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Stoichiometric O, Oxidation of Bis(Thioether)(Octaethylporphyrinato)ruthenium(ll)
Complexes to the Corresponding Sulfoxide Species in Acidic Media. Structural
Confirmation of S-Bonded Sulfoxides
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Exposure to @ (or air) of a CHCl,, benzene, or toluene solution containing PhBGind Ru(OEP)(RFS),
(where OEP= the dianion of 2,3,7,8,12,13,17,18-octaethylporphyrire=Rnethyl, ethyl, or decyl, and 'R=
methyl or ethyl), at ambient conditions, results in the selective oxidation of the axial ligand(s) on the
metalloporphyrin complex to the corresponding sulfoxide(s). For example,,&lgBolution of Ru(OEP)(dmsg)
(dms = dimethyl sulfide) and PhCg}, exposed to 1 atm of £at ~20 °C for 35 h, is oxidized to Ru(OEP)-
(dmso),, and the intermediates Ru(OEP)(dms)&in [Ru(OEP)(dms)[PhCO,], and Ru(OEP)(dms)(PhClare
identified (s implies sulfur-bonded). Mechanisms invoking in situ formation @Ot disproportionation of Rl
species, and RU=0 intermediates are proposed for the @idation of the thioether ligands. X-ray analysis of
Ru(OEP)(E40), confirms that the sulfoxides are S-bonded.

Introduction air oxidation of aracidic solution of Ru(OEP)(RFS), showed

Studies from this group have reported previously on the reproduci'ble generation of the corresponding sulfoxide com-
selective @ oxidation of thioethers to sulfoxides using the Plexes either in benzene, toluene, or L, and several
sterically hinderedransdioxo species Ru(TMP(®@)and Ru- intermediates were observed. In an earlier papez,described
(OCP)(O);! these reactions occur via O-atom transfer processesthe syntheses of the Ru(OEP)(Rp, Ru(OEP)(RRSO),,
via the RU'(dioxo) species with involvement of Rifoxo) [RU(OEP)(RRS)]*, and [RU(OEP)(PhCg,]~ species to be
specie$* We have also noted earlier that complexes such as discussed in the present paper.

Ru(OEP)(RRS), with a non sterically hindered porphyrin, also
catalyze the autoxidations of thioethers under certain condi-
tions>® Such thioether oxidations are important commercially. The instrumentation, materials, and methods used for the experiments
We report here on the mechanism of the stoichiometric O are generally described in ref 6, which also details the syntheses of
oxidation of Ru(OEP)(RFS), complexes, which provides a RU(OEP)L (L = dms, EtS, decMS, or the corresponding sulfoxides),
framework for understanding the catalytic autoxidation of [RU(OEP)LI[BF.] (L =dms, EfS, or decMS), and [M][Ru(OEP)-
thioethers to sulfoxides using such nonhindered spécies. (PhCQ)]. All solvents were thoroughly predried; GO, was dried

Our previous studies have shown that when solutions of Ru- over 3 A molecular sieves, while hydrocarbon solvents were drl_ed over
(OEP)(RRS), were exposed to air for weeks, the complexes sodium-benzophenone. Unless exposure toM@s expressly desired,

: o . . all manipulations of Ru(OEP) complexes were performed under Ar or
underwent slow ligand oxidation to give mainly Ru(OEP)- ;, Vacug ( ) P P

(RR'S)(RRSO) and RU(OEP)(RR_D_)L along with other minor A typical O-oxidation experiment was initiated by breaking open
products>® The degree of reactivity of the complex and the an NMR tube, previously sealed in vacuo and containing the desired
product distribution were variable and depended on the thioether,reaction mixture, in a stream of,GUnion Carbide of Canada, USP
the solvent, and particularly the dryness of the solvent. However, grade, used without further purification). For the experiment described
in most detail below, a CiZl, solution (~0.5 mL) containing~10

Experimental Section

* To whom correspondence should be addressed. mM Ru(OEP)(dms)and~10 mM PhCQH was prepared in vacuo, in
" Deceased on October 27, 1998. ) ) an NMR tube fitted with a coaxial Teflon valve (Wilmdeioto Titg.
(1) Abbreviations used: TMP, dianion ahesetetramesitylporphyrin; After thet = 0 spectrum was obtained in vacuo, the experiment was

OCP, dianion ofmesetetra(2,6-dichlorophenyl)porphyrin; OEP, di- A ; . .
anion of 2,3,7,8,12,13,17,&8-octaethylgorph);/2iﬁ’1; lgoil, a generic por- initiated by opening the valve in a darkened room and exposing the

phyrin; dms, dimethyl sulfide; dmso, dimethyl sulfoxidsof o within reaction mixture to 1 atm of XUS Airweld), thoroughly dried by a
an abbreviation for any sulfoxide ligand implies S- or O-bonded, column of Sicapent (aPs-based drying agent). After the Teflon valve

respectively); decM3y-decyl methyl sulfide; decMSQy-decyl methy! was reclosed, the NMR tube was vigorously shaken to dissolve the O
sulfoxide; R, methyl, ethyl, or decyl;’"Rmethyl or ethyl; CV, cyclic in the solution and then was inserted into the 300 MHz NMR
voltammetry. instrument, thermostated at 230. Spectral changes were monitored

@ gggpastsrgsl\‘c'i; %E;Taefég% ?5 l)ocgphm, Catal. Lett. 1989 2, 219; for ~12 h before the tube was removed from the instrument, shaken,

(3) Miodnicka, T.; James, B. R. Ietalloporpyrin-Catalyzed Oxidations; ~ @nd stored in the dark at Z%; further spectra were collected after
Montanari, F., Casella, L., Eds.: Kluwer: Dordrecht, The Netherlands, ~22 and 40 h. Of note, the results obtained in this specific experiment

1994; p 121. did not differ significantly from those obtained using the somewhat
(4) Cheng, S. Y. S.; James, B. R.Mol. Catal. A1997 117, 91. less rigorous method described above, or when concentrations of Ru
(5) James, B. R.; Pacheco, A Rettig, S. J.; Ibers, Jinarg. Chem.  anq acid were varied. The experiments do not constitute a rigorous

6) |13218c?1ezc76 2:?3'&1mes B. R.; Rettig, Sinbrg. Chem1995 34, 3477 kinetic study, primarily because of the difficulty in maintaining a

(7) Hill, C. L Gall, R. D.J. Mol. Catal. A199 114 103. constant [@] in solution within the NMR tube.

(8) (a) Pacheco, A. A. Ph.D. Dissertation, The University of British
Columbia, Vancouver, BC, 1992. (b) Pacheco, A.; James, B. R. To (9) Pacheco, A. A. M.Sc. Dissertation, The University of British Columbia,
be published. Vancouver, BC, 1986, and unpublished data.
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Figure 1. SelectedH NMR spectral changes over time (min) after an acidic;CRsolution of Ru(OEP)(dms)1) is exposed to 1 atm of £at
23.0°C; 2 is Ru(OEP)(dms)(dsp), 3 is Ru(OEP)(dreo),, 4 is [RU(OEP)(dms]*, and5 is Ru(OEP)(dms)(PhC{ The complete spectra are
provided as Supporting Information, and the corresponding peak assignments for each species are summarized in Table 2.

Table 1. Crystallographic Dafa

compound
formula

fw

cryst syst
space group
a,

b, A

c, A

B, deg

Vv, A3

z

Pcalc g/CI’Tf’
T,°C
radiation

u, cmt
trans factors (rel)
R(F)

Ru(F)

Ru(OEP)(E30),
CGiaHsaN4OS,Ru
846.21
monoclinic
P2i/n
10.235(2)
10.224(1)
20.796(1)
95.454(8)
2166.2(4)
2
1.297
21
Cu
1.541 78
41.34
0.611.00
0.042
0.046

*R=J|IFel = [Fell/ZIFol, Rv = (XW(IFol — IFe))¥ZWIFo?)"

X-ray Crystallographic Analysis of Ru(OEP)(Et.SO).. Crystals
of Ru(OEP)(E£S0), suitable for X-ray analysis were obtained by slow
evaporation of a solution initially containingd mM Ru(OEP)(E{S0),
and~1 M EtSO in benzene. Selected crystallographic data appear in S1). When the ES or decMS bis-thioether complexes are
Table 1. The final unit-cell parameters were obtained by least-squaresexposed to the same conditions, spectral changes analogous to
on the setting angles for 25 reflections with 2 71.3-89.5’. The
intensities of three standard reflections, measured every 200 reflectionsyegion; atd < 5, the spectra of the reaction mixtures are too

throughout the data collection, showed only small random fluctuations.

The data were processé€and corrected for Lorentz and polarization
effects and absorption (empirical, based on azimuthal scans).

The structure was solved by conventional heavy-atom Patterson (CEP)(dms)(drso) (2)

ated with the 0.17-occupancy components of the disordered ethyl
groups) were fixed in calculated positions<8 = 0.98 A andBy =
1.2Byonded aton A correction for secondary extinction (Zacharaisen type)
was applied, the final value of the extinction coefficient being 2.29(9)

x 1075, Neutral atom scattering factors for all atdfand anomalous
dispersion corrections for the non-hydrogen at&meere taken from
standard sources. A complete table of crystallographic data, atomic
coordinates and equivalent isotropic thermal parameters, hydrogen atom
parameters, anisotropic thermal parameters, bond lengths, bond angles,
torsion angles, intermolecular contacts, and least-squares planes are
included as Supporting Information (Tables -S38). The crystal
structure confirms that the Ru(OEP)(FR). complexes contain
S-bonded ligands as suggested earlier by IR and NMR®&ata.

Results and Discussion

Reaction of Ru(OEP)(dms) (1) with O, and PhCO;H in
CH,Cl,. Figure 1 shows théH NMR spectral changes over
time after a solution containing10 mM 1 and 10 mM PhCeH
in CD,Cl, is exposed to 1 atm of £at room temperature (23.0
°C). For simplicity only part of the spectrum is shown, but
corresponding changes are seen throughout the spectrum, from
0 —3 to 25 (see Table 2 and Supporting Information, Figure

those illustrated in Figure 1 are observed, at least idthe 25
complicated to interpret readily.

The sharp singlet ai 9.60 is due to the meso proton of Ru-
, and that at) 9.78 is similarly assigned

methods and was refined by full-matrix least-squares proceduies to {0 RU(OEP)(dreo), (3).¢ Although2 could not be obtained pure,
= 0.042 Ry = 0.046) for 3332 reflections with > 30(l). The Ru
atom lies on a crystallographic inversion center. Th&SEtligand was
modeled as 2-fold disordered (83:17) with respect to rotation about Separate signals are observed éat—2.07 and —2.87 for
the Ru-S bond. In addition thgg carbons of the ethyl groups were
further disordered. The S atom itself may also be disordered, but the the multiplet for the OEP methylenes shows that the complex
components could not be resolved. The internal geometry of the g 1ot symmetrical about the porphyrin plai.Also, for the

Et,SO ligand is unreliable as a result of the disorder. The 0.17-
occupancy O and C atoms were refined with isotropic thermal
; o _ , L (11)
parameters, while the remaining non-hydrogen atoms were refined with
anisotropic thermal parameters. Hydrogen atoms (except those associuz)

(10) teXsan: Crystal Structure Analysis Packaddolecular Structure
Corporation: The Woodlands, TX, 1995.

in titrations of1 with dmso, or of3 with dms, the mixed species
could be unequivocally identified byH NMR (Figure 2).

coordinated dmso and dms, respectively, and the presence of

International Tables for X-Ray CrystallographKynoch Press:
Birmingham, England, 1974; Vol. IV, pp 99102.

International Tables for Crystallography; Kluwer Academic Publish-
ers: Boston, MA, 1992; Vol. C, pp 26R06.

(13) James, B. R.; Dolphin, D.; Leung, T. W.; Einstein, F. W. B.; Willis,
A. C. Can. J. Chem1984 62, 1238.
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Table 2. TheH NMR Shifts in CD,CI, for the Ru(OEP) Complexes Shown in Figure 1

axial ligand signals)

OEP signalsg PhCQ

CHs CH, Hmeso dms dmso H Hm Hp
Ru(OEP)(dms)(1) 1.81,t 3.85,q 9.32,s —2.66, s
Ru(OEP)(dms)(dso) (2) 1.83,t 3.92,m 9.60, s —-2.87,s —-2.07,s
Ru(OEP)(dnso); (3) 1.87,t 3.98,q 9.78, s —2.18, s
[RU(OEP)(dms)* (4)° 15Z 23.85 1.73 -0.17
Ru(OEP)(dms)(PhC£ (5) 0.46 16.75, 12.87 4.07 —-0.49 15.34 9.84 8.75
[MesN][Ru(OEP)(PhCQ);] (6)¢ —0.72 8.08 2.72 17.86 10.74 9.35

2The assignments for specigs3, 4, and6 are discussed in ref 8.The signals are independent of the counterfohll the signals attributed
to RU" complexes are broad and lacking in fine structdréhe MeN™ signal is atd 5.64.

Free]_}_
dmsj
HaC cn) CH
3
N T CH3 Free
1 P dmso[™ |
_==Ru=—CHJ
HIIESO
~
Hic” “CHs
(CH3)oEP OSCHj3
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(CH2)OEP
1
1
3 N J
AR AT AR AR T T T T, e A

Figure 2. H NMR spectrum of a CECl, solution of1 (~5 mM), dms 30 mM), and dmso~10 mM). Under these conditions, the major
Ru(OEP) species in solution & which has a characteristic UV/visqax at 403 nnf Some3 is also present.

Table 3. *H NMR Signals §on), Assigned to thel)/(4) Exchange
for the Data of Figure 11 = RuU'(OEP)(dms), 4 =
[RU"(OEP)(dms)™), and the Calculated Remaining Mole Fraction

of RU"/RU", confirming that electron transfer betwegand4
at 20°C is very rapid (see also below.Of note, the time-
averaged OEP methylene signal fbrand 4 shifts over time

of 1 (Nu)* towards the RU position, showing that the ratio of RuRU"
Oobs (Ni) for the bis-dms species is increasing with time. Table 3 lists
time (min) CHh CH, Humeoo SCHs the calculated value of the mole fractidd, ([1]/([1] + [4])),
25 169(059) 12.1(0.59)  6.16 (0.58)-1.63 (0.59) for each spectrum collected. Rapid electron transfer between
50 1.67 (0.52) 13.2(0.53) 5.74(0.53)}-1.49 (0.53) metal centers of metalloporphyrins of this type is well docu-
90 1.65(0.45) 14.4(0.47)  5.28(0.47)-1.33 (0.47) mented and almost certainly occurs via an outer-sphere process
%‘1‘8 %-gg Eg-gég ig-‘l" Eg-gs; i-gg Eggg))jﬁ gg-ggg mediated by porphyrin ligand cation radic&t<Crystallographic
340  1.62(0.34) 17.1(0.34)  4.33(0.34)-1.01 (0.34) data for Ru(OEP)(decMghnd [Ru(OEP)(decM$)*" show no
460 1.61(0.31) 17.4(0.32)  4.12(0.32)-0.93 (0.31) significant difference in corresponding bond lengths or bond
?gg %.gg Eg.gig ig.(z) gg.ggg ~g.9 gggg —g.gg 8%8 angles}® and thus within these low-spin systems the minimal
: . -V (U.20)~0.9 (U - : bond reorganizational energies required are expected to give
%ggg 1.54 (0.07) 2%26)*’2 2.34 (0.08) —0.38(0.08) rapid electron exchang‘éa”

The shapes of the time-averaged OEP methylene signals of
1 and4 require some comment. In the first two or three spectra
collected, this signal appears noticeably flattened on top,
compared to a typical Gaussian or Lorentzian curve. This is
i i _ attributed to the fact that the signal moved significantly
analogous system involving £ and ESO, the equilibrium  q4wnfield while the spectrum in question was being acquired

constants as well as the rate constants for the substitution(the line shape was monitored during acquisition, and became
processes have been determined by stopped-flow spectrophopgader as more transients were collected). In the spectra

tometry? collected between 60 and 300 min, the methylene signal appears

The broad signal in Figure 1 that shifts over time is one of \5:mg| for a paramagnetic species, indicating a decrease in the
four, attributable to a time-averaged spectrum of [Ru(OEP)-

a Calculated by the formullly = (dobs — Om)/(dm — ), wheredy
anddy are thed values forl and4, respectively® These methylene
signals are no longer in the fast-exchange raf@nly the methylene
signal is still detectable after 2340 min.

(dms)]* (4) and1 rapidly exchanging via electron transfer; all

four peak positions for the spectra collected are listed in Table

3. Figure 3 shows the spectrum of pdravithin the BF,~ salt.
When this complex was mixed with in CD,Cl,, only time-
averagedH NMR signals could be seen, and the location of
all four signals depended exclusively on the concentration ratio (17) Stynes, H. C.; Ibers, J. Anorg. Chem.1971, 10, 2304.

(14) Drago, R. S.Physical Methods for Chemist2nd ed.; W. B.
Saunders: Philadelphia, PA, 1992; Chapter 8.

(15) Castro, C. E. IIThe PorphyrinsDolphin, D., Ed.; Academic Press:
New York, NY, 1978; Vol. V, Chapter 1.

(16) Wilkins, R. G.Kinetics and Mechanisms of Reactions of Transition
Metal ComplexesVCH: Weinheim, 1991; Chapter 5.
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Figure 3. H NMR spectrum of [Ru(OEP)(dmg]BF,] (4[BF4]); 20.0 °C in CDCl,; S = solvent.

rate of downfield motion. However, the signal again appears
noticeably broadened in the spectra collected betwe850

and 800 min, before sharpening up again in the last two spectra.

2.58, assigned to free dms and dmso, respectively, a cluster of
signals centered &t ~7.5 attributable to free benzoic acid and
benzoate (see below), and a broad signal ar@und.5 which

This second episode of broadening is not observed for the othershifts over time and is discussed further below. On the basis of

signals attributable to thd and 4 exchange system. The

mass balance and an integral analysis of the corresponding

necessary condition for detecting separate resonances for thepectra, the product distributions bf 5, and of free dms, dmso,

proton in each of the Ruand RU' environments is given by

> 1/(257Avg), wheret is the lifetime of the proton at each
site, andAvy is the separation of the peaks (in hertz) in the
absence of exchangéFor the OEP methylene protonsy is

20 ppm (see Table 2), i.e., 6000 Hz for the 300 MHz machine
used, and thus must be less than 3.8 107° s in the range

and benzoate, can be determined as a function of time (Figure
4). By the time the first spectrum was collectet],tjad dropped

to ~20% of its initial concentration; at this stage the'Repecies

4 and 5 account for~70% of the total [Ru(OEP)], whil&
accounts for the remaining 10%. Significant amount$8 afe

not seen untirk800 min after exposure to 0

where separate resonances are not seen. When two proton The initial rapid production ot and5 is rationalized by the
environments are being exchanged by a second-order processpllowing reaction sequencédri = Ru(OEP)]:

such as is the case here, the additional condk[gh= 771 (k

is the second-order rate constant for the process, and [x] is theZRd'(dms)z (1) + O, + 2PhCQH —

concentration of the less abundant of the exchanging species)

must hold if separate resonances are not $eés. discussed
further below, both I] and [4] decrease with time, and the
broadening observed betwee50 and 800 min appears to be
due to a decrease of][to a point where the methylene signal
begins to slip out of the fast-exchange region. In the range in
which the methylene signal is noticeably broadengjd;0.5—-1
mM, and B] ~ 1.5 mM (see below), which yields a rough
estimate ofk ~5 x 10’ Mt s7! for the second-order rate
constant. None of the other signals attributableliahd [4] is
broadened, becaugevy is much smaller for these signals, so

2[RU"(dms)]* (4) + 2PhCQ™ + H,0, (1)

4+ PhCQ~ =RU"(dms)(PhCQ) (5) + dms  (2)
Step one involves electron transfer from'Ra O, to form RU"
and superoxide stabilized by protons as AH@llowed by its
disproportionation to give 0, and Q. We have previously
established such a mechanism by detection of Within related
bis(phosphine) complexes of Ru(t}8The disproportionation
is fast and irreversibl® and would drive reaction 1 to

that they remain in the fast-exchange region throughout the time completion. The amounts &u'" species initially generated after
investigated. Finally, the sharper methylene signals observedexposure to @are almost certainly determined by the amount

after 800 min, now in the slow-exchange regime, must cor-
respond essentially té only.

The signals atdo 12.95 and 16.80 (but shifted slightly
downfield in the final two spectra) in Figure 1 are attributed to
the OEP methylene protons of the paramagnetit! Romplex
Ru(OEP)(dms)(PhC$ (5) (see Table 2 and below). Two

of O, immediately available in solution, as the initial amount
of Oy in the CHCl, (~8 mM29) is in the range of]. Under 1
atm of pressure the NMR tube (approximately 4 mL capacity)
contains~30 times more @ than is required to eventually
oxidize all of 1 to 3.

If a 10-fold excess of dms is added to a £LHY/PhCQH

signals are observed because the two different axial ligands makesolution of 1, the thermal reaction with ©is completely

the anisochronous methylene protons magnetically inequiva-

lent13 The signals ath 9.85 and 15.30 in Figure 1 are also
attributed to5 (Hy and H, of the coordinated benzoate,
respectively).

Complexes1—5 account for all of the metalloporphyrin-
related'H NMR signals observed after the exposureloto
O3, with the possible exception of some very minor signals at
0 0.95 and 6.08 seen only in the final spectrum (see Table 2
and Figure S1). In addition to these signals, the comgldte
NMR spectra (Figure S1) also exhibit singletséa?.09 and

inhibited (catalytic @ oxidation of excess dms under corre-
sponding conditions can occur with a visible light so8yc€his
implies that an inner-sphere process, withr€placing a bonded
dms, occurs prior to electron transfer in reaction 1. There is
precedence for such an inner-sphere mechanism as well as for

(18) James, B. R.; Mikkelsen, S. R.; Leung, T. W.; Williams. G. M.; Wong,
R. Inorg. Chim. Actal984 85, 209.

(19) Sawyer, D. T.; Valentine, J. &cc. Chem. Red.981, 14, 393.

(20) IUPAC Solubility Data SeriesBattino, R., Kertes, A. S., Eds.;
Pergamon Press: Elmsford, NY, 1981; Vol. 7, p 452.
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Y Y T T y T case outer-sphere electron transfer from' Ru O, must also
0.0104 ®a 4 be kinetically slow.
—_ —o— Ru(dms), (1) Experimentally the quotient§[[dms])/([4][PhCC,]) is found
g 0.0081 —o0— Ru(dms)(dmso) (2) g to be_ reasonably constant (average \_/alub 3 Figure 82_), as
p —a— Ru(dmso), (3) required by the eqU|I|b_ru_Jm depicted in eq 2. This n_nphes t_hat
.S 0.006- 2 A 4 and PhCOQO are sulfficiently large and hydrophobic to exist
B ] as independent ions (rather than as an ion pair) in@He =
*"é‘ 8.93)22 of note, the B~ salt of4 has a molar conductivity of
§ 0.004+ O/e/fo\o 7 ?BGFQ]_; cn? mol~1, compared to 221 cn? mol 1 for [n-BusN]-
4].
8 0.002 § Hydrogen peroxide is known to react with thioethers,
O-g 7< 1 especially in acidic non-hydroxylic solverffsand thus the bD»
0.000- AA-A-A—A-t g 4 produced in reaction 1 could react with free dms (produced in
. . . . : . reaction 2) to give water and dmso:
H,O, + dms— H,O + dmso (3)
0.0064 ' ! ' j ' T
® ;q —a—[Ru(dms) @ As previously mentioned, apart from the spectra collected at
’2“ 0.005 —o—Ru(d r:hcoo (5)' = 0 andt = 2340 min, all the rest exhibit a broad signal in the
< —Ru(dmsX ) rangeo ~6.2—7.1. This signal initially shifts upfield frond
g 00041 o ] 6.6 to 6.25 and then shifts downfield while getting broader and
B 0.003- J less intense; after 1290 min it is just visible @t~7.1. The
= signal is tentatively assigned ta®, H,O,, and the CGH proton
S 0.0024 - of PhCQH, all rapidly exchanging with each other. The relative
2 Tb"’n concentrations of these species would then determine the exact
© 0.001+ . position of the resulting signal at a given time. Hydrogen
@] ; ) .
peroxide could also react, but presumably less readily, with
0.0004 o } coordinated dms (other fates for®, such as reaction with
v ’ v ' ) benzoic acid to form a peracid intermediate, cannot be ruled
0.006 Y y T Y J T out, but there is no evidence to invoke such reactions). Typically
(c) reaction of HO, with thioethers results in coproduction of
g 0.0054 —o— Free dms ] sulfone23 however, no sulfone is detected in the current case
—o— Free dmso i (a small quantity of sulfone is produced in the photoactivated
g 0.0047 O, oxidation of excess thioether catalyzed by Ru(OEP)@}R.
‘.g 0.003- . Ligand exchange between the specie2, and 3 is fast
5 relative to the observed rate of dms oxidatfoand so the
5 0.002- - concentrations of these species are determined by the relative
g \ affinity of free dms and dmso fdRu Indeed, the quotientZ]-
Q 0.0014 E [dms])/([1][dmso]) is essentially constant over the reaction time,
o o-0—0 with an average value of 7& 15 (Figure S2), which is
0.0004 &0 1 comparable to the equilibrium constant of 16:D.6 determined
T T y y y y directly for the substitution of &8 by E4SO onRU'(Et;S).8
0 500 10'0 0 15?0 2000 250 For the equilibrium constant3[[dms])/([2][dmso0]), an estimate
Time (min) of 0.4 is obtained from the data set collected a 1290 min,

Figure 4. (a, b) Product distributions df—5, as a function of time, close to the value of 0.3% 0.01 obtained independently for
for the experiment illustrated in Figure 1. (c) Concentrations of free the analogous EB/E6SO systent.
dms and dmso, as a function of time, for the same experiment. Atany  Figure 4 shows that, after the initial rapid oxidation step, the

given time the concentration of free Ph€Gshould equal that oé. oncentrations of th&u" species4 and5 gradually decrease
The concentrations were determined from mass balance and an integraf . - | . .
analysis of the spectra partially shown in Figure 1 and fully provided Figure 4b), while those of thRU' species? and 3 increase

as Supporting Information (Figure S1). The data are not considered to (Figure 4a). In the final spectrum of Figure 1, specks

constitute a rigorous kinetic study (see Experimental Section). comprises about 90% of the product distribution (cf. Figure 4a).
These data are not explained by eqgs31 which give no

direct outer-sphere electron transfef; although the latter is  indication of how a net reduction of tiRu" species is achieved

extremely unfavorable in the present system: after their initial production. Considerable insight into the
o . mechanism of this gradual reduction of the Ru center came from
O,te =0, , E°=-0.8VvsAg/AgClI (ref 19) unsuccessful attempts to prepare p&rdigure 5a shows the

. o IH NMR spectrum obtained for an approximately 1:1 mixture
4+e =1 E°=022VvsAg/AgCI (ref 6) of 4 and [MeN][RUPhCQ);] (6) in CD.Cl,, while Figure 5b
These data translate to an equilibrium constant value of aboutShows the spectrum of puéefor comparisor?. The major signals
1017 for the outer-sphere process'Rér O, = Ru' + 0, in Figure 5a are attributable to the desired com@ieand some
protonation and removal of the superoxide can nullify the back
reaction of this equilibrium, but the findings imply that in this

(22) Sawyer, D. T.; Roberts, J. L., Experimental Electrochemistry for
Chemists John Wiley and Sons: New York, 1974; Chapter 4.

(23) Barnard, D.; Bateman, L.; Cuneen, J. IQrganic Sulfur Compouncls

(21) Chu, M. M. L.; Castro, C. E.; Hathaway, G. Biochemistryl978 Kharasch, N., Ed.; Pergamon Press: New York, NY 1961; Vol. |,
17, 481. Chapter 21.
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Figure 5. 'H NMR spectra of (a) a mixture (approximately 1:1) of [Ru(OEP)(di#fBF.] (4) and [MeN][Ru(OEP)(PhCQ®);] (6) ~1 h after
mixing and (b) pures. Both spectra in CBCI, at 20.0°C, with samples sealed under vacuum=Solvent.

signals due to residud are also present because the original presence of BF counterionf The RU/Ru'" potential for5,
mixture was not exactly 1:1. The key feature is that Figure 5a containing a single benzoate, would certainly be higher than

also shows small approximately equal amountsladnd 2. 0.23 V, but it must be in the range where the equilibrium (4)
Attempts to crystallize out the desired produbj from the can be realized, although lying well to the left-hand side in-CH
mixture using hydrocarbon solvents resulted in a dramatic Cl, solution. Such disproportionation of Rinto Ru' and Rt
increase in the concentrations of the'Rypeciesl and2 in the species is knowd?

isolated solid (this time with a predominanceX)fand in the The oxidizing ability of R species via RY=0 intermedi-

generation of other unidentified diamagnetic products (not ates as O-atom donors is well established withirdinor ligand
shown)® To account for the generation afwe speculate that  system£®27 and thus speculative pathways, such as Scheme

a “disproportionation” such as the following takes place: 1, for the subsequent generation of the obser2ggioduct in
Figure 5a are readily formulated. Here, tRelV=0 species
[RU"(dms)]" (4) + RU"(dms)(PhCQ) (5) = presumably arises by deprotonation of coordinated OH; subse-

Ru”(dms)z 1) + [Rdv(dms)(PhC@F (4) (24) Farrer, B. T.; Thorp, H. Hinorg. Chem.1999 38, 2497.
(25) Griffith, W. P.Chem. Soc. Re 1992 21, 179.
(26) Cheng, W.-C.; Yu, W.-Y.; Cheung, K.-K.; Che, C.-M.Chem. Soc.,

Earlier CV studie% have shown that speciegg with two Dalton Trans.1994 57 and references therein.
i | I i (27) (a) Binstead, R. A.; Stultz, L. K.; Meyer, T. [horg. Chem.1995
Coqrdmated benzoates, has au lgl?éeﬂmal of 0.'23 v, 34, 546 and references therein. (b) Stultz, L. K.; Binstead, R. A,;
which almost exactly matches the u' potentials of Reynolds, M. S.; Meyer, T. 1. Am. Chem. Sod995 117, 2520

[Ru(OEP)(RRS),] ™ complexes (0.22 V for the species in the and references therein.
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Scheme 1. Plausible Route for Oxidation of dms UV a sulfoxide toRU" makes the metal much more reducible than
H,0 its thioether counterpart (e.g., the reduction potential for the
[Ru"(dms)(PhCO,)]"+ PhCO, === O = Ru"(dms) + 2PhCO,H [RU" (dmso),] "/RU'(dmso), couple is 0.74 ¥); thus, if a species
dms such as Ru'"(dms)(dmso)j is formed during theRu'(dms)
oxidation sequence, it will be rapidly and preferentially reduced
Ru(dms)(dmso) Ru(dms)(dmso) to the RY form, either in a “disproportionation” step analogous

to eq 4, or via electron transfer from ROEP)(dms). However,
quent O-atom transfer to the thioether is well documeffed. CV data reveal a strong preferenceRud" for thioether rather
The conversion from O- to S-bonded dmso (linkage isomer- than sulfoxide coordination, implying theR{i" (dms)(dmso)}
ization) is thought to occur in this system via stepwise SPecies probably do not play an important role in the overall
dissociation/association of dm&although an intramolecular ~ '€action. Figure 7 shows the CV of a solution containing
process via a-bonded $-O moiety has been proposed for [Ru-  Primarily Ru'(decMS)(dec\8O) prepared by mixing 0.78 mM
(NH2)s(dms0)]2+.28 In Figure 5a, trace bO in the solvent could Rd'(decMIS)g, 71 mM decMS, and 25 mM decMSO (cf. Figure
be sufficient to generate the small quantitied @ind2 present. 2; also,RU'(RR'S)(RRSO) complexes have &nax at 403 nm,
Presumably in the presence of hydrocarbons, additional mech-and this can be used to investigate the composition of the above

anisms are operative in generating the large amoun®ubf ~ MiXture). Initially, as the potential is scanned in the positive
_direction, a large signal attributed to the oxidation Ffi'-

r((g';lecMS)(decl\&D) is found at 0.59 V, and a minor signal
attributed toRU'(decMS) oxidation is found at 0.28 V. As the
potential is scanned back in the negative direction, the 0.21 V
peak due toRRU" (decMS)] " reduction is now the major one,
while that at 0.50 V due taqu" (decMS)(decMBO)]* reduction

is comparatively minor. The observations are explained by the
sequence given in Scheme 2, and show that thioether coordina-
tion to RU" is preferred over sulfoxide coordination. From
Figure 7AE® for reduction of RU" (decMS)(decMBO)]™ by Ru'-
obseved n hesignls Stovard he endo e siocomelc S =14 s e 2 I e 0 0
oxidation reaction (cf. Figure 1), wher]fin particular has o jilibrium constants for replacement of aliphatic thioethers by
decreased to minimal levels. Furthermore, eq 4 and Scheme Ig roxides inRU!' species have magnitudes e20—70. Com-

provide a second_route for dms oxidation to (_Jlmso, so that the bining the equilibrium constants for the two processes yields
sequence of reactions-4, followed by the reactions of Scheme 5, expected value of (27) x 1074 for the replacement of a

1, and dms/dmso ligand exchange processes, together givgnigether by a sulfoxide ifRU" (RR'S)" species.
eventual formation of Ru(OEP)(dsm),, via the overall stoichi- In summary, in CRCl, containing PhCGH, O, initially
ometry of eq 5. oxidizes Ru'(dms) to a mixture of Ru"(dms)]* and Ru"-
0 0 (dms)(PhCQ), apparently via an inner-sphere, acid-promoted
Ru’(OEP)(dms) + O, = Ru (OEP)(dnso),  (5) step which also produces,E,. The latter can oxidize dms to
dmso, generating ¥ in the process. SubsequenthRy'-
This net reaction shows that the benzoic acid is not consumed(dms)]* is reduced back to the corresponding'Riomplex
and acts as a catalyst, specifically to promote reaction 1; py Ru''(dms)(PhC@), whose oxidation potential has been
similarly water also acts as a catalyst, being formed in reaction Jowered upon replacement of the coordinated thioether by
3 and consumed within Scheme 1. The mechanism implies thathenzoate. ThequY(dms)(PhC@)]* thus formed can react with
the oxygen of the dmso ligands comes vigl:i(eqs 1 and 3)  the water produced in the 9, oxidation of dms, to give
and HO (Scheme 1). Attempts to investigate the role of water O=Ru"(dms) and regenerate free PhgEDFinally, like HO,,
more extensively, for example, by presaturating theClpwith O=RuY(dms) can also oxidize dms to dmso. The net reaction
H20 (or H,0%), were thwarted by the coproduction of signifi-  (eq 5) is thus oxidation of both dms ligandslirby 1 equiv of
cant amounts of [Ru(OEP)KD (L = anionic ligand) under these  O,. The mechanism may be compared to that proposed by
conditions? Figure 6a shows in detail how the benzoate proton Riley®° for the O oxidation of dms to dmso catalyzed lois-
signal positions vary as the oxidation reaction progresses. It is RuCh(dmso), in alcohols. Here, free ¥, was suggested to
immediately clear that at 2340 min the benzoate signals arebe formed via an initial 2e oxidation of R with direct
shifted somewhat upfield from their positiontat 0. However, generation of RY; in our system, the detection of Ristrongly
a comparable shift is observed if 1 equiv of dmso is added to favors the le process followed by a disproportionation. Riley
a solution containing only benzoic acid (Figure 6b), which shows also considered reaction 6 for the subsequent reduction'¥f Ru
that such a shift is expected when benzoic acid interacts with
dmso (presumably an acithase interacticl). Thus thelH RuY(dms)+ H,0=Ru" + dmso+ 2H" (6)
NMR results show that benzoic acid is recovered intact at the
end of the oxidation reaction. At intermediate times, the H back to RU; this is essentially the chemistry of Scheme 1,
and H, signals shift upfield and come closer together, behaviors although we invoke the presence of a"ReO intermediate.
also seen when comparing thed NMR spectrum of the salt ~ We prefer a pathway via this intermediate versus the previously
[Me4N][PhCQ;] with that of PhCQH. proposed nucleophilic attack of water on dfi&gcause attack
One final point for consideration is the possible role of a of a thioether at an electrophilic oxo center has been demon-
species such aKk[" (dms)(dmso)}, which could be generated  strated2527and, in our system, this provides the most obvious
by ligand exchange as free dmso accumulates. Coordination ofpathway to the detected mixed dms/dmso spezies

solvent system becomes progressively less polar, the force

driving Ru" species towardRu' must become substantial.
According to egs %3, the reaction being followed in Figure

1 will ultimately generate in situ 1 equiv of J@ for every 2

equiv of RU' oxidized toRuU". Thus for this system, eq 4 and

Scheme 1 combined provide a plausible route by which all of

the RU" species could be reduced backRd'. The presence

of RUV via equilibrium 4 could well explain the slight shifts

(28) Scott, A. Y. N.; Taube, Hinorg. Chem.1982 21, 2542. (30) (a) Riley, D. Plnorg. Chem1983 22, 1965. (b) Riley, D. P.; Shumate,
(29) Jaswal, J. S.; Rettig, S. J.; James, BCBn. J. Chem199Q 68, 1808. R. S.J. Am. Chem. S0d.984 106, 3179.
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Figure 6. (a) Changes over time (min) in thel NMR phenyl signals due to free benzoic acid and benzoate, for the same experiment as shown
in Figure 1. (b) Comparison of the first and last spectra shown in Figure 6a with spectra of free benzoic aci€lin @iEh and without an added

equivalent of free dmso, in the absence of Ru(OEP) species.

e

I

E vs. Ag/Cl

0.59

Figure 7. Cyclic voltammogram of a solution (GBI»/[n-BusN][BF 4])
initially containing 0.78 mM Ru(OEP)(decM$&)71 mM decMS, and
25 mM decMSO.

Reaction of Ru(OEP)(RRS), Complexes with & and
PhCO;H in Hydrocarbon Solvents. In benzene or toluene
containing PhC@H, exposure oRu'(dms) or RU'(Et;S), to

Scheme 2. Proposed Reactions for the Data of Figure 7

Ru"(decMS)(decMSO) ée [Ru" (decMS)(decMS0)]"

+decMS
-decMSO

+€

-€

Ru"(decMS), [Ru"(decMS),]*

0., under conditions analogous to those described for the
reactions in CHCI,, also results in the production of thu
mono- and bis-sulfoxide complexes. The general mechanisms
are probably similar, but the lower polarity of the hydrocarbon
solvents (dielectric constant 2)3! results in some minor, but
interesting, differences. The reaction is much slower in hydro-
carbons; e.g., after 35 h in a benzene solution otherwise
analogous to the CJ€l, solution previously discussed, only

(31) The Handbook for Chemistry and Physié&nd ed.; Weast, R. C.,
Astle, M. J., Eds.; Chemical Rubber Company: Boca Raton, FL, 1981;
pp E-53,54.
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Figure 8. ORTEP view of Ru(OEP)(EBO).. Disorder and hydrogen
atoms are omitted for clarity; 33% thermal ellipsoids are shown.

Table 4. Selected Bond Lengths (A) and Angles (deg) for
Ru(OEP)(E4SO),

Ru(1)-S(1) 2.319(1) Ru(BN(1) 2.062(3)
Ru(1)-N(2) 2.051(3) S(1}0(1) 1.508(4)
S(1)-C(19) 1.777(8) S(1C(21) 1.776(9)

S(1-Ru(l-S(1p  180.0 S(1¥Ru(1)-N(1) 91.8(1)

S(1-Ru(l-N(1  88.2(1) S(1}Ru(1)}-N(2) 90.3(1)

S(1-Ru(l-N(2r  89.7(1) N(1}Ru(1)-N(1@ 180.0

N(1)-Ru(1-N(2)  90.3(1) N(1}Ru(1l)-N(2p  89.7(1)

N(2)-Ru(1-N(2  180.0 Ru(lyS(1-0O(1)  117.3(2)

Ru(l-S(1)-C(19) 112.1(3) Ru(DS(1)}-C(21) 112.6(3)

O(1)-S(1)-C(19)  106.3(4) O(L}S(1-C(21)" 106.0(4)

C(19-S(1-C(21)  100.9(6)

a Symmetry operation: +x, 11—y, 1— z

~65% of Ru'(dms), (1) has reacted, and the product is mainly
Ru'(dms)(dnso) (2) with traces of bis(sulfoxide)3], andRu" -
(dms)(PhCQ) (5). No [Ru"(dms)] ™ is seen [théH resonances
for 1—3in CgDg are very similar to those in CGICI, (Table 2),
while some of those 0% are shifted by up to 1.5 ppff). The
implications are that, in the hydrocarbons, reaction 2 lies far to
the right with a resulting decreased contribution from the
“disproportionation” reaction (4). In the corresponding system
with RU'(Et;S), the findings are similar in that n&®U" (ELS),]*
is seen, although more significant amountfdf (E;S)(PhCQ)
are observed.

Crystal Structure of Ru(OEP)(Et,SO), (7). The synthesis
of 7, along with other Ru(OEP)(RRO), complexes, from the
[Ru(OEP)} precursor has been described eafliire evidence
for coordination via the S-atom of the sulfoxides was solely
solid-state IR data (e.gvso 1105 vs 1001 cmt for free Ep-
S0), with'H NMR data subsequently being ascribed to the
species. The X-ray data f@rconfirm that the sulfoxide ligands

are S-bonded (Figure 8). Selected bond lengths and angles are

given in Table 4.

There is nothing remarkable about the structure, although it

is perhaps the first for a metalloporphyrin containing an
S-coordinated sulfoxide. The variable orientations for the ethyl
groups of the OEP are commonly séeand the bond lengths
and angles for the Ru(OEP) moiety are norffallhere is a
plethora of structural data for non-porphyrin 'R&-bonded
sulfoxide complexe: but none, to our knowledge, of S-bonded

Inorganic Chemistry, Vol. 38, No. 24, 1998587

EtSO systems; the complex [RuBNO)(ELSO)][«-Br] 2 con-
tains O-bound sulfoxide®. Nevertheless, S-bonded sulfoxides
generally have geometry very similar to that of the correspond-
ing free sulfoxide’? The geometry of the coordinated,50 in

7 appears similar to that of the S-bonded¥d in some Pt
complexes$? which is close to tetrahedral at the S atom with
an S-0 bond length of 1.48 A; the disorder problem in the
Et,SO ligands of7, however, precludes a more accurate
comparison. The RuS bond length (2.319 A) i7 is in the
range of 2.36-2.36 A found generally for mutuallyrans-
sulfoxides in non-porphyrin Rusystems?

Worth noting is that structural data show that the phthalo-
cyanine complex FePc(dmsd tetraazaporphyrin species) has
S-bonded sulfoxide®, while IR data again suggest S-bonded
sulfoxides in RuPc(dmsg§® S-Bonded sulfoxide complexes (as
judged by IR data) of the sterically hindered Ru(TMP) system
have also been synthesized in this laborafofy our know-
ledge, the only other structurally characterized bis(sulfoxide)
complexes of metalloporphyrins are of [Fe(OEP)(d)s§PFg]°”
and bis(tetramethylene sulfoxide)(tetraphenylporphinato)iron-
(1) perchlorate3® where all the sulfoxides are O-bonded.

Summary

A mechanism is proposed for the stoichiometricaQidation
of Ru(OEP)(RRS), complexes to Ru(OEP)(RBED), in CH,-
Cl; solutions containing PhCBl. The reaction is initiated by
an inner-sphere process in which a one-electron transfer
generates RU and superoxide; the latter disproportionates to
give H,O, that oxidizes free dms, displaced from the [Ru
(OEP)(RRS),]* by substitution with benzoate. “Disproportion-
ation” of the [Ru(OEP)(RF8),]* and Ru(OEP)(RFS)(PhCQ)
species by a one-electron redox process generates™a Ru
intermediate; this with water formed from the®) oxidation
of dms leads to the formation of a RerO species that transfers
oxygen to a second mole of free dms. The net reaction is
catalytic in PhC@H and water.

A crystal structure of Ru(OEP)(EO), confirms that the
sulfoxides are bonded via the S atoms.
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