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A novel strategy for highly efficient utilization of chiral ammonium

salt catalysts has been described in this paper. Three kinds

of catalytic functions including iminium catalysis, enamine

catalysis, and acid catalysis of chiral ammonium salt catalysts,

have been achieved in the enantioselective reduction and alkyl-

ation reaction of a,b-unsaturated aldehydes with alcohols.

To make synthetic chemistry more green, atom-economic,

and sustainable is undoubtedly the goal of organic synthesis.

Although numerous strategies have been disclosed, such as the

cascade reactions and the new transformation processes to

improve the atom efficiency,1 alternatively, the discovering

versatility of one catalyst as multifunctional catalyst has still

been an extremely attractive but challenging task. With the

booming of organocatalysis, ammonium salts have been widely

utilized in asymmetric iminium catalysis2 or enamine catalysis.3

Recently, ammonium salts were also disclosed as acid catalysts

by Fu,4 Johnston,5 Ishihara,6 Cozzi7 and others.8 On the basis

of these generalist ammonium salts, ingenious designs merging

iminium catalysis and enamine catalysis of one ammonium salt

in one reaction have been simultaneously realized by the

research groups of List,9 MacMillan,10 and Jørgensen11 in

2005. Since then, various kinds of reactions highly employing

double functions of ammonium salts as iminium catalysis and

enamine catalysis have been developed.12 However, to the best

of our knowledge, highly efficient utilization of one ammonium

salt as three kinds of catalysts in one transformation has not been

achieved. Herein, we describe an enantioselective reduction13 and

alkylation reaction of a,b-unsaturated aldehydes with alcohols,

in which the ammonium salt catalyst performed as three kinds of

catalytic functions, namely iminium catalysis, enamine catalysis

and acid catalysis (Scheme 1).

The organocatalytic asymmetric intramolecular a-alkylation
of aldehydes has been significantly developed.14 In contrast,

the intermolecular a-alkylation of aldehydes is still a challenging

task.15 MacMillan and coworkers realized the enantioselective

a-alkylation of aldehydes with alkyl bromides by merging

enamine catalysis and photocatalysis.15a,b The enantioselective

a-alkylation of aldehydes with a stabilized carbon cation7,16

has been recently developed by Petrini and Melchiorre

et al.,16a and Cozzi.7 Despite these advances, the organocatalytic

asymmetric intermolecular a-alkylation of aldehydes in cascade

reaction has not been achieved yet.

We recently developed a coupling reaction of terminal alkynes

with benzylic alcohols as the precursor of carbon cations.17 The

continued effort on the coupling of carbon cations encouraged us

try the cascade intermolecular a-alkylation of aldehydes with a

carbon cation in situ. We initially investigated enantioselective

reduction and alkylation reaction of trans-cinnamaldehyde 1a,

with ethyl Hantzsch ester 2 and bis(4-dimethylamino-phenyl)-

methanol 3a in the presence of different catalysts using toluene

as solvent. Gratifyingly, the catalyst B (Fig. 1) gave a better result

of 74% yield with 79% ee value (entry 2, Table 1). Different

solvents were then screened. The result indicated that the reactions

in toluene exhibited the best efficiency (entries 2 and 5–8, Table 1).

When the temperature was reduced to �5 1C, the yield decreased

Scheme 1 Multifunctional catalysis of ammonium salts.

Fig. 1 The structure of catalysts, benzylic alcohols and citral.
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regretfully to 8%, in spite of a high ee value of 89% (entry 9). It

was noteworthy that the combination of catalysts D and B

gave the best result of 95% yield with 87% ee (entry 11,

Table 1). Compared with the results of entries 9 and 11, it seemed

that the catalyst combination (7.5 mmol% of D and 30 mmol%

of B) underwent the cyclic-specific catalysis.10 However, the

results employing B or D as the solo catalyst, respectively,

(entries 9 and 13) indicate that both of B and D can enable the

reduction and the alkylation steps. Furthermore, catalyst combi-

nation (30 mmol% ofE and 30mmol% of B) of opposite absolute

configuration promote the reaction yield (99%) but result in low

enantioselectivity (37% ee, entry 12). On the basis of the results of

entries 9–13, it indicates that although catalyst D dominated the

reduction step, whereas catalyst B is more active than catalystD in

the alkylation step; the cyclic-specific catalysis is not so strong in

the alkylation step.

The scope of the tandem enantioselective reduction and alkyl-

ation reaction was expanded to a variety of enals 1 and benzylic

alcohols 3 (Table 2). Cinnamaldehyde derivatives 1 with both

electron-donating groups and electron-withdrawing groups

smoothly underwent this kind of transformation generating 3 in

excellent yields (86–95%) with moderate to excellent ee values

(81–90%) (entries 1–4, Table 2). Moreover, b,b-disubstituted
enals were tolerated in this tandem reduction and alkylation

transformation (entries 7–14, Table 2). Variation in the electronic

nature of the aldehyde component has little influence on the

enantioselectivity (entries 7–11). Notably, the substrates with

b-halophenyl substituent such as 1g and 1h, were converted into

the desired 4ga and 4ha with very excellent enantioselectivities,

respectively, (96% and>99% ee, entries 9–11). With the decrease

of the reaction temperature, the diastereoselectivity increases

(cf. entries 10 and 11). In addition, not only the aromatic, but

also aliphatic b-substituted enals can be converted to the corres-

ponding aldehydes 4. The reaction of citral 1i produced 4ia in

59% yield with 85% of ee (dr: 2 : 1, entry 12, Table 2). Two other

benzylic alcohols 3b and 3c could also execute this kind of

transformation (entries 5–6 and 13–14). It is noteworthy that

the diastereoselectivities were very high in the reactions of 1e with

3b and 3c, respectively (>25 : 1, entries 13–14).

The relative and absolute configuration of compound 4aa

was determined to be R by comparison of the elution order of

the products from a chiral phase HPLC column to those

reported in the literature.7 The relative and absolute con-

figuration of compound 4eb was determined to be 2R, 3R by

anomalous dispersion X-ray crystallography of the corres-

ponding tosylated alcohol 6, obtained by reducing simple

aldehyde 4eb to alcohol 5 (see ESIw).16a

The probable catalytic cycles for this transformation were

illustrated in Scheme 2. Three catalytic cycles including iminium

catalysis, enamine catalysis, and acid catalysis are involved.

Initially, a,b-unsaturated aldehydes 1 are exposed to ammonium

salt catalysts to generate activated iminium species 7, which are

attacked by hydrido-nucleophile ethyl Hantzsch ester 2 to generate

the saturated aldehydes 10which subsequently undergo the second

cycle. The ammonium salt catalysts or the free acid (HX) promote

the generation of the carbocation 12 from alcohols7,17,18 in the acid

catalytic cycle. Subsequently, the activated enamine species 8 react

Table 1 The reaction of trans-cinnamaldehyde 1a, ethyl Hantzsch
ester 2 and bis(4-dimethylamino-phenyl)methanol 3a under different
conditionsa

Entry Catalyst (mmol%) Solvent T/1C Time (h) Yield (%) ee (%)

1 A (20) toluene 20 84 76 41
2 B (20) toluene 20 84 74 79
3 C (20) toluene 20 84 75 2
4 D (20) toluene 20 84 59 66
5 B (20) CH2Cl2 20 84 88 54
6 B (20) CHCl3 20 84 57 68
7 B (20) Et2O 20 84 32 65
8 B (20) THF 20 84 27 32
9b B (20) toluene �5 120 8 89
10b A (7.5) + B (30) toluene �5 120 83 86
11

b
D (7.5) + B (30) toluene �5 120 95 87

12b E (30) + B (30) toluene �5 120 99 37
13b D (30) toluene �5 120 96 73

a All reactions were carried out in the scale of 1 (0.3 mmol), 2

(0.24 mmol), 3 (0.2 mmol), catalyst, in 2 mL solvent at appointed tempera-

ture. 3a was added after 12 h. Enantiomeric excess was determined by

chiral HPLC analysis. The yields were isolated yields. b 3awas added after

24 h.

Table 2 The tandem reduction and alkylation of different enals 1,
ethyl Hantzsch ester 2 and different benzylic alcohols 3a

Entry 1 (R1,R2) 3 (Ar) T/1C 4

Yield
(%)

ee
(%) dr

1b H,H (E) 1a 3a �5 4aa 95 87 —
2b p-Me,H (E) 1b 3a �5 4ba 93 81 —
3b p-Cl,H (E) 1c 3a �5 4ca 87 80 —
4b o-F,H (E) 1a 3a �5 4da 95 90 —
5c H,H (E) 1a 3b �10 4ab 96 70 —
6c H,H (E) 1a 3c �10 4ac 86 67 —
7d H,Me

(E/Z = 3/1)
1e 3a �5 to +20 4ea 82 93 7 : 1

8d p-OMe,Me
(E)

1f 3a �5 to +20 4fa 74 94 6 : 1

9d p-F,Me (E) 1g 3a �5 to +20 4ga 61 96 7 : 1
10d p-Br,Me (E) 1h 3a �5 to +20 4ha 60 >99 6 : 1
11d p-Br,Me (E) 1h 3a �5 to +5 4ha 40 >99 15 : 1
12d citral

(E + Z)
1i 3a �5 to +20 4ia 59 85 2 : 1

13d,e H,Me
(E/Z = 3/1)

1e 3b �5 to +26 4eb 58 90 >25 : 1

14d,e H,Me
(E/Z = 3/1)

1e 3c �5 to +26 4ec 39 86 >25 : 1

a All the reactions were carried out on the scale of 1 (0.3 mmol),

2 (0.24 mmol), 3 (0.2 mmol), catalyst D (7.5 mmol%), catalyst B

(30 mmol%), in 2 mL toluene at the appointed temperature for 5 days.

Enantiomeric excess (major isomer) was determined by chiral HPLC

analysis. The yields were isolated yields. The dr values were determined

by 1H-NMR or by chiral HPLC analysis on the crude reaction

mixture. The ratios indicated were anti/syn. b 3a was added after 24 h.
c 3b or 3c was added after 1.5 days. The reactions were carried out in

MeNO2.
d The reaction was carried out at �5 1C for 36 h firstly, then

the temperature was increased to +20 1C for the subsequent 4 days.
e The reaction was stirred at�5 1C for 1.5 days firstly, then the tempera-

ture was increased to +26 1C for the subsequent 4 days. The reactions

were carried out in MeNO2.
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with carbocation 12 to form the iminium intermediates 11. Finally,

the products 4 are produced by the hydrolysis of 11 with the

formation of the ammonium salt catalysts to complete the

catalytic cycle.

In summary, we developed a cascade enantioselective con-

jugate reduction and alkylation reaction of a,b-unsaturated
aldehydes with alcohols. In this transformation, the chiral

ammonium salt catalysts have been highly efficiently employed

playing three of kinds of catalytic functions including iminium

catalysis, enamine catalysis, and acid catalysis. The further

research is ongoing in our laboratory.
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