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The oxidation chemistry of transition metal peroxides is a
matter of general interest ranging from biological processes1,2

to industrial applications.2 A key point for the understanding
of the oxidative mechanism is to establish the electronic nature
of the oxidant.2 In this respect, the selectivity of the two-step
thioether oxidation,i.e., thekS/kSOratio, provides a useful probe.3

This is based on the assumption that electrophilic oxidants
oxidize thioethers to sulfoxides and these to sulfones withkS/
kSO> 14 while nucleophilic ones oxidize exclusively sulfoxides
(kS ) 0).5

Peroxo complexes of d0 transition metals such as Ti(IV),
V(V), Mo(VI), and W(VI) are strong electrophiles2-4 exhibiting
a remarkably high selectivity in the oxidation of dialkyl and
aryl alkyl sulfides; ratios ofkS/kSO > 100 are usually found,
the sulfoxide being the only observed product.3a

We have recently reported the synthesis and characterization
of a new class of Ti(IV)/homochiralC3 symmetric trialkanol-
amines-alkylperoxo complexes which display an atypical
reactivity behavior in the enantioselective sulfoxidation of alkyl
aryl sulfides (enantiomeric excess (ee) up to 84%, eq 1).6

The oxidation of methylp-tolyl sulfide by Ti(IV)/N(CH2-
CHPhO)3(OiPr), 1, and cumyl hydroperoxide yields both the
sulfoxide and the sulfone with comparable reaction rates (kS/
kSO ) 3.2).6,7 Such a low difference in reactivity, and also the

inversion of the selectivity ratio (kS/kSO < 1) obtained for
electron-poor substrates,8 hardly fits within the generally ac-
cepted mechanistic scheme involving two consecutive electro-
philic oxygen transfer steps to the sulfur atom.3,4

In this paper we present mechanistic evidence that2, derived
from the addition of cumylhydroperoxide to1, has a biphilic
nature, behaving as an electrophilic oxidant toward sulfides
while a nucleophilic pathway dominates the oxidation of
sulfoxides. Our results, which include kinetic studies and
theoretical calculations, suggest that the mechanistic modifica-
tion of the reactivity is triggered by coordination of the sulfoxide
to the metal center which promotes an unprecedented switch
of the electronic character (“umpolung”) of the oxygen transfer
step from electrophilic to nucleophilic.9,10

A linear Hammett correlation11,12 with negative slope (F )
-0.60) is obtained for the monooxidation ofp-substituted
thioanisoles by2, as expected for an electrophilic oxidation
where electron-rich substrates display a high reactivity.4,13 On
the contrary, under identical experimental conditions, the
oxidation of the correspondingp-substituted sulfoxides to
sulfones gives rise to a curved Hammett plot14 (Figure 1a)
having a concave shape with a minimum forp-X ) H (σ ) 0).
More specifically, two intersecting linear correlations with
opposite slopes can be drawn leading to a positiveF ) +0.43
for electron-withdrawing substituents (σ > 0) and to a negative
F ) -0.15 for electron-donating ones (σ < 0).12 Nonlinear
Hammett behavior is diagnostic of reactions which occur by
two concurrent pathwayshaving opposite electronic demand,
since the relative relevance of the two processes depends on
the electronic nature of the substrate as determined by the
substituents.14

In Figure 1b, initial rates,Ro, of the oxidation of four
representative aryl methyl sufoxides by2 are plotted versus
initial substrate concentration. In all cases, a marked deviation

† The Du Pont Company.
(1) Valentine, J. S.; Foote, C. S.; Greenberg, A.; Liebman, J. F.ActiVe

Oxygen in Biochemistry; Blakie Academic & Professional: Glasgow, U.K.,
1995.

(2) (a) Kitajima, N.; Akita, M.; Moro-Oka, Y. InOrganic Peroxides;
Ando, W., Ed.; John Wiley & Sons: Chichester, 1992; pp 535-558. (b)
Conte, V.; Di Furia, F.; Modena, G. In Organic Peroxides; Ando, W., Ed.;
John Wiley & Sons: Chichester, 1992; pp 559-598. (c) Sheldon, R. A.;
Kochi J. K. In Metal Catalyzed Oxidations of Organic Compounds;
Academic Press: New York, 1981.

(3) (a) Bonchio, M.; Conte, V.; De Conciliis, M. A.; Di Furia, F.;
Ballistreri, F. P.; Tomaselli, G. A.; Toscano, R. M.J. Org. Chem.1995,
60, 4475. (b) Adam, W.; Golsch, D.J. Org. Chem.1997, 62, 115 and
references therein.

(4) (a) Mimoun, H.Pure Appl. Chem.1981, 53, 2389. (b) Di Furia, F.;
Modena, G.Pure Appl. Chem.1982, 54, 1853. (c) Campestrini, S.; Di Furia,
F. J. Mol.Catal.1993, 79, 1319. (d) Bonchio, M.; Campestrini, S.; Conte,
V.; Di Furia, F.; Moro, S.Tetrahedron1995, 51, 12363.

(5) Nucleophilic oxidations of sulfoxides are usually performed by
peroxoanion species, see: ref 4b. For nucleophilic metal peroxo complexes,
see: Strukul, G. InCatalysis by Metal Complexes, Catalytic Oxidations
with Hydrogen Peroxide as Oxidant; Strukul, G., Ed.; Kluwer Academic
Publisher: Dordrecht, The Netherlands, 1992; Vol. 9, pp 177-222.

(6) Di Furia, F.; Licini, G.; Modena, G.; Motterle, R.; Nugent, W. A.J.
Org. Chem.1996, 61, 5175.

(7) Independent kinetic experiments provided Ro(S)) 4.70× 10-5 M
s-1 and Ro(SO)) 1.47× 10-5 M s-1; [Substrate]o ) 0.32 M, [CumOOH]
) 5.4× 10-2 M in DCE at-20 °C.

(8) In the oxidation ofp-nitrophenyl methyl sulfide the sulfone is the
major product, see: ref 6.

(9) Such a possibility has been suggested for ketone Baeyer-Villiger
and aromatic sulfoxide oxidations by methylrhenium peroxide: Herrmann,
W. A.; Fischer, R. V.; Correia, J. D. G. J. Mol. Catal.1994, 94, 213. Abu-
Omar, M. M.; Espenson, J. H.Organometallics1996, 15, 3553. Brown, K.
N.; Espenson, J. H.Inorg. Chem.1996, 35, 7211. For Ti(IV)-catalyzed
Baeyer-Villiger oxidations of cyclobutanones, see: Lopp, M.; Paju, A.;
Kanger, T.; Pehk, T.Tetrahedron Lett.1996, 37, 7583.

(10) Selke, M.; Sisemore, M. F.; Valentine, J. S.J. Am. Chem. Soc.1996,
118, 2008.

(11) Hammett, L. P.J. Am. Chem. Soc. 1937, 59, 96. Jaffe, H. H.Chem.
ReV. 1953, 53, 191.

(12) See Table S1 in the Supporting Information.
(13) Pitchen, P.; Dunach, E.; Deshmukh, M. N.; Kagan, H. B.J. Am.

Chem. Soc.1984, 106, 8188.
(14) Isaacs, N. S.Physical Organic Chemistry; Longman Scientific

Technical: Harlow, Essex, England, 1987.

Figure 1. (a) Hammett plots for the oxidation ofp-substituted aryl
methyl sulfoxides by2 in DCE at-20 °C; for σ e 0, F ) -0.15 (r )
0.980), forσ g 0, F ) +0.43 (r ) 0.980). (b) Plot of initial velocity
(Ro) versus initial substrate concentration showing saturation behavior
for p-substituted aryl methyl sulfoxides (see ref 15).
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from linearity is observed for [substrate]o > 0.2 M, thus
indicating that the Ti(IV) oxidant displays a saturation behavior
with respect to substrate concentration.15,16

Three main pieces of information provided by Figure 1b are
worthy of discussion: (i) the saturation behavior fits with the
occurrence of an intramolecular oxidation taking place by
coordination of the sulfoxide to the Ti(IV) center;9,17 (ii) the
subsequent internal oxygen transfer is likely to proceedVia a
nucleophilic pathway as indicated by the highest reactivity of
thep-cyano-substituted sulfoxide;15 (iii) for [substrate]o > 0.2
M the reaction rates further increase originating a second linear
regime with slopes increasing in the orderp-NMe2 > p-OMe
> p-Me> p-CN, reaching a definite plateau value only for the
latter electron-poor substrate.18

These findings suggest the concomitant presence of an
electrophilic bimolecular oxidative process, contemporary and
parallel to the nucleophilic intramolecular one. In the former
case, the oxidation rate is characterized by a linear dependence
on the substrate concentration, while in the second one, it
approaches a limiting maximal value. Therefore, the electro-
philic pathway becomes the dominant one in the oxidations of
electron-donating substituted sulfoxides when performed in the
presence of large excesses of the substrate,i.e.,under catalytic
conditions (substrate:Ti(IV)) 100:1, Figure 1a). The latter
observation predicts that a linearization of the Hammett plot
could be observed by reducing the excess of the sulfoxide over
the catalyst. In fact, by employing a substrate:Ti(IV)) 10:1
ratio, an appreciable improvement of the correlation (F ) +0.45,
r ) 0.997) is observed.12 Only the more activatedp-NMe2 and
p-OMe derivatives now lie out of the nucleophilic correlation.12

Alternatively, the addition of an antagonist nonoxidizable ligand,
which competes with the sulfoxide for the coordination to the
Ti(IV) center, is expected to draw the oxidation toward the
external electrophilic pathway by depressing the intramolecular
one. Indeed, the presence of an excess of hexamethylphosphoric
triamide (HMPA) affects the reactivity as expected and levels
off all of the kX/kH ratios.12,19

We have used theoreticalab initio calculations at the RHF/
3-21G(*) level20 to confirm whether an intramolecular nucleo-
philic oxygen transfer due to the coordination of the sulfoxide
to the transition metal peroxide would be a feasible process.9,17

In Figure 2 we report the results obtained for the model system
(η2-methylperoxo)titanatrane (3)21 interacting with dimethyl-
sulfoxide (DMSO). Complexation of the sulfoxide to the Ti-
(IV) nucleus results in the formation of peroxo species4 with
a calculated stabilization energy of 19.3 kcal mol-1 relative to
the separated species.22 Complex 4 displays an octahedral
geometry in which DMSO occupies the apical positiontrans
to the nitrogen atom and the peroxidic moiety moves in the
equatorial plane, thus loosening theη2 mode of binding. The

location and the energies of the frontier orbitals of4 are
consistent with the “umpolung” of reactivity of the peroxo
functionality. The HOMO of the molecule is found at-0.353
eV and may be considered mainly theσ* O-O orbital, while
an energetically accessible LUMO23 (0.191 eV) may be
represented by the unoccupied 3py orbital of the sulfur atom.
This implies that the electronic interaction occurring in the
transition state could be described as the donation of electron
density from the peroxide moiety to the sulfoxide fragment, in
line with the experimental observations concerning the nucleo-
philic intramolecular oxygen transfer pathway.
According to this mechanistic picture, the Lewis acid metal

center in the Ti(IV) peroxo complex2 plays a multiple role in
activating the hydroperoxide and the sulfoxide, both by coor-
dination, in a template oxidative process. This behavior, in
connection with the mechanism of the enantioselection of the
process and, more generally, with the scope of such versatile
oxidants, is currently under investigation.
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[sub]0 ≈ 0.30 M. This is consistent with its lower basicity.

(19) The rate of oxidation of methylp-tolyl sulfoxide [0.54 M] by1
[0.054 M]/CumOOH [0.054 M] in the presence of HMPA [0.54 M], in
DCE at-20 °C is reduced to the extent of 50% (see ref 3a). In the oxidation
of aryl methyl sulfoxides, coordinatively saturated peroxometal complexes
show HammettF values close to zero (see ref 4d).

(20) Calculations were performed using the Spartan 4.0 program.

(21) The achiraltert-butylperoxo analogue, whose structure has been
determined by X-ray analysis, is a highly symmetric dimer at the solid state,
including two heptacoordinated titanium centers. On the contrary,1H NMR
spectrum of peroxo complexes2 at -40 °C and ESI-MS evidence are
consistent with a monomeric structure of the acting species under turnover
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117.

(23) Lower energy unoccupied orbitals are located on the metal, thus
exhibiting some d orbital character.

Figure 2. Optimized geometry for the model peroxo species3 and
the corresponding adduct4 with DMSO at the RHF/3-21G(*) level,
distances and energies are given respectively in angstroms and Hartrees.
The frontier orbital energy diagram shows a lower HOMO-LUMO
gap in species4 favoring an intramolecular oxygen transfer pathway.
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