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CHAPTERR 2 

STUDIESS TOWARDS l-AZAADAMANTANE-2-CARBOXYLI C ACID DERIVATIVES 

VIAVIA AZABICYCLO[3.3.1]NONENES 

2.11 Introductio n 

Thiss chapter deals with some results of our first approach towards enantiopure 1-

azaadamantane-2-carboxylicc acid derivatives 1 (eq 2.1). An azabicyclo[3.3.1]nonene of type 2 

iss the key intermediate which should arise from enantiopure cyclohexenylmethylamines 3. The 

primaryy goal of this part of the investigation was to adapt the racemic synthesis that has been 

publishedd by our research group1 into an enantiopure synthesis. 

R-WR-W ! c => RJJ i = > !! ! (2.1) 
NH H -NHo o 

C02R R 

2.1.11 Racemic synthesis 

Previouss research' in our group has led to a racemic synthesis of two diastereomers (8 

andd 9) of 4-hydroxy-l-azaadamantane-2-carboxylic acid methyl ester (Scheme 2.1). 

Schem ee 2.1 

-CQ2Mee \ ^ p ^ N ^ C 0 2 M e \ 3 ^ N - C 0 2 M e 
X I I I"'"-"" (a) Cu(bpy)CI 

X 0 2 M e e 

N N 

55 (66%) O/JIUU s /m%) I 7 6(10%) ) 

HO^X HO^X 

(b)) N2H4, KOH 

(c)) Me02CCHO(MeOH), HCOOH 

HH CO?Me H C02Me 
88 9 

73:27 7 

CI I 
(24%) ) 

ReagentsReagents and conditions: (a) Cu(bpy)CI (0.3 equiv), (CH2CI)2, reflux, 48 h, 91 %. (b) N2H4'H20 (5 equiv), 

KOHH (25 equiv), ethylene glycol, 180 , 2 h, 90%. (c) methyl glyoxylate methyl hemiacetal (10 equiv), 

HCOOH,, 18 h; then basic work-up (pH = 13), 35%. 

11 1 



ChapterChapter 2 

Thee copper(I)chloride 2,2'-bipyridine complex -used as a catalyst for chlorine radical 

transferr reactions ' - catalysed the ,/V-acyliminium ion cyclisation of precursor 4. The desired 

alkenee 5 was obtained in a yield of 66%, along with the two chlorides 6 (10%) and 7 (24%). 

Thee carbamate function present in 5 was hydrolysed under basic conditions. The resulting free 

azabicyclo[3.3.1]nonenee was reacted with methyl glyoxylate in formic acid to yield a 73:27 

mixturee of the adamantanes 8 and 9 after basic work-up. The equatorial orientation of the 

hydroxyll  group in both products is a result of the stereospecific addition of formic acid to the 

cationicc intermediate (Figure 2.1). This can either be explained by steric interactions in case the 

mechanismm involves a Ti-complex4 (10) or by electronic interactions in case a classical 

carbocationn that profits from stabilisation through hyperconjugation5 (11) is involved, and is in 

linee with similar cyclisations to simple heterocycles. 

Figuree 2.1 A4J«« "VI& 8* 
c ee '" bo2Me 

100 '7t-complex' 11 'classical cation' 

2.1.22 The undesired 1,2-hydride migration 

Thee formation of product 7 shows that a 1,2-hydride migration takes place during the 

iV-acyliminiumm ion cyclisation. The sequence of events is shown in Scheme 2.2. After the 

generationn of the TV-acyliminium ion 12, cyclisation will lead to the bicyclic carbocation 13. 

Thiss intermediate may abstract a chloride from the catalyst to form 6 or lose a proton to give 5. 

Inn addition, a 1,2-hydride shift is competing with the direct product formation, resulting in the 

formationn of the symmetrical carbocation 14. In an analogous manner, both products 5 and 7 

cann be formed from this intermediate. The ratio between the chlorides 6 and 7 (1:2.4) shows 

thatt the 1,2-hydride migration is a relatively low energy pathway. Steric interactions1 between 

H-7axx and the piperidine ring in 13 and stabilising non-bonding N-(C-7) interactions6 in 14 

havee been suggested as driving forces for this process. 

Schem ee 2.2 

'N-C02Mee y J ^ N - C 0 2 M e 1,2 hydride shift \ ] J ^ N - C 0 2 M e 

122 H hT 13 H 14 

enn I " ^ + t !>^ jcr 
7 7 
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Thee 1,2-hydride migration forms a severe drawback for our intended sequence, because 

itt gives rise to mixtures of products with the possibility of racemisation. There are, however, 

severall  solutions to circumvent this problem. One option consists of putting substituents onto 

thee double bond. As an example, stirring a solution of ethoxylactam 15, containing a 

trisubstitutedd double bond, in HCOOH afforded products 16 and 17 after 16 h (eq 2.2). The 

methyll  substituent probably enhanced the rate of cyclisation, but more importantly also 

stabilisedd the intermediate carbocation so that the 1,2-hydride migration was prevented. 

c rr N OEt 

15 5 16(70%)) 17 

(2.2) ) 

Thee directing effect of a methyl group was probably also of importance in the 

biomimeticc synthesis of (-)-hobartine,7 an Aristotelia alkaloid (see also Section 1.1). The imine 

19,, which was readily formed by mixing the amine 18 with (3-indolyl)acetaldehyde cyclised 

smoothlyy upon treatment with HCOOH to give (-)-hobartine. 

(3-indolyl)acet--
aldehydee HN 

H2N N 

18 8 

(2.3) ) 

-hobartine e 

Ann useful method to prevent the undesired 1,2-hydride shift in the intermediate bicyclic 

cationn was reported by Overman et a/8a (eq 2.4). In this case, the participation of an added 

nucleophile88 in the iminium ion cyclisation prevents the 1,2-hydride shift. Exposure of a 

solutionn of enelactam 20 and n-Bu4NI to TfOH at rt led to the tricyclic iodide 21 as a single 

product,, whereas a similar cyclisation in formic acid afforded a -1:1 mixture of formate 

regioisomers66 (see also Section 4.1.1). Subsequently, the iodide was eliminated with DBU to 

furnishh the corresponding alkene that was further elaborated to a stereoisomer of aloperine. 

TfOH, , 
n-Bu4NI I 

CH2CI2,, rt 

92% % 

(2.4) ) 

aloperinee stereoisomer 
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Inn this chapter, our studies towards an enantiopure synthesis of l-azaadamantane-2-

carboxylicc acid derivatives are presented, in which a bicyclo[3.3.1] nonene serves as the key 

intermediate.. Our efforts were especially aimed at preventing the 1,2-hydride shift and 

studyingg the final Mannich reaction in detail. 

2.22 Enantiopure cyclohex-3-ene derivatives 

Ourr approach towards syntheses of optically active 1-azaadamantanes requires 

enantiopuree cyclohex-3-ene derivatives as starting materials. To the best of our knowledge, 

suchh compounds have not been prepared in enantiopure form, except for amine 22, which was 

preparedd from both (-)-/J-pinene9 and (S)-a-terpineol.7 This approach, however, has obvious 

limitationss in creating the desired substitution patterns. 

H2N N 

Therefore,, we turned our attention to a more versatile route, where the corresponding 

esterss were obtained in a Lewis acid-catalysed Diels-Alder cycloaddition'0-14 of an enantiopure 

dienophilee and a diene of choice. Several excellent chiral auxiliaries have been reported for this 

reaction,, such as (7?)-pantolactone," (5)-Ar-methyl-2-hydroxysuccinimide,12 camphorsultam 

derivedd auxiliaries'3 and (#,/?)-hydrobenzoin.14 

2.2.11 Chiral dienophile and dienes 

Wee decided to use the (7?)-pantolactone-method described by Helmchen et al. This 

auxiliaryy offers not only high diastereoselectivity (reported de's of 86-94%) at reasonable cost, 

butt also the experimental procedure seemed robust in terms of the relative independence of the 

diastereoselectivityy on the reaction conditions. Furthermore, the chiral auxiliary -reduced to 

thee corresponding triol after LiAlH 4 reduction- is easily separated from the cyclohexene 

productt by aqueous work-up. 

1,3-Butadiene,, isoprene and 2-[(dimethylphenylsilyl)methyl]-l,3-butadiene 23 were 

selectedd as the dienes for the cycloaddition, leading to adducts 25, 26 and 29, respectively. In 

orderr to synthesise the diene 23 (eq 2.5), the Grignard precursor derived from 

(chloromethyl)dimethylphenylsilanee was added to a solution of chloroprene and NiCl2(dppp)2 

inn ether to afford 23 in excellent yield.15 

14 4 

X¥ X¥ 
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(a)) Mg (b) NiCI2(dppp)2 PhMeoSi' 
PhMe2SiCH2CII — X PhMe2SiCH2MgCI . K n M e 2 0 1

 (2.5) 

^ ^ \\ 23 (97%) 
CI I 

ReagentsReagents and conditions: (a) Mg (1.1 equiv), ether, reflux, 4 h. (b) NiCI2(dppp)2 (4 mol%), chloroprene 

(1.55 equiv), ether, 0 ; then reflux, 5 h. 

Organn et a/.15 used this diene to combine a pericyclic (Diels-Alder) reaction and an 

ionicc (electrophilic substitution) reaction in a one-pot sequence using the same Lewis acid 

catalyst.. During these studies it was discovered that 23 was significantly less susceptible to 

protodesilylationn than the corresponding 2-[(trirnethylsilyl)methyl]l,3-butadiene. It was also 

foundd that the use of TiCl4 as catalyst and Me2AlCl as the cocatalyst produced the highest 

yields.. The Me2AlCl probably serves as a proton sponge16 to obtain HCl-free TiCU, while 

methanee and MeAlCli are formed. 

2.2.22 Diastereoselective Diels-Alder  using (R )-pantolactonc 

Thee cycloadditions of the acrylate of (fl)-pantolactone 24 with 1,3-butadiene and 

isoprenee were performed according to the published procedure" affording the cycloadducts in 

yieldss of 70% and 78%, respectively. 

R R 

CH2CI2/PE(1:1) ) 
C C 

(2.6) ) 

00 R = = H, c.y. 70%, dea 93%; 
V Ü // ^> R c.y.b 46%, dea 100% 

0.33 or 0.1 (R = H) ' N O V - 7 R = Me, c.y. 78%, de" 93%; 
equivv TiCI4 25 (R = H) c.y." 37%, dea 100% 

266 (R = Me) 

"Determinedd by 100 MHz 13C NMR peak integration of baseline separated signals. ''Yield after three 

recrystallisationss from PE/EtOAc. 

Helmchenn et al'' used chiral HPLC to determine the de's of the cycloadducts, which 

weree 86% (25) and 94% (26), respectively. Alternatively, Corey et al}1 obtained a 

diastereomericc excess of 91% for the cycloaddition of butadiene and (7?)-pantolactone acrylate 

accordingg to 500 MHz 'H NMR analysis. Because the appropriate HPLC set-up was not 

availablee and in our case 400 MHz 'H NMR spectra did not show separate signals for the 

diastereomers,, 100 MHz 13C NMR spectra were recorded to determine the diastereoselectivity 

off  the cycloaddition. Using this method a de value of 93% was determined for both 

15 5 
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cycloadditions,, which is in line with the calculated optical purity for both products (o.p. = 89% 

forr 25, o.p. = 94% for 26). Upon recrystallisation the major diastereomers could be obtained in 

puree form, albeit with a significant decrease of the yield. 

Thee high diastereoselectivity of the cycloaddition of the acrylate of (/?)-pantolactone is 

explained10""  by the formation of an unusually stable complex with TiCl4 (27) which also 

accountss for the insensitivity to temperature and concentration effects. 

O O 

27 7 

Thee cycloaddition of diene 23 and pantolactonyl acrylate 24 proved more troublesome 

duee to the possibility of protodesilylation. This is illustrated by eq 2.7. When the Diels-Alder 

reactionn was carried out with TiCl4 in the presence of Me2AlCl16 followed by the usual work-

up,, that is the addition of Na2CO3«10 H20 and filtration, only protodesilylated product 28 was 

obtainedd in low yield. 

(2.7) ) 

TiCI4/Me2AICI I 
(b)Na2CCV10H2O O yo yo 

288 (39%) 

ReagentsReagents and conditions: (a) [(dimethylphenylsilyl)methyl]-1,3-butadiene 23, TiCI4 (0.3 equiv), Me2AICI 

(0.11 equiv), CH2CI2/PE (1:1), 0.3 M, 0 , 30 min. (b) Na2CO3'10 H20 (ca. 4 equiv). 

Afterr some experimentation (Table 2.1) satisfactory yields of 29 were obtained by 

alteringg the work-up procedure: an excess of pyridine was added prior to addition of the 

Na2CO3»100 H20 to quench the reaction. The catalytic properties of Me2AlCl were also 

examinedd (entries 2 and 3). Since it is only a weak catalyst for the Diels-Alder reaction the 

diastereoselectivityy for this reaction equals the de of the uncatalysed reaction (entry 1). Thus, 

thee addition of 0.6 equiv Me2AlCl did not affect the diastereoselectivity of the reaction 

(comparee entries 4 and 5). Optimal results were obtained by using 0.3 equiv of TiCl4 and 0.2 

equivv of Me2AlCl at a reaction temperature of -25 °C for ca. 1 h (entry 5). The Diels-Alder 

productt was obtained in good yield and in excellent diastereoselectivity. Further reduction of 

thee added Me2AlCl to 0.06 equiv resulted in a significant decrease in yield. 

16 6 
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SiMe2Phh Conditions3 

23 3 

basicc work-up0 A // \ '/ \ 
'' N O N — ' SiMe2Ph 

entryy TiCl4(equiv) Me2MCl (equiv) T (°C) t (h) de (%)c yield (%) 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

--

••  -

--

0.3 3 

0. 3 3 

0. 3 3 

--

0. 6 6 

0.3 3 

0. 6 6 

0. 2 2 

0.0 6 6 

110 r f f 

-1 0 0 

50 0 

-2 5 5 

-2 5 5 

-2 5 5 

18 8 

0.2 5 5 

20 0 

0.2 5 5 

1 1 

1 1 

51 1 

n.d . . 

52 2 

93 3 

93 3 

n.d . . 

76 6 

~3' ' 

50 0 

72 2 

91 1 

52 2 

°CH2C12/PEE (1:1), 0.2 M. ^Work-up consisted of the addition of pyridine (3 equiv) prior to the addition of 

Na2CO3»100 H20 (ca. 4 equiv), followed by filtration. ^Determined by 100 MHz 13C NMR peak integration of 

baselinee separated signals. ''Toluene. 'According to 400 MHz 'H NMR. 

2.33 Synthesis of formaldehyde 7V,0-acetals 

Thee Diels-Alder products 25, 26 and 29 were converted into the corresponding N-

acyliminiumm ion precursors as outlined in Scheme 2.3. Reduction of the pantolactone esters 

withh an excess of LJAIH4 gave the optically active cyclohex-3-ene methanols 30-32 in good 

yield.. The alcohols were reacted with mesyl chloride to form the corresponding mesylates, 

whichh were treated with sodium azide in DMF. The resulting azides from 30 and 31 were 

reducedd with triphenylphosphine and the corresponding amines 33 and 34 purified using 

acid/basee extraction. The azide of the racemic form of alcohol 32 (prepared from the racemic 

Diels-Alderr product15 of diene 23 and methyl acrylate) was reduced with LiAlH 4 to prevent the 

acid/basee extraction step that might result in protodesilylation. The amines 33-35 were reacted 

withh methyl chloroformate to afford the carbamates 36-38. According to 'a literature 

procedure1'188 the formaldehyde /V,0-acetals 39-41 were obtained after the addition of 

formaldehydee to the carbamates using 15 equiv of paraformaldehyde and 2 equiv of CS2CO3 in 

dryy THF. 

17 7 
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Schem ee 2.3 0 

3 3 
255 (R = 
266 (R = 
299 (R = 

(a)) LiAIH4
 R Y ^ 

RR 96-100% t ^ J . ^ O H 

== H) (de 93%) 30 [a]D -92.7 
== Me) (de 100%) 31 [a]D -103.4 
== CH2SiMe2Ph) (de 93%) 32 [a]D-59.0 

(e)CIC02Mee R > j / X ] H (f) (CH20)n 

67-99%% ^ ^ ' ' " ' N v C 0 2 M e 75-85%* 

366 [a]D -69.8 
377 [a]D -75.0 

rac-38 rac-38 

(b)MsCII R " V ^ 

(c)) NaN3 KJ.„MH2 
(d)) PPh3, H20 

orr LiAIH4 33 (67o/o) 

344 (75%) 
rac-355 (79%) 

R y \\ / O H 

\ ^ " ' " / N - C 0 2 M e e 

399 (R = H) 
400 (R = Me) 

rac-411 (R = CH,SiMe,Ph) 

ReagentsReagents and conditions: (a) LiAIH4 (6 equiv), THF, reflux, (b) MsCI, Et3N, CH2CI2, rt. (c) NaN3, DMF, 

1100 . (d) For R = H and R = Me: PPh3, then HzO; for R = CH2SiMe2Ph: LiAIH4, THF, reflux, (e) 

CIC02Me,, Et3N, CH2CI2, rt. (f) paraformaldehyde (15 equiv), Cs2C03 (2 equiv), THF, rt, 18 h. 

2.44 N-Acyliminiu m ion cyclisations19 

Thee optically active (ee 93%) hemiaminal 39 was treated with thionyl chloride to give 

thee cyclisation precursor 4 (eq 2.8). The Cu(bpy)Cl-catalysed cyclisation of enantiopure 

chloridee 4 was performed at 200 °C in a sealed tube to afford only products 5 and 6 in a ratio of 

80:200 without product 7, which would be a direct indication of the occurrence of a 1,2-hydride 

shift.. At reaction temperatures below 200 °C trace amounts of product 7 were detected in the 

'H-NMRR spectra of the crude reaction mixtures. 

^^ X Cu(bpy)CI , ^ ^ ^ ^ ^ ^ ( 2 8 ) 

ff (0.3 equiv) Y I - ^ V C 0 2 M e V ' - V 0 0 ^ Vp----VC02Me 

v" ' * / N xo 2 Mee (CH2CI)2 ^4 J \ LA 
r - 3 9 XX = OH C 5 CI 6 ^ 7 

S O C I 2 rr 89% . 
L ** 4 X = CI 8 0 2 0

[ab-95.9 9 

Becausee the absence of product 7 does not necessarily prove that a 1,2-hydride 

migrationn does not occur, the enantiopurity of product 5 was determined. Separation of both 

enantiomers200 was not successful using chiral HPLC and several different chiral columns. 

Alternatively,, the carbamate 5 was deprotected with iodotrimethylsilane affording the HI-salt 

18 8 
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42,, which was treated with (7S)-(-)-camphanic chloride to give amide 43. The H NMR 

spectrumm of the amide did not show any characteristic baseline separated signals. The C 

NMRR spectrum on the other hand, showed separate signals for the double bond carbon atoms, 

indicatingg a diastereoisomeric ratio of 84/16. Thus, the enantiomeric excess had decreased 

fromm 93% for precursor 4 to 68% for the alkene 5. This shows that, unfortunately, at 200 °C the 

1,2-hydridee shift is still a competitive process, although the absence of 7 indicated otherwise. 

Inn addition, it was shown that HC1 elimination from 6 and 7 does not occur under the 

cyclisationn conditions.21 

Me3Sil l 

CH3CN" " 
thenn MeOH 

NH? ? 

42 2 

(7S)-(-)-camphanic c 
chloride e 

Et3NN (3 equiv) 
CH2CI2 2 

(2.9) ) 

Thee enantiopure hemiaminal 40 was treated with thionyl chloride to give the cyclisation 

precursorr 44. The Cu(bpy)Cl-catalysed cyclisation of 44 in refluxing dichloroethane1 resulted 

inn the formation of both the desired bicyclo[3.3.1]nonene 45 and the undesired chloride 46 in a 

ratioo of 75:25. Clearly, in this case the 1,2-hydride shift is not prevented by the electron-

donatingg effect of the methyl substituent (see also Section 2.1.2). At a reaction temperature of 

1400 °C (sealed tube) still 16% of 46 was detected in the 'H-NMR spectrum of the crude 

reactionn mixture. However, by performing the cyclisation in a sealed tube at 200 °C only the 

desiredd product 45 was obtained. Also in this case it was shown that elimination of HC1 is not 

occurringg from compound 46 under the cyclisation conditions. 

r r 
' " / N " C 0 2 M e e 

r—— 40 X = OH 

2 1 —— 44 X = CI 

Cu(bpy)CII ^ ^ v ^ _ x 

(0.33 equiv) y f ~ ~ - N ' C 0 2 M e V p N ' 0 0 : 

(CH2CI)22 / A 4 5 / ^ 

CI I 
25 5 att 83 C 

att 140 C 

att 200 C 

45 5 

75 5 

84 4 

100 0 

[o]DD -34.0 

16 6 

0 0 

2Me e 

46 6 

c.y.. 89% 

c.y.. 85% 

c.y.. 87% 

(2.10) ) 

Thee alcohol 41 was reacted with acetic anhydride to afford cyclisation precursor 47 (eq 

2.11).. The 7v*-acyliminium ion cyclisation was effected by treating a solution of 47 in 

dichloromethanee with boron trifluoride etherate. The expected methylene-substituted 

19 9 
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azabicyclononanee 48 was obtained in 65%. Cyclisations performed with SnCU as the Lewis 

acidd gave very low yields, probably as a result of protodesilylation of the allylsilane caused by 

tracess of HC1 in the SnCU-solution. Further synthetic elaboration of product 48 will be detailed 

inn Chapter 5. 

Me2PhSii  Y > ( BF^OEt , (4 equiy ) V p > N , C 0 2 M e 

^ / ^ / N N C 0 2 M ee CH2CI2 C J \ 
r -- 41 X = OH ' 48 (65%) 

Ac20 0 
I—— 47 X = OAc (95%) 

2.55 Mannich reactions 

Finally,, the Mannich22,23 cyclisations towards the 1-azaadamantane skeleton were 

studied.. The HI-salt 42 (ee 68%), which is significantly less volatile than the corresponding 

freee amine was treated with methyl glyoxylate under the conditions (10 equiv methyl 

glyoxylatee methyl hemiacetal, HCOOH, it) which were used in the previous study' (eq 2.12). 

Afterr basic work-up an inseparable mixture of the two relatively unstable optically active 

adamantaness was obtained, which differed from the one obtained from the previous study.1 The 

masss spectrum (FAB) of the diastereomeric mixture showed a [M+H]+-peak at m/z 322 

indicatingg a molecular formula of d iH16N02I, which is in agreement with structures 49 and SO 

off  4-iodo-l-azaadamantane-2-carboxylic acid methyl ester. The NMR data of the 

diastereomericc mixture also confirmed the proposed structure. Apparently, the Mannich 

reactionn towards the adamantane skeleton is much faster with the iodide-ion as nucleophile 

comparedd to formic acid as nucleophile, although the yield of 49 and 50 could not be raised by 

thee addition of Nal. 

V- i— \\ Me02CCHO(MeOH) 
Y ^ N H 2 ,, (10 equiv ) , , .V r^ N . Yf-N 

HCOOH,, 18 h H ^ ^ C 0 2 M e H ^ ^ ' * C 0 2 M e 
422 49 33:66 50 

Inn order to arrive at the appropriate cyclisation precursor for the methyl substituted 

bicyclononenee system methyl carbamate 45 was hydrolysed using iodotrimethylsilane to give 

aminee 51 after basic work-up (eq 2.13). Treatment of this amine with methyl glyoxylate under 

thee aforementioned conditions (10 equiv methyl glyoxylate methyl hemiacetal, HCOOH, rt), 

followedd by basic work-up afforded an inseparable 1:1 mixture of the two diastereomers 52 

andd 53 in 22% yield. 

20 0 
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(2.13) ) 
Me3Sill V - , — \ Me02CCHO(MeOH) ^ — v VT^A 

— .. ^ ÏSSÜÏ ' A V V M « ^ " ^ M . 
511 (94%) 2 2 %

 K 52 1 : 1 53 

Clearly,, the yields of the Mannich reactions with methyl glyoxylate (eq 2.12 and 2.13) 

aree far from satisfactory. At this stage the reaction parameters, such as the solvent, the 

temperaturee and the amount and form of the glyoxylic acid derivative were changed in order to 

findfind higher yielding reaction conditions. However, despite extensive experimentation 'H NMR 

spectraa of crude reaction mixtures showed that only few conditions resulted in the formation of 

azaadamantane-2-carboxylicc acid derivatives and always in relatively low yield. The problem 

iss most likely the use of methyl glyoxylate, which is a very reactive aldehyde and thus rather 

unstablee due to self-condensation and polymerisation. This polymerisation process hinders on 

onee hand the isolation of products, which makes a large excess of a methyl glyoxylate 

derivativee unsuitable for the reaction. It seems likely, on the other hand, that during this 

polymerisationn process the aza-bicyclononene structure is incorporated in polymeric structures, 

becausee no starting material could be isolated from the crude reaction mixture, while the 'H 

NMRR spectrum of the crude mixture showed some characteristic signals for the aza-

bicyclononenee system. Although the yields of the Mannich reactions could not be improved, a 

numberr of novel and unexpected aza-adamantane structures were obtained by changing the 

reactionn conditions. 

VP. . Me02CCHO O 
NHH (1.1equiv) \ r~4j \f^N (2.14) 

/ ; 44 T0luene ^ ^ 0 2 M e A ' t o , * * , 
51 1 Nall (1.1equiv) 

188 h 54(18%)) 55(8%) 

Changingg the solvent to the non-acidic, less polar toluene afforded only aza-adamantane 

productss with anhydrous methyl glyoxylate in the presence of Nal (eq 2.14). Stirring a solution 

off  51, freshly destilled methyl glyoxylate and Nal in toluene resulted in the formation of the 

twoo diastereomers of 4-methylene-l-azaadamantane-2-carboxylic acid methyl ester (54 and 

55).. These compounds are probably both secondary products, because 55 could not be detected 

inn the 'H NMR spectrum of the crude reaction mixture. A mechanism (Scheme 2.4) which 

involvess the formation of the iodides 56 and 57 could explain this result. The strong iodide 

nucleophilee might have enhanced the rate of the Mannich reaction. Then, probably due to steric 

hindrancee HI elimination from 56 occurs during the reaction, while such elimination from 57 

takess place during flash chromatography. 

21 1 



ChapterChapter 2 

Schem ee 2.4 
\\ r—*\ 

, - V ^ N + + 

ii44 i 
/ X >> C02Me 

M e / ^ ^ ^ C 0 2 M e e 

56 6 

i i 

-HI I 
duringg reaction 

\f^i i 
M // "C02Me 

57 7 

1 1 

-HI I 
duringg flash 
chromatography y 

54 4 55 5 

Interestingly,, stirring a solution of 51 and anhydrous methyl glyoxylate in CH2C12, 

followedd by aqueous work-up, led to the formation of two other adamantanes (58 and 59) (eq 

2.15).. Although other products, such as 55 may have been formed under these conditions only 

thee products 54, 58 and 59 were obtained after flash chromatography. 

^ N H H 

51 1 

Me02CCHO O 
(3.77 equiv) 

CH2CI2 2 
700 h 

Me// / Me/ / 

58(21%) ) 

OO 'C02Me 

599 (5%) 

» » 

(2.15) ) 

'C02Me e 

544 (6%) 

Thee sequence of events that explains the formation of the products is outlined in 

Schemee 2.5. The iminium ion 60 that was formed from amine 51 and methyl glyoxylate 

cyclisedd to give cations 61 and 63, from which formation of 54 and 55 is possible. The ester 

substituentt in 61 could stabilise this cation via the formation of the oxycarbenium ion 62, from 

whichh product 58 was formed. The cation 63 lacking the stabilising effect of the ester function, 

rearrangedd to iminium ion 64. After dissociation of formaldehyde and addition of another 

moleculee of methyl glyoxylate the iminium ion 66 was formed. This intermediate cyclised to 

cationn 67 that again could profit from the stabilising effect of the ester group giving 68 from 

whichh product 59 was formed. 
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Schemee 2.5 
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63 3 

58 8 

54 4 

HPO O 

N+ + 

CH20 0 
"'COzMe e 

64 4 

59 9 
++ H2Q 

MeOHH Me/...L\ 

68 8 

NH H 

C02Me e 
Me0 2CCHOv~r lA A 

T^—— flT N+ 

H200 j i U - , 
'C02Me e 

65 5 

OMe e 
""C02Me e 

'CQ2Me e 

66 6 

C02Me e 

''  M C02Me e 
67 7 

2.66 Structural proof 

Identificationn of the products was mainly based on 'H NMR and 13C NMR. The 

characterisationn of the 1-azaadamantane compounds was supported by 2D NMR techniques 

suchh as COSY, HETCOR and NOE experiments. In this chapter eight novel 1-azaadamantane-

2-carboxylicc acid derivatives have been described, of which four (54, 55, 58, 59) have been 

isolatedd in pure form, whereas the other four were obtained as pairs of diastereomers (49 & 50 

andd 52 & 53). Nevertheless, the NMR data were in good agreement with all of the proposed 

structures.. In Table 2.2 some selected characteristic NMR signals are shown for compounds 49 

andd 50. Although it has not been possible to determine the precise stereochemistry, in analogy 

withh the previous study' the structures 49 and 50 seem the most probable. 

Thee diasteromeric mixture of 52 and 53 showed similar characteristic signals (Table 

2.3),, although in this case we have not been able to determine the correct assignment due to the 

equall  distribution of these products and the rather small differences in chemical shift. 

Thee azaadamantanes 54 and 55 could be separated using flash chromatography. The 

assignmentt of the NMR data has been supported by COSY, HETCOR and NOESY 

experiments.. Table 2.4 summerises some of the characteristic signals of both diastereomers. 
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Tablee 2.2 Selected 'H and 13C NMR data of 49 and 50 

atom m 

H-2 2 

H-4 4 

OCH3 3 

C-2 2 

C-4 4 

C-8 8 

C-9 9 

ppmm for 49 

3.91 1 

5.07 7 

3.77 7 

67.6 6 

38.5 5 

60.0 0 

55.1 1 

ppmm for 50 

3.80 0 

5.03 3 

3.75 5 

67.1 1 

41.6 6 

55.0 0 

61.1 1 

multiplicity y 

s s 

s s 

s s 

d d 

d d 

t t 

t t 

49 9 

HH 4 3 2 > C 0 M e 

50 0 

HH 4 3 2 'C02Me 

Tablee 2.3 Selected 'H and 13C NMR data of 52 and 53 

atom m ppmm for 52 and 53 

H-2 2 

CH3 3 

OCH3 3 

C-2 2 

C-4 C-4 

NCH2 2 

NCH2 2 

3.88 8 

1.41 1 

3.79 9 

66.7 7 

72.7 7 

61.2 2 

54.6 6 

153 3 

3.77 7 

1.19 9 

3.73 3 

64.3 3 

71.5 5 

57.1 1 

52.3 3 

multiplicity y 

s s 

s s 

s s 

d d 

s s 

t t 

t t 

HO/J J 
Me^44 J 2 ^ C 0 2 M e 

Tablee 2.4 Selected 'H and 13C NMR data of 54 and 55 

atom m 

=CHH H 

H-2 2 

H-3 3 

OCH3 3 

C-2 2 

C-4 4 

ppmm for 54 

4.944 and 4.92 

4.59 9 

3.25 5 

3.86 6 

65.7 7 

143.2 2 

ppmm for 55 

4.655 and 4.64 

3.88 8 

2.92 2 

3.71 1 

72.5 5 

145.0 0 

multiplicity y 

s s 

s s 

s s 

s s 

d d 

s s 

77 8 

5WT-N11 54 

< ; ! # :432>C02Me e 

V -7 - \ 8 8 

5lX^~'i J ll  55 

'? : :4 i2 '/ / C02Me e 
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Thee two adamantanes 58 and 59 have been fully characterised using 2D NMR 

techniques,, although the absolute stereochemistry of 59 could not be determined. In view of the 

proposedd mechanism for the formation of 59 the given absolute stereochemistry would be most 

likely.. The mass spectrum of 58 showed a [M+H]+ of m/z 194, indicating a molecular formula 

off  C11H15NO2, which is in agreement with the proposed structure of the lactone 58. The 

molecularr formula of the unexpected product 59 (C13H17NO4) was confirmed by the [M+H]+ 

peakk of m/z 252. Some characteristic NMR signals for these compounds are summarised in 

Tablee 2.5. In addition, the 'H NMR spectrum of 59 is shown in Figure 2.2. 

Tablee 2.5 Selected 'H and 13C NMR data of 58 and 59 

atom m 

H-2 2 

NCH2 2 

H-9 9 

OCH3 3 

c=o o 
NCH H 

OCH3 3 

C-4 4 

ppmm for 58 (mult.) 

3.666 (s) 

3.422 (d), 3.23 (d), 

3.044 (d), 2.98 (d) 

174.22 (s) 

64.88 (d) 

87.11 (s) 

ppmm for 59 (mult.) 

3.977 (s) 

3.411 (dt), 2.86 (d) 

3.833 (d) 

3.811 (s) 

171.11 (s), 168.8 (s) 

C-9:: 65.5 (d), C-2: 62.2 (d) 

52.00 (q) 

86.55 (s) 

77 a 

5YTir~Ni i 
Me'".L AA J -

O O 

77 8 

Me//..Ljy=Qll  2 
44 K \ 

OO ^ 

58 8 

Figuree 2.2 'H NMR (400 MHz, CDC13) Spectrum of 59 

59 9 

'C02Me e 

Pf»» 7.P 6 5 6 t 55 5 i n 
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2.77 Concluding remarks 

Inn this chapter, the synthesis of several l-azaadamantane-2-carboxylic acid derivatives 

iss detailed. The 1,2-hydride shift that accompanied the W-acyliminium ion cyclisation to die 

azabicyclo[3.3.1]nonanee skeleton could be controlled with moderate to good success. Thee yield 

off  the final Mannich product could not be raised, despite extensive experimentation. 

Nevertheless,, eight novel l-azaadamantane-2-carboxylic acid derivatives have been 

synthesised,, of which four (54,55,58,59) could be isolated in pure form. 
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2.99 Experimental section 

Generall  Information . All reactions were stirred and carried out under an inert atmosphere of dry 

nitrogen,, unless described otherwise. Standard syringe techniques were applied to transfer dry solvents 

andd air or moisture sensitive reagents. Infrared (IR) spectra were obtained from either a CHCI3 solution, 

aa film on a NaCl crystal window or a KBr pellet, using a Braker DFS 28 spectrophotometer and 

absorptionss (v) are reported in cm-1. Proton nuclear magnetic resonance ('H NMR) spectra were 

determinedd in CDC13, unless indicated otherwise, using a Braker AC 200 (200 MHz), a Braker WM 

2500 (250 MHz) or a Braker ARX 400 (400 MHz) spectrometer. These instruments were also used to 

measuree carbon nuclear magnetic resonance (13C NMR, 50,63 or 100 MHz) spectra (APT) from CDC13 

solutions,, unless indicated otherwise. Chemical shifts are reported on the 5 scale in ppm relative to an 

internall  standard of residual chloroform (7.27 ppm for !H NMR and 77.0 ppm for l3C NMR). The 

nuclearr magnetic resonance spectra of a number of compounds described in this thesis show line 

broadeningg or double lines due to the relative slow rotation around the OC-N bond. This phenomenon 

iss indicated with the term 'rotamers' in the data lists. When interpretation of spectra at room 

temperaturee (300 K) was cumbersome, the spectra were also recorded at elevated temperature, as 

indicatedd between brackets. Whenever needed, two dimensional nuclear magnetic resonance spectra 

weree recorded to aid the interpretation. Diastereomeric ratios were determined by integration of 
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baselinee separated peaks in the *H NMR spectra. However, in those cases where the 'H NMR spectra 

weree inconclusive, the diastereomeric ratios were determined by peak integration in the C NMR 

spectra.. Accurate mass determinations (HRMS) were performed on a JEOL JMS SX/SX102A four-

sectorr mass spectrometer, coupled to a JEOL MS-MP7000 data system, using electron impact (70 eV) 

ionisation,, unless otherwise indicated. Optical rotations were measured on a Perkin-Elmer 241 

polarimeterr in a 1 dm cell in the indicated solvent at ambient temperature (20 °C). Flash 

chromatography255 was performed by using Acros Chimica silica gel (0.030-0.075 mm) and the 

indicatedd solvent (mixture). Melting points and boiling points are uncorrected. Ethyl acetate (EtOAc) 

andd petroleum ether 60-80 (PE) were distilled before use. Dry tetrahydrofuran (THF) and dry 

diethyletherr (Et20) were freshly distilled from sodium benzophenone ketyl prior to use. Dry CH2CI2, 

dichloroethane,, toluene, petroleum ether (PE) and CH3CN were distilled from CaH2 and stored over 4 A 

moll  sieves under an atmosphere of nitrogen. Et3N and pyridine were dried and distilled from KOH 

pelletss and stored over KOH pellets under an atomosphere of nitrogen. All other reagents and solvents 

weree used in commercially available form, unless indicated otherwise. 

Generall  Procedures 

A:A: Procedure for  the reduction of the pantolactone esters. A solution of the pantolactone ester in 

THFF (1 M) was added dropwise to a cooled (0 °C) suspension of L1AIH4 (6 equiv) in THF (1 M). The 

mixturee was heated to reflux for 2.5 h. The excess L1AIH4 was destroyed with water (0.24 mL/mmol), 

followedd by the addition of aqueous 15% NaOH (0.24 mL/mmol) and more water (0.72 mL/mmol). The 

whitee precipitate was removed by filtration over a pad of Celite®. The filtrate was concentrated in vacuo 

andd the resulting residue was dissolved in CH2C12. This solution was washed with aqueous 1 M NaOH, 

followedd by water and brine, dried (MgS04) and concentrated in vacuo. The crude alcohol was used 

withoutt further purification. 

B:B: Procedure for  the mesylation of alcohols. Mesyl chloride (l. l equiv) was added dropwise to a 

cooledd (0 °C) solution of the alcohol and Et3N (1.1 equiv) in CH2C12 (1M). The mixture was allowed to 

warmm to rt. After 30 min water was added. The layers were separated and the aqueous layer was 

extractedd with CH2C12 (3 x). The combined organic layers were dried (MgS04) and concentrated in 

vacuovacuo to afford the crude mesylate which was used without purification. 

C:: Preparation of azides from mesylates. A solution of the mesylate and NaN3 (7.5 equiv) in DMF 

(0.55 M) was heated at 110 °C until TLC analysis indicated complete consumption of the starting 

materiall  (1.5-2.5 h). After the reaction mixture was allowed to cool to rt it was poured into water (ca. 4 
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xx the DMF volume). The aqueous layer was extracted with four portions of pentane/ether 1:1. The 

combinedd organic layers were dried (MgS04) and concentrated in vacuo to afford the crude azide which 

wass used without purification. 

D:D: Preparation of amines from azides using PPhj. Triphenylphosphine (1.05 equiv) was added to a 

solutionn of the azide in THF (0.3 M). After 30 min water (3 equiv) was added and stirring was 

continuedd overnight. The solvent was removed in vacuo and the resulting residue was taken up in hot 

ether.. The triphenylphosphine oxide, which crystallised from the solution upon cooling, was filtered off 

andd washed with cold ether. The ether solution was concentrated in vacuo to half its volume and 

precipitatedd triphenylphosphine oxide was again filtered off and washed with cold ether. The resulting 

etherr solution was extracted with three portions of aqueous 10% NaHS04. The combined water 

fractionss were basified with aqueous 10% NaOH and extracted with ether (5 x). The combined organic 

layerss were dried (MgS04) and concentrated in vacuo to give the amine, which was used without 

furtherr purification. 

ExEx Procedure for  the methoxycarbonylation of amines. Methyl chloroformate (1.1 equiv) was added 

dropwisee to a cooled (0 °C) solution of the amine and Et3N (1.1 equiv) in CH2C12 (0.5 M). The mixture 

waswas allowed to warm to it and stirred overnight. The reaction mixture was washed with water. The 

aqueouss layer was extracted with CH2C12 (2 x). The combined organic layers were dried (MgS04) and 

concentratedd in vacuo to afford the crude product which was purified using flash chromatography. 

F:F: Preparation of formaldehyde JV,0-aminaIs from the methyl carbamates. A solution of the 

methyll  carbamate in THF (0.5 M) was treated with paraformaldehyde (20 equiv) and Cs2C03 (2 equiv) 

forr 18 h. The reaction mixture was filtered over a pad of Celite® and concentrated in vacuo to afford the 

crudee product. The /V.O-aminal was purified using flash chromatography. 

G:G: Procedure for  the Cu(bpy)Cl-catalysed cyclisations. A solution of formaldehyde N,0-amina\ in 

CH2CI22 (0.2 M) was treated with thionyl chloride (2 equiv) and refluxed for 1 h. The volatiles were 

removedd in vacuo and the crude chloride was dissolved in dichloroethane (0.2 M). This solution was 

degassedd and placed under an inert atmosphere of argon. 2,2'-Bipyridine (0.3 equiv) and CuCl (0.3 

equiv)) were added. Depending on the reaction temperature the mixture was either heated at reflux (83 

°C)) overnight or sealed in a thick-walled glass tube with a plastic screw cap and placed in a preheated 

oill  bath (140-200 °C) for 30 min. Work-up consisted of filtration over a pad of Celite® and evaporation 

off  the volatiles to give the crude products. 
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(S)-Cydohex-3-enecarboxylicc acid (/?)-4,4-dimethyl-2-oxotetrahydrofuran-3-yl ester  (25). A 

solutionn of (K)-pantolactonyl acrylate (25.0 g, 0.14 mol) in dry CH2C12/PE 1:1 (390 mL) was treated 

withh TiCl4 (27.0 mL of a 1 M solution in CH2C12, 27.0 mmol) at 0 °C. The resulting deep red coloured 

solutionn was stirred for 45 min, then butadiene (36 mL, 0.41 mol) was added (the required volume of 

butadienee was first condensed in a schlenk-flask, then transferred using a double-ended needle). Stirring 

waswas continued overnight, then Na2CO3«10 H20 (15 g, 54 mmol) was added. The reaction mixture 

decolourisedd quickly, after which the solids were filtered off over a pad of Celite®. The volatiles were 

removedd in vacuo to afford a brown/reddish oil. This residue was dissolved in CH2C12, washed with 

water,, dried (MgS04) and concentrated in vacuo giving a brownish oil (30.0 g, 93%). The product was 

purifiedd over a short (10 cm) silica gel colomn using ether as the eluent giving the pure cycloadduct 

(22.55 g, 94 mmol, 70%): [a]D -51.7 (c 7.0, CH2C12) (o.p. 89%; lit.11 for the crude cycloadduct [ a ] D -

51.55 (c 7.5, CH2C12)). The diastereoisomeric ratio was determined to be 93% (lit.11 de 86%; lit.17 de 

91%)) by peak integration in the ,3C NMR spectrum of baseline separated signals: characteristic signals 

off  the minor diastereomer: 13C NMR (100 MHz) 8 27.0 (CH2), 24.9 (CH2), 24.0 (CH2). The product was 

recrystallisedd three times from PE/EtOAc (100:1) at 0 °C yielding diastereomerically pure product 25 

(15.00 g, 63.0 mmol, 46%) as white cubic crystals: mp 37-38 °C (lit.11 mp 38 °C); [a]D -57.7 (c 6.8, 

CH2C12)) (lit.
11 [a]D -57.8 (c 7.0, CH2C12); IR (film) v 1787, 1749, 1153; 'H NMR (400 MHz) 5 5.73-

5.588 (m, 2 H, CH=CH), 5.36 (s, 1 H, OCH), 4.06-3.97 (m, 2 H, OCH2), 2.76-2.67 (m, 1 H, CH), 2.30-

2.277 (m, 2 H), 2.19-2.00 (m, 3 H), 1.78-1.73 (m, 1 H), 1.17 (s, 3 H, CH3), 1.09 (s, 3 H, CH3);
 I3C NMR 

(1000 MHz) 5 174.1 (C=0), 172.2 (C=0), 126.6 (=CH), 124.5 (=CH), 75.8 (OCH2), 74.5 (OCH), 39.9 

(C(CH3)2),, 38.7 (CH), 27.2, 24.6, 23.8 (3 x CH2), 22.6, 19.6 (2 x CH3). 

(S)-4-Methylcyclohex-3-enecarboxyIicc acid (/?)-4,4-dimethyl-2-oxotetrahydrofuran-3-yl ester  (26). 

AA solution of (fl)-pantolactonyl acrylate (20.0 g, 0.11 mol) in dry CH2C12/PE 1:1 (300 mL) was treated 

withh TiCl4 (32.0 mL of a 1 M solution in CH2C12, 32.0 mmol) at 0 °C. The resulting deep red coloured 

solutionn was stirred for 45 min, then freshly destilled isoprene (20 mL, 0.20 mol) was added. Stirring 

wass continued until TLC analysis indicated complete conversion of starting material (ca 5 h), then 

Na2CO3»100 H20 (12 g, 42 mmol) was added. The reaction mixture decolourised quickly, after which the 

solidss were filtered off over a pad of Celite®. The volatiles were removed in vacuo resulting in a 

brown/reddishh oil. The residue was dissolved in CH2C12, washed with water, dried (MgS04) and 

concentratedd in vacuo giving a reddish oil (27.6 g, 100%). The product was purified over a short (10 

cm)) silica gel colomn using EtOAc/PE 1:3 as eluent giving the pure cycloadduct of product (21.5 g, 86 

mmol,, 78%) as a colourless oil that solidified upon storage in the freezer: [oc]D-54.0 (c 1.4, CH2C12) 

(o.p.. 94%). The diastereo-isomeric ratio was determined to be 93% (lit11 de 94%) by peak integration in 

thee l3C NMR spectrum of baseline separated signals: characteristic signals of the minor diastereomer: 
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13CC NMR (100 MHz) 8 29.0 (CH2), 27.4 (CH2), 25.4 (CH2). The product was recrystallised three times 

fromm PE/EtOAc 15:1 at 0 °C yielding the diastereomeric pure product 26 (11.2 g, 44.6 mmol, 37%) as 

whitee crystals: mp 55 °C; [a]D -57.5 (c 2.0, CH2C12); IR (CHC13) v 1789, 1745, 1151; 'H NMR (400 

MHz)) 8 5.38 (s, 2 H, OCH + C=CH), 4.05 (d, J = 13.5 Hz, 1 H, OCHH), 4.02 (d, J = 13.5 Hz, 1 H, 

OCHW),, 2.75-2.68 (m, 1 H, CH), 2.29 (br s, 2 H, CHCH2), 2.10-2.02 (m, 3 H), 1.80-1.72 (m, 1 H), 

1.666 (s, 3 H, =CCH3), 1.19 (s, 3 H, CH3), 1.10 (s, 3 H, CH3);
 l3C NMR (50 MHz) 8 174.5 (C=0),, 172.2 

(C=0),, 133.8 (C=CH), 118.5 (C=CH), 75.9 (OCH2), 74.4 (OCH), 40.0 (C(CH3)2), 38.7 (CH), 28.7, 

27.5,, 25.0 (3 x CH2), 23.2, 22.8, 19.6 (3 x CH3). 

4-Methylenecyclohexanecarboxylicc acid (/t)-4,4-dimethyl-2-oxotetrahydrofuran-3-yl ester  (28). A 

solutionn of (/?)-pantolactonyt aery late (300 mg, 1.63 mmol) in dry CH2C12/PE 1:1 (6 mL) was treated 

withh TiCl4 (0.5 mL of a 1 M solution in CH2C12, 0.5 mmol) at 0 °C. The resulting deep red coloured 

solutionn was stirred for 45 min, then a solution of diene 23 (426 mg, 2.10 mmol) and Me2AlCl (0.17 mL 

off  a 1 M solution in hexane, 0.17 mmol) in CH2C12 (I mL) was added. Stirring was continued until TLC 

analysiss indicated complete conversion of starting material (ca. 0.5 h), then Na2CO3»10 H20 (2 g, 7.0 

mmol)) was added. The reaction mixture decolourised quickly, after which the solids were filtered off 

overr a pad of Celite®. The product was purified using flash chromatography (EtOAc/PE 2:5) providing 

thee pure product 28 (158 mg, 0.63 mmol, 39%) as white crystals: mp 55-63 °C; [<x]D -2.4 (c 2.0, 

CH2C12);; IR (KBr) v 2937, 1792, 1744, 1150; 'H NMR (200 MHz) 8 5.36 (s, 1 H, OCH), 4.66 (s, 2 H, 

=CH2),, 4.03 (s, 2 H, OCH2), 2.63 (m, 1 H, CH), 2.41-2.25 (m, 2 H), 2.20-1.90 (m, 4 H), 1.75-1.55 (m, 

22 H), 1.19 (s, 3 H, CH3), 1.10 (s, 3 H, CH3);
 l3C NMR (100 MHz) 8 174.1 (C=0), 172.0 (C=0), 147.1 

(C=CH2),, 108.2 (C=CH2), 76.1 (OCH2), 74.7 (OCH), 42.2 (C-l), 40.2 (C(CH3)2), 33.5, 33.3, 30.2, 29.9 

(44 x CH2), 23.0, 19.9 (2 x CH3); HRMS calculated for Cl4H20O4 252.1362, found 252.1369. 

(S)-4-[(Dimethylphenylsilyl)methyl]cyclohex-3-enecarboxylicc acid (i?)-4,4-dimethyl-2-

oxotetrahydrofuran-3-yll  ester  (29). A solution of (K)-pantolactone acrylate (10.0 g, 54.3 mmol) in dry 

CH2C12/PEE 1:1 (250 mL) was treated with TiCU (16.3 mL of a 1 M solution in CH2C12, 16.3 mmol) at -

255 °C. The resulting deep red coloured solution was stirred for 30 min, then a solution of diene 23 

(13.22 g, 65.1 mmol) and Me2AlCl (10.9 mL of a 1 M solution in hexane, 10.9 mmol) in CH2C12 (15 

mL).. Stirring was continued until TLC analysis indicated complete conversion of starting material (ca. 

11 h), then pyridine (15 mL, 186 mmol) was added, followed by Na2CO3«10 H20 (6 g, 20 mmol). The 

reactionn mixture decolourised quickly, after which the solids were filtered off over a pad of Celite . The 

filtratefiltrate was washed with brine, dried (MgS04) and concentrated in vacuo to give the crude product: The 

diastereoisomericc ratio was determined to be 93% by peak integration in the l3C NMR spectrum of 

baselinee separated signals: characteristic signals of the minor diastereomer: l3C NMR (100 MHz) 8 
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117.33 (=CH), 30.0 (CH2), 27.5 (CH2), 25.6 (CH2). The product was purified using flash chromatography 

(EtOAc/PEE 2:1) giving product 29 (19.0 g, 49 mmol, 91%) as a white solid: mp 91-92 °C; [oc]D -45.6 (c 

2.0,, CH2C12); IR (KBr)v2957, 1790, 1746, 1247; 'H NMR (400 MHz) (assignment with aid of 

COSY)) 8 7.51-7.49 (m, 2 H, Ar-H), 7.36-7.33 (m, 3 H, Ar-H), 5.37 (s, 1 H, OCH), 5.20 (s, 1 H, =CH), 

4.044 (d, J = 9.0 Hz, 1 H, OCtfH), 4.01 (d, J = 9.0 Hz, 1 H, OCHtf), 2.68-2.62 (m, 1 H, H-l) , 2.29 (s, 2 

H,, =CHCH2), 2.00-1.82 (m, 3 H, =CCH2, CHCtfH), 1.75-1.62 (m, 1 H, CHCH//), 1.66 (s, 2 H, 

SiCH2),, 1.19 (s, 3 H, CH3), 1.10 (s, 3 H, CH3), 0.29 (s, 3 H, SiCH3), 0.28 (st 3 H, SiCH3);
 13C NMR 

(1000 MHz) 8 174.6 (C=0), 172.3 (C=0), 139.0 (Ar), 134.9 (C=CH), 133.4,128.9, 127.6 (3 x Ar), 117.0 

(C=CH),, 76.0 (OCH2), 74.5 (OCH), 40.1 (C(CH3)2), 38.9 (C-l), 29.8, 27.9, 26.7, 25.2 (4 x CH2), 22.9, 

19.88 (2 x CH3), -2.9 (Si(CH3)2); HRMS calculated for C22H30O4Si 386.1913, found 386.1930. 

(S)-Cyclohex-3-enylmethanoll  (30). According to general procedure A, the pantolactonyl ester 25 (14.7 

g,, 61.8 mmol) (de 100%) was treated with UAIH4 to afford the alcohol 30 (6.9 g, 61.6 mmol, 100%) as 

aa colourless oil: [a]D -101.9 (c 3.0, MeOH) (lit.11 [a]D -100.4 (c 1.7, MeOH)). The spectroscopic data 

weree identical to those published in literature26 for the racemic compound. In a similar experiment 

pantolactonyll  ester with a de 93% was converted into the alcohol: [a]D -92.7 (c 2.2, MeOH). 

(S)-(4-Methylcyclohex-3-enyl)methanoll  (31). According to general procedure -4, the pantolactone 

esterr 26 (10.1 g, 39.9 mmol) (de 100%) was treated with UAIH4 to afford the alcohol 31 (4.8 g, 38.1 

mmol,, 96%) as a colourless oil: [a]D -103.4 (c 3.2, CH2C12); IR (CHC13) v 3433, 2915, 1438, 1042, 

1002;; 1H NMR (400 MHz) 5 5.36 (s, 1 H, =CH), 3.52 (m, 2 H, OCH2), 2.00-1.91 (m, 3 H), 1.84-1.75 

(m,, 1 H), 1.73-1.67 (m, 2 H), 1.64 (s, 3 H, CH3), 1.53 (br s, 1 H, OH), 1.32-1.22 (m, 1 H, CH); l3C 

NMRR (50 MHz) 6 133.9 (C=CH), 119.6 (C=CH), 67.6 (OCH2), 35.9 (CH), 29.2, 28.0, 25.4 (3 xCH2), 

23.33 (CH3). In a similar experiment pantolactonyl ester with a de 93% was converted into the alcohol: 

[a]D-97.33 (c 2.6, CH2C12). 

(S)-{4-t(Dimethylphenylsilyl)methyl]cyclohex-3-enyl}methanoll  (32). According to general procedure 

A,A, the pantolactonyl ester 29 (9.0 g, 23.3 mmol) (de 93%) was treated with LiAIEU to afford the alcohol 

322 (6.1 g, 23.3 mmol, 100%) as a colourless oil: [oc]D -59.0 (c 2.2, CH2C12); IR (Film) v 3334, 2921, 

1427,, 1247, 1113; *H NMR (200 MHz) 5 7.56-7.50 (m, 2 H, Ar-H), 7.38-7.33 (m, 3 H, Ar-H), 5.22 (s, 

11 H, =CH), 3.49 (d, J = 4.2 Hz, 2 H, OCH2), 2.07-1.82 (m, 3 H), 1.81-1.60 (m, 5 H), 1.27-1.13 (m, 1 

H,, H-6), 0.32 (s, 3 H, SiCH3), 0.31 (s, 3 H, SiCH3);
 ,3C NMR (50 MHz) 8 139.2 (Ar), 134.6 (C=CH), 

133.2,, 128.6, 127.4 (3 xAr-H), 118.2 (C=CH), 67.5 (OCH2), 35.9 (CH), 30.3, 28.2, 26.6, 25.6 (4 

xx CH2), -2.9 (Si(CH3)2); HRMS (FAB) calculated for C.^sOSi [M+H] + 261.1674, found 261.1655. 
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(S)-C-Cyclohex-3-enylmethylaminee (33). The alcohol 30 (6.3 g, 59 mmol) (ee 100%) was transformed 

intoo the amine via general procedures B, C and D after which the amine 33 (4.4 g 39.6 mmol, 67%) was 

obtainedd as a yellowish oil: [cc]D -94.1 (c 6.8, CH2C12); The spectroscopic data were identical to those 

publishedd in literature27 for the racemic compound. In a similar experiment the alcohol with a ee 93% 

wass converted into the amine: [a]o -85.6 (c 3.1, CH2CI2). 

(S)-C-(4-Methylcyclohex-3-enyl)methyIaminee (34). According to general procedure B, the alcohol 31 

(4.77 g, 37.2 mmol) (ee 100%) was treated with mesyl chloride to afford (S)-Methanesulfonic acid 4-

methylcyclohex-3-enyll  methyl ester  (7.8 g, 37.2 mmol, 100%) as a slightly coloured oil: [a]D -60.4 (c 

2.8,, CH2C12); IR (CHC13) v 3030, 2915, 1357, 1175, 950; !H NMR (200 MHz) 8 5.34 (br s, 1 H, =CH), 

4.100 (d, J = 6.4 Hz, 2 H, OCH2), 3.00 (s, 3 H, SO3CH3), 2.17-1.69 (m, 6 H), 1.65 (s, 3 H, CH3), 1.46-

1.311 (m, 1 H, CH); 13C NMR (50 MHz) 6 133.9 (C=CH), 118.7 (C=CH), 73.8 (OCH2), 37.1 (SO3CH3), 

33.00 (CH), 28.7, 27.6, 25.0 (3 x CH2), 23.3 (CH3). According to general procedure C, the mesylate 

(12.33 g, 60.4 mmol) was treated with NaN3 to afford (S)-C-(4-Methylcyclohex-3-enyl)methylazide 

(8.00 g, 53.3 mmol, 95%) as a yellowish oil: [cc]D -̂ 43.8 (c 3.0, CH2C12); IR (CHC13) v 3300, 2095, 1672, 

1448,, 1256; 'H NMR (400 MHz) 8 5.33 (br s, 1 H, =CH), 3.22-3.13 (m, 2 H, N3CH2), 2.10-1.65 (m, 6 

H),, 1.62 (s, 3 H, CH3), 1.35-1.25 (m, 1 H, CH); 13C NMR (50 MHz) 8 133.7 (C=CH), 119.1 (C=CH), 

56.77 (N3CH2), 33.5 (CH), 29.0, 26.3 (3 x CH2), 23.2 (CH3). According to general procedure D, the 

azidee (4.93 g, 32.7 mmol) was treated with triphenylphosphine to afford amine 34 (3.2 g, 25.7 mmol, 

79%)) as a yellowish oil: [ccfo -107.3 (c 2.9, CH2C12); IR (CHC13) v 3382, 2930, 1584, 1435; 'H NMR 

(2000 MHz) S 5.32 (br s, 1 H, =CH), 2.54 (d, J = 5.3 Hz, 2 H, NCH2), 2.09-1.41 (m, 6 H), 1.60 (s, 3 H, 

CH3),, 1.23-1.14 (m, 1 H, CH); ,3C NMR (50 MHz) 8 133.9 (C=CH), 119.9 (C=CH), 47.8 (NCH2), 36.8 

(CH),, 29.6,29.4, 26.6 (3 x CH2), 23.3 (CH3). 

C{4-[(Dimethylphenylsilyl)methyl]cyclohex-3-enyl}methylaminee (35). According to general 

proceduree B, the racemic alcohol 32 (5.0 g, 19.2 mmol) was treated with mesyl chloride to afford the 

crudee Methanesulfonic acid-4-[(dimethylphenylsilyl)methyl]cyclohex-3-enyl methyl ester  (6.8 g, 

20.00 mmol) as a reddish oil: IR (film) v 2952, 2914, 1356, 1247; 'H NMR (200 MHz) 8 7.55-7.48 (m, 2 

H,, Ar-H), 7.37-7.33 (m, 3 H, Ar-H), 5.18 (s, 1 H, =CH), 4.07 (d, J = 7.0 Hz, 2 H, OCH2), 3.67 (s, 3 H, 

SO3CH3)) 2.22-1.67 (m, 6 H), 1.66 (s, 2 H, SiCH2), 1.31-1.22 (m, 1 H), 0.30 (s, 6 H, Si(CH3)2). 

Accordingg to general procedure C, the mesylate (6.5 g, 19.2 mmol) was treated with NaN3 to afford {4-

[(DimethylphenyIsilyl)methyl]cyclohex-3-enylmethyl}azidee (5.11 g, 17.0 mmol, 89%) as a yellowish 

oil:: IR (film) v 2955, 2917, 2099, 1247, 1113; *H NMR (200 MHz) 8 7.57-7.52 (m, 2 H, Ar-H), 7.40-

7.366 (m, 3 H, Ar-H), 5.21 (s, 1 H, =CH), 3.18 (d, J = 7.0 Hz, 2 H, N3CH2), 2.15 (m, 1 H), 2.01-1.71 (m, 

55 H), 1.70 (s, 2 H, SiCH2), 1.26 (m, 1 H), 0.34 (s, 6 H, Si(CH3)2);
 ,3C NMR (50 MHz) 8 139.0 (Ar), 
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134.66 (C=CH), 133.4, 128.7, 127.5 (3 x Ar), 117.6 (C=CH), 56.6 (N3CH2), 33.5 (C-l), 30.0, 29.2, 26.6, 

26.55 (4 x CH2), -2.9 (Si(CH3)2). A solution of the azide (5.11 g, 17.0 mmol) in ether (5 mL) was added 

too a cooled (0 °C) suspension of UAIH4 (1.7 g, 42.5 mmol) in Et20 (40 mL). After stirring the solution 

overnightt at rt the mixture was cooled on an icebath. Water (30 mL) was added, followed by aqueous 

10%% NaOH (10 mL). The resulting white precipitate was removed by filtration over a pad of Celite . 

Thee filtrate was washed with water. The aqueous layer was extracted with CH2C12 (3 x) and the 

combinedd organic layers were dried (MgS04) and concentrated in vacuo to provide the product 35 (3.9 

g,, 15.1 mmol, 89%) as a colourless oil: IR (film) v3350, 2907, 2021, 1557, 1247; *H NMR (400 

MHz)) 87.56-7.51 (m, 2 H, Ar-H), 7.41-7.32 (m, 3 H, Ar-H), 5.20 (s, 1 H, =CH), 2.57-2.55 (m, 2 H, 

NCH2),, 2.09 (d, J = 17.0 Hz, 1 H), 1.95-1.84 (m, 1 H), 1.83-1.74 (m, 1 H), 1.73-1.60 (m, 2 H), 1.66 (s, 

22 H, SiCH2), 1.54-1.43 (m, 1 H), 1.33 (br s, 2 H, NH2), 1.15 (dddd, J = 12.5, 7.0, 5.5, 4.0 Hz, 1 H), 

0.344 (s, 3 H, SiCH3), 0.33 (s, 3 H, SiCH3);
 13C NMR (50 MHz) 8 139.2 (Ar), 134.6 (C=CH), 133.3, 

128.6,, 127.4 (3 x Ar-H), 118.4 (C=CH), 47.7 (NCH2), 36.8 (CH), 30.5, 29.5, 26.7, 26.5 (4 x CH2), -3.0 

(SiCH3);; HRMS (FAB) calculated for C16H26NSi [M+H]+ 260.1834, found 260.1816. 

(S)-Cyclohex-3-enyImethylcarbamicc acid methyl ester  (36). According to general procedure E, the 

aminee 33 (6.4 g, 38.7 mmol) (ee 93%) was treated with methyl chloroformate to afford the 

methylcarbamatee 36 (5.5 g, 32.5 mmol, 84%) as a colourless oil: [a]D -69.8 (c 9.6, CHC13); The 

spectroscopicc data were identical to those published in literature27 for the racemic compound. 

(S)-4-Methylcyclohex-3-enylmethyl)carbamicc acid methyl ester  (37). According to general 

proceduree E, the enantiopure amine 34 (3.7 g, 29.7 mmol) was treated with methyl chloroformate to 

affordd the methylcarbamate 37 (5.4 g, 29.6 mmol, 99%) as a colourless oil after flash chromatography 

(EtOAc/PEE 1:3): [ot]D -75.0 (c 1.4, CH2C12); IR (CHC13) v 3455, 2951, 1712, 1520, 1234; 'H NMR 

(4000 MHz) 8 5.32 (s, 1 H, =CH), 4.75 (br s, 1 H, NH), 3.65 (s, 3 H, OCH3), 3.09 (s, 2 H, NCH2), 2.07-

1.677 (m, 6 H), 1.62 (s, 3 H, CH3), 1.30-1.20 (m, 1 H, CH); ,3C NMR (50 MHz) 8 157.1 (C=0), 133.9 

(C=CH),, 119.4 (C=CH), 51.8 (OCH3), 46.2 (NCH2), 33.9 (CH), 29.3, 29.2, 26.4 (3 x CH2), 23.3 (CH3); 

HRMSS calculated for C10H,8NO2184.1338, found 184.1344. 

{4-[(Dimethylphenylsilyl)methyl]cyclohex-3-enyl}carbamicc acid methyl ester  (38). According to 

generall  procedure E, the racemic amine 35 (200 mg, 0.77 mmol) was treated with methyl chloroformate 

too afford the methylcarbamate 38 (164 mg, 0.52 mmol, 67%) as a colourless oil after flash 

chromatographyy (EtOAc/PE 1:4): IR (film) v 3336, 2911, 1703, 1538, 1247; 'H NMR (400 

MHz)) 8 7.51-7.48 (m, 2 H, Ar-H), 7.36-7.32 (m, 3 H, Ar-H), 5.16 (d, J = 3.4 Hz, 1 H, =CH), 4.68 (br 

s,, 1 H, NH), 3.66 (s, 3 H, OCH3), 3.07 (t, J = 5.8 Hz, 2 H, NCH2), 2.04-2.00 (m, 1 H), 1.96-1.60 (m, 4 
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H),, 1.64 (s, 2 H, SiCH2), 1.18-1.03 (m, 2 H), 0.28 (s, 3 H, Si(CH3)), 0.27 (s, 3 H, Si(CH3));
 l3C NMR 

(1000 MHz) 8 157.7 (C=0), 139.7 (Ar), 134.9 (C=CH), 133.5, 128.9, 127.6 (3 x Ar-H), 118.1 (C=CH), 

52.00 (OCH3), 46.3 (NCH2), 34.0 (CH), 30.4, 29.5, 26.7, 26.5 (4 x CH2), -2.8 Si(CH3)2); HRMS (FAB) 

calculatedd for Ci8H28N02Si [M+H] + 318.1890, found 318.1870. 

(S)-Hydroxymethyl(cyclohex-3-enyImethyl)carbamicc acid methyl ester  (39). According to general 

proceduree F, the methyl carbamate 36 (4.9 g, 29.0 mmol) was treated with paraformaldehyde to afford 

thee yv,0-aminal 39 (4.9 g, 24.7 mmol, 85%) after purification by flash chromatography (EtOAc/PE 2:1) 

ass a white solid: mp 49-50 °C; [a]D -58.8 (c 2.0, CHC13); The spectroscopic data were identical to 

thosee published in literature1 for the racemic compound. 

(S)-Hydroxymethyl(4-methylcydohex-3-enylmethyl)carbamicc acid methyl ester  (40). According to 

generall  procedure F, the methyl carbamate 37 (0.48 g, 2.60 mmol) was treated with paraformaldehyde 

too afford the MO-aminal 40 (0.46 g, 2.14 mmol, 82%) after purification by flash chromatography 

(EtOAc/PEE 1:2) as a colourless oil that solidified in the freezer: [a]D -47.1 (c 1.3, CH2C12); 

IRR (film) v 3437, 2941, 1691, 1482, 1452, 1266, 1240; 'H NMR (400 MHz) 8 5.32 (s, 1 H, =CH), 4.75 

(s,, 2 H, OCH2), 3.70 (s, 3 H, OCH3), 3.22 (br s, 2 H, NCH2), 2.04-1.62 (m, 6 H), 1.61 (s, 3 H, CH3), 

1.25-1.199 (m, 1 H, CH); 13C NMR (50 MHz) 8 156.5 (C=0), 133.8 (C=CH), 119.5 (C=CH), 73.0 

(CH2OH,, broad), 52.5 (OCH3), 46.5 (NCH2, broad), 32.7 (CH), 29.3,29.1,26.5 (3 x CH2), 23.2 (CH3). 

{4[(DimethylphenylsilyI)methyI]cyclohex<3-enylmethyl}hydromethylcarbamicc acid methyl ester 

(41).. According to general procedure F, the methyl carbamate 38 (1.86 g, 5.86 mmol) was treated with 

paraformaldehydee to afford the yV.O-aminal 41 (1.53 g, 4.41 mmol, 75%) after purification by flash 

chromatographyy (EtOAc/PE 1:2) as a colourless oil: IR (film) v 3429, 2954, 2911, 1693, 1247, 1484, 

1454;; 'H NMR (200 MHz) 5 7.53-7.49 (m, 2 H, Ar-H), 7.36-7.31 (m, 3 H, Ar-H), 5.17 (s, 1 H, =CH), 

4.755 (d, J = 7.3 Hz, 2 H, OCH2), 3.72 (s, 3 H, OCH3) 3.59 (br s, 1 H, OH), 3.23 (d, J = 5.9 Hz, 2 H, 

NCH2),, 2.05-1.65 (m, 5 H), 1.65 (s, 2 H, SiCH2), 1.40-1.00 (m, 2 H), 0.29 (s, 3 H, Si(CH3)), 0.28 (s, 3 

H,, Si(CH3));
 l3C NMR (50 MHz) 8 157.0 (C=0), 139.1 (Ar), 134.6 (C=CH), 133.3, 128.6, 127.4 (3 

xx Ar), 117.9 (C=CH), 73.5 (OCH2), 52.4 (OCH3), 52.3 (NCH2), 33.0 (CH), 30.2, 29.3, 26.6, 26.5 (4 

xCH2),, -2.9 Si(CH3)2); HRMS (FAB) calculated for C19H28N02Si [M-OH]+ 330.1890, found 

330.1888. . 

Cu(bpy)Cl-catalysedd cyclisation of chloride 4 at 200°C. According to the general procedure G, the 

chloridee 4 was prepared from the formaldehyde MO-aminal 39 (528 mg, 2.7 mmol) and cyclised at 200 

°C.. 'H NMR of the crude products showed a 4:1 mixture of respectively 3-azabicyclo[3.3.1]non-6-ene-
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3-carboxylicc acid methyl ester  (5) and 7-exo-chIoro-3-azabicyclo[3.3.1]nonane-3-carboxylic acid 

methyll  ester  (6) (435.0 mg, 2.4 mmol, 89%). Flash chromatography (EtOAc/PE 1:5) afforded pure 

(LR,5/?)-3-azabicycIo[3.3.1]non-6-ene-3-carboxyIicc acid methyl ester  (5) (249 mg, 1.4 mmol, 51%): 

[a]DD -95.9 (c 3.4, CH2CI2); The spectroscopic data were identical to those published in literature1 for the 

racemicc compound. 

(l/i,5/?)-3-Azabicyclo[3.3.1]non-6-enee HI  salt (42). A solution of the methyl carbamate 5 (56.5 mg, 

0.311 mmol) in MeCN (2 mL) was placed under an inert atmosphere of argon, treated with Me3SiI (47 

|iL,, 0.34 mmol) and heated at 40 °C for 1 h. The reaction mixture was allowed to cool to rt and 

methanoll  (2 mL) was added. After 5 min the volatiles were removed to yield 42 as a yellowish solid 

(71.66 mg, 0.28 mmol, 92%); IR (KBr) v 3400, 2930, 1557, 1456; 'H NMR (400 MHz) 5 6.79 (br s, 2 H, 

NH2),, 6.11 (br s, 1 H, =CH), 5.82 (br s, 1 H, =CH), 3.74-3.22 (m, 2 H), 3.15 (br s, 1 H), 3.00-2.60 (m, 

22 H), 2.60-2.15 (m, 3 H), 1.78 (br s, 2 H); 13C NMR (100 MHz) 8 133.0 & 132.7 (=CH), 126.3 & 125.9 

(=CH),, 61.5 & 57.7 (NCH2), 50.0 & 46.2 (NCH2), 30.7 & 30.4 (CH2), 28.3 & 26.8 (CH), 27.9 & 27.8 

(CH2),, 26.5 & 24.9 (CH); HRMS calculated for C8H13N [M-HI] + 123.1048, found 123.1048. 

(lR,5#)-3-Azabicyclo[3.3.1]non-6-ene-3-camphanicc acid amide (43). To a solution of 3-

Azabicyclo[3.3.1]non-6-enee HI salt 42 (220 mg, 0.90 mmol) in CH2C12 (6 mL) was added Et3N (0.38 

mL,, 2.7 mmol) and camphanic acid chloride (217 mg, 1.0 mmol). After 15 h at rt water was added. The 

layerss were separated and the aqueous layer was extracted with CH2C12 (3 x). The combined organic 

layerss were dried (MgS04) and concentrated in vacuo to afford the crude amide 43 (210 mg, 0.70 

mmol)) as a brownish oil: 'H NMR (400 MHz, CDC13) (rotamers) 8 5.80-5.61 (m, 2 H, CH=CH), 4.73-

4.200 (m, 3 H), 3.26-3.00 (m, 1 H), 2.75-2.64 (m, 1 H), 2.55-1.60 (m, 9 H), 1.17-1.13 (set of s, 3 H, 

CH3),, 1.06 & 0.97 (s, 3 H, CH3), 0.96 & 0.95 (s, 3 H, CH3);
 13C NMR (100 MHz) (rotamers) 

(characteristicc signals) 8 178.8, 178.7, 178.6 (C=0), 166.8 , 166.1, 165.9 (C=0), 128.5, 127.9, 127.8, 

127.77 (signals of the major diastereomeric rotamers, C=C), 130.2, 129.0, 127.4, 126.9 (signals of the 

minorr diastereomeric rotamers, C=C), 93.1, 92.7, 92.6, 30.4, 30,2, 30.1, 29.9 (CH), 28.0, 27.9 (CH), 

17.9,, 17.8 (CH3), 16.7, 16.6, 16.5, 16.3 (CH3), 9.5 (CH3); HRMS calculated for C18H25N03 303.1834, 

foundd 303.1844. The diastereomeric ratio of the enantiomerically enriched material was determined to 

bee 84/16 by peak integration in the 13C NMR spectrum of the baseline separated signals of the double 

bond. . 

Cu(bpy)CI-catalysedd cyclisation of the chloride 44 at 83°C. According to the general procedure G, 

thee chloride 44 was prepared from the formaldehyde MO-aminal 40 (176 mg, 0.72 mmol) and cyclised 

att 83 °C. 'H NMR of the crude products showed a 75:25 mixture of products (135 mg, 0.65 mmol, 
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89%).. The major product: 6-Methyl-3-azabicyclo[3.3.1]non-6-ene-3-carboxylic acid methyl ester 

(45)) for spectroscopical data vide infra. The minor product: 7-Chloro-6-methyl-3-aza-

bicyclo[3.3.1]nonane-3-carboxylicc acid methyl ester  (46) 'H NMR (400 MHz) (characteristic 

signals)) 54.66 (s, 1 H, CHC1), 3.67 (s, 3 H, OCH3), 3.10-2.95 (m, 2 H, NCHH), 2.48-2.44 (m, 1 H, 

CH),, 1.72 (s, 3 H, CH3); HRMS (FAB) calculated for CUH19N02CI [M+H]+ 232.1104, found 232.1116. 

Cu(bpy)Cl-catalysedd cyclisation of the chloride 44 at 200°C. According to the general procedure G, 

thee chloride 44 was prepared from the formaldehyde A^O-aminal 40 (0.73 g, 3.2 mmol) and cyclised at 

2000 °C. H NMR of the crude products showed the sole formation of the desired compound. Flash 

chromatographyy (EtOAc/PE 1:2) afforded a colourless oil (0.53 g, 2.7 mmol, 87%): (lif,5/f)-6-Methyl -

3-azabicycIo[3.3.1]non-6-ene-3-carboxylicc acid methyl ester  (45): [a]D -34.0 (c 1.5, CH2C12); IR 

(film)) v 2909, 1703, 1443, 1231; 'H NMR (400 MHz) (rotamers) 8 5.41 (s, 1 H, =CH), 4.17 & 4.04 (d, 

JJ = 12.8 Hz, 1 H, NCHH), 3.98 & 3.89 (d, J = 12.9 Hz, 1 H, NCHH), 3.61 & 3.58 (s, 3 H, OCH3), 2.94 

(d,, J = 13.0 Hz, 1/2 H, NCHH), 2.86 & 2.83 (d, J = 14.4 Hz, 1 H, NCHH), 2.76 (d, J = 12.6 Hz, 1/2 H, 

NCHH),NCHH), 2.28 & 2.23 (s, 1 H, CH), 2.10-1.80 (m, 3 H), 1.75-1.65 (m, 2 H), 1.67 & 1.63 (s, 3 H, CH3); 
13CC NMR (50 MHz) (rotamers) 5 156.0 (C=0), 134.0 & 133.5 (C=CH), 122.9 & 122.0 (C=CH), 52.0 

(OCH3),, 51.2 (NCH2), 45.8 (NCH2), 34.6 (C-5), 30.7, 30.3 (2 x CH2), 26.8 & 26.6 (C-l), 22.1 & 21.9 

(CH3);; HRMS (FAB) calculated for C,iH17N02195.1260, found 195.1241. 

Aceticc acid ({4-[(dimethylphenylsilyl)methyl]cyclohex-3-enylmethyl }methoxycarbonyl-

amino)methyll  ester  (47). To a solution of the A^O-aminal 41 (0.60 g, 1.73 mmol) in pyridine (17 ml) 

weree added acetic anhydride (0.24 ml, 2.6 mmol) and DMAP (25 mg, 0.2 mmol). After 15 h the 

reactionn mixture was poured into water. The layers were separated and the aqueous layer was extracted 

withh CH2CL2 (4 x). The combined organic layers were dried (MgSÔ  and concentrated in vacuo. 

Residuall  pyridine was removed from the residue by azeotropical distillation with toluene to yield the 

puree product 47 (0.64 g, 1.64 mmol, 95%) as a colourless oil: IR (film) v 2914, 1742, 1716, 1247; 'H 

NMRR (250 MHz) 8 7.50-7.46 (m, 2 H, Ar-H), 7.34-7.31 (m, 3 H, Ar-H), 5.31 (s, 2 H, OCH2), 5.15 (s, 1 

H,, =CH), 3.73 (s, 3 H, OCH3), 3.22 (s, 2 H, NCH2), 2.05 (s, 3 H, CH3C(0)), 1.99-1.63 (m, 6 H), 1.63 

(s,, 2 H, SiCH2), 1.35-1.10 (m, 1 H), 0.26 (s, 3 H, Si(CH3)), 0.25 (s, 3 H, Si(CH3)).
 13C NMR (50 

MHz)) 8 169.8 (OC=0), 157.2 (NC=0), 139.2 (Ar), 134.8 (C=CH), 133.3, 128.6, 127.4 (3 x Ar), 118.0 

(C=CH),, 73.1 (OCH2), 53.0 (OCH3), 52.8 (NCH2), 33.5 (CH), 30.5, 29.5, 26.7 (4 x CH2), 20.6 (CH3), -

2.88 Si(CH3)2). 

6-Methylene-3-azabicyclo[3.3.1]nonane-3-carboxylicc acid methyl ester  (48). A cooled (0 °C) 

solutionn of 47 (70 mg, 0.18 mmol) in dry CH2C12 (3 mL) was treated with BF3»OEt2 (89 jil , 0.72 mmol). 
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Afterr 15 min aqueous saturated NaHC03 was added. The mixture was allowed to warm to rt and the 

layerss were separated. The aqueous layer was extracted with CH2CI2 (3 x). The combined organic 

layerss were dried (MgS04) and concentrated in vacuo. The product was purified using flash 

chromatographyy (EtOAc/PE 1:5) to give a colourless oil (23 mg, 0.12 mmol, 65%): IR (film) v 2926, 

2855,, 1703, 1446, 1231; 'H NMR (250 MHz) 5 4.63 (s, 2 H, =CH2), 4.20-3.90 (m, 2 H, NC//H), 3.65 

(s,, 3 H, OCH3), 3.06-2.95 (m, 2 H, NCH//), 2.55-2.40 (m, 2 H), 2.17 (dd, J = 14.9, 6.5 Hz, 1 H), 1.88-

1.622 (m, 5 H); I3C NMR (50 MHz) 5 156.3 (C=0), 151.2 (C=CH2), 107.7, (C=CH2), 52.4 (OCH3), 49.7 

(NCH2),, 49.4 (NCH2), 38.4 (C-5), 34.0, 31.7, 30.7 (3 xCH2), 27.8 (C-l); HRMS calculated for 

C„Hi 7N02195.1259,, found 195.1254. 

(l/f,5/?)-6-Methyl-3-azabicyclo[3.3.1]non-6-enee (51). A solution of the methyl carbamate 45 (256 mg, 

1.311 mmol) in MeCN (13 mL) was placed under an inert atmosphere of argon, treated with Me3SiI (250 

u.1,, 1.76 mmol) and heated at 40 °C for 1 h. The reaction mixture was allowed to cool to rt and aqueous 

saturatedd NaHS03 was added which decolourised the brownish solution. Aqueous saturated NaHCC>3 

waswas added and the layers were separated. The aqueous layer was extracted with CH2C12 (4 x) and the 

combinedd organic solutions dried (Na2S04) and concentrated in vacuo to give 51 as a colourless oil 

(1700 mg, 1.24 mmol, 94%): [a]D -29.2 (c 1.3, CH2C12); IR (film) v 3418, 2924, 1450; 'H NMR (400 

MHz,, CeD6) S5.57 (s, 1 H, =CH), 2.81-2.55 (m, 3 H, NCH2, NC//H), 2.56 (d, J = 12.9 Hz, 1 H, 

NCH//),, 2.15 (br d, J = 8.1 Hz, 1 H), 1.75-1.55 (m, 4 H), 1.49 (s, 3 H, CH3), 1.44 (s, 1 H, H-l) ; ,3C 

NMRR (50 MHz, C6D6) 8 134.1 (C=CH), 126.3 (C=CH), 49.7 (NCH2), 44.0 (NCH2), 32.6 (C-5), 30.1 

(CH2),, 27.8 (CH2), 23.9 (C-l), 22.1 (CH3); HRMS calculated for C9H15N 137.1205, found 137.1200. 

(3«,4/?,5/ï,7/t)-4-Iodo-l-azatricyclo[33.1.13,7]decane-2-carboxylicc acid methyl esters (49 (2S) and 

500 {IR)). To a solution of the bicyclononene HI salt 44 (576 mg, 2.30 mmol) in formic acid (15 mL) 

waswas added Me02CCHO(MeOH) (3.0 mL, 26 mmol). The reaction mixture was stirred overnight and 

concentratedd in vacuo. The remaining formic acid was azeotropically removed with toluene. The 

remainingg residue was subjected to flash chromatography (CH2CI2/MeOH 8:1) to afford a 2:1 mixture 

off  diastereomeric azaadamantanes (204 mg, 0.64 mmol, 28%) as a yellowish solid: mp xx °C (dec); 

[oc]DD -12.4 (c 2.8, CHC13); IR (KBr) v 2925, 2860, 1732, 1455, 1260, 1214; [H NMR (400 MHz) 5 5.07 

(s,, 2/3 H, ICH, major), 5.03 (s, 1/3 H, ICH, minor), 3.91 (s, 2/3 H, NCH, major), 3.80 (s, 1/3 H, NCH, 

minor),, 3.77 (s, 2 H, OCH3, major), 3.75 (s, 1 H, OCH3, minor), 3.41 (dd, J = 13.4, 2.2 Hz, 1/3 H, 

NC//H,, minor), 3.31-3.12 (m, 3 1/3 H), 2.98 (d, J = 13.8 Hz, 1/3 H, NCH//, minor), 2.64 (dd, J = 9.4, 

2.77 Hz, 2/3 H, major), 2.55-2.35 (m, 2 1/3 H), 1.90-1.87 (m, 3 H), 1.64 (s, 2/3 H, H-7, major), 1.56 (s, 

1/33 H, H-7, minor); 13C NMR (100 MHz) 8 171.2 (C=0, major), 168.9 (C=0, minor), 67.6 (NCH, 

major),, 67.1 (NCH, minor), 61.1 (NCH2, major), 60.0 (NCH2, minor), 55.1 (NCH2, minor), 55.0 (NCH2, 
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major),, 52.4 (OCH3, major), 52.1 (OCH,, minor), 41.6 (ICH, minor), 38.5 (ICH, major), 37.1 (CH, 

minor),, 37.0 (CH, major), 35.7 (CH, major), 35.5 (CH, minor), 33.0 (CH2, major), 32.0 (CH2), 28.2 

(CH2,, minor), 26.1 (C-7, major), 25.9 (C-7, minor); HRMS (FAB) calculated for C,,H,7N02I [M+H] + 

322.0304,322.0331. . 

(3/f,4/f,5/f,7J?)-4-Hydroxy-4-methyl-l-azatricyclo[3J.l.l3'7]decane-2-carboxylicc acid methyl ester 

(522 and 53) To a solution of the bicyclononene 51 (54.9 mg, 0.40 mmol) in formic acid (2 mL) was 

addedd Me02CCHO(MeOH) (0.5 g, 4.6 mmol). The reaction mixture was stirred overnight and 

concentratedd in vacuo. Aqueous 2.5 M NaOH was added and the water layer was extracted with CH2CI2 

(55 x). The combined extracts were dried (MgS04) and concentrated in vacuo. The residue was subjected 

too flash chromatography (CH2Cl2/MeOH 8:1) to afford an inseparable 1:1 mixture of two 

diastereomericc azaadamantanes (20.3 mg, 90 umol, 22%) as a colourless oil: IR (film) v 3352, 1740; 

HH NMR (400 MHz) 8 3.88 (s, 1/2 H, NCH), 3.79 (s, 3/2 H, OCH3), 3.77 (s, 1/2 H, NCH), 3.73 (s, 3/2 

H,, OCH3), 3.75 (d, J = 14.2 Hz, 1/2 H, NCWH), 3.43-3.04 (m, 6/2 H), 2.90 (d, J = 13.5 Hz, 1/2 H, 

NCH//),, 2.54-2.50 (m, 1/2 H), 2.39-2.33 (m, 2/2 H), 2.27 (br s, 2/2 H), 2.07 (br s, 1/2 H), 1.79-1.71 

(m,, 4/2 H), 1.58-1.45 (m, 4/2 H), 1.41 (s, 3/2 H, CH3), 1.19 (s, 3/2 H, CH3);
 13C NMR (50 

MHz)) 5 172.6, 171.8 (C=0), 72.7, 71.5 (C-^4), 66.7, 64.3 (NCH), 61.2, 57.1 (NCH2), 54.6, 52.3 

(NCH2),, 52.0, 51.7 (OCH3), 40.0, 39.3 (CH), 37.6, 37.5 (CH), 33.3, 31.4 (CH2), 31.2, 27.5 (CH2), 26.9, 

26.4,, 25.5, 25.0 (C-7 + CH3); HRMS (FAB) calculated for C,2H2oN03 [M+H] + 226.1444, found 

226.1436. . 

Reactionn of 51 with methyl glyoxylate in toluene. To a solution of the bicyclononane 51 (51.3 mg, 

0.377 mmol) in toluene (2 mL) was added Nal (58 mg, 0.39 mmol) and freshly destilled Me02CCHO 

(36.00 mg, 0.41 mmol). The reaction mixture was stirred overnight and concentrated in vacuo. The 

residuee was subjected to flash chromatography (EtOAc/PE 5:1, then MeOH) to afford two fractions. 

Thee first fraction (14.5 mg, 0.067 mmol, 18%) consisted of (2fl,3S,5fl,7/ï)-4-Methylene-l-

azatricyclo[33.1.13,7]decane-2-carboxylicc acid methyl ester  (54): IR (film) v 1743, 1457, 1245, 

1177;; lH NMR (400 MHz) (assignment with aid of COSY, HETCOR, NOESY) 8 4.94 (s, 1 H, =C//H), 

4.922 (s, 1 H, =CH//), 4.59 (s, 1 H, NCH), 3.93-3.80 (m, 3 H, NCH2, NC//H), 3.86 (s, 3 H, OCH3), 3.65 

(d,, J = 12.4 Hz, 1 H, NCH//), 3.25 (s, 1 H, H-3), 2.76 (s, 1 H, H-5), 2.43 (s, 1 H, H-7), 2.30 (d, J = 

12.99 Hz, 1 H, NCHCHC//H), 2.17 (d, / = 13.5 Hz, 1 H, C//H), 2.08 (d, / = 13.2 Hz, 1 H, 

NCHCHCH/0,, 1-98 (d, J = 13.0 Hz, 1 H, CH//); 13C NMR (50 MHz) 5 165.7 (C=0), 143.2 (C=CH2), 

110.33 (C=CH2), 65.7 (NCH), 48.6 (NCH2), 54.6 (NCH2), 53.4 (OCH3), 38.1 (C-3), 35.7 (NCHCHCH2), 

35.11 (C-5), 35.0 (CH2), 25.1 (C-7); HRMS (FAB) calculated for C12Hl8N02 [M+H] + 208.1338, found 

208.1329.. The second fraction (6.2 mg, 70 umol, 8%) consisted of (2S,3S,5tf,7K)-4-Methylene-l-
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azatricyclo[33.1.1v]decane-2-carboxylicc acid methyl ester  (55): IR (film) v 1746, 1436, 1240, 

1175;'' H NMR (400 MHz) 8 4.65 (s, 1 H, =CMi), 4.64 (s, 1 H, =CH//), 3.88 (s, 1 H, NCH), 3.71 (s, 3 

H,, OCH3), 3.36 (d, J = 13.3 Hz, 1 H, NC//H), 3.26-3.20 (m, 2 H, NCH2), 3.13 (d, J = 13.3 Hz, 1 H, 

NCH//),, 2.92 (s, 1 H, H-3), 2.27 (s, 1 H, H-5), 2.14-2.00 (m, 3 H), 1.89 (br d, J = 12.2 Hz, 1 H), 1.74 

(s,, 1 H, H-7); 13C NMR (50 MHz) 5 169.2 (C=0), 145.0 (C=CH2), 113.8 (C=CH2), 72.5 (NCH), 66.3 

(NCH2),, 55.1 (NCH2), 54.9 (OCH3), 43.9 (C-3), 39.1 (C-5), 37.9 (CH2), 36.6 (CH2), 29.6 (C-7); 

HRMSS (FAB) calculated for Ci2H,8N02 [M+H] + 208.1338, found 208.1328. 

Reactionn of 51 with methyl glyoxylate in CH2Cl2. To a solution of the bicyclononane 51 (47.8 mg, 

0.355 mmol) in CH2C12 (2 mL) was added freshly destilled anhydrous Me02CCHO (113 mg, 1.3 mmol). 

Thee reaction mixture was stirred overnight and concentrated in vacuo. The residue was subjected to 

flashh chromatography (EtOAc/PE 6:1, then MeOH) to afford three fractions. The first fraction (4.0 mg, 

166 nmol, 5%) consisted of adamantane 59 as a colourless oil: IR (film) v 1784, 1746, 1230; ' H NMR 

(4000 MHz) (assignment with aid of COSY and HETCOR) 6 3.97 (s, 1 H, H-2), 3.83 (d, J = 2.7 Hz, 1 

H,, H-9), 3.81 (s, 3 H, OCH3), 3.41 (dt, J = 14.2, 2.5 Hz, 1 H, NCWH), 2.86 (d, J = 14.2 Hz, 1 H, 

NCH//),, 2.40 (d, J = 2.6 Hz, 1 H, H-3), 2.15 (dq, J = 14.1, 3.0 Hz, 1 H, C7/H), 2.10 (s, 1 H, H-5), 

2.10-2.055 (m, 1 H, C*7/H), 1.93 (br d, J = 13.2 Hz, 1 H, CUH) 1.73 (dt, J = 14.1, 2.6 Hz, 1 H, CbHH), 

1.611 (s, 1 H, H-7), 1.57 (s, 3 H, CH3);
 ,3C NMR (50 MHz) 8 171.1 (C=0), 168.8 (C=0), 86.5 (C^ ), 

65.55 (C-9), 62.2 (C-2), 52.0 (OCH3), 50.7 (NCH2), 42.5 (C-5), 37.4 (C-3), 29.0 (CH2), 27.7 (CH2), 

22.99 (C-7), 20.8 (CH3); HRMS (FAB) calculated for Ci3H18N04 [M+H] + 252.1236, found 252.1251. 

Thee second fraction (14.0 mg, 73 nmol, 21%) consisted of adamantane 58 as a colourless oil: IR 

(film)) v 1776, 1243; l H NMR (400 MHz) (assignment with aid of COSY, HETCOR) 8 3.66 (s, 1 H, 

NCH),, 3.42 (d, J = 14.1 Hz, 1 H, NC//H), 3.23 (d, J = 13.4 Hz, 1 H, NC//H), 3.04 (d, J = 13.7 Hz, 1 

H,, NCH//), 2.98 (d, J = 14.0 Hz, 1 H, NCH//), 2.14-2.03 (m, 3 H), 1.96-1.80 (m, 3 H), 1.67 (s, 1 H, 

H-7),, 1.51 (s, 3 H, CH3);
 13C NMR (50 MHz) 8 174.2 (C=0), 87.1 (C-A), 64.8 (NCH), 56.1 (NCH2), 

55.33 (NCH2), 43.0 (C-3), 39.2 (C-5), 32.2 (CH2), 29.1 (CH2), 23.9 (C-7), 21.2 (CH3); HRMS (FAB) 

calculatedd for C„  H16N02 [M+H] + 194.1181, found 194.1182. The third fraction (4.6 mg, 22 nmol, 6%) 

consistedd of (2/ï,3S^/ï,7/i)-4-methylene-l-aza-tricyclo[3.3.1J3,7]decane-2-carboxylic acid methyl 

esterr  (54): for spectral data vide supra. 
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