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SN2 Reactions at Tertiary Carbon Centers in Epoxides 

Yong-Qiang Zhang, Christina Poppel, Anastasia Panfilova, Fabian Bohle, Stefan Grimme*, and 

Andreas Gansäuer* 

Abstract: We describe a novel concept for SN2 reactions at tertiary 

carbon centers in epoxides without activation of the leaving group. 

Quantum chemical calculations show why SN2 reactions at tertiary 

carbon centers are proceeding in these systems. Our reaction allows 

a flexible synthesis of 1,3-diol building blocks for natural product 

synthesis with excellent control of relative and absolute configuration.  

Designing novel reactions based on mechanisms that are 

commonly considered as unfavorable is a challenging approach 

to research in chemistry. It allows the overcoming of limitations 

in our mechanistic understanding and lays the basis for the 

discovery of novel synthetic strategies.  

SN2 reactions at tertiary carbon atoms provide an attractive 

starting point for such a strategy. As yet, SN2 reactions at tertiary 

carbon centers require either destabilization of the cation to be 

formed for the competing SN1 reaction[1,2] or substrates with very 

good leaving groups.[3,4] A recent excellent example is the 

synthesis of isonitriles from tertiary trifluoroacetates and 

Me3SiCN catalyzed by Sc(OTf)3
[5] that proceeds via 

stereoselective trapping of the contact ion-pair. A slight erosion 

of the exclusive inversion of configuration was observed, 

however. The reaction of epoxides with BF3 and NaBH3CN is 

conceptually similar.[6] It results in a ring-opening with hydride as 

nucleophile at the higher substituted carbon atom with inversion 

of configuration. The strong Lewis acid BF3 may lead to 

rearrangements of the epoxide.  

Here we report SN2 reactions at tertiary carbon centers of 

epoxides relying on enforcing a favorable ‘backside attack’ of the 

nucleophile rather than on activating the leaving group. With 

unsymmetrically substituted epoxides typical SN2 reactions 

occur at the less substituted carbon center and not at the more 

substituted carbon center. With our system, this selectivity is 

overcome by binding a pronucleophile to the substrate with 

subsequent activation of the intermediate formed by a catalyst. 

In this manner, the key-feature of SN2 reactions, the complete 

inversion of configuration, is preserved, while side-reactions with 

activated leaving groups, such as skeletal rearrangements or 

erosion of stereochemical integrity via cation formation are 

avoided. 

The reductive opening of Sharpless epoxides[7] affords an 

efficient approach to the synthetically important 1,3-diol unit. The 

regioselective opening at tertiary centers remains unresolved. 

Here, we chose PhSiH3 with catalytic amounts of 

tetrabutylammonium fluoride (TBAF)[8] to realize this goal via an 

epoxide hydrosilylation.[9] This reagent combination does not 

open simple trisubstituted epoxides. In 1,2-disubstituted 

epoxides hydroxy substitution is mandatory as demonstrated in 

a synthesis of 1,4-diols via SN2 at secondary carbon centers that 

occurs via formation of a silyl ether and activation of the silyl 

ether by fluoride. 

 

Scheme 1. Reductive opening of Sharpless epoxides containing tertiary 

carbon centers with PhSiH3/cat. TBAF. [a] 80% yield ontained in 10 mmol 

scale of substrate with 1.5 eq PhSiH3. [b] PhSiD3 used instead of PhSiH3. [c] 

e.r. = 94:6. [d] e.r. = 95:5. [e] e.r. = 81:19. 

 

Scheme 2. Comparison of the products distribution in the opening of 1, 3, and 

5 with other systems (For conditions see SI). [a] The indicated product was not 

detected. 

Opening of 1, 3, and 5 with PhSiH3/cat. TBAF results in 

exclusive formation of 1,3-diols with complete inversion of 

configuration (Scheme 1; see SI for structural assignments). No 

diastereomers or regioisomers of the desired products are 

detected or isolated from the reactions. With PhSiD3/20 mol% 

TBAF D-2, D-4, and D-6 were obtained regiospecifically ruling 
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out Meinwald or the concerted Semi-Pinacol rearrange-

ments.[10,11] The observation that 8 and not 6 is obtained from 7 

lends further support to the SN2-mechanism. With 1, 3, and 5 

(Scheme 2), well-established systems for epoxide opening either 

fail to yield the desired 1,3-diols (BF3/NaBH3CN)[6] or fail to 

provide them efficiently (Red-Al, [NaAlH2(OCH2CH2OCH3)2]).[7]  

This raises the question why PhSiH3/cat. TBAF is efficient for 

SN2 reactions at tertiary carbon atoms. We analyzed the 

transition states of the epoxide opening using a well-established 

quantum chemical calculation protocol.[12] Geometries were 

optimized with the global hybrid density functional PBEh-3c.[13] 

Thermostatistical contributions (ΔGRRHO) were evaluated at the 

same level of theory. Highly accurate single point energy 

calculations (ΔE) have been carried out with the hybrid 

functional PW6B95-D3[14,15] in a large basis set (def2-QZVP). 

Solvation free energy contributions (Δδ Gsolv) were computed 

by COSMO-RS.[16] Free energies (ΔG) were obtained as sum of 

electronic energy (ΔE), thermostatistical (ΔGRRHO) and solvation 

free energy (Δδ Gsolv) contributions. 

 

Scheme 3. Computed activation free energies (in kcal mol-1) for the ring 

opening of 1, 3, and 5-Comp at tertiary and secondary carbon atoms and H-C-

O angle of ‘backside’ approach of the nucleophile. 

The computed differential activation free energies [values for 

ΔG‡ and ΔΔG‡] of the ring-opening steps of 1, 3, and 5-Comp – 

a simplified model for 5 – are summarized in Scheme 3. In all 

cases, the barriers for ring-opening at the tertiary carbon center 

are markedly lower than for opening at the secondary carbon 

center. Absolute free energy barriers are between 17.1 and 21.4 

kcal mol-1. The complete calculated mechanism is provided in 

the SI (Figure S3). 

To identify the reason for the difference in ΔG‡, we compared 

the H-C-O angles (H: H transferred from Si, C epoxide C 

approached by H, O: epoxide O) in the transition states of ring-

opening. All angles obtained are smaller than the ideal 180°. In 

every case the angle for the opening at the tertiary carbon 

center is substantially larger than that at the secondary carbon 

center (Figure 1). This results in an increased orbital overlap for 

the transition state of attack at the tertiary carbon atom. (Wiberg 

bond order for the developing H-C bond [TS1 (1,3): 0.292 vs. 

TS1 (1,2): 0.270; TS5-Comp (1,3): 0.288 vs. TS5-Comp (1,2): 

0.242]).[17] 

 

Scheme 4. Computed activation free energies for the ring-opening of 9 and 10 

(in kcal mol-1). 

 

Figure 1. Selected DFT-transition state structures (TS), see SI for details. 

We analyzed the opening step of 9 and 10 (Scheme 4), where 

a secondary carbon replaces the tertiary carbon in 1 and 5-

Comp. Opening to the 1,3-diol is even more favorable for 9 and 

10 than for 1 and 5-Comp. For 1,2-diol generation the H-C-O 

angle does not change significantly. In 1,3-diol generation, the 

H-C-O angle is substantially larger for 9 and 10 than for 1 and 5-

Comp. Replacing methyl substitution by hydrogen substitution 

(1 and 5-Comp vs. 9 and 10) results in an increase of orbital 

overlap in the transition state leading to the 1,3-diol [TS1 (1,3): 

0.292 vs. TS9 (1,3): 0.304; TS5-Comp (1,3): 0.288 vs. TS10 

(1,3): 0.304]. The same trends were observed for the natural 

bond orders (NBOs, see SI for details).[18] 

The preference of the SN2 at the tertiary carbon center is thus 

due to a better orbital overlap in the transition state. These 

quantitative data are of relevance for the conceptually related 

cyclization reactions of mono-substituted epoxides discussed in 

the context of Baldwin’s rules.[19] 
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The opening of 13 and 15 demonstrates the usefulness of our 

method in the preparation of diols with stereotriads (14 and 16) 

(Table 1). Such building blocks are pertinent to the synthesis of 

natural products with polyol units. Our reaction also provides 

excellent results for epoxides with secondary carbon centers. 

With Red-Al, we observed mixtures of 1,3- and 1,2-diols with 17 

and 19 (83:17 for 18 and 22:78 for 20)[7d]. 
 

Table 1. Examples for 1,3-diols via SN2 reaction with Sharpless epoxides.[a] 

Sharpless epoxide 1,3-diol Yield (%)[b] 

 

83 

72 

70 

92 

64 

[a] 1.0 eq epoxide, 4.0 eq PhSiH3, 20 mol% TBAF in THF at r.t. under air, 

work-up with NaOH solution. [b] No diastereomers and regioisomers were 

detected or isolated.  

 

Scheme 5. Stereodivergent synthesis of acetate derived 1,3,5-triols 25 and 26 

from 21. [a] e.r. = >99:<1. [b] Sharpless epoxidation (SAE): 1.0 eq allylic 

alcohol, 5 mol% Ti(OiPr)4, 6 mol% (+)-DET (diethyl tartrate) or (-)-DET, 2.0 eq 

tert-butylhydroperoxide in CH2Cl2. [c] 4.0 eq PhSiH3, 20 mol% TBAF in THF at 

r.t. under air.  

 

Scheme 6. Stereodivergent synthesis of all stereoisomers of acetate- and 

propionate derived trios via cuprate addition, SAE, and epoxide hydrosilylation. 

[a] For details, see SI. [b] e.r. = >99:<1. [c] R = nC10H21. [d] Minor isomers 

were removed by chromatography.  

Our system is attractive as key reaction for the development of 

a flexible and modular approach to the stereodivergent synthesis 

of acetate and propionate derived 1,3,5-triol units (Schemes 5 

and 6). The syntheses of the acetate derived 1,3,5-triols start 

from 22 that can be obtained from enantiopure 21[20] via a 

cuprate addition and deprotection. The Sharpless epoxidation 

(SAE)[21] provides 23 and 24 with excellent reagent control and 

25 and 26 are obtained as single stereoisomers. Their 

enantiomers can be prepared from ent-21 (Scheme 5). 

The flexibility of our approach to 1,3,5-triols (Scheme 6) 

becomes evident in the synthesis of all stereoisomers of a 1,3,5-

triol. The sequence features cuprate addition and SAE to 

provide trisubstituted allylic alcohols 27 and 28, and the 

epoxides 29, 30, 31, and 32. Benzyl protection was employed to 

show that a differentiation of the hydroxy groups is possible. The 

triols were obtained with complete inversion of configuration. 

We have developed a hydrosilylation of epoxides that allows 

SN2 reactions at tertiary carbon centers through control of the 

angle of ‘backside attack’ of the H-nucleophile. Our method 

provides a flexible approach to molecules with 1,3-diol building 

blocks. 

Acknowledgements  

We thank the Deutsche Forschungsgemeinschaft (Gottfried-

Wilhelm-Leibniz prize to S. G., Ga 619/11-1) and the Alexander 

von Humboldt-Stiftung (research fellowship to Y.-Q. Z.). 

Keywords: epoxide • hydrosilylation • nucleophilic substitution • 

tertiary carbon center • 1,3,5-triols  

10.1002/anie.201702882Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

[1] O. E. Edwards, C. Grieco, Can. J. Chem. 1974, 52, 3561-3562. 

[2] a) K. Shibatomi, Y. Soga, A. Narayama, I. Fujisawa, S. Iwasa, J. Am. 

Chem. Soc. 2012, 134, 9836-9839; b) R. Y. Liu, M. Wasa, E. N. 

Jacobsen, Tetrahedron Lett. 2015, 56, 3428-3430; c) J. E. Green, D. M. 

Bender, S. Jackson, M. J. O’Donnell, J. R. McCarthy, Org. Lett. 2009, 

11, 807-810.  

[3] a) T. Mukaiyama, T. Shintou, K. Fukumoto, J. Am. Chem. Soc. 2003, 

125, 10538-10539; b) T. Shintou, T. Mukaiyama, J. Am. Chem. Soc. 

2004, 126, 7359-7367; c) T. Mukaiyama, K. Ikegai, Chem. Lett. 2004, 

33, 1522-1523; d) K. Masutani, T. Minowa, Y. Hagiwara, T. Mukaiyama, 

Bull. Chem. Soc. Jpn. 2006, 79, 1106-1117.  

[4] a) M. Mascal, N. Hafei, M. D. Toney, J. Am. Chem. Soc. 2010, 132, 

10662-10664; b) P. Schudel, H. Mayer, J. Metzger, R. Rüegg, O. Isler, 

Helv. Chim. Acta 1963, 46, 333-343; c) N. Cohen, R. J. Lopresti, C. 

Neukom, J. Org. Chem. 1981, 46, 2445-2450; d) J. Wachtmeister, A. 

Mühlman, B. Classon, B. Samuelsson, Tetrahedron, 1999, 55, 10761-

10770; e) P. Müller, J.-C. Rossier, J. Chem. Soc., Perkin Trans. 2, 2000, 

2232-2237; f) Y.-J. Shi, D. L. Hughes, J. M. McNamara, Tetrahedron 

Lett. 2003, 44, 3609-3611.  

[5] a) S. V. Pronin, C. A. Reiher, R. A. Shenvi, Nature, 2013, 501, 195-199; 

b) S. V. Pronin, R. A. Shenvi, J. Am. Chem. Soc. 2012, 134, 19604-

19606; c) A. F. B. Räder, K. Tiefenbacher, Angew. Chem. Int. Ed. 2014, 

53, 1206-1207; Angew. Chem. 2014, 126, 1228-1229. 

[6] R. O. Hutchins, I. M. Taffer, W. Burgoyne, J. Org. Chem. 1981, 46, 

5214-5215. 

[7] a) P. Ma, V. S. Martin, S. Masamune, K. B. Sharpless, S. M. Viti, J. Org. 

Chem. 1982, 47, 1378-1380; b) J. M. Finan, Y. Kishi, Tetrahedron Lett. 

1982, 23, 2719-2722; c) S. M. Viti, Tetrahedron Lett. 1982, 23, 4541-

4544; d) K. S. Kirshenbaum, K. B. Sharpless, Chem. Lett. 1987, 16, 11-

14.  

[8] Y.-Q. Zhang, N. Funken, P. Winterscheid, A. Gansäuer, Angew. Chem. 

Int. Ed. 2015, 54, 6931-6934; Angew. Chem. 2015, 127, 7035-7038. 

[9] a) H. Nagashima, A. Suzuki, T. Iura, K. Ryu, K. Matsubara, 

Organometallics, 2000, 19, 3579-3590; b) A. Gansäuer, M. Klatte, G. M. 

Brändle, J. Friedrich, Angew. Chem. Int. Ed. 2012, 51, 8891-8894; 

Angew. Chem. 2012, 124, 9021-9024; c) J. Wenz, H. Wadepohl, L. H. 

Gade, Chem. Commun. 2017, 53,4308-4311.  

[10] a) Z. Wang, Meinwald Rearrangement. Comprehensive Organic Name 

Reactions and Reagents. 2010, 422:1880–1882. 

[11] a) Z.-L. Song, C.-A. Fan, Y.-Q. Tu, Chem. Rev. 2011, 111, 7523-7556; 

b) T. J. Snape, Chem. Soc. Rev. 2007, 36, 1823-1842. 

[12] a) S. Grimme, Chem. Eur. J. 2012, 18, 9955-9964. b) S. Tamke, Z.-W. 

Qu, N. A. Sitte, U. Flörke, S. Grimme, J. Paradies, Angew. Chem. Int. 

Ed. 2016, 55, 4336-4339. c) D. S. G. Henriques, K. Zimmer, S. Klare, A. 

Meyer, E. Rojo-Wiechel, M. Bauer, R. Sure, S. Grimme, O. Schiemann, 

R. A. Flowers, A. Gansäuer, Angew. Chem. Int. Ed. 2016, 55, 7671-

7675. d) Z. Jian, G.Kehr, C. G. Daniliuc, B. Wibbeling, T. Wiegand, M. 

Siedow, H. Eckert, M. Bursch, S. Grimme, G. Erker, J. Am. Chem. Soc., 

2017, 139, 6474–6483. 

[13] S. Grimme, J. G. Brandenburg, C. Bannwarth, A. Hansen, J. Chem. 

Phys. 2015, 143, 54107. 

[14] Y. Zhao, D. G. Truhlar, J. Phys. Chem. A. 2005, 109, 5656-5667. 

[15] S. Grimme, J. Antony, S. Ehrlich, H. Krieg, J. Chem. Phys. 2010, 132, 

154104. 

[16] A. Klamt, J. Phys. Chem. 1995, 99, 2224-2235. 

[17] K. B. Wiberg, Tetrahedron, 1968, 24, 1083-1096. 

[18] a) J. P. Foster, F. Weinhold, J. Am. Chem. Soc. 1980, 102, 7211–7218; 

b) E. D. Glendening, J. K. Badenhoop, A. E. Reed, J. E. Carpenter, J. A. 

Bohmann, C. M. Morales, C. R. Landis, F. Weinhold, NBO 6.0, 

Theoretical Chemistry Institute, University of Wisconsin, Madison, 2013. 

[19] I. V. Alabugin, K. Gillmore, Chem. Commun. 2013, 49, 11246-11250. 

[20] M. Tokunaga, J. F. Larrow, F. Kakiuchi, E. N. Jacobsen, Science, 1997, 

277, 936-938.  

[21] a) T. Katsuki, K. B. Sharpless, J. Am. Chem. Soc. 1980, 102, 5976-

5978; b) S. Y. Ko, A. W. M. Lee, S. Masamune, L. A. Reed III, K. B. 

Sharpless, F. J. Walker, Science, 1983, 220, 949-951. 

 

 

10.1002/anie.201702882Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

Entry for the Table of Contents  

 

COMMUNICATION 

SN2 reactions at tertiary carbon centers in epoxides are possible when the angle of 

‘backside attack’ is controlled! This is achieved by binding of the reagent and its 

activation to hydride transfer by fluoride. The reaction proceeds with excellent 

regioselectivity and allows the synthesis of many acetate and propionate derived 

1,3-diol units pertinent to natural product synthesis. 

 
Y.-Q. Zhang, C. Poppel, A. Panfilova, F. 

Bohle, S. Grimme*, A. Gansäuer* 

Page No. – Page No. 

SN2 Reactions at Tertiary Carbon 

Centers in Epoxides 

 

 

 

 

10.1002/anie.201702882Angewandte Chemie International Edition

This article is protected by copyright. All rights reserved.


