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Abstract

A new Ti(IV) complex obtained from theC2-symmetric amino diol (1R,5R)-3-aza-3-benzyl-1,5-diphenyl
pentan-1,5-diol, (1R,5R)-1, is used effectively as a Lewis acid promoter in asymmetric Diels–Alder reactions. Using
various Evans’ oxazolidinones as dienophiles and cyclopentadiene as the diene high yields of the adducts with
moderate enantioselectivity, under different reaction conditions are achieved. The effects of solvent, temperature
and ligand on the enantioselectivity of the Diels–Alder products are reported. Molecular modelling studies provide
an understanding of the diastereofacial selectivity of the Diels–Alder reactions. Asymmetric carbonyl-ene reactions
between various glyoxylate esters andα-methyl styrene are also described. © 1999 Elsevier Science Ltd. All rights
reserved.

1. Introduction

Pericyclic reactions such as Diels–Alder and ene reactions have found widespread application in
organic synthesis, because of their ability to control the relative and more often the absolute stereo-
chemistry during carbon–carbon bond formation.1 Our objective here is to synthesise a new catalyst
system for promoting asymmetric Diels–Alder and glyoxylate-ene reactions that can give high yields and
enantioselectivities. Lewis acid catalysts derived from boron,2 aluminium,3 titanium,4 transition metals,5

magnesium6 and lanthanides7 are effectively used as promoters or catalysts in asymmetric Diels–Alder
and ene8 reactions. Although large numbers of catalysts for asymmetric Diels–Alder and ene reactions
are known in the literature, greater degrees of asymmetric induction can occur with chiral Lewis acids
having chiralC2-symmetric bidentate diols as ligands9 and these ligands are mostly derived from the
binaphthol or tartaric acid.10,11
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Recently, a wide range of chiral C2-symmetric tridentate ligands with N and/or O as donor
atoms12 have attracted attention for application in asymmetric catalytic hydrogenation,13 reduction,14

epoxidation,15 cyclopropanation16 and aldol17 reactions. For example, the chiral amino diol, (1R,5R)-3-
aza-3-benzyl-1,5-diphenyl pentan-1,5-diol, (1R,5R)-1, has been used as tridentate modifier in asymmetric
allylic alkylation,18 reduction of prochiral ketones,19 Meerwein–Ponndorf–Verley reduction of aryl
methyl ketones,12a and in the synthesis of chiral diaza-18-crown-derivatives.20 More recently, Evans
et al. demonstrated that the tridentate py-box copper(II) complexes are very efficient chiral catalysts for
asymmetric Diels–Alder reactions.21 Apart from these references, there is no literature report available
for the preparation of titanium(IV) alkoxide complexes derived from this amino diol1 or their role in
promoting asymmetric Diels–Alder and ene reactions.

Recently we reported the synthesis of an aluminium–lithium heterobimetallic complex derived from
the amino diol1 that effectively catalyses the asymmetric Michael addition reaction with high enantio-
selectivities (up to 94% ee).22 Also in a preliminary communication, we described the acceleration of the
Diels–Alder reaction between cyclopentadiene and symmetrical/unsymmetrical dienophiles by achiral
titanium(IV) alkoxide complexes.23 With our continued interest in the area of asymmetric induction
in organic reactions usingC2-symmetric chiral ligands, in this paper, we focus our attention on: (a)
asymmetric Diels–Alder reactions of various unsymmetrical dienophiles with cyclopentadiene under
different reaction conditions; (b) asymmetric carbonyl-ene reactions of various glyoxylates withα-
methyl styrene; and (c) the effects of ligand, solvent and temperature in asymmetric Diels–Alder and
carbonyl-ene reactions.

2. Results and discussion

Earlier we detailed the results of our investigation on the Diels–Alder reaction under three different
reaction conditions (Scheme 1).23 In method A, the complex was obtained by mixing TiCl4 and Ti(OiPr)4
in the ratio of 5:1 followed by the addition of1 at −78°C. To the complex generated in situ, the dienophile
and the diene were added and stirred at −78°C. In method B, the complex was prepared as in method
A but the addition of the dienophile and the diene was done at −78°C and the mixture was slowly
warmed to room temperature. In method C, the catalyst precursor was prepared in situ by adding TiCl4 to
Ti(OiPr)4 in dichloromethane, 1:1 stoichiometry, at room temperature. To this mixture the amino diol in
toluene was added at −78°C, and subsequent solvent removal under reduced pressure gave the required
Ti(IV) complex as a white powder. It was noted that depending on the mode of generation, the titanium
complexes promoted the Diels–Alder reactions between cyclopentadiene2 and the dienophiles in varying
degrees of efficiency and method C proved to be the most effective for yielding highlyendo-selective
Diels–Alder adducts. With the encouraging observation drawn from the above preliminary work, we
decided to study the asymmetric variation of the Diels–Alder reaction using chiral Lewis acids obtained
from the reaction of a homochiral amino diol with Ti(OiPr)2Cl2. Accordingly, the Diels–Alder reaction
was performed under different conditions using Evans’ achiralα,β-unsaturated-N-acyloxazolidinones24

as dienophiles and cyclopentadiene as diene with the chiral Ti(IV) complex as catalyst and the results
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obtained are shown in Table 1 (Eq. 1). In all cases, the amino diol was recovered in good yield from the
reaction mixture with same enantiomeric purity and was reused.

(1)

Scheme 1. The three methodologies employed for the preparation of the Ti(IV) complex bearing the amino diol1

The products were characterised by standard techniques listed in the Experimental. Single crystal
X-ray determinations for the adduct8 and 9 were also obtained.25 The enantiomeric excesses of the
products were calculated from the maximum specific rotation values available in the literature. The
enantiomeric excess of adduct9 obtained by method A was further estimated to be 67% on the basis
of HPLC analysis using a Chiracel-OD column (hexane:isopropanol 9:1 mixture as eluent). When we
performed the reaction of cyclopentadiene with3 at −78°C by method C (Table 1, entry 4), there was
not much variation in theendo:exo ratio or enantiomeric excess of the adduct8. However, for entry
8 we found an increase in the enantiomeric excess for the adduct9 (75% on the basis of HPLC and
[α]D=−128 (c=1.1, CCl4)) with no appreciable variation inendo:exoratio. Collectively, the experimental
results shown in Table 1 suggest that with an increase in temperature there is an increase in the yield, but a
decrease in enantiomeric excess. This might suggest that the Lewis acid–dienophile complex is probably
more rigid at lower temperatures than at higher temperatures and that the dienophile can rotate freely
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Table 1
Diels–Alder reactions between cyclopentadiene,2, and unsymmetrical dienophiles (α,β-unsaturated

N-acyloxazolidinones) promoted by a Ti(IV) complex bearing1

Table 2
Effect of the substituent on nitrogen over the asymmetric Diels–Alder reaction between2 and4

around the metal centre at higher temperature. As a consequence, the diene approaches the dienophile
more rapidly to give a high yield of the adduct at the expense of enantiomeric excess.

Under the same reaction conditions, the diene isoprene13 with the dienophileN-phenylmalimide14
gaveN-phenyl-1-methylcyclohexene-3,4-dicarboximide15 (Eq. 2) in good yield (75%).26

(2)

It is known that the regio- and enantioselectivity of the Diels–Alder adduct depends not only on the
nature of the substrate and the catalyst used, but also on the nature of substitution on the ligand. Thus
to verify this effect, we performed the asymmetric Diels–Alder reaction of2 with 4, by varying the
substituent on the nitrogen atom of the amino diol1 and the results obtained are summarised in Table 2.
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Table 3
Effect of solvent on asymmetric Diels–Alder reaction between2 and3

These results show that by varying the substituent on the nitrogen atom of the amino diol (R,R)-1, there
is not much variation in the enantiomeric excess andendo:exoratio of the products.

Solvent also plays an important role in achieving a high regio- and enantioselectivity in Diels–Alder
products. Hence, the effect of solvent on the regio- and enantioselectivity of the Diels–Alder adducts
with the above catalyst was examined. To understand the effect of solvent in asymmetric Diels–Alder
reactions, we performed the reaction between2 and3 and the results are shown in Table 3. The results
reveal that polar coordinating solvents such as THF and diethyl ether decrease the yield of the adduct
suggesting a preventive coordination of solvent to the metal centre. But theendo:exo ratio in all these
solvents is approximately 90:10. When benzene or toluene was used as solvent, the yields were not very
high, probably because the solubility of the complex is poor in these solvents. The best results (90%
yield) were obtained when we used a mixture of solvents (toluene:dichloromethane (1:1)).

The in situ generated chiral Ti(IV) complex was also tested for its ability to promote asymmetric
glyoxylate-ene reactions withα-methyl styrene and methyl, ethyl,n-butyl or benzyl glyoxylate in the
presence of a Ti(IV) complex at 0°C (Eq. 3). The products21 to 24were obtained in moderate yields and
enantioselectivities. The amino diol1 and the products were separated from the crude reaction mixture
by flash column chromatography and the recovered amino diol1 was recycled. In all these reactions
stoichiometric amounts of Ti(IV) complexes were used as Lewis acid promoters. The observed yields
and the enantiomeric excess are summarised in Table 4.

(3)
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Table 4
Asymmetric glyoxylate-ene reaction ofα-methyl styrene with various glyoxylate esters

The spectral data of the resultingα-hydroxy alcohols were in accordance with the literature data. We
also performed the reaction of13 with 18 that gave only the ene product, ethyl-2-hydroxy-4-methylene-
5-hexenoate25, with moderate yield and enantioselectivity (Eq. 4). We could not detect any Diels–Alder
adduct in this reaction.27

(4)

The effect of temperature on the enantioselectivity of the ene product was studied for the asymmetric
glyoxylate-ene reaction with16and17. The results showed that an increase in temperature increased the
yield, but the enantiomeric excess of the products decreased. This observation is similar to those made in
asymmetric Diels–Alder reaction.

Molecular modelling studies were undertaken to provide a better understanding on the diastereo-
facial selectivity of the Diels–Alder reaction. These studies were performed with the PCMODEL
software available from Serena Software, Illinosis, USA. The MMX energy minimised structure for
the Ti(IV)dichloro((R,R)-1) complex is shown in Fig. 1(a) and it has a lower total energy of 21.706
kcal/mol. The MMX energy minimised conformation fortrans-cinnamoyloxazolidinone–Ti(IV) complex
was also generated, whose structure is given in Fig. 1(b). This structure has a lower total energy of 53.210
kcal/mol. As illustrated in Fig. 1(b), the approach of the diene towards the bottom side of thetrans-
cinnamoyloxazolidinone–Ti(IV) complex is hindered by the phenyl ring of the ligand and also by the five-
membered ring of the oxazolidinone. Consequently the cycloaddition reaction proceeds preferentially
via the approach of the diene from the top of thetrans-cinnamoyloxazolidinone–Ti(IV) complex to give
adduct with the expected configuration for the major product. The selected bond parameters are listed in
Table 5.



G. Manickam, G. Sundararajan / Tetrahedron:Asymmetry10 (1999) 2913–2925 2919

Figure 1. Energy minimised conformation of (a) Ti(IV) complex, (b) cinnamoyloxazolidinone–Ti(IV)–Lewis acid complex

Table 5
Selected parameters for energy minimised conformation of Ti(IV) complex and dienophile–Ti(IV)–

Lewis acid complex

In conclusion, an asymmetric Diels–Alder reaction was carried out using various Evans’ oxazolidi-
nones as dienophiles with cyclopentadiene as the diene in the presence of a Ti(IV) complex bearing a
tridentateC2-symmetric amino diol ligand. The yield andendoselectivity were high and enantioselectiv-
ity was modest. The catalytic efficiency of the Ti(IV) complex to bring about the asymmetric Diels–Alder
reaction was evaluated with respect to temperature, solvent and substituent on the nitrogen atom of the
ligand. The ene reaction was carried out between glyoxylate esters andα-methyl styrene using the Ti(IV)
complex as a promoter. The resulting ene products were obtained in moderate yield and enantioselectiv-
ity. Temperature played an important role in achieving high enantioselectivity and yield of ene products.
Energy minimised conformations for free Ti(IV) complex and cinnamoyloxazolidinone–Ti(IV)–Lewis
acid complex obtained gave clues to the observed enantioselectivity in the products.
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3. Experimental

The dienophile N-phenylmalimide,28 titanium tetraisopropoxide29 and α,β-unsaturated-N-
acyloxazolidinones,30 were synthesised according to literature procedures. Cyclopentadiene was
obtained by cracking of dicyclopentadiene (BDH) before use. The glyoxylate esters, lead tetraacetate
andα-methyl styrene were prepared as described in the literature.31 The glyoxylate esters were stored
over P2O5 in a refrigerator and distilled prior to use. Dimethyl-, diethyl-, di-n-butyl- and dibenzyl
tartrates were prepared by refluxing the tartaric acid with corresponding alcohol, in the presence of a
catalytic amount ofp-toluenesulfonic acid. The1H and13C NMR were recorded in CDCl3 with a JEOL
400 MHz (model GSX 400) spectrometer. IR spectra were recorded with a Shimadzu (model 470) IR
spectrophotometer. Mass spectra were obtained from a Finnigan MAT (model 8230) high resolution
mass spectrometer. Optical rotations were measured with a JASCO DIP-370 digital polarimeter (with
10 mm cell). Chiral HPLC analyses were performed on a Chiracel OD column with hexane:isopropanol
(9:1) as eluent on a Waters HPLC instrument with UV detector.

3.1. General procedure for the asymmetric Diels–Alder reaction

Method A: To a solution of titanium tetraisopropoxide (100 mg, 0.35 mmol) in dichloromethane (2
cm3), the titanium tetrachloride (333 mg, 1.75 mmol) in hexane (2 cm3) was added slowly and stirred
for 1 h at room temperature. The solvent was removed under reduced pressure to give a titanium(IV)
solid as a white powder. To a toluene (2 cm3) solution of the titanium(IV) solid (252 mg), cooled to
−78°C, the diol (302 mg, 0.87 mmol) in toluene (5 cm3) was added slowly for a period of 30 min, slowly
warmed to room temperature and stirred for 2 h. The reaction mixture was then re-cooled to −78°C, the
dienophile (1 equiv. w.r.t diol) in dichloromethane (3 cm3) was added, stirred for 15 min followed by the
addition of the diene (excess) and further stirred for 4 h at −78°C. The reaction mixture was quenched by
careful addition of an aqueous saturated solution of sodium hydrogen carbonate (1 cm3), filtered through
a sintered crucible over a Celite bed and extracted with dichloromethane. The organic layer was washed
twice with saturated sodium chloride solution (2×10 cm3) and dried over anhydrous sodium sulfate.
Removal of the solvent under reduced pressure gave a crude resin, which on column chromatography
gave the pure adduct.

Method B: The complex was prepared as per method A. Addition of the dienophile and the diene was
done at −78°C, the mixture slowly warmed to room temperature and stirred for 4 h at room temperature.

Method C: To a solution of titanium tetraisopropoxide (284 mg, 1 mmol) in dichloromethane (2 cm3)
in the presence of 4 Å MS, the titanium tetrachloride (189 mg, 1 mmol) in hexane (2 cm3) was added
slowly and stirred for 1 h at room temperature. The solvent was removed under reduced pressure to give
a titanium dichlorodiisopropoxide as a white powder. To a toluene (2 cm3) solution of Ti(OiPr)2Cl2 (237
mg, 1 mmol), cooled to −78°C, the diol (347 mg, 1 mmol) in toluene (5 cm3) was added slowly for a
period of 30 min, warmed to room temperature and stirred for 1 h. The reaction mixture was then filtered
in a Schlenk apparatus under nitrogen and subsequent removal of solvent gave the Ti(IV) complex as
a white powder, which was stored at 0–4°C under nitrogen atmosphere. The Diels–Alder reaction was
performed under similar conditions as detailed in method A.
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3.2. endo-3-(((1′S,2′S,3′R,4′R)-3′-Methylbicyclo[2.2.1]hept-5′ -en-2′yl)-carbonyl)-1,3-oxazolidin-
2-one8

Method A: Ti(IV) complex (301 mg, 0.65 mmol), dienophile3 (101 mg, 0.65 mmol), diene2 (430 mg,
6.5 mmol), yield (51 mg, 35%);endo:exo(90:10). B: Ti(IV) complex (260 mg, 0.56 mmol), dienophile
3 (87 mg, 0.56 mmol), diene2 (370 mg, 5.6 mmol), yield (86 mg, 69%);endo:exo (90:10). C: Ti(IV)
complex (286 mg, 0.62 mmol), dienophile3 (96 mg, 0.62 mmol), diene2 (408 mg, 6.2 mmol), yield (126
mg, 92%);endo:exo (99:11); colourless resin;νmax(CCl4)/cm−1 2944, 1788, 1699, 1587 and 1379;δH

(400 MHz; CDCl3) 1.06 (d, J=6.8, 3H), 1.39 (dd, J=1.9 and 6.8 Hz, 1H), 1.63 (broad d, J=8.3 Hz, 1H),
2.04 (m, 1H), 2.46 (br s, 1H), 3.20 (br s, 1H), 3.46 (t, J=3.9 Hz, 1H), 3.82–3.99 (m, 2H), 4.33 (t, J=7.14
Hz, 2H), 5.70 (dd, J=2.5 and 5.4 Hz, 1H) and 6.29 (dd, J=2.9 and 5.4 Hz, 1H);δC (100 MHz; CDCl3)
20.29 (q), 36.34 (d), 42.91 (t), 47.01 (t), 47.34 (d), 49.40 (d), 51.16 (d), 61.79 (t), 130.83 (d), 139.57 (d),
153.37 (s) and 174.28 (s); m/z (EI) 221.1052 (M+, C12H15NO3 requires 221.1432), 155, 134, 114, 91;
[α]27D : A=−118.3 (c 2.6 in CCl4), ee 57%; B=−87.2 (c 2.3 in CCl4), ee 42%; C=−56.1 (c 2.5 in CCl4), ee
27%; [lit.,30 [α]D=−191 (c 3.6 in CCl4), ee 92%].

3.3. endo-3-(((1′S,2′R,3′R,4′R)-3′-Phenylbicyclo[2.2.1]hept-5′ -en-2′yl)-carbonyl)-1,3-oxazolidin-
2-one9

Method A: Ti(IV) complex (293 mg, 0.63 mmol), dienophile4 (137 mg, 0.63 mmol), diene2 (418 mg,
6.3 mmol), yield (75 mg, 42%);endo:exo(87:13). B: Ti(IV) complex (312 mg, 0.67 mmol), dienophile4
(146 mg, 0.67 mmol), diene2 (445 mg, 6.7 mmol), yield (93 mg, 49%);endo:exo (86:14). C: Ti(IV)
complex (278 mg, 0.60 mmol), dienophile4 (130 mg, 0.60 mmol), diene2 (396 mg, 6.0 mmol),
yield (101 mg, 60%);endo:exo(86:14); white crystalline solid; mp 118°C (from EtOAc:hexane) (lit.,8d

117–118°C);νmax(CCl4)/cm−1 3056, 2976, 1789, 1696 and 1376;δH (400 MHz; CDCl3) 1.63 (dd, J=1.9
and 8.8 Hz, 1H), 1.99 (d, J=8.8 Hz, 1H), 3.05 (s, 1H), 3.39 (dd, J=1.9 and 5.4 Hz, 1H), 3.51 (s, 1H),
3.97–4.08 (m, 2H), 4.24 (dd, J=3.4 and 4.9 Hz, 1H), 4.39–4.45 (m, 2H), 5.96 (dd, J=7.3 Hz, 1H), 6.57
(dd, J=7.3 Hz, 1H) and 7.31–7.34 (m, 5H);δC (100 MHz; CDCl3) 43.3 (t), 47.7 (d), 47.7 (d), 48.4 (d),
50.0 (d), 50.6 (d), 62.2 (t), 126.4, 127.9, 128.7, 132.4, 140.4, 144.0, 153.7 (s) and 174.2 (s);[α]27D :
A=−114.7 (c 1.3 in CCl4), ee 65%; B=−81.7 (c 1.1 in CCl4), ee 46%; C=−35.3 (c 1.3 in CCl4), ee 20%;
[lit., 30 [α]D=−143 (c=1.2, CCl4), ee 81%].

3.4. 3-((1′S,2′S,4′S)-Bicyclo[2.2.1]hept-5′en-2′ylcarbonyl-1,3-oxazolidin-2-one10

Method C: Ti(IV) complex (240 mg, 0.52 mmol), dienophile5 (73 mg, 0.52 mmol), diene2 (342
mg, 5.2 mmol), yield (91 mg, 85%);endo:exo (84:16); white crystalline solid; mp 67–68°C (from
EtOAc:hexane) (lit.,8d 68–69°C);νmax(CCl4)/cm−1 3056, 2950, 1769, 1690, 1378 and 1340;δH (400
MHz; CDCl3) 1.12–2.08 (m, 4H), 3.01 (m, 1H), 3.39 (m, 1H), 3.75–4.51 (m, 5H), 5.91 (dd, J=2.5 and
5.8 Hz, 1H) and 6.25 (dd, J=2.3 and 5.9 Hz, 1H);δC (100 MHz; CDCl3) 29.30, 42.08, 43.31 (d), 43.52,
46.42, 50.40 (d), 61.98, 131.62, 138.46, 154.21 and 174.68 (s);[α]27D =−90.6 (c 1.53 in CHCl3), ee 53%;
[lit., 30 [α]D=−65 (c 1.5 in CHCl3), ee 38%].

3.5. 2-(endo-Methylbicyclo[2.2.1]hept-5-ene-2-carboxylate)-acetic acid11

Method C: Ti(IV) complex (300 mg, 0.65 mmol), dienophile6 (93 mg, 0.65 mmol), diene2 (430 mg,
6.5 mmol), yield (120 mg, 86%);endo:exo (82:18); colourless oil;νmax(CCl4)/cm−1 3128, 2960, 1744,
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1702, 1635, 1427 and 1331;δH (400 MHz; CDCl3) 0.98 (dd, J=2.9 and 12.7 Hz, 1H), 1.45 (m, 1H), 1.73
(d, J=8.8 Hz, 1H), 2.65 (m, 2H), 2.89 (s, 1H), 3.11 (s, 1H), 3.64 (s, 3H), 3.71 (s, 1H), 6.09 (dd, J=2.9 and
5.8 Hz, 1H), 6.28 (dd, J=2.9 and 5.8 Hz, 1H) and 10.04 (bs, 1H);δC (100 MHz; CDCl3) 36.52, 42.63,
42.80, 48.11, 50.95, 51.36, 51.89, 134.10 (d), 139.78 (d), 172.64 (s) and 183.43 (s); m/z (EI) 210.08921
(M+, C11H14O4 requires 210.08735), 164, 144, 113 and 66;[α]27D =−21.2 (c 1.4 in CHCl3).

3.6. 3-((1′S,2′S)-2′-Methyl-bicyclo[2.2.1]hept-5′en-2′yl-carbonyl-1,3-oxazolidin-2-one12

Method C: Ti(IV) complex (279 mg, 0.60 mmol), dienophile7 (93 mg, 0.60 mmol), diene2 (398 mg,
6.0 mmol), yield (93 mg, 70%);endo:exo(81:19); colourless resin;νmax(CCl4)/cm−1 3051, 2961, 1758,
1685, 1372, 1336 and 1133;δH (400 MHz; CDCl3) 1.22–1.51 (m, 2H), 1.23 (s, 3H), 1.73 (dd, J=2.4
and 12.7 Hz, 1H), 1.87 (dd, J=3.4 and 12.7 Hz, 1H), 2.13 (dd, J=3.9 and 12.7 Hz, 1H), 2.57 (bs, 1H),
3.87–3.99 (m, 2H), 4.32–4.51 (m, 2H), 6.25 (s, 2H);δC (100 MHz; CDCl3) 22.45 (q), 40.61 (t), 44.42
(t), 46.05 (t), 50.74 (d), 51.91 (d), 53.43 (s), 62.23 (t), 133.89 (d), 139.35 (d), 152.44 (s), 178.89 (s);
[α]27D =−52.8 (c=1.38 in CCl4).

3.7. N-Phenyl-1-methylcyclohexene-3,4-dicarboximide15

Method C: Ti(IV) complex (310 mg, 0.67 mmol), dienophile14 (116 mg, 0.67 mmol), diene 13 (456
mg, 6.7 mmol), yield (121 mg, 75%); white crystalline solid, mp 96°C (EtOAc:hexane);νmax(CCl4)/cm−1

2982, 1754, 1494 and 1120;δH (400 MHz; CDCl3) 1.76 (s, 3H), 2.20–2.34 (m, 2H), 2.57 (dd, J=2.4 and
15.1 Hz, 1H), 2.63 (dddd, J=2.4, 6.8 and 15.4 Hz, 1H), 3.21 (dd, J=2.4 and 5.9 Hz, 1H), 3.20 (dd, J=2.4
and 17 Hz, 1H), 5.60 (m, 1H) and 7.21–7.45 (m, 5H);δC (100 MHz; CDCl3) 23.37, 24.40, 28.79, 39.14
(d), 39.57 (d), 120.05 (d), 126.30 (d), 128.41 (d), 128.97 (d), 131.99 (s), 136.46 (s), 179.09 (s) and 179.31
(s); m/z (EI) 241.11028 (M+, C15H15NO2 requires 241.10874), 174, 121, 94 and 79.

3.8. General procedure for the asymmetric ene reaction

The Ti(IV) complex was prepared by the above mentioned procedure (method C). The complex (1
equiv.) was dissolved in toluene:dichloromethane (1:1) mixture and cooled to 0°C, followed by the
addition of glyoxylate ester andα-methyl styrene. The reaction mixture was stirred for a further 5 h at
0°C. A procedure similar to method A was followed for the extraction and isolation of the ene products.

3.9. (R)-(−)-Methyl 2-hydroxy-4-phenyl-4-pentenoate21

Ti(IV) complex (300 mg, 0.65 mmol),α-methyl styrene (77 mg, 0.65 mmol), methyl glyoxylate (114
mg, 1.3 mmol), yield (75 mg, 56%); colourless oil;νmax(CCl4)/cm−1 3455, 2965, 1736, 1443, 1257,
1196, 1110 and 697;δH (400 MHz; CDCl3) 2.80 (bs, 1H), 2.85 (dd, J=1.0 and 14.5 Hz, 1H), 3.06 (dd,
J=1.0 and 19.0 Hz, 1H), 3.61 (s, 3H), 4.28 (dd, J=4.4 and 7.8 Hz, 1H), 5.20 (d, J=1.4 Hz, 1H), 5.4 (d,
J=1.2 Hz, 1H) and 7.21–7.42 (m, 5H);δC (100 MHz; CDCl3) 40.42 (t), 52.21 (q), 69.11 (d), 116.27 (t),
126.35 (d), 127.67 (d), 128.30 (d), 140.4, 143.41 (s), 174.72 (s);[α]27D =−15.1 (c 2.8 in CHCl3), ee 48%,
[lit., 32 [α]23D =−30.55 (c 4.83 in CHCl3), ee 97%].
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3.10. (R)-(−)-Ethyl 2-hydroxy-4-phenyl-4-pentenoate22

Ti(IV) complex (292 mg, 0.63 mmol),α-methyl styrene (74 mg, 0.63 mmol), ethyl glyoxylate (116
mg, 1.13 mmol), yield (68 mg, 52%); colourless oil;νmax(CCl4)/cm−1 3496, 3045, 2960, 1738, 1622,
1443, 1255, 1196 and 697;δH (400 MHz; CDCl3) 1.02 (t, J=7.3 Hz, 3H), 2.76 (bs, 1H), 2.82–2.85 (m,
1H), 2.98–3.02 (m, 1H), 3.72 (q, J=7.4 Hz, 2H), 4.21 (dd, J=4.2 and 7.3 Hz, 1H), 5.26 (bs, 1H), 5.51 (bs,
1H) and 7.20–7.37 (m, 5H);δC (100 MHz; CDCl3) 14.2 (q), 40.1 (t), 53.2 (t), 68.9 (d), 116.3 (t), 125.2
(d), 126.9 (d), 128.0 (d), 140.3 (s), 144.0 (s) and 175.0 (s);[α]27D =−16.5 (c 1.8 in CHCl3).

3.11. (R)-(−)-n-Butyl 2-hydroxy-4-phenyl-4-pentenoate23

Ti(IV) complex (261 mg, 0.56 mmol),α-methyl styrene (67 mg, 0.57 mmol),n-butyl glyoxylate (147
mg, 1.14 mmol), yield (68 mg, 48%); colourless oil;νmax(CCl4)/cm−1 3536, 3040, 2960, 1736, 1620,
1443, 1257, 1196 and 697;δH (400 MHz; CDCl3) 0.93 (t, J=7.3 Hz, 3H), 1.31–1.38 (m, 2H), 1.54–1.62
(m, 2H), 2.75 (bs, 1H), 2.83 (dd, J=7.3 and 14.6 Hz, 1H), 3.06 (dd, J=4.4 and 14.6 Hz, 1H), 3.82–4.00
(m, 1H), 4.01–4.09 (m, 1H), 4.27 (dd, J=4.4 and 7.8 Hz, 1H), 5.30 (bs, 1H), 5.42 (bs, 1H), 7.25–7.42 (m,
5H); δC (100 MHz; CDCl3) 13.6 (q), 19.0 (t), 30.4 (t), 40.5 (t), 65.5 (t), 69.0 (d), 116.1 (t), 126.4 (d),
127.7 (d), 128.4 (d), 140.3 (s), 143.6 (s), 174.5 (s);[α]27D =−16.2 (c 1.7 in CHCl3).

3.12. (R)-(−)-Benzyl 2-hydroxy-4-phenyl-4-pentenoate24

Ti(IV) complex (243 mg, 0.52 mmol),α-methyl styrene (62 mg, 0.52 mmol), benzyl glyoxylate (172
mg, 1.0 mmol), yield (63 mg, 43%); colourless resin;νmax(CCl4)/cm−1 3510, 2985, 1738, 1625, 1423
and 1190;δH (400 MHz; CDCl3) 2.71 (bs, 1H), 2.79–2.83 (m, 1H), 4.24 (dd, J=4.1 and 7.3 Hz, 1H), 5.21
(s, 2H), 5.30 (bs, 1H), 5.58 (bs, 1H), 7.17–7.41 (m, 10H);δC (100 MHz; CDCl3) 40.3 (t), 66.8 (t), 69.3
(d), 116.2 (t), 126.2, 126.3, 127.6, 127.7, 128.4, 128.4, 140.1 (s), 140.1 (s), 143.7 (s), 140.1 (s), 174.5
(s); [α]27D =−22.3 (c 1.6 in CHCl3).

3.13. (+)-Ethyl 2-hydroxy-4-methylene-5-hexenoate25

Ti(IV) complex (305 mg, 0.66 mmol), isoprene (250 mg, 3.7 mmol), ethyl glyoxylate (134 mg, 1.3
mmol), yield (84 mg, 38%); colourless resin;νmax(CCl4)/cm−1 3495, 2980, 1740, 1618, 1423 and 1189;
δH (400 MHz; CDCl3) 1.10 (q, J=7.2 Hz, 3H), 2.49–2.62 (m, 1H), 2.73 (bs, 1H), 2.74–2.81 (m, 1H),
4.23–4.31 (m, 2H), 4.43–4.49 (m, 1H), 5.08–5.41 (m, 4H), 6.38 (dd, J=9.8 and 16.9 Hz, 1H);δC (100
MHz; CDCl3) 13.8 (q), 40.2 (t), 63.2 (t), 68.3 (d), 115.2 (t), 117.8 (t), 138.4 (d), 141.1 (s), 174.8 (s);
[α]27D =+1.1 (c 1.2 in CHCl3), ee 52%, [lit.,8d [α]20D =+2 (c 0.9 in CHCl3), ee 91%].
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