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ABSTRACT: An (S,S)-diphenyldiamine-derived bis(imidazolidine)-
pyridine (PyBidine)−NiCl2 complex catalyzed the asymmetric addition of
methanol and peroxides to isatin-derived N-Boc-imines to form chiral
quaternary N,O-acetals at the C3 position of the resulting oxiindoles in up
to 99% yield with 94% ee.

The addition of oxygen-based nucleophiles, such as water,
alcohols, peroxides, and even oxygen itself, occurs

universally in all living organisms to generate highly function-
alized natural compounds and to metabolize organic substrates.
Examples include the N,O-acetal (alias N,O-aminal) groups,
obtained by the addition of oxygen-based nucleophiles to imine
substrates, to produce numerous biologically significant
compounds (Figure 1).

In variecolortide A, a 9,10-anthraquinone unit and an indol
moiety are connected via a spiro N,O-acetal on the
diketopiperazine portion.1 The anticancer compound (+)-zam-
panolide2 and members of the pederin3 family form N,O-acetals
with simple hydoxy and methoxy functionalities. In addition,
verruculogen4 and dioxeranone5 are interesting natural products

possessing unique α-amino peroxide groups. Finally, the unique
compounds (+)-sieboldine A6 and (−)-crambidine7 are complex
molecules incorporatingN,O-acetals and have become important
targets in the total synthesis of pharmaceutical candidates.
A fascinating feature of unsymmetrical N,O-acetals is their

potential to contain chiral stereogenic centers as a result of the
addition of oxygen-based nucleophiles to imines. Antilla
pioneered the catalytic asymmetric addition of alcohols8 and
peroxides9 to aldehyde-derived imines (i.e., aldimines) using
phosphoric acid, and List reported the synthesis of cyclic N,O-
acetals with a phosphoramide catalyst.10 With regard to ketone-
derived imines (i.e., ketimines), Sha and Wu reported a quinine-
based organocatalyst that promotes the enantioselective addition
of alcohols to isatin-derived N-Boc-ketimines to give the
corresponding products with up to 78% ee.11 Considering the
importance of chiralN,O-acetals in medicinal chemistry, both the
general and highly enantioselective catalytic asymmetric addition
of alcohols and peroxides to isatin-derived N-Boc-ketimines are
presented herein.12−14

From a program for creating the efficient asymmetric catalyzes,
we have previously succeeded in developing a bis-
(imidazolidine)pyridine ligand, abbreviated as PyBidine, with
applications to metal-catalyzed reactions.15 PyBidine−metal
complexes have been applied to various asymmetric reactions,
and a PyBidine−NiCl2 catalyst allowed the first general nitro-
Mannich reaction of isatin-derived N-Boc-ketimines with
nitroalkanes to construct a chiral quaternary aminocarbon center
at the C3 positions of oxindoles in yields of up to 99% with 95%
ee (Scheme 1).16

When this reaction was carried out in methanol, the methanol
addition product was obtained in 73% yield with 63% ee in
addition to the desired nitro-Mannich adduct (27%, 80% ee).
The formation of the chiral N,O-acetal inspired us to optimize
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Figure 1. Examples of N,O-acetal-containing biologically significant
compounds.
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the reaction conditions for the addition of methanol to an isatin-
derived N-Boc-ketamine (1a), as shown in Table 1.

When 10 equiv of methanol (relative to the isatin-derived N-
Boc ketamine) was used, the PyBidine−NiCl2 complex smoothly
catalyzed theN,O-acetal formation in toluene to give the product
in 99% yield with 88% ee. Interestingly, varying the metal salts
showed that the PyBidine−Ni(OAc)2 complex gave the (S)-
enriched product in 70% ee, while the PyBidine−CoCl2 complex
gave the (R)-enriched product in 66% ee. Reactions using CoCl2
and CuCl2, elements on either side of Ni in the periodic table,
resulted in lower enantiomeric excess values. In contrast, the
PyBidine−NiCl2-catalyzed reaction in a less polar solvent gave
both a higher yield and a greater ee value. The application of an
amine base gave superior results compared to the use of an
inorganic base, while the reaction without a base resulted in only
a trace of the desired product. The use of the analogous ligands

pybox17 and pybim18 generated lower enantiomeric inductions
in the case of the NiCl2-catalyzed reactions (entries 10 and 11).
PyBidine−NiCl2 in toluene with DIPEA as the base was selected
as the best catalyst system, giving the product with the highest
enantioselectivity in the (R)-enriched form. Using the optimized
conditions, the generality of the PyBidine−metal-catalyzed
alcohol addition to isatin-derived N-Boc-ketimines was exam-
ined, with the results presented in Scheme 2. Both electron-
enriched and -deficient isatin-derived N-Boc-ketimines were
readily converted, and the 5-methoxy product 2c was obtained
with 90% ee.

Among the typical alcohols we examined, the smallest
methanol showed the highest reactivity during N,O-acetal
formation. Under the reaction conditions for entry 1 in Table
1, the reaction using ethanol gave a 53% yield with 68% ee (20 h),
while the reaction with i-PrOH resulted in only a trace of the
product.
Subsequently, peroxides were examined as analogues for the

smallest oxygen-based nucleophile (methanol) but with higher
nucleophilicity.19,20 Under similar reaction conditions to entry 1
in Table 1, tert-butyl hydroperoxide (TBHP) showed good
reactivity to give the corresponding adduct in 93% yield with 84%
ee following reaction at rt over 2 h. Cumene hydroperoxide
(CMHP) gave improved results with 90% ee (99% yield at rt over
2 h), while the reaction at 10 °C over 4 h generated the product
with up to 94% ee. The PyBidine-NiCl2-catalyzed asymmetric
addition of CMHP to isatin-derived N-Boc-ketimines was
examined under the optimized conditions, and the results are
shown in Scheme 3. N-Methylisatins containing not only
electron-withdrawing but also electron-donating substituents
on the benzene ring reacted successfully to give the N,O-acetal 3
with ee values ranging from 88% to 94%. From 1 g of 1a, 2a was
quantitatively obtained with 89% ee.
The structure of peroxide adduct was confirmed by a single X-

ray crystallographic analysis of racemic product 3f (Figure 2).
The proposed catalytic cycle for the PyBidine−NiCl2-

catalyzed asymmetric addition of CMHP to isatin-derived N-
Boc-ketimines is provided in Scheme 4. When the PyBidine−
NiCl2 was mixed with 1a, HRMS analysis found a peak at m/z =

Scheme 1. Asymmetric Nitro-Mannich Reaction Catalyzed by
the PyBidine−NiCl2 Complex

Table 1. Optimization of PyBidine−Metal-Catalyzed
Methanol Addition to an Isatin-Derived N-Boc-ketimine

entry metal salt solvent base yield (%) ee (%)

1 NiCl2 toluene DIPEA 99 88
2 Ni(OAc)2

a toluene DIPEA 96 70 (S)
3 Ni(OTf)2 toluene DIPEA 99 22 (S)
4 Ni(ClO4)2

b toluene DIPEA 99 20 (S)
5 CoCl2

b toluene DIPEA 87 66
6 CuCl2 toluene DIPEA 93 8 (S)
7 NiCl2 THF DIPEA 36 64
8 NiCl2 CH3CN DIPEA 93 60
9 NiCl2 CHCl3 DIPEA 81 80
10c NiCl2 toluene DIPEA 47 18
11d NiCl2 toluene DIPEA 85 46
12 NiCl2 toluene Et3N 87 86
13 NiCl2 toluene K2CO3 91 68
14 NiCl2 toluene trace

aTetrahydrate was used. bHexahydrate was used. cpybox was used as
the ligand. dpybim was used as the ligand.

Scheme 2. Asymmetric Addition of Methanol to an Isatin-
Derived N-Boc-ketimine Catalyzed by a PyBidine−NiCl2
Complex
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1056.3870, corresponding to [PyBidine−NiCl + 1a]+. Thus, the
reaction starts with the activation of the isatin-derived N-Boc-
ketimine by the PyBidine−NiCl2 catalyst to give A. The peroxide
(pKa = ca. 12.17) then attacks the activated N-Boc-ketamine in
an enantioselective manner to form B, following which the basic
additive (pKa of DIPEA = ca. 10.75) abstracts a proton to give the
nickel-bound amide intermediate C. Subsequent protonation of
C produces the N,O-acetal with regeneration of the PyBidine−
NiCl2 catalyst.
The generation of an (R)-enriched N,O-acetal by the (S,S)-

diphenylethylene-derived PyBidine−NiCl2 catalyst can be
explained on the basis of the reaction model depicted in Figure
3. Examining the catalytic cycle above, together with the results
of previous studies of the PyBidine−NiCl2-catalyzed asymmetric
nitro-Mannich reaction,16 it is believed that the PyBidine−NiCl2
complex acts as a Lewis acid to activate the isatin-derivedN-Boc-
ketimines. Due to the affinity of nickel for nitrogen atoms, the
isatin-derived N-Boc-ketimines coordinate to the nickel center
through the lone electron pair of the imine unit. The alcohol and
peroxide then attack the isatin-derived N-Boc-ketimines

coordinated to the nickel center from the second quadrant. In
this scenario, the NH functionality of the imidazolidine ring of
the PyBidine moiety guides the attack of the nucleophile through
hydrogen bonding, since the reaction using the PyBidine−NiCl2
catalyst gave superior results to the reactions using either pybox−
NiCl2 or pybim−NiCl2. The successful and highly enantiose-
lective synthesis of 3h, with a sterically hindered 6-membered
ring, agrees with the coordination scenario for the (R)-enriched
product presented in Figure 3.
In conclusion, a bis(imidazolidine)pyridine (PyBidine)−

NiCl2 catalyst enabled the highly enantioselective addition of
methanol and peroxides to isatin-derived N-Boc-ketimines. The
cooperation between the metal−Lewis acid and the imidazoli-
dine−NH through hydrogen bonding during this catalysis works
general to promote the asymmetric nucleophilic addition
reaction.
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Experimental procedures, characterization of products, NMR
spectra, and X-ray data for 3f. The Supporting Information is
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Scheme 3. Asymmetric Addition of CMHP to Isatin-Derived
N-Boc-ketimines Catalyzed by a PyBidine−NiCl2 Complexa,b

aAbsolute structure was provided by analogy of 2a. bAt 0 °C.

Figure 2. X-ray crystallographic analysis of racemic product 3f.

Scheme 4. Proposed Catalytic Cycle for the PyBidine−NiCl2-
Catalyzed Asymmetric Addition of a Peroxide to an Isatin-
Derived N-Boc-ketimine

Figure 3. Proposed reaction mechanism for the PyBidine−NiCl2-
catalyzed asymmetric N,O-acetal formation.
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