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Abstract: Sulfoxidation catalysts generated from titanium(lV) isopropoxide and enantiopure trialkanolamine
ligands promote the enantioselective oxidation of aryl alkyl sulfides to the corresponding sulfoxides even at
low (1—2%) catalyst loadings. Electrospray ionization mass spectrometry (ESI-MS), in combination with
conventional low-temperature NMR techniques, provides a powerful tool for understanding the unique nature
of these catalysts. Tetradentate ligation of the titanium atom by the trialkanolamine ligand provides a highly
robust titanatrane core which is retained even in hydroxylic solvents and/or under acidic conditions. In contrast,
the remaining apical coordination site is shown to be substitutionally labile. Previously ill-defined species
formed when the catalyst is generated in situ with a slight excess of trialkanolamine are shown to consist of
discrete 2:1, 3:2, and 4:3 oligomers in which the excess trialkanolamine bridges multiple titanatrane units. In
the presence of excessrt-butyl hydroperoxide, all of the precatalyst species are cleanly converted to a
mononuclear titanium(lV) peroxo complex which serves as the active sulfoxidation catalyst. Ab initio molecular
orbital calculations were used to probe the structure and position of protonation of the catalytic species. Other
ionization techniques (fast ion bombardment or electron impact) proved less useful than ESI-MS due to high
levels of fragmentation during the ionization process.

Introduction As far as oxygen-transfer catalysis is concerned, the Sharp-
) ) . less—Katsuki epoxidation systefd launched the rich field of
Central to the field of homogeneous asymmetric catalysis is {jtanjum-mediated asymmetric oxidatiohd8 Since that break-
the discovery of new transition-metal-based systems that areinroygh, chiral Ti(IV) alkoxides have been used to catalyze a
able to mediate organic reactions with high efficiency and yariety of oxidative transformations, affording highly stereo-
selectivity!® Toward this end, an intensive research effort has ggjective processes in the allylic alcohol epoxidafi8f-hy-
been focused on the engineering of suitable chiral ligghaisd droxyamineN-oxidation? and sulfoxidatiori® 17 as well as the
on the study of their interactions with selected metal nuclei. Baeyer-Villiger oxidation of cyclobutanone® The general
The ultimate goal is the solution-phase production of a stable, yeaction protocol employs the achiral precursor titanium tetra-

kinetically competent, and highly stereoselective catdiysa (6) Consider. 1 o the detaiied stud (Vi) mediated
. . . . . . . onsider, Tor example, the detalled study on osmium -meaiate
rational approach toward this objective requires delineation of _, = = dihydroxylation: Kolb, H. C.. VanNieuwenhze, M. S.;

the key elements that are involved in such catalyst assembly, sharpless, K. BChem. Re. 1994 94, 2483.
namely, the chiral ligand or its components, the achiral metal  (7) Katsuki, T.; Sharpless, K. Bl. Am. Chem. Sod.98Q 102 5974.

iti ; (8) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
precursor, and any other additive eventually present in the Sharpless. K. BJ. Am. Chem. S0d987 109 5765,

reaction mixture:® (9) Miyano, S.; Lu, L. D.-L.; Viti, S. M.; Sharpless, K. B. Org. Chem.
1983 48, 3608.
* To whom correspondence should be addressed. (10) Modena, G.; Furia, F. D.; Seraglia, Bynthesis984 325.
T Dipartimento di Chimica Organica, Universith Padova. (11) Pitchen, P.; Dunach, E.; Deshmuck, M. N.; Kagan, HIJBAm.
* Universitadi Ferrara. Chem. Soc1984 106, 8188.
§ Dipartimento di Chimica Farmaceutica, UniversiaPadova. (12) Brunel, J.-M.; Kagan, H. BSynlett1996 404.
5 The DuPont Company. (13) Komatsu, N.; Hashizume, M.; Sugita, T.; Uemura].8Org. Chem.
(1) Qjima, |.Catalytic Asymmetric Synthes\éCH Publisher: New York, 1993 58, 4529.
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isopropoxide [Ti(OFPr)] in the presence of an enantiop@e Scheme %
symmetric diol® and an alkyl hydroperoxide as the primary H
oxidant. Under such conditions, ligand exchange occurs in the j\ (55,512 R=Me
coordination sphere of the titanium nuclédg! producing, LR (RR,AR)-1b R=Ph
among all the possible complexes, a chiral, highly reactive HO J\ Te R=H
species (ligand-accelerating effect) which is responsible for the a A™ o b
enantioselective outcome of the procéss. / \
Due to the tendency of the Ti(IV) alkoxides to form mixtures LLPr
of oligomeric complexes equilibrating in solution and because ?, R d Polynuclear
of the rapid ligand exchange equilibA#;,2* for the majority of <3:TL 2 Aggregates
the processes cited above, the actual catalyst structure remains R Né" R 3
elusive. In all cases, a chiral, metal-centen@gheroxo species
has been postulated as the reactive intermediatbis latter \ /
hypothesis has been recently substantiated by the solid-state ¢ A""O\’\?. ¢
structure of the achirah? tert-butylperoxotitanatrane dimer, /:T R
which is, so far, the only reported X-ray structure of Ti(IV) R""C R4
alkylperoxo complexX® Despite the general lack of structural
information, the majority of evidence collected in the literature /\ 6. = 40-84 %
for the different Ti(IV)[Co-symmetric diol systems seems to
agree about the aggregate nature of the enantioselective oxidant ArSAlk ArSOAIk

formed in solutiort!1320As a matter of fact, in some protocols aReagents and conditions: (a) stoichiometridg-FitO), CHCk, 20

a supplementary dose of hydroxyl functionalities in the form °C; (b) Ti{i-PrO) (0.75 equiv), CHCl,, 20 °C, followed by solvent

of water or aliphatic alcohols is added to the reaction mixture removal; (c) alkyl hydroperoxide; (d) excess bf

to promote the assembly of oligomeric complexes, which are

then much better catalysts than the precursbrs. Our approach employs electrospray ionization mass spec-
Following the above discussion, it is possible to highlight trometry (ESI-MSY’ combined with standartH NMR analysis,

the weak points affecting the Ti(IV)-based systems described t0 assess the nature of the various titanium species equilibrating

thus far: in solution under different reaction conditions and their evolution
(1) The solution integrity of the active catalyst, likely to the active species originating by interaction wiéht-butyl

oligomeric, is seriously jeopardized under turnover conditions hydroperoxide (TBHP). From the results obtained, structures

by the excess of the hydroperoxide that, acting as a bidentateOf the key Ti(IV) complexes are proposed and discussed by

ligand toward the titanium center, can alter the nuclearity and/ comparison with experiments performed using different ioniza-

or substitute the chiral ligand in the coordination sphere of the tion techniques: fast ion bombardment (FI and electron

metal24 Consequently, only ca. 20 catalytic cycles can be impact (El) and ab initio calculations.

achieved without depletion of the system enantioselectvity.
(2) The lack of information about the actual structure of the

reactive titanium species hampers both rational catalyst engi- Ligands1 bind tightly to the titanium center in a tetradentate

Results and Discussion

neering and detailed mechanistic studied. fashion, producing complexes whose nature depends on the
We have reported that a novel series of tetradentate alkoxidestoichiometry of the reaction with Ti(@Pr); (Scheme 1§426.28
ligands, namelyCs-symmetric enantiopure trialkanolminéds When a precise 1:1 ligand/Ti(IV) ratio is employed, catalyst

provide very stable titanium(IV) complex&s26In the presence 2 s obtained (Scheme 1, path a), whose spectroscopic behavior
of alkyl hydroperoxides, such species are able to mediate theis consistent with a monomeric structure. In contrast, a complex
asymmetric sulfoxidation of alkyl aryl sulfides with ee’s up to  mixture of polynuclear Ti(IV)-based speci8forms from the

84% and with unprecedented catalytic efficiency, reaching 50 interaction of Ti(IV) with a slight excess of ligantl(Scheme

100 turnover numbers (Scheme?4). 1, path b). Upon removal of the solvent containing the

In this work we present a detailed study focused on (i) the 2-propanol released in the reaction, catay$s isolated as a
structural evaluation of the catalytic Ti(I\d)/complexes, (ii) white powder and is routinely used to mediate asymmetric
the establishment of their solution integrity both in the absence sulfoxidation?6 In fact, it provides faster reaction rates than the
of the hydroperoxide and under catalytic conditions, and (iii) in situ-formed systerl, where the liberated 2-propanol behaves
the direct observation of th@onomericreactive peroxometal — as a competing ligand. Furthermore, it offers a practical
complex involved in the enantioselective sulfoxidation. advantage in handling.

(19) Derivatives of tartaric acid were employed in refs12 and 18, The room_tem.per?'tur% NMR spectrum of3 S.hows broad
1,2-binaphthol and its derivatives in refs 13 and 14, and 1,2-diaryl and resonances, indicating the presence of a mixture of slowly
di-tert-butylethane-1,2-diols in refs 5.7. equilibrating aggregates. In a recent communication, we have

(20) Woodward, S. S.; Finn, M. G.; Sharpless, K.JBAm. Chem. Soc.  shown that the characterization of the diverse species present
1991, 113 106. . . > o8

(21) Johnson, R. A.; Sharpless, K. B. In ref 1a, Chapter 4.1, pp-103 in 3 can been achieved through ESI-MS ahdNMR analy3|52.

158. Here we report the complete study that has been performed both

(22) Berrisford, D. J.; Bolm, C.; Sharpless, K. Bngew. Chem., Int.  on the in situ-formed speciegsand on the isolated cataly3t
Ed. Engl.1995 34, 1059-1070.

(23) Bradley, D. C.. Mehrota, R. C.. Gaur, D. letal Alkoxides Our results also include the investigation of su_ch systems in
Academic Press: London, 1978. the presence of TBHP, which reacts wiland3, yielding the

(24) Nugent, W. A.; Harlow, R. LJ. Am. Chem. Sod.994 116, 6142 same monomeric Ti(IV) peroxo speciég{Scheme 1, path c).
and references therein.

(25) Boche, G.; Mbus, K.; Harms, K.; Marsh, MJ. Am. Chem. Soc. (27) Colton, R.; D'Agostino, A.; Traeger, J. Glass Spectrom. Re
1996 118 2770. 1995 14, 79 and references therein.

(26) Di Furia, F.; Licini, G.; Modena, G.; Motterle, R.; Nugent, W. A. (28) Bonchio, M.; Licini, G.; Modena, G.; Moro, S.; Bortolini, O.; Traldi,

J. Org. Chem1996 61, 5175. P.; Nugent, W. A.Chem. Commuril997, 869.
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Figure 1. 'H NMR titration of in situ-formed complega (2.5 x 1072
M) by lain deuteriochloroform at-10 °C for Ti(IV): 1a ratios (a)
1:1, (b) 1:3, and (c) 1:5. Resonances are relativalpocpomplex2a,
(a) displaced 2-propanol#) ligand1a, and €<) newly formed titanium
species (see discussion in the text and eq 1).

The collected ESI-MS spectra, together with tandem"MS
analysis and the simulation of the observed isotopic distributions,
have provided clear insight in the structural elucidation of the
Ti(IV) complexes under study. There are precedents in the
literature where ESI-MS has been applied successfully to the
identification of different polynuclear metal complexes and has
proved to be an effective tool for the investigation of rapid
exchanging systents:2°In this study, ESI-MS has emerged as
a diagnostic technique which provides a powerful alternative
to low-temperature NMR spectroscopy.

Ti(IV)/1a in Situ-Formed System: Catalyst 2a.Systen2a
is prepared in situ by reacting stoichiometric amountsSo$(%
tri-2-propanolaminé.a with Ti(i-PrO). Its 'TH NMR spectrum
at—10°C® (Figure 1, spectrum a) in deuteriochloroform shows
a single set of signals & = 1.10, 2.86-2.95, and 4.864.98
ppm respectively for the methyl, methylene, and methine groups
of coordinatedla. Signals corresponding to the two diastereo-
meric methyl groups and to the methine of the bonded
isopropoxy ligand can be observeddat 1.31 (CH) and 4.62
ppm (CH). According to the stoichiometry of the equilibrium,
favoring the formation of the chelated compl2a 3 equiv of
i-PrOH are displaced in solution = 1.20 (CH;) and 4.01 ppm
(CH)].

The IH NMR data are consistent with a solution-phase
monomeric structure for compleXa. Addition of increasing
amounts of ligand.ato the system (Figure 1, spectra b and c)

Bonchio et al.

latter resonance has the same chemical shift found for the
methine of the isopropoxide ligand.

Considering the similar structure of the two competing
alkoxides (MeCHO— and RNCH,CHMeO-), this result
suggests that these new signals can be assigned to the methine
and methylene protons of one arm of ligakathat has displaced
the apical isopropoxy ligand iBa. Such a modification of the
coordination sphere of the titanium nucleus does not influence
the localCz; symmetry of the chelated titanatrane moiety, whose
resonances remain basically unchanged. Therefore, the new
Ti(IV) species displays two molecules dbain its coordination
sphere with a diverse spatial arrangement. However, the
integration of the signals assigned to the different protons of
the coordinated ligands, namely the one involved in the chelated
atrane structure and the other in the apical position, does not
provide significative evidence for the straightforward assignment
of the structure of the new complex. Signals corresponding to
the nonligated trialkanolaminga are ato = 3.8—4.0 (CH),
2.37 and 2.19 (Ch), and 1.20 ppm (CHJ.

On the basis of the NMR evidence reported above, eq 1 can
be put forward to describe the equilibria occurring in solution.
Likely, the polyalcoholic nature of the ligand can promote the
formation of Ti(IV)-based oligomers. As a matter of fact, a total
of 5 equiv of ligandla versus Ti(OrPr), (Figure 1, spectrum
c) causes the total displacement of the apical isopropoxy ligand.

|

2a

1a
- i-PrOH

o, gl

o) ; \)’OH
[o\,T\LO OH + [ % ? o
;O N ':to\— (eq. 1)
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[&EQC@O: °kr/“)f )

The presence of polynuclear aggregades 3a’, and3a"
has been unequivocally confirmed by positive ion ESI mass
spectrometry (Chart 1 and Figure 2).

The ESI-MS experiments were conducted to investigate the
nature of the titanium complexes originating when an acidic
chloroform solutiof! of Ti(O-i-Pr), is “titrated” with progressive
additions of the chiral liganda (Figure 2). The positive ion
spectrum collected for the 1:1 system shows a single intense
peak atm/z = 724 () (Figure 2, spectrum a). As the molecular
ion peak corresponding to the protonated monomeric complex
2awould be expected atvz = 295, this observation stands in
contrast with the previously discusséd NMR analysis (see
Figure 1, spectrum a). Indeed, the experimental cluster ion peaks

causes the disappearance of the apical isopropoxy Iigand‘?f io_nI (see Experimental _Section) correspond to a trinuclear
resonances and the synchronous appearance of two broadeftanium species, namely [TIN(GEHMeO)]s0". Although the

signals atd = 2.7 and 4.6-4.8 ppm. It is noteworthy that the

(29) Logver, T.; Henderson, W.; Bowmaker, G. A.; Seakins, J. M,;
Cooney, R. Plnorg. Chem.1997, 36, 3711 and references therein.

(30)'H NMR spectra have been recorded at low temperature in order to
shift the resonance of the free hydroxy group in a region far away from the
signals of interest. At-10 °C, it was observed at 1.65 ppm (see Figure 1,
spectrum a).

molecular composition of ioh retains the correct 1:1 stoichi-
ometry, as established between Ti(IV) and ligdadn the initial
experimental conditions, the lack of the isopropoxy residues
and its aggregate nature indicate that the transfer of complex

(31) Stock solutions of chloroform (stabilized with silver foils) were
routinely used with no acidic additives.
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et H N H Figure 2. ESI-MS titration of in situ-formed compleXa (2.5 x 10°2
‘?/ 30“0( A, |+ ,o—(R M) by lain acidic chloroform as mobile phase for Ti(IV)a ratios
o-TELR o0 (OTE;??{’;{ (@) L:1, (b) 1:3, (c) 1:5, and (d) 1:7.
R 3 )
</ v, &Nﬁ &g RR. Table 1. MS? Fragment lons after Collision-Induced Dissociation
VI Mo (mz=254) VIl RcMe (mis268) VIl RRM . of lons| (m/z= 724),11 (m/z= 192),lll (m/z= 427),IV (m/z=
=Me (m/z= =Me {(m/z= =Me {m/2= — 3
VI" R=H (m/z=212) V" R=H (m/z=226) VI R=Ph (m/z=861) 662), andv (m/z= 897F

principal ions?

Ho ion vz (relative intensity) identification
+ * | 724 (10 M
RZ'O,E{'&/O\J?E;)R A von CT@‘”; 680 Eloz)) M — MeCHO
o2 ¢ R)—Me 636 (6) M+ — 2MeCHO
SR I 192 (2) M+ H]*
IX  R=Me (m/iz=503) X (m/z=236) 174 (100) M+ H — 0]
X'  R=Ph (m/z=875) 156 (13) [M+H — 2H,0*
X" R=H (m/z=419) 138 (2) [M+H — 3H,0]*
I 427 (3) M+ H]*
2afrom solution into the gas phase occurs with decomposition 409 (16) [M+H — HO]*
and produces a major reorganization of the metal spégies. 294 (16) [M+ H — CeHisNOJ*
Tandem MS$ analysis (Table 1) shows that idrfragments égg 88?) [[L,&I :]: H:0]
by losing one and two acetaldehyde molecules. Such a 644 (5) M+ H — H,0]*
fragmentation pattern is strong evidence for the coordination 489 (14) [M+ H — 1la+ HO]*®
of ligand 1ato the titanium nucleus. In fact, the MSpectrum 409 (100) [M— TiN(CH.CHMeO) — H,0]*
of ion Il (m'z= 192) collected for a chloroform solution & v 2?1‘71 E%) [[ll\\/l/li :V TIN(CHACHMeO) — HOT
. : . L X _ 2 _
under identical experimental conditions and corresponding to 409 (100) [M-+ H — 2TIN(CH,CHMeO) — O]

the protonated trialkanolaminga produces only fragments
resulting from the loss of one, two, or three molecule of water ~ ®lons are identified by the peak of great intensity in the isotope
(see Table 1). This observation suggests that the chelateo‘[j'St“bUt'on pattem? lon likely originating from the reactionof fragment

) . ; . H — 1a]™ with water molecules present in the ion trap (ref 33).
titanatrane structure retains its integrity during the electrospray

process and that oxonium idrlikely originates from the loss

of the more labile apical isopropoxy ligand. Following this 80O incorporation (65%) when #£0 is intentionally added to
decomposition process, yielding the highly reactive cationic the mobile phase (see Experimenal Section).

species [TiIN(CHCHMeO)X] " (vide infra), reaction with traces The other experiments reported in Figure 2, spectra,b

of water present in the mobile phase could eventually lead to provide an unequivocal picture of the modifications occurring
the formation of iorl. Indeed, the isotopic cluster of idrshows in the system under examimation when an excessaofvith
respect to the Ti(IV) precursor is added. In fact, notwithstanding
the presence of ESI-induced reactions (in all the spectra, the
base peak is still ion), the progressive appearance of three

(32) Variation of the spray voltage {2 kV), of the capillary voltage
(10-50 V), and of the temperature (8280 °C) does not affect the
speciation pattern in the in si2a system.
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new titanium-based ions is monitoredratz = 427 (Il ), 662 S o L.il 24P Lo | Gess
(IV), and 897 Y). Their composition corresponds respectively  © 100 200 300 400 50 600 700 800 900 1000
to the 2:1, 3:2, and 4:3 protonated adducts of ligdadwvith
the titanium nucleus, as revealed by the inspection of the oo, 72{"2
experimental isotopic clusters (Figure 3). This observation g a0l @ !
confirms the solution-phase formation of titanium-based oligo- z
mers in line with the hypothesis of e§*land their capability E o] " E
to survive, at least in part, to the ESI ionization conditions. 2 2 I M 4500 v v
Tandem M$ analysis provides a further characterization of 3 2°j 1022 4274 o624 | 8g7.1
speciedll , IV, andV (Table 1). The comparative analysis of tood L T A— ’700"‘ o gm
their fragmentation patterns allows the recognition of a common 1002000 300 400 S0 N
iz

cascade motif, thus indicating that iofi$, IV, andV are
homologues (Figure 4).

In particular, the higher aggregate, ioh (m'z = 897),
containing three chiral titanatrane units, decays to species at

m/z = 644 and 409 with respectively two and one titanium g signals corresponding to the coordinated and free 2-propanol
center. In a similar fashion, ioh/ leads to the mononuclear .54 pe detected, and broader peaks relative to the chiral
titanium species atvz = 409 that is also generated inthe MS  ianatrane unit can be recognizedat= 4.93 (CH), 2.86-
spectrum of ionlll (Table 1). Moreover, the isobaric ions at 5 gg (CH), and 1.08-1.21 ppm (CH). While IH NMR analysis

m/z = 409, originating from the collision-induced dissociation - confirms that the trialkanolaminka is the only ligand present
(CID) of the three precursomél , IV, andV, afford identical in the coordination sphere of the titanium(IV) nucleus, it does
MS?® spectra (Figure 4). On the basis of this evidence, we not provide direct evidence of the existence of spes3a’,
attribute the molecular ions under examination to the protonated ;435"

species3d, 3d"', and3ad", whose existence has been postulated Again, ESI-MS has proved to be a more diagnostic tool. The

according to eq 1. . , positive ion ESI-MS spectrum &a has been collected in two
Ti(IV)/1a Preformed System: Catalyst 3a.Compared with itferent mobile phases, namely acidic chloroféhand metha-
the monomeric systen2a, the 'H NMR of the preformed nol (Figure 5).

catalyst3a (Scheme 1, path b) shows a more complex system. |4 photh spectra, ion8l , IV, andV are present, together with

(33) A similar process has been reported for Pt(ll) allylic compounds: the oxonium complex and the protonated free ligatid When
Favaro, S.; Pandolfo, L.; Traldi, Rapid Commun Mass Spectro@97, methanol is the mobile phase (Figure 4, spectrum b), additional
11, 1859-1866. ; - i

(34) The location of the protonation site in iohik, IV, V, XI, andXIlI peal_<s Corre.Spondmg t.o other t'ta”'“”? complexes deriving from
cannot be precisely assigned via ESI-MS. We will assume that the the interaction of3a with th.e solvent itself and water can be
protonation occurs at the nitrogen atom of the apical trialkanolamine ligand. detected. Low-abundance ionsnalz = 254 (V1) and 268 VII )

Figure 5. ESI-MS spectra of comple3a (2.5 x 103 M) in (a) acidic
chlorofornt! and (b) methanol as mobile phases with peak assignments
indicated.
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Table 2. FIB*-MS and EI-MS Data for Comple8a

principal FIBT-MSP EI-MS
ions& m/z indentification (%) (%)
192 1 94 17
236 X 100 48
280  [Ti(N(CH.CHMeO)(MeCHO))" nek 35
294 [Ti(N(CH,CHMeO}(CH,CHMeO))]*  nd 52
381  [Ti(N(CH.CHMeO)N(CH,CH- nd 22
MeOH),(CH,CHMeO))]*
389 X + NO,CgH,CH,OH 19 nd
427 1 20 nd
624  [(Ti(N(CH.CHMeO))),OCH- 22 nd
C(;H4N02]Jr E=-1585.2685793 E=-1471.1508057
724 | 30 nd Figure 6. Ab initio [RHF/3-21G(*)] optimized structures and energies

alons are identified by the peak of great intensity in the isotope (Hartrees) of §,S,$TiIN(CH-.CHMeO}MeO) 5 and cationic species
distribution pattern® 3-nitrobenzyl alcohol as matri.Not determined. y

Table 3. Selected Bond Distances (A) and Atomic Charges for
. . . . (S,S,$Ti(NCH,CHO)3(MeO) (5) and Cationic SpeciesS(S,$X
can be assigned to the mononuclear chiral titanatrane moietyCalculated at the RHF/3-21G(*) Theoretical Level

bearing an axial molecule respectively of water or methanol.

lons atm/z = 489 (VIIl ) and 503 [X) show an isotopic compound . distances (A) étomlc charges
distribution and tandem M3pectra (see Experimental Section), 5 T!_O(%) =1815 Ti=1.53
consistent with binuclear structures containing a hydroxy and 2:8233; igig 882 :8:2%
methoxy residue, likely bridging between two titanium nuclei. Ti—0(4)= 1.747 O3 —-0.81
Isotopic labeling experiments performed with perdeuteriometha- Ti—N =2.397 O(4)=—0.53
nol further confirm the assignment of idX 28 (see Experimental _ _ N = 0.56
Section). It is important to notice that, despite the strongly ion X 3:8(?? i;gg '(r)|=1 2'1f)0 o1
competing solvent, the chelated titanatrane complexes are T:—OES;; 1753 022); —0.91
reasonably stable and can be detected in spectrum b (Figure 5). Ti—N = 2.142 O(3)= —0.91
MS spectra of3a have also been obtained using different N =0.37

ionization techniques. Data reported in Table 2 allow the
comparison of the results obtained under fast ion bombardment.,\4ansed phagé Significantly, ionX is generated only under

(FIB*) and electron impact (E_l) lonization conditio.ns. ) FIB* and EI conditions, while in the ESI-MS experiments only
Although the FIB-MS technique has been used in solution- jts formal adducts with oxygenated ligands (water, methanol,
phase complexation studies to assess the correspondencgnd the trialkanolamine itself) are detected.
between solution- and gas-phase phenomena, in the case of the \yjle the gas-phase reactivity of idwith neutral oxygen
titanium catalyst under examination it does not provide a gonor ligands will be the object of a separate communication,
straightforward answer. The problem affecting the FIS in this paper we report the results of ab initio theoretical
experiment is twofold. First, there are ions produced from the ¢a\cylations, performed at the RHF/3-21G(*) level, to determine
reaction of _the titanium catalyst \_Nlt_h Fhe 3-n|tr(_)benzyl alcohol  he geometries, energies, and atomic charge distributions of the
matrix or with the water presentinit, i.e., speciesrét = 624 neutral complex$,S,$ Ti[(MeO)N(CH,CHMeO)] (5) and of
and 389, and the already discussedliqm/z = 724). Second,  the cationic specieX. As shown in Figure 6 and Table 3, the
it shows a higher degree of fragmentation as compared with high-energy cationX displays a compressed structure with
the ESI-MS results. This last conclusion originates from the shorter titanium-oxygen and titaniumnitrogen bonds. The
observation that the base peak of the FES spectrum  positive charge is distributed on the entire molecule, as indicated
corresponds to ioX (m'z= 236), whose composition, supported  y the variation of all atomic charges, with respect of the neutral
by isotopic cluster and Manalysis (see Experimental Section), speciess. It is possible to conclude that the polydentate ligand
can be ascribed to the cationic metal species [TIN{CH 1a has a stabilizing effect on the metal ion, which retains the

CHMeO)] . Moreover, at higher mass-to-charge ratios, there tetracoordination around the Ti(IV) center and survives the
is no trace of the oligomeric titanium-based idivs and V, conditions of the FIB and El experiments.

and the monomeric homologu# is detected only with low Ti(IV)/1b or 1c Preformed Systems: Catalysts 3b and 3c
intensity (~20%). Major fragmentation is expected in the mass 54 crossed -Type ComplexesThe preformed Ti(IV) com-
spectrum collected foBa in the EI ionization mode. Indeed, plexes with ligandslb and 1c were prepared according to
the only detected peaks occur in the monomeric regiawWat  gcheme 1, path b, and examined by positive ESI-MS. Methanol
= 381 (Table 2), deriving from the breakdown of the apical g|tions of speciedb and3c show ESI-MS patterns in perfect

trialkanolamine ligand with consequent destruction of the Ti(IV) analogy with the one described above for sys8ansee Table
oligomers. Moreover, also in the EI-MS spectrum, }0iis one 4)28

of the dominant peaks. . o Therefore, a common feature of all isolated catalpstsc

The gas-phase production of a titanium-centered caXon s that they consist of a mixture of oligomeric Ti(IV) complexes
bearing the polyfunctional ligantiais of particular interest. In  with similar structure. It should be pointed out that, among the
general, the study of transition-metal-containing ions offers the catalysts examine@b affords the most enantioselective sulf-
unique opportunity to investigate the “intrinsic” properties and oxjdation system, whose merits are mentioned in the Introduc-

reactivity of such species, in the absence of complicating effects tion, In this light, its solution-phase composition has been further
such as solvation and counterion effect, and at the same time,

it can provide important clues about their behavior in the  (35) Frieser, B. SAcc. Chem. Res994 27, 353-360.
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Table 4. ESI-MS Data for Complexe8b and3c (2.5 x 1073 M,
Methanol}

Q
system ioA m'z system ioA m'z H
z
4b I’ nckP 4c I" 598 a
I’ 378 I 150 g
i’ 799 m" 343 s
A\ 1220 v" 536 &
\A ncP V" 729
VI’ nd A 212
VI’ 454 Vi 226
VI’ 861 Vi " nd Figure 8. ESI-MS spectrum in methanol 8a (2.5 x 1072 M) upon
IX' 875 IX" 419 addition of a large excess db, with peak assignments indicated. In

ions Xl (m/z = 613) andXIl (m/z = 1034), the relative position of

®lons are identified by the peak of great intensity in the iSOtOPe jjoan4514 and1b in the coordination sphere of Ti(IV) is arbitrary.

distribution pattern® “nd” indicatesnvz values over instrument detec-
tion limit. .
c)

_
_t

b) T= 25'C

a) T=-17"C

- — —r v T T T T ' I T ! I ' [ I T 1 !
<} 8.0 770 | &0 510 2o aTo 270 1o 3 0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0

Figure 7. Temperature-dependettt NMR spectra of comple8b Figure 9. 'H NMR spectra in deuteriochloroform at10 °C of (a)
(2.5 x 102 M) in deuteriochloroform at (a)- 17, (b) 25, and (c) 55  complex2a (2.5 x 107 M), (b) complex2a (2.5 x 1072 M) + 1b
°C. (2.5 x 1072 M), and (c) complex2b (2.5 x 1072 M). Resonances are

relative to @) complex 2a, () complex 2b, and @) displaced

investigated throughH NMR at variable temperatures (Figure ~2-Propanol. The other resonances are relative to the free ligkads
7)28 and1b.

The spectral changes, observed within the range frali . .
to +55 °C for a deuteriochloroform solution &b, definitely 613 (XI) and 1034 Xl ) are, indeed, observed whose composi-
indicate the presence of Ti(IV)-based polynuclear complexes tion reveals the_ S|multaneous_, coordination of both ligahals
equilibrating in solution. Specifically, while at high temperature @nd1b to the Ti(IV) center (Figure 8).
only three broad signals are detected (Figure 7, spectrum c), The proposed assignment of their structures is indicated
each one corresponding to the different type of protons presentdirectly on the spectrum (Figure 7) and follows the straight-
in ligand 1b (CH, CH,, and GHs), at lower temperature the ~ forward analogy with specie® and3". Moreover, ions atv/z
system freezes out (Figure 7, spectrum a), yielding a major = 799 (Il ) and 1220 V') (see also Table 4) indicate the
number of resonances with different intensities and spanning apresence of complexes where the original ligdrachas been
wide range of frequencies. The latter observation is consistentcompletely substituted bgb in the coordination to the tita-
with the existence in solution of stable nonsymmetric aggregates,nium(lV) nucleus.
thus supporting the ESI-MS results. Direct proof of ligand scrambling occurring in solution is

Further evidence both on the nature of oligom&rsnd on also provided by the modification of tHél NMR spectrum of
the occurrence of ligand-exchange equilibria affecting their the in situ-formed catalyga upon addition of 1 equiv of ligand
solution integrity has been achieved by ESI-MS aHANMR 1b. In Figure 9, spectra a and c allow the identification of the
analysis of syster3a in the presence of ligantlb as additive. resonances pertaining to the single monomeric cata®gstsd
The experiments have been designed to monitor the presence&b and their comparison with the mixed syst@a+ 1b (Figure
of crossed-type Ti(IVilab complexes eventually formed 9, spectrum b§® In the latter spectrum, the simultaneous

through ligand scrambling. Following this idea, the ESI-MS S— _
spectrum of systen8a has been collected under the same 5818 SO Brc e o8 G s melar amounts of
Con_d't'ons of the Figure Sb experiment, but add'hg an excess premixed ligandda and 1b (see’H NMR spectra reported in Figure 1S,
of ligand 1b to the mobile phase. New peaks arisingvét = Supporting Information).
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Figure 10. Plot of benzylp-tolyl sulfoxide formation vs time (min)
in the oxidation of benzyp-tolyl sulfide (0.27 M) by CHP (0.027 M)
in DCE at—20°C, catalyzed by@®) 2a, (a) 2b, and @) 2a + 2b (for
experimental conditions, see footnote to Table 5).

Table 5. Stereoselective Sulfoxidation of BengyTolyl Sulfide
(0.27 M) by CHP (0.027 M) Catalyzed by in Situ-Formed Systems
23, 2b, and2a + 2b in DCE at—20 °C?

ee (%)
ligand Kobs (absolute
entry system x 18 (M) x 10%(s™Y)  configuration)
1 (S.S.%2a 1a(3.6) 0.12+0.014 12R)
2  (RRB-2b 1b(3.6) 2.51+0.13 530
3 (S.S%2a+ 1a(l.8)+ 157 529
(R,R,B-2b 1b(1.8)

21n all the reactions, [TitPrO)] = 3.3 x 102 M, and ligandl
according to the table.

appearance of signals corresponding to the chiral titanatranes)

moiety with chelatedlb and to the displaced liganda is
observed, thus indicating the coexistence in solution of both
catalytically active complexe®a and 2b.

In this respect, a key observation is provided by the
examination of the asymmetric oxidation of benzytolyl
sulfide with cumyl hydroperoxide (CHP) in the presence of the
different catalytic systems. The aim of such investigation is to
test the single catalys®a and2b and the mixed system (T#(
PrO) + 1a-+ 1b) under the twofold profile of reaction kinetics
and enantioselectivity (Figure 10 and Table 5).

Inspection of the pseudo-first-order rate constégt)(values
reported in Table 5 reveals that (i) catalysis2ayjis negligible
with respect ta2b, whose reactivity is superior by 1 order of
magnitude (cf. entries 1 and 2 in Table 5) and (i) in the mixed
system, where2a2b ~ 50:50, the two catalysts behave
independently, displaying a “solo” reactivity, and their contribu-
tion to the overall reaction rate is additive, so that a predictable

reduction of the rate constant to one-half is, indeed, observed
(cf. entries 2 and 3 in Table 5). As a consequence of the ligand-

accelerating effec® induced by the chiral trialkanolamirteo,

the enantiomeric excess of the sulfoxide recovered either in the

reaction catalyzed bgb alone or by the mixed systen2d +
2b) is basically the same (cf. entries 2 and 3 in Table 5). The

above observations are unanimous in support of the independen

reactivity of the two enantiopure catalysts produced in solution
through ligand exchange equilibria involvirigy, 1b, and the
achiral precursor Ti(@-Pr); moreover, they raise the issue of

J. Am. Chem. Soc., Vol. 121, No. 26, 4280

Table 6. 'H NMR Spectral Data fotert-Butyl Peroxo Complexes
4a—c in Deuterochloroform at 23C

compd H NMR (6, ppm}
4a 1.09 (d,J = 6.0 Hz, 9H), 1.47 (s, 9H), 2.953.03
(AB system, 6H), 4.94£5.08 (m, 3H)
4b 1.58 (s, 9H), 3.32 (dd] = 11.9, 4.4 Hz, 3H);, 3.43 (dd,
J=11.9, 10.6 Hz, 3H), 5.98 (dd,= 10.6, 4.4 Hz, 3H),
7.20-7.48 (m, 15H)
4c 1.48 (s, 9H), 3.26 (1) = 6.0 Hz, 6H), 4.50 (1) = 6.0 Hz,

6H)
a2 Relative to TMS.

the nature of the active peroxometal complex generated under
the conditions of catalytic sulfoxidation, which will be addressed
in the next paragraph.

Ti(IV)/1 Alkyl Hydroperoxides. As already mentioned in
the Introduction, titaniumzn?-alkyl peroxo complexes are
considered the active oxidants in the catalytic cycle employing
Ti(IV) alkoxide precursors and alkyl hydroperoxides as oxygen
donorg®21(Scheme 1). Direct evidence of the existence of such
reactive intermediates is provided by the solid-state structure
of n?-tert-butyl peroxotitanatrane dimer which is, so far, the
only characterized Ti(IV) peroxo compléX However, X-ray
data may be of limited utility or even misleading for the
assignment of the solution-phase structure of complexes that
exchange ligands as readily as titanium(lV) alkoxides do. In
the case of the Ti(IV) systems!H NMR allows the monitoring
of the formation of the peroxidic specidsvhen an excess of
tert-butyl hydroperoxide (TBHP) is added to cataly&ter 3
(Scheme 1, path c). In particular, under catalytic conditions,
e.g., in the presence of an excess of the primary oxidant TBHP,
both the monomeric systeghand the oligomeric complexes
quantitatively evolve to specied. The lH NMR resonances
pertaining to4 are those of a highly symmetric Ti(IV) species.

In fact, a single set of signals is observed for each type of
protons of the chiral titanatrane unit, and a singlet is observed
corresponding to the coordinategtt-butylperoxo group (Table

The spectroscopic evidence points to a monomeric structure
for the peroxotitanium species formed in solution under catalysis
conditions3” Additional support for a monomeric structure
comes from the characterization via ESI-MS of the protonated
Ti(IV) peroxo complexegla (m/z= 326, ionXIll ) and4c (m/z
=284, ionXIll "), whose formation is monitored upon addition
of TBHP to the mobile phase (methanol or acidic chloroform)
containing3a or 3c. Analysis of the isotopic clustéisand MS
studies (see Experimental Section) of both igh$ andXIIl "
provides direct proof of the monomeric structure of peroxo
complexes.

Upon collision-induced dissociation (Scheme X)II and
X" give analogous daughter ion spectra. Their common
fragmentation pattern involves mainly the peroxidic ligand, so
that ions atm/z 270 and 228 (ionsXIV and XIV",
respectively) are produced from the cleavage of ttBei—O
bond and peaks atvz = 254 (V1) and 212 Y1") derive from
the peroxidic G-O bond scission. Moreover, the monomeric
nature of the peroxometal complex accounts for the previously
discussed results obtained in the asymmetric oxidation of the
model substrate benzgttolyl sulfide, which show no contribu-
tion from crossed-type Ti(IV)/ active oxidants, displaying more
Ehan one molecule of the trialkanolamine ligand in the coordina-
ion sphere of the metal.

(37) The achiral peroxo complebcis unstable at 23C and decomposes
readily in the presence of an excess of TBHP.
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Table 7. Energies (Hartrees) and Selected Bond Distances (A) of Peroxidic Comalamd of IsomersA—D of lon XIII Calculated at the

RHF/3-21G(*) Theoretical Level

4a A B C D

energies

in Hartrees —1776.103 077 —1776.445 272 —1776.471 126 —1776.483 918 —1776.492 499

in kcal/mol +24.9 +13.3 +5.3 0.00

Bond Distances

Ti—0(1) 1.82 1.78 1.77 1.77 1.81
Ti—0(2) 1.81 1.77 1.79 1.77 1.79
Ti—0(3) 1.79 1.82 1.78 1.78 1.82
Ti—0(4) 1.91 1.90 2.01 2.05 1.91
Ti—0O(5) 2.10 2.00 2.57 2.72 2.10
Ti—N 2.48 3.43 2.27 2.25 2.48
0O(4)-0(5) 1.50 1.50 1.51 1.48 1.50
0O(5)-C(1) 1.48 1.50 1.58 1.53 1.48

Scheme 2.MS? Fragment lons after CID of Peroxidic lons
Xl (m/z= 326) andXlll " (m/z= 284)
H. + JJ-Bu

LO_0o°
\1,: [0 Xl R=Me (m/z=326)
0—1120)=R  XII" R=H (m/z=284)

R""K/N\/)‘R

MS/MS
H + + H
< —O’H H\o/
o\
\T/ 0- i;8\_R
~Ti< R |
R-.o :ﬁ &/N%R
N Me 6 P
XIV R=Me (nvz=270) .0 g VI R=Me (nvz =254)
XIV"  R=H (m/z=228) 0’,'\0)’ VI’ R=H (m/z=212)

R..Q/Ntl)__ﬂ

VIl R=Me (nm/2=268)
VII” R=H (m/z=226)

Concerning the structural assignment of ihl, ab initio
calculations (RHF/3-21G(*)) have been performed to gain
insight about the favored protonation site in peroxo complex
4a. In Table 7, energies obtained for the neutral comp&$(H
4a and for the different isomers of ioXlIl are reported83°

of the small energy difference, the protonated isonfers,
andC are all likely to be preserff.

Conclusions

In this work, the solution structure of chiral Ti(IV)/trialkanol-
amine complexes has been elucidated throughout the combined
use of ESI-MS andH NMR techniques.

The main results, which have provided a definite picture of
the catalytic system under examination, can be summarized as
follows:

(@) The catalyst structure depends on the Ti(IV)/ligdnd
stoichiometric ratio. When a 1:1 ratio is used, monomeric, highly
symmetric complexes are obtained. An excess of ligand
induces the production of polynuclear Ti(IV) species, whose
architecture is organized by a central molecule of trialkanol-
aminel with one, two, or three chiral titanatrane units appended.
In such complexes, the apical ligand is too labile and only
partially survives the electrospray ionization conditions. There-
fore, ESI-MS analysis does not allow the determination of the
thermodynamic distribution of the different Ti(IV) species
equilibrating in solution.

(b) Fast ligand exchange equilibria occur in solution among
the Ti(IV) complexes. In fact, both via ESI-MS afd NMR,
crossed-type Ti(IV)Xla,badducts were detected in the presence
of both ligands. Nevertheless, kinetic experiments dealing with
the stereoselective sulfoxidation catalyzed by the scrambled
complexes point out the independent reactivity of the two

These latter derive from protonation at the four possible basic enantiopure catalysts.

sites of the molecule namely: the two peroxygen atoms
(structuresA andB), the equatorial alkoxy functionality, and
the tertiary nitrogen atom of the coordinated trialkanolamine
ligand (structure< andD, respectively).

According to the theoretical calculations, structDres highly
destabilized, as th&l-protonated ligand loses its tetracoordi-
nation to the titanium center (cf. ¥N bond distance idaand
in D, Table 7). To the contrary, protonation at the equatorial
trialkoxyamine oxygen affords the most stable isoi@eand a

(c) The key observation is that the active Ti(IV) peroxo
complexes4, obtained both from the monomer&and from
the polynuclear aggregaté&sin the presence of an excess of
TBHP, are themselves monomeric.

Taken as a whole, the present study has evidenced the
important role played by the tetradentate ligafds stabilizing
Ti(IV) catalytic precursors and active species. It should be
pointed out that the Ti(IV} sulfoxidation system is remarkably
robust, reaching up to 1000 turnovéts he fact that the highly

minor reorganization of the geometry of the complex. Because reactive peroxo complexessurvive the conditions of ESI-MS

(38) The calculated geometrical parameters for perotalare compa-
rable with previously reported data for Ti(IV) trialkanolamine complexes

from difrattometric analysis (see refs 24 and 25) and calculations performed

on other monomeric transition metal peroxides; see: (a) Bonchio, M.; Di
Furia, F.; Licini, G.; Modena, G.; Moro, S.; Nugent, W. A. Am. Chem.
Soc.1997 119, 6935. (b) Wu, Y.-D.; Lai, D. K. W.J. Am. Chem. Soc.
1995 117, 11327. (c) Wu, Y.-D.; Lai, D. K. WJ. Org. Chem1995 60,
673. (d) Jgrgensen, K. Al. Chem. Soc., Perkin Trans.1®94 117. (e)
Boche, G.; Bosold, F.; Lohrenz, J. C. \ngew. Chem., Int. Ed. Engl.
1994 33, 1161.

(39) The optimized geometries of complex §,$4aand of the isomers
A—D of ion XIll are reported in the Supporting Information, Figure S2.

bodes well for the extension of this approach to the study of
other metal-mediated proces$es

(40) Worthy of notice is that protonation at the peroxidic ligand causes
the loosening of itg? coordination geometry, thus indicating that both forms
A and B could afford the fragmentation pattern observed in the?MS
experiments. Indeed, elongation of the-©Bu bond occurring irB could
explain the loss of the isobutene residue hypothesized in Figure 11.

(41) Bonchio, M.; Licini, G. Unpublished results.

(42) For a direct proof of reactive manganese(V) oxo species, see:
Feichtinger, D.; Plattner, D. AAngew. Chem., Int. Ed. Engl997, 36,
1718.
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Ti(IV)/1 in Situ-Formed System (Catalyst 2).A 0.025 M solution

of catalyst2 in CHCl; or CDCk was prepared in a 2-mL volumetric
General Methods.H NMR spectra were recorded_on aBruker AC-  flask by mixing 0.500 mL of a mother solution of ligarid0.100 M)

200 SY (200 MHz) or an AC-250 (250 MHz) instrument. Gas jj the same solvent with a stoichiometric amounts of-Pi(O); (0.015

chromatographic analyses were performed using a Hewlett-Packardm|_ 0.05 mmol). For performing the ESI-MS experiments, the mother

5890 series Il GC equipped with an SE-30 155m0.25-mm-i.d. solution of catalys was diluted by a factor of 10. Solutions of catalyst

capillary column, using 4-methyl benzophenone as internal standard. 3 containing increasing amount of ligarid(Figures 1 and 2) were

Benzyl p-tolyl sulfoxide enantiomeric excesses and absolute configu- prepared by appropriate dilutions of the starting ligahdnother

ration were determined directly on reaction mixtures by HPLC analysis gg|ytion.

performed on a Water Associates HPLC/GPC (FDP) 201 pump and a Ti(IV)/1 PreformedSystem (Catalyst 3)Ti(O-i-Pr) (0.1 mL, 0.33

Water Associates 440 UV detector € 254 nm) with a Lichrosorb ol) was added to a solution of ligand(0.44 ol) in anhydrous
. _DACH- mm i i mip44 mm el
S100 6,3-CSP-DACH-DNB [(250x 4.0 I.d] chiral colu CH.CI, (5 mL) under a nitrogen atmosphere. After the solution was

(n-hexane/2-propanol (8:2) as eluent, flow rate of 2.0 mL/nfins= ) .
. . . . - stirred for 5 min at room temperature, the solvent was removed under
1000 psi) according to the elution order [tHg® €nantiomer is eluted - . - -
reduced pressure. The recovered material was twice dissolved in

before the R) one]. Yields and product distributions were determined )
via quantitative GC analysis. BenzpHtolyl sulfide and sulfoxide dichloromethane (& 5 m_L), and the SO'VeT“ was removed again under
spectral data match those already repottde5I-MS experiments were vacuum. After the material was was hed W't.h hex?‘”e (6 mL), th_e solvent
performed with a Finnigan LCQ instrument, with an upper mass limit was removed under vacuum, yielding a white solid th.'_at was dried under
of m/z ~ 1850, through direct infusion via a syringe pump. Standard high vacuum (0.1 mm.Hg). fol h and stored under nlt.rogen.. ]
experimental conditions were as follow: sample concentratior#\Mp Procedure for the Kinetic Study of the Stereoselective Oxidation

of Benzyl p-Tolyl Sulfide. A typical procedure is the following: in a

flow rate, 8uL min~%; nebulizing gas, (40 units flow rate); spray

voltage, 4 kV; capillary voltage, 25 V; capillary temperature, 220 10-mL volumetric flask, Ti-PrO) (0.015 mL, 0.05 mmol), ligand

tube lenses offset, 30 V. The parameters related to octapoles and(0-05 mmol), and benzyp-tolyl sulfide (1.164 g, 5.440 mmol) were
detector were those achieved by the automatic setup procedure dissolved in dry DCE. After the mixture was cooled@0 °C, cumyl
Collision-induced decompositions of selected ions were obtained by hydroperoxide (0.100 mL, 0.544 mmol) was added under magnetic
applying a supplementary radio frequency voltage (tickling voltage) stirring. At the reaction times stated in Figure 10, a sample of the
to the end-cap electrodes of the ion trap (resonance activation). In themixture (0.025 mL) was taken out and immediately quenched with an
experiments aimed at the detection of peroxometal species, the capillaryexcess of dir-butyl sulfide for the determination of conversion and

Experimental Section

temperature was set at 8Q. Cs" fast ion bombardment (FIB mass

product distribution (GC analysis), and for the ee and absolute

spectra have been collected on a multiple quadrupole instrument configuration determination of benzitolyl sulfoxide (HPLC analysis).

(VGQuattro, VGBiotech, Altrincham, UK). The cesium ion gun was

The asymmetric oxidation performed in the presence of the mixed

operated at an accelerating voltage of 15 kV and a heating current of catalytic system3a + 2b) was performed by introducing both ligand

2.4 A. Test samples were prepared by dissolving the investigated
precursor (0.1 mg) in 3-nitrobenzyl alcohol (NBA) used as the liquid
matrix. Electron impact (El) mass experiments have been performed
on a VG AUTOSPEC instrument operating at 70 eV.

Computational Study. Ab initio calculations were carried out with
the program systems Spartan4f.dnd Gaussian 94,running on IBM

1a(0.025 mmol) and ligandb (0.025 mmol) in the reaction mixture.

Labeling Experiments Performed by ESI-MS. The experiment
aimed at the detection of idn(*®0) was run by injecting into the mass
spectrometer a methanol solution of cataBa{2 mL), in the presence
of H,*0 (20%, 20uL added to the mobile phaséfO incorporation
can be calculated from the two isotopic clusters collected forlion

RS/6000 workstations. The molecular geometries were optimized using before and after the labeling of the mobile phase according to the

the 3-21G(*) basis set at the HartreBock (HF) level of theory.
Chemicals.HPLC grade solvents were generally used. Methanol-
ds (Fluka) and watetfO, 20% (C.I.L.) were used in the labeling
experiments. Dichloromethane was distilled over gaitl stored over
molecular sieves. 1,2-Dichloroethane (DCE) was washed 3 times with
10% concentrated 50, and with water several times to a pH of 7,
dried over CaGl overnight, distilled over s, and stored over
molecular sievegert-Butyl hydroperoxide (Fluka, 80%, 20% th+t-
butylperoxide) was purified by distillation under vacuum (bp-32
°C/16 Torr) and stored at €. Cumyl hydroperoxide (80% in cumene,
Fluka) was stored over molecular sieves at°©. Titanium(lV)
tetraisopropoxide (Aldrich) was distilled under vacuum (bp-68 °C/
0.1 Torr). Benzylbp-tolyl sulfide was prepared by alkylation of sodium
p-tolylthiolate 8 Enantiopure trialkanolaminega,b were prepared
following the literature procedur®. Triethanolamine (Aldrich) was
distilled under reduced pressure (bp $4®3 °C/5 Torr).

(43) Gargano, G.; Gasparrini, F.; Misiti, D.; Palmieri, G.; Pierini, M;
Villani, C. Chromatographial987, 24, 505.

(44) Altomare, C.; Carotti, A.; Cellamare, S.; Fanelli, F.; Gasparrini, F.;
Villani, C.; Carrupt, P.-A.; Testa, BChirality 1993 5, 527.

(45) Lonoshita, M.; Sato, Y.; Kunieda, NChem. Lett1974 377.

(46) Spartanv.4.0, Wavefunction, Inc., 18401 von Karman Ave. #370,
Irvine, CA 92715, 1995.

(47) Frisch, M. J.; Trucks, G. W.; Schlegel, H. B.; Gill, P. M. W.;
Johnson, B. G.; Robb, M. A.; Cheeseman, J. R.; Keith, T.; Petersson, G.
A.; Montgomery, J. A.; Raghavachari, K.; Al-Laham, M. A.; Zakrzewski,
V. G.; Oritz, J. V.; Foresman, J. B.; Cioslowski, J.; Stefanov, B. B;
Nanayakkara, A.; Challacombe, M.; Peng, C. Y.; Ayala, P. Y.; Chen, W.;
Wong, M. W.; Andres, J. L.; Reploge, E. S.; Gomperts, R.; Martin, R. L.;
Fox, D. J.; Binkley, J. S.; Defrees, D.; Baker, J. J.; Steward, J. P.; Head-
Gordon, M.; Gonzales, C.; Pople, J. Baussian 94Revision C.2; Gaussian
Inc.: Pittsburgh, PA, 1995.

(48) Peach, M. E. IThe Chemistry of Thiol Groypratai, S., Ed.; John
Wiley and Sons, Ltd.: Bristol, 1974; Part 2, pp 72184.

following formula: %[€Oin = [%(M + 2)185 — %(M + 2)160]/%M 135

+ [%(M + 2)85 — %(M + 2)150]. Based on the experimental isotopic
distributions, the following isotopic distributions (ID) are found: for
1(*%0), ID (exp %, calc %)= 722 (19, 31); 723 (25, 39); 724 (100,
100); 725 (50, 53); 726 (28, 33); 727 (7, 11); 1¢t°0), ID (exp %)=

722 (19); 723 (25); 724 (100); 725 (48); 726 (43); 727 (14), 728 (8).
Considering the actudfO content of the labeled water used (20%),
we calculated that'fOic] = 65% (the diluition of the KO with
unlabeled water present in the mobile phase was not considered in the
former calculation).

Detection of Peroxometal Complexes 4a and 4c by ESI-M&or
these experiments, a solution of catalgsh methanol or chloroform
(2 mL) containing TBHP (20QuL) was injected into the ESI-MS
instrument. The resulting spectra showed a significant reduction of the
signals relative to the polynuclear Ti(IV) species and the appearance
of a new peak in the monomeric region as follows: for Xihl , ID
(exp %, calc %)= 324 (12, 11); 325 (19, 12); 326 (100, 100); 327
(22, 23); 328 (9, 10); MB= 270 (M" — C4Hg), 254 (M" — C4H30),
268 (ion VIl );* for ion Xl ", ID (exp %, calc %)= 282 (10, 11);
283 (10, 11); 284 (100, 100); 285 (19, 19); 286 (10, 10);2MS228
(M — C4Hg), 212 (M™ — C4Hg0), 226 (ionVII '").#°

ESI-MS Isotopic Distributions and MS? Data for Selected lons
Not Reported in the Body of the Paper:for VIII , ID (exp %, calc
%) = 487 (20, 21); 488 (25, 24); 489 (100, 100); 490 (37, 36); 491
(20, 20); MS (%) = 445 (M™ — CH;CHO); for IX, ID (exp %, calc
%) = 501 (19, 21); 502 (22, 25); 503 (100, 100); 504 (33, 37); 505
(19, 20); MS = 459 (M" — CH3CHO). When perdeuterated methanol
was used as the mobile phase, the isotopic cluster ofXoehowed
an increment of 3 mass units consistent with the formubsl$D;0;N-

(49) lon likely originating from the reaction of iad with neutral solvent
molecules (methanol) (see also ref 33).
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Ti, as follows: IX (D3), ID (exp %, calc %)= 504 (27, 21); 505 (23, assistance. Financial support by CNR, MURST, and the DuPont
25); 506 (100, 100); 507 (29, 37); 508 (16, 21); MS 462 (M* — Aid to Education (ATE) program are gratefully acknowledged.

CHCHO). Supporting Information Available: *H NMR spectra in
FIB*-MS Isotopic Distributions and MS? Data for Selected lons deuteriochloroform of ligand$a andib, ligandsla (2.5 x 102

Not Given in the Body of the Paper:for ion X, ID (exp %, calc %) M) and 1b (2.5 x 1072 M) + Ti(i-PrO), complex2a + 1b,

= 234 (16, 11); 235 (15, 11); 236 (100, 100); 237 (21, 18); 238 (12, complex 2a, and complex2b; ab initio [RHF/3-21G(*)]

9); MS? = 205 (M" — CH;0), 192 (M" — CH;CHO). optimized structures and energies (Hartrees) of peroxo complex

4a and of isomers of ionXlll ; and 'H NMR of peroxo

complexes4 (PDF). This material is available free of charge
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