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CHAPTER 4 

 
Studies on the Role of the Quinuclidine Ring System  in Asymmetric 

Organocatalysis * 

 

 

 
Abstract: Synthetic analogues of quinidine were prepared with modifications in the 
quinuclidine ring system. These novel analogues were used as organocatalysts in 
several asymmetric conjugate addition reactions and compared with three known 
catalysts. This study was performed in order to understand the role of the quinuclidine 
ring in asymmetric organocatalysis. The results show that modification of the 
quinuclidine ring can have a substantial influence not only on the enantioselectivity, but 
also on the catalyst activity. In addition, the pKAH’s of the novel derivatives were 
determined successfully with fluorescence spectroscopy.  
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4.1 Introduction 

Irrespective of the fact that many reactions catalyzed by (modified) Cinchona alkaloids 
give high levels of enantioselectivity, the nature of the actual transitions states still 
remains unclear.1 These reactions rely on activation through non–covalent interactions 
complicating experimental studies of the mechanism of these reactions. Many research 
groups have proposed transition states that fit the outcome of the reactions in terms of 
stereochemistry. There is no experimental evidence that the proposed transition states 
are responsible for the observed enantioselectivity. So far only a limited number of 
calculations have supported the proposed transition states.2 

As described in chapter 1, the studies by Merschaert3 and Hintermann4 showed that the 
intramolecular oxa–Michael addition of phenol to α,β–unsaturated esters is likely to 
proceed through a concerted mechanism. Merschaert proposed this type of mechanism 
based on modifications of the catalyst and calculations.3 This was supported by 
Hintermann, who modified the substrates and performed deuterium labeling studies.4 A 
different strategy to gain more insight in the mechanism of Cinchona alkaloid catalyzed 
reactions is to synthetize analogues of Cinchona alkaloids. The group of Lygo prepared 
several analogues in which the quinoline ring system was replaced for other functional 
groups.5 These analogues were further modified to suitable phase transfer catalysts and 
were examined in the alkylation of glycine imine with benzyl bromide (scheme 1).  

 

Scheme 1. Studies by Lygo et al on the phase transfer alkylation of glycine derivatives.5 

From their limited study it appeared that a planar (aryl) substituent at the R–position 
gave the best results. Also the nature of the aryl group appeared to be important. A more 
drastic effect was observed when the N–substituent of the quinuclidine ring was 
changed. The enantioselectivity was improved from 48% to 75% by replacing the benzyl 
group by a 9–methylanthracyl group (R = Ph in scheme 1). The group of Lygo suggested 
that the extent and orientation of the π–plane of the aromatic ring of the quaternary 
ammonium salt is important for the enantioselectivity. 

A part of the Cinchona alkaloid that has not yet been structurally modified is the 
quinuclidine ring. This bicyclic system contains a tertiary nitrogen atom with a pKAH of 
11.0 in water if the ring is non–substituted.6 The pKAH of the quinuclidine ring in Cinchona 
alkaloids have been experimentally determined to lie between 8 and 9.7 The lower pKAH 
of the quinuclidine ring in Cinchona alkaloids has been ascribed to the electron 
withdrawing groups on the C–3 and C–8 positions. Further, the nitrogen atom is in a 
bicyclic system which prevents inversion of the lone pair. As a result, the nitrogen atom 
is a chiral center and the lone pair is in a fixed direction. Modifying the quinuclidine ring 
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system by removing or adding methylene–groups at several positions represents a new 
strategy for studying the role of this part of Cinchona alkaloids in organocatalytic 
reactions (figure 1).  

 

Figure 1 . Modifications of the quinuclidine ring. 

These modifications should have a significant influence on both the pKAH and the 
direction of the lone pair. By removing methylene groups the system will become more 
rigid, while the addition of CH2–groups will induce more flexibility in the bicyclic system. 
It was decided, therefore, to synthesize the analogues in figure 1. The vinyl group was 
not introduced in the novel derivatives, because this would complicate the syntheses. 

The analogues will be examined in known asymmetric reactions and the results 
compared with those obtained with the natural alkaloid. Also the pKAH’s and the activity 
of the catalysts will be determined, in order to study the possible relationship between 
the enantioselectivity, pKAH and efficiency of the catalysts. 

 

4.2 Analogue synthesis 

The synthesis of the novel analogues involved the same strategy as developed by 
Jacobsen8a and Kobayashi8b–d for the total synthesis of quinine and quinidine (scheme 
2).  

 

Scheme 2. Synthetic approach for the formation of modified bicyclic systems.  
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In their approach, the quinuclidine ring system was prepared via nucleophilic attack of a 
secondary amine on a chiral epoxide (see also chapter 1, scheme 13). This chiral 
epoxide was introduced via asymmetric dihydroxylation of an alkene followed by epoxide 
formation.9,10 Following this strategy the correct stereochemistry was introduced at the 
C8– and C9–carbon atoms. Because of the absence of the vinyl group in the novel 
derivatives in figure 1, the main stereocenters that should be controlled are these two 
stereocenters. 

 

4.2.1 Synthesis of the [1.2.2]–series 

The synthesis towards the [2.1.2]–analogue starts from known (R)–pyrrolidin–3–yl 
methanol 1 (scheme 3).11 Compound 1 was protected with a Teoc–group using 2–TMS–
ethanol, triphosgene and K2CO3 in 73% yield.8b–d The alcohol was oxidized by a Swern 
oxidation yielding aldehyde 2 in 95%.12 The aldehyde was treated with (methoxymethyl)–
triphenylphosphonium chloride and NaHMDS to yield an enol ether as 4:1 mixture of E– 
and Z–isomers.14 The enol ether was hydrolyzed with CeCl3·7H2O and NaI in 89%. The 
extended aldehyde was reacted with the lithium salt of commercially available 4–methyl–
6–methoxyquinoline which was formed by deprotonation with LDA, giving alcohol 3 as 
a 1:1 mixture of diastereoisomers.8b–d  

 

Scheme 3.  Synthesis of the [2.1.2]–analogue. 

The double bond was introduced by mesylation of the alcohol followed by elimination 
with KOt–Bu yielding the alkene in 96% yield. Diol 4 was obtained as an inseparable 
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mixture of diastereoisomers (4:1) in 78% yield with the use of AD–mix α.9 In a one pot 
procedure the chiral epoxide was obtained in 88% yield.10 Finally, the epoxide was 
treated with CsF in DMF and t–BuOH at 110 °C.8b–d Under these conditions the Teoc–
group was cleaved and the secondary amine opened the epoxide, leading to a bicyclic 
amine. 

In the cyclization there was a competition between a 5–exo–tet and a 6–endo–tet 
process (scheme 4). The exo–cyclized product was formed preferentially. According to 
the Baldwin rules13 the 5–exo–tet cyclization is favored over the 6–endo–tet cyclization. 
This resulted in the observed selectivity of 3:1 between the isomers. Separation of the 
regio– and diastereoisomers by column chromatography gave the [2.1.2]–analogue as 
a single isomer in 53%. 

 

Scheme 4. 5–exo–tet and 6–endo–tet cyclization. 

For the synthesis of the [2.2.1]–analogue the same synthetic strategy was used as for 
the [2.1.2]–analogue, starting from (S)–pyrrolidin–3–yl methanol 6 (scheme 5).11  

 

Scheme 5.  Synthesis of the [2.2.1]–analogue. 
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Teoc protection and Swern oxidation provided aldehyde 7 in good yield. The extension 
of the aldehyde and addition of the 4–methyl–6–methoxyquinoline provided alcohol 8. 
The alkene was obtained in 96% over two steps. The asymmetric dihydroxylation 
provided the other diastereoisomer as compared to the synthesis of the [2.1.2]–
analogue with the same diastereoselectivity (4:1) as expected. The epoxide was 
obtained in 94% yield and treated with CsF at 110 °C. Again competition between 5–
exo–tet and 6–endo–tet cyclization was observed. The [2.2.1]–analogue was obtained 
in moderate yield and as a single isomer. 

The synthesis of the [1.2.2]–analogue started from commercially available piperidinone 
salt 11 that was Teoc protected in good yield (scheme 6). The protected piperidinone 12 
was reacted with (methoxymethyl)–triphenylphosphonium chloride and NaHMDS 
providing the enol ether prior to hydrolysis with CeCl3·7H2O and NaI with the formation 
of the aldehyde in 77% over two steps. The addition of 4–methyl–6–methoxyquinoline 
gave alcohol 13 in 75% yield, which was subsequently eliminated to give the prochiral 
alkene in quantitative yield. The diol was introduced via asymmetric dihydroxylation 
yielding 14 in 97% ee based on chiral HPLC, followed by epoxide formation in 85% yield. 
The deprotection and cyclization procedure provided the [1.2.2]–analogue in 75% yield 
and no trace of the endo cyclization product was observed. Apparently the conformation 
of the deprotected piperidine allows the 5–exo–tet cyclization to occur much faster than 
the 6–endo–tet cyclization. 

2–TMS–EtOH,
triphosgene, K2CO3

THF/H2O, 90%

1) NaHMDS, THF
2) CeCl3 . 7H2O, NaI
MeCN, 40 °C
77% over 2 steps

3) 4–methyl–6–methoxy–
quinoline, LDA,
THF, –78 °C, 75%

Ph3P O
Cl

1) MsCl, Et3N, CH2Cl2
0 °C

2) KOt–Bu, CH2Cl2, 0 °C
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Scheme 6.  Synthesis of the [1.2.2]–analogue. 
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4.2.2 Synthesis of the [3.2.2]–series 

To obtain the [2.3.2]– and [2.2.3]–analogues a diastereoselective synthesis was 
performed (scheme 7).  

1) AD–mix , MeSO2NH2

t–BuOH, H2O, 0 °C
84%, dr 1:1, 98% ee

1) MeC(OMe)3, PPTS
CH2Cl2

2) TMSCl, CH2Cl2
3) K2CO3, MeOH
86% over 3 steps

N
Boc

O

15

1) BF3 . Et2O, Et2O
–20 °C, 99%

2) 4M HCl, reflux
100%

3) 2–TMS–EtOH,
triphosgene, K2CO3

THF/H2O, 74%

N2

EtO2C

N
Teoc

O

16

O

OEt
(EtO)2P

O

1) NaH, THF, 87%
mixture of 4 isomers

2) Pd/C (5 mol%), H2

MeOH, 100%

N
Teoc
17

CO2Et

1) 4–methyl–6–methoxy–
quinoline, LDA,
THF, –78 °C, 74%

2) NaBH4, MeOH, 94%

3) MsCl, Et3N, CH2Cl2, 0 °C
4) KOt–Bu, CH2Cl2, 0 °C
76% over 2 steps N

Teoc

N

OMe

18

N
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N

OMe

19

O

CsF

NMP, t–BuOH
110 °C

N

OH

N

OMe

N

N

OMe

OH

[2.3.2] 23% [2.2.3] 28%  

Scheme 7.  Synthesis of the [2.3.2]– and [2.2.3]–analogues. 

The synthesis started from commercially available N–Boc–protected piperidone 15, 
which was treated with ethyldiazoacetate and BF3·Et2O in diethyl ether providing the ring 
expansion product in quantitative yield.15 The ester was decarboxylated and the Boc–
group was cleaved with strong acid at elevated temperature to give the hydrochloric acid 
salt. Protection of the secondary amine with a Teoc–group provided 4–azepinone 16 in 
74% yield. The Horner–Wadsworth–Emmons reaction converted the ketone into the 
alkene as a mixture of four isomers, besides the E– and Z–isomers the double bond had 
shifted to the endocyclic position.16 In the next step the double bonds were hydrogenated 
by Pd/C providing ester 17 in quantitative yield. The procedure for the addition of 4–
methyl–6–methoxyquinoline was modified, adding this time 2.5 equiv of the quinoline.17 
After the attack of the lithiated quinoline to the ester, the benzylic hydrogens are relative 
acidic and are easily deprotonated by the excess of lithiated quinoline, preventing a 
second addition. The ketone was reduced with NaBH4 and the alcohol was eliminated 
to give alkene 18. The asymmetric dihydroxylation provided an inseparable mixture (1:1) 
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of diastereoisomers in 98% ee for both diastereoisomers based on chiral HPLC. The 
diols were converted to the epoxides in 86% yield. Cyclization of the azapanes provided 
the [2.3.2]– and [2.2.3]–analogues in 23% and 28% yield, respectively, after separation 
by column chromatography. NMR studies elucidated the structures and NOE–
experiments allowed the elucidation of their configurations. 

In order to take advantage of this epoxide cyclization strategy towards the synthesis of 
the [3.2.2]–analogue, Teoc–protected piperidinone 12 was reacted with the phosphorus 
ylide formed by deprotonation of 20 by NaHMDS (scheme 8). The alkene was formed in 
92% yield and hydrogenated with Pd/C giving the reduced product in quantitative yield. 
Cleavage of the acetal was accomplished with sulphuric acid in acetone/H2O providing 
the aldehyde 21 in 99%.18 Addition of 4–methyl–6–methoxyquinoline gave the alcohol in 
68% yield, which was eliminated to provide alkene 22 in 85% yield. Dihydroxylation and 
epoxide formation gave 23 in high yield (ee was not determined). Next the 
deprotection/cyclization procedure was tested by using CsF in DMF/t–BuOH at 110 °C. 
After stirring overnight no formation of the bicyclic ring was observed, but only 
formylation of the secondary amine by DMF was observed. Consequently, the solvent 
was changed to NMP, which did not provide the desired product either. Even stirring at 
150 °C did not give any of the desired product. Next the epoxide was first deprotected 
and then treated with Zn(OTf)219 or Y(NO3)3·6H2O20 in acetonitrile at 80 °C. 
Unfortunately, both Lewis acids did not gave satisfactory results.  Although the Baldwin 
rules13 allow a 7–exo–tet cyclization, this system seemed not to be appropriate for the 
reaction to proceed.  

 

Scheme 8.  Epoxide cyclization approach leading to the [3.2.2]–analogue. 
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A new approach was derived starting from commercially available quinuclidinone 
hydrochloride 24 which was reacted with quinolinealdehyde 25 under basic condition 
giving aldol condensation product 26 in good yield (scheme 9).21  

N
H

O

Cl

N

MeO

NaH

EtOH, 91%

O H

N

O

N
MeO

24

27

TMSCHN2, n–BuLi

MeOH, silicagel
Et2O, THF

–78 °C to rt, 43%

N

O

N

MeO

26

25

 

Scheme 9.  New approach to the [3.2.2]–analogue. 

Next, a ring expansion reaction was performed according to a method recently 
developed by Lee.22 The ring expansion occurred selectively on the side of the double 
bond, which isomerized to the α,β–unsaturated system giving 27 in 43% yield. The group 
of Lee attributed the observed selectivity mainly to conformational and stereoelectronic 
effects leading to minimization of the syn–pentane–like interaction between the 
diazonium and the TMS–group (scheme 10).  

 

Scheme 10. Explanation of the observed selectivity during the ring expansion. 

The carbonyl was reduced with NaBH4 in methanol (scheme 11). After the reduction of 
the carbonyl, isomerization of the double bond to the benzylic position was required, 
because all attempts to directly hydrogenate the double bond with Pd/C catalyst failed. 
This was achieved by treating the allylic alcohol with KOtBu in a 10:1 mixture of THF/t–
BuOH. The isomerized product 28 was obtained as a 10:1 mixture of Z/E–isomers in 
73% over two steps. The mixture of isomers was reduced with Pd/C and H2 in the 
presence of HCl in methanol. HCl was added to decrease the reaction time and to avoid 
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overreduction. Next the alcohol was reacted with thiocarbonyldiimidazole in THF 
providing 29 as a 2:1 mixture of diastereoisomers in 64% over two steps.23 Treatment of 
29 with n–Bu3SnH and a catalytic amount of AIBN in toluene at reflux temperature 
cleaved the thioester. Oxidation with O2 and NaH in DMSO at 70 °C provided a 2.5:1 
mixture of the racemic [3.2.2]–analogue and its epi–isomer.24  The racemic [3.2.2]–
analogue was isolated as a pure compound in 35% over two steps. 

 

Scheme 11.  Conversion of 27 to the racemic [3.2.2]–analogue. 

The enantiomers were separated by reacting the racemic [3.2.2]–analogue with (S)–
(+)–α–methoxyphenylacetic acid using EDC and HOBt in CH2Cl2 (scheme 12).  
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Scheme 12. Separation procedure of the racemic [3.2.2]–analogue.  
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The diastereoisomers were separated by column chromatography. The desired 
diastereoisomer 30 was obtained as a single isomer according to 1H NMR in 29%. The 
other diastereoisomer was obtained as a 4:1 mixture of 31/30 in 54%. Ester 30 was 
treated with K2CO3 in methanol to give the [3.2.2]–analogue in 89% and with 96% ee.25 

 

4.3 Catalysis 

In order to gain insight into the role of the quinuclidine ring system of Cinchona alkaloids 
in asymmetric organocatalysis, the analogues were examined in three different types of 
conjugate additions (scheme 13).26–28 These reactions were chosen for two main 
reasons: i) each reaction introduces chirality at a different carbon atom and ii) the 
reactions catalyzed by the natural Cinchona alkaloids gave only moderate 
enantioselectivities, allowing room for improvement. In the first reaction developed by 
Pracejus, chirality is introduced at the α–carbon atom through protonation (A).26 In the 
second reaction studied by the group of Wynberg, the chirality is introduced on the β–
carbon atom during the addition of the thiol nucleophile (B).27 The last reaction that will 
be explored is the Michael addition of indanone to 3–buten–2–one, which was also 
examined by the group of Wynberg (C).28 In this addition reaction the chirality is 
introduced on the nucleophilic carbon atom. 

 

Scheme 13. Three test reactions. 

 

4.3.1 Reference catalysts 

In order to compare the results obtained with the quinuclidine modified analogues, three 
reference catalysts were chosen: quinidine (41), dihydroquinidine (42) and des–
vinylquinidine (44) (figure 2). 
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Figure 2. Catalysts. 

The novel quinuclidine modified analogues lack the vinyl substituent and, therefore, des–
vinylquinidine (44) would be considered as the best reference for comparison with the 
results provided by the quinuclidine modified analogues. Des–vinylquinidine (44) was 
obtained through a new developed procedure (scheme 14).  

 

Scheme 14. Synthesis of des–vinylquinidine (44). 

Quinidine (41) was acetylated and the vinyl side chain was dihydroxylated by using AD–
mix α. The diol was oxidized with NaIO4 in acetone giving aldehyde 43 as 9:1 mixture 
isomers in 88% over three steps. Next, aldehyde 43 was decarbonylated by using a 
rhodium(I) complex which was formed in situ by mixing ((COD)RhCl)2 with dppp in 
diglyme and refluxing the mixture for 16 h.29 Finally, the acetate group was cleaved with 
K2CO3 in methanol giving des–vinylquinidine (44) in 81% over two steps. 

 

4.3.2 Screening of the catalysts 

The addition of phenylmethanethiol 33 to methyl acrylate 32 was first explored (table 
1).26 Quinidine provided an ee of 46%, in accordance with the work of Pracejus (entry 
1). Dihydroquinidine (42) gave a slight decrease in enantioselectivity to 41% (entry 2). 
With des–vinylquinidine (44) the ee dropped to 22% (entry 3). Next, the [1.2.2]–series 
were examined (entries 4–6) and comparable results were obtained with des–
vinylquinidine (44). A slight increase of the enantioselectivity was obtained with the 
[2.2.1]–analogue (entry 5), while there was a slight decrease in ee with the other two 
analogues (entries 4 and 6). From the [3.2.2]–series, only the [2.3.2]–species gave 
comparable results as compared to des–vinylquinidine (44) (entry 7). Surprisingly, with 
the [2.2.3]– and [3.2.2]–analogues inversion of the stereochemistry was observed 
although the ee’s obtained were very low (entries 8 and 9).  
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Table 1. Addition of phenylmethanethiol 33 to methyl acrylate 32. 

 

entrya catalyst conversion (%)b ee (%)c 

1 quinidine (41) >99 45 
2 dihydroquinidine (42) >99 41 
3 des–vinylquinidine (44) / [2.2.2]  >99 22 
4 [2.1.2] >99 19 
5 [2.2.1]  >99 28 
6 [1.2.2]  >99 13 
7 [2.3.2] >99 29 
8 [2.2.3]  >99 –6 
9 [3.2.2]  >99 –13 
a) Standard reaction conditions: 0.125M substrate, 1.2 equiv thiol b) Conversion 

 determined by 1H–NMR c) The ee determined by chiral HPLC analysis (AD–column) 
 

Next, the addition of 4–tert–butylthiophenol 36 to cyclohexenone 35 was examined 
(table 2).27 Comparable results were obtained with quinidine (41) as reported by 
Wynberg (entry 1). A decrease in the ee was seen when dihydroquinidine (42) and des–
vinylquinidine (44) were used (entries 2 and 3). The [2.1.2]–derivative increased the ee 
as compared to des–vinylquinidine (44) and quinidine (41) (entry 4). When the [2.2.1]– 
and [1.2.2]–analogues were used the ee decreased towards 22% and 35%, respectively 
(entries 5 and 6).  Comparable results were obtained with the [2.3.2]– and [2.2.3]–
analogues as compared to des–vinylquinidine (44) (entries 7 and 8). The [3.2.2]–
analogue provided a slight increase in the ee up to 50% (entry 9).   

Table 2. Addition of 4–tert–butylthiophenol 36 to cyclohexenone 35. 

 

entrya catalyst conversion (%)b ee (%)c 
1 quinidine (41) >99 55 
2 dihydroquinidine (42) >99 45 
3 des–vinylquinidine (44) / [2.2.2]  >99 41 
4 [2.1.2] >99 57 
5 [2.2.1]  >99 22 
6 [1.2.2]  >99 35 
7 [2.3.2] >99 38 
8 [2.2.3]  >99 40 
9 [3.2.2]  >99 50 
a) Standard reaction conditions: 0.52M substrate, 1.15 equiv thiol b) Conversion 

 determined by 1H–NMR c) The ee determined by chiral HPLC analysis (AD–column) 
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To conclude, the addition of indanone 39 to 3–buten–2–one 38 was explored (table 3).28 
First the reference catalysts were tested and all gave comparable results (entries 1–3). 
In this case, a slight increase in the ee was observed when des–vinylquinidine (44) was 
used (entry 3). Additionally,  the quinuclidine modified analogues provided a wider range 
of ee values (entries 4–9). Only the [1.2.2]–analogue gave comparable results as 
compared to the reference catalysts (entry 6),whereas the [2.2.1]–analogue provided an 
almost racemic product (entry 5). Among the [3.2.2]–series, the [2.3.2]–species gave 
the best results (entry 7), while the [2.2.3]–derivative provided only 15% ee (entry 8).  

Table 3. Addition of indanone 39 to 3–buten–2–one 38. 

 

entrya catalyst conversion (%)b ee (%)c 
1 quinidine (41) >99 49 
2 dihydroquinidine (42) >99 50 
3 des–vinylquinidine (44) / [2.2.2]  >99 53 
4 [2.1.2] >99 21 
5 [2.2.1]  >99 3 
6 [1.2.2]  >99 51 
7 [2.3.2] >99 41 
8 [2.2.3]  >99 15 
9 [3.2.2]  >99 31 

a) Standard reaction conditions: 0.5M substrate, 0.5 equiv nucleophile b) Conversion 
determined by 1H–NMR c) The ee determined by chiral HPLC analysis (AD–column) 

The three reactions examined gave some interesting results. In the first two reactions 
the presence of the vinyl group in the natural alkaloid is important in order to obtain 
reasonable ee’s (tables 1 and 2), while in the third reaction this group is unimportant 
(table 3). A plausible reason for this could be that the vinyl group hinders the rotation 
around the C8–C9 or C9–C4’ bonds thus causing the catalyst to be slightly more rigid, 
which is apparently important for the first two reactions. It was proposed by Wynberg 
that the Cinchona alkaloids adopt anti–open conformations in the thiol addition to 
cyclohexenone (figure 3).27b So the rotation to syn–open and anti–closed conformations 
may be partially blocked by the vinyl group.  

 

Figure 3. Proposed activation by Hiemstra and Wynberg. 
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In addition, the results provided by the novel catalysts revealed some interesting 
features. In each reaction a different analogue gave the best result and only once, a 
synthetic analogue improved the result of the natural alkaloid, although this improvement 
was very small (table 2). Surprisingly, in the first reaction the difference in the ee values 
between the [2.3.2]– and [2.2.3]–analogues is relatively large (table 1). Meanwhile in 
the second reaction there is almost no difference in ee (table 2). As these analogues are 
diastereoisomers it is interesting to note that in one reaction that there is a relative large 
difference while in the other reaction there is almost no difference.  

To further explore the novel catalysts behavior another reaction was investigated. In 
2012 the group of Lattanzi reported the addition of malonitrile to chalcones catalyzed by 
Cinchona alkaloids.30 It was found that quinine gave the best results at room temperature  
(ee 82%). Also quinidine was examined and this gave only an ee of 60%. It seemed that 
the vinyl group of the Cinchona alkaloid had a negative effect on the ee of the reaction. 
This reaction, therefore, might be a good candidate to try to improve the results obtained 
with quinidine. The screening started with quinidine, giving similar results as reported by 
Lattanzi (table 4, entry 1).  

Table 4. Addition of malonitrile 46 to chalcone 45. 

 

entrya catalyst conversion (%)b ee (%)c 
1 quinidine (41) >99 60 
2 dihydroquinidine (42) >99 66 
3 des–vinylquinidine (44) / [2.2.2]  >99 80 
4 [2.1.2] >99 27 
5 [2.2.1]  >99 83 
6 [1.2.2]  >99 52 
7 [2.3.2] >99 82 
8 [2.2.3]  >99 62 
9 [3.2.2]  >99 16 

a) Standard reaction conditions: 0.1M substrate, 1.2 equiv nucleophile b) Conversion 
determined by 1H–NMR c) The ee determined by chiral HPLC analysis (AD–column) 

Dihydroquinidine (42) gave a slight increase of the enantioselectivity (entry 2). Des–
vinylquinidine (44) increased the ee to 80% (entry 3). The synthetic analogues showed 
a larger differences in the ee (entries 4–9). The best results were obtained with [2.2.1]– 
and [2.3.2]–analogues giving 83% and 82% ee respectively (entries 5 and 7). With the 
[3.2.2]–species only an ee of 16% was obtained (entry 9). By comparing the [2.1.2]– 
and [2.2.1]–diastereoisomers, a large difference in the enantioselectivity was observed 
(entries 4 and 5). 

 

4.3.3 Catalyst activity 

Hiemstra and Wynberg monitored the conversion of the addition of thiophenol to 
cyclohexenone with optical rotation.27b The optical rotation was plotted as a function of 
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reaction time and full conversion was assumed when the measured optical rotation did 
not increase further. The same method was chosen to determine the conversion rates 
of the modified catalytic systems. The addition of 4–tert–butylthiophenol 36 to 
cyclohexenone 35 (table 2) was chosen to study the activity of the catalysts. The 
experiments were performed in duplo and the optical rotations were converted to 
conversion in percentage. The experiments were averaged and plotted as a function of 
reaction time (figure 4).  

 

 

Figure 4.  Reaction rates for the catalyzed addition of 4–tert–butylthiophenol 36 to 
cyclohexenone 35. 

The t½ for quinidine (41) was 7.3 min and the 50% conversion point for dihydroquinidine 
(42) and des–vinylquinidine (44) was decreased to 3.7 and 3.3 min, respectively. The 
reaction rates for the analogues showed that the modifications in the quinuclidine ring 
influenced the activity. The [2.1.2]– and [2.3.2]–analogues had almost the same t½–
value. This trend was also observed for the [1.2.2]– and [3.2.2]–analogues and to some 
extent for the [2.2.1]– and [2.2.3]–compounds. The [2.2.1]–analogue gave the fastest 
conversion of the [1.2.2]–series. The [2.2.3]–catalyst gave the fastest conversion among 
the [3.2.2]–series. Surprisingly, the reaction time for the [1.2.2]– and [3.2.2]–analogues 
was drastically increased. Compared to the most active catalyst, des–vinylquinidine (44), 
the t½–value was increased a 10 fold for both catalysts.   

 

4.4 pKAH determination 

The modifications in the quinuclidine ring system should also have an effect on the 
basicity of the nitrogen atom. This was to some extent investigated by Hine and Chen.31 
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They determined the pKAH’s of quinuclidine and the so–called nor–quinuclidine. Their 
results showed that quinuclidine was more basic than the nor–compound (pKAH= 10.9 
vs 10.5). This can be atrributed to the fact that the quinuclidine has one more CH2–
group. This makes the amine more electron rich resulting in better stabilization of the 
postive charge on the amine. If this trend continues for the [3.2.2]–series the pKAH should 
be highest for these analogues. The calculations of Merschaert showed that the vinyl 
group has a negative influence on the basicity (ACD calculations: pKAH for 
dihydrocinchonine 9.99, for cinchonine 9.18).3  

Steady–state fluorescence spectroscopy was used to determine the pKAH’s of the 
analogues.32 This was achieved by measuring the fluorescence spectra of the built–in 
quinoline fluorophore as a function of pH.33 The neutral form of the bicyclic amine (pH 
>> pKAH) can act as an electron donor resulting in an excited–state electron–transfer 
(ET) process to the quinoline moiety. This process results in quenching of the quinoline 
emission in polar solvents.34 When the amine is protonated it cannot act as an electron 
donor anymore and the emission of the quinoline moiety is recovered.  

The titration was started with alkaline solution (NaOH aq.) at pH ≈ 13 where the bicyclic 
amine is completely in the neutral form. The pH was gradually decreased by stepwise 
additions of dilute aqueous HCl and the absorption and emission spectra (at 325–550 
nm) were recorded after each addition. The titration was continued until the emission 
intensity reached its maximum value (at pH ≈ 7). Further decrease in pH resulted in 
protonation of the quinoline moiety leading to a decrease in the emission intensity. The 
excitation wavelength was 310 nm corresponding to the main absorption band of the 
quinoline moiety. The emission spectra were corrected for the dilution due to the added 
HCl solution. The corrected emission spectra were integrated and plotted as a function 
of pH. The pKAH’s were determined by curve fitting of the data to the following equation:35 

 �tot = � ∗ �protonated + � ∗ �neutral       

where Itot is the measured light intensity, Iprotonated the intensity at pH << pKAH and Ineutral 
the intensity at pH >> pKAH. All samples were measured twice. The average pKAH values 
and standard deviations are summarized in table 5.  

Table 5. The pKAH values of the catalysts. 

entry catalyst pKAH  in water 
1 quinidine (41) 8.75 ± 0.06 
2 dihydroquinidine (42) 9.21 ± 0.04 
3 des–vinylquinidine (44) / [2.2.2]  9.30 ± 0.03 
4 [2.1.2] 8.87 ± 0.03 
5 [2.2.1]  9.00 ± 0.06 
6 [1.2.2]  8.48 ± 0.09 
7 [2.3.2] 9.22 ± 0.09 
8 [2.2.3]  9.17 ± 0.05 
9 [3.2.2]  9.40 ± 0.09 

 

First, the pKAH of quinidine (41) was determined (entry 1). The pKAH–values of quinidine 
reported in the literature are between 8 and 9.7 The measured pKAH = 8.75 is in 
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agreement with the reported values. Next, the pKAH of dihydroquinidine (42) was 
determined (entry 2), showing an increase to 9.21. This is in agreement with calculations 
performed by Merschaert (pKAH for dihydrocinchonine = 9.99 and pKAH for cinchonine = 
9.18).3 Although, the values are not the same, a similar trend is observed: the vinyl group 
has a negative effect on the basicity of the amine. This was further supported by des–
vinylquinidine (44) (entry 3). The [1.2.2]–analogues were less basic than des–
vinylquinidine (44) (entries 4–6), where the [1.2.2]–analogue was the least basic catalyst 
(entry 6). The [3.2.2]–analogues exhibited pKAH values which were comparable with the 
pKAH of des–vinylquinidine (44) (entries 7–9). The most basic catalyst was the [3.2.2]–
analogue, but the differences in pKAH values of the analogues were small (entry 9).  

The results show the same trend as was reported by Hine31, one CH2–group less 
reduces the basicity of the amine, but the influence of an extra CH2–group is small. The 
position of the modification in the bicyclic system also influences the pKAH; the least 
basic catalyst is the [1.2.2]–analogue and the most basic is the [3.2.2]–analogue. These 
results indicate that  the activity of the catalysts (figure 4) cannot be correlated directly 
to the pKAH of the catalysts. In the addition of 4–tert–butylthiophenol 36 to cyclohexenone 
35, the [1.2.2]– and [3.2.2]–analogues were the most inactive catalysts. 

The fluorescence intensities at high pH were different for the [1.2.2]–series than for the 
reference catalysts and the [3.2.2]–series (figure 5). At pH = 13 there was already 
significant emission of the quinoline measured with the [1.2.2]–series, while the intensity 
for the other compounds at high pH was low. This means, that the efficiency of the ET 
process in the neutral form of the so–called nor–analogues is much lower compared to 
the other studied compounds. It is possible that the [1.2.2]–series do not have the 
optimal orientation for the ET process to take place. Also at high pH there was a second 
equivalence point seen with the [1.2.2]–series. This could be the deprotonation of the 
C9–OH–group. Although the pKa of the hydroxyl group is not known, the pKa for 
benzylalcohol is around 15.36  

 

Figure 5. Titration plots of des–vinylquinidine (44), the [2.2.1]– and [2.2.3]–analogues. 

 

4.5 Conclusion 

The syntheses and properties of several analogues of Cinchona alkaloids with 
modifications in the quinuclidine ring system are described. The preferred synthetic route 
to construct the bicyclic ring system was the cyclization reaction of a secondary amine 
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with a chiral epoxide. Only the synthesis of the [3.2.2]–analogue failed using this 
procedure. Therefore, a racemic synthesis was performed followed by separation of the 
enantiomers in order to obtain the enantiomerically pure [3.2.2]–analogue. The 
analogues were examined as organocatalysts in four conjugate additions and compared 
to three known reference catalysts. It appeared difficult to observe a trend in the four 
reactions explored. In some reactions the different catalysts gave almost the same 
enantioselectivity, but in other reactions the modifications in the quinuclidine system had 
a relative large impact on the enantioselectivity. Also the vinyl group had an influence 
on the outcome of the reactions in terms of enantioselectivity. The determination of the 
activity of the catalysts showed that the conversion rate is influenced by the position 
where the modifications are made and not on the pKAH. The pKAH were successfully 
determined with fluorescence spectroscopy. The removal of a CH2–group lowers the 
basicity while an extra methylene group has less effect on the basicity. The vinyl group 
is also responsible for the decrease in basicity. 

Some characteristic data of the catalysts are summarized in table 6. 

Table 6.  Experimental data of the catalysts. 

catalyst [α]Dc mp (°C) pKAH 
(water) 

H9 in 1H NMR 
(ppm)e 

C9 in 13C NMR 
(ppm)f 

quinidine (41)a +236.0d 170–172 8.75 5.72 (br) 72.0 
dihydroquinidine (42)b +226.0d 167–168 9.21  5.57 (br) 71.4 
des–vinylquinidine (44) +126.6 81–82 9.30  5.65 (d, J = 3.8 Hz) 71.2 

[2.1.2] +64.6 162–165 8.87  5.89 (br) 70.2 
[2.2.1]  +77.9 108–109 9.00  5.74 (br) 69.2 
[1.2.2]  +23.3 75–77 8.48  5.95 (br) 65.7 
[2.3.2] +108.2 146–148 9.22  5.75 (br) 70.7 
[2.2.3]  +51.7 129–131 9.17  6.41 (br) 68.1 
[3.2.2]  +109.8 68–71 9.40  5.39 (d, J = 4.5 Hz) 70.7 

 a) Data from ref 8a b) data from ref 36 c) Optical rotation measured in CHCl3 d) Optical rotation measured in EtOH e) H9 refers to 
hydrogen at the 9–position in the natural alkaloid f) C9 refers to carbon at the 9–position in the natural alkaloid. 
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4.7 Experimental section 

(R)–2–(Trimethylsilyl)ethyl–3–(hydroxymethyl)pyrrolid ine–1–carboxylate: 
Triphosgene (5.3 g, 17.8 mmol), 2–TMS–ethanol (7.6 mL, 53.4 mmol) and 
K2CO3 (14.7 g, 106.8 mmol) were dissolved in 130 mL THF and stirred for 2 
h. The solution was cooled to 0 °C and (R)–pyrrolidin–3–yl methanol 1 (1.8 g, 
17.8 mmol) in 20 mL water was added. The mixture was allowed to come to 
rt  and stirred overnight. The reaction was quenched with saturated NH4Cl and 
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the layers were separated. The water layer was 3 times extracted with EtOAc. The 
organic layers were combined, washed with brine, dried with MgSO4 and the crude was 
concentrated. The product was purified by column chromatography (PE/EtOAc 2:1) 
yielding the alcohol (3.3 g, 13.0 mmol, 73%) a colorless oil. [α]D = +10.6 (c = 0.58, 
MeOH); IR (neat, cm–1) ν 3429, 2951, 2880, 1672, 1432, 835; 1H NMR (400 MHz, CDCl3) 
δ 4.19 (t, 2H, J = 16.8 Hz), 3.67 (m, 2H), 3.58–3.45 (m, 2H), 3.45–3.39 (m, 1H), 3.20 
(m,1H), 2.43 (m, 1H), 2.02 (m, 1H), 1.74 (m, 1H), 1.01 (t, 2H, J = 16.8 Hz), 0.07 (s, 9H) 
(OH is missing); 13C NMR (100 MHz, CDCl3) δ 155.4, 64.0, 63.1, 48.5, 45.2, 40.9, 27.7, 
17.8, –1.5; HRMS (FAB) for C11H24NO3Si: calculated (MH+): 246.1525, found (MH+) 
246.1529. 
 
(R)–2–(Trimethylsilyl)ethyl–3–formylpyrrolidine–1–car boxylate 2:  Oxallylchloride 

(2.1 mL, 24.4 mmol) was dissolved in 190 mL CH2Cl2 and cooled to –78 °C. 
DMSO (3.8 mL, 53.0 mmol) was added dropwise and the mixture was stirred 
for 30 min.  A solution of alcohol (2.7 g, 24.4 mmol) in 10 mL CH2Cl2 was 
added and stirring was continued for 1 h. Et3N (7.6 mL, 55.1 mmol) was 
added and the resulting mixture was allowed to reach rt. Water was added 
and the layers were separated. The organic layer was washed with 

saturated NaHCO3 and brine, dried with MgSO4 and the crude was concentrated. The 
product purified by column chromatography (PE/EtOAc 2:1) yielding aldehyde 2 (2.5 g, 
10.1 mmol, 95%) as a colorless oil. [α]D = +8.9 (c = 0.53, MeOH); IR (neat, cm–1) ν 2953, 
2893, 1725, 1693, 1455, 1358, 1109, 859; 1H NMR (400 MHz, CDCl3) δ 9.71 (d, 1H, J = 
1.6 Hz), 4.20 (t, 2H, J = 8.4 Hz), 3.79 (m, 1H), 3.65–3.43 (m, 3H), 3.06 (m, 1H), 2.19 (m, 
1H), 2.06 (m, 1H), 1.02 (t, 2H, J = 8.4 Hz), 0.08 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 
200.0, 154.7, 63.1, 50.2, 49.2, 44.1, 44.8, 44.5, 25.6, 24.9, 17.5, –1.7 (double signals 
due to hindered rotation); HRMS (FAB) for C11H22NO3Si: calculated (MH+): 244.1369, 
found (MH+) 244.1373. 
 

(S)–2–(Trimethylsilyl)ethyl3–(2–methoxyvinyl)pyrrolid ine–1–carboxylate: 
(methoxymethyl)–Triphenylphosphonium chloride (10.3 g, 30 mmol) was 
dissolved in 100 mL THF and cooled to –78 °C. NaHMDS (2 M in toluene, 
13.5 mL, 27 mmol) was added dropwise. The resulting mixture was warmed 
up to 0 °C and stirred for 30 min. Aldehyde 2 (2.4 g, 10.0 mmol) in 50 mL 
THF was added and stirring was continued for 24 h. The reaction was 
quenched with saturated NH4Cl and extracted 3 times with EtOAc. The 
combined organic layers were washed with brine, dried with MgSO4 and the 
solvent was evaporated. The product purified by column chromatography 

(PE/EtOAc 8:1) yielding the enolether (2.52 g, 9.3 mmol, 93%) as a colorless oil in a 4:1 
mixture of E/Z isomers. IR (neat, cm–1) ν 2951, 2895, 1698, 1655, 1454, 1112, 837; 1H 
NMR (400 MHz, CDCl3) δ 6.40 (d, 0.8H, J  = 12.8 Hz), 5.92 (d, 0.2H, J = 6.0 Hz), 4.65 
(dd, 0.8H, J = 12.8, 8.8 Hz), 4.30 (dd, 0.2H, J = 8.4, 6.3 Hz), 4.18 (t, 2H, J = 8.0 Hz), 
3.62–3.46 (m, 5H), 3.30 (m, 1H), 3.19 (m, 0.2H), 2.96 (m, 1H), 2.68 (m, 0.8H), 2.00 (m, 
1H), 1.66 (m, 1H), 1.00 (t, 2H, J = 8.0 Hz), 0.06 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 
155.0, 147.1, 147.2, 106.4, 102.6, 62.7, 62.6, 59.4, 55.7, 52.0, 51.8, 51.5, 51.2, 45.5, 
45.2, 38.0, 37.1, 34.2, 33.4, 33.2, 31.7, 17.6, –1.6 (double signals due to hindered 
rotation); HRMS (FAB) for C13H26NO3Si: calculated (MH+): 272.1682, found (MH+) 
272.1678. 
 



 Studies on the Role of the Quinuclidine Ring System in Asymmetric Organocatalysis 

115 

(S)–2–(Trimethylsilyl)ethyl–3–(2–oxoethyl)pyrrolidine –1–carboxylate: Enolether 
(2.5 g, 9.3 mmol) was dissolved in 65 mL MeCN and CeCl3·7 H2O (866 mg, 
2.3 mmol) and NaI (174 mg, 1.16 mmol) were added. The resulting mixture 
was stirred overnight at 40 °C, followed by evaporation of the solvent. The 
product was purified by column chromatography (PE/EtOAc 4:1) yielding the 
aldehyde (2.1 g, 8.3 mmol, 89%) as a colorless oil. [α]D = +20.9 (c = 0.97, 
MeOH) IR (neat, cm–1) ν 2952, 2893, 1723, 1694, 1421, 1333, 838; 1H NMR 
(400 MHz, CDCl3) δ 9.80 (d, 1H, J = 1.2 Hz), 4.18 (t, 2H, J = 8.0 Hz), 3.68 

(m, 1H), 3.49 (m, 1H), 3.33 (m, 1H), 2.97 (m, 1H), 2.67–2.58 (m, 3H), 2.13 (m, 1H), 1.56 
(m, 1H), 1.00 (t, 2H, J = 8.0 Hz), 0.07 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 200.3, 155.1, 
63.0, 51.0, 50.7, 47.0, 46.9, 45.2, 44.9, 32.7, 31.9, 31.3, 30.6, 17.7, –1.6 (double signals 
due to hindered rotation); HRMS (FAB) for C12H24NO3Si: calculated (MH+): 258.1525, 
found (MH+) 258.1521. 
 
(3S)–2–(Trimethylsilyl)ethyl3–(2–hydroxy–3–(6–methoxyq uinolin–4–yl)propyl)–

pyrrolidine–1–carboxylate 3:  Di–isopropylamine (1.21 mL, 8.7 
mmol) was dissolved in 30 mL THF and cooled to –78 °C. n–BuLi 
(1.6 M in hexane, 4.8 mL, 7.7 mmol) was added and the mixture 
was warmed to 0 °C. Stirring was continued for 15 min, followed 
by cooling the mixture again to –78 °C. 4–Methyl 6–
methoxyquinoline (1.5 g, 8.7 mmol) dissolved in 7 mL THF was 
added and the mixture was stirred for 1 h. A solution of aldehyde 
(1.7 g, 6.7 mmol) in 10 mL THF was added dropwise and stirring 
was continued for 3 h at –78 °C. The reaction was quenched with 

saturated NH4Cl and allowed to reach rt . The resulting mixture was extracted 3 times 
with EtOAc. The organic layers were combined, washed with brine, dried with MgSO4 
and the solvent was evaporated. The product was purified by column chromatography 
(EtOAc) yielding alcohol 3 (2.35 g, 5.47 mmol, 82%) as a yellowish sticky oil in a 1:1 
mixture of diastereoisomers. IR (neat, cm–1) ν 3419, 2951, 2896, 1678, 1432, 1246, 
1230, 839; 1H NMR (400 MHz, CDCl3) δ 8.58 (d, 1H, J = 4.0 Hz), 8.02 (d, 1H, J = 8.8 
Hz), 7.39 (dd, 1H, J = 9.2 Hz), 7.27 (m, 2H), 4.18 (dt, 2H, J = 8.4, 1.6 Hz), 4.13 (m, 1H), 
3.98 (s, 3H), 3.71 (m, 1H), 3.53 (m, 1H), 3.34–3.27 (m, 2H), 3.11 (m, 1H), 3.00 (m, 1H), 
2.84 (m, 1H), 2.10 (m, 1H), 1.83–1.52 (br m, 3H), 1.01 (dt, 2H, J = 8.4, 1.6 Hz), 0.07 (s, 
9H) (OH is missing);13C NMR (100 MHz, CDCl3) δ 157.5, 155.2, 146.6, 143.9, 143.2, 
130.6, 128.6, 128.6, 121.3, 101.9, 69.9, 69.8, 63.0, 55.4, 51.8, 51.7, 51.2, 51.1, 45.7, 
45.5, 45.4, 45.2, 44.9, 41.3, 41.1, 48.9, 39.0, 36.2, 35.9, 35.2, 35.0, 32.4, 31.7, 30.8, 
17.8, –1.5 (double signals due to hindered rotation); HRMS (FAB) for C23H35N2O4Si: 
calculated (MH+):431.2366, found (MH+) 431.2357. 
 
(R,E)–2–(Trimethylsilyl)ethyl–3–(3–(6–methoxyquinolin–4 –yl)allyl)pyrrolidine–1–

carboxylate:  Alcohol 3 (2 g, 4.64 mmol) was dissolved in 20 mL 
anhydrous CH2Cl2 and cooled to 0 °C. Et3N (0.56 mL, 5.58 mmol) and 
methanesulfonyl chloride (0.43 mL, 5.58 mmol) were added and the 
resulting mixture was stirred for 1 h. The reaction was quenched with 
water and the mixture was warmed to rt. The layers were separated 
and the water layer was extracted 2 more times with CH2Cl2. The 
organic layers were combined, washed with brine, dried with MgSO4 
and the crude was concentrated. The crude mixture was dissolved in 
20 mL anhydrous THF and cooled to 0 °C. KOt–Bu (626 mg, 5.58 

mmol) was added and  the mixture was stirred for 2 h. The reaction mixture was 
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quenched with saturated NH4Cl and the layers were separated. The water layer was 
extracted 3 times with EtOAc and the organic layers were combined. The organic layer 
was washed with saturated NaHCO3 and brine and dried with MgSO4. The solvent was 
evaporated and the product was purified by column chromatography (EtOAc) yielding 
the alkene (1.84 g, 4.5 mmol, 96%) as a brown oil. [α]D = +0.6 (c = 0.7, MeOH); IR (neat, 
cm–1) ν 2951, 2893, 1696, 1619, 1429, 1249, 1228, 838 cm–1; 1H NMR (400 MHz, CDCl3) 
δ 8.71 (d, 1H, J = 4.0 Hz), 8.04 (d, 1H, J = 9.2 Hz), 7.40 (d, 2H, J = 6.0 Hz), 7.30 (d, 1H, 
J = 2.8 Hz), 7.06 (d, 1H, J = 15.6 Hz), 6.41 (dt, 1H, J = 15.6, 7.6 Hz), 4.20 (t, 2H, J = 8.0 
Hz), 3.98 (s, 3H), 3.71–3.53 (m, 2H), 3.38 (m, 1H), 3.19–3.11 (m, 1H), 2.51–2.40 (m, 
3H), 2.11 (m, 1H), 1.71 (m, 1H), 1.02 (t, 2H, J = 8.0 Hz), 0.06 (s, 9H); 13C NMR (100 
MHz, CDCl3) δ 157.6, 155.3, 147.5, 144.5, 141.7, 134.7, 131.3, 127.0, 126.5, 121.6, 
117.7, 101.7, 101.5, 63.0, 55.4, 55.4, 51.1, 50.8, 45.5, 45.2, 38.7, 37.8, 36.8, 31.4, 30.6, 
17.8, 17.8, –1.5 (double signals due to hindered rotation); HRMS (FAB) for 
C23H33N2O3Si: calculated (MH+): 413.2260, found (MH+) 413.2268. 
 
(S)–2–(Trimethylsilyl)ethyl–3–((2 S,3S)–2,3–dihydroxy–3–(6–methoxyquinolin–4–

yl)–propyl)pyrrolidine–1–carboxylate 4:  Alkene (1.5 g, 3.6 
mmol) was dissolved in 18 mL t–BuOH. A mixture of AD–mix α 
(10.4 g) and methanesulfonamide (1.7 g, 18.2 mmol) in 60 mL t–
BuOH and 60 mL water was added and the resultant mixture was 
stirred for 24 h at 0 °C. Sodiumsulfite (15 g) was added and 
stirring was continued for an additional hour. Water was added 
and the mixture was extracted 3 times with CH2Cl2. The organic 
layers were combined washed with brine, dried with MgSO4 and 
the solvent was evaporated. The product was purified by column 
chromatography (EtOAc) yielding diol 4 (1.25 g, 2.8 mmol, 78%) 

as an inseparable 4:1 mixture of diastereoisomers and as a white foam. IR (neat, cm–1) 
ν 3394, 2952, 2897, 1676, 1622, 1433, 1247, 1228, 857, 837; 1H NMR (400 MHz, CDCl3) 
δ 8.49 (br, 1H), 7.90 (d, 1H, J = 9.2 Hz), 7.42 (br, 1H), 7.33 (dd, 1H, J = 9.2, 2.4 Hz), 
7.17 (br, 1H), 5.16 (d, 1H, J = 4.8 Hz), 4.15 (t, 2H, J = 4.1 Hz), 4.02 (m, 1H), 3.93 (s, 
3H), 3.62 (m, 0.8H), 3.57 (m, 0.2H), 3.46–3.36 (m, 1H), 3.22 (m, 1H), 2.91 (q, 0.8H, J = 
9.0 Hz), 2.78 (t, 0.2H, J = 9.7 Hz), 2.38 (m, 1H), 2.00 (br, 1H), 1.81 (m, 1H), 1.40 (m, 
2H), 0.95 (t, 2H, J = 9.2 Hz), 0.04 (s, 9H) (the two OH groups give broad signals around 
2 ppm); 13C NMR (100 MHz, CDCl3) δ 157.6, 155.2, 146.9, 146.2, 143.4, 130.8, 126.6, 
121.4, 119.0, 118.9, 101.2, 73.0, 69.3, 63.0, 55.4, 51.8, 51.6, 45.3, 45.0, 36.7, 36.1, 
35.3, 31.4, 30.6, 17.7, 17.6, –1.6 (double signals due to hindered rotation); HRMS (FAB) 
for C23H35N2O5Si: calculated (MH+): 447.2315, found (MH+) 447.2311. 
 
(S)–2–(Trimethylsilyl)ethyl–3–(((2 S,3S)–3–(6–methoxyquinolin–4–yl)oxiran–2–

yl)–methyl)pyrrolidine–1–carboxylate:  Diol  4 (827 mg, 1.86 mmol) 
was dissolved in 11 mL anhydrous CH2Cl2. Trimethyl orthoacetate 
(713 μL, 5.6 mmol) and  PPTS (46 mg, 0.08 mmol) were added and 
the mixture was stirred overnight. The product concentrated and 
dissolved in 11 mL anhydrous CH2Cl2. TMSCl (706 μL, 5.57 mmol) 
was added and stirring was continued for 24 h. The solvent was 
evaporated and the crude mixture was dissolved in 11 mL methanol. 
K2CO3 (763 mg, 5.52 mmol) was added and the resultant mixture was 
stirred for 2 h. The reaction was quenched with saturated NH4Cl and 
the mixture was extracted 3 times with CH2Cl2. The organic layer 

were combined, washed with brine and dried with MgSO4. The product was purified by 
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column chromatography (EtOAc) yielding the epoxide (700 mg, 1.64 mmol, 88%) as an 
inseparable 4:1 mixture of diastereoisomers as a yellowish oil. IR (neat, cm–1) ν 2951, 
2895, 1691, 1428, 1240, 856, 837; 1H NMR (400 MHz, CDCl3) δ 8.76 (d, 1H, J = 4.8 Hz), 
8.10 (d, 1H, J = 9.6 Hz), 7.44 (dd, 1H, J = 9.6, 2.8 Hz), 7.32 (d, 1H, J = 4.4 Hz), 7.27 (d, 
1H, J = 2.8 Hz), 4.19 (m, 3H), 3.98 (s, 3H), 3.72 (m, 1H), 3.58 (m, 1H), 3.37 (m, 1H), 
3.12 (m, 1H), 3.00 (br, 1H), 2.47 (m, 1H), 2.18 (br, 1H), 2.02 (m, 1H), 1.88 (m, 1H), 1.69 
(m, 1H), 1.03 (m, 2H), 0.06 (s, 9H);13C NMR (100 MHz, CDCl3) δ 157.8, 155.1, 147.7, 
143.7, 141.3, 131.6, 127.1, 121.5, 116.5, 100.6, 63.0, 61.1, 61.0, 55.3, 55.1, 51.4, 51.0, 
45.4, 45.1, 36.6, 35.6, 35.5, 35.4, 31.6, 30.9, 17.8, 17.7, –1.6 (double signals due to 
hindered rotation); HRMS (FAB) for C23H33N2O4Si: calculated (MH+): 429.2210, found 
(MH+) 429.2208. 
 
(S)–((1S,2R,4S)–1–Azabicyclo[2.2.1]heptan–2–yl)(6–methoxyquinolin –4–yl)–

methanol [2.1.2]–analogue: Epoxide (695 mg, 1.62 mmol) was 
dissolved in 54 mL DMF and 6 mL t–BuOH and CsF (296 mg, 1.94 
mmol) was added. The mixture was heated to 110 °C and stirring 
was continued for 24 h. The crude NMR showed a 3:1 mixture of 
exo/endo cyclization. The isomers were separated by column 
chromatography (CH2Cl2/MeOH/NH4OH 20:1:0.2) yielding the 
[2.1.2]–analogue (244 mg, 0.86 mmol, 53%) as a white foam. The 

endo product 5 was also obtained as white foam (81 mg, 0.29 mmol, 17%). mp 162–165 
°C; [α]D= +64.6 (c = 0.5, CHCl3); IR (neat, cm–1) ν 3135, 2960, 1620, 1508, 1240, 1225, 
1028, 779, 763; 1H NMR (500 MHz, CDCl3) δ 8.66 (d, 1H, J = 4.5 Hz, H–10), 7.98 (d, 
1H, J = 9.0 Hz, H–12), 7.55 (d, 1H, J = 4.5 Hz, H–9), 7.28 (d, 1H, J = 9.0 Hz, H–13), 
7.15 (s, 1H, H–15), 5.89 (s, 1H, H–7), 3.64 (s, 3H, H–17), 3.10 (d, 1H, J = 9.0 Hz, H–1), 
2.84 (m, 1H, H–6), 2.75 (m, 1H, H–4), 2.56 (s, 1H, H–2), 2.49 (m, 1H, H–4), 2.25 (d, 1H, 
J = 9.0 Hz, H–1), 1.83 (m, 1H, H–5), 1.56 (m, 1H, H–3), 0.99 (m, 1H, H–3), 0.79 (t, 1H, 
J = 7.6 Hz, H–5) (OH is missing);13C NMR (125 MHz, CDCl3) δ 157.7 (C–14), 147.6 (C–
10), 146.9 (C–8), 143.9 (C–11), 131.6 (C–12), 126.3 (C–16), 121.0 (C–13), 118.8 (C–
9), 101.1 (C–15), 70.2 (C–7), 67.4 (C–6), 58.2 (C–1), 56.2 (C–4), 55.3 (C–17), 36.7 (C–
2), 31.2 (C–5), 28.8 (C–3); HRMS  for C17H21N2O2: calculated (MH+): 285.1603, found 
(MH+) 285.1608. 
 
(1S,2R,3S,5S)–2–(6–Methoxyquinolin–4–yl)–1–azabicyclo[3.2.1]oct an–3–ol 5:  mp 

65–68 °C; [α]D= +135.4 (c = 0.35, CH2Cl2); IR (neat, cm–1) ν 3174, 
2927, 1619, 1507, 1224, 1024, 889, 864, 755, 726; 1H NMR (500 
MHz, CDCl3) δ 8.74 (d, 1H, J = 4.0 Hz), 8.01 (d, 1H, J = 9.0 Hz), 
7.59 (s, 1H), 7.36 (m, 2H), 4.47 (m, 1H), 4.26 (d, 1H, J = 10.0 Hz), 
3.99 (s, 3H), 3.21 (d, 1H, J = 11.0 Hz), 2.89 (m, 1H), 2.80 (d, 1H, J 
= 11.0 Hz), 2.54 (m, 2H), 2.24 (m, 1H), 2.00 (br, 1H), 1.81 (m, 2H), 
1.68 (m, 1H);13C NMR (125 MHz, CDCl3) δ 157.6, 146.7, 146.5, 

144.4, 143.4, 130.9, 130.8, 129.2, 121.0, 118.8, 102.7, 102.6, 67.0, 63.3, 61.3, 55.2, 
47.2, 40.3, 35.5, 35.4, 30.2; HRMS (ESI) for C17H21N2O2: calculated (MH+): 285.1598, 
found (MH+) 285.1601. 
 



CHAPTER 4  

118 

(S)–2–(Trimethylsilyl)ethyl–3–(hydroxymethyl)pyrrolid ine–1–carboxylate: 
Triphosgene (9.0 g, 30.3 mmol), 2–TMS–ethanol (12.9 mL, 91.0 mmol) and 
K2CO3 (25.1 g, 182 mmol) were dissolved in 225 mL THF and stirred for 2 h. 
The solution was cooled to 0 °C and (S)–pyrrolidin–3–yl methanol 6 (6.13 g, 
60.7 mmol) in 80 mL water was added. The mixture was allowed to come to rt  
and stirred overnight. The reaction was quenched with saturated NH4Cl and 
the layers were separated. The water layer was 3 times extracted with EtOAc. 

The organic layers were combined, washed with brine, dried with MgSO4 and the crude 
was concentrated. The product was purified by column chromatography (PE/EtOAc 2:1) 
yielding the alcohol (11.4 g, 44.8 mmol, 74%) as a colorless oil. [α]D = –10.8 (c = 0.75, 
MeOH); Analytical data is the same as for the R–enantiomer. 
 
(S)–2–(Trimethylsilyl)ethyl–3–formylpyrrolidine–1–car boxylate 7: Oxallylchloride 

(3.1 mL, 36.2 mmol) was dissolved in 290 mL CH2Cl2 and cooled to –78 °C. 
DMSO (5.6 mL, 78.7 mmol) was added dropwise and the mixture was stirred 
for 30 min. A solution of alcohol (4.0 g, 15.7 mmol) in 10 mL CH2Cl2 was 
added and stirring was continued for 1 h. Et3N (11.3 mL, 81.6 mmol) was 
added and the resulting mixture was allowed to reach rt . Water was added 

and the layers were separated. The organic layer was washed with saturated NaHCO3 
and brine, dried with MgSO4 and the crude was concentrated. The product purified by 
column chromatography (PE/EtOAc 2:1) yielding aldehyde 7 (3.7 g, 15.2 mmol, 97%) as 
a colorless oil [α]D = –9.3 (c = 0.63, MeOH) Analytical data is the same as for 2. 
 
(R)–2–(Trimethylsilyl)ethyl3–(2–methoxyvinyl)pyrrolid ine–1–carboxylate: 

(methoxymethyl)–Triphenylphosphonium chloride (15.6 g, 45.6 mmol) was 
dissolved in 150 mL THF and cooled to –78 °C. NaHMDS (2 M in toluene, 
20.5 mL, 41.0 mmol) was added dropwise. The resulting mixture was 
warmed up to 0 °C and stirred for 30 min. Aldehyde 7 (3.7 g, 15.2 mmol) in 
60 mL THF was added and stirring was continued for 24 h. The reaction was 
quenched with saturated NH4Cl and was extracted 3 times with EtOAc. The 
combined organic layers were washed with brine, dried with MgSO4 and the 

solvent was evaporated. The product purified by column chromatography (PE/EtOAc 
8:1) yielding the enolether (3.7 g, 13.5 mmol, 89%) as a colorless oil in a 4:1 mixture of 
E/Z isomers. Analytical data is the same as for the S–enantiomer. 
 
(R)–2–(Trimethylsilyl)ethyl–3–(2–oxoethyl)pyrrolidine –1–carboxylate: Enolether 

(3.7 g, 13.5 mmol) was dissolved in 100 mL MeCN, CeCl3·7 H2O (1.26 g, 
3.38 mmol) and NaI (252 mg, 1.69 mmol) were added. The resulting mixture 
was stirred overnight at 40 °C, followed by evaporation of the solvent. The 
product was purified by column chromatography (PE/EtOAc 4:1) yielding the 
aldehyde (3.14 g, 12.2 mmol, 90%) as a colorless oil. [α]D = –20.9 (c = 0.91, 
MeOH); Analytical data is the same as for the S–enantiomer. 
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(3R)–2–(Trimethylsilyl)ethyl–3–(2–hydroxy–3–(6–methoxy quinolin–4–yl)propyl)–
pyrrolidine–1–carboxylate 8: Di–isopropylamine (1.6 mL, 11.7 
mmol) was dissolved in 30 mL THF and cooled to –78 oC. n–BuLi 
(1.6 M in hexane, 6.8 mL, 10.9 mmol) was added and the mixture 
was warmed to 0 °C. Stirring was continued for 15 min, followed 
by cooling the mixture to –78 °C. 4–Methyl 6–methoxyquinoline (2 
g, 11.7 mmol) dissolved in 10 mL THF was added and the mixture 
was stirred for 1 h. A solution of aldehyde (2 g, 7.8 mmol) in 20 mL 
THF was added dropwise and stirring was continued for 3 h at –
78 °C. The reaction was quenched with saturated NH4Cl and 

allowed to reach rt. The resulting mixture was extracted 3 times with EtOAc. The organic 
layers were combined, washed with brine, dried with MgSO4 and the solvent was 
evaporated. The product was purified by column chromatography (EtOAc) yielding 
alcohol 8 (2.3 g, 5.4 mmol, 69%) as a sticky oil in a 1:1 mixture of diastereoisomers.  
Analytical data is the same as for 3. 
 
(S,E)–2–(Trimethylsilyl)ethyl–3–(3–(6–methoxyquinolin–4 –yl)allyl)pyrrolidine–1–

carboxylate: Alcohol 8 (2.3 g, 5.4 mmol) was dissolved in 20 mL 
anhydrous CH2Cl2 and cooled to 0 °C. Et3N (0.89 mL, 6.42 mmol) and 
methanesulfonyl chloride (0.50 mL, 6.42 mmol) were added and the 
resulting mixture was stirred for 1 h. The reaction was quenched with 
water and the mixture was warmed up to rt. The layers were separated 
and the water layer was extracted 2 times with CH2Cl2. The organic 
layers were combined, washed with brine, dried with MgSO4 and the 
crude was concentrated. The crude mixture was dissolved in 
anhydrous THF and cooled to 0 °C. KOt–Bu (720 mg, 6.42 mmol) was 
added and the mixture was stirred stirred for 2 h. The reaction mixture 

was quenched with saturated NH4Cl and the layers were separated. The organic layer 
was washed with saturated NaHCO3, brine and dried with MgSO4. The solvent was 
evaporated and the product was purified by column chromatography (EtOAc) yielding 
the alkene as a brown oil (2.0 g, 4.9 mmol, 91%). [α]D = –0.6 (c = 0.27, MeOH); Analytical 
data is the same as for the R–enantiomer. 
 

(R)–2–(Trimethylsilyl)ethyl–3–((2 S,3S)–2,3–dihydroxy–3–(6–methoxyquinolin–4–
yl)–propyl)pyrrolidine–1–carboxylate 9:  Alkene (1.3 g, 3.2 
mmol) was dissolved in 16 mL t–BuOH. A mixture of AD–mix α 
(9.1 g) and methanesulfonamide (1.5 g, 15.8 mmol) in 53 mL t–
BuOH and 53 mL water was added and the resultant mixture was 
stirred for 24 h at 0°C. Sodiumsulfite (13 g) was added and stirring 
was continued for an additional hour. Water was added and the 
mixture was extracted 3 times with CH2Cl2. The organic layers 
were combined washed with brine, dried with MgSO4 and 
evaporated. The product was purified by column chromatography 

(EtOAc) yielding diol 9 (950 mg, 2.8 mmol, 68%) as an inseparable 4:1 mixture of 
diastereoisomers and as a white foam. IR (neat, cm–1) ν 3368, 2951, 2896, 1673, 1621, 
1431, 1244, 1276, 856, 833; 1H NMR (400 MHz, CDCl3) δ 8.39 (d, 1H, J = 4.8 Hz), 7.43 
(d, 1H, J = 9.2 Hz), 7.37 (d, 1H, J = 4.8 Hz), 7.28 (m, 1H), 7.12 (s, 1H), 5.12 (d, 1H, J = 
4.4 Hz), 4.30 (br, 2H),  4.11 (t, 2H, J = 8.0 Hz), 3.95 (m, 1H), 3.90 (s, 3H), 3.67–3.52 (m, 
1H), 3.44 (m, 1H), 3.22 (m, 1H), 2.89 (t, 0.2H, J = 9.5 Hz), 2.76 (m, 0.8H), 2.42 (m, 1H), 
2.02 (m, 1H), 1.88 (m, 1H), 1.50 (m, 1H), 1.38 (m, 1H), 0.96 (t, 2H, J = 8.0 Hz), 0.03 (s, 
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9H);13C NMR (100 MHz, CDCl3) δ 157.5, 155.2, 146.9, 146.5, 143.4, 130.8, 126.6, 
121.3, 119.0, 101.3, 72.9, 72.7, 63.1, 55.4, 51.0, 50.9, 45.6, 45.4, 37.0, 35.9, 34.9, 32.3, 
31.5, 17.8, 17.7, –1.6 (double signals due to hindered rotation); HRMS (FAB) for 
C23H35N2O5Si: calculated (MH+): 447.2315, found (MH+) 447.2311. 
 
(R)–2–(Trimethylsilyl)ethyl–3–(((2 S,3S)–3–(6–methoxyquinolin–4–yl)oxiran–2–

yl)–methyl)pyrrolidine–1–carboxylate:  Diol 9 (950 mg, 2.1 mmol) 
was dissolved in 10 mL anhydrous CH2Cl2. Trimethyl orthoacetate 
(820 μL, 6.4 mmol and PPTS (53 mg, 0.21 mmol) were added and the 
mixture was stirred overnight. The product concentrated and dissolved 
in 10 mL anhydrous CH2Cl2. TMSCl (812 μL, 6.4 mmol) was added 
and stirring was continued for 24 h. The solvent was evaporated and 
the crude mixture was dissolved in 10 mL methanol. K2CO3 (885 mg, 
6.4 mmol) was added and the resultant mixture was stirred for 2 h. 
The reaction was quenched with saturated NH4Cl and the mixture was 

extracted 3 times with CH2Cl2. The organic layer were combined, washed with brine, 
dried with MgSO4 and the solvent was evaporated. The product was purified by column 
chromatography (EtOAc) yielding the epoxide (860 mg, 2.0 mmol, 94%) as a yellowish 
oil as an inseparable 4:1 mixture of diastereoisomers. IR (neat, cm–1) ν 2951, 2895, 
1690, 1620, 1427, 1240, 1228, 856, 836; 1H NMR (400 MHz, CDCl3) δ 8.76 (d, 1H, J = 
4.4 Hz), 8.09 (d, 1H, J = 9.2 Hz), 7.43 (dd, 1H, J = 9.2, 2.4 Hz), 7.31 (d, 1H, J = 4.4 Hz), 
7.27 (d, 1H, J = 2.4 Hz), 4.20 (m, 3H), 4.00 (s, 3H), 3.75 (m, 1H), 3.57 (m, 1H), 3.43 (m, 
1H), 3.15 (m, 1H), 3.00 (br, 1H), 2.46 (m, 1H), 2.18 (m, 1H), 2.02 (m, 1H), 1.88–1.60 (m, 
2H), 1.02 (m, 2H), 0.05 (s, 9H);13C NMR (100 MHz, CDCl3) δ 157.7, 155.0, 147.6, 143.6, 
141.2, 131.5, 127.1, 121.6, 121.4, 116.4, 100.5, 62.9, 61.2, 61.1, 55.4, 55.3, 55.2, 55.0, 
51.3, 51.0, 45.4, 45.1, 36.5, 35.7, 35.6, 35.4, 31.7, 30.9, 17.6, –1.6 (double signals due 
to hindered rotation); HRMS (FAB) for C23H33N2O4Si: calculated (MH+): 429.2210, found 
(MH+) 429.2208. 
 
(S)–((1R,2R,4R)–1–Azabicyclo[2.2.1]heptan–2–yl)(6–methoxyquinolin –4–yl)–

methanol [2.2.1]–analogue: Epoxide (860 mg, 2.0 mmol) was 
dissolved in 63 mL DMF and 7 mL t–BuOH. CsF (365 mg, 2.4 
mmol) was added, the mixture was heated to 110 °C and stirring 
was continued for 24 h. The crude NMR showed a 3.5:1 mixture of 
exo/endo cyclization. The isomers were separated with by column 
chromatography (CH2Cl2/MeOH/NH4OH 20:1:0.2) yielding the 
[2.2.1]–analogue (312 mg, 1.1 mmol, 55%) as a white foam. The 
endo product could not be obtained as a pure compound. mp 108–

109 °C; [α]D= +77.9 (c = 0.5, CHCl3); IR (neat, cm–1) ν 3170, 2962, 1619, 1507, 1239, 
1225, 1028, 876; 1H NMR (500 MHz, CDCl3) δ  8.46 (d, 1H, J = 4.0 Hz, H–10), 7.89 (d, 
1H, J = 9.0 Hz, H–12), 7.39 (m, 2H, H–9 and 15), 7.28 (m, 1H, H–13), 5.74 (br, 1H), 5.38 
(d, 1H, J = 3.5 Hz, H–7), 3.90 (s, 3H, H–17), 3.26 (m, 2H, H–1 and 6), 2.51 (s, 1H, H–
3), 2.44 (m, 1H, H–1), 2.34 (d, 1H, J = 9.0 Hz, H–4), 2.21 (d, 1H, J = 9.0 Hz, H–4), 1.48 
(m, 2H, H–2 and 7), 1.38 (m, 1H, H–2), 1.27 (m, 1H, H–7); 13C NMR (125 MHz, CDCl3) 
δ  157.7 (C–14), 148.1 (C–8), 147.3 (C–10), 144.0 (C–11), 131.2 (C–12), 126.5 (C–16), 
121.2 (C–13), 118.7 (C–9), 101.8 (C–15), 69.2 (C–7), 66.7 (C–6), 61.5 (C–4), 55.8 (C–
17), 47.7 (C–1), 38.0 (C–3), 30.4 (C–5), 30.3 (C–2); HRMS (FAB) for C17H21N2O2: 
calculated (MH+): 285.1603, found (MH+) 285.1608. 
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2–(Trimethylsilyl)ethyl–4–formylpiperidine–1–carbox ylate:  (methoxymethyl)–
Triphenylphosphonium chloride (7.2 g, 21 mmol) was dissolved in 50 mL THF 
and cooled to –78 °C. NaHMDS (2 M in toluene, 8.5 mL, 17 mmol) was added 
dropwise. The resulting mixture was warmed to 0 °C and stirred for 30 min. 
Piperidone 12 (1.7 g, 7.0 mmol) in 10 mL THF was added and stirring was 
continued for 24 h. The reaction was quenched with saturated NH4Cl and 
extracted 3 times with EtOAc. The combined organic layers were washed with 

brine, dried with MgSO4 and the solvent was evaporated. The residue was filtrated over 
silica to yield the enolether as a colorless oil and used directly in the next step. The 
enolether was dissolved in 50 mL acetonitrile. CeCl3·7 H2O (650 mg, 1.75 mmol) and 
NaI (131 mg, 0.88 mmol) were added and the resulting mixture was stirred overnight at 
40 °C, followed by evaporation of the solvent. The product was purified by column 
chromatography (PE/EtOAc 4:1) yielding the aldehyde (1.39 g, 5.4 mmol, 77% over 2 
steps) as a colorless oil. IR (neat, cm–1) ν 2951, 2856, 1726, 1692, 1433, 1222, 838; 1H 
NMR (400 MHz, CDCl3) δ 9.87 (s, 1H), 4.20 (t, 2H, J = 3.6 Hz), 4.04 (d, 2H, J = 10.4 
Hz), 3.03 (m, 2H), 2.45 (m, 1H), 1.92 (d, 2H, J = 11.2 Hz), 1.60 (m, 2H), 1.03 (t, 2H, J = 
3.6 Hz), 0.02 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 202.6, 155.3, 63.6, 47.7, 42.7, 24.9, 
17.6, –1.6; HRMS (FAB) for C12H24NO3Si: calculated (MH+): 258.1525, found (MH+) 
258.1526. 
 
2–(Trimethylsilyl)ethyl–4–(1–hydroxy–2–(6–methoxyqu inolin–4–yl)ethyl)–

piperidine–1–carboxylate 13:  Di–isopropylamine (840 μL, 6.0 
mmol) was dissolved in 20 mL THF and cooled to –78 °C. n–BuLi 
(1.6 M in hexane, 3.6 mL, 5.8 mmol) was added and the mixture 
was warmed to 0 °C. Stirring was continued for 15 min and 
followed by cooling the mixture to –78 °C. 4–Methyl–6–
methoxyquinoline (1.0 g, 5.8 mmol) dissolved in 5 mL THF was 
added and stirring was continued for 1 h. A solution of aldehyde 
(1.04 g, 4.0 mmol) in 10 mL THF was added dropwise and stirring 
was continued for 3 h at –78 °C. The reaction was quenched with 

saturated NH4Cl and allowed to reach rt . The resulting mixture was extracted 3 times 
with EtOAc. The organic layers were combined, washed with brine, dried with MgSO4 
and the solvent was evaporated. The product was purified by column chromatography 
(EtOAc) yielding alcohol 13 (1.3 g, 3.01 mmol, 75%) as a sticky oil. IR (neat, cm–1) ν 
3400, 2951, 2857, 1692, 1620, 1510, 1433, 1248, 839; 1H NMR (400 MHz, CDCl3) δ 
7.87 (d, 1H, J = 4.4 Hz), 7.51 (d, 1H, J = 9.2 Hz), 7.07 (dd, 1H, J = 9.2, 2.8 Hz), 7.01 (d, 
1H, J = 2.8 Hz), 6.91 (d, 1H, J = 4.8 Hz), 5.04 (br, 1H), 4.16 (br, 2H), 4.07 (t, 2H, J = 3.6 
Hz), 3.78 (s, 3H), 3.71 (t, 1H, J = 6.8 Hz), 3.12 (d, 1H, J  = 13.2 Hz), 2.76–2.62 (m, 3H), 
1.95 (d, 1H, J = 12.4 Hz), 1.75 (d, 1H, J = 12.4 Hz), 1.61 (m, 1H), 1.42–1.30 (m, 2H), 
0.93 (t, 2H, 3.6 Hz), –0.03 (s, 9H); 13C NMR (100 MHz, CDCl3) δ  157.1, 155.3, 146.4, 
144.2, 143.1, 130.4, 128.2, 122.4, 120.1, 101.6, 73.9, 63.1, 55.1 43.7, 42.5, 28.2, 17.5, 
–1.7; HRMS (FAB) for C23H35N2O4Si: calculated (MH+):431.2366, found (MH+) 
431.2359. 
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(E)–2–(Trimethylsilyl)ethyl–4–(2–(6–methoxyquinolin–4 –yl)vinyl)piperidine–1–
carboxylate:  Alcohol 13 (1.2 g, 2.79 mmol) was dissolved in 15 mL 
anhydrous CH2Cl2 and cooled to 0 °C. Et3N (0.46 mL, 3.34 mmol) 
and methanesulfonyl chloride (0.26 mL, 3.34 mmol) were added 
and the resulting mixture was stirred for 1 h. The reaction was 
quenched with water and the mixture was warmed to rt. The layers 
were separated and the water layer was extracted 2 times with 
CH2Cl2. The organic layers were combined, washed with brine, 
dried with MgSO4 and the crude was concentrated. The crude 
mixture was dissolved in 15 mL CH2Cl2 and cooled to 0 °C. KOt–Bu 

(1M in t–BuOH, 3.3 mL, 3.34 mmol) was added and the mixture stirred for 2 h. The 
reaction mixture was quenched with saturated NH4Cl and the layers were separated. 
The organic layer was washed with saturated NaHCO3 and brine and dried with MgSO4. 
The solvent was evaporated and the product was purified by column chromatography 
(EtOAc) yielding the alkene (1.16 g, 2.79 mmol, 99%) as a brown oil. IR (neat, cm–1) ν 
2951, 2852, 1693, 1620, 1471, 1250, 1225, 838; 1H NMR (400 MHz, CDCl3) δ 8.71 (d, 
1H, J = 4.4 Hz), 8.02 (d, 1H, J = 9.2 Hz), 7.40 (m, 2H), 7.30 (d, 1H, J = 2.8 Hz), 7.02 (d, 
1H, J = 15.6 Hz), 6.21 (dd, 1H, J = 15.6, 6.8 Hz), 4.31–4.20 (m, 4H), 3.98 (s, 3H), 2.91 
(m, 2H), 2.52 (m, 1H), 1.90 (d, 2H, J = 12.8 Hz), 1.50 (m, 2H), 1.05 (t, 2H, J = 3.6 Hz), 
0.07 (s, 9H) 13C NMR (100 MHz, CDCl3) δ 157.5, 155.5, 147.5, 144.5, 141.8, 140.7, 
131.3, 127.1, 123.5, 121.4, 117.6, 101.5, 63.4, 55.4, 43.5, 39.6, 31.4, 17.7, –1.6 ; HRMS 
(FAB) for C23H33N2O3Si: calculated (MH+): 413.2260, found (MH+): 413.2259. 
 
2–(Trimethylsilyl)ethyl–4–((1 S,2S)–1,2–dihydroxy–2–(6–methoxyquinolin–4–yl)–

ethyl)–piperidine–1–carboxylate 14:  Alkene (1.16 g, 2.8 mmol) 
was dissolved in 10 mL t–BuOH. A mixture of AD–mix α (8 g) and 
methanesulfonamide (1.3 g, 14.0 mmol) in 18 mL t–BuOH and 18 
mL water was added and the resultant mixture was stirred for 24 
h at 0 °C. Sodiumsulfite (10 g) was added and stirring was 
continued for an additional hour. Water was added and the 
mixture was extracted 3 times with CH2Cl2. The organic layers 
were combined washed with brine, dried with MgSO4 and 
evaporated. The product was purified by column chromatography 

(CH2Cl2/MeOH/Et3N 20:1:0.5) yielding diol 14 (860 mg,1.9 mmol, 69%) as a white foam. 
(ee = 97%) (ee determined by HPLC Chiral Daicel ODH, i–PrOH/n–heptane 15:85 (0.50 
mL/min, λ = 220 nm), tr major = 29.7 min and tr minor = 23.8 min) mp 68–71°C; [α]D= –
12.0 (c = 0.5, MeOH); IR (neat, cm–1) ν 3369, 2952, 1673, 1593, 1510, 1472, 1278, 
1248, 1227, 835, 731; 1H NMR (400 MHz, CDCl3) δ 8.23 (br, 1H), 7.54 (dd, 1H, J = 9.2, 
6.8 Hz), 7.38 (d, 1H, J = 3.2 Hz), 7.14 (d, 1H, J  = 9.2 Hz), 6.88 (s, 1H), 5.40 (s, 1H), 
4.26 (br, 2H), 4.19 (t, 2H, J = 8.0 Hz), 3.87 (s, 3H), 3.72 (d, 1H, J = 7.2 Hz), 2.78 (m, 
2H), 2.15 (d, 1H, J = 12.8 Hz), 1.99 (m, 2H), 1.46 (m 1H), 1.26 (m, 1H), 1.01 (t, 2H, J = 
8.0 Hz), 0.06 (s, 9H) (OH–groups are missing); 13C NMR (100 MHz, CDCl3) δ 157.4, 
155.6, 146.9, 142.8, 130.4, 125.8, 121.0, 118.9, 100.8, 76.2, 68.7, 63.5, 55.4, 43.8, 38.9, 
28.7, 17.7, –1.5; HRMS (FAB) for C23H35N2O5Si: calculated (MH+): 447.2315, found 
(MH+) 447.2321. 
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2–(Trimethylsilyl)ethyl–4–((2 S,3S)–3–(6–methoxyquinolin–4–yl)oxiran–2–yl)–
piperidine–1–carboxylate:  Diol 14 (350 mg, 0.78 mmol) was 
dissolved in 5 mL anhydrous CH2Cl2. Trimethyl orthoacetate (300 
μL, 2.53 mmol) and PPTS (19 mg, 0.078 mmol) were added and the 
mixture was stirred overnight. The product concentrated and 
dissolved in 5 mL anhydrous CH2Cl2. TMSCl  (320 μL, 2.53 mmol) 
was added and stirring was continued for 24 h. The solvent was 
evaporated and the crude mixture was dissolved in 5 mL methanol. 
K2CO3 (539 mg, 3.9 mmol) was added and the resultant mixture 
was stirred for 2 h. The reaction was quenched with saturated NH4Cl 
and the mixture was extracted 3 times with CH2Cl2. The organic 

layers were combined, washed with brine and dried with MgSO4. The product was 
purified by column chromatography (CH2Cl2/MeOH 40:1) yielding the epoxide (285 mg, 
0.66 mmol, 85%) as a yellowish oil. [α]D= –19.5 (c = 1.0, MeOH); IR (neat, cm–1) ν 2951, 
1687, 1621, 1363, 1177, 1030, 855, 833; 1H NMR (400 MHz, CDCl3) δ 8.74 (d, 1H, J = 
4.4 Hz), 8.06 (d, 1H, J = 9.2 Hz), 7.42 (dd, 1H, J = 9.2, 2.8 Hz), 7.31 (d, 1H, J = 4.4 Hz), 
7.22 (d, 1H, J = 2.8 Hz), 4.32–4.22 (m, 5H), 3.96 (s, 3H), 2.88–2.80 (m, 3H), 1.98 (d, 
1H, J = 13.2 Hz), 1.87 (d, 1H, J = 12.8 Hz), 1.76 (m, 1H), 1.48 (m, 2H), 1.02 (t, 2H, J = 
8.4 Hz), 0.05 (s, 9H);13C NMR (100 MHz, CDCl3) δ 157.8, 155.4, 147.8, 143.6, 141.1, 
131.6, 127.0, 121.3, 116.7, 100.7, 65.3, 63.4, 55.4, 54.2, 43.2, 38.5, 27.9, 17.6, –1.6; 
HRMS (FAB) for C23H33N2O4Si: calculated (MH+): 429.2210, found (MH+) 429.2212. 
 
(S)–((1S,4S,7R)–1–Azabicyclo[2.2.1]heptan–7–yl)(6–methoxyquinolin –4–yl)–

methanol [1.2.2]–analogue:  Epoxide (240 mg, 0.56 mmol) was 
dissolved in 18 mL DMF and 2 mL t–BuOH. CsF (126 mg, 0.84 
mmol) was added, the mixture was heated to 110 °C and stirring 
was continued for 24 h. The product was concentrated and purified 
by column chromatography (CH2Cl2/MeOH/NH4OH 10:1:0.1) 
yielding the [1.2.2]–analogue (120 mg, 0.42 mmol, 75%) as a white 
solid. mp 75–77 °C; [α]D= +23.3 (c = 1.0, CHCl3); IR (neat, cm–1) ν  

3329, 2962, 1621, 1509, 1242, 1227; 1H NMR (400 MHz, CDCl3) δ 8.71 (d, 1H, J = 4.4 
Hz, H–10), 7.87 (d, 1H, J = 9.2 Hz, H–12), 7.57 (d, 1H, J = 4.4 Hz, H–9), 7.22 (s, 1H, H–
15), 7.17 (dd, 1H, J = 9.2, 2.4 Hz, H–13), 5.95 (br, 1H, H–7), 3.80 (br, 1H, H–1), 3.74 (s, 
3H, H–17), 3.22 (d, 1H, J = 4.0 Hz, H–6), 3.18 (m, 1H, H–5), 2.76 (m, 2H, H–1 and 5), 
2.67 (s, 1H, H–3), 2.58 (m, 1H, H–2), 1.74 (m, 1H, H–4), 1.48 (m, 1H, H–2), 1.38 (m, 
1H, H–4) (OH is missing); 13C NMR (100 MHz, CDCl3) δ 157.7 (C–14), 147.0 (C–10), 
146.5 (C–8), 143.8 (C–11), 130.9 (C–12), 126.2 (C–16), 121.7 (C–13), 118.7 (C–9), 
101.0 (C–15), 73.5 (C–6), 65.7 (C–7), 56.0 (C–17), 54.3 (C–5), 52.2 (C–1) 35.8 (C–3), 
29.8 (C–4), 28.4 (C–2); HRMS (FAB) for C17H21N2O2: calculated (MH+): 285.1603, found 
(MH+) 285.1600. 
 
2–(Trimethylsilyl)ethyl–4–(2–ethoxy–2–oxoethylidene )azepane–1–carboxylate:  To 

a solution of triethyl phosphonoacetate (1.97 mL, 9.9 mmol) in 28 mL THF, 
NaH (397 mg, 9.91 mmol, 60% in mineral oil) was added and the suspension 
was stirred for 1 h at rt . A solution of protected azepinone 16 (1.7 g, 6.6 mmol) 
in 8 mL THF was added and the mixture was stirred for 4 h. The reaction was 
quenched with saturated NH4Cl and the aqueous layer was extracted 3 times 
with EtOAc. The combined organic layers were washed with brine, dried with 
MgSO4, and the crude was concentrated. The residue was purified by column 
chromatography (PE/EtOAc 8:1) to yield the alkene (1.89 g, 5.77 mmol, 87%) 
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as an inseparable mixture of 4 isomers. IR (neat, cm–1) ν 2952, 1692, 1643, 1420, 1326, 
1298, 1191, 1173, 1144, 857, 834; 1H NMR (400 MHz, CDCl3) δ 5.45 (m, 1H), 3.84 (m, 
4H), 3.10 (m, 4H), 2.76 (m, 1.5H), 2.54 (m, 0.5H), 2.23 (m, 0.5H), 2.10 (m, 1.5H), 1.45 
(m, 2H), 0.97 (t, 3H, J = 7.2Hz), 0.71 (t, 2H, J = 8.4 Hz), –0.25 (s, 9H); 13C NMR (100 
MHz, CDCl3) δ 166.8, 161.5, 161.4, 155,8, 117.7, 117.5, 63.2, 59.4, 58.2, 48.6, 48.2, 
47.1, 46.4, 46.2, 45.5, 44.6, 39.5, 39.0, 37.5, 32.2, 32.1, 29.8, 29.6, 28.1, 27.9, 26.8, 
26.5, 17.7, 17.6, 14.1, –1.5; HRMS (FAB) for C16H30NO4Si: calculated (MH+): 328.1944, 
found (MH+) 328.1945. 
 
2–(Trimethylsilyl)ethyl–4–(2–ethoxy–2–oxoethyl)azep ane–1–carboxylate 17:  To a 

solution of alkene (1.89 g, 5.8 mmol) in MeOH (40 mL), was added Pd/C (10% 
wt) (31 mg, 0.3 mmol). The reaction was stirred under H2 atmosphere for 1 h. 
The mixture was filtered over Celite and the product was concentrated to yield 
ester 17 (1.90 g, 5.8 mmol, 100%) as a colorless oil. IR (neat, cm–1) ν 2951, 
1733, 1693, 1248, 1186, 1155, 937, 859; 1H NMR (400 MHz, CDCl3) δ 4.16 
(m, 4H), 3.69 (m, 1H), 3.46 (m, 2H), 3.21 (m, 1H), 2.17 (d, 2H, J = 4.8 Hz), 
1.98 (m, 1H), 1.85 (m, 2H), 1.77 (m, 1H), 1.61 (m, 1H), 1.40 (m, 1H) 1.29 (m, 

4H), 1.03 (dd, 2H, J = 8.4, 4.0 Hz), 0.06 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 172.4, 
156.2, 63.0, 59.9, 46.4, 46.1, 44.6, 44.2, 41.7, 35.9, 35.7, 34.6, 34.4, 33.0, 32.8, 26.7, 
26.4, 17.6, 14.0, –1.9 (double signals due to hindered rotation); HRMS (FAB) for 
C16H32NO4Si: calculated (MH+): 330.2101, found (MH+) 330.2114. 
 
2–(Trimethylsilyl)ethyl–4–(3–(6–methoxyquinolin–4–y l)–2–oxopropyl)azepane–1–

carboxylate:  Di–isopropylamine (0.11 mL, 0.76 mmol) in 2 mL 
anhydrous THF was cooled to –78 °C. n–BuLi (0.48 mL, 0.76 mmol, 
1.6M in hexane) was added dropwise and the reaction mixture was 
warmed to 0 °C. After stirring for 15 min, the reaction was cooled to 
–78 °C. 4–Methyl 6–methoxquinoline (0.13 g, 0.76 mmol) in 1 mL 
THF was added and the reaction was stirred for 1 h. A solution of 
ester 17 (100 mg, 0.30 mmol) in 1 mL THF was added dropwise and 
stirring was continued for 12 h at –78 °C. The reaction was quenched 
with saturated NH4Cl and the mixture was allowed to reach rt . The 

resulting mixture was extracted 3 times with EtOAc. The organic layers were combined, 
washed with brine, dried with MgSO4 and the crude was concentrated. The product was 
purified with column chromatography (EtOAc/PE 1:1) to yield the ketone (101 mg, 0.22 
mmol, 74%) as a yellow oil. IR (neat, cm–1) ν 2950, 1687, 1621, 1422, 1242, 1229, 857, 
837; 1H NMR (400 MHz, CDCl3) δ 8.69 (d, 1H, J = 4.4 Hz), 7.99 (d, 1H, J = 9.2 Hz), 7.34 
(d, 1H, J = 9.2 Hz), 7.21 (d, 1H, J = 4.4 Hz), 7.06 (s, 1H), 4.12 (t, 2H, J = 8.4 Hz), 4.01 
(s, 2H), 3.88 (s, 3H), 3.69–3.47 (m, 1H), 3.33 (m, 2H), 3.08 (m, 1H), 2.37 (d, 2H, J = 6.8 
Hz), 1.98 (m, 1H), 1.86–1.61 (m, 2H), 1.53 (m, 2H), 1.24 (m, 1H), 1.06 (m, 1H), 0.92 (t, 
2H, J = 8.4 Hz), 0.02 (s, 9H);  13C NMR (100 MHz, CDCl3) δ 205.8, 158.0, 156.3, 147.5, 
144.4, 138.7, 131.6, 128.4, 122.9, 121.8, 101.6, 63,1, 55.4, 49.0, 48.8, 48.2,  46.1, 46.0, 
44.7, 44.3, 34.8, 34.6, 34.4, 34.3, 33.0, 32.9, 26.7, 26.4, 17.7, –1.6 (double signals due 
to hindered rotation); HRMS (FAB) for C25H37N2O4Si: calculated (MH+): 457.2523, found 
(MH+) 457.2522. 
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2–(Trimethylsilyl)ethyl–4–(2–hydroxy–3–(6–methoxyqu inolin–4–yl)propyl)–
azepane–1–carboxylate:  Ketone (1.15 g, 2.5 mmol) was dissolved in 
15 mL MeOH and the mixture was cooled to 0˚C. NaBH4 (290 mg, 7.6 
mmol) was slowly added and the mixture was warmed to rt . After stirring 
for 2 h, water was added and the mixture was extracted 3 times with 
EtOAc. The organic layers were combined, washed with brine, dried 
over MgSO4 and concentrated to yield the alcohol (1.1 g, 2.4 mmol, 
95%) as a sticky oil. IR (neat, cm–1) ν 3421, 2926, 1682, 1242, 1228, 
833, 730; 1H NMR (400 MHz, CDCl3) δ 8.63 (br, 1H), 8.09 (br, 1H), 7.34 
(d, 1H, J = 8.8 Hz), 7.30 (m, 2H), 4.18 (m, 3H), 3.98 (s, 3H), 3.79–3.60 
(m, 1H), 3.46 (m, 2H), 3.29–3.05 (m, 3H), 1.98–1.10 (m, 10H), 1.00 (t, 
2H, J = 8.4 Hz), 0.08 (s, 9H);  13C NMR (100 MHz, CDCl3) δ 157.0, 

156.0, 146.3, 143.9, 143.2, 130.3, 128.3, 122.1, 120.8, 101.5, 68.1, 62.7, 55.0, 54.9, 
46.0, 45.9, 45.7, 45.6, 45.5, 45.0, 44.7, 44.6, 44.3, 44.1, 41.1, 41.0, 35.9, 35.4, 35.3, 
35.2, 35.0, 34.2, 34.0, 33.7, 33.4, 32.1, 31.7, 26.6, 26.4, 17.6, –2.0 (double signals due 
to hindered rotation); HRMS (FAB) for C25H39N2O4Si: calculated (MH+): 459.2679, found 
(MH+) 459.2681. 
 
(E)–2–(Trimethylsilyl)ethyl–4–(3–(6–methoxyquinolin–4 –yl)allyl)azepane–1–

carboxylate 18:  Alcohol (1.1 g, 2.4 mmol) was dissolved in 13 mL 
CH2Cl2 and the cooled to 0 °C. Et3N (0.40 mL, 2.88 mmol) and 
methanesulfonyl chloride (0.22 mL, 2.9 mmol) were added. After 1 h the 
reaction was quenched with water and the reaction mixture was allowed 
to warm to rt. The layers were separated and the water layer was 3 times 
extracted with CH2Cl2. The organic layers were combined, washed with 
brine, dried with MgSO4 and the solvent was evaporated. The crude was 
dissolved in 13 mL CH2Cl2 and the reaction mixture was cooled to 0 °C. 
KOt–Bu (377 mg, 3.36 mmol) was added and the reaction mixture stirred 
for 2 h. The reaction was quenched with water and the mixture was 

allowed to warm to rt . The layers were separated and the water layer was 3 times 
extracted with CH2Cl2. The organic layers were combined, washed with brine, dried with 
MgSO4 and the solvent was evaporated. The product was purified by column 
chromatography (EtOAc) to yield alkene 18 (0.80 g, 1.82 mmol, 76%) as a brown oil. IR 
(neat, cm–1) ν 2922, 1686, 1420, 1299, 1249, 1226, 832; 1H NMR (400 MHz, CDCl3) δ 
8.45 (d, 1H, J = 4.0 Hz), 7.77 (dd, 1H, J = 9.2, 1.6 Hz), 7.12 (m, 2H), 7.03 (s, 1H), 6.71 
(d, 1H, J = 15.6 Hz), 6.14 (m, 1H), 4.00 (t, 2H, J = 8.4 Hz), 3.69 (s, 3H), 3.49–2.91 (m, 
4H), 2.06 (br, 2H), 1.65 (m, 3H), 1.40 (m, 2H), 1.19 (m, 1H), 1.02 (m, 1H), 0.82 (t, 2H, J 
= 8.4 Hz), –0.16 (s, 9H);  13C NMR (100 MHz, CDCl3) δ 157.0, 155.8, 147.0, 144.1, 141.3, 
135.2, 130.8, 126.5, 125.8, 121.0, 117.1, 101.0, 62,6, 59.6, 54.8, 45.9, 45.7, 44.5, 44.2, 
40.7, 40.6, 38.6, 38.3, 34.4, 34.0, 32.8, 32.4, 26.6, 26.3, 17.3, –2.0 (double signals due 
to hindered rotation); HRMS (FAB) for C25H37N2O3Si: calculated (MH+): 441.2573, found 
(MH+) 441.2572. 
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2–(Trimethylsilyl)ethyl–4–((2 S,3S)–2,3–dihydroxy–3–(6–methoxyquinolin–4–yl)–
propyl)–azepane–1–carboxylate:  To a mixture of AD–mix α (4.9 
g) and methanesulfonamide (810 mg, 8.5 mmol) in 12 mL water and 
12 mL t–BuOH, alkene 18 (750 mg, 1.7 mmol) in 8 mL t–BuOH was 
added and the solution was cooled to 0 °C.  The resultant mixture 
stirred for 18 h. Sodiumsulfite (6.0 g) was added and the reaction 
was allowed to warm to rt  and stirred for an additional hour. Water 
was added and the mixture was extracted 3 times with CH2Cl2. The 
organic layers were combined, washed with brine, dried with MgSO4 
and concentrated. The product was purified by column 
chromatography (CH2Cl2/MeOH/Et3N 20:1:0.5) to yield the diol (680 

mg, 1.43 mmol, 84%) in 1:1 mixture of diastereoisomers as a white foam. (ee for both 
diastereoisomers = 98%) (determined by HPLC analysis Chiralpak OD–H, i–
PrOH/heptane 10:90 (0.7 mL, λ = 220 nm); tr major = 29.0 and 31.0 min, tr minor = 23.4 
min (both minor enantiomers have the same retention time)) IR (neat, cm–1) ν 3368, 
2929, 1673, 1243, 1228, 856, 834; 1H NMR (400 MHz, CDCl3) δ 8.48 (d, 1H, J = 4.4 Hz), 
7.86 (d, 1H, J = 9.2 Hz), 7.45 (d, 1H, J = 4.0 Hz), 7.37 (d, 1H, J = 9.2 Hz), 7.19 (s, 1H), 
5.16 (d, 1H, J = 4.4 Hz), 4.18–4.04 (m, 3H), 3.94 (s, 3H), 3.71–3.06 (m, 4H), 1.88–1.56 
(m, 9H), 1.32–1.01 (m, 2H), 0.98 (t, 2H, J = 8.4 Hz), 0.03 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ 157.0, 156.0, 146.8, 146.5, 143.0, 130.3, 126.4, 121.0, 118.9, 101.0, 72.7, 
71.3, 62.8, 54.9, 45.9, 45.8, 45.6, 45.5, 45.3, 44.5, 44.2, 44.0, 41.1, 41.0, 40.7, 36.0, 
35.5, 35.2, 35.0, 34.8, 34.2, 33.8, 33.7, 33.1, 31.7, 31.3, 26.5, 26.2, 17.7, 9.0, –1.9 
(double signals due to hindered rotation); HRMS (FAB) for C25H39N2O5Si: calculated 
(MH+): 475.2628, found (MH+) 475.2626.  
 
2–(Trimethylsilyl)ethyl4–(((2 S,3S)–3–(6–methoxyquinolin–4–yl)oxiran–2–yl)–

methyl)–azepane–1–carboxylate 19:  To a solution of diol (630 mg, 1.3 
mmol) in 10 mL CH2Cl2, trimethylorthoacetate (0.85 mL, 6.7 mmol) and 
PPTS (33 mg, 0.13 mmol) were added and the reaction mixture stirred 
for 18 h. The solvent was evaporated and the crude was dissolved in 10 
mL CH2Cl2. TMSCl (0.90 mL, 6.7 mmol) was added and the mixture was 
stirred for 2 h. The solvent was evaporated and the crude was dissolved 
in 10 mL MeOH. K2CO3 (920 g, 6.7 mmol) was added and the reaction 
mixture was stirred for 2 h. The reaction was quenched with saturated 
NH4Cl and the resulting mixture was extracted 3 times with CH2Cl2. The 
organic layers were combined, washed with brine, dried with MgSO4 and 

concentrated. The residue was purified by column chromatography (EtOAc) to yield 
epoxide 19 (520 mg, 1.14 mmol, 86%) as a yellow oil. IR (neat, cm–1) ν 2927, 1685, 
1620, 1235, 1179, 853, 833; 1H NMR (400 MHz, CDCl3) δ 8.60 (d, 1H, J = 4.4 Hz), 7.91 
(d, 1H, J = 9.2 Hz), 7.26 (d, 1H, J = 9.2 Hz), 7.13 (m, 2H),  4.04 (m, 3H), 3.82 (s, 3H), 
3.58 (m, 1H), 3.37 (m, 2H), 3.09 (m, 1H), 2.84 (br, 1H), 1.92–1.62 (m, 6H), 1.51 (m, 1H), 
1.39 (m, 1H), 1.22 (m, 1H), 0.88 (t, 2H, J = 8.4 Hz), –0.07 (s, 9H); 13C NMR (100 MHz, 
CDCl3) δ 157.7, 156.1, 147.6, 143.6, 141.4, 131.4, 129.6, 127.0, 121.5, 121.3, 116.3, 
100.5, 62,9, 61.4, 61.2, 61.1, 61.1, 59.9, 55.2, 55.1, 46.2, 46.0, 45.9, 45.8, 44.5, 44.4, 
44.2, 39.8, 39.7, 39.6, 37.3, 37.1, 37.0, 36.8, 34.8, 34.4, 33.3, 33.1, 33.0, 32.8, 26.1, 
26.0, 17.9, –2.0 (double signals due to hindered rotation); HRMS (FAB) for 
C25H37N2O4Si: calculated (MH+): 457.2523, found (MH+) 457.2522. 
 
Epoxide 19 (483 mg, 1.06 mmol) was dissolved in 40 mL of NMP and t–BuOH (9:1). 
CsF (193 mg, 1.27 mmol) was added and the reaction mixture stirred for 24 h at 110 °C. 
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The mixture was cooled to rt  and 100 mL EtOAc was added. The mixture was washed 
5 times with brine to remove the NMP. The organic layer was dried with MgSO4 and 
concentrated. The residue was purified by column chromatography (CH2Cl2/MeOH/Et3N 
95:5:1) to yield the [2.2.3]–analogue (92 mg, 0.29 mmol, 28%) as fraction 1 (Rf = 0.28) 
and the [2.3.2]–analogue (76 mg, 0.23 mmol, 23%) as fraction 2 (Rf = 0.14).   
 
(S)–((1R,5S,7R)–1–Azabicyclo[3.2.2]nonan–7–yl)(6–methoxyquinolin– 4–yl)–

methanol [2.3.2]–analogue: mp 146–148 °C; [α]D= +108.2 (c = 
0.53, CHCl3) IR (neat, cm–1) ν 3213, 2925, 1619, 1239, 1227; 1H 
NMR (500 MHz, CDCl3) δ 8.49 (d, 1H, J = 4.5 Hz, H–12), 7.83 (d, 
1H, J = 9.5 Hz, H–14), 7.50 (d, 1H, J = 4.5 Hz, H–11), 7.21 (d, 1H, 
J = 2.5 Hz, H–17), 7.18 (dd, 1H, J = 2.5, 9.5 Hz, H–15), 5.75 (br, 
1H, H–9), 3.81 (s, 3H, H–19), 3.75 (m, 1H, H–1), 3.12 (m, 1H, H–
8) 3.04 (m, 1H, H–6), 2.97 (m, 1H, H–6), 2.88 (m, 1H, H–1), 2.12 
(br, 1H, H–4), 2.04 (m, 1H, H–7), 1.84 (m, 1H, H–2), 1.76 (m, 2H, 

H–3), 1.67 (m, 1H, H–2), 1.57 (m, 1H, H–5), 1.50 (m, 1H, H–5), 1.44 (m, 1H, H–7) (OH 
is missing);13C NMR (100 MHz, CDCl3) δ 157.6 (C–16), 147.6 (C–10), 147.1 (C–12), 
143.8 (C–13), 131.0 (C–14), 126.4 (C–18), 121.4 (C–15), 118.5 (C–11), 101.3 (C–17), 
70.7 (C–9), 59.8 (C–8), 56.0 (C–19), 51.5 (C–1), 49.6 (C–6), 34.1 (C–3), 27.4 (C–4), 
27.2 (C–7), 25.6 (C–5), 23.2 (C–2); HRMS (FAB) for C19H25N2O2: calculated (MH+): 
313.1916, found (MH+) 313.1920. 
 
(S)–((1S,5R,7R)–1–Azabicyclo[3.2.2]nonan–7–yl)(6–methoxyquinolin– 4–yl)–

methanol [2.2.3]–analogue:  mp 129–131 °C; [α]D= +51.7 (c = 
1.0, CHCl3); IR (neat, cm–1) ν 3196, 2914, 1620, 1240, 1227; 1H 
NMR (500 MHz, CDCl3) δ 8.63 (d, 1H, J = 4.5 Hz, H–12), 7.68 (d, 
1H, J = 9.5 Hz, H–14), 7.59 (d, 1H, J = 4.5 Hz, H–11), 6.99 (d, 1H, 
J = 2.5 Hz, H–15), 6.83 (s, 1H, H–17), 6.41 (br, 1H, H–9), 4.20 (m, 
1H, H–1), 3.64 (s, 3H, H–19), 3.44 (m, 1H, H–8) 3.36 (m, 1H, H–
6), 3.27 (m, 1H, H–6), 3.10 (m, 1H, H–1), 2.26 (br, 1H, H–3), 2.13 
(m, 1H, H–7), 2.04 (m, 1H, H–2), 1.89–1.72 (m, 3H, H–2, 4 and 

5), 1.66 (m, 1H, H–5), 1.61 (m, 1H, H–4), 1.11 (m, 1H, H–7) (OH is missing); 13C NMR 
(125 MHz, CDCl3) δ 157.7 (C–16), 147.0 (C–12), 145.0 (C–10), 143.5 (C–13), 131.1 (C–
14), 125.4 (C–18), 121.8 (C–15), 118.5 (C–11), 99.7 (C–17), 68.1 (C–9), 61.3 (C–8), 
60.0 (C–6), 56.4 (C–19), 45.3 (C–1), 31.5 (C–4), 26.4 (C–3), 24.0 (C–2), 23.5 (C–7), 
20.8 (C–5); HRMS (FAB) for C19H25N2O2: calculated (MH+): 313.1916, found (MH+) 
313.1920. 
 
2–(Trimethylsilyl)ethyl–4–(2–(1,3–dioxolan–2–yl)eth ylidene)piperidine–1–

carboxylate:  Wittig reagent 20 (15.0 g, 33.8 mmol) was dissolved in 150 mL 
THF and the mixture was cooled to –78 °C. NaHMDS (2M, 15.8 mL, 31.6 
mmol) was added dropwise, the resulting mixture was warmed to 0 °C and 
stirred for 30 min. Teoc–protected 4–Piperidinone 12 (3.04 g, 12.5 mmol) in 
25 mL THF was added dropwise and the resulting mixture stirred for 24 h. The 
reaction was quenched with saturated NH4Cl and the mixture was extracted 3 
times with EtOAc. The organic layers were combined, washed with brine, 
dried with MgSO4 and the solvent was evaporated. The product was purified 

by column chromatography (PE/EtOAc 4:1) yielding the alkene (3.7 g, 11.5 mmol, 92%) 
as a colorless oil. IR (neat, cm–1) ν 2952, 2895, 1698, 1276, 1249, 1224; 1H NMR (400 
MHz, CDCl3) δ 5.23 (t, 1H, J = 7.2 Hz), 4.79 (t, 1H, J = 4.8 Hz), 4.12 (t, 2H, J = 8.4 Hz), 
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3.91 (m, 2H),  3.79 (m, 2H), 3.39 (br, 4H), 2.34 (dd, 2H, J = 4.8, 7.2 Hz), 2.17–2.11 (m, 
4H), 0.95 (t, 2H, J = 8.4 Hz), 0.00 (s, 9H);  13C NMR (100 MHz, CDCl3) δ 155.3, 137.9, 
116.9, 103.8, 64.7, 63.2, 45.3, 44.4, 35.6, 31.9, 28.3, 17.5, 1.7. 
 
2–(Trimethylsilyl)ethyl–4–(2–(1,3–dioxolan–2–yl)eth yl)piperidine–1–carboxylate:  

Alkene (2.00 g, 6.1 mmol) was dissolved in 40 mL MeOH. Pd/C (10 wt%) (325 
mg, mmol) and Et3N (1 mol%) were added and the reaction was stirred under 
H2 atmosphere for 2 h. The mixture was filtered over Celite and the product 
was concentrated on reduced pressure to yield the acetal (2.0 g, 6.1 mmol, 
99%) as a yellow oil. IR (neat, cm–1) ν 2949, 2855, 1693, 1431, 1276, 1247, 
859, 836; 1H NMR (400 MHz, CDCl3) δ 4.78 (t, 1H, J = 4.8 Hz), 4.11 (t, 2H, J 
= 8.4 Hz), 4.09 (br, 2H), 3.90 (m, 2H),  3.79 (m, 2H), 2.66 (br, 2H), 1.62 (m, 
4H), 1.33 (m, 3H), 1.04 (br, 2H), 0.94 (t, 2H, J = 8.4 Hz), 0.00 (s, 9H);  13C 
NMR (100 MHz, CDCl3) δ 155.4, 104.4, 64.7, 63.0, 43.8, 35.6, 31.8, 30.8, 

30.3, 17.6, 1.6; HRMS (FAB) for C16H32NO4Si: calculated (MH+): 330.2101, found (MH+) 
330.2102. 
 
2–(Trimethylsilyl)ethyl–4–(3–oxopropyl)piperidine–1 –carboxylate 21:  Acetal (1.77 

g, 5.4 mmol) was dissolved in 40 mL of acetone/water (3:1) and 1 mL 
concentrated H2SO4 was added. The resulting mixture stirred overnight at rt. 
The reaction was quenched with saturated NaHCO3 and the mixture was 
extracted 3 times with EtOAc. The organic layers were combined, washed 
with brine, dried with MgSO4 and the solvent was evaporated to yield 
aldehyde 21 (1.53 g, 5.4 mmol, 100%) as a yellow oil. IR (neat, cm–1) ν 2951, 
2927, 1726, 1695, 1470, 1248, 861, 838; 1H NMR (400 MHz, CDCl3) δ 9.68 
(s, 1H), 4.07 (t, 2H, J = 8.4 Hz), 4.04 (br, 2H), 2.62 (br, 2H), 2.38 (t, 2H, J = 

7.2 Hz), 1.58 (br, 2H), 1.49 (q, 2H, J = 7.2 Hz), 1.34 (m, 1H), 1.04 (br, 2H), 0.90 (t, 2H, 
J = 8.4 Hz), 0.06 (s, 9H13C NMR (100 MHz, CDCl3) δ 201.8, 155.3, 64.5, 63.0, 43.6, 
40.8, 35.1, 31.5, 28.1, 17.4, 1.7; HRMS (FAB) for C14H28NO3Si: calculated (MH+): 
286.1838, found (MH+) 286.1844. 
 
2–(Trimethylsilyl)ethyl–4–(3–hydroxy–4–(6–methoxyqu inolin–4–yl)butyl)–

piperidine–1–carboxylate:  Di–isopropylamine (1.21 mL, 8.6 
mmol) was dissolved in 30 mL THF and the solution was cooled 
to –78 °C. After cooling n–BuLi (1.6M in hexane, 5.2 mL, 8.3 
mmol) was added dropwise and the reaction mixture was warmed 
to 0 °C. After stirring for 15 min the reaction was cooled to –78 °C. 
4–Methyl 6–methoxquinoline (1.44 g, 8.3 mmol) in 7.5 mL THF 
was added dropwise and the reaction was stirred for 1 h. A 
solution of aldehyde 21 (1.58 g, 5.5 mmol) in 15 mL THF was 
added slowly to the reaction mixture and stirring was continued 
for 3 h at –78 °C. The reaction was quenched with saturated 

NH4Cl and the reaction mixture was allowed to warm to rt. The layers were separated 
and the aqueous layer was extracted 3 times with EtOAc. The organic layers were 
combined, washed with brine, dried over MgSO4 and the crude product was 
concentrated. The product was purified with column chromatography (EtOAc) to yield 
the alcohol (1.73 g, 3.8 mmol, 68%) as a yellow oil. IR (neat, cm–1) ν 3421, 2931, 2851, 
1692, 1242, 1230, 858, 837; 1H NMR (400 MHz, CDCl3) δ 8.09 (d, 1H, J = 4.4 Hz), 7.67 
(d, 1H, J = 9.2 Hz), 7.17–7.13 (m, 2H), 7.01 (d, 1H, J = 4.4 Hz),  4.12–3.97 (m, 5H), 3.83 
(s, 3H), 3.09 (dd, 1H, J = 3.2, 13.6 Hz), 2.94 (dd, 1H, 8.8, 13.6 Hz), 2.64 (br, 2H), 1.61 
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(br, 4H), 1.55 (m, 1H), 1.34 (br, 2H), 1.05 (br, 2H), 0.93 (t, 2H, J = 8.4 Hz), –0.02 (s, 9H) 
(OH is missing); 13C NMR (100 MHz, CDCl3) δ 157.2, 155.4, 146.6, 144.0, 143.4, 130.6, 
128.4, 122.3, 120.9, 101.9, 71.0, 63.1, 55.2, 43.8, 40.6, 35.8, 34.7, 32.6, 31.9, 17.5, 1.7; 
HRMS (FAB) for C25H39N2O4Si: calculated (MH+): 459.2679, found (MH+) 459.2681. 
 
(E)–2–(Trimethylsilyl)ethyl–4–(4–(6–methoxyquinolin–4 –yl)but–3–en–1–yl)–

piperidine–1–carboxylate 22:  Alcohol (1.36 g, 3.0 mmol) in 15 
mL CH2Cl2 was added and the mixture was cooled to 0 °C . Et3N 
(0.5 mL, 3.6 mmol) and methanesulfonyl chloride (0.28 mL, 3.6 
mmol) were added. After 1 h the reaction was quenched with 
water and the reaction mixture was allowed to warm to rt. The 
layers were separated and the water layer was extracted 3 times 
with CH2Cl2. The organic layers were combined, washed with 
brine, dried with MgSO4 and the solvent was evaporated. The 
crude was dissolved in 15 mL CH2Cl2 and the mixture was cooled 
to 0 °C. KOt–Bu (510 mg, 4.2 mmol) was added and the reaction 

mixture stirred for 2 h. The reaction was quenched with water and the reaction mixture 
was allowed to warm to rt. The layers were separated and the water layer was extracted 
3 times with CH2Cl2. The organic layers were combined, washed with brine, dried with 
MgSO4 and the solvent was evaporated. The product was purified by column 
chromatography (EtOAc) to yield alkene 22 (1.11 g, 2.52 mmol, 85%) as a yellow oil. IR 
(neat, cm–1) ν 2918, 2849, 1688, 1299, 1275, 855, 833; 1H NMR (400 MHz, CDCl3) δ 
8.46 (d, 1H, J = 4.4 Hz), 7.79 (d, 1H, J = 9.2 Hz), 7.15–7.11 (m, 2H), 7.04 (d, 1H, J = 2.4 
Hz),  6.73 (d, 1H, J = 15.6 Hz), 6.17 (dt, 1H, J = 7.2, 15.6 Hz), 4.03–3.91 (m, 4H), 3.70 
(s, 3H), 2.53 (br, 2H), 2.14 (br, 2H), 1.51 (br, 2H), 1.14 (br, 3H), 0.95 (br, 2H), 0.82 (t, 
2H, J = 8.4 Hz), –0.14 (s, 9H); 13C NMR (100 MHz, CDCl3) δ 157.0, 155.0, 147.0, 144.1, 
141.4, 136.8, 130.8, 126.5, 124.3, 120.9, 117.0, 101.0, 62.7, 54.8, 43.4, 35.2, 35.0, 31.5, 
30.0, 17.2, –1.9; HRMS (FAB) for C25H37N2O3Si: calculated (MH+): 441.2573, found 
(MH+) 441.2572. 
 
2–(Trimethylsilyl)ethyl–4–((3 S,4S)–3,4–dihydroxy–4–(6–methoxyquinolin–4–yl)–

butyl)–piperidine–1–carboxylate:  To a mixture of AD–mix α 
(6.6 g) and methanesulfonamine (1.1 g, 11.6 mmol) in 16 mL 
water and 16 mL t–BuOH, alkene 22 (1.02 g, 2.3 mmol) in 10 mL 
t–BuOH was added and the solution was cooled to 0 °C.  The 
resultant mixture stirred for 18 h. Sodiumsulfite (8.2 g) was added 
and the reaction was allowed to warm to rt and stirred for an 
additional hour. The reaction mixture was extracted 3 times with 
CH2Cl2. The organic layers were combined, washed with brine, 
dried with MgSO4 and the crude was concentrated. The product 
was purified by column chromatography (CH2Cl2/MeOH/Et3N 

20:1:0.5) to yield the diol (920 mg, 1.8 mmol, 84%) as a white foam. (ee was not 
determined because the cyclization to the [3.2.2]–analogue was not successful) IR 
(neat, cm–1) ν 3369, 2934, 2850, 1674, 1240, 857, 835; 1H NMR (400 MHz, CDCl3) δ 
8.34 (d, 1H, J = 4.4 Hz), 7.77 (d, 1H, J = 9.2 Hz), 7.36 (d, 1H, J = 4.4 Hz), 7.23 (dd, 1H, 
J = 2.8, 9.2 Hz), 7.13 (d, 1H, J = 2.8 Hz),  5.11 (d, 1H, J = 4.4 Hz), 4.10 (t, 2H, J = 8.4 
Hz), 4.01 (br, 2H), 3.88 (m, 1H), 3.85 (s, 3H), 2.60 (br, 2H), 1.43–1.68 (m, 5H), 1.29 (br, 
2H), 0.98 (m, 4H), 0.02 (s, 9H) (OH–groups are missing); 13C NMR (100 MHz, CDCl3) δ 
157.4, 155.6, 147.0, 146.6, 143.5, 130.8, 126.7, 121.2, 119.1, 101.5, 74.1, 72.5, 63.3, 
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55.4, 43.8, 35.7, 32.7, 32.1, 32.0, 30.7, 17.6, –1.6; HRMS (FAB) for C25H39N2O5Si: 
calculated (MH+): 475.2628, found (MH+) 475.2626. 
 
2–(Trimethylsilyl)ethyl–4–(2–((2 S,3S)–3–(6–methoxyquinolin–4–yl)oxiran–2–yl)–

ethyl)–piperidine–1–carboxylate 23:  Diol (0.92 g, 1.9 mmol) 
was dissolved in 15 mL CH2Cl2. Trimethylorthoacetate (1.13 mL, 
8.8 mmol) and PPTS (44 mg, 0.18 mmol) were added and the 
reaction mixture was stirred for 18 h. The solvent was evaporated 
and the crude was dissolved in 15 mL CH2Cl2. TMSCl (1.19 mL, 
8.8 mmol) was added and the mixture was stirred for 2 h. The 
solvent was evaporated and the crude was dissolved in 15 mL 
MeOH. K2CO3 (1.22 g, 8.8 mmol) was added and stirring was 
continued for 2 h. The reaction was quenched with saturated 
NH4Cl and the mixture was extracted 3 times with CH2Cl2. The 

organic layers were combined, dried with MgSO4 and concentrated. The product was 
purified by column chromatography (CH2Cl2/MeOH 40:1) to yield epoxide 23 (850 mg, 
1.86 mmol, 96%) as a yellow oil. IR (neat, cm–1) ν 2919, 2850, 1688, 1234, 854, 835; 1H 
NMR (400 MHz, CDCl3) δ 8.58 (d, 1H, J = 4.4 Hz), 7.89 (d, 1H, J = 9.2 Hz), 7.24 (dd, 
1H, J = 2.8, 9.2 Hz), 7.13 (d, 1H, J = 4.4 Hz), 7.07 (d, 1H, J = 2.8 Hz), 4.09–3.97 (m, 
5H), 3.79 (s, 3H), 2.78 (m, 1H), 2.61 (br, 2H), 1.71 (m, 2H), 1.59 (br, 2H), 1.38 (m, 2H), 
1.02 (br, 2H), 0.89 (t, 2H, J = 4.0 Hz), –0.08 (s, 9H);  13C NMR (100 MHz, CDCl3) δ 157.5, 
155.2, 147.5, 143.4, 141.4, 131.2, 126.9, 121.2, 116.3, 100.5, 62.9, 62.1, 55.1, 55.0, 
43.5, 35.3, 32.4, 32.6, 29.1, 17.4, –1.8; HRMS (FAB) for C25H37N2O4Si: calculated 
(MH+): 457.2523, found (MH+) 457.2522. 
 
(Z)–2–((6–Methoxyquinolin–4–yl)methylene)quinuclidin– 3–one 26:  NaH (2.2 g, 

55.6 mmol, 60% in mineral oil) was dissolved in 40 mL of ethanol 
and stirred for 30 min. Next quinuclidinone hydrochloride 24 (6.9 
g, 42.8 mmol) and 6–methoxyquinoline–4–carbaldehyde 25 (8.0 
g, 42.8 mmol) were added and the mixture was heated to 35 °C 
and stirred for 10 min. The solution was allowed to cool down to 
rt and stirring was continued for 4 h. Crystallization of the product 
was accomplished by slowly adding water (150 mL). The product 

was filtered, washed 3 times with water and was dried over night by air yielding the aldol 
condensation product 26 (11.3 g, 38.5 mmol, 90%) as a yellow powder. mp 152–153 °C; 
IR (neat, cm–1) ν  2944, 1707, 1619, 1505, 1228, 1099, 1031, 729; 1H NMR (500 MHz, 
CDCl3) δ 8.82 (d, 1H, J = 4.5 Hz), 8.10 (d, 1H, J = 4.5 Hz), 8.04 (d, 1H, J = 9.5 Hz), 7.71 
(s, 1H), 7.41 (dd, 1H, J = 9.0, 2.5 Hz), 7.32 (d, 1H, J = 2.5 Hz), 3.99 (s, 3H), 3.23 (m, 
2H), 3.05 (m, 2H), 2.75 (m, 1H), 2.11 (m, 4H);13C NMR (125 MHz, CDCl3) δ 202.5, 158.1, 
148.1, 147.3, 144.7. 136.2, 131.7, 128.1, 123.1, 121.9, 119.3, 101.1, 55.6, 47.6, 40.0, 
25.4; HRMS (ESI) for C18H19N2O2 calculated (MH+): 295.1441, found (MH+): 295.1450. 
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2–((6–Methoxyquinolin–4–yl)methyl)–1–azabicyclo[3.2 .2]non–2–en–4–one 27:  n–
BuLi (1.6M in hexane, 33 mL, 52.4 mmol) was dissolved in 150 mL 
Et2O and cooled to –78 °C. TMS–diazomethane (2 M in hexanes, 
24.3 mL, 48.6 mmol) was added and the mixture was stirred for 30 
min. A solution of the aldol condensation product 26 (11 g, 37.4 
mmol) in 140 mL THF was added dropwise over a period of 15 min. 
The dark red solution was stirred for 15 min and then slowly 
quenched with MeOH (2.5 mL, 74.8 mmol) in 70 mL THF. The 
reaction mixture was allowed to come to rt, diluted with 250 mL of 

EtOAc and washed with water and brine. The organic layer was dried with Na2SO4 and 
then 100 g of silica gel was added. The solution was stirred for 30 min followed by 
filtrating the solution over sand. The filtrate was washed two times with methanol and 
the crude product was concentrated. Purification with column chromatography 
(EtOAc/Et3N 100:1) gave the ring expanded product 27 (5.1 g, 16.6 mmol, 43%) as a 
dark red sticky oil. IR (neat, cm–1) ν 2935, 1656, 1619, 1508, 1368, 1239, 1228; 1H NMR 
(500 MHz, CDCl3) δ 8.70 (d, 1H, J = 4.5 Hz), 8.02 (d, 1H, J = 9.0 Hz), 7.36 (dd, 1H, J = 
9.0, 2.5 Hz), 7.24 (d, 1H, J = 4.5 Hz), 7.17 (d, 1H, J = 2.5 Hz), 5.92 (s, 1H), 3.92 (s, 2H), 
3.89 (s, 3H), 3.19 (m, 2H), 2.94 (m, 2H), 2.79 (m, 1H), 1.88 (m, 2H), 1.78 (m, 2H);13C 
NMR (125 MHz, CDCl3) δ 205.7, 173.4, 157.8, 147.6, 144.5, 141.0, 131.7, 130.0, 128.4, 
123.1, 121.6, 101.7, 55.4, 48.2, 46.7, 41.3, 24.3; HRMS (ESI) for C19H21N2O2 calculated 
(MH+): 309.1598, found (MH+): 309.1580. 
 
2–((6–Methoxyquinolin–4–yl)methyl)–1–azabicyclo[3.2 .2]non–2–en–4–ol: 27 (3.32 

g, 10.7 mmol) was dissolved in 60 mL MeOH and cooled to 0 °C. 
NaBH4 (1.21 g, 32.1 mmol) was added in portions and the mixture 
was stirred at rt for 2 h. The crude was concentrated, dissolved in 
EtOAc, extracted 3 times with water and one time with brine. The 
product was dried with Na2SO4 and concentrated. The crude was 
dissolved in 20 mL THF and was added to a 143 mL solution of 
THF/t–BuOH (10:1) containing KOt–Bu (3.6 g, 32.1 mmol) at –40 °C. 
The mixture was allowed to come to rt and stirred overnight. The 

mixture was quenched with saturated NH4Cl and extracted 3 times with EtOAc. The 
organic layers were combined, dried with Na2SO4 and the crude was concentrated 
providing a 5:1 mixture of Z:E–isomers. The Z–isomer could be obtained as pure 
compound via means of purification by column chromatography (CH2Cl2/MeOH/Et3N 
100:2:1). During the evaporation of the solvent a small portion of the Z–isomer 
isomerized towards the E–alkene, providing a 10:1 mixture of Z:E–isomers of product 
28 (2.4 g, 7.79 mmol, 73% over 2 steps) as a white foam. IR (neat, cm–1) ν 3314, 2918, 
1619, 1508, 1228; 1H NMR (500 MHz, CDCl3) δ 8.65 (d, 0.9H, J = 4.5 Hz), 8.58 (d, 0.1H, 
J = 4.5 Hz), 8.14 (d, 0.9H, J = 5.0 Hz), 8.00 (m, 1.1H), 7.35 (m, 2H), 6.63 (s, 0.1H), 6.13 
(s, 1H), 4.04 (m, 1H), 3.94 (s, 2.7H), 3.91 (s, 0.3H), 3.32 (m, 0.1H), 3.17 (m, 0.9H), 3.00–
2.90 (m, 3H), 2.82–2.71 (m, 3H), 2.17 (m, 1H), 2.07 (br, 1H), 1.70 (m, 2H), 1.59 (m, 
1H);13C NMR (125 MHz, CDCl3) δ 157.5, 157.3, 154.0, 147.3, 147.1, 144.1, 130.9, 
130.8, 127.1, 122.1, 121.2, 120.9, 119.4, 115.9, 108.6, 102.5, 102.2, 74.7, 74.2, 55.7, 
55.5, 51.4, 48.7, 47.8, 47.7, 46.5, 42.9, 35.9, 35.6, 25.6, 24.9, 19.6, 19.5; HRMS (ESI) 
for C19H23N2O2 calculated (MH+): 311.1754, found (MH+): 311.1740. 
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O–(2–((6–Methoxyquinolin–4–yl)methyl)–1–azabicyclo[3 .2.2]nonan–4–yl)1 H–
imidazole–1–carbothioate:  Alkene 28 (2.4 g, 7.8 mmol) was 
dissolved in 40 mL solution of 0.4M HCl in MeOH, Pd/C (10 wt%) (410 
mg, 0.44 mmol) was added and the resulting mixture was stirred 
under an H2–atmosphere for 3 h. The solvent was removed and the 
crude was dissolved in water and the pH was adjusted to 12 by adding 
a concentrated solution of NH4OH. The mixture was 3 times extracted 
with CH2Cl2. The organic layers were combined, dried with Na2SO4 
and concentrated. Providing the product as a 2.5:1 mixture of 
diastereoisomers, which was dissolved in 25 mL dry THF, followed by 

the addition of thiocarbonyldiimidazole (1.8 g, 9.4 mmol) and the resulting mixture was 
refluxed overnight. The reaction was cooled to rt, diluted with EtOAc and extracted 3 
times with water and 3 times with saturated NaHCO3. The organic layer was dried with 
Na2SO4 and the crude was concentrated. The product was purified with column 
chromatography (EtOAc/Et3N 100:1) yielding 29 (2.1 g, 5.0 mmol, 64% over two steps) 
in a 2:1 mixture of diastereoisomers as a white foam. IR (neat, cm–1) ν 2937, 1756, 1620, 
1509, 1473, 1240, 1229; 1H NMR (400 MHz, CDCl3) δ 8.68 (d, 1H, J = 4.4 Hz), 8.32 (s, 
0.67H), 8.27 (s, 0.33H), 8.04 (d, 0.33H, J = 3.0 Hz), 8.02 (d, 0.67H, J = 3.0 Hz), 7.62 (d, 
0.67H, J = 1.2 Hz), 7.53 (d, 0.33H, J = 1.2 Hz), 7.39 (m, 1H), 7.24 (m, 2H), 7.03 (d, 1H, 
J = 7.6 Hz), 5.82 (m, 0.33H), 5.56 (dd, 0.67H, J = 10.7, 5.6 Hz), 3.97 (s, 2H), 3.94 (s, 
1H), 3.43 (m, 0.67H), 3.25 (m, 2H), 3.13 (m, 1.33H), 3.01–2.85 (m, 3H), 2.62 (br, 0.67H), 
2.32 (br, 0.33H), 2.27 (br, 1H), 2.10 (m, 1H), 1.94 (m, 1H), 1.82–1.65 (m, 3H) ;13C NMR 
(100 MHz, CDCl3) δ 182.7, 157.4, 147.3, 144.2, 144.0, 143.9, 131.5, 130.7, 130.5, 18.5, 
128.4, 122.0, 121.1, 121.0, 117.7, 101.8, 101.7, 87.7, 84.4, 61.0, 59.5, 55.3, 49.5, 40.2, 
39.4, 38.7, 35.9,34.8, 32.8, 29.6, 24.8, 23.7, 22.3, 22.0; HRMS (ESI) for C23H27N4O2S 
calculated (MH+): 423.1849, found (MH+): 423.1830. 
 
1–Azabicyclo[3.2.2]nonan–2–yl)(6–methoxyquinolin–4– yl)methanol racemic 

[3.2.2]–analogue: 29  (2.1 g, 5.0 mmol) was dissolved in 70 mL dry 
toluene, followed by the addition of n–Bu3SnH (4.0 mL, 15.0 mmol) 
and AIBN (205 mg, 1.25 mmol). The resulting mixture was refluxed 
for 3 h and then allowed to cool to rt. The mixture was 3 times 
extracted with 1M HCl. The water layers were combined and the 
pH was adjusted to 12 by the addition of an NH4OH solution. The 
basic solution was extracted 3 times with CH2Cl2. The organic 

layers were combined, washed with brine, dried with Na2SO4, concentrated and directly 
used in the next step. NaH (387 mg, 9.7 mmol, 60% in mineral oil) was dissolved in 35 
mL dry DMSO and heated to 70 °C. Stirring was continued for 45 min, next the racemic 
deoxy–[3.2.2]–analogue (1.3 g, 4.3 mmol) in 15 mL of DMSO was added and after 1 
min stirring a dark red solution was formed. Oxygen was bubbled through the solution 
for 45 min, the reaction was quenched with 30 mL saturated NaHCO3 under cooling. 
The mixture was extracted 3 times with EtOAc, the organic layers were combined, 3 
times washed with brine and dried with Na2SO4. The solvent was removed yielding a 
2.5:1 mixture of the racemic [3.2.2]–analogue and its epi–isomer. The racemic analogue 
was obtained via purification with column chromatography (CH2Cl2/MeOH/NH4OH 
100:3:1) providing the racemic [3.2.2]–analogue (550 mg, 1.76 mmol, 35% over two 
steps) as a white foam. mp 68–71 °C; IR (neat, cm–1) ν 3168, 2908, 2858, 1620, 1507, 
1240, 1225, 1172, 1150, 792, 773; 1H NMR (500 MHz, CDCl3) δ 8.71 (d, 1H, J = 4.0 Hz, 
H–12), 8.01 (d, 1H, J = 9.0 Hz, H–14), 7.51 (d, 1H, J = 4.0 Hz, H–11), 7.35 (d, 1H, J = 
9.0 Hz, H–15), 7.19 (s, 1H, H–17), 5.39 (d, 1H, J = 4.5 Hz, H–9), 4.98 (br, 1H, OH), 3.91 
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(s, 3H, H–19), 3.21 (d, 1H, J = 12.0 Hz, H–8), 3.02 (m, 1H, H–5), 2.93 (m, 1H, H–5), 
2.76 (m, 2H, H–1), 1.96 (br, 1H, H–3), 1.84 (m, 2H, H–4 and 6), 1.66 (m, 2H, H–4 and 
7), 1.46–1.31 (m, 4H, H–2 (2x), 6 and 7); 13C NMR (125 MHz, CDCl3) δ 157.3 (C–16), 
147.7 (C–10), 147.5 (C–12), 147.4 (C–12), 144.0 (C–13), 131.6 (C–14), 131.5 (C–14), 
127.3 (C–18), 121.2 (C–15), 119.4 (C–11), 101.7 (C–17), 101.6 (C–17), 70.7 (C–9), 70.7 
(C–8), 67.6 (C–19), 55.5 (C–5), 50.9 (C–1), 44.1 (C–4), 34.8 (C–2), 29.9 (C–3), 26.9 (C–
7), 24.9 (C–7), 24.8 (C–6), 24.6 (C–6) (double signals due to hindered rotation); HRMS 
(ESI) for C19H25N2O2 calculated (MH+): 313.1911, found (MH+): 313.1892. 
 
(2S)–(1S)–((2R)–1–Azabicyclo[3.2.2]nonan–2–yl)(6–methoxyquinolin– 4–
yl)methyl–2–methoxy–2–phenylacetate and ( S)–(R)–((1R,2S,5R)–1–
azabicyclo[3.2.2]nonan–2–yl)(6–methoxyquinolin–4–yl )methyl–2–methoxy–2–

phenylacetate 30 and 31:  10 mL CH2Cl2 was 
cooled to 0 °C and (S)–(+)–α–methoxyphenylacetic 
acid (162 mg, 0.98 mmol), EDC (201 mg, 0.98 
mmol) and HOBt (132 mg, 0.98 mmol) were added. 
Next racemic [3.2.2]–analogue (190 mg, 0.61 
mmol) was added and the resulting mixture was 
stirred at 0 °C overnight. The solution was filtrated 
over celite and washed 3 times with saturated 

Na2CO3. The solution was dried with Na2SO4, concentrated and the formed 
diastereoisomers were separated with column chromatography (EtOAc/PE 3:2), 
providing the quinidine analogue 30 (80 mg, 0.18 mmol, 29%) as a single isomers and 
as an oil. The quinine analogue 31 (148 mg, 0.33 mmol, 54%) was isolated as a 4:1 
mixture of diastereoisomers as a white solid. Data for 30: [α]D= +24.0 (c = 0.3, CH2Cl2); 
IR (neat, cm–1) ν 2929, 2866, 1747, 1621, 1508, 1240, 1171, 731; 1H NMR (400 MHz, 
CDCl3) δ 8.66 (d, 1H, J = 4.4 Hz), 8.01 (d, 1H, J = 9.2 Hz), 7.51 (d, 2H, J = 6.6 Hz), 7.38 
(m, 4H), 7.15 (d, 1H, J = 4.4 Hz), 6.35 (d, 1H, J = 5.2 Hz), 4.85 (s, 1H), 3.94 (s, 3H), 3.41 
(s, 3H), 3.08 (m, 1H), 2.75 (m, 1H), 2.63 (m, 2H), 2.48 (m, 1H), 1.83 (br, 1H), 1.73 (m, 
1H), 1.64 (m, 1H) 1.57–1.41 (m, 5H), 1.27 (m, 1H); 13C NMR (100 MHz, CDCl3) δ 169.5, 
157.7, 147.2, 144.5, 144.1, 136.0, 131.6, 128.9, 128.7, 127.3, 127.1, 121.9, 118.1, 
101.5, 82.8, 76.8, 67.8, 57.5, 55.5, 50.2, 42.2, 34.1, 30.3, 29.7, 26.9, 25.0, 24.1; Data 
for 31: IR (neat, cm–1) ν 2929, 2866, 1748, 1621, 1508, 1240, 1171, 731; 1H NMR (400 
MHz, CDCl3) δ 8.65 (d, 0.2H, J = 4.4 Hz), 8.44 (d, 0.8H, J = 4.5 Hz), 7.99 (m, 1H), 7.51 
(d, 0.2H, J = 6.6H), 7.37 (m, 4.8H), 7.23 (s, 1H), 7.15 (d, 0.2H, J = 4.4 Hz), 6.69 (d, 0.8H, 
J = 4.0 Hz), 6.35 (d, 1H, J = 4.7 Hz), 4.87 (s, 0.8H, 4.85 (s, 0.2H), 3.94 (s, 0.6H), 3.92 
(s, 2.4H), 3.43 (s, 2.4H), 3.41 (s, 0.6H), 3.18 (m, 1H). 3.07 (m, 1H), 2.82 (m, 1H), 2.69 
(m, 2H), 2.68 (m, 2H), 1.98–1.92 (m, 2H), 1.71–1.20 (m, 7H);13C NMR (100 MHz, CDCl3) 
δ 169.4, 157.5, 147.1, 147.0, 144.2, 144.0, 143.8, 135.8, 131.5, 131.4, 128.8, 128.6, 
127.2, 127.2, 127.0, 121.8, 121.6, 117.7, 101.3, 82.7, 82.6, 76.7, 67.6, 67.4, 57.4, 55.3, 
50.2, 42.6, 42.1, 34.1, 34.0, 30.2, 26.8, 26.8, 26.6, 25.0, 24.9, 24.3, 24.0; HRMS (ESI) 
for C28H33N2O4 calculated (MH+): 461.2435, found (MH+): 461.2434. 
 
(1S)–((2R)–1–Azabicyclo[3.2.2]nonan–2–yl)(6–methoxyquinolin– 4–yl)methanol 

[3.2.2]–analogue: 30 (58 mg, 0.13 mmol) was dissolved in 2 mL of 
methanol and cooled to 0 °C. K2CO3 (53 mg, 0.38 mmol) was added 
and the resulting mixture was stirred at rt for 2 h. The mixture was 
diluted with CH2Cl2, washed 2 times with water and 1 time with brine. 
The organic layer was dried with Na2SO4, the crude product was 
concentrated and the product was purified with column 
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chromatography (CH2Cl2/MeOH/NH4OH 100:3:1) yielding the [3.2.2]–analogue (36 mg, 
0.12 mmol, 89%) as a white foam. (ee = 96%) (ee determined by HPLC Chiral Daicel 
AD, i–PrOH/n–heptane/Et2HN 15:85:0.1 (1.00 mL/min, λ = 220 nm), tr major = 7.1 min 
and tr minor = 18.8 min). [α]D= +109.8 (c = 0.21, CH2Cl2). Analytical data is the same as 
for the racemic [3.2.2]–analogue. 
 
(S)–((1S,2R,4S)–5–Formylquinuclidin–2–yl)(6–methoxyquinolin–4–yl) methyl–

acetate 43:  Quindine 41 (2.0 g, 6.2 mmol) was dissolved in 20 mL of 
a 1:1 mixture of acetic anhydride and pyridine. DMAP (122 mg, 1 
mmol) was added and the resulting mixture was stirred overnight. 
The solvent was removed and the crude was dissolved in CH2Cl2 and 
was extracted with saturated NaHCO3. The water layer was 
extracted 3 times with CH2Cl2. The organic layers were combined, 
washed with brine, dried with Na2SO4 and the solvent was 
evaporated. The crude was dissolved in 20 mL of t–BuOH and added 
to a 80 mL solution of t–BuOH and water containing AD–mix α (18.0 

g) and methanesulfonamide (2.94 g, 31.0 mmol). The mixture was stirred overnight and 
quenched with sodiumsulfite (15 g). 200 mL Water and 200 mL of CH2Cl2 were added 
and the layers were separated. The water layer was extracted 3 more times with CH2Cl2. 
The organic layers were combined, dried with Na2SO4 and concentrated. The crude was 
dissolved in 20 mL solution of a 1:1 mixture of acetone/water and cooled to 0 °C. NaIO4 
(1.32 g, 6.1 mmol) was added and stirring was continued at rt for 2 h. The acetone was 
removed and saturated NaHCO3 and CH2Cl2 were added. The layers were separated 
and the water layer was extracted 2 times with CH2Cl2. The organic layers were 
combined, dried with Na2SO4 and concentrated. Purification with column 
chromatography (CH2Cl2/MeOH 100:5) provided aldehyde 43 (2.0 g, 5.5 mmol, 88% 
over 3 steps) as 9:1 mixture of isomers as a white solid. IR (neat, cm–1) ν 2940, 1743, 
1719, 1621, 1228, 1028, 731; 1H NMR (400 MHz, CDCl3) δ 9.88 (s, 0.9H), 9.82 (s, 0.1H), 
8.74 (d, 1H, J = 4.6 Hz), 8.03 (d, 1H, J = 9.2 Hz), 7.52 (d, 1H, J = 2.5 Hz), 7.40 (dd, 1H, 
J = 9.2, 2.5 Hz), 7.31 (d, 1H, J = 4.5 Hz), 6.56 (d, 1H, J = 6.5 Hz), 4.03 (s, 2.7H), 3.97 
(s, 0.3H), 3.66 (m, 1H), 3.26 (m, 1H), 2.91 (m, 1H), 2.76 (m, 2H), 2.49 (m, 2H), 2.17 (s, 
3H), 1.83 (br, 1H), 1.68–1.54 (m, 3H);13C NMR (100 MHz, CDCl3) δ   203.4, 203.3, 169.7, 
157.8, 147.2, 144.4, 143.6, 131.5, 126.7, 121.9, 121.7, 118.3, 118.1, 101.0, 73.4, 58.5, 
55.5, 50.2, 48.8, 42.1, 25.7, 24.6, 23.2, 20.8; HRMS (ESI) for C21H25N2O4 calculated 
(MH+): 369.1809, found (MH+): 369.1813. 
 
Des–vinyl–quinidine 44: Argon was bubbled through 30 mL of diglyme for 30 min, next 

((COD)RhCl)2 (39 mg, 0.05 mmol) and dppp (90 mg, 0.22 mmol) 
were added and the bubbling of argon was continued for 15 min. 
Aldehyde 43 (800 mg, 2.17 mmol) was added and the mixture was 
refluxed overnight. The solution was cooled to rt and 200 mL water 
and 200 mL of CH2Cl2 were added. The layers were separated and 
the water layer was extracted 2 times with CH2Cl2. The organic layers 
were combined, washed with brine, dried with Na2SO4 and 

concentrated. The crude was dissolved in 10 mL of MeOH and cooled to 0 °C. K2CO3 
(1.5 g, 10.9 mmol) was added and the mixture was stirred at rt for 2 h. The reaction was 
quenched with water and the mixture was extracted 3 times with CH2Cl2. The organic 
layers were combined, washed with brine, dried with Na2SO4 and concentrated. 
Purification with column chromatography (CH2Cl2/MeOH/NH4OH 100:3:1) provided 
des–vinylquinidine 44 (518 mg, 1.74 mmol, 81%) as a white solid. mp 81–82 °C; [α]D= 
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+126.6 (c = 0.37, CH2Cl2); IR (neat, cm–1) ν 3076, 2935, 1621, 1508, 1259, 1241, 729; 
1H NMR (400 MHz, CDCl3) δ 8.68 (s, 1H), 7.99 (d, 1H, J = 9.2 Hz), 7.55 (d, 1H, J = 4.4 
Hz), 7.32 (d, 1H, J = 9.2 Hz), 7.21 (s, 1H), 5.65 (d, 1H, J = 3.8 Hz), 3.87 (s, 3H), 3.53 
(m, 1H), 3.17 (m, 1H), 2.88 (m, 2H), 2.75 (m, 1H), 2.20 (br, 1H), 1.86 (m, 2H), 1.63 (m, 
1H), 1.48 (m, 3H), 1.32 (m, 1H);13C NMR (100 MHz, CDCl3) δ 157.4, 148.2, 147.1, 143.6, 
130.9, 126.3, 121.2, 118.4, 101.2, 71.2, 59.4, 55.5, 50.5, 43.8, 26.1, 25.4, 25.2, 21.7; 
HRMS (ESI) for C18H23N2O2 calculated (MH+): 299.1754, found (MH+): 299.1749. 
 
(R)–Methyl–3–(benzylthio)–2–(1,3–dioxoisoindolin–2–yl )propanoate 34:  Catalyst 

(6.0 µmol, 5.0 mol %) and methyl 2–(1,3–dioxoisoindolin–2–
yl)acrylate 32 (29 mg, 0.125 mmol) were dissolved in 1.0 mL 
toluene and the mixture was cooled to 0 °C. Phenylmethanethiol 
33 (16 µL, 0.14 mmol) was added and the mixture stirred for 24 h. 
The mixture was filtrated over silica and concentrated to obtain 

addition product 34. (ee determined by HPLC Chiral Daicel AD, i–PrOH/n–heptane 
10:90 (1.00 mL/min, λ = 220 nm), tr major = 20.5 min and tr minor = 16.8 min) 
 
(S)–3–((4–(tert–Butyl)phenyl)thio)cyclohexanone 37:  Catalyst (6.4 µmol, 1.0 mol %) 

and cyclohex–2–enone 35 (65 µL, 0.67 mmol) were dissolved in 
1.28 mL toluene. 4–tert–butylthiophenol 36 (133 µL, 0.77 mmol) 
was added and the mixture stirred overnight.  The mixture was 
filtrated over silica and concentrated to obtain thioether 37. (ee 
determined by HPLC Chiral Daicel AD, i–PrOH/n–heptane 2:98 

(1.00 mL/min, λ = 220 nm), tr major = 6.9 min and tr minor = 8.5 min. 
 
(R)–Methyl–1–oxo–2–(3–oxobutyl)–2,3–dihydro–1 H–indene–2–carboxylate 40:  

Catalyst (5.0 µmol, 1.0 mol %) and methyl 1–oxo–2–
indanecarboxylate 39 (95 mg, 0.5 mmol) were dissolved in 2.0 mL 
toluene. 3–Buten–2–one 38 (81 µL, 1.0 mmol) was added and the 
mixture stirred overnight. The mixture was filtrated over silica and 
concentrated to obtain 40. (ee determined by HPLC Chiral Daicel 

AD–H, i–PrOH/n–heptane 15:85 (1.00 mL/min, λ = 220 nm), tr major = 12.8 min,  tr minor 
= 11.3 min). 
 
(R)–2–(3–Oxo–1,3–diphenylpropyl)malononitrile 47: Catalyst (10.0 µmol, 10.0 mol 

%) and trans–chalcone 45 (21 mg, 0.1 mmol) were dissolved in 1 mL of 
toluene. Malononitrile 46 (8 mg, 0.12 mmol) was added and the mixture 
was stirred overnight. The mixture was filtrated over silica and 

concentrated to obtain 47. (ee determined by HPLC Chiral Daicel AD, i–PrOH/n–
heptane 20:80 (1.00 mL/min, λ = 220 nm), tr major = 10.2 min,  tr minor = 13.6 min). 
 
General procedure of the determination of the catal yst activity. 
For the determination of the activity of the catalysts the Perkin Elmer 241 polarimeter 
was used. The polarimeter was equipped with a cooling unit maintaining the temperature 
at 18 °C throughout the whole measurement. The measurements were carried out in a 
10 cm jacketed cell, the polarimeter was coupled to a computer by a Labjack and the 
software provided by Labjack recorded the optical rotations every 10 seconds. 
 
Before the reaction, the catalyst was dissolved in 1 M HCl and three times extracted with 
dichloromethane. The pH was adjusted with NH4OH to 12 and the water layer was 3 
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times extracted with CH2Cl2. The organic layers were combined, washed with brine, 
dried with Na2SO4 and concentrated. 1H NMR was taken to check the purity. 
Cyclohexenone and 4–tert–butylthiophenol were freshly distilled before use. 
Cyclohexenone (505 μL, 5.23 mmol) and Cinchona catalyst (0.0523 mmol) were 
dissolved in 5 mL toluene. A 5 mL solution of toluene containing 4–tert–butylthiophenol 
(1.01 mL, 6.01 mmol) was added and the mixture was shaken. The reaction solution 
was placed in the cuvet and the optical rotation was measured as a function of time. The 
time was measured between the addition of 4–tert–butylthiophenol and the placement 
of the cuvet in the polarimeter and the time was later corrected. All the reaction rates of 
the catalysts were measured twice and the conversion for both experiments were 
averaged. The conversion was plotted as a function of time. The 50% (t½) conversion 
point was taken as a fixed point to compare the reaction rates of the catalysts. 
 
pKAH–determination 
Procedure: Cinchona alkaloid was dissolved in DMSO (10 μmol/mL). From that solution 
5 μL was dissolved in 2.5 mL of 0.1M NaOH solution into a sample cuvette. An 
absorption spectrum was measured between 260 and 450 nm. The concentration of the 
sample was adjusted so that the maximum absorption was below 0.1. Next, the pH value 
was measured and then the emission spectrum was measured between 325 and 550 
nm with 310 nm excitation. A small amount of HCl solution (different concentrations of 
HCl solutions were used) was added and then the procedure was repeated until the 
sample solution reached the pH of 7 or below. The emission spectra were intergraded 
and corrected for the dilution factor. The corrected integrated emissions (Itot) were plotted 
as a function of pH. The pKAH’s were determined by curve fitting to the equation on page 
111. All the samples were measured in twice, the pKAH’s were averaged and standard 
deviations were used as the error.  
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