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Polyoxygenated Tertiary Alcohols - A Kiyooka Approach 

Daniel Lücke, Markus Kalesse* 

Dedicated to Prof. Hans-Ulrich Reißig on the occasion of his 70th birthday 

Abstract: A Kiyooka aldol approach for the stereoselective synthesis 

of tertiary alcohols is presented. This approach allows for the 

incorporation of different substituents at all three remaining positions 

at the chiral center bearing the tertiary alcohol. To demonstrate the 

validity of this approach different chiral alcohols were depicted and 

the relationship of double bond geometry of the ketene acetal and the 

diastereoselectivity was established. 

In the course of our program to provide synthetic access to 

biologically active natural products[1] we chose the tedanolides[2] 

as promising targets. Within this family of secondary metabolites 

tedanolide C (1)[3] (Figure 1) attracted our attention due to its 

unusual polyoxygenated structure exhibiting a tertiary alcohol. 

Additionally, the ongoing discussion about its configuration 

prompted us to focus on the Kiyooka aldol reaction with ketene 

acetal 7. In general, tertiary alcohols are important structural motifs 

in the synthesis of natural products as well as challenging 

synthetic targets.[4] In 2011 our group reported a Kiyooka aldol[5] 

protocol for the stereoselective synthesis of tertiary alcohols 

flanked by three additional oxygenated carbon atoms (Figure 

2).[3c] This was recently applied by Trauner and co-workers to their 

total synthesis of kweichowenol A (3).[6] In our initial studies only 

achiral aldehydes or such with distal stereocenters were used. 

 

Figure 1. Natural products featuring polyoxygenated tertiary alcohols. 

As several natural products feature tertiary alcohols flanked by 

three oxygenated carbon atoms or functional groups derived from 

them and further stereogenic centers in close proximity (Figure 1), 

we planned on expanding the scope of our methodology to such 

motifs. Here, we describe the general applicability of this 

transformation using different and/or chiral aldehydes as 

such motifs are often found in a variety of other natural products[7] 

and not only in tedanolide C (1). 

 

Figure 2. Structural motifs accessible via Kiyooka aldol reaction. 

 

Scheme 1. Kiyooka aldol reaction for the synthesis of tertiary alcohols flanked 

by three oxygenated carbon atoms. TBS = tert-butyldimethylsilyl, Ts = tosyl, Val 

= valine. 

We started our investigations with the Kiyooka aldol reaction of 

the (R)-Roche ester derived aldehyde 8[3c], [8] (Table 1). Utilization 

of our previously established conditions[3c] provided TBS 

protected hemiacetal 9 in low yield due to major amounts of non-

reacted aldehyde (entry 1). Conversion and yield were improved 

by increasing the amounts of ketene acetal 7 and the Lewis acid 

added to the reaction (entries 2 to 4). We rationalized the latter by 

coordination of the oxazaborolidinone to the PMB-ether. However, 

we were unable to push the reaction to full conversion as at some 

point massive formation of unknown by-products were observed 

(entry 5). 
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Table 1. Selected optimization results for the Kiyooka aldol reaction of aldehyde 
8.[a] 

 

entry 8 (eq.) N-Ts-D-Val (eq.) BH3∙THF (eq.) Yield[b] 

1[c] 1.30 1.20 1.00 18% 

2[c] 1.30 2.20 2.00 50% 

3[c] 2.00 2.20 2.00 61% 

4[c] 2.50 2.70 2.50 67% 

5 3.00 3.20 3.00 nd[d] 

[a] Reaction conditions 8 (1.00 eq., 0.31 – 0.37 mmol), c = 0.1 M. [b] Isolated 
yield after column chromatography. [c] Reaction did not go to full conversion. [d] 
Product could not be separated from unknown byproducts. 
PMB = p-methoxybenzyl. 

When using different batches of ketene acetal 7 we were faced 

with problems of strongly varying diastereoselectivities for the 

newly formed tertiary and secondary alcohol. This we rationalized 

by different ratios of double bond isomers of ketene acetal 7. To 

confirm this hypothesis we enriched both double bond isomers by 

fractionated distillation and applied the so-separated isomers to 

the Kiyooka aldol reaction. The obtained products were analyzed 

by 1H-NMR focusing on the proton at the hemiacetal (Figure 3, 

highlighted in red). By doing so we observed a strong dependency 

between the formation of the desired diastereomer and the double 

bond geometry of the applied ketene acetal. (Figure 3, a to d). 

The required double bond geometry could be identified as Z using 

NOE correlations between the methoxy and methylene group 

(see Supporting Information). To further optimize this 

transformation we investigated different conditions to increase the 

amount of Z-configured ketene acetal. In accordance with the 

literature,[9] the use of potassium hexamethyldisilazide instead of 

its lithium analogue provided a massive increase of the Z-isomer 

(E:Z = 1:6 after distillation). Usage thereof not only provided the 

best diastereoselectivities (Figure 3, e), but also gave full 

conversion of aldehyde 8. Even though it is known that ketene 

acetal double bond geometry can affect the diastereoselectivity of 

Mukaiyama aldol reactions,[10] we consider this observation 

noteworthy as there are no systematic investigations on this 

dependency. In this context it should also be mentioned that we 

obtained good selectivities in our previous Kiyooka study on 

achiral substrates using an excess of E-configured ketene 

acetal.[3c] 

 

 

 

 

 

 

Figure 3. Dependency between stereoselcetivity and double bond geometry 

determined by 1H-NMR of TBS protected hemiacetal 9. 

With the optimized conditions in hand, we examined the scope of 

the reaction. We started with α- or β-chiral aldehydes respectively, 

investigating both enantiomers of N-tosyl-valine for potential 

matched and mismatched cases (Scheme 2).[11], [12] For 

simplification, the diastereomeric ratio was determined after base 

initiated silyl migration and liberation of the masked aldehyde of 

the obtained TBS protected hemiacetals. For the products derived 

from aldehyde 8 (aldehydes 10 and 14) comparable yields were 

achieved with both enantiomers of valine, whereas the selectivity 

dropped in the mismatched case. Better yields and comparable 

selectivities were obtained, when the stereocenter of the starting 

material was in the β-position (aldehydes 11 and 15). For 

aldehydes bearing the PMB-ether in α-position in the matched 

case similar results as for aldehyde 8 were obtained (aldehyde 

12). In contrast, the mismatched case provided an unexpected 

result, as ester 16 was the main product isolated from the Kiyooka 

aldol reaction, meaning that no reduction occurred. A protecting 

group swap from PMB to TBDPS led to a slight increase in 

selectivity (aldehyde 13), showing that the reaction conditions are 

applicable to silyl-ethers as well. 

10.1002/chem.201902589

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

Scheme 2. Scope of Kiyooka aldol reaction with α- or β-chiral aldehydes. [a] all 

reactions were run on a 0.40 mmol scale, employing the conditions of table 1, 

entry 4. [b] Yield refers to isolated yield over two steps after column 

chromatography. Isolated yield of Kiyooka aldol reaction is given in parentheses. 

[c] dr was determined via 1H-NMR after column chromatography. [d] Ester was 

obtained after Kiyooka aldol reaction. [e] Stereochemistry was determined via 

NMR experiments (acetonide method,[13] Karplus relation,[14] NOE correlations) 

or X-ray analysis. HMDS = hexamethyldisilazide. TBDPS = tert-

butyldiphenylsilyl. 

Having shown the general applicability for α- or β-chiral aldehydes 

we put our focus on α-, β-chiral aldehydes bearing a methyl group 

in α- and a PMB-ether in β-position. Thereby a 1,2-anti as well as 

a 1,2-syn substitution pattern for the aldehydes was investigated 

(Scheme 3). For the 1,2-anti substituted aldehyde the best yield 

of all substrates was achieved for the matched case, along with a 

very good selectivity (aldehyde 17). For the mismatched case 

again no reduction took place, leading to ester 19 as the main 

product. Interestingly, aldehyde 17 and ester 19 showed the 

same stereochemistry, implying that the oxazaborolidinone only 

acted as a Lewis acid without any asymmetric induction. Similar 

results were observed when using the 1,2-syn substituted 

aldehyde, were it is noteworthy that the stereocenter in α-position 

did overrule the one in β-position entirely in terms of 

stereochemical induction favoring formation of the Felkin-

product[11a] (products 18 and 20). 

 

Scheme 3. Scope of Kiyooka aldol reaction with α- and β-chiral aldehydes. 

[a] all reactions were run on a 0.40 mmol scale, employing the conditions of 

table 1, entry 4. [b] Yield refers to isolated yield over two steps after column 

chromatography. Isolated yield of Kiyooka aldol reaction is given in parentheses. 

[c] dr was determined via 1H-NMR after column chromatography. [d] Esters 

were obtained after Kiyooka aldol reaction. [e] Stereochemistry was determined 

via NMR experiments (Karplus relation,[14] NOE correlations). 

Having evaluated the scope of the reaction we were also 

interested in its scalability, running a Kiyooka aldol reaction of 

aldehyde 8 on a 2.55 mmol scale (Scheme 4). For simplification 

we did only isolate the major diastereomer of this reaction, as it is 

formed in large excess compared to all other diastereomers 

(Figure 3). The yield of 62% is comparable to the previously run 

reactions (Scheme 2), showing stability on up-scale. 

 

Scheme 4. Up-scaling of Kiyooka aldol reaction of aldehyde 7. 

Furthermore, potential synthetic applications of the Kiyooka aldol 

products were investigated by the modification of aldehyde 10. 

Horner-Wadsworth-Emmons olefination[15] with triethyl 

phosphonoacetate led to ester 21 in very good yield, allowing for 

different further functionalization. Addition of a synthetically useful 

vinyl handle gave allylic alcohol 22 with the expected 

stereochemistry.[6] Hydrogenation followed by Ley-Griffith 

oxidation[16] delivered highly substituted tetrahydropyrone 23 in 

very good yield. 
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Scheme 5. Downstream functionalization of aldehyde 10. TPAP = tetrapropyl-

ammonium perruthenate, NMO = N-Methylmorpholine N-oxide, MS = molec-

ular sieves. 

In summary, we have expanded our Kiyooka protocol for the 

stereoselective synthesis of tertiary alcohols to α- and/or β-chiral 

aldehydes. For this, the reaction conditions had to be re-

developed and a strong dependency between the double bond 

geometry of the ketene acetal and the diastereoselectivity of the 

reaction was observed. However, in all cases good to excellent 

selectivities and synthetically useful yields were observed. 

Furthermore, a detailed substrate scope investigation showed 

possible synthetic applications and constrains. Finally, we were 

able to show that this transformation is also applicable to larger 

scales. 

Acknowledgements 

We thank Dagmar Körtje and Monika Rettstadt for NOE 

measurements as well as Dr. Jörg Fohrer for helpful discussion 

regarding the NOE correlations. We thank Dr. Gerald Dräger for 

X-ray analysis. Pascal Lienig is acknowledged for predominant 

studies about the Kiyooka aldol reaction with lactic acid derived 

aldehydes. 

Keywords: aldol reaction • chiral aldehydes • double bond 

geometry • ketene acetal • structure elucidation 

[1] a) T. Brodmann, D. Janssen, M. Kalesse, J. Am. Chem. Soc. 2010, 132, 

13610. b) C. Jahns, T. Hoffmann, S. Müller, K. Gerth, P. Washausen, G. 

Höfle, H. Reichenbach, M. Kalesse, R. Müller, Angew. Chem. Int. Ed. 

2012, 51, 5239; Angew. Chem. 2012, 124, 5330. c) A. Rentsch, M. 

Kalesse, Angew. Chem. Int. Ed. 2012, 51, 11381; Angew. Chem. 2012, 

125, 11543. d) O. Hartmann, M. Kalesse, Org. Lett. 2012, 14, 3064. e) 

O. Hartmann, M. Kalesse, Angew. Chem. Int. Ed. 2014, 53, 7335; Angew. 

Chem. 2014, 126, 7463. f) G. Symkenberg, M. Kalesse, Angew. Chem. 

Int. Ed. 2014, 53, 1795; Angew. Chem. 2014, 126, 1825. g) M. T. 

Gieseler, M. Kalesse, Org. Lett. 2014, 16, 548. h) T. Tautz, J. Hoffmann, 

T. Hoffmann, H. Steinmetz, P. Washausen, B. Kunze, V. Huch, A. 

Kitsche, H. Reichenbach, G. Höfle, R. Müller, M. Kalesse, Org. Lett. 2016, 

18, 2560. i) H. Steinmetz, J. Li, C. Fu, N. Zaburannyi, B. Kunze, K. 

Harmrolfs, V. Schmitt, J. Herrmann, H. Reichenbach, G. Höfle, M. 

Kalesse, R. Müller, Angew. Chem. Int. Ed. 2016, 55, 10113; Angew. 

Chem. 2016, 128, 10267. j) G. Parthasarathy, U. Eggert, M. Kalesse, Org. 

Lett. 2016, 18, 2320. k) L. Gerstmann, M. Kalesse, Chem. Eur. J. 2016, 

22, 11210. l) C. Poock, M. Kalesse, Org. Lett. 2017, 19, 4536. m) S. N. 

R. Witte, J. J. Hug, M. N. E. Geraldy, R. Mueller, M. Kalesse, Chem. Eur. 

J. 2017, 23, 15917. n) F. Surup, E. Kuhnert, A. Boehm, T. Pendzialek, D. 

Solga, V. Wiebach, H. Engler, A. Berkessel, M. Stadler, M. Kalesse, 

Chem. Eur. J. 2018, 24, 2200. o) D. Luecke, Y. Linne, K. Hempel, M 

Kalesse, Org. Lett. 2018, 20, 4475. 

[2] Isolation: a) F. J. Schmitz, S. P. Gunasekera, G. Yalamanchili, M. B. 

Hossain, Van der Helm, Dick, J. Am. Chem. Soc. 1984, 106, 7251. b) N. 

Fusetani, T. Sugawara, S. Matsunaga, H. Hirota, J. Org. Chem. 1991, 

56, 4971. 

Syntheses: c) A. B. Smith III, C. M. Adams, S. A. L. Barbosa, A. P. 

Degnan, J. Am. Chem. Soc. 2003, 125, 350. d) A. B. Smith III, C. M. 

Adams, S. A. L. Barbosa, A. P. Degnan, P. Natl. Acad. Sci. USA 2004, 

101, 12042. e) L. D. Julian, J. S. Newcom, W. R. Roush, J. Am. Chem. 

Soc. 2005, 127, 6186. f) G. Ehrlich, J. Hassfeld, U. Eggert, M. Kalesse, 

J. Am. Chem. Soc. 2006, 128, 14038. g) A. B. Smith III, D. Lee, J. Am. 

Chem. Soc. 2007, 129, 10957. h) G. Ehrlich, J. Hassfeld, U. Eggert, M. 

Kalesse, Chem. Eur. J. 2008, 14, 2232. i) J. R. Dunetz, L. D. Julian, J. S. 

Newcom, W. R. Roush, J. Am. Chem. Soc. 2008, 130, 16407. j) N. Diaz, 

M. Zhu, G. Ehrlich, U. Eggert, Y. Muthukumar, F. Sasse, M. Kalesse, 

Chem. Eur. J. 2012, 18, 4946. 

[3] Isolation: a) C. Chevallier, T. S. Bugni, X. Feng, M. K. Harper, A. M. 

Orendt, C. M. Ireland, J. Org. Chem. 2006, 71, 2510. 

 Fragment syntheses: b) R. Barth, W. R. Roush, Org. Lett. 2010, 12, 2342. 

c) L. Bülow, A. Naini, J. Fohrer, M. Kalesse, Org. Lett. 2011, 13, 6038. d) 

T. E. Smith, S. J. Fink, Z. G. Levine, K. A. McClelland, A. A. Zackheim, 

M. E. Daub, Org. Lett. 2012, 14, 1452. e) J. G. Geist, R. Barth, W. R. 

Roush, Org. Lett. 2013, 15, 58. f) J. Zambrana, P. Romea, F. Urpi, Org. 

Biomol. Chem. 2016, 14, 5219. 

[4] For reviews of the synthesis of tertiary alcohols see a) P. G. Cozzi, R. 

Hilgraf, N. Zimmermann, Eur. J. Org. Chem. 2007, 5969. b) M. Shibasaki, 

M. Kanai, Chem. Rev. 2008, 108, 2853. c) M. Hatano, K. Ishihara, 

Synthesis 2008, 1647. 

[5] S.-i. Kiyooka, Y. Kaneko, M. Komura, H. Matsuo, M. Nakano, J. Org. 

Chem. 1991, 56, 2276. 

[6] D. B. Konrad, B. Kicin, D. Trauner, Synlett 2019, 30, 383. 

[7] a) S. Fushimi, S. Nishikawa, A. Shimazu, H. Seto, J. Antibiot. 1989, 42, 

1019. b) Q.-M. Xu, Z.-M. Zou, L.-Z. Xu, S.-L. Yang, Chem. Pharm. Bull. 

2005, 53, 826. c) Q.-M. Xu, Y.-L. Liu, Z.-M. Zou, S.-L. Yang, L.-Z. Xu, J. 

Asian Nat. Prod. Res. 2009, 11, 24. d) R. Lekphrom, K. Kanokmedhakul, 

F. Schevenels, S. Kanokmedhakul, Fitoterapia 2018, 127, 420. e) T. 

Goto, Y. Kishi, S. Takahashi, Y. Hirata, Tetrahedron 1965, 21, 2059. 

[8] K. C. Nicolaou, A. P. Patron, K. Ajito, P. K. Richter, H. Khatuya, P. 

Bertinato, R. A. Miller, M. J. Tomaszewski, Chem. Eur. J. 1996, 2, 847. 

[9] K. S. Feldman, B. R. Selfridge, Tetrahedron Lett. 2012, 53, 825. b) J. T. 

Moore, N. V. Hanhan, M. E., Mahoney, S. P. Cramer, J. T. Shaw, Org. 

Lett. 2013, 15, 5615. 

[10] Selected examples for Mukaiyama aldol reactions showing a 

dependency between selectivity and the double bond geometry of the 

ketene acetal a) S. Kobayashi, H. Uchiro, Y. Fujishita, I. Shiina, T. 

Mukaiyama, J. Am. Chem Soc. 1991, 113, 4247. b) S. Kobayashi, M. 

Horibe, Synlett 1993, 11, 855. c) D. A. Evans, M. G. Yang, M. J. Dart, J. 

L. Duffy, A. S. Kim, J. Am. Chem. Soc. 1995, 117, 9598. 

[11] For 1,2-induction see a) M. Chérest, H. Felkin, N. Prudent, Tetrahedron 

Lett. 1968, 18, 2199. b) C. H. Heathcock, L. A. Flippin, J. Am. Chem. 

Soc. 1983, 105, 1667. c) N. T. Anh, O. Eisenstein, J. M. Lefour, M. E. 

Tran Huu Dau, J. Am. Chem. Soc. 1973, 95, 6146. d) N. T. Anh, O. 

Eisenstein, Nouv. J. Chim. 1977, 1, 61.  

[12] For 1,3-induction see a) M. T. Reetz, K. Kesseler, A. Jung, Tetrahedron 

Lett. 1984, 25, 729. b) D. A. Evans, J. L. Duffy, M. J. Dart, Tetrahedron 

Lett. 1994, 35, 8537. 

10.1002/chem.201902589

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Nicolaou%2C+K+C
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Patron%2C+A+P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ajito%2C+K
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Richter%2C+P+K
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Khatuya%2C+H
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bertinato%2C+P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Bertinato%2C+P
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Miller%2C+R+A
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Tomaszewski%2C+M+J


COMMUNICATION          

 

 

 

 

[13] a) S. D. Rychnovsky, D. J. Skalitzky, Tetrahedron Lett. 1990, 31, 945. b) 

D. A. Evans, D. L. Rieger, J. R. Gage, Tetrahedron Lett. 1990, 31, 7099. 

[14] M. Karplus, J. Chem. Phys. 1959, 30, 11. 
[15] a) L. Horner, H. M. R. Hoffmann, H. G. Wippel, Ber. 1958, 91, 61. b) L. 

Horner, H. M. R. Hoffmann, H. G. Wippel, G. Klahre, Ber. 1959, 92, 2499. 
c) W. S. Wadsworth, W. D. Emmons, J. Am. Chem. Soc. 1961, 83, 1733. 

[16] a) W. P. Griffith, S. V. Ley, G. P. Whitcombe, A. D. White, J. Chem. Soc., 
Chem. Commun. 1987, 1625. b) S. V. Ley, J. Norman, W. P. Griffith, S. 
P. Marsden, Synthesis 1994, 639. 

10.1002/chem.201902589

A
cc

ep
te

d 
M

an
us

cr
ip

t

Chemistry - A European Journal

This article is protected by copyright. All rights reserved.



COMMUNICATION          

 

 

 

 

 

 

Layout 2: 

COMMUNICATION 

A Kiyooka protocol for the stereoselective synthesis of tertiary alcohols is presented. 

The obtained highly complex building blocks feature up to four contiguous 

stereogenic centers and feature motifs of several natural products. Furthermore, a 

strong dependency between diastereoselectivity and double bond geometry of the 

ketene acetal was observed. 
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