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Abstract: A highly efficient iridium N,P-ligand catalyzed asymmetric hydrogenation of 

functionalized tetrasubstituted olefins lacking a directing group, has been developed. 

Various structural diverse chiral succinate derivatives were obtained in high yields and 

excellent enantio- and diastereoselectivities (up to 99% ee) using 0.5 - 1.0 mol% catalyst 

loadings. This stereoselective reaction is applicable for synthesis of chiral acyclic 

molecules (up to >99% ee) having two contiguous stereogenic centers and is compatible 

with various aromatic, aliphatic and heterocyclic systems, a variety of functional groups 

of different electronic nature. Furthermore, this asymmetric protocol allows a short 

enantioselective route to the butyrolactone building block, an intermediate in the 

synthesis of anticancer agent BMS-871 and pharmaceuticals (2S)-(-)-Verapamil, (2S)-(-)-

Gallopamil. 

Keywords: tetrasubstituted olefin, asymmetric hydrogenation, iridium catalysis, 

enantioselective, diastereoselective.

INTRODUCTION 

Succinic acid derivatives are important building blocks in both organic and medicinal 

chemistry. For instance, these derivatives are employed as inhibitors of renin1 and 

matrix metalloproteinases2. Moreover, succinates are used mainly as non-phthalate 

plasticizers3 in the cosmetic industry4 and agricultural chemistry, and in material 

science as monomers for polymers and dendrimers.5 Substituted butyrolactones are also 
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common structural motifs in a wide range of complex natural products (Figure 1. A) 

and serve as chiral building blocks in the synthesis of biologically active compounds 

(Figure 1. B).6 Consequently, numerous methods and strategies have been developed 

for the synthesis of succinate derivatives.7, 8 However, efficient catalytic and 

enantioselective synthesis8 of these important building blocks containing two 

contiguous stereocenters are unexplored and the general catalytic asymmetric synthesis 

of these derivatives still presents a major challenge.8f

Figure 1. A. Natural products containing butyrolactone motif. B. Bioactive molecules 

derived from butyrolactone or chiral succinate compounds.

Asymmetric hydrogenation of tetrasubstituted olefins (AHTOs) possesses 

tremendous potential in stereoselective synthesis since it enables the introduction of 

two vicinal stereocenters in one single step. Despite this, progress in this area has grown 

at a relaxed pace,9 partly because of the difficulties in differentiation of the prochiral 

faces of a fully substituted olefin, and partly the steric hindrance of the four different 
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substituents, which results in a slow rate of hydrogenation of these substrates in 

comparison to the di- and tri-substituted olefins. Highly enantioselective hydrogenation 

of olefins lacking a coordinative group is even more difficult as the coordinating group 

assists in the transfer of the chiral information from the catalyst to the product.10 The 

limited number of reports in literature on the AHTOs without a coordinating group 

compared to the AHTOs with a coordinating group, further proves these difficulties.9a 

To date, the catalytic system that has been reported was successful for only a few 

special types of substrates. Also, each class of olefins requires a special catalytic 

system.11 Examples of AHTOs a lacking coordinating group is still limited12 for cyclic 

olefins12a-e, 12g, 12h and for acyclic olefins are very rare (Scheme 1).12c, 12f-h The reported 

methods require either high catalyst loadings,12a-e a mixture of catalysts,12e or 

sophisticated reaction conditions.12e Furthermore, there are only a few methods 

available for the hydrogenation of tetrasubstituted non-chelating olefins having 

functional groups that are able to create useful building blocks for further synthesis.12e 

Thus, development of a catalyst having a wide substrate scope for AHTOs to access 

versatile building blocks is still a very challenging task in asymmetric hydrogenation. 

Here we report our work to develop a general, simple, and efficient atom-economical 

protocol for the highly enantioselective synthesis of different chiral building blocks 

containing two stereogenic centers. 

Page 4 of 31

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



5

Scheme 1. Asymmetric hydrogenation of tetrasubstituted olefins without coordinating 

group.

RESULTS AND DISCUSSION 

Initially, (Z)-diethyl 2-methyl-3-phenylmaleate 1a was chosen as test substrate for 

asymmetric hydrogenation by using iridium-N,P complex as the catalyst. Normally, 

acyclic tetra-substituted olefins containing non-chelating groups12a specially two ester 

groups12f are notoriously difficult substrates since these olefins are both electron 

deficient and lack chelating groups that would facilitate binding to the catalyst as well 

as discrimination between the two enantiotopic faces. 

It was found that olefin 1a could be hydrogenated in good yield using imidazole N,P-Ir 

complex A but with poor enantioselectivity (Table 1). Subsequently, several chiral 

iridium Crabtree-type catalysts having thiazole and oxazoline N,P-ligands were 

evaluated using 0.5 mol% of catalyst loading. The catalyst containing a thiazole ligand B 

resulted in poor conversion and enantioselectivity. Catalyst C, containing a bicyclic 
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thiazole led to an improved enantioselectivity (72%). Interestingly, the bulkier iridium 

N, P-catalyst D having a di-phenyl substituted oxazoline led to a much higher 

enantiomeric excess, 96% ee. The promising result obtained for catalyst D prompted us 

to further modify the catalyst structure by varying the substituents on the phosphine 

and phenyl of the oxazoline ring. Changing the ortho-methyl group to an ortho-ethyl 

substituent on phosphine for catalyst E did not improve the efficiency nor the selectivity 

of the hydrogenation reaction. Catalyst F with the more electron-rich di(2,4-

dimethylphenyl)-phosphine group, resulted in a higher reactivity (78% conversion, 95% 

ee) compared to catalyst E. The introduction of electron-rich substituents on the two 

phenyl groups on the oxazoline ring, (4-Me-Ph and 4-OMe-Ph, catalyst G and H), 

further improved the yield of hydrogenation products. Amongst the newly developed 

catalysts (Table 1), the highest reactivity for substrate 1a was recorded with catalyst H 

which afforded 96% ee with full conversion using a catalyst loading of only 0.5 mol%. 

Table 1. Evaluation of N,P-iridium catalysts in the asymmetric hydrogenation of 1aa

Page 6 of 31

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



7

aReaction conditions: 0.05 mmol substrate, 0.5 mol% catalyst, 0.5 mL CH2Cl2. 
Conversions were determined by 1H-NMR spectroscopy. Enantiomeric excess 
determined by HPLC and SFC-HPLC analysis using a chiral stationary phase.

Having identified suitable catalysts and establishing the optimized conditions, 

different ester groups were screened in the hydrogenation (Table 2). The possibility to 

have two ester groups possessing orthogonal reactivity would enable one to 

differentiate between them and render them more useful in further synthesis. Ester 

groups had proved to have significant influence on the reactivity and on 

enantioselectivities (see Supporting Information for details) and changing from the 

diethyl ester to benzyl-ethyl ester 1b was found to be best both in terms of 

enantioselectivity (99% ee) and conversion (99%). The other benzyl-ethyl ester 1c also 

provides high conversion (99%) but in slightly lower ee (95%). Based on the high 

reactivity and enantioselectivity for substrate 1b it was chosen as the suitable substrate 

class for further studies on the efficacy of this reaction.
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Table 2. Optimization of reaction conditions for the hydrogenation of 

tetrasubstituted maleate olefinsa

a0.5 mol% catalyst H, 0.5 mL CH2Cl2. Conversion determined by 1H-NMR spectroscopy. 
Enantiomeric excess determined by HPLC and SFC-HPLC analysis using a chiral 
stationary phase. 

  A series of di-ester derivatives were successfully hydrogenated using newly 

synthesized catalyst H to give the products in excellent yield, complete 

diastereoselectivity and high to excellent enantioselectivities (Table 3). First, substrates 

bearing different alkyl groups, ranging from short to longer aliphatic chain substituents 

on the olefin (1b-1f), were evaluated and all the substrates were hydrogenated 

efficiently (2b-2f) in excellent yield (96-99%) and enantioselectivities (90-99% ee). The 

maleate derivatives bearing either electron-donating or electron-withdrawing 

substituents gave good to excellent isolated yield (60-99%) with excellent 

enantioselectivity (91-98% ee). The reaction also allowed several electron-donating 

group (Me or OMe) on the aromatic ring and smoothly afforded 2m-2o in high yields 

and enantiomeric excess. The maleate 1p with the bulkier 2-naphthyl substituent gave 
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the product 2p in good yield and excellent enantioselectivity of 98%. A number of 

heterocyclic compounds with different substitutions were also evaluated in the 

hydrogenation using both catalysts H and D with promising results. Interestingly, 

challenging substrates having aliphatic substituents (1v and 1w) were hydrogenated (E-

isomer) in high levels of reactivity (99% yield), and good enantioselectivity (81% and 

84% ee respectively).

Table 3. Asymmetric hydrogenation of tetrasubstituted maleate olefins.

aReaction conditions: 0.1 mmol substrate, 0.5 mol% catalyst H, 0.5 mL CH2Cl2. bReaction 
conditions: 0.2 mmol substrate, 1.0 mol% catalyst D, 2.0 mL Benzene. c2.0 mol% catalyst 
H. d130 bar H2. Enantiomeric excess was determined by SFC-HPLC analysis using a 

Page 9 of 31

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



10

chiral stationary phase. All yields are isolated yield. Conversions were determined by 
1H-NMR spectroscopy. 

To investigate the substrate scope of this atom-economical process in addition to the 

di-esters, several mono-functionalized olefins were also investigated (Table 4). Catalyst 

I was found to hydrogenate , -unsaturated ester 3a to give 4a in high yield (99%) and 

excellent 90% ee. For ester 3b catalyst D provides best result in 50% yield with 

enantioselectivity of 94% ee. Similarly, , -unsaturated sulfone 3c was successfully 

hydrogenated using catalyst J with high level of enantioselectivity (90% ee) but in only 

22% isolated yield. Chemoselective hydrogenation of the olefin for , -unsaturated 

ketone 3d was also successful under optimized reaction condition in high 90% yield 

with excellent 95% ee.

Table 4. Asymmetric hydrogenation of mono-functionalized tetrasubstituted olefins.

Reaction conditions: 0.05 mmol substrate, 1.0 mol% catalyst, 0.5 mL CH2Cl2. The 
conversions were determined by 1H-NMR spectroscopy. aCatalyst I, bcatalyst D, 
ccatalyst J, dcatalyst D in benzene. Enantiomeric excess determined by SFC-HPLC 
analysis using a chiral stationary phase and GC analysis using a chiral stationary phase. 
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The trifluoromethyl group (-CF3) by virtue of its special properties provides a pivotal 

role in pharmaceuticals, agrochemicals and material chemistry such as liquid crystals.13 

To further study the boundaries of this highly stereoselective hydrogenation process, 

we also evaluated a number of tetrasubstituted trifluoromethyl olefins that results in 

synthetically useful chiral trifluoromethyl molecules with two contiguous stereogenic 

centers (Table 5). Optimization using (E)-ethyl trifluoromethyl-3-phenylbut-2-enoate 5a 

as the standard substrate proved that catalyst B is most suitable (see Supporting 

Information for optimization details). Both E- and Z-isomer of trifluoromethyl 

containing , -unsaturated ethyl ester could be hydrogenated in good to excellent 

enantioselectivity. E-isomer 5a provides 98% yield and 97% ee, whereas the opposite Z-

isomer 5b resulted in product 6b with 84% ee albeit in only 13% conversion. The 

established catalytic system proved effective for a large variety of different esters (5c-5f) 

and produced the desired products in good to excellent yield (48-99%) and high 

enantioselectivities (91->99% ee). Weak electron-donating (Me) substituent on the 

aromatic ring 5g was well tolerated and the best result of 68% yield and 97% ee was 

obtained by using catalyst D. Another significant advantage of the reaction is that 

substrates (5h and 5i) having aliphatic substituents can be hydrogenated in high yields 

(99%) and good levels of stereoselectivity (88% ee and 82% ee respectively). The fruitful 

examples of this reported reaction conditions to synthesize chiral trifluoromethyl 
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molecules with two contiguous stereogenic centers in mostly good to excellent yield, 

with exceptional diastereoselectivities (>99%) and enantioselectivities (up to >99%) 

again underlines that this catalytic system is very general for tetrasubstituted 

trifluoromethyl-olefins.

Table 5. Asymmetric hydrogenation of CF3 containing tetrasubstituted olefins.

F3C

CO2Et

Me

R2

R1 CO2R

R2

R1

F3C

CO2R
*

6

F3C
*

5

6aa

98% yield
97% ee

H2 (100 bar)
CH2Cl2, r.t., 22 h

Ir-N,P catalyst (1 mol%)

F3C

Me

CO2Et

6ba

13% conv.
84% ee

**
F3C

CO2Me

Me

6da

88% yield
93% ee

F3C

CO2H

Me

6ca,b

99% yield
96% ee

F3C

CO2Ph

Me

6ea

48% yield
91% ee

F3C

CO2Et

nBu

6fa

60% yield
>99% ee

F3C

CO2Et

Me

6gc

68% yield
97% ee

Me

F3C

Me CO2Et

Me

6hd

99% yield
88% ee

F3C

Et CO2Et

Me

6id

99% yield
82% ee

X-ray structure

Reaction conditions: 0.05 mmol substrate, 1.0 mol% catalyst, 0.5 mL CH2Cl2. a1.0 mol% 
catalyst B. bCorresponding tBu ester was used as starting material for compound 6c and 
used for absolute configuration determination (CCDC 1907708). c1.0 Mol% catalyst D. 
d1.0 Mol% catalyst C, The conversion was determined by 1H-NMR spectroscopy. 
Enantiomeric excess determined by SFC-HPLC analysis using a chiral stationary phase 
and GC analysis using a chiral stationary phase. 

The practicality of this Ir-catalyzed hydrogenation reaction was confirmed for the large 

scale production of chiral succinate derivative. A gram-scale set-up using for 1.0 g of 

starting material 1b, 0.5 mol% of catalyst H produced the desired compound 2b in 

excellent 96% yield and >99% ee. Hydrogenolysis using Pd-C in EtOH under 1 bar 
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13

hydrogen pressure resulted in the desired 4-ethoxy-3-methyl-4-oxo-2-phenylbutanoic 

acid 7 in 98% isolated yield with 99% ee (Scheme 2). 

Scheme 2. Gram-scale production of chiral succinate derivative

  Having two different ester groups in the hydrogenated product 2b is very useful since 

they can be easily differentiated by an orthogonal deprotection (Scheme 3). Lactone 8 

was prepared via selective reduction of the ethyl ester group of 7 using LiBH4 to 

generate 4-hydroxy-3-methyl-2-phenylbutanoic acid. Under acidic conditions this 

intermediate cyclized to produce lactone 8 in 61% isolated yield in 98% ee. The regio-

isomeric cis-lactone 9 was prepared in 78% isolated yield with excellent 99% ee via a 

divergent route using a one-pot, chemo-selective reduction of the carboxyl acid group 

using BH3.SMe2 followed by cyclization in the presence of PTSA. Both the selective 

reduction and cyclization reaction proceeds with excellent preservation of 

stereochemistry. 
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Scheme 3. Derivatization of enantiomeric compounds from hydrogenation reaction via 
chemoselective reduction.

To demonstrate the synthetic utility of the developed methodology, the reaction was 

successfully applied for the formal synthesis of anticancer agent BMS-871 and calcium 

channel-blockers Verapamil and Gallopamil (Scheme 4). Hydrogenated product 2f was 

efficiently converted to the butyrolactone 10a in 87% yield and 91% ee using the two-

step strategy of hydrogenolysis and selective reduction of the carboxylic acid, followed 

by cyclization as discussed in the reaction sequence of Scheme 3. Similarly, succinate 

derivatives 2n and 2o were converted to corresponding butyrolactones 10b or 10c in 

good yields and excellent ee. Butyrolactone 10a, 10b or 10c are precursors for the formal 

synthesis of aforesaid bioactive molecules.6d, h

Scheme 4. Enantioselective formal synthesis of BMS-871, (2S)-(-)-Verapamil, (2S)-(-)-

Gallopamil.
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Reaction condition (a) H2 (1 bar), Pd/C (10 mol%), EtOH, r.t., o.n. (b) BH3.SMe2 (3 
equiv.), THF, r.t., o.n.; PTSA (1.0 equiv.), THF, r.t., 24h. (c) LiBH4 2M in THF (10 equiv.), 
THF, reflux, 7h.

CONCLUSION

  A variety of tetrasubstituted, acyclic olefins have been successfully evaluated in 

asymmetric hydrogenation using catalytic amounts of new N, P-iridium catalysts (0.5-1 

mol%). Two adjacent stereogenic centers were introduced during the asymmetric 

hydrogenation with complete diastereoselectivity and excellent enantiomeric excess (up 

to >99%). The enantiomerically enriched succinate derivatives were converted to chiral 

building block butyrolactones by simple and easy reaction condition via hydrogenolysis 

followed by chemoselective reduction and lactonization, respectively. The feasibility 

and the utility of this protocol were finally confirmed by the gram-scale synthesis of 

useful building blocks and by the formal stereoselective synthesis of anticancer agent 

BMS-871 and pharmaceuticals (2S)-(-)-Verapamil, (2S)-(-)-Gallopamil.
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D.; Napierski, B.; Jendralla, H. Vanadium(II)- and Niobium(III)-Induced, 

Diastereoselective Pinacol Coupling of Peptide Aldehydes to Give a C,-Symmetrical 

HIV Protease Inhibitor. Chem. -Eur. J. 1996, 2, 307-315. 

(2) (a) Whittaker, M.; Floyd, C. D.; Brown, P.; Gearing, A. J. H. Design and Therapeutic 

Application of Matrix Metalloproteinase Inhibitors. Chem. Rev. 1999, 99, 2735 - 2776. (b) 

Sibi, M. P.; Hasegawa, H. An Efficient Method for Synthesis of Succinate-Based MMP 

Inhibitors. Org. Lett. 2002, 4, 3347 - 3349. (c) Fabre, B.; Ramos, A.; Pascual-Teresa, B. 

Targeting Matrix Metalloproteinases: Exploring the Dynamics of the S1′ Pocket in the 

Design of Selective, Small Molecule Inhibitors. J. Med. Chem. 2014, 57, 10205 - 10219. (d) 
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Vandenbroucke, R. E.; Libert, C. Is there new hope for therapeutic matrix 

metalloproteinase inhibition? Nat. Rev. Drug Discov. 2014, 13, 904 - 927. 

 (3) (a) Erythropel, H. C.; Dodd, P.; Leask, R.; Maric, M.; Cooper, D. G. Designing 

green plasticizers: influence of alkyl chain length on biodegradation and plasticization 

properties of succinate based plasticizers. Chemosphere 2013, 91, 358 - 365. (b) Jamarani, 

R.; Erythropel, H. C.; Burkat, D.; Nicell, J. A.; Leask, R. L.; Maric, M. Rheology of Green 

Plasticizer/Poly(vinyl chloride) Blends via Time–Temperature Superposition. Processes 

2017, 5, 43 - 55. (c) Stuart, A.; LeCaptain, D. J.; Lee, C. Y.; Mohanty, D. K. Poly(vinyl 

chloride) plasticized with mixtures of succinate di-esters - synthesis and 

characterization. Eur. Polym. J. 2013, 49, 2785 - 2791. (d) Stuart, A.; McCallum, M. M.; 

Fan, D.; LeCaptain, D. J.; Lee, C. Y.; Mohanty, D. K. Poly(vinyl chloride) plasticized with 

succinate esters: synthesis and characterization. Polym. Bull. 2010, 65, 589 - 598. 

(4) Heng, K. Y.; Kei, T. Y.; Kochhar, J. S.; Li, H.; Poh, A.-L.; Kang, L. in Handbook of 

Cosmeceutical Excipients and their Safeties, Elsevier, 2014. 

(5) (a) Livage, C.; Egger, C.; Ferey, G. Hydrothermal versus Nonhydrothermal 

Synthesis for the Preparation of Organic−Inorganic Solids: The Example of Cobalt(II) 

Succinate. Chem. Mater. 2001, 13, 410 - 414. (b) Carnahan, M. A.; Grinstaff, M. W. 

Synthesis and Characterization of Poly(glycerol−succinic acid) Dendrimers. 

Macromolecules 2001, 34, 7648 - 7655. (c) Qiu, Z.; Ikehara, T.; Nishi, T. Unique 
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Morphology of Poly(ethylene succinate)/Poly(ethylene oxide) Blends. Macromolecules 

2002, 35, 8251 - 8254. (d) Okajima, S.; Kondo, R.; Toshima, K.; Matsumura, S. Lipase-

Catalyzed Transformation of Poly(butylene adipate) and Poly(butylene succinate) into 

Repolymerizable Cyclic Oligomers. Biomacromolecules 2003, 4, 1514 -1519. (e) Carnahan, 

M. A.; Grinstaff, M. W. Synthesis of Generational Polyester Dendrimers Derived from 

Glycerol and Succinic or Adipic Acid. Macromolecules 2006, 39, 609 - 616. 

(6) (a) Hoffmann, H. M. R.; Rabe, J. Synthesis and Biological Activity of α-Methylene-

γ-butyrolactones. Angew. Chem., Int. Ed. Engl. 1985, 24, 94 - 110. (b) Koch, S. S. C.; 

Chamberlain, A. R. In Enantiomerically Pure γ-Butyrolactones in Natural Products 

Synthesis in Studies in Natural Products Chemistry; Atta-ur-Rahman, Ed.; Elsevier 

Science: New York, 1995; Vol. 16, pp 687. (c) Theodore, L. J.; Nelson, W. L. Stereospecific 

synthesis of the enantiomers of verapamil and gallopamil. J. Org. Chem. 1987, 52, 1309 - 

1315. (d) Shan, W.; Balog, A.; Quesnelle, C.; Gill, P.; Han, W.-C.; Norris, D.; Mandal, S.; 

Thiruvenkadam, R.; Gona, K. B.; Thiyagarajan, K.; Kandeula, S.; McGlinchey, K.; 

Menard, K.; Wen, M.-L.; Rose, A.; White, R.; Guarino, V.; Shen, D. R.; Cvijic, M. E.; 

Ranasinghe, A.; Dai, J.; Zhang, Y.; Wu, D.-R.; Mathur, A.; Rampulla, R.; Trainor, G.; 

Hunt, J. T.; Vite, G. D.; Westhouse, R.; Lee, F. Y.; Gavai, A. V. BMS-871: A novel orally 

active pan-Notch inhibitor as an anticancer agent. Bioorg. Med. Chem. Lett. 2015, 25, 1905 

- 1909. (e) Kottirsch, G.; Koch, G.; Feifel, R.; Neumann, U. β-Aryl-Succinic Acid 

Hydroxamates as Dual Inhibitors of Matrix Metalloproteinases and Tumor Necrosis 
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Factor Alpha Converting Enzyme. J. Med. Chem. 2002, 45, 2289 - 2293. (f) Higashi, T.; 

Isobe, Y.; Ouchi, H.; Suzuki, H.; Okazaki, Y.; Asakawa, T.; Furuta, T.; Wakimoto, T.; 

Kan, T. Stereocontrolled Synthesis of (+)-Methoxyphenylkainic Acid and (+)-

Phenylkainic Acid. Org. Lett. 2011, 13, 1089 - 1091. (g) Chen, J.-P.; Ding, C.-H.; Liu, W.; 

Hou, X.-L.; Dai, L.-X. Palladium-Catalyzed Regio-, Diastereo-, and Enantioselective 

Allylic Alkylation of Acylsilanes with Monosubstituted Allyl Substrates. J. Am. Chem. 

Soc. 2010, 132, 15493 - 15495. 

(7) For selected achiral examples, see: (a) Fenton, D. M.; Steinwand, P. J. Noble metal 

catalysis. I. Synthesis of succinates from olefins. J. Org. Chem. 1972, 37, 2034 - 2035. (b) 

James, D. E.; Stille, J. K. The palladium(II) catalyzed olefin carbonylation reaction. 

Mechanisms and synthetic utility. J. Am. Chem. Soc. 1976, 98, 1810 - 1823. (c) Morris, G. 

E.; Oakley, D.; Pippard, D. A.; Smith, D. J. H. Copper catalysed reactions of di-t-butyl 

peroxide: oxidative carbonylation of alcohols to give dialkyl carbonates, oxalates, or 

succinates. J. Chem. Soc. Chem. Commun. 1987, 410 - 411. (d) Drent, E.; van Broekhoven, J. 

A. M.; Doyle, M. J. Efficient palladium catalysts for the copolymerization of carbon 

monoxide with olefins to produce perfectly alternating polyketones. J. Organomet. Chem. 

1991, 417, 235 - 251. (e) Bianchini, C.; Man Lee, H.; Mantovani, G.; Meli, A.; Oberhauser, 

W. Bis-alkoxycarbonylation of styrene by pyridinimine palladium catalysts. New J. 

Chem. 2002, 26, 387 - 397. (f) Fini, F.; Beltrani, M.; Mancuso, R.; Gabriele, B.; Carfagna, C. 
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Selective Aryla-Diimine/Palladium-Catalyzed Bis-Alkoxy-carbonylation of Olefins for 

the Synthesis of Substituted Succinic Diesters. Adv. Synth. Catal. 2015, 357, 177 - 184. 

  (8) For selected chiral examples, see: (a) Pisano, C.; Nefkens, S. C. A.; Consiglio, G. 

Stereochemistry of the dicarbonylation of olefins using styrene as the model compound. 

Organometallics 1992, 11, 1975 - 1978. (b) Nefkens, S. C. A.; Sperrle, M.; Consiglio, G. 

Palladium-Catalyzed Enantioselective Bis-alkoxycarbonylation of Olefins. Angew. 

Chem., Int. Ed. Engl. 1993, 32, 1719 - 1720. (c) Wang, L.; Kwok, W.; Wu, J.; Guo, R.; Au-

Yeung, T. T. L.; Zhou, Z.; Chan, A. S. C.; Chan, K. S. Enantioselective bis-

alkoxycarbonylation of styrene catalyzed by novel chiral dipyridylphosphine cationic 

palladium(II) complexes. J. Mol. Catal. A: Chem. 2003, 196, 171 - 178. (d) Gao, Y.-X.; 

Chang, L.; Shi, H.; Liang, B.; Wongkhan, K.; Chaiyaveij, D.; Batsanov, A. S.; Marder, T. 

B.; Li, C.-C.; Yang, Z.; Huang, Y. A Thiourea-Oxazoline Library with Axial Chirality: 

Ligand Synthesis and Studies of the Palladium-Catalyzed 

EnantioselectiveBis(methoxycarbonylation) of Terminal Olefins. Adv. Synth. Catal. 2010, 

352, 1955 - 1966. (e) Liu, J.; Dong, K.; Franke, R.; Neumann, H.; Jackstell, R.; Beller, M. 

Selective Palladium-Catalyzed Carbonylation of Alkynes: An Atom-Economic Synthesis 

of 1,4-Dicarboxylic Acid Diesters. J. Am. Chem. Soc. 2018, 140, 10282 - 10288. (f) Claveau, 

R.; Twamley, B.; Connon, S. J. Synthesis of α-alkylated γ-butyrolactones with 

concomitant anhydride kinetic resolution using a sulfamide-based catalyst. Org. Biomol. 

Chem. 2018, 16, 7574-7578.
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  (9) (a) Kraft, S.; Ryan, K.; Kargbo, R. B. Recent Advances in Asymmetric 

Hydrogenation of Tetrasubstituted Olefins. J. Am. Chem. Soc. 2017, 139, 11630-11641. (b) 

Margarita, C.; Andersson, P. G. Evolution and Prospects of the Asymmetric 

Hydrogenation of Unfunctionalized Olefins. J. Am. Chem. Soc. 2017, 139, 1346-1356.

  (10) (a) Genet, J.-P. In Modern Reduction Methods; Andersson, P. G., Munslow, I. J., 

Eds.; Wiley-VCH: Weinheim, 2008; pp 3. (b) Tang, W.; Zhang, X. New Chiral 

Phosphorus Ligands for Enantioselective Hydrogenation. Chem. Rev. 2003, 103, 3029 - 

3070. (c) Kitamura, M.; Noyori, R. In Ruthenium in Organic Synthesis; Murahashi, S.-I., 

Ed.; Wiley-VCH: Weinheim, 2004; pp 3. (d) Weiner, B.; Szymanski, W.; Janssen, D. B.; 

Minnaard, A. J.; Feringa, B. L. Recent advances in the catalytic asymmetric synthesis of 

β-amino acids. Chem. Soc. Rev. 2010, 39, 1656 - 1691. For reviews on the AH of 

unfunctionalized olefins, see: (e) Roseblade, S. J.; Pfaltz, A. Iridium-Catalyzed 

Asymmetric Hydrogenation of Olefins. Acc. Chem. Res. 2007, 40, 1402 - 1411. (f) Cui, X.; 

Burgess, K. Catalytic Homogeneous Asymmetric Hydrogenations of Largely 

Unfunctionalized Alkenes. Chem. Rev. 2005, 105, 3272 - 3296. (g) Woodmansee, D. H.; 

Pfaltz, A. Asymmetric hydrogenation of alkenes lacking coordinating groups. Chem. 

Commun. 2011, 47, 7912 - 7916. (h) Zhu, Y.; Burgess, K. Filling Gaps in Asymmetric 

Hydrogenation Methods for Acyclic Stereocontrol: Application to Chirons for 

Polyketide-Derived Natural Products. Acc. Chem. Res. 2012, 45, 1623 - 1636. (i) Verendel, 

J. J.; Pàmies, O.; Diéguez, M.; Andersson, P. G. Asymmetric Hydrogenation of Olefins 
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Using Chiral Crabtree-type Catalysts: Scope and Limitations. Chem. Rev. 2014, 114, 2130 

- 2169. 

  (11) (a) Burk, M. J.; Gross, M. F.; Martinez, J. P. Asymmetric catalytic synthesis of 

.beta.-branched amino acids via highly enantioselective hydrogenation of .alpha.-

enamides. J. Am. Chem. Soc. 1995, 117, 9375 - 9376. (b) Tang, W.; Wu, S.; Zhang, X. 

Enantioselective Hydrogenation of Tetrasubstituted Olefins of Cyclic β-

(Acylamino)acrylates. J. Am. Chem. Soc. 2003, 125, 9570 - 9571. (c) Roff, G. J.; Lloyd, R. C.; 

Turner, N. J. A. A Versatile Chemo-Enzymatic Route to Enantiomerically Pure β-

Branched α-Amino Acids. J. Am. Chem. Soc. 2004, 126, 4098 - 4099. (d) Benhaim, C.; 

Bouchard, L.; Pelletier, G.; Sellstedt, J.; Kristofova, L.; Daigneault, S. Enantioselective 

Synthesis of β-Trifluoromethyl α-Amino Acids. Org. Lett. 2010, 12, 2008 - 2011. (e) 

Calvin, J. R.; Frederick, M. O.; Laird, D. L. T.; Remacle, J. R.; May, S. A. Rhodium-

Catalyzed and Zinc(II)-Triflate-Promoted Asymmetric Hydrogenation of 

Tetrasubstituted α, β-Unsaturated Ketones. Org. Lett. 2012, 14, 1038 - 1041. (f) Yu, C.-B.; 

Gao, K.; Chen, Q.-A.; Chen, M.-W.; Zhou, Y.-G. Enantioselective Pd-catalyzed 

hydrogenation of tetrasubstituted olefins of cyclic b-(arylsulfonamido) acrylates. 

Tetrahedron Lett. 2012, 53, 2560 - 2563. (g) Song, S.; Zhu, S.-F.; Li, Y.; Zhou, Q.-L. Iridium-

Catalyzed Enantioselective Hydrogenation of α, β-Unsaturated Carboxylic Acids with 

Tetrasubstituted Olefins. Org. Lett. 2013, 15, 3722 - 3725. (h) Christensen, M.; Nolting A.; 

Shevlin, M.; Weisel, M.; Maligres, P. E.; Lee, J.; Orr, R. O.; Plummer, C. W.; Tudge, M. T.; 
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Campeau, L.-C.; Ruck, R. T. Enantioselective Synthesis of α-Methyl-β-

cyclopropyldihydrocinnamates. J. Org. Chem. 2016, 81, 824 - 830. (i) Patureau, F. W.; 

Worch, C.; Siegler, M. A.; Spek, A. L.; Bolm, C.; Reek, J. N. H. SIAPhos: Phosphorylated 

Sulfonimidamides and their Use inIridium-Catalyzed Asymmetric Hydrogenations of 

Sterically Hindered Cyclic Enamides. Adv. Synth. Catal. 2012, 354, 59 - 64. (j) Stumpf, A.; 

Reynolds, M.; Sutherlin, D.; Babu, S.; Bappert, E.; Spindler, F.; Welch, M.; Gaudino, J. 

Kilogram-Scale Asymmetric Ruthenium-Catalyzed Hydrogenation of a 

Tetrasubstituted Fluoroenamide. Adv. Synth. Catal. 2011, 353, 3367 - 3372. (k) Wallace, D. 

J.; Campos, K. R.; Shultz, C. S.; Klapars, A.; Zewge, D.; Crump, B. R.; Phenix, B. D.; 

McWilliams, J. C.; Krska, S.; Sun, Y.; Chen, C.-Y.; Spindler, F. New Efficient Asymmetric 

Synthesis of Taranabant, a CB1R Inverse Agonist for the Treatment of Obesity. Org. 

Process Res. Dev. 2009, 13, 84 - 90. (l) Dupau, P.; Bruneau, C.; Dixneuf, P. H. 

Enantioselective Hydrogenation of the Tetrasubstituted C=C Bond of Enamides 

Catalyzed by a Ruthenium Catalyst Generated in situ. Adv. Synth. Catal. 2001, 343, 331 - 

334. (m) Molinaro, C.; Scott, J. P.; Shevlin, M.; Wise, C.; Menard, A.; Gibb, A.; Junker, E. 

M.; Lieberman, D. Catalytic, Asymmetric, and Stereodivergent Synthesis of Non-

Symmetric β, β-Diaryl-α-Amino Acids. J. Am. Chem. Soc. 2015, 137, 999 - 1006. (n) Shultz, 

C. S.; Dreher, S. D.; Ikemoto, N.; Williams, J. M.; Grabowski, E. J. J.; Krska, S. W.; Sun, 

Y.; Dormer, P. G.; Dimichele, L. Asymmetric Hydrogenation of N-Sulfonylated-α-

dehydroamino Acids: Toward the Synthesis of an Anthrax Lethal Factor Inhibitor. Org. 
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Lett. 2005, 7, 3405 - 3408. (o) Qingli, W.; Wenhua, H.; Haoquan, Y.; Qin, C.; Liming, C.; 

Hui, L.; Xumu, Z. Rhodium-Catalyzed Enantioselective Hydrogenation of 

Tetrasubstituted α-Acetoxy β-Enamido Esters: A New Approach to Chiral α-Hydroxyl-

β-amino Acid Derivatives. J. Am. Chem. Soc. 2014, 136, 16120 - 16123. (p) Kajiwara, T.; 

Konishi, T.; Yamano, M. Asymmetric catalytic hydrogenation for large scale preparation 

of optically active 2-(N-benzoylamino)cyclohexanecarboxylic acid derivatives. Catal. Sci. 

Technol. 2012, 2, 2146 - 2152. (q) Molinaro, C.; Shultz, S.; Roy, A.; Lau, S.; Trinh, T.; 

Angelaud, R.; O’Shea, P. D.; Abele, S.; Cameron, M.; Corley, E.; Funel, J.-A.; Steinhuebel, 

D.; Weisel, M.; Krska, S.A Practical Synthesis of Renin Inhibitor MK-1597 (ACT-178882) 

via Catalytic Enantioselective Hydrogenation and Epimerization of Piperidine 

Intermediate. J. Org. Chem. 2011, 76, 1062 - 1071. (r) Dobbs, D. A.; Vanhessche, K. P. M.; 

Brazi, E.; Rautenstrauch, V.; Lenoir, J. Y.; Genet, J. P.; Wiles, J.; Bergens, S. H. Industrial 

Synthesis of (+)-cis-Methyl Dihydrojasmonate by Enantioselective Catalytic 

Hydrogenation; Identification of the Precatalyst [Ru((−)-Me-DuPHOS)(H)(η6-1,3,5-

cyclooctatriene)](BF4). Angew. Chem., Int. Ed. 2000, 39, 1992 - 1995. (s) Liu, Y.-T.; Chen, J.-

Q.; Li, L.-P.; Shao, X.-Y.; Xie, J.-H.; Zhou, Q.-L. Asymmetric Hydrogenation of 

Tetrasubstituted Cyclic Enones to Chiral Cycloalkanols with Three Contiguous 

Stereocenters. Org. Lett. 2017, 19, 3231 - 3234.

  (12) (a) Troutman, M. V.; Appella, D. H.; Buchwald, S. L. Asymmetric Hydrogenation 

of Unfunctionalized Tetrasubstituted Olefins with a Cationic Zirconocene Catalyst. J. 
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Am. Chem. Soc. 1999, 121, 4916 - 4917. (b) Schumacher, A.; Schrems, M. G.; Pfaltz, A. 

Enantioselective Synthesis of cis-1,2-Disubstituted Cyclopentanes and Cyclohexanes by 

Suzuki–Miyaura Cross-Coupling and Iridium-Catalyzed Asymmetric Hydrogenation. 

Chem. Eur. J. 2011, 17, 13502 - 13509. (c) Schrems, M. G.; Neumann, E.; Pfaltz, A. 

Iridium-catalyzed asymmetric hydrogenation of unfunctionalized tetrasubstituted 

olefins. Angew. Chem. Int. Ed. 2007, 46, 8274 - 8276. (d) Busacca, C. A.; Qu, B.; Grět, N.; 

Fandrick, K. R.; Saha, A. K.; Marsini, M.; Reeves, D.; Haddad, N.; Eriksson, M.; Wu, J.-

P.; Grinberg, N.; Lee, H.; Li, Z.; Lu, B.; Chen, D.; Hong, Y.; Ma, S.; Senanayake, C. H. 

Tuning the Peri Effect for Enantioselectivity: Asymmetric Hydrogenation of 

Unfunctionalized Olefins with the BIPI Ligands. Adv. Synth. Catal. 2013, 355, 1455 - 1463. 

(e) Zhang, Z.; Wang, J.; Li, J.; Yang, F.; Liu, G.; Tang, W.; He, W.; Fu, J.-J.; Shen, Y.-H.; Li, 

A.; Zhang, W.-D. Total Synthesis and Stereochemical Assignment of Delavatine A: Rh-

Catalyzed Asymmetric Hydrogenation of Indene-Type Tetrasubstituted Olefins and 

Kinetic Resolution through Pd-Catalyzed Triflamide-Directed C–H Olefination. J. Am. 

Chem. Soc. 2017, 139, 5558 - 5567. (f) Ponra, S.; Rabten, W.; Yang, J.; Wu, H.; Kerdphon, 

S.; Andersson, P. G.Diastereo- and Enantioselective Synthesis of Fluorine Motifs with 

Two Contiguous Stereogenic Centers. J. Am. Chem. Soc. 2018, 140, 13878 - 13883. (g) 

Biosca, M.; Magre, M.; Pàmies, O.; Diéguez, M. Asymmetric Hydrogenation of 

Disubstituted, Trisubstituted, and Tetrasubstituted Minimally Functionalized Olefins 

and Cyclic β-Enamides with Easily Accessible Ir–P,Oxazoline Catalysts. ACS Catal. 2018, 
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8, 10316 - 10320. (h) Biosca, M.; Salmó, E.; Cruz-Sánchez, P. D. L.; Riera, A.; Verdaguer, 

X.; Pàmies, O.; Diéguez, M. Extending the Substrate Scope in the Hydrogenation of 

Unfunctionalized Tetrasubstituted Olefins with Ir-P Stereogenic Aminophosphine–

Oxazoline Catalysts. Org. Lett. 2019, 21, 807 - 811.

  (13) (a) Müller, K.; Faeh, C.; Diederich, F. Fluorine in pharmaceuticals: looking beyond 

intuition. Science 2007, 317, 1881 - 1886. (b) Purser, S.; Moore, P. R.; Swallow, S.; 

Gouverneur, V. Fluorine in medicinal chemistry. Chem. Soc. Rev. 2008, 37, 320 - 330. (c) 

Hagmann, W. K.The Many Roles for Fluorine in Medicinal Chemistry. J. Med. Chem. 

2008, 51, 4359 - 4369. (d) Meanwell, N. Synopsis of Some Recent Tactical Application of 

Bioisosteres in Drug Design. J. Med. Chem. 2011, 54, 2529 - 2591. (e) Kirsch, P. Modern 

Fluoroorganic Chemistry: Synthesis, Reactivity, Applications; Wiley-VCH: Weinheim, 

Germany, 2004.
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O

O

HO

MeO
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O
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COOH

COOH

R = OMe ; 
Methoxyphenylkainic acid
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Phenylkainic acid
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NH2
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N

N

O

CF3
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N

O

O
H

H

H
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H
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H
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99% ee

Me

OEt
O

HO
O

7

Me

OHHO
O

Me

OEt
O

HOBH3.SMe2 
(3 equiv.)

Me

O O

Me

OO

8
61% yield
98% ee

9
78% yield
99% ee

LiBH4 2M in THF 
(10 equiv.)

THF, reflux, 7h

THF, r.t., o.n.

2M HCl

r.t., o.n.

PTSA 
(1.0 equiv.)

THF, r.t., 24h
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CF3
BMS-871
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O

BnO
O

2f
90% ee

CF3 10a
CF3

O O
ref. 6da

b

87% yield
91% ee

Me

OEt
O

BnO
O

2n; R = H, 94% ee
2o; R = OMe, 96% ee

Me

O
ref. 6h

Me Me
NC N

Me OMe
OMe

MeO MeO MeOOMe OMe OMe

a

c

O

R R

10b; R = H, 56% yield, 95% ee
10c; R = OMe, 69% yield, 97% ee

R = H, (2S)-(-)-Verapamil
R = OMe, (2S)-(-)-Gallopamil

R

Page 30 of 31

ACS Paragon Plus Environment

ACS Catalysis

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

R Aryl 
or Het

R Aryl 
or HetH2

Single diastereomer 
with up to 99% ee

FG Alkyl FG Alkyl

Cat.

N

P Ir

R
R

BArF
-+

L* H

H

FG = Ester, Sulfone, Ketone
R = Alkyl, Ester, CF3

Diastereo- and Enantioselective Synthesis of Structurally diverse Succinate, Butyrolactone, 
Trifluoromethyl Derivatives by Iridium Catalyzed Hydrogenation of Tetrasubstituted Olefins
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