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Introduction

The construction of a quaternary chiral carbon center by a
catalytic enantioselective process is a difficult and challeng-
ing task in synthetic organic chemistry.[1] In particular, the
asymmetric synthesis of quaternary a-amino acid derivatives
has recently attracted considerable attention.[2] Some quater-
nary a-amino acids are naturally occurring or are structural
components of natural products that have interesting biolog-
ical properties such as antibiotics.[3] As a result of the tetra-
substituted asymmetric carbon atom, the stereogenic center
is considerably more stable than that in a-amino acid deriv-
atives with a-protons. Problems of metabolic degradation of,
for example, peptidomimetics may thereby be avoided.
Moreover, a,a-disubstituted a-amino acids exert a remarka-
ble influence on the conformation of peptides, into which
they are incorporated.[4] By preorganizing the optimum con-

formation for binding of a given receptor, significant en-
hancement of biological activity can be expected. Finally,
non-natural a-aryl-a-alkyl-a-amino acid derivatives have
shown strong inhibitory effects on aldose reductases and
various other enzymes.[5]

Only a few catalytic processes for the synthesis of opti-
cally active quaternary a-amino acids have been developed,
such as the organocatalyzed Steglich rearrangement,[6] palla-
dium- and molybdenum-catalyzed allylic substitution using
prochiral aza-nucleophiles,[7] cyanation reactions of keti-
mines,[8] as well as aldol reactions of a-isocyanocarboxy-
lates.[9] Despite the fact that electron-deficient a-ketimino
esters would constitute an elegant precursor of quaternary
a-amino acids, the catalytic enantioselective alkylation of
such compounds has to the best of our knowledge not been
reported. Asymmetric Lewis acid catalysis using aldimines
derived from glyoxylic aldehydes as electrophiles has been
used in various C�C bond-forming reactions to afford opti-
cally active tertiary a-amino acid derivatives.[10] However, a
specific catalytic system cannot unambiguously be expanded
to include ketimines for the following reasons: i) imines
bearing a-protons are susceptible to form enamines in the
presence of Br˘nsted or Lewis acids, ii) the equilibrium of
the flexible imine double bond is often shifted towards the
Z isomer and thereby render difficult a constrained and
rigid bidentate coordination to a Lewis acid complex
(Scheme 1), iii) a characteristic and fundamental problem re-
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Abstract: A series of novel ketimines
with intrinsic protecting group anchor-
ing was synthesized and allowed to
react with various silylketene acetals in
the presence of 5±10 mol% of a chiral
Zn(OTf)2-(R,R)-Ph-pybox-aqua com-
plex. The corresponding optically
active quaternary a-amino acid deriva-
tives were obtained in high yields and
with enantioselectivities ranging from
34% up to 95% ee. The catalyst was
studied by 1H NMR spectroscopy and
X-ray crystallography, and a dynamic

equilibrium of two species was identi-
fied in solution. These are a homo-
chiral 1:2 metal±ligand complex and a
1:1 metal±ligand complex, of which the
latter is expected to be the actual cata-
lyst of the diastereo- and enantioselec-
tive reaction. A strong positive nonlin-
ear effect was observed due to the for-

mation of a catalytically inactive 1:2
metal±ligand hetero-chiral complex.
On the basis of DFT calculations and
the absolute stereochemistry of the
products, simultaneous coordination of
the imino electrophile and a single
molecule of H2O to the chiral Lewis
acid complex is proposed. Coordina-
tion of the imine-nitrogen atom in the
axial position of an octahedral complex
can account for the facial selectivity as
well as the diastereoselectivity ob-
served.
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lated to the use of ketimine substrates is steric hindrance.
The disubstituted carbon atom of a prochiral imine double
bond is much less reactive than the carbon atom of the C=N
double bond in aldimines, due to steric repulsions during the
C�C bond formation. Herein we present the development
of the first Lewis acid catalyzed enantioselective alkylation
of imines derived from ketones.

Results and Discussion

Concept and synthesis of ketimine substrates : Motivated by
the aforementioned facts, we decided to undertake the syn-
thesis of a series of ketimines, with intrinsic protective group
anchoring, illustrated by the general concept outlined in
Scheme 2. By anchoring the nitrogen protecting group by

means of an aryl substituent, the degree of rotational free-
dom, as well as possible imine double bond isomerization, is
minimized, rendering a beneficial preorganized structure for
bidentate Lewis acid activation. Moreover, the problem of
enamine formation is also circumvented. The general imine
architecture 1 was envisioned as a promising substrate can-
didate because the intrinsically bound carbamate protecting
group would effect a highly electron-deficient imine double
bond and concurrently serve as a readily removable moiety
in the accompanying products (see below).

The general synthesis of novel ketimine electrophiles
1a±f is presented in Scheme 3. Reaction of acylated phenols
3 (see Supporting Information) with p-methoxybenzyl isocy-
anate in the presence of a catalytic amount of H¸nig×s base
affords the intermediate 4 in high yields. Depending on the
substitution pattern of the aromatic nucleus, the intermedi-
ate spontaneously, or upon dissolution in formic acid, cycliz-
es to the imine hydrates 5. Finally, dehydration under
Dean±Stark conditions in the presence of a catalytic amount
of trifluoroacetic acid (TFA) yields the ketimines 1 in quan-
titative yields.

Imine 1a (R=H) reacted in a number of different C�C
bond-forming processes such as allylation, Friedel±Crafts-,
Diels±Alder-, ene-, aza-Henry- and Mannich-type reactions
catalyzed by Lewis acids such as Cu(OTf)2, CuPF6,

Zn(OTf)2, Sc(OTf)2, Sn(OTf)2, and Ni(ClO4)2. In compari-
son, verifying the potency of the concept ™intrinsic protect-
ing group anchoring,∫ imine 2 (non-anchored protecting
group) was found to be unreactive when similar nucleo-
philes and reaction conditions were employed. Further stud-
ies of the reactivity of ketimine 1a were focused on the
Mannich reaction, which is one of the most widely utilized
chemical transformations for the synthesis of nitrogen-con-
taining compounds.[11] Herein we report the development of
the first catalytic enantioselective Mannich reaction of
imines derived from ketones, which provides a direct access
to optically active quaternary a- and b-amino acid deriva-
tives.[10a±d,12]

Catalyst optimization : An extensive catalyst screening pro-
gram revealed that a complex of Zn(OTf)2 and (R,R)-Ph-
pybox[13] was a promising catalyst for the reaction between
imine 1a and ketene acetal 6a (100% yield, 72% ee)
[Eq. (1); Table 1, entry 3].[14] The presence of a catalytic
amount of H2O proved to be essential to obtain a consis-
tently high reactivity and enantioselectivity of the catalyst.
Employing 10 mol% of the (R,R)-Ph-pybox-Zn(OTf)2 cata-
lyst 8 in the presence of 5 mol% H2O, the Mannich base 7a
was isolated in 97% yield with 80% ee (Table 1, entry 4).
The enantioselectivity was significantly improved from 80%
to 95% ee by slowly adding 6a to a solution of 1a and the
catalyst, as well as by adding a stoichiometric amount of
H2O relative to Zn(OTf)2 (Table 1, entries 5 and 6). At the
present stage we believe that product±catalyst dissociation is
the rate-determining step of the catalytic cycle,[15] and that
by slow addition of one of the reaction components a race-
mic background reaction catalyzed by transient silyl species
is avoided.[16] Interestingly, by performing the reaction under
strictly dry conditions and with slow addition of the nucleo-
phile, the reactivity of the catalytic system is reduced and a
substantial drop in enantioselectivity is observed (Table 1,
entry 8 versus entry 3). Finally, imine 1a underwent a clean
reaction with 6a in the presence of only 5 mol% catalyst
without compromising the yield and enantioselectivity sig-
nificantly (98% yield, 93% ee) (Table 1, entry 9).

Reaction scope : With the optimized reaction conditions in
hand, a number of silylketene acetals were tested as sub-

Scheme 1. Isomerization of imines derived from a-dicarbonyl com-
pounds.

Scheme 2. The concept of intrinsic protecting group anchoring.

Scheme 3. Synthesis of ketimines 1.
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strates for the Mannich reaction with ketimine 1a and the
results are presented in Table 2. The two silylketene acetals
6a,b both underwent a highly enantioselective reaction with
1a, and the Mannich adducts were obtained with excellent

enantiomeric excesses of 95%
and 94%, respectively. Both the
ethyl and phenyl acetate de-
rived silylketene acetals 6c,d
reacted smoothly, affording the
product 7c,d in high yields and
with 95% and 92% ee, respec-
tively. a-Mono-substituted sub-
strates may also be employed
as for example, the isomeric
mixture of (E)- and (Z)-propio-
nate-derived silylketene acetal
6e provided the Mannich prod-
uct 7e in quantitative yield,
with high diastereoselectivity
and enantioselectivity (syn/anti
(1:8.3), anti : 93% ee). The geo-
metrically restricted butyrolac-
tone-derived silylketene acetal
6 f afforded Mannich base 7 f in
quantitative yield with a high
enantioselectivity of 95% ee, al-
though with moderate diaster-
eoselectivity (syn/anti (1:4.6)).
Finally, the generality of the re-
action was demonstrated by the

reaction of 1a with dioxolinone derivative 6g (quantitative
yield, 88% ee). The latter result is interesting from a mecha-
nistic point of view; the observed similar high level of enan-
tioselectivity compared with the results obtained with non-
conjugated silylketene acetals indicates an open transition
state with linear approach of the nucleophile as simultane-
ous C�C bond formation and silyl transfer of the TMS
group of 6g to the imine-nitrogen atom is most unlikely. A
detailed discussion of the reaction mechanism follows in the
next section.

Finally, a representative selection of substituted keti-
mines, conforming to the principle of intrinsic protecting
group anchoring, were synthesized and evaluated as sub-
strates in the present Lewis acid catalyzed asymmetric Man-
nich reaction. The reactions with silylketene acetal 6a were
carried out under the optimized reaction conditions with
either 2.0 or 4.0 h slow addition of the nucleophile depend-
ing on the exact substitution patters of the imino electro-
phile. The results are presented in Table 3 [Eq. (2)]. Imines
substituted with electron-donating methyl- or methoxy-
groups in the 4-position of the aromatic nucleus underwent
a clean reaction with 6a affording the corresponding Man-
nich products 7h,i in high yields and with optical purities of
84% and 93% ee, respectively (Table 3, entries 2 and 3).
Imines with electron-withdrawing substituents such as fluo-
rine and chlorine in the 4-position were also employed as
substrates and gave the Mannich adducts 7 j,k in high yields
(86% and >99%) and with enantioselectivities of 89% and
93% ee, respectively (Table 3, entries 4 and 5). A clean reac-
tion of imine 1 f (3-methoxy) with silylketene acetal 6a was
also observed, however, the optical purity of the corre-
sponding product 7 l dropped to 34% ee (Table 3, entry 6).
The dramatic impact on the enantioselectivity of substitu-

Table 1. Results for the catalytic asymmetric Mannich reaction of 1a with silylketene acetal 6a.

Entry Catalyst [mol%] Additive Time Yield[a] ee[b] Config.
[mol%] [h] [%] [%]

1 ± ± ± 20[c] 5 ±
2 Zn(OTf)2 10 ± 20[c] 60 ±
3 8 10 ± 20[c] 100 72 (S)
4 8 10 H2O/5 20[c] 97 80 (S)
5[d] 8 10 H2O/5 2.5 100 94 (S)
6[d] 8 10 H2O/10 2.5 100 95 (S)
7[d] 8 10 H2O/20 2.5 83[e] 84 (S)
8[d] 8 10 ± 2.5 58 15 (S)
9[d] 8 5 H2O/5 4.0 98 93 (S)

[a] Yield of isolated product. [b] ee determined by chiral HPLC. [c] Arbitrary reaction time. [d] Dropwise addi-
tion of 6a over the course of 2 h. [e] 16% of hydrated imine was detected by HPLC.

Table 2. Reactions of various silylketene acetals and conjugated dienes
(6a±g) with ketimine 1a under optimized reaction conditions.[a]

Nucleophile Product Yield[b] d.r.[c] ee[d]

6a R=Me 7a,b >99 ± 95
6b R=Et 79 ± 94

6c R=Et 7c,d >99 ± 95
6d R=Ph 90 ± 92

6e E/Z 73:27 anti-7e >99[e] 1:8.3 52/93

6 f anti-7 f >99[e] 1:4.6 85/95

6g 7g >99 ± 88

[a] 10 mol% Zn(OTf)2¥H2O, 11 mol% (R,R)-Ph-pybox, CH2Cl2, �78 8C,
2.5 h, slow addition of nucleophile to a solution of imine 1a and catalyst.
E=CO2Et. [b] Yield of isolated product. [c] Determined by 1H NMR
spectroscopy of the crude product mixture. [d] ee determined by chiral
HPLC (see Supporting Information for details). [e] Combined yield of
the two diastereomers.
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tion in the 3-position is most likely an electronic effect as
the reaction of imine 1g derived from 1-naphthol provided
the Mannich base 7m in 93% yield and with a good enan-
tioselectivity of 80% ee.

Reaction mechanism : To understand the nature of the cata-
lyst, a systematic 1H NMR study was undertaken (Figure 1).

Figure 1a-A shows the 1H NMR spectrum of (R,R)-Ph-
pybox 9 dissolved in CD2Cl2 with the resonance region
around Ha expanded. When Zn(OTf)2 and (R,R)-Ph-pybox
(1.1 equiv) were dissolved in CD2Cl2, two distinct complexes
could be detected in a ratio of 1:1.6, and ES-MS analysis of
the NMR sample identified the two structures 8 and 10 (Fig-
ure 1a-B; see Supporting Information). Furthermore, the ad-
dition of TBME to a catalyst solution (1:1.1, Zn/ligand) in
CH2Cl2 gave suitable crystals for X-ray analysis, from which
the structure of the major species was assigned as 10 (Fig-
ure 1b).[17] The 1H NMR spectrum of the crystalline precipi-
tate 10 corresponded to the major species in the catalyst sol-
ution. In the 1H NMR spectrum recorded after mixing
Zn(OTf)2 and two equivalents of (R,R)-Ph-pybox in CD2Cl2,
only resonance signals corresponding to the homochiral
Zn(OTf)2-((R,R)-Ph-pybox)2 complex 10 were observed
(Figure 1a-C). Finally, addition of 2.6 equivalents of ligand
relative to the Zn(OTf)2 present, led to the reappearance of
resonance signals corresponding to free (R,R)-Ph-pybox in
the 1H NMR spectrum (Figure 1a-D).

It has been found that the ratio between 8 and 10 is a
dynamic equilibrium, sensitive to the exact reaction condi-
tions [Eq. (3); Table 4]. The use of a polar and coordinating
solvent stabilized the Lewis acidic complex 8 and conse-
quently the equilibrium constant K was changed from 1.6 in
CH2Cl2 to 1.1 in for example, MeCN (Table 4, entry 2 versus
entry 1). Addition of 10 equivalents of imine 1a, which re-
sembles the initial conditions of a catalytic reaction, did not
significantly change the equilibrium, but interestingly, a sub-

Table 3. Results for the catalytic asymmetric Mannich reaction of keti-
mines 1a±g with silylketene acetal 6a.[a]

Entry Imine R1 R2 R3 Product Yield[b][%] ee[c][%]

1[d] 1a H H H 7a >99 95
2[e] 1b H H Me 7h >99 84
3[e] 1c H H OMe 7 i 93 91
4[d] 1d H H F 7 j 86 89
5[d] 1e H H Cl 7k >99 93
6[e] 1 f H OMe H 7 l >99 34
7[e] 1g -C4H4- H 7m 93 80

[a] 10 mol% Zn(OTf)2¥H2O, 11 mol% (R,R)-Ph-pybox, CH2Cl2, �78 8C.
[b] Yield of isolated product. [c] ee determined by chiral HPLC. [d] Slow
addition of nucleophile to a solution of ketimine and catalyst over the
course of 2.0 h. [e] Slow addition of nucleophile to a solution of ketimine
and catalyst over the course of 4.0 h.

Figure 1. a) 1H NMR studies of ZnII-(R,R)-Ph-pybox complexes. A: (R,R)-Ph-pybox; B: Zn(OTf)2/(R,R)-Ph-pybox (1:1.1); C: Zn(OTf)2/(R,R)-Ph-pybox
(1:2.0); D: Zn(OTf)2/(R,R)-Ph-pybox (1:2.6). b) The X-ray structure of 10, and c) the structures 8±10 assigned in the 1H NMR spectra; see text for de-
tails.
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stantial stabilization of 8 was effected by the addition of one
equivalent of H2O or HFIP to the catalyst solution (Table 4,
entries 4 and 5). In this context, it should be noted that the
octahedral homo-chiral Zn(OTf)2-((R,R)-Ph-pybox)2 com-
plex 10 showed low catalytic activity affording racemic prod-
ucts.

The dramatic effect of additives on the ratio between
the two zinc±pybox complexes indicated that the stoichiom-
etry of ligand and Zn(OTf)2 might be important for the out-
come of the catalytic enantioselective Mannich reaction.
However, the optimal ratio cannot unambiguously be calcu-
lated on the basis of numerical values such as those present-
ed in Table 4 due to the formation of strongly Lewis basic
intermediates and changing concentrations of reaction com-
ponents as the reaction proceeds. A series of catalysts pre-
pared with different ratios of Zn(OTf)2 and (R)-Ph-pybox
was evaluated for its catalytic and enantioselective proper-
ties in the model reaction of imine 1a with 6a under dry as
well as ™wet∫ reaction conditions. The results are presented
in Figure 2. Under dry reaction conditions the best result in
terms of both yield and enantioselectivity was obtained by
applying a catalyst prepared from Zn(OTf)2 and (R,R)-Ph-
pybox in the ratio 1:1.1. The Mannich product was formed

in quantitative yield with 72% ee. Increasing the amount of
ligand caused a rapid drop in both yield and enantioselectiv-
ity (Figure 2a). Notably, the shape of the two curves is
almost identical, which implies that the most active complex
in solution also possesses good enantioseletive properties.
Clearly, the addition of H2O resulted in a consistently highly
reactive catalyst and the level of enantioselectivety was also
improved. Moreover, the impact of Lewis acid/ligand ratio
on the outcome of the reaction was also strongly minimized
as both the yields and enantioselectivities were almost iden-
tical at values ranging from 1.0 up to 1.5 (Figure 2b).

In conclusion, complex 8 is believed to be the actual cat-
alyst of the present enantioselective Mannich reaction with
H2O most likely associated to the ZnII center of the chiral
Lewis acid complex.

The phenomena of nonlinear effects (NLE) in the field
of asymmetric catalysis has attracted much attention, in par-

ticular as an informative tool
for mechanistic investiga-
tions.[18] In light of the identi-
fied homo-chiral Zn(OTf)2-
((R,R)-Ph-pybox)2 complex 10
(vide supra), a series of experi-
ments was performed to deter-
mine whether NLE were oper-
ating in the present study. Man-
nich reactions of ketimine 1a
and silylketene acetal 6a were
carried out in the presence of
Lewis acid complexes prepared
from Zn(OTf)2 and Ph-pybox
with optical purities ranging
from 0±100% ee.[19] A strong
chiral amplification was ob-
served; for example, employ-

ment of a catalyst of 30% ee afforded the Mannich product
in high yield (>90%) with 90% ee (Figure 3a). To identify
1:2 metal±ligand complexes, a solution of Zn(OTf)2, (R,R)-
Ph-pybox, and (S,S)-Ph-pybox (1:0.55:0.55) in CD2Cl2 was
analyzed by 1H NMR spectroscopy. Resonance signals cor-
responding to a single metal±ligand species were observed.
The structure was assigned by X-ray crystal structure analy-
sis as the hetero-chiral complex of one zinc atom coordinat-
ing two pybox-ligands (11, Figure 3b).[20] The 1:2 metal±li-
gand complex is almost insoluble in organic solvents and is
therefore expected to serve as a catalytically inactive reser-
voir of the minor enantiomer of the chiral ligand. Notably,
depending on the choice of metal cation and the substitution
pattern of the pybox ligand, diastereomeric mixtures of 1:2
metal±pybox complexes have been observed.[21] The stoichi-
ometry of ligand and Lewis acid employed in the present
catalytic reaction (1:1.1) eventually implies that unligated

Figure 2. Reactions of imine 1a with silylketene acetal 6a under strictly
dry conditions (a) and in the presence of 5 mol% H2O (b).

Table 4. Effect of additives on the ration between 8 and 10.

Entry Solvent Additive Equiv (rel. to Zn) K

1 CH3CN none ± 1.1
2 CH2Cl2 none ± 1.6
3 CH2Cl2 imine 10 1.4
4 CH2Cl2 H2O 1 1.0
5 CH2Cl2 HFIP 1 0.5
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Zn(OTf)2 is present as the reaction proceeds. However, the
Lewis acidity of Zn(OTf)2 is most likely significantly re-
duced by the coordination of the added H2O during the cat-
alyst preparation as well as the coordination of intermediate
Lewis basic reaction products.[22]

Enantioselectivity : The experimental observations (vide
supra) obtained during the catalyst optimization and mecha-
nistic studies seem to indicate that both the imine and a
single molecule of H2O simultaneously coordinate to the
catalyst in the transition state. The geometries of the two
proposed intermediates 12a and 12b (Figure 4) were opti-
mized by using DFT calculations.[23]

In both cases, the chiral zinc(ii) complex effectively dis-
criminates the two faces of the ketimine substrate. The
sense of induction predicted by 12a and 12b is opposite ((S)
versus (R), respectively) and interestingly, the energies of
the two intermediates differ by only 0.3 kcalmol�1 in favor
of 12a. However, a closer examination of the optimized geo-
metries revealed a stronger coordination of the imine-nitro-
gen atom when coordinating the axial site of the chiral
Lewis acid complex (12a). The bond length between the
metal center and the imine-nitrogen atom is 0.10 ä shorter
than when the imine-nitrogen atom coordinates the catalyst
in the ligand plane (12b). Finally, the exposed Si face of the
imine shown in 12a is considerably less hindered for ap-
proach of the nucleophile than the open Re face of 12b. In
conclusion, despite the calculated small energy difference of

the two complexes, the mode of coordination outlined in
12a is considered the most likely geometry, which also can
account for the sense of absolute configuration observed ex-
perimentally (see below).

Diastereoselectivity : The diastereoselectivity observed in
the reaction of imine 1a with silylketene acetals 6e and 6 f
can be rationalized by an attack of the nucleophile on the
proposed imine±zinc(ii) complex 12a through an open tran-
sition state. Of the three possible transition states that lead
to the observed relative stereochemistry, the linear antiperi-
planar approach 13 (Figure 5) has the fewest destabilizing
substrate±substrate gauche interactions and the smallest sub-

strate±catalyst steric interac-
tion. The smallest substituent
(H) of the nucleophile orients
towards the phenyl group of
the chiral ligand, the medium-
sized substituent (R2) overlaps
the aryl moiety of the imine,
and finally the largest moiety of
the nucleophile points away
from the crowded reaction site.
It is proposed that the differ-
ence in diastereoselectivity ob-
served for the two substrates 6e
and 6 f (1:8 versus 1:5) can be

Figure 3. a) Nonlinear effects in the reaction of 1a with 6a catalyzed by Lewis acid complexes prepared from Zn(OTf)2¥H2O (10 mol%) and Ph-pybox
(11 mol%). The silylketene acetal is added dropwise over the course of 2.0 h. b) The X-ray structure of 11.

Figure 4. Substrate±catalyst coordination.

Figure 5. Model for diastereoselective approach of silylketene acetal.
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explained by the general substrate architecture 14. A sub-
stantial size differentiation of the substituents of the silylke-
tene acetal may be necessary to obtain high diastereoselec-
tivity.

Product modifications : A selective N-protecting group ad-
justment leading to optically active lactones is presented in
Scheme 4. tert-Butyloxycarbonyl(Boc) protection of Man-

nich base 7a facilitated basic solvolysis of the phenoxy car-
bamate structure 15, and subsequent spontaneous cycliza-
tion of the resulting phenol afforded lactone 16 in high
yield.[24] The absolute stereochemistry of 7a was determined
by X-ray analysis of an N-trichloroacetyl derivative of 16
(compound 17, see Supporting Information).

Conclusion

In conclusion, we have demonstrated that a novel complex
of Zn(OTf)2¥H2O and the commercially available (R,R)-Ph-
pybox ligand catalyzes the first highly enantioselective alky-
lation of ketimines. By introduction of the concept of intrin-
sic protecting group anchoring, several imines and silylke-
tene acetals have successfully been employed as substrates
affording optically active quaternary a-amino acid deriva-
tives in excellent yields and with high enantioselectivities.
The nature of the catalyst system has been studied by X-ray
analysis, 1H NMR spectroscopy, and mass spectrometry, as
well as NLE experiments. Finally, on the basis of DFT cal-
culations and the determined absolute configuration of the
products, a simultaneous coordination of the imino electro-
phile and a single molecule of H2O to the chiral Lewis acid
catalyst is proposed. The optimized intermediate can ac-
count for both the enantioselectivity as well as the diaster-
eoselectivity experimentally observed. Experiments are cur-
rently in progress to establish the generality of the novel
catalyst and the concept of intrinsic protecting group anchor-
ing in other C�C bond-forming reactions.[25]

Experimental Section

General methods : 1H NMR and 13C NMR spectra were recorded at
400 MHz and 100 MHz, respectively. The chemical shifts are reported in
ppm downfield from TMS (d=0 ppm) for 1H NMR and relative to the
central CDCl3 resonance (d=77.0 ppm) for 13C NMR. Solvents were

dried according to standard procedures. Flash chromatography (FC) was
carried out using the FlashMaster II from Jones Chromatography with
columns containing Merck silica gel 60 (230±400 mesh). Optical rotations
were measured on a Perkin-Elmer 241 polarimeter. The enantiomeric
excess (ee) of the products was determined by HPLC using Daciel Chir-
alcel OJ/OD or Daicel Chiralpak AD/AS columns with iPrOH/hexane as
the eluent system.

Materials : Imine 2 was prepared according to the literature procedure.[26]

Silylketene acetals 6a and 6e were purchased from Aldrich and TCI, re-
spectively, and used as received. Silyl-
ketene acetals 6b,[27] 6c,[28] 6d,[29] 6 f[30]

and 6 g[31] were prepared according to
literature procedures. 4-Methoxyben-
zyl isocyanate was purchased from Al-
drich and used as received.

General procedure for the synthesis of
ketimine hydrates (5a): para-Methoxy-
benzyl isocyanate (0.21 mL,
1.46 mmol) and H¸nig×s base (12 mL,
0.13 mmol) were added to a stirred
solution of 3a (252 mg, 1.30 mmol) in
Et2O (3.0 mL) at room temperature.
Stirring was continued for 2 h, fol-
lowed by evaporation of the solvent.
The crude product was dissolved in

formic acid (5 mL) and stirred at ambient temperature for 16 h, then
heated to 60 8C for 5 h, before being concentrated in vacuo. The imine
hydrate was purified by FC (acetone/pentane 3:7) to give the title com-
pound as a white crystalline material (208 mg, 68%). 1H NMR
(400 MHz, CDCl3): d=7.44±7.37 (m, 2H; ArH), 7.20 (t, J=7.6 Hz, 1H;
ArH), 7.11 (d, J=8.1 Hz, 1H; ArH), 7.04 (br s, 1H; NH), 5.28 (br s, 1H;
OH), 4.32±4.19 (m, 2H; OCH2CH3), 1.22 ppm (t, J=7.2 Hz, 3H;
OCH2CH3);

13C NMR (100 MHz, CDCl3): d=170.3, 149.1, 148.7, 131.3,
125.6, 125.0, 118.4, 116.6, 81.2, 64.0, 13.8 ppm; HRMS C11H11NO5

[M+Na]+ ; calcd: 260.0535, found: 260.0533.

General procedure for the synthesis of ketimines 1a±g : Imine hydrate,
toluene and TFA (5 mol%) were added to a round-bottomed flask
equipped with a magnetic stirring bar, and a Dean±Stark condenser. The
slurry was heated to reflux temperature and heating was continued until
full conversion of the hydrate was detected by 1H NMR spectroscopy (1±
2.5 h). The toluene was distilled off and the resulting oil placed under
high vacuum for 2 h leaving the highly hygroscopic ketimines as off-white
or yellow solids in quantitative yields.

Imine 1a : 1H NMR (400 MHz, CDCl3): d=8.04 (dd, J=8.5, 1.5 Hz, 1H;
ArH), 7.82 (d, J=7.7 Hz, 1H; ArH), 7.42±7.36 (m, 2H; ArH), 4.53 (q,
J=7.2 Hz, 2H; OCH2CH3), 1.46 ppm (t, J=7.2 Hz, 3H; OCH2CH3).

Imine 1b : 1H NMR (400 MHz, CDCl3): d=7.77 (s, 1H; ArH), 7.61 (dd,
J=8.7, 2.4 Hz, 1H; ArH), 7.27 (d, J=7.27 Hz, 1H; ArH), 4.52 (q, J=
7.3 Hz, 2H; OCH2CH3), 2.43 (s, 1H; ArCH3), 1.45 ppm (t, J=7.1 Hz,
3H; OCH2CH3).

Imine 1c : 1H NMR (400 MHz, CDCl3): d=7.49 (d, J=3.1 Hz, 1H; ArH),
7.41 (dd, J=9.2, 3.1 Hz, 1H; ArH), 7.33 (d, J=9.2 Hz, 1H; ArH), 4.54
(q, J=7.2 Hz, 2H; OCH2CH3), 3.88 (s, 3H; OCH3), 1.48 ppm (t, J=
7.2 Hz, 3H; OCH2CH3).

Imine 1d : 1H NMR (400 MHz, CDCl3): d=7.86 (dd, J=8.0, 3.0 Hz, 1H;
ArH), 7.55 (ddd, J=9.2, 7.7, 3.0 Hz, 1H; ArH), 7.40 (dd, J=9.2, 4.4 Hz,
1H; ArH), 4.54 (q, J=7.0 Hz, 2H; OCH2CH3), 1.47 ppm (t, J=7.2 Hz,
3H; OCH2CH3).

Imine 1e : 1H NMR (400 MHz, CDCl3): d=8.13 (d, J=2.5 Hz, 1H; ArH),
7.76 (dd, J=8.9, 2.4 Hz, 1H; ArH), 7.36 (d, J=8.9 Hz, 1H; ArH), 4.55
(q, J=7.3 Hz, 2H; OCH2CH3), 1.48 ppm (t, J=7.3 Hz, 3H; OCH2CH3).

Imine 1 f : 1H NMR (400 MHz, CDCl3): d=7.99 (d, J=9.1 Hz, 1H; ArH),
6.91 (dd, J=9.2, 2.6 Hz, 1H; ArH), 6.80 (d, J=2.5 Hz, 1H; ArH), 4.51
(q, J=7.2 Hz, 2H; OCH2CH3), 3.95 (s, 3H; OCH3), 1.46 ppm (t, J=
7.3 Hz, 3H; OCH2CH3).

Imine 1g : 1H NMR (400 MHz, CDCl3): d=8.60 (d, J=8.6 Hz, 1H;
ArH), 8.00±7.87 (m, 2H; ArH), 7.88 (t, J=7.5 Hz, 1H; ArH), 7.76±7.70
(m, 2H; ArH), 4.57 (q, J=7.2 Hz, 2H; OCH2CH3), 1.49 ppm (t, J=
7.2 Hz, 3H; OCH2CH3).

Scheme 4. Synthesis of optically pure lactone from Mannich adduct 7a.
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General procedure for catalytic enantioselective reaction of imines 1a±f
with silylketene acetals : To a flame-dried Schlenk tube equipped with a
magnetic stirring bar was added Zn(OTf)2 (7.3 mg, 0.020 mmol), which
was gently dried with a heat-gun under vacuum. After cooling to room
temperature, (R)-Ph-pybox (8.1 mg, 0.022 mmol) was added and stirred
for an additional 1 h under vacuum. Wet CH2Cl2 (0.22 mL, H2O:
1660 ppm) was added and stirring continued for 1 h at ambient tempera-
ture followed by addition of imine (1.0 mL, 0.2m in CH2Cl2). After an ad-
ditional 30 min of stirring the solution was cooled to �78 8C. At that tem-
perature a solution of the silylketene acetal (1.2 equiv in 1 mL CH2Cl2)
was added drop wise over the course of 2 h and subsequently quenched
with H2O (0.2 mL) after 2.5 h. The reaction mixture was left to warm to
room temperature and filtered through a plug of silica gel (15 cm silica
gel, eluent: 50 mL 30% Et2O in CH2Cl2), concentrated in vacuo and pu-
rified by FC.

7a : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=8.2 min;
tminor=10.5 min). 1H NMR (400 MHz, CDCl3): d=7.42 (d, J=8.0 Hz,
1H; ArH), 7.36 (t, J=7.7 Hz, 1H; ArH), 7.13 (t, J=7.8 Hz, 1H; ArH),
6.98 (d, J=8.2 Hz, 1H; ArH), 6.50 (s, 1H; NH), 4.30±4.13 (m, 2H;
OCH2), 3.71 (s, 3H; OCH3), 1.47 (s, 3H; CH3), 1.25 (dt, J=1.6, 7.1 Hz,
3H; CH2CH3), 1.17 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=
176.8, 169.6, 150.2, 149.4, 130.5, 127.7, 123.8, 117.1, 114.4, 67.6, 62.6, 53.5,
52.6, 22.7, 22.2, 13.8 ppm; [a]RTD =++118 (c=1.0 in CHCl3), (95% ee);
HRMS C16H19NO6 [M+Na]+ ; calcd: 344.1110, found: 344.1122.

7b : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.8 min;
tminor=8.3 min). 1H NMR (400 MHz, CDCl3): d=7.41 (d, J=8.0 Hz, 1H;
ArH), 7.35 (t, J=7.8 Hz, 1H; ArH), 7.12 (t, J=7.7 Hz, 1H; ArH), 7.08
(d, J=8.1 Hz, 1H; ArH), 6.49 (s, 1H; NH), 4.28±4.10 (m, 4H; 2î
(OCH2)), 1.47 (s, 3H; CH3), 1.29±1.24 (m, 6H; 2î(CH2CH3)), 1.16 ppm
(s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=176.3, 169.7, 150.2, 149.4,
130.4, 127.6, 123.7, 117.0, 114.5, 67.6, 62.5, 61.6, 53.4, 22.7, 22.2, 13.9,
13.8 ppm; [a]RTD =++111 (c=1.0 in CHCl3), (94% ee); HRMS C17H21NO6

[M+Na]+ ; calcd: 358.1267, found: 358.1258.

7c : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=39.5 min;
tminor=54.5 min). 1H NMR (400 MHz, CDCl3) d 7.24±7.32 (m, 2H; ArH),
7.08 (t, J=7.3 Hz, 1H; ArH), 7.00 (d, J=8.8 Hz, 1H; ArH), 6.58 (s, 1H;
NH), 4.04±4.22 (m, 4H; 2î(OCH2)), 3.59 (d, J=17.2 Hz, 1H; CH2), 2.79
(d, J=17.2 Hz, 1H; CH2), 1.21 (t, J=7.0 Hz, 3H; CH3), 1.16 ppm (t, J=
7.0 Hz, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=170.6, 170.5, 148.9,
148.9, 130.6, 124.8, 124.8, 117.2, 117.1, 62.9, 61.6, 61.2, 44.1, 14.0,
13.8 ppm; [a]RTD =++162 (c=1.0 in CHCl3), (95% ee); HRMS C15H17NO6

[M+Na]+ ; calcd: 330.0954, found: 330.0949.

7d : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (85/15); flow rate 1.0 mLmin�1; tmajor=22.5 min;
tminor=27.5 min). 1H NMR (400 MHz, CDCl3): d 7.44±7.36 (m, 4H;
ArH), 7.21 (t, J=7.5 Hz, 1H; ArH), 7.13 (t, J=7.5 Hz, 1H; ArH), 7.07±
7.01 (m, 3H; ArH), 6.51 (s, 1H; NH), 4.24±4.07 (m, 2H; OCH2), 3.86 (d,
J=17.9 Hz, 1H; CHH), 3.08 (d, J=17.9 Hz, 1H; CHH), 1.16 ppm (t, J=
7.1 Hz, 3H; CH2CH3);

13C NMR (100 MHz, CDCl3): d=170.4, 169.6,
149.9, 149.0, 148.8, 130.9, 129.6, 126.5, 125.0, 124.8, 121.2, 117.4, 116.8,
63.3, 61.4, 44.5, 13.9 ppm; [a]RTD =++133 (c=1.0 in CHCl3), (92% ee);
HRMS C19H17NO6 [M+Na]+ ; calcd: 378.0954, found: 378.0969.

anti-7e : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=13.0 min;
tminor=26.0 min). 1H NMR (400 MHz, CDCl3): d=7.49 (d, J=7.7 Hz,
1H; ArH), 7.26 (t, J=7.3 Hz, 1H; ArH), 7.08 (t, J=7.3 Hz, 1H; ArH),
6.98 (d, J=8.1 Hz, 1H; ArH), 6.93 (s, 1H; NH), 4.21 (m, 2H; OCH2),
3.38±3.46 (m, 4H, OCH3 ; CH), 1.24 (t, J=7.7 Hz, 3H; CH3), 1.18 ppm
(d, J=5.1 Hz, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=172.1, 169.3,
149.7, 149.0, 130.3, 126.0, 124.4, 116.8, 116.7, 65.0, 63.1, 52.0, 48.9, 13.9,
12.4 ppm; [a]RTD =++50 (c=1.0 in CHCl3), (93% ee); HRMS C15H17NO6

[M+Na]+ ; calcd: 330.0954, found: 330.0951.

syn-7e : The ee was determined by HPLC using a Daicel Chiralcel AD
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=20.1 min;
tminor=28.2 min). 1H NMR (400 MHz, CDCl3): d=7.22±7.34 (m, 2H;
ArH), 7.09 (t, J=7.7 Hz, 1H; ArH), 7.01 (d, J=8.0 Hz, 1H; ArH), 6.50
(s, 1H; NH), 4.12 (m, 2H; OCH2), 3.69 (s, 3H; OCH3), 3.58 (q, J=

7.3 Hz, 1H; CH), 1.15 (t, J=7.3, 3H; CH3), 1.05 ppm (d, J=7.7 Hz, 3H;
CH3);

13C NMR (100 MHz, CDCl3): d=175.2, 171.1, 149.8, 149.2, 130.6,
124.9, 124.6, 117.3, 115.5, 65.4, 62.9, 52.6, 46.5, 13.8, 11.7 ppm; [a]RTD =++

78 (c=1.0 in CHCl3), (52%ee); HRMS C15H17NO6 [M+Na]+ ; calcd:
330.0954, found: 330.0949.

anti-7 f : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=14.6 min;
tminor=30.3 min). 1H NMR (400 MHz, CDCl3): d=7.43 (d, J=8.0 Hz,
1H; ArH), 7.31 (t, J=8.0 Hz, 1H; ArH), 7.14 (t, J=7.3 Hz, 1H; ArH),
7.01 (d, J=7.3, 1H; ArH), 5.83 (s, 1H; NH), 4.14±4.40 (m, 4H; CH,
OCHH, OCH2), 4.07 (dd, J=8.8, 12.8 Hz, 1H; OCHH), 2.11 (m, 1H;
CHH), 1.96 (m, 1H; CHH), 1.23 ppm (t, J=7.0 Hz, 3H; OCH2CH3);

13C
NMR (100 MHz, CDCl3): d=174.8, 169.7, 149.0, 148.9, 130.8, 125.3,
125.1, 117.2, 115.5, 66.8, 63.4, 49.4, 24.1, 13.8 ppm; [a]RTD =++122 (c=1.0
in CHCl3), (95% ee); HRMS C15H15NO6 [M+Na]+ ; calcd: 328.0797,
found: 328.0812

syn-7 f : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (70/30); flow rate 1.0 mLmin�1; tmajor=18.8 min;
tminor=23.3 min). 1H NMR (400 MHz, CDCl3): d=7.62 (s, 1H; NH),
7.28±7.38 (m, 2H; ArH, 7.11 (t, J=8.1 Hz, 1H; ArH), 7.04 (d, J=8.4 Hz,
1H; ArH), 4.34 (t, J=9.2 Hz, 1H; OCHH), 4.08±4.30 (m, 3H; OCH2,
CH), 3.41 (dd, J=9.2, 11.4 Hz, 1H; OCHH), 2.52 (m, 1H; CHH), 2.29
(m, 1H; CHH), 1.22 ppm (t, J=7.0 Hz, 3H; OCH2CH3);

13C NMR
(100 MHz, CDCl3): d=174.9, 169.0, 149.4, 149.3, 130.7, 125.5, 124.8,
117.2, 115.8, 66.3, 63.6, 63.4, 49.7, 25.1, 13.9 ppm; [a]RTD =++60 (c=1.0 in
CHCl3), (85% ee); HRMS C15H15NO6 [M+Na]+ ; calcd: 328.0797, found:
328.0796.

7 g : The ee was determined by HPLC using a Daicel Chiralcel OJ
column (hexane/iPrOH (70/30); flow rate 1.0 mLmin�1; tmajor=15.8 min;
tminor=23.0 min). 1H NMR (400 MHz, CDCl3): d=7.39 (d, J=7.7 Hz,
1H; ArH), 7.30 (t, J=7.0 Hz, 1H; ArH), 7.10±7.15 (m, 2H; ArH and
NH), 7.00 (d, J=5.4 Hz, 1H; ArH), 5.26 (s, 1H; CH), 4.15 (m, 2H;
OCH2), 3.20 (d, J=15.0 Hz, 1H; CHH), 3.08 (d, J=15.0 Hz; CHH), 1.40
(s, 6H; 2î(CH3)), 1.18 ppm (t, J=7.0 Hz, 3H; OCH2CH3);

13C NMR
(100 MHz, CDCl3): d=169.8, 165.0, 160.2, 149.6, 148.9, 130.69, 126.0,
124.7, 116.9, 116.7, 106.9, 97.6, 63.2, 62.3, 42.0, 24.8, 24.2, 13.8 ppm;
[a]RTD =++61 (c=1.0 in CHCl3), (88% ee); HRMS C18H19NO7 [M+Na]+ ;
calcd: 384.1059, found: 358.1053.

7h : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.2 min;
tminor=7.3 min). 1H NMR (400 MHz, CDCl3): d=7.17 (s, 1H; ArH), 7.14
(d, J=8.6 Hz, 1H; ArH), 7.00 (d, J=8.6 Hz, 1H; ArH), 6.46 (br s, 1H;
NH), 4.30±4.11 (m, 2H; OCH2), 3.70 (s, 3H; OCH3), 2.30 (s, 3H;
ArCH3), 1.48 (s, 3H; CH3), 1.25 (t, J=7.2 Hz, 3H; CH2CH3), 1.14 ppm
(s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=176.8, 169.6, 149.6, 148.0,
133.4, 131.1, 127.6, 116.8, 113.9, 67.5, 62.5, 53.5, 52.6, 22.7, 22.1, 20.9,
13.8 ppm; [a]RTD =++96.3 (c=1.0 in CHCl3), (84% ee); HRMS C17H21NO6

[M+Na]+ ; calcd: 358,1267, found: 358.1273.

7 i : The ee was determined by HPLC using a Daicel Chiralcel OJ column
(hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=21.0 min; tminor=

25.4 min). 1H NMR (400 MHz, CDCl3): d=7.02 (d, J=9.0 Hz, 1H;
ArH), 6.95 (d, J=2.7 Hz, 1H; ArH), 6.90 (dd, J=9.0, 2.8 Hz, 1H; ArH),
6.43 (br s, 1H; NH), 4.31±4.14 (m, 2H; OCH2CH3), 3.77 (s, 3H; OCH3),
3.72 (s, 3H; OCH3), 1.51 (s, 3H; CH3), 1.27 (t, J=7.3 Hz, 3H;
OCH2CH3), 1.18 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=
176.7, 169.5, 155.4, 149.7, 144.1, 117.8, 115.8, 115.1, 112.7, 67.6, 62.6, 55.6,
53.6, 52.6, 22.8, 22.1, 13.8 ppm; [a]RTD =++76.0 (c=1.0 in CHCl3), (91%
ee); HRMS C17H21NNaO7 [M+Na]+ ; calcd: 374.1216, found: 374.1220.

7j : The ee was determined by HPLC using a Daicel Chiralcel OJ column
(hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=6.6 min; tminor=

8.7 min). 1H NMR (400 MHz, CDCl3): d=7.19 (dd, J=9.5, 2.2 Hz, 1H;
ArH), 7.09±7.04 (m, 2H; ArH), 6.51 (br s, 1H; NH), 4.33±4.14 (m, 2H;
OCH2CH3), 3.71 (s, 3H; OCH3), 1.48 (s, 3H; CH3), 1.27 (t, J=7.1 Hz,
3H; OCH2CH3), 1.17 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3):
d=176.3, 169.2, 159.4, 157.0, 149.1, 146.3, 118.5, 118.4, 117.7, 117.4, 116.0,
115.9, 114.6, 114.3, 67.4, 62.9, 53.7, 52.7, 22.6, 22.0, 13.8 ppm; [a]RTD =++

122.2 (c=1.0 in CHCl3), (89% ee); HRMS C16H18FNO6 [M+Na]+ ; calcd:
362,1016, found: 362.1012.

7k : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=8.3 min;
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tminor=11.9 min). 1H NMR (400 MHz, CDCl3): d=7.45 (d, J=2.6 Hz,
1H; ArH), 7.34 (dd, J=8.8, 2.6 Hz; ArH), 7.05 (d, J=8.8 Hz, 1H; ArH),
6.45 (br s, 1H; NH), 4.35±4.17 (m, 2H; OCH2CH3), 3.73 (s, 3H; OCH3),
1.50 (s, 3H; CH3), 1.30 (t, J=7.1 Hz, 3H; OCH2CH3), 1.18 ppm (s, 3H;
CH3);

13C NMR (100 MHz, CDCl3): d=176.3, 169.1, 148.82, 148.78,
130.6, 129.1, 127.5, 118.4, 116.1, 67.3, 62.9, 53.6, 52.7, 22.5, 22.0, 13.8 ppm;
[a]RTD =++80.2 (c=1.0 in CHCl3), (93% ee); HRMS C16H18ClNNaO6

[M+Na]+ ; calcd: 378.0720, found: 378.0718.

7 l : The ee was determined by HPLC using a Daicel Chiralcel OD
column (hexane/iPrOH (90/10); flow rate 1.0 mLmin�1; tmajor=9.6 min;
tminor=11.6 min). 1H NMR (400 MHz, CDCl3): d=7.32 (d, J=9.3 Hz,
1H; ArH), 6.69 (dd, J=8.9, 2.7 Hz, 1H; ArH), 6.61 (d, J=2.7 Hz, 1H;
ArH), 6.45 (br s 1 h; NH), 4.30±4.13 (m, 2H; OCH2CH3), 3.81 (s, 3H;
OCH3), 3.71 (s, 3H; OCH3), 1.48 (s, 3H; CH3), 1.26 (t, J=7.2 Hz, 3H;
OCH2CH3), 1.16 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=
176.8, 169.7, 161.0, 151.2, 149.3, 128.5, 110.5, 106.2, 101.6, 67.2, 62.4, 55.5,
53.4, 52.5, 22.6, 22.0, 13.8 ppm; [a]RTD =++34.3 (c=1.0 in CHCl3), (34%
ee); HRMS C17H21NO7 [M+Na]+ ; calcd: 374.1216, found: 374.1213.

7m : The ee was determined by HPLC using a Daicel Chiralcel OJ
column (hexane/iPrOH (95/5); flow rate 1.0 mLmin�1; tmajor=14.8 min;
tminor=26.7 min). 1H NMR (400 MHz, CDCl3): d=8.38±8.33 (m, 1H;
ArH), 7.86±7.81 (m, 1H; ArH), 7.63±7.57 (m, 3H; ArH), 7.43 (d, J=
10.1 Hz, 1H; ArH), 6.63 (br s, 1H; NH), 4.33±4.16 (m, 2H; OCH2), 3.76
(s, 3H; OCH3), 1.55 (s, 3H; CH3), 1.26 (t, J=7.2 Hz, 3H; CH2CH3),
1.24 ppm (s, 3H; CH3);

13C NMR (100 MHz, CDCl3): d=177.0, 169.8,
149.4, 145.9, 134.0, 127.8, 127.2, 126.9, 123.4, 123.2, 123.1, 121.8, 109.0,
68.2, 62.6, 53.6, 52.6, 22.8, 22.3, 13.8 ppm; [a]RTD =147.0 (c=1.0 in CHCl3),
(80% ee); HRMS C20H21NO6 [M+Na]+ ; calcd: 394.1267 found:
394.1279.

15 : 1H NMR (400 MHz, CDCl3): d=7.30 (t, J=8.1 Hz, 1H; ArH), 7.10
(t, J=7.7 Hz, 1H; ArH), 7.01 (d, J=8.1 Hz, 1H; ArH), 4.15 (m, 1H;
OCH2), 3.94 (m, 1H; OCH2), 3.56 (s, 3H; OCH3), 1.44 (s, 9H; OtBu),
1.37 (s, 3H; CH3), 1.27 (s, 3H; CH3), 1.06 ppm (t, J=7.0 Hz, 1H;
OCH2CH3);

13C NMR (100 MHz, CDCl3): d=171.7, 169.5, 153.7, 150.4,
130.3, 126.7, 123.9, 119.9, 117.0, 80.4, 66.0, 63.1, 46.0, 28.1, 22.6, 19.8,
13.5 ppm; HRMS C21H27NO8 [M+Na]+ ; calcd: 444.1634 found:
444.16345.

16 : The ee was determined by HPLC using Daicel Chiralcel OJ column
(hexane/iPrOH (90/10); flow rate 0.5 mLmin�1; tmajor=27.9 min; tminor=

48.3 min). 1H NMR (400 MHz, CDCl3): d=7.34 (t, J=7.7 Hz, 1H; ArH),
7.27 (d, J=7.7 Hz, 1H; ArH), 7.13 (t, J=7.9 Hz, 1H; ArH), 7.08 (d, J=
8.2 Hz, 1H; ArH), 5.73 (s, 1H; NH), 4.22±4.06 (m, 2H; OCH2), 1.43 (s,
9H; C(CH3)3), 1.36 (s, 1H; CH3), 1.29 (s, 1H; CH3), 1.14 ppm (t, J=
7.2 Hz, 1H; OCH2CH3);

13C NMR (100 MHz, CDCl3): d=171.7, 169.5,
153.7, 150.4, 130.3, 126.7, 123.9, 119.9, 117.0, 80.4, 66.0, 63.1, 46.0, 28.1,
22.6, 19.8, 13,5 ppm; IR (KBr): ƒ=3361, 2991, 2976, 1767, 1724, 1518,
1485, 1458, 1391, 1364, 1286, 1268, 1237, 1221, 1170, 1119, 1093, 1064,
1043, 1027, 960, 923, 896, 855, 776, 764, 740, 670, 650, 632, 486, 471 cm�1;
[a]RTD =�112 (c=1.0 in CHCl3), (93% ee); HRMS C19H25NO6 [M+Na]+ ;
calcd: 386.1580 found: 386.1581.
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