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Abstract: An in situ formation method to obtain
chiral bifunctional primary amine-imine catalysts
from the C,-symmetric chiral diimines has been de-
veloped. The efficiency of this method in the con-
struction of chiral tertiary alcohols which are valua-
ble pharmaceutical intermediates is proved by its ap-
plication to the asymmetric aldol-type reaction of
cyclic ketones with other activated ketone com-
pounds as the enamine acceptors, i.e., 3,y-unsaturat-
ed a-keto esters and isatins. In general, good to ex-

cellent diastereoselectivities and enantioselectivities
(up to 96/4 dr, 96% ee for f,y-unsaturated a-keto
esters and up to 91/9 dr, 94% ee for isatins) were ob-
tained. The active primary amine-imine catalylst and
enamine intermediate in the reaction process could
be demonstrated by ESI-MS analysis.

Keywords: aldol reaction; chiral diimines; chiral pri-
mary amine-imine; chiral tertiary alcohols; in situ
formation

Introduction

As one class of compounds containing a quaternary
stereocenter, tertiary alcohols and especially chiral
tertiary alcohols hold an important position in the
pharmaceutical industry and biological sciences.!"! For
example, tertiary hydroxy esters are highly important
intermediates in the asymmetric synthesis of natural
products and medicinal agents? containing a tertiary
hydroxyl moiety, such as oxybutynin (ditropan),
which is a widely prescribed medicine for the treat-
ment of urinary incontinence. As another example, 3-
alkyl-3-hydroxyindolin-2-ones are particularly impor-
tant molecules in a number of biologically active nat-
ural products and pharmaceuticals®®’ among which 3-
cycloalkanone-3-hydroxy-2-oxindoles are quite prom-
ising in the field of medicinal chemistry because of
their anticonvulsant activity. As an efficient method
to construct such compounds, organocatalytic asym-
metric intermolecular aldol reactions of the ketone-
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ketone type remain a challenge although significant
achievements have been made for the organocatalytic
direct aldol reactions of the ketone-aldehyde and al-
dehyde-aldehyde types."”!

Chiral primary amines as an organocatalyst play an
increasingly important role in organocatalytic asym-
metric reactions, and many reactions promoted by
chiral primary amine catalysts have been reported,
for example, aldol reactions,”! Michael additions,” a-
aminations,® and cycloaddition reactions.”’ To im-
prove the efficiency and universality of these catalysts,
several mutifunctional chiral primary amine catalysts
such as chiral primary amine-thiourea,'” primary-ter-
tiary diamine,'""! and sulfonamide-primary amine!'!
organocatalysts have also been successfully developed
(Figure 1). Despite these significant advances,”® the
multifunctional chiral primary amine catalysts can
only be obtained by complex synthetic procedures,
which limits their further applications. Given the im-
portance of these mutifunctional primary amine cata-
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Figure 1. Bifunctional primary amine catalysts.

lysts, it is necessary to develop more easily available
chiral primary aminocatalysts to enrich the types of
organocatalyst. Just recently, we successfully devel-
oped a bifunctional primary-imine catalyst!"* from the
stable C,-symmetric chiral diimines!" for the first
time through a new concept in organocatalysis — the
use of an in situ formation method, which promotes
the direct aldol reaction between different ketones
and a-keto esters in high yields and excellent enantio-
selectivities. To broaden its potential applications,
herein, we would like to report the details for the
construction of several valuable chiral tertiary alco-
hols using aldol-type reaction of cyclic ketones with
[,y-unsaturated o-keto esters and isatins based on the
enamine process through this protocol.

Results and Discussion

Our preliminary study demonstrated that a chiral di-
imine could be hydrolyzed efficiently in acid condi-
tions to obtain a chiral primary-imine catalyst, which
could further activate unactivated ketones through
enamine intermediates."! Based on these observa-
tions, a series of synthetic easily accessible chiral di-
imine precatalysts Ia—Ile was examined for the con-
struction of tertiary alcohols (Figure 2 and Figure 3).
At first, the synthesis of (3,y-unsaturated tertiary hy-
droxy esters was studied using the reaction of cyclo-
hexanone and f,y-unsaturated o-keto ester la as
a model reaction, and the results are summarized in
Table 1. As expected, the aldol-type reaction of the
B,y-unsaturated a-keto ester occurred preferentially
under these conditions to give the desired product
successfully. The best result was obtained when preca-
talyst Id was employed with up to 96/4 dr and 92% ee
(Table 1, entry 4). Encouraged by this result, further
optimization of the reaction conditions was carried
out. Subsequent investigation of the reaction parame-
ters gave as the optimal conditions: 0.2 mmol 1a as
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Figure 2. Chiral diimines derived from (1R,2R)-cyclohexane-
1,2-diamine.
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Figure 3. Chiral diimines derived from (1R,2R)-1,2-diphenyl-
ethane-1,2-diamine.

the substrate, 10 mol% Id as the precatalyst, at 25°C
in 0.2mL cyclohexanone under solvent-free condi-
tions with 5 equiv. acetic acid as the additive (Table 1,
entry 12). Of all the Brgnsted acids screened (formic
acid, acetic acid, TFA, TfOH, benzoic acid, n-butyric
acid, n-hexanoic acid, trimethylacetic acid, propane-
dioic acid), acetic acid was found to be the most effec-
tive. As shown in Table 1, the yield and ee value of
the product increased with increased amount of acetic
acid (Table 1, entry 4 and entries 9-11), which under-
lines that the generation of the primary amine-imine
catalyst could be affected by the concentration of
acetic acid. Both the dr and ee value of the product
remained almost unchanged when lowering the preca-
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Table 1. Screening of the reaction conditions for the synthe-
sis of P,y-unsaturated tertiary hydroxy esters using in situ
formed primary-imine catalysts.[

(0]
in situ formed
¥ primary amine-imine
Q on OMe
M
Ph /\)H(O e
(0]

Entry Precat (mol%) ¢[h] Yield [%]® drf!  ee[%]
1 Ia (20) 24 74 92/8 86
2 Ib (20) 24 80 92/8 83
3 Ic (20) 24 57 95/5 89
4 Id (20) 24 95 9/4 92
5 Ie (20) 2472 91/9 77
6 If (20) 24 73 94/6 93
7 Ig (20) 24 6l 96/4 90
8 TIh (20) 24 35 89/11 80
olel Id (20) 24 31 95/5 75
100 1d (20) 24 63 96/4 85
11 1d (20) 24 94 96/4 92
12 Id (10) 30 93 9/4 92
13 Id (5) 30 75 94/6 92

[ The reaction was carried out with 1a (0.2 mmol), precata-
lyst, AcOH (5 equiv.) in cyclohexanone (0.2 mL) at 25°C
for the indicated time.

'] Yield of isolated products containing a mixture of diaste-
reoisomers.

[l Determined by chiral HPLC.

@' Determined by chiral HPLC for the major product.

ll 0.2 equiv. AcOH were added.

M 1 equiv. AcOH was added.

el 10 equiv. AcOH were added.

talyst loading from 20% to 1% despite the decrease
in yields (Table 1, entries 4, 12 and 13).

With the optimized conditions in hands, we next
studied the scope of the reaction. At first, the reac-
tions of cyclohexanone with different {3,y-unsaturated
a-keto esters were tested. The alkoxy group of the
ester had little effect on the stereoselectivity of the
reaction, and the best result was obtained in the pres-
ence of an isopropoxy group (Table 2, entries 1-4).
Except for some discrepancies in yields, high diaste-
reoselectivities and enantioselectivities were obtained
for a series of f,y-unsaturated keto esters having dif-
ferently substituted phenyl groups regardless of the
electron-withdrawing or electron-donating properties
of the substituents (Table 2, entries 5-14). Moreover,
fused ring and heteroaromatic substrates were also in-
vestigated, giving the desired products with similar re-
sults (Table 2, entries 15-17). As for other cyclic ke-
tones, both yields and selectivities were inferior to cy-
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clohexanone (Table 2, entries 18-22). A mixture of
diastereoisomers with only 23 % ee for major product
was obtained for cyclobutanone (Table 2, entry 18).
Cycloheptanone was found to react slowly and only
7% yield was achieved even after 96h (Table 2,
entry 20). The 6-membered heterocyclic ketones gave
high diastereoselectivities and good ee values
(Table 2, entries 21 and 22). Unfortunately, no ee
value was observed under the same conditions for the
acyclic ketone such as acetone although the reaction
proceeded well to afford the desired product.

An additional scaled-up experiment was performed
to show the potential of this method in the practical
synthesis of chiral ,y-unsaturated tertiary hydroxy
esters (Scheme 1). By treatment of 4 mmol (0.88 g) of
1c under the optimal reaction conditions, the desired
product 2¢ was obtained in 85% yield without obvious
loss of diastereoselectivity and enantioselectivity (dr:
93/7, ee: 95%).

In a further extension of this methodology, we
expand the scope of activated ketone compounds, and
isatin was introduced to synthesize 3-alkyl-3-hydrox-
yindolin-2-ones, which are present in many important
biologically active natural products and medicinal
compounds. The reaction of isatin and cyclohexanone
using precatalysts derived from (1R,2R)-1,2-diphenyl-
ethane-1,2-diamine was selected as a model reaction
to explore the feasibility of this strategy. The results
are summarized in Table 3.

Initially, diimine Ila was investigated as the preca-
talyst. As we anticipated, the desired product was af-
forded in 92% yield with good enantioselectivity and
diastereoselectivity in the presence of 5equiv. of
AcOH and 5 mol% of IIa (Table 3, entry 1). (1R,2R)-
1,2-Diphenylethane-1,2-diamine as the catalyst gave
the desired adduct in high yield (96%) but with low
enantioselectivity and diastereoselectivity (Table 3,
entry 2). Subsequent investigation showed that preca-
talyst IIb exhibited the best enantioselectivity and
diastereoselectivity (Table 3, entries 3-6). Further-
more, a primary amine-imine hydrochloride similar to
the in situ formed primary amine-imine catalyst from
IIb was also tested but unfortunately an unsatisfactory
result was obtained, presumably caused by the strong
acidity of hydrochloric acid (90/10 dr, 30% ee, for
more details see the Supporting Information). Further
optimization of reaction condition revealed that the
reaction carried out with 10 mol% loading of IIb and
10 equiv. AcOH in 0.2 mL cyclohexanone at 25°C af-
forded the best result (95% yield, 93/7 dr, 93% ee) in
24 h (Table 3, entry 15). AcOH was proven to be the
most effective Brgnsted acid once again, achieving
the highest enantioselectivity (Table 3, entry 3, en-
tries 9-12). Increasing the precatalyst loading of IIb
to 10 mol% led to an improvement of the enantiose-
lectivity (Table 3, entry 13). Further increasing the
amount of IIb did no help the reaction (Table 3,
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Table 2. Asymmetric aldol reaction of cyclic ketones with f3,y-unsaturated a-keto esters using in situ formed primary-imine

catalyst.[
O R2 cat = Q
O B
(U\ . R3N\)H(OR4 cat (10 mol%) _N~‘ NH,
R" R? solvent-free
© Cl OH
(in situ formed from Id)
Entry 1 t [h] Product Yield [% ]® dr [% ] ee [% ]9
R', R? R? R*
1 -(CH,)s- Ph Me 30 2a 93 96/4 92
2 -(CH,);- Ph Et 30 2b 90 96/4 93
3 -(CH,);- Ph i-Pr 30 2c 93 96/4 96
4 -(CH,);- Ph Bn 30 2d 92 96/4 95
5 -(CH,);- 2-CIC¢H, i-Pr 36 2e 81 9377 92
6 -(CH,)s- 2-BrC,H, i-Pr 36 2f 86 92/8 93
7 -(CH,);- 3-CICH, i-Pr 36 2g 84 94/6 92
8 -(CH,);- 3-BrC,H, i-Pr 36 2h 83 9377 91
9 -(CH,);- 4-FCsH, i-Pr 36 2i 91 93/7 91
10 -(CH,);- 4-CIC¢H, i-Pr 36 2j 93 94/6 92
11 -(CH,);- 4-BrC,H, i-Pr 36 2k 83 92/8 90
12 -(CH,);- 4- CH;CH, i-Pr 36 21 94 91/9 95
13 -(CH,)s- 4- CF,CsH, i-Pr 36 2m 61 89/11 90
14 -(CH,);- 4-OCH;CH, i-Pr 36 2n 74 91/9 94
15 -(CH,)s- 2-naphthyl iPr 36 20 66 94/6 94
16 -(CH,);- 3-pyridinyl i-Pr 36 2p 88 89/11 84
17 -(CH,);- 2-thiophenyl i-Pr 36 2q 87 94/6 92
18 -H, CH.- Ph i-Pr 36 2r 57 70/30 22/0
19 -CH,CH,- Ph i-Pr 36 2s 69 87/13 52
20 -(CH,),- Ph i-Pr 96 2t 7 n.d. n.d.
21 -CH,OCH,- Ph i-Pr 36 2u 72 94/6 76
22 -CH,SCH,- Ph i-Pr 36 2v 41 94/6 81

[l The reaction was carried out with 1 (0.2 mmol), precatalyst Id (0.02 mmol), AcOH (5 equiv.) in cyclic ketones (0.2 mL) at

25°C for the indicated time.
1 Yield of isolated product.
[l Determined by chiral HPLC.

@' Determined by chiral HPLC and absolute configurations assigned to be S,R by comparison with literature data./'®

0]

Oi-Pr
+ Ph/\)g(

0]

1c

4 mmol
0.88¢g

Scheme 1. Scaled-up experiment of cyclohexanone and 1c.

entry 14). With 10 mol% loading of IIb, 10 equiv.
AcOH were found to be suitable for the reaction
(Table 3, entries 15 and 16).

With the optimized conditions, the substrate gener-
ality was investigated. As summarized in Table 4, the
reaction proceeded smoothly with a variety of substi-
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yield: 85%
dr. 93/7
ee: 95%

tuted isatins and cyclic ketones to generate the corre-
sponding adducts with high yields and stereoselectivi-
ties. The isatins with electron-donating or electron-
withdrawing substituents on aromatic rings were in-
troduced and showed good tolerance to these condi-
tions (Table 4, entries 2-7). The 5-methylindolin-3-
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Table 3. Optimization for in situ formed primary amine-cata-
lyzed reaction of isatin and cyclohexanone.[®!

Table 4. In situ formed primary amine-catalyzed asymmetric
reaction of isatins and cyclic ketones.™

(0] (0]
R2
in situ formed 1
in situ formed 3 + © w) ) '\Z
+ 0 ; T o solvent-free
primary amine-imine X
| o
o] / = ,\{
N R® R® 4a-4k

Entry Precat or Acid Yield dr anti/  ee Entry 3 Yield dr anti/ ee

cat [%][h] syn[c] [%][d] [%][b] syn[C] [%][d]

1 2 5 6

1 IIa AcOH 92 81/19 70 R\R R R
2 dpen AcOH 96 65/35 62 1 -(CH,);- H H 95 93/7 93
3 IIb AcOH 90 83/17 79 2 -(CH,);5- 5- H 92 91/9 94
4 Ilc AcOH 93 75125 76 Me
5 IId AcOH 94 80/20 76 3 -(CH,);- S-F H 97 87/13 89
6 Ile AcOH 90 74/26 72 4 -(CH,);- 5-C1 H 92 94/6 89
7t IIb AcOH 88 84/16 77 5 -(CH,);- 5-Br H 98 89/11 90
81 1Ib AcOH 99 78122 79 6 -(CH,);- 4-Cl H 94 87/13 94
9 IIb HCOOH 9%4 86/14 78 7 -(CH,);- 4-Br H 95 96/4 92
10 IIb TFA 93 85/15 73 8 -(CH,);- H Me 90 89/11 84
11 1Ib TfOH 81 76/24 65 9 -(CH,);- H Bn 87 94/6 89
1261 1B PhCOOH 84 82/18 76 101 (CH,)- H H 40 91/9 89
130 1Ib AcOH 94 92/8 88 11 (CH,)- H H 32 91/9 93
141 11b AcOH 96 92/8 88 = : : :
150 1B AcOH 95 93/7 03 4 The reaction was carried .out ‘w1th 34 (0:2 mmol), IIb
164 IIb AcOH 95 93/7 93 (10 mol%), AcOH (10 equiv.) in the indicated ketone

[l The reaction was carried out with isatin (0.2 mmol), pre-
catalyst (5 mol% ), Brgnsted acid (5 equiv.) in cyclohexa-
none (0.2 mL) at 25°C for 24 h.

) Isolated yield.

[ Determined by chiral HPLC.

41 Determined by chiral HPLC for anti product.

l] Reaction was carried out at 0°C for 48 h.

1 Reaction was carried out at 40°C for 12 h.

e} Reaction was carried out at 25°C for 48 h.

] With 10 mol% loading of TIb.

0 With 20 mol% loading of Ib.

i1 With 10 mol% of ITb and 10 equiv. AcOH.

' With 10 mol% of ITb and 20 equiv. AcOH.

one and 4-chloroindoline-2,3-dione gave the best
enantioselectivity (94% ee) and 4-bromoindoline-2,3-
dione gave the best diastereoselectivity (Table 4, en-
tries 2, 6 and 7). The methyl and benzyl 1-substituted
isatins were shown to be also good aldol acceptors
(Table 4, entries 8 and 9). Other cyclic ketones were
also investigated and provided the products with high
enantioselectivities despite much losses in yields
(Table 2, entries 10 and 11). The absolute configura-
tion of the major anti diastereoisomer was determined
to be §,R by comparing its HPLC profile with report-
ed results!'’! and a single-X-ray structural analysis of
4a (Figure 4)." The newly formed carbon center con-
taining the hydroxy group was found to be of the R
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(0.2 mL) at 25°C for 24 h.
) Isolated yield.
[l Determined by chiral HPLC for anti product.
[ Determined by chiral HPLC for the major product.
[} The reaction was carried out for 48 h.

configuration, and the cyclohexanone chiral center
was assigned to be of the S-configuration.

Similar to our previous studies, the in situ formed
primary amine-imine catalyst from chiral diimine Id
and its enamine intermediates formed with cyclohexa-
none could be detected significantly from the ESI-MS
analysis (Figure 5), and similar results could be ob-
tained for chiral diimine IIb (see the Supporting In-
formation for more details).

Conclusions

In conclusion, the aldol-type asymmetric reaction of
cyclic ketones with other activated ketone com-
pounds, i.e., B,y-unsaturated a-keto esters and isatins,
could be catalyzed by an in situ formed primary
amine-imine catalyst in high yields and good to excel-
lent enantioselectivities to give biologically valuable
chiral tertiary alcohols successfully. Given the easy
synthetic accessible of chiral diimines and their stabil-
ity for storage, this method provides a new alternative
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Figure 4. X-ray crystal structure of compound 4a.
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Figure 5. ESI-MS analysis of a mixture of Id with AcOH; a)
in CH,Cl,, b) in cyclohexanone.
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for the synthesis of chiral tertiary alcohols through or-
ganocatalytic asymmetric reactions. Efforts aimed at
further applications of the catalyst system are ongoing
in our laboratory.

Experimental Section

Typical Procedure for the Preparation of 2 using
Precatalyst Id

To the mixture of diimine Id (7.8 mg, 0.02 mmol), 3,y-unsa-
turated a-keto ester 1a (38 mg, 0.2 mmol) in cyclohexanone
(0.2 mL) was added AcOH (57.0 uL, 1 mmol) at 25°C. The
reaction mixture was stirred at 25°C for 30 h. After a simple
treatment, purification by flash chromatography (ethyl ace-
tate/petroleum ether=1/8) afforded the desired product 2a
as a white solid. '"H NMR (400 MHz, CDCl;): 6=7.39-7.37
(m, 2H), 7.32-7.29 (m, 2H), 7.26-7.22 (m, 1H), 6.88 (d, /=
15.6 Hz, 1H), 6.02 (d, J=15.6 Hz, 1H), 3.77 (s, 3H), 3.63 (s,
1H), 3.13-3.09 (m, 1H), 2.44-2.34 (m, 2H), 2.15-2.08 (m,
2H), 1.95-1.90 (m, 1H), 1.73-1.62 (m, 3H); “CNMR
(100 MHz, CDCly): 6=211.8, 174.9, 136.1, 131.6, 128.6,
127.9, 127.6, 126.7, 76.9, 57.1, 53.0, 42.2, 27.3, 27.1, 24.8; HR-
MS: m/z=311.1253, calculated for C;;H,,0O,Na: 311.1259
[M+Na]*; HPLC (Chiralpak AS-H, hexane/i-PrOH=90:10,
flow rate 1.0mLmin™!, A=254nm): retention time=
12.32 min (major), 19.47 min (minor); [a]5? —107.3 (c=
0.80, CHCl;, 92% ee).

Typical Procedure for the Preparation of 4 using
Precatalyst IIb

To a stirred solution of precatalyst IIb (4.2 mg, 0.01 mmol)
in cyclohexanone (0.2mL) was added isatin (14.7 mg,
0.1 mmol) and then AcOH (10 equiv.) at 25°C. The resulting
mixture was stirred at 25°C for 24 h, and then was directly
purified through flash column chromatography on a silica
gel (CH,CI,/CH;0H=20/1) to afford the product 4a as
a white solid. '"H NMR (400 MHz, DMSO-d): 6=10.18 (s,
1H), 7.22-7.14 (m, 2H), 6.87-6.78 (m, 2H), 5.80 (s, 1H),
3.07 (dd, /=13.2, 4.8 Hz, 1H), 2.61-2.56 (m, 1H), 2.36-2.27
(m, 1H), 1.97-1.64 (m, 5H), 1.49-1.44(m, 1H); "CNMR
(100 MHz, DMSO-dg): 6=209.0, 178.7, 143.4, 130.8, 128.5,
124.7, 120.7, 109.3, 73.8, 57.3, 41.4, 26.6, 26.5, 24.4; HR-MS:
m/z=268.0949, calculated for C;,H;sNNaO;: 268.0950 [M +
Na]*; HPLC (Chiralcel OJ-H, hexane/i-PrOH =80:20, flow
rate 1.0 mLmin!, 1=210nm): retention time=11.2 min
(major), 13.8 min (minor). [a]3: —31.2 (c=0.11, CHCl,,
93% ee).
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