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Abstract

Enantioselective allylic substitutions with enolates derived from aliphatic esters under mild 

conditions remain challenging. Herein we report iridium-catalyzed enantioselective allylations of 

silyl ketene acetals, the silicon enolates of esters, to form products containing a quaternary carbon 

at the nucleophile moiety and a tertiary carbon at the electrophile moiety. Under relatively neutral 

conditions, the allylated aliphatic esters were obtained with excellent regioselectivity and 

enantioselectivity. These products were readily converted to primary alcohols, carboxylic acids, 

amides, isocyanates, and carbamates, as well as tetrahydrofuran (THF) and γ-butyrolactone 

derivatives, without erosion of enantiomeric purity.
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Catalytic asymmetric allylic substitutions with enolates form C–C bonds reliably with high 

enantioselectivity.[1] Such reactions with enolates derived from ketones and aldehydes form 

products bearing α-stereogenic centers[2], β-stereogenic centers[3], or both[4]. These 

reactions of stabilized enolates generated from carboxylic acid derivatives containing 

proximal electron-withdrawing groups (such as acyl, carboxyalkyl, nitro or cyano groups),[5] 

heteroatom functionalities[6], or aromatic substituents[7] also occur. However, analogous 

transformations of the unstabilized enolates derived from aliphatic esters are rare. Reported 

enantioselective examples are limited to palladium-catalyzed reactions of lactones or ester 

equivalents with symmetrical allylic electrophiles, and one recently reported example of a 

ruthenium-catalyzed process.[8–9]

The low acidity of the α hydrogens of the aliphatic esters and the instability of the ester-

derived enolates make allylation of ester enolates challenging. Stoichiometric strong bases 

are required to form the enolates in situ without self-condensation, substrates that bear base-

sensitive functionalities (for example, acetoxyl group) are not tolerated, and Claisen 

condensation between the ester products and the enolates can lead to side products. Finally, 

cyclopropanation has been shown to compete with the allylation process when palladium 

catalysts are used.[10]

To develop a general method for the enantioselective allylation of aliphatic esters under mild 

conditions, we envisioned that silyl ketene acetals, the silicon enolates of esters, could be 

employed as the nucleophiles because they are significantly less basic than the alkali metal 

enolates formed in situ by deprotonation. Iridium complexes [Ir] (Scheme 1) developed in 

our group could catalyze this proposed transformation because they enable enantioselective 

allylic substitution reactions with various nucleophiles under relatively neutral conditions, 

without competing formation of cyclopropanes.[11]

The allylation of silyl ketene acetals containing gem-dialkyl groups would be particularly 

valuable because the resulting enantioenriched α-allyl esters containing a quaternary α-

carbon and a tertiary β-stereocenters are inaccessible by asymmetric Michael additions or 

asymmetric hydrogenations of the α,β-unsaturated esters. Furthermore, the enantioselective 

allylations of stabilized malonate-type nucleophiles followed by fragmentation 

(desulfonylation and decarboxylation) would not afford these highly substituted products.[12]

Herein we report enantioselective allylations of silyl ketene acetals catalyzed by a 

metallocyclic iridium complex (Scheme 1) to form the allylated aliphatic esters with high 

regio- and enantioselectivity under mild conditions. Due to the versatility of the ester 

functionality in organic synthesis, these products are readily transformed to primary 

alcohols, carboxylic acids, amides, isocyanates, carbamates, tetrahydrofuran (THF) 

derivatives and γ-butyrolactone derivatives without erosion of enantiomeric purity.

We began our studies on enantioselective allylic substitutions of aliphatic silyl ketene acetals 

by examining the reactions between cinnamyl methyl carbonate and ketene acetal 2a in the 

presence of a series of metallacyclic iridium complexes containing a series of aryl 

substituents on the ligands (Table 1, entry 1–4). A catalytic amount of tetrabutylammonium 

acetate (nBu4NOAc) was added to activate the silicon enolate because our previous studies 
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demonstrated that carboxylates could activate silyl enol ethers in related iridium-catalyzed 

allylation reactions.[3f, 13] The reaction conducted with iridium catalyst [Ir]-2 bearing two 2-

anisyl substituents on the ligand gave the ester product 3aa in 50% yield with >20:1 

branched/linear selectivity and 98% ee. The yield was modest because side product sp 
(33%) was formed from competitive nucleophilic acyl substitution of 2a with the carbonyl 

group of cinnamyl methyl carbonate. To suppress the formation of sp, we studied reactions 

of allylic esters containing the 2,2,2-trichloroethyl carbonate (OTroc) and the t-butyl 

carbonate (OBoc) groups that are more hindered than the methyl carbonate. Reaction of the 

2,2,2-trichloroethyl carbonate gave 3aa in a low yield of 16% and sp in 20% yield (entry 5), 

as well as an additional product in 54% yield from the allylation of 2,2,2-trichloroethoxide 

generated from oxidative addition of the carbonate and decarboxylation of the resulting 

anion. However, reaction of the t-butyl carbonate formed 3aa as a single product in 97% 

yield with 98% ee (entry 6).

Further investigation of the effect of leaving groups included reactions of the ethyl 

phosphate, acetate, pivalate and benzoate derivatives of cinnamyl alcohol (entry 7–10). The 

reaction of cinnamyl benzoate 1a (entry 10) delivered 3aa in almost quantitative (96%) yield 

with excellent ee (>99%). However, a small amount of cinnamyl acetate (<5%) was 

observed, presumably from reaction of the allyl iridium intermediate and nBu4NOAc.[11d] 

This hypothesis was supported by the result of the reaction conducted with 0.5 equiv 

of nBu4NOAc (entry 11), which gave 3aa in a lower yield of 68% and cinnamyl acetate in 

26% yield, which was higher than that from the reaction with 3 mol % of nBu4NOAc in 

entry 10. To avoid the formation of cinnamyl acetate, tetrabutylammonium benzoate 

(nBu4NOBz) was used instead of nBu4NOAc as the carboxylate additive, and this reaction 

occurred to afford 3aa in quantitative yield with >99% ee (entry 12). The reaction with 

cinnamyl t-butyl carbonate occurred similarly to give 3aa in 94% yield with 98% ee (entry 

13). No reaction occurred in the absence of a carboxylate additive (entry 14) or with the 

TBS analog of 2a.

Table 2 shows the scope of allyl benzoates that underwent the allylation process. The 

reactions with various cinnamyl benzoates bearing electron-neutral (3aa, 3ba), electron-

donating (3ca, 3da), and electron-withdrawing (3ea–3ia) substituents on the aryl rings all 

afforded the corresponding products in ≥84% yield with >99% ee. Benzoate 1d bearing a 

base-sensitive acetoxy substituent at the para-position of the phenyl ring underwent 

allylation cleanly to give 3da in 87% yield with >99% ee, highlighting the mild conditions 

of these reactions. In general, the reactions of electron-deficient cinnamyl benzoates 

required a higher catalyst loading of 4 mol % (condition B for 3ea–3ga) or 6 mol % 

(condition C for 3ha, 3ia), instead of 3 mol % (condition A for 3aa–3ca), to reach full 

conversion of the allyl benzoate.

This reaction also occurred with allyl benzoates bearing heteroaryl, naphthyl, and alkenyl 

substituents. Allyl benzoates containing pyridyl (1j), furyl (1k), thienyl (1l), thiazolyl (1m), 

naphthyl (1n), and 6-methoxy naphthyl (1o) groups underwent the allylations to form 

products 3ja–3oa in ≥83% yield with ≥98% ee. Sorbyl benzoate 1p reacted with silyl ketene 

acetal 2l to give the allylation product 3pl in 52% yield with 98% ee.
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Table 3 shows the scope of silyl ketene acetals that underwent the allylation process. Silyl 

ketene acetals generated from methyl (2a), ethyl (2b), isopropyl (2c) and phenyl (2e) 

isobutyrate reacted to form products 3aa, 3ab, 3cc, and 3ce in ≥79% yield with >99% ee. 

The reactivity of the silyl ketene acetal derived from t-butyl isobutyrate (2d) was lower, and 

3cd was obtained in 38% yield with 39% of 1c unconverted. Silyl ketene acetal 2f derived 

from (−)-nopol that bears a chiral hydrocarbon motif also reacted to give 3cf in 93% yield 

with >20:1 dr.

In addition to the silyl ketene acetals derived from isobutyrates, gem-diethyl silyl ketene 

acetal 2g reacted to afford 3cg in 96% yield with >99% ee. Exocyclic gem-dialkyl silyl 

ketene acetals bearing exocyclic double bonds on 4- (2h), 5- (2i, 2n),6- (2j) and 7-

membered (2k) rings all reacted with benzoate 1c to give products 3ch–3ck, and 3cn in ≥96 

yields with ≥99% ee. Exocyclic silyl ketene acetals containing oxygen atoms or a 

difluoromethylene unit on the ring structure reacted similarly to give the products (3cl, 3cm) 

in ≥93% yield with >99% ee.

To illustrate the synthetic utility of this allylation reaction, various transformations of 

allylation product 3oa were conducted. For example, 3oa was readily converted to the 

primary alcohol 4a and carboxylic acid 4c without erosion of ee after reduction and 

hydrolysis, respectively. The acid 4c was further transformed into the enantioenriched amide 

4e, isocyanate 4f, and carbamate 4g. The terminal alkene functionality was also derivatized. 

An intramolecular hydroalkoxylation of the olefin moiety on alcohol 4a occurred with silver 

triflate[14] as the catalyst, giving enantioenriched tetrahydrofuran derivatives 4b and 4b′. 
Although the diastereoselectivity was low (1.1:1), each diastereomer was isolated in pure 

form with >99% ee. Carboxylic acid 4c underwent iodolactonization[15] to afford lactone 4d 
in 84% yield as a single isomer with >99% ee.

Finally, to extend the scope of this allylation method to form α-allyl carboxylic acids 

directly, the silyl-protected enolate of isobutyric acid (2o) was tested (eq 1). The reaction 

between 1o and 2o formed carboxylic acid 4c in 80% yield with >97% ee.

(eq 1)

In summary, we have developed enantioselective allylic substitutions with aliphatic silyl 

ketene acetals catalyzed by a metallacyclic iridium complex. These reactions are rare 

allylations of enolates derived from aliphatic esters that occur in high enantioselectivity 

under mild conditions. The use of silyl ketene acetals avoids the use of strong bases, leading 

to high functional-group tolerance; a catalytic amount of carboxylate additive (nBu4NOBz) 

induced reactivity, presumably by activating the silyl ketene acetals. The allylated esters 

were obtained with excellent regio- and enantioselectivity and were readily converted to the 

primary alcohols, carboxylic acids, amides, isocyanates, carbamates, THF derivatives and γ-
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butyrolactone derivatives with preservation of enantiomeric purity. Studies to achieve the 

regio-, diastereo- and enantioselective allylations of unsymmetrical aliphatic acid and their 

derivatives are ongoing in our laboratories.[16–17]

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank the NIH-NIGMS (GM-55382) for financial support. Zhe Ji is thanked for assistance on X-ray 
crystallographic analysis.

References

1. a) Trost BM, Van Vranken DL. Chem Rev. 1996; 96:395. [PubMed: 11848758] b) Helmchen G, 
Dahnz A, Dübon P, Schelwies M, Weihofen R. Chem Commun. 2007:675.c) Lu Z, Ma S. Angew 
Chem Int Ed. 2008; 47:258.d) Hartwig JF, Stanley LM. Acc Chem Res. 2010; 43:1461. [PubMed: 
20873839] e) Tosatti P, Nelson A, Marsden SP. Org Biomol Chem. 2012; 10:3147. [PubMed: 
22407450] f) Oliver S, Evans PA. Synthesis. 2013:3179.g) Hethcox JC, Shockley SE, Stoltz BM. 
ACS Catal. 2016; 6:6207. [PubMed: 28649462] h) Kazmaier U. Org Chem Front. 2016; 3:1541.

2. For selected recent publications, see: Jiang G, List B. Angew Chem Int Ed. 2011; 50:9471.Craig 
RA, Loskot SA, Mohr JT, Behenna DC, Harned AM, Stoltz BM. Org Lett. 2015; 17:5160. 
[PubMed: 26501770] Huwig K, Schultz K, Kazmaier U. Angew Chem Int Ed. 2015; 54:9120.Trost 
BM, Donckele EJ, Thaisrivongs DA, Osipov M, Masters JT. J Am Chem Soc. 2015; 137:2776. 
[PubMed: 25629592] Wright TB, Evans PA. J Am Chem Soc. 2016; 138:15303. [PubMed: 
27933923] 

3. For selected publications, see: Burger EC, Tunge JA. Org Lett. 2004; 6:4113. [PubMed: 15496112] 
He H, Zheng XJ, Li Y, Dai LX, You SL. Org Lett. 2007; 9:4339. [PubMed: 17854201] Chen M, 
Hartwig JF. Angew Chem Int Ed. 2014; 53:12172.Chen M, Hartwig JF. Angew Chem Int Ed. 2014; 
53:8691.Huo X, Yang G, Liu D, Liu Y, Gridnev ID, Zhang W. Angew Chem Int Ed. 2014; 
53:6776.Chen M, Hartwig JF. J Am Chem Soc. 2015; 137:13972. [PubMed: 26441002] Chen M, 
Hartwig JF. Angew Chem Int Ed. 2016; 55:11651.Kanbayashi N, Yamazawa A, Takii K, Okamura 
T, Onitsuka K. Adv Synth Catal. 2016; 358:555.

4. For selected recent publications, see: Chen JP, Ding CH, Liu W, Hou XL, Dai LX. J Am Chem Soc. 
2010; 132:15493. [PubMed: 20945898] Chiarucci M, di Lillo M, Romaniello A, Cozzi PG, Cera G, 
Bandini M. Chem Sci. 2012; 3:2859.Krautwald S, Sarlah D, Schafroth MA, Carreira EM. Science. 
2013; 340:1065. [PubMed: 23723229] Chen W, Chen M, Hartwig JF. J Am Chem Soc. 2014; 
136:15825. [PubMed: 25337972] Krautwald S, Schafroth MA, Sarlah D, Carreira EM. J Am Chem 
Soc. 2014; 136:3020. [PubMed: 24506196] Huo X, He R, Zhang X, Zhang W. J Am Chem Soc. 
2016; 138:11093. [PubMed: 27548761] Jiang X, Chen W, Hartwig JF. Angew Chem Int Ed. 2016; 
55:5819.Liu J, Han Z, Wang X, Meng F, Wang Z, Ding K. Angew Chem Int Ed. 2017; 56:5050.

5. For selected publications, see: Gnamm C, Förster S, Miller N, Brödner K, Helmchen G. Synlett. 
2007:790.Trost BM, Miller JR, Hoffman CM. J Am Chem Soc. 2011; 133:8165. [PubMed: 
21534526] Liu WB, Reeves CM, Stoltz BM. J Am Chem Soc. 2013; 135:17298. [PubMed: 
24160327] Liu WB, Reeves CM, Virgil SC, Stoltz BM. J Am Chem Soc. 2013; 135:10626. 
[PubMed: 23829704] Zhou H, Zhang L, Xu C, Luo S. Angew Chem Int Ed. 2015; 
54:12645.Hethcox JC, Shockley SE, Stoltz BM. Angew Chem Int Ed. 2016; 55:16092.

6. For selected publications, see: You SL, Hou XL, Dai LX, Cao BX, Sun J. Chem Commun. 
2000:1933.Trost BM, Dogra K. J Am Chem Soc. 2002; 124:7256. [PubMed: 12071719] Weiß TD, 
Helmchen G, Kazmaier U. Chem Commun. 2002:1270.Kanayama T, Yoshida K, Miyabe H, 
Takemoto Y. Angew Chem Int Ed. 2003; 42:2054.Trost BM, Dogra K, Franzini M. J Am Chem Soc. 
2004; 126:1944. [PubMed: 14971921] Deska J, Kazmaier U. Chem Eur J. 2007; 13:6204. [PubMed: 
17480044] Chen W, Hartwig JF. J Am Chem Soc. 2013; 135:2068. [PubMed: 23286279] Chen W, 
Hartwig JF. J Am Chem Soc. 2014; 136:377. [PubMed: 24295427] 

Jiang and Hartwig Page 5

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



7. For selected recent pulications, see: Trost BM, Masters JT, Burns AC. Angew Chem Int Ed. 2013; 
52:2260.Schwarz KJ, Amos JL, Klein JC, Do DT, Snaddon TN. J Am Chem Soc. 2016; 138:5214. 
[PubMed: 27028057] Balaraman K, Wolf C. Angew Chem Int Ed. 2017; 56:1390.Jiang X, Beiger 
JJ, Hartwig JF. J Am Chem Soc. 2017; 139:87. [PubMed: 27977923] 

8. For related Pd-catalyzed reactions with symmetrical electrophiles, see: Alvarado-Beltrán I, Maerten 
E, Toscano RA, López-Cortés JG, Baceiredo A, Álvarez-Toledano C. Tetrahedron: Asymmetry. 
2015; 26:802.Braun M, Meletis P, Visse R. Adv Synth Catal. 2011; 353:3380.Saitoh A, Achiwa K, 
Morimoto T. Tetrahedron: Asymmetry. 1998; 9:741.For related Ru-catalyzed reaction, see ref. 3h. 
However, only one silyl ketene acetal substrate was presented in ref. 3h and the product was 
obtained in only 81% ee. For lactones: Meletis P, Patil M, Thiel W, Frank W, Braun M. Chem Eur J. 
2011; 17:11243. [PubMed: 21922557] 

9. For enantioselective allylation of amides: Zhang K, Peng Q, Hou XL, Wu YD. Angew Chem Int Ed. 
2008; 47:1741.For enantioselective decarboxylative allylation of lactams: Behenna DC, Liu Y, 
Yurino T, Kim J, White DE, Virgil SC, Stoltz BM. Nat Chem. 2012; 4:130.Trost BM, Michaelis DJ, 
Charpentier J, Xu J. Angew Chem Int Ed. 2012; 51:204.Korch KM, Eidamshaus C, Behenna DC, 
Nam S, Horne D, Stoltz BM. Angew Chem Int Ed. 2015; 54:179.Numajiri Y, Jiménez-Osés G, 
Wang B, Houk KN, Stoltz BM. Org Lett. 2015; 17:1082. [PubMed: 25714704] For enantioselective 
decarboxylative allylation of lactones: James J, Guiry PJ. ACS Catal. 2017; 7:1397.Akula R, Guiry 
PJ. Org Lett. 2016; 18:5472. [PubMed: 27780358] 

10. a) Hegedus LS, Darlington WH, Russell CE. J Org Chem. 1980; 45:5193.b) Carfagna C, Mariani 
L, Musco A, Sallese G, Santi R. J Org Chem. 1991; 56:3924.c) Hoffmann HMR, Otte AR, Wilde 
A. Angew Chem Int Ed. 1992; 31:234.d) Otte AR, Wilde A, Hoffmann HMR. Angew Chem Int 
Ed. 1994; 33:1280.

11. For the original discovery: Ohmura T, Hartwig JF. J Am Chem Soc. 2002; 124:15164. [PubMed: 
12487578] Kiener CA, Shu C, Incarvito C, Hartwig JF. J Am Chem Soc. 2003; 125:14272. 
[PubMed: 14624564] For recent mechanistic studies: Madrahimov ST, Markovic D, Hartwig JF. J 
Am Chem Soc. 2009; 131:7228. [PubMed: 19432473] Madrahimov ST, Hartwig JF. J Am Chem 
Soc. 2012; 134:8136. [PubMed: 22486270] Madrahimov ST, Li Q, Sharma A, Hartwig JF. J Am 
Chem Soc. 2015; 137:14968. [PubMed: 26498382] And ref. 3f. For recent iridium-catalyzed 
enantioselective allylations under relatively neutral conditions: see ref. 3c, 3d, 3f, 3g and 7d.

12. For desulfonation: Liu WB, Zheng SC, He H, Zhao XM, Dai LX, You SL. Chem Commun. 
2009:6604.Xu QL, Dai LX, You SL. Adv Synth Catal. 2012; 354:2275.For decarboxylation: ref. 
8c.

13. Chen W, Hartwig JF. J Am Chem Soc. 2012; 134:15249. [PubMed: 22954355] 

14. Yang C-G, Reich NW, Shi Z, He C. Org Lett. 2005; 7:4553. [PubMed: 16209477] 

15. Zhang L, Le CM, Lautens M. Angew Chem Int Ed. 2014; 53:5951.

16. Preliminary results showed excellent regio- and enantioselectivity but poor diastereoselectivity for 
the reaction with unsymmetrical silyl ketene acetals. For example:

17. We also tested monosubstituted silyl ketene acetals for this allylaiton reaction. The reaction of 1o 
with the silyl ketene acetal of γ-butyrolactone gave the product in 25% yield with 1.4:1 dr. The 
bis-allylation product was formed in 30% yield, which presumably resulted from the enolization of 
the product followed by a second allylation.

However, the reaction with the silyl ketene acetal of methyl propionate gave no bis-allylation 
product. This lack of reaction is presumably because acyclic esters are less acidic and less prone to 
enolize than lactones under the reaction condition.

Jiang and Hartwig Page 6

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Jiang and Hartwig Page 7

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Scheme 1. 
Iridium-catalyzed enantioselective allylic substitution reactions with silyl ketene acetals.
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Scheme 2. 
Derivatizations. Steps: a) LiAlH4 (1.5 equiv), THF, 0 °C to r.t.; b) AgOTf (10 mol%), DCE, 

80 °C; c) NaOH (4.0 equiv, 2 M aq), MeOH, 80 °C; d) I2 (1.3 equiv), NaHCO3 (1.4 equiv), 

KI (1.3 equiv), MeCN/H2O (1:1), 0 °C to r.t.; e) SOCl2 (5.0 equiv), PhH, 80 °C then BnNH2 

(2.0 equiv), DMAP (20 mol%), Et3N (2.0 equiv), DCE, 80 °C; f) diphenylphosphoryl azide 

(1.05 equiv), Et3N (1.7 equiv), DCE, 80 °C; g) BnOH (4.0 equiv) added to the mixture after 

step f, 80 °C.

Jiang and Hartwig Page 9

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2018 July 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Jiang and Hartwig Page 10

Table 1

Evaluation of reaction conditions for the Ir-catalyzed allylation.[a]

[a]
Reaction conditions: 1 (0.20 mmol, 1.0 equiv), 2a (1.5 equiv), [Ir] (3 mol%), additive (3 mol%), THF (0.4 mL), r.t., 12 h. The absolute 

configuration of 3aa was assigned by analogy.

[b]
The branched/linear selectivities were determined by 1H NMR analysis of the crude mixtures.

[c]
Determined by 1H NMR analysis of the crude mixtures with mesitylene as an internal standard. The yields within parentheses are that of the 

branched isomer and the linear isomer isolated.

[d]
Determined by chiral supercritical fluid chromatography (SFC) analysis of the branched isomer.

[e]
0.5 equiv of nBu4NOAc was added.

n.d. = not determined.
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Table 2

Iridium-catalyzed allylations of silyl ketene acetals: scope of the allyl benzoates.[a]

[a]
Condition A: [Ir]-2 (3 mol%), nBu4NOBz (3 mol%), THF (0.5 M); condition B: [Ir]-2 (4 mol%), nBu4NOBz (4 mol%), THF (0.25 M); 

condition C: [Ir]-2 (3 mol%), nBu4NOBz (3 mol%), THF (0.5 M), then another batch of [Ir]-2 (3 mol%), nBu4NOBz (3 mol%) and THF were 

added after 12 h. The absolute configurations were assigned by analogy.

[b]
The enantiomeric excesses were determined after further transformations of the products. See SI for details.
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Table 3

Iridium-catalyzed allylations of silyl ketene acetals: scope of the silyl ketene acetals.[a]

[a]
Condition A: [Ir]-2 (3 mol%), nBu4NOBz (3 mol%), THF (0.5 M); condition B: [Ir]-2 (4 mol%), nBu4NOBz (4 mol%), THF (0.25 M). The 

absolute configurations were assigned by analogy.

[b]
The enantiomeric excess was determined after further transformation of the product.
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[c]
NMR yield.
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