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A highly enantioselective addition of indoles to a readily available
ketimine was found to be catalyzed by a chiral phosphoric acid.
This organocatalytic process represents a rare example of an
addition reaction to a non-aromatic ketimine.

Imines are suitable substrates for chiral Bregnsted acid-cata-
lyzed asymmetric transformations.”” Among them, ketimines
are far less frequently employed in such organocatalytic reac-
tions compared to reactive and readily available aldimines,**
although synthetically important o-tertiary amines having a
chiral tetrasubstituted carbon center are formed by the
addition of carbon nucleophiles to unsymmetrical ketimines.’
Moreover, most of the examples reported to date are limited to
the reaction of ketimines substituted with an aryl or trifluoro-
methyl group on their imine carbons. For instance, in the
Bronsted acid-catalyzed enantioselective addition of indoles to
ketimines, either C-aryl or C-trifluoromethyl ketimines were
employed except for a few examples.*® In this context, we have
been interested in the development of a Breonsted acid-cata-
lyzed enantioselective addition of indoles to ketimines substi-
tuted with flexible functional groups. Herein, we wish to report
a highly enantioselective addition of indoles to ketimines
having modifiable substituents catalyzed by a chiral phospho-
ric acid.

To overcome the low reactivity of ketimines, we chose keti-
mines 1 and 2,%” which are sterically less congested and
strongly activated by two different ester groups, as the ideal
electrophiles. Ketimines 1 and 2 substituted by versatile ester
functional groups and a removable N-protecting group are
readily prepared from commercially available 2-aminophenol
or 2-amino-3-methylphenol and diethyl ketomalonate
(Scheme 1).
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Scheme 1 Preparation of ketimines 1 and 2.
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Our initial investigation began by evaluating the effect of acid
catalysts and solvents in the reaction of indole (6a) with keti-
mine 1 or 2 (Table 1). In the presence of 10 mol% of dicar-
boxylic acid (R)-3 or bistriflamide (R)-4 as a chiral Brensted
acid catalyst, the reaction between 6a and ketimine 1 in
toluene gave only a trace amount of the desired product 7a or
no product, probably due to the relatively low acidity of the
catalyst (entries 1 and 2). On the other hand, chiral phosphoric
acid catalysts were found to be effective for this reaction, and
we then investigated various chiral phosphoric acid catalysts
(S)-5a-e (entries 3-7). Aromatic substituents on 3,3'-positions
of the catalyst significantly affected enantioselectivity, and the
catalyst (S)-5d having sterically demanding 2,4,6-trimethylphe-
nyl groups was found to be the optimal catalyst (entry 6).
When the reaction using ketimine 2 instead of 1 was carried
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Table 1 Asymmetric addition of indole 6a to ketimines®
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Table 2 Asymmetric addition of various indoles 6 to ketimine 2°

R (0]
N catalyst ‘\\ 0
‘ (10 mol%) CO,Et
\} + o
N CO,Et toluene
H ¢}
6a 1. (R=H) 7a: (R=H)
2. (R=Me) 8a: (R =Me)
Entry  Ketimine Catalyst ~ Time (h) ield® (%) e (%)
1 1 (R)-3 2 Trace —
2 1 (R)-4 2 nd —
3 1 (S)-5a 2 99 46
4 1 (S)-5b 3 99 60
5 1 (S)-5¢ 3 99 75
6 1 ($)-5d 2 99 93
7 1 (S)-5e 3 99 90
8 2 ($)-5d 5 98 >99
o? 2 (S)-5d 18 30 96
1097 2 (5)-5d 23 29 94

“Unless otherwise specified, the reaction of indole 6a (0.06 mmol)
with a ketimine (0.05 mmol) was carried out in the presence of a
catalyst (0.005 mmol) in toluene (1.0 mL) at —78 °C. ?Isolated yield.

“Determined by HPLC using a chiral column. ¢ Use of CH,Cl, as a
solvent. ° Use of THF as a solvent.’ The reaction was performed at 0 °C.

out, the corresponding product 8a was obtained in excellent
yield with virtually complete enantioselectivity (entry 8).
Among the solvents tested, toluene gave the best result with
respect to yield and selectivity (entry 8 vs. entries 9 and 10).

With the optimal reaction conditions, we then tested the
scope of the reaction by varying the substituent on the indole
ring, and the results are summarized in Table 2. The substitu-
ent on the 5-, 6- or 7-position did not significantly affect the
enantioselectivity (entries 3-9). The reaction with 6-bromo-
indole was performed at an increased temperature (—40 °C)
because of poor solubility in toluene (entry 8). It should be
noted that the catalyst loading could be reduced to 1 mol%
without loss of enantioselectivity, while a longer reaction time
was required (entry 2). The absolute configuration of the
addition product 8g was determined to be R by single-crystal
X-ray analysis (Fig. 1): accordingly, indole should approach
from the Si face of the N-protonated ketimine 2 under the
influence of chiral phosphoric acid catalyst (S)-5d.

The reaction with other heteroaromatic compounds as
nucleophiles was also investigated (Scheme 2). The reaction of
pyrrole with ketimine 2 gave the desired product 9 in excellent
yield with good enantioselectivity, although the reaction con-
ditions were not optimized for this reaction.*>*

The obtained additional product 8a was a versatile inter-
mediate in organic synthesis and converted to important
chiral building blocks without loss of optical purity. For
instance, after protection of 8a by tosylation, treatment of
lactone 10 with DIBAL-H in THF in the presence of MS4A pro-
vided lactol 11 (Scheme 3).® This transformation represents

This journal is © The Royal Society of Chemistry 2014
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CO,Et toluene N
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Entry Indole R Time (h) ield” (%) ee (%)
1 6a H 5 98 >99
24 6a H 28 99 99
3 6b 5-Me 3 99 >99
4 6¢c 5-MeO 12 99 >99
5 6d 5-Br 5 99 99
6 6e 6-Me 3 82 >99
7 6f 6-MeO 6 98 99
8¢ 6g 6-Br 4 99 94
9 6h 7-Me 5 99 94

“Unless otherwise specified, the reaction of indole 6 (0.06 mmol) with
ketimine 2 (0.05 mmol) was carried out in the presence of catalyst 5d
(0.005 mmol) in toluene (1.0 mL) at —78 °C. PIsolated yield.
“ Determined by HPLC using a chiral column. ¢ Use of 1 mol% of 5d.
¢ Performed at —40 °C.

Fig. 1 X-ray crystal structure of 8g with ellipsoids set at 50%
probability.
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Scheme 2 Asymmetric addition of pyrrole to ketimine 2.

the functional differentiation of two ester groups in 10. After
selective protection of the primary alcohol group of 11 with
MOMCI,’ reduction of the lactol moiety with NaBH, under
reflux conditions gave diol 12. The aromatic N-substituent of
12 was removed by the oxidative carbon-nitrogen bond clea-
vage. Thus, diacetylation of the hydroxyl groups of 12,"
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Scheme 3 Transformation and deprotection of 8a. Reagents and
conditions: (a) TsCl, EtzsN, DMAP, dioxane, 95 °C, 12 h; (b) DIBAL-H,
MS4A, THF, r.t., 1 h; (c) NaBH,4, MeOH-THF, r.t., 1 h; MOMCI, DBU, THF,
rt, 1 h; (d) NaBH,4 EtOH, reflux, 1.5 h; (e) Ac,O, pyridine, r.t., 1 h;
(f) CAN, CH3CN, H,0, —-15 °C, 15 min; ag. KOH, 80 °C, 2 h.
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Scheme 4 Asymmetric addition of N-methylindole to ketimine 1.

Fig. 2 Proposed reaction model.

treatment with ceric ammonium nitrate (CAN) and deacetyla-
tion by a basic workup gave amino alcohol 13.""

When the use of N-methylindole as a nucleophile was
attempted, only a trace amount of the corresponding adduct
was detected, even with an extended reaction time (80 h)
(Scheme 4). Hence, this result suggested that indole is acti-
vated through the hydrogen bonding between the hydrogen
atom on the nitrogen of indoles and phosphoric acid catalysts
5 in the present reaction as shown in Fig. 2. Based on the
observed stereochemistry, indole seems to approach the Si-face
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of ketimine 2, both substrates being oriented and activated by
the catalyst through two hydrogen bonds.**” When the reac-
tion product 7a was treated with catalyst (S)-5d and 1 equiv. of
5-methylindole in toluene for 2.5 hours, neither a change in
the optical purity of 7a nor retro-addition was observed even at
room temperature. Hence, the stereoselectivity observed in the
present reaction must have originated from the C-C bond-
forming step.

In summary, we have developed a highly enantioselective
addition of indoles to ketimine 2 catalyzed by a chiral phos-
phoric acid. This organocatalytic process represents a rare
example of an addition reactions to a non-aromatic ketimine.
Further application of the reactive and useful ketimine for ana-
logous reactions is under investigation.
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