy)x(py)Ru"-OH,]*" + PhNO
i i
[(bpy)(py)Ru"'=OF"", §N-H - ———= [(bpy),(py)Ru"-O=N-Ph]*"
N N
P H P’ H
———> [(bpy)(py)Ru"-OH,*" + PhN=NPh
Scheme 6

[(bpy)PyRUV=01" + PANO  ——= [(bpy),(py)Ru"-O-N-Ph]"

(0]
1] i
[(bpy)(pyRu"-O-N-Ph12'+ CH,CN 22 [(bpy),(py)Ru"-NCCH, "+ PhNO,

[

[(bpy)s(py)Ru"-OH]",  O-N-Ph
H

[(bpy)s(py)Ru"-OH,]* + O=N-Ph

Ph
[(bpy)x(py)Ru""-OH] ", Rt
Ph
Ph
—  [(bpy)s(py)Ru"-OH,]*" + plm'q
Ph

The mechanistic information available concerning the
oxidation of nitrosoarenes is relatively limited. With per-
oxyacids in non-hydroxylic acids, rate determining nucleo-
philic attack of the N-atom on the-60 bond of the peroxide
has been suggested to océlin the disproportionation of
PhNO at high temperatures, internal O-atom trafi$feithin
a PhNO dimer has been invoked to explain the observed
kinetics. On the basis of our observations, the oxidation of
PhNO by Ru(IV) appears to proceed via a concerted O-atom
transfer mechanism in which net electron transfer occurs
from PhNO to Ru(lV).

An analogous mechanism appears to exist for the oxidation
of PhN=NPh. In CHCN, there is a rapid reaction between
RuY=0?" and PhN=NPh. The products ams-[Ru"(bpy)-
(py)(NCCHy)]?" and azoxybenzene, once again indicative
of O-atom transfer.

With the absence of additional insight, there is no firm Cis-[Ru" (bpy),(py)(O)F" + PhN=NPh+ CH,CN —

basis for choosing from these mechanistic possibilities. It is
clear from the HO/D,O kinetic isotope effects that transfer
of a proton from N-H or O—H bonds accompanies electron

cis-[Ru" (bpy),(py)(NCCH,)]** + PhN=N(O)Ph (18)
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Supporting Information Available: Tables showing rate

nitrosobenzene is oxidized to nitrobenzene. The results Ofconstant data for the oxidation of anilines by [Ru(bgy)(O)R"
the%0 labeling study show conclusively that O-atom transfer ang kinetic data for the oxidation of PhNHOH, PANHNHPh, and

occurs in the redox step. That fact and a rate law first order phNO by [Ru(bpyXpy)(O)+ and a figure showing théH NMR
in each of the reactants suggest the mechanism shown irchemical shift of the 6proton of the bipyridine ring for a reaction

Scheme 6.

The'H NMR evidence at-10 °C for the appearance of

mixture initially containing PhNO and [Ru(bpypy)(O)F" in
CD4CN. This material is available free of charge via the Internet

the bound nitrobenzene complex as a discrete intermediateat http://pubs.acs.org.
is presented in Supporting Information Figure 1. At tem- |co302985

peratures near ambient temperature, solvolysis is rapid and

the bound nitrobenzene intermediate was not observed. Net42) Ibne-Rasa, K. M.; Edwards, J. O.; Kost, M. T.; Gallopo, AGRem.

O-atom transfer mechanisms have also been established ire43)
the oxidations of &5, RSO, and PPhby RuV=0?"12.2%
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