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Abstract: A broadly applicable, practical, scalable, efficient 
and highly α- and enantioselective method for addition of a silyl-
protected propargyl moiety to trifluoromethyl ketones has been 
developed. Reactions, promoted by 2.0 mol % of a catalyst that is 
derived in situ from a readily accessible aminophenol compound at 
ambient temperature, were complete after only 15 minutes at room 
temperature. The desired tertiary alcohols were isolated in up to 97% 
yield and 98.5:1.5 enantiomeric ratio.  Alkyl-, alkenyl-, alkynyl-, 
aryl- or heteroaryl-substituted trifluoromethyl ketones can be used. 
Utility is highlighted by application to a transformation that is 
relevant to enantioselective synthesis of BI 653048, a compound active 
against rheumatoid arthritis. 
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Organic molecules that contain a trifluoromethyl unit often 
possess desirable properties,[ 1 ] and efficient and reliable 

methods for their enantioselective synthesis are needed.[ 2 ] 

Catalytic enantioselective additions to trifluoromethyl ketones 

is an attractive way to synthesize trifluoromethyl-substituted 

tertiary alcohols,[ 3 , 4 ] but developing such transformations is 

hardly straightforward.[5] One issue is the high electrophilicity 

of trifluoromethyl ketones and rapid competitive non-

catalyzed/non-enantioselective background reactions. Another 

problem is the smaller size difference between a trifluoromethyl 

group and the other carbonyl substituent (more so than methyl 

ketones), rendering enantiotopic face differentiation based on 

steric factors less tenable. As part of a program designed to 

address these general issues, we have developed an ammonium 

containing boron-based chiral catalyst capable of promoting 

enantioselective additions of allyl– and allenyl–boron compounds 

to trifluoromethyl ketones.[ 6 ] High enantioselectivity in these 

reactions arises from transition state organization induced 

through electrostatic attraction (I, Scheme 1). 

A range of aminophenol-based catalysts can be synthesized 

easily. For instance, as supported by mechanistic investigations 

and computational studies,[ 7 ] H-bonding interactions lead to 

enantioselective organoboron additions to phosphinoylimines, 

isatins (e.g., II, Scheme 1) and Boc-protected aldimines.[ 8 ] In 

the additions to ketones, where there is just one point of 

catalyst-substrate contact (i.e., no electrostatic attraction 

with the ammonium group), high e.r. arises from a more sizeable 

triphenylsilyl moiety in the catalyst (III), which helps prevent 

the larger ketone substituent to orient pseudo-axially.[ 9 ] With 

Zn(OMe)2 as the co-catalyst, reactivity can be enhanced and/or 

alternative pathways made available.[ 10 ] We have proposed that, 

among other factors, chelation of the Lewis acid to phenoxy 
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oxygen (V) destabilizes an inactive form of the chiral catalyst, 

increasing boron center Lewis acidity and accelerating 1,3-

borotropic shift so that it occurs prior to the addition step 

(i.e., net γ vs. α selectivity).[10] 

 
Scheme 1. Readily modifiable small-molecule chiral aminophenol-derived catalysts allow for mechanism-based optimization of 
reaction efficiency and/or enantioselectivity.  

The present studies were inspired by the complications 

associated with enantioselective synthesis of glucocorticoid 

agonist BI 653048, developed for the treatment of rheumatoid 

arthritis (Scheme 2a).[ 11 e, 12 ] Towards this end, Fandrick et al. 

have reported what is, as far as we know, the only available 

method for catalytic enantioselective propargyl group addition 

to trifluoromethyl ketones.[12] Homopropargyl alcohol 4 was 

synthesized by reaction of ketone 1 with silyl-protected 

propargyl–B(pin) compound 2[13,14] promoted by a catalyst generated 

in situ from 27 mol % N-iso-propyl-L-proline (3) and 25 mol % 

Et2Zn (Scheme 2a). After two days at –40 °C, tertiary alcohol 4 
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Scheme 2. A problem in catalytic enantioselective synthesis and the objectives of this study.  

propargyl:allenyl selectivity. We wondered if with an 
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%). It has been demonstrated that the silyl-alkyne moiety, in 
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desirable derivatives, including those not easily accessible by 
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Another aim was therefore to develop a method that would be 

applicable to an assortment of trifluoromethyl ketones. 

Preliminary studies were performed with ketone 5, which may 

be used to access BI 653048. Control experiments showed ~15% 

conversion in the absence of a chiral organoboron catalyst 

(conv. to 6, Scheme 3). We were also met with a more significant 

challenge: silyl-protected propargyl–B(pin) 2 undergoes complete 

proto-deboration within 15 minutes at 22 °C (Scheme 3; >98% by 1H 

NMR analysis).[ 16 ] A catalyst would have to be identified for 

bringing the transformation to completion within the same brief 

length of time. 

There was appreciable enantioselectivity (88:12 e.r.) with 

2.0 mol % 7a, but the yield was low (38% yield; Scheme 3). 

Selectivity improved to 92:8 e.r. with triphenylsilyl-

substituted 7b, but there was little change in efficiency. Based 

on the reasoning that a smaller aryloxy group might better 

accommodate the large alkyl moiety of 5 (see complex VI, Scheme 

2), reactions with 7c and 7d were probed; efficiency did improve 

(87% and 84% conv., 61% and 60% yield, respectively) and there 

was a boost in e.r. (97:3). We attributed the enantioselectivity 

increase to the ability of the smaller catalyst to compete more 

effectively with the non-catalytic pathway. There was complete α 

selectivity in all cases (i.e., >98:2 propargyl:allenyl 

addition). 

The key question then was whether further catalyst 

activation could be achieved electronically, as represented in 

VII. We wondered if, while bulkier than 7c and 7d, an 

aminophenol ligand containing an electron-withdrawing 

substituent on its aryloxide unit (e.g., vs. Me in 7c) could 

provide appropriate rate enhancement without adversely impacting 

e.r. We prepared trifluoromethyl-substituted aminophenol ligand  
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Scheme 3. Identification of an optimal catalyst for enantioselective synthesis of homopropargyl alcohol 6. Conversion (±2%) 
determined by analysis of the 19F NMR spectra of unpurified product mixtures (trifluoro-toluene as reference); >98% α selectivity in 
all cases. E.r. (±1%) was determined by HPLC analysis. See the Supporting Information for details. Abbreviation: EWG = electron-
withdrawing group; L = methoxy or silyl-allenyl group. 
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corresponding carboxylic acid, ready for use for synthesis of 

the target molecule, by a one-pot procedure (iPrMgCl•LiCl, –78-

22 °C, 2 h; CO2, 22 °C, 6 h; 89% yield).
[16]  

Yields and enantioselectivities were high for the additions 

to ketones with smaller alkyl substituents (vs. the moiety in 

5), for which enantiotopic differentiation is more challenging; 

only one moderately selective example was previously disclosed 

(80:20 e.r.).[12] Tertiary alcohols 8a-c, derived from additions 

to a ketone with an α-branched, β-branched or an n-alkyl 

substituent, respectively, were isolated in 62–89% yield and 

95:5–97.5:2.5 e.r. Formation of enyne 9 was similarly efficient 

and enantioselective (88% yield, 98.5:1.5 e.r.). Diyne 10 was 

obtained in lower enantiomeric purity (76% yield, 86:14 e.r.) 

perhaps because of the increased steric repulsion between the 

catalyst’s CF3 group and the conformationally less mobile 

phenylacetylene moiety (see VI, Scheme 2). There was no 

improvement in enantioselectivity at higher catalyst loading. 

 
Scheme 4. Additions to alkyl-, alkenyl- and alkynyl-substituted trifluoromethyl ketones. Conversion (±2%) determined by analysis of 
the 19F NMR spectra of unpurified product mixtures (trifluoro-toluene as reference); >98% α selectivity in all cases. E.r. (±1%) 
determined by HPLC analysis. See the Supporting Information for details. 
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Aryl- and heteroaryl-substituted trifluoromethyl ketones 

were similarly suitable (Scheme 5), despite background processes 

being more competitive (~30–60% conv. without 7e). Reactions of 

trifluoromethyl-substituted ketones with an aromatic moiety that 

contains either an electron-withdrawing or –donating group 

proceeded to >90% conversion within 15 minutes, affording 11a-m 

in 85–97% yield and 92:8–98.5:1.5 e.r.[16]  As indicated by 

efficient preparation of pyrrole-substituted 11l, protection of 

basic amines was not required. 

 
Scheme 5. Additions to aryl- and heteroaryl-substituted ketones. Conversion (±2%) determined by analysis of the 19F NMR spectra 
of unpurified product mixtures (trifluoro-toluene as reference); >98% α selectivity in all cases. E.r. (±1%) determined by HPLC 
analysis. See the Supporting Information for details. 
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was surprising for two reasons: 1) Compounds 11b and 11c (Scheme 

5), derived from additions to the related o-tolyl- and o--

methoxy-substituted ketones, were generated with considerably 

higher e.r. (92:8 and 97:3, respectively). 2) Allyl–B(pin) 

additions to methyl ketones bearing the same o-halo-substituted 

aryl groups were much more enantioselective with the same class 

of catalysts (93:7–99:1 e.r.).[9] 

The above data suggest that steric repulsion between an 

ortho substituent and the catalyst structure can cause 

diminution in enantioselectivity (e.g., 11a-c, Scheme 5); this 

explains why e.r. is more favorable (85:15 vs. 59:41) with a 

smaller fluorine atom and a shorter C–F bond in 11n compared to 

a bromine atom and a longer C–Br bond in 11p. Electronic factors 

probably play a role as well. In what we suggest as the 

preferred mode of addition (VIII, Scheme 6) there would be some 

degree of electron–electron repulsion between the non-bonding 

electrons of the halogen atom and the catalyst’s phenolic 

oxygen. Unlike a methyl ketone, the alternative conformer IX 

cannot offer relief as a result repulsive interactions with the 

substrate’s trifluoromethyl group. Consequently, competitive 

pathways become more vaiable and enantioselectivity suffers. o-

Methoxyphenyl- and o-fluorophenyl-substituted 11c and 11n can be 

generated in higher e.r. because of the better overlap involving 

period two elements and the resulting resonance stabilization 

that can reduce electron–electron repulsion (see X, Scheme 6).[19] 

The above trends underscore key electrostatic interactions that 

impact enantioselectivity and are particular to trifluoromethyl 

ketones. 
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Scheme 6. The unusual trends in enantioselectivity in propargyl group additions to o-halophenyl-substituted trifluoromethyl ketones. 
Conversion (±2%) determined by analysis of the 19F NMR spectra of the unpurified product mixtures; >98% α selectivity in all cases. 
E.r. (±1%) was determined by HPLC analysis. See the Supporting Information for details. 

In summary, we have developed the first broadly applicable 

method for efficient and enantioselective addition of a 

propargyl group to trifluoromethyl ketones. The chiral ligand 

and the organoboron reagent can be prepared in gram quantities 

from commercially available materials. Reactions may be 

conveniently performed at 22 °C, are complete in just 15 minutes 

with 2.0 mol % catalyst and can be performed on gram scale, as 

the examples in Scheme 7 show. 

 
Scheme 7. Gram scale. Conversion (±2%) determined by analysis of the 19F NMR spectra of the unpurified product mixtures; >98% 
α selectivity in all cases. E.r. (±1%) was determined by HPLC analysis. See the Supporting Information for details. 

Development of additional enantioselective processes 

catalyzed by small-molecule organoboron chiral catalysts is in 

progress. 

N

O

O
Me2N

H

CF3

+

L3B OMe
–

B
O

F
F

F
•

Si
VIII

G
N

O

O
Me2N

H

CF3

+

L3B OMe
–

B
O

F
F

F
•

Si

IX

G

G = F, Cl, Br, OMe

N

O

O
Me2N

H

CF3

+

L3B OMe
–

B
O

F
F

F
•

Si

X

G+–

e–e
repulsion

e–e
repulsion

less e–e
repulsion

O>F>Cl or Br

F3C OH SiMe3

Cl

11o
98% conv., 80% yield,

56:44 e.r.

F3C OH SiMe3

11n
98% conv., 78% yield,

85:15 e.r.

F3C OH SiMe3

Br

11p
90% conv., 88% yield,

59:41 e.r.

F

Ph
F3C OH SiMe3

Ph

O

CF3

SiMe3

(pin)B

2

4.0 mol % Zn(OMe)2, 2.0 equiv. MeOH,
toluene, 22 °C, 15 min

N
H

NMe2

OH

iPr

O

CF3

2.0 mol %

7e

1.5 equiv.

11a
>98% conv., 96% yield,

97:3 e.r.

F3C OH SiMe3

6
96% conv., 94% yield,

98.5:1.5 e.r.

Br

F

1.15 g

CF3

Br

F

O

5

1.05 g

1.45 g

1.65 g

10.1002/anie.201703844Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



 Mszar et al.; Page 11 

 

Acknowledgements. Financial support was provided by the NIH (GM-57212). We are 
grateful to KyungA Lee and Farid W. van der Mei for helpful discussions.  

 

Keywords: catalysis, enantioselective synthesis, homopropargylic alcohols, 

propargyl groups, trifluoromethyl group 

 
                                                 

[1] For example, see: a) R. Berger, G. Resnati, P. Metrangolo, E. Weber, J. 

Hulliger, Chem. Soc. Rev. 2011, 40, 3496–3508; b) E. P. Gillis, K. J. 

Eastman, M. D. Hill, D. J. Donnelly, N. A. Meanwell, J. Med. Chem. 2015, 58, 

8315–8359; c) T. Fujiwara, D. O’Hagan, J. Fluorine Chem. 2014, 167, 16–29. 

[ 2 ] For selected reviews, see: a) N. Shibata, S. Mizuta, H. Kawai, 

Tetrahedron: Asymmetry 2008, 19, 2633–2644; b) J. Nie, H.-C. Guo, D. Cahard, 

J.-A. Ma, Chem. Rev. 2011, 111, 455–529; c) X. Yang, T. Wu, R. J. Phipps, F. 

D. Toste, Chem. Rev. 2015, 115, 826–870. 

[3] For enantioselective synthesis of tertiary alcohols through additions to 

ketones, see: M. Yus, J. C. González-Gómez, F. Foubelo, Chem. Rev. 2011, 111, 

7774–7854. 

[ 4 ] For examples of catalytic enantioselective additions of C-based 

nucleophiles to trifluoromethyl ketones (with no secondary chelating group), 

see: a) G.-W. Zhang, W. Meng, H. Ma, J. Nie, W.-Q. Zhang, J.-A. Ma, Angew. 

Chem. Int. Ed. 2011, 50, 3538–3542; b) R. Motoki, M. Kanai, M. Shibasaki, 

Org. Lett. 2007, 9, 2997–3000; c) A. M. Cook, C. Wolf, Angew. Chem. Int. Ed. 

2016, 55, 2929–2933; d) H. Noda, F. Amemiya, K. Weidner, N. Kumagai, M. 

Shibasaki, Chem. Sci. 2017, 8, 3260–3269; e) Y. Zheng, Y. Tan, K. Harms, M. 

Marsch, R. Riedel, L. Zhang, E. Meggers, J. Am. Chem. Soc. 2017, 139, 4322–

4325. 

[5] For example, see: a) X. Zhang, D. Chen, X. Liu, X. Feng, J. Org. Chem. 

2007, 72, 5227–5233; b) T.–P. Loh, J.-R. Zhou, X.-R. Li, Tetrahedron Lett. 

1999, 40, 9333–9336; c) T. D. Haddad, L. C. Hirayama, P. Taynton, B. 

Singaram, Tetrahedron Lett. 2008, 49, 508–511. 

[6] K. Lee, D. Silverio, S. Torker, D. W. Robbins, F. Haeffner, F. W. van der 

Mei, A. H. Hoveyda, Nat. Chem. 2016, 8, 768–777. 

[7] D. L. Silverio, S. Torker, T. Pilyugina, E. M. Vieira, M. L. Snapper, F. 

Haeffner, A. H. Hoveyda, Nature 2013, 494, 216–221.  

10.1002/anie.201703844Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



 Mszar et al.; Page 12 

                                                                                                                                                             

[ 8 ] H. Wu, F. Haeffner, A. H. Hoveyda, J. Am. Chem. Soc. 2014, 136, 3780–

3783.  

[ 9 ] D. W. Robbins, K. Lee, D. L. Silverio, A. Volkov, S. Torker, A. H. 

Hoveyda, Angew. Chem. Int. Ed. 2016, 55, 9610–9614. 

[10] F. W. van der Mei, H. Miyamoto, D. L. Silverio, A. H. Hoveyda, Angew. 

Chem. Int. Ed. 2016, 55, 4701–4706. 

[11] a) R. Betageri, Y. Zhang, R. M. Zindell, D. Kuzmich, T. M. Kirrane, J. 

Bentzien, M. Cardozo, A. J. Capolino, T. N. Fadra, R. M. Nelson, Z. Paw, D.-T. 

Shih, C.-K. Shih, L. Zuvela-Jelaska, G. Nabozny, D. S. Thomson, Bioorg. Med. 

Chem. Lett. 2005, 15, 4761−4769; b) Y. Bekkali, R. Betageri, M. J. Emmanuel, 

A. Hammach, H. J. J. Harcken, T. M. Kirrane, D. Kuzmich, T. W-h. Lee, P. Liu, 

U. R. Patel, H. Razavi, D. Reither, H. Takahashi, D. S. Thomson, J. Wang, R. 

Zindell, J. R. Proudfoot, PCT Int. Appl. WO 2005030213, 2005; c) R. Betageri, 

T. Bosanac, M. J. Burke, C. Harcken, S. Kim, D. Kuzmich, T.W-H. Lee, Z. Li, Z. 

Liu, L. Pingrong, J. Lord, H. Razavi, J. T. Reeves, D. Thomson, D. PCT Int. 

Appl. WO 2009149139, 2009; d) R. Betageri, T. Gilmore, D. Kuzmich, T. M. 

Kirrane, J. Bentzien, D. Wiedenmayer, Y. Bekkali, J. Regan, A. Berry, B. 

Latli, A. J. Kukulka, T. N. Fadra, R. M. Nelson, S. Goldrick, L. Zuvela-

Jelaska, D. Souza, J. Pelletier, R. Dinallo, M. Panzenbeck, C. Torcellini, H. 

Lee, E. Pack, C. Harcken, G. Nabozny, D. S. Thomson, Bioorg. Med. Chem. Lett. 

2011, 21, 6842−6851; e) J. T. Reeves, D. R. Fandrick, Z. Tan, J. J. Song, S. 

Rodriguez, B. Qu, S. Kim, O. Niemeier, Z. Li, D. Byrne, S. Campbell, A. 

Chitroda, P. DeCroos, T. Fachinger, V. Fuchs, N. C. Gonnella, N. Grinberg, N. 

Haddad, B. Jäger, H. Lee, J. C. Lorenz, S. Ma, B. A. Narayanan, L. J. Nummy, 

A. Premasiri, F. Roschangar, M. Sarvestani, S. Shen, E. Spinelli, X. Sun, R. 

J. Varsolona, N. Yee, C. H. Senanayake, J. Org. Chem. 2013, 78, 3616–3635. 

[12] D. R. Fandrick, J. T. Reeves, J. M. Bakonyi, P. R. Nyalapatla, Z. Tan, 

O. Niemeier, D. Akalay, K. R. Fandrick, W. Wohlleben, S. Ollenberger, J. J. 

Song, X. Sun, B. Qu, N. Haddad, S. Sanyal, S. Shen, S. Ma, D. Byrne, A. 

Chitroda, V. Fuchs, B. A. Narayanan, N. Grinberg, H. Lee, N. Yee, M. Brenner, 

C. H. Senanayake, J. Org. Chem. 2013, 78, 3592–3615. 

[13] a) D. R. Fandrick, F. Roschangar, C. Kim, B. J. Hahm, M. H. Cha, H. Y. 

Kim, G. Yoo, T. Kim, J. T. Reeves, J. J. Song, Z. Tan, B. Qu, N. Haddad, S. 

Shen, N. Grinberg, H. Lee, N. Yee, C. H. Senanayake, Org. Process Res. Dev. 

2012, 16, 1131–1140. For previous reports from these laboratories involving 

catalytic enantioselective reactions with the reagent 2, see: b) N. W. Mszar, 

F. Haeffner, A. H. Hoveyda, J. Am. Chem. Soc. 2014, 136, 3362–3365; c) Y. Shi, 

10.1002/anie.201703844Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



 Mszar et al.; Page 13 

                                                                                                                                                             
B. Jung, S. Torker, A. H. Hoveyda, J. Am. Chem. Soc. 2015, 137, 8948–8964. 

[14] a) R. W. Hoffman, H. Brinkmann, G. Frenking, Chem. Ber. 1990, 123, 2387–

2394; b) D. R. Fandrick, J. T. Reeves, J. J.Song, International Patent WO 

2010/141328 A2; 2010; c) D. R. Fandrick, F. Roschangar, C. Kim, B. J. Hahm, 

M. H. Cha, H. Y. Kim, G. Yoo, T. Kim, J. T. Reeves, J. J. Song, Z. Tan, B. 

Qu, N. Haddad, S. Shen, N. Grinberg, H. Lee, N. Yee, C. H. Senanayake, Org. 

Process Res. Dev. 2012, 16, 1131–1140. 

[15] E. M. Vieira, F. Haeffner, M. L. Snapper, A. H. Hoveyda, Angew. Chem. 

Int. Ed. 2012, 51, 6618–6621. 

[ 16 ] See the Supporting Information for details. Protodeboration probably 

occurs through formation of the derived methoxy borate followed by the 

rupture of C–B(pin) bond by the proton counter-ion.  

[ 17 ] M. Jagodzinska, F. Huguenot, G. Candiani, M. Zanda, Chem. Med. Chem. 

2009, 4, 49–51. 

[18] Consistent with a previous report (see ref. [6]) additions to mono- and 

difluoromethylphenyl ketone were considerably less enantioselective (with 7e 

under conditions shown in Scheme 3: 95% conv., 76% yield, >98:2 

propargyl:allenyl, 50:50 e.r. and >98% conv., 94% yield, >98:2 

propargyl:allenyl, 86:14 e.r., respectively). See the Supporting Information 

for details. 

[ 19 ] It is unlikely that the enantioselectivity profile for o-halophenyl-

substituted trifluoromethyl ketones (11n-p) is due to differences in rates of 

competitive un-catalyzed background additions (i.e., less in the case of the 

more enantioselective o-fluorophenyl substrate). In fact, control experiments 

point to the opposite trend: 61%, 40% and 29% conversion was observed for 

11n-p, respectively, under the same conditions but in the absence of 2.0 mol 

% 7e. 

10.1002/anie.201703844Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


