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ABSTRACT: We have developed and investigated a catalytic desymmetrization reaction strategy that affords functionalized decalin 
derivatives with high enantioselectivities from C2-symmetric derivatives through aldol-aldol annulation. We identified the structural 
moieties of the catalyst necessary for the formation of the decalin derivative with high enantioselectivity. We elucidated the mecha-
nisms of the catalyzed reactions: The first aldol reaction step was reversible and that the second aldol step was rate limiting and 
stereochemistry determining and was enantioselective. Using theoretical calculations guided by the experimental results, we identi-
fied the interactions between the catalyst and the transition state that led to the major enantiomer. The information obtained in this 
study will be useful for the development of catalysts and chemical transformations. 

Introduction 
Strategies and methods for the synthesis of structured ring 

systems bearing functional groups in highly enantiomerically 
enriched forms are of interest in synthetic chemistry and drug 
discovery efforts.1-7 The decalin ring system is such a structured 
ring system that is often found in bioactive natural products and 
clinically used drugs.1-8 Interest in catalytic enantioselective re-
actions that construct decalin derivatives has increased re-
cently.2a,3,6a,7b-g To provide a new strategy to synthesize highly 
enantiomerically enriched, functionalized decalins, we recently 
reported diastereo- and enantioselective formal (4+2) cycload-
dition reactions or aldol-aldol annulation reactions of C2-sym-
metric pyruvate derivatives 18 with cyclohexane-1,3-diones 2 
that afford functionalized decalin derivatives 3 (Scheme 1).9 In 
the reactions, highly enantiomerically enriched decalins bearing 
five to six stereogenic centers, including two tetrasubstituted 
carbon centers, were constructed in a single transformation un-
der mild conditions with the use of quinidine-derived dimer-
type catalysts such as (DHQD)2AQN.9 Understanding the 
mechanisms of the reaction, including the mechanisms of the 
catalysis and the stereocontrol provided by the catalyst, will fa-
cilitate further development of reactions and catalysts to expand 

the strategies to access to structured ring systems and to synthe-
size complex, functionalized molecules. To address to this 
need, here we investigated the structural moieties of the catalyst 
necessary for the catalysis to afford the decalin products with 
high enantioselectivities from 1 and 2, performed the reactions 
catalyzed by the truncated catalyst, analyzed the mechanisms of 
the catalyzed reactions, and determined the interactions pro-
vided by the catalyst to lead to the decalin products. 
Scheme 1. Aldol-aldol annulation reactions to afford func-
tionalized decalins 
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Results and Discussion 
Catalyst structures. The catalyst that we previously identi-

fied, which catalyzed the reaction of 1 with 2 to afford decalin 
derivative 3, was (DHQD)2AQN9 (Chart 1). To identify the 
structural moieties of (DHQD)2AQN that are required for the 
catalysis to form 3 with high enantioselectivity, we evaluated a 
series of truncated derivatives of (DHQD)2AQN and related 
molecules in catalysis of the reaction of 1a with 2a to afford 3a 
(Table 1 and Chart 1). 
Table 1. Evaluations of catalysts in the reaction of 1a with 
2a to afford 3aa 

 

entry catalyst (equiv) time 
(h) 

yield 
(%) 

er 

1 (DHQD)2AQN (0.15) 60 70 94:6 
2b,c (DHQD)2AQN (0.15) 60 72 93:7 
3 DHQD-PHN (0.3) 96 74 94:6 
4b DHQD-PHN (0.15) 168 72 94:6 
5 DHQD-Nap (0.3) 120 72 91:9 
6 DHQD-Ph (0.3) 120 56 86:14 
7 DHQD-Bn (0.3) 120 75 74:26 
8 DHQD-Me (0.3) 120 79 64:36 
9 QD-PHN (0.3) 132 67 94:6 
10b DHQD-PHN-Nap (0.15) 144 46 91:9 
11 DHCN-PHN (0.3) 120 70 75:25 
12b quinicoridine-PHN (0.15) 144 56 56:44 
13 DHQ-PHN (0.3) 96 71 8:92 

a Conditions: 1a (0.1 mmol), 2a (0.12 mmol), and catalyst in tol-
uene (0.5 mL)-NMP (0.06 mL) at rt (25 °C) except where noted. 
NMP = N-methyl-2-pyrrolidone. See Chart 1 for each catalyst. b 
Et4NBr (0.05 mmol) was added. c Data reported in ref 9. 

(DHQD)2AQN has two dihydroquinidine moieties. To deter-
mine whether the dimer-type structure is required, dihydroquin-
idine derivatives with various ether substituents were evaluated 
(Table 1, entries 3-8). DHQD-PHN, which has the 9-phenan-
thryl ether moiety, catalyzed the reaction of 1a with 2a to afford 
3a with essentially the same enantioselectivity (er 94:6) as 
(DHQD)2AQN (Table 1, entry 1 versus entry 3). The 3a ob-
tained from the DHQD-PHN-catalyzed reaction was a single di-
astereomer as the (DHQD)2AQN-catalyzed reaction afforded 
the single diastereomer of 3a. Because DHQD-PHN contains 
only one cinchona moiety or only one tertiary amine moiety, the 
loading amount used with this catalyst (0.3 equiv) was twice 
that used with (DHQD)2AQN (0.15 equiv). Under these catalyst 
loadings, the rate of the formation of 3a in the reaction cata-
lyzed by DHQD-PHN was similar to the rate in the same reac-
tion catalyzed by (DHQD)2AQN (Table 1, entry 1 versus entry 
3). Whereas addition of Et4NBr favored the (DHQD)2AQN-
catalyzed reactions in some cases as we reported previously,9 
the addition of Et4NBr to the DHQD-PHN-catalyzed reaction 

did not improve the rate of the formation of 3a or the enantiose-
lectivity (Table 1, entry 3 versus entry 4). 

As the ether moiety became smaller (9-phenanthryl, 1-naph-
thyl, phenyl, benzyl, and methyl), the enantioselectivity de-
creased (Table 1, entries 3 and 5-8). Thus, the size of the ether 
moiety of the catalysts influenced the enantioselectivity. The 
aryl group of the ether moiety also influenced the reaction rate: 
The reaction catalyzed by DHQD-PHN was faster than the re-
action catalyzed by DHQD-Ph (Table 1, entry 3 versus entry 6), 
although the difference was moderate. 

The ethyl, vinyl, or naphthylethyl substituent on the quinu-
clidine moiety of the catalyst did not affect the enantioselectiv-
ity of the reaction (Table 1, entry 3 versus entry 9 and entry 4 
versus entry 10). 

The lack of methoxy group on the quinoline moiety of 
DHQD-PHN resulted in a notable reduction of the enantiose-
lectivity (Table 1, entry 3 versus entry 11). The reaction cata-
lyzed by quinicoridine-PHN, the derivative lacking the entire 
quinoline moiety, afforded 3a with little enantioselectivity (Ta-
ble 1, entry 12). 

These results suggest that DHQD-PHN has all moieties re-
quired for the catalysis of the reactions of 1 and 2 that afford 
decalin derivatives with high enantioselectivities. Thus, the 
DHQD-PHN-catalyzed reactions were further investigated.  
Chart 1 
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Substrate substituent effects in the reaction catalyzed by 
DHQD-PHN. To understand the reaction mechanisms and the 
interactions provided by the catalyst for the formation decalin 
ring system, substrate substituent effects were evaluated (Table 
2). DHQD-PHN catalyzed the reactions of 1 bearing a substitu-
ent at the o-, m-, or p-position. Reactions of 1 with altered ester 
groups were also catalyzed efficiently by DHQD-PHN. 

In the reactions of 1 bearing p-substituents on the phenyl 
group, products 3 of the reactions of 1 bearing electron-donat-
ing substituents were obtained with higher enantioselectivities 
(er 95:5~93:7 for methyl, methoxy, and phenyl substituents, Ta-
ble 2, entries 1-3) than products 3 of the reactions of 1 bearing 
electron-withdrawing substituents (er 90:10 and 89:11 for cy-
ano and nitro substituents, Table 2, entries 7 and 8). A moderate 
correlation between the Hammett sp substituent constants10 and 
the enantioselectivity was observed (Supporting Information). 
The R2 group is not directly connected to the C-C bond for-
mation site of the reaction; therefore, the differences in the en-
antioselectivities could originate from the differences in the in-
teractions between the substrates (or intermediates derived from 
the substrates) and the catalyst depending on the substituent 
during the catalysis. 
Table 2. Substituent effects of substrates 1 in the formation 
of 3 in the presence of DHQD-PHN 

 

entry R1 R2 3 time 
(h) 

yield 
(%) 

er 

1b Et Ph 3a 96 74 94:6 
2 Et p-MeO-C6H4 3b 144 50 93:7 
3 Et p-Me-C6H4 3c 132 54 95:5 
4 Et p-Ph-C6H4 3d 90 71 93:7 
5 Et p-F-C6H4 3e 120 68 92:8 
6 Et p-Br-C6H4 3f 120 49 93:7 
7 Et p-CN-C6H4 3g 72 77 90:10 
8 Et p-NO2-C6H4 3h 72 65 89:11 
9 Et o-MeO-C6H4 3i 120 69 97:3 
10 Et m-Br-C6H4 3j 120 74 94:6 
11 Et o-Br-C6H4 3k 120 66 97:3 
12 Et  o-NO2-C6H4 3l 114 62 93:7 
13 Et m-I-C6H4 3m 115 55 93:7 
14 tBu m-I-C6H4 3n 114 71 92:8 
15c Et p-HC≡C-C6H4 3o 65 68 89:11 
16 tBu p-HC≡C-C6H4 3p 114 79 89:11 
17d tBu o-Br-C6H4 3q 68 67 94:6 

a Conditions: 1a (0.1 mmol), 2a (0.12 mmol), and catalyst (0.03 
mmol) in toluene-NMP at rt (25 °C). b Data from Table 1, entry 3. 
c Et4NBr (0.5 equiv) was added. d A 0.05 mmol-scale reaction. 

The enantioselectivities of products 3 obtained using the 
DHQD-PHN catalysis were similar to or slightly higher than 

those obtained by the (DHQD)2AQN catalysis. For example, 
products 3b and 3c were previously obtained with er 92:8 and 
er 93:7, respectively, under the (DHQD)2AQN catalysis,9 and 
they were obtained with er 93:7 and er 95:5, respectively, under 
the DHQD-PHN catalysis (Table 2, entries 2 and 3). Product 3f 
was obtained with er 90:10 in the presence of (DHQD)2AQN9 
and with er 93:7 (Table 2, entry 6) in the presence of DHQD-
PHN. 

DHQD-PHN also catalyzed the reactions of 1 with 2 bearing 
phenyl or methyl substituent, and products 4a and 4b were ob-
tained with high enantioselectivities (Scheme 2). Products 4a 
and 4b were obtained with higher enantioselectivities (er 89:11 
and 95:5, respectively) in the presence of DHQD-PHN than in 
the presence of (DHQD)2AQN (er 80:20 and 94:6, respec-
tively9). 
Scheme 2. The reactions to afford 4 
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ically or by the thermodynamic control in the reactions cata-
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During the reaction of 1a with 2a to form 3a, there was a lag 
between the consumption of 1a and the formation of 3a. The 
formation of aldol intermediate 5a was observed before the for-
mation of 3a (Scheme 3). The isolated intermediate 5a was ra-
cemic (er 53:47), whereas product 3a was obtained with high 
enantioselectivity (er 92:8~93:7). These results suggest that the 
first aldol step to form 5a was not enantioselective or proceeded 
with very little enantioselectivity and that the second aldol step 
to form 3a from 5a was highly enantioselective. 
Scheme 3. Isolation of the intermediate 
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unchanged and no formation of cross product 4b was detected. 
These results suggest that product 3a was kinetically formed 
under the DHQD-PHN catalysis conditions and that the formed 
3a was stable.  

Further, racemic intermediate 5a, which was synthesized 
from 1a and 2a using Et3N as catalyst, was treated with DHQD-
PHN (Scheme 4a). The reaction afforded 3a with er 94:6. When 
racemic 5a was treated with DHQD-PHN in the presence of 5-
methylcyclohexane-1,3-dione, product 3a and cross product 4b 
were both obtained with high enantioselectivities (Scheme 4b). 
Scheme 4. Reactions of intermediate 5a 

 
These results indicate that intermediate 5a was reversibly 

formed during the reaction of 1a with 2a in the presence of 
DHQD-PHN and that only one enantiomer of one diastereomer 
of 5a was selectively converted to 3a. Thus, the formation of 3a 
from 1a with 2a occurs through a dynamic kinetic desymmetri-
zation. The results also suggest that, in the reaction of 1 with 2 
to form 3 or 4 in the presence of DHQD-PHN, the formation of 
3 or 4 from intermediate 5 is the rate-limiting step, and the ste-
reochemistry of product 3 or 4 is kinetically determined at this 
step (Scheme 5). A chair-like conformation of the transition 
state would be used in the formation of the decalin ring in the 
presence of the catalyst, and this would lead to the formation of 
the single diastereomer decalin product. The tertiary amine 
group of catalyst DHQD-PHN is likely involved in the for-
mation of the enolate of 5 by acting as a base, and the protonated 
form of the tertiary amine group is likely involved in the for-
mation of the C-C bond in the second aldol reaction through the 
activation of the ketone carbonyl group. 

Whereas desymmetrization reactions have been used for the 
synthesis of decalin derivatives6,7b-d and related ring deriva-
tives,6b,7b,d,11 these reported reactions only desymmetrize a sin-
gle substrate per transformation. Reactions involving desym-
metrization of both starting materials are rare. In the DHQD-
PHN-catalyzed reactions of 1 and 2, both starting materials 1 
and 2 are desymmetrized to afford 3 as single diastereomers 
with high enantioselectivities. Under the DHQD-PHN catalysis, 
the reversible formation of 5 from 1 and the selective use of one 

isomer of 5 among all possible enantiomers and diastereomers 
enable the double desymmetrization that leads to the diastereo- 
and enantioselective formation of the decalin derivatives.  
Scheme 5. Pathway and transition state of the reactions cat-
alyzed by DHQD-PHN 
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Figure 1. Transition state structures TS1a and TS1b that lead to the major enantiomer and the minor diastereomer, respectively, in the 
formation of 3 from 5 catalyzed by DHQD-Ph.13 DHQD-Ph is highlighted in green. The relative energies (kcal/mol) are in parentheses. 
Distances are shown in Å. See Supporting Information for details. See also pdb files. 

 
Figure 2. Transition state structures TS2a and TS2b that lead to the major enantiomer and the minor diastereomer, respectively, in the 
formation of 3 from 5 catalyzed by DHQD-PHN.13 DHQD-PHN is highlighted in green. The relative energies (kcal/mol) are in parentheses. 
Distances are shown in Å. See Supporting Information for details. See also pdb files. 

 
Conclusion 

We have developed catalytic enantioselective aldol-aldol an-
nulation reactions of C2-symmetric pyruvate derivatives with 
C2-symmetric cyclohexane-1,3-diones that afford functional-
ized decalin derivatives bearing five or six stereogenic carbon 
centers with high enantioselectivities in the presence of cin-
chona-derived catalysts. Based on experimental results and on 
theoretical studies, we identified the key structural moieties of 
the catalyst and the interactions between the catalyst and the 
transition state that result in the formation of the decalin deriv-
atives with high enantioselectivities. We found that the first al-
dol reaction step was reversible and that the second-aldol reac-
tion step was the rate-limiting step and the stereochemistry-de-
termining step and was enantioselective. The reaction pro-
ceeded by dynamic kinetic desymmetrization, and both starting 
materials were desymmetrized to form the decalin products. 
Three moieties of DHQD-PHN, the tertiary amine, the methoxy 
group of the quinoline moiety, and the 9-phenanthryl group at 
the ether moiety, had especially important roles in the catalysis 
and the stereocontrol. This study provides insights into the ca-
talysis and the mechanisms that result in the formation of func-
tionalized structured ring systems and in the stereocontrol 
achieved by non-covalent interactions and will be useful for the 
further development of catalysts and chemical transformation 
methods to construct ring systems and functionalized mole-
cules. 

Experimental Section 
All experimental details are presented in the Supporting In-

formation. 
 

ASSOCIATED CONTENT  
Supporting Information 
The Supporting Information is available free of charge on the ACS 
Publications website. 
 
Experimental procedures, characterization data of compounds, ad-
ditional results, computational details, additional discussions, 
NMR spectra, HPLC chromatograms, and cartesian coordinates 
(PDF) 
 
TS1a, TS1b, TS2a, and TS2b (pdb) 

AUTHOR INFORMATION 
Corresponding Author 
* Fujie Tanaka – Chemistry and Chemical Bioengineering Unit, 
Okinawa Institute of Science and Technology Graduate Univer-
sity, 1919-1 Tancha, Onna, Okinawa 904-0495, Japan, e-mail: 
ftanaka@oist.jp.  
 



 6 

Notes 
The authors declare no competing financial interest. 

ACKNOWLEDGMENT  
We thank Dr. Michael Chandro Roy, Research Support Division, 
Okinawa Institute of Science and Technology Graduate University 
for mass analyses. This study was supported by the Okinawa Insti-
tute of Science and Technology Graduate University (to F.T.) and 
by Grant-in-Aid for Scientific Research (C) (JSPS KAKENHI 
Grant number JP19K05464 to M.Y.). 

REFERENCES 
(1) (a) Taylor, R. D.; MacCross, M.; Lawson, A. D. G. Combining 

Molecular Scaffolds from FDA Approved Drugs: Application to Drug 
Discovery. J. Med. Chem. 2017, 60, 1638-1647. (b) Taylor, R. D.; Mac-
Cross, M.; Lawson, A. D. G. Rings in Drugs. J. Med. Chem. 2014, 57, 
5845-5859. (c) Li, G.; Kusari, S.; Spiteller, M. Natural Products Con-
taining 'Decalin' Motif in Microorganisms. Nat. Prod. Rep. 2014, 31, 
1175-1201. (d) Feng, X.; Sippel, C.; Knaup, F. H.; Bracher, A.; 
Staibano, S.; Romano, M. F.; Hausch, F.A Novel Decalin-Based Bicy-
clic Scaffold for FKBP51-Selective Ligands. J. Med. Chem. 2020, 63, 
231-249. (e) Callies, O.; Sanchez-Canete, M. P.; Gamarro, F.; Jimenez, 
I. A.; Castanys, S.; Bazzocchi, I. L. Optimization by Molecular Fine 
Tuning of Dihydro-b-agarofuran Sesquiterpenoids as Reversers of P-
Glycoprotein-Mediated Multidrug Resistance. J. Med. Chem. 2016, 59, 
1880-1890. (f) Daub, M. E.; Prudhomme, J.; Roch, K. L.; Vanderwal, 
C. D. Synthesis and Potent Antimalarial Activity of Kalihinol B. J. Am. 
Chem. Soc. 2015, 137, 4912-4915.  

(2) Synthesis of decalins by cycloadditions: (a) Liu, Q.; Deng, Y.; 
Smith, III, A. B., Total Synthesis of (–)-Nahuoic Acid Ci (Bii). J. Am. 
Chem. Soc. 2017, 139, 13668-13671. (b) Li, L.; Yu, P.; Tang, M. C.; 
Zou, Y.; Gao, S. S.; Hung, Y. S.; Zhao, M.; Watanabe, K.; Houk, K. 
N.; Tang, Y. Biochemical Characterization of a Eukaryotic Decalin-
Forming Diels-Alderase. J. Am. Chem. Soc. 2016, 138, 15837-15840. 
(c) Usui, K.; Kanbe, M.; Nakada, A. M. Total Synthesis of (-)-Bucidar-
asin a Starting from an Original Chiral Building Block. Org. Lett. 2014, 
16, 4734-4737. (d) Angeles, A. R.; Waters, S. P.; Danishefsky, S. J. 
Total Syntheses of (+)- and (-)-Peribysin E. J. Am. Chem. Soc. 2008, 
130, 13765-13770. (e) Aoki, Y.; Ohmori, K.; Suzuki, K. Dioxanone-
Fused Dienes Enable Highly Endo-Selective Intramolecular Diels-Al-
der reactions. Org. Lett. 2015, 17, 2756-2759. 

(3) Catalytic asymmetric cycloadditions to synthesize decalins: (a) 
Sendra, J.; Reyes, E.; Prieto, L.; Fernandez, E.; Vicario, J. Transannular 
Enantioselective (3+2) Cycloaddition of Cycloalkenone Hydrazones 
under Brønsted Acid Catalysis. Org. Lett. 2021, 23, 8738-8743. (b) Si, 
X.-Z.; Zhang, Z.-M.; Zheng, C.-G.; Li, Z.-T.; Cai, Q. Enantioselective 
Synthesis of cis-Decalin Derivatives by Inverse-Electron-Demand 
Diels-Alder Reaction of 2-Pyrones. Angew. Chem., Int. Ed. 2020, 59, 
18412-18417. (c) Shen, L.; Zhao, K.; Doitomi, K.; Ganguly, R.; Li, Y.-
X.; Shen, Z.-L.; Hirao, H.; Loh, T-P. Lewis Acid-Catalyzed Selective 
[2+2]-Cycloaddition and Dearomatizing Cascade Reaction of Aryl Al-
kynes with Acrylates. J. Am. Chem. Soc. 2017, 139, 13570-13578. 

(4) Synthesis of decalins by ring-closing olefin methathesis and 
cross coupling: (a) Yang, S.; Chen, C.; Chen, J.; Li, C. Total Synthesis 
of the Potent and Broad-Spectrum Antibiotics Amycolamicin and 
Kibdelomycin. J. Am. Chem. Soc. 2021, 143, 21258-21236. (b) Wang, 
Y.; Nagai, T.; Watanabe, I.; Hagiwara, K.; Inoue, M. Total Synthesis 
of Euonymine and Euonyminol Octaacetate. J. Am. Chem. Soc. 2021, 
143, 21037-21047. (c) Mizoguchi, H.; Micalizio, G. C. Synthesis of 
Highly Functionalized Decalins via Metallacycle-Mediated Cross-
Coupling. J. Am. Chem. Soc. 2015, 137, 6624-6628. (d) Yang, L.; 
Wurm, T.; Poudel, B. S.; Krische, M. J. Enantioselective Total Synthe-
sis of Andeographolide and 14-Hydroxy-Colladonin: Carbonyl Reduc-
tive Coupling and trans-Decalin Formation by Hydrogen Transfer. An-
gew. Chem., Int. Ed. 2020, 59, 23169-23173. 

(5) Synthesis of decalins by polyene cyclization and related ene-in-
volved annulations: (a) Vrubliauskas, D.; Gross, B. M.; Vanderwal, C. 
D. Stereocontrolled Radical Bicyclizations of Oxygenated Precursors 
Enable Short Syntheses of Oxidized Abietane Diterpenoids. J. Am. 

Chem. Soc. 2021, 143, 2944-2952. (b) Reiher, C. A.; Shenvi, R. A. Ste-
reocontrolled Synthesis of Kalihinol C. J. Am. Chem. Soc. 2017, 139, 
3647-3650. (c) Elkin, M.; Szewczyk, S. M.; Scruse, A. C.; Newhouse, 
T. R. Total Synthesis of (+/-)-Berkeleyone A. J. Am. Chem. Soc. 2017, 
139, 1790-1793. (d) Barrett, T. N.; Barrett, A. G. Cascade Polyketide 
and Polyene Cyclizations: Biomimetic Total Synthesis of 
Hongoquercin B. J. Am. Chem. Soc. 2014, 136, 17013-17015. (e) 
Rodgen, S. A.; Schaus, S. E. Efficient Construction of the Clerodane 
Decalin Core by an Asymmetric Morita-Baylis-Hillman Reac-
tion/Lewis acid Promoted Annulation Strategy. Angew. Chem., Int. Ed. 
2006, 45, 4929-4932.  

(6) Robinson annulation to synthesize decalins: (a) Bradshaw, B.; 
Etxebarria-Jardi, G.; Bonjoch, J. Total Synthesis of (–)-Anominine. J. 
Am. Chem. Soc. 2010, 132, 5966-5967. (b) Eder, U.; Sauer, G.; 
Wiechert R. New Type of Asymmetric Cyclization to Optically Active 
Steroid CD Partial Structures. Angew. Chem., Int. Ed. 1971, 10, 496-
497.  

(7) Synthesis of decalins by aldol reaction-involved annulations: (a) 
Tomanik, M.; Xu, Z.; Herzon, S. B. Enantioselective Synthesis of Eu-
onyminol. J. Am. Chem. Soc. 2021, 143, 699-704. (b) Zhang, L.; Oes-
treich, M. Diastereotopic Group-Selective Intramolecular Aldol Reac-
tions Initiated by Enantioselective Conjugate Silylation: Diastereo-
diversence Controlled by the Silicon Nucreophile. ACS Catal. 2021, 
11, 3516-3522. (c) Hayashi, Y.; Salazar, H.; Koshino, S. Asymmetric 
Synthesis of Functionalized 9-Methyldecalins Using a Diphenylprori-
nol-Silyl-Ether-Mediated Domino Michael/Aldol Reaction. Org. Lett. 
2021, 23, 6654-6658. (d) Burns, A. R.; Solana Gonzalez, J.; Lam, H. 
W. Enantioselective Copper(I)-Catalyzed Borylative Aldol Cycliza-
tions of Enone Diones. Angew. Chem., Int. Ed. 2012, 51, 10827-10831. 
(e) Hong, B. C.; Lin, C. W.; Liao, W. K.; Lee, G. H. Sequential Asym-
metric Catalysis in Michael-Michael-Michael-Aldol Reactions: Merg-
ing Organocatalysis with Photoredox Catalysis in a One-Pot Enantiose-
lective Synthesis of Highly Functionalized Decalines Bearing a Qua-
ternary Carbon Stereocenter. Org. Lett. 2013, 15, 6258-6261 (f) Anwar, 
S.; Chang, H. J.; Chen, K. Organocatalytic Synthesis of Multiple Sub-
stituted Bicyclo[4.4.0]Decalin System. Org. Lett. 2011, 13, 2200-2203. 
(g) Vo, N. T.; Pace, R. D. M.; O'Har, F.; Gaunt, M. J. An Enantioselec-
tive Organocatalytic Oxidative Dearomatization Strategy. J. Am. 
Chem. Soc. 2007, 130, 404-405. 

(8) (a) Chouthaiwale, P. V.; Tanaka, F., Reactions of Pyruvates: Or-
ganocatalytic Synthesis of Functionalized Dihydropyrans in One Pot 
and Further Transformations to Functionalized Carbocycles and Heter-
ocycles. Chem. Commun. 2014, 50, 14881-14884. (b) Chouthaiwale, P. 
V.; Lapointe, S.; Tanaka, F. Synthesis of 4-Substituted-Pyridine-2,6-
dicarboxylic Acid Derivatives from Pyruvates and Aldehydes in One 
Pot. Heterocycles 2017, 95, 587-594. 

(9) Chouthaiwale, P. V.; Aher, R. D.; Tanaka, F. Catalytic Enanti-
oselective Formal (4+2) Cycloaddition by Aldol-Aldol Annulation of 
Pyruvate Derivatives with Cyclohexane-1,3-Diones to Afford Func-
tionalized Decalins. Angew. Chem., Int. Ed. 2018, 57, 13298-13301. 

(10) Hansch, C.; Leo, A.; Taft, R. W. A Survey of Hammett Substit-
uent Constants and Resonance and Field Parameters. Chem. Rev. 1991, 
91, 165-195. 

(11) (a) Bocknack, B. M.; Wang, L.-C.; Krische, M. J. Desymmetri-
zation of Enone-diones via Rhodium-catalyzed Diastereo- and Enanti-
oselective Tandem Conjugate Addition-aldol Cyclization. Proc. Natl. 
Acad. Sci. 2004, 101, 5421-5424. (b) Hajos, Z. G.; Parrish, D. R. Asym-
metric Synthesis of Bicyclic Intermediates of Natural Product Chemis-
try. J. Org. Chem. 1974, 39, 1615-1621. 

(12) Gaussian 09, Revision D.01, Frisch, M. J.; Trucks, G. W.; 
Schlegel, H. B.; Scuseria, G. E.; Robb, M. A.; Cheeseman, J. R.; Scal-
mani, G.; Barone, V.; Mennucci, B.; Petersson, G. A.; Nakatsuji, H.; 
Caricato, M.; Li, X.; Hratchian, H. P.; Izmaylov, A. F.; Bloino, J.; 
Zheng, G.; Sonnenberg, J. L.; Hada, M.; Ehara, M.; Toyota, K.; Fu-
kuda, R.; Hasegawa, J.; Ishida, M.; Nakajima, T.; Honda, Y.; Kitao, O.; 
Nakai, H.; Vreven, T.; Montgomery, Jr., J. A.; Peralta, J. E.; Ogliaro, 
F.; Bearpark, M.; Heyd, J. J.; Brothers, E.; Kudin, K. N.; Staroverov, 
V. N.; Keith, T.; Kobayashi, R.; Normand, J.; Raghavachari, K.; Ren-
dell, A.; Burant, J. C.; Iyengar, S. S.; Tomasi, J.; Cossi, M.; Rega, N.; 
Millam, J. M.; Klene, M.; Knox, J. E.; Cross, J. B.; Bakken, V.; Adamo, 
C.; Jaramillo, J.; Gomperts, R.; Stratmann, R. E.; Yazyev, O.; Austin, 



 7 

A. J.; Cammi, R.; Pomelli, C.; Ochterski, J. W.; Martin, R. L.; 
Morokuma, K.; Zakrzewski, V. G.; Voth, G. A.; Salvador, P.; Dannen-
berg, J. J.; Dapprich, S.; Daniels, A. D.; Farkas, O.; Foresman, J. B.; 
Ortiz, J. V.; Cioslowski, J.; Fox, D. J. Gaussian, Inc., Wallingford CT, 
2013. 

(13) The computational details are shown in the Supporting Infor-
mation. Slightly truncated versions of the catalysts (methyl replacing 
the ethyl on the quinuclidine moiety of the catalysts) and methyl 

pyruvate-derived 5 (R1 = Me, R2 = Ph, and R3 = H in Scheme 5) were 
used for the theoretical studies to focus the key interactions in the ste-
reocontrol and to reduce the costs of the calculation. 

(14) Truncated versions of cinchona derivatives have been used in 
theoretical studies of their catalyzed reactions: Grayson, M. N.; Houk, 
K. N. Cinchona Alkaloid-Catalyzed Asymmetric Conjugate Additions: 
The Bifunctional Brønsted Acid-Hydrogen Bonding Model. J. Am. 
Chem. Soc. 2016, 138, 1170-1173.  

 


