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Abstract:  

A novel titanium/proline-derived catalyst system is reported for the enantioselective 

synthesis of propargyl alcohols. The reaction proceeded smoothly under mild conditions 

with efficient reaction times. A series of proline and proline-based ligands including L-

proline, L-prolinol, trans-hydroxy-L-prolinol, and substituted trans-hydroxy-L-proline 

derivatives were used to have a better stereocontrol on the reaction.  Initially, lithium 

acetylide was employed to carry out the nucleophilic addition reaction, however poor 

reaction profile was achieved with poor enantioselectivities. When diethylzinc was used 

instead, high product yields (>85%) and moderate to high enantioselectivities were 

achieved (68-82%). Three different alkynes, aromatic as well as aliphatic, 

phenylacetylene, n-hexyne and 3,3-diethoxy-prop-1-yne were used to carry out the 

reaction with a series of different aromatic and heterocyclic aldehydes. Better reaction 

profiles were achieved with aromatic alkynes than with aliphatic ones. 
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Introduction 



Chiral propargyl alcohols are useful synthetic intermediates for the synthesis of various 

bioactive natural products and pharmaceutical compounds. Propargyl alcohols can also 

be very easily converted to heterocycles such as polyhydrofurans and polyhydropyrans, 

which are synthetically important moieties. In addition, alkyne functional group acts as a 

site for coupling or further derivatization, as it can be converted to aldehydes or ketones 

by hydration or oxidative cleavage, or olefins or alkanes by reduction.1-4 The catalytic 

asymmetric alkyne addition to aldehydes is the most common and straight-forward 

method for the synthesis of chiral propargyl alcohols.5 

Therefore, in recent years, the catalytic asymmetric alkyne addition to aldehydes 

has drawn great amount of attention and several new and efficient enantioselective 

catalyst systems for various substrates have been developed.  

The first ever enantioselective addition of the alkynylzinc to benzaldehyde was 

reported by Hoshino and co-workers in the early 1990s. The addition was achieved 

successfully in the presence of chiral ligand 1 with high enantioselectivity of the product.6 

Later on many effective chiral catalytic systems were reported for the 

enantioselective addition of terminal alkynes to aldehydes.7-10 Carreira and group 

reported the use of (-)-N-methylephedrine in presence of Zn(OTf)2 as efficient system for 

the asymmetric alkynylation of aliphatic aldehydes.11 Later on, independent studies by Pu 

group as well as Chan group revealed that the use of BINOL derived ligands in the 

presence of Ti(OiPr)4 worked great for the enantioselective addition of terminal alkynes to 

aromatic aldehydes. 12-13 This is very useful information as it can help in the design of the 

ligand/metal ion system as per the need of the reaction outcome. In 2002, Pu group also 

discovered that 1,1’-bi-2-naphthol (BINOL), in combination with Ti(OiPr)4, was able to 

catalyze reactions of alkynylzinc, generating chiral propalgyl alcohols with high 

enantioselectivity under mild conditions.12i Yu and coworkers have also generated 

aliphatic propargyl alcohols with high enantioselectivity and high yields using Ti-BINOL 

catalytic system.14 Although great results were obtained with the catalytic systems 

reported above but most of the ligands were either (-)-N-methylephedrine or BINOL-

based ligands.15 Hence it is desirable to develop new chiral ligands to extend the scope 

of this important transformation.  



Other interesting and efficient chiral ligand systems such as b-sulfonamide 

alcohols by Chan group,13 bifunctional catalysts by Wang group16 and prophenol systems 

by Trost group9 was also reported for chiral propargyl alcohol synthesis. In 2010, 

Nakajima group developed the lithium binaphtholate based system for the addition of 

trimethoxysilylalkynes to aldehydes. Optically active propargyl alcohols were obtained in 

good to high chemical yields and enantioselectivities.17 In 2012, Mao and co-workers 

reported the use of Zn-bifunctional system for the efficient enantioselective synthesis of 

propargyl alcohols.18 In 2014, Ulukanli and group reported the use of 3-

aminoquinazolinones based system for the asymmetric addition of alkynes to 

aldehydes.19  

In the past decades, numerous studies have been reported on the use of N,O-

ligands for the asymmetric synthesis such as amino alcohols and other amino acid 

derivatives due to their low cost and easy availability.20 Hence various secondary and 

tertiary amino alcohols derived from amino acids has been used as chiral ligands in 

presence of Ti(-OiPr)4 for the enantioselective propargyl alcohol synthesis.21 Besides this 

various hydroxyl sulfonamides derived from amino acids were also used as efficient 

systems for this asymmetric addition.22 Among the efficient N,O-based chiral 

ligands/catalysts, L-proline and its derivatives have shown great scope and efficiency in 

carrying out numerous asymmetric organic transformations. 
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                Figure 1. Common chiral ligands reported in literature 

In the past year, our group has been focused on designing simpler chiral and non-

chiral catalytic systems to carry out various organic transformations and have utilized 

them successfully in a variety of nucleophilic addition reactions to give variety of useful 

products in good yields and moderate to good enantioselectivities.23 In continuation of 

that work, we would like to report herein the efficient enantioselective synthesis of 

propargyl alcohols by the additions of metal aromatic/aliphatic acetylides onto a variety 

of aldehydes in the presence of proline based chiral ligands and Ti metal catalytic system. 

 

Results and Discussion 

In our initial attempt, the lithium acetylide was first generated by treating phenyl acetylene 

7 with LDA in THF at -30 oC for 1 h. In a separate reaction tube, Ti(-iOPr)4 was added 

along with the aldehyde and the chiral ligand 6 and stirred for 30 minutes. At this time, 

the lithium acetylide was canula transferred to reaction vessel and the reaction was 

allowed to run at -10 oC for 6 h. The reaction was constantly monitored by TLC (6:4 

hexane–EtOAc) during this time but only minute product formation was observed, hence 

the reaction was run overnight. However, even after running the reaction for 24 h only 

36% product was formed and a substantial amount of aldehyde was found unreacted in 

the crude NMR. We then tried other bases such as NaHMDS and KHMDS for the  

 
Scheme 1. Screening of different metal ions for the generation of the acetylide 

 

acetylide formation but no promising results were obtained. The use of aluminium 

acetylide did not improve the reaction profile either (yield 65%, %ee =45) either. However, 

when diethylzinc was used to carry out the reaction, a much better reaction profile was 

achieved. The product 11a was isolated in a good yield (85%) with good  

H

O

+ H Ti(I-OPr)4 (1.2 equiv), base, ligand 6
Toluene, rt, 18 h

OH

7a                             8                                                                                                 11a

Counter ion:      NaHMDS              KHMDS               LiHMDS            AlMe3                  Et2Zn    
Yield/%ee:            56/45                   48/35                   76/59                77/61                  86/85



 

          
 
Scheme 2 Ligands screened for asymmetric propargylation of aldehydes 

 

enantioselectivity (%ee = 85%). Based on these observations, zinc was chosen as the 

metal ion to generate the acetylide for the nucleophile attack (Scheme 1).  

We then explored the effects of different ligands on the enantioselectivity and the 

overall reaction outcome. Ligands such as L-proline, trans-hydroxy proline and their 

derivatives listed in scheme 1 were tested. A series of optimization reactions were carried 

out and some of the promising results have been summarized in scheme 2 and Table 1. 

The presence of chiral proline derived ligands improved the enantioselectivity of the 

reaction. A more pronounced effect on the enantioselectivity was observed when ligand 

6 was used to carry out the reaction. It was found that only low %ee were obtained with 

ligands 4 and 5, due to the more flexible structure of the ligand leading to poor control on 

the nucleophilic attack. However, when ligand 6 was used high %ee (85%) was achieved. 
This clearly shows the importance of the diamine present in the ligand and it is anticipated 

that the further addition of bulk on the primary amine of the diamine can lead to further 

improvement in the enantiocontrol. 
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Table 1. Optimization of chiral ligand, and lewis acid for the asymmetric addition of 

alkynylzinc to benzaldehydea 

 

Entry Chiral 
Ligand 

Lewis 
Acid 

Yield% %Eeb 

1 1 Ti(i-OPr)4 67 45 

2 2 Ti(i-OPr)4 65 29 

3 3 Ti(i-OPr)4 78 31 

4 4 Ti(i-OPr)4 77 22 

5 5 Ti(i-OPr)4 81 42 

6 6 Ti(i-OPr)4 86 78 

7 6 TiCl4 65 62 

8 6 TiBr4 32 23 

9 6 MnBr2 61 21 

10 6 Mn(OAc)2 68 69 

11 6 FeCl3 59 34 

12 6 CoCl2 32 - 

13 6 CoBr2 39 - 

14 
15 

6 
6 

Co(OAc)2 

CoI2 

42 

- 

- 

- 
 

aAll reactions were carried out at room temperature with aldehyde (1.00 equiv), Ti salt (20 mol%), chiral ligand (10 mol%), Et2Zn (2.0 

equiv) and acetylene (2.00 equiv) in toluene for 18 h. bEnantioselectivity was determined by chiral HPLC analysis: OD-H Chiralpak 

column (8:2 hexane:IPA).  

 A variety of metal salts as Lewis acids were employed during the reaction (as 

shown in Table 1 above). Initially, we screened various manganese salts but did not get 

any promising results, except with MnBr2 and Mn(OAc)2 (entry 9 and 10, Table 1). With 

MnBr2 and Mn(OAc)2 as catalyst, 61% and 68% yields were obtained respectively, 

however, poor enantioselectivities were obtained. With iron and cobalt salts also poor 

H

O

+ H
Lewis acid (1.2 equiv), Et2Zn (9, 2 equiv), ligand (10 mol%)

Toluene, rt, 18 h

OH

7a                            8                                                                                                                                 11a



reaction profile was achieved, however when Ti salt (Ti(i-OPr)4) (entry 6, Table 1) was 

used with ligand 6, good yield (86%) and moderate selectivity (78%) was obtained. 

After getting the optimized conditions in terms of metal ion, Lewis acid and chiral 

ligand, we next investigated the effect of solvent and temperature on the reaction profile. 

Various solvents were tested including DCM, THF, DMF, toluene, acetonitrile, and 1,4-

dioxane. The reaction was also tested at various temperature such as -10 oC, 0 oC, and 

room temperature and after screening various temperature and different solvents, it was 

found that the best reaction profile was achieved with THF when reaction was started at 

-10 oC and slowly brought to room temperature. The results for the effect of solvent and 

temperature have been summarized in Table 2. 

 

Table 2. Effect of solvent and temperature on the propargylation reactiona 

 
Entry Solvent Temperature Yield% %Eeb 

1 DCM 

 

-10 oC 

rt 

57 

65 

45 

32 

2 THF 

 

-10 oC 

-10 oC - rt 

56 

70 

- 

49 

3 Toluene -10 oC 

rt 
     55 

85 
69 

78 
4 Acetonitrile 

 

-10 oC 

-10 oC then reflux 

56 

59 

22 

38 

5 1,4-Dioxane 

 

0 oC 

rt 

36 

62 

42 

48 

6 DMF 0 oC 

rt 

45 

47 

45 

65 
aAll reactions were carried out with aldehyde (1.00 equiv), Ti salt (20 mol%), chiral ligand (10 mol%),Et2Zn (2.0 equiv) and acetylene 

(2.00 equiv) in toluene for 18 h. bEnantioselectivity was determined by chiral HPLC analysis: OD-H Chiralpak column (8:2 

hexane:IPA).  

H

O

+ H
Et2Zn (9), Ti(I-OPr)4(10)(1.2 equiv), ligand 6 (10 mol%)

Solvent, Temperature

OH

   7a                        8                                                                                                                             11a



After establishing the best reaction conditions, the substrate scope of the titanium-

chiral ligand 6 catalyzed propargylation was examined next (Table 3). Good 

enantioselectivities (upto 85% ee) and high yields (65-90%) were achieved for almost all 

the aromatic aldehydes tested. Only 78% enantioselectivity was observed when aliphatic 

aldehyde was used (entry 10). However, the method demonstrated good tolerance 

towards a variety of functional groups such as nitro, ester, nitrile, methoxy and hydroxy. 

The heterocyclic aldehydes such as 2-furfuryl and 2-pyridyl were also very well tolerated.  

 
Table 3. Asymmetric synthesis of propargyl alcohol using various aldehydesa 

 
Entry R1 Product Yield% Ee%b 

1 Phenyl (7a) 11a 86 78 

2 4-methylphenyl (7b) 11b 90 72 

3 2-fluorophenyl (7c) 11c 75 67 

4 2-bromophenyl (7d) 11d 92 76 

5 4-methoxyphenyl (7e) 11e 76 77 

6 2-nitrophenyl (7f) 11f 65 45 

7 1-naphthyl (7g) 11g 89 82 

8 2-furyl (7h) 11h 67 58 

9 
10 

2-pyridyl (7j) 
cinnamyl (7i) 

11i 
11j 

72 

78 

71 

78 
aAll reactions were carried out at room temperature with aldehyde (1.00 equiv), Ti salt (20 mol%), chiral ligand (10 mol%),Et2Zn (2.0 

equiv) and acetylene (2.00 equiv) in toluene for 18 h. bEnantioselectivity was determined by chiral HPLC analysis: OD-H Chiralpak 

column (8:2 hexane:IPA).  

Two aliphatic alkynes, n-hexyne (12a) and 3,3-diethoxy-prop-1-yne (12b), were 

also tested to check the scope of the alkyne substrate of the reaction. Both the alkynes 

reacted smoothly under the optimized conditions and high yields and good 

enantioselectivities were obtained with the aldehydes tested. A series of aldehydes were 

R1 H

O
+ H Ti(I-OPr)4(10) (1.2 equiv), Et2Zn (9), ligand 6 (10 mol%) R1

OH

 7a-7j                     8                                                                                                                      11a-11j

Toluene, rt, 18 h



tested and the results are summarized in Table 4. A good functional group tolerance was 

observed with both alkyne 12a and 12b. 

Table 4. Asymmetric propargylation of aldehydes using aliphatic alkynesa 

 

Entry R1 R2 Product Yield% Ee%c 

1 phenyl (7a) 12a 13a 85 70 

2 4-methylphenyl (7b) 12a 13b 82 72 

3 2-fluorophenyl (7c) 12a 13c 84 65 

4 1-naphthyl (7g) 12a 13g 80 79 

5 2-pyridyl (7j) 12a 13j 78        67 

6 phenyl (7a) 12b 14a 82 73 

7 4-methylphenyl (7b) 12b 14b 78 65 

8 2-fluorophenyl (7c) 12b 14c        77 61 

9 1-naphthyl (7g) 12b 14g 74 70 

10 2-pyridyl (7j) 12b 14j 79 61 
 

aAll reactions were carried out at room temperature with aldehyde (1.00 equiv), Ti salt (20 mol%), chiral ligand (10 mol%),Et2Zn (2.0 

equiv) and acetylene (2.00 equiv) in tolune for 18 h. cEnantioselectivity was determined by chiral HPLC analysis: OD-H Chiralpak 

column (8:2 hexane:IPA).  

The proposed transition state for the propargylation of aromatic aldehyde using 

phenylacetylene is shown in Figure 2. The initial step is anticipated to be the binding of 

the Ti(-OiPr)4 with the chrial ligand 6 and its simultaneous binding with the aldehyde to 

increase its electrophilicity. The in situ generated zinc phenylacetylide will be coordinating 

with the ligand 6 to allow a low energy TS and allow only one face for the  

R1 H

O
+ R2H Ti(I-OPr)4(10) (1.2 equiv), Et2Zn (9), ligand 6 (10 mol%)

Toluene, rt, 18 h

 7a-7c, 7g, 7j       12a, 12b                                                                                                   13a-13c, 13g, 13j
                                                                                                                                              14a-14c, 14g, 14j

R2 =   butyl

OEt

OEt

R1
R2

OH



                                       
Figure 2. Proposed transition state of the reaction 
 

nucleophile to attack the aldehyde and hence leading to the good enantio-control, which 

leads to the formation of the “S-configuration” of the final product. The absolute 

configuration of the product was assigned by comparing it with the literature reported 

values.24 
 

Conclusions 
A new Ti-chiral proline derived catalytic system was successfully used for the 

enantioselective alkynylation of aldehydes to generate enantiopure propargyl alcohols in 

high yields and good enantioselectivities. The design of the chiral ligand is relatively 

simple and hence gives an interesting method for the synthesis of chiral alcohols. The 

activation of the aldehyde using Ti(-OiPr)4  and coordination with the chiral ligand facilitate 

the zinc phenylacetylide to attack the carbonyl in a stereo controlled manner. The 

presence of the diamine group on the chrial ligand is found to be crucial for the stereo 

control demonstrated in the reaction. The reaction with all the three alkynes tested, 

phenylacetylene, n-hexyne and 3,3-diethoxy-prop-1-yne, gave moderate to good 

enantioselectivities and overall good yield of the desired product. 
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