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A catalytic asymmetric oxidative iminium–allenamine cascade

allows the use of propargyl alcohols as stable substrates and yields

valuable chiral bicyclic 4H-chromenes. A subsequent Michael

addition–condensation domino reaction provides complex tricyclic

4H-chromenes in a highly enantioselective fashion.

One-pot multi-component domino reactions are of great

interest in organic synthesis as they allow the creation of

complex structures by sequential transformations from simple

starting materials. These atom-economical cascades achieve

desirable time and cost saving by avoiding protecting group

manipulations and tedious purification of the intermediates.

Among these processes, asymmetric organocatalytic cascades

proceeding through a combination of iminium and enamine

activations have been widely investigated over the past few

years.1 They mainly rely on the activation of unsaturated

aldehydes by chiral secondary amines catalysts and afford

complex molecules by addition of various electrophiles and

nucleophiles.

However, it is well known that aldehydes have to be purified

prior to use in organocatalysis in order to obtain good levels of

reactivity and enantioselectivity. Moreover, aldehydes are

sensitive to storage, and non-commercial aldehydes are

commonly obtained by oxidation of alcohols. Thus, the use

of allylic or propargylic alcohols would be highly convenient

and synthetically useful. Indeed, generating the aldehyde

in situ via oxidation would without doubt extend the scope

of organocatalyzed reactions.

In general one-pot tandem oxidative processes involving an

alcohol have been established; however they are mainly limited

to oxidation/Wittig olefinations or to the formation of diverse

heterocycles.2 Asymmetric Lewis base catalyzed reactions

involving the in situ catalytic oxidation of alcohols have not

been reported to date.

In combination with enamine catalysis, Alexakis and Mazet

reported a iridium catalyzed isomerization of allylic aldehydes

followed by an organocatalyzed a-functionalization.3 A stoichio-

metric oxidation of an enamine intermediate derived from an

aldehyde and subsequent reaction with a nucleophile was

reported independently by Hayashi et al.4a and Wang et al.4b

during our investigations. In these reactions aldehydes which are

often sensitive to air and moisture were applied and, additionally,

rather expensive oxidants were used which needed to be separated

by column chromatography.

We became interested in merging a catalytic oxidative

process for the in situ formation of propargylic aldehydes with

a secondary amine-catalyzed enantioselective cascade (Scheme 1).

However, we felt that only the successful incorporation of the

catalytic oxidation into a more complex reaction sequence

would be an ideal demonstration that the combination of two

distinct catalytic cycles, the metal catalyzed oxidation and

domino Lewis base catalysis, is indeed viable. Thus, for

demonstrating the feasibility of the combined catalysis concept

we chose to develop a metal catalyzed oxidation of the

propargylic alcohols followed by an iminium–allenamine

activation5,6 initially reported by Wang and Alemán.6a,c The

reaction sequence allows the use of readily available and stable

propargylic alcohols as precursors and prevents the necessary

purification or distillation steps typically associated with the

use of aldehydes in organocatalysis.

The initial challenge of this combined catalysis procedure was

to find a mild and substrate-selective catalytic oxidative system

that could be adaptable to chiral secondary amine catalytic

cycles. During our investigations, we were pleased to discover

that the catalytic oxidative system tetrapropylammonium per-

ruthenate, TPAP,7 associated withN-methylmorpholine-N-oxide

(NMO) was compatible with secondary amine catalyst as well as

substrates, intermediates and sensitive products. As shown in

Scheme 2, initial oxidation of propargyl alcohol 2 yields the

propargyl aldehyde while releasing one equivalent of N-methyl-

morpholine (NMM). The aldehyde is then transformed into

the iminium ion A by condensation with the secondary amine

catalyst.8 Intermediate A can undergo an oxa-Michael addition

with 1. The resulting allenamine intermediate B reacts with

the nitroalkene moiety by an intramolecular Michael addition

leading to compound 3 after releasing the catalyst.6

Scheme 1 Combined metal and organocatalytic reactions.
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Thus, it is most important to note that the TPAP/NMO

system is compatible with both, the diarylprolinolsilyl ethers8

as well as reaction intermediates. Moreover, the base released

in the reaction mixture (NMM) was not detrimental to the

domino reaction. After a thorough screening of solvents,

temperature, stoichiometry of starting material and catalysts,

optimal conditions for the oxidative iminium–enamine cascade

reaction were found. The reaction between (E)-2-(2-nitrovinyl)-

phenol 1a and 3-phenylprop-2-yn-1-ol 2a (1.5 equiv.) with

7 mol% of TPAP, NMO (1.6 equiv.) and catalyst 4 in CH2Cl2
yielded 4H-chromene derivative 3a in good yield and excellent

enantiomeric excess (95% ee) (Table 1, entry 1).

With the optimized conditions in hand, we investigated the

scope of our newly developed triple cascade. For this purpose,

several aryl-, alkenyl- and alkyl-substituted propargyl alcohols

2a–m were reacted with (E)-2-(2-nitrovinyl)phenol 1a to provide

3a–m (Table 1, entries 1–13). Heteroaryl- and aryl propargyl

alcohols bearing electron donating as well as withdrawing groups

reacted smoothly to provide the products with good yields and

excellent enantioselectivities (Table 1, entries 1–8). To our delight,

the application of alkyl substituted propargyl alcohols also

provided the chromenes with excellent yields and with the highest

enantioselectivities (99% ee, entry 10). Limitations were found as

propargyl alcohol bearing an ester function did not work under

our reaction conditions. After extensive evaluation of propargyl

alcohols, we devoted our attention to the variation of the

nitrostyrene derivatives. Under the optimized conditions, different

nitrostyrenes were reacted with 2a to provide molecules 3n–r

(Table 1, entries 14–18) again with high yield and with excellent

enantioselectivity.

The enantiopure derivatives 3 prepared by our oxidative

cascade are valuable compounds since they possess the

4H-chromene framework which is widespread in biologically

active natural products and medicinal compounds.9–11 To

demonstrate the utility of 3, we became interested in building

more complex 4H-chromene derivatives enantioselectively

by taking advantage of the present reactive functionalities

(i.e. nitroalkane and aldehyde). The nitroalkane Michael

addition to a,b-unsaturated aldehydes via secondary amine

catalysis has been used with subsequent aldol reactions in several

double, triple or quadruple cascades.12–14 Thus compound 3a was

reacted with cinnamaldehyde in the presence of diarylprolinol

TMS-ether catalyst 4 to afford 4H-chromene derivative 6a as a

mixture of two diastereoisomers.

After considerable reaction optimization the addition of

triethylamine proved to be beneficial and only one isomer of

6a could be obtained (77% yield, Table 2, entry 1). We assume

that the base helps epimerizing the more acidic chiral center, a
to the nitro group, to afford the more stable thermodynamic

product. The organocatalytic cascade was performed with

cinnamaldehydes 5b–e to enlighten the generality of the reaction

(Table 2).

The absolute configuration of the tricyclic 4H-chromene com-

pounds was unambiguously determined by X-ray crystallographic

Scheme 2 Combined catalysis: metal- and organocatalysis.

Table 1 Scope of the catalytic enantioselective oxidative cascade

Entrya 1 R1 2 R2 3

Yieldb

(%)
eec

(%)

1 1a H 2a Ph 3a 81 95
2 1a H 2b 4-(MeO2C)–C6H4 3b 86 96
3 1a H 2c 4-NO2–C6H4 3c 77 95
4 1a H 2d 4-Br–C6H4 3d 80 97
5 1a H 2e 4-t-Bu–C6H4 3e 80 95
6 1a H 2f 4-MeO–C6H4 3f 70 96
7 1a H 2g 3-MeO–C6H4 3g 84 96
8 1a H 2h 2-MeO–C6H4 3h 49 91
9 1a H 2i 2-Thienyl 3i 92 96
10 1a H 2j 1-Cyclohexenyl 3j 90 99
11 1a H 2k Cyclohexyl 3k 95 97
12 1a H 2l t-Bu 3l 96 98
13 1a H 2m TBSOCH2 3m 53 92
14 1b 4-OMe 2a Ph 3n 74 94
15 1c 5-OMe 2a Ph 3o 74 97
16 1d 4-Br 2a Ph 3p 84 96
17 1e 4-Me 2a Ph 3q 74 97
18 1f 6-Me 2a Ph 3r 71 77

a Reaction conditions: 2-Hydroxynitrostyrene 1, propargyl alcohol 2

(1.5 equiv.), TPAP (7 mol%), NMO (1.6 equiv.) and catalyst

4 (20 mol%) in CH2Cl2 at RT for 12 h. b Yield after column

chromatography. c Enantiomeric excess was determined by HPLC.

Table 2 Scope of the Michael–aldol condensation reaction

Entrya Cinnamaldehyde R Product Yieldb (%)

1 5a H 6a 77
2 5b 4-OMe 6b 84
3 5c 4-NO2 6c 81
4 5d 4-Br 6d 78
5 5e 2-Br 6e 85

a Reaction conditions: Chromene derivative 3a, cinnamaldehyde 5

(1.5 equiv.), and catalyst 4 (20 mol%) in CH2Cl2 at RT for 48 h followed

by addition of NEt3 (2.0 equiv.). b Yield after column chromatography.
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analysis of 6e (ESIw). All three newly formed chiral centers

possess the R configuration. It is worth pointing out that the

nitro group lies anti to the aryl group, occupying the less sterically

hindered position. This supports the proposed epimerization of

the center a to the nitro group towards the thermodynamically

more stable product.

In summary, we have succeeded in developing a cascade

reaction combining a catalytic oxidation with an organocatalytic

enantioselective domino process. For a complex one pot reaction

sequence we chose a prolinol catalyzed iminium–allenamine

cascade as an example since it would be a good demonstration

for the viability of this combined process.

We were able to show for the first time that the use of

substrate-selective TPAP/NMO redox system is not only

compatible with diarylprolinolsilyl ether catalysts, but also

with different reactive functionalities and sensitive intermediates

and chromene products. Thus, the in situ formed propargyl

aldehydes could be further elaborated in the enantioselective

domino process. The oxidative cycle in this combined catalytic

procedure prevents the necessary purification or distillation step

associated with the use of aldehydes in organocatalysis and

should in particular be useful for reactions involving sensitive

aldehydes as substrates. Hence, the reported procedure repre-

sents a valuable alternative to previously described procedures

which do employ aldehydes and stoichiometric amounts of

oxidants such as IBX or DDQ.

Important 4H-chromene derivatives could be synthesized by

this operationally simple cascade, under mild conditions, in

good yields and with excellent enantioselectivities. By applying

a subsequent domino iminium–enamine cascade, we were

able to prepare new complex tricyclic 4H-chromenes. In this

sequential cascade, four bonds were formed and three chiral

centers were controlled, yielding highly functionalized struc-

tures from simple starting materials (i.e. a propargyl alcohol,

a cinnamaldehyde and a nitrostyrene derivative). This first

unification of metal catalyzed oxidation with organocatalysis

expands the scope of asymmetric covalent catalysis and combined

catalytic procedures and we are confident that future develop-

ments will soon arise.

The authors acknowledge financial support by European

Research Council (ERC starting grant).
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