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Assembled Dendritic Titanium Catalysts for Enantioselective
Hetero-Diels—Alder Reaction of Aldehydes with Danishefsky’s Diene

Baoming Ji,’”>" Yu Yuan,"”! Kuiling Ding,*'*! and Jiben Meng*!"’

Abstract: A new type of dendritic 2-
amino-2'-hydroxy-1,1’-binaphthyl

(NOBIN)-derived Schiff-base ligands
have been synthesized and applied to
the titanium-catalyzed hetero-Diels—
Alder reaction of Danishefsky’s diene
with aldehydes. These reactions afford-
ed the corresponding 2-substituted 2,3-
dihydro-4H-pyran-4-ones in quantita-
tive yields and with excellent enantio-
selectivities (up to 97.2% ee). The dis-
position of the dendritic wedges and
the dendron size in the ligands were

enantioselectivity of the reaction. The
recovered dendritic catalyst could be
reused without further addition of the
Ti source or a carboxylic acid additive
for at least three cycles, retaining simi-
lar activity and enantioselectivity. The
high stability of this type of assembled
dendritic titanium catalyst may be at-

Keywords: asymmetric catalysis -

dendrimers hetero-Diels—Alder
reactions nonlinear effect
titanium

tributed to the stabilization effect of
large-sized dendron units in the cata-
lyst molecule. The other important
phenomenon observed with this cata-
lyst system is that a higher degree of
asymmetric amplification has been ach-
ieved by attachment of the dendron
unit to the chiral ligand, which repre-
sents a new advantage of dendrimer
catalysts for asymmetric reactions
using chiral ligands of lower optical
purity.

found to have significant impact on the

Introduction

Dendrimers are highly branched macromolecules that have
precisely defined molecular structures of nanoscale dimen-
sions.! Since the pioneering work of van Koten,” the use of
dendrimer-based catalysts, particularly of chiral dendrimer
catalysts, has been an interesting topic because these struc-
turally well-defined macromolecules not only serve as a ho-
mogeneous catalyst in solution, but are also readily recover-
able after the reaction by means of physical methods, such
as supra-filtration or solvent precipitation.”! The other ad-
vantage of dendritic catalysts over linear, soluble polymeric
catalysts is that the dendrimer architecture offers better con-
trol and fine-tuning of the catalyst properties through ad-
justment of its structure, size, shape, and solubility."
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Recently, 2-amino-2’-hydroxy-1,1"-binaphthyl (NOBIN,
1), a non-C,-symmetric chiral scaffold, and its derivatives
have been the subject of extensive interest in asymmetric
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catalysis.") In particular, chiral Ti'"¥ Lewis acids modified by
NOBIN-derived tridentate Schiff-base ligand (2) and 3,5-di-
tert-butylsalicylic acid have shown excellent asymmetric in-
duction in Mukaiyama aldol-type reactions."**) However, a
titanium complex of a polymer-supported salicylaldimine
ligand showed rather poor reactivity and enantioselectivity
(32% conversion and 26% ee) for the same reaction.”! In
our recent work, we disclosed that 2:1 (2:Ti) titanium com-
plexes of 2 could be dramatically activated by addition of a
carboxylic acid (3), so as to promote hetero-Diels—Alder
(HDA) reaction of Danishefsky’s diene with aldehydes with
high efficiency and enantioselectivity.’! We surmised that in
the catalytic system two chiral ligands (2) and one carboxy-
late group might be involved in the active species of the tita-
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nium complex.[f’b] Therefore, it would be hard for a cross-
linked polymer ligand to form an active complex of this
kind. To overcome this shortcoming of the polymer ligand,
herein we report the first synthesis of dendritic tridentate li-
gands and the molecular assembly of dendritic catalysts
through asymmetric activation!”! of tridentate titanium com-
plexes with (S)-naproxen (3). The catalyst system that we
have devised combines the advantages of high enantioselec-
tivity of homogeneous catalysts in HDA reactions® " with
the ready recoverability of dendrimer molecules.

Results and Discussion

Synthesis of dendrimer-based NOBIN-derived Schiff-base li-
gands: The dendrimer-based NOBIN-derived Schiff-base li-
gands (S)-9b—(S5)-9d and (S5)-10b—(S)-10d were synthesized
in a straightforward manner by simple condensation of (S)-
NOBIN ((S)-1) with the corre-
sponding dendritic salicylalde-

bonyl compounds with 1,3-dienes constitutes one of the
most important asymmetric C—C bond-forming reactions in
organic synthesis.®! The reaction between 1-methoxy-3-(tri-
methylsilyloxyl)buta-1,3-diene (Danishefsky’s diene) 11 and
aldehydes 12 provides a powerful access to 2-substituted 2,3-
dihydro-4H-pyran-4-ones (13), a class of heterocycles with
extensive synthetic applications in both natural and non-nat-
ural products.*'”! Seebach and co-workers have reported
that a cross-linked dendritic salen—-Cr'™ catalyst promotes
the HDA reaction of Danishefsky’s diene with aldehydes to
give the corresponding adducts with less than 80 % ee and in
82% conversion.®! With the aforementioned two series of
dendritic ligands (S)-9b—(S)-9d and (S)-10b—(S)-10d in
hand, we investigated their asymmetric induction in the tita-
nium-catalyzed HDA reaction of Danishefsky’s diene (11)
with benzaldehyde (12a) [Eq. (1)]. On the basis of our pre-
vious discovery of a synergistic effect of an added carboxylic
acid on the activity of the catalyst and the enantioselectivity
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stituted salicylaldehydes (7a
and 8a), respectively
(Scheme 1). All eight dendritic
and non-dendritic Schiff-base li-
gands (S5)-9a—(5)-9d and (S)-
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'H NMR, MS, IR, and elemen-
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Scheme 1. Synthesis of non-dendritic (9a and 10a) and dendritic (9b-d and 10b-d) Schiff-base ligands.
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of the reaction, (S)-naproxen (3) was used as an additive to
activate the titanium catalysts formed in situ by reaction of
(85)-9a-(5)-9d (20mol%) or (S)-10a—(S)-10d (20 mol %)
with [Ti(OiPr),] (10 mol%). As expected, the addition of
5mol % of (S)-naproxen significantly enhanced the enantio-
selectivity of the reaction from 32.6% ee (12% yield) and
48.7% ee (63% yield) to 93.7% ee (99% yield) and
95.1% ee (99% yield), respectively, when non-dendritic li-
gands (S)-9a and (S)-10a were used (Figure 1). This obser-
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Figure 1. Effect of dendrimer size and disposition of the dendritic wedges
on the enantioselectivity of the HDA reactions. Bottom line: 4-substitut-
ed ligands ((S)-9a-(5)-9d); top line: 5-substituted ligands ((S)-10a—(S)-
10d). Non-D: non-dendritic ligands (S)-9a and (S)-10a; *In the absence
of 3; D0-D2: dendritic ligands (S5)-9b-(5)-9d and (S5)-10b—(5)-10d with
n = 0-2.

vation again demonstrates the importance of the carboxylic
acid additive for the activation of the tridentate titanium
complex.’l Accordingly, the evaluation of different genera-
tions of dendritic chiral ligands was carried out under stan-
dard conditions with a molar ratio of dendritic ligand/
[Ti(OiPr),)/3/11/12a = 0.2:0.1:0.05:1.6:1.

OMe
1 dendrimer ligands / T i
= * (S)-naproxen Z)
\ +PhCHO i )
—/Si‘O 2. CF,COOH o ‘Ph
11 12a 13a

As shown in Figure 1, catalysts composed of various gen-
erations of the dendritic ligands ((S)-9b—(S5)-9d and (S)-
10b—(S5)-10d) promoted the reaction of 11 with 12a to give
the cycloadduct (S)-13a with good to excellent enantioselec-
tivities in quantitative yields. A general trend in the asym-
metric induction efficiency is that the 5-substituted dendritic
ligands ((S)-10b—(S)-10d) proved to be superior to the 4-
substituted derivatives ((5)-9b—(S)-9d). This observation
clearly demonstrates the importance of the disposition of
the dendritic wedge on the enantioselectivity of the reaction.
In the catalysis using 4-substituted dendrimer ligands ((S)-
9b—(S5)-9d), the enantioselectivities of the reaction gradually
diminished with increasing size of the dendron attached to
the NOBIN-derived salicylaldimine core. Evidently, steric
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hindrance is disadvantageous with regard to the enantiose-
lectivity of this reaction. Therefore, attachment of the den-
dron moiety at the 5-position of salicylaldimine was envis-
aged as a way of obviating this problem. As expected, titani-
um complexes of 5-substituted dendritic ligands ((S)-10b—
(5)-10d) in the presence of 3 showed excellent enantioselec-
tivities (94.4-97.2% ee) in the HDA reaction of 11 with 12a.
The synergistic effect of the dendrons was also observed
with these ligands. With increasing size of the dendron
moiety attached to the ligands, the enantioselectivities of
the reaction were improved from 95.1% ee ((S)-10a) and
95.4% ee ((S)-10b) to 97.2% ee ((S)-10c). When the den-
dron size was further increased to n = 2 ((5)-10d), the
enantioselectivity dropped slightly without any loss of cata-
Iytic activity. Taken together, the results demonstrate that
correct disposition of the dendron wedges at the NOBIN-
derived salicylaldimine core and adjustment of dendron size
are key points for achieving maximum asymmetric induction
in the present catalyst system.

Scope of substrates and reusability of the dendrimer cata-
lyst: On the basis of the results outlined above, we selected
dendritic ligand (S)-10¢ for further studies extending the
scope of the substrates used in the reaction. As shown in
Table 1, the catalyst prepared from (S)-10¢ and [Ti(OiPr),]
in the presence of 3 was applicable to the promotion of
HDA reactions of 11 with a variety of aldehydes 12a-l, in-
cluding aromatic, olefinic, and aliphatic derivatives (entries
1-12), to give the corresponding 2-substituted 2,3-dihydro-
4H-pyran-4-ones 13a-1 in quantitative yields and with excel-
lent enantioselectivities (up to 97.2% ee). These results are
comparable to, or even better than, those achieved using

Table 1. Dendritic chiral Schiff-base Ti"-catalyzed asymmetric HDA re-
actions of Danishefsky’s diene 11 with aldehydes 12.1%)
OMe

= (1) (S)-10c /T i/ (S)-naproxen o
\ + RCHO )
—/Si—O le) ’

(2) CF3;COOH ‘R

11 12a-1 13a-l
Entry R Yield [%]® ee [%]
1 phenyl (a) 99 97.2
2 3-methylphenyl (b) 99 96.6
3 4-methylphenyl (c) 99 94.0
4 3-methoxyphenyl (d) 99 93.3
5 4-methoxyphenyl (e) 99 93.2
6 3-chlorophenyl (f) 99 94.0
7 4-chlorophenyl (g) 99 90.2
8 3-bromophenyl (h) 99 95.4
9 4-bromophenyl (i) 99 90.2
10 4-nitrophenyl (j) 99 90.1
11 trans-cinnamyl (k) 99 92.0
12 phenylethyl (1) 99 63.6
13 phenyl (a) (cycle 1)19 99 97.0
14 phenyl (a) (cycle 2)19! 95 96.8
15 phenyl (a) (cycle 3)19 90 95.3

[a] All of the reactions were carried out with (S5)-10¢/[Ti(OiPr),])/addi-
tive/substrate = 0.2:0.1:0.05:1 at room temperature in toluene for 48 h.
[b] Yields of isolated products for two steps. [c] The enantiomeric excess-
es were determined by HPLC on a Chiralcel OD column. [d] Recovered
catalyst was used.
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non-dendritic catalysts.* The advantage of reusability of
this type of dendritic catalyst was exemplified in the cataly-
sis of the reaction of 11 with 12a. Upon completion of the
reaction, hexane was added to the reaction mixture, where-
upon the catalyst was quantitatively precipitated and could
be recovered by filtration. The recovered catalyst could be
reused for at least three cycles, retaining its activity and
enantioselectivity (Table 1, entries 13-15). The common
problems associated with the use of dendritic catalysts in
catalyst recycling, such as catalyst decomposition, metal
leaching, and catalyst deactivation, were not observed with
our catalyst system. In the recycling experiments, further ad-
dition of [Ti(OiPr),] and the (S)-naproxen additive proved
to be unnecessary. This result demonstrates that the active
species of the dendritic titanium complex was sufficiently
stable to tolerate the recovery process. The high degree of
stability of this type of titanium catalyst might be attributed
to the presence of the large-sized dendron units in the cata-
lyst molecule, which prevent decomposition of the active
site in the catalyst core.

Influence of the dendrimer on the positive nonlinear effect:
The influence of the dendrimer on the degree of positive
nonlinear effect (NLE)!'? of the present catalytic system
was also substantial. As shown in Figure 2, the S product
could be obtained with 90% ee using (S)-10c of only

100 p

ee of (S)-12a/ %

20 2 N : N )

(0] 20 40 60 80 100
ee of (S)-ligands / %
Figure 2. Comparison of nonlinear effects with dendritic ((S)-10¢, top
line) and non-dendritic ((S)-10a, bottom line) catalyst systems in the

HDA reaction of 11 with 12a. The broken line indicates the expected ee
values without a nonlinear effect.

20% ee, which is much higher than that expected (top line).
This observation again demonstrates the existence of a posi-
tive NLE with the present catalyst system.”! Moreover, the
positive NLE with this dendritic catalyst system is much
stronger than that observed for non-dendritic catalyst sys-
tems (bottom line), which indicates a higher difference of
turnover efficiency between the homochiral pre-catalyst
([(S)-10¢],Ti) and the heterochiral one ([(+)-10¢],Ti) than
that between non-dendritic pre-catalysts ([(S)-10a],Ti and
[(£)-10a],Ti). Therefore, a higher degree of asymmetric am-
plification in the catalysis of the HDA reaction could be
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achieved by the attachment of the dendron moiety to the
chiral ligand, and this represents a new advantage of den-
drimer catalysts in asymmetric reactions in that chiral ligands
of lower optical purity can be used.

Working model proposed to rationalize the asymmetric in-
duction: On the basis of our previous results from mechanis-
tic studies® and the present observations of a synergistic
effect of the chiral carboxylic acid additive on the enantiose-
lectivity of the dendritic catalyst, as well as a very strong
positive NLE in the catalytic system, a working model of
the assembled dendritic catalyst in HDA reactions of Dani-
shefsky’s diene with aldehydes is outlined in Scheme 2.
Here, the active species of the titanium complex is five-coor-

0 7
Ph—g Q ‘ H

diene attack
on Siface

OMe

Scheme 2. Working model of the assembled dendritic catalyst in HDA
reactions of Danishefsky’s diene with aldehydes.

dinate and the aldehyde coordinates to the titanium atom at
the remaining coordination site as depicted. Accordingly,
the bound aldehyde undergoes attack of the diene from the
Si face to give the product with S configuration, as observed.
Clearly, the dendron moiety in the catalyst molecule has no
significant direct impact on the active site of the titanium
complex, but its large size might influence the stability of
the catalyst precursor and the activated species and, as a
result, make the catalyst system highly stable, such that it
tolerates the recovery process, and impart a much more
strongly positive NLE, such that asymmetric catalysis can be
carried out using ligands of lower enantiopurity.

Conclusion

In summary, we have devised a new type of dendritic titani-
um catalysts by molecular assembly of chiral dendritic
Schiff-base ligands, titanium(1v) ions, and a chiral activator
((S)-naproxen). The present catalytic system represents an
excellent dendritic catalyst for asymmetric reactions, on the
basis of the following features: i) very high enantioselectivity
(up to 97.2% ee) and catalytic activity (>99 % yields) were
achieved with a broad range of substrates, which exceed
those obtained with non-dendritic ligands in some cases;
ii) enhanced enantioselectivity was observed by optimizing
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the disposition and size of the dendron moieties in the li-
gands; iii) large-sized dendron units in the catalyst molecule
would seem to stabilize the active species of the titanium
complex, enabling its reuse for at least three cycles while re-
taining similar activity and enantioselectivity; iv) a higher
degree of asymmetric amplification in the catalysis of HDA
reactions was observed with the dendritic chiral ligand than
with non-dendritic species, which represents a new advant-
age of dendrimer catalysts for asymmetric reactions in that
chiral ligands of lower optical purity can be used.

Experimental Section

General methods: Unless otherwise stated, all reagents were purchased
from Aldrich, Acros or TCI and were used without further purification.
Powdered 4 A molecular sieves (>5 micron) were dried in a vacuum
oven at 135°C prior to use. Liquid aldehydes were freshly distilled before
use. Solid aldehydes were purified by column chromatography before
use. Acetonitrile and dichloromethane were distilled from calcium hy-
dride prior to use. Tetrahydrofuran (THF) and toluene were distilled
from sodium/benzophenone prior to use. Acetone was distilled from
phosphorus pentoxide. 'H and C NMR spectra were recorded on a
Varian Mercury-300BB NMR spectrometer (300 MHz) with CDCl; as
solvent and are reported in ppm relative to tetramethylsilane as an inter-
nal standard. Coupling constants, J, are listed in hertz. IR spectra were
recorded on a Bio-Rad FTS-185 spectrometer. EI mass spectra were ob-
tained on a HP5989 A spectrometer. ESI and MALDI mass spectra were
determined on a Bruker APEXIII 7.0 TESLA FT-MS. C, H, and N ele-
mental analyses were performed with an elemental Foss-Heraeus
VARIO EL apparatus. Optical rotations were measured with a PE-341
automatic polarimeter. Liquid chromatographic analyses were conducted
on a JASCO 1580 system. All experiments that were sensitive to mois-
ture or air were carried out under argon atmosphere using standard
Schlenk techniques.

General procedure for the synthesis of dendritic salicylaldehyde deriva-
tives: 2-Hydroxy-4-benzyloxy-benzaldehyde (7a), 2-hydroxy-5-benzyloxy-
benzaldehyde (8a), and dendritic benzyl bromides (4b, 4¢, and 4d) were
prepared according to literature procedures.'>!*) A mixture of dendritic
benzyl bromide (1.00 equiv), 2,4-dihydroxybenzaldehyde or 2,5-dihydrox-
ybenzaldehyde (1.2 equiv), dried potassium carbonate (1.5 equiv), and
potassium iodide (0.1 equiv) in dry acetonitrile was heated to reflux and
stirred vigorously under argon atmosphere for 10 h. The mixture was al-
lowed to cool and then concentrated to dryness under reduced pressure.
The residue was partitioned between 1N aqueous HCl and CH,Cl,, and
the aqueous layer was extracted with CH,Cl,. The combined organic
layers were then washed with saturated aqueous NaHCO; and with
brine, and dried over anhydrous Na,SO,. The solvent was removed in
vacuo and the crude product was then purified as outlined in the follow-
ing paragraphs.

7b: This compound was prepared by the reaction of 4b with 2,4-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH,Cl,/hexane (1:2) as eluent. Yield: 70.5%. M.p. 95-96°C; 'H
NMR (300 MHz, CDCl;, TMS): 6 = 11.47 (s, 1H; OH), 9.72 (s, 1H;
CHO), 7.47-7.26 (m, 10H; ArH), 6.64-6.47 (m, 6H; ArH), 5.04 (s, 4H;
PhCH,0), 5.03 ppm (s, 2H; PhCH,0); *C NMR (75 MHz, CDCL,): § =
194.35, 165.63, 164.29, 160.13, 137.97, 136.52, 135.24, 128.53, 127.99,
127.47, 127.27, 115.25, 108.75, 106.22, 101.60, 70.07, 70.02 ppm; IR (KBr):
7 = 3031, 2926, 2833, 1674, 1641, 1597, 1515, 1498, 1454, 1472, 1340,
1289, 1218, 1165, 1049, 1038, 981, 857, 834, 808, 744, 695, 648 cm™'; EI-
MS (70 eV): m/z (%): 440 (5.8) [M*], 91 (100), 303 (21.7), 65 (9.2), 181
(5.2), 92 (4.5), 211 (4.1), 304 (3.3); elemental analysis calcd (%) for
CyH,,05: C 76.36, H 5.45; found: C 76.03, H 5.58.

7c¢: This compound was prepared by the reaction of 4¢ with 2,4-dihydrox-
ybenzaldehyde and was purified by flash chromatography on silica gel
with CH,Cly/hexane (1:1) as eluent. Yield: 75.2%. M.p. 134-136°C; 'H
NMR (300 MHz, CDCl;, TMS): 6 = 11.48 (s, 1H; OH), 9.70 (s, 1H;
CHO), 7.45-7.33 (m, 20H; ArH), 6.69-6.90 (m, 11H; ArH), 6.49 (d,J =
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1.8 Hz, 1H; ArH), 5.04 (s, 8H; PhCH,0), 4.98 ppm (s, 6H; PhCH,0);
BC NMR (75 MHz, CDCLy): 6 = 194.39, 165.65, 164.31, 160.10, 160.06,
139.02, 138.02, 136.65, 135.28, 128.54, 127.97, 127.51, 125.32, 115.27,
108.79, 106.27, 101.66, 101.62, 101.46, 70.09, 70.01, 69.92 ppm; IR (KBr):
7 = 3034, 2862, 1648, 1629, 1598, 1507, 1498, 1452, 1376, 1342, 1291,
1222, 1159, 1055, 1032, 980, 863, 822, 806, 734, 695, 678 cm™'; EI-MS
(70eV): mlz (%): 864 (0.24) [M*], 91 (100), 303 (17.7), 773 (16.1), 92
(12.5), 211 (9.4), 302 (9.0), 213 (7.8), 181 (6.6); elemental analysis calcd
(%) for CssHyOy: C 77.78, H 5.56; found: C 77.33, H 5.96.

7d: This compound was prepared by the reaction of 4d with 2,4-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH,Cl,/hexane (2:1) as eluent. Yield: 57.2%. M.p. 122-124°C;
'"H NMR (300 MHz, CDCl;, TMS): 6 = 11.44 (s, 1 H; OH), 9.65 (s, 1 H;
CHO), 7.45-7.25 (m, 40H; ArH), 6.73-6.45 (m, 24H; ArH), 5.01-4.95
(m, 16H; PhCH,0), 4.89 ppm (s, 14H; PhCH,0); *C NMR (75 MHz,
CDCly): 6 = 194.35, 165.58, 164.26, 160.04, 159.95, 139.08, 139.06, 139.01,
138.06, 137.84, 136.64, 135.25, 128.72, 128.49, 127.92, 127.78, 127.48,
126.93, 115.22, 108.72, 106.26, 101.56, 101.43, 70.32, 70.13, 69.94,
69.83 ppm; IR (KBr): 7 = 3032, 2927, 2871, 1595, 1498, 1449, 1373, 1295,
1217, 1151, 1049, 830, 736, 696, 680 cm™'; ESI-MS [M+Na™]: 1736.7; ele-
mental analysis caled (%) for C,;,H¢O;;: C 78.50, H 5.61; found: C
78.22, H 5.82.

8b: This compound was prepared by the reaction of 4b with 2,5-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with EtOAc/hexane (1:5) as eluent. Yield: 74.2%. M.p. 98-99°C; 'H
NMR (300 MHz, CDCl;, TMS): 6 = (s, 1H; OH), 9.81 (s, 1H; CHO),
7.45-7.34 (m, 10H; ArH), 7.22-7.18 (m, 1H; ArH), 7.02 (d, J = 3.0 Hz,
1H; ArH), 6.94 (d, J = 9.0Hz, 1H; ArH), 6.68 (d, / = 3.0Hz, 2H;
ArH), 6.60-6.59 (m, 1H; ArH), 5.06 (s, 4H; PhCH,0), 5.01 ppm (s, 2H;
PhCH,0); “C NMR (75MHz, CDCL): 6 = 196.07, 160.11, 156.14,
151.54, 138.92, 136.58, 128.54, 127.98, 127.44, 125.94, 119.95, 118.64,
116.68, 106.13, 101.47, 70.61, 70.00 ppm; IR (KBr): # = 3033, 2926, 2832,
1661, 1598, 1486, 1373, 1346, 1296, 1272, 1218, 1166, 1062, 1047, 1019,
959, 862, 830, 814, 742, 693, 675, 632 cm™"; EI-MS (70 eV): m/z (%): 440
(1.8) [M*], 91 (100), 303 (32.5), 57 (16.4), 43 (13.5), 69 (10.0), 71 (9.8), 55
(9.6), 41 (9.2); elemental analysis caled (%) for C,H,,0s: C 76.36, H
5.45; found: C 76.16, H 5.66.

8c¢: This compound was prepared by the reaction of 4¢ with 2,5-dihydroxy-
benzaldehyde and was purified by flash chromatography on silica gel with
CH,Cly/hexane (3:1) as eluent. Yield: 76.0%. 'H NMR (300 MHz,
CDCl;, TMS): 6 = 10.71 (s, 1H; OH), 9.80 (s, 1H; CHO), 7.46-7.35 (m,
20H; ArH), 7.22-7.15 (m, 1H; ArH), 7.08-6.90 (m, 2H; ArH), 6.71-6.59
(m, 9H; ArH), 5.06 (s, 8H; PhCH,0), 5.01 ppm (s, 6H; PhCH,0); "*C
NMR (75MHz, CDCLy): 6 = 196.08, 160.05, 159.99, 156.11, 151.53,
139.05, 138.94, 136.60, 128.63, 127.96, 127.49, 125.87, 119.95, 118.63,
116.68, 106.25, 106.11, 101.51, 101.35, 70.58, 69.98, 69.85 ppm; IR (KBr):
7 = 3034, 2862, 1648, 1629, 1598, 1507, 1498, 1452, 1376, 1342, 1291,
1222, 1159, 1055, 1032, 980, 863, 822, 806, 734, 695, 678 cm™'; ESI-MS
[M+Na*]: 887.3; HR-MS (ESI): caled for CsH,O0Na [M+Nat]
887.3190; found: 887.3213.

8d: This compound was prepared by the reaction of 4d with 2,5-dihy-
droxybenzaldehyde and was purified by flash chromatography on silica
gel with CH,Clyhexane (10:1) as eluent. Yield 63.2%. 'H NMR
(300 MHz, CDCl;, TMS): 6 = (s, 1H; OH), 9.63 (s, 1H; CHO), 7.43-
7.31 (m, 40H; ArH), 6.74-6.57 (m, 24H; ArH), 5.02 (s, 16H; PhCH,0),
4.96 ppm (s, 14H; PhCH,0); “C NMR (75 MHz, CDCl;): 6 = 196.05,
160.02, 159.97, 159.93, 156.04, 151.46, 139.06, 138.94, 136.63, 128.47,
128.14, 127.89, 127.45, 127.03, 125.77, 119.91, 118.54, 118.49, 116.64,
106.25, 106.13, 101.52, 101.40, 70.47, 70.32, 69.91, 69.80 ppm; IR (KBr): 7
= 3031, 2870, 1656, 1595, 1497, 1450, 1374, 1295, 1270, 1152, 1045, 830,
735, 695cm™'; ESI-MS [M+Na*]: 1736.7; HRMS (ESI): calcd. for
C,1,HgO7Na [M+Nat] 1735.6540; found: 1735.6546.

General procedure for the preparation of dendritic Schiff-base deriva-
tives: Enantiopure NOBIN was prepared according to the reported pro-
cedure.'!!" A mixture of the appropriate dendritic salicylaldehyde deriva-
tive (1.00 equiv), (S)-NOBIN (1.05equiv), dried magnesium sulfate
(10.00 equiv), and p-toluenesulfonic acid (0.01 equiv) in dry toluene was
refluxed and stirred vigorously under argon atmosphere for 10 h. The
mixture was then allowed to cool to ambient temperature and filtered
through Celite. The Celite was washed with dichloromethane. The organ-
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ic filtrate was then concentrated to dryness under reduced pressure. The
crude product was purified as outlined in the following paragraphs.

9a: Reaction of (§)-NOBIN with 7a and purification of the product by
recrystallization from CH,Cl,/hexane (1:5) gave 9a as a yellow crystalline
solid in 99% yield; m.p. 114-116°C; [a]} = —207.6° (¢ = 0.33, CHCL);
'H NMR (300 MHz, CDCL,, TMS): 6 = 12.55 (s, 1H; OH), 8.63 (s, 1H;
CH=N), 811 (d, / = 87Hz, 1H; ArH), 797 (dd, J = 81Hz, J =
6.0Hz, 2H; ArH), 7.89 (d, J = 7.8 Hz, 1H; ArH), 7.68 (d, /] = 8.7 Hz,
1H; ArH), 7.50 (d, / = 4.2 Hz, 1H; ArH), 7.40-7.14 (m, 11H; ArH),
7.02 (d,J = 8.1Hz, 1H; ArH), 6.45 (dd, / = 2.4Hz, J = 6.0Hz, 1H;
ArH), 6.33 (d, / = 2.1 Hz, 1H; ArH), 4.98 ppm (s, 2H; PhCH,0); C
NMR (75MHz, CDCL): 6 = 164.80, 163.54, 161.04, 151.39, 144.61,
136.41, 133.91, 133.84, 133.78, 132.76, 130.87, 130.48, 129.28, 128.82,
128.51, 128.50, 128.33, 127.81, 127.69, 126.85, 126.54, 126.36, 125.28,
124.80, 123.55, 117.92, 117.67, 115.97, 113.38, 108.12, 102.14, 70.16 ppm;
IR (KBr): # = 3523, 3053, 2928, 2829, 1609, 1589, 1508, 1433, 1346, 1283,
1244, 1218, 1202, 1115, 994, 979, 811, 748, 738, 698 cm™'; EI-MS (70 eV):
miz (%): 495 (88.6) [M*], 268 (100), 91 (50.8), 496 (49.6), 478 (48.9), 239
(16.2), 269 (13.4), 497 (12.3); HRMS (MALDI): caled. for C;H,05
[M+H™] 496.1907; found: 496.1897.

9b: Reaction of (S)-NOBIN with 7b and purification of the product by
flash chromatography on silica gel with CH,Cly/hexane/Et;N (4:6:1) as
eluent gave 9b in 97.7% yield as a yellow glass. [a]y = —137.5° (¢ =
0.95, CHCly); '"H NMR (300 MHz, CDCl;, TMS): 6 = 1251 (s, 1H;
OH), 8.62 (s, 1H; CH=N), 8.10 (d, /] = 9.0 Hz, 1H; ArH), 7.98-7.93 (m,
2H; ArH), 7.87 (d, / = 81Hz, 1H; ArH), 7.67 (d, / = 9.0Hz, 1H;
ArH), 7.51-7.12 (m, 18H; ArH), 7.01 (d, / = 8.4 Hz, 1H; ArH), 6.55-
6.54 (m, 2H; ArH), 6.42 (dd, J = 2.4 Hz, J = 9.0 Hz, 1H; ArH), 6.29 (d,
J = 21Hz, 1H; ArH), 5.02 (s, 4H; PhCH,0), 492 ppm (s, 2H;
PhCH,0); *C NMR (75MHz, CDCL): § = 165.16, 163.20, 160.27,
159.99, 151.37, 143.70, 138.54, 136.63, 133.57, 132.37, 130.34, 130.12,
128.89, 128.46, 128.19, 128.14, 127.88, 127.44, 127.26, 126.48, 126.27,
125.94, 125.39, 124.44, 123.15, 118.69, 118.02, 117.84, 117.21, 115.63,
113.02, 107.67, 106.16, 101.91, 101.56, 69.94, 69.58 ppm; IR (KBr): # =
3525, 3052, 2927, 2828, 1606, 1561, 1508, 1452, 1376, 1342, 1294, 1245,
1202, 1148, 1116, 1061, 1026, 977, 833, 812, 747, 696 cm™'; ESI-MS
[M+H™*]: 708.4; HRMS (MALDI): caled. for CgHyOsN [M+HY]
708.2744; found: 708.2747.

9¢: Reaction of (S)-NOBIN with 7¢ and purification of the product by
flash chromatography on silica gel with CH,Cly/hexane/Et;N (4:4:1) as
eluent gave 9¢ in 96.5% yield as a yellow glass. [a]ly = —66.1° (¢ =
0.925, CHCL;); 'H NMR (300 MHz, CDCl;, TMS): 6 = 12.50 (s, 1H;
OH), 8.60 (s, 1H; CH=N), 8.10 (d, /] = 8.7 Hz, 1H; ArH), 7.85-8.00 (m,
2H; ArH), 7.86 (d, / = 7.8 Hz, 1H; ArH), 7.66 (d, / = 9.1 Hz, 1H;
ArH), 7.50-7.02 (m, 30H; ArH), 6.67-6.29 (m, 9H; ArH), 5.03 (s, 8H;
PhCH,0), 4.94 (s, 4H; PhCH,0), 4.91 ppm (s, 2H; PhCH,0); *C NMR
(75 MHz, CDCL): 6 = 159.88, 139.05, 138.58, 136.65, 135.20, 133.57,
133.44, 132.34, 130.11, 129.95, 129.27, 128.74, 128.45, 128.15, 128.09,
127.86, 127.44, 127.10, 127.02, 126.76, 126.39, 125.84, 124.41, 123.68,
123.41, 123.00, 122.49, 118.09, 117.95, 117.12, 11591, 113.14, 108.65,
107.52, 106.24, 106.13, 101.81, 101.57, 101.46, 69.91, 69.78, 69.57 ppm; IR
(KBr): # = 3524, 3052, 2924, 2826, 1595, 1508, 1498, 1452, 1375, 1342,
1295, 1245, 1203, 1154, 1116, 1054, 1028, 978, 832, 813, 736, 696 cm™;
ESI-MS [M+H?*]: 1132.4; HRMS (MALDI): caled for C;Hg,O4N
[M+H™] 1132.4419; found: 1132.4407.

9d: Reaction of (S)-NOBIN with 7d and purification of the product by
flash chromatography on silica gel with CH,Cl,/hexane/Et;N (4:4:1) as
eluent gave 9d in 99.0% yield as a yellow glass. [a]d = —36.6° (¢ =
0.94, CHCL); '"H NMR (300 MHz, CDCl;, TMS): 6 = 1249 (s, 1H;
OH), 8.54 (s, 1H; CH=N), 8.06-7.81 (m, 4H; ArH), 7.61 (d, /] = 9.0 Hz,
1H; ArH), 7.42-7.27 (m, 47H; ArH), 7.09-6.98 (m, 2H; ArH), 6.68-6.52
(m, 20H; ArH), 6.41-6.26 (m, 2H; ArH), 5.01 (s, 16 H; PhCH,0), 4.94 (s,
8H; PhCH,0), 4.93 (s, 4H; PhCH,0), 4.88 ppm (s, 2H; PhCH,0); C
NMR (75MHz, CDCL): 6 = 160.06, 160.04, 159.97, 159.93, 151.02,
144.51, 139.14, 139.10, 138.66, 136.67, 133.59, 133.50, 133.43, 132.43,
130.52, 130.13, 128.93, 128.58, 128.51, 128.45, 128.40, 128.33, 128.24,
128.17, 127.93, 127.85, 127.73, 127.56, 127.50, 127.43, 127.37, 126.52,
126.22, 126.04, 125.10, 124.45, 123.25, 117.57, 117.20, 115.79, 113.18,
106.30, 106.08, 101.48, 69.98, 69.85, 69.59 ppm; IR (KBr): # = 3525, 3032,
2924, 2854, 1595, 1508, 1498, 1451, 1375, 1342, 1295, 1203, 1153, 1051,
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831, 814, 735, 696, 681cm™'; ESI-MS [M+H*]: 1981.9; HRMS
(MALDI): caled for C,3,H;;00;;N [M+H*] 1980.7768; found: 1980.7735.
10a: Reaction of (S)-NOBIN with 8a and purification of the product by
recrystallization from CH,Cl,/hexane gave 10a as a red crystalline solid
in 95.5% yield. M.p. 112-114°C; [a]¥? = —66.0° (¢ = 0.25, CHCL,); 'H
NMR (300 MHz, CDCl;, TMS): 6 = 11.57 (s, 1H; OH), 8.64 (s, 1H;
CH=N), 8.12 (d, / = 9.0 Hz, 1H; ArH), 7.97 (d, / = 8.4 Hz, 2H; ArH),
7.88 (d,J = 7.8 Hz, 1H; ArH), 7.67 (d, J = 9.0 Hz, 1H; ArH), 7.54-7.49
(m, 1H; ArH), 7.41-7.18 (m, 10H; ArH), 7.01 (d, J = 8.1 Hz, 1H; ArH),
6.99-6.83 (m, 2H; ArH), 6.70 (d, / = 8.7 Hz, 1H; ArH), 4.98 ppm (s,
2H; PhCH,0); ®C NMR (75 MHz, CDCL,): 6 = 162.26, 155.68, 151.35,
151.17, 145.21, 137.19, 133.86, 133.71, 133.03, 130.97, 130.57, 129.32,
128.83, 128.56, 128.53, 128.23, 127.82, 127.69, 126.95, 126.65, 126.63,
125.83, 124.75, 123.67, 121.82, 118.99, 11839, 117.80, 117.64, 116.95,
116.04, 71.14 ppm; IR (KBr): # = 3328, 3053, 2926, 2830, 1625, 1575,
1516, 1490, 1454, 1436, 1280, 1344, 1274, 1209, 1151, 1042, 1024, 979, 945,
927, 861, 808, 787, 747, 734, 695 cm™'; ESI-MS [M+Na™*] 518.3; HRMS
(MALDI): caled for C3,H,,O5 [M+H*] 496.1907; found: 496.1902.

10b: Reaction of (S)-NOBIN with 8b and purification of the product by
flash chromatography on silica gel with CH,Cl,/hexane/Et;N (4:6:1) as
eluent gave 10b in 98.8% yield as a red glass. [a]y = —52.9° (¢ = 0.50,
CHClL;); '"H NMR (300 MHz, CDCl;, TMS): 6 = 11.59 (s, 1H; OH), 8.62
(s, 1H; CH=N), 8.12 (d, / = 9.0 Hz, 1H; ArH), 7.97 (t,J/ = 8.4 Hz, 2H;
ArH), 7.87 (d, J = 7.8 Hz, 1H; ArH), 7.67 (d, / = 9.0 Hz, 1H; ArH),
7.55-7.49 (m, 1H; ArH), 7.43-7.27 (m, 14H; ArH), 7.24-7.19 (m, 1H;
ArH), 7.01 (d,J = 8.4 Hz, 1H; ArH), 6.88 (dd, / = 3.0 Hz, J = 9.0 Hz,
1H; ArH), 6.78 (d, / = 3.0Hz, 1H; ArH), 6.79 (d, J = 9.0Hz, 1H;
ArH), 6.63 (d, / = 2.7Hz, 2H; ArH), 6.57 (t, /] = 2.4 Hz, 1H; ArH),
501 (d, J = 6.9Hz, 4H; PhCH,0), 492 ppm (s, 2H; PhCH,0); *C
NMR (75MHz, CDCL): 6 = 161.78, 160.06, 155.38, 151.23, 150.86,
144.71, 139.45, 136.66, 133.57, 133.50, 132.68, 130.40, 130.12, 128.88,
128.49, 128.20, 128.16, 127.92, 127.44, 127.34, 126.55, 126.40, 126.21,
124.41, 123.68, 123.21, 121.37, 118.70, 118.01, 117.74, 117.29, 116.51,
115.90, 106.11, 101.45, 70.60, 69.99 ppm; IR (KBr): # = 3523, 3054, 2923,
2824, 1595, 1577, 1488, 1452, 1375, 1343, 1273, 1210, 1153, 1027, 980, 929,
811, 747, 696 cm™'; ESI-MS [M+Na*]: 730.4; HRMS (MALDI): calcd for
CysHsOsN [M+H™] 708.2744; found: 708.2737.

10c: Reaction of (S)-NOBIN with 8¢ and purification of the product by
flash chromatography on silica gel with CH,Cl,/hexane/Et;N (4:4:1) as
eluent gave 10¢ in 96.9 % yield as a red glass. [a]? = —35.9° (¢ = 0.935,
CHCL); 'H NMR (300 MHz, CDCl,, TMS): 6 = 11.59 (s, 1H; OH), 8.60
(s, 1H; CH=N), 8.07 (d, J = 9.0 Hz, 1H; ArH), 7.97-7.90 (m, 2H; ArH),
7.84 (d,J = 7.5Hz, 1H; ArH), 7.63 (d,/ = 9.0 Hz, 1H; ArH), 7.53-7.18
(m, 27H; ArH), 6.98 (d, J = 8.7Hz, 1H; ArH), 6.86 (dd, J = 3.0 Hz,
9.0Hz, 1H; ArH), 6.77 (d, / = 2.7Hz, 1H; ArH), 6.67-6.65 (m, 5H;
ArH), 6.59 (d, J = 1.8Hz, 2H; ArH), 6.53 (t, J = 2.1 Hz, 2H; ArH),
500 (s, 8H; PhCH,O), 495 (s, 4H; PhCH,0), 4.90 ppm (s, 2H;
PhCH,0); “C NMR (75MHz, CDCly): 6 = 160.06, 15535, 150.92,
144.73, 139.48, 139.12, 136.66, 133.53, 133.40, 132.69, 130.55, 130.19,
128.93, 128.51, 128.20, 127.93, 127.51, 127.41, 127.19, 126.86, 126.59,
126.32, 126.28, 125.88, 124.42, 123.65, 123.55, 123.29, 121.31, 118.69,
118.00, 117.57, 117.22, 116.72, 116.55, 115.79, 106.26, 106.03, 101.44, 70.56,
69.99, 69.85 ppm; IR (KBr): # = 3525, 3051, 2924, 2827, 1595, 1488, 1452,
1375, 1295, 1272, 1210, 1154, 1052, 1028, 929, 812, 736, 696 cm™'; ESI-MS
[M+H*]: 1132.4; HRMS (MALDI): caled for C;Hg,O0N [M+HY]
1132.4419; found: 1132.4430.

10d: Reaction of (S)-NOBIN with 8d and purification of the product by
flash chromatography on silica gel with CH,Cly/hexane/Et;N (4:4:1) as
eluent gave 10d in 96.3% yield as a red glass. [a]Y = —21.7° (¢ = 1.07,
CHCL,); 'H NMR (300 MHz, CDCL,, TMS): 6 = 11.58 (s, 1H; OH), 8.55
(s, 1H; CH=N), 8.06 (d, / = 9.0 Hz, 1H; ArH), 7.96-7.89 (m, 2H; ArH),
7.85(d,J = 7.6 Hz, 1H; ArH), 7.62 (d, /] = 8.9 Hz, 1H; ArH), 7.41-7.26
(m, 47H; ArH), 7.02 (d, J = 8.8Hz, 1H; ArH), 6.66-6.54 (m, 23H;
ArH), 4.99 (s, 16H; PhCH,0), 4.95 (s, 4H; PhCH,O), 4.94 (s, 8H;
PhCH,O0), 4.92 ppm (s, 2H; PhCH,0); *C NMR (75 MHz, CDCL): 6 =
161.65, 159.98, 159.88, 157.70, 155.26, 151.00, 150.74, 144.57, 139.48,
139.09, 139.06, 136.97, 136.61, 133.46, 133.36, 132.63, 130.46, 130.14,
128.85, 128.47, 128.33, 128.16, 127.90, 127.70, 127.57, 127.47, 127.34,
127.04, 126.54, 126.29, 126.21, 125.93, 124.38, 123.24, 121.13, 118.65,
117.90, 117.59, 117.07, 116.50, 115.82, 106.26, 105.90, 101.41, 70.37, 69.90,
69.78 ppm; IR (KBr): 7# = 3526, 3032, 2927, 2871, 1595, 1497, 1451, 1374,
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1342, 1295, 1273, 1210, 1153, 1051, 1029, 831, 813, 736, 696, 682 cm™;
ESI-MS [M+H*]: 1981.8; HRMS (MALDI): caled for CpH,00pN
[M-+H*] 1980.7768; found: 1980.7754.

General procedure for catalytic enantioselective hetero-Diels—Alder re-
actions: A 10 mL Schlenk tube was equipped with a magnetic stirrer bar.
The air in the tube was replaced by argon. Activated powdered 4 A mo-
lecular sieves (50 mg), the (S)-dendritic Schiff-base ligand (0.05 mmol),
and naproxen (0.0125 mmol) were added under argon atmosphere. Dried
toluene (1 mL) and [Ti(OiPr),] in dichloromethane (0.5m, 50 uL,
0.025 mmol) were introduced by means of microsyringes. The resulting
red solution was heated at 50°C for 2 h and then cooled to room temper-
ature. The aldehyde (25 pL, 0.25 mmol) and Danishefsky’s diene (80 uL,
0.4 mmol) were added sequentially. The mixture was stirred at room tem-
perature for 48 h, and then quenched with 10 drops of TFA. After stir-
ring for a further 5 min, the mixture was neutralized with saturated
NaHCO; solution (about 3 mL) and extracted with diethyl ether (3x
6 mL). The combined organic layers were dried over anhydrous Na,SO,
and concentrated to dryness. The residue was purified by flash chroma-
tography on silica gel to give the cycloadduct.
(S)-2-Phenyl-2,3-dihydro-4H-pyran-4-one (13a): Yield: >99%; 97.2%
ee; '"H NMR (300 MHz, CDCl,, TMS): 6 = 7.49 (d, J = 6.0 Hz, 1H),
7.47-17.39 (m, 5H), 5.54 (dd, J = 6.0Hz,J = 0.98 Hz, 1H), 5.44 (dd, J =
142Hz, J = 3.5Hz, 1H), 2.97-2.87 (m, 1H), 2.70-2.63 ppm (m, 1H).
Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin™!
13.500 min (S), tg, = 16.450 min (R).
2-(3-Methylphenyl)-2,3-dihydro-4H-pyran-4-one (13b): Yield: >99%;
96.6% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.48 (d, J = 6.0 Hz,
1H), 7.29-7.16 (m, 4H), 5.53 (dd, J = 6.0 Hz, J = 0.9 Hz, 1H), 5.42 (dd,
J = 144Hz, J = 3.6Hz, 1H), 2.97-2.86 (m, 1H), 2.68-2.61 (m, 1H),
2.39 ppm (s, 3H). Enantiomeric excess was determined by HPLC on a
Chiralcel OD column, hexane:2-propanol = 90:10, flow rate =
1.0 mLmin™', t5; = 10.492 min (major), tr, = 12.683 min (minor).
2-(4-Methylphenyl)-2,3-dihydro-4H-pyran-4-one (13c¢): Yield: >99%;
94.0% ee; 'H NMR (300 MHz, CDCl;, TMS): 6 = (dd,J = 6.0Hz,J =
0.6 Hz, 1H), 7.31-7.22 (m, 4H), 5.52 (dd, /] = 5.5Hz, J = 09 Hz, 1H),
542 (dd,J = 144 Hz,J = 3.6 Hz, 1H), 2.92 (m, 1H), 2.70-2.63 (m, 1H),
2.38 ppm (s, 3H). Enantiomeric excess was determined by HPLC on a
Chiralcel OD column, hexane:2-propanol = 90:10, flow rate =
1.0 mLmin !, t5; = 10.600 min (major), tz, = 12.150 min (minor).
2-(3-Methoxyphenyl)-2,3-dihydro-4H-pyran-4-one (13d): Yield: >99%;
93.3% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.49 (d,J = 6.0 Hz,
1H), 7.34 (t,J = 7.8 Hz, 1H), 6.99-6.90 (m, 3H), 5.54 (dd, J = 6.1 Hz, J
= 12Hz, 1H), 542 (dd, J = 144Hz, J = 3.5Hz, 1H), 3.83 (s, 3H),
2.95-2.85 (m, 1H), 2.70-2.62 ppm (m, 1H). Enantiomeric excess was de-
termined by HPLC on a Chiralcel OD column, hexane:2-propanol =
90:10, flow rate = 1.0mLmin', fr;, = 18.633 min (major), fg, =
25.492 min (minor).

2-(4-Methoxyphenyl)-2,3-dihydro-4H-pyran-4-one (13e): Yield: >99%;
93.2% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.45 (d, J = 6.0 Hz,
1H), 7.35 (d, / = 85Hz, 2H), 6.94 (d, /] = 8.4 Hz, 2H), 551 (d, J =
6.0 Hz, 1H), 5.37 (dd, / = 144 Hz,J = 3.1 Hz, 1H), 3.83 (s, 3H), 2.98—
2.88 (m, 1H), 2.66-2.59 ppm (m, 1H). The enantiomeric excess was de-
termined by HPLC on a Chiralcel OD column, hexane:2-propanol =
90:10, flow rate = 1.0mLmin™', f5; = 16.542min (major), fp, =
18.683 min (minor).

2-(3-Chlorophenyl)-2,3-dihydro-4H-pyran-4-one (13f): Yield: >99%;
94.0% ee; '"H NMR (300 MHz, CDCl,, TMS): 6 = 7.49 (d, J = 6.0 Hz,
1H), 743 (t,J = 0.6 Hz, 1H), 7.40-7.30 (m, 2H), 7.28-7.26 (m, 2H), 5.54
(dd, J = 6.6Hz, J = 1.2Hz, 1H), 541 (dd, / = 144Hz, J = 3.6 Hz,
1H), 2.91-2.81 (m, 1H), 2.70-2.63 ppm (m, 1H). The enantiomeric
excess was determined by HPLC on a Chiralcel OD column, hexane:
2-propanol = 90:10, flow rate = 1.0 mLmin ", t5; = 13.671 min (major),
try = 17.825 min (minor).
2-(4-Chlorophenyl)-2,3-dihydro-4H-pyran-4-one (13g): Yield: >99%;
90.3% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.58 (d, J = 6.0 Hz,
1H), 7.52-7.44 (m, 4H), 5.65 (dd, J = 6.1 Hz, J = 1.0 Hz, 1H), 5.55 (dd,
J = 142Hz, J = 3.6Hz, 1H), 3.02-2.92 (m, 1H), 2.79-2.72 ppm (m,
1H). Enantiomeric excess was determined by HPLC on a Chiralcel OD
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column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin™, t5, =
15.667 min (major), tr, = 19.575 min (minor).
2-(3-Bromophenyl)-2,3-dihydro-4H-pyran-4-one (13h): Yield: >99%;
95.4% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.58 (s, 1 H), 7.54-7.47
(m, 2H), 7.33-7.27 (m, 2H), 5.55 (dd, J/ = 6.0 Hz,J = 1.23 Hz, 1H), 5.42
(dd,J = 142 Hz,J = 3.6 Hz, 1H), 2.91-2.80 (m, 1H), 2.69-2.62 ppm (m,
1H). Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin L tri =
14.175 min (S), tg, = 19.133 min (R).
2-(4-Bromophenyl)-2,3-dihydro-4H-pyran-4-one (13i): Yield: >99%;
90.2% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.58-7.57 (m, 2H),
7.46 (dd, J = 59Hz,J = 0.5 Hz, 1H), 7.31-7.27 (m, 2H), 5.53 (dd, J =
6.1Hz,J = 1.2 Hz, 1H), 543 (dd, J = 142 Hz, J = 3.4 Hz, 1H), 2.91-
2.81 (m, 1H), 2.68-2.61 ppm (m, 1H). Enantiomeric excess was deter-
mined by HPLC on a Chiralcel OD column, hexane:2-propanol = 90:10,
flow rate = 1.0 mLmin, tz; = 14.175 min (major), tr, = 19.133 min
(minor).

2-(4-Nitrophenyl)-2,3-dihydro-4H-pyran-4-one  (13j): Yield: >99%;
90.1% ee; 'H NMR (300 MHz, CDCl;, TMS): 6 = 8.31 (d,J = 11.6 Hz,
2H), 7.61 (d, J = 11.0 Hz, 2H), 7.51 (d, / = 6.1 Hz, 1H), 5.59-5.57 (m,
1H), 553 (d, J = 4.3 Hz, 1H), 2.89-2.68 ppm (m, 2H). Enantiomeric
excess was determined by HPLC on a Chiralcel OD column, hexane:2-
propanol = 85:15, flow rate = 1.0 mLmin™, 5, = 32.167 min (major),
tr, = 46.767 min (minor).

2-((E)-Styryl)-2,3-dihydro-4H-pyran-4-one (13k):  Yield: >99%;
92.0% ee; '"H NMR (300 MHz, CDCl;, TMS): 6 = 7.43-7.27 (m, 6H),
6.72 (d, J = 159 Hz, 1H), 6.31 (dd, J/ = 159 Hz,J = 6.6 Hz, 1H), 5.49
(d,J = 5.7Hz, 1H), 5.11-5.04 (m, 1H), 2.79-2.58 ppm (m, 2H). Enantio-
meric excess was determined by HPLC on a Chiralcel OD column,
hexane :2-propanol = 90:10, flow rate = 1.0 mLmin!, tz; = 22.817 min
(S), try = 53.908 min (R).

(S)-2-Phenylethyl-2,3-dihydro-4H-pyran-4-one  (131): Yield: >99%;
63.6% ee; 'H NMR (300 MHz, CDCl;, TMS): 6 = 7.39 (d, J = 6.1 Hz,
1H), 7.34-7.19 (m, SH), 5.42-5.40 (m, 1H), 4.43-4.36 (m, 1H), 2.85-2.75
(m, 2H), 2.61-2.40 (m, 2H), 2.19-2.06 (m, 1H), 2.01-1.88 ppm (m, 1H).
Enantiomeric excess was determined by HPLC on a Chiralcel OD
column, hexane:2-propanol = 90:10, flow rate = 1.0 mLmin"!, 5, =
21.008 min (S), tg, = 38.558 min (R).

Procedure for investigation of the nonlinear effect using (S)-10a- and
(S)-10 c-modified catalysts: The degree of nonlinear effect (NLE) was as-
sessed using benzaldehyde (12a) as the substrate. The procedure fol-
lowed was similar to that outlined above, using 10 mol % of catalysts pre-
pared from (S)-10a and (S)-10c¢ with different ee’s at room temperature.
The enantiomeric excesses of the products were determined by using a
HPLC analytical system and a Chiralcel OD column: eluent hexane/2-
propanol (90:10); flow rate 1.0 mLmin™'; UV detection at A = 254 nm;
retention time = 13.5 min (S enantiomer), 16.5 min (R enantiomer). The
results are shown in Figure 2.

Procedure for recovery of the dendrimer catalyst: The second-generation
ligand (S)-10c¢ was used in assessing the recycling potential of the cata-
lyst. Upon completion of the reaction, (S)-10c¢ titanium catalyst was
quantitatively precipitated by the addition of dried hexane. The solvent
was withdrawn by means of a syringe under argon atmosphere, and the
precipitate was washed with hexane. The combined organic fractions
were concentrated to dryness under reduced pressure. The residue was
treated with TFA and neutralized with saturated NaHCO; and then ex-
tracted with diethyl ether. The crude product was purified by flash chro-
matography on silica gel. The precipitate was dried under vacuum, resus-
pended in toluene, and fresh substrates were added as described above.
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