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Abstract – The development of H-Pro-Gly-Ala-OH (3d) to realize an inexpensive 

and simple organocatalytic system for the direct asymmetric aldol reaction of 

trifluoromethylated aromatic ketone 1 with acetone was achieved. The 

3d-catalyzed aldol reaction of 1a–1j provided various aldol adducts 4a–4j with up 

to 81% yield and 77% ee. An investigation of the transition state via DFT 

calculations revealed that hydrogen bonding was important for the revelation of 

the enantioselectivity.

The direct asymmetric aldol reaction is one of the most useful carbon-carbon bond forming reactions.1 In 

particular, the direct asymmetric aldol reaction of trifluoromethyl ketones is an especially helpful 

synthetic method, as this reaction yields a trifluoromethylated optically active tertiary alcohol that is a 

partial structure in various biologically active compounds.2 On the other hand, organocatalysts for 

asymmetric reactions receive attention in synthetic chemistry since these catalysts are 

environment-friendly and easy to use.3 Owing to these reasons, the development of organocatalysts for 

the direct asymmetric aldol reaction of trifluoromethyl ketones is actively carried out.4 However, almost 

all the organocatalysts for the direct asymmetric aldol reaction of trifluoromethyl ketones contain 

expensive chiral scaffolds and require acidic co-catalysts; therefore, more inexpensive and simpler 

organocatalytic systems, i.e., organocatalysts with inexpensive chiral scaffolds that do not require acidic 

co-catalysts, are awaited. Zhang and Yuan reported that a secondary amine catalyst with the inexpensive 

proline as the chiral scaffold catalyzed the asymmetric aldol reaction between ,-unsaturated 

trifluoromethyl ketones and acetone, with up to 91% ee.5a Suri et al., and Landge and Tӧrӧk reported the 

proline-catalyzed asymmetric aldol reaction of ethyl trifluoropyruvate with cyclic and acyclic ketones.5b,5c 
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Bøgevig et al. disclosed the proline-catalyzed direct asymmetric aldol reaction between ethyl 

trifluoropyruvate and aldehydes, with up to 90% ee.5d As described above those in these reports, simple 

and inexpensive organocatalytic systems have been developed for the direct asymmetric aldol reaction, 

using ,-unsaturated trifluoromethyl ketones and trifluoropyruvates as substrates. However, in the direct 

asymmetric aldol reaction using trifluoromethylated aromatic ketones as substrates, simple and 

inexpensive organocatalytic system is limited. For representative example of organocatalytic system for 

this reaction, Hara et al. have reported proline-derived sulfonamide and trifluoroacetic acid 

organocatalytic system for this reaction, with up to 96% ee.4n Furthermore, Kokotos and Duangdee et al. 

have developed highly enantioselective prolinamide catalyst for this reaction, independently.4l,4m But, 

these catalytic system have faults such as requiring acidic co-catalysts and having expensive chiral 

scaffolds. As simple and inexpensive organocatalytic systems, although Qiu et al. described the 

proline-catalyzed direct asymmetric aldol reaction of trifluoromethylated aromatic ketones with up to 

64% ee, enantioselectivity and reaction rate of this method depend on substrate structure.5e 

To realize a simple and inexpensive organocatalytic system for the direct asymmetric aldol reaction of 

trifluoromethylated aromatic ketones, we focused on a tripeptide catalyst. This catalyst is composed of a 

generally inexpensive -amino acid; hence it is expected to not only be an organocatalyst with an 

inexpensive chiral scaffold, but also exhibit a higher enantioselectivity than that of the proline-catalyzed 

reaction, by the optimization of the amino acid sequence. Moreover, this catalyst has a carboxyl group as 

the C-terminal functional group, and a secondary amino group as the N-terminal functional group; 

therefore, it is not expected to require an acidic co-catalyst. In this work, we developed a tripeptide 

catalyst with inexpensive chiral scaffold as an organocatalyst that does not require an acidic co-catalyst. 

We investigated the effect of the catalytic structure on the reaction rate and enantioselectivity, with the 

reaction of 2,2,2-trifluoroacetophenone (1a) with acetone (2) as the model reaction (Table 1, entries 1-9). 

To reveal the usefulness of tripeptide catalyst for this reaction, H-Pro-OH-, H-Pro-Gly-OH-, and 

H-Pro-Gly-Gly-OH (3a)-catalyzed reaction were carried out (Table 1, entry 1-3). Tripeptide 3a was 

displayed the highest enantioselectivity, and 3a-catalyzed reaction gave an aldol adduct (S)-4a, with 18% 

chemical yield and 45% ee (Table 1, entry 3). To reveal the effect of introducing a methyl group into the 

amino acid residue adjacent to proline, as N-terminal amino acid residue, H-Pro-Ala-Gly-OH (3b)- and 

H-Pro-D-Ala-Gly-OH (3c)-catalyzed reactions were carried out. However, these reactions did not 

progress (Table 1, entries 4 and 5). To investigate the effect of introducing of a methyl group into the 

C-terminal amino acid residue, H-Pro-Gly-Ala-OH (3d)- and H-Pro-Gly-D-Ala-OH (3e)-catalyzed 

reactions were carried out (Table 1, entries 6 and 7). The chemical yields of both the reactions improved, 

compared with that of 3a-catalyzed reaction. For the 3d-catalyzed reaction, the enantioselectivity also 

improved compared with that of reaction catalyzed by 3a (Table 1, entry 6). The reaction rate and 
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enantioselectivity of the aldol reactions catalyzed by H-Pro-Gly-Val-OH (3f) with a bulky iPr group and 

H-Pro-Gly-Phg-OH (3g) with a plane Ph group did not improved (Table 1, entries 8 and 9).   

 

Table 1. Optimization of the catalytic structure and the reaction conditions 

 

 

 

 

                  

a Determined by 1H NMR using internal standard technique. b Determined by HPLC analysis using DAICEL 

CHIRALPAK OD-H. c N.R. is no reaction. d N.D. is not determined. e Isolated yield after preparative thin layer 

chromatography. 

 

 

These investigation revealed that optimized catalyst was 3d. Using 3d as the optimum catalyst, the effect 

of the reaction conditions on the reaction rate and enantioselectivity was investigated (Table 1, entries 7 

and 10-16). The reaction temperatures, catalytic amounts and amounts of acetone revealed that the 

highest enantioselectivity was obtained in the reaction using 3d of 10 mol% and acetone of 20 equiv. at 

-40 °C (Table 1, entry 11). 

Entry Temp. (°C) Time (h) tripeptide 3 (mol%) 2 (equiv.) Yield (%)a ee (%)b 

1 20 3 H-Pro-OH(10) 20 95 28 

2 20 3 H-Pro-Gly-OH(10) 20 <5 44 

3 20 3 H-Pro-Gly-Gly-OH 3a(10) 20 18 45 

4 20 3 H-Pro-Ala-Gly-OH 3b(10) 20 N.R.c N.D.d 

5 20 3 H-Pro-D-Ala-Gly-OH 3c(10) 20 N.R. N.D. 

6 20 3 H-Pro-Gly-Ala-OH 3d(10) 20 97 53 

7 20 3 H-Pro-Gly-D-Ala-OH 3e(10) 20 83 36 

8 20 3 H-Pro-Gly-Val-OH 3f(10) 20 91 45 

9 20 3 H-Pro-Gly-Phg-OH 3g(10) 20 95 41 

10 0 12 H-Pro-Gly-Ala-OH 3d(10) 20 96 63 

11 -40 36 H-Pro-Gly-Ala-OH 3d(10) 20 72(71)e 77 

12 -60 72 H-Pro-Gly-Ala-OH 3d(10) 20 13 74 

13 -40 36 H-Pro-Gly-Ala-OH 3d(5) 20 21 69 

14 -40 36 H-Pro-Gly-Ala-OH 3d(20) 20 82 67 

15 -40 36 H-Pro-Gly-Ala-OH 3d(10) 10 34 72 

16 -40 36 H-Pro-Gly-Ala-OH 3d(10) 50 92 65 
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The reactions of various trifluoromethylated aromatic ketones under optimized reaction condition were 

investigated (Scheme 1). The use of trifluoromethylated aromatic ketones substituted with 

electron-withdrawing groups at para position gave the corresponding aldol adducts 4b and 4c with a good 

chemical yield and enantioselectivity. The reactions of 1d and 1e having electron-donating groups at para 

position progressed at a low reaction rate and with good enantioselectivity. The reason for the lower 

reaction rate than that of reaction using 1a as substrate might be the improvement in the electron density 

of the carbonyl carbon compared with that of 1a, due to the introduction of electron-donating groups at 

para porition on phenyl group. 

 

 

Scheme 1. Products of 3d-catalyzed aldol reactions of 1b–1j under optimized reaction conditions 

 

The reaction of 1f that have 2-thienyl group as heteroaromatic ring reacted at low yield and good 

enantioselectivity. 4g with naphthalene ring as polycyclic aromatic ring was obtained by the reaction of 

1g, with good yield and enantioselectivity. 1h containing methylene chain reacted with acetone, with low 

yield and enantioselectivity. To expand the substrate scope of this method to other trihalomethyl ketones, 

reactions of 1i and 1j were carried out. The reaction of chlorodifluoromethyl phenyl ketone 1i progressed 

at medium yield and good enantioselectivity. However, trichloromethyl phenyl ketone 1j did not give 

corresponding aldol adduct 4j. Qiu et al. reported that the proline-catalyzed reactions between 

trifluoromethylated aromatic ketones substituted with electron-withdrawing groups at the para position, 

and 2, achieved up to 56% ee, whereas those between trifluoromethylated aromatic ketones having 

electron-donating groups at the para position, and 2, did not progress.5e In contrast, the 3d-catalyzed 

reaction between both types of trifluoromethylated aromatic ketones and 2 gave the corresponding aldol 

adducts, with good enantioselectivity. 

It was assumed that the catalytic cycle of this reaction was similar to that of the proline-catalyzed 

asymmetric aldol reaction of aldehydes (Figure 1a).6 Therefore, 2 was activated by enamine formation 
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due to the reaction between the amino group of 3d, and 2. The C–C bond was then formed by 

nucleophilic addition to the trifluoromethylated aromatic ketone 1 of enamine as nucleophile. Finally, the 

aldol adduct was produced by the hydrolysis of the iminium cation generated by nucleophilic addition to 

the trifluoromethylated aromatic ketones 1 of enamine. In this reaction, the absolute configuration of the 

aldol adduct 4 was determined at this C–C bond formation step. To elucidate the mechanism of revelation 

of enantioselectivity in this reaction, the transition state structure of the C–C bond formation step was 

investigated via DFT calculations.7,8 

 

 

Figure 1. (a) Plausible catalytic cycle and (b) transition state of C–C bond forming step 

 

The 3d-catalyzed aldol reaction between 2,2,2-trifluoroacetophenone (1a) and acetone (2) was selected as 

the model reaction. The investigation of transition state via DFT calculations revealed that (S)-4a and 

(R)-4a were respectively provided through TS-(S) and TS-(R) (Figure 1b). A comparison of the Gibbs 

energies of TS-(S) and TS-(R) revealed that TS-(S) was 0.66 kcal/mol more stable than TS-(R). The 

relationship between the Gibbs energies of TS-(S) and TS-(R) was elucidated by the difference in 

stabilization efficacy of the transition state, caused by hydrogen bonds. There were multiple hydrogen 

bonds such as 1-4, 2-4, and 3-4 in both the transition states. However, the 1-5 and 3-5 hydrogen bonds 

were found only in TS-(S) and TS-(R), respectively. H1 in TS-(S) was more electron deficient than H3 in 

TS-(R); therefore, the stabilization efficacy of TS-(S) by hydrogen bond 1-5 might have been stronger 

than that of TS-(R) by hydrogen bond 3-5. We surmise that (S)-4a was preferentially given through 

TS-(S) due to this difference in stabilization efficacy of the transition state by hydrogen bonds. 

In conclusion, we successfully developed of H-Pro-Gly-Ala-OH (3d) as an organocatalyst with 

inexpensive chiral scaffold that does not require an acidic co-catalyst, for the direct asymmetric aldol 

reaction of trifluoromethylated aromatic ketones. The 3d-catalyzed reactions of various 
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trifluoromethylated aromatic ketones gave the aldol adducts 4a–4e, with up to 81% chemical yield and 

75% ee. The investigation of the transition state structure via DFT calculations revealed that the 

enantioselectivity was controlled by hydrogen bonds. 
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