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either a conformational change mechanism (Brudvig) or an
electron-transfer process (Vanngard). The dual center, confor-
mational change mechanism incorporates a mononuclear man-
ganese center that acts solely as an electron-transfer intermediate
between P680* or Z* and the trinuclear cluster. Both the multiline
and g = 4 features would result from conformationally distinct
clusters. Alternatively, in the dual-center, electron-transfer
mechanism, a mononuclear center would be involved in a redox
equilibrium between a mononuclear center with an Mn(III)/
Mn(1V) couple and a trinuclear center with an Mn(III)Mn-
(IID)Mn(I1I) /Mn(IIDMn(II)Mn(IV) couple. The mononuclear
Mn(IV) would result in the g = 4 signal while the multiline
signature could be generated by the S = !/, excited state of the
Mn(IIDMn(III)Mn(IV) cluster. The Mn(III) and Mn(III)-
Mn(III)Mn(III) states would be EPR-silent.

In this context, the new structural class of trinuclear acetates
described for this contribution provides an interesting model for
a trinuclear formulation for the OEC. However, it must be noted
that 1 does not fulfill many of the requirements for the spectro-
scopically observable S, state. There is no evidence for the
multiline feature over the temperature range 4-30 K. The S, state
probably consists of three Mn(I1I) ions and one Mn(IV) ion while
1 would best represent the S, level, which may be composed of
three Mn(III) ions and one Mn(II) ion. Finally, recent EXAFS
results2 suggest that there is a short manganese-manganese vector
at 2.7 A, a longer distance at 3.3 A, and a very short Mn—(C,N,0)
distance of 1.79 A ascribed to a u-oxo or u-hydroxo bridge.
Clearly, 1 cannot mimic these distances.

With these caveats in mind, 1 can still provide useful infor-
mation toward structural proposals for the OEC. The complex
1 is the first reported multinuclear manganese species that has
an S = 3/, ground state and a low-lying S = !/, excited state and
gives rise to a low-field EPR sigal. This illustrates that trinuclear
formulations can generate the magnetic behavior reported by
Brudvig for the OEC. Furthermore, Brudvig has suggested that
the g = 4.1 signal originates from a cluster rather than a mo-
nonuclear Mn(IV) center. Clearly, 1 demonstrates that certain
conformations of multinuclear manganese clusters can result in
such a low-field EPR component.
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Mechanisms of Oxidation of Phenol and Cyclohexene by
an Oxo Complex of Ruthenium(IV)

Sir:

In the oxidation of olefins by epoxidation or allylic oxidation
or in the oxidations of phenols to quinones or hydroquinones there
is a net O atom demand. Discovering how such reactions occur
is important in the design of models for biological oxidations or
of catalytic reagents for the oxidative activation of hydrocarbons,
but detailed mechanistic insight is often lacking.! The substi-
tutionally inert polypyridyl and related oxo complexes of Ru(IV),
e.g., [(bpy)2(py)Ru¥(0)]** (bpy = 2,2"-bipyridine; py = pyridine),
have an extensive stoichiometric and/or catalytic chemistry as
oxidants.21®  Their reactions have proven to be especially
amenable to mechanistic investigations based on a variety of
techniques including kinetics, 0 labeling, H/D kinetic isotope
effects, and the appearance of reaction intermediates. We describe
here in preliminary detail the results of a series of studies that
illustrate the mechanistic versatility of the RuY=02* oxidant in
the allylic oxidation of cyclohexene and the oxidation of phenol
to quinone.

In acetonitrile or water the oxidation of phenol by [(bpy),-
(py)Ru™¥(0)]?** is rapid. By integration of appropriate resonances
in the 'H NMR spectrum of the final product solution at 25 °C,
the reaction stoichiometry in CH;CN is as shown in reaction 1.

20bpy)ipy) RUTY =012 + @-OH + 2CHaCN —
o}
2L (bpy)ytpy)RuTT —NCCHg 1%t + o:@:o + o%}

88% 12%
(1)

Further, by use of '¥Q-labeled [(bpy),(py)Ru'V(0)](ClO,),"!
(~85% as 130) and IR monitoring of the quinone product, v-
(C=1%0) = 1660 cm™ 1213 and y(C='%0) = 1646 cm™!, it was
seen that the transfer of one O atom from the RulY=02" oxidant
to phenol is quantitative, as shown by the integration of relative
peak areas in the product

e} :@:180
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Figure 1. Portions of the 'H NMR spectrum (vs TMS) of a reaction
mixture containing initially phenol (9.56 X 10~ M) and [(bpy)(py)-
RulY(0)]* (1.91 % 102 M) in CD;CN at 10 °C (20 min after mixing)
and after warming to 25 °C. The origins of the resonances labeled as
1, 5, and 6 are shown on the figure. Others are as follows: 2 and 4, the
intermediate with A, = 675 nm; 3, [(bpy),(py)Ru—OH,}**. The pro-
tons that appear from 9 to 10 ppm are assignable to the 6’-position of
the bpy ligand in the Ru(II) complexes whose 6’-proton lies adjacent to
the sixth ligand rather than to pyridine.!* The protons from 6 to 7.5 ppm
are assignable to the aromatic ring protons of the oxidized phenol.

From the results of 'H NMR studies at —10 °C (Figure 1) and
stopped-flow kinetics at a variety of temperatures, the oxidation
of phenol by [(bpy),(py)Rul¥(0)]** in CH,;CN or H,0 occurs
via a detectable intermediate. In CH,;CN the intermediate has
a characteristic low-energy A, at 675 nm and, from 'H NMR
(Figure 1) and IR data (»(C==10) = 1647, 1652 ¢cm™) and by
analogy with a known literature example,'* appears to be the
bound quinone complex. Kinetic studies show that the rate law
for the appearance of the intermediate, monitored at either A,
= 470 or 675 nm, is first order in phenol and first order in
[(bpy),(py)Rulv(0)]** with k(25 °C, CH,CN) = 3.9 X 102 M™!
s7L

The available experimental facts are consistent with initial

attack on phenol by Ru!'V=02* to give a hydroquinone inter-
mediate

Cbpy)alpy)RutY=—01%" + @—m —

H

!
CibpyXlpy)RUIT—O OH12* (2

(14) Pell, S. D.; Salmonsen, R. B.; Abelleira, A.; Clarke, M. I. Inorg. Chem.
1984, 23, 385,
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Figure 2. FT-IR spectra in CDyCN of the solutions that result from the
oxidation of cyclohexene (7.05 X 1073 M) by [(bpy),(py)Ru(*¢0)]-
(ClO,); (—, 1.41 x 1072 M) and ~85% [(bpy).(py)Ru(**0)](ClO,),
(---, 1.41 X 1072 M).

followed by rapid oxidation by a second Ru!Y=02" to give the
bound quinone

H

Ctbpy)a(py)RuTY=012" + [(bpy)z(py)FiuII—O“@’o”]a -
Cbpy)olpy)RuTI—OH,32* + c<bpy>2<pymu“—o{>:032*

(3)

Under these conditions the oxidation of free hydroquinone to
quinone is known to be rapid; k(25 °C, CH;CN) = § X 10° M™!
s™L.15  The solvolysis of the intermediate to give [(bpy),(py)Ru-
(NCCH,)]**, which completes the mechanism, occurs with k(25
°C, CH,CN) = 3.5 X 107! 571,

Separate kinetic studies on C¢gH;OH and C¢DsOD show that
at 25 °C in CH,CN ky/kp = 5.5 £ 0.2 while in water ky/kp
= 1.2 £ 0.2. One possible mechanism for the initial redox step
is electrophilic attack on the aromatic ring by the RulV=0%"
group, by analogy with the attack on phenol by Br*.!¢ If elec-
trophilic attack does occur, the solvent dependence of the isotope
effect suggests that the rates of initial electrophilic attack at the
ring and subsequent H* loss from the resulting intermediate must
be closely balanced.!”

The oxidation of cyclohexene by [(bpy).(py)RulY(O)]** in
CH,CN under stoichiometric conditions was shown to occur as
in reaction 4. Stoichiometry was established by UV-vis mea-

2[bpyklpy)RUIY=01%* + @ + 2CH3CN —=

0

2L(bpy)lpyIRuT T —NCCHa1%* + + HyO (&)
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surements using ¢ = 8000 M~ cm™ at A, = 440 nm for the nitrile
complex and relative integrated peak areas for the 6’ bipyridine
proton of the nitrile complex'® (5 = 9.42 (d) ppm, vs TMS) and
the olefinic protons of the ketone product (6 = 5.91 (m) and 7.05
(m) ppm, vs TMS) in the 'H NMR spectrum in CD,CN. From
the product studies, epoxidation® is not competitive with allylic
oxidation nor is the 2-e product 2-cyclohexen-1-ol observed as an
intermediate. '®0O-labeling experiments (Figure 2) show that
within experimental error, O atom transfer to give the ketone
product is quantitative. With excess oxidant the ketone undergoes
further oxidation.

From spectrophotometric studies on solutions containing 5 X
10 M RulY==02?* and 5 X 10~ M cyclohexene in CH;CN, the
reaction occurs in a stepwise manner with the initial formation
of Ru!!! (isosbestic point at A = 347 nm) followed by slower
formation of Ru!' as the solvento complex [(bpy),(py)Rull-
(NCCH,)]?* with A, = 440 nm. The rate law for the initial
formation of Ru(III) is first order in RuY==0%"* and first order
in cyclohexene with k(25 °C, CH;CN) = 0.5 M! 571, The second
stage of the reaction is slower by a factor of ~200 at 25 °C and
under stoichiometric conditions gives rise to the ketone and the
solvento complex products shown in reaction 4, quantitatively.!®

The available evidence is consistent with a mechanism involving
initial attack on the olefin by Ru!Y=02*

Lopy)atpy)RUIY=01%* + @ —
E(bpy)z(py)Run-—O—@Jw (5)

followed by a rapid comproportionation

Kbpytoy)RuIV=01%* + c<bpy)2(pymun—o-<_j>:"" _
Lbpy)alpy)RUTTT — OHIZ* + E(bpy)z(DY)RuIn—OOJZ' (6)

The appearance of Ru!!! via the comproportionation reaction
between the bound alcohol complex? and Ru!Y==0?%* is expected
to be rapid; the analogous comproportionation involving the aqua
complex

Clbpy)lpy)RuTHD112* + Libpy)atpy)RU—OHL1%Y ——
2C(bpylk(py)RUIIIOHIIZ* (7)

occurs with £(25 °C) = 1 X 10° M 57! in CHyCN.?! In the
final step in the mechanism, slow oxidation of the bound alkoxide
complex by Ru™ occurs followed by solvolysis to give [(bpy),-
(py)Rulf(NCCH)]?* and 2-cyclohexen-1-one as the final prod-
ucts.

The the deuterium-labeled olefin cyclohexene-3,3,6,6-d, (MSD
isotopes) occurs with net retention of the label adjacent to the
double bond ’
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2C(bpy)alpy)RUTY=01%" + + 2CDaCN —

2L(bpy)apy) RUTTINCCD 2" + + D0 (8

D D

as shown by the relative integration and splitting patterns of the
olefinic proton resonances in the ketone product (supplemental
Figure 3). If the initial redox step involves a 1-e or H atom
transfer to give the intermediate radical free in solution

D O

RUIV=0%" + — RJIIT—0p%* +

D O D O

deuterium scrambling to other positions on the ring would have
been expected to occur via allylic rearrangement, e.g.

D D
;; ;;
0O D D O

which is known to be rapid.?2 The initial redox step occurs with
a H/D kinetic isotope effect (ky/kp) of 18 at 25 °C in CH,CN
for cyclohexene compared to cyclohexene-3,3,6,6-d,. Given the
magnitude of the isotope effect, the mechanism may involve H
atom transfer and oxidative, inner-sphere capture of the inter-
mediate radical before it can rearrange or separate in solution

Copyltpy) RulV=012* + O —_—
: )
Lboyatpy)RUITT—CHI2*, @ — E(bpy)z(py)Run—-O-@ 12t

rather than direct insertion into the C-H bond.
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Chemical, Structural, and Electrical Property Studies on
the Fluorination of the 90 K Superconductor YBa,Cu;0¢
Sir:

Following the breakthrough discoveries of high- T, supercon-
ductivity in La, gsBay,sCuO4+? (LBCO) and YBa,Cu;O4g**
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