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Abstract: Variable-temperature *H and *C NMR spectroscopy of the sulfonimidoyl-substituted allyltitanium-
(IV) complexes E-la—c and Z-la—c, which carry diethylamino groups at the Ti atom, revealed a fast
1,3-C,N-shift of the Ti atom, leading to an equilibrium between the epimeric Ca-titanium allyl complexes A
and C and the N-titanium allyl aminosulfoxonium ylide B. Based on these findings a model for the reactions
of E-la—c and Z-1a—c with aldehydes is proposed, which features regio- and diastereoselective reactions
of the N-titanium ylide B at the a-position and the Ca-titanium complex A at the y-position. Model ab initio
calculations of the methylene and allyl (dimethylamino)sulfoxonium ylides 10 and 14, respectively, revealed
short Co.—S bonds, a stabilization by both electrostatic interaction and negative hyperconjugation, and a
low Co—S rotational barrier. The ylides preferentially adopt Co.—S and Ca—N conformations in which the
lone pair orbital at the Ca atom is periplanar to the S=0O bond and that at the N atom periplanar to the
Ca—Ph bond. Variable-temperature NMR spectroscopy of the sulfonimidoyl-substituted alkyltitanium(IV)
complex 16, which carries diethylamino groups at the Ti atom, revealed a dynamic behavior leading to a
complete topomerization of all four methylene hydrogens of the Ca-ethyl groups. Two fast processes are
held responsible for the topomerization of the hydrogens of 16. The first one is a reversible intramolecular
pB-hydride elimination/alkene-Ti—H insertion with the intermediate formation of a complex between
(EtzN)TiH and a 1-alkenyl sulfoximine, and the second one consists of a reversible 1,3-C,N-shift of the Ti
atom in combination with a Ca—S bond rotation. Interestingly, the room-temperature NMR spectra of the
corresponding sulfonimidoyl-substituted alkyltitanium(lV) complex 17, which carries isopropoxy groups at
the Ti atom, give no indication of a similar dynamic behavior of this complex.

Introduction both an allyl moiety and a functional group, amenable to further
synthetic transformations. Noteworthy examples are the sulfo-
nimidoyl-substituted allyltitanium(lV) complexek and IV 3
(Scheme 1), which have found application in the asymmetric
synthesis of a number of compounds includjng-unsaturated
a-amino acidg2bicyclic a-amino acids$?¢y-hydroxy3-amino

Chiral allyltitanium complexes have emerged as valuable
reagents for the enantioselective allylation of aldehydes and
imines12 Particularly useful are allyltitanium complexes that
carry a heteroatom substituent since they allow the transfer of

(1) For reviews, see: (a) Duthaler, R. O.; Hafner,Ghem. Re. 1992 92,
807—832. (b) Hoppe, D. Irstereoselecte Synthesis, Methods of Organic (3) (a) Hainz, R.; Gais, H.-J.; Raabe, Getrahedron: Asymmetr$99§ 7,

Chemistry(Houben-Weyl Helmchen, G., Hoffmann, R. W., Mulzer, J., 2505-2508. (b) Hainz, R. Ph.D. Thesis, RWTH Aachen, 1998. (c) Gais,
Schaumann, E., Eds., Thieme: Stuttgart, 1996; E21, Vol. 3, pp-1551 H.-J.; Hainz, R.; Mller, H.; Bruns, P. R.; Giesen, N.; Raabe, G.; Runsink,
1602. (c) Pyne, S. GSulfur Repl1999 21, 281-334. (d) Sato, F.; Urabe, J.; Nienstedt, S.; Decker, J.; Schleusner, M.; Hachtel, J.; Loo, R.; Woo,
H.; Okamoto, SChem. Re. 200Q 100, 2835-2886. (e¢) Denmark, S. E.; C.-W.; Das, PEur. J. Org. Chem200Q 3973-4009. (d) Schleusner, M.
Almstead, N. G. InModern Carbonyl ChemistryOtera, J., Ed.; Wiley- Ph.D. Thesis, RWTH Aachen, 2002. (e) Bruns, P. R. Ph.D. Thesis, RWTH
VCH: Weinheim, 2000; pp 293394. (f) Reggelin, M.; Zur, CSynthesis Aachen, 2003.
200Q 1, 1-64. (g) Szymoniak, J.; Moise, C. Mitanium and Zirconium (4) (a) Schleusner, M.; Gais, H.-J.; Koep, S.; RaabeJ.GAm. Chem. Soc.
in Organic SynthesjsMarek, 1., Ed.; Wiley-VCH: Weinheim, 2002; pp 2002 124, 7789-7800. (b) Koep, S.; Gais, H.-J.; Raabe,JGAm. Chem.
451-474. (h) Mikami, K.; Matsumoto, Y.; Spiono, T. liscience of So0c.2003 125 13243-13251. (c) Gater, M.; Gais, H.-JJ. Org. Chem.
Synthesis, Methods of Molecular Transformati@itsuben-Wey| Imamoto, 2003 68, 8037-8041. (d) Gais, H.-J.; Loo, R.; Das, P.; Raabe, G.
T., Noyori, R., Eds., Thieme: Stuttgart, 2003; Vol. 2, pp 4%79. Tetrahedron Lett200Q 41, 2851-2854. (e) Gais, H.-J.; Loo, R.; Roder,
(2) Forrecent examples, see: (a) Okamoto, S.; Teng, X.; Fujii, S.; Takayama, D.; Das, P.; Raabe, Geur. J. Org. Chem2003 1500-1526. (f) Gais,
Y.; Sato, F.J. Am. Chem. So200], 123 3462-3471. (b) Gaul, C.; H.-J.; Reddy, L. R.; Babu, G. S.; Raabe, lGAm. Chem. So2004 126,
Seebach, DHelv. Chim. Acta2002 85, 963-978. (c) BouzBouz, S.; Cossy, 4859-4864. (g) Gais, H.-J.; Babu, G. S.; @Gter, M.; Das, PEur. J. Org.
J.Org. Lett 2003 5, 3029-3031. (f) Reuber, J.; Fhiich, R.; Hoppe, D. Chem2004 1464-1473. (h) Reddy, L. R.; Gais, H.-J.; Woo, C.-W.; Raabe,
Org. Lett 2004 6, 783-786. (d) Schleth, F.; Vogler, T.; Harms, K.; Studer, G.J. Am. Chem. So@Q002 124, 1042710434. (i) Gais, H.-J.; Mier,
A. Chem. Eur. J2004 10, 4171-4185. (e) Adam, J.-M.; de Fays, L; H.; Decker, J.; Hainz, RTetrahedron Lettl995 36, 7433-7436. (j) Tiwari
Laguerre, M.; Ghosez, LTetrahedron2004 60, 7325-7344. K. S.; Schneider, A.; Gais, H.-Tetrahedron Lett2004 45, 8343-8346.
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Scheme 1 - (a) Reactivity Model for Bis(allyl)titanium Complexes I,
Aldehydes, and N-Bus Imino Esters, and (b) Reactivity of the
Mono(allyl)titanium Complexes IV toward Aldehydes and N-Bus
Imino Esters
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acids?de 2 3-dihydrofurang! tetrahydrofurang’ cycloalkenyl
oxiranes!9 homopropargylic alcohot homoallyl alcohols!
and unsaturated prolind®. Complexed andIV, which owe
their synthetic versatility primarily to the almost unique features
of the sulfonimidoyl groug®fshow a synthetically very useful
and mechanistically interesting diversity in the regio- and
diastereoselectivities of their reactions with aldehygi€s4e-i
andN-sulfonyl imino estergd4a-ci6aThe bis(allyl)titanium(1V)
complexed react with both aldehydes amgdtert-butylsulfonyl
(Bus) imino ester, independent of the substituteritaiRd R,
with high diastereo- and regioselectivities at thposition to
give the anti-configured homoallyl alcohol$l and thesyn
configured homoallyl aminedll , respectively (Scheme 1a).
Structural studies df had revealed octahedral complexes with
an?-coordination of the allylsulfoximine ligands via the C and
N atom to the Ti atoni¢ Complexes have a low configurational
stability of the GQx atoms, giving rise to a mixture of the
diastereomersS,3-1 and R,R-1. These features df and in
particular the coordination of the Ti atom to thet@tom led

are highly regio- and diastereoselective reactionSd{ with
aldehydes, similarly selective reactionsRfR-1 with theN-Bus
imino ester, and a fast equilibration of the diastereomeric
titanium complexes¢

In contrast, the mono(allyl)titanium(IV) complex&é react
with aldehydes with high diastereoselectivity at thgosition
to afford the regioisomerisynconfigured homoallyl alcohols
V (Scheme 1b). Remarkably, the regioselectivity is characteristi-
cally dependent on the size of both substituertaril R. While
in the case of larger substituents a highly regio- and diastereo-
selectivea-hydroxyalkylation oflV with formation ofV occurs,
smaller substituents result in both a highly diastereoselective
o- and y-hydroxyalkylation with formation ofV and I,
respectively. However, complex&¢ that contain a-config-
ured double bond do not show such a substituent dependency
of their regioselectivity. Instead they afford, irrespective of the
substituents Rand R, the corresponding-configured homo-
allyl alcoholsV with high regio- and diastereoselectivities. In
all reactions ofV and itsZ-configured isomers at the-position
the configuration of the double bond is fully retained in the
homoallyl alcohols. Finally, the reactions of complexeasnd
IV with theN-Bus imino ester are characterized by a dichotomy
not in regio- but diastereoselectivity. Complex¥&sdeliver the
diastereomericsyntconfigured homoallyl amine¥!| together
with small amounts ofil , both, however, with high diastereo-
selectivitiesP

The complementary diversity of the reactivity biand IV
and the substituent dependency of the regioselectivity of the
reactions oflV with aldehydes pointed to a structure and
dynamics of the mono(allyl)titanium complexes being different
from those of the bis(allyl)titanium complexes. A preliminary
NMR spectroscopic investigation 8f (R! = iPryP gave a hint
of a dynamic behavior of the mono(allyl)titanium complex,
involving several unidentified equilibrium species. On the basis
of the observation of an equilibrium betwee8,$-I and
(R,R-I, which ought to involve a sort of a reversible C,N-shift
of the Ti atom, it was speculated that the Ti atom\éfcould
perhaps undergo a shift between the, Cy, N, and O atom
with formation of the corresponding isomeric allyltitanium
complexes¢ Unfortunately, with the exception off, direct
information on the structure and dynamics of heteroatom-
substituted allyltitanium complexes including a possible C,-
heteroatom-shift of the Ti atom, which could have served as an
example forlV, is not availablé:? Given the high synthetic
importance of these titanium complexes, this void is somewhat
surprising. Therefore, a study 6 was desirable in order to
gain information about their structure and dynamics and to
eventually develop a reactivity model for the mono(allyl)-
titanium complexes of the type formulated flor

In this article we describe an NMR spectroscopic investigation
of the allyltitanium(IV) complexe$V , which led to the detection

to the proposal of a reactivity scheme, the key elements of which of a metallotropic shift of these complexes and gave information

(5) For the synthesis of chiral sulfonimidoyl-substituted allyl tris(isopropoxy)-
titanium(IV) complexes, which carry a further chiral substituent at the N

on the structure of the equilibrium components, one of which
is a novel N-titanium allyl aminosulfoxonium ylide. These

atom, and their highly successful application in asymmetric synthesis, see: results were supplemented by model ab initio calculations of

(a) Reggelin, M.; Weinberger, HA\ngew. Chem1994 106, 489-491;

Angew. Chem., Int. Ed. Engll994 33, 444-446. (b) Reggelin, M.;
Weinberger, H.; Gerlach, M.; Welcker, B. Am. Chem. S0d.996 118

4765-4777. (c) Reggelin, M.; Weinberger, H.; Heinrich,Oiebigs Ann./
Recl.1997 1881-1886. (d) Reggelin, M.; Heinrich, Rngew Chem 1998

110, 3005-3008; Angew. Chem., Int. Ed1998 37, 2883-2886.
(e) Reggelin, M.; Gerlach, M.; Vogt, MEur. J. Org. Chem1999 1011~

1031.
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allyl and alkyl (dimethylamino)sulfoxonium ylides. It is fur-
thermore described that an extension of the studies of the allyl

(6) (a) Cyclic complexes of typeandIV , whose double bond is embedded in
a carbocyclic ring, show the same diversity in reactivity. (b) Gais, H.-J.;
Babu, G. S., unpublished.
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Scheme 2. Fluxional Behavior of the E- and Z-Configured
Allyltitanium Complexes E-la—c and Z-la—c, Respectively
I\Ille
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complexeslV to sulfonimidoyl-substituted alkyltitanium(IV)
complexes led to the NMR spectroscopic observation of a further
interesting dynamic behavior which is believed to be an example -

of a reversible intramoleculg#-Ti—H elimination/reinsertion
of an alkyltitanium(IV) complex.

Results and Discussion

1. Allyltitanium(IV) Complexes. Synthesis. The isopropyl-,
cyclohexyl-, and methyl-substituted titanium complekeka—c
andZ-la—c,3a¢ respectively, were selected for the present study
(Scheme 2). The reactivity of these complexes toward aldehydes
and theN-Bus imino ester had already been determifitdnd
the variation of the substituent of the double bond should serve
to delineate its influence upon the structure and dynamic
behavior of the mono(allyl)titanium complexes. Treatment of
the corresponding lithiated allyl sulfoximines with 1.1 equiv of
CITi(NEty)s first at —78 °C and then at room temperature gave
the titanium complexe&-la—c (see Scheme S1, Supporting
Information). Solutions of complexds-1a—c in [Dg]-toluene
and [Dy]-tetrahydrofuran ([[g]-THF) were prepared by decanting
the ethereal solutions of the complexes from LiCl, removal of
the solvent in a vacuum, and dissolving the residue in the
deuterated solvent. Similarly, solutions of teconfigured
titanium complexeg-1la—cin [Dg]-toluene and [[g]-THF were
prepared from the corresponding lithiated allyl sulfoximines
through titanation with CITi(NE)s. In some cases the solutions
of E-la—c and Z-la—c contained small amounts of the
corresponding starting allyl sulfoximine. However, this did not

B
]

_N

Figure 1.
allyltitanium complexE-1ain [Dg]-toluene.

ppm
Temperature-dependent 500 MHE NMR spectra of the

A A

6.0 5.5 5.0 4.5 ppm

Figure 2. 500 MHz'H NMR spectrum of the double-bond hydrogen region

hamper the structural investigation. - !
of the titanium compleXE-1ain [Dg]-toluene at—60 °C.

NMR Spectroscopy of E-Configured Complexes. The
isopropyl-substituted compleix-1a was investigated as a role
model in more detail. ThéH NMR spectra of comple¥-1a described later. EXSY experiments®fla at —60 °C showed
in [Dg]-toluene (Figure 1) and [E}-THF (not shown) at room that E-1aA, E-1aB, andE-1aC, which were present in a ratio
temperature showed only one set of sharp signals correspondingf 84:13:3 (Table 2), were in equilibrium with each other. The
to anE-configured;l-mono(allyl)titanium(lV) complex, the Ti low-temperature NMR spectra indicated the presence of further
atom of which is attached to the C-1 atdiacdAll signals species in trace amounts, the structures of which could, however,
were assigned byH,'H COSY experiments. Upon cooling the  not unambiguously be assigned.
solution of E-1a in [Dg]-toluene gradually to-80 °C, a line- The signal assignment fdE-1aA, E-1aB, and E-1aC was
broadening occurred and several fully reversible coalescencecarried out at—80 °C by H,'H COSY experiments. These
phenomena were observed. At20 °C all signals were experiments also allowed the determination of the chemical shift
significantly broadened, and two sets of signals appeared atfor 1-H of E-1aB, the signal of which is hidden under the signals
—40°C. Finally, three sets of signals were observee-@0 °C of the ethyl groups. The decisive chemical shifts and the
(Figure 2). The three signal sets were assigned to the coupling constants of the allyl moieties of the three equilibrium
Co-titanium allyl complexE-1aA, the N-titanium allyl ylide components are listed in Table 1. The variable-temperature
E-1aB, and the epimeric &-titanium allyl complexE-1aC, 1H NMR spectroscopy oE-1ain the potentially coordinating
respectively, on the basis of thel chemical shifts, coupling  solvent [D3]-THF also revealed the existence of the three

constants, integral ratios (Table 1), and tH€ NMR data

J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005 6619
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Table 1. Selected 'H NMR Data (500 MHz) of the Equilibrium Components A—C of the Allytitanium(lV) Complexes E-la—c in [Dg]-Toluene

at Low Temperatures?

A B C

complex R 1-H 2-H 3-H 1-H 2-H 3-H 1-H 2-H 3-H
E-1a° iPr 3.26 6.26 5.07 3.5 6.15 5.21 3.26 5.55 4.97

11.0 14.8,11.0 14.8,6.9 c 13.9,12.2 13.9,5.8 c 14.4,12.8 14.4,5.7
E-1a iPr 3.12 5.81 4.94 3.52 5.83 4.94 3.30 5.82 4.94

10.6 15.2,10.6 15.2,7.0 [ c c 10.4 c [
E-1b® cCeH11 3.25 6.24 5.07 f 6.16 5.18 f 5.57 4.99

10.7 15.0,10.7 15.0,7.3 14.8,12.0 14.8,6.4 147,111 14.7,6
E-1¢ Me 3.23 6.20 5.03 f 6.2 5.07 f f f

10.6 14.6,11.0 14.6, 6.5 [ c

aNumbers in italics are averaged coupling constahgg. —80 °C. ¢ Not determined? In [Dg]-THF at—80°C. € At —75°C. f Not detected9 At —60 °C.

Table 2. Composition of the Equilibrium Components A—C of the
Allyltitanium(IV) Complexes E-la—c and Z-la—c at Low
Temperatures

complex R T(°C) A (%) B (%) C (%)
E-la iPr —60 84 13 3
E-1b cCgHi11 —75 86 12 2
E-1c Me —60 82 12 6
Z-la iPr —78 36 64 a
Z-1b CCGH]_]_ —-60 33 67 a
Z-1c Me —60 34 66 a

aNot observed.

equilibrium specie€-1aA, E-1aB, andE-1aC. The chemical
shift differences were, however, smaller than those in
[Dg]-toluene, and the determination of all relevant spectral

replacement of 1-H of the starting allyl sulfoximines by a Li
atom and a Ti atori:® The only major exemption is the
chemical shift of 3-H. While the hydrogens at the 3-position of
E-2a, E-1aA, E-1aB, andE-1aC have similar chemical shifts,
the chemical shift for 3-H of the lithium salE-3a, is
significantly smaller. These chemical shift differences indicate
that there exists in the titanium derivativEslaA and E-1aC,

in contrast to the lithium derivative&-3a, 4, and 5, no
significant delocalization of the negative charge in the allyl
moieties because of the lower polarity of the-T bond. The
absence of an upfield shift of the signal for 3-H of the ylide
E-1aB as compared to the lithiated sulfoximingés3a, 4, and5
may perhaps be ascribed to the powerful electron-withdrawing/
polarizing effect theN-titanium aminosulfoxonium group

parameters was thus not possible. Therefore, the further NMR exerts? While the C-1 atoms of complex&A andE-C should

investigations of complexe&-la—c were carried out in
[Dg]-toluene. ThelH NMR spectra of the cyclohexyl- and
methyl-substituted complexds1b and E-1c, respectively, in

have a tetrahedral coordination geometry, those of the allyl
ylidesE-B are expected to have a coordination geometry being
close to planar (vide infra). This difference in the coordination

[Dgl-toluene at room temperature each also showed only onegeometry of the complexes is reflected in a low-field shift of

set of sharp signals indicative ofaconfigured;’-mono(allyl)-
titanium(lV) complex, the Ti atom of which is attached to the
C-1 atomif3acdThe signals in théH NMR spectra of both
complexes were assigned Biyl,'H COSY experiments. Vari-
able-temperaturtH NMR spectroscopy of complex&s1b and

1-H of the ylidesE-B as compared to the tetrahedral complexes
E-A andE-C. Interestingly, while the chemical shifts for 1-H
and 3-H of complexe&-A andE-C in [Dg]-toluene are very
similar, those for 2-H are significantly different. It will be shown
later how this difference can be used for an assignment of their

E-1c also revealed in these cases the existence of equilibriaconfiguration. Not only the chemical shifts but also the

composed of the three specigslbA, E-1bB, andE-1bC in a
ratio of 86:12:2 and oE-1cA, E-1cB, andE-1cC in a ratio of
82:12:6, respectively. Determination of the chemical shifts for
1-H of the equilibrium components-B andE-C of complexes
E-1b and E-1c was not carried out at low temperatures by
1H,IH COSY experiments because of their sufficient charac-
terization by the other NMR data. Further long-term NMR

magnitudes of the coupling constants of the equilibrium
componentE-A, E-B, andE-C compare favorably with those
of the model compoundBg-2a, 4, 5, 6, 7, and8 (cf. Tables 1
and 3). While ylides E-B have 3J(1-H,2-H) values of
12.0-12.2 Hz, those oE-2a, 4, and5 are 10.4 and 11.0 Hz.
Ab initio calculations and X-ray crystal structure analysis of
the lithium salt5 have revealed an almost planar coordination

experiments at low temperature were not undertaken for the geometry of C-1 and astrans conformation in regard to the

determination of the other NMR parameterssB and E-C
because of the similarity between compleXesa, E-1b, and
E-1c and the slow but complicating/Z isomerization of the
later complex (vide infra).

The chemical shifts recorded for the equilibrium components
E-A and E-C of complexesE-1la—c compare favorably with
those of the bis(allyl)titanium(IV) complexesst-c and 734 and
the mono(allyl)titanium(lV) compleg!f (Table 3), all of which
exhibit a Gx—Ti bond. Table 1 shows similar chemical shifts
for the allyl moieties of all three equilibrium compone@s\,
E-B, andE-C of complexes€-1a—c. A comparison of the NMR
data of the titanium complexdslaA, E-1aB, andE-1aC with
those of sulfoximinee-2a and the lithiated sulfoximineB-3a,

4, and5 reveals similar changes in the chemical shifts upon

6620 J. AM. CHEM. SOC. = VOL. 127, NO. 18, 2005

C1-C2 bond. According to model ab initio calculations of an
allyl aminosulfoxonium ylide (vide infra), it is to be expected
that ylide E-B also has a coordination geometry of C-1 that is
close to planar and adopts teé¢rans conformation around the
C1-C2 bond. TheC-titanium speciesE-A and E-C have
3J(1-H,2-H) values ranging from 10.6 to 12.8 Hz, and the model
compounds6, 7, and 8 are characterized by values of
10.1-11.9 Hz. According to the X-ray crystal structure analysis

(7) (a) Gais, H.-J.; Mlker, H.; Bund, J.; Scommoda, M.; Brandt, J.; Raabe, G.
J. Am. Chem. S0d.995 117, 2453-2466. (b) Scommoda, M.; Gais, H.-
J.; Bosshammer, S.; Raabe, G. Org. Chem.1996 61, 4379-4390.
(c) Brandt, J.; Gais, H.-Jetrahedron: Asymmetr§997, 8, 909-912.

(8) (a) Gais, H.-J.; Lenz, D.; Raabe, Getrahedron Lett1995 36, 7437
7440. (b) Lenz, D. Ph.D. Thesis, RWTH Aachen, 1995.

(9) Bordwell, F. G.; Branca, J. C.; Johnson, C. R.; Vanier, NJ.ROrg. Chem
198Q 45, 3884-3889.
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Table 3. Selected 'H NMR and 13C NMR Data of the Allyl Sulfoximine E-2a, the Lithiated Allyl Sulfoximines E-3a, 4, and 5, the
Bis(allyl)titanium Complexes 6 and 7, and the Mono(allyl)titanium Complex 82

0. ,NMe
. 2 \‘\S'/
IPFW \Ph
3 1
E-2a
NSO,CF i
' ) 1O‘C\Sl/NM6 2 10\:\3'/ 2CFs o . ) 10\:\SI/NSIM93 o .
[’Pr\f\‘( \ph} Li® MeW “ph }Li Me{’/\—( Sph|[M12c4)L
H Me H Me H
E-3a 4 5
o NM iPr
O, NMe 8 € 0. N
N/ 2 DN/ Y/ _\_
\ 1S 2 4 g’ OSitBuMe,
[Ph 3 2180, [cceH11 _ “ph 3 ALse
Ph  TioiPr), 2 Ti(OiPr); Ti(OiPr);
6 7 8
HNMR BCNMR
compound 1-H 2-H 3-H C-1 C-2 C-3
E-2a 3.5 5.26 4.96 55.19 114.75 144.50
14.0,7.5 15.4,7.5,1.2 15.4,6.9,1.2 139 166 155
E-3a 3.09 5.93 4.37 54.68 127.34 113.65
10.4 15.1,10.4,0.9 15.1,6.7 155 143 144
4 3.48 5.53 55.22 119.8 111.0
11.0 11.0 169 148
5h 3.07 5.74 61.40 126.36 99.23
10.7 10.7 161 _ 143 -
6 3.75/4.30 6.74/6.61 55.7/68!4 127.6 131.8/138.9
11.9/11.9 11.9/11.9 147/142 j
7* 3.45 4.86 5.22 69.6 123.6 134.3
10.1 15.0,10.1,0.9 15.0, 6.7 142 168 j
8 3.77 6.04 4.64 65.6 132.7 118.5
10.9 m 11.0 144 m m

2 Numbers in italics are averaged coupling consta€0 MHz in [Dg]-toluene at 22°C. ©100/125 MHz in [Qy-toluene at 22°C. 9500 MHz in
[Dg]-toluene at 22C. ¢ 75 MHz in [Dg]-toluene at 22C. 500 MHz in [Dg]-THF. 9 125 MHz in [Dg]-THF. " 500 MHz in [Dg]-THF at—70°C. ' 125 MHz
in [Dg]-THF at —70 °C. i Not determined¥ In the presence of Ti(®r), and CITi(GPrk. ' In [Dg]-THF. ™ Not reported.

of 5, the allyl group adopts a CGiC2 conformation in which
1-H and 2-H are irtrans position. This suggests th&tA and Me Me .
E-B also adopt such a G4C2 conformation. EtN, N=5, EtzN\ N=S \_RH)
The Sconfiguration was tentatively assigned to the major Et;N—Ti S(R) EtzN—Ti‘A/
isomerE-A and theR-configuration to the minor isome&-C. NE,  RH) ,LEtZ H HR)
This assignment rests on the following observations and trans-E-D Cis-E-D
assumptions. The Ti atoms of complexeé andE-C are only (trans-Z-D) (cis-Z-D)
tetracoordinated and thus contain vacant coordination sites. )
Therefore, it seems very likely that they adopt the structures of (Et2N)eT! M
the cyclic four-membereg?-complexesransE-D and cis-E- (H)R;:.,,@ @\\.N/ ©
D, the sulfonimidoyl group of which is coordinated via the N (RH H/'_?\‘Ph
atom to the Ti atom (Figure 3). o)
An intramolecular T+-N coordination of this type had been 5_112':_11‘:;)

previously observed for a complex of typecarrying two phenyl
groups at the 3-position, in the crystal and in solution
(cf. Scheme 1§¢ While the Ti atoms ofrans-E-D andcis-E-D
ought to have a trigonal-bipyramidal coordination geometry, the complex E-A. The assumption of a?-coordination for the

Ti atom ofl is coordinated in a distorted octahedral fashion. In complexes=-A andE-C would also allow a rationalization of
the S.C()nfigured Comp|e)¢rans.E_D the pheny] and a|keny| their different stabilities. Because of tlus pOSition of the
group are intrans position, and in theR-configured complex  alkenyl group and the phenyl group compleis-E-D should
cis-E-D the two groups are inis position. The hydrogen atthe ~ be less stable than the corresponding complars-E-D, the
2-position of complexcis-E-D points toward the center of the ~ alkenyl and phenyl groups of which are in the sterically less
phenyl group. It should thus experience an upfield shift because€ncumberedrans position.

of the anisotropic effect of the phenyl group. An inspection of  Ylide B most likely adopts a structure of tyjae the Ti atom

the NMR data of the complexds-1aA, E-1aC, E-1bA, and of which is attached to the N atom, which is not only more
E-1bC listed in Table 1 reveals indeed a significant upfield shift nucleophilic but also more Brgnsted and Lewis basic than the
of 2-H of the minor compleXe-C as compared to the major O atom!cf This is in accordance with model ab initio calcula-

Figure 3. Structures of the allyltitanium complexds B, andC.
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Table 4. Selected 13C NMR (125 MHz) Data of the Equilibrium
Components A and B of the Allyltitanium(lV) Complexes E-la—c
in [Dg]-Toluene at —70 °C2

A B
complex R C-1 C-2 C-3 C-1 C-2 C-3
E-la iPr 60.28 123.74 13158 57.21 118.4b
141 159 159 171 158
E-1b cCeHi1 60.28 124.07 b 57.42 115.30 b
137 156 172 148
E-1c Me 61.08 127.15 119.22 57.14b 111.58
138 c 152 169 156

aNumbers in italics are coupling constaritdNot detected® Not deter-
mined.

tions of an aminosulfoxonium ylide, which show that a
(N,N-dimethylamino)sulfoxonium ylide is thermodynamically
much more stable than the isomefi;Sdimethyl aminosul-

Table 5. Selected 'H NMR (500 MHz) and 13C NMR (125 MHz)
Data of the Sulfoxonium Salt 9 and the Sulfoxonium Ylide 10 at
Room Temperature?

I\llle
O, NMe, 0, 'N—Me
'S BF 08
HiaC @ Ph — * Hj/ & Ph
H
9 10
compound group H BC
gb CHs 4.40 38.84
144
10 CH; 1.66 23.20
168

aNumbers in italics are coupling constaritdn [Dg]-DMSO. ¢In
[Dg]-toluene in the presence of LiBF

however, are characterized BY(C,H) values of 169172 Hz

foxonium ylide (vide infra). However, the question as to which for C-1, Wh!Ch are much higher than 'th_SG for C-1 of cqmplexes
atom the Ti atom is attached is perhaps only an apparent oneE-A. The higher'J(C,H) values of the ylide&-B are mainly a
since both the N atom and the O atom might be coordinated to reflection of their different coordination geometry, which is

the Ti atom!® According to model ab initio calculations of an
allyl dimethylaminosulfoxonium ylide (vide infra), the ylide
should adopt C+S and C+C2 conformations as shown
because of stabilizingic—oso* and nc—a* interactions, re-
spectively.

Because of the general similarity of thel NMR data of
E-A—C, a further unambiguous structural proof for the equi-
librium components was sought. It was hoped that low-
temperature’®C NMR spectroscopy oE-la—c would give
additional structural information. The coordination geometries
of C-1 of complexe#\/C andB are significantly different. Thus
the magnitude of th&J(C,H) values should also differ signifi-

expected to be close to planar, an assumption that is supported
by the ab initio calculations of an allyl aminosulfoxonium ylide
(vide infra). In addition to the dependency ®C,H) on the
coordination geometry, the strong electron-withdrawing effect
of the aminosulfoxonium group will, to a minor extent, also
contribute to the magnitude of the coupling constant. This can
be seen by comparing the two lithiated allyl sulfoximie8a

and 4, which differ in the substituent at the N atom but both
have almost planar trigonal coordinated C1 atoms. While the
N-methyl derivativeE-3a has alJ(C,H) value of 155 Hz, the

value for C-1 of theN-SO,CF; derivative4, which carries the
stronger electron-withdrawing sulfonimidoyl group, is 169%Hz.

cantly because of their known dependency on the hybridization Since relevant NMR data and other structural information of

of the C atont! Low-temperaturé*C NMR spectroscopy of

allyl and alkyl aminosulfoxonium ylides are not available, the

the complexe&-1a—c in [Dg]-toluene also revealed in all cases ylide 10, which was prepared from the aminosulfoxonium salt

fully reversible dynamic phenomena. For all three complexes,
two sets of signals corresponding to the equilibrium spdgids
and E-B were observed at-80 °C (Table 4). Because of the

913 as a solution in [[g-toluene together with LiBE, was studied
by NMR spectroscopy’ Ylide 10 showed for the methylene
group atJ(C,H) value of 168 Hz (Table 5), which is similar in

low concentration, in no case could signals corresponding to Magnitude to those recorded for ylidesB. The notion of a

the minor equilibrium component&-C unambiguously be
identified. Assignment of the signals was donetHy*3C HMQC
andH,13C HETCOR experiments, and the coupling constants
were determined by HET2DJ experiments. The coupling

change in the coordination geometries of C-1 on going from

the salt9 to the ylide10is supported by the ab initio calculations

of 10 (vide infra).
NMR Spectroscopy ofZ-Configured Complexes The H

constants for the ylide&-B were determined by long-term gated NMR spectra of theZ-configured complexeg-1a, Z-1b, and

decoupling experiments at low temperatures. FGeNMR data

Z-1cin [Dgl]-toluene at room temperature each showed only one

of E-A andE-B give strong support to the structural assignment Set Of sharp signals corresponding t&-aonfigureds’-mono-

of the equilibrium species made on the basis of thdiNMR
data. Of particular relevance are the magnitudés(@,H) and
the chemical shifts for C-1, C-2, and C-3 of the complekée’s
and the ylide€-B. TheJ(C,H) values of 137141 Hz for C-1
of complexesk-A are of a magnitude typical for tetrahedral
alkyltitanium compound¥? as exemplified by complexes-8,
the 1J(C,H) values of which are 142147 Hz. The ylide€-B,

(10) For the intramolecular 1,4-coordination of a sulfonyl O atom to a Ti atom,
see: (a) Gais, H.-J.: Vollhardt, H. J.: Lindner, H. J.; PaulusAkigew.
Chem 1988 100, 1598-1600; Angew. Chem., Int. Ed. Engl988 27,
1540-1542. (b) Royo, E.; Betancort, J. M.; Davis, T. J.; Carroll, P.; Walsh,
P. J.Organometallics200Q 19, 4840-4851.

(11) (a) Kalinowski, H.-O.; Berger, S.; Braun, $C-NMR-Spektroskopie
Thieme: Stuttgart, 1984. (b) For a particularly illustrative and supportive
example for the strong increase of the magnitudéJ¢E,H) for C1 of a
carbanion on changing its coordination geometry from a tetrahedral to a
planar, see: Reich, H. J.; Dykstra, R. R.Am. Chem. Sod 993 115
7041-7042.
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(allyhtitanium(IV) complex, the Ti atom of which is attached

to the C-1 atoni’32.¢dThe low-temperaturéH and13C NMR
spectroscopy ofZ-1a, Z-1b, andZ-1cin [Dg]-toluene revealed

(12) (a) Neese, H.-J.; Bger, H.J. Organomet. Chenil971, 32, 213-222.
(b) Panse, M.; Thiele, K.-HZ. Anorg. Allg. Chem1982 485, 7—14. (c)
Hafner, A.; Duthaler, R. O.; Marti, R.; Rihs, G.; Rothe-Streit, P.;
Schwarzenbach, B. Am. Chem. So4992 114, 2321-2336. (d) Duthaler,
R. O.; Hafner, A.; Alsters, P. L.; Bold, G.; Rihs, G.; Rothe-Streit, P.; Wyss,
B. Inorg. Chim. Actal994 222 95-113. (e) Balaich, G. J.; Hill, J. E;
Waratuke, S. A.; Fanwick, P. E.; Rothwell, I. Prganometallics1995
14, 656-665. (f) Andres, R.; Galakhov, M.; Gmez-Sal, M. P.; Maft,
A.; Mena, M.; Santaméa, C.J. Organomet. Cheni996 526, 135-143.
(9) Ray, B.; Neyroud, T. G.; Kapon, M.; Eichen, Y.; Eisen, M. S.
Organometallic2001, 20, 3044-3055. (h) Qian, X.; Huang, J.; Qian, Y.
J. Organomet. Chen2004 689 1503-1510.

Johnson, C. R.; Schroeck, C. WAmM. Chem. S0d973 95, 7418-7423.
For NMR data of sulfur ylides, see: (a) Schmidbaur, H.; KammeCi@m.
Ber. 1971, 104, 3234-3240. (b) Barbella, G.; Dembech, P.; Garbesi, A.
Tetrahedron Lett198Q 21, 2109-2112. (c) Peschke, K.-R.Chem. Ber.
1987 120, 425-427. (d) Aggarwal, V. K.; Schade, S.; Taylor, B.Chem.
Soc., Perkin Transl 1997 2811-2813.

(13)
14
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Table 6. Selected 'H NMR Data (500 MHz) of the Equilibrium Table 8. Selected 'H NMR and 3C NMR Data of the Vinyl
Components A and B of the Allyltitanium(IV) Complexes Z-1la—c Sulfoximines E-11 and E-12 in CDCl3?
in [Dg]-Toluene at Low Temperatures?® Me 0o, NMe 5 1) ,NMe
RN/ N/
A B Me)\/\/S\Ph O\/\/S\F’h
complex R 1-H 2-H 3-H 1-H 2-H 3-H 3 ! 8 1
- E-11 E-12
Z-1ab iPr 3.55 6.18 5.18 3.72 6.17 4.97
c 9 9 c 9 9 1H (400 MHz) 13C (125 MHz)
_1pd
Z1b CCeHu € 18'14 3'07 d 1%13 ‘f'94 compound 1-H 2-H 3-H c1 c2 c3
E-1c Me c 6.20 522 c 6.2 5.07 E-11 6.31 6.83 2.10 130.79 145.65 40.47
9 e 9 e 151,13 15173 b 179 155 129131
E-12 6.30 6.84 2.11 130.77 145.66 39.32
aNumbers in italics are coupling constarité\t —78°C. ¢ Not observed. 14.3 14374 b 176 156 127

d At —75 °C. € Not determined.
aNumbers in italics are coupling constarftdNot determined.
Table 7. Selected 13C NMR (125 MHz) Data of the Equilibrium

Components A and B of the Allyltitanium(IV) Complexes Z-la—c 0, ,NMe
in [Dg]-Toluene at —70 °C? 3 2 Ql\S//NMe 3 2 Q:~SI/NMe (HR3 2 1 Sl/\
A B R A ~ph R\_/\/ ~ Ph
1 : (RH LI H
complex R c1 c2 c3 c1 c2 c3 Ti(NEtz)s Ti(NEt2)s Ti(NEtz)
z-1a iPr 55.69 118.25 ¢ 56.65 123.57 b E-1aF-1cF E1aG-1c6 E-1aH-1cH
b b b b (Z-1aH-1cH)
Z-1b  cCeHi1 55.46 122.26 c 55.60 118.25 ¢ o NM
136 155 170 150 5 e (EN)STind 2 . (EtN)sTi. 3 2
Zlc Me 5557 126  117.27 5557 12131 108.97 (H)R%{/S\Ph 203 w1 23T
~140 162 ~160" b 159 RH © H R =0 R 530
: \)
— _ _ Ti(NEty)s P’ “NMe P’ “NMe
aNumbers in italics are coupling constartdNot determinedS Not E-1al-1cl Z-1aF-1cF 7.1aG-1cG
detected? The precise magnitude of the coupling constant cannot be given (Z-1al-1¢l)
because of the identical chemical shifts for C-1/ofand B. The values
were estimated on the basis of the HET2DJ spectrum. a:R = /Pr, b: R = cCgH14, ¢: R=Me

Figure 4. Alternative structures for the equilibrium componeAtsB, and
in all cases fully reversible dynamic phenomena. For all three C of the titanium complexeg-1a—c and Z-1a—c.
complexes, two sets of signals corresponding t@Zteenfigured tiplets were always observed for the methylene hydrogens of
C-titanium allyl complexZ-A and theN-titanium allyl ylide the ethyl groups at the N atoms of the equilibrium components
Z-B in ratios of 36:64, 33:67, and 34:66 (cf. Table 2), jregpective of the temperature. This shows that the methylene
respectively, were observed-a60 to—78°C. Inno case could v qrogens are diastereotopic, a phenomenon that can only occur

signals be detected corresponding to the complé&x@s Thus if the tris(diethylamino)titanium group of the various equilibrium
in the case of theZ-configured complexeg-1la—c the ylide species remains attached to the chiral allylsulfoximine moieties
Z-B and not the C-titanium complez-A is the major equilib- in all of the dynamic processes that take place.

Z'UT compon?nt.l Assignment Oflthf‘ signals was made by  ajernative Structures. A comparison of théH NMR data
H'H COSY, *H,C HMQC, and'H,'*C HETCOR experi- ot the - andZz-configured complexed, B, andC with those
ments. The coupling constants were Qetermmed by HET2DJ ¢ the 1-alkenyl sulfoximine€-11 and E-12 (Table 8) shows
and long-term gated decoupling experiments at low tempera- ¢ the alternative structures of theallyltitanium complexes
tures. Structural assignment BA ar_ld Z-B was made on the  Fandc (Figure 4) for the equilibrium species tib—c can be
basis of the chemical shifts, coupling constants, and integral oy |uded. Sulfoximine€-11 and E-12 should be reasonably
ratios. good NMR spectroscopic models for complexésand G
The NMR data of theZ-configured equilibrium components  pecause of the minor effect the Ti atom is expected to exert
Z-A and Z-B (Table 6 and Table 7) favorably compare with ypon the double bond of the latter. For example, if one would
those of the correspondirigconfigured speciek-A andE-B. propose that two of the three equilibrium species adopt the
Particularly supportive for the structural assignment are the siryctureF or G rather thanA, B, andC, chemical shifts of
magnitudes ofJ(C,H) for the C-1 atoms. While the value for  3,12-3.72 and of 4.945.22 would have to be assigned to 1-H
the C-titanium complexZ-1bA is 136 Hz, that for the ylide  and 3-H, respectively, df or G. This does, however, not concur
Z-bB amounts to 170 Hz. with the NMR data of the known allyltitanium(IV) complexes
The Z-configured complexesZ-A were tentatively also  including those of complexe8—8.13.12 A comparison of the
assigned theS-configuration. The presence of the epimeric 13C NMR data of the equilibrium specids-A and E-B with
complexesZ-C could, however, not be detected. On the basis those of the 1-alkenyl sulfoximindgs11andE-12 also shows,
of the assumption that complex&sA andZ-C preferentially  in agreement with théH NMR data (vide supra), that the
adopt the structures of thg>-complexestrans-Z-G and cis- alternative structuref and G for the equilibrium species of
Z-G (cf. Figure 3), respectively, a shift of the equilibria to the complexesE-1a—c can be excluded. In particularvalues of
side of the ylidesZ-B would be conceivable because of 55.46-61.08 andJ(C,H) values of 137141 Hz for C-1 would

unfavorable steric interactions resulting from #eonfigured be incompatible with structures and G.
double bond. Although the NMR data strongly favor structur&sand C
The variable-temperaturdd NMR spectra ofE-1a—c and of the C-titanium complexes, the alternative structure of the

Z-la—c showed a further interesting feature. Two sharp mul- #3-allyl complexesH and | cannot be entirely excluded.
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Scheme 3. Mechanistic Scheme for the Metallotropic Shift of the
Allyltitanium Complexes E-la—c and Z-la—c

HR Ph
NMe —
O‘:\SI/ (RH |S§o
MR~ “Ph R (P
) 7 “Me
RH  TiL, |
A trans-D
1,3-C,N-shift
(HR Ph Ph
)—-., 0 H.© ¢
RH S ——=S= (RH S~
R) H @\N o . >:/‘®\ (¢}
(HR
LsTi” Me LsTi” “Me
£ E
“ 1,3-N,C-Shiﬁ L= NEtz
(HR
Ph
RH H 5:0 Q \S,/NMe
L ,/TH_,J — MR~ < “Ph
L/Il_ Me (R)H TIL3
cis-D C

Unfortunately, an unambiguous structural characterization o
n3-allyltitanium(lV) complexes has not yet been described, and
thus NMR data for a comparison are not availalelowever,

the absence of aB/Z isomerization of complexels-1a, E-1b,
Z-1a, andZ-1b and the slowness of thE/Z isomerization of

perhaps in equilibrium with thg'-complexC. In agreement
with the proposed intramolecular course of the metallotropic
shift and the epimerization is the observation of diastereotopic
methylene hydrogens of the ethyl groups at the Ti atom in all
of the variable-temperature NMR spectra of complexdsa—c
andZ-la—c.

E/Z Isomerization. During the long-term NMR experiments
with the E- andZ-configured methyl-substituted complexed.c
andZ-1c, respectively, in [[g]-toluene a slowE/Z isomerization
of both complexes was observed. The synthesE-bE starting
from the pure allyl sulfoximindz-1c at —78 °C gave a mixture
of E-lcandZ-1cin a ratio of 15:1. After the mixture had been
kept first for 4 weeks at-70 °C and then for 2 weeks at
—22°C, the ratio of the isomers had changed to 9:1. A further
storage of the 9:1 mixture d&-1candZ-1cat room temperature
first for 9 h and then for 24 h saw a change of the ratio of the
isomers first to 5.5:1 and then to 3.5:1. The time course of the
isomerization oZ-1cwas followed in less detail. The synthesis
of Z-1c starting from the pure allyl sulfoximineg-2c at
—78 °C gave a mixture oZ-1c and E-1c in a ratio of 20:1
After the mixture had been kept for 24 h-a60 °C, the ratio
of the isomers had changed to 13:1. Interestingly, E4f

¢ isomerization of the isopropyl- and cyclohexyl-substituted

complexesE-1a, E-1b, Z-1a, andZ-1b, respectively, was not
observed even at room temperature, and the synthesis of these
complexes was not accompanied by a partial isomerization. Two
mechanisms can be envisioned for the isomerizatiog-at

E-1candZ-1ccan be taken as further evidence speaking against2Nd Z-1¢: a series of consecutive metallotropic 1,3-C,N-,

structuresH andl.
Metallotropic Shift. The componentsA, B, and C of
complexes-la—c andZ-1a—c are in rapid equilibrium at low

temperatures. As a consequence, these titanium complexe

exhibit a low configurational stability at C-1. A possible
mechanism for the rearrangement is depicted in Scheme 3. Th
n?-complextrans-D suffers a metallotropi€ 1,3-C,N-shift to
give the ylideE', the depicted @—S and S-N conformations

1,5-N,C-, 1,5-C,N-, and 1,3-N,C-shifts or, alternatively, two
consecutive metallotropic 1,3-C,C-shifts in combination with
two metallotropic 1,3-C,N- and 1,3-N,C-shifts (see Schemes S2

and S3 and the discussion, Supporting Information). NMR

spectroscopy of simple allyltitanium(lV) complexes having a

eterminal double bond had revealed a fast 1,3-C,C-shift of the

Ti atom1217 Whether a similar fast shift of the Ti atom also
occurs in the case of allyltitanium(lV) complexes having a

of which are energetically favorable ones according to the model 3-2/kyl- or 3-aryl-substituted internal double bond is not clear

ab initio calculations. The cleavage of the-Ti bond oftrans-D
andcis-D will be facilitated by the strong stabilization of the
negative charge of the resulting ylidés and E" by the
aminosulfoxonium group. The carbanion stabilizing effect of
the aminosulfoxonium group is much stronger than that of the
sulfonimidoyl group? For example, whileN,S-dimethylphenyl-
sulfoximine has ald, value of 33, that of the aminosulfoxonium
salt9is 14.5. A further stabilization of the negative charge of
ylidesE' andE" is provided by the double bond, as indicated
by model ab initio calculations of an allyl aminosulfoxonium
ylide (vide infra). The cleavage of the ¥C bond will also be
facilitated by the diethylamino donor groups at the Ti atom.
Rotation around the €S bond of the ylideE' generates the
isomeric ylideE". According to the model ab initio calculations,
it is to be expected that ylides' andE" have a low @—S
rotational barrier (vide infra).

The rearrangement is concluded by a cyclization of yke
with formation of the epimerigj>-complex cis-D, which is

(15) For the X-ray crystal structure analysesz@fallyltitan(lll) complexes,
see: (a) Chen, J.; Kai, Y.; Kasai, N.; Yasuda, H.Organomet. Chem
1991 407, 191-205. (b) Greidanus, G.; McDonald, R.; Stryker, J. M.
Organometallics2001, 20, 2492-2504

(16) (a) Radius, U.; Sundermeyer, J.; Peters, K.; von Schnering, Hu46G.J.
Inorg. Chem.2001, 1617-1623. (b) @rm&, J.; St'asthal.; Sykora, J.;
Cisaova |.; Kvitala, J.Organometallics2004 23, 2850-2854.
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yet. If there is an equilibrium between the substituted allylti-
tanium isomers, it must be fast and shifted, according to the
NMR data, almost completely to the side of the isomer carrying
the internal double bond. However, direct information about
the dynamics of substituted allyltitanium(VI) complexes is
lacking12:17.18

Reactivity Scheme for AldehydesBased on the observation
of a fast equilibrium between the isomeric C-titanium complexes
IVA andIVC and the N-titanium complelVB, a reactivity
model for the rationalization of the regio- and diastereoselect-
ivities of the reactions of complexdd with aldehydes is
proposed in Scheme 4.

This model, which is based on the assumption of the operation
of the Curtin-Hammett principlé? that is, the reactions ¢¥/A ,

(17) (a) Vrieze, K. InDynamic Nuclear Magnetic Resonance Spectroscopy
Jackman, L. M., Cotton, F. A., Eds.; Academic Press: New York, 1975;
pp 441-487. (b) Reetz, M. T.; Steinbach, R.; Westermann, J.; Peter, R.;
Wenderoth, B.Chem. Ber.1985 118 1441-1454. (c) Kasatkin, A.;
Nakagawa, T.; Okamoto, S.; Sato,JFAm. Chem. Sod995 117, 3881
3882.

(18) For structural studies of allylzirconium(lV) complexes, see: (a) Larson,
E. J.; Van Dort, P. C.; Lakanen, J. R.; O'Neill, D. W.; Pederson, L. M.;
McCandless, J. J.; Silver, M. E.; Russo, S. O.; Huffman, JO&ano-
metallics1988 7, 1183-1187. (b) Vance, P. J.; Prins, T. J.; Hauger, B.
E.; Silver, M. E.; Wemple, M. E.; Pederson, L. M.; Kort, D. A.; Kannisto,
M. R.; Geerligs, S. J.; Kelly, R. S.; McCandless, J. J.; Huffman, J. C.;
Peters, D. GOrganometallics1991, 10, 917-924.
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Scheme 4. Reactivity Model for the Mono(allyl)titanium Complexes IV and Aldehydes
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IVB, andlVC with aldehydes are significantly slower than their
isomerization, features the six-membered cyclic chair-like
transition state§'S-A and TS-C and the boat-like transition
stateTS-B for the reactions ofVA , IVC, andIVB, respectively.
Key features ofTS-A and TS-C are a coordination of the
sulfonimidoyl N atom to the Ti atom. The boat-like transition
stateTS-B should be preferred over the corresponding chair-
like transition state (not shown) because of tle<S and S-N
conformations in which the lone pair orbitals at the. @om
and the N atom are approximately periplanar to tkeO8and
Co—Ph bonds, respectively. According to the ab initio calcula-
tions of aminosulfoxonium ylides (vide infra), this will allow
for an efficient stabilization of the transition state by a 2-fold
negative hyperconjugatiomc—osc* and ny—osprf (vide in-
fra).20 Furthermore, inTS-B the lone pair orbitals at the C

always be higher in energy tharZ){TS-B because of a
destabilizing interaction between!Rand the sulfonimidoyl
group. TheR-configured C-titanium complef/C should react
with aldehydes via transition stal&-C to give the diastereomer
VII . Formation of this isomer has, however, not been observed.
This can be ascribed to an unfavorable steric interaction of the
endapositioned phenyl group with the aldehyde in transition
stateTS-C. In TS-A the phenyl group is located in the sterically
less demandingxo position.

II. Ab Initio Calculation of (Dimethylamino)sulfoxonium
Ylides. The crucial role thé&-titanium allyl (amino)sulfoxonium
ylide B plays in the dynamics and reactions of the mono(allyl)-
titanium complexedV with aldehydes prompted us to carry
out model quantum-chemical ab initio calculations of the

atom and the N atom are in an energetically favorable orthogonal \:N-dimethyl ylide10, the isomeridO,N-dimethyl ylide13, and

position to each other. Whil€S-B has a pentacoordinated Ti
atom with a trigonal-bipyramidal geometryS-A and TS-C

the allyl (N,N-dimethylamino)sulfoxonium ylidé&4 (Figure 5).
Information was sought as to then€S conformation, the

contain hexacoordinated Ti atoms with an octahedral geometry. relative stability, the coordination geometry of thet @tom,

Decisive factors that will primarily determine the energy
difference betweenH)-TS-A and €)-TS-B are the steric
interactions between'Rand R in the first and between®and

and the @ —S rotational barrier of the ylides. Further motives
for the study of10 and 14 were the synthetic importance of
chiral ylides of this type, which have found application as

the alkenyl group in the second case. While these interactionsnucleophilic alkylidene transfer reagents in asymmetric

are presumably of the same magnitude fér=RR? = Me, the
interaction between Rand R in (E)-TS-A will become more

destabilizing with increasing size of the substituents than that

between R and the alkenyl group inE)-TS-B. Thus with
increasing size of the substituen-T'S-B is energetically more
and more preferred overEf-TS-A. In the case of the
Z-configured complex (Z}V the transition stateZ)-TS-A will

(19) Seeman, J. LChem. Re. 1983 83, 83—134.

(20) Previously we had proposed a chair-like TS for the reactioivVBf with
aldehydes® On the basis of the model ab initio calculations of the
aminosulfoxonium ylides we now consider the boat-like TS to be more
likely. In the boatlike TS there is Bc—osg* interaction, which is much
more stabilizing than thec—osprt interaction (cf. Figures 8 and 9) in the
chair-like TS.

synthesidc4bgi21and the virtually complete lack of information
about their structure.

Methylene Ylides. A conformational search at the HF/6-
31+G* level of theory resulted in two stationary points fob,
10a and10b (Figure 6) (see Table S1, Supporting Information)
and five for 13, 13a and 13b (Figure 7) (see Table S1,
Supporting Information) anti3c—e (see Figure S1, Supporting
Information). Calculation of the normal frequencies showed that
they all are local minima. Starting from these structures further
geometry optimizations have been performed with the same
basis set but now including correlation energy by means of
Mgller—Plesset perturbation theory to the second-order
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Figure 5. (Dimethylamino)sulfoxonium ylides.

+1.7
10b

Figure 6. Two local minima of theN,N-dimethyl ylide 10. The numbers
are the energies in kcal/mol relative to the most stable conformer isomer
10acalculated at the ZPEMP2/ 63H-G*//MP2/6-31+G* level.

(MP2/6-3H-G*).22 The relative energies, which are also given
in Figure 6 and Figure 7, have been obtained by adding the
zero-point energy calculated at the HF/6+33* level and
multiplied by 0.95 to the correlated total energies. At this level
of theory the most stabld,N-disubstituted aminosulfoxonium
ylide 10ais 25.7 kcal/mol lower in energy than the most stable
O,N-disubstituted ylidel3a At a sum of bond angles of 347.1
the formally negatively charged carbon atoml6fis strongly
pyramidalized. The SC1 bond length is 1.628 A and, therefore,
significantly shorter than a typica-SC single bond as in M&

at the same level of theory (1.806 ).

An NBO analysi$*?5 of the wave function revealed a lone
pair of approximately 90% p character and an occupation
number of about 1.7 e at C-1. While the-81 bond lengths of
conformersl0aand 10b are almost the same, the pyramidal-
ization of the C1 atom of the latter is small€r[{C1 356.2).

The H-C1-S=0 dihedral angles idOaare 80.8 and—60.8".
Therefore the lone pair at C-hd) is in an almost ideal position
for negative hyperconjugation with the orbital of the S=O
bond?8 If the CH, group of10ain its frozen minimum structure

is rotated about the-SC1 bond into a position where the lone
pair at the carbon atom is approximately orthogonal to the

(21) Mikotajczk, M.; Drabowicz, J.; Kietbasgki, P. Chiral Sulfur Reagents
CRC Press: Boca Raton, 1997

(22) All quantum-chemical calculations have been performed with: Frisch, M.
J.; Trucks, G. W.; Schlegel, H. B.; Scuseria, G. E.; Robb, M. A;
Cheeseman, J. R.; Zakrzewski, V. G.; Montgomery, Jr., J. A.; Stratmann,
R. E.; Burant, J. C.; Dapprich, S.; Millam, J. M.; Daniels, A. D.; Kudin,
K. N.; Strain, M. C.; Farkas, O.; Tomasi, J.; Barone, V.; Cossi, M.; Cammi,
R.; Mennucci, B.; Pomelli, C.; Adamo, C.; Clifford, S.; Ochterski, J.;
Petersson, G. A.; Ayala, P. Y.; Cui, Q.; Morokuma, K.; Salvador, P.;
Dannenberg, J. J.; Malick, D. K.; Rabuck, A. D.; Raghavachari, K;
Foresman, J. B.; Cioslowski, J.; Ortiz, J. V.; Baboul, A. G.; Stefanov, B.
B.; Liu, G.; Liashenko, A.; Piskorz, P.; Komaromi, |.; Gomperts, R.; Martin,
R. L.; D. J. Fox, D. J.; Keith, T.; Al-Laham, M. A.; Peng, C. Y.;
Nanayakkara, A.; Challacombe, M.; Gill, P. M. W.; Johnson, B.; Chen,
W.; Wong, M. W.; Andres, J. L.; Gonzalez, C.; Head-Gordon, M.; Replogle,
E. S.; Pople, J. AGaussian 98, Résion A.11 Gaussian, Inc.: Pittsburgh,
PA, 2001.

(23) Wiberg, K. B.; Castejon, HI. Am. Chem. S0d994 116, 10489-10497.

(24) Reed, A. E.; Curtiss, L. A.; Weinhold, Ehem. Re. 1988 88, 899-926.

(25) Glendening, E. D.; Reed, A. E.; Carpenter, J. E.; WeinholdNBO 3.0
Program Manual Theoretical Chemistry Institute and Department of
Chemistry, University of Wisconsin: Madison, WI 53706.

(26) Raabe, G.; Gais, H.-J.; Fleischhaued, Am. Chem. S0@996 118 4622-
4630, and references therein.
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Figure 7. Two local minima of theO,N-dimethyl ylide 13. The numbers

are the energies in kcal/mol relative to the most stahhdimethyl isomer
10acalculated at the ZPEMP2/ 63H-G*//IMP2/6-31+G* level.
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Figure 8. Potential energy function describing the rotation about th€ $
bond of ylide10a

S=0 bond and the remaining geometry is optimized, th&C3
bond is only slightly longer (1.631 A) than ib0a Similarly

the S=0 bond in the rotated structure (1.479 A) is only slightly
shorter than in the fully optimized geometry (1.494 A). The
S—C1 bond is highly polar, and the Mefr&ingh—Kollman
(MDK) charges aret0.94 e at the S atom and1.15 e at the
C1 atom. At+2.18 e the natural charge at the S atom is much
stronger, while that at C-1 of1.17 e is quite similar to the
MSK value. Due to the high polarity of the-C1 bond, it is
therefore conceivable that electrostatics contribute significantly
to the shortening of this bond.

The barrier to rotation about the-£1 bond of10a was
calculated in a semirigid approximation. Starting from the fully
optimized geometry ofOathe structure of the CHgroup was
kept frozen and the dihedral angl&) (was increased between
one hydrogen of the methylene group and the sulfur-bonded
C5 atom in steps od = 10°. For each of these points we then
performed a geometry optimization of all remaining structural
parameters at the MP2/6-83G* level. The resulting potential
curve is shown in Figure 8.

The curve has maxima &E = 8.5, 8.7, and 10.2 kcal/mol
at 0 = 80°, 13, and 280, respectively and minima of 0.0,
8.2, and 3.7 kcal/mol at = 0°, 100, and 220, respectively.

In all of the relative minima the lone pair at C-hdj is
approximatelytrans periplanar to one of the-SX (X = O, N,

C) bonds and can, therefore, interact with the corresponding
osx* orbital (Figure 9). As already mentioned above, the lowest
energy has been obtained for=X O followed by X= N at

AE = 3.7 kcal/mol and finally for X= C at AE = 8.2 kcal/

mol. The energy lowering due to the-osy* interaction can

be estimated using an energy expression derived from second-
order perturbation theorEn,«@ = —q,-M|F|o* F(e,+ — €n),
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§=0°(0.0)
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8= 100° (+8.2)

5=80° (+8.7)

8 =220° (+3.7) 8§ =280° (+10.2)

Figure 9. Relative orientation of the CiHyroup and the SX (X = O, N,

C) bonds of ylidelOatogether with the corresponding energies relative to
the most stable rotamed & 0°) in the minima (above) and the maxima
(below) of the potential energy function describing the rotation about the
S—C1 bond of the ylide.

where F is the Fock operator of the molecule, is the
occupation number of the lone pair, ang ande, are the NBO
orbital energies of the* and the nonbonding orbital, respec-
tively.2425The stabilization energies ares9 kcal/mol for X=

N, —45 kcal/mol for X= 0O, and—44 kcal/mol for X= C. It

14

Figure 10. Local minimum obtained for the allyl ylidel4 at the
MP2/6-3H-G* level.

much lower in this case. Combined with the effecti¢e-osn*
interaction (vide supra) this leads to a minimum only 3.7 kcal/
mol above the energetically lowest point of the potential curve.
The point of highest energy was obtainedat 280°. Hereny

and nc are in an energetically favorablanti orientation.
However, in this structure the conformation about theC3.
bond can be described as fully eclipsed, resulting in a rise of
the energy which obviously outnumbers the energy lowering
caused by thanti orientation ofny andnc.

Allyl Ylide . Starting from ylidelOaa structure was defined
where one of the hydrogen atoms at C-1 was replaced by the
E-configured 2-propenyl group resulting in the structure of the
allyl ylide 14. The structure ofl4 optimized at the MP2/
6-31+G* level is shown in Figure 10 (see Table 1, Supporting
Information).

At a sum of bond angles of 356.&he C1 atom ofl4 has an
almost planar coordination geometry and its pyramidalization
is thus much less pronounced tharila Accordingly, the lone
pair at C-1 (occupancy: 1.6 e) has a stronger p character
(~96%) than that ofic in 10a Moreover, the MSK charges at
the C1 atom {0.66 e) and at the S atom+-0.74 e) are
significantly lower than inLOa resulting in a less polar-SC1
bond. At 2.19 e the natural charge at the S atortva$ essential
identical with the corresponding value I®a while a clearly
lower value of—0.90 e is obtained for the charge at the C1
atom because of the interaction of its lone pair orbital with the
double bond. While the length of the-€1 bond is 1.632 A
and therefore only slightly longer than tDa the lengths of

is, therefore, obvious that the shape of the potential curve isthe C+C2 and C2C3 bonds are 1.452 and 1.352 A,

not completely determined by negative hyperconjugation be-
tweennc and osx*. Another fact that has to be considered is
the interaction of the nitrogen lone paimj with the o* orbitals

of the S=O bond, the SC5 linkage, and thérans-oriented
C—H bonds of the two methyl groups. While thg—ocy*
interaction is quite similar not only at = 0°, 10, and 220
but also at 28D (~ —18 to—19 kcal/mol), stabilization due to
ny—osc” interaction is most and least effective at= 0°
(—12.2 kcal/mol) and = 280° (—7.7 kcal/mol), respectively.
The values ab = 220° (—9.5 kcal/mol) and 100(—8.0 kcal/
mol) lie in between. At values betweenl and—5 kcal/mol

for the points of the potential curve given above the stabilizing
Nn—0oso+ interaction is relatively weak. Thus they—ocy®
interaction is small but nevertheless significant. The fact that
the energy of the relative minimum éat= 100 is relatively
high despite amc—osc* interaction that is as stabilizing as that
betweemc andosg* seems to be surprising. However, a closer
inspection of the structure shows that in this conformeand

respectively. Inl4 the stabilization energy due to a delocaliz-
ation of nc into osg* is —41 kcal/mol and, therefore, only
4 kcal/mol less favorable than fDa At a second-order energy
of —42 kcal/mol the interaction afc with thez* orbital of the
CC double bond is of essentially equal importance.

Il. Alkyltitanium(lV) Complexes. NMR Spectroscopy.

The observation of a fast 1,3-C,N-shift of the Ti atom of the
allyltitanium complexes€-1a—c and Z-1a—c prompted us to
study the alkyltitanium(IV) complexe$6 and 17 in order to

see whether their Ti atom also undergoes a fast reversible
1,3-C,N-shift (Scheme 5).

Titanation of the lithiated sulfoximin&5 (see Scheme S4,
Supporting Information) with CITi(NE)s and CITi(QPr)
afforded the titanium complexd$ and17, respectively. While
the isopropoxy-substituted complédx was stable at ambient
temperatures in THF and toluene solution, the diethylamino-
substituted complei6 started to decompose slowly at°C.
The complexed 6 and17 were configurationally stable at the

nc are oriented approximately parallel and the resulting repulsion S atom, as shown by their hydrolysis, which afforded the

energy will cancel most of the energy lowering caused by
delocalization ofc into osc*. In contrastny andnc are almost
orthogonal atd = 220° and the repulsive interaction will be

corresponding enantiomerically pure sulfoximine.
Surprisingly, the'H NMR spectrum ofl16 in [Dg]-THF at
20 °C featured only one very broad signal for the four
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Scheme 5. Synthesis of Sulfonimidoyl-Substituted Alkyltitanium approximately O°C. Four sharp doublets of quartets appeared
Complexes for the four hydrogens of the methylene groups at approximately

Q NMe —40°C, and two triplets evolved for the hydrogens of the two
CITUNEL) /\< Ph methyl groups. The two consecutive coalescence phenomena

Q, NMe 23 o TiNEt) involving all four Ca-methylene hydrogen signals were fully

[Me - S\Ph]@ ® 16 reversible, and an equilibrium with one of the decomposition
/j/ Li o NMe products was not observed. Assignment of the signals of the

Me™ 45 CITI(OPr); 4 hydrogens of each methylene group was madéhiH COSY
— - M Ph and 'H,3C HMQC experiments. Accordingly, the signals at
_ Ti(OPr)s

Me 0 = 1.51 and abv = 1.74 ppm are for the hydrogens of one of

17 the methylene groups, and thos@at 2.04 andd = 2.13 ppm

— belong to the hydrogens of the other methylene group. Thus
upon raising the temperature fron?0 °C to room temperature,
60°C 0°c each pair of signals of the methylene hydrogens collapses into
one broad signal. Finally, it seems important to note that the
variable-temperaturéH NMR spectra ofl6 always exhibited
two sharp multilplets for the methylene hydrogens of the ethyl
groups at the N atoms.
wll The13C NMR spectrum ofl6 in [Dg]-THF at room temper-

ature showed a broad signal for ther@tom, two extremly
broad signals for the methylene C atoms, one sharp signal for
the methyl C atoms of the ethyl groups at the &om, and

two sharp signals for the ethyl groups at the N atoms. The broad
signals became significantly sharper at@) and the two broad
signals for the methylene C atoms resolved into one broad
signal. Finally at 60°C there was one sharp signal for the.C
atom, one less broadened signal for the methylene C atoms,
one sharp signal for the methyl C atoms of the ethyl groups at
the G atom, and two sharp signals for tNeethyl groups. Upon
cooling the solution ofL6 gradually from room temperature to
—20°¢C —78°C, fully reversible coalescence phenomena were observed.
A sharp signal for the & atom was recorded, the two broad
signals for the methylene C atoms each turned into a sharp

signal, and the signal for the methyl C atoms was split into two
| — /u sharp signals. Signal assignment was madéHh?C HMQC
f‘

20°C

experiments.

The variable-temperatuféd and*C NMR spectra ofL6 in
the less polar solvent [iptoluene showed in all aspects similar
features as in the more polar and coordinating solvent
[Dg]-THF.
In summary, the results of the variable-temperafiteand
3C NMR experiments of compled6 in the two different
| U L_j LL solvents [BR]-toluene and [[g]-THF unequivocally show that
L J (1) the diastereotopic hydrogens of the-Gethylene groups
e e — e T e T M suffer a topomerizatiomwithin and betweerthe Gu-methylene
3 2 1 3 2 1 ppm groups and (2) the C-ethyl groups experience a diastereoto-
Figure 11. Temperature-dependent 500 MHE NMR spectra of the pomerization. The operation of two different intramolecular
Ca-ethyl, N-ethyl, andN-methyl hydrogen region of the titanium complex processes is proposed in order to account for the experimental
tl)gé?] [Eu"t]'gf?F' The upper parts of thik-ethyl and\-methy| signals have o0\ ationg (Scheme 6). The first process is composed of a
reversible intramoleculap-hydride elimination and alkene-
diastereotopic hydrogens of the methylene groups and only onetitanium hydride insertion. Accordingly, ghydride(H,) elimi-
broad signal for the methyl hydrogens of the ethyl groups at nation of16agives18a a complex between (BY);TiH, and a
the Gu atom (Figure 11). These signals became sharper at1l-alkenyl sulfoximine. Rotation around thex€S bond ofl8a
40 °C, and finally at 60°C the methylene hydrogens resolved and a subsequent intramolecular-H, alkene insertion at the
into a broad multiplet and the methyl hydrogens into a sharp SiReface of the double bond df8a affords complexi6b. A
triplet. Upon cooling the solution d6 in [Dg]-THF gradually similar Ti—Hq elimination/reinsertion ofL8b affords via the
from room temperature te-40 °C and lower, the very broad  1-alkenyl sulfoximine T+H complex 18b the complex16c
signal initially observed for the four methylene hydrogens was These series of events leads to a topomerization of the hydrogens
first split into two broad signals at approximately 10, and within the methylene groups. The second process consists of a
each broad signal was further split into two broad signals at 1,3-C,N-shift of the Ti atom followed by a consecutive.-€S

-40°C

10°C

1 =
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Scheme 6. Mechanistic Scheme for the Complete Topomerization of the Ca-Ethyl Methylene Hydrogens of the Alkyltitanium Complex 16
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bond rotation and 1,3-N,C-shift of the Ti atom. Accordingly, a (ArO)s;TiH/PMe; complex, which may serve as a model for the
1,3-C,N-shift of16c¢furnishes the ylidel9, which experiences  hydrido complexed8aand18b, had been reported? The low-
a Ca—S bond rotation followed by a 1,3-N,C-shift of the Ti temperaturéH NMR spectra of16 did not show the charac-
atom to deliver compled6d. This process causes a topomer- teristic Ti—H signals expecteédfor hydrido complexes of type
ization of the hydrogens between the methylene groups. The 18aand18hb. This does, however, not speak against the existence
complete topomerization of all four methylene hydrogens is of these complexes because of the possibility of their presence
achieved by two further FiH elimination/reinseration se-  in only minute amounts. Finally it should be noted that while a
quences involving complexe$6d and 16e which deliver reversibles-hydride elimination and alkene-hydride insertion
complex16f. of alkylmetal complexes are well documented and have been
The second process also leads to a topomerization of the twodirectly observed for a number of transition metals, the NMR
Ca-ethyl groups, as revealed by the temperature-depedd@nt  spectroscopic detection of such a process of an alkyltitanium-
NMR spectra ofL6. Particularly important factors for the rapid  (IV) complex has apparently not been described befré.
establishment of the equilibria depicted in Scheme 6 should be  The 1,3-C,N-shift of the Ti atom of the alkyltitanium complex
(1) the formation of donor-stabilized titanium hydrides as 16is expected to be less facile than the corresponding shift of
intermediates, (2) the intramoleculgsH elimination, and (3) the Ti atom of the allyl titanium complexes and B because
the intramolecular hydridotitanation of the double bond. The of the absence of the stabilization of the negative charge by the
observation of diastereotopic methylene hydrogens of the tris- double bond. In principle, the second process of Scheme 6
(diethyl)amino group in all of the variable-temperature NMR (16¢c — 19 — 16d and vice versa), leading to a crossover
spectra of complex6 is consistent with the proposed intra- topomerization of the hydrogens, could also proceed via a
molecular course of both processes. The regioselectivity of the reversible dissociation of6 with the formation of a contact
insertion of the Ti-H bond into the alkene could be determined ion pair of type [Ti(NE$)s]t/[PhS(O)(NMe)CEf~. However,
by the coordination of the titanium hydride to the sulfonimidoyl

(28) (a) Cummins, C. C.; Schrock, R. R.; Davis, W. ®rganometallics1992

group and the intramolecular course of the reactions.

Single steps of the processes depicted in Scheme 6 and the

possible existence of the hydrido compleX&a and 18b are

supported by literature precedents. For example, it is has beenzg)

shown that (1) alkyltitanium(lV) complexes decompose by a
B-hydride elimination with formation of alken®sand (2)
titanium(lV) hydride complexes that carry O and/or N atom
based ligands at the Ti atdf 9 undergo an alkene insertion
in the Ti—H bond?28¢4 Furthermore the isolation of a stable

(27) (a) Akita, M.; Yasuda, H.; Nagasuna, K.; NakamurapBaAll. Chem. Soc.
Jpn 1983 56, 554-558. (b) Cohen, S. A.; Auburn, P. R.; Bercaw, JJE.
Am. Chem. Socl983 105 1136-1143. (c) Thorn, M. G.; Hill, J. E,;
Waratuke, S. A.; Johnson, E. S.; Fanwick, P. E.; Rothwell, IJ.PAm.
Chem. Soc1997 119, 8630-8641. (d) Baumann, R.; Stumpf, R.; Davis,
W. M.; Liang, L.-C.; Schrock, R. RJ. Am. Chem. S0d.999 121, 7822~
7836. (e) de Meijere, A.; Kozhushkov, S. I.; Savchenko, A. ITianium
and Zirconium in Organic SynthesiMarek, I., Ed.; Wiley-VCH: Wein-
heim, 2002; pp 396434.

11, 1452-1454. (b) Nah, H.; Schmidt, M.Organometallics1995 14,
4601-4610. (c) Bennett, J. L.; Wolczanski, P.J.Am. Chem. S0d997,

119 10696-10719. (d) Turculet, L.; Tilley, T. DOrganometallics2004

23, 1542-1553.
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Scheme 7. Mechanistic Scheme for the Crossover
Topomerization of the Ethyl Hydrogens of the Lithiated Sulfoximine
15

Li

He Hy

Hg ’.Hc
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the formation of a trisdiethylaminotitanium cation would not
be compatible with the observation of diastereotopic methylene
hydrogens for théN-ethyl groups in théH NMR spectrum of
16 even at room temperature and can thus be excluded.

The complete topomerization of thex@nethylene hydrogens
of the titanium complexl6 cannot alone be brought about by
a 1,3-C,N-shift of the Ti atom and ao-S bond rotation. Such

spectrum ofl5 in [Dg]-THF at room temperature featured for
both methylene C atoms and both methyl C atoms one sharp
signal each.

Finally, it seems interesting to note that #h€NMR spectrum
of the isopropoxy-substituted compl&X (cf. Scheme 5) at room
temperature in [g-THF shows four sharp well-separated
multiplets for the methylene hydrogens of the ethyl groups and
the 13C NMR spectrum features two signals for the methylene
groups and two signals for the methyl groups. Thus in the case
of the isopropoy-substituted compléx the Ti—H elimination
and the 1,3-C,N-shift of the Ti atom are less facile processes
than in the case of the diethylamino-substituted comgléx
This observation points to an important role played by the
diethylamino groups 016 in its dynamics.

Conclusion

N-Methylsulfonimidoyl-substituted allyl tris(diethylamino)-
titanium(1V) complexes undergo a fast intramolecular 1,3-C,N-
shift of the Ti atom. This leads to the formation of an
equilibrium mixture of @-titanium allyl complexes and
N-titanium allyl ylides, the equilibrium composition depending
on the configuration of the double bond. As a consequence,
these complexes exhibit a low configurational stability at the
Co. atom. The equilibrium complexes generally have a con-
figurationally stable double bond except in the case of the

processes lead only to a crossover topomerization of hydrogensmethyl-substituted complexes, which experience a sE&

between the @-methylene groups (cf. Scheme 6 and vide infra).
The topomerization of the hydrogens within the methylene

isomerization. Whether this is caused by a 1,3-C,C-shift of the
Ti atom cannot be told on the basis of the present data.

groups can be accomplished only by a reversible cleavage of The observation of a fast equilibrium between thetanium

the C—H bonds. On the basis of this consideration it was of
interest to investigate the corresponding sulfonimidoyl-sub-
stituted alkylithium derivativel5 (Scheme 7) by NMR spec-
troscopy.

Previous studies of lithioalkyl sulfoximines had revealed a
1,3-C,N-coordination of the Li atom as shown 1%a and a
low configurational stability of the & atom8.232The later
feature is due to a fast 1,3-shift of the Li atomliBaand15b
and a low barrier for rotation around thex€S bond of20a
and 20b.33 In this respect the lithioalkyl sulfoximinel5
resembles the titanium complé®%. However, unlike the facile
reversible T+H elimination/reinsertion of6, a reversible Li-H
elimination of 15 is a process not likely to occur at room
temperaturé? Thus the dynamic processes 16 depicted in
Scheme 7 should lead only to a topomerization gfaidd H;
and of H, and H. and vice versa but not to an exchange of the
hydrogens within the methylene groups at the &om as
observed forl6. Indeed, the'H NMR spectrum of15 in
[Dg]-THF at room temperature showed two sharp multiplets for
the methylene hydrogens and one sharp triplet for the methyl
hydrogens of the ethyl groups at thetc@tom. The'3C NMR

(32) (a) Gais, H.-J.; Erdelmeier, I.; Lindner, H. J.; VollhardtA#igew. Chem
1986 98, 914-915; Angew. Chem., Int. Ed. Engl986 25, 938-939.
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Neuburger, M.; Spingler, BAngew. Cheml999 111, 3766-3769;Angew.
Chem., Int. Ed1999 38, 3549-3552.
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of the hydrogens of the methylene groups could proceed within an ion
pair formed through dissoziation ab.
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Miller, E., Ed.; Thieme: Stuttgart, 1970; Bd. XIII/1, pp 8851.
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allyl complexes and theN-titanium allyl ylide allowed the
development of a reactivity model for the regio- and stereo-
selective reaction of the complexes with aldehydes. This model,
which is based on the CurtirtHammett principle, features
selective reactions of aldehydes with tiditanium allyl ylide

and theS-configured @-titanium complex via six-membered
boat-like and chair-like cyclic transition states at tive and

the y-position, respectively. The increase in regioselectivity with
increasing size of the substituents is attributed to a greater steric
interaction between Rand R in the chair-like transition state
than between Rand the alkenyl group in the boat-like transition
state.

On the basis of the observation of two coalescence phenom-
ena in the'H and 13C NMR spectra of16 in [Dg]-THF and
[Dg]-toluene solution, it is concluded that tiNmethylsulfo-
nimidoyl-substituted alkyl tris(diethylamino)titanium(IV) car-
rying two ethyl groups at the & atom shows a dynamic
behavior that is characterized by a complete topomerization of
all of the diastereotopic hydrogens of the twa-€thyl groups.
Two processes are proposed in order to account for this
phenomenon. The first one involves a reversible intramolecular
p-hydride elimination and alkene-FH bond insertion with the
intermediate formation of a donor complex between
(EN)TIH and a l-alkenyl sulfoximine, and the second one
features a reversible 1,3-C,N-shift of the Ti atom together with
a rotation around the &&-S bond. Although precedent exists
for the single steps of thg-hydride elimination and alkene
Ti—H bond insertion, a reversible process of this type of an
alkyltitanium(IV) complex has apparently not been observed
by NMR spectroscopy before.

According to ab initio calculations, the methylene (dimethyl-
amino)sulfoxonium ylide and the allyl (dimethylamino)sulfox-
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onium ylide have rather short and highly polan-€S bonds. Center “Asymmetric Synthesis with Chemical and Biological
Stabilization of the ylides is provided by electrostatic interaction Methods”) is gratefully acknowledged.

and negative hyperconjugation, two modes of stabilization that

also operate in the case of-sulfonimidoyl ando-sulfonyl Supporting Information Available: Scheme S1 showing the
carbanion$:26 Because of a maximization of the negative Synthesis ofE-la—c and Z-la—c; Scheme S4 showing the
hyperconjugation and a minimization of the repulsion between synthesis ofl5and16; Figure S1 showing the relative energies
the two lone pair orbitals at theocCatom and the N atom, both ~ and structures of ylides3c—e; Schemes S2 and S3 showing a
ylides preferentially adopt &S and @—N conformations in mechanistic rationalization of tH&/Z isomerization oE-1cand
which the lone pair orbital at thecCatom is periplanar to the ~ Z-1c; discussion of Schemes S2 and S3; Table S1 showing the
S=0 bond and that at the N atom is periplanar to theP& bonding parameters dfOa 133 13b, and 14; experimental
bond. The methylene ylide and most likely also the allyl ylide procedures and NMR data f&-1a, Z-1a, E-1b, Z-1b, E-1c,
have rather low @—S bond rotational barriers. All together  Z-1c, E-2a, Z-2a, E-2b, Z-2b, E-2c, Z-2c, 15, and 16. This
these results are supportive of a metallotropic C,N-shift of the material is available free of charge via the Internet at
Ti atom in the mono(allyl) complexey . http://pubs.acs.org.
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