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Two new chiral Schiff bases 1 and 2 were prepared by con-
densation of 3,3'-di-tert-butyl-5,5'-methylenebis(salicylal-
dehyde) and  3,3'-dimethyl-5,5"-methylenebis(salicylal-
dehyde) with (1R,2S)-(-)-2-aminodiphenylethanol and were
characterized by elemental analysis, 'H NMR, *C NMR, IR,
UV/Vis, and CD spectroscopy, optical rotation, and mass
spectrometry. Highly enantioselective ring opening reactions
of meso-stilbene oxide, cyclohexene oxide, cyclooctene ox-
ide, and cis-butene oxide with anilines in the presence of
several additives were carried out in the presence of TilV
complexes generated in situ through the interaction of

Ti(OiPr), with chiral Schiff bases 1 and 2 at 0 °C. Excellent
yields (>99 %) of chiral B-amino alcohols with high enantio-
selectivity (ee, >99 %) were achieved in 10 h when chiral im-
ines were used as additives. The catalyst 1-Ti(OiPr), worked
better than the catalyst 2-Ti(OiPr), in terms of reactivity and
enantioselecitivity for the epoxide ring opening reactions to
produce chiral B-amino alcohols in high optical purity. The
chiral catalyst used in this study was recoverable and recy-
clable several times with retention of its performance.

(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2008)

Introduction

Chiral syn- and anti-B-amino alcohols are an important
class of organic compounds, their structural units being
present in numerous natural products, such as antibiot-
ics,['1a-1¢l amino sugars,['Yl and B-adrenergic blocking ag-
ents.'® 1" They play significant roles in the treatment of a
wide variety of human disorders and as chiral auxiliaries??!
in organic synthesis. To achieve high enantioselectivity in
the production of syn- and anti-f-amino alcohols through
chiral catalytic routes, several approaches exist. These in-
clude: a) Sharpless osmium-catalyzed aminohydroxylation
of trans-alkenes,’! b) direct addition of a-hydroxy ketones
to imines,™ ¢) ring opening of meso-epoxides with alkyl-/
arylamines in the presence of niobium,P! copper(II),[! and
various lanthanides with (R)/(S)-BINOL,"! Cr(Salen),?!
and chiral bipyridine complexes with scandium, indium,
and bismuth as catalysts,[l and d) aminolytic kinetic resolu-
tion of racemic terminal and aromatic frans-epoxides with
anilines.[®1% Recent developments in asymmetric ring open-
ing reactions of meso-epoxides with anilines have prompted
us to design novel ligands that display high enantio-
selectivity and substrate generality over a broad spectrum
of reactions. We have also addressed the issues of catalyst
recovery and reusel’®®! while designing ligands for ring
opening reaction of meso- and trans-epoxides. Accordingly,
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here we report the synthesis of new chiral Schiff base li-
gands obtained by condensation of (1R,2S5)-(-)-2-amino-
1,2-diphenylethanol with 3,3’-di-zert-butyl-5,5'-methylene-
bis(salicylaldehyde) and 3,3'-dimethyl-5,5’-methylenebis(sa-
licylaldehyde). Chiral Ti'V Schiff base complexes were gen-
erated in situ from these synthesized chiral ligands, in order
to catalyze enantioselective ring opening reactions of meso-
stilbene oxide, cyclohexene oxide, cyclooctene oxide, and
cis-butene oxide with anilines at 0 °C in the presence of
various additives, chiral imines notable among them. Chiral
B-amino alcohols were obtained with excellent yields (99 %)
and enantioselectivities (ee, >99%) in 10 h at 0 °C, with the
added advantage of catalyst recycling.

Results and Discussion

Chiral Schiff base ligands 1 and 2 were prepared from
the corresponding 3,3'-di-tert-butyl-5,5'-methylenebis(sa-
licylaldehyde) or 3,3’-dimethyl-5,5'-methylenebis(salicylal-
dehyde) and (1R,2S)-(-)-2-amino-1,2-diphenylethanol as
shown in Scheme 1 and were characterized by 'H NMR,
3C NMR, IR, UV/Vis, and CD spectroscopy, optical rota-
tion, and mass spectrometry (see data given in the Exp.
Sect.).

To begin with, ring opening of meso-stilbene oxide with
aniline was conducted in the presence of 20 mol-% of 1 with
Ti(OiPr)y, as a catalyst generated in situ, at 0 °C in toluene,
with the ligand to metal ratios being kept at 1:1, 1:2, and
1:3. The data are presented in Table 1 and Figure 1. It is
evident from the reaction profile that the product formation
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Scheme 1. Synthesis of chiral ligands 1, 2, and 3.

with respect to time (Figure 1) was highest for a 1:1 ligand/
metal ratio, followed by 1:2 and then by 1:3, but the
enantioselectivity remained the same for all the composi-
tions (Table 1, Entries 1-3). Further, the catalytic reaction
was fast in the first 30 minutes for all the three reactions,
with product formation then displaying linear behavior to
give the highest conversion in 10 h. Such kinetic behavior,
with rapid initial product formation, has also been reported
for different organic transformations.!!! In view of these
results, for our rest of our catalytic experiments we used a
1:1 ligand to metal ratio to provide the catalyst for epoxide
ring opening reactions in the preparation of chiral f-amino
alcohols.

The chiral catalyst formed from ligand 2 and Ti(OiPr),
in the above optimized ligand to metal ratio was also gener-
ated in situ and evaluated for enantioselective ring opening
of meso-stilbene oxide with aniline. However, the yields and
ee values for the chiral syn-f-amino alcohol obtained with
the same substrate were relatively low after 10 h (Table 1,
Entry 4). It has been reported in the literature that the use
of additives can improve the reactivity and enantio-
selectivity of ring opening of meso-epoxides with ani-
lines.[7%771 Accordingly, when the above reaction was con-
ducted in the presence of 20 mol-% of various additives
such as triphenylphosphane, triethylamine, and simple
Schiff bases (a—d; Table 1) there were significant improve-
ments in the yields and ee values of the product (Table 1,
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Figure 1. % Conversion of syn-B-amino alcohol obtained from ring
opening of meso-stilbene oxide with aniline vs. time for different
M/L ratios: A) M/L 1:1, B) M/L 1:2, and C) M/L 1:3 in toluene at
0°C.

Entries 5-12). At this point we thought of using the chiral
form of a Schiff base (e, Table 1) as an additive to see if
there was any synergy between the chirality of the catalyst
1-Ti(OiPr)4 and of the additive (e). The results were truly
remarkable, as there was an incredible improvement in the
ee of the product (Table 1, Entries 13, 14). It is to be noted
that when we wused (R)-N-benzylidene-1-phenylethan-
amine — the chiral imine with the opposite configuration —
as additive, there was a decrease in the yield together with
a significant drop in the ee (Table 1, Entry 15). These ex-
periments suggest the existence of synergy between the cata-
lyst and the additive during the transfer of chirality in the
ring opening reaction catalytic cycle. Such an observation
had also been reported previously for chiral BINOL sys-
tems.[1?]

Overall, the complex 1-Ti(OiPr), was distinctly better in
all the experiments conducted above, so further trials to im-
prove the catalytic process were conducted with the 1-
Ti(OiPr)4 complex as catalyst. Accordingly, using the base
data given in Entry 13 (Table 1) we examined the effects of
electronic and steric features of chiral additives (Table 1, f—
i; i.e., 4-chloro-, 4-methoxy-, 2-methoxy-, 2-ethoxy-, and 2-
phenoxyimines) in the ring opening of meso-stilbene oxide
with aniline (Entries 16-20). Of all the substituted chiral
imines used, the 2-methoxyimine system (h) was found to
be the best additive (Table 1, Entry 18, Figure 2). The pres-
ence of a bulkier group at the 2-position adversely affected
both reactivity and enantioselectivity (Table 1, Entries 19,
20).

For purposes of comparison, the chiral monomeric Schiff
base 3 (Scheme 1) was also synthesized by treatment of
(1R,2S5)-(-)-2-amino-1,2-diphenylethanol with 3,5-di-zerz-
butylsalicylaldehyde (data given in Exp. Sect.). The complex
3-Ti(OiPr)4 was also generated in situ by treatment of li-
gand 3 with Ti(OiPr), in 1:1 and 1:0.5 molar ratios, and
was used as a catalyst in the ring opening reaction of meso-
stilbene oxide with aniline in the presence of h as an addi-
tive under the same reaction conditions. The chiral syn-f-
amino alcohol was obtained in 75% yield and 64% ee in
24 h in the case of the 3-Ti(OiPr), 1:1 system, while with
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Table 1. Product yield and ee values of asymmetric ring opening[® of meso-stilbene oxide with aniline in the presence of complexes 1-
Ti(OiPr)y, 2-Ti(OiPr)4, and 3-Ti(OiPr),.

0°C, toluene, additive a-j Ph/YOH

NH,
o 20 mol-% Ti(OiPr)y, chiral Schiff bases 1-3 NH
P Ypn ¢

4 5a 6a Ph
Entry Catalyst Additive Time [h] Yield ee Configuration of
(%] [%]™ B-amino alcohol!”
1 1-Ti(OiPr), none 10 79 60 18,28
i 1-Ti(OiPr), none 10 69 60 18,28
30 1-Ti(OiPr), none 10 55 60 18,28
4 2-Ti(OiPr), none 10 66 50 18,28

5 1-Ti(OPr), @ @ 10 89 65 1528
.

6 2-Ti(OiPr), @ @ 10 82 55 18,28
P

O

7 1-Ti(OiPr), W 10 90 68 18,28
| W—

®

=

8 2-Ti(OiPr)q e 10 80 59 18,28

| W—
9 1-Ti(OPr), @_(\© 10 94 70 1528
c
10 2-Ti(OPr), @-N‘\© 10 88 59 1528
c

11 1-Ti(OiPr), ©/\N4\© 10 92 69 18,28
d

12 2-Ti(OiPr)4 ©/\N4\© 10 87 58 18,28
d

13 1-Ti(OiPr)4 - 10 99 94 18,28
S CRE

14 2-Ti(OiPr), = 10 92 78 18,28

1514 1-Ti(OiPr), | , 10 80 65 18,28
(RN €

16 1-Ti(OiPr), T ‘ 10 84 88 15,28
SN
cael
17 1-Ti(OiPr), c 10 94 86 1828
SN g
o,
18 1-Ti(OiPr), T b 10 99 >99 15,28
50
HiCO
19 1-Ti(OiPr), T . 10 70 62 18,28
20 1-Ti(OiPr), T . 10 74 55 18,28
J
S N
21¢ 3-Ti(OiPr), < 24 75 64 18,28

- N
e
2210 3-Ti(OiPr), T N 24 86 76 15,28
N
eI
[a] Chiral ligands 1, 2, 3 (0.01 mmol), Ti(OiPr)4 (0.01 mmol), meso-stilbene oxide (0.05 mmol), aniline (0.05 mmol), additives (0.01 mmol)
in dry toluene (0.4 mL) at 0°C. [b] Chiral ligand 1 (0.01 mmol), Ti(OiPr), (0.02 mmol), meso-stilbene oxide (0.05 mmol), aniline
(0.05 mmol) in dry toluene (0.4 mL) at 0 °C. [c] Chiral ligand 1 (0.01 mmol), Ti(OiPr), (0.03 mmol), meso-stilbene oxide (0.05 mmol),
aniline (0.05 mmol) in dry toluene (0.4 mL) at 0 °C. [d] Chiral catalyst 1-Ti(OiPr), was used with (R)-N-benzylidene-1-phenylethanamine
(e’) as additive for ring opening of meso-stilbene oxide with aniline under identical conditions. [e] Chiral catalyst 3-Ti(OiPr), 1:1 system
was used under identical reaction conditions. [f] Chiral catalyst 3-Ti(OiPr), 1:1 system was used under identical reaction conditions. [g]

Isolated yield after flash chromatography. [h] ee determined on Chiralcel OD column. [i] Configuration is determined by comparing
optical rotation and HPLC profile with literature values.!”"-%4-b!
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Figure 2. % Yields and ee values (%) for ring opening reactions of
meso-stilbene oxide with aniline in the presence of different addi-
tives in 10 h: triphenylphosphane (a), triethylamine (b), N-benzyl-
ideneaniline (c), N-benzylidene-1-phenylmethanamine (d), (S)-N-
benzylidene-1-phenylethanamine (e), (S)-N-(4-chlorobenzylidene)-
1 phenylethanamine (f), (S)-N-(4-methoxybenzylidene)-1-phenyle-
thanamine (g), (S)-N-(2-methoxybenzylidene)-1-phenylethanamine
(h), (S)-N-ethoxybenzylidene-1-phenylethanamine  (i),(S)-N-(2-
phenoxybenzylidene)-1-phenylethanamine (j).

the 3-Ti(OiPr), 1:0.5 system it was 86% yield and 76% ee
(Table 1, Entries 21, 22). This observation is in line with the
trend observed with chiral ligand 1-Ti(OiPr), ratio for the
same reaction (Figure 1).

Having established the catalyst and additive, we next
studied other reaction parameters (i.e., catalyst loading, ad-
ditive loading, effect of solvent and temperature) to maxim-
ize the yield and ee of the syn-B-amino alcohol product,
using meso-stilbene oxide as a representative substrate and
aniline as nucleophile in the presence of chiral additive h.
Figure 3 clearly shows that the best results for the asymmet-
ric ring opening of meso-stilbene oxide with aniline were
achieved in the presence of 20 mol-% of catalyst and
20 mol-% additive h in toluene at 0 °C (Table 2, Entry 1).

European Journal
of Organic Chemistry

Further, we conducted epoxide ring opening reactions at
relatively higher scales with meso-stilbene oxide (1.0 mM;
980 mg) as representative substrate, together with aniline;
these gave results similar to those obtained in the case of a
0.01 mm scale in 14 h (Table 2, Entry 11).

100 +——=——+ T
80 H [H [H T IH IH | H——
60 —H [HIHIHIHIHIHIFHIHEAH
40 -HIHIHIFIHIH T
otime [h] 20 L P e e e
mee [%]
m yield [%]
0
gl elolololo]nlalzu
sovent | S 1SS 1SS (5|8 |2|2|F
S|5|5|2|2|2|2|5|5
Temp.[C] | 0| O Of[O|[O0]|10|25/ 0| 0] O
Loading of additive h [mol-%] [ 20 [ 20 | 20 | 10 [ 40| 20| 20 [ 20 | 20 | 20
Loading of 1-Ti(OiPr), [mol-%] | 20 | 40 | 10 | 20 | 20 | 20 | 20 | 20 | 20 | 20

Figure 3. Optimization of reaction conditions for ring opening of
meso-stilbene oxide with aniline in the presence of 2-MeO imine
(h) as additive.

We next varied the nucleophiles for the ring opening of
meso-stilbene oxide as our representative substrate under
our optimized reaction conditions, and the results are sum-
marized in Table 3. Among the various nucleophiles used,
4-substituted anilines (4-methoxy-, 4-methyl-, and 4-chloro-
aniline) afforded amino alcohols with ee values above 98 %

Table 2. Product yield and ee values of enantioselective ring opening/® of meso-stilbene oxide with aniline in the presence of complexes

1-Ti(OiPr)4 for optimization of the reaction condition.

Q

0 Ti(OPr),, chiral Schiff base 1

AN NH
Ph Ph 0-25 °C, solvents, additive h Ph/\(OH
Ph

4 5a 6a

Entry Catalyst loading Additive loading Temp. [°C] Solvent Time [h] Yield™ [%)] eel! [%)]
[mol-%] [mol-%]

1 20 20 0 toluene 10 99 >99
2 40 20 0 toluene 10 99 99
3 10 20 0 toluene 10 95 75
4 20 10 0 toluene 10 85 80
5 20 40 0 toluene 10 99 99
6 20 20 10 toluene 9 98 96
7 20 20 25 toluene 8 99 94
8 20 20 0 CH,Cl, 10 78 85
9 20 20 0 CH;CN 10 77 58
10 20 20 0 THF 10 78 46
[y 20 20 0 toluene 14 99 99

[a] Complex 1-Ti(OiPr)4 (quantities as mentioned above), meso-stilbene oxide (0.05 mmol), aniline (0.05 mmol), 2MeO imine (h, quantities
as mentioned above) in dry toluene (0.4 mL) at 0 °C. [b] Isolated yield after flash chromatography. [c] ee determined on Chiralcel OD
column. [d] Reaction conducted at 1 mmol scale of meso-stilbene oxide in 2.0 mL of dry toluene, with other ratios and conditions as per

Entry 1.
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(Table 3, Entries 3-5), though the yields with 4-Cl- and 4-
Me-substituted anilines were only 65 and 75%, respectively.
On the other hand, 2-methoxyaniline gave only 85% ee but
a 95% yield (Entry 2) for the corresponding chiral B-amino
alcohol, implying that steric interaction arising from ortho
substitution on the nucleophile disfavors higher enantio-
selectivity.

The scope of this ring opening reaction protocol was fur-
ther extended to cis-butene oxide with 2- and 4-meth-
oxyaniline as nucleophiles. Excellent enantioselectivity
(>99%) and good yields were achieved in the case of 2-
methoxyaniline (Table 4, Entry 2). Two representative cyclic
epoxides — cyclohexene oxide and cyclooctene oxide — were
also screened for ring opening with 2- and 4-methoxyaniline
by this protocol. The results in Table 4 show excellent yields
(95%, Entries 4-6) of the chiral B-amino alcohol with cy-
clohexene oxide, while cyclooctene oxide gave only moder-
ate to low yields (Entries 7-9) with both nucleophiles, al-
though the ee was better when 2-methoxyaniline was used
as nucleophile (Entries 5, 8). It is to be noted that the re-

sults obtained in this study are significantly superior to
those found for the previously reported copper(I1)/Ti"V/lan-
thanide BINOL and scandium bipyridine systems!®7¢:75-%a
for similar meso-epoxide ring opening reactions. In all cata-
Iytic runs, the R forms of the chiral Ti'V Schiff base com-
plexes converted all epoxides into predominantly (S)-B-
amino alcohols, determined by comparison with the HPLC
profiles reported in the literature for these products.l’s7%%]

Recyclability experiments were conducted on a 0.1 mmol
scale of meso-stilbene oxide with complex 1-Ti(OiPr),
(20 mol-%) generated in situ, with aniline as nucleophile
and in the presence of a chiral additive (h) in toluene. After
the catalytic run, the amount of the solvent was reduced
and the complex was precipitated by addition of excess n-
hexane. The precipitated catalyst was washed thoroughly
with hexane, dried in vacuo, stored under dry and inert at-
mosphere, and used for the subsequent catalytic run with-
out further purification. The recovered catalyst worked well
for the ring opening of meso-stilbene oxide, with no ad-
ditional requirement for a titanium source. However, the

Table 3. Product yields and ee values of enantioselective ring openingl® of meso-stilbene oxide with different anilines as nucleophile
catalyzed by complex 1-Ti(OiPr), in the presence of 2-MeO imine (h) as additive under optimized reaction condition.

R2 R!
NH,
A R’ 20 mol-% Ti(OiPr),, chiral Schiff base 1 NH
+ N
Ph Ph ?
0 °C, toluene, additive h /YOH
Ph
R? Ph
4 5a-e 6a—e
5a:R'=H,RZ=H 5d: R'=H, R?=Me
5b:R'=0OMe,R2=H  5e:R'=H,R?=ClI
5c: R'=H, R? = OMe
Entry Nucleophile Product Yield [%]™ ee [%]™
1 @\ 98 >99
NH
NH; i~ OH
Ph
2 ©[0Me 95 85
OMe NH
NH :
2 Ph/YOH
Ph
3 OMe Me0\©\ 96 98
~_OH
4 Ve Me. : 75 >99
© w
~_sOH
A Ph
Ph
5 cl cl 65 >99
NH
~~_OH
NH, PR
Ph

[a] Chiral ligand 1 (0.01 mmol), Ti(OiPr), (0.01 mmol), meso-stilbene oxide (0.05 mmol), aniline (0.05 mmol), 2-MeO imine (h, 0.01 mmol)
in dry toluene (0.4 mL) at 0 °C. [b] Isolated yield after flash chromatography. [c] ee determined on Chiralcel OD, OJ, and AD columns.
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Table 4. Product yields and ee values of enantioselective ring opening(®l of different meso-epoxides with different anilines as nucleophile
catalyzed by complex 1-Ti(OiPr), in the presence of 2-MeO imine (h) as additive under optimized reaction condition.

NH, R? R
Q R! 20 mol-% Ti(OiPr)y, chiral Schiff base 1
A + - NH

R R =
0 °C, toluene, additive h - OH
R/Y
R? R
meso-epoxide 10a—c
7-9 Sa—c 11a—c
1 2 12a-c
5a:R'=H,R“=H
5b: R' = OMe, R?=H
5c: R' =H, R? = OMe
Entry meso-Epoxides Nucleophile Product Yield ee Configuration of
[%]™ [%o]® B-amino alcohol!®
1 HC
HSC}O @ @\NH 75 68 28,38
7 NH. HC ~_OH
H; 10a
2 HC @ OMe 88 >99 28,38
To
e NH e 14
7 2 HaC OH
’ /\C(Hs 10b
3 Hac}o OMe M‘”@\ 80 75 28,38
Hac7 © g 10
NH, v 0e
4 O:o @ ©\ 95 67 18,28
NH
8 NHz A _OH
11a
5 C[:o ©:0Me 95 83 18,28
OMe NH

6 Onte e 95 76 18,28
QO © D\QEH

7 62 72 18,28
O ¢

8 OMe 59 78 18,28
O G T

9 OMe Meo 40 56 15,28
O 0
A OH
9 @
NH2 12¢

[a] Chiral ligand 1 (0.01 mmol), Ti(OiPr), (0.01 mmol), cyclohexene oxide, cyclooctene oxide, cis-butene oxide (0.05 mmol), anilines
(0.05 mmol), 2-MeO imine (0.01 mmol) in dry toluene (0.4 mL) at 0 °C. [b] Isolated yield after flash chromatography. [c] ee determined
Chiralcel OD, AD, OJ columns. [d] Configuration determined by comparing optical rotation and HPLC profile with literature values.[’""]

addition of chiral additive was required to produce results vered catalyst is stable and worked well for four cycles with-
corresponding to those obtained with the fresh catalyst. out loss in performance. The dried solid (soluble in toluene,
The recycling data as given in Table 5 suggest that the reco- CHCI;, and CH3CN) was subjected to elemental analysis,

Eur. J. Org. Chem. 2008, 3118-3128 © 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim WWW.EUrjoc.org 3123
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'H NMR, IR, UV/Vis, and CD spectroscopy, optical rota-
tion measurement, and mass spectrometry (data given in
Experimental Section). A similar set of analyses was also
carried out for the recovered catalyst (also soluble in the
above solvents), and matched well with those for the virgin
catalyst generated in situ, suggesting that no major struc-
tural changes had taken place during the course of post
catalytic workup procedure. To the best of our knowledge,
the complex 1-Ti(OiPr), is the most efficient recyclable cat-
alyst for the asymmetric ring opening of meso-stilbene oxide
and cis-butene oxide with various anilines in the presence
of chiral 2-MeO-substituted imine h as an additive, giving
quantitative yields of chiral PB-amino alcohols with
>99% ee (Table 3, Entry 1 and Table 4, Entry 2).

Table 5. Product yield and ee values of enantioselective ring open-
ingl® of meso-stilbene oxide with aniline as nucleophile catalyzed
by recovered complex 1-Ti(OiPr), in the presence of 2-MeO imine
(h) as additive under optimized reaction condition.

Run 1 2 3 4
Time [h] 10 10 10 10
Yield [%]] 99 97 95 95
ee [Yo]l >99 >99 >99 >99

[a] Chiral ligand 1 (0.02 mmol), Ti(OiPr), (0.02 mmol), meso-stil-
bene oxide (0.1 mmol), anilines (0.1 mmol), 2-MeO imine
(0.02 mmol) in dry toluene (1 mL) at 0 °C. [b] Isolated yield after
flash chromatography. [c] ee is determined by Chiralcel OD col-
umns.

Conclusions

Highly enantioselective f-amino alcohols were obtained
from ring opening of meso-epoxides with anilines in the
presence of chiral additives at 0 °C by use of chiral Ti'V
Schiff base complexes generated in situ by the interaction
of Ti(OiPr), with new chiral Schiff bases prepared by con-
densation of 3,3'-di-fert-butyl-5,5'-methylenebis(salicylal-
dehyde) and  3,3'-dimethyl-5,5"-methylenebis(salicylal-
dehyde) with (1R,25)-(-)-2-amino-1,2-diphenylethanol. The
catalyst 1-Ti(OiPr); worked better than the catalyst 2-
Ti(OiPr)4 in terms of reactivity and enantioselectivity for
the epoxide ring opening reactions, producing chiral B-
amino alcohols in high optical purity and with the added
advantage of recyclability.

Experimental Section

General: Ti(OiPr),, (1R,25)-(-)-2-amino-1,2-diphenylethanol, (S)-
1-phenylethylamine, (R)-1-phenylethylamine, triphenylphosphane,
triethylamine, benzaldehyde, 2- and 4-methoxybenzaldehyde, 4-
chlorobenzaldehyde, aniline, 2-methoxyaniline, 4-methoxyaniline,
4-chloroaniline, meso-stilbene oxide, cyclohexene oxide, cyclooc-
tene oxide, and cis-butene oxide were purchased from Aldrich
Chemicals and were used as received. 3,5-Di-fert-butylsalicylalde-
hyde,['3  3,3’-di-tert-butyl-5,5'-methylenebis(salicylaldehyde) and
3,3'-dimethyl-5,5"-methylenebis(salicylaldehyde) were synthesized
by a previously reported method.l'*!3] Various chiral imines used
as additives in this study were synthesized by condensation of the
appropriate arylaldehydes with (S)-1-phenylethylamine by the re-
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ported method.[') The solvents were dried by standard pro-
cedures,!'7! distilled, and stored under nitrogen. NMR spectra were
obtained with a Bruker F113V spectrometer (500 MHz and
125 MHz for 'H and '3C, respectively) and were referenced intern-
ally with TMS. FTIR spectra of liquid products (film, KBr plates)
were recorded on a Perkin—Elmer Spectrum GX spectrophotome-
ter. CD spectra were recorded in chloroform on a JASCO J-815
CD spectrometer. High-resolution mass spectra were obtained with
LC-MS (Q-TOFF) LC (Waters), MS (Micromass) instruments. For
the product purification, flash chromatography was performed with
silica gel 60-200 mesh purchased from s. d. Fine-Chem. Limited
Mumbai (India). Enantiomeric excesses (ee values) of the products
were determined by HPLC (Shimadzu SCL-10AVP) on Daicel Chi-
ralpak AD, OD and OJ chiral columns with propan-2-ol/hexane as
eluent. Optical rotations were measured with a Digipol 781 Auto-
matic Polarimeter (Rudolph Instruments).

Chiral Schiff Base Preparation

Synthesis of Compounds 1, 2, and 3: A solution of 3,3’-di-zert-butyl-
5,5"-methylenebis(salicylaldehyde)/3,3’-dimethyl-5,5'-methylenebis-
(salicylaldehyde)/3,5-di-tert-butylsalicylaldehyde (0.54 mmol) in ab-
solute ethanol (15mL) was added to a pre-cooled solution of
(1R,2S)-(-)-2-amino-1,2-diphenylethanol (1.08:0.54 mmol) in abso-
lute ethanol (15 mL) with vigorous stirring. The resulting reaction
mixture was subsequently heated at reflux with stirring for 6-8 h.
After completion of the reaction (by TLC), solvent was removed,
and the residue was purified by silica gel column chromatography
with hexane/ethyl acetate (80:20) as eluent.

Compound 1: Yellow solid; yield 95%; m.p. 120-123 °C. [a]} =
-208 (¢ = 0.125, CH3CN). 'H NMR (500 MHz, CDCl5): 6 = 1.60
(s, 18 H), 3.72 (s, 2 H), 4.44 (d, J = 5Hz, 2 H), 5.04 (d, J/ = 5 Hz,
2 H), 6.61 (s, 2 H), 7.10-7.37 (m, 24 H), 8.00 (s, 2 H), 13.47 (br. s,
2 H) ppm. *C NMR (125 MHz, CDCls): 6 = 29.3, 34.8, 40.2,
78.36, 80.22, 127.2, 127.9, 128.0, 128.1, 129.9, 130.1, 130.5, 137.2,
139.4, 140.1, 158.5, 166.6 ppm. IR (KBr): ¥ = 3448, 3032, 2955,
1647, 1522, 1438, 1265, 1029, 804, 761, 701 cm'. UV/Vis (CHCI;):
Jmax (€) = 240 (19652), 266 (17766), 333 (4768). TOF-MS (ESI+):
mlz =759 [M + H]", 781 [M + Na]*. Elemental analysis calcd. for
Cs5;Hs4N,O,: C 80.71, H 7.17, N 3.69; found C 80.64, H 7.13, N
3.63.

Compound 2: Yellow solid; yield 98%; m.p. 110-115°C. [a]} =
—-269 (¢ = 0.75, CH5CN). 'H NMR (500 MHz, CDCl5): 6 = 2.21
(s, 6 H), 3.67 (s, 2 H), 444 (d, J = THz, 2 H), 5.02 (d, J = 7 Hz,
2 H), 6.63 (s, 2 H), 7.25-7.36 (m, 24 H), 8.00 (s, 2 H), 13.20 (br. s,
2 H) ppm. 3C NMR (125 MHz, CDCls): 6 = 15.5, 39.7, 69.7, 80.3,
125.3, 125.8, 127.1, 128.0, 129.1, 130.8, 134.2, 139.5, 140.1, 157.4,
166.1 ppm. IR (KBr): v = 3449, 2919, 1636, 1560, 1521, 1508, 1438,
1265, 1164, 1040, 759, 695 cm™'. UV/Vis (CHCl3): Jpay (&) = 249
(188000), 266 (215666), 307 (85666), 345 (501666). TOF-MS
(ESI+): m/z = 675 [M + HJ*, 698 [M + Na]*. Elemental analysis
calcd. for C4sH4oN,04: C 80.09, H 6.27, N 4.15; found C 80.01, H
6.22, N 4.10.

Compound 3: Yellow solid; yield 96%; m.p. 60-65 °C. [a]] = -35
(¢ = 0.85, CHCl3). 'H NMR (500 MHz, CDCl3): 6 = 1.24 (s, 9 H),
1.44 (s, 9 H), 4.51 (d, J = 6.5Hz, 1 H), 5.08 (d, J = 7Hz, 1 H),
6.92 (s, 1 H), 7.25-7.37 (m, 12 H), 8.14 (s, 1 H), 13.41 (br. s, 1
H) ppm. '*C NMR (125 MHz, CDCly): § = 29.57, 35.22, 78.53,
80.21, 117.96, 126.45, 127.09, 127.66, 128.01, 128.27, 128.44,
128.85, 129.41, 136.71, 139.71, 140.39, 158.07, 167.24 ppm. IR
(KBr): ¥ = 3413, 3031, 2958, 2870, 1628, 1450, 1389, 1272, 1173,
1029, 822, 762, 700 cm™'. UV/Vis (CHCls): Apax (€) = 240 (19652),
266 (17766), 333 (4768). TOF-MS (ESI+): m/z = 430 [M + H]".
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Elemental analysis calcd. for Co,9H35NO,: C 81.08, H 8.21, N 3.26;
found C 81.01, H 8.19, N 3.22.

Characterization Data for the Complex Generated in situ by Treat-
ment of Ligand 1 with Ti(OiPr), in 1:1 Molar Ratio: Yellow solid.
[a]y = 224 (¢ = 0.142, CHCIl3). CD (CHCl3): Apayx (Ae) = 290
(+14), 390 (-7), 410 nm (-7). '"H NMR (500 MHz, CDCl;): § =
1.17 (s, 18 H), 3.84 (s, 2 H), 5.48 (s, 2 H), 6.28 (s, 2 H), 6.92-7.12
(m, 22 H), 7.69 (s, 2 H), 8.48 (s, 2 H) ppm. IR (KBr): v = 3441,
3060, 2922, 1617, 1546, 1452, 1421, 1387, 1289, 1089, 1028, 854,
779, 702, 673, 612, 517 cm™'. UV/Vis (CHCl3): Aynax () = 256
(14621), 347 (6253), 361 (5550), 416 (3794). TOF-MS (ESI+): m/z
= 803 (Figure 4). Elemental analysis calcd. for Cs;HsoN,O4Ti: C
76.11, H 6.51, N 3.48; found C 76.06, H 6.48, N 3.43.

Synthesis of Achiral/Chiral Imines as Additives: A solution of the
appropriate aldehyde (5 mmol) in dry MeOH (15 mL) was added
to a pre-cooled solution of aniline/benzylamine/(S)-(+)-1-phenyle-
thylamine (5 mmol) in dry MeOH (5 mL) with vigorous stirring.
The resulting reaction mixture was subsequently heated at reflux
with stirring for 6-8 h. After completion of the reaction (by TLC),
solvent was removed, and the residue was purified by silica gel col-
umn chromatography with hexane/ethyl acetate (80:20) as eluent.
Yield 90%. The purified product was characterized by elemental
analysis, 'TH NMR, '3C NMR, IR, and UV/Vis spectroscopy, op-
tical rotation measurement, and mass spectrometry.

N-Benzylideneaniline (c): Light yellow crystalline solid; m.p. 65—
68 °C. 'H NMR (500 MHz, CDCls): § = 7.20-7.24 (m, 3 H), 7.37—
7.48 (m, 5 H), 7.89-7.91 (m, 2 H), 8.45 (s, 1 H) ppm. 3C NMR
(125 MHz, CDCl;): 6 = 120.94, 126.01, 128.85, 128.88, 129.22,
131.46, 134.85, 136.27, 152.16, 160.53 ppm. IR (KBr): ¥ = 3060,
2890, 2356, 1828, 1626, 1484, 1450, 1366, 1191, 1072, 978, 868,
759 cm~!. TOF-MS (ESI+): m/z = 181 [M + H]*, 204 [M + Na].
Elemental analysis caled. for C;3H{N: C 86.15, H 6.12, N 7.73;
found C 86.09, H 6.08, N 7.68.
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N-Benzylidene-1-phenylmethanamine (d): Light yellow oil. '"H NMR
(500 MHz, CDCl;): 0 = 4.80 (s, 2 H), 7.23-7.39 (m, 8 H), 7.75-
7.77 (m, 2 H), 8.35 (s, 1 H) ppm. *C NMR (125 MHz, CDCls):
0 = 65.12, 127.12, 128.11, 128.63, 128.74, 130.91, 136.26, 139.41,
162.15 ppm. IR (KBr): v = 3028, 2360, 1952, 1702, 1645, 1495,
1452, 1311, 1026, 795, 496 cm™'. TOF-MS (ESI+): m/z = 196.13
[M + H]*, 218 [M + Na]*. Elemental analysis calcd. for C,4H;3N:
C 86.12, H 6.71, N 7.17; found C 86.08, H 6.67, N 7.14.

(S)-N-Benzylidene-1-phenylethanamine (e): Yellow semisolid. [a]3y =
+146 (¢ = 0.16, CHCl3). '"H NMR (500 MHz, CDCls): 6 = 1.60 (d,
J=7Hz, 3 H),4.55(q, J = 6.5Hz, 1 H), 7.21-7.25 (m, 2 H), 7.32~
7.35 (m, 2 H), 7.39-7.43 (m, 6 H), 8.37 (s, 1 H) ppm. '3C NMR
(125 MHz, CDCl3): 6 = 24.93, 69.35, 126.74, 126.94, 128.38,
128.53, 128.65, 130.70, 136.46, 145.24, 159.64 ppm. IR (KBr): v =
2972, 2847, 1885, 1645, 1493, 1450, 1380, 1296, 1071, 908, 754,
696 cm™!. TOF-MS (ESI+): m/z = 210 [M + HJ*, 232 [M + Nal].
Elemental analysis calcd. for C;sH;sN: C 86.08, H 7.22, N 6.69.
found. C, 86.02, H 7.19, N 6.62.

(S)-N-(4-Chlorobenzylidene)-1-phenylethanamine (f): Yellow solid;
m.p. 70-75°C. [a]y = +443 (¢ = 0.02, CHCl;). 'H NMR
(500 MHz, CDCl3): 6 = 1.59 (d, J = 6.5Hz, 3 H), 445 (q, J =
6.5Hz, 1 H), 7.24-7.26 (m, 2 H), 7.34-7.42 (m, 5 H), 7.27 (d, J =
8 Hz, 2 H), 8.32 (s, 1 H) ppm. '*C NMR (125 MHz, CDCls): § =
24.83,69.77, 126.61, 126.94, 128.48, 128.81, 129.46, 134.85, 136.50,
144.94, 158.12 ppm. IR (KBr): ¥ = 2972, 2864, 1806, 1640, 1488,
1449, 1378, 1291, 1082, 908, 763, 635 cm™!. TOF-MS (ESI+): m/z
= 244 [M + HJ]*, 266 [M + Na]. Elemental analysis calcd. for
CsH4CIN: C 73.92, H, 5.79, N 5.75; found C 73.87, H, 5.74, N
5.70.

(S)-N-(4-Methoxybenzylidene)-1-phenylethanamine (g): Crystalline
solid; m.p. 80-85°C. [a]Fy = +90 (¢ = 0.71, CHCl3). '"H NMR
(500 MHz, CDCl;): 6 = 1.58 (d, J = 7 Hz, 3 H), 2.37 (s, 3 H), 4.515
(q, J = 6.5Hz, 1 H), 7.19-7.25 (m, 3 H), 7.30-7.34 (m, 2 H), 7.41—
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Figure 4. Mass spectrum of complex 1-Ti(OiPr), generated in situ with ligand/metal ratio 1:1.
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7.43 (m, 2 H), 7.67 (d, J = 8 Hz, 2 H), 8.33 (s, 1 H) ppm. '*C NMR
(125 MHz, CDCly): 6 = 25.03, 60.74, 69.87, 126.82, 126.95, 128.41,
128.57, 129.43, 133.96, 141.00, 145.47, 159.61 ppm. IR (KBr): v =
2972, 2924, 1817, 1642, 1490, 1382, 1288, 1169, 1064, 1019, 973,
907, 823, 761, 468 cm . TOF-MS (ESI+): m/z = 239 [M + H].
Elemental analysis calcd. for C;4H;7NO: C 80.30, H 7.16, N 5.85;
found C 80.24, H 7.11, N 5.82.

(S)-N-(2-Methoxybenzylidene)-1-phenylethanamine (h): Pale yellow
oil. [a]y) = +202 (¢ = 0.04, CHCl3). '"H NMR (500 MHz, CDCl5):
0=159(d,J=65Hz 3H),383(,3H),455(q, J=65Hz, 1
H), 6.86-6.96 (m, 2 H), 7.21-7.43 (m, 6 H), 8.05 (br, 1 H), 8.82 (s,
1 H) ppm. 3C NMR (125 MHz, CDCls): § = 24.96, 55.51, 70.13,
110.95, 120.81, 124.86, 126.74, 127.65, 128.42, 128.61, 131.83,
136.02, 145.56, 155.53, 158.78 ppm. IR (KBr): v = 2968, 2927,
1879, 1635, 1488, 1379, 1246, 1161, 1046, 835, 761, 468 cm™!. TOF-
MS (ESI+): m/z = 239 [M + H]*, 262 [M + Na]. Elemental analysis
calcd. for C;H;7NO: C 80.30, H 7.16, N 5.85; found C 80.26, H
7.12, N 5.80.

(S)-N-(2-Ethoxybenzylidene)-1-phenylethanamine (i): Light yellow
solid; m.p. 80-83°C. [y = +13 (¢ = 0.60, CHCI;). '"H NMR
(500 MHz, CDCls): 0 = 1.40 (t, J = 7 Hz, 3 H), 1.58 (d, J = 6.5 Hz,
3 H), 4.02 (m, 2 H), 4.55(q, J = 6.5Hz, 1 H), 6.82 (d, J = 8.5 Hz,
1 H), 6.94 (t, J = 7.5Hz, 1 H), 7.17-7.44 (m, 6 H), 8.06 (d, J =
8 Hz, 1 H), 8.83 (s, 1 H) ppm. '*C NMR (125 MHz, CDCls): J =
14.93, 25.14, 63.99, 70.15, 112.02, 120.73, 124.97, 125.84, 126.75,
127.70, 128.47, 128.62, 131.84, 145.70, 155.69, 158.29 ppm. IR
(KBr): ¥ = 2977, 2928, 2885, 1886, 1636, 1487, 1453, 1379, 1290,
1243, 1160, 1118, 1044, 923, 755, 700, 422 cm™'. TOF-MS (ESI+):
mlz = 253 [M]*, 254 [M + H]J*. Elemental analysis caled. for
C7HoNO: C 80.60, H 7.56, N 5.53; found C 80.55, H 7.50, N
5.48.

(:S)-V-(2-Benzyloxybenzylidene)-1-phenylethanamine (j): Pale yellow
oil. [a]f = +35 (¢ = 0.85, CHCl;). '"H NMR (500 MHz, CDCls): 6
=1.57(d, J=7Hz, 3 H), 454 (q, J = 6.5Hz, 1 H), 5.08 (s, 2 H),
6.93 (d, J =8Hz, 1 H), 6.98 (t, J = 7.5 Hz, 1 H), 7.22-7.42 (m, 11
H), 8.08 (d, J = 7Hz, 1 H), 8.85 (s, 1 H)ppm. 3*C NMR
(125 MHz, CDCly): 6 = 25.10, 70.04, 70.49, 112.61, 121.28, 125.38,
126.84, 126.97, 127.46, 127.90, 128.03, 128.53, 128.79, 129.13,
129.40, 131.91, 136.92, 145.57, 155.57, 158.08 ppm. IR (KBr): v =
2972, 2926, 1951, 1637, 1600, 1454, 1373, 1242, 1160, 1110, 1022,
911, 732, 701, 618, 531 cm!. TOF-MS (ESI+): m/z = 315 [M]*,
316 [M + H]*. Elemental analysis calcd. for C»,H, NO: C 83.78,
H 6.71, N 4.44; found C 83.67, H 6.69, N 4.49.

General Procedure for Catalytic Asymmetric Ring-Opening of meso-
Oxides with Anilines: The chiral Schiff base ligand 1/2/3
(0.01 mmol) was dissolved in dry toluene (0.4 mL) in a 5 mL RBF
fitted with a rubber septum and containing a magnetic stirring bar.
Ti(OiPr)4 (0.01 mmol) was added at room temperature (27 °C) to
the resulting solution, and this was stirred for 1 h, followed by ad-
dition of the appropriate additive (a—j, 0.01 mmol). The reaction
mixture was then cooled to 0°C and the appropriate epoxide
(meso-stilbene oxide/cyclohexene oxide/cyclooctene oxide/cis-but-
ene oxide, 0.05 mmol) was added, with subsequent stirring for
20 min. A solution of the appropriate aniline (0.05 mmol) was then
added, and the mixture was allowed to stir for the specified time.
The progress of the reaction was checked by TLC with hexane/
ethyl acetate (8:2) as mobile phase. After the completion of the
reaction, solvent was removed under vacuum, and the product was
purified by column chromatography with silica gel 60-200 mesh as
stationary phase and hexane/ethyl acetate (8:2) as mobile phase.
All products were characterized by appropriate spectroscopic tech-
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niques, and data were found to be in agreement with the reported
Va]ues'[7e,7f,9a,5b]

(1S,2S5)-1,2-Diphenyl-2-(phenylamino)ethanol (6a):7°1 The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as a white solid; m.p. 100-102 °C; ee >99% on HPLC
(Chiralpak OD column) mobile phase, 85:15 n-hexane/iPrOH; flow
rate I mLmin!, 2 = 247 nm, retention time (1S,25): 13.77 min,
(IR,2R): 16.97 min. Only one diastereomer was observed by 'H
NMR and HPLC analysis. '"H NMR (500 MHz, CDCls): § = 2.38
(br. s, OH), 4.40 (br. s, NH), 4.51 (d, J = 5.8 Hz, 1 H), 4.85 (d, J
= 5.8 Hz, 1 H), 6.50-6.53 (m, 2 H), 6.59-6.67 (m, 1 H), 7.01-7.09
(m, 2 H), 7.21-7.25 (m, 10 H) ppm. '*C NMR (125 MHz, CDCls):
0=64.8,78.1,114.2, 117.9, 126.6, 127.3, 127.5, 128.2, 128.5, 129.0,
140.0, 140.6, 147.0 ppm. IR (in KBr): ¥ = 3546, 3407, 3027, 2880,
2849, 1600, 1502, 1451, 1429, 1320, 1033, 752, 695 cm™!. LC-MS:
milz =290 [M + HJ]*, 272 (base peak) [M — OH]*, 312 [M + NaJ*.

(1S,2S5)-2-(2-Methoxyphenylamino)-1,2-diphenylethanol ~ (6b):[7"-%2]
The title compound was isolated by column chromatography (hex-
ane/AcOEt, 90:10) as a white solid; m.p. 93-95°C; ee 85% on
HPLC (Chiralpak OJ column) mobile phase 80:20 hexane/iPrOH,
flow rate 0.5mLmin!, 1 = 254nm, retention time (1S,2S):
29.9 min, (1R,2R): 33.3 min. Only one diastereomer was observed
by NMR and HPLC analysis. [a]BT = 48 (¢ = 0.54, CH,Cl,). 'H
NMR (500 MHz, CDCl3): § = 2.73 (br. s, OH), 3.79 (s, 3 H), 4.43
(d, J=62Hz 1 H), 479 (d, J = 6.4 Hz, 1 H), 5.19 (br. s, NH),
6.32 (dd, J = 1.6, 7.2 Hz, 1 H), 6.51-6.70 (m, 3 H), 7.12-7.20 (m,
10 H) ppm. '*C NMR (125 MHz, CDCl,): 6 = 55.6, 64.9, 78.3,
109.6, 111.7, 117.1, 121.0, 126.7, 127.3, 127.7, 128.0, 128.3, 131.1,
140.2, 140.7, 140.6, 147.3 ppm. IR (in KBr): ¥ = 3407, 3062, 3030,
2936, 2835, 1810, 1698, 1601, 1515, 1248, 1027, 846, 740, 700 cm™!.
LC-MS: m/z 661 2M + Na]*, 320 [M + H]*, 302 (base peak) [M —
OH]*, 342 [M + NaJ*.

(1S,2S5)-2-(4-Methoxyphenylamino)-1,2-diphenylethanol  (6¢):["-%
The title compound was isolated by column chromatography (hex-
ane/AcOEt, 90:10) as a yellow solid; m.p. 98-102 °C; ee 98% on
HPLC (Chiralpak OD column) mobile phase, 85:15 n-hexane/
iPrOH; flow rate I mLmin !, A = 247 nm, retention time (1S,2S):
18.04 min, (1R,2R): 20.40 min. Only one diastercomer was ob-
served by NMR and HPLC analysis. "H NMR (500 MHz, CDCls):
0=3.64(s,3 H),438(d,J=64Hz 1H),485(d, J=64Hz 1
H), 6.47-6.51 (m, 2 H), 6.62-6.66 (m, 2 H), 7.01-7.09 (m, 2 H),
7.15-7.22 (m, 10 H) ppm. *C NMR (125 MHz, CDCl,): § = 55.7,
66.2, 78.1, 114.7, 115.8, 126.7, 127.3, 127.8, 127.9, 128.5, 128.7,
140.3, 140.7, 141.4, 152.6 ppm. IR (in KBr): ¥ = 3483, 3393, 3026,
2964, 2833, 1807, 1510, 1453, 1254, 1024, 819, 753, 700 cm™'. LC-
MS: m/z = 661 [2M + Na]*, 320 (base peak) [M + H]*, 342 [M +
Na]™.

(1S,25)-2-(4-Methylphenylamino)-1,2-diphenylethanol (6d):’1 The
title compound was isolated by column chromatography (hexane/
AcOEt, 90:10) as a white solid; m.p. 85 °C; ee >99% on HPLC
(Chiralpak AD column) mobile phase, 85:15 hexane/iPrOH; flow
rate ] mLmin', / = 247 nm, retention time (1R,2R): 14.06 min,
(1S5,2S5): 16.08 min. Only one diastereomer was observed by NMR
and HPLC analysis. '"H NMR (500 MHz, CDCls): 6 = 2.15 (s, 3
H), 445 (d, J = 6.2Hz, 1 H), 4.81 (d, J/ = 6.2 Hz, 1 H), 6.42-6.46
(m, 2 H), 6.84-6.88 (m, 2 H), 7.19-7.23 (m, 10 H) ppm. '3*C NMR
(125 MHz, CDCl): ¢ = 20.3, 65.2, 78.0, 114.4, 126.5, 127.2, 127.6,
128.1, 128.3, 129.5, 139.3, 139.5.4, 146.5 ppm. IR (in KBr): ¥ =
3399, 3061, 3029, 2859, 2831, 1813, 1616, 1518, 1490, 1259, 1044,
815, 768, 700 cm!'. LC-MS: m/z 304 [M + H]*, 286 (base peak)
[M - OH]*".
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(1S,25)-2-(4-Chlorophenylamino)-1,2-diphenylethanol (6e):1" The ti-
tle compound was isolated by column chromatography (hexane/
AcOEt, 90:10) as a white solid; m.p. 95 °C; ee >99% on HPLC
(Chiralpak AD Column) mobile phase 85:15 hexane/iPrOH; flow
rate 1 mLmin!, 1 = 247 nm, retention time (1S5,2S) 15.58 min,
(1R,2R): 17.37 min. Only one diastereomer was observed by NMR
and HPLC analysis. '"H NMR (500 MHz, CDCl5): 6 = 2.38 (br. s,
1 H), 447 (d,J=5.6Hz 1 H), 4.70 (br. s, 1 H, NH), 4.86 (d, J =
5.6 Hz, 1 H), 6.41 (d, J = 8.8 Hz, 2 H), 6.98 (d, J = 8.0 Hz, 2 H),
7.15-7.30 (m, 10 H) ppm. '*C NMR (125 MHz, CDCl,): § = 64.7,
77.9, 126.4, 127.2, 127.6, 128.0, 128.3, 128.6, 139.8, 140.1, 140.4,
145.8 ppm. IR (in KBr): v = 3396, 3063, 3031, 2960, 2929, 2860,
1812, 1722, 1599, 1496, 1268, 1073, 820, 739, 700 cm!. LC-MS:
mlz 324 [M + HJ*, 347 [M + Na]*, 306 [M — OH]J*, 289 [M —
CIJ*, 271(base peak) [M — OH — CI]*.

(2S5,35)-3-(Phenylamino)butan-2-ol (10a):*®! The title compound
was isolated by column chromatography (hexane/AcOEt, 90:10) as
an oil; ee 68% on HPLC (Chiralpak OD column) mobile phase,
97.56:2.44 hexane/iPrOH; flow rate 1 mLmin!, A = 247 nm, reten-
tion time (25,3S): 34.56 min, (2R,3R): 36.21 min. 'H NMR
(500 MHz, CDCl;): 6 = 1.14 (d, J = 6.8 Hz, 1 H), 1.25 (d, J =
6.8 Hz, 3 H), 2.61 (br. s, 1 H), 3.31 (m, 1 H), 3.62 (m, 2 H), 6.66—
6.74 (m, 3 H), 7.15-7.18 (m, 2 H) ppm. *C NMR (125 MHz,
CDCl3): 6 = 17.3, 19.5, 56.1, 71.4, 114.3, 118.2, 129.3, 147.7 ppm.
IR (KBr): v = 3398, 3053, 2974, 2926, 1922, 1602, 1505, 1439, 1376,
1318, 1254, 1005, 902, 751, 692 cm™!. LC-MS: m/z 166 [M + H]*,

(2S,3S5)-3-(2-Methoxyphenylamino)butan-2-ol (10b):°®! The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as an oil; ee >99% on HPLC (Chiralpak OD column)
mobile phase, 95:5 hexane/iPrOH; flow rate 1 mLmin™!, 1 =
247 nm, retention time (2S5,3S5): 23.34 min, (2R,3R): 29.31 min. 'H
NMR (500 MHz, CDCl5): 6 = 1.21 (d, J = 8.3 Hz, 3 H), 1.33 (d,
J =6.0Hz, 3 H), 2.78 (s, | H), 3.40 (m, 1 H), 3.74 (m, 1 H), 3.91
(s, 3H),4.13 (s, 1 H), 6.75-6.80 (m, 2 H), 6.85-6.87 (m, 1 H), 6.91—
6.96 (m, 1 H) ppm. '*C NMR (125 MHz, CDCl;): 6 = 17.2, 19.4,
55.4, 558, 71.4, 109.7, 111.4, 117.2, 121.2, 137.5, 147.5 ppm. IR
(KBr): ¥ = 3414, 2970, 1602, 1510, 1456, 1249, 1220, 1110, 1025,
902, 737 cm!. LC-MS: m/z 196 [M + H]".

(2S,3S5)-3-(4-Methoxyphenylamino)butan-2-0l (10c):>®! The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as an oil; ee 75% on HPLC (Chiralpak AD column)
mobile phase, 95:5 hexane/iPrOH; flow rate 1 mLmin!, A =
247 nm, retention time (2S,3S): 48.87 min, (2R,3R): 49.20 min. 'H
NMR (500 MHz, CDCl3): 0 = 1.18 (d, J = 6.4 Hz, 3 H), 1.32 (d,
J=6.0Hz, 3 H), 323 (t, J = 6.9 Hz, | H), 3.63 (t, J = 6.6 Hz, 1
H), 3.81 (s, 3 H), 6.71-6.75 (m, 2 H), 6.83-6.86 (m, 2 H) ppm. '3C
NMR (125 MHz, CDCls): 6 = 17.1, 19.4, 55.7, 58.0, 71.4, 114.9,
116.3, 141.0, 152.9 ppm. IR (KBr): ¥ = 3394, 2970, 1617, 1512,
1455, 1377, 1236, 1037, 822 cm™'. LC-MS: m/z 196 [M + H]*.

(1S,2S5)-2-(Phenylamino)cyclohexene-1-ol  (11a):[7>75%1 The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as a white solid; m.p. 58-60 °C; ee 67% on HPLC
(Chiralpak OD column) mobile phase, 95:5 hexane/iPrOH; flow
rate 0.4 mLmin™', / = 247 nm, retention time (15,25): 62.95 min,
(1R,2R): 65.41 min. 'TH NMR (500 MHz, CDCl;): § = 1.03-1.41
(m, 4 H), 1.71-1.77 (m, 2 H), 2.09-2.15 (m, 2 H), 2.89 (m, 2 H),
3.13 (ddd, J = 3.9, J = 10.0, J = 10.1 Hz, 1 H), 3.33 (ddd, J = 4.2,
J =104, J = 10.5Hz, 1 H), 6.7-7.2 (m, 2 H), 7.21-7.25 (m, 5
H) ppm. '3C NMR (125 MHz, CDCly): 6 = 24.2, 24.9, 31.5, 33.1,
60.1, 74.4, 114.3, 118.3, 129.3, 147.8 ppm. IR (in KBr): ¥ = 3354,
2931, 2858, 1602, 1501, 1448, 1320, 1067, 748 cm!'. LC-MS: m/z =
192 [M + H]*, 214 [M + Na]*.
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(1S,2S5)-2-(2-Methoxyphenylamino)cyclohexan-1-ol (11b):’>711 The
title compound was isolated by column chromatography (hexane/
AcOEt, 90:10) as a white solid; m.p. 68-70 °C; ee 83% on HPLC
(Chiralpak OJ column) mobile phase, 80:20 hexane/iPrOH; flow
rate 0.5mLmin!, 4 = 247 nm, retention time (15,25): 17.1 min,
(IR2R): 19.2 min. [a]§ = +49.6 (¢ = 3.0, CH,Cl,, 63% ee). 'H
NMR (500 MHz, CDCl3): 6 = 0.97-1.15 (m, 1 H), 1.24-1.50 (m, 3
H), 1.68-1.78 (m, 2 H), 2.04-2.16 (m, 2 H), 2.85 (br. s, 1 H), 3.07—
3.19 (m, 1 H), 3.34-3.46 (m, 1 H), 3.83 (s, 3 H), 6.63-6.89 (m, 4
H) ppm. '3C NMR (125 MHz, CDCls): 6 = 24.2, 25.0, 31.5, 33.0,
55.4, 55.6, 74.5, 109.7, 111.4, 117.2, 121.2, 137.5, 147.5 ppm. IR
(in KBr): ¥ = 3616, 3429, 3067, 2964, 1602, 1511, 1456, 1430, 1341,
1247, 1180, 1121, 1050, 1030, 977, 945 cm .

(1S,25)-2-(4-Methoxyphenylamino)cyclohexan-1-ol ~ (11¢):1°27>71]
The title compound was isolated by column chromatography (hex-
ane/AcOEt, 85:15) as a white solid; m.p. 62-64 °C; ee on HPLC
(Chiralpak OD column) mobile phase, 80:20 hexane/iPrOH; flow
rate 0.5 mLmin"!, 2 = 247 nm, retention time (15,25): 16.2 min,
(IR2R): 24.3 min. [a]}y = +40.1 (¢ = 3.2, CH,Cl,, 48% ee). 'H
NMR (500 MHz, CDCls): 6 = 0.85-1.10 (m, 1 H), 1.12-1.40 (m, 3
H), 1.60-1.80 (m, 2 H), 2.0-2.18 (m, 2 H), 2.92-3.04 (m, 1 H), 2.60
(br. s, 1 H), 3.24-3.55 (m, 1 H), 3.73 (s, 3 H), 6.66 (d, J = 8.8 Hz,
2 H), 6.76 (d, J = 8.8 Hz, 2 H) ppm. '3C NMR (125 MHz, CDCls):
0 = 242, 250, 31.4, 33.0, 55.6, 61.6, 74.3, 114.7, 116.3, 141.5,
152.8 ppm. IR (in KBr): ¥ = 3677, 3529, 3366, 3021, 3013, 2938,
2861, 2836, 1612, 1512, 1465, 1450, 1401, 1296, 1239, 1221, 1180,
1136, 1067, 1038 cm ™.

(1S,25)-2-(Phenylamino)cyclooctan-1-ol (12a):® The title com-
pound was isolated by column chromatography (hexane/AcOEt,
90:10) as a white solid. Melting point 55-56 °C; ee 72% on HPLC
(Chiralpak OD column) mobile phase, 95:5 hexane/iPrOH; flow
rate 0.8 mLmin', 4 = 247 nm, retention time (1S5,2S5): 27.12 min,
(IR2R) 29.34min: 'H NMR (500 MHz, CDCls): § = 1.05-1.45
(m, 4 H), 1.50-2.15 (m, 8 H), 3.40-3.50 (m, 1 H), 3.60-3.70 (m, 1
H), 4.50 (br., 1 H), 6.70-7.20 (m, 6 H) ppm. IR (KBr): ¥ = 3315,
3107, 3054, 3027, 2941, 1923, 1690, 1604, 1498, 1465, 1306,
1256 cm™!. LC-MS: m/z = 218 [M + HJ*.

(1S,2.5)-2-(2-Methoxyphenylamino)cyclooctan-1-ol (12b): The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as an oil; ee 78% on HPLC (Chiralpak OJ column)
mobile phase, 95:5 hexane/iPrOH; flow rate 0.4 mLmin !, /1 =
220 nm, retention time (15,2S): 40.39 min, (1R,2R): 42.10 min. 'H
NMR (500 MHz, CDCl3): 0 = 1.27-1.30 (m, 4 H), 1.44-1.70 (m, 8
H), 2.14-2.17 (m, 1 H), 2.90-2.93 (m, 1 H), 3.84 (s, 3 H), 4.47 (br.,
1 H), 6.71-7.17 (m, 5 H) ppm. '3C NMR (125 MHz, CDCls): 6 =
24.43, 25.60, 26.29, 26.49, 26.56, 55.75, 75.75, 110.50, 116.07,
121.38, 147.86, 150.63 ppm. LC-MS: m/z = 250 [M + H]*.

(1S,25)-2-(4-Methoxyphenylamino)cyclooctan-1-ol (12¢): The title
compound was isolated by column chromatography (hexane/Ac-
OEt, 90:10) as an oil; ee 56% on HPLC (Chiralpak OD column)
mobile phase, 95:5 hexane/iPrOH; flow rate 0.8 mLmin!, /. =
220 nm, retention time (15,2S5): 27.32 min, (1R,2R) 39.59 min: 'H
NMR (500 MHz, CDCl;): 6 = 1.26-1.29 (m, 4 H), 1.44-1.63 (m, 8
H), 2.12-2.16 (m, 1 H), 2.89-2.91 (m, 1 H), 4.48 (br., 1 H), 3.74 (s,
3 H), 6.66-6.75 (m, 5 H) ppm. *C NMR (125 MHz, CDCls): § =
25.74, 26.43, 26.70, 55.82, 72.71, 114.91, 116.93, 139.26, 151.53,
153.09, 155.72 ppm. LC-MS: m/z = 250 [M + H]".

Recycling of the Catalyst: At the end of the catalytic run (checked
on TLC) the solvent was completely removed under reduced pres-
sure. The residue was extracted with hexane to remove the reac-
tants. The remaining solid was further washed with hexane
(10 mL), dried under reduced pressure for 1-2 h, and was used as
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recovered catalyst for recycling experiments based on asymmetric
ring opening of meso-stilbene oxide as representative substrate with
aniline as nucleophile.
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