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ABSTRACT
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The Ti(IV) complex 2c bearing a  Cs-symmetric triphenolate amine ligand is an air and moisture tolerant complex that efficiently catalyzes
sulfoxidation reactions at room temperature without previous activation (catalyst loading down to 0.01%, TONs up to 8000, TOFs up to 1700 h -1
quantitative yields). Reactions were performed with aqueous hydrogen peroxide as oxidant, which adds value to the methodology from the
environmental viewpoint.

One of the current trends in catalyst design is the use of (IV)-trialkanolamine complexedl as oxidation catalysts
multidentate ligands for complexation of the métaldvan- (Figure 1)3*e4In the tetradentate complexes, coordination
tages include the high stability of the metal complexes, which of Ti(IV) occurs through the three alkoxides and the tertiary
often allows low catalyst concentrations without loss of amine, giving a high stability to the complex. In the presence
catalyst integrity. Second, a nearly complete occupation of of alkyl hydroperoxides these catalysts are able to catalyze
all coordination sites of the metal by a single ligand reduces the asymmetric oxidation of sulfides with ee values up to
the chances of formation of multimeric and often undefined 93% and with turnover numbers (TON) up to 10(80.
metal-species under catalytic conditions. The presence ofRecently, we also showed that secondary amines are ef-
only a single catalytically active species greatly facilitates fectively oxidized to nitrones with high chemoselectivities,
mechanistic studies and catalyst optimization. Wi@le guantitative yields, and TONs reaching 1480Lhe high
symmetr!c bl.demate ligands have been eXtenSIVe!y Eed, (3) (@) Bolm, C.; Sharpless, B. Kletrahedron Lett1988,29, 5101—
symmetric ligand have attracted more attention only s5104. (b) Di Furia, F.; Licini, G.; Modena, G.; Motterle, R.; Nugent, W.
recently in spite of their advantages when octahedral A.J. Org. Chem1996,61, 5175-5177. (c) Bonchio, M Licini, G.; Di
complexes are involved in the catalyic proceSwe have 55 MoV, S todena O Nugens, Whow Cremiodo,

a longstanding interest in the use of chigatlsymmetric Ti- Galka, C. H.; Laibender, M.; Radojevic, S.; McPartlin, M.; Lauher, M. J.
W. Chem. Eur. J2001,7, 2563—2580. (e) Forcato, M.; Nugent, W. A.;
Licini, G. Tetrahedron Lett2003,44, 49-53. (f) Bringmann, G.; Pfeifer,
(1) (a) Comprehensive Asymmetric Catalysis; Jacobsen, E. N., Pfaltz, R.-M.; Rummey, C.; Hartner, K.; Breuning, M. Org. Chem2003, 68,

A., Yamamoto, H., Eds.; Springer: Berlin, Germany, 1999; Vois31(b) 6859—6863. (g) Fetterly, B. M.; Verkade, J. Getrahedron Lett2005,
Lewis acids in Organic Synthesiéamamoto, H., Ed.; Wiley: New York, 46, 8061-8066. (h) Foltz, C.; Stecker, B.; Marconi, G.; Bellemin-Laponnaz,
2000; Vols. 1 and 2. S.; Wadepohl, H.; Gade. L. Ehem. Commur2005, 5115-5117. (i) Pei,
(2) (a) Moberg, CAngew. Chemlint. Ed.1998,37, 248-268. (b) Gade, Y.; Brulé, E.; Moberg, COrg. Biomol. Chem2006,4, 544—550.
L. H. Acc. Chem. Re2002,35, 575—582. (c) Moberg, GAngew. Chem., (4) (a) Nugent, W. A,; Licini, G.; Bonchio, M.; Bortolini, O.; Finn, M.
Int. Ed.2006,45, 4721—-4723. (d) Gibson, S. E.; Lecci, &hgew. Chem., G.; McCleland, B. WPure Appl. Chem1998,70, 1041—1046. (b) Licini,
Int. Ed. 2006, 45, 1364—1377. (e) Gibson, S. E.; Castaldi, M.Ghem. G.; Bonchio, M.; Modena, G.; Nugent, W. Rure Appl. Chem1999,71,
Commun2006, 3045—3062. 463—-472.
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Figure 1. Titanatranes fronCs-symmetric trialkoxyaminel) and
triphenolate amine ligand<).

stability of 1 allows the incorporation of the catalysts in
polyvinylidene difluoride membranes without affecting their
performance even after 5-fold recycling of the catalytic
membrané.

Ti(IV)-tri(phenolate) amino complexea are structurally
very similar tol when considering the trigonal bipyrimidal
coordination geometry of Ti(IV) and the number and type

reported, the number of reports that deal with the catalytic
behavior of any of these complexes is very limited and is
mainly in the context of polymerization reactiofts.fi.7.11b

In fact, for a series of other organic transformations it has
been reported that complex2sare poor Lewis acid catalysts
and that activity is only observed after exchange of the apical
isopropoxy ligand for a more labile triflate aniéhV(V)
complexes of triphenolate amino ligands have shown cata-
lytic activity in epoxidation reactions, even if they afford
very slow reactions (2—3 turnovers per day).

Here we report that the in situ prepared Ti(IV) triphenolate
amino complexes are very stable and highly efficient
sulfoxidation catalysts which can be used without the need
for prior activation. In addition, the catalysts are even highly
active in the competitive solvent MeOH, using aqueous
hydrogen peroxide as the primary oxidant. These reaction
conditions are unprecedented for this kind of catalyst and
make them far superior to the Ti(IV)-trialkanolamine com-
plexesl.

Triphenolamines8a—c where prepared with a new syn-

of donor atoms (Figure 1). Because of the higher acidity of thetic strategy, recently developed by us, based on a 3-fold
phenol compared to alcohol, this should have a beneficial reductive amination of the corresponding substituted salicyl

effect on the stability o2 with respect tal and thus allow
higher TONSs.

aldehyde'? Reaction of3a—c with Ti(Oi-Pr), in CHCl; under
nitrogen yielded the corresponding mononuclé2ysym-

In the last years, a substantial number of publications havemetric Ti(IV) complexe2a—c# and freei-PrOH (3 equiv)
appeared regarding the synthesis and metal complexations released in solution. Formation of the complexes is fast

behavior of triphenolate amino ligan8sAlthough complex
formation of3 with a wide variety of transition metals and
main group elements (Ti(IM,V (1), 7 V(V),” Zr(1V),8 In-
(11, ° Ga(lln,® Fe(lll),2° Ta(V) 591 and Si(IV)) has been

(5) (@) Buonomenna, M. G.; Drioli, E.; Nugent, W. A,; Prins, L. J.;
Scrimin, P.; Licini, G. Tetrahedron Lett.2004, 45, 7515—-7518. (b)
Buonomena, M. G.; Orioli, E.; Bertoncello, R.; Milanese, L.; Prins, L. J.;
Scrimin, P.; Licini, G.J. Catal.2006,238, 221—231.

(6) () Kol, M.; Shamis, M.; Goldberg, I.; Goldschmidt, Z.; Alfi, S
Hayut-Salant, Elnorg. Chem. Commui2001,4, 177-179. (b) Michalczyk,

L.; de Gala, S.; Bruno, J. WOrganometallics2001, 20, 5547—5556. (c)
Kim, Y.; Verkade, J. GOrganometallic2002,21, 2395—2399. (d) Bull,
S. D.; Davidson, M. G.; Johnson, A. L.; Robinson, D.; Mahon, MCRem.
Commun2003, 1750—1751. (e) Kim, Y.; Jnaneshwara, G. K.; Verkade, J.
G. Inorg. Chem2003,42, 1437—1447. (f) Wang, W.; Fujiki, M.; Nomura,
K. Macromol. Rapid Commui2004 25, 504-505. (g) Ugrinova, V.; Ellis,
G. A,; Brown, S. N.Chem. CommurR004, 468—469. (h) Fortner, K. C.;
Bigi, J. P.; Brown, S. NInorg. Chem2005,44, 2803—2814. (i) Cortes, S.
A.; Mufioz Hernandez, M. A.; Nakai, H.; Castro-Rodriguez, |.; Meyer, K;
Fout, A. R.; Miller, D. L.; Huffman, J. C.; Mindiola, D. dJnorg. Chem.
Commun.2005, 8, 903—907. (j) Gendler, S.; Segal, S.; Goldberg, I.;
Goldschmidt, Z.; Kol, M.Inorg. Chem.2006,45, 4783—4790.

(7) Groysman, S.; Goldberg, I.; Goldschmidt, Z.; Kol, Morg. Chem.
2005,44, 5073—5080.

(8) Davidson, M. G.; Doherty, C. L.; Johnson, A. L.; Mahon, M(hem.
Commun2003, 1832—1833.

(9) Motekaitis, R. J.; Martell, A. E.; Koch, S. A.; Hwang, J. W.; Quarless,
D. A.; Welch, M. J.Inorg. Chem.1998,37, 5902—5911.

(10) Hwang, J.; Govindaswamy, K.; Koch, S. 8Bhem. Commuri998
1667—1668.

(11) (a) Groysman, S.; Segal, S.; Shamis, M.; Goldberg, I.; Kol, M,;
Goldschmidt, Z.; Hayut-Salant, El. Chem. Sog¢.Dalton Trans.2002,
3425-3426. (b) Kim, Y. J.; Kapoor, P. N.; Verkade, J.I8org. Chem.
2002,41, 4834—4838. (c) Groysman, S.; Goldberg, |.; Kol, ®rgano-
metallics2003,22, 3793—3795. (d) Groysman, S.; Segal, S.; Goldberg, |.;
Kol, M.; Goldschmidt, Z.Inorg. Chem. Commur2004,7, 938—941. (e)
Groysman, S.; Goldberg, I.; Kol, M.; Genizi, E.; GoldschmidtAdy. Synth.
Catal. 2005,347, 409—415.

(12) (a) Chandrasekaran, A.; Day, R. O.; Holmes, RJIRAmM. Chem.
S0c.2000,122, 1066—1072. (b) Timosheva, N. V.; Chandrasekaran, A.;
Day, R. O.; Holmes, R. ROrganometallics2000, 19, 5614—5622. (c)
Timosheva, N. V.; Chandrasekaran, A.; Day, R. O.; Holmes, R. R.
Organometallics2001,20, 2331—-2337.
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and quantitative, as confirmed By NMR spectra recorded
a few minutes after mixing of the reagents. (Scheme 1).

Scheme 1. Synthesis of the Ti(IV) Complexeza—c

R
; t + TGP, CCT\O
-3 PrOH \b

OH CDC it N,

3aR=H 2aR=H
3bR=Me R 2bR=Me
3c R=tert-Bu 2c R=tert-Bu

The observed complexation behavior is in complete
accordance with the structurally similar complexes described
in the literature, which contain additional substituents para
to the phenolic moiet§ab.de

Complex2c is air and moisture tolerant whereas com-
plexes2aand?2b tend to form aggregates in the presence of
traces of water or after long standing in solution. This
behavior is in agreement with previous studies by Kol et al.
that have already shown that there is a significant dependence
of the stability of complexe® on the steric size of the
peripheral R-group®

Stimulated by the remarkably stability of compl2xeven
in the presence of large excesses of wéitéwye decided to

(13) Prins, L. J.; Mba, M.; Kolarovi¢, A.; Licini, GTetrahedron Lett.
2006,47, 2735—2738.

(14) For related titanatranes the racemization barriers, determined via
VT NMR experiments (nitrobenzeng)dwere found to beAG* = 65.7—
74.4 kJ mot! (ref 6a). For a related phosphite-based systems see also ref
3a.
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study the catalytic activity d2a—c in sulfoxidation reactions || | N NG

using aqueous hydrogen peroxide as oxidant. The use of
hydrogen peroxide is highly advantageous, since it is
nontoxic and inexpensive and yields water as the only side
product®® A series of V(VY¢ and Fe(lll}"/chiral Schiff base-
based catalysts have been recently reported to be very

effective in HO, activation for highly stereoselective sul-
foxidations. On the contrary, only a few polynuclear Ti(IV)

u-oxo preformed complexes have been described that can

activate HO; or its urea compleX®

To work under homogeneous conditions and follow the re-

action course vidH NMR, the experiments were performed
in methanold,, using a 1% catalyst loading and a 1:1 ratio of
thioanisole and KD, (30% in water) (Table 1 and Figure 2).

Table 1. Oxidation of Thioanisole by Aqueous Hydrogen
Peroxide Catalyzed bga—¢

HG; (1 equiv) Q o
ProMe — > &, (}s”
4a cat. 2 Ph Ne Ph Me
CD:OD,28°C ¢, 6a
entry complex t12(min)® TOF (h™1)¢ convn (%)? S0:S0s¢
1 2a 4 740 92 92:8
2 2b <3 1700 920 90:10
3 2¢c 17 170 96 98:2

@ Reactions were carried out in GOD at 28°C with a 1:1 molar ratio
of substrate/kO; and 1% catalyst at an initial substrate concentration of
0.5 M. P Time required for a 50% decrease of the initial concentration of
oxidant.c Determined at 20% conversiorfsDetermined by!H NMR
(CDsOD, 300 MHz) and quantitative GC analysis on the crude reaction
mixture after complete oxidant consumption (iodometric test).

Figure 2. Oxidation of thioanisole4a) to methyl phenyl sulfoxide
(5a) and methyl phenyl sulfoneés) with ag HO, (35%) in CD;-
OD at 28°C catalyzed bya—c(1%): [4ah = [H20;]o = 0.5 M.
Reaction catalyzed bga: 5a (®), 6a (O). Reaction catalyzed by
2b: 5a (a), 6a (2). Reaction catalyzed bgc: 5a (H), 6a (O).
Yields were determined b¥H NMR; internal standard was 1,2-
dichloroethane.

could be observed byH NMR spectroscopy until the end
of the process, when relatively large amounts of water are
present (450 equiv), the solution remaining clear until the
end of the reaction.

On the other side, in the reactions catalyze®hynd2b
extensive decomposition of the catalysts was observed after
addition of aqueous hydrogen peroxide. After consumption
of the oxidant no signals relative to the catalysts could be
detected byH NMR and the formation of a white sluggish
gel was observed, hampering the possibility to increase the
TONSs and recycle the catalysts.

Due to the higher stability under reaction conditions of
2cwe decided to investigate its performance in more detail.

We were pleased to find that in the presence of all complexes The effect of substrate concentration, solvent, oxygen source,

2 thioanisole4a was smoothly and quantitatively oxidized
to the corresponding sulfoxide and sulfone in high yields,
good selectivities, and short reaction times (30—60 min).
The most active complex wagb affording TOFs=
1700 h'! (Table 1, entry 2), followed bga and2c. Even if
catalyst2c (R = t-Bu) gave the slowest reaction (Table 1,

entry 3), much better sulfoxide/sulfone selectivities were ob-

and catalyst loading on the oxidation of thioanisdke is
reported in Table 2. Working in the presence of 1% of
catalyst in methanol, substrate concentrations were varied
from 0.08 to 0.8 M (Table 2, entries—#).*° Quantitative
conversion of the oxidant was observed in all cases and in
the more concentrated reactiodal, = 0.8 M, the reaction
was complete after only 70 min (Table 2, entry 4).

tained (98:2) and the catalyst did not decompose in solution The reqction was also carried opt_in other less coo_rdinating
under turnover conditions. Signals relative to the catalyst solvents like acetone and acetonitrile (Table 2, entries 5 and

(15) (a)Catalytic Oxidations with Hydrogen Peroxidstrukul, G., Ed.;
Kluwer Academic: Dordrecht, The Netherlands, 1992.Abplications of
Hydrogen Peroxide and Deratives; Jones, C. W., Ed.; Royal Society of
Chemistry: Cambridge, UK, 1999.

(16) Drago, C.; Caggiano, L.; Jackson, R. F. Mhgew. ChemInt. Ed.
2005,44, 7221—7223 and references therein.

(17) Legros, J.; Bolm, CChem. Eur. J.2005, 11, 1086—1092 and
references therein.

(18) (a) Saito, B.; Katsuki, TTetrahedron Lett2001,42, 8333—8336.

(b) Saito, B.; Katsuki, T.Tetrahedron Lett2001, 42, 3873—3876. (c)
Tanaka, T.; Saito, B.; Katsuki, Tetrahedron Lett2002,43, 3259—3262.

(d) Skowronska-Ptasinska, M. D.; Vorstenbosch, M. L. W.; Van Santen,
R. A.; Abbenhuis, H. C. LAngew. ChemInt. Ed.2002,41, 637—639. (e)
Matsumoto, K.; Sawada, Y.; Saito, B.; Katsuki,Angew. Chemint. Ed.
2005,44, 4935—4939. (f) Kholdeeva, O. A.; Trubitsina, T. A.; Maksimov,
G. M.; Golovin, A. V.; Maksimovskaya, R. lhorg. Chem2005 44, 1635~
1642. (g) Sawada, Y.; Matsumoto, K.; Kondo, S.; Watabe, H.; Ozawa, T.;
Suzuki, K.; Saito, B.; Katsuki, TAngew. ChemInt. Ed.2006,45, 1635—
1642. (h) Goto, Y.; Kamada, K.; Yamaguchi, K.; Uehara, K.; Hikichi, S.;
Mizuno, N.Inorg. Chem.2006,45, 2347—2356.
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6). In both cases much slower reactions were obtained with
only 50% conversion into the products, due to partigDk
and catalyst decomposition.

The catalyst loading was then decreased. Catalyst amount
could be reduced down to 0.1% without affecting the
efficiency and the SO/S{ratio (Table 2, entry 7), while a
further lowering (0.01%) led to significantly lower conver-
sions (Table 2, entry 9). However, much better SQ/&fos
were obtained (basically only sulfoxidga) giving a total
TON = 8000. The use of the uredydrogen peroxide adduct
(Table 2, entry 8) gave a much higher selectivity toward the
formation of the sulfoxide, although the reaction rate was
sensibly slowed down.

(19) Reaction with a larger catalyst loading (i.e. 10%) could not be
performed due to the low solubility ¢fc in the reaction mixture.
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Table 2. Oxidation of Thioanisole4a) by Aqueous Hydrogen Table 3. Oxidation of SulfidesAa—f by Aqueous Hydrogen
Peroxide Catalyzed bfc and the Effect of Concentration, Peroxide Catalyzed b2c? (1%)
Solvent, Oxidant, and Catalyst Loading

1 equiv 9 A B
s HO(ewv) Q e rRSRe % ROR + RISR
i %Nb 2c P Sve t P e 4af CDOD, 28°C  gaf 6ot
CD;OD, 28°C g, 6a
# sub R! R?2  convn (%) 5:6° yield (%)
entry [4alo (M) 2¢ (%) t12 (h)? convn (%)° 5a:6a°c 1 4a Ph Me 96 982 99

1 0.08 1 2 92 94:6 2¢ 4a Ph Me 97 98:2 93
2 0.2 1 1.6 90 93:7 3 4b p-Tol n-Bu 95 95:5 89
3 0.5 1 0.3 96 98:2 4 4¢c Ph Bu 91 93:7 84
4 0.8 1 0.2 94 95:5 5 4d n-Bu n-Bu 92 93:7 83
5d 0.8 1 44 93:7 6 4e p-MeO-C¢Hy Me 94 94:6 86
6° 0.8 1 3.3 52 >99:1 7 4f p-NOg-C¢Hs Me 77 85:15 61
gf gg gi 22'8 Zg ggi * Reactions were carried out in GOD at 28°C using a molar ratio

: : : substrate/bl0, 1:1 and 1% catalyst at [4a—f= 0.5 M on 0.5 mmol scale.
9 0.8 0.01 5 79 99:1 b Determined byH NMR (CD3;0D, 300 MHz) and quantitative GC analysis

. . . . on the crude reaction mixture after total oxidant consumption (iodometric
@ Reactions carried out at 2& with a 1:1 molar ratio of substrate/aq  test).c Reaction carried out on 7 mmol scafdsolated yields in sulfoxide
H20,. ® Time required for a 50% decrease of the initial concentration of 5 hased on the substrate, after radical chromatography.
oxidant.¢ Determined by'H NMR (CD3;OD, 300 MHz) and quantitative
GC analysis on the crude reaction mixture after total oxidant consumption

(iodometric test)s Reaction performed in acetom-° Reaction performed  ya5ctions without the need of isolation of the complex and
in acetonitrile-d. f Urea—hydrogen peroxide adduct was used as oxidant. . T . .
prior activation. Thanks to the high stability of the complex
2cthe inexpensive and nontoxic aqueous hydrogen peroxide
_ can be used as primary oxidant, with catalyst loadings down

The scope of the reaction was explored under the y, o 9194 and TONSs up to 8000 and high selectivity in the
optimized conditions (Table 3). A series of arylalkyl and g itoxide production. More detailed studies on the use of
dialkyl sulfides were oxidized by using the reaction condi- iterent oxidants and on the mechanism of the reaction and
tions of Table 2, entry 3. In analogy with what we observed ¢ characterization of the species involved in the process
for 4a, in all cases the oxidation with.B, afforded a fast 516 cyrrently under investigation and will be reported
and quantitative conversion into the oxidized products with o sawhere.
high selectivity for the formation of the sulfoxides. The
reaction was also performed on preparative scale, giving  Acknowledgment. L.J.P. and M.M. acknowledge the
comparable yields in isolated products (entry 2, Table 3). financial support provided through the European Com-
The effect of the introduction of eleCtron'donating and munity’s Human Potential Programme under contract
electron-withdrawing substituents in the aryl ring was also HPRNCT-2001-00187 [AC3S]. The sponsorship by MIUR,
studied in some detail (Table 3, entries 6 and 7). The FIRB-2003 CAMERE-RBNEO3JCR5 project and COST,
introduction of an electron-withdrawing group like a nitro  Action D24 “Sustainable Chemical Processes: Stereoselec-
led to a decrease in the selectivity for sulfoxide formation, tive Transition Metal-Catalyzed Reactions” (WG D24/0005/
(I5f]:[6f] = 85:15) while no significant differences were 2001) are also kindly acknowledged.
obtained in the presence of a MeO-group.

These results seem to indicate that, in the second oxidation Supporting Information Available: Procedures and
step from sulfoxide to sulfone with electron-poor substrates spectral data for all new compounds. This material is
like 5f, a concomitant metal-promoted nucleophilic oxidation available free of charge via the Internet at http:/pubs.acs.org.
of the sulfinyl moiety may be occurring, in analogy with
what we previously observed with the titanatrane systéms 0L062395I
with alkyl hydroperoxided® Currently we are examining this

aspect in more detail. (20) (a) Bonchio, M.; Calloni, S.; Di Furia, F.; Licini, G.; Modena, G.;
P— Moro, S.; Nugent, W. AJ. Am. Chem. S0d 997,119, 6935—6936. (b)
In summary, we have reported that t@esymmetrlc Ti- Bonchio, M.; Bortolini, O.; Licini, G.; Moro, S.; Nugent, W. AEur. J.

(IV) complexes2 are effective catalysts for the sulfoxidation 0Org. Chem2003, 507—-511.
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