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Palladium Catalysed Routes to the Tricyclic Core of the Stemona Alkaloids 

The Stemona alkaloids are a structurally interesting class of alkaloids isolated from the 
roots and rhizomes of the Stemonacae plant family. During this project we have 
investigated the viability of constructing the tricyclic core of the Stemona alkaloids using 
a cascade Hecklcarbopalladation reaction sequence, starting from an 
a1lylvinylcyc1opropane building block, utilising the group's [2+3] palladium catalysed 
cycloaddition chemistry. 

[2+3]-cycloaddition. 
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x = Br. 1 R = Ph. CO,Et 

We have briefly investigated applying our palladium catalysed [2+3] cyc1oaddition 
methodology towards doubly activated vinylcyclopropanes, preparing a selection of 
tetrahydrofuran and pyrrolidine precursors which underwent a Heck mediated cyclisation 
to yield a variety of functionalised polycyc1es. As well as further developing this 
methodology towards a tandem cyc1oadditionlHeck one pot strategy. 

o 

~
c02Me 

./'0 ~ 
CO,Me 

+ 

(-""yBr ~ 

~N~ 

[2+3] eycroadcfrtion 

) 
o ) 

o 
o 

Heck 

We have also investigated applying this methodology towards the construction of the 
azepine core of the Stemoamide group of Stemona alkaloids. Using the group's [2+3] 
cyc1oaddition chemistry to construct suitable pyrrolidines and subjecting them to Heck 
mediated cyc1isations aswell as investigating the viability of a tandem 
cyc1oadditionlHeck one pot strategy. 
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Ac acetyl 
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m meta 
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PPh3 triphenylphosphine 
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s singlet 
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TBAF tetrabutylammonium fluoride 
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Chapter 1- New routes to functionalised heterocycles. 

1.1 Synthesis of the Stemona Alkaloids: 

The Stemona alkaloids are a structurally interesting class of alkaloids that are isolated 

from the roots and rhizomes of the Stemonacae plant family.! Stemonaceae represent a 

rather isolated family within the monocotyledons consisting of 3 genera (Stemona, 

Croomia and Stichoneuron) and about 32 species.! Their range of distribution is centred 

in south-east Asia but also extends to tropical Australia and one species is even located in 

south-east United States.1
,2, 3 This root extract has been used for many years in traditional 

Chinese folk medicine to treat a number of respiratory diseases, such as bronchitis and 

tuberculosis/ and has also shown exceptional insecticidal activity.4 

Physiologically active Stemonacous plants posses the structurally novel azepinoindole (B, 

C, D) ring system (Figure 1). 

Figure 1: Azepinoindole ring system.! 

Stemona is the largest genus with about 25 species occurring as subshrubs or twinning 

herbs, which prefer a seasonal climate and occur in dry vegetation.4 The Stemona 

alkaloids are structurally characterised by the presence of the pyrrolo[I,2-a]azepine 

nucleus4.5 and subsequently can be characterised into five groups according to their 

structural features (Figure 2).4 
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Figure 2: Stemona alkaloid groupS.4 

1.l.i The Stenine Group: 

The stenine group compnses seven structural types which include stenine (1), 

tuberostemonine (2), tuberostemonal (3) and neotuberostemonine (4) (Figure 3).4 

o 

(1) (2) 
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Figure 3: Representatives of the Stenine group of Sternona alkaloids. 

The stenine group is named after the parent compound stenine (1), which possesses the 

structurally novel azepinoindole B, C, D ring system (Figure 3). The polycyclic cores of 

these natural products, which contain a wide variety of physiological properties along 

with structural complexity, have long provided organic chemists a real challenge in the 

total synthesis of the compounds. To date there is no general, facile route to these 

compounds, though a number of long and challenging total syntheses to stenine and 

related compounds do exist.4 

Looking into the literature reveals several total syntheses of stenine, one being Hart's 

synthesis which is built around the use of an intramolecular Diels-Alder strategy to 

construct the B-ring of the azepinoindole core.6 Treatment of (E)-3,5-hexadienol with n­

butylithium and (E)-2,4-pentadienoyl chloride gave ester (5), which underwent a Lewis 

acid promoted cyc1oaddition to give cycloadduct (6). Installation of the lone nitrogen of 

stenine (1) was achieved using an aminimide variant of the Curtius rearrangement. Thus, 

treatment of (6) with hydrazine in deoxygenated methanol, followed by exhaustive 

methylation, then acylation of the resulting aminimide, gave (7) with the nitrogen of the 

azepine ring in place. Thermolysis of (7) in mesitylene gave the intermediate isocyanate, 

which when treated with methanol gave carbonate (8). Hydroboration, then oxidation 

with sodium perborate, followed by mesylation, gave product (9), which was treated with 

2 eq. methylithium, to construct the B, C ring system of the stenine core (10). 

Introduction of the alcohol was accomplished usmg a halolactonisation­

dehydrohalogenation strategy. Thus, carboxylic acid (11), prepared from oxidation of 

alcohol (10), was treated with iodine and sodium bicarbonate, followed by 

dehydrohalogenation, to give (12). Reduction of the lactone ring, followed by protection 
9 



of the primary alcohol, was then treated with an amide acetal to give amide (13) via a 

Claisen rearrangement. Electrophile initiated cyclisation of (13), accompanied by the loss 

of the TBDMS group, gave iodolactone (14). The iodine was displaced using a Keck 

allylation, which provided functionality at that position, followed by a Swern oxidation. 

Wittig olefmation of the resulting aldehyde, gave cr, ~-unsaturated ester (15). Subsequent 

conjugate reduction and removal of the carbamate protecting group gave (16), which set 

the stage for construction of the azepine core. Johnson-Lemieux oxidation furnished the 

aldehyde which was converted to the thioketal. Treatment with Lawesson's reagent gave 

thiolactam (17) and simultaneous reduction of the thioketal and thiolactarn afforded 

racemic stenine (1). The intramolecular Diels-Alder cycloaddition-aminimide 

rearrangement sequence to form the perhydroindole structure (7) was the key step in this 

synthesis. This set the stage for the construction of the B, C ring of the tricyclic core, 

which set the required frans stereochemistry across the ring junction (Scheme 1). 
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i) n-BuLi, _78°C; ii) (E)-CH,=CHCH=CHCOCI, (lOoolo); iii) Et,AlCI, CHCl" 85°C, (67%); iv) NH,NH" 
MeOH, (87%); v) MeI, K,CO" MeOH, reflux, (100%); vi) CH,COOCI, (100%); vii) mesitylene, reflux, 
(94%); viii) 9-BBN, NaBO,.4H,O, (95%); ix) MsCI, Et,N, (100%); x) MeLi (2 equiv) & K,CO" MeOH, 
(94%); xi) Jones reagent, acetone, (83%); xii) I" NaHCO,(oq), (95%); xiii) DBU, (98%); xiv) NaBH., 
K,CO" (10oolo); xv) TBS-CI, CH,CI" (100%); xvi) MeC(OMe),NMe" (93%); xvii) I" (75%); xviii) n­
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(COCI), & Ph,P=CHCO,Et, (90%); xxi) Red-AI, Cu-Br, (85%); xxii) Me,Si, CH,CI" rt, (94%); xxiii) 
mesitylene, reflux, (91%); xxiv) OsO, (cat), NaIO" (84%); xxv) HSCH,CH,SH, SiO,-SOCI" (100%); 
xxvi) (p-MeOC,H.PSi)" (100%); xxvii) W-2 Raney-Ni, EtOH, (75%). 

Scheme 1: Hart's synthesis of stenine(6). 
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Padwa has reported using an intramolecular [4+2] cycloaddition of a 2-methylthio-5-

amidofuran to create the azepinoindole skeleton in stenine (I)? They incorporated the 

azepine ring at an early stage in the synthetic sequence, and used it as a template for 

setting the required stereochemistry. Caprolactam (18) was reacted with bis­

(methylsulfanylacetaldehyde) followed by quenching with acetic anhydride to give amide 

(19). Acylation with trans-5-chlorocarbonyl-pent-3-enoic acid methyl ester gave imide 

(20). Methyl sulfenylation of one of the methylthio groups with DMTSF induced a 

thionium-promoted cyclisation. Loss of acetic acid from the resulting dihydrofuran, gave 

the desired furan (21). Rapid rearrangement of (21) at room temperature yielded 

azepinoindole (22). Removal of the methylthio group was accomplished by treating (22) 

with Raney-Nickel, and subsequent reduction under Luche conditions9 provided alcohol 

(23). Controlled hydrogenation of the enamide It-bond with a Crabtree catalyst system of 

[Ir(cod)pr(PCYJ)]PF6/CH2CIz1H2 afforded (24) with the required syn-anti stereochemistry 

at the ring fusion sites.9 Alcohol (24) was converted to the corresponding mesylate, 

followed by treatment with DBU to yield alkene (25). Hydrolysis of the methyl ester 

followed by iodolactonisation, gave iodolactone (26). Subsequent Keck allylation with 

allyltributyl-stannane using the HartlWipf method6
•
1O gave (27), which was converted 

into aldehyde (28) via a Johnson-Lemieux oxidation. Treatment of the aldehyde with 1,2-

ethanedithiol and BFJ.Et20 gave (29). Conversion of the amide to the thioamide with 

Lawesson's reagent gave (30), followed by desulfurisation using Raney-Nickel, furnished 

(31) and finally methylation of the lactone enolate gave racemic stenine (1) in a 2% 

overall yield in 17 steps. The key step of the whole synthetic strategy was the 

intramolecular [4+2] cycloaddition of the amidofuran derivative (20), which constructed 

the azepinoindole skeleton in one step, allowing a series of reductions to set the syn-anti 

stereochemical relationship at the ring fusion sites (Scheme 2). 
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~, 
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LiOH. H,O; xi) h, MeCN, (60010, 2 steps); xii) CH,=CHCH,SnBu" AIBN, (62%); xiii) OsO" NaIO,; xiv) 
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Scheme 2: Padwa's synthesis of stenine.7 
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Wipf has developed a general synthetic strategy for the construction of the B, C ring 

system starting from L-tyrosine, and applied it to the total synthesis of stenine (1).10 Bi­

cycle (34) was prepared by treating L-tyrosine (33), with iodobenzenediacetate and 

NaHe03 in a one-pot procedure. Benzoylation of the tertiary alcohol, followed by 

reduction of the enone gave alcohol (35). The desired trans-hexahydroindole ring system 

(36) was accomplished by reduction of the Tt-allylpalladium complex of (35) at the more 

hindered tertiary carbon. Oxidation of the allylic alcohol of (36) with 

tetrapropylammonium perruthenate (TPAP) regenerated the enone which was 

deprotonated with KHMDSA. Subsequent alkylation with pentenyl triflate, gave enone 

(37). The alcohol was prepared via a 1,2-reduction of the enone, using NaB~/CeCb, 

followed by an Eschenmoser-Claisen rearrangement, which gave amide (38). Selective 

cleavage of the monosubstituted alkene was done using AD-mix-~, followed by sodium 

periodate cleavage of the resulting dioI. 11 Reduction of the aldehyde and silylation of the 

primary alcohol gave triisopropylsilyl ether (39) and the ester was reductively 

decarbonylated to give (40). Iodolactonisation, followed subsequent Keck allylation in 

neat allyItributylstannane gave (41). Methylation of the lactone, followed by Johnson­

Lemieux oxidation, reduction and Grieco-elimination provided tricycle (42).12 Closure of 

the 7-membered azepine was achieved by desilylation of (42) and oxidation of the 

primary alcohol using Dess-Martin periodinane and sodium chlorite to the acid (43), 

which was directly hydrogenated and cycIised with pentafluorophenyl 

diphenylphosphinate (FDPP) to give lactam (44). Finally conversion of the amide to the 

thioamide with Lawesson's reagent and desulfurisation with Raney-Nickel provided (-)­

stenine (1) in a 2% overall yield in 26 steps. The advantage of Wipfs synthetic strategy, 

was the key reduction step of the the Tt-allylpalladium complex of (35), set the 

stereochemistry across the fused B, C rings very early on. This allowed relatively straight 

forward functional group manipulation to assemble the rest of the azepine core (Scheme 

3). 
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Pd,(dba),.CHCl" Bu,P, HCO,HlNEt,; v) TPAP, NMO; vi) KHMDSA, _80°C, HC=CH(CH,),OTf, (46%); 
vii) NaBH." CeCl,.7H,O; viii) H,CC(OMe),NMe" (77%); ix) AD-mix [3, NaJO.; x) NaBH.,; xi) TIPS-Cl, 
DMAP, (76%); xii) LiOH, H,OffHF; xiii) PhOPOCI" NEt" PhSeH; xiv) Bu,SnH, AlBN, (70%); xv) I,; 
xvi) Allyl-SnBu" AlBN, (77%); xvii) LDA, HMPA, Mel; xviii) OsO., NaIO.; xix) NaBH." _40°C; xx) 0-

(NO,)PhSeCN, Bu,P, H,O" (47%); xxi) HF, MeCN; xxii) Dess-Martin periodinane, NaCIO,; xxiii) 
Pd(OH)" H,; xxiv) FDPP, CH,Cl" (72%); xxv) Lawesson's reagent; xxvi) Raney-Ni, EtOH, (73%). 

Scheme 3: Wipfs asymmetric synthesis of (-)-stenine. lO 
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Rigby and co-workers have developed a synthetic strategy towards the construction of the 

azepinoindole skeleton, within the context of stenine (1) and tuberostemonine (2) as the 

target aikaloids.13 They looked at using a highly functionalised hydroindolone building 

block (45), formed by a [4+1] cycloaddition between an appropriate vinyl isocyanate (46) 

and alkyl isocyanate (47) serving as a nucleophilic 1,I-dipole equivalent. N-A1kylation 

with 1,4-diiodobutane gave the precursor (48) for the radical or metalloenamine based 

cyclohetannulation. Heating in the presence of EtMgBr afforded the desired tricyclic 

enamide (49). Hydrolysis of the enamine (49) followed by treatment with m-CPBA gave 

the desired oxidative product (50). The strategy developed by Rigby differs from most of 

the other approaches described, in that the stereochemistry around the azepine ring is set 

during the cycloheptannulation step. Most of the other strategies rely on the 

stereochemistry being set prior to closure of the seven membered ring on to the 

pyrrolidine nitrogen (Scheme 4). 

NHCy NHCy 
i) a)=o ii) a)=o Cy-N=C: • • 

(47) 
H 

i~ + (45) 

UNCO 

(48) 

! iii) (46) 

~o. iv)-v) ccf: 
HO 

(50) (49) 

i) rt, (83%); ii) NaH then I,(CH,)" (56%); iii) EtMgBr, digiyme, 120°C, (70%); iv) (COOH)" 
THFIH,O, (60%); v) m-CPBA, CHC!" -WC, (93%). 

Scheme 4: Rigby's synthetic strategy towards the azepinoindole skeletonY 
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Morimoto has accomplished an asymmetric synthesis of stenine (1), involving the 

intramolecular diastereoselective Diels-Alder reaction of the (E, E, E,)-triene (S3), 

prepared easily from readily available starting materials.14 Introduction of the nitrogen 

functionality was achieved by a modified Curtius rearrangement to give (S6), followed by 

an in situ iodolactonisation to construct the A, B, C tricyclic ring system (S7). Morimoto 

constructed the 7 -membered azepine ring by removal of the methoxycarbonyl group of 

(S9), followed by consecutive intramolecular N-Alkylation of the corresponding amine to 

afford (-)-stenine (1) in 20 steps. The key feature of Morimoto's synthesis being the 

intramolecular asymmetric Diels-Alder reaction of triene (S3) to construct the Bring 

(SchemeS). 
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i) n-BuLi, THF, 25°C; then (E.E)-MPMO(CH,),CH=CHCH=CH-CH,CI, HMPA, -78°C-rt; ii) p-TsOH, 
H,O, MoOH, THF, rt, (6S%, 2 steps); iii) NaBH" CeCI,.7H,O, MeOH, THF, rt, (99%); iv) (52), Et,N, 
LiCI, THF, O°C-rt, (90%); v) Me,AlCI, CH,CI" -20°C, (S5%); vi) AgNO" N-chlorosuccinimide, CH,CN­
H20, O°C, (SO%); vii) LiSEt, THF, O°C, (91%); viii) Et,SiH, 10% Pd/C, acetone, O°C-rt, (100%); ix) 
NaCIO" NaH,PO .. 2-methylbut-2-ene, tBuOH, H,O, O°C-rt, (100%); x) (PhO),P(O)N" DMF, Et,N, 60°C; 
xi) MeOH, CuCI (cat.), rt, (S2%, 2 steps); xii) TMSCI, NaI, CH,CN, Et,N, 50°C; xiii) m-CPBA, hexane, 
CH,CI" -15°C-rt; xiv) H,IO" THF, H,O, rt then 1" NaHCO" rt, (50%, 3 steps); xv) CSA, CH(OMe)" 
MeOH, CH,C!" rt, (90%), xvi) CH,=CHCH,SnBu" A1BN (cat.), toluene, SO°C, (SO"Io); xvii) LDA, THF, 
HMPA, _78°C; then MeT, _78°C, (74%), xviii) Et,SiH, BF,.OEt" CH,CN, O°C, (S2%); xix) OsO, (cat.), 
NaIO" THF, H,O, rt, (75%); xx) HSCH,CH,SH, BF,.OEt" CH,CI" _15°C, (SI%), xxi) W2-Raney-Ni, 
EtOH, reflux, (SO%); xxii) MsCI, Et,N, CH,CI" O°C, (S8%); xxiii) NaI, acetone, reflux, (98%); xxiv) 
TMSL CH,CI" rt then CH,CN, reflux, (70%, 2 steps). 

Scheme 5: Morimoto's synthesis of(-)-stenine.14 
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I.l.ii. The Stemoamide Group: 

The stemoamide group is currently represented by 9 alkaloids, including stemoamide 

(60), stemonine (61), neostemonine (62) and tuberostemoamide (63) which all contain 

the tricyclic 2H-furo[3,2-c]pyrrolo[I,2-a]azepine, (A, D, C) ring system (Figure 4). 

o~ 0 ."Me 

H'" C 
oH N 

0 
(60) (61) 

Me 0 

0 
Me 

0 0 

(62) (63) 

Figure 4: Representatives of the stemoamide group of Stemona alkaloids. 

A total synthesis of stemoamide (60) has been achieved by Mori and co-workers. 15 The 

total synthesis was accomplished in 14 steps, starting from (-)-pyroglutamic acid, using a 

ruthenium-catalysed enyne metathesis developed by Grubbs.16 The starting enyne was 

prepared from the alkylation of the amide (64), followed by deprotection to give alcohol 

(65). Oxidation of (65), followed by addition of CBr4 and PPh3 in a one pot reaction, 

gave the corresponding dibromoalkene, which was treated with base and an acid chloride 

to give enyne (66). Ruthenium catalysed metathesis of (66) gave the desired [5.3.0] 

bicyclic product (67), which was treated with NaB~ to give (68). Bromolactonisation 

gave products (69/70), with (69) easily converted to (70) by treatment with base. 
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Treatment of enone (70) with NaB~ in the presence ofNiCh.6H20 in MeOH gave (-)­

stemoamide (60) in an overall yield of 9 %. The key feature of this synthesis was the 

intramolecular enyne metathesis, which not only constructed the [5.3.0] bicyclic (C, D) 

ring system, but also left the alkylidene moiety in a position to be manipulated towards 

the lactone (A) ring, which makes Mori's synthesis a very elegant route (Scheme 6). 

Meooc~o 
~ 

i)-ii) -
(64) (65) (66) 

viii)-ix) 
• Me~o 

~ 
• 

vii) 

(68) (67) 

W
Me 

H 
o 0 

H N o , 
H 

(70) (60) 

i) NaB, DMF, CH2=CH(CH,),Br, (89%); ii) TsOR, MeOH, (91%); iii) (COCln, DMSO, Et,N; iv) CBr" 
Ph,P, (87%, 2 steps); v) BuLi, THF, -98°C, (72%) and LDA, HMPA, CICOOMe (68%); vi) Ru catalyst (4-
5 mol%), CH2Ch, rt, (87%); vii) NaBH" MeOR, (85%); viii) NaOR, MeOHJH20; ix) CuBr2 on A120, (69, 
25% and 70,31%); x) NiCI2.6H20, NaBH" MeOR, (76%). 

Scheme 6: Mori synthesis of stemoamide.15 
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Jacobi's synthesis of (±)-stemoamide utilised a butenolide derivative (79), as an ideal 

precursor for establishing the frans relative stereochemistry.17 Oxazole (77) was 

identified as a logical precursor to butenolide (79). Firstly, acid chloride (71) was 

converted to the methoxyoxazole (74) by initial condensation with methyl aianinate, 

followed by cyclodehydration of the resultant amide (73) with P20S, N-Alkylation of 

succinimide with (74) afforded oxazole imide (75). Selective reduction of (75) with 

NaB~ followed by treatment with MeOHlH" afforded methoxylactam (76). Finally 

oxazole (77) was synthesised by a BfJ,Et20 catalysed condensation of (76) with (i­

propynyl)tributylstannane. Refluxing oxazole (77) in diethylbenzene gave (78) as the 

major product, which underwent rapid hydrolysis to the desired butenolide (79). A 

stereoselective cis reduction of (79) using a nickel-boride catalyst gave (± )-stemoamide 

(60) in 8 steps. The crucial step of this synthesis was the formation of the methoxyfuran 

(78), the precursor to the desired butenolide (79), achieved by an intramolecular Diels­

Alder cyclisation (Scheme 7). 
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~ vii) 

Me ero 
;r;-:' ') 

° o~ H 

(79) (60) 

i) Pyridine; ii) P20, (80%, 2 steps); iii) succinamide, (97%); iv) NaBH., MeOHlft, (72%); v) 
CH3CCSnBu3, BF3.Et20, (92%); vi) Diethylbenzene, 182'C; vii) H20, (53%, 2 steps); viii) NaBH., NiCI2, 
MeOH, -30'C, (73%). 

Scheme 7: Jacobi synthesis of(±)-stemoamide,17 

WiIliams has reported a total synthesis of (-)-stemoamide,18 Aldehyde (80) was oxidised 

to the carboxylic acid, and then transformed to the imide (81), An Evans aldol reaction 

gave the syn-aldol derivative (82) specifically. Subsequent deprotection ofthe silyl ether, 

treatment with potassium carbonate to release the chiral auxiliary and hydride reduction, 

afforded compound (83), Condensation of the lactone and protection of the alcohol in a 
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one pot procedure gave (84). Reduction of the ketone followed by mesylation gave (85), 

which was treated with sodium azide. Immediate ozonolysis afforded aldehyde (86). The 

stage was' now set for the important sequential ring cyclisations to afford (-)-stemoamide 

(60). Firstly, sodium chlorite oxidation, then esterification of the resulting carboxylic acid 

to the methyl ester, followed by mild reduction of the azide moiety led to an in situ 

cyclisation affording (87) and the construction of the C ring. Hydrogenation and 

mesylation of the primary alcohol, followed by treatment with sodium hydride gave the 

aza-bicyclic structure (88) with rings C and D now in place. Deprotection of the primary 

silyl ether, and subsequent oxidation using Dess-Martin periodinane gave an intermediate 

aldehyde, which was immediately subjected to tetra-n-butylammonium fluoride to 

remove the final silyl ether and furnish lactol (89). Finally pyridinium dichromate 

oxidation of the lactol gave (-)-stemoamide (60). Within Williams' synthetic strategy, the 

construction of the D ring was the crucial step. It was achieved in an excellent yield of 

71 % and set the platform for the formation of the lactone ring with the relative 

stereochemistry already in place (Scheme 8). 
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i) IM KMnO., 0.5 M NaH,P04, t-BuOH, IS min; ii) t-BuC(O)CI, Et,N, THF, O°C to rt, cool to _78°C, (S)-
4-(benzyl)-2-oxazolidinone, n-BuLi, THF, (94%); iii) n-Bu,BOTt; CH,CI" _78°C, then Et,N, then 4-
benzyloxybutanal, (88%); iv) 48% aq HF, CH,CN, then NaHCO" K2CO" (82%); v) t-BuMe,SiOTt; 
collidine, CH2CI2, -78°C to rt, (97%); vi) 4-iodo-I-butene, t-BuLi, Et20, -100°C, 45 min, then add (83), 
then collidine, t-BuMe,SiOTf, (78%); vii) LiEt,BH, THF, -78°C to rt (91%); viii) MsCI, pyridine, rt, 
(96%); ix) NaN" HMPA, rt, 9 h; x) 0" CH,CI,ICH,OH, _78°C, then Me2S, _78°C to rt (49%, 2 steps); xi) 
NaCIO" NaH,P04.H20, CH,CN, t-BuOH, H,O, 2-methyl-2-butene, O°C; xii) CH2N2, Et,O, O°C, (96%); 
xiii) PPh" THFIH,O, reflux, 48 h, (87%); xiv) H2, 10'10 Pd-C, EtOh, 24 h; xv) MsCI, pyridine, rt, 15 min; 
xvi) NaIl, THF, rt, (71 %, 3 steps); xvii) HF.NEt" CH,CN, rt, 7 h, (63%); xviii) Dess-Martin periodinane, 
pyridine, CH,Cl" rt, 30 min; xix) n-Bu"NF, THF, rt, 15 min (94%, 2 steps); xx) PDC, CH,CI" reflux,S h, 
(80%). 

Scheme 8: WiIliams total synthesis of(-)-stemomamide.18 
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Another member to be isolated within the stemoamide family is that of stemonine (61). 

Williams et al. have reported an enantioselective route towards this natural product. The 

two key transformations within this synthetic route involved a Staudinger-aza Wittig 

reaction to form the central perhydroazepine ring system and an iodine induced tandem 

cyclisation to construct the azepine core.19 Williams started from an acyclic precursor 

(97), synthesised from optically pure butyrolactone (83) and homoallylic iodide (93). 

Iodide (93) was prepared starting from tosylate (90), which was synthesised via hydroxyl 

protection, then hydride reduction of (R)-(-)-methyl-3-hydroxy-2-methyl propionate. 

Cyanide displacement, followed by reduction with DIBAL, gave aldehyde (91), which 

underwent a Wittig reaction to give the (Z)-olefin. Deprotection, followed by a 

Mitsonobu type reaction yielded iodide (93) (Scheme 6). 

MOMO~OTS 
Me 

(90) 

i)-ii) - ~Me iii)-v) 

O~OMOM ~ 
H ~+ _ 

TBDMSO PPh3Br 
(91) 

(92) 

}lie 

I~OMOM 

(93) 

i) NaCN, DMSO, 70°C; ii) DmAL, Et20, _78°C, H,O+, (86%, 4 steps); iii) (92), KHMDS, Et20, _78°C, 
then (91); iv) TBAF, THF, aOC-RT; v) PPh" I" imidazole, CH2Cl2, aoc, (8oolo, 2 steps). 

Scheme 6: Synthesis of homoallylic iodide (93).19 

Quantitative metalation using BuLi in diethyl ether, followed by reaction with 

butyrolactone (83) gave the t-butyl-dimethylsilyl ether (94).20 Reduction of (94) with 

lithium triethylborohydride followed by mesylation of the C9a alcohol gave (95). A 

stereocontrolled introduction of nitrogen was accomplished by azide displacement of the 

C9a mesylate to yield (96). Selective cleavage of the methoxymethyl ether moiety, 

followed by oxidation of the resulting alcohol to the methyl ester, then treatment with 

DDQ21 and subsequent Dess-Martin oxidation gave the desired acyclic aldehyde 

25 



precursor (97). The seven-membered ring was generated via a Staudinger reaction, to 

give (98), which was treated with iodine in a DCMldiethyl ether mixture, to afford (99). 

Finally deprotection of the TBS ethers, followed by Dess-Martin oxidation resulted in 

lactol (100), which was treated with Jones reagent to give (-)-stemonine (61) in 5 steps 

from (97) (Scheme 7). 
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i) O.ZSM (93), _78°C, Et20, O.S h, then collidine, TBSOTf, _78°C 10 Tt, (86%); ii) LiEI,BH, THF, _78°C to 
rt, (94%); iii) MsCl, pyridine, Tt, (9S%); iv) NaN, (3 eq), IS-crown-S (3 eq), HMPA, Tt, (6S%); v) TBSOTf, 
collidine, -78°C, (97%); vi) Me,BBr, CH2Cl" EI,N, -78°C, (76%); vii) Dess-Martin period inane, NaHCO" 
CH2Cl" rt; viii) NaCl02, NaH,P04, 'BuOR, CH,CN, Z-methyl-Z-butene, O°C; ix) CH,N" EI,O, (83%, 3 
steps); x) DDQ, CH,Cl" 'BuOR, H,O, Tt, (56%); xi) Dess-Martin periodinane, NaHCO" CH,Cl" Tt, (86%); 
xii) EtPPh2, benzene, Tt, 18h, concentrated in vacuo, then THF, NaBH." MeOR, (70%); xiii) 12, 
CH,Cl,iEt20, rt, 48 h, (4Z%); xiv) TBAF, THF, rt, (77%); xv) Dess-Martin periodinane, NaHCO" CH2CI" 
rt, (69%); xvi) cr03, aq H,S04, acetone, THF, Tt, (68%). 

Scheme 7: Williams enantioselective total synthesis of(-)-stemonine.19 
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1. 1. iii.. The Tuberostemonine Group: 

The tuberostemospironine group of the Stemona alkaloids is characterised by a 2H­

spiro[furan-2,9[9H]pyrrolo[I,2-a]azepin]-5-one nucleus, which displays a spiro y-lactone 

at C-9 of the basic ring (Fig. 2). The group comprises of seven members including 

tuberostemospironine (101), croomine (102) and stemospironine (103) (Figure 5.). 

o o 

(101) (102) (103) 

Figure 5: Representatives of the tuberostemospironine group of Stemona alkaloids. 

Williams et al. reported the total synthesis of (+)-croomine (102) in 1988.22 They 

developed a strategy in which the preliminary construction of a branched acyclic carbon 

chain could be followed by consecutive ring closures of each heterocycle (A-->D-->C). 

The framework of croomine (102) was assembled via acylation of a terminal acetylene 

with methyl chloroformate, to give unsaturated ester (103). Conjugate syn addition to the 

acetylenic ester (103) using a pre-prepared Gilman reagent gave (104). DIBAL reduction 

followed by Sharpless epoxidation gave the desired ~-epoxide (105). Oxidation of (105) 

followed by a Wittig reaction using solid (carbomethoxymethylene )triphenylphosphorane 

afforded cr, ~-unsaturated ester (106), which was treated with lithium borohydride to give 

an inseparable mixture of the desired product (107) and the corresponding (E/Z) allyIic 

alcohols. Hydrogenation of the mixture with 5% rhodium completed the conversion to 

(107). Esterification of the alcohol (107), followed by treatment with lithium azide gave 

(108), which was converted to the saturated dioxepine (109) using boron trifluoride 

etherate, in order to protect the hindered tertiary alcohol at C9. Deprotection of the 
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primary alcohol at C3, followed by saponification, Swem Oxidation and fmally a Wittig 

olefination, gave the (Z)-alkene (llO). Acid hydrolysis, basic saponification, addition of 

excess Jones reagent, followed by esterification with ethereal diazomethane gave the 

butyrolactone methyl ester (111). Removal of the benzyl ether and subsequent oxidation 

gave the aldehyde (112). A Staudinger reaction formed the seven membered ring, and the 

resulting amine was treated with iodide to give direct conversion to (+)-croomine (102) in 

17 steps. This route was different to many other synthetic strategies towards the Stemona 

alkaloids, in that Williams chose to construct the carbon framework of the A, D, C ring 

system first, before sequential ring cyclisations, elegantly constructing the azepine core 

(Scheme 8). 
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i) BnOCH2CH2CH2CH2MgBr, EI20, _78°C, DMS-CuBr, TMEDA, then (104), (95%); ii) DIDAL, CH2Ct" 
_78°C, (98%); iii) Ti-(O'PrJ. (10 mol%), D-DIPT, (12 mol%), I-BuOOH (3 eq), 4 A sieves, CH2CI2 al -
50°C, (83%); iv) CICOCOCI (1.2 eq), DMSO, (2.4 eq), CH2Cl2, Et,N, (2.5 eq), Ph,p=CHCOOCH, (1.2 
(eq), (89%); v) LiBH4 (1.2 eq), E120, MeOH, (81%); vi) 5% RhJAl20" H2, THF (62%); vii) BzCI, Et,N, 
CH,Cl" (97%); viii) LiN" DMPU, 110°C, (94%); ix) BF,.EI,O, CH2CI2, O°C, (81 %); x) LiOH, THF, aq 
MeOH, (97%); xi) CICOCOCI (1.2 eq), DMSO (2.4 eq), CH2CI2, EI,N, (91%), then 
PPh,=CHCH2CH(CH,)CHOBz, from KO'Bu, THF, -10°C, (70-81%); xii) aq. HBF ... CH,OH, (72%); xiii) 
LiOH, THF, CH,OH, H,O (86%), then crO" O°C then ethereal diazomethane, (78%); xiv) BCI" CH2CI2, 
then MeOH, _78°C, (77%); xv) CICOCOCI (1.2 eq), DMSO (2.4 eq), CH,Cl:" Et,N, (92%); xvi) PPh" 
THF, then NaBH4, MeOH (90%); xvii) I" CH2CI2,Et20, (25%). 

Scheme 8: Williams total synthesis of(+)-croomine (102).22 
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A concise route to (+ )-croomine (102), utilising two vinylogous Mannich reactions has 

been developed by Martin.23 Trialkylsilyloxy furan (113) was chosen as a common 

precursor for the formation of the A and D rings, using two separate Mannich reactions. 

Furan (114) was synthesised to set the stage for the [lfst of these, by alkylation of the 

lithio derivative of (113) with 1,4-dibromobutane, (114) was then reacted with the chiral 

acyl iminium ion of (115) in the [lfst vinylogous Mannich reaction, to give (116), which 

incorporated the A and C rings of (+)-croomine (102), with the correct stereochemistry, 

in a single step. Removal of the amine protecting group, followed by subsequent 

hydrogenation, gave compound (117), which was heated under reflux in DMF with N­

methylmorpholine, to construct the seven membered Bring (118). Hydrolysis of (118) 

yielded carboxylic acid (119), which when treated with POCh, gave rise to the iminium 

salt. Furan (113) was introduced in situ and the subsequent vinylogous Mannich reaction 

afforded (120) with the introduction of the second lactone ring. Stereoselective 

hydrogenation gave (+ )-croomine (102) in 8 steps (Scheme 9). 

30 



Me Me 

h TIPSO 0 H 
~ h ii) 

• 

(113) 

M~ 

O~0CO'H o H N 

(119) 

! vii) 

~ 

0 

(120) 

TIPSO-'O/~ 

(114) Br MeO "c:)-.co,Me 

vi) .. 

Me 
viii) 

, 
boc 

(115) 

M~ 

o~liJ: c C02Me .. v) ° H N 
o 

(118) 

• 

(102) 

Me 

O~~"'-C ° N C02Me 
H I 

boc 

Br (116) 

Me\ 

! iii)-iv) 

r 
° c:?:N C02Me H I 

H 

(117) 
Br 

i) s-BuLi, TMEDA, TIIF, O°C then BrCH,(CH,nCH2Br, (83%); ii) 5% TIPSOTf, CH2CI" O°C, (32%); iii) 
CF,C02H, CH2C12, rt; iv) 3% Rh/C, H2, EtOAc, EtOH, (96%, 2 steps); v) N-methylmorpholine, DMF, 
reflux; vi) 3M HBr (oq), 60°C, (74%, 2 steps); vii) POCI" DMF, rt then (113), (32%); viii) 10% Pd/C, H2, 
10% HCI-EtOAc, (85%). 

Scheme 9: Martin's concise synthesis of(+)-croomine (102)?3 

Williams has also reported a total synthesis of (-)-stemospironine (103), utilising a 

Staudinger reaction, leading to an aza-Wittig ring closure of the perhydroazepine 

system.21 Williams has shown the versatility of this chemistry, by also applying a similar 

route towards the total synthesis of (+)-croomine (102). Readily available ketone (121) 

underwent a Midland reduction with (R)-Alpine-borane, to give (122). Conjugate 

addition on to the acetylenic ester gave the E-a, p-unsaturated ester (123) exclusively. 

The silyl ether was removed using TBAF and then treated with methyl iodide and sodium 

hydride to give the required methyl ester, which was reduced to give alcohol (124). A 

Sharpless asymmetric epoxidation, followed by oxidation with Dess-Martin periodinane 

and a Wittig reaction using (carbomethoxymethylene)triphenylphosphorane gave methyl 
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ester (125). Reduction, then protection of the primary alcohol gave (126), which was 

treated with LiN3 in DMPU to give azido alcohol (127). Saponification of the ester, 

followed by Swern oxidation gave an inseparable mixture of the lactol and hydroxyl 

aldehyde product in equilibrium. Treatment with triphenylphosphorane gave the desired 

alkene, then hydrolysis of the ~-methoxyethyl ether, followed by removal of the primary 

benzoate, gave trio I (128). Oxidation with Jones reagent, then treatment with ethereal 

diazomethane yielded the lactone methyl ester (129). Formation of azepine (130) 

occurred in similar fashion to previous alkaloid syntheses by Williams. 18
,19,20 Therefore 

cleavage of the benzyl ether followed by Dess-Martin oxidation of the resulting alcohol 

gave the azido-aldehyde intermediate. A Staudinger reduction gave the required aza 

ylide, which underwent an intramolecular condensation reaction, followed by in situ 

reduction to give (130). Finally treatment with iodine yielded (-)-stemospironine (103) 

(Scheme 10). 
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(70%); v) TBAF, THF, rt, (90%); vi) NaH, MeI, DMF, (85%); vii) DIBAL, CH,C1:" -78°C, (92%); viii) 
Ti(O'Pr)., CaH" SiO" (-)-DIPT, 'BuOOH, CH,CI" -20°C, 72 h, (85-90%); ix) Dess-Martin oxidation, 
CH,C1" then Ph,PC(H)CO,CH" (60%); x) 5% RhlAl,O" H" THF, (85%), xi) LiBH" CH,OH, Et,O, 
(90%); xii) PivCI, Pyridine, DMAP, (91%); xiii) LiN" NH,CI, DMPU, 130°C, (83%); xiv) LiOH, THF, 
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CH,CI" -78°C to _10°C, (60%); xxii) Dess-Martin oxidation, CH,CI" (80%); xxiii) PPh" THF then 
NaBH" CH,OH, rt, (60%); xxiv) I" CH,C1" Et,O, rt, 48 h, (30%), 

Scheme 10: WilIiams' total synthesis of (-)-stemospironine_21 
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l.1.iv. The Stemonamine Group: 

The stemonamine group contains a number of Stemona alkaloids, including stemonamine 

(131), stemonamide (132) and isostemonamide (133), all showing the characteristic 

spirolactone ring at C-12 (Figure 6). 

0 Me Me o Me 

o ~OMe 0 0 

~o Me Me Me "" 
0 

(131) (132) (133) 

Figure 6: Representatives of the stemonamine group of Stemona alkaloids. 

Kende has utilised acyliminium chemistry to perform the total synthesis of (±)­

stemonamide (132) and (±)-isostemonamide (133)?5 The synthesis began with a 

Grignard addition of (3-benzyloxypropyl) magnesium bromide to succinimide (134). The 

resulting hemiaminal was protected as the methoxy derivative (135), which upon 

hydrogenolytic debenzylation gave the spiro compound (136). Addition of the 

silyloxyfuran (137) to the N-acyliminium ion generated from (136) created the fIrst 

quaternary centre. A 1:2 mixture of diastereomeric alcohols (138) was produced, but a 

Swern oxidation produced the corresponding aldehydes, which were treated with DBU 

and cyclised to yield tricyclic aldol products. Further Swern oxidation converted the aldol 

products to a 1: 1 mixture of tricyclic ketones (139) and (140). These were easily 

separated by column chromatography. Finally the enones required for the attempted total 

syntheses of stemonamide and isostemonamide were constructed by treatment with tert-
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butyldimethylsilyl enyl ethers with Pd(OAch, to produce desired enones (141) and (142) 

(Scheme 11). 
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i) BnO(CH,h.MgBr, Et,O, reflux, 30 min; ii) PPTS, MeOH, rt, 30 min, (90%, 2 steps); iii) H" 5% PdlC, 
3h, (90%); iv) BF,.Et,O, CH,C1:" rt, 40 min, (82%); v) (COCl)" DMSO, Et,N, CH,Cl,; vi) DBU, CH,Cl" 
12h, rt; vii) (COCl)" DMSO, Et,N, CH,Cl" (70%, 3 steps); viii) TBDSOTf, collidine, toluene., 7h, O°C to 
rt, (139, 80% and 140, 68%); ix) Pd(OAc)" O2, DMSO, 80°C, 24-48h, (141, 93% and 142, 89%). 

Scheme 11: Synthesis of the enone intermediate required for synthesis of 

stemonamide and isostemonamide by Kende.25 
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In the total synthesis of stemonamide (132), a conjugate Grignard addition to (141) in the 

presence of CuBr-Me2S, gave the predominantly anti addition product to the CoN bond 

(142aJI42b). A Mannich reaction installed the a-methyl group, unsaturation by 

deprotonation with KH and treatment with dimethylmethyleneanunonium trifluoroacetate 
\ 

afforded ketone (143). Removal of the PMB groups allowed the unprotected lactam to 

undergo RhCh mediated isomerisation to yield enone (144). Mesylation of the alcohol set 

the stage for the construction of the seven-membered ring, which was achieved via a 

nucleophilic displacement of the mesylate, by treatment with NaH, which produced 

racemic stemonamide (132) in an overall yield of 4 % from succinimide (134) (Scheme 

12). 
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i) PMBO(CH,).MgBr, 5% CuBr-Me,S, TMSC!, HMPA, THF, _78°C, 30 min, (74%); ii) KH, 
Me,N=CH,+CF,COO', THF, overnight, (67%); iii) CAN, CH3CNIH,O, 2h (80%); iv) RhC!,.H,O, 
EtOHlH,O,(IO:I), reflux, 36h, (66%); v) MsC!, DMAP, pyridine, CH,C!" O°C, 1 h; vi) NaB, THF, rt, 30 h. 

Scheme 12: Synthesis of stemonamide (132) from the tricyc1ic enone intermediate 

(141)?5 

36 



Similarly the synthesis of (±)-isostemonamide (133) followed the same strategy. Thus, 

conjugate addition of the Grignard reagent to (142) in the presence of CuBr-Me2S 

afforded (145) and (146). The TMS enol ether (145) was converted to (147) by direct 

treatment with the Mannich reagent, whereas ketone (146) underwent an identical 

Mannich reaction as previously described in the synthesis of (143). Finally RhCh 

mediated isomerisation and azepine ring closure used identical methodology as described 

in the formation of stemonamide (132) to yield (±)-isostemonamide (133) in 7 % overall 

from succinimide (134) Scheme (13). 
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i) PMBO(CH,),MgBr, 5% CuBr-Me,S, TMSCl, HMPA., THF, -78°C, 30 min, (74%); ii) 
Me,N~CH"CF,COO', CH,Cl" rt, 3 h, (96%); iii) KH, Me,N~H"CF,COO', THF, overnight, (85%); iv) 
CAN, CH,CNIH,O, 2h (75); v) RhCI,.H,O, EtOHlH,O, reflux, 36 h, (69%); vi) MsCl, DMAP, pyridine, 
CH,Cl" O°C, 4 h; vii) NaH, THF, rt, 5 h. 

Scheme 13: Synthesis ofisostemonamide from the tricyclic enone intermediate (143).25 
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1.1. v. The Parvistemoline Group: 

The final group of the Stemona alkaloids is the parvistemoline group. These alkaloids are 

characterised by the lack of the D-B ring fusion and a hexahydro-2,6-dimethyl-5-

oxofuro[3,2-b]furan-3-yl moiety attached to the azepine nucleus. To date there has been 

no formal synthesis of these alkaloids (Figure 7). 

o o o 

(149) (150) (151) 

.Figure 7: Representatives of the parvistemoline group of Stemona alkaloids. 

1.2 Palladium catalysed [2+3] cycloaddition reactions involving 

methylenecyclopropanes: 

A cycloaddition reaction is normally where two 7t bonds are lost and two (J bonds are 

introduced, usually in respect to forming five membered heterocycles. Various conditions 

can be used to optimise cycloaddition reactions, including heat, light, increasing pressure 

and Lewis acids. But one of the main areas of interest in promoting these types of 

reactions has come about by the use of transition metal catalysts. The use of these metal 

catalysts has facilitated the versatility, selectivity and reactivity of these cycloaddition 

reactions through complexation of the metal to the olefm. This enabled the rapid 

synthesis of highly functionalised heterocycles, many of which formed the templates 

required for complex total syntheses of natural product targets.26 
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Cyclopropane (152) and its derivatives have been identified as useful building blocks for 

use in synthetic chemistry, due to its susceptibility to ring-opening reactions under a 

variety of different reacting species including electrophilic, nucleophilic and radical 

reagents, as well as other variables such as heat and light. 27 Unlike straight chain 

hydrocarbons, the C-C single bond of cyclopropane, is more characteristic of a C=C 

double bond. Due to the cyclic arrangement of the propane chain, there is significant 

angular (Bayer) strain, where the bond angles are in fact 60° instead of the desired 109.5° 

for Spl -hybridised systems. Coupled with the torsional (Pitzer) strain, as the co-planar 

carbon atoms forces the C-H bonds to be eclipsed. These factors show why cyclopropane 

units readily undergo ring-opening reactions, it is the relief of this ring strain that is the 

major driving force behind the reaction?7 

A powerful example of how useful these cyclopropane intermediates are in the synthesis 

of complex molecules can be seen through the palladium catalysed [2+ 3]-cycloadditions 

of methylene cyclopropane and its analogues. The exocyclic double bond further 

increases the ring strain, by forcing the bond angle at C-\ to increase, thus lengthening 

the C-2-C-3 bond (Figure 8). 
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Figure 8: Cyclopropane and methylene cyclopropane. 

Methylenecyclopropanes participate in reactions which are characteristic of olefms e.g. 

e1ectrophilic additions, radical additions, addition to carbenes and nitrenes, various 
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thennally activated cycloadditions or in the presence of strong electron withdrawing 

groups, but they are also recognised as versatile building blocks in [2+3]-cycloaddition 

reactions, catalysed by transition metals such as Ni(O) and Pd(O) under mild 

conditions?8,29 

There are a number of possible mechanistic pathways in which transition metals can react 

with methylenecyclopropanes. The metal can insert into the distal C-2/C-3 bond or the 

proximal C-l/C-2 bond, to form the metallacyclobutane.3o (Scheme 14). 

A 
Distal attack at 

C~21C-3 111 
3D2 

M 

(155) (153) 

M = Pd(O) 

• 
Proximal attack ( 
at C-1/C-3 

M 

(154) 

M = Ni(O) 

Scheme 14: Possible mechanistic pathways of metal catalysed cycloadditon reactions. 

Catalytic [2+3] cycloaddition of methylenecyclopropane proceeding via distal attack, 

forms the intennediate metallacyclobutane and subsequent carbometallation onto the 

double bond and reductive elimination afforded cyclopentane (156) (Scheme 15).31 

! Djstal attack d XHC=CHX Q • • 
M Pd(O). 1 WC 

X X 

(153) (155) (156) 

Scheme 15: Formation of carbocycle via distal attack.3l 
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Alternatively the metallacyclobutane fonned from proximal attack, can be reacted in the 

presence of Ni(O) to afford heterocycle (158), but this time the two carbon unit is 

introduced in the proximal position to the exo-cyclic double bond (Scheme 16)?1 

! Proximal attack jJ 
• \,M XHC=CHX 

Ni(O),40'C 

(153) (154) (157) 

Scheme 16: Fonnation of carbocycle via proximal attack. 31 

Interestingly both cyclopentanes can be isolated in the presence of Ni(O), whereas only 

the heterocycle obtained via distal attack can be isolated when catalysed by Pd(O).31 

1.3 Palladium catalysed [2+3] cycloaddition reactions involving vinyJcyclopropanes. 

The chemical properties of cycIopropanes are altered dramatically upon the incorporation 

of neighbouring electron-withdrawing groups (EWG). Early work within this area was 

carried out by Burgess, who investigated the effects of electron-withdrawing groups 

(EWG) on ring opening of the vinylcyclopropane, to form either the mono- andlor bis­

alkylated conjugated product,32 He concluded that the ratio of mono- and bis-alkylated 

products depended not only on the concentration of starting materials, but also on the 

stabilising nature of the EWG present on the vinylcyclopropane, having to be greater or 

comparable to that of the EWG on the nucleophile.32 
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In the early eighties, Morizawa and co-workers concentrated upon palladium catalysed 

[2+3]-cycloadditions using doubly activated vinylcycIopropanes (158), in which they 

reported could undergo formal retro-a1dol rearrangement to 1,3-zwitterionic 

intermediates, which could then rearrange to afford varying cyclopentenes (Scheme 

17).33 
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Scheme 17: Synthesis offunctionalised cyclopentenes.33 
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Morizawa proposed that due to the oxidative addition of the Pd(O) species to the dienic 

group, a zwitterionic 7t-pentadienylpalladium intermediate (159) was generated. This ring 

opened the cyclopropane, and the subsequent anion was stabilised by the two EWG 

groups, which then collapsed to form the cyclopentene derivative (160). 

Further studies within this area have been conducted by Tsuji.34 He has reported the 

synthesis of 5-membered carbo- (163) and heterocycles, using similar [2+3] palladium 
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catalysed methodology between doubly activated vinylcyclopropanes (161) and electron 

deficient olefins (162) (Scheme 18). 
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Scheme 18: Formation of 5-membered carbocycle (163).34 

Tsuji also believed that the palladium species added oxidatively into the vinyl double 

bond, ring opening the cyclopropane to form the n-allyl palladium complex. He viewed 

this intermediate as a 1,3 dipole equivalent, which could be trapped with a variety of 

electron-deficient olefms and activated vinyIcyclopropanes to form the corresponding 5-

membered rings (Scheme 19).34,35 
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Scheme 19: Synthesis of5-membered heterocycle (164).34,35 
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This work provided a clear insight into the scope of this reaction. It provided an efficient 

route into highly functionalised 5-membered heterocycles, many of which could provide 

the building blocks in the synthesis of structurally complex and biologically important 

heterocycles. There were a few drawbacks within this route. The main cause for concern 

was the use of hexamethylphosphoramide (HMP A), a highly toxic solvent, to which an 

alternative would be desirable. It was thought that the reaction conditions could be 

modified to overcome these challenges. By using a variety of activated 

vinylcyclopropanes and electrophiles, a powerful pathway towards highly functionalised 

heterocycles could be developed. 

1.3.£ Lewis acid mediated cyc1oaddition reactions involving vinylcycIopropanes: 

A recent addition within this field of work was proposed by Pohlhaus and Johnson. 36 

They reported the synthesis of 2,5-disubstituted tetrahydrofuran (167) from donor 

acceptor cyclopropane (165), and trapping these with benzaldehyde (166) in the presence 

of a catalytic amount of Sn(OTf)2 (Scheme 20).36 
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Scheme 20: Synthesis offunctionalised tetrahydrofuran.36 
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They used a wide range of cyclopropanes, including phenyl, 2-furyl and 4-

nitrobenzaldehyde derivatives. These were all successfully cyclised with benzaldehyde in 

excellent yields (89-100%), though 3 equivalents of benzaldehyde were required. The 

reaction mainly favoured the cis isomer, though a range of diastereomeric ratios were 

observed. They proposed that the Lewis acid chelated to the electron withdrawing groups 

of the vinylcyclopropane, to facilitate ring opening and subsequent trapping of the 

benzaldehyde, to give the 5-membered heterocycles. 

lA Previous group work: 

Investigations carried out expanding on Tsuji's work were started by Tang.37 He 

concentrated on developing the palladium catalysed [2+3] cycloaddition reactions 

involving the doubly activated vinylcyclopropane, towards synthesising functionalised, 

novel heterocycles. Tang reported using a variety of trapping agents, including different 

imines and aldehydes, to give a selection of pyrrolidines and tetrahydrofurans. Crucially 

Tang was able to synthesise these heterocycles using different conditions to those flfst 

reported by Tsuji. The conditions Tang optimised involved using a stoichiometric amount 

of vinylcyclopropane and electrophile, 10 mol% Pd(PPh3)4, two equivalents of Lewis 

acid (ZnBr2); the solvent used was THF, moving away from the highly toxic HMPA 

traditionally used by Tsuji (Scheme 21). 
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Scheme 21: Synthesis offunctionalised heterocycles.37 
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From his studies, Tang was able to identify a full range of functional groups which 

tolerated these conditions and used this methodology to generate a range of precursors 

which could potentially be used to construct a wide variety of biologically interesting 

compounds, work which has been investigated further within the groUp.38,39 

More recently the group has concentrated on using the [2+3] cycloaddition chemistry to 

access the azepine core at the heart of the Stemona alkaloids.4o
,41,42 One area under 

development is the synthesis of ring fused derivatives such as pyrrolizidines, 

indolizidines and azepines, The stereochemical outcome of the reaction may be affected 

by the ring size of the cyclic imine used, allowing control over two stereo genic centres in 

just one step. These types of fused heterocycles are present in not only the Stemona 

alkaloids but in a large range of biologically active compounds, making it a very 

powerful synthetic strategy (Scheme 22),40 
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Scheme 22: Synthesis of ring-fused heterocycles.4o 

Interestingly with this particular route, if a 7-membered cyclic imine (168) was used, the 

group's palladium catalysed [2+3)-cycloaddition methodology would open up a synthetic 

pathway into the Stemona alkaloids containing the l-azabicyclo[5.3.0)decane system. 

Importantly, the cyclic imine can easily be manipulated into incorporating some 

functionality at C-3, which would open up a possible route towards the azepine core of 

the stenine group of alkaloids (Scheme 23).40 

Position for 
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Scheme 23: Possible route into the azepine core ofthe Stemona alkaloids.40 
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1.4.L Previous group work towards the azepinoindole core of the Stemona alkaloids: 

Work towards the tricyclic core of the Stemona alkaloids had previously been undertaken 

by Leybourne.42 He investigated the viability of using bicyclic cyclopropane (170) and 

the group's [2+3] cycloaddition methodology to construct pyrrolidine (172) by trapping 

the bicyclic cyclopropane with a suitable imine, followed by N-Alkylation, this would 

construct the B, C rings of the azepinoindole core. Finally, an intramolecular Heck 

cyclisation would construct the seven-membered ring and form the tricyclic skeleton of 

the alkaloid stenine (1) (Scheme 24).42 

[2+3]-cycloaddition 

<=::::1 =~> 

~C02Me 

~C02Me 
(170) 

I 

~Br 
:k reaction (172) 

Scheme 24: Retrosynthesis of proposed route to tricyclic core of stenine.42 

Throughout his studies, Leybourne never managed to obtain the tricyclic skeleton he 

desired, but some of the methodologies he developed, particularly those involving the 

selective cyclopropanation of a variety of 1,3 dienes, would prove valuable in our pursuit 

of the azepinoindole core. 
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1.4.iL The proposed route towards the azepinoindole core: 

Within this investigation, we were keen to explore a route towards generating the 

azepinoindole core. At the heart of this methodology was again the group's palladium 

catalysed [2+3] cyc1oaddition chemistry. Throughout his studies, Leybourne had 

investigated the potential of using bicyclic cyc1opropanes in order to immediately 

construct the B, C rings of the tricyclic core. We decided to look at an alternative route. 

Though initially we would use the methodology set out by Leybourne involving the 

bicyclic cyc1opropanes, we would in fact use an elegant Hecklcarbopalladation cascade 

reaction, to construct the seven membered D ring and then the six membered B ring in 

one step (Scheme 25). 

~~e 

> J-j 
X 

(173) 

X=Br, I 

Scheme 25: Proposed precursor to the azepinoindole core 

Pyrrolidine (173) was chosen as an ideal precursor for this cascade reaction towards the 

azepinoindole core. We envisaged that allylvinylcyclopropane (174), when reacted with a 

suitable imine (175) under the palladium catalysed [2+3] cycloaddition methodology set 

out by the group, would yield us our desired pyrrolidine target (Scheme 26). 
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[2+3]-cycloaddition 

(l 

):J <~= 
-;.- +0 
lction 

(173) 

x = Br, I 

Scheme 26: Retrosynthesis of proposed route to azepinoindole core. 

The allylvinyIcyclopropane (174) would be generated using the methodology set out by 

Leyboume involving the selective cyclopropanation of 1,3-dienes.42 We envisaged that 

selectively cyclopropanating 1,3-cyclopentadiene (176) would yield us the [3.1.0] 

bicyclic cyclopropane (177). This could then be subjected to an ozonolysis reaction to 

give the di-aldehyde (178) and then a Wittig reaction would deliver us the required 

allylvinylcyclopropane (174) (Scheme 27). 

50 

(175) 



(174) (178) 

H 

~C02Me==> 
H C02Me 

(177) (176) 

Scheme 27: Proposed route towards allylvinylcyclopropane (174) 

We were also keen to explore the potential of applying this chemistry in constructing the 

aza-bicyclic core of the alkaloids present in the stemoamide group. We envisaged the 

palladium catalysed [2+3] cycloaddition of vinylcyclopropane (178) and its analogues, 

with a suitable imine trapping reagent (179), would allow us to construct pyrrolidines 

(180) capable of undergoing an intramolecular Heck cycIisation, to form the [5.3.0] 

bicyclic core. This would leave us with the key D, C rings in place, and plenty of scope 

for further manipulation towards natural product targets (Scheme 28). 

2 2 

~O'R 
R R 

~02R ~C02R ~N""""'R' ~ ~ R' :> N C02R > + 

~D c: R' 
C02R X 

(178) (179) 
X 

(181) (180) R=Et,Me X= Br, I 

X = Br, I R' = Ph, C02Et 

Scheme 28: Retrosynthesis of proposed route to bicyclic core 

This report describes the work undertaken towards achieving these objectives. 
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Chapter 2 - Work towards the azepinoindole core. 

2.1 Synthesis of allylvinylcyclopropane • Part I: 

The key intermediate in our attempt at constructing the azepinoindole core was the 

allylvinylcyclopropane (174) derivative. We envisaged that this precursor could be 

prepared from a Wittig reaction on di-aldehyde (178), which in turn could be prepared 

from an ozonolysis of bicyclic cyclopropane (177). Work previously undertaken in the 

group had looked at synthesising a variety of bicyclic cyclopropanes42 and we hoped to 

apply this methodology to synthesise bicyclic cyclopropane (177) (Scheme 29). 

~ _ H 

A~co2Me =:> ~ .C02Me =:> 
0", "", '"----j-"( 

, H CO Me H C02Me 
2 

(174) (178) (177) (176) (182) 

Scheme 29: Proposed route towards allylvinylcyclopropane (174) 

Formation of dimethyl diazomalonate (182) followed a procedure previously investigated 

within the groUp.42 Reaction of tosyl azide (183) (easily prepared from reacting tosyl 

chloride with sodium azide in acetone) 43 with dimethyl malonate afforded dimethyl 

diazomalonate (182) in average yields (Scheme 30).44,45 

o 0 
Me'o~o_Me 

(184) 

(183) 

Et3N, benzen e 
•• rt, 18h, (48Yo), 

o 0 

Me'oVo·Me 

N2 

(182) 

Scheme 30: Preparation of dimethyl diazomalonate (182).44,45 

(185) 
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Low yields were a problem with this reaction, with a large amount of tosyl amide by­

product being isolated from the reaction and causing a problem. Not only did this reduce 

the yield but made purification extremely difficult. With this in mind we decided to 

explore other options. Danheiser et al. reported that mesyl azide (188) was a viable 

alternative to the tosyl azide we had originally been using.46 The key advantage with 

using mesyl azide, was that a simple wash with 10% NaOR removed all of the mesyl 

amide by-product to yield the dimethyl diazomalonate in high yields and in no need of 

further purification (Scheme 31).46 

-S-CI 
Acetone !I' 

o 
11 +_ 

o 0 
Me'o~o,Me 

(184) 

o 0 
" o rt. 2h. (95%) -~-N=N=N + Acetone 

rt. 2h, (75-8o%i 
(186) o 

Me'oVo,Me 

N2 

+ (188) 
(182) 

- + - + 
N=N=N Na + 

o 
(187) " -~-NH2 

o 
(189) 

Scheme 31: Preparation of dimethyl diazomalonate using mesyl azide.46 

We could now synthesise the dimethyl diazomalonate (182) efficiently and in high yields 

which meant we could turn our attention to the construction of the bicyclic cyclopropane 

(177). Extensive work had already been undertaken within the group, looking at 

cyclopropanating a variety of 1,3-cyclodienes of varying ring size (Scheme 32).42 

Rh,(OAc) • 
• 

H 

~co'Me 
H CO,Me 

Scheme 32: Selective cyclopropanation of 1,3-cyclodienes.42 

We wanted to concentrate our efforts on the 5-membered analogue, which would provide 

us with the ideal bicyclic cyclopropane to achieve our a11ylvinylcyclopropane target. The 
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route to this bicyclic cyclopropane involved using 1,3-cyclopentadiene (176), which was 

commercially available as its dimer (190) and had to be freshly cracked to obtain the 

corresponding 1,3-cyclopentadiene (176) (Scheme 33).47 

(190) 

Distillation 
178'C 

2 X 0 
(176) 

Scheme 33: Synthesis of I ,3-cyclopentadiene. 47 

Leybourne had spent time researching the viability of selectively cyclopropanating these 

1,3-cyclodienes, basing his investigations on work initially carried out by Livant48 and 

Anciaux.49
,50 He successfully cyclopropanated 1,3-cyclodienes with varying ring sizes in 

high yields, but faced challenges optimising the conditions for cyclopropanating the 5-

membered analogue, with a highest yield of 58% being reported. From the reaction, he 

isolated not only the desired bicyclic cyclopropane, but also a high percentage of the 

dimer starting material. This led him to hypothesise that the cyclopropanation reaction 

was in direct competition with the 1,3 cyclopentadiene (176) undergoing a Diels-Alder 

reaction reforming the dimer (190). He undertook extensive research into optimising 

these conditions, in a hope that he could increase the yields. Unfortunately, despite 

several attempts, the maximum yield obtained was still only 58%.42 

Nevertheless, we decided to carry on and synthesise the bicyclic cyclopropane (177) 

using the optimum conditions set out by Leybourne (Scheme 34).42 

0+ 
(176) 

(182) 

H 
R!l,(OAc),10 mol %, ("f. . 
Reflux. 3h. (17"') ~ C02Me 

H C02Me 

(177) 

Scheme 34: Preparation of dimethyl bicyclo[3.1.0]hex-2-ene-6,6-dicarboxylate (177).42 
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To our dismay we found that using these conditions the best we could achieve was a 17% 

yield on a 0.250 g reaction. The yield decreased further when we tried to increase the 

scale, something that Leybourne had noted too. With the reaction being done neat, it 

meant that purification was a real problem. The crude product was a very gummy solid, 

which meant column loading was extremely difficult and could have contributed to the 

reduced yield. With this in mind, we decided to investigate other conditions which would 

hopefully increase the yield (Table 1). 

Equiv. (182 diazo) Catalyst Solvent Temperature Time Yield 
(10 mol %) 

1.0 Rh2(OAc). DCM Reflux 3h 17% 

2.0 RhiOAc). DCM Reflux 3h 13% 

5.0 RhiOAc). DCM Reflux 3h 6% 

1.0 Rh2(OAc). CH,CN Reflux 3h 10% 

2.0 Rh,(OAc). CH,CN Reflux 3h 12% 

1.0 Rh,(OAc). DCM Reflux 24h Trace 

1.0 RhiOAc). CH,CN Reflux 24h N/A 

1.0 RhiOAc). DCM RT 3h No Reaction 

1.0 Rh,(OAc). DCM RT 24h No Reaction 

1.0 Rh,(OAc). CH,CN RT 24h No Reaction 

1.0 Cu(OTf), Neat Reflux 3h No Reaction 

5.0 Cu(OTf), Neat Reflux 3h No Reaction 

1.0 Cu(OTf), Neat Reflux 24h No Reaction 

1.0 Cu(OTf), DCM Reflux 3h No Reaction 

1.0 Cu(OTf), CH,CN Reflux 3h No Reaction 

Table 1: Attempts at synthesising dimethyl bicyc10[3.1.0]hex-2-ene-6,6-dicarboxylate 

(177). 

Much to our frustration we found that we could not increase the yield towards anywhere 

near an acceptable level. We also looked into slow addition of the dimethyl 

diazornalonate using a syringe pump, but this had little effect on the reaction yields. Use 

of another catalyst to facilitate the cyclopropanation was also briefly investigated. 

Copper(II) triflate was investigated due to reports in the literature that it can also catalyse 

these types of cyclopropanations.51 Unfortunately we saw no sign of cyc\opropanation, 

and starting materials were generally recovered. Another alternative we did not look at 
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was diluting the reaction. By using increased amount of solvent in the reaction, it may 

have reduced the competing dimerisation reaction and increased the yields. Obviously 

this would have an effect on the length oftime the reaction took to occur. 

This was a slight set-back in our attempts to synthesis the allylvinylcyclopropane (174), 

but undeterred we decided to revise our route slightly. Research into the literature 

revealed work had been reported using rhodium-stabilised carbenoid chemistry with 

diazo-carbonyl compounds, to synthesise bicyclic [4.1.0] ethylester mono-substituted 

cyclopropanes (193) (Scheme 35).49.50 

0 
H 

+ Hy C02Et R~"OAc)~ ~C02Et rt. 4h, (90%) • 

4 equiv. N2 
H 

(191) (192) (193) 

Scheme 35: Cyclopropanation of 1,3-cyclohexadiene.49 

Previous work within this area had also been explored within the group. Leybourne had 

again investigated the viability of selectively cyclopropanating a variety of different ring 

sized 1,3-cyclodienes based on the reaction carried out initially by Demonceau (Scheme 

36).52 

v + RyH 

N2 

n = 1,2,3,4 R = eO,Me 
eO,Et 
SO,Ph 

Rh,(OAc), 
2h,rt • 

H 

~R 

Scheme 36: Cyc!opropanation of 1,3-cyc!odienes.52 

We decided to apply the methodology set-out by Leybourne, towards achieving our target 

compound. He had already seen a vast increase in yields when forming the mono­

ethylester derivative, compared with the problems faced when synthesising the dimethyl 

ester analogue. The allylvinylcyc!opropane (194) would be constructed from a Wittig 

reaction of the di-aldehyde (195), which would be prepared from an ozonolysis of the 

bicyclic cyclopropane (196). We envisaged a rhodium catalysed cyclopropanation of 1,3-
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cyclopentadiene (176) with ethyl diazoacetate (192), would form the mono ethyl ester 

derivative (197) and allow an acylation reaction to insert the second ethyl ester group to 

form the desired bicyclic system (196). Though we had formed the ethyl esters instead of 

the original methyl ester analogue, this would still leave us ideally placed to convert it to 

the di-acid followed by decarboxylation at a later stage to move towards a natural product 

target if we desired (Scheme 37). 

° ~ 
' H , H H 
~C02Et ~ o"""".~C02Et ~ ~C02Et~ ~CO,Et => 
H C02Et H C02Et H CO,Et H 

(194) (195) (196) (197) 

Scheme 37: Revised route towards allylvinylcyclopropane (194). 

With the revised route in place, the frrst target was to synthesise bicyclo[3.1.0]hex-2-ene-

6-carboxylic acid ethyl ester (197) (Scheme 38 ), 

0+ Hy C02Et H 
Rtl,(OAc), • 

C?rH N2 
nea~ rt, 3h, 77% 

H C02Et 
(176) (192) 

(197) 

Scheme 38: Synthesis ofbicyclo[3.1.0]hex-2-ene-6-carboxylic acid ethyl ester (197). 

We were delighted to find the yields were significantly increased and they were not 

affected by an increase in the scale of the reaction, The major drawback with the reaction 

was that it was extremely exothermic and therefore potentially explosive. We found 

though by careful and slow addition of the a-diazoester (192) using a syringe, reduced the 

t1rreat of explosion and gave consistent, repeatable results, 
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With the fused cyclopropane in place, we decided to investigate the insertion of the 

second ethyl ester group (Scheme 39). 

H 

CAH -x-
H C02Et Table 2. 

(197) 

H 

~C02Et 
H C02Et 

(196) 

Scheme 39: Attempted acylation ofbicyclo[3.1.0]hex-2-ene-6-carboxylic acid ethyl ester 

(196). 

Frustratingly, we found that we were unable to insert the second ethyl ester moiety. Only 

starting material was recovered from all of our attempts. Because of this fact, we believed 

that maybe it was due to the bulky LDA base failing to deprotonate the acidic hydrogen; 

hence we were seeing no addition to the eiectrophile. An experiment we could do to test 

this theory, would be to react the material with D20 after the attempted deprotonation 

with LDA. We could then clearly see in the IHNMR spectra whether or not the hydrogen 

had been removed, by seeing if the signal appeared in the spectra. This would confirm 

whether or not deprotonation was actually occurring (Table 2). 

Base Electrophile Temperature Time Solvent Yield 

LDA Diethyl carbonate rt 3h THF Starting Material 

LDA Diethyl carbonate rt 24h THF Starting Material 

LDA Diethyl carbonate rt 3h DCM Starting Material 

LDA Diethyl carbonate rt 24h DCM Starting Material 

LDA Ethyl chloroformate rt 3h THF Starting Material 

LDA Ethyl chloroformate rt 24h THF Starting Material 

LDA Ethyl chloroformate rt 3h DCM Starting Material 

LDA Ethyl chloroformate rt 24h DCM Starting Material 

2,3,6,6·tetrarnethyl Diethyl carbonate rt 3h THF Starting Material 

piperidine 

2,3,6,6·tetramethyl Ethyl chloroformate rt 3h DME Starting Material 

piperidine 

Table 2: Attempts to synthesise diethyl bicyclo[3.1.0]hex-2-ene-6,6-dicarboxylate (196). 
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Though we were disappointed at not being successful in inserting the second ethyl ester 

moiety, we envisaged to insert it later. With this in mind, it was decided to press on and 

form the di-aldehyde required for the crucial Wittig reaction. 

The ozonolysis was tried on the mono-ester derivative flfst (Scheme 40). 

(197) 

il 0" DCM. -78'C. 
then PPh,. (70%) 

t 
.. ~ H 

O"""",··k
H 

H C02Et 

(198) 

Scheme 40: Synthesis of2-formyl-3-(2-oxoethyl)-cyclopropanecarboxylic acid ethyl 

ester (198) 

Due to the challenges we faced when synthesising the dimethyl ester derivative, we had 

limited material to work with, but there was enough to investigate the viability of the 

subsequent ozonolysis reaction (Scheme 41). 

(177) 

I) 0" DCM, -78~ 
then PPh" (57%) 

° ~ 
, H 

O"""",,·kC02Me 
H C02Me 

(178) 

Scheme 41: Synthesis of2-formyl-3-(2-oxoethyl)-cyclopropane-I,I-dicarboxylic acid 

dimethyl ester (178), 

Average yields were obtained with the dimethyl ester derivative, and at flfst we obtained 

relatively low yields with the ethyl ester analogne. These were increased significantly 

though, by quenching the ozonolysis reaction with dimethyl sulfide (DMS) instead of 

using triphenylphosphine. This eliminated the need to use column chromatography for 
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purification as the DMS could easily be removed by washing the crude product with 

copper(II) sulphate and brine, during work-up and increased the yields from 40 % to 70 

%. 

We were now just one step away from obtaining our flfst desired target. The Wittig 

reaction was the crucial step in the synthesis. Methyltriphenylphosnium bromide and n­

BuLi in THF were the reagents chosen to perform the reaction (Scheme 42).53 

° ~ 
j H 

o"""",·,k
H 

H C02Et 

(198) Table 3. (199) 

Scheme 42: Attempted synthesis of allylvinylcyclopropane (199). 

We also tried the Wittig reaction on the small amount of the 2-formyl-3-(2-oxoethyl)­

cyclopropane-I,I-dicarboxylic acid dimethyl ester (178) we had previously formed 

(Scheme 43). 

° ~ 
, H 

° ""-",,,.kC02Me 
H C02Me 
(178) 

+ l 
PPh,CH,Br, n-BuLi 'H -x- kco2Me .:::::,... ,,' -""",;", 

THF, coc, 3h H C02Me 

(174) 

Scheme 43: Attempted synthesis of allylvinylcyclopropane (174). 

With both the mono ethyl ester and the dimethyl ester derivative, we saw no sign of our 

desired compound (Ta hIe 3). 
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Equiv. Wittig Base Equiv Base Temperature Time Solvent Yield 

Reagent 

2 n-BuLi 2 aoe 3h THF Starting Material 

2 n-BuLi 2 aoe 24h THF Decomposed 

2 n-BuLi 2 _78°e 3h THF Decomposed 

3 n-BuLi 3 aoe 3h THF Decomposed 

3 n-BuLi 3 _78°e 24h THF Decomposed 

3 n-BuLi 3 _78°e 20min THF Starting Material 

I n-BuLi 1.2 _78°e 3h THF Starting Material 

2 DBU 2 Reflux 3h THF Decomposed 

2 DBU 2 Reflux 24h THF Decomposed 

Table 3: Attempts at the Wittig reaction of the di-aldehyde (198). 

This proved to be a disappointing outcome for us. Numerous conditions were attempted 

and we investigated extensively different methods of forming the Wittig reagent in situ. 

The main problem we found was that under most conditions we saw almost complete 

degradation of starting material, with at best 5-10% being recovered, but no sign of the 

a1lylvinylcyclopropane target. We tried addition of I equivalent of the Wittig reagent, to 

investigate whether the reaction would occur on the most reactive alkene, but again we 

saw no reaction. 

Due to the structure of the di-aldehyde compound we were using, we began to consider 

why the Wittig reaction may have been failing. We hypothesised that the di-aldehyde 

could in fact be forming the hydrated structure (200), with the presence of water. The 

formation of this structure could explain why we saw no sign of the desired 

allylvinylcyc1opropane target. Though we had no spectroscopic data to support the 

formation of this product, it was a reasonable explanation for the failure of the Wittig 

reaction (Scheme 44). 
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• 

H I 

HOY"'k] 
• o".)('co R 

~ H ' 
OH 

(200) 
R = Me, Et 

R' = H or CO,Me, CO,Et 

Scheme 44: Proposed formation of hydrated s1ructure (200). 

Though we had failed in our attempts to synthesise the allylvinylcyclopropane (199), we 

decided to look at the Wittig reaction in more detail. We wanted to be sure that the 

problem was with the substrate we were using and not with the methodology. With this in 

mind, we took simple vinylcyclopropane (161) and formed the mono-aldehyde derivative 

(201) via an ozonolysis reaction. We then looked to perform the Wittig reaction using the 

conditions we had previously investigated (Scheme 45). 

~
C02Me 

0'" 
C02Me 

(201) 

+ -
PPh,CH,Br, n-BuLl 
THF, -78OC, 3h, (30'/,') 

C02Me 

~C02Me 
(161) 

Scheme 45: Wittig reaction on simple mono-aldehyde (201). 

We managed to isolate the Wittig product, but in a low yield of 30 %. So even though we 

managed to isolate the Wittig product, even on the simpler substrate we faced challenges. 

Next we decided to try the Wittig reaction on a more stable substrate, and chose 

cyclohexanecarboxaldehyde (202), as it was cheap, easy to handle and commercially 

available (Scheme 46).54 
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(202) 

+ -
PPhsCHaBr. n-BuLi .. 
THF, -78"C, 3h, (10%) 

(203) 

Scheme 46: Wittig reaction of cyclohexanecarboxaldehyde (202).54 

Disappointingly the highest yield we managed to obtain was only 10%. Again we 

investigated a variety of conditions, but were unable to increase the yield any higher. We 

decided to look at one more variable and that was the Wittig reagent itself. With all the 

previous reactions we had used an un-stabilised Wittig reagent and we were interested to 

see whether this was the reason for the low yields, We decided to try the reaction again 

using (carbethoxymethyl)triphenylphosphonium bromide, a stabilised Wittig reagent 

(Scheme 47).55 

+ ~o - "" PPh,CH,CO,CH,CH,Br, n-BuU 0 ~ 
THF, -78"C, 24h, (68%) • 

(202) (204) 

Scheme 47: Wittig reaction of cyclohexanecarboxaldehyde using a stabilised Wittig 

reagent.55 

Through optimisation of the reaction conditions, we managed to isolate (204) in average 

yields of 68%. This was substantially higher than any of our previous attempts using the 

un-stabilised Wittig reagent. 

Due to the success with the stabilised Wittig reagent, we decided to try this on the 

dialdehyde substrate (198) (Scheme 48). 
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) 

(198) 

+ to 0 
PPh,CH,CO,CH,CH,Br, \ 

n-BuU X ----.. 
· b,\"J~t, THF, ·78'C, 24h 

o 
(205) 

Scheme 48: Attempted Wittig reaction of2-formyl-3-(2-oxoethyl)­

cyclopropanecarboxyJic acid ethyl ester (198) 

Our initial attempts at this reaction again provided us with negative results. We recovered 

no starting material and there was no trace of the Wittig product. We concluded that a 

combination of the type of Wittig reagent used and also the substrate we were trying to 

perform the reaction on, contributed to our failed attempts at synthesising the 

a1lylvinylcyclopropane and we decided to look at an alternative route. 

2.2 Synthesis of aIlylvinylcyclopropane - Part 11: 

Although disappointed that our original method had failed to yield us our desired target, 

research into the literature presented us with another possible route. Richard Taylor et al. 

had done extensive research in the area of in situ alcohol oxidation-Wittig reactions, 

being catalysed by manganese dioxide.56
,57,58 They showed that this methodology could 

be applied to semi-activated and also un-activated alcohols, using stabilised 

phosphoranes (Scheme 49).56 

MnO" CH,CI" rt ~ R~C02Et 
+PPh,CH,CO,EtBr -

R = aryl, vinyl, 
alkynyl, n-alkyl 

DBU 

Scheme 49: Oxidation-Wittig reactions with stabilised phosphoranes.56 
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Further research in this area by Taylor et al. found that the methodology could be applied 

to un-stabilised phosphoranes. They utilised previous work undertaken by Simoni et al., 

where they had used a variety of guanidines to promote in situ Wittig reactions between 

non-stabilised phosphoranes and aldehydes.59 Taylor et al. decided to use l-methyl-I,5,7-

triazabicyclo[4.4.0Jdec-5-ene (MTBD) (207) in their in situ oxidation-Wittig reaction, 

and discovered that the reaction proceeded in a 34% yield, where in the absence of 

MTBD (207), the reaction had not yielded any of the desired product (Scheme 50).56 

~OH 
ONA/ 

2 

(206) 

MnO, (10 Equiv.). Pph,CH,Br~ 00
1 

-..::: '<::: 
THF. 3d. (34%) A/ 

CN~ °2N 
NAN) 

';'e (208) 
(207) 

Scheme 50: Oxidation-Wittig reaction with un-stabilised phosphoranes.56 

What really interested us was the fact that this type of reaction had been successful on a 

variety of cyclopropane derivatives (Scheme 51).57 

OH 

t 
OH 

(209) 

MnO, (10 Equiv.). 
+PPh,CHCO,EtBr(12 Equiv.) 

bas •. CHCI" 18h, (81%) . .. 

Me02C 

f 

f 
Me02C 

(210) 

Scheme 51: Oxidation-Wittig reactions of cyc1opropanes. 57 

Though the reactions on the cyc1opropanes had only been done usmg stabilised 

phosphoranes, we were keen to apply this methodology into our attempts of synthesising 

allylvinylcyc1opropane (199) (Scheme 52). 
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l OH 

~ , H ; H H 

~"",'A-H :> HO,,,,,,,A-H :> ~H 
H C02E! H C02E! H C02E! 

(199) (211) (197) 

Scheme 52: Proposed synthesis of allylvinylcyclopropane (199) 

We hypothesised that we could do an ozonolysis on the bicyclic cyclopropane, but this 

time convert it to the diol (211), rather than the di-aldehyde, Then by using the 

methodology described by Taylor et al., we would convert the diol into the target 

molecule. Even though Taylor et ai, described using only stabilised phosphoranes on 

their cyclopropanes, we believed that we could perform the oxidation-Wittig reaction 

using the un-stabilised phosphorane in the presence of the guanidine derivative (207), 

which had been described by Taylor et al. to facilitate this particular reaction,56,57,58 

The first stage was to form the diol (211) (Scheme 53). 

OH 
H ~ 

~H 
H C02Et 

i) 0, De M, 4h 
ii) NaSH., MeOH, HCt, 
Sh, (32%) 

, H 

HO """,kH 

( 197) 
H C02Et 

(211) 

Scheme 53: Synthesis of 2-(2-hydroxyethyl)-3-hydroxymethyl-cyclopropanecarboxylic 

acid ethyl ester (211). 

Frustratingly we found the yields of our desired compound were relatively low, 

particularly as we expected the reaction to proceed quantitively. We investigated a 

variety of conditions, including altering the reaction time and looked at using ethanol in 

the work up instead of methanol, but this had no real effect on increasing the yield. 

Closer inspection of the 1 H NMR data led us to believe that there was a competing 

reaction occurring. The loss of the normal CH3CH2 splitting pattern we observed for the 
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ethyl ester and an appearance of a stretch in the IR at 1755cm-1
, suggested to us that the 

diol, once formed, was undergoing a lactonisation reaction, which would explain why we 

were seeing lower yields than we expected_ The size of the lactone ring would be 

determined by the stereochemistry at the cyclopropane ring. If the diol was eis, we would 

see the formation of a 5-membered lactone ring, but if the stereochemistry was trans, we 

would see theformation of a 6-membel'ed lactonering (Scheme 53). 

5-Membered Lactone: 

~ 
LvH 

I
""" ..,n 

------:"- 0 
O• ;-

H'· 0 
) 

6-Membered lactone: 

• • 

• • 

OH 

~ 
1\ 
"O~O 

Scheme 53: Proposed lactonisation of 2-(2-hydroxyethyl)-3-hydroxymethyl­

cyclopropanecarboxylic acid ethyl ester (211). 

We decided to test our theory that it was the competing lactonisation causing the low 

yields, by doing a test reaction on the simpler analogue. We took vinylcycIopropane 

(161), performed the ozonolysis, and again treated this with NaBRt and methanol and 

saw a dramatic increase in yield (Scheme 54). 
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C02Me 

~C02Me 
(161) 

i) 0, DC M, 4h 
ii) NaSH" MeOH, 
then HCI, 5h, (82%) 

• 
C02Me 

HO~ 
V'C0

2
Me 

(212) 

Scheme 54: Test reaction on vinylcyc1opropane (161). 

Though the yields of the diol substrate were low, we decided to press on and investigate 

the oxidation-Wittig reaction (Scheme 55). 

l 
Table 4. 

~ H 

~,,,, .. p(H 
H C02Et 

-x-
(211) (199) 

Scheme 55: Attempted synthesis of allylvinylcyc1opropane (199). 

To our disappointment we were unable to synthesise our desired target, often with 

complete degradation of starting material to an unidentifiable black oil (Table 4). 

Solvent Base Temperature Time Yield 

CHCI3 Guanidine (207) Reflux ISh N/A 

CHCI3 Guanidine (207) Reflux 6h N/A 

CHCI3 Guanidine (207) Reflux 3h 15%SM 

CHCI3 Guanidine (207) RT ISh SM 

CHCI, Guanidine (207) RT 3d N/A 

DCM Guanidine (207) Reflux ISh N/A 

DCM Guanidine (207) Reflux 6h N/A 

CHCI3 DBU Reflux ISh N/A 

DCM DBU Reflux ISh N/A 

THF DBU RT ISh SM 

THF DBU RT 3d N/A 

Table 4: Attempted in situ oxidation-Wittig reaction. 
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A variety of conditions were looked at, mostly based around the work already done by 

Taylor et al.56
,57,58 Even though they had not specifically done the reaction on our 

substrate, we were still hopeful of applying their methodology to our specific 

cyclopropane derivative. The initial conditions of refluxing for 18 hours saw complete 

decomposition of starting material and no sign of our desired target. Even after 3 hours of 

reflux, we recovered <15% of the starting material, with the rest of the starting material 

being decomposed. This led us to believe that the diol was particularly sensitive, so we 

decided to try the reaction at room temperature. After 18 hours, we recovered only 

starting material, so decided to leave the reaction time longer. Though after 3 days there 

was complete decomposition of starting material and no trace of our desired target. 

We decided to test the viability of the oxidation-Wittig reaction on a much simpler 

substrate, to see if it was the more complex diol that was causing the reaction not to 

work. We decided to look at 2-hydroxymethyl-cyclopropanel,l-dicarboxylic acid 

dimethyl ester (212), due to its structural similarities but distinct difference being just the 

mono-alcohol (Scheme 56). 

~C02Me 
HO v\ -X-

C02Me 
Table 5. 

(212) 

C02Me 

~C02Me 
(161) 

Scheme 56: Attempted oxidation-Wittig reaction. 

Interestingly, even on the simpler substrate we were still unable to yield the 

vinyl cyclopropane. Again complete decomposition of starting material was observed 

(Table 5). 
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Solvent Base Temperature Time Yield 

CHC!, Guanidine (207) Reflux 18h N/A 

CHCI, Guanidine (207) Reflux 6h N/A 

CHCI, Guanidine (207) Reflux 3h 26%SM 

CHCI, Guanidine (207) RT 3d 35%SM 

DCM Guanidine (207) Reflux ISh N/A 

CHCI, DBU Reflux ISh N/A 

DCM DBU Reflux ISh N/A 

Table 5: Attempted in situ oxidation-Wittig reaction. 

Though we did not look into this reaction as extensively as we had done on the diol 

substrate, the conditions we tried gave us a clear picture that this route towards the 

allylvinylcyclopropane (199) was not going to be successful. It was decided that an 

alternative route towards our desired target should be looked at. 

2.3 Synthesis of allylvinylcyclopropane - Part Ill: 

We decided to look at a different approach in our pursuit of the allylvinylcyclopropane 

target. We believed that allylvinyicyclopropane derivative (213) would be an ideal target. 

Not only would the presence of the methyl group leave us in an ideal position to prevent 

dehydropalladation occurring early when it came to looking at the cascade reaction, but 

we hoped the mono aldehyde derivative would prove less problematic when it came to 

the Wittig reaction. We believed the target could be prepared by a Wittig reaction of the 

mono aldehyde derivative (214). We would construct this mono aldehyde derivative by 

doing a selective cyc1opropanation via a Michael addition reaction of dimethyl 

bromomalonate (216) on alkadienal (215) (Scheme 57). 
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Scheme 57: Proposed synthesis of allyl vinyl cyclopropane derivative (213). 

Research into the literature revealed methods of selectively cyclopropanating conjugated 

alkenes via a Michael addition reaction.60 We re-tried the literature methodology and 

achieved excellent yields, particularly by using an excess of acrolein, which ensured all 

the dimethylbromomalonate was used in the reaction and due to the high volatility of 

acrolein, any excess was removed in vacuo to yield the pure product (Scheme 58).60 

(216) (217) 

K,co, (2 Equiv.), DMF, 
rt, 2h, (95%), .. 

C02Me 
O~ 

V'C0
2
Me 

(201) 

Scheme 58: Synthesis of2-formy1cyclopropane-I,I-dicarboxylic acid dimethyl ester 

(201).60 

The literature also reported selective cyclopropanations of conjugated systems where the 

methyl group we required was present. Again we were able to re-produce the results 

reported, obtaining excellent yields (Scheme 59).60 

Me 

~O 

(216) (218) 

K,CO, (2 Equiv.), DMF, 
rt, 2h, (82%). .. 

Me C02Me 
O~' 

V"C0
2
Me 

(219) 

Scheme 59: Synthesis of2-Formyl-2-methyl-cyclopropane-l,l-dicarboxylic acid 

dimethyl ester (219).60 
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Spangler et al. had reported an efficient method into synthesising alkadienals, valuable 

intermediates in a variety of synthetic applications.61 In particular they had synthesised 2-

methyIhexa-2,5-dienal (220) (Figure 9). This was the ideal substrate for us to investigate 

the Michael addition reaction and construct the mono aldehyde derivative (214) we 

required. 

~o 
Me 

(220) 

Figure 9: 2-methylhexa-2,5-dienal (220). 

Our flfst step was to synthesise the alkadienaI. This was achieved by reacting 3-

ethoxymethacrolein (221) with a suitable Grignard reagent (Scheme 60).61 

/'0.. ~ ~MgBr (2.2 Equiv.) 
/" '0 ""I "0 • 

Me diethyl ether, rt, 24h, (93%) 
~o 

Me 

(221) (220) 

Scheme 60: Synthesis of2-methyIhexa-2,5-dienal (220).61 

Initially we tried the reaction on small scales and we observed unacceptable Iow yields. 

We discovered that by increasing the scale of the reaction and freshly preparing the 

Grignard reagent in situ, led to the reaction yields rising to an excellent 93% of the 

aIkadienal on a 5 g scale (Table 6). 
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Scale Equiv Grignard Solvent Time Yield 

200mg 1.1 THF 15 min N/A 

200mg 1.1 Ether 15 min 20% 

200mg 2.2 Ether 24h N/A 

500mg 2.2 Ether 24h 7% 

500mg 2.2 Ether 24h 21%' 

200mg 2.2 Ether 24h 16%' 

5.00g 2.2 Ether 24h 93%' 

a: Grignard reagent was prepared fresh. See experimental for procedure. 

Table 6: Attempted synthesis of 2-methylhexa-2,5-dienal (220). 

Next our attention turned towards the Michael addition of dimethyl bromomalonate (213) 

and 2-methylhexa-2,5-dienal (220) (Scheme 61)60 

~O 
Me 

(216) (220) 

-x-
Table 7. 

~ 
° ""-",,,·A C0

2
Me 

Me C02Me 

(214) 

Scheme 61: Attempted synthesis of 3-allyl-2-formyl-2-methylcyclopropane-l ,1-

dicarboxylic acid dimethyl ester (214).60 

We were unable to isolate our desired target. The table below summarises the attempted 

synthesis (Table 7). 
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Equiv (220) Equiv Base Equiv Base Solvent Time Yield 
NucIeophile 

I 1.1 K,CO, 1 Acetone 4h SM 

1 . 1.1 K,CO, 1 Acteone 24h SM 

1 1.1 K2CO, 1 DMF 4h SM 

1 1.1 K2CO, 1 DMF 24h SM 

1 1.1 K2CO, 1 CH,CN 24h SM 

1 1.1 K2CO, 1 DCM 24h SM 

1.2 1 K2CO, 2 Acetone 24h SM 

1.2 1 K2CO, 2 DMF 24h SM 

1.2 1 K2CO, 2 DCM 24h SM 

1.2 1 K2CO, 2 DMF 24h SM' 

1.2 1 K2CO, 2 Acetone 24h SM' 

1.2 1 K2CO, 2 DCM 24h SM' 

1.2 1 DBU 2 DMF 24h SM 

1.2 1 DBU 2 Acetone 24h SM 

1.2 1 DBU 2 DCM 24h SM 

1.2 1 Et,N 2 DMF 24h SM 

1.2 1 Et,N 2 DCM 24h SM 

1.2 1 NaOMe 2 DMF 24h SM 

1.4 1 NaOMe 2 DMF 24h SM 

1.2 1 K,CO, 1 Acetone 48h SM 

1.2 1 K2CO, 1 DCM 48h SM 

1.2 1 NaOMe 2 DMF 48h SM 

1.4 1 NaOMe 2 DMF 48h SM 

a: Reaction carried out with 1.2 equiv ofLewis Acid (ZnCI,). 

Table 7: Attempted synthesis of allylcyclopropane derivative (214). 

We investigated several variables in an attempt to construct the mono aldehyde target. 

Several bases were investigated to explore the possibility that deprotonation of the 

dimethyl bromomalonate was not occurring.62
,63 This had no effect on the reaction, with 

starting material still being recovered. We also looked at including a Lewis acid into the 

reaction. The theory behind this was that we thought it would co-ordinate to the methyl 

ester groups of dimethyl bromomalonate (216) and make the hydrogen even more acidic 

and help facilitate deprotonation. Unfortunately this did not have the desired effect either, 
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Initial reactions were carried out with a reaction time of 4 hours, but even with a reaction 

time of up to 48 hours, we stilI saw no sign of any reaction taking place, either from TLC 

or crude NMR analysis and the starting alkadienal was recovered. 

Having seemingly exhausted all of our options, we thought about the possibility of using 

a sulphur ylide derivative64 in place of the dimethyl bromomalonate. We decided to use 

the mono ethyl ester sulphur ylide derivative (222), as the di-methyl ester sulphur yIide, 

derived from malonate, would be far too stable, due to the negative charge being readily 

stabilised through resonance and hinder the nucleophilic addition we required (Scheme 

62). 

" + -?rOEt 

o 
(222) 

Vs '11;;:: 
o 

(223) 

Or ~~: 
o 
(224) 

Scheme 62: Stability of different sulphur ylide analogues. 

The formation of ethoxycarbonylmethyl-dimethylsulfonium (225) was a simple one step 

reaction (Scheme 63).64 

o 

~OEt 
Br 

(226) 

PMS acetgne .. 'S+yOEt 
rt. 22h. (90%) I 0 

(225) 

Scheme 63: Synthesis of ethoxycarbonylmethyl-dimethylsulfonium (225).64 

We tested the viability of this alternative by flfst trying the cyclopropanation reaction on 

acrolein and methacrolein (Scheme 64). 
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"S·~OEt + 
I 0 

(222) 

"S·~OEt + 
I 0 

(222) 

~O 

(217) 

Me 

~O 

(218) 

K,co, (2 Equiv.), DMF .. 
rt,2h, (85%). 

K,co, (2 Equiv.), DMF, 
rt, 2h, (76%). • 

H 
O~ 

V'C0
2
Et 

(227) 

Me H 
O~' 

V'C0
2
Et 

(228) 

Scheme 64: Selective cyclopropanation using sulphur ylide (222) on acrolein (217) and 

methacrolein (218). 

With the sulphur ylide successfully cyclopropanating on the simpler substrates, we 

attempted the conjugate addition reaction on the a1kadienal (Scheme 65). 

~O+ 
Me 

(220) (225) 

-x-
TableS 

) 
\ H 

... t><C02Et 
0= Me 

(229) 

Scheme 65: Attempted conjugate addition reaction using ethoxycarbonylmethyl­

dimethylsulfonium (225), 

Again we saw no sign of the conjugate addition product and like before with dimethyl 

bromomalonate as the nucleophile, starting material was recovered. The table below 

summarises our attempts at this reaction (Table 8). 
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Equiv (220) Equiv Base Equiv Base Solvent Time Yield 
Nucleophile 

I 1.1 K,CO, I Acetone 4h SM 

I 1.1 K,CO, I Acteone 24h SM 

I 1.1 K,CO, 1 DMF 24h SM 

1 1.1 K,CO, 1 CH,CN 24h SM 

1 1.1 K,CO, 1 DCM 24h SM 

1.2 1 K,CO, 2 DMF 24h SM 

1.2 1 K,CO, 2 DCM 24h SM 

1.2 1 DBU 2 DMF 24h SM 

1.2 1 DBU 2 DCM 24h SM 

1.2 1 Et,N 2 DMF 24h SM 

1.2 1 NaOMe 2 DMF 24h SM 

Table 8: Attempts at conjugate addition reaction. 

By this time it seemed we had seemingly exhausted all of our options, but a paper came 

to our attention where they had been looking at similar conjugate addition reactions 

involving sulphur yIides and had used 2-carboxyIic acid dihydroindole (230) to catalyse 

these reactions (Scheme 66).65 

n-Pr~O 
+ 

-""s+"y"° 
Br- I Ph 

~C02H 
H 

(230) 

• 
CH,CI, 23<>C, K,CO,,12h 
(78%) 

90Ph 

n-prP "" CHO 

94% ee, 21:1 dr 

Scheme 66: Conjugate addition reaction catalysed by 2-carboxylic acid dihydroindole.65 

With this in mind we decided to have one fmal attempt at the conjugate addition reaction, 

using the sulphur ylide (Scheme 67), 
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~o 
Me 

(220) 

+ 

(225) 

~CO,H ~Nr 
H 

(230) 

--x . 
CHC1"23'C, K,CO,12h 

(229) 

Scheme 67: Attempted synthesis of alJylvinycyclopropane skeleton (229). 

Again we found the reaction was not successful. Only starting material was recovered. At 

this stage we decided we had exhausted most of our options in trying to synthesise the 

alJylvinylcyclopropane target. We found no conclusive evidence as to why the methods 

we tried failed on our chosen substrates, though we have shown the methodolo gy in most 

cases does work, by applying it to simpler analogues. 
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2.4 Conclusion: 

We have investigated several different routes towards our a1lylvinylcyclopropane target. 

In the original route we frrst proposed, we faced huge challenges with the di-aldehyde 

compound (178) not undergoing the desired Wittig reaction to form 

a1lylvinylcyclopropane (174) (Scheme 68). 

(174) (178) (177) (176) (182) 

Scheme 68: Original route towards aUylvinylcyclopropane (174). 

We proposed the formation of a hydrated structure (200) as a possible explanation as to 

why the Wittig reaction failed (Scheme 69). 

H,o:~ 1 

, ~ H R 
H' o"",,-,J-+-Co,R 

\3' '''f..H 
/j 

° 
R = Me, El 

R' = H orCO,R 

• 

Scheme 69: Formation of hydrated structure (200). 

(200) 

Investigations into forming diol (211) instead of the di-aldehyde also proved fruitless. 

With the proposed oxidation-Wittig reaction going from diol (211) to the 

a1lylvinylcyclopropane derivative (199) in one step not yielding us our desired target. A 

competing lactonisation reaction involving the diol compound was another factor we 

proposed as to why the reaction may have been failing (Scheme 70). 
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~ , H , H H 
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H :> ~H 

H C02Et H C02Et H C02Et 

(199) (211) (197) 

Scheme 70: Proposed route towards allylvinylcyclopropane target (199). 

A third route involving a conjugate addition reaction of dimethyl bromomalonate onto an 

alkadienal, also proved fruitless. Only starting material was recovered, despite several 

options being investigated (Scheme 71). 

~o 
Me 

(216) (220) 

~o+ 
Me 

(220) (225) 

-x-

-x-

~ 
° "",-", ... AC02Me 

Me C02Me 

(214) 

> \, H 

X><C0
2
Et 

0=' Me 

(229) 

Scheme 71: Attempts at the conjugate addition to form cyclopropane targets. 

Within this investigation we had looked into a variety of alternative routes towards our 

target. Though we had been unsuccessful in our attempts, there were still other options 

available for constructing the allylvinylcyclopropane. One of these options was olefin 

metathesis utilising Grubb's second generation catalyst. We could start from the bi-cyclic 

cyclopropanes (177 or 197) and then use Grubb's catalyst to perform a ring opening 

metathesis reaction and deliver us our desired target allylvinylcyclopropane (174 or 199) 

(Scheme 72). 
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Scheme 72: Proposed formation of aIlylvinylcyclopropane (174) by olefin metathesis. 
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Chapter 3 - CarbopalladationlHeck Chemistry. 

3.1 Investigations into the cascade reaction: 

Though we were disappointed that we had faced serious challenges in our pursuit of the 

allylviny1cyclopropane, which meant that we could not look directly at synthesising the 

azepinoindole core, we were still very interested in investigating the key 

Hecklcarbopalladation cascade step. In the original route towards the tricyclic core, this 

was the key stage of the synthesis that would construct the 7 and 6 membered rings in a 

single step (Scheme 73). 

l , H 

~"",.A--C02Me 
H C02Me 

+ 

A:,N~ 
R I 

Me02C CO Me 
Carbopalladation ~2 

..... R 

___ • _ IN~ 

Heck ~ ) 

• caR 
Tricyclic core 

Scheme 73: Original route towards the tricyclic core involving a Hecklcarbopalladation 

cascade step. 

We decided to investigate this cascade step by constructing a suitable substrate that 

would allow us to explore the viability of this reaction. We chose 2-(2-bromophenyl)-I­

(2-methylallyl)-5-vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (231) (Figure 10) 

as an ideal precursor to the cascade step. The presence of the methyl group on the allyl 

moiety would prevent dehydropalladation from occurring early, and hopefully drive the 

carbopalladation step to completion, thus synthesising two rings in a single step. The size 

of the rings constructed would obviously depend on whether the Hecklcarbopalladation 

steps, proceeded endo or exo. This would provide an excellent insight into the viability of 

this one-pot procedure. 
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(231) 

Figure 10: Substrate chosen to investigate viability of cascade reaction. 

We envisaged utilising the palladium catalysed [2+3] cycloaddition chemistry previously 

developed within the group to construct pyrrolidine (231).37,38,39.42 With this in mind, 

preparing imine (232), from simple building blocks such as bromo-benzaldehyde (234) 

and methylallylamine (233) and reacting this with vinylcyclopropane (161) would 

achieve the target molecule. The imine derived from methylallylamine (233) was chosen 

because the inclusion of the methyl group on the allyl moiety would stop 

dehydropalladation from occurring early, when it came to investigating the cascade 

reaction (Scheme 74). 

yN:D 

~ ° > 
Br h 

> + D (232) NH2 Br h 

+ (233) 
(234) 

(231) 
C02Me 

~C02Me 
(161) 

Scheme 74: Proposed synthesis ofpyrrolidine (231). 

The fust step in the synthesis was to prepare the imine using conditions that had been 

optimised previously within the groUp.38.39 This condensation reaction between an amine 

and aldehyde was a simple high yielding procedure (Scheme 75). 
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~ ° l, 
+ )) Et,O, M.S. 4 A. 

rt, 24h, (95%) 
.. >0 NH2 Br ~ 

(233) (234) Br ~ 

(232) 

Scheme 75: Preparation of (2-bromobenzylidene )-(2-methylallyl)amine (232). 

The next stage was to react imine (232) with vinylcyclopropane (161), using the 

palladium catalysed [2+3] cycloaddition chemistry developed within the group, to deliver 

us our desired pyrrolidine target (231) (Scheme 76). 

C02Me 
~ + 

V'C0
2
Me 

(161) 

(232) 

Pd(PPh,), 10 mol%, 
ZnCI,(2 Equ",.),THF, rt, 
24h, (48%) 

(231) 

Scheme 76: Synthesis of2-(2-bromophenyl)-I-(2-methylallyl)-5-vinylpyrroldine-3,3-

dicarboxylic acid dimethyl ester (231). 

We were pleased to see that the reaction was stereoselective and yielded us the cis isomer 

exclusively. The yield was relatively low though and this was because the imine was 

hydrolytically sensitive and readily reverted back to the starting material benzaldehyde 

and amine. This meant that the 2-bromobenzaldehyde was in direct competition with the 

imine and we were isolating approximately 30-40% of the furan product as well as the 

required pyrrolidine (231) (Scheme 77). 
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C02Me + 
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Scheme 77: Formation of furan by-product when vinylcyclopropane trapped with 2-

bromobenzaldehyde. 

fhe hydrolytically sensitive nature of the imine highlighted the need for it to be freshly 

Jrepared and used in the [2+3] cyc1oaddition reaction immediately, in order to reduce the 

:ompeting reaction that occurs with 2-bromobenzaldehyde, when the imine begins to 

lydrolyse back to the starting materials. 

"Iow that we had usable amounts of the pyrrolidine compound in hand, our attention turned 

:owards the cascade reaction. If the cascade reaction was successful, we would isolate 

:ompound (235), which would see the formation of two 6-membered rings in a single step 

:Scheme 78). 

.. 

(231) (235) 

Scheme 78: Proposed formation of cascade compound (235). 
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3ut due to the complexity of the reaction, there were also a number of different possible 

;ompounds that could be isolated, depending on which alkene the palladium would react with 

'ifst. There was a chance that the palladium could insert into the allyl alkene moiety and for 

lehydropalladation to occur early, despite the presence ofthe methyl group to prevent this and 

~ive rise to 3 possible structures (Scheme 79). 

(236) 

• 

(231) 

(237) 

(238) 

Scheme 79: Structural possibilities if Heck cyclisation occurs via a 7-endo trigpathway 

on the allyl alkene moiety. 
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There was also the possibility of the Heck cyclisation occurring via the same 7-endo trig 

pathway, but this time reacting with only the vinyl moiety and giving rise to another 2 

possible structural outcomes (Scheme 80). 

(231) 

Scheme 80: Structural possibilities if Heck cyclisation occurs via a 7-endo trig pathway 

on the vinyl moiety. 

Finally the Heck cyclisation could again react with the vinyl group solely, but this time 

follow a 6-exo trig pathway and give yet another product (Scheme 81). 
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• 
~ 

~C02Me Vt2Me 

(231) 
(241) 

Scheme 81: Structural possibility if Heck cyclisation occurs via a 6-exo (rig pathway on 

the vinyl moiety. 

A.s highlighted above, this reaction was never going to be a simple procedure and as we might 

lave expected we faced challenges and our initial attempts did not yield us our desired cascade 

?roduct (Table 9). 
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(231) (235) 

Pd (0) Source Base EquivBase Solvent Temperature Time Yield 

Pd(PPh,). NEt, - - 90°C 24h SM 

Pd(PPh,). NEt, - - 90°C 48h SM 

Pd(PPh,). NEt, - - 90°C 72h SM 

Pd(PPh,). NEt, - - 120°C 24h SM 

Pd(PPh,). NEt, - - 120°C 48h SM 

Pd(PPh,). NEt, - - 120°C 72h SM 

Pd(PPh,). NEt, 2 CH,CN 120°C 48 h SM 

Pd(PPh,). NEt, 2 DMF 120°C 48 h SM 

Pd(PPh,). NEt, 5 CH,CN 120°C 48h SM 

Pd(pPh,h NEt, 5 DMF 120°C 48h SM 

Pd,(dba),.CHCI, NEt, - - 120°C 24h SM 

Pdz(dba),.CHCI, NEt, 2 CH,CN 120°C 48h SM 

Pd2(dba),.CHCI, NEt, 2 DMF 120°C 48h SM 

Pdz(dba),.CHCI, NEt, 5 DMF 120°C 48h SM 

Pd,(dba),.CHCI, NEt, 5 DMF 120°C 72h SM 

Pd(OAc), 'PrNEI, 2 DMF 200°C 24h SM 

Pd(OAc), 'PrNEt, 2 DMF 200°C 48h SM 

Note: 10 mol% ofPd(O) was used in all reactions. 

Table 9: Attempted Heck/carbopalladation reaction. 

We investigated various reaction conditions in an attempt to achieve the one pot cascade 

reaction. Due to the huge number of variables involved in the Heck reaction itself, we 

could not possibly investigate every single factor that might have had an effect on the 

reaction, but chose to concentrate on what we felt might have a decisive outcome on the 

reaction. With this in mind we concentrated on looking at the Pd(O) source, time, 

temperature and base and solvent combinations.66 Unfortunately altering these had no 

impact on the success of the reaction, and we still recovered starting material, even after 

3 days of reflux in some cases. 
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At this stage we felt it would be more worthwhile to look at other options instead of 

spending time investigating the endless list of potential reaction conditions we could use. 

With this in mind, we decided to make a slight alteration to our chosen substrate, and 

instead of the bromine pyrrolidine derivative, we would construct the iodine analogue. 

The thought being that the palladium would insert easier into a C-I bond than a C-Br 

bond.66 The fact that we were recovering starting material from all of our reactions, led us 

to believe that the palladium may not be inserting into the C-Br bond and that this 

alteration to the substrate might lead us to a more positive outcome. 

As with the pre·oons synthesis gf pyrrglidine (lll) we wellld foIIew the exaet same 

route. Therefore imine (243) was freshly prepared from 2-methylallylamine (233) and 2-

iodobenzaldehyde (242) (Scheme 82). 

~ 
0 l, 

+ )) Et,O. M.S. 4 A. 
rt. 24h, (90%) • I)) NH2 I h 

(233) (242) I h 

(243) 

Scheme 82: Synthesis of2-methylallyl-(2-methylbenzylidene)-amine (243). 

As before the imine formation was a simple, high yielding reaction. Due to our past 

experience with these types of compounds and their hydrolytically sensitive nature, we 

immediately reacted the imine with vinylcyclopropane (161) to form the desired 

pyrrolidine analogue (244) via the group's palladium catalysed [2+3] cycloaddition 

reaction (Scheme 83). 
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Pd(PPh,), 10 mol%, ZnCI, 
(2 Equiv.),THF, rt, • 
24h,(37%) 

(161) 

(243) (244) 

Scheme 83: Synthesis of 2-(2-iodophenyl)-1-(2-methylallyl)-5-vinylpyrrolidine-3,3-

dicarboxylic acid dimethyl ester (244). 

We found the yield again was relatively low and this was still to do with the competing 

reaction that occurred with 2-iodobenzaldehyde (242) to form the undesired furan 

product (See Scheme 77). Even though we used the imine immediately, we isolated the 

furan by-product in yields of 40-50%, Despite this we decided to press on and try the 

cascade reaction again (Scheme 84), 

-x .. 
Table 10. 

(244) (235) 

Scheme 84: Attempted Hecklcarbopalladation cascade reaction. 

Much to our disappointment we were frustrated again in our attempts (Ta hIe 10). 
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Pd (0) Source Base 

Pd(PPh,), NEt, 

Pd(PPh,), NEt, 

Pd(PPh,), NEt, 

Pd(pPh,J. NEt, 

Pd(PPh,), NEt, 

Pd(PPh,), NEt, 

Pd,(dba),.CHCI, NEt, 

Pd,(dba),.CHCI, NEt, 

Pd(OAc), 'PrNEt, 

Pd(PPh,), NEt, 

Pd(PPh,), NEt, 

Pd(PPh,), NEt, 

a: 10 mol % Pd(PPh,), used. 
b: 20 mol % Pd(PPh,), used. 

EquivBase 

-
-
2 

2 

5 

5 

2 

2 

2 

2 

2 

2 

Solveut Temperature Time 

- 90°C 48h 

- 120°C 72h 

CH,CN 120°C 48h 

DMF 120°C 48 h 

CH,CN 120°C 48 h 

DMF 120°C 48h 

CH,CN 120°C 48h 

DMF 120°C 48 h 

DMF 200°C 48 h 

CH,CN Microwave 40min 

DMF Microwave 40min 

DMF Microwave I h 

Table 10: Attempted Hecklcarbopalladtion cascade reaction. 

Yield 

SM' 

SM" 

SM' 

SM' 

SM" 

SM' 

SM" 

SM" 

SM' 

SM" 

SM' 

cftext" 

Much like before with the bromine derivative, we found that starting material was 

recovered, and from crude I H NMR. data, there were no clear signs that our desired 

product had been formed or a hint that something may have occurred within the reaction. 

Unlike our previous attempts though, we decided to investigate the use of the microwave 

to try and promote this cascade reaction.67 From the final attempt in the table, it can be 

seen that trying the cascade reaction using the microwave, actually provided us with an 

interesting outcome. From crude IH NMR. data, we could clearly see that it was not 

starting material we had recovered, but due to the complexity of the IH NMR data we 

were unable to isolate anything clearly. One explanation could be that the reaction was 

proceeding via a 7-endo trig route instead of the desired 6-exo trig pathway. This would 

explain the appearance of the new alkene peaks in the I H NMR. data, but also explain the 

fact that we still saw characteristic signs that the vinyl group was still intact. We 

hypothesised before actually attempting the cascade reaction, that the formation of these 

compounds could be a distinct possibility and that if the Heck was proceeding via a 7-

endo trig pathway, the 7-membered ring would be formed instead. This would also 

explain why we were isolating such a complex and impossible to separate, mixture of 

products (Scheme 8S). 
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(236) 

• 

(244) 
(237) 

(238) 

Scheme 85: Proposed structures that may be forming if reaction proceeds via a 7 -endo 

trigpathway. 

Based on this theory, it was decided to attempt the Heck reaction on a simpler substrate, 

to determine whether the Heck reaction was actually proceeding, and if so, what was the 

more favourable pathway. 

The allylpyrrolidine (245) was chosen as the ideal substrate, and it was envisaged that 

this could be prepared from vinylcyclopropane (161) and imine (246), via the group's 

[2+3] palladium catalysed cycloaddition reaction (Scheme 86). 
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C02Me C02Me 
HN~ ~C02Me C02Me 

2 

N " :> :> (247) r H' ~ ~ (161) 

+ Br + 0 

(245) ~N:O )) 10 
Br Br 0 

(246) (234) 

Scheme 86: Proposed route towards allylpyrrolodine (245), 

We were not expecting this substrate to undergo the full cascade reaction, as without the 

methyl group present on the allyl moiety, there would be nothing stopping 

dehydropalladation occurring after the initial Heck cyclisation. What we were more 

interested in was seeing if we could actually get the Heck step to work, and more 

importantly, to see which was the desired reaction pathway: 6-exo trig or 7-endo trig. 

The frrst step was to prepare the required imine (246), using the same procedure as 

previously outlined. This was again achieved in high yields (Scheme 87). 

o 

(247) 

+~ 
BrN 

Et,o, M. S. 4 A, ~N~ 
o_~ Br 

HN~ 
2 rt, 24h, (90%) " 

(234) (246) 

Scheme 87: Synthesis of allyl-[I-(2-bromophenyl)-methylidene]-amine (246). 

The imine was used immediately in order to reduce hydrolysis back to the amine and 

aldehyde and maximise the yield of the pyrrolidine (245) (Scheme 88). 
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C02Me 

~C02Me 
(161) 

(246) 

Pd(PPh,). 10 mol%, ZnC~ .. 
(2 Equlv.), THF rt, 24h, 
(54%) 

Scheme 88: Synthesis of aIlylpyrrolidine (245). 

(245) 

We noticed a slight increase in yield, but again still found we recovered 20-30% of the 

furan by-product. Next we turned our attention to the Heck reaction (Table 11). 

Pd (0) Source Base 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(PPh,). NEt, 

Pd(OAc), NEt, 

Pd(OAc), NEt, 

Pd(OAc), NEt, 

Pd(PPh,). NEt, 

a: 20 mol % Pd(PPh,). used. 
b: 10 mol % Pd(PPh,). used. 

Equiv Base Solvent Temperature 

2 DMF Microwave 

2 DMF Microwave 

2 DMF Microwave 

2 DMF Microwave 

- - Microwave 

- - Microwave 

2 DME Microwave 

2 DME Microwave 

2 DME Microwave 

3 DME Microwave 

2 DME Reflux 

3 DME Reflux 

3 DME Reflux 

3 DME Reflux 

3 DME Reflux 

3 DMF Reflux 

3 DMF Reflux 

Table 11: Attempts at the Heck reaction. 

Time Yield 

I h Decomposition" 

IOmin SM" 

30min SM" 

45 min SM" 

IOmin SM" 

30min SM" 

10min SM" 

30min SM" 

1 h Decompositiona 

30min SM" 

20h SM" 

22h SM" 

72h Decomposition' 

20h SM" 

72h Decomposition8 

72h Decomposition' 

22h SM" 
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As with our previous attempts, the Heck reaction failed to work. We were unable to 

reproduce the interesting result we had achieved when trying the reaction in the 

microwave. Again various variables were looked at and altered, including the addition of 

silver carbonate (Ag2COJ), which had been reported from some quarters to enhance the 

Heck reaction66 We also investigated using Pd(OAc)z, and altering the ligand from 

triphenylphosphine (PPhJ), in an attempt to make the Pd(O) source more reactive.66 The 

reactions where the starting material had decomposed, we could not identify anything 

significant from the I H NMR data, and isolated a black gummy oil. 

Having seemingly tried a large number of different variables, we decided to try the very 

first set of conditions used, in one final attempt to drive the Heck reaction forward. So 

Pd(PPhJ)4 (20 mol %), was refluxed in neat triethylamine for 24 hours (Scheme 89). 

(245) 

Pd(PPh,). (20 mol %) • 
NEt" reftux, 24h, (42"10) 

(248) 

Scheme 89: Synthesis of [4.3.0) bicyclic system (248). 

Much to our delight we discovered that the Heck reaction was successful and had 

proceeded via a 6-exo trigpathway to yield the [4.3.0) bicyclic system (Scheme 90). 
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C02Me 
I 
-C02Me 
"H 

:> 
et 

Et,N BrH 

Reductlve Elimination 

H 
I (11) 

L-Pd 
2 I 

Br Pdlll) 

Scheme 90: Mechanism of Heck cyclisation. 

Oxldatlve addition 

N. C02Me 

r~~~ If ~ 
/' -

Br L2 

Carbometallation 

We were pleased to find the reaction yielded a satisfactory 42% of our desired compound 

after purification by preparative HPLC. 1 H NMR data provided us with the evidence that 

we had successfully synthesised the [4.3.0] bicyclic system, with the characteristic e.xo­

methylene hydrogens showing as two new singlets around 5-6 ppm (Figure 11). 
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Figure 11: lH NMR of6-methylene-3-vinyl-2,3,6,IOb-tetrahydro-5H­

pyrrolo[2,1 a ]isoquinoline-l ,l-dicarboxylic acid dimethyl ester (248). 

3.2 Applications ofthe Heck reaction towards functionalised polycyclic systems: 

With the success of the Heck reaction, we decided to investigate the scope of using this 

alongside the [2+3] palladium catalysed cycloaddition chemistry developed within the 

group, towards synthesising a variety of functionalised polycycles. Some work had 

previously been done within the group around this area 42 and we decided to investigate 

further, by looking at another cyclopropane derivative, Previous work concentrated on 

using vinylcyclopropane (161) as the building block, followed by subsequent [2+3] 

cycloaddition and Heck reactions to yield a variety of polycyclic systems (Scheme 91)42. 

(161) 

C02Me 

~C02Me 
Pd(PPh,), (10 mol%) .' }-I-I. 
ZnBr, (2 equiv), THF, -b R 
ri, 12h 

Br ~ ~ 

Pd(O) .. 
Base 

Scheme 91: Previous work looking at synthesising functionalised polycycles.42 

We decided to investigate the scope of this reaction further, by looking at an alternative 

cyclopropane derivative. We decided to look at an ethyl ester vinylcyclopropane 
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° 

analogue (249), which we believed could be synthesised by utilising the Michael addition 

reaction of acrolein (217) and dimethyl bromomalonate (216) that we investigated earlier. 

A simple Wittig reaction of the subsequent aldehyde would construct the desired 

vinyl cyclopropane derivative (249). Reactions between this vinylcyclopropane and a 

variety of functionalised imines (250), using the group's palladium catalysed [2+3] 

cycloaddition chemistry, would construct a wide range of functionalised pyrrolidines 

(251). We envisaged that these pyrrolidine structures would provide an ideal platform for 

us to investigate the synthesis of complex, highly functionalised polycycles via the Heck 

reaction (Scheme 92). 

~
C02Me 

) ?' ° C02Me 
C02Me ~. 

(249) Pd [2+3] cycloadd~ion /"'0 !/ _ },,~ C02Me Heck Reaction . I<L'R • 
Br-U 

+ 

(252) 
(251) 

(250) 

Scheme 92: Proposed synthesis of ethy elster polycyc1e derivatives. 

The route towards the desired cyclopropane would utilise chemistry we had previously 

looked at when trying to construct the allylvinylcyclopropane (213). We would use the 

cyc1opropanation of acrolein (217) with dimethyl bromomalonate (216) to form the 

aldehyde (201). A Wittig reaction would then construct our desired cyclopropane 

analogue (249) (Scheme 93). 
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C
X

C02Me 

H Br 

(216) 

+ 
~O 

K,co, (2 Equiv.), DMF. 
rt, 2h, (95%). 

C02Me 
O~ 

V'C0
2
Me 

+ _ 0 
PPh,CH,CO,EtBr,BuLl (2 E9W')' /' ~C02Me 
COC, THF, 6 min, (65%). 0 c:? 

C02Me 

(201) (249) 

(217) 

Scheme 93: Synthesis of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l, l-dicarboxylic acid 

dimethyl ester (249). 

Initial investigations into the Wittig reaction produced very poor yields. We were 

isolating between 9-20% of our desired product (249), with the rest of the material 

decomposing, With this in mind we decided to investigate the time factor of the reaction, 

hypothesising that the desired product (249) could be forming rapidly, but decomposing 

before we could isolate it. Initially we looked at a reaction time of 24 hours, but saw very 

poor yields of the desired product. When we began to decrease the time of reaction, we 

started to see an increase in yield, such that a reaction time of 2 hours now gave us a yield 

of 23%. This was still unacceptable so we decreased the reaction time further and found 

that just 10 minutes gave us our highest yield yet of 40%. Eventually a reaction time of 3 

minutes gave us an acceptable optimum yield of 65% (Table 12). 

Equiv. Wittig Base EquivBase Temperature Time Solvent Yield 

Reagent 

2 BuLi 2 -70oe 24h THF 9% 

2 BuLi 2 -70oe 12h THF 13% 

2 BuLi 2 _70oe 2h THF 20% 

2 BuLi 2 ooe 12h THF 16% 

2 BuLi 2 ooe 2h THF 23% 

2 BuLi 2 ooe 10min THF 40% 

2 BuLi 2 ooe 3 min THF 65% 

Table 12: Optimisation ofWittig reaction conditions. 
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With the route towards our building block optimised we focused our attention on the 

synthesis ofthe polycyclic systems. 

3.2.i Synthesis of 6-ethoxycarbonylmethylene-l-phenyl-8,8a-dihydro-lH-3a-aza­

cyclopenta[a)indene-2,2-dicarboxylic acid dimethyl ester (253): 

We decided to investigate the construction of the [3.3.0) fused polycycle (253). The exo 

methylene polycyclic system had previously been constructed within the group in high 

yields42 and we thought that this would provide an ideal starting place for our 

investigations into the ethyl ester derivatives. We believed that polycyclic system (253) 

could be constructed from a Heck cyclisation of pyrrolidine (254). This we believed 

could be constructed using the group's palladium catalysed [2+3) cycloaddition reaction 

of vinylcyclopropane (249) and imine (255), both easily prepared from simple building 

blocks (Scheme 94). 

'> ) 
o o 

=~> =~> (249) 

(253) (254) 

(255) 

Scheme 94: Proposed synthesis of 6-ethoxycarbonylmethylene-2-phenyl-8,8a-dihydro­

IH-3a-aza-cyclopenta[ a]indene-2,2-dicarboxylic acid dimethyl ester (253). 

The first step in the synthesis of this polycycle was to synthesise the appropriate imine. 

This was done in a simple one step reaction (Scheme 95). 
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Et,O, M.S. 4 A, 
o 

CC
N~ 

Ih 
Br 

rt, 24h, (95%) • 

(256) (166) (255) 

Scheme 95: Synthesis ofbenzylidene-(2-bromophenyl)-arnine (255). 

With the imine (255) in place it was time to use the [2+3] cycloaddition chemistry to 

construct the pyrrolidine required for the Heck reaction (Scheme 96). 

o 
Jl ~ pO,Me 

/"'0 -#' 'V' 0 
CO,Me Pd(PPh,l. 10 mol%, • 

(249) ZnCl, (2 Equiv.),THF, rt, 
24h, (38%) 

(255) 

) 
o 

(254) 

1.5:1 

Scheme 96: Synthesis of 1-(2-bromophenyl)-5-(2-ethoxycarbonylvinyl)-2-

phenylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (254). 

The reaction yielded us our desired product in a mixture of isomers that we were unable 

to separate. We also recovered some of the tetrahydrofuran by-product. The cis isomer 

was the major product in a ratio of 1.5: 1, At this stage we were not too concerned about 

trying to separate the isomers. We knew we could carry the diastereoisomers on to the 

Heck reaction and that both isomers would react to form our polycyclic compound. So 

the next step was to try the Heck reaction (Scheme 97). 
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) 
o 

o 

(254) 

1.5:1 

Pd(OAc), (10 mol%), 
PPh" (4 Equiv.), IPrNEt, (2 Equiv) 
DMF, reflux, 24h, (54%) 

'> o 

Scheme 97: Synthesis of 6-ethoxycarbonylmethylene-I-phenyl-8,8a-dihydro-IH-3a-a2a­

cyclopenta[aJindene-2,2-dicarboxylic acid dimethyl ester (253). 

We were delighted to fmd that the Heck cyclisation was successful and yielded us our 

desired product in decent yields of 54%. We found that using Pd(OAc)2 as the Pd(O) 

source and Hiinig's base, gave us the highest yield. We recovered some of the trans 

isomer back from the reaction, which would suggest that the cis isomer was a lot more 

reactive than the trans isomer. I H NMR data showed us that the reaction had proceeded 

via a 5-exo trig pathway, with the hydrogen of the exo double bond, clearly showing up 

as a weak doublet at about 6ppm (Figure 12). 

I r-
i 

I . I . I 

I \ .. ~ 
, 

'\ 

J 

~ 
~ I ! 

(' r I ./ 
r () i I .~ ij ! ) ~ -~. -~j /, . r' ~I ,1 . , ~ ..... -~-, {I -( ·-~Lo '" ""--, j , , i i , . I , I I 

, , 
j i j I , I: , j j , , I , I i I • '! I ~'rl_,_ ... . 1.0 '.,' . ... , .. , a.o , . 
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Figure 12: IH NMR of 6-ethoxycarbonylmethylene-I-phenyl-8,8a-dihydro-IH-3a-a2a­

cyclopenta[aJindene-2,2-dicarboxylic acid dimethyl ester (253). 
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The stereochemistry across the ring was assigned as cis by nOe experiments, which 

confrrmed the 5-CH proton was on the same face as the I-CH proton next to the phenyl 

substituent. This was to be expected due to the stereochemical preference of the Heck 

cyclisation and that the cis isomer was the most reactive (Figure 13). 

" 

>" ° rH H" 

CH "H~" C02CH3 
~ "" .. S 26 

• N C02CH3 
~7 "~~3 18 

I HO 10 ~ 1 ':::" 
12 14 

" -1S 18 

nOe effects = ..........--... 

Figure 13: nOe Effects indicating the stereochemical outcome of 6-

ethoxycarbonylmethylene-l-phenyl-8,8a-dihydro-1 H-3a-aza-cyclopenta[ a 1 indene-2,2-

dicarboxylic acid dimethyl ester (253). 

Now we had synthesised the bicyclic pyrrolidine (253) stepwise, we decided to 

investigate the possibility of doing this in a one-pot procedure. If this option was viable, 

it would be a powerful method of synthesising complex polycyclic systems, in one step, 

from simple building blocks (Scheme 98). 
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~
CO,Me 

/"'0 ? 
CO,Me 

(249) Pd(PPh,), 10 mOI%. ~ 
Znc~ (2 Equiv.).THF. rt. 

+ ~ 24h 

CC
NVV 

I~ 
Br 

(255) 

) 
o 

o 

') 
o 

(254) 

I 
X 

~ 

Et,N (excess) 
renuX, 72 h 

Scheme 98: One-pot intramolecular Heck cyclisation with 2-bromobenzyl substituted 

imines. 

Unfortunately we were not able to recover any of the bicyclic pyrrolidine from the 

reaction. Crude IH NMR data showed no characteristic peaks that the bicyclic pyrrolidine 

had been formed, or that there was any starting material still present. The main challenge 

we faced within the one-pot procedure, was the conditions we used to successfully 

construct the polycyclic system via the Heck reaction in the step wise synthesis, could not 

be used here, as the [2+3] cycloaddition reaction, was reliant upon on Pd(PPh3)4 being 

used to form the pyrrolidine in the fIrst place. We had already discovered that using 

Pd(PPh3)4 in these Heck reactions, did not produce great yields, and we suspected that 

this might have been the reason for the observed no reaction. 
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3.2.ii Synthesis of 6-ethoxycarbonylmethylene-2-phenyl-l,5,10,10a-tetrahydr0-

pyrrolo[l,2-bJisoquinoline-3,3-dicarboxylic acid dimethyl ester. 

Having successfully synthesised the [3.3.0] bicyclic pyrrolidine, we decided to try and 

construct the [4.3.0] bicyclic pyrrolidine (256). We envisaged that pyrrolidine (257) 

would provide the perfect platform for us to investigate the Heck cyclisation on. We 

believed we could synthesise pyrrolidine (257) again utilising the group's palladium 

catalysed cycloaddition reaction of imine (258) with vinyl cyclopropane (249) (Scheme 

99). 

) ) CCNl) ° ° ° ~ Br ~ 

~ ~CO,CH3 CO,Me 
~ """ N .. , CO,CH3 :> (258) 

CO,Me :> 

HO ~NH + 

~ ~ ° ~co,Me 
(256) Br /'0 """ 

(257) 
CO,Me 

(249) 

Scheme 99: Proposed synthesis of 6-ethoxycarbonylmethylene-2-phenyl-1 ,5,1 0,1 Oa­

tetrahydro-pyrrolo[I,2-b ]isoquinoline-3,3-dicarboxylic acid dimethyl ester (256) 

As with the synthesis of the [3.3.0] polycycle, the first step was to synthesise the required 

imine to use in the [2+3] cycloaddition reaction (Scheme 100). 

CC"" NH, + 
~ Br 

(259) 

o 

U Et,O, M,S. 4 A. 
rt, 24h, (96%) 

(166) 

• 
1("" Br ~ 

N~ 
V 

(258) 

Scheme 100: Synthesis ofbenzylidene-(2-bromobenzyl)-amine (258). 
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With the imine in place, we again looked at synthesising the pyrrolidine required to try 

the Heck reaction, using the group's [2+3] cycloaddition methodology (Scheme 101). 

o 

~
C02Me 

./'0 p 
C02Me 

(249) 

+ 

(CBr ~ 
""I NVV 

(258) 

Pd(PPhs). 10 mol%, • 
ZnC~(2 Equiv.) .THF. rt, 
24h, (48%) 

,) 
o 

o C02CH3 + 0~C02CH3 
cp" H"N . C02CH3 H" CO CH \ ~ cp~ N.. 2 3 

- H Y' '\:: _ HO'1 '\:: 
Br 

Br -
(257) 

4:1 

Scheme 101: Synthesis of 1-(2-bromobenzyl)-5-(2-ethoxycarbonylvinyl)-2-phenyl­

pyrrolidine-3,3-dicarboxylic acid dimethyl ester (257). 

The reaction yielded the desired product in a 48% yield, A mixture of diastereoisomers 

was isolated, this time in a slightly better ratio of 4:1 in favour of the cis isomer. Again 

this did not overly concern us, because we had already shown that by reacting a mixture 

of isomers did not hinder the Heck cyclisation. The fmal stage was to try the Heck 

reaction using our preferred conditions of Hilnig's base, Pd(OAc)2, PPh3 in DMF 

(Scheme 102). 

(257) 

4:1 

Pd(OAc), (10 mol%), • 
PPh" (4 Equiv.), 'PrNEt, (2 Equiv) 
DMF, reflux, 24h, (>90%) 

) 
o 

(256) 

Scheme 102: Synthesis of I 0-ethoxycarbonylmethylene-3-phenyl-I,5,1 0,1 Oa-tetrahydro­

pyrrolo[I,2-b]isoquinoline-2,2-dicarboxylic acid dimethyl ester (256). 

107 



We were delighted to find that the Heck cyc1isation proceeded in excellent yields of 

>90% to give the [4.3.0] bicyclic pyrrolidine (256). The yield was representative of the 

better diastereomeric ratio we saw towards the more reactive cis isomer in the [2+3] 

cycloaddition reaction. From IH NMR data, we saw the hydrogen of the exo double bond 

again appearing as a weak doublet at around 6.5 ppm (Figure 14). 

0 

~,I, All 
7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3:5 3.0 2.5 2.0 1.5 

Figure 14: IH NMR of 6-ethoxycarbonylmethylene-2-phenyl-l,5,1O,lOa-tetrahydro­

pyrrolo[l,2-b ]isoquinoline-3,3-dicarboxylic acid dimethyl ester (256). 

P 

Again nOe experiments confirmed the stereochemistry across the ring as cis with 5-CH 

hydrogen being on the same face as 2-CH hydrogen. As with the [3.3.0] bicyclic system, 

again we saw a weak interaction of the exo double bond 20-CH hydrogen with the 5-CH 

hydrogen, explaining why we saw a doublet in the IH NMR data (Figure 15). 

108 



" 
)" 

220 

nOe effects = ...---.... 

3 ~02CH3 

, ~02CH3 
14 19 

~Ij ~" 
16 17 

Figure 15: nOe Effects indicating the stereochemical outcome of 6-

ethoxycarbonylmethylene-2-phenyl-I,5, 1 0, 1 Oa-tetrahydro-pyrrolo[ 1 ,2-b 1 isoquinoline-

3,3-dicarboxylic acid dimethyl ester (256). 

Once again with the polycycle successfully isolated stepwise, we looked at the possibility 

of forming it in a one pot procedure (Scheme 103). 

109 



o 

~
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C02Me 

(249) Pd(PPh,), 10 mol%, ~ 

ZnCI,(2 Equiv),THF, rt, 
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X 
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~ 
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(256) 
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reflux, 72 h 

C02CH3 

C02CH3 

Scheme 103: One-pot intramolecular Heck cyclisation with 2-bromobenzyl substituted 

Immes, 

As with the previous attempt at this "one-pot" procedure we failed to get the bicyclic 

pyrrolidine (259), The crude IH NMR data gave a very complex mixture, with no 

characteristic signals showing evidence that either product or the pyrrolidine were 

present. Obviously it was a surprising result that we had failed to at least isolate some of 

the pyrrolidine, as these were the same conditions we had used previously to facilitate the 

cycloaddition, At this stage though, we were not too concerned about the one pot 

procedure, but more focused on synthesising a variety of polycyclic substrates, to show 

the powerful scope of using the [2+3] palladium catalysed cycloaddition reaction in 

conjunction with the Heck cyclisation, 
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3.2.iii Synthesis of 3-(2-ethoxycarbonylvinyl)-6-methylene-2,3,6,10b-tetrahydro-5H­

pyrrolo [2,I-a)isoquinoline-l, I-dicarboxylic acid dimethyl ester. 

With the [3.3.0) and [4.3.0) bicyclic pyrrolidines successfully synthesised, we decided to 

look at another azepine derivative. We chose to look at azepine (260). We had already 

synthesised the vinyl analogue (248) and decided to investigate if the ethyl ester 

derivative could be constructed. We believed it could be synthesised by a Heck 

cyclisation of pyrrolidine (261), which we would construct via the group's [2+3) 

cycloaddition chemistry methodology, starting from vinylcyc1opropane (249) and imine 

(246) (Scheme 104). 

) 
o 

° o 

==:> ~ C02Me 

H N C02Me 

rH)' ~ 
Br 

+ 

(260) 
(261) 

Scheme 104: Proposed synthesis of 3-(2-ethoxycarbonylvinyl)-6-methylene-2,3,6,1 Ob­

tetrahydro-5H-pyrrolo [2,I-a)isoquinoline-l,l-dicarboxylic acid dimethyl ester (260). 

The fIrst stage was to isolate the imine required for the [2+3) cyc1oaddition reaction, 

which was again achieved in high yields (Scheme 105). 

HN~ 
2 

(247) 

+~ 
-~ Br 

(234) 

Et,O, M.S. 4 A, - . ~N~ 
".~ Br 

rt, 24h, (88%) 

(246) 

Scheme 105: Synthesis of bromobenzyl substituted imine (246). 
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With the imine synthesised, we reacted this with the ethyl ester cyclopropane derivative 

(249) using the [2+3] palladium catalysed cycloaddition conditions to form our desired 

pyrrolidine (261) (Scheme 106). 

) 
° C02Me 

~ + 
V'C02Me 

Pd(PPh,), 10 mofA>. .0 
ZnCl,(2 EquiV.),THF, rt, 
24h, (30%) 

) 
° 
° 

(249) 

(246) 

(261) 

2:1 

Scheme 106: Synthesis of l-allyl-2-(2-bromophenyl)-5-(2-ethoxycarbonylvinyl)­

pyrrolidine-3,3-dicarboxylic acid dimethyl ester (261). 

We managed to isolate our desired pyrrolidine in a 2:1 ratio of diasteroisomers, favouring 

the cis isomer, but in a rather disappointing yield of 30%. The low yield could be 

attributed to the formation of the tetrahydrofuran by-product, which we isolated in 60% 

yields, formed by the reaction with the bromobenzaldehyde, which was described earlier, 

Undeterred by the low yield of the pyrrolidine, we subjected it to the Heck reaction 

(Scheme 107). 

\ 

(261) 

2:1 

Pd(OAcl, (10 mol%), .. 
PPh" (4 EquW.), IPrNEt, (2 Equiv.) 
DMF, mIcrowave, 1h, «5%) 

° 

) 
° 

Scheme 107: Attempted Heck cyclisation of l-allyl-2-(2-bromophenyl)-5-(2-

ethoxycarbonylvinyl)-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (261). 

(260) 
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The Heck reaction on this substrate proved to be quite problematic. The conditions which 

were successful in previous reactions only yielded the starting material. Eventually we 

found that subjecting the reaction to one hour in the microwave gave us a very minimal 

amount of the [4.3.0] bicyclic Heck product, in a 5% yield. Due to the harsh conditions 

required to drive the reaction, we found that the majority of the starting material 

decomposed, which would explain the low yield. The table below summarIses our 

attempts at this particular reaction (Table 13). 

Pd (0) Source Base EquivBase Solvent Temperature Time Yield 

Pd(OAc), 'PrNEtz 2 DMF 100°C 24h SM 

Pd(OAc), 'PrNEtz 2 DMF 100°C 48 h SM 

Pd(OAc), 'PrNEtz 2 DMF 100°C 72h SM 

Pd(OAc), 'PrNEtz 2 DMF 200°C 24h SM 

Pd(OAc), 'PrNEtz 2 DMF 200°C 72h SM 

Pd(PPh,). NEt, 2 - 100°C 24h SM 

Pd(PPh,). NEt, 2 - 100°C 72h SM 

Pd(PPh,). NEt, 2 DMF 100°C 24h SM 

Pd(PPh,). NEt, 2 DMF 100°C 72h SM 

Pd(PPh,). NEt, 2 DMF Microwave 30min SM 

Pd(PPh,). NEt, 2 DMF Microwave 1 h Decomposition 

Pd(OAc), 'PrNEtz 2 DMF Microwave 30min SM 

Pd(OAc), 'PrNEtz 2 DMF Microwave 1 h <5% 

Table 13: Attempts at the Heck reaction. 
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3.2.iv. Synthesis of "bridged" furan and pyrrolidine polycycles: 

Having successfully synthesised the bicyclic pyrrolidioe aod azepine type compounds, 

we thought about tryiog to synthesise other riog systems, for example the furan aod 

pyrrolidioe below (Figure 16). 

Figure 16: New Heck products. 

First we looked at the tetrahydrofurao derivative (262), which we envisaged could be 

synthesised from a-bromocionamaldehyde (264) aod the ethyl ester vinylcyclopropaoe 

(249) (Scheme 108). 

(249) 

H~O I
Br 

I"" 
~ 

(264) 

Pd(PPh,), 10 mol%. 
ZnCl, (2 Equiv. ).THF. "rt. 
24h. (36%) 

o 

r Br 

r \( 

Scheme 108: Palladium catalysed [2+3] cycloaddition with a-bromocionamaldehyde. 

We were pleased to isolate the tetrahydrofurao derivative in average yields of 36%, 

though we were confident that this could be optimised further. Agaio we saw a mixture of 

diastereoisomers, with the cis isomer being the major product, which was determioed 
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from nOe experiments. We were able to separate the isomers using flash 

chromatography, so we subjected the cis isomer only to the Heck conditions (Scheme 

109). 

H3C 

'--0 

(265) 

~ 
Pd(OAc), (10 mol%). 0 
PPh,. (4 Equiv.), 'PrNE!, (2 Eq~v.r 
DMF. microwave, 1h. (46%) 

(262) 

Scheme 109: Heck cyc1isation of2-(I-bromo-2-phenylvinyl)-5-(2-ethoxycarbonylvinyl)­

dihydrofuran-3,3-dicarboxylic acid dimethyl ester (265). 

We were delighted to find that we isolated the Heck product in a decent yield of 46%. 

From IH NMR data we saw the characteristic singlets at 5.9 and 6.7 ppm, corresponding 

to the alkene hydrogens adjacent to the phenyl and ethyl ester moiety respectively 

(Figure 17). 

J) ,il . ill J 11 1 J 1. I .--

I I I I I I 7 •• 7 .• • •• • •• • •• • •• , ... 

Figure 17: IH NMR of 6-benzylidene-l-ethoxycarbonylmethylene-7-oxa­

bicyclo[2.2.I]heptane-6,6-dicarboxylic acid dimethyl ester (262). 
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Our focus now turned towards the pyrrolidine derivative (263) and our frrst step was to 

construct the imine required to take forward onto the cycloaddition reaction (Scheme 

110). 

Q. 
OMe 

(266) 

H~O I
Br 

I"" 
h 

(264) 

Et,O, M.S. 4 A, 
rt, 24h, (92%) 

(267) 

Scheme 110: Synthesis of (2-bromo-3-phenylallylidene )-( 4-methoxyphenyl)-amine 

(267). 

With the imine to hand, we set about trying to synthesise the pyrrolidine required to try 

the Heck reaction on (Scheme 111). 

o 

~
C02Me 

/"-0 ::? 

C02Me 

(249) 
Pd(PPh,),10 mol%, 
ZnCl, (2 Equiv.),THF~rt, 
24h, (60%) 

o 

o 
) ) 

o 

O~O'CH' 
+ (;H,(!:CH, 

MeO 0 
(268) 

(1:1 ) 

Scheme 111: Synthesis of 2-(I-bromo-2-phenylvinyl)-5-(2-ethoxycarbonylviny 1)-1-(4-

methoxyphenyl)-pyrrolidine-3,3 dicarboxylic acid dimethyl ester (268). 

The IH NMR data was extremely complex, but we had isolated our desired pyrrolidine, in 

a 1:1 mixture of diastereoisomers. We were unable to separate the isomers, so we decided 

to try the Heck cyc1isation on the inseparable mixture anyway. The Heck cyclisation 

would only work on the cis isomer, so we expected to obtain starting material back, 
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which would correspond to the trans isomer, aswell as the cyclised product (Scheme 

112). 

1 
Br 

1 ~ 

(268) 

(1:1 ) 

Pd(OAc), (10 mol%). EtO 
PPh,. (4 Equiv.). iPrNEt, (2 Equiv.j 
DMF, microwave, 1h, (Traoe) 

OMe 

0 
0 N 

'" 
---" 

(263) 

Scheme 112: Heck cyclisation of2-(1-bromo-2-phenylvinyl)-5-(2-ethoxycarbonylvinyl)-

1-(4-methoxyphenyl)-pyrrolidine-3,3 dicarboxylic acid dimethyl ester (268). 

After several attempts, only a trace amount of the Heck product was obtained, which we 

were unable to isolate after purification. The crude lH NMR data provided us with 

evidence that we had formed the cyclised product, with the hydrogens adjacent to the 

ethyl ester and phenyl group, showing up as singlets at around 6.5 ppm and 5.5 ppm 

respectively. We found that the conditions required to drive the reaction needed to be 

extremely harsh, with one hour heating in the microwave required to gain even the 

smallest amount of product. In some cases we recovered starting material from the 

reaction. When the reaction conditions were more severe, we observed complete 

degradation of the substrate, with 1 H NMR data providing us with no evidence that 

starting material or any other substance of note was present. The table below summarises 

our attempts (Table 14). 
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Pd (0) Source Base EquivBase Solvent Temperature Time Yield 

Pd(OAch 'PrNEt, 2 DMF 100°C 24h SM 

Pd(OAch 'PrNEt, 2 DMF 200°C 24h SM 

Pd(OAch 'PrNEt, 2 DMF 200°C 72h Decomposition 

Pd(PPh,), NEt, 2 - IOO°C 72h Decomposition 

Pd(PPh,), NEt, 2 DMF IOO°C 72h Decomposition 

Pd(PPh,), NEt, 2 DMF Microwave 30min SM 

Pd(PPh,), NEt, 2 DMF Microwave I h Decomposition 

Pd(OAc), 'PrNEt2 2 DMF Microwave 30min SM 

Pd(OAc), 'PrNEt, 2 DMF Microwave I h Trace 

Table 14: Attempts at the Heck cyclisation of2-(1-bromo-2-phenylvinyl)-5-(2-

ethoxycarbonylvinyl)-l-( 4-methoxyphenyl)-pyrrolidine-3,3 dicarboxylic acid dimethyl 

ester (268). 

The research into the tandem [2+3] cycloaddition and Heck reaction proved a useful 

investigation. We have shown a wide representative of highly functionalised, complex, 

polycyclic systems can be synthesised in just two steps from very simple building blocks. 

The applications of this type of chemistry would be invaluable in natural product 

synthesis, with the ability to construct complex heterocycles, in decent yields and with 

the ability in most cases to direct the stereochemical outcome, proving a very useful tool. 

An area that we can still develop is the one pot cycloadditionlintramolecular Heck 

cyclisation. We were unsuccessful in our initial attempts, but we are confident that with 

time spent on optimising reaction conditions, we can get this one pot procedure to work. 

This would prove to be an enourrnous step forward, with the ability to go from simple 

cyclopropane derivatives and imine/aldehyde trapping agents, to a highly functionalised 

bicyclic or polycyclic system in just one step, proving to be very advantageous in 

complex total syntheses. The table below summarises the pyrrolidine/tetrahydrofuran pre­

cursors and the subsequent Heck cyclisation products (Table IS). 
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Cycloaddition Prodnct Yield Heck Prodnct Yield 

) 
0 EtO 

0 CO,Ms CO,Ms 

BOH7 CO,Ms 55% 52% 

~ 
~ ;/ 

) 
0 ') 

0 0 

40% 56% 

0 CO,Ms 0 0 

EtO CO"". CO,Me 
7 Br 36% 35% 

7 ~ 

EtO 

° H CO,Me 0 

EtO CO,Me 

7 ~ 
42% <5% 

OM. 

o CO,CH, u) 
o N N CO,CH, 

H 7 Br 

60% EtO 
r:~~CO,Me 

Trace 

7 ~ 

Table 15: Examples offunctionalised polycycles. 
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° 

3.3 Conclusion: 

Though our attempts to successfully show examples of the cascade reaction working 

effectively failed, we have managed to show the scope of the group's [2+3] palladium 

catalysed cycloaddition reaction when used in conjunction with the Heck reaction, to 

yield a variety of highly functionalised and in some cases, sterically demanding 

polycyclic systems. The ability to construct these types of compounds, using very simple 

building blocks, and in only two steps, would provide a very useful synthetic pathway in 

the total synthesis of natural product targets (Scheme 113). 

H3C 

'--0 

° ° Br ~ ° ° 0 
[2+31 Cycloaddition 

O~ 
C02CH3 Heck 

"" ---- • 
1,// H r; Br 

(264) '" 
(265) r; ~ 

~ 

+ - (262) 

~C02Me o 9' 
CO,Me 

(249) 
) + ) 

X:~ ° [2+31 Cycloadd~ion ° 1 N" "" 1 ° C02CH3 ... Heck 
" CO,CH3 CfN; • 

(258) 
_ Hr; ~ 

Br -
(257) 

(256) 

Scheme 113: Preparation offunctionalised polcyc1es. 
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Chapter 4 - Applications towards natural product synthesis: 

4.1: Investigations into the synthesis of the [5.3.0] azepine core of the stemoamide 

group of Stemona alkaloids: 

After the success of our investigations into the Heck reaction, we decided to investigate 

the second part of our project, which was applying this tandem [2+3] cyc1oadditionlHeck 

chemistry towards natural product targets. We decided to concentrate on the stemoamide 

group of the Stemona alkaloids, whose members all contain the characteristic [5.3.0] 

azepine core (Figure 18). 

Stemonine Didehydroparvistemonine 

Figure 18: Two members of the stemoamide group of Stemona alkaloids. 

In particular we thought that stemonine would make a viable target to aim for. We 

envisaged the palladium catalysed [2+3] cycloaddition of vinyl cyclopropane (271) and a 

suitable imine trapping agent (272), would allow us to construct pyrrolidine (270) which 

could undergo an intramolecular Heck cyc1isation, to form the [5.3.D]-bicyclic azepine 

core (269). This would leave us with the key D, C rings in place, and plenty of scope for 

further manipulation towards our natural product target (Scheme 114). 
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Stemonine 

C02R CO R 

RYJR' 
(269) 

1 

R 
~C02R 

}-(C02R LR 
X (270) 

X= Br 

Scheme 114: Retrosynthesis of route towards [5.3.0] azepine core. 

1 

R 

~C02R 
C02R 

(271) 

R=Me 

+ 

~N~R 
X 

(272) 

X= Br 

R = Ph, COOE! 

Our first target was to synthesise the imine we required for the cyc1oaddition step. This 

was not going to be as straight forward as with previous reactions, because the amine we 

required was not commercially available. We thought by taking commercially available 

3-butyn-l-ol (278), we could form the corresponding halide (277) and reduce the 

acetylene to the cis alkene (276). Mesylation of the alcohol to (275), followed by 

displacement with a phthalamide group (274), would provide us with the protected 

primary amine (274) (Scheme 115).68 

~~ ro~ =X~M~X~H = 
X~~H~ 

OH OH 

(274) (275) (276) (277) (278) 

X= Brorl 

Scheme 115: Proposed synthesis of primary amine (273). 

122 



The rust stage in the synthesis was to form the vinyl halide from commercially available 

3-butyn-l-ol (278). The literature gave us a procedure in which the iodo derivative was 

formed using the exact same substrate.68 We decided to use the exact same procedure to 

yield the iodo-alcohol derivative (Scheme 116). 

H~ 
I) Bull. -78'C 

I~ 
Ii) I, 

X .. 
OH OH 

Et,O.24h 
(278) (279) 

Scheme 116: Attempted iodination of3-butyn-l-oI.68 

Unfortunately we failed to yield any of the desired product. Crude IH NMR data 

suggested that there was complete decomposition of starting material and no sign that the 

iodine analogue had been synthesised. 

We decided to look at trying to construct the bromo derivative69 due to our failed 

attempts at isolating the iodo compound. Again we followed the literature procedure to 

yield our desired target (Scheme 117).69 

H~ 
OH 

Br~ Br,(1.1 Equiv.). KOH (4 Equiv.) ~ 
H,o. ()<>C, 3h, (89%) • 

OH 
(278) (280) 

Scheme 117: Bromination of3-butyn-l-ol (278).69 

The reaction worked in excellent yields of 89% and after extraction with diethyl ether and 

drying over NaZS04, there was no need for purification. The next step was to reduce the 

acetylene to the cis alkene, again this procedure was available to us in the literature 

(Scheme 118).69 
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Br, 

~l 
OH 

(280) 

TsNHNH, (2 Equlv.), NaOAo (3 Equiv.), 
THF/H,o (1:1), reflux, 4h, (83-87%r 

Br~ 
OH 

(281) 

Scheme 118: Selective reduction of acetylene (280). 

The diimide reduction proceeded smoothly and the cis alkene was isolated in excellent 

yields of 83-87% (Scheme 119), 

- (0 HO ~III 

~~N-t;J-H) o H 

AcO-

• Br~ 
OH 

Scheme 119: Mechanism of diimide reduction, 

The advantage we found with this reaction was that it could be done on large scales. We 

had found with other reactions that increasing the scale often had an adverse affect on the 

yield, but were delighted to find we could use a 109 scale and saw no reduction in the 

yield. 

With the cis alkene to hand, the next stage was to mesylate the alcohoI'°, so that we 

would have a suitable leaving group to try the displacement reaction with potassium 

phthalamide (Scheme 120), 
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Br~ 
OH 

(281) 

MsCI (1 Equiv.), NEt, (1.1 Equlv.), 
DCM, OOC to rt, 24h, (89%). • 

Br~ 
OMs 

(282) 

Scheme 120: Mesylation of bromo-alcohol (281). 

As expected the mesylation reaction proceeded smoothly and we got excellent yields of 

89% of the mesylated product. Other bases, such as pyridine, were briefly investigated to 

see if the yield could be increased, but we found no significant change in the yield 

obtained. 

We were now just two steps away from synthesising our target amine, and the next step 

was crucial in the synthesis. We needed to displace the mesylate with a phthalamide 

group, which would enable us to follow a literature procedure in converting the 

phthalamide to the desired primary amine.71 The displacement of the mesylate group with 

phthalamide was a literature procedure (Scheme 121}.72 

Br~ 
OMs 

(282) 

Potassium phthalamide (1.1 Egu~.), 
DMF, reftux, 24h, (29%) 

(283) 

Scheme 121: Displacment of mesylate with potassium phthalamide.72 

Though we isolated the phthalamide product, the yield was poor at 29% and the work-up 

proved to be problematic, with the reaction mixture often turning to a very gelatinous 

substance that made handling very difficult. At this stage we decided to look at an 

alternative route towards the amine that would hopefully provide us with higher yields 

and also be easier to handle, 

125 



Our initial thought was to convert the mesylate group to an azide instead of the 

phthalamide, then reduce the azide to the amine. So we took some of our mesylated 

compound (282) and reacted this with sodium azide in acetone/water to form the azide 

and then triphenylphosphine in THF /water to try and synthesise the amine (Scheme 122). 

Br~ 
OMs 

(282) 

i) NaN, (2 Equiv.). 
acetoneIH,o (3:2) 

-x .. 
II)PPh,. THF/H,o. 24h. rt 

Br~ 
NH2 

(284) 

Scheme 122: Attempted synthesis of amine (285). 

Unfortunately we did not synthesise the amine. Nothing of any real significance was 

recovered from the reaction and it looked like complete degradation of the starting 

material had occurred. 

Though our initial attempt to construct the amine had failed, we were still keen to explore 

the potential of this methodology towards our amine target. We decided to look at the 

viability of using the Mitsunobu reaction in synthesising our azide73
,74, then use the 

Staudinger reaction to reduce the azide to the primary amine. So we took bromo-alcohol 

(281) and subjected it to the Mitsunobu reaction (Scheme 123).73,74 

Br~ Br~ DIAD (1.5 Equiv.), DPPA (1.5 Eg~v.), 
PPh, (1.5 Equiv.), THF, il'C to rt, 
3h, (97%). 

OH 

(281) (285) 

Scheme 123: Synthesis of azide (285). 

The azide was afforded in good yields of 97% (Scheme 124). 
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Activation of the DIAD: 

1 DPPA 

• 
+ 

Scheme 124: Mechanism of the Mitsunobu reaction. 

There were challenges when it came to purification of the azide. It was almost impossible 

to isolate the azide pure due to the fact that the diisopropylazodicarboxylate (DIAD) in 

particular co-eluted in every solvent system we tried. At this stage we were not too 

concerned and believed we could purify the amine with more success as the polarities of 

the DIAD and amine would be significantly different. 
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With the azide to hand, we now started thinking about constructing the amine. Initially 

we hypothesised about using an aza-Wittig type reaction, which would take us directly to 

our required imine. Research into the literature proved that this was an option for us. 

Marcus M. Sa et al. had used aza-Wittig type reactions to construct a variety of imines, 

all starting from an azide precursor.75 Naturally we were keen to explore this further and 

decided to try the conditions on our azide substrate (Scheme 125). 

Br~ 
N3 

PPh,. benzaldehyde, 

-X . 
CHCI,. 24h, rt, N, (g) 

(285) 

Scheme 125: Attempted aza-Wittig reaction.75 

Unfortunately we isolated none of the imine (286), only benzaldehyde was recovered 

from the reaction. We briefly looked at changing the solvent system and investigated 

using DCM and THF as alternatives. But these did not have an affect on the reaction 

outcome. Though we were slightly disappointed that the aza-Wittig reaction had failed, 

we were still keen to synthesise the amine, so we tried the Staudinger reaction again on 

the azide to try and yield us the primary amine (Scheme 126). 

PPh,. acetonelwater (3:2) 

-X . 
24h, rt 

(285) (284) 

Scheme 126: Attempted Staudinger reaction of azide (285). 

Again we failed to yield the amine. Interestingly we found that from the IH NMR data, 

there were significant signal shifts in those corresponding to the DIAD product we had 

carried through from the Mitsunobu reaction. This led us to believe that the DIAD by­

product was in fact being reduced rather than the azide. This would explain the reason 

why we were seeing no sign of the amine (Scheme 127). 
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.. • 

Q=PPh3 + • 

c+ 
\9;-PPh3 

Scheme 127: Mechanism of DIAD being reduced by excess PPh3, instead of the azide 

compound (285) 

Though we had potentially uncovered the reason why the reaction had failed, it did not 

help us in actually constructing the amine we required. With the fact that it was the DIAD 

causing the problems and we had already found we could not separate the azide cleanly 

from it, we decided to go back to the original phthalamide route. 

When we first looked at this procedure we managed to isolate the desired phthaIamide 

product, but in very low yields of 29%, so we decided to look at how we could increase 

this yield significantly. The obvious place to start, was to look at using different solvent 

systems (Ta ble 16). 
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Br~ 
OMs 

o 

rN~ oHJ 
(282) (283) 

Solvent Yield Temperatnre 

DMF 29% Reflux 

Acetone 15% Reflux 

DME 33% Reflux 

2-butanone 37% Reflux 

DCM 8% Reflux 

Table 16. 

From our investigations we found that by using 2-butanone, a lower boiling point solvent, 

we managed to increase the yield to 37%. This still was not satisfactory, so we decided to 

look at changing the group we were displacing. We thought initially that the mesylate 

would prove to be a suitable leaving group, but with the low yields we were obtaining, 

we decided to look at an alternative. Replacing the mesylate with iodine, would provide 

an excellent alternative for us to investigate. The mesylate could easily be converted into 

an iodine by use of the Finkelstein type reaction.76 This would then allow us to try the 

displacement reaction again with potassium phthalamide and hopefully see an increase in 

the yield (Scheme 128). 

Br~ 
OMs 

(282) 

Br~ 
I 

(287) 

Scheme 128: Finkelstein reaction.76 
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The Finkelstein worked in excellent yields of 82% and even more pleasing was that no 

purification was required after work-up. The next stage was to re-try the reaction with 

potassimn phthalamide (Table 17). 

Br~ 
I 

(287) 

Potassium phthalamide (1.1 Egui¥.). 
2-butanone, reflux, 24h, (51%) 

o 

~~7 '" Br 
o -

(283) 

Solvent Yield Temperatnre 

DMF 35% Reflux 

Acetone 10% Reflux 

DME 27% Reflux 

2-butanone 51% Reflux 

DCM No Reaction Reflux 

Table 17. 

We found that the reaction proceeded in an increased yield of 51 % when 2-butanone was 

used as the solvent. Purification was a simple task as well, with flash chromatography 

easily separating out the desired phthalamide product and unreacted starting material was 

recovered that could be recycled into producing more of the phthalamide. 

The final step of the Gabriel synthesis was to de-protect the amine. Again after research 

into the literature we found a suitable procedure for us to test on our substrate (Scheme 

129).77 
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o 

~Nto~ Br 
o -

(283) 

Hydrazine monohydrate 
ethanol, renux, 24h, (62%) ~NH2 

Br 

(284) 

Scheme 129: Final stage of the Gabriel synthesis to form amine (284). 

We finally achieved our initial target of the amine in an overall yield of 18 % in six steps. 

We were pleased with this outcome, particularly as all of the steps within the synthesis 

could be done on large scales, which gave us a good amount of the amine material to 

work with, The scheme below summarises the total synthesis of the primary amine (284) 

(Scheme 130), 

~OH 8r,(1.1 Equiv.), KOH(4 Equiv.) ./~OH 
H,O, (lOC, 3h, (89%) • ft" 

Br 
!78) (280) 

TsNHNH, (2 Equiv.), JOH 

NaOAc (3 Eguiv. l, • 
THFIH,O (1:1), renux, 
4h, (87%) Br .& 

MsCI (1 Equiv.), 
NEt, (1.1 Equiv.), 
DCM, D'C to rt, 
24h, (89%). 

(281) 

(282) 

Nal (15 Equiv.), 
acetone, reflux, 
24h, (82%). 

, 
• Potassium pbtha'amide (11 EqIJiv.), Br J 

2-butanone, renux, 24h, (51%) 

(287) 

Scheme 130: Total synthesis of amine (285) in six steps from 3-butyn-I-ol (278). 
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Now we had successfully synthesised the amine we could turn our attention back to 

constructing the [5.3.0) bicyclic azepine core. The next stage in this approach was to use 

the freshly prepared amine and form the imine we required for the [2+3) cycloaddition 

step. Imine (286) was chosen as an initial target because we felt the presence of the 

phenyl group would make the imine more robust (Scheme 131). 

o 

H~ Et,O. M.S. 4 A, .. ~ \d \\N~ 

(286) Br 

rt, 24h, (88%) 

(284) (166) 

Scheme 131: Synthesis of imine (286). 

We isolated the benzyl imine derivative in decent yields of 88%. With the imine to hand 

we attempted to construct the pyrrolidine required to carry out the Heck cyclisation 

investigations on (Scheme 132). 

~ ,c°2Me 

V'C02Me 

(161) (286) 

Pd(PPh,), (10 mol%), 
ZnCI,(2 Equiv.), THF, rt,' 
24h, (52%) 

(288) 

Scheme 132: [2+3) cycloaddition to form pyrrolidine (288). 

The [2+3) palladium catalysed cycloaddition proceeded smoothly and yielded us our 

desired pyrrolidine in a 52% yield exclusive to the cis isomer. The tetrahydrofuran by­

product was isolated in yields of about 35%. The fmal step was to try the Heck 

cyclisation (Table 18). 
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Me02C C0
2
Me 

~ 
srJ 

(288) 

Pd (0) Source Base EquivBase 

Pd(PPh,), NEt, 3 

Pd(OAc)2 'PrNEt2 2 

Pd(PPh,), NEt, 3 

a: 5 mol% Pd(PPh,), 

Pd(PPh,), (20 mol 'lot 
NEt, (3 Equiv.), CH, N 
micro'Nave, 30 min, (20%) 

Solvent Temperature 

- 100'C 

DMF 100'C 

CH,CN Microwave 

Table 18. 

(289) 

Time Yield 

24h 5% 

24 h 15% 

15 min 27%a 

We were delighted to find that the Heck cyc1isation was successful and the product we 

isolated was consistent with that of the Heck reaction proceeding via a 7-exo (rig 

pathway. This meant we had accessed the [5.3.0] azepine core in just two steps from 

simple building blocks. Initial reactions were carried out in the microwave using a 

catalyst loading of 20 mol% Pd(PPh3)4, but we found that this could be reduced to as 

little as 5 mol% and the reaction time reduced to just 15 minutes in the microwave. We 

also proved that the Heck cyclisation was capable of working using Pd(OAc)2 and heated 

for 24 hours, albeit in a slightly less yield. From 1 H NMR data, we could see clearly the 

formation of an exo methylene group, with the 2 hydrogens of the methylene moiety 

appearing as 2 singlets around 5 ppm, a characteristic splitting pattern for an exo 

methylene group (Scheme 133). 
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Scheme 133: IH NMR of7-methylene-2-phenyl-5,6,9,9a-tetrahydro-lH-pyrrolo[1,2-

a]azepine-3,3-dicarboxylic acid diemthyl ester (289). 

The stereochemistry across the ring was assigned as cis by nOe experiments. We could 

clearly see ao interaction between the 5-CH hydrogen aod the 2-CH hydrogen which 

showed they were both on the same face (Scheme 134). 

---=15 
14 

8 8 

nOe effects = /\ 

13 ---::: 15 
14 

Scheme 134: nOe effects showing the stereochemical outcome of 7 -methylene-2-phenyl-

5,6,9,9a-tetrahydro-lH-pyrrolo[1,2-a]azepine-3,3-dicarboxylic acid diemthyl ester (289). 

The scope of this reaction was investigated further aod we looked into the possibility of 

doing this reaction in a one-pot procednre. If successful, this would provide an extremely 

quick aod efficient route into the [5.3.0] bicyclic core of the stemoamide group of 
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Stemona ;Ilkaloids, with plenty of flexibility for fwther manipulation towards a natural 

product target (Scheme 135). 

C02Me 

~C02Me 
(161) Pd(PPh,),10 mol%, 

ZnCI,(2 Equiv.), THF, 'tt, 
+ 24h 

(288) 

I 
X 
~ 

Et,N (excess) 
reflux, 72 h 

(289) 

Scheme 135: One-pot intramolecular Heck cyclisation with alkylbromine substituted 

imines. 

Unfortunately we did not isolate any of the Heck product, but we did recover some of the 

cyc1oaddition product back (15-20%), which proved that at least the fIrst stage of the 

reaction was working, and gave us hope that we would be able to get this one-pot 

procedure to work. 

Due to the preference of the Heck cyclisation to react via the 7 -exo trig pathway this left 

an exo double bond which would be ideal for further chemical manipulation, as it would 

be more reactive than the internal double bond. This would allow us to try a 

hydroboration to convert the alkene into an alcohol or an ozonolysis to form the 

aldehyde. This added chemical reactivity would be invaluable if we were looking to try 

and construct a natural product target from this azepine skeleton. We decided to 

investigate the reactivity of this exo double bond, to prove our theories were correct. So 

we decided to try a hydroboration reaction, to form the alcohol (Scheme 136). 
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Scheme 136: Attempted hydroboration of 7-methylene-2-phenyl-5,6,9,9a-tetrahydro-IH­

pyrrolo[I,2-a]azepine-3,3-dicarboxylic acid diemthyl ester (290). 

Unfortunately we were unable to isolate any of the desired product. We tried the 

hydroboration reaction on a simple substrate, like styrene, and found we were able to 

isolate the alcohol product in decent yields of 60%. We were confident that we could 

apply the same success to the [5.3.0] azepine core substrate, but at this stage we were 

more concerned with adapting the methodology to leave us in a better position to 

construct a natural product target. 

With the success of constructing the azepine skeleton, we decided to investigate the 

possibility of synthesising stemonine. With the core D, C rings of the structure already 

completed, it was the construction of the lactone A ring which we targeted next (Figure 

19). 

o 

Slemonine 

Figure 19. 
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We felt that we could manipulate our previous methodology in synthesising the [5.3.0] 

bicyclic skeleton, to leave us in an ideal position to form the lactone ring in later steps. 

Though with azepine skeleton (289) we could construct the lactone ring by manipulating 

the exo double bond, we felt we could reduce the number of steps required to do this, by 

incorporating the correct number of carbons right from the start. We envisaged using the 

ethyl ester cyclopropane derivative (293) and reacting this with the imine (286) to give us 

the ethyl ester pyrrolidine structure (292). Finally a Heck cyclisiation would yield us the 

[5.3.0] bicyclic structure (291). Now we would have an ethyl ester group, which we could 

easily manipulate to perform an iodolactonisation reaction and construct the lactone ring. 

More importantly, if this route was successful, it would also allow us the opportunity to 

incorporate the methyl group of the lactone ring at the Wittig stage. (Scheme 137). 

° H C02Me 
~ C02Me EtO 

:JNH :> 
Br r; '\( =~> 

° YVC02Me 
/""0 :? 

R C02Me 

(293) 

(292) 
+ 

(291) 

R =Me, H 

Scheme 137: Proposed synthesis of ethyl ester bicyclic derivative. 

Firstly we needed to construct the cyclopropane we required, which we did using the 

previous methodology of cyclopropanating acrolein (214), followed by a Wittig reaction 

as described earlier. We then took our pre-prepared imine (286), synthesised using the 

same methodology as described previously and constructed the pyrrolidine structure 

(294) using the group's [2+3] palladium catalysed cycloaddition reaction (Scheme 138). 
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C02Me 
"'0 9' + 

C02Me 

(249) 

(286) 

Pd{PPh,), 10 mol%, 
ZnCI2 {2 Equiv.), THF, rt, 
24h, (57%) 

EtO 

Scheme 138: Synthesis of pyrrolidine scaffold (295). 

° C02Me 

N C02Me 

sr0 H r;_~ 

(294) 

The reaction worked well with the pyrrolidine being isolated in a 57% yield. We also saw 

complete stereoselectivity towards the cis isomer. Again we isolated approximately 40% 

of the tetrahydrofuran by-product. The final stage was to try the Heck cyclisation on the 

ethyl ester pyrrolidine derivative (Scheme 139). 

° C02Me 

EtO N C02Me 

sr0 H r;_~ 

(294) 

Pd{OAc), (10 mol%), 
PPh" (4 Equiv.), iPrNEt, (2 Equi!.) 
DMF, 10Q<>C, 24h, (60%) 

(295) 

Scheme 139: Heck cyclisation of pyrrolidine (294). 

The Heck cyclisation worked in excellent yields of 60%. Interestingly with this particular 

cyclisation we found that the optimum conditions were in fact Pd(OAc)2, heating in DMF 

at 100°C. From 1 H NMR data, we were able to identify the characteristic peak of the 

hydrogen of the exo alkene moiety appearing as a singlet at around 5.6 ppm, pointing 

towards the reaction proceeding via a 7-exo trigpathway (Scheme 140). 
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• h Scheme 140. H NMR of 2-ethoxycarbonylmethylene-8-phenyl-5,6,9,9a-tetrahydro-IH­

pyrrolo[l,2-aJazepine-9,9-dicarboxylic acid dimethyl ester (295). 

The stereochemistry across the ring was again eis, determined from nOe experiments, 

which indicated that the 6-CH hydrogen was on the same face as the 8-CH hydrogen 

(Scheme 141). 

22 

13j21 
o 

17 18 17 18 

nOe effects = f' 

Scheme 141: nOe Effect showing the stereochemical outcome of2-

ethoxycarbonylmethylene-8-phenyl-5 ,6,9 ,9a-tetrahydro-IH-pyrrolo[ I ,2-a Jazepine-9 ,9-

dicarboxylic acid dimethyl ester (295). 
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We observed decreased yields when the same reaction was tried in the microwave. This 

was an important step towards constructing the lactone ring of stemonine. We now 

proved that we could isolate an alternative [5.3.0] bicyclic azepine derivative, with the 

potential to go on and construct the lactone ring. 

The success with the previous Heck cyclisation, lead us to propose an alternative route 

towards the lactone ring "A" of stemonine. We believed that if we could isolate the tert­

butoxy analogue, this would put us in an even stronger position to perform the 

iodolactonisation to construct the lactone ring. The route towards this new target would 

follow a similar path like our previous methods. We envisaged bicyclic structure (297) 

could be constructed from a Heck cyclisation of pyrrolidine (298). We believed that a 

[2+3] cycloaddition reaction between cyclopropane (299) and imine (286) would 

construct the desired pyrrolidine (298). If the Heck cyclisation followed a 7 -exo-trig 

reaction pathway, like previous attempts had done, this would enable us to look into 

constructing the tricyclic system (296). Either a straight iodolactonisation reaction could 

be carried out on (297), depending on the geometry of the tert-butoxy group on the 

alkene, or a selective reduction of the exo double bond, followed by an iodolactonisation, 

would construct the lactone ring and leave us very close to a natural product target. We 

could even look at incorporating the methyl group of the lactone ring, at the beginning of 

the synthesis, by using an appropriate Wittig reagent and constructing the required 

cyclopropane derivative. This showed the huge potential of the [2+3] cycloaddition 

chemistry when used in tandem with the Heck reaction. We could easily construct highly 

functionalised bicyclic systems in just two steps from simple building blocks, a major 

advantage in natural product synthesis, something we were looking to highlight in our 

strategy towards stemonine (Scheme 142). 
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Scheme 142: Proposed route to tert-butoxy bicyclic derivative. 

The tert-butoxy cyclopropane (300) analogue was prepared using the same methodology 

as described previously. Cyclopropanation of acrolein (214) using dimethyl 

bromomalonate (216) and then a Wittig reaction of the resulting aldehyde (201) gave us 

the desired cyclopropane derivative in decent yields of6l % (Scheme 143). 

<co,Me 

(286) 

Br 
216) 

r 
~O 

K,co, (2 Equiv.). DMF. 
rt. 2h. (95%). • 

CO,Me + -° ~ PPh,CH,CO,C(CH,hSr. • 
V'CO Me SuLi (1.2 Equiv.). (JOC. THF. 6 min. 

~ot~ pO,Me 
~ ..... V'CO,Me 

217) 

, (61%). 

(201) 

Scheme 143: Synthesis of 2-(2-tert-butoxycarbonylvinyl)-cyclopropane-l, l-dicarboxylic 

acid dimethyl ester (300). 

The next step was to try and construct the pyrrolidine we required for the Heck 

cyclisation. Again this utilised the group's [2+3] palladium catalysed cycloaddition 

reaction. The imine (286) was prepared in the same way as described previously and 
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reacted with the cyclopropane (300), in the same manner as previous cycloaddition 

reactions (Scheme 144). 

(300) 

ZnCI2 (2 Equiv.), THF I rt, ' 
24h. (74%) 

Pd(PPh,), 10 mol%. 

° H CO Me Ao ~ N cd2Me 

Br~ H 7 ~ 
° ~

c02Me 
'0 r + 

C02Me 

(286) (301) 

Scheme 144: Preparation ofpyrrolidine (302) via the [2+3] cycloaddition reaction. 

The reaction proceeded smoothly, and purification was a simple matter done by flash 

chromatography, to yield the desired pyrrolidine in a 74% yield, stereospecific to the cis 

isomer. Crucially we isolated <10% of the tetrahydrofuran by-product, a factor in why we 

saw such a dramatic increase in the yield, to the previous cycloaddition reactions. We 

were delighted with this particular result because the cycloaddition afforded the cis 

isomer exclusively, which left us in an ideal position for the subsequent Heck reaction 

(Scheme 145). 

Pd (0) Source 

Pd(PPh,). 

Pd(OAc), 

Pd(PPh,). 

C02Me 

N C02Me 

Br~ H7_~ 

(301) 

Base EquivBase 

NEt, 3 

'PrNEt, 2 

NEt, 3 

Pd(OAc), (10 mol%). 
PPh,. (4 Equiv.). 'PrNEt, (2 Equiv' 
DMF.reftux. 24h. (42%) 

Solvent Temperatore 

- 100°C 

DMF 100°C 

CH,CN Microwave 

(302) 

Time 

24h 

24h 

30min 

Scheme 145: Heck cyclisation ofpyrrolidine (302). 

Yield 

15% 

42% 

17% 

The Heck cyclisation proved to be successful once again. The use ofPd(OAc)2, Hiinig's 

base and heating at 100°C in DMF for 24 hours, gave the highest yield. The reaction was 
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tried using Pd(PPhl )4 in both the microwave and under reflux and though using these 

conditions we isolated the Heck product, the yields were dramatically reduced. From 1 H 

NMR data, we were confident that the reaction had proceeded via a 7-exo trig pathway, 

as we could clearly identify the hydrogen of the exo alkene moiety, appearing as a singlet 

at around 5.5 ppm (Scheme 146). 

-{~~l k J;: -f J -[- ~-;--1 u [-u 
\s~!h{ I§n~( 1!~~n~~~~3~5h~r1f, 

" 
lrn 10 B 6 3 

Scheme 146: IH NMR of7-tert-butoxycarbonylmethylene-l-phenyl-5,6,9,9a-tetrahydro­

IH-pyrrolo[I,2a]azepine-2,2-dicarboxylic acid dimethyl ester (302). 

The stereochemistry across the ring was also assigned as eis, by using nOe experiments. 

Again this followed the pattern of previous successful Heck cyclisations, with the cis 

stereochemistry being the preferred geometry for the cyclisation to adopt due to the eis 

stereochemical nature of the pyrrolodine (Scheme 147). 
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Scheme 147: nOe Effects showing stereochemical outcome of7-tert­

butoxycarbonylmethylene-l-phenyl-5 ,6,9 ,9a-tetrahydro-IH-pyrrolo[ I ,2a ]azepine-2,2-

dicarboxylic acid dimethyl ester (302). 

With the success of the Heck cyclisation, it was crucial for us to discover the geometry of 

the tert-butoxy group across the exo double bond. If the geometry was correct, this would 

enable us to perform the iodolactonisation reaction without having to selectively reduce 

the exo double bond first. If not, we would be required to selectively reduce the exo 

double bond and then perform an iodolactonisation reaction to construct the lactone ring. 

The only way we could conclusively prove the geometry of the tert-butoxy group across 

the exo double bond was by X-ray crystaJlography. We were delighted to fmd that we 

were able to grow a suitable crystal that would allow us to get an X-ray structure to 

determine which route we would need to take towards constructing the lactone ring 

(Figure 20). 
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Figure 20: X-ray crysta l structure of[5.3.0] bicyclic azepine (303). Obtained by Dr Mark 

Elsegood, Loughborough Uni versity. 

The X-ray crystal structure of our [5.3.0] bicyclic system, clearly showed the tert-butoxy 

group in the wrong geometry for us to try the iodolactoni sation directly. We can see that 

the terl-butoxy group is directed away from the 7 membered ring and is orientated more 

towards the 5 membered pyrrolidine ring. If we were to try the iodolactonisation directly, 

we would require the geometry to be such that the tert-butoxy group was orientated in the 

opposite malUJer, i.e . we would see it orientated over the seven membered ring and be in 

the correct geometry to successfully do an Sn2 attack on the iodine, to fo rm the lactone 

rlllg. 

Before looking at the synthesis of the lactone ring we thought about the viabi lity of 

applying this substrate to the one-pot procedure. The high yields of the cycloaddition 

reaction and the favo urable formation of the cis isomer wouJd leave us in an ideal 

position for the Heck cyclisation to occur successfully, particularly as we had shown the 

Heck cycl isat ion to be successful under alternative reaction conditions, albeit in a slightly 

less yield (Scheme 148). 
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Scheme 148: One-pot intramolecular Heck cyclisation, 

The one pot procedure again proved to be unsuccessful. We did managed to recover some 

of the cycloaddition product (301) (25-30%), which gave us hope that with alterations to 

the reaction conditions, we may be able to drive the Heck cyclisation to completion, 

which would prove to be a very powerful route towards our natural product target. 

With the [5.3 .0] azepine skeleton to hand, we turned our attention towards constructing 

the lactone ring. From the X-ray crystallography data the geometry across the exo double 

bond was such that we could not do the iodolactonisation directly. We would have to 

selectively reduce the exo double bond and then perform the iodolactonisation to 

construct the lactone ring (Scheme 149). 
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Scheme 149: Iodolactonisation mechanism to construct lactone ring. 

Though it was somewhat disappointiug not to be able to try the iodolactonisation directly, 

we now knew what was required and set about trying to selectively reduce the exo double 

bond. Research into the literature provided us with several method of selectively reducing 

alkene double bonds (Scheme 150).6,78,79,80,81,82 
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(302) 
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Reducing Agent Solvent Time Yield 

Red-AI THF Ih SM 

Red-AI THF 24h SM 

Red-AI THF 48h SM 

NaBH. Ethanol 5h SM 

NaBH. Ethanol 24h SM 

Diphenylsilane eRe!, 3h SM 

Diphenylsilane eRel, 24h ? 

Scheme 150: Attempted selective reduction of exo double bond.6
,78,79,8o,81,82 

We found with most of our attempts that we recovered starting material. Interestingly 

neither the exo or the internal double bond had been affected during the course of the 

reaction. Only the reaction with diphenylsilane provided us with any sort of interesting 

result. From crude IH NMR data, we could see something had happened. The 

characteristic singlet corresponding to the hydrogen on the exo alkene had gone, and we 

saw new multiplet signals around 2-3 ppm, where we might expect to see signals 

corresponding to the resulting CH2 formed from the reduction. Unfortunately we were 

unable to isolate any of the material after purification, due to the small scale the reaction 

was done on. 

Alongside our investigations into the selective reduction of the exo double bond, we were 

also looking at how to incorporate the second lactone ring of stemonine (Figure 21). 
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Stemonine 

Figure 21. 

We envisaged that pyrrolodine (307) would provide the ideal platform for us to try the 

Heck cyclisation to give us bicyclic system (306). This pyrroIidine could be constructed 

by a [2+3] cycloaddition reaction between imine (308) and cyclopropane (300). Again 

selective reduction of the exo double bond, followed by iodolactonisation would 

construct the lactone ring and give us (305). Now with the furan group in place of the 

benzyl group, we could oxidise this to the second lactone ring and give us structure (304). 

As before, we also have the option of incorporating the methyl group of the lactone ring 

at an early stage in the syothesis, by using an appropriate Wittig reagent (Scheme 151). 
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Scheme 151: Proposed synthesis ofazepine structure (306). 

We constructed the imine we required by reacting our pre-prepared amine (284) and 2-

furaldehyde (308) (Scheme 152). 

(284) (309) 

_-=~.:.::;.:;=-,,-_ .. Br~ Et,O. M.S. 4 A, _ '1 ", ~", ,,~) """Nb fJ.--.I<0 
° H 

Scheme 152: Preparation of (4-bromobut-3-enyl)-furan-2-ylmethyleneamine (309). 

Subsequent [2+3] cycIoaddition reaction yielded the desired pyrroIidine in a 52% yield, 

with a diasteromeric ratio of2:1, in favour ofthe cis isomer (Scheme 154), 
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Scheme 154: Formation of 1-(4-bromobut-3-enyl)-5-(2-tert-butoxycarbonylvinyl)-2-

furan-2-yl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (310). 

The pyrrolidine (310) constructed now could undergo a Heck cyclisation to form the 

[5.3.0] bicyclic structure. Then formation of the lactone A ring could be achieved by 

selective reduction of the exo alkene followed by iodolactonisation. Then oxidation of the 

furan ring would provide the second lactone and the stemonine skeleton structure would 

be virtually completed. Obviously the main point to note is the trans stereochemistry 

across the pyrrolidine ring in stemonine, and the preference of the group's [2+3] 

cyc1oaddition reaction to form the cis isomer, Previous work within the group has shown 

that by altering the solvent that the cycloaddition reaction takes place in can affect the 

stereochemical outcome, and we can alter the reaction conditions to give us the trans 

isomer (Figure 22)?8,39,42 

o o 
o 

Stemonine Proposed stemonine analog structure 

Figure 22: Proposed structural outcome after Heck cyc1isation, iodolactonisation and 

oxidation steps. 
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Chapter 5 - Conclusion: 

We have developed a clean and facile route into the [5.3.0] azepine core of the 

Stemoamide group of the Stemona alkaloids, starting from simple building blocks 

(Scbeme 155). 

1 , 1 

R2~R 3 ~ CO R 
[2+3J Cycloaddition 2 3 

• N C02R 

f R' 

Heck Cyclisation 
• 

R R 

(5:z:C02R33 

N C02R 
• R 

11) (312) Br 

(313) 

= C02Et, C02C(CH3h 
=Me 
=Me 
= Ph, C02Et 

Scheme 155: Synthesis of [5.3.0] a2epine core from simple starting materials. 

Our investigations into synthesising the natural product target, Stemonine, were 

unsuccessful, but we have shown the potential for this natural product target to be 

constructed using the methodology we have outlined in this report. 

The construction of the lactone "A" ring was our initial target. We have shown the 

versatility of the [2+3] cycloaddition reaction, to construct a variety of pyrrolidine 

precursors which might have enabled us to construct the lactone ring after a Heck 

cyclisation (Scheme 156). 
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° H CO Me Ao .y N cd2Me 

Br~ H1 

° 
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C02Me 

N C02Me 

Br~ H1_~ 

(301) (294) 
(288) 

Scheme 156: Examples ofpyrroldine scaffolds. 

We finally decided to use pyrrolidine (301) as the precursor for our Heck cyclisations. 

We successfully constructed a variety of [5.3.0] azepine structures, each following a 7-

exo trig reaction pathway, to leave us ideally placed to construct the lactone ring via an 

iodolactonisation reaction. We discovered that the geometry of the tert-butoxy moiety 

across the exo double bond of these [5.3.0] bicyclic systems was such that we could not 

try the iodolactonisation directly, but would need to selectively reduce the exo double 

bond first. This selective reduction proved fruitless in our initial investigations, but future 

work could investigate the possibility of constructing the cyclopropane derivative at the 

start of the synthesis, with the opposite stereochemistry across the double bond to what 

we initially used. This would allow us to do the iodolactonisation directly, to construct 

the lactone ring and leave out the problematic selective reduction step. A simple 

hydrogenation would then cleanly afford us our desired lactone ring (Scheme 157). 
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Scheme 157: Alternative routes towards constructing the lactone ring, using the frans 

cyclopropane derivative. 
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This method could be adapted further to incorporate the methyl group of the lactone at 

the start of the synthesis instead of trying to add it at a later step. By using a suitable 

Wittig reagent, the methyl group could already be incorporated when the pyrrolidine 

scaffold was being constructed. This would further reduce the number of steps required in 

the total synthesis (Scheme 158). 

C02Me K 
~C02Me ~O 
" __ .~Me ~ 0 C0

2
Me 

o Me 

m 02Me 

+ N C02Me 

o --_. CO Me lodolactonisation 
2 • 

CO Me and reduction N C02Me 

Br0 R 

2 
I R 

~ Br 
Scheme 158: Proposed route towards synthesisng lactone ring A. 

By following this proposed route, we would have constructed the crucial A, D, C rings of 

the natural product stemonine. Again, by altering the solvent system in which we 

performed the [2+3] cyc1oaddition in, we could also drive the reaction towards favouring 

the frans isomer, which is crucial if we wanted to complete the total synthesis of 

stemonine (Figure 23). 

Stemonine 

~
MeH eR 

o , 
A HNH 

0" D 
H 

Proposed Structure 

Figure 23: Structure after the successful iodolactonisation. 

The fmal focus would be on constructing the second lactone ring. We have already 

shown the versatility of the [2+3] cycloaddition reaction, by varying the R group from 

benzene to a furan group, something which would enable us to manipulate further 
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We believe that this methodology will provide an efficient route towards the total 

synthesis of stemonine and other members of the Stemoamide group. Investigations into 

this are currently on-going within the group. 

158 



towards achieving the lactone ring. We initially chose to construct the furan derivative, 

because this would allow us to attempt to oxidise the furan to the lactone (Scheme 159) 

Y- oX 0 
, C02Me [2+3J cycloaddition Me -:cv< • Heck Cyclisation 0 C02Me Br - -
) 0 ~N N 

o~ r 
I Br 

lodolactonisation 
and reduction 

0 0 MJ 

• 

o 

Scheme 159: Proposed synthesis of stemonine. 

The use of the furan as a method of synthesising the second lactone ring is only one 

option that could be available. Due to the versatility of the [2+3] cycloaddition reaction, 

pyrrolidines all constructed from a variety of suitable imines could provide the platform 

for the synthesis of the second lactone ring (Scheme 160). 

H 

~N~ .. "Me 
Br b--{ 

o 

~N~O)( 
Br Lo 

Scheme 160: Alternative imine precursors that could be used to construct a suitable 

pyrrolidine scaffold to set-up the formation of the second lactone ring. 
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Chapter 6 - Experimental: 

General Information 

6.1. Solvents and Reagents 

All solvents and reagents were purified by standard techniques as reported in Perrin. 

DD.; Armarego, W. L. F., Purification of Laboratory Chemicals, 3rd edition. Pergamon 

Press, Oxford, 1998 or as supplied from commercial sources as appropriate. 

Reagent chemicals were purchased from Aldrich Chemical Company Ltd., Lancaster 

Chemical Synthesis Ltd., Acros (Fischer) Chemicals Ltd. and Avocado. Commercially 

available reagents were used as supplied, without further purification unless otherwise 

stated. Air- and moisture-sensitive reactions were carried out using glassware that had 

been dried overnight in an oven at 240°C. The reactions were carried out under a slight 

positive static pressure of nitrogen unless otherwise stated. 

Solvents where necessary, were dried and stored over 4A molecular sieves prior to use. 

Molecular sieves were activated at 240°C over a period of 3 days. 40-60 petroleum ether 

(p.E. 40-60) refers to the fraction of the light petroleum ether which boils between 40-

60°C. CH2CIz, Et20, MeOH, EtOH and THF refer to dichloromethane, diethyl ether, 

methanol, ethanol and tetrahydrofuran respectively. 

6.2. Chromatographic Procedures 

Analytical thin layer chromatography (TLC) was conducted using aluminium backed 

plates coated with 0.25 mm silica containing fluorescer. Plates were visualised by 

quenching of DV light (254nm) as well as through staining with 1 % vw/v potassium 

permanganate in aqueous alkaline solution followed by heat where appropriate. Flash 

chromatography was conducted using Merck Kieslgel (70-230 Mesh ASTM) as the 

stationary phase unless otherwise stated. Samples were applied as saturated solutions in 

the appropriate solvent. Pressure was applied to the column by use of hand bellows. 
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6.3. FT-IR 

Infra-red spectroscopy (JR) was conducted in the range of 4000-600 cm-!, using a Perkin­

Elmer Fourier Transform Paragon \000 spectrophotometer (with internal calibration). 

Samples were dissolved in appropriate solvent and applied as thin film to the NaCl plates. 

Liquid samples were applied neat to the plate and run as thin films. Only major 

absorbencies have been quoted. 

6.4. IHNMR 

Proton magnetic resonance spectra eH NMR) were recorded at 250 and 400 MHz using a 

BIiicker AC-250 or BIiicker DPX-400 spectrometer as solutions of deuterated CDCh 

unless otherwise specified. Chemical shifts (OH) were quoted as parts per million (ppm) 

and are referenced to the residual solvent peak tetramethylsilane (TMS) as the internal 

standard. The following abbreviations are used; singlet (s), doublet (d), triplet (t), quartet 

(q), multiplet (m), broad (br) and envelope (env.). Assignment of individual proton 

signals was assisted by analysis of!H COSY spectra and nOe data. Coupling constants (J 

values) are reported in Hertz (Hz). Diastereoisomer ratios were calculated from the 

integration of suitable peaks in the !H NMR spectra. 

6.5. I3C NMR 

Carbon magnetic resonance spectra (13C NMR) at 100 MHz using a DPX-400 

spectrometer were recorded as solutions of deuterated CDCh unless otherwise specified. 

(oe) were quoted as parts per million (ppm) and are referenced to the residual solvent 

peak tetramethylsilane (TMS) as the internal standard. Assignment of individual carbon 

signals was assisted by DEPT and HMQC data. 
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6.6. Mass Spectra 

Mass spectra (high/low resolution) were recorded using a Fisons VG Quattro II SQ 

instrument, with modes of ionisation being indicated as electron impact (El) and fast 

atom bombardment (F AB) and electron spray (ES) with only the molecular ion, 

molecular fragments and major peaks being reported. Accurate masses were recorded 

using a Kratos MS-80 instrument. Elemental analysis was performed by Mr. J. Kershaw, 

Department of Chemistry, Loughborough University and by the ESPRC National mass 

spectrometry service in Swansea. 

6.7'H NMR Data 

When isomers have been successfully separated by purification, they are reported 

separately in the experimental data. The isomers which have not been separated, shall be 

identified by H' corresponding to the cis isomer. 
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Preparation of 2-vinyJcyclopropane-l,l-dicarboxyJic acid dimethyJester 

(161) 

To a stirred solution of sodium methoxide prepared from sodium (2.30 g, 50.00 mmol) in 

methanol (40 ml), was added dropwise dimethylmalonate (11.78 ml, 51.50 mmol) 

followed by a solution of trans-I,4-dibromobut-2-ene (10.70 g, 25.00 mmol) in MeOH 

(40 ml). The mixture was refluxed for 2.5 h and then cooled to room temperature. The 

white precipitate was filtered off and the filtrate was concentrated in vacuo to give an oily 

residue. The residue was partitioned between Et20 (30 ml) and distilled water (30 ml). 

The layers were separated and the organics were washed with H20 (2 x 30 ml), dried 

(MgS04) and concentrated in vacuo to afford a pale yellow oil which was further purified 

by flash chromatography (petrol:EtOAc, 2: 1) to give a colourless oil (4.61 g,75%). 

vmax(neat)/cm-1
: 2954, 1731, 1438, 1330, 1274, 1210 and 1131; OH (CDCh, 400 MHz) 

1.53 (lH, dd, J 5.0 & 7.5 Hz, CH2=CHCHCHH), 1.66 (IH, dd, J 5.0 & 7.5 Hz, 

CH2=CHCHCHH), 2.49-2.55 (IH, m, CH2=CHCH), 3.67 (6H, s, 2 x OCH3) 5.06-5.09 

(lH, m, CHH=CHCH), 5.21-5.26 (lH, m, CHH=CHCH) and 5.32-5.41 (lH, m, 

CH2=CHCH); oe (CDCh, 100 MHz) 20.65 (Cl), 30.26 (C3), 35.74 (C2), 52.65 (OCH3), 

52.78 (OCH3), 118.76 (C5), 132.96 (C4), 167.83 (CO) and 170.06 (CO); mlz: (El) 184 

(M", 32%), 152 (100), 124 (89), 93 (56), 71 (71), 65 (60), 59 (88); HRMS Found 

(184.0733, C9H120 4 requires 184.0735). 
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Preparation of 2-(R),5-(R)-2-phenyl-5-vinyldihydrofuran-3,3-

dicarboxylic acid dimethylester (cis:trans; 2: 1) 

To a stirred solution of 2-vinylcyclopropane-I,I-dicarboxylic acid dimethylester (162) 

(0.18 g, 1.00 mmol) in anhydrous MeOH (5 ml) was added benzaldehyde (166) (0.11 g, 

1.00 mmol) and ZnBr2 (2 equiv) at room temperature. This mixture was left to stir for 10 

min under nitrogen before a catalytic amount of tetrakis( triphenylphosphine )palladium(O) 

(0.12 g, 0.1 0 mmol) was added. The resulting mixture was allowed to stir at room 

temperature for 48 h. The solvent was removed in vacuo and the residue dissolved in 

EtOAc (20 ml). The palladium catalyst was filtered under suction through a plug of silica, 

and the organic layer was washed several times with distilled H20 (2 x 30 ml). The 

organics were dried (MgS04) and concentrated in vacuo to give a yellow oil which was 

further purified by flash chromatography (petrol:EtOAc, 2:1) to give a colourless oil 

(0.14 g,47%). 

vmax(neat)/cm,l: 2950, 1731, 1433 and 1270; OH (CDCb, 400 MHz) 2.13 (IH, dd, J 7.0 & 

13.0 Hz, CH2=CHCHCHH), 2.43 (IH, dd, J 6.0 & 13.0 Hz, CH2=CHCHCH'H), 2.70 

(IH, dd, J 10.0 & 13.0 Hz, CH2=CHCHCHH' ), 2.96 (IH, dd, J 7.0 & 13.0 Hz, 

CH2=CHCHCHH), 3.04 (3H, s, OCH'3), 3.10 (3H, s, OCH3), 3.70 (3H, s, OCH3), 3.74 

(3H, s, OCH'3), 4.32-4.36 (IH, m, CH2=CHCH), 4.85-5.02 (JH, m, CH2=CHCH), 5.09-

5.13 (IH, m, CHH=CHCH), 5.21 (IH, dt, J 1.0 & 9.0 Hz, CH'H=CHCH), 5.26-5.30 (IH, 

m, CHH=CHCH), 5.34 (JH, dt, J 1.2 & 15.8 Hz, CHH'=CHCH), 5.62 ( JH, s, 

CH2=CHCHOCH'Ar), 5.72 (JH, s, CH2=CHCHOCHAr), 5.80-5.88 (IH, m, 

CH2=CHCH), 6.00-6.07 (IH, m, CHz=CH'CH), 7.18-7.34 (5H, m, Ar-H) and 7.18-7.34 
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(5H, m, Ar-H); Se (CDCb, 100 MHz) 40.34 (C4'), 40.51 (C4), 52.21 (OCH'3), 52.86 

(OCH3), 53.02 (OCH'3), 66.18 (OCH3), 77.02 (C3), 77.24 (C3), 79.27 (C5), 79.98 (C5), 

83.49 (C2), 84.21 (C2'), 116.18 (C7), 117.78 (C7'), 126.50 (C9 & CB), 126.96 (C9' & 

CB), 127.83 (ClO' & C12'), 127.89 (CI0 & CI2), 128.02 (C11), 128.15 (C11), 132.46 

(C6), 136.44 (C6), 137.75 (C8), 138.115 (C8), 168.99 (CI4), 169.11 (CI4), 170.35 

(CI5) and 171.23 (CI5,); mlz: (El) 290 (M'", 28%), 236 (84), 184 (69), 152 (84), 124 

(57),105 (lOO) and 77 (43); HRMS Found (290.1157, C16H1sOs requires 290.1154). 

Preparation of tosyl-azide (183)42 

9 
5 4 0 12 13 

7-0.\\ 11 11 + -
H C I \ S-N=N=N 

3 _ 811 

1 2 010 

Tosyl chloride (7.00 g, 36.80 mmol) and sodium azide (5.00 g, 77.00 mmol) was 

dissolved in acetone (60 ml) and H20 (40 ml). The reaction mixture was stirred under 

reflux at room temperature over 2h. Water (40 ml) was added and the organic layer 

extracted with DCM (2 x 100 ml) and dried over MgS04• Evaporation of the solvent 

under reduced pressure yielded the tosyl-azide as a colourless oil (5.92 g, 82%); 

vmax(neat)/cm-1:2343, 2127,1594,1370,1167 and 1085; SH (CDCb, 400 MHz) 2.49 (3H, 

s, CH3Ar), 7.41 (2H, d, J 8.0 Hz, Ar-H) and 7.85 (2H, d, J 8.0 Hz, Ar-H). 
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Preparation of dimethyl diazomalonate (182)43 Method A 

Tosyl azide (183) (2.39 g, 10.00 mmol), dimethyl malonate (184) (1.57 g, 10.00 mmol) 

and triethylamine (1.24 g, 0.01 mol) were allowed to stand in CH3CN (lOO ml) at room 

temperature for 22 h. The solvent was evaporated under reduced pressure to yield a white 

solid. The solid was triturated with EtzO (150 ml) and the ether extract was washed with 

KOH (2.70 g, 48.13 mmol) in H20 (lOO ml). The aqueous layer was saturated with 

Na2S03 and extracted with Et20 (100 mJ). The combined ethereal extractions were 

acidified with 6M HCI and dried with Na2S04. Evaporation of the solvent under reduced 

pressure yielded the dimethyl diazomalonate as an orange oil (0.75 g,47%). 

vmax(neat)/cm-1
: 2137, 1760, 1737, 1436, 1332 and 1275; SH (CDCh, 400 MHz) 3.70 (6H, 

s,2 x OCH3). 

Preparation of dimethyl diazomalonate (182)44 Method B 

Tosyl azide (183) (4.43 g, 20.00 mmol), dimethyl malonate (184) (3.01 g, 20.00 mmol) 

and triethylamine (2.38 g, 20.00 mmol) were allowed to stand in dry benzene (20 mJ) at 

room temperature for 18h. The reaction mixture was filtered and the solid was washed 

with cold benzene. The combined extracts were concentrated in vacuo to afford dimethyl 

diazomalonate as an orange oil (1.54 g, 48%)_ Data as shown in Method A. 
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Preparation of mesyl azide (188)45 

04 
1 JI +_ 

H C-S-N=N=N 
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3 

A 250 ml, 3 necked round bottomed flask equipped with a rubber septum and nitrogen 

inlet adapter was charged with a solution of methanesulfonyl chloride (9.00 ml, 13.32 g, 

116.00 mmol) in acetone (60 ml). Sodium azide (11.34 g, 174.00 mmol) was then added 

over 30 min via a powder addition funnel, and the resulting mixture was stirred an 

additional 1.5 h at 25°C. The reaction mixture was filtered through a sintered glass 

furmel, and the salts which were separated were washed with 3 x 20 ml portions of 

acetone. Rotary evaporation of the filtrate removed most of the solvent, and the residual 

liquid was further concentrated with stirring at 25°C under reduced pressure for 1.5 h. 

Methanesulfonyl azide (13.47 g, 99%) was obtained as a colourless oil. 

vmax(neat)/cm'!: 2141, 1357, 1328, 1199 and 1166; OH (CDCh, 400MHz) 3.62 (3R, s, 

CH3) 

Preparation of dimethyl diazomalonate (182)43 Method C 

A flame dried, one necked round bottom flask equipped with a nitrogen inlet and septum 

was charged with dimethyl malonate (184) (10.00 g, 75:70 mmol), methanesulfonyl azide 
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(188) (10.Q7 g, 83.33 mmol) and CH3CN (50 ml). To this solution was added 

triethylamine (15.32 g, 21.10 ml, 151.00 mmol). The reaction was monitored by TLC, but 

took approx. 3 h. The mixture was diluted with 10% NaOH (40 ml) and extracted with 

DCM (5 x 20 ml) The combined organic extracts were dried over MgS04 and 

concentrated in vacuo to yield dimethyl diazomalonate (9.59 g, 80%) as an orange oil. 

See data from Method A. 

Preparation of 4-(S),5-(S)-dimethyl bicyclo [3.1.0] hex-2-ene-6,6-

dicarboxylate (177)42 

Dimethyl diazomalonate (182) (0.56 g, 3.54 mmol), 1,3-cyclopentadiene (176) (1.00 g, 

15.10 mmol) and Rh2(OAc)4 (0.07g, 0.10 mmol) were stirred under reflux for 3 h in 

DCM (10 ml). The reaction mixture was allowed to cool to room temperature to yield a 

viscous brown oil. The oil was purified by flash chromatography (Si02, hexane:EtOAc 

2:1) and reduced in vacuo to give the desired product as a colourless oil (0.29 g, 10%). 

vmax(neat)/cm-I :1731, 1434,1317,1158 and 1085; OH (CDCh, 400 MHz) 2.36-2.40 (lH, 

m, CH2CHC(C02CH3)2), 2.63-2.69 (2H, m, CH2CHC(C02CH3)2), 2.75-2.77 (lH, m, 

CH=CHCHC(C02CH3)2), 3.57 (3H, s, OCH3), 3.66 (3H, s, OCH3), 5.54-5.57 (lH, m, 

CH=CHCH) and 5.72-5.74 (lH, m, CH=CHCH); oc(CDCh, 100 MHz) 31.65 (C4), 34.39 

(C2), 37.63 (C6), 39.40 (C5), 52.21 (OCH3), 52.66 (OCH3), 129.51 (Cl), 132.21 (C3), 

166.55 (C9) and 170.36 (ClO); mlz: (El) 196 (W, 36%) 164 (lOO), 136 (27), 105 (38) 

and 77 (31); HRMS Found (196.0737 C1oH1204 requires 196.0735). 
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Preparation of 1-(R),3-(R)-2-formyl-3-(2-oxoethyl)-cyclopropane-1, 1-

dicarboxyIic acid dimethyl ester (178) 

Dimethyl bicyclo [3.1.0] hex-2-ene-6,6-dicarboxylate (176) (0.10 g, 0.50 mmol) in DCM 

(20 mJ) was treated with ozone with stirring. Once the mixture had turned blue, the 

reaction was quenched with PPhJ (0.13g, 0.50 mmol). The mixture was reduced in vacuo 

to give a colourless oil, which was further purified by flash chromatography (Si02, 100% 

EhO), to give the di-aldehyde as a colourless oil (65 mg, 57%). 

vmax(neat)/cm-1:1736, 1731, 1434, 1317, 1158, 1085, 722 and 670; BH (CDCh, 400 MHz) 

2.31 (lH, m, CHOCH2CHC(C02CHJ)2), 2.84 (lH, dd, J 8.0 & 19.0 Hz, 

CHOCHHCHC(C02CHJ)z), 2.98 (lH, dd, J 2.0 & 9.0 Hz, CHOCHC(C02CHJ)2), 3.12 

(lH, dd, J 7.0 & 19.0 Hz, CHOCHHCHC(C02CHJ)2), 3.68 (3H, s, OCHJ), 3.71 (3H, s, 

OCHJ), 9.69 (HI, d, J 2.0 Hz, CHOCH2CHC(C02CHJ)2) and 9.71 (lH, s, 

CHOCHC(C02CHJ)2); Bc (CDCh, 100 MHz) 27.46 (Cl), 29.71 (C3), 35.81 (C2), 37.91 

(C9), 52.94 (OCHJ), 53.56 (OCHJ), 165.24 (C12), 168.61 (CB), 196.20 (C6) and 198.20 

(C10); mlz: (El) 228 (M\ 37%),134 (100), 98 (52) and 64 (44); HRMS Found (228.2014 

C IOH1206 requires 228.2016). 
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Preparation of 4-(S),5-(S)-bicyclo [3.1.0] hex-2-ene-6-carboxylic acid 

methyl ester (197) 

8 
2 H 13 

306 1P11 12 
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H H CH3 
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To a flame dried round bottom flask was added 1,3-cyclopentadiene (176) (6.00 g, 91.00 

mmol) and Rh2(OAc)4 (0.05 g, 0.12 mmol). This mixture was left to stir for 20 min, 

before ethyl diazoacetate (192) (0.31 g, 1.72 rnI, 16.40 mmol) was added dropwise 

through a syringe over a period of 1 h. The mixture was then left to stir for a further 1 h at 

room temperature. The compound was purified via flash chromatography 

(hexane:EtOAc, 5: 1) and the solvent reduced in vacuo to give the desired product as a 

colourless oil (1.80 g, 72%). 

vmax(neat)/cm-1:3059, 2979, 2904,1718,1399 and 1350; OH (CDCh, 400MHz) 0.89-0.91 

(lH, m, CH=CHCH), 1.19 (3H, t, J, 7.2, Hz, C02CH3CH2), 2.12-2.15 (lH, m, 

CHCH2CH), 2.34-2.40 (lH, m, CHCHHCHCH), 2.34-2.40 (lH, m, CHCH2CHCH), 

2.59-2.80 (lH, m, CHCHHCHCH), 4.05 (2H, q, J 7.2 Hz C02CH3CH2), 5.45-5.48 (lH, 

m, CH=CHCHCH) and 5.83-5.87 (lH, m, CH=CHCHCH); oe (CDCh, 100 MHz) 14.29 

(CI4), 26.08 (C4), 30.39 (C5), 34.38 (C6), 36.16 (C2), 60.32 (CI2), 130.38 (C3), 132.08 

(Cl) and 173.44 (CI0); mlz: (El) 152 (M", 18%), 94 (100), 79 (53), 77 (47), 66 (54) and 

65 (35) HRMS Found (152.0834 C9H120 2 requires 152.0837). 
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Preparation of 2-(S),3-(S)-2-formyl-3-(2-oxoethyl)­

cyclopropanecarboxylic acid ethyl ester (198) 
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Bicyclo [3.1.0] hex-2-ene-6-carboxylic acid methyl ester (197) (0.20 g, 1.30 mmol) in 

DCM (10 ml) was treated with ozone with stirring. Once the mixture had turned blue, 

PPh3 (0.42g, 1.60 mmol) was added. The organics were reduced in vacuo to give a 

colourless oil, which was further purified by flash chromatography (Si02, 100% EhO) to 

give the di-aldehyde as a colourless oil (0.10 g,42%). 

vrnax(neat)!cm-1
: 722, 1075, 1158, 1333, 1454, 1733 (CO) and 1735 (CO); QH (CDCb, 400 

MHz) 1.21 (3H, t,J7.2 Hz, CH3CH2), 2.11-2.15 (lH, m, CHOCH2CHCH), 2.23 (lH, dd, 

J 4.7 & 6.1 Hz, CHOCHCH), 2.65 (lH, dd, J 8.1 & 19.0 Hz, CHOCHHCHCH), 2.73-

2.77 (lH, m, CHOCH2CHCH), 2.85-2.91 (IH, m, CHOCHHCHCH), 4.07-4.13 (2H, m, 

CH3CH2), 9.64 (lH, s, CHOCHCH) and 9.76 (lH, dd,J 0.6 &1.9 Hz, CHOCH2CHCH); 

Qc (CDCh, 100 MHz) 14.14 (CI4), 24.29 (C2), 27.91 (C3), 33.39 (Cl), 40.15 (C4), 61.41 

(CB), 170.74 (CI0), 197.83 (C5) and 199.26 (C7); mlz: (El) 188 (11'",19%),134 (41), 98 

(65), 86 (100), 72 (45) and 64 (32); HRMS Found (188.1917 C9H120 9 requires 

188.1918). 
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Preparation of (E)-3-cyclohexyl-acryJic acid ethyl ester (204)54 
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A 100 ml round bottom flask was charged with (carbethoxymethyl)­

triphenylphosphonium bromide (2.29 g, 5.35 mmol) in THF (8 ml) under a nitrogen 

atmosphere. Butyllithium (2.14 ml, 2.5 M, 5.35 mmol) was added dropwise at O°C and 

the mixture stirred for 20 min. The aldehyde (0.20 g, 1.78 mmol) was added immediately 

to the reaction, and the mixture was stirred for a further 3 h, upon which it was quenched 

with H20 (10 ml), and extracted into DCM (3 x 15 ml). The organic layer was dried over 

MgS04 and reduced in vacuo to give the crude product as an orange oil which was 

further purified via flash chromatography on silica gel (petrol:EtOAc, 4: 1) to give the 

product as a colourless oil (0.22 g, 68%). Data the same as that reported in the literature. 
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Preparation of 1-(S),3-(R)-2-(2-hydroxyethyl)-3-

hydroxymethylcyclopropanecarboxylic acid ethyl ester (211) 

Bicyclo [3.1.0] hex-2-ene-6-carboxylic acid methyl ester (197) (1.00 g, 6.60 mmol) in 

DCM (20 ml) was treated with ozone with stirring. Once the reaction mixture had turned 

blue, MeOH (25 ml) was added followed by NaB~ (0.55 g, 14.50 mmol). This was left 

to stir for 2 hours at room temperature. Conc. HCI (1.5 ml) was then added dropwise at 

O°C and this was quenched with H20 (20 ml). The MeOH was removed in vacuo and 

then extracted into DCM (3 x 20 ml), washed with brine and dried over MgS04. The 

organic layer was reduced in vacuo to furnish the diol as a colourless oil (0.53 g, 32%). 

vmax(neat)/cm-1
: 3395, 2936, 1716, 1651, 1446, 1180, 1028 and 667; SH (CDCh, 400 

MHz) 1.19 (3H, t, J 7.2 Hz, CH2CH3), 1.40-1.45 (lH, m, HOCH2CH2CH), 1.53-1.70 

(lH, rn, HOCH2CH2CH), 1.74-1.84 (lH, m, HOCH2CH), 1.89-1.99 (2H, m, 

HOCH2CH2CHCH), 3.20-3.26 (lH, m, HOCHHCH), 3.57-3.67 (lH, m, 

HOCHHCH2CH), 3.73-3.80 (lH, m, HOCHHCH), 3.88 (lH, dd, J 4.8 & 11.6 Hz, 

HOCHHCH2CH) and 4.05 (2H, q, J 7.2 Hz, CH2CH3); Se (CDCh, 100 MHz) 14.18 

(CI4), 25.34 (C3), 28.59 (Cl), 29.13 (C2), 56.47 (C4), 50.68 (C5), 60.61 (C7),62.30 

(Cl3) and 173.78 (C9); mlz: (FAB) 189 ~, 15 %), 169 (48),147 (57), 136 (62), 95 

(31), 81 (36), 73 (100), 69 (47) and 55 (59); HRMS Found (189.1122 C9HI70 4 requires 

189.1048). 
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128.34 (C23), 137.25 (CI8), 144.58 (C6), 166.19 (C8), 168.65 (CI6) and 170.90 (CI7); 

mlz: (El) 362 (M+, 8%), 256 (IS), 236 (lOO), 121 (45), 120 (34), 112 (32), 105 (48), 98 

(16) and 59 (29); HRMS Found (362.1374 C19H2207 requires 362.1368). 

Trans Isomer: 

vmax(neat)/cm-1: 2952, 1731, 1662, 1454, 1434 and 1268; ()H (CDCb, 400MHz) 1.21 (3H, 

t, J 7.0 Hz, C02CH3CH2), 2.14 (lH, dd, J 7_0 & 13.0 Hz, CH=CHCHCHH), 3.03 (lH, 

dd, J 7.0 & 13.0 Hz, CH=CHH), 3.12 (3H, s, OCH3), 3.69 (3H, s, OCH3), 4.13 (2H, q, J 

7.0 Hz, C02CH2CH3), 5.15-5.20 (lH, m, CH=CHCHCH2), 5.71 (lH, s, 

CH=CHCHOCHAr), 6.06 (lH, dd,J2.0 & 16.0 Hz, CH=CHCHCH2), 6.89 (lH, dd,J 5.0 

& 16.0 Hz, CH=CHCHCH2) and 7.20-7.36 (5H, m, Ar-H); ()c (CDCb, 100 MHz) 14.24 

(CI2), 40.03 (C4), 52.32 (OCH3), 52_95 (OCH3), 60.57 (C11), 65.88 (CS), 83.85 (C2), 

114.54 (C3), 120.96 (C3), 126.45 (C19 & C23), 127.98 (C20 & C22), 128.24 (C21), 

137.62 (CI8), 146.78 (C6), 166.25 (CS), 168.86 (CI6) and 169.87 (CI7); mlz: (El) 362 

(M+, 3%), 256 (15), 236 (lOO), 121 (40), 112 (37), 105 (58) and 59 (19); HRMS Found 

(362.1372 C19H2207 requires 362.1365). 

Preparation of allyl magnesium bromide 

~MgBr 

Allyl bromide (12.00 g, 99.19 mmol) was added dropwise to magnesium turnings (2.41 g, 

99.19 mmol) in anhydrous EtzO (200 ml) under a nitrogen atmosphere_ An ice bath was 

used to cool the reaction when it became too vigorous and after the addition the reaction 

was stirred for 1 h at rt. 
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Preparation of (E)-2-(S),5-(S)-5-(2-ethoxycarbonyl-vinyl)-2-phenyl­

dihydro-furan-3,3-dicarboxylic acid dimethyl ester (cis:trans; 1: 1). 

10 

o 

21 

To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l,l-dicarboxylic acid 

dimethyl ester (249) (0.11 g, 0.53 mmol) in THF (6 ml) was added benzaldehyde (166) 

(0.06 g, 0.53 rnrnol) and ZnBr2 (0.24 g, 1.05 mmo)) at room temperature. This was left to 

stir for 1 0 min under a nitrogen atmosphere, before a catalytic amount of 

tetrakis(triphenylphosphine)Pd(O) (0.06 g, 0.05 mmol) was added. The resulting mixture 

was allowed to stir at room temperature for 48 h. After which, the solvent was removed 

in vacuo and the residue dissolved in EtOAc (8 ml). The palladium catalyst was filtered 

under suction through a plug of silica, and the organic layer was washed several times 

with distilled H20 (3 x 5 ml). The organics were dried over MgS04 and concentrated in 

vacuo to give a yellow oil which was further purified via flash chromatography 

(hexane:EtOAc, 6:1) to give the desired product as a colourless oil (0.06 g, 29%). 

Cis isomer: 

vrnax(neat)/cm·1: 2952,1731,1662,1454,1434 and 1268; &H (CDCh, 400MHz) 1.25 (3H, 

t, J 7.0 Hz, COZCH3CHz), 2.50 (lH, dd, J 6.0 & 13.0 Hz, CH=CHCHCHH), 2.73 (lH, 

dd, J 10.0 & 13.0 Hz, CH=CHCHCHH), 3.05 (3H, s, OCH3), 3.75 (3 H, s, OCH3), 4.17 

(2H, q, J 7.0 Hz, COzCHzCH3), 4.49-4.54 (lH, m, CH=CHCHCHz), 5.65 ( lH, s, 

CH=CHCHOCHAr), 6.11 (lH, dd,J 1.0 & 15.0 Hz, CH=CHCHCH1), 7.04 (lH, dd,J 5.0 

& 15.0 Hz, CH=CHCHCH1) and 7.19-7.24 (SR, m, Ar-H); &c (CDCh, 100 MHz) 14.27 

(CI2), 39.94 (C4), 52.66 (OCH3), 53.13 (OCH3), 60.65 (Cll), 65.97 (C5), 84.54 (C2), 

114.54 (C3), 122.16 (C7), 126.45 (CI9), 126.92 (C20), 127.92 (C21), 127.99 (C22), 
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Preparation of (E)-2-methyl-hexa-2,5-dienal (220)60 

246 

1~07 
CH3 a 

To 3-ethoxymethacrolein (5.00 g, 43.80 mmol) dissolved in anhydrous Et20 (15 ml) was 

added a1lylmagnesium bromide (14.00 g, 96.36 mmol) dropwise at O°C. The resulting 

mixture was left to stir at room temperature for 15 min, after which ~ +Cr/ice/fIzO (20 

ml) was added. The organics were extracted into Et20 (3 x 20 ml) and washed with 3M 

HCI (2 ml) and brine (3 x 5 ml), and dried with MgS04• The organics were reduced in 

vacuo to yield the alkadienal (4.50 g, 93 %) as an orange oil. 

vl11llX(neat)/cm-1:3079, 2976, 2923, 2819, 1687, 1636 and 1404; OH (CDCh, 400 MHz) 

1.70 (3H, s, CH3), 3.02-3.06 (2H, m, =CH-CH2), 5.03-5.08 (2H, m, =CH2), 5.74-5.83 

(lH, m, H2C=CH), 6.42-6.47 (lH, m, HC=C(CH3» and 9.43 (lH, s, CHO); Oc (CDCh, 

100 MHz) 9.15 (C8~, 32.97 (C3), 116.81 (Cl), 133.64 (C2), 140.02 (C5), 150.98 (C4) 

and 195.07 (C6); mlz: (Er) 110 (M+, 2%),109 (18), 95 (78), 81 (lOO), 79 (52), 77 (28), 67 

(64),53 (59) and 41 (93); HRMS Found (110.0729, C7H lOO requires 110.0731). 
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Preparation of 2-formyl-2-methylcyclopropane-l,1-dicarboxylic acid 

dimethyl ester (219i9 

5 9 

0~07 8 10 
4 3 2 0/ 

Me 014 
6 1 11 

120 , 
CH3 13 

Dimethyl bromomalonate (216) (0040 g, 0.25 ml, 2.27 mmol), methacrolein (218) (0.16 g, 

0.19 ml, 2.27 mmol), potassium carbonate (0.53 g, 3.80 mmol) and DMF (10 ml) were 

stirred vigorously for 2 h at room temperature. The mixture was treated with dilute HCI 

(2 ml) and extracted into Et20 (3 x 10 ml). The organic phase was washed with H20 and 

dried over MgS04• The organic phase was concentrated in vacuo to give the aldehyde as 

a colourless oil (0.31 g, 82 %). 

vmax(neat)/cm·1:2955, 1735, 1702, 1681, 1453 and 1246; OH (CDCh, 400 MHz) 1.36 (3H, 

s, CHOCH(CH3», 1.91 (lH, d, J 5.6 Hz, cHHqC02CH3)2), 2.12 (lH, d, J 5.6 Hz, 

cHHqC02CH3)2), 3.76 (3H, s, OCH3), 3.80 (3H, s, OCH3) and 9.26 (lH, s, CHO); Oc 

(CDCh, 100 MHz) 12.63 (C6), 24043 (C3), 38.39 (Cl), 41.88 (C2), 53.18 (CB), 53.23 

(CI0), 166.74 (C7), 167.66 (Cl1) and 198.24 (C4); mlz: (El) 200 ~, 2%), 185 (46), 

184 (45),167 (37),153 (43), 152 (100),124 (42), 113 (57), 112 (57), 97 (40), 82 (57), 59 

(83) and 43 (60); HRMS Found (200.0681, C9H120 S requires 200.0684). 
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Preparation of ethoxycarbonylmethyl-dimethyl-sulfonium (223)63 

Ethyl bromoacetate ester (226) (8.87 g, 53.12 mmol), dimethyl sulfide (3.00 g, 48.29 

mmol) were stirred in acetone at O°C. The mixture was allowed to warm to room 

temperature and left to stir for a further 16 h. The mixture was concentrated in vacuo and 

placed under high vacuum for a further 6 h to yield the salt (10.00 g, 90 %) as a white 

crystalline solid. 

vmax(neat)/cm-1:2992, 2357,1732,1635,1317 and 1203; OH (CDCb, 400 MHz) 1.27 (3H, 

t, J 7.0 Hz, CH2CH3), 3.42 (6H, s, S(CH3)2), 4.23 (2H, q, J 7.0 Hz, CH2CH3) and 5.21 

(2H, s, SCH2); Oc (CDCb, 100 MHz) 14.03 (Cl), 25.26 (CS), 44.16 (C2), 63.69 (C4) and 

164.37 (C3). 

Preparation of2-formyl-cyclopropane-l, I-dicarboxylic acid dimethyl 

ester (201) Method A. 

Vinylcyc1opropane (161) (1.00 g, 5.40 mmol) in DCM (25 ml) was treated with ozone 

with stirring. Once the mixture had turned blue, the reaction was quenched with DMS (2 
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ml) and the solvent removed in vacuo to give the desired product as a colourless oil 

(0.80g, 80%). 

vmax(neat)/cm-1:3008, 2956, 2850, 1734, 1437, 1300, 1269 and 1130; 15H (CDCI), 400 

MHz) 1.74-1.78 (lH, m, CHOCHCHH), 2.00-2.03 (lH, m, CHOCHCHH), 2.68-2.73 

(lH, m, CHOCHCH2), 3.71 (6H, s, OCH3) and 9.30 (lH, d, J 3.0 Hz, CHOCHCH2); 15c 

(CDCI), 100 MHz) 19.51 (C3), 34.73 (C2), 37.43 (Cl), 53.09 (OCH3), 53.26 (OCH3), 

166.33 (C4), 168.28 (C5) and 196.22 (C6); mlz: (El) 185 (M", 3%), 171 (88), 142 (38), 

126 (100), 98 (55), 95 (43), 68 (55), 67 (41) and 59 (81); HRMS Found (185.Q448 

CSHlOOS requires 185.0450). 

Preparation of 2-formyl-cyclopropane-1, 1-dicarboxylic acid dimethyl 

ester (201)59 Method B. 

Dimethyl bromo malonate (216) (0.20 g, 0.95 mmol), acrolein (217) (0.06 g, 1.14 mmol), 

potassium carbonate (0.26 g, 1.90 mmol) and DMF (5 ml) were stirred vigourously for 3 

h at room temperature. After which the mixture was treated with dilute HCI (2 ml) and 

extracted into Et20 (3 x 10 ml). The organics were washed with H20 (2 x 15 m1 ), dried 

over MgS04 and reduced in vacuo to give the desired product as a colourless oil (0.19 g, 

90%) data as shown in Method A. 

Preparation of (E)-(2-bromobenzylidene)-(2-methylallyl)-amine (232) 

To a stirred solution of diethyl ether (15 ml) under nitrogen was added molecular sieves 

(2.50 g 4 A), 2-methylallyamine (0.25 g, 3.52 mmol) and 2-bromobenzaldehyde (0.65 g, 

3.52 mmol). This mixture was left to stir overnight, after which time it was filtered under 
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suction and washed several times with Et20 (3 x 5 ml). The filtrate was concentrated in 

vacuo to give the imine (0.80 g, 95 %) as an orange oil. 

vmax(neat)/cm'!:3254, 3069, 2969, 2886, 2811, 2360, 1653 and 1635; OH (CDCh, 400 

MHz) 1.76 (3H, s, CH3), 4.13 (2H, s, CH2N), 4.82-4.84 (2H, m, =CH2), 7.17-7.29 (2H, 

m, AT-H), 7.48-7.51 (lH, m, AT-H), 7.98-8.00 (lH, m, AT-ll) and 8.57 (lH, s, N=Cll); oe 
(CDCh, 100 MHz) 21.20 (Cll), 67.15 (C9), 111.74 (CI2), 125.11 (CIO), 127.66 (C5), 

128.93 (C3), 131.85 (C4), 133.08 (C6), 134.67 (Cl), 143.41 (C2) and 161.03 (C7); mlz: 

(El) 239 ~, Br8
\ 42%), 237, (M", Br79

, 41 %),184 (91), 182 (91), 116 (58), 89 (lOO), 

56 (86) and 55 (86); HRMS Found (237.0153, CIIH12NBr79 requires 237.0152). 

Preparation of 2-(R),5-(R)-2-(2-bromophenyl)-I-(2-methylalIyl)-5-

vinylpyrroIidine-3,3-dicarboxyIic acid dimethyl ester (231) 

To a stirred solution of 2-vinylcyclopropane-l,l-dicarboxylic acid dimethyl ester (162) 

(0.25 g, 1.36 mmol) in THF (10 ml) was added (2-bromobenzylidene)-(2-methyla1lyl)­

amine (231) (0.32 g, 1.36 mmol) and ZnBr2 (0.61 g, 2.72 mmol) at room temperature. 

This mixture was left to stir for 10 min under nitrogen before a catalytic amount of 

Pd(PPh3)4 (0.16 g, 0.14 mmol) was added. The resulting mixture was allowed to stir at 

room temperature for 24 h. The solvent was removed in vacuo and the residue dissolved 

in EtOAc (5 ml). The palladium catalyst was filtered under suction through a plug of 

silica, and the organic layer was washed several times with distilled H20 (3 x 10 ml). The 

organic phase was dried over MgS04 and concentrated in vacuo to give the crude product 

as a colourless oil, which was further purified by column chromatography on silica gel 

(petrol:EtOAc, 3:1) to give the desired product as a colourless oil (0.28 g, 48 %). 
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vmax(neat)/cm-1:3073, 2950, 2819,1736,1434 and 1275; OH (CDCh, 400 MHz) 1.43 (3H, 

s, =C(CH3), 2.24 (lH, dd, J 8.2 & 13.2 Hz, CHHC(C02CH3)2), 2.27 (lH, dd, J 5.0 & 

13.2 Hz, CHHC(C02CH3h), 3.08-3.12 (2H, m, CH2N), 3.13 (3H, s, OCH3), 3.17-3.24 

(lH, In, =CHCH), 3.82 (3H, s, OCH3), 4.50 (1H, s, HHC=C(CH3), 4.91 (lH, s, 

HHCC(CH3), 5.02 (lH, s, NCHAr), 5.16-5.19 (lH, m, HHC=CH), 5.24-5.31 (lH, m, 

HHC=CH), 5.80-5.88 (lH, m, H2C=CH), 6.98-7.04 (lH, m, Ar-H), 7.21-7.25 (lH, m, Ar­

H), 7.39 (lH, dd,J 1.0 & 8.0 Hz, Ar-H) and 7.58 (lH, d,J7.0 Hz, Ar-H); oc (CDCh, 100 

MHz) 20.54 (C22), 39.53 (C4), 51.78 (CI2), 53.18 (C8), 60.42 (C20), 64.32 (C3), 66.10 

(C5), 69.80 (C2), 113.74 (C23), 117.44 (C25), 124.71 (CI4), 126.63 (CI7), 128.52 

(CI8), 131.21 (CI6), 131.91 (CI9), 139.52 (C24), 140.62 (C21), 142.82 (CI5), 168.69 

(ClO) and 171.68 (C6); mlz: (El) 423 (M\ Br8t, 25%), 421 (M\ Br79
, 25%), 380 (40), 

368 (97), 366 (100), 364 (51), 123 (80) and 55 (40); HRMS Found (421.0895, 

C2oH2404NBr79 requires 421.0888). 

Preparation of (E)-(2-bromo-benzylidene )-( 4-methoxy-phenyl)-amine 

16 12 
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To a solution of Et20 (10 ml) under a nitrogen atmosphere was added molecular sieves 

(3.00 g, 4 A), p-anisidine (0.25 g, 2.02 mmol) and 2-bromobenzaldehyde (0.37 g, 0.24 

ml, 2.02 mmol). The reaction mixture was left to stir overnight, after which it was filtered 

under suction and washed several times with Et20 (3 x 10 ml). The filtrate was 

concentrated in vacuo to give the imine as a orange oil (0.6 g, 95%). 

vmax(neat)/cm-1:2832, 2362, 1698, 1614, 1503, 1245, 1023,827 and 751 OH (CDCh, 400 

MHz) 3.85 (3H, s, OCH3), 6.93-6.97 (lH, m, Ar-H), 7.26-7.33 (lH, m, Ar-H), 7.38-7.42 

(lH, m, Ar-H), 7.43-7.46 (lH, m, Ar-H), 7.61 (2H, dd,J 1.2 & 8.0 Hz, Ar-H), 8.22 (2H, 
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dd, J 1.8 & 7.8 Hz, Ar-H) and 8.87 (lH, s, NCHAr); 8c (CDCh, 100 MHz) 55.52 

(OCH3), 114.41 (C11 & CI5), 122.56 (C12 & CI4), 125.87 (C3), 127.70 (C8), 127.92 

(C7), 132.07 (C6), 133.18 (C5), 135.36 (CB), 144.45 (C4), 157.15 (C2) and 158.65 

(C5); mlz: (El) 291 (M"H, Br81 , 97%), 289 (M+tr, Br79, 97%), 276 (100), 274 (81), 167 

(41),92 (15), and 77 (35); HRMS Found (289.0101 C14H12NOBr79 requires 289.0102). 

Preparation of 2-(R),5-(R)-2-(2-bromophenyl)-1-( 4-methoxyphenyl)-5-

vinylpyrrolidine-3, 3-dicarboxylic acid dimethyl ester 

To a stirred solution of 2-vinylcyclopropane-l,l-dicarboxylic acid dimethyl ester (162) 

(0.25 g, 1.36 mmol) in THF (5 ml) was added (2-bromobenzylidene)-(4-methoxyphenyl) 

amine (0.39 g, 1.36 mmol) and ZnCh (0.37 g, 2.72 mmol) at room temperature. This 

mixture was left to stir for 10 min under nitrogen before a catalytic amount ofPd(PPh3)4 

(0.16 g, 0.14 mmol) was added. The resulting mixture was allowed to stir at room 

temperature for 48 h. The solvent was removed in vacuo and the residue dissolved in 

EtOAc. The palladium catalyst was filtered under suction through a plug of silica, and the 

organic layer was washed several times with distilled H20 (3 x 10 ml). The organics were 

dried over MgS04 and concentrated in vacuo to give the crude product which was 

purified using flash chromatography on silica gel (petrol:EtOAc, 5:1)to give the desired 

product as a colourless oil (0.38 g, 56 %). 

vmax(neat)/cm"1 :2997, 2950, 2832, 2358, 1736, 1510, 1434 and 1243; 8H (CDCh, 400 

MHz) 2.64 (llI, dd, J 6.0 & 13.6 Hz, CHHCCC02CH3)2), 2.90 (lH, dd, J 11.0 & 13.6 Hz, 

CHHCCC02CH3)2), 3.36 (3H, s, OCH3), 3.65 (3H, s, -C02CH3), 3.79 (3H, s, -C02CH3), 

4.05-4.14 (lH, m, =CHCH), 5.30 (lH, dt, J 1.1 & 10.4 Hz, HHC=CH), 5.40 (lH, dt, J 1.1 

& 17.2 Hz, HHC=CH), 5.96 (lH, s, -CHAr), 6.00-6.09 (lH, m, H2C=CH), 6.54-6.57 (2H, 
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m, AT-H), 6.69-6.74 (2H, m, AT-H), 7.03-7.05 (lH, m, AT-H), 7.11-7.15 (lH, m, AT-H), 

7.28-7.30 (lH, m, AT-H) and 7.55-7.58 (lH, m, AT-H); Se (CDCh, 100 MHz) 38.94 (C4), 

52.23 (C15), 53.34 (C32), 55.60 (C28), 60.78 (C5), 63.66 (C3), 70.06 (C2), 114.32 

(C12), 114.94 (CB), 115.16 (C9), 116.31 (C16), 116.75 (C7), 123.42 (C8), 123.43 

(C18), 127.77 (C19), 129.40 (C21), 130.38 (C20), 139.51 (C6), 141.71 (Cl1), 152.48 

(CI7), 167.93 (C25) and 170.63 (C23); mlz: (El) 476 (M", Br81, 15%),474 (M', Br79, 

15%),424 (52), 400 (48), 380 (51), 366 (100), 123 (65), and 84 (45); HRMS Found 

(474.3517, C2JH240sNBr79 requires 474.3513). 

Preparation of 2-(R),5-(R)-2-(2-bromophenyl)-5-vinyldihydrofuran-3, 3-

dicarboxylic acid dimethyl ester (1: 1 cis:trans) 

To a stirred solution of 2-vinylcyc1opropane-I,I-dicarboxylic acid dimethyl ester (161) 

(0.15 g, 0.82 mmol) in THF (5 m1) was added 2-bromobenzaldehyde (234) (0.15 g, 0.82 

mmol) and ZnCh (0.11 g, 1.64 mmol) at room temperature. This mixture was left to stir 

for 10 min under nitrogen before a catalytic amount of Pd(PPh3)4 (0.09 g, 0.08 mmol) 

was added. The resulting mixture was allowed to stir at room temperature for 48 h. The 

solvent was removed in vacuo and the residue dissolved in EtOAc (5 ml). The palladium 

catalyst was filtered under suction through a plug of silica, and the organic layer was 

washed several times with distilled H20 (3 x 10 ml). The organic phase was dried over 

MgS04 and reduced under pressure to give the crude product which was purified further 

using column chromatography on silica gel (petrol:EtOAc, 5: 1) to give the title 

compound as a colourless oil (0.19 g, 62 %). 
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vmax(neat)/cm-1:3065, 2994, 2950, 2878, 2842, 1736, 1645, 1470 and 1434; OH (CDCb, 

400 MHz) 2.37 (lH, dd, J 1.2 & 9.0 Hz, CH2=CHCHCHH), 2.43 (lH, dd, J 4.7 & 13.2 

Hz, CH2=CHCHCH'H), 2.81 (lH, dd, J 11.6 & 13.2 Hz, CH2=CHCHCHH), 3.11-3_14 

(lH, m, CH2=CHCHCHH), 3.14 (3H, s, OCH3), 3.23 (3H, s, OCH3), 3.78 (3H, s, OCH3), 

3.84 (3H, s, OCH3), 4.42-4.47 (lH, m, CH2=CHCH), 5.03-5.06 (lH, m, CH2=CHCH), 

5.18 (lH, dt, J 1.4 & 10.4 Hz, HHC=CH), 5.28 (lH, dt, J 1.3 & 9.3 Hz, HH'C=CHCH), 

5.35 (lH, dt,J 1.4 & 15.7 Hz, HHC=CH), 5.43 (IH, dt, J 1.3 & 16.0 Hz, H'HC=CHCH), 

5.84-5.93 (lH, m, H2C=CH)' 6.00-6.08 (lH, m, H2C=CH'CH), 6.29 (lH, s, OCH'Ar), 

6.38 (lH, s, OCHAr), 7.09-7.11 (lH, m, Ar-H), 7.11-7.13 (lH, m, Ar-H), 7.26-7.28 (lH, 

m, Ar-H), 7.28-7.31 (lH, m, Ar-H), 7.37 (lH, dd, J 1.8 & 7.9 Hz, Ar-H), 7.42 (lH, dd, J 

1.7 & 7.8 Hz, Ar-H), 7.50 (lH, dd,J 1.3 & 10.8 Hz, Ar-H) and 7.51 (lH, dd,J 1.2 & 8_0 

Hz, Ar-H); Oc (CDCh, 100 MHz) 40.60 (C4), 41.15 (C4"), 52.09 (C24"), 52.27 (C24), 

53.09 (CI9), 53.25 (CI9), 65.84 (C3), 65.92 (C3), 79.25 (C5), 80.55 (C5), 82.76 (Ci), 

83.27 (C2), 116.36 (C7), 118.11 (C7), 123.06 (C9), 123.49 (C9), 127'.16 (CB), 128.22 

(Cll), 129.03 (CB), 129.35 (Cll"), 129.46 (eI2), 129.53 (CI2), 132.34 (CI0), 132.64 

(CI0), 135.73 (C6), 137.61 (C6), 138.09 (C8), 138.74(C8), 168.52 (CI7"), 168.72 (CI7), 

170.90 (C21) and 171.15 (C21); m/z: (El) 370~, Br81 , 3%), 368 (M', Br79, 3%), 289 

(42), 235 (62), 203 (57), 184 (100), 152 (90) and 124 (61); HRMS Found (368.0265, 

C16H170SBr79 requires 368.0259). 

Preparation of (E)-(2-iodobenzyJidene)-(2-methyJaUyJ)-amine (243) 
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To a stirred solution of EhO (15 ml) in a nitrogen atmosphere was added molecular 

sieves (2.50 g 4 A), 2-methylallyamine (233) (0.25 g, 3.52 mmol) and 2-

iodobenzaldehyde (242) (0.87 g, 3.52 mmol). The reaction mixture was left to stir 

183 



overnight, after which time it was filtered under suction and washed several times with 

Et20 (3 x 5 ml). The filtrate was concentrated in vacuo to give the imine as a colourless 

oil (0.35 g, 90 %). 

v_(neat)/cm-1:3060, 2968, 2932, 2878, 2809, 1652, 1634, 1459 and 1433; SR (CDCh, 

400 .MHz) 1.84 (3H, s, H2C=C(CH3», 4.21 (2H, s, CH2N), 4.90-4.92 (2H, m, 

H2C=C(CH3», 7.l1 (lH, dt,J 1.8 & 7.7 Hz, AI-H), 7.35-7.39 (1H, m, AI-H), 7.86 (lH, 

dd, J l.2 & 8.0 Hz, AI-H), 8.00 (lH, dd, J 1.8 & 7.8 Hz, AI-H) and 8.44 (lH, s, 

N=CHAI); Se (CDCh, 100.MHz) 21.07 (Cll), 66.87 (C9), 100.08 (CI0), 1ll.73 (CI2), 

128.42 (C4), 128.88 (C5), 132.03 (C6), 136.96 (Cl), 139.61 (C3), 143.30 (C2) and 

165.l9 (C7); mlz: (El) 285 (M" 22%),144 (100),101 (48), 67 (55) and 55 (49); HRMS 

Found (285.l277, CllH12NI requires 285.l275). 

Preparation of 2-(R),5-(R)-2-(2-iodophenyl)-1-(2-methylallyl)-5-

vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (244) 

To a stirred solution of 2-viny1cyclopropane-l,l-dicarboxylic acid dimethyl ester (161) 

(0.25 g, 1.36 mmol) in THF (5 ml) was added (2-iodobenzylidene)-(2-methylallyl)-amine 

(243) (0.38 g, 1.36 mmol) and ZnCIz (0.37 g, 2.72 mmol) at room temperature. This 

mixture was left to stir for 10 min under nitrogen before a catalytic amount of Pd(PPh3)4 

(0.l6 g, 0.14 mmol) was added. The resulting mixture was allowed to stir at room 

temperature for 48 h. The solvent was removed in vacuo and the residue dissolved in 

EtOAc (5 mI). The palladium catalyst was filtered under suction through a plug of silica, 

and the organic layer was washed several times with distilled H20 (3 x 10 mI). The 
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organic phase was dried over MgS04 and concentrated in vacuo to give the crude product 

as a colourless oil, which was further purified via flash chromatography (petrol:EtOAc, 

15:1) on silica gel to give the desired product as a white crystalline solid (0.25 g, 37 %). 

vmax(neat)!cm-1 :3072,2949,2818,2359, 1736 and 1275; SH (CDCb, 400 MHz) 1.30 (lH, 

s, H2C=C(CH3», 2.24 (lH, dd, J 5.0 & 13.2 Hz, CHHC(C02CH3)2), 2.74 (lH, t, J 12.0 

Hz, H2C=CHCH), 3.12 (3H, s, OCH3), 3.14 (lH, dd, J 8.8 & 13.2 Hz, CHHC(C02CH3)2) 

3.18-3.21 (2H, m, CH2N), 3.82 (3H, s, OCH3), 4.51 (lH, s, HHC=CCH3), 4.96 (lH, s, 

HHC=CCH3), 5.09 (lH, s, NCHAr), 5.18 (lH, dd, J 1.6 & 10.1 Hz, HHC=CH), 5.28 (lH, 

dt, J 0.8 & 16.7 Hz, HHC=CH), 5.78-5.87 (lH, m, H2C=CH), 6.83-6.87 (lH, m, Ar-H), 

7.24-7.28 (lH, m, Ar-H), 7.54 (IH, dd,J 1.7 & 7.9 Hz, Ar-H) and 7.69 (lH, dd,J 1.3 & 

7.9 Hz, Ar-H); Se (CDCh, 100 MHz) 20.45 (C2), 39.50 (C4), 51.68 (C25), 53.20 (C21), 

60.28 (C8), 64.47 (C3), 66.13 (C5), 74.74 (CI0), 101.39 (C9), 114.00 (Cll), 117.48 

(C7), 127.44 (CI5), 128.77 (CI6), 130.87 (CI7), 138.76 (CI4), 139.58 (C6), 142.73 

(CI2), 143.36 (C13), 168.57 (CI9) and 171.51 (C23); mp:68-70°C; mlz: (El) 470 (M'H, 

97%), 270 (65), 229 (38), 114 (59), 59 (89), 55 (lOO) and 39 (60); HRMS Found 

(470.0823, C2oH2504NI requires 470.0823). 

Preparation of (E)-allyl-[1-(2-bromophenyl)-methylidene]-amine (246) 
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To a stirred solution of EtzO (15 ml) in a nitrogen atmosphere was added molecular 

sieves (2.50 g 4 A), allyamine (247) (0.25 g, 4.38 mmol) and 2-bromobenzaldehyde (234) 

(0.81 g, 4.38 mmol). The reaction mixture was left to stir overnight, after which it was 

filtered under suction and washed several times with Et20 (3 x 5 ml). The filtrate was 

concentrated in vacuo to give the imine as a brown oil (0.89 g, 90 %). 

vmax(neat)/cm-1:3065, 2887, 2359,1635,1588,1464,1437,1019 and 755; SH (CDCh, 

400 MHz) 4.29-4.32 (2H, m, H2C=CHCH2), 5.16-5.27 (2H, m, H2C=CH), 6.05-6.09 

(lH, m, H2C=CH), 7.26-7.28 (lH, m, Ar-H), 7.34-7.36 (lH, m, Ar-H), 7.56 ClH, dd, J 
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1.2 & 7.7 Hz, AT-H), 8.04 (lH, dd,J 1.8 & 7.7 Hz, AT-H) and 8.67 (lH, s, N=CHAT); Qc 

(CDCh, 100 MHz) 63.54 (C9), 116.34 (Cll), 125.06 (Cl), 127.61 (C3), 128.80 (C4), 

131.84 (C6), 133.04 (C5), 134.56 (C2), 135.63 (CI0) and 161.01 (C7); m/z: (FAB) 226 

(M'"H Br81 3%) 224 (M'"H Br79 3%),169 (100), 154 (41), 136 (78),105 (41),91 (58) and 

77 (42); HRMS Found (224.0071, ClOHlONBr79 requires 224.0074). 

Preparation of 2-(R),5-(R)-1-allyl-2-(2-bromophenyl)-5-

vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (245) 

13 14 

To a stirred solution of 2-vinylcyclopropane-l,l-dicarboxylic acid dimethyl ester (161) 

(0.25 g, 1.36 mmol) in THF (3 ml) was added allyl-[I-(2-bromophenyl)-methylidene]­

amine (246) (0.31g, 1.36 mmol) and ZnCh (0.37 g, 2.72 mmol) at room temperature. 

This mixture was left to stir for 10 min under nitrogen before a catalytic amount of 

Pd(PPhJ)4 (0.16, 0.14 mmol) was added. The resulting mixture was allowed to stir at 

room temperature for 48 h. The solvent was removed in vacuo and the residue dissolved 

in EtOAc (5 ml). The palladium catalyst was filtered under suction through a plug of 

silica, and the organic layer was washed several times with distilled H20 (3 x 10 ml). The 

organic phase was dried over MgS04 and concentrated in vacuo to give the crude product 

as a colourless oil, which was further purified using flash chromatography (petroI:EtOAc, 

15: I) on silica gel to give the desired product as a colourless oil (0.30 g, 54 %). 

vmax(neat)/cm-1:3073, 2950, 2813, 1753,1643,1483,1274,921 and 755; IlH (CDCh, 400 

MHz) 2.14 (lH, dd, J 4.8 & 13.2 Hz, NCHCHH), 2.66 (lH, dd, J 5.2 & 13.2 Hz, 

NCHCHH), 3.01 (3H, s, OCHJ), 3.07-3.14 (lH, m, =CHCH), 3.18-3.24 (2H, m, 

=CHCH2), 3.72 (3H, s, OCHJ), 4.87-4.89 (lH, m, HHC=CHCH), 5.00-5.05 (lH, m, 
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HHC=CHCH2), 5.12 (lH, dd, J 1.6 & 10.0 Hz, HHC=CHCH), 5.18-5.22 (lH, m, 

HHC=CHCH2), 5.30 (1H, s, NCHAr), 5.50-5.61 (lH, m, =CHCH2), 5.65-5.78 (1H, m, 

=CHCH), 6.95-7.01 (lH, m, Ar-H), 7.15-7.21 (1H, m, Ar-H), 7.36 (IH, dd, J 1.2 & 8.0 

Hz, Ar-H) and 7.52 (lH, dd, J 1.6 & 8.0 Hz, Ar-H); oc (CDCI), 100 MHz) 39.78 (C4), 

52.01 (C24), 53.00 (C20), 53.61 (C8), 63.92 (C5), 67.90 (C2), 117.55 (C7), 117.66 

(Cll), 117.87 (CI0), 125.07 (C3), 126.87 (CI6), 128.76 (CI5), 131.19 (CI4), 131.95 

(CB), 133.97 (C9), 139.19 (C6), 140.50 (CI2), 168.92 (C22) and 171.61 (CI8); m/z (El) 

410, (M"H, Br8!, 96%), 408, (M"H, Br79. 96%), 366 (52), 274 (48),252 (100) and 59 (75); 

HRMS Found (408.0801, C!9H2304NBr79 requires 408.0805). 

Preparation of 2-(S),S-(R)-6-methylene-3-vinyl-2,3,6,lOb-tetrahydro­

SH-pyrrolo[2,lu]isoquinoline-l,1-dicarboxylic acid dimethyl ester (248) 
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To a flame dried round bottom flask was added l-allyl-2-(2-bromophenyl)-5-

vinylpyrrolidine-3, 3-dicarboxylic acid dimethyl ester (244) (0.25 g, 0.25 mmol), 

Pd(PPh3)4, (0.14 g, 0.12 mmol), and ElJN (5 ml). This mixture was heated at 100°C for 

24 h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 ml). 

The organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography (petrol:Et20, 1 :1) to give the desired 

product as a colourless oil (0.09 g, 42 %). 

vmax(neat)/cm-!:2924, 1716, 1635, 1365, 1143 and 602; OH (CDCh, 400 MHz) 2.18-2.24 

(lH, m, CH2=CHCHCHH), 2.50-2.58 (lH, m, CH2=CHCHCHH), 3.11 (3H, s, OCH3), 

3.46-3.57 (2H, m, CH2=CCH2), 3.85 (lH, s, OCH3), 3.86-3.93 (lH, m, CH2=CHCHCH2), 

4.96 (lH, s, CHH=CCH2N), 5.21-5.37 (2H, m, CH2=CHCHCH2), 5.57 (IH, s, 
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CH2=CHCHNCH), 5.58 (lH, s, CHH=CCH2N), 7.l4-7.26 (2H, m, AI-H), 7.35-7.41 (lH, 

m, AI-H) and 7.44-7.49 (lH, m, AI-H); Qc (CDCh, lOO MHz) 21.02 (C4), 50.84 (C24), 

51.85 (C28), 52.96 (CS), 60.37 (C2), 64.46 (C6), 65.92 (C3), 103.90 (CIO), 114.41 

(CI2), 124.18 (C14 & CI5), 127.38 (CB), 127.44 (CI6), 134.70 (C8), 137.10 (C9), 

140.67 (Cll), 146.84 (C7), 174.56 (C26) and 177.34 (C22); m/z: (El) 328 (M'H, 14 %), 

248 (28), 115 (34), 88 (16), 77 (17), 65 (22) and 57 (lOO); HRMS Found (327.3864 

C19H21N04 requires 327.3801). 

Preparation of (E,E)-2-(R),5-(R)-2-(1-bromo-2-phenylvinyl)-5-(2-

ethoxycarbonylvinyl)-dihydrofuran-3,3-dicarboxylic acid dimethyl ester 

(265) (cis: trans;3:1) 
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To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-I,I-dicarboxylic acid 

dimethyl ester (249) (0.20 g, 0.78 mmol) in THF (5 ml) was added a-bromo­

cinnamaldehyde (264) (0.17 g, 0.78 mmol) and ZnBr2 (0.35 g, 1.56 mmol) at room 

temperature. This mixture was left to stir for 10 min under a nitrogen atmosphere before a 

catalytic amount of Pd(PPh3)4 (0.09 g, 0.08 mmol) was added. This was stirred at room 

temperature for 24 h, after which the solvent was removed in vacuo and the residue 

dissolved in EtOAc. The palladium catalyst was filtered under suction through a plug of 

silica, and the organic layer was washed several times with distilled H20 (3 x 10 ml). The 

organics were dried over MgS04 and reduced in vacuo to give a dark yellow oil, which 
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was further purified via flash chromatography (petrol:EtOAc, 4:1) to give the desired 

product as a yellow oil (0.13 g, 36%). 

Cis Isomer: 

vmax(neat)/cm·1 :2952, 2358, 1732, 1434 and 1267; 8H (CDCh, 400 MHz) 1.23 (3H, t, J 

7.2 Hz, CH1CH3), 2.48 (lH, dd, J 5.6 &13.2 Hz, CH=CHCHCHH), 2.83 (lH, dd, J 11.2 

& 13.2 Hz, CH=CHCHCHH), 3.61 (3H, s, OCH3), 3.78 (3H, s, OCH3), 4.15 (2H, q,J 7.2 

Hz, CH1CH3), 4.47-4.52 (lH, m, CH=CHCHCH1), 5.44 (lH, d, J 0.4 Hz, 

CHC(Br)=CHAr), 6.11 (lH, dd, J 1.2 & 15.6 Hz, CH=CHCHCH1), 6.98 (lH, dd, 5.6 & 

15.6 Hz, (CH=CHCHCH2), 7.11 (lH, s, CHC(Br)=CHAr), 7.23-7.32 (3H, m, Ar-H) and 

7.50-7.52 (2H, m, Ar-H); 8c (CDCh, 100 MHz) 14.25 (CI2), 39.71 (C4), 53.18 (OCH3), 

53.58 (OCH3), 60.67 (Cl1), 65.34 (C3), 77.27 (C5), 87.04 (C2), 122.43 (CI6), 122.74 

(C7), 128.21 (C18 & C20), 128.43 (CI9), 129.15 (C17 & C21), 132.18 (CI4), 134.88 

(CB), 144.10 (C6), 166.06 (C24), 167.71 (C25) and 170.45 (C8); mlz: (FAB) 469 (M'", 

Br81 , 30%), 467 (M'", Br79, 30%), 387 (lOO), 257 (91), 211 (52),154 (49) and 136 (41); 

HRMS Found (467.0709 Cl1H2307Br79 requires 467.0705). 

Trans Isomer: 

vmax(neat)/cm-1:2952, 2359,1735, 1444 and 1268; 8H (CDCh, 400 MHz) 1.22 (3H, 1, J 

7.2 Hz, CH2CH3), 2.20 (lH, dd, J 6.4 & 13.2 Hz, CH=CHCHCHH), 3.14 (lH, dd, J 7.2 

& 13.2 Hz, CH=CHCHCHH), 3.63 (3H, s, OCH3), 3.70 (3H, s, OCH3), 4.13 (2H, q,J7.2 

Hz, CH2CH3), 5.09-5.12 (1H, m, CH=CHCHCH2), 5.55 (lH, d, J 0.8 Hz, 

CHC(Br)=CHAr), 6.03 (lH, dd, J 1.6 & 15.6 Hz CH=CHCHCH2), 6.80 (lH, dd, J 4.8 & 

15.6 Hz, CH=CHCHCH1), 7.14 (lH, s, CHC(Br)=CHAr), 7.19-7.31 (3H, m, Ar-H) and 

7.49-7.52 (2H, m, Ar-H); 8c (CDCh, 100 MHz) 14.24 (CI2), 39.49 (C4), 53.28 (OCH3), 

53.31 (OCH3), 60.60 (C11), 64.66 (C3), 78.40 (C5), 86.86 (C2), 121.41 (C7), 122.39 

(CI6), 128.19 (C18 & C20), 128.36 (CI9), 129.18 (C17 & C21), 131.03 (CI4), 134.93 

(CB), 146.06 (C6), 166.12 (C24), 168.00 (C25) and 169.59 (C8); mlz: (FAB) 469 (M'", 

Br81 , 30%), 467 (M'", Br79, 30%), 387 (100), 225 (33),211 (52), 154 (50), 137 (31), and 

121 (20); HRMS Found (467.0711 C21H2307Br79 requires 467.0705). 
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Preparation of 6-benzylidene-l-ethoxycarbonylmethylene-7 -oxa­

bicycIo[2.2.1]heptane-6,6-dicarboxylic acid dimethyl ester.(262) 
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To a flame dried round bottom flask was added 2-(I-bromo-2-phenyl-vinyl)-5-(2-

ethoxycarbonyl-vinyl)-dihydro-furan-3, 3-dicarboxylic acid dimethyl ester (265) (0,07 g, 

0.15 mmol), Pd(OAc)2 (3 mg, 0.02 mmol), PPh3 (0.02 g, 0.15 mmol) and iPrNEt2 (0.04 g, 

0.05 ml, 0.30 mmol) in anhydrous DMF (2mJ). This mixture was heated at lOO°C for 24 

h, after which it was washed with H20 (15 mJ), and extracted into DCM (3 x 10 ml). The 

organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, which 

was purified via flash chromatography on silica gel (petrol:EtOAc, 10:1), to give the 

desired product as a colourless oil (0.03 g,43%). 

vlllllX(neat)/cm-1: 3359,2360, 1734, 1527, 1350, 1042,802 and 731; OH (CDCb, 400 MHz) 

1.21 (3H, t, J 7.2 Hz, CH3CH2), 2.40 (lH, dd, J 8.0 & 12.0 Hz, CH=CCHCHH), 2.65 

(lH, d, J 8.0 Hz, CH=CCHCHH), 3.68 (3H, s, OCH3), 3.76 (3H, s, OCH3), 4.08 (2H, q, J 

7.2 Hz, CH3CH2), 5.35 (lH, s, ArCH=CHC(COzCH3)2), 5.86 (IH, s, C=CHAr), 5.89-

5.92 (lH, m, CH=CCHCH2), 6.68 (IH, s, CH=CCHCH2), 7.27-7.43 (4H, m, Ar-H) and 

7.51-7.54 (lH, m, Ar-H); oe (CDCb, 100 MHz) 14.09 (C22), 37.84 (C5), 53.13 (OCH3), 

53.20 (OCH3), 60.37 (C21), 63.27 (C6), 80.92 (C3), 85.09 (C4), 111.27 (C11), 126.63 

(CI2), 128.16 (C8), 128.31 (C13), 128.47 (CI4), 129.15 (CI5), 129.23 (CI6), 129.32 

(C17), 135.03 (Cl), 136.63 (C2), 169.60 (C9), 170.25 (C19) and 171.12 (C20); mlz: 

(FAB) 387 (M'H, 2%), 243 (26), 191 (25), 169 (20), 159 (140, 154 (23), 149 (51), 136 

(27),131 (45), 119 (45), 95 (56), 83 (40),81 (49), 71 (41),69 (74), 57 (100) and 55 (92); 

HRMS Found (387.1450 C21H2207 requires 387.1443). 
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Preparation of (E)-benzylidene-(2-bromobenzyl)-amine (258) 
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To a stirred solution of Et20 (15 ml) in a nitrogen atmosphere was added molecular 

sieves (2.50 g 4 A), 2-bromobenzylamine hydrochloride (259) (0.25 g, 1.12 mmol) and 

benzaldehyde (0.12 g, 0.14 ml, 1.12 mmol). The reaction mixture was left to stir 

overnight, after which time it was filtered under suction and washed several times with 

Et20 (3 x5 ml). The filtrate was concentrated in vacuo to give the imine as a brown oil 

(0.30 g, 96%). 

vrnax(neat)/cm,l:3059, 2846, 1644, 1438, 1024,750 and 692; (lH (CDCh, 400 MHz) 4.82 

(2H, s, CH2N=CH), 7.05-7.09 (lH, m, Ar-H), 7.20-7.25 (lH, m, Ar-H), 7.33-7.39 (4H, 

m, Ar-H), 7.49-7.52 (lH, dd, J 1.2 & 8.0 Hz Ar-H), 7.73-7.76 (2H, m, Ar-H) and 8.35 

(lH, t, J 1.2 Hz, CH2N=CH); (le (CDCh, 100 MHz) 64.30 (C9), 123.58 (CI5), 127.54 

(Cll), 128.33 (C4 & C8), 128.49 (CI2), 128.67 (C5 & C7), 129.77 (C13), 130.94 (C6), 

132.55 (CI4), 136.08 (C3), 138.73 (CI0) and 162.98 (C2); mlz (FAB) 276 (M+, Br81, 
7%), 274 (M+, Br79, 7%), 171 (48), 169 (100), 91 (27) and 73 (49); HRMS Found 

(274.0236 C14H12NBr79 requires 274.0231). 
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Preparation of (E)-2-(R),5-(R)-1-(2-bromobenzyl)-5-(2-

ethoxycarbonylvinyl)-2-phenyl-pyrrolidine-3,3-dicarboxylie acid 

dimethyl ester (257) (cis:trans; 4: 1) 

,. 25 
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To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cycIopropane-l, I-dicarboxylic acid 

dimethyl ester.(249) (0.30 g, 1.16 mmol) in THF (5 ml) was added benzylidene-(2-

bromo-benzyl)-amine (257) (0.32 g, 1.16 mmol) and ZnBr2 (0.52 g, 2.32 mmol) at room 

temperature. This was left to stir for 10 min under a nitrogen atmosphere before a 

catalytic amount ofPd(PPhl )4 (0.13 g, 0.12 mmol) was added. The reaction mixture was 

allowed to stir at room temperature for 24 h. The solvent was removed in vacuo and the 

residue dissolved in EtOAc. The palladium catalyst was filtered under suction through a 

plug of silica, and the organic phase collected and washed several times with H20 (3 x 10 

ml). The organic phase was dried over MgS04 and concentrated in vacuo to give the 

crude oily product, which was further purified by flash chromatography on silica gel 

(petrol:EtOAc, 4:1) to give the pyrrolidine as a yellow oil (0.29 g,48%). 

Cis Isomer: 

vrn",(neat)/cm-1:2981, 2951, 2358, 1753, 1736, 1434 and 1267; OH (CDCh, 400 MHz) 

1.18 (3H, t, J 7.2 Hz, CHlCH2), 2.21 (lH, dd, J 6.0 & 13.2 Hz, CH=CHCHCHH), 2.72 

(lH, dd, J 10.8 & 13.2 Hz, CH=CHCHCHH), 3.01 (3H, s, OCH3), 3.33-3.39 (lH, m, 

CH=CHCHCH2), 3.72 (3H, s, OCHl ), 3.75 (lH, d, J 1.2 Hz, CH2Ar), 4.06 (2H, q, J 7.2 
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Hz, CH3CH2), 4.71 (lH, s, NCHAT), 5.79 (lH, dd, J 0.4 & 15.6 Hz, CH=CHCHCH2), 

6.69 (lH, dd, J 8.4 & 15.6 Hz, CH=CHCHCH2), 6.80-6.84 (lH, m, AT-H), 7.00 (lH, td, J 

1.2 & 7.6 Hz, AT-H), 7.05-7.14 (3H, m, AT-H), 7.20-7.24 (2H, m, AT-H) and 7.27-7.29 

(2H, m, AT-H); Se (CDCb, 100 MHz) 14.25 (C26), 38.68 (C4), 52.10 (OCH3), 53.14 

(OCH3), 56.69 (CI2), 60.23 (C25), 64.45 (C3), 64.55 (C5), 72.62 (C2), 121.79 (C21), 

124.62 (C6), 126.76 (CI7), 127.34 (C8 & C9 & CI0), 128.49 (C7 & Cl1), 128.55 (CI4), 

132.28 (CI5), 132.50 (CI6), 137.40 (CB), 139.32 (CI8), 148.56 (C20), 165.91 (C29), 

168.79 (C30) and 171.78 (C22); mlz: (FAB) 532 (M', BrS1
, 20%), 530 (M', Br79, 20%), 

360 (100),171 (53), 169 (55),154 (52), 105 (35) and 91 (45); HRMS Found (530.1174 

C2Ji2s06NBr79 requires 530.1178). 

Trans Isomer: 

vrnax(neat)/cm-1:2981, 2955, 2360, 1750, 1733, 1434 and 1267; SH (CDCb, 400 MHz) 

1.19 (3H, t, J 7.2 Hz, CH3CH2), 2.41 (lH, dd, J 6.8 & 13.2 Hz, CH=CHCHCHH), 2.54 

(lH, dd, J 10.4 & 13.2 Hz, CH=CHCHCHH), 3.03 (3H, s, OCH3), 3.72 (3ll, s, OCH3), 

3.74 (2H, s, CH2AT), 4.05 (2H, q, J 7.2 Hz, CH3CH2), 4.45-4.48 (lH, m, 

CH=CHCHCH2), 4.68 (lH, s, NCHAT), 5.42 (lH, dd, J 1.2 & 11.6 Hz, CH=CHCHCH2), 

6.08 (lH, dd, J 8.0 & 11.6 Hz, CH=CHCHCH2), 6.88-6.90 (lH, m, AT-H), 7.00 (Ill, td, J 

1.2 & 7.2 Hz, AT-H), 7.08-7.20 (3H, m, AT-H), 7.23-7.26 (2H, m, AT-H) and 7.33-7.35 

(2H, rn, AT-H); Se (CDCb, 100 MHz) 14.21 (C26), 37.88 (C4), 52.04 (OCH3), 53.00 

(OCH3), 57.50 (CI2), 60.07 (C25), 60.69 (C5), 64.46 (C3), 73.13 (C2), 119.47 (C21), 

125.03 (C6), 126.66 (CI7), 127.58 (C8 & C9 & CI0), 128.57 (C7 & Cll), 128.65 (CI4), 

132.37 (CI5), 132.41 (CI6), 137.73 (CB), 139.24 (CI8), 151.23 (C20), 166.08 (C29) 

171.70 (C30) and 173.00 (C22); mlz: (FAB) 532 (M', Brst, 19%),530 (M', Br79, 19%), 

360 (lOO), 171 (43),169 (45), and 91 (25); HRMS Found (530.1171 C26H2s06NBr79 

requires 530.1178). 
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Preparation of (Z)-2-(S),5-(S)-6-ethoxycarbonylmethylene-2-phenyl-

1,5,lO,lOa-tetrahydro-pyrrolo[1,2-b]isoquinoline-3,3-dicarboxylic acid 

dimethyl ester (256) 
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To a flame dried round bottom flask was added 1-(2-bromo-benzyl)-5-(2-

ethoxycarbonyl-vinyl)-2-phenyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (257) 

(0.11 g, 0.21 mmol), Pd(OAch (5 mg, 0.02 mmol), PPh3 (0.02 g, 0.08 mmol) and iPrNEt2 

(0.05 g, 0.07 ml, 0.42 mmol) in anhydrous DMF (3ml). This mixture was heated at 100°C 

for 24 h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 

ml). The organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography (petrol:Et20, 1:1) to give the desired 

product as a yellow/green oil (0.07 g, 78%). 

vmax(neat)/cm-I :3395,2950, 1731, 1172 and 702; OH (CDCb, 400 MHz) 1.33 (3H, t,J7.2 

Hz, CH3CH2), 2.78 (lH, dd, J 10.4 & 12.8 Hz, CH=CCHCHH), 2.97 (OCH3), 3.24 (lH, 

dd, J 6.0 & 12.8 Hz, CH=CCHCHH), 3.30 (lH, d, J 14.0 Hz, CH=CCHNCHH), 3.64 

(lH, d, J 14.0 Hz, CH=CCHNCHH), 3.82 (3H, s, OCH3), 3.88-3.92 (lH, m, 

CH=CCHCH2), 4.23 (2H, q, J 7.2 Hz, CH3CH2), 4.58 (lH,s, NCHAr), 6.41 (lH, d, J 2.8 

Hz, CH=CCHCH2), 6.98-7.00 (lH, m, Ar-H), 7.22-7.31 (5H, m, Ar-H), 7.36-7.38 (2H, 

m, Ar-H) and 7.74-7.76 (lH, m, Ar-H); oe (CDCh, 100 MHz) 14.26 (C25), 36.95 (C4), 

51.80 (C9), 52.03 (OCH3), 52.93 (OCH3), 60.29 (C24), 63.10 (C5), 64.22 (C3), 71.36 

(C2), 114.56 (C20), 124.45 (CI7), 126.71 (CI6), 127.17 (CIS), 127.86 (C15 & CI9), 
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128.47 (CIO .& C13), 128.72 (Cll & CI2), 133.47 (C6), 137.66 (C8), 138.43 (C7), 

151.43 (CI4), 166.56 (C28), 169.56 (C29) and 172.15 (C21); mlz (FAB) 450 (M"H, 

15%), 448 (70), 420 (lOO), 376 (33), 154 (39), 136 (33) and 115 (27); HRMS Found 

(450.1916 C2Jhs06N requires 450.1916). 

Preparation of (E)-benzylidene-(2-bromophenyl)-amine (255) 

12 16 13asr 
2 9 1

11 

14~ 10 N"-::~~8 
15 1 1 

5 ~ 7 

6 

To a stirred solution of EhO (15 m!) under a nitrogen atmosphere was added molecular 

sieves (5.00 g, 4 A), 2-bromoaniline (256) (0.25 g, 0.17 ml, 1.46 mmol) and 

benzaldehyde (166) (0.15 g, 0.15 m!, 1.46 mrnol). The reaction mixture was left to stir 

overnight, after which it was filtered under suction and washed several times with Et20 

(3 x 10 m!). The filtrate was concentrated in vacuo to give the imine as a brown oil (0.36 

g,95%). 

vmax(neat)/cm"l:2358, 1577, 1466, 1193, 1028,759 and 689; 8H (CDCb, 400 MHz) 7.02 

(!H, dd, J 1.6 & 7.6 Hz, AI-H), 7.07 (lH, dt, J 1.6 & 7.6 Hz, AI-H), 7.33 (lH, dt, J 1.6 & 

7.6 Hz, AI-H), 7.47-7.51 (3H, rn, Ar-H), 7.63 (lB, dd,J 1.2 & 7.6 Hz, AI-H), 7.94-7.97 

(2H, m, AI-H) and 8.35 (lH, s, N=CH); oe (CDCb, 100 MHz) 118.04 (C4), 119.76 

(CI5), 126.64 (C13), 128.22 (C7), 128.33 (CI4), 128.83 (C8), 129.08 (C5 & C9), 131.81 

(C6), 132.96 (CI2), 135.79 (CIO), 150.77 (Cll) and 161.73 (C2); mlz (FAB) 262 (M", 

Br8l , 29%), 260 (M+, Br79, 29%), 259 (45), 180 (lOO), and 91 (32); HRMS Found 

(260.0071 C13HlONBr79 requires 260.0074). 
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Preparation of (E)-2-(R),5-(R)-1-(2-bromophenyl)-5-(2-

ethoxycarbonylvinyl)-2-phenylpyrrolidine-3,3-dicarboxylic acid 

dimethyl ester (254) (cis:trans; 1.5:1) 

18 

15 ) 17 

o 

To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l, I-dicarboxylic acid 

dimethyl ester.(249) (0.18 g, 0.70 mmol) in THF (5 ml) was added benzylidene-(2-

bromophenyl)-amine (255) (0.18 g, 0.70 mmol) and ZnBr2 (0.31 g, 1.40 mmol) at room 

temperature. This was left to stir for 10 minutes under a nitrogen atmosphere before a 

catalytic amount ofPd(PPh3)4 (0.08 g, 0.07 mmol) was added. The reaction mixture was 

allowed to stir at room temperature for 24 h. The solvent was removed in vacuo and the 

residue dissolved in EtOAc. The palladium catalyst was filtered under suction through a 

plug of silica, and the organic phase collected and washed several times with H20 (3 x 10 

ml). The organic phase was dried over MgS04 and concentrated in vacuo to give the 

crude oily product, which was further purified by flash chromatography on silica gel 

(petrol:EtOAc, 4:1) to give the pyrrolidine as a yellow oil (0.14 g,38%). 

vmax(neat)/cm'!:2950, 1733, 1653, 1474, 1257, 1028 and 734; OH (CDCh, 400 MHz) 1.20 

(3H, t, J 7.2 Hz, CH3CH2), 1.25 (3H, t, J 6.8 Hz, CH3'CH2), 2.14 (!H, dd, J 7.2 & 13.2 

Hz, CH=CHCHCHH), 2.50 (!H, dd, J 6.4 & 13.2 Hz, CH=CHCHCH'H), 2.73 (!H, dd, J 

10.4 & 13.2 Hz, CH=CHCHCHH), 3.00-3.03 (!H, m, CH=CHCHCHH), 3.04 (3H, s, 

OCH3), 3.22 (3H, s, OCH3), 3.73 (3H, s, OCH3), 3.75 (3H, s, OCH3), 4.10 (2H, q, J 6.8 

Hz, CH3CH2), 4.17 (2H, q, J 7.2 Hz, CH3CH2), 4.49-4.55 (!H, m, CH=CHCH'CH2), 
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5.16-5.18 (lH, rn, CH=CHCHCH2), 5.65 (lH, s, NCH'Ar), 5.71 (lH, s, NCHAr), 6.05 

(lH, dd, J 1.6 & 15.6 Hz, CH=CHCHCH2), 6.13 (lH, dd, J 1.6 & 16.0 Hz, 

CH=CH'CHCH2), 6,70-7.06 (lH, rn, CH=CHCHCH2), 6.86-6.92 (2H, rn, Ar-H), 6.86-

6.92 (2H, rn, Ar-H), 6.97-7.06 (lH, rn, CH'=CHCHCH2), 7.15-7.28 (4H, rn, Ar-H), 7.15-

7.28 (4H, rn, Ar-H), 7.32-7.36 (2H, rn, Ar-H), 7.32-7.36 (2H, rn, Ar-H), 7.48 (lH, d, J 

8.0 Hz, Ar-H) and 7.75 (lH, d, J 8.0 Hz, Ar-H); (le (CDCh, 100 MHz) 14.28 (CI8'), 

14.30 (CI8), 30.84 (C4), 31.00 (C4), 39.93 (CI7), 52.34 (OCH3), 52.64 (OCH3"), 53.14 

(OCH3), 53.54 (OCH3), 60.57 (CI7'), 64.64 (C5'), 65.96 (C3), 69.57 (C3'), 77.62 (C5), 

83.85 (C2), 84.53 (C2), 99.20 (C21), 118.61 (CB'), 122.15 (CB), 126.45 (C23' & C24' 

& C2S), 126.92 (C23 & C24 & C25), 127.35 (C2i & C26'), 127.93 (C22 & C26), 

127.99 (Cll'), 128.25 (Cll), 128.35 (ClO'), 128.46 (C9 & CI0), 128.71 (C9'), 129.26 

(C8), 131.91 (C8), 132.65 (C6'), 135.83 (C6), 137.25 (C7), 138.70 (C7), 144.59 (CI2'), 

146.79 (CI2), 166.20 (CI4), 167.63 (CI4'), 168.66 (CI9), 170.49 (C20'), 170.90 (CI9'), 

and 171.83 (C20); mlz: (FAB), 518 (M., Br81
, 7%), 516 (M., Br79, 7%), 488 (40), 486 

(54), 436 (42), 298 (43), 260 (lOO) and 121 (52); HRMS Found (516.1024 

C2sH2606NBr79 requires 516.1021). 

Preparation of (Z)-1-(R),5-(R)-6-ethoxycarbonylmethylene-l-phenyl-

8,8a-dihydro-lH-3a-aza-cyclopenta[a]indene-2,2-dicarboxylic acid 

dimethyl ester (253) 

24 

)23 
o 22 

o 
2. 
C02CH3 

" C02CH3 

-15 16 

To a flame dried round bottom flask was added 1-(2-brornophenyl)-5-(2-

ethoxycarbonylvinyl)-2-phenylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (254) 
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(0.14 g, 0.27 mmol), Pd(OAc)2 (6 mg, 0.03 mmol), PPh3 (0.03 g, 0.11 mmol) and iPrNEt2 

(0.07 g, 0.09 ml, 0.53 mmol) in anhydrous DMF (3ml). This mixture was heated at 100°C 

for 24 h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 

ml). The organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography (petrol:Et20, 1: 1), to give the desired 

product as a colourless oil (0.06 g, 54%). 

vmax(neat)/cm·1 :3375, 2935, 1736, 1110, 1072 and 712; OH (CDCh, 400 MHz) 1.32-1.38 

(3H, t,J7.2 Hz, CH3CH2), 1.84 (lH, dd,J 10.4 & 12.8 Hz, CH=CCHCHH), 3.10 (3H, s, 

OCH3), 3.40 (lH, dd, J 8.0 & 12.8 Hz, CH=CCHCHH), 3.63 (3H, s, OCH3), 4.18 (2H, q, 

J7.2 Hz, CH3CH2), 5.27 (lH, s, NCHAr), 5.88-5.98 (lH, m, CH=CCHCH2), 6.17 (lH, d, 

J 2.7 Hz, CH=CCHCH2), 6.49 (2H, dd, J 8.0 & 24.0 Hz, Ar-H), 6.80-6.87 (lH, m, Ar-H), 

7.21-7.29 (2H, m, Ar-H), 7.35-7.37 (2H, m, Ar-H), 7.45-7.49 (lH, m, Ar-H) and 7.57-

7.59 (lH, m, Ar-H); Se (CDCh, 100 MHz) 14.27 (C24), 38.22 (C3), 52.11 (OCH3), 53.49 

(OCH3), 60.77 (C23), 68.74 (C2), 71.02 (Cl), 105.83 (CI9), 109.89 (C5), 11.79 (C9), 

112.10 (CI2), 120.51 (CI8), 122.22 (CI4), 127.27 (CI0 & Cll), 127.78 (CI5), 128.20 

(CI7), 128.25 (CI6), 132.67 (C13), 133.24 (C6), 138.61 (C8), 139.61 (C7), 166.58 

(C20), 170.49 (C25) and 171.79 (C26); mlz: (FAB) 435 (M., 23%), 406 (44), 307 (26), 

154 (100), 136 (63) and 105 (37); HRMS Found (435.1671 C2sH2S06N requires 

435.1676). 

Preparation of (E)-2-(R),5-(R)-I-alIyl-2-(2-bromophenyl)-5-(2-

ethoxycarbonylvinyl)-pyrrolidine-3,3-dicarboxylic acid dimethyl ester 

(261) (cis:trans;2:1). 

12 

9 )11 
o 

8 
10 10 o o 
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To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l, I-dicarboxylic acid 

dimethyl ester (249) (0.47 g, 1.85 mmol) in THF (5 ml) was added allyl-[I-(2-

bromophenyl)-methylidene]-amine (247) (0.41 g, 1.85 mmol) and ZnBr2 (0.83 g, 3.70 

mmol) at room temperature. This was left to stir for 10 min under a nitrogen atmosphere 

before a catalytic amount of Pd(PPh3)4 (0.21 g, 0.19 mmol) was added. The reaction 

mixture was allowed to stir at room temperature for 24 h. The solvent was removed in 

vacuo and the residue dissolved in EtOAc. The palladium catalyst was filtered under 

suction through a plug of silica, and the organic phase collected and washed several times 

with H20 (3 x 10 ml). The organic phase was dried over MgS04 and concentrated in 

vacuo to give the crude oily product, which was further purified by flash chromatography 

on silica gel (petrol:EtzO, 1:1) to give the pyrrolidine as a colourless oil (0.25 g,30%). 

vrnax(neat)/cm·1:2950, 2359,1735,1718,1266,1194 and 702; OH (CDCh, 400 MHz) 1.30 

(3H, t,J7.2 Hz, CH3CH2), 1.32 (3H, t,J7.2 Hz, CH3'CH2), 2.27 (lH, dd,J 5.2 & 8.0 Hz, 

CH=CHCHCH'H), 2.39 (lH, dd, J 5.2 & 8.0 Hz, CH=CHCHCHH), 2.64-2.70 (lH, m, 

CH=CHCHCHH), 2.76-2.82 (1H, m, CH=CHCHCHH), 3.10 (3H, s, OCH3), 3.12 (3H, s, 

OCH3'), 3.14-3.20 (2H, m, CH2=CHCH2'N), 3.14-3.20 (2H, m, CH2=CHCH2N), 3.45-

3.51 (lH, m, CH=CHCH'CH2), 3.81 (3H, s, OCH3), 3.82 (3H, s, OCH3), 4.17 (2H, q, J 

7.2 Hz, CH3CH2), 4.23 (2H, q, J 7.2 Hz, CH3CH2), 4.47-4.55 (lH, m, CH=CHCHCH2), 

4.93-5.00 (2H, m, CH2=CHCH2N), 5.06-5.14 (2H, rn, CH'2=CHCH2N), 5.37 (lH, s, 

NCHAr), 5.41 (lH, s, NCH'Ar), 5.57-5.62 (lH, m, CH2=CHCH2N), 5.63-5.66 (1H, m, 

CH2=CH'CH2N), 5.90-5.93 (lH, m, CH=CHCHCH2), 6.06 (lH, dd, J 0.8 & 14.8 Hz, 

CH'=CHCHCH2), 6.24-6.29 (lH, m, CH=CHCHCH2), 6.89 (lH, dd, J 7.6 & 14.8 Hz, 

CH=CH'CHCH2), 7.04-7.09 (lH, m, Ar-H), 7.04-7.09 (lH, rn, Ar-H), 7.23-7.29 (2H, m, 

Ar-H), 7.23-7.29 (2H, m, Ar-H), 7.44-7.46 (lH, m, Ar-H), 7.44-7.46 (lH, m, Ar-H), 

7.58-7.60 (lH, m, Ar-H) and 7.58-7.60 (lH, m, Ar-H); Oc (CDCh, 100 MHz) 14.22 

(CI2), 14.27 (CI2), 38.54 (C4), 39.43 (C4), 51.84 (OCH3'), 51.90 (OCH3), 53.20 

(OCH3), 54.14 (OCH3), 54.21 (C13), 55.06 (C13), 58.35 (CS), 60.25 (Cll), 60.57 

(Cll), 61.81 (CS), 64.05 (C3'), 64.36 (C3), 68.54 (C2), 68.71 (C2), 117.84 (CI5), 

118.18 (CI5'), 122.21 (C7), 123.31 (C?), 124.99 (CI6), 126.86 (CI9'), 127.02 (CI9), 

128.83 (C21), 128.95 (C21), 131.10 (CI7), 132.05 (CI7), 133.51 (CI8' & C20), 134.15 

(C18 & C20), 140.05 (CI6), 148.39 (CI4'), 150.59 (CI4), 166.10 (C8'), 166.19 (C8), 

168.51 (C24'), 168.48 (C24), 171.27 (C23) and 171.38 (C23\ mlz: (FAB) 482 (M" Br81
, 
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41%), 480 (~, Br79, 41%), 452 (44),440 (100), 438 (62),154 (20) and 136 (20); HRMS 

Found (480.1016 C22H2606NBr79 requires 480.1021). 

Preparation of (E)-3-(2-ethoxycarbonyl-vinyl)-6-methylene-2,3,6,10b­

tetrahydro-5H-pyrrolo[2,1-a] isoquinoline-l,l-dicarboxylic acid 

dimethyl ester (260) 

21 

18 t o 

14 10 11 

To a flame dried round bottom flask was added l-allyl-2-(2-bromophenyl)-5-(2-

ethoxycarbonylvinyl)-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (260) (0.23 g, 0.47 

mmol), Pd(OAc)2 (0.01 g, 0.05 mmol), PPh3 (0.05 g, 0.19 mmol) and iPrNEt2 (0.12 g, 

0.16 ml, 0.94 mmol) in anhydrous DMF (2ml). This mixture was heated in a microwave 

for I h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 

ml). The organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography on silica gel (petrol:EtOAc, 10:1), to give a 

trace amount of the product as a colourless oil. 

vmax(neat)/cm-1
: 2358, 1731, 1698, 1454, 1372, 1172, 1028 and 667; OH (CDCh, 400 

MHz) 1.27 (2H, t, J 7.2 Hz, CH3CH2, 1.93-2.03 (UI, m, CHCHHC(C02CH3)2, 2.16 (lH, 

del, J 4.0 & 8.0 Hz, CHCHHC(C02CH3)2, 2.96-3.01 (lH, m, CHCH2C(C02CH3)2, 3.06-

3.16 (2H, m, CHNCH2), 3.71 (3H, s, C02CH3), 3.84 (3H, s, C02CH3), 4.16 (2H, q,J7.2 

Hz, CH3CH2), 4.85-4.87 (lH, CH=CHCHCH2), 5.23 (lH, s, CHH=CCH2N), 5.25-5.28 

(lH, m, CH=CHCHCH2), 5.33 (lH, s, CHH=CCH2N), 5.73 (lH, s, CHNCHC(C02CH3)2, 

6.20-6.30 (2H, m, Ar-H), 6.97-7.00 (IH, m, Ar-H) and 7.25-7.29 (lH, m, Ar-H); oc 
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(CDCh, 100 MHz) 13.29 (C21), 20.28 (C4), 48.74 (C5), 49.17 (C2), 50.29 (OCH3), 

50.59 (OCH3), 51.47 (C3), 59.27 (C20), 59.80 (C6), 106.10 (CI4), 118.18 (CI6), 122.14 

(Cll), 123.54 (CI0), 124.91 (C8), 126.68 (CI2), 127.93 (CB), 131.08 (C9), 146.63 

(CI5), 151.97 (C7), 171.50 (CI7), 172.20 (C24) and 172.54 (C25). 

Preparation of (E)-(2-bromo-3-phenylallylidene )-( 4-meth oxyphenyl)­

amine (266) 

19
CH 
I 3 14 

180ns:?" 13 
I 2 4 11 

16 ~ 12 N"'::~~ 6 ""'" 10 
17 1 I 

Br 7 ~ 9 
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To a stirred solution of diethyl ether (15 ml) under a nitrogen atmosphere was added 

molecular sieves (3.00 g, 4 A), p-anisidine (0.25 g, 2.03 mmol) and a­

bromocinnamaldehyde (264) (0.43 g, 0.15 ml, 2.03 mmol). The reaction mixture was left 

to stir overnight, after which it was filtered under suction and washed several times with 

EhO (3 x 10 ml). The filtrate was concentrated in vacuo to give the imine as a 

green/yellow oil (0.59 g, 92%). 

vrnax(neat)/cm·1:2358, 2339, 1611, 1501, 1245 and 668; SH (CDCh, 400 MHz) 3.84 (3H, 

s, OCH3), 6.87-6.95 (2H, m, Ar-H), 7.16-7.25 (3H, rn, Ar-H), 7.39-7.47 (2H, rn, Ar-H), 

7.56 (!H, s, N=CHC(Br)=CHAr), 7.90-7.92 (2H, rn, Ar-H) and 8.30 (!H, s, N=CH); Se 

(CDCb, 100 MHz) 55.50 (OCH3), 114.37 (C7 & C11), 118.04 (C6), 122.60 (C8 & CI0), 

128.45 (CB & CI7), 129.74 (C9), 130.18 (C14 & CI6), 131.62 (CI5), 135.26 (CI2), 

140.88 (C4), 150.76 (C3) and 157.03 (C2); m/z: (FAB) 318 (M', Br81, 15%),316 (M', 

Br79, 15%), 314 (100), 307 (13), 236 (21), and 195 (22); HRMS Found (316.0331 

C16H14NOBr79 requires 316.0337). 
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Preparation of (E)-2-(R),5-(R)-2-(1-bromo-2-phenylvinyl)-5-(2-

ethoxycarbonylvinyl)-l-( 4-methoxyphenyl)-pyrrolidine-3, 3 dicarboxylic 

acid dimethyl ester (267) (cis:trans 1: 1) 

12 12 

,)11 ,)" o o 
10 8 7 

o \ 

29 30 

To a stirred solution of 2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l, I-dicarboxylic acid 

dimethyl ester (249) (0.20 g, 0.77 mmol) in THF (5 ml) was added (2-bromo-3-

phenylallylidene)-(4-methoxyphenyl)-amine (266) (0.24 g, 0.77 mmol) and ZnBr2 (0.35 

g, 1.54 mmol) at room temperature. This was left to stir for 10 minutes under a nitrogen 

atmosphere before a catalytic amount of Pd(PPh3)4 (0.09 g, 0.07 mmol) was added. The 

reaction mixture was allowed to stir at room temperature for 24 h. The solvent was 

removed in vacuo and the residue dissolved in EtOAc. The palladium catalyst was 

filtered under suction through a plug of silica, and the organic phase collected and 

washed several times with H20 (3 x 10 ml). The organic phase was dried over MgS04 

and concentrated in vacuo to give the crude oily product, which was further purified by 

flash chromatography on silica gel (petrol:EhO 1:1) to give the pyrrolidine as a 

colourless oil (0.26 g,60%). 

vmax(neat)/cm-1:2952, 2358, 1736, 1511, 1257, 1177, 1038 and 732; OH (CDCh, 400 

MHz) 1.17 (3H, t J 7.2 Hz, CH3CH2), 1.20 (3H, t, J 7.2 Hz, CH3'CH2), 2.49 (lH, d, J 

14.0 Hz, CH=CHCHCHH), 2.61 (lH, dd, J 6.0 & 13.2 Hz, CH=CHCHCH'H), 2.97 (lH, 

dd,J 11.2 & 13.2 Hz, CH=CHCHCHH), 3.43-3.49 (lH, m, CH=CHCHCHH), 3.61 (3H, 
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s, OCH3Ar), 3.62 (3H, s, OCH3'Ar), 3.63 (3H, s, OCH3), 3.64 (3H, s, OCH3), 3.66 (3H, 

s, OCH3), 3.70 (3H, s, OCH3), 4.07 (2H, q, J 7.2 Hz, CH3CH2), 4.09 (2H, q, J 7.2 Hz, 

CH3CH2), 4.19-4.22 (lH, rn, CH=CHCH'CH2), 4.66-4.70 (lH, rn, CH=CHCHCH2), 5.05 

(lH, s, NCHC(Br)=CHAr), 5.61 (lH, s NCH'C(Br)=CHAr), 5.70 (lH, dd, J 1.6 & 16.0 

Hz, CH=CHCHCH2), 6.06 (JH, dd,J 1.2 & 16.0 Hz, CH=CHCHCH2), 6.46-6.49 (2H, rn, 

Ar-H), 6.57-6.61 (2H, rn, Ar-H), 6.69-6.71 (lH, m, CH=CHCHCH2), 6.72-6.75 (2H, rn, 

Ar-H), 6.72-6.75 (2H, rn, Ar-H), 6.93-6.99 (lH, m, CH=CH'CHCH2), 7.14 (lH, s, 

=CHAr), 7.17 (=CH'Ar), 7.19-7.31 (3H, rn, Ar-H), 7.19-7.31 (3H, m, Ar-H), 7.37-7.39 

(2H, rn, Ar-H) and 7.53 (2H, m, Ar-H); Qc (CDCI), 100 MHz) 14.23 (C12), 14.34 (C12), 

35.90 (C4), 37,87 (C4'), 53.08 (OCH3), 53.22 (OCH3), 53.25 (OCH3), 53.56 (OCH3), 

55.58 (C20), 55.63 (C20), 58.22 (C5), 58.91 (C5), 60.47 (Cll), 60.63 (Cll), 63.80 

(C3), 63.88 (C3), 70.92 (C2), 75.59 (C2'), 114.67 (C28 & C32), ll5.00 (C28' & C32), 

ll5.14 (C30), 115.21 (C30), 122.08 (C7), 122.38 (C27), 123.08 (C7), 123.86 (C27), 

128.20 (C29 & C31), 128.24 (C29' & C31), 128.38 (C15 & CI7), 128.51 (C15' & C17), 

129.15 (C14 & CI8), 129.23 (C14' & C18), 131.40 (C26), 134.97 (C25), 137.61 (C25), 

140.70 (CI6), 140.99 (16), 147.46 (C6), 148.08 (C6\ 152.00 (Cl3), 153.10 (C13), 

166.01 (C8), 166.21 (C8'), 167.32 (C23), 167.38 (C23), 170.09 (C24) and 170.14 (C24); 

mlz: (El) 574.(M" BrsI, 96%), 572 (M", Br79, 96%), 494 (48),468 (40), 276 (62), 238 

(59), 212 (48), 162 (82), 150 (85), 124 (100) and 98 (46); HRMS Found (572.1279 

C2sH3007NBr79 requires 572.1278). 

Preparation of (Z)-4-azido-l-bromobut-l-ene (285) 

6 4 

7~N I' 5 3 
Br 
8 

4-Brornobut-3-en-l-ol (281) (1.00 g, 6.63 mmol) was dissolved in THF (30 ml) and 

cooled to OCC. To this was added triphenylphosphine (2.61 g, 9.95 mmol), 

diphenylphosphoryl azide (2.74 g, 2.14 mJ, 9.95 rnrnol) and finally diisopropyl 

azodicarboxylate (2.01 g, 1.96 rnl, 9.95 mmol). This mixture was allowed to warm to 
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room temperature whilst stirring, and monitored by TLC. After 3 hours, the reaction was 

quenched with H20 (20 ml), and then extracted into DCM (3 x 15 ml) and concentrated 

in vacuo to give an oil. The oily residue was then stirred in hexane (300 ml) for 24 h. The 

solid triphenylphosphine oxide was removed via filtration, and the organics were reduced 

in vacuo to give the crude azide as an orange oil, which was further purified via flash 

chromatography (petrol:EtOAc, 4:1) to give the azide as a yellow oil (0.99, 97%). 

vrnax(neat)/cm·l : 2984,2170,1774,1488, 1245 and 1182; OH (CDCh, 400 MHz) 2.56 (2H, 

q, J 6.5 Hz, CH=CHCH2CH2N3), 4.13-4.18 (2H, m, CH=CHCH2CH2N3), 6.15-6.17 (lH, 

m, CH=CHCH2CH2N3) and 6.30-6.32 (lH, m, CH=CHCH2CH2N3); oc (CDCh, 100 

MHz) 29.43 (C4), 60.42 (C5), 110.34 (C6) and 130.37 (C7). 

Preparation of 4-bromo-but-3-yn-l-ol (280) 68 

6 
4 OH 

/'Y Br 1 
3 

To a solution of potassium hydroxide (11.49 g, 206.80 mmol) in H20 (200 ml) was added 

bromine (9.30 g, 56.90 mmol), and the solution was cooled to O°C. The flask was covered 

with aluminium foil and then 3-butyn-l-01 (3.57 g, 51.70 mmol) was added. The mixture 

was stirred for 24 h after warming to room temperature. The mixture was extracted with 

EhO (2 x 50 mI), and the organic layer was dried over Na2S04, and concentrated in 

vacuo to give the desired product as a colourless oil (6.86 g, 89%). 

vmax(neat)/cm-1:3335, 2884, 1419, 1050 and 845; OH (CDCh, 400 MHz) 1.77 (lH, s, 

CH20H), 2.49 (2H, t, J 3.2 Hz, CH2CH20H) and 3.77 (2H, t, J 3.2 Hz, CH2CH20H); oc 
(CDCh, 100 MHz) 15.26 (C2), 24.02 (C4), 40.09 (Cl) and 60.79 (C5); mlz: (El) 150 

(M', Br81, 5%), 148 (M', Br79
, 5%), 120 (95), 118 (100) and 69 (25); HRMS Found 

(147.9522, C4HsOBr79
, requires 147.9523). 
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Preparation of (Z)-4-bromo-but-3-en-l-ol (281)68 

2 

18r~3 
4'iS 

OH 
6 

A dry 10 m1 round bottomed flask was charged with 4-bromo-but-3-en-I-ol (280) (0.25 

g, 1.68 mmol), dissolved in THFIH20 (10 ml 1:1). To this was added p­

toluensulfonhydrazide (0.63 g, 3.36 mmol) and sodium acetate (0.41 g, 5.04 mmol). This 

mixture was stirred under reflux for 4 h, after which the reaction was allowed to cool, and 

then extracted with DCM (2 x 10 ml). The organics were dried over MgS04, then 

concentrated in vacuo to give the desired product as a colourless oil (0.21 g 83 %). 

vrnax(neat)/cm-l
: 662, 1048, 1290, 1623, 1706, 2882, 2449 and 3329 (OH); OH (CDCh, 

400 MHz) 2.45-2.50 (2H, m, HC=CHCH2), 3.71 (2H, t, J 6.4 Hz, HC=CHCH2CH20H), 

6.19 (lH, q, J 7.2 Hz, HC=CHCH2) and 6.28 (lH, d!, J 1.2 & 7.2 Hz, HC=CHCH2); oe 
(CDCh, lOO MHz) 33.14 (C4), 60.59 (C5), 109.86 (C2) and 131.20 (C3); mlz: (El) 152 

(M., Br81, 8%), 150, (M., Br79, 8%), 122 (49), 120 (52) and 71 (100); HRMS Found 

(149.9678, C4H70Br79 requires 149.9680). 
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Preparation of (Z)-methanesulfonic acid 4-bromobut-3-enyl ester (282)69 

B~~~3 
4 5 9 

o 
60 7"-' '5 10 
6-'/ 'CH3 
o 

A 10 ml round bottomed flask was charged with 4-bromobut-3-en-I-ol (281) (4.74 g, 

31.41 mmol) dissolved in DCM (3 ml). To this mixture was added triethylamine (3.50 g, 

34.55 mmol) and the reaction mixture was cooled to O°C. Methanesulfonyl chloride (3.60 

g, 31.41 mmol) was added dropwise, and the reaction was stirred whilst allowed to warm 

to room temperature overnight. The reaction was quenched with H20 (30 ml) followed by 

a saturated sodium bicarbonate solution (20 ml). The organics were extracted into DCM 

(3 x 20 ml), dried over MgS04 and concentrated in vacuo to give the crude product 

which was further purified via flash chromatography (hexane:EtOAc, 1:1) to give the 

desired product as an orange oil (6.41 g, 89 %). 

vJJUlX(neat)/cm-1:1351, 1171, 964, 920 and 803; OH (CDCh, 400 MHz) 2.65-2.70 (2H, m, 

HC=CHCH2CH20CH3), 3.04 (3H, s, OCH3), 4.29 (2H, t, J 6.8 Hz, 

HC=CHCH2CH20CH3), 6.19 (lH, q, J 7.2 Hz, HC=CHCH2) and 6.37 (lH, dt, J 1.6 & 

7.2 Hz, HC=CHCH2); Oc (CDCh, 100 MHz) 29.87 (C4), 37.58 (C7), 67.53 (C5), 111.51 

(C2) and 128.93 (C3) mlz: (El) 248 (M", Br81
, 98%), 246 (M', Br79

, 98%),134 (90),118 

(52), 109 (56),91 (48), 79 (lOO) and 53 (80); HRMS Found (245.9791, CSH903SBr79 

requires 245.9794). 
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Preparation of (Z)-4-bromobut-3-enyIisoindole-l, 3-dione (283)71 

Method A 

A solution ofmethanesulfonic acid 4-bromobut-3-enyl ester (282) (4.63g, 17.75 mmol) 

and potassium phthalamide (6.58 g, 35.50 mmol) in DMF (100 ml) was heated under 

reflux for 24 h under a nitrogen atmosphere. After cooling to room temperature, the 

resulting residue was diluted with EtOAc, and the solids filtered. The organic phase was 

washed with H20 (3 x 30 ml), dried over MgS04 and concentrated in vacuo to give the 

crude product which was further purified by flash chromatography on silica gel 

(petrol:EtOAc, 1: 1) to give the phthalamide product as a yellow crystalline solid (2.55 g, 

29%). 

vrnax(neat)!cm-1: 2935,1765,1735,1280,1055,770 and 689; OH (CDCh, 400 MHz) 2.60-

2.66 (2H, m, CH2N), 3.82 (2H, t, J 6.7 Hz, =CHCH2), 6.16 (lH, q, J 7.0 Hz, HC=CH), 

6.24 (lH, dt, J 1.4 & 7.0 Hz, BrCH=CH), 7.72-7.78 (2H, m, Ar-R) and 7.80-7.91 (2H, m, 

Ar-H); Oc (CDCh, 100 MHz) 29.21 (C20), 36.10 (C19), 110.59 (C21), 123.26 (C16 & 

C17), 130.79 (C22), 132.06 (C11 & C12), 133.95 (C15 & C18) and 168.29 (2 x CO); 

mp: 62.1-65.8°C; mlz: (FAB) 282 (M', Br8
\ 2%), 280 (M', Br79, 2%),160 (39), 95 (30), 

81 (.8),69 (570, 57 (67), 55 (100) and 41 (40); HRMS Found (279.9977 C12HJO02NBr79 

requires 279.9973). 
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Preparation of (Z)-1-bromo-4-iodo-but-l-ene (287)75 

2 

B~~3 
~5 

I 
6 

Methanesulfonic acid 4-bromobut-3-enyl ester (282) (5.00 g, 21.84 mmol) and sodium 

iodide (49.11 g, 327.65 mmol) were added to anhydrous acetone (350 ml) and heated 

under reflux for 24 h. The resulting precipitate was removed by filtration on a Celite bed, 

and the filtrate was reduced in vacuo. The white solid was washed with EtzO (5 x 20 ml) 

and the solution was reduced in vacuo a second time to give the desired product as an 

orange oil (4.62 g,82%). 

vrnax(neat)/cm·1:3357, 2358, 1361 and 1166; SH (CDCh, 400 MHz) 2.62-2.68 (2H, m, 

BrCH=CHCH2CHzI), 3.04 (2H, t, J 7.2 Hz, BrCH=CHCH2CH2I), 5.99 (\H, q, J 6.8 Hz, 

BrCH=CHCH2CH21) and 6.18 (\H, dt, J 1.2 & 6.8 Hz BrCH=CHCH2CH21), Se (CDCI), 

100 MHz) 2.53 (C3), 33.51 (C4), 110.02 (C2) and 133.34 (Cl); mlz: (El) 262 (M'", Br81
, 

98%), 260 (M',Br79, 98%), 209 (35), 139 (39), 91 (lOO), 65 (52), 55 (61) and 43 (91); 

HRMS Found (259.8693 C4~Br791 requires 259.8692). 

Preparation of 4-bromobut-3-enylisoindole-l,3-dione (283) Method B 

A solution of I-bromo-4-iodobut-l-ene (287) (4.63 g, 17.75 mmol) and potassium 

phthalamide (6.58 g, 35.50 mmol) in 2-butanone (lOO ml) was heated under reflux for 24 

h under a nitrogen atmosphere. After cooling to room temperature, the resulting residue 

was diluted with EtOAc, and the solids filtered. The organic phase was washed with H20 

(3 x 30 m1), dried over MgS04 and concentrated in vacuo to give the crude product 

which was further purified by flash chromatography on silica gel (petrol:EtOAc, 1: 1) to 
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give the phthalamide product as a yellow crystalline solid (3.55 g, 72%). Data as shown 

in Method A. 

Preparation of (Z)-4-bromobut-3-enylamine (284)76 

Br 

1~NH2 
2 4 

Phthalamide (283) (2.00 g, 7.15 mmol) in EtOH (60 ml) was treated with hydrazine 

monohydrate (0.36 g, 0.347 ml, 7.15 mmol). The reaction mixture was refluxed for 24 h. 

Once the reaction was complete, it was cooled and the solids filtered and washed with 

EtOH (3 x 10 ml). The filtrate was concentrated in vacuo, whereupon the white 

precipitate was treated with H20 (20 ml) and 2M HCI (PH 1-2). This solution was again 

filtered and washed with H20 (2 x 10 ml). The filtrate was basified with NaOH (PH 12-

14), and then extracted with DCM (5 x 10 ml). The organic phase was dried over MgS04, 

concentrated in vacuo to give the crude amine, which was further purified by flash 

column chromatography on silica gel (99.9% Et20, 0.1 %NEt3) to give the amine as an 

orange oil (0.67 g,62%). 

vmax(neat)/cm-1 :3294,2925, 2358, 1289, 1050 and 689; OH (CDCh, 400 MHz) 2.42-2.56 

(2H, m, =CHCH2), 3.73 (2H, t, J 7.0 Hz, CHzNHz), 6.20 (1H, q, J 7.0 Hz, =CHCHz) and 

6.30 (lH dt,J 1.4 & 7.0 Hz HC(Br)=CH); oe (CDCh, 100 MHz) 33.12 (C3), 60.88 (C4), 

109.82 (C2) and 131.10 (Cl); m/z: (FAB) 152 (M', BrSl, 46%),150 (M', Br79
, 46%),136 

(58), 105 (75), 81 (49), 69 (76) and 55 (100); HRMS Found (149.9921 C4HsNBr79 

requires 149.9918). 
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Preparation of (Z,E)-4-(bromobut-3-enyl)-[1-phenylmethyJiden el-amine 

(286) 

11 9 7 6 

'2~N~' ~5 I' 10 8 I 
Br 2 h 4 
13 3 

To a stirred solution of Et20 (15 ml) in a nitrogen atmosphere was added molecular 

sieves (2.50 g 4 A), 4-bromobut-3-enylamine (284) (0.20 g, 1.33 rnmol) and 

benzaldehyde (166) (0.14 g, 0.14 ml, 1.33 mmol). The reaction mixture was left to stir 

overnight, after which time it was filtered under suction and washed several times with 

Et20 (3 x5 ml). The filtrate was concentrated in vacuo to give the imine as an orange oil 

(0.33 g,88%). 

vmax(neat)/cm-l:2925, 2359,1289,1055,772 and 689; OH (CDCh, 400 MHz) 2.62 (2H, q, 

J 6.6 Hz, =CHCH2), 3.70-3.74 (2H, rn, CH2N), 6.10-6.19 (lH, m, =CH), 6.22-6.30 (lH, 

m, HC(Br)=CH), 7.40-7.42 (lH, m, Ar-H), 7.43-7.49 (2H, m, Ar-H), 7.72-7.78 (2H, m, 

Ar-H) and 8.29 (lH, s, N=CH); Oc (CDCh, 100 MHz) 31.29 (C9), 59.64 (C10), 109.09 

(Cll), 128.08 (C3 & 5), 128.56 (C2 & 6), 130.65 (C4), 132.27 (C7), 136.03 (Cl) and 

161.58 (C12); mlz: (FAB) 240 (M', Br8l , 10%),238 (M', Br79, 10%), 136 (27),118 (28), 

95 (37), 91 (38), 81 (38), 69 (55), 57 (50) and 55 (100); HRMS Found (238.0234 

CllHl2NBr79 requires 238.0231). 
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Preparation of (Z)-2-(S),5-(R)-4-bromobut-3-enyl-2-phenyl-5-

vinylpyrrolidine-3,3-dicarboxylic acid dimethyl ester (288) 

22 
21 yH3 

7 {h0 0 \\ 4 19 2026 

6
\ '''~ 3 O,CH3 

24 
H N .2 

~
5 1 \0 

Br _ 14 90H~25 13 

17 16 h 
10 ~ 12 

11 

To a stirred solution of 2-vinylcyclopropane-l,l-dicarboxylic acid dimethyl ester (161) 

(0.26 g, 1.39 mmol) in THF (5 ml) was added 4-(bromobut-3-enyl)-[I­

phenylmethylidene]-amine (286) (0.32 g, 1.39 mmol) and ZnCh (0.38 g, 2.78 mmol) at 

room temperature. This was left to stir for 10 minutes under a nitrogen atmosphere before 

a catalytic amount of Pd(PPh3)4 (0.16 g, 0.14 mmol) was added. The reaction mixture 

was allowed to stir at room temperature for 24 h. The solvent was removed in vacuo and 

the residue dissolved in EtOAc. The palladium catalyst was filtered under suction 

through a plug of silica, and the organic phase collected and washed several times with 

H20 (3 x 10 ml). The organic phase was dried over MgS04 and concentrated in vacuo to 

give the crude oily product, which was further purified by flash chromatography on silica 

gel (hexane:EtOAc, 15:1) to give the pyrrolidine as a colourless oil (0.31 g,52%). 

vmax(neat)/cm-1:2981, 2951, 2358, 1753, 1733, 1436, 1257 and 772; OH (CDCh, 400 

MHz) 2.01-2.25 (2H, m, =CHCH2), 2.26-2.31 (lH, m, NCHCHH), 2.63-2.68 (lH, m, 

NCHCHH), 2.69-2.73 (2H, m, CH2N), 3.10 (3H, s, OCH3), 3.13-3.24 (IH, m, =CHCH), 

3.78 (3H, s, OCHl ), 4.75 (lH, s, NCHAr), 5.18 (lH, dd, J 1.5 & 10.0 Hz, HHC=CH), 

5.29 ClH, dd, J 1.0 & 10.0 Hz, HHC=CH), 5.80-5.84 (lH, m, H2C=CH), 5.90-5.93 (lH, 

m, BrCH=CH), 6.00-6.06 (lH, m, BrCH=CH), 7.20-7.24 (2H, m, Ar-H), 7.30-7.33 (lH, 

m, Ar-H) and 7.39 (2H, d, J 7.0 Hz, Ar-H); oe (CDCh, 100 MHz) 27.78 (CI5), 39.00 

(C4), 49.80 (CI4), 51.96 (C22), 53.00 (C26), 64.55 (C3), 65.46 (C5), 71.39 (C2), 108.21 

(CI7), 117.22 (C7), 127.62 (CB), 127.72 (CI0), 127.91 (C9), 128.57 (Cll & CI2), 
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132.89 (CI6), 139.86 (C6), 140.57 (C8), 169.07 (CO) and 172.07 (CO); mlz: (El) 424 

(11'", Br81
, 97%), 422 (11'", Br79, 97%), 302 (100), 121 (48), 91 (45) and 59 (70); HRMS 

Found (422.0960 C2oH2404NBr79 requires 422.0961). 

Prepara tion of 2-(R),5-(S)-7-methylene-2-phenyl-5,6,9,9a-tetrahydro­

IH-pyrrolo[1,2-a)azepine-3,3-dicarboxylic acid diemthyl ester (289) 

To a solution of 4-bromobut-3-enyl-2-phenyl-5-vinylpyrrolidine-3, 3-dicarboxylic acid 

dimethyl ester (288) (0.10 g, 0.24 mmol) in CH3CN (3ml) was added NEh (0.07 g, 0.10 

ml, 0.71 mmol) and Pd(PPh3)4 (0.01 g, 0.01 mmol). This mixture was heated in a 

microwave for 15 minutes at 150°C. The reaction mixture was filtered through Celite, 

washed with EtOAc and then concentrated in vacuo to give the crude product which was 

further purified by flash chromatography on silica gel (hexane:DCM, 1: 1) to give the 

desired product as a colourless oil (0.022 g,27%). 

vmax(neat)/cm-t :2924, 1736, 1733, 1630, 1355, 1259, 1143 and 702; OH (CDCh, 400 

MHz) 2.14-2.22 (2H, m, NCH2CH2), 2.54 (lH, m, NCHHCH2), 2.50-2.58 (lH, m, 

NCHCHH), 2.S9-2.92 (lH, m, NCHHCH2), 3.00-3.03 (lH, m, NCHCHH), 3.06 (3H, s, 

OCH3), 3.33-3.39 (lH, m, H2C=CCH), 3.79 (3H, s, OCH3), 4.63 (lH, s, NCHAr), 5.09 

(2H, d, J 17.7 Hz, H2C=C), 5.60-5.70 (lH, m, HC=CHCH2), 6.13 (lH, d, J 12.1 Hz, 

HC=CHCH2), 7.23-7.29 (3H, m, Ar-H) and 7.45 (2H, d, J7.2 Hz, Ar-H); oc(CDCh, 100 

MHz) 30.83 (C8), 39.04 (C4), 52.03 (C26), 52.93 (C28), 53.31 (C6), 66.45 (C5), 74.98 

(C2), 116.28 (C11), 127.65 (CB), 127.80 (CI4), 128.62 (CI7), 128.74 (C16 & CI5), 

130.06 (CIO), 131.01 (C9), 140.0 (CI2), 168.0 (C7), 170.0 (ClS) and 172.0 (C22); mlz: 

(El) 342 (1(H, 99%), 282 (51), 250 (53), 222 (61) and 59 (lOO); HRMS Found 

(342. I 702 C2oH2404N requires 342.1700). 
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Preparation of (E)-2-(2-ethoxycarbonyl-vinyl)-cyclopropane-l,1-

dicarboxylic acid dimethyl ester (249) 

A 100 ml round bottom flask was charged with 

(carbethoxymethyl)triphenylphosphonium bromide (1.38 g, 3.23 mmol) and THF (15 ml) 

under a nitrogen atmosphere. Butyllithium (1.29 ml, 2.5 M, 3.23 mmol) was added 

dropwise at O°C and the mixture stirred for 3 min. The aldehyde (0.30 g, 1.61 mmol) was 

added immediately to the reaction, and the mixture was stirred for a further 3 min, upon 

which it was quenched with H20 (10 ml), and extracted into DCM (3 x 15 ml). The 

organic layer was dried over MgS04 and reduced in vacuo to give the desired product as 

a colourless oil (0.27 g, 64%) 

vmax(neat)/cm-1 :2981, 2955,1725, 1650 and 1437; IiH (CDCh, 400MHz) 1.20 (3H, t, J7.2 

Hz, C02CH3CH2), 1.65 (lH, dd, J 5.0 & 7.0 Hz, CH=CHCHCHH), 1.75 (lH, dd, J 5.0 & 

7.0 Hz, CH=CHCHCHH), 2.57-2.62 (lH, m, CH=CHCHCH2), 3.70 (6H, s, OCH3), 4.10 

(2H, q,J 7.2 Hz, C02CH3CH2), 5.97-6.01 (lH, m, CH=CHCHCH2) and 6.37 (lH, dd,J 

10.0 & 15.0 Hz, CH=CHCHCH2); lie (CDCll , 100 MHz) 14.15 (CI2), 21.41 (C3), 29.70 

(Cl), 36.47 (C2), 52.92 (2 x OCH3), 60.35 (Cl1), 124.38 (C7), 143.03 (C6), 165.55 (C8), 

167.16 (C4) and 169.07 (CS); mlz: (El) 256 (M', 5%), 211 (26),143 (21), 120 (73), 112 

(100) and 84 (45); HRMS Found (256.0947 C12H I60 6 requires 256.0946). 
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Preparatio n of (E,Z)-2-(R),5-(S)-1-( 4-bromobut-3-enyl)-5-(2-

ethoxycarbonylvinyl)-2-phenylpyrrolidine-3,3-dicarboxylic acid 

dimethyl ester (294) 

To a stirred solution of 2-vinylcyciopropane-l,l-dicarboxylic acid dimethyl ester (249) 

(0.20 g, 0.78 mmol) in THF (5 ml) was added 4-(bromobut-3-enyl)-[I­

phenylmethylidene)-amine (286) (0.19 g, 0.78 mmol) and ZnBr2 (0.35 g, 1.56 mmol) at 

room temperature. This was left to stir for 10 minutes under a nitrogen atmosphere before 

a catalytic amount of Pd(PPh3)4 (0.09 g, 0.08 mmol) was added. The reaction mixture 

was allowed to stir at room temperature for 24 h. The solvent was removed in vacuo and 

the residue dissolved in EtOAc. The palladium catalyst was filtered under suction 

through a plug of silica, and the organic phase collected and washed several times with 

H20 (3 x 10 ml). The organic phase was dried over MgS04 and concentrated in vacuo to 

give the crude oily product, which was further purified by flash chromatography on silica 

gel (petrol:Et20, 1:1) to give the pyrrolidine as a colourless oil (0.24 g,62%). 

vrnax(neat)/cm-1:2950, 1731, 1656, 1434 and 1265; BH (CDCh, 400 MHz) 1.25 (3H, t, J 

7.2 Hz, CH3CH2), 1.97-2.14 (2H, m, CH=CHCH2CH2), 2.24 (IH, dd, J 7.6 & 13.2 Hz, 

CH=CHCHCHH), 2.50-2.57 (lH, m, CH=CHCH2CHH), 2.63-2.69 (lH, m, 

CH=CHCH2CHH), 2.63-2.69 (IH, m, CH=CHCHCHH), 3.05 (3H, S, OCH3), 3.29-3.35 

(lH, m, CH=CHCHCH2), 3.72 (3H, s, OCH3), 4.16 (2H, q,J7.2 Hz, CH3CH2), 4.72 (lH, 

s, NCHAr), 5.79-5.86 (lH, m, CH=CHCH2CH2), 5.97-5.99 (1H, m, CH=CHCH2CH2), 
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6.03 (lH, d, J 0.8 Hz, CH=CHCHCH2), 6.89 (lH, dd, J 0.8 & 15.6 Hz, CH=CHCHCH2), 

7.14-7.24 (3H, m, Ar-H) and 7.31-7.35 (2H, m, Ar-H); (le (CDCh, 100 MHz) 14.29 

(CI7), 27.99 (C7), 38.53 (C4), 50.46 (C6), 52.09 (OCH3), 52.29 (OCH3), 60.22 (CI6), 

63.22 (C2), 64.66 (C3), 71.59 (CS), 108.66 (C9), 122.91 (CI2), 127.85 (C20 & C21 & 

C22), 128.50 (C19 & C23), 132.39 (C8), 140.18 (CI8), 148.87 (C11), 166.19 (C13), 

168.63 (C25) and 171.74 (C26); mlz (FAB) 496 (M'", Br8\ 30%), 494 (M", Br79, 30%), 

374 (100),225 (25),176 (31),168 (45), 141 (37),108 (30), 90 (22) and 55 (33); HRMS 

Found (494.1175 C23H2806NBr79 requires 494.1178). 

Preparation of (Z)-6-(S),8-(R)-2-ethoxycarbonylmethylene-8-phenyl-

5,6,9,9a-tetrahydro-lH-pyrrolo[1,2-aJazepine-9,9-dicarboxylic acid 

dimethyl ester (295) 

17 18 

To a flame dried round bottom flask was added 1-( 4-bromo-but-3-enyl)-5-(2-

ethoxycarbonyl-vinyl)-2-phenyl-pyrrolidine-3,3-dicarboxylic acid dimethyl ester (294) 

(0.12 g, 0.24 mmol), Pd(OAc)2 (5 mg, 0.02 mmol), PPh3 (0.03 g, 0.10 mmol) and iPrNEt2 

(0.06 g, 0.08 ml, 0.48 mmol) in anhydrous DMF (3ml). This mixture was heated at 100°C 

for 24 h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 

ml). The organics were dried over MgS04, and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography (petrol:EhO, I :1) to give the desired 

product as a colourless oil (0.07 g, 67%). 
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vmax(neat)/cm-t :2935, 1736, 1110, 1072 and 712; OH (CDCh, 400 MHz) 1.20 (3H, t, J 7.2 

Hz, CH3CH2), 1.98-2,04 (lH, m, CH=CHCHHCH2), 2.18-2.23 (lH, rn, 

CH=CHCHHCH2), 2.51-2.59 (1H, m, CH=CHCH2CHH), 2.51-2.59 (lH, rn, 

CH=CCHCHH), 2.64-2.69 (lH, m, CH=CHCH2CHH), 2.78 (lH, dd, J 6.0 & 12.8 Hz, 

CH=CCHCHH), 2.92 (3H, s, OCH3), 3.73 (3H, s, OCH3), 4.07 (2H, q, J 7.2 Hz, 

CH3CH2), 4.37-4.41 (IH, m, CH=CCHCH2), 4.64 (lH, s, CHNCHAr), 5.68 (lH, s, 

CH=CCHCH2), 5.77-5.81 (CH=CCH=CHCH2), 6.03-6.07 (lH, rn, CH=CCH=CHCH2), 

7.14-7.21 (2H, m, Ar-H), 7.32-7.39 (2H, m, Ar-H) and 7.55-7.57 (lH, m, Ar-H); oc 
(CDCh, 100 MHz) 14.29 (C22), 33.32 (CS), 38.81 (CI0), 47.36 (C4), 51.95 (OCH3), 

52.87 (OCH3), 59.82 (C21), 63.83 (C9), 66.61 (C6), 72.84 (C8), 118.85 (Cll), 127.83 

(Cl), 128.30 (C16 & C20), 128.42 (C17 & CI9), 128.99 (CI8), 136.30 (C3), 139.59 

(CI5), 158.90 (C2), 165.98 (CI2), 169.66 (C23) and 172.07 (C24); mlz: (El) 414 (M'H, 

98%), 384 (100),292 (18), 248 (22), 233 (28), 115 (39), 91 (62) and 77 (70); HRMS 

Found 414.1904 C23H2SN06 requires 414.1911). 

Preparation of (E)-2-(2-tert-butoxycarbonylvinyl)-cyclopropane-l,l­

dicarboxylic acid dimethyl ester (300) 

3 

A 100 ml round bottom flask was charged with (tert-butoxycarbonylmethyl)­

triphenylphosphonium bromide (0.89 g, 1.94 mmol) in THF (8 ml) under a nitrogen 

atmosphere. Butyllithium (0.78 ml, 2.5 M, 1.94 mmol) was added dropwise at O°C and 

the mixture stirred for 3 min. The aldehyde (0.30 g, 1.61 mmol) was added immediately 

to the reaction, and the mixture was stirred for a further 3 min, upon which it was 

quenched with H20 (10 ml), and extracted into DCM (3 x 15 ml). The organic layer was 

216 



dried over MgS04 and reduced in vacuo to give the crude product as an orange oil which 

was further purified via flash chromatography on silica gel (petrol:EtOAc, 4:1) to give 

the product as a colourless oil(0.28 g, 61 %). 

vrnax(neat)/cm-1:3418, 1731, 1715, 1651, 1437,1142 and 721; OH (CDCh, 400 MHz) 1.39 

(9H, s, OC(CH3)3), l.63 (lH, dd, J 4.0 & 7.2 Hz, CH=CHCHCHH), 1.73 (lH, dd, J 2.0 

& 7.2 Hz, CH=CHCHCHH), 2.56-2.59 (lH, m, CH=CHCHCH2), 3.68 (3H, s, OCH3), 

3.69 (3H, s, OCH3), 5.91 (lH, dd, J 0.4 & 15.6 Hz, CH=CHCHCH2) and 6.27 (lH, dd, J 

6.0 & 15.6 Hz, CH=CHCHCH2); oe (CDCh, 100 MHz) 21.36 (C3), 27.83 (C10 & Cll & 

C12), 29.70 (C2), 36.36 (C9), 52.78 (OCH3), 52.92 (C12), 80,42 (Cl), 126.l7 (C4), 

141.74 (C5), 165.27 (C6), 169.21 (Cl3) and 169.33 (C14); mlz: (El) 302 (M', 98%), 246 

(79), 211 (33), 145 (80), 120 (54), 113 (61), 98 (40), 65 (37), 57 (lOO) and 41 (72); 

HRMS Found (302.l598 C14H2006 requires 302.l598) 

Preparation of (E,z)-2-(R),5-(S)-1-( 4-bromobut-3-enyl)-5-(2-tert­

butoxycarbonylvinyl)-2-phenylpyrrolidine-3,3-dicarboxylic acid 

dimethyl ester (301) 

17 

\ ).' 
),f:... 

"0 18 

o ~12 H};f4 C02CH3 
15 1~"/'. 26 

, CO CH 
10 N ;2 27 2 3 

Br0-f 1 --_ 2' 
H20' -' ~ 98 217_24 

22 23 

To a stirred solution of 2-(2-tert-butoxycarbonyl-vinyl)-cyclopropane-I,1-dicarboxylic 

acid dimethyl ester (300) (0.71 g, 2.49 mmo1) in THF (15 ml) was added 4-(bromobut-3-

enyl)-[l-phenylmethylidenej-amine (286) (0.59 g, 2.49 mmol) and ZnBr2 (1.12 g, 4.98 

mmol) at room temperature. This was left to stir for 10 min under a nitrogen atmosphere 

before a catalytic amount of Pd(PPh3)4 (0.29 g, 0.25 mmol) was added. The reaction 
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mixture was allowed to stir at room temperature for 24 h. The solvent was removed in 

vacuo and the residue dissolved in EtOAc. The palladium catalyst was filtered under 

suction through a plug of silica, and the organic phase collected and washed several times 

with H20 (3 x 10 ml). The organic phase was dried over MgS04 and concentrated in 

vacuo to give the crude oily product, which was further purified by flash chromatography 

on silica gel (petrol:EtOAc, 4:1) to give the pyrrolidine as a colourless oil (0.97 g, 74%). 

v~neat)/cm·l:3465, 1735, 1711, 1257,1151,721 and 667; OH (CDCh, 400 MHz) 1.51 

(9H, s, OqCH3)3), 2.09-2.21 (2H, m, CH=CHCH2CH2), 2.29 (\H, dd, J 7.6 & 13.6 Hz, 

CH=CHCHCHH), 2.58-2.65 (\H, m, CH=CHCH2CHH), 2.69-2.76 (\H, m, 

CH=CHCHCHH), 2.69-2.76 (IH, m, CH=CHCH2CHH), 3.11 (3H, s, OCH3), 3.76 (3H, 

s, OCH3), 3.33-3.39 (\H, m, CH=CHCHCH2), 4.78 (\H, s, HCNCHAr), 5.89-5.92 (\H, 

m, CH=CHCH2CH2), 5.99 (\H, m, CH=CHCHCH2), 6.04·6.06 (\H, m, 

CH=CHCH2CH2), 6.84 (\H, dd, J 7.6 & 15.7 Hz, CH=CHCHCH2), 7.22·7.30 (3H, m, 

Ar-H) and 7.38·7.40 (2H, m, Ar-H); Oc (CDCh, 100 MHz) 28.04 (C6), 28.15 (C17 & 

CI8 & C19), 38.57 (C4), 50.45 (C7), 52.07 (OCH3), 53.14 (OCH3), 63.23 (C5), 64.73 

(C3), 71.60 (C2), 80.60 (CI6), 108.70 (C8), 124.74 (CI2), 127.79 (C23), 127.82 (C22 & 

C24), 128.51 (C21 & C25), 132.46 (C9), 140.27 (C20), 147.53 (C11), 165.30 (CB), 

168.66 (C26) and 171.80 (C27); m/z: (El) 524 (M'", Br8
\ 97%), 522 ~,Br79, 97%), 402 

(92), 346 (45), 121 (25), 91 (22), 59 (40) and 57 (100); HRMS Found (522.1488 

C2sH3206NBr79 requires 522.1486). 
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Preparation of (Z)-1-(R),5-(S)-7-tert- butoxycarbonylmethylene-l­

phenyl-5,6,9,9a-tetrahydro-lH-pyrrolo[1,2a]azepine-2,2-dicarboxylic 

acid dimethyl ester (302) 

To a flame dried round bottom flask was added 1-( 4-bromo-but-3-enyl)-5-(2-tert­

butoxycarbonyl-vinyl)-2-phenyl-pyrrolidine-3, 3-dicarboxylic acid dimethyl ester (301) 

(0.17 g, 0.33 mmol), Pd(OAc)2 (S mg, 0.03 mmol), PPh3 (0.04 g, 0.13 mmol) and iPrNEt2 

(0.09 g, 0.12 ml, 0.67 mmol) in anhydrous DMF (2ml). This mixture was heated at 100°C 

for 24 h, after which it was washed with H20 (15 ml), and extracted into DCM (3 x 10 

ml). The organics were dried over MgS04 , and reduced in vacuo to give a dark brown oil, 

which was purified via flash chromatography on alumina (petro1:EtOAc, 10:1), to give 

the desired product as a colourless oil (0.06 g, 42%). 

vrnax(neat)/cm"1:2924, 1736, 1631, 1365,1269,1143 and 702; OH (CDCh, 400 MHz) 1.47 

(9H, s, OqCH3)3), 2.OS-2.09 (lH, m, CH=CHCHHCH2), 2.24-2.57 (lH, m, 

CH=CHCHHCH2), 2.60-2.66 (lH, m, CH=CHCH2CHH), 2.60-2.66 (lH, m, 

CH=CCHCHH), 2.67-2.72 (lH, m, CH=CHCH2CHH), 2.S1 (lH, dd, J 6.S & 18.8 Hz, 

CH=CCHCHH), 2.99 (3H, s, OCH3), 3.79 (3H, s, OCH3), 4.42-4.46 (lH, m, 

CH=CCHCH2), 4.71 (lH, s, CHNCHAr), 5.67 (lH, d, J 0.8 Hz, CH=CCHCH2), 5.76-

5.83 (lH, m, CH=CHCH2CH2), 6.06-6.09 (lH, rn, CH=CHCH2CH2), 7.23-7.30 (3H, rn, 

Ar-H) and 7.45-7.47 (2H, m, Ar-H); Oc (CDCh, 100 MHz) 2S.14 (C22 & C23 & C24), 

33.22 (C6), 3S.99 (C3), 47.54 (CS), 51.93 (OCH3), 52.73 (OCH3), 63.23 (C3), 66.33 
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(C4), 72.87 (C2), 79.92 (C21), 120.97 (Cl1), 127.77 (C17 & CI8 & CI9), 127.80 (C16 

& C20), 129.75 (C9), 135.51 (CIO), 156.39 (CI5), 156.86 (C7), 165.70 (CI2), 169.63 

(C25) and 172.05 (C26); mlz: (El) 442 (M'H, 98%), 384 (83), 248 (22), 115 (31), 91 

(26), 77 (17) and 57 (100); HRMS Found (442.2223 C25Hn06N requires 442.2224). 

Preparation of (Z,E)-(4-bromobut-3-enyl)-furan-2-ylmethyleneamine 

(308) 

10 8 7 4 

11~~~3 
Br 'oJi 
12 , 2 

To a solution of diethyl ether (10 ml) under a nitrogen atmosphere was added molecular 

sieves (3.00 g, 4 A), 4-bromobut-3-enylamine (0.28 g, 1.85 mmol) and 2-furaldehyde 

(0.14 g, 0.12 ml, 1.85 mmol). The reaction mixture was left to stir overnight, after which 

it was filtered under suction and washed several times with Et20 (3 x 10 ml). The filtrate 

was concentrated in vacuo to give the imine as an orange oil (0.19 g,44%). 

vmax(neat)/cm·1:2929, 2856, 1718, 1437, 1165 and 749; OH (CDCh, 400 MHz) 2.49-2.55 

(2H, m, CH=CHCH2CH2), 3.55-3.59 (2H, m, CH=CHCH2CH2), 6.07-6.10 (!H, m, 

. CH=CHCH2CH2), 6.12-6.17 (!H, m, CH=CHCH2CH2), 6.38-6.40 (IH, m, 

N=CHC=CHCH=CH), 6.67 (!H, d, J 3.6 Hz, N=CHC=CHCH=CH), 7.43 (!H, s, 

N=CHC=CHCH=CH), and 8.01 (IH, d, J 1.2 Hz, N=CH); Oc (CDCh, lOO MHz) 31.23 

(C8), 65.74 (C9), 109.17 (CIO), 111.61 (C3), 114.27 (C2), 131.58 (Cl1), 144.74 (C4), 

150.19 (C7), and 152.85 (C5); mlz: (FAB) 230 (M" Br81, 22%), 228 (M'", Br79
, 22%), 

154 (21), 148 (33), 136 (31), 120 (24), 108 (44), 96 (lOO), 91 (26) and 77 (23); HRMS 

Found (228.0028 C9H1oNOBr79 requires 228.0024). 
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Preparation of (E,2)-7-(R),1O-(R)-I-( 4-bromobut-3-enyl)-5-(2-tert­

butoxycarbonylvinyl)-2-furan-2-yl-pyrrolidine-3,3-dicarboxylic acid 

dimethyl ester (310) (cis:trans;2:1) 

24 26 

21~5 
o 21~ o 

22 

o " o '7 

;-r' N, 
6 • 

14 H 
// 13 

15 '/ 

Br 

C02CH3 

;-r' N "04 

3 6 "~.f" 
14 H h 
// 13 0 , 

15 ~ 1 

16 Br 
16 

To a stirred solution of 2-(2-tert-butoxycarbonylvinyl)-cyclopropane-l, I-dicarboxylic 

acid dimethyl ester (300) (0.45 g, 1.59 mmol) in THF (10 ml) was added (4-bromo-but-3-

enyl)-furan-2-ylmethylene-amine (308) (0.36 g, 1.59 mmol) and ZnBr2 (0.72 g, 3.18 

mmol) at room temperature. This was left to stir for 10 min under a nitrogen atmosphere 

before a catalytic amount of Pd(PPh3)4 (0.18 g, 0.16 mmol) was added. The reaction 

mixture was allowed to stir at room temperature for 24 h. The solvent was removed in 

vacuo and the residue dissolved in EtOAc. The palladium catalyst was filtered under 

suction through a plug of silica, and the organic phase collected and washed several times 

with H20 (3 x 10 ml). The organic phase was dried over MgS04 and concentrated in 

vacuo to give the crude oily product, which was further purified by flash chromatography 

on silica gel (petrol:EtOAc, 4:1) to give the pyrrolidine as a colourless oil (0.42 g, 52%). 

vmax(neat)/cm-1:2359, 2088, 1734, 1647, 1436, 1256, 1207, 1148, 1072 and 668; liH 

(CDCb, 400 MHz) 1.39 (9H, s, OQCH3)3), 1.43 (9H, s, OQCH3)3), 1.64 (1H, dd, J 5.2 

& 7.6 Hz, CH=CHCHCHH), 1.73 (lH, dd, J 5.2 & 7.6 Hz, CH=CHCHCHH), 2.08-2.1 7 

(2H, m, CH=CHCH2CH2), 2.21-2.28 (2H, m, CH=CHCH2CH2), 2.35-2.44 (lH, m, 

CH=CHCHCH'H), 2.53-2.62 (2H, m, CH=CHCH2CH2), 2.53-2.62 (lH, m, 
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CH=CHCHCHH), 2.65-2.71 (2H, rn, CH=CHCH2'CH2), 3.18-3.25 (lH, rn, 

CH=CHCH'CH2), 3.38 (3H, s,OCH3), 3.39 (3H, s, OCH3), 3.69 (3H, s, OCH3), 3.70 (3H, 

s, OCH3), 3.71-3.73 (lH, rn, CH=CHCHCH2), 4.76 (lH, s, NCH'AI), 5.06 (lH, s, NCH), 

5.78 (lH, dd, J 0.8 & 15.6 Hz, CH=CHCHCH2), 5.89 (lH, dd, J 1.4 & 15.6 Hz, 

CH'=CHCHCH2), 5.90-5.98 (lH, rn, CH=CHCH2CH2), 6.01-6.11 (lH, rn, 

CH=CH'CH2CH2), 6.01-6.11 (lH, rn, CH=CHCH2CH2), 6.21-6.25 (lH, rn, 

CH=CH'CH2CH2), 6.21-6.25 (2H, rn, AI-H), 6.21-6.25 (2H, rn, AI-H), 6.55 (lH, dd, J 

8.0 & 15.6 Hz, CH=CHCHCH2), 6.70 (lH, dd, J 8.0 & 15.6 Hz, CH=CHCHCH2), 7.26-

7.28 (lH, rn, AI-H) and 7.30-7.32 (IH, rn, Ax-lI); Oc (CDCh, 100 MHz) 21.46 (C9), 

28.14 (C24' & C25' & C26'), 28.11 (C24 & C25 & C26), 28.77 (C9'), 36.41 (C11), 38.23 

(Cll), 46.19 (CI2), 50.61 (CB), 52.73 (OCH3), 52.89 (OCH3), 53.02 (OCH3), 53.19 

(OCH3), 62.41 (CI0), 62.53 (CI0), 63.01 (C8), 63.04 (C8'), 63.14 (Ci), 65.29 (C7), 

80.47 (C23), 80.54 (C23), 108.72 (CI4), 110.41 (CI4), 124.84 (CI9), 126.25 (CI9), 

132.40 (CI5), 132.64 (CI5), 141.77 (C4), 141.81 (C4), 142.23 (C3), 142.35 (C3), 

142.80 (C2), 142.81 (C2), 147.34 (CI8), 148.35 (CI8), 151.22 (C5), 153.73 (C5), 

165.47 (C20), 165.71 (C20), 167.27 (CI7), 168.29 (CI7), 168.42 (C27) and 169.44 

(C27\ mlz: (El) 514 (M., Br81, 99%), 512 (M+, Br79, 99%), 434 (25), 392 (21), 162 (33), 

150 (lOO), 96 (41) and 72 (51); HRMS Found (512.1285 C23H3007NBr79 requires 

512.1278). 
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Table I. Crystal data and structure refinement for gp7. 

Identification code 

Chemical formula 

Formula weight 

Temperature 

Radiation, wavelength 

Crystal system, space group 

Unit cell parameters 

Cell volume 

Z 

Calculated density 

Absorption coefficient J.! 

F(OOO) 

Crystal colour and size 

Reflections for cell refinement 

Data collection method 

9 range for data collection 

Index ranges 

Completeness to 9 = 26.00° 

Intensity decay 

Reflections collected 

Independent reflections 

Reflections with F'>2cr 

Absorption correction 

Min. and max. transmission 

Structure solution 

Refinement method 

Weighting parameters a, b 

Data / restraints / parameters 

Final R indices [F'>2cr] 

R indices (all data) 

Goodness-of-fit on F2 

Absolute structure parameter 

Largest and mean shiftlsu 

Largest diff. peak and hole 

gp7 

C21H31NO. 

441.51 

150(2) K 

MoKa, 0.71073 A 
monoclinic, P2, 

a = 9.3057(8) A 
b = 13.1079(11) A 
c = 9.5560(8) A 
1160.85(17) A' 
2 

1.263 wcm' 

0.090 mm-' 

472 

a=90° 

~ = 95.186(2)° 

y= 90° 

pale yellow, 0.31 x 0.15 x 0.14 mm' 

3096 (9 range 2.65 to 26.34°) 

Bruker APEX 2 CCD diffractometer 

OJ rotation with narrow frames 

2.14 to 26.41 ° 

h-11 to 11, k-16to 16, 1-11 to 11 

100.0% 

0% 

10450 

2488 (Run = 0.0471) 

2094 

semi-empirical from equivalents 

0.973 and 0.988 

direct methods 

Full-matrix least-squares on F2 

0.0389,0.1009 

2488/1/294 

RI = 0.0343, wR2 = 0.0715 

RI = 0.0502, wR2 = 0.0796 

1.037 

10(10), Friedels merged; absolute structure unknown. 

0.000 and 0.000 

0.173 and -0.179 e A-' 



Table 2. Atomic coordinates and equivalent isotropic displacement parameters (A') 
. .. 

for gp7. U,q is defined as on~ third of the t:ace of the orthogonalized U" tensor. 

x y z U,q 

N(I) 0.2733(2) 0.73848(15) -0.0190(2) 0.0205(4) 
CCI) 0.3343(3) 0.69201(19) 0.1119(3) 0.0207(5) 
C(2) 0.4970(3) 0.70097(19) 0.1377(3) 0.0223(5) 
C(3) 0.5862(3) 0.7501(2) 0.0372(3) 0.0274(6) 
C(4) 0.5550(3) 0.8205(2) -0.0627(3) 0.0316(6) 
C(5) 0.4180(3) 0.8738(2) -0.1087(3) 0.0310(6) 
C(6) 0.2922(3) 0.84917(19) -0.0255(3) 0.0248(6) 
C(7) 0.1216(2) 0.70588(19) -0.0371(3) 0.0206(5) 
C(8) 0.1250(3) 0.59516(18) 0.0283(2) 0.0202(5) 
C(9) 0.2833(3) 0.58198(19) 0.0885(3) 0.0233(5) 
C(10) 0.5694(3) 0.6603(2) 0.2534(3) 0.0245(5) 
CCll) 0.5062(3) 0.6100(2) 0.3715(3) 0.0272(6) 
0(1) 0.3833(2) 0.61989(18) 0.4025(2) 0.0411(5) 
0(2) 0.60640(18) 0.55093(15) 0.44140(19) 0.0283(4) 
C(12) 0.5695(3) 0.4829(2) 0.5567(3) 0.0326(7) 
C(13) 0.7114(4) 0.4289(3) 0.5942(4) 0.0560(10) 
C(14) 0.5259(4) 0.5446(3) 0.6802(3) 0.0448(8) 
C(15) 0.4542(4) 0.4083(3) 0.5017(4) 0.0513(9) 
C(16) 0.0588(3) 0.71297(18) -0.1882(3) 0.0210(5) 
C(17) 0.1432(3) 0.69730(19) -0.2993(3) 0.0246(6) 
C(18) 0.0813(3) 0.7003(2) -0.4370(3) 0.0295(6) 
C(19) -0.0641(3) 0.7178(2) -0.4653(3) 0.0331(7) 
C(20) -0.1484(3) 0.7344(2) -0.3557(3) 0.0350(7) 
C(21) -0.0875(3) 0.7317(2) -0.2182(3) 0.0275(6) 
C(22) 0.0237(3) 0.58842(19) 0.1465(3) 0.0222(5) 
0(3) -0.0544(2) 0.65473(14) 0.18068(19) 0.0326(5) 
0(4) 0.03545(19) 0.49691(14) 0.20727( 19) 0.0287(4) 
C(23) -0.0539(3) 0.4800(2) 0.3213(3) 0.0315(6) 
C(24) 0.0706(3) 0.51604(18) -0.0806(3) 0.0224(5) 
0(5) -0.0548(2) 0.49393(16) -0.1037(2) 0.0356(5) 
0(6) 0.17617(19) 0.47742(14) -0.14906(19) 0.0289(4) 
C(25) 0.1299(4) 0.4078(2) -0.2623(3) 0.0404(8) 



Table 3. Bond lengths [A] and angles [0] for gp7. 

N(l)-C(I) 1.459(3) N(I)-C(6) 1.463(3) 
N(I)-C(7) 1.470(3) C(1)-C(2) 1.517(3) 
C(1)-C(9) 1.528(4) C(2)-C(10) 1.352(4) 
C(2)-C(3) 1.473(4) C(3)-C(4) 1.341(4) 
C(4)-C(5) 1.485(4) C(5)-C(6) . 1.509(4) 
C(7)-C(16) 1.511(3) C(7)-C(8) 1.579(3) 
C(8)-C(24) 1.523(3) C(8)-C(22) 1.538(3) 
C(8)-C(9) 1.542(3) C(lO)-C(ll) 1.474(4) 
C(II)-O(I) 1.214(3) C(ll)-O(2) 1.343(3) 
0(2)-C(12) 1.482(3) C(12)-C(15) 1.5 II (4) 
C(12)-C(13) 1.512(4) C(12)-C(14) 1.516(4) 
C(16)-C(21) 1.387(3) C(l6)-C( (7) 1.392(3) 
C(17)-C(18) 1.389(4) C(18)-C(19) 1.374(4) 
C(19)-C(20) 1.381(4) C(20)-C(21) 1.383(4) 
C(22)-O(3) 1.197(3) C(22)-O(4) 1.333(3) 
0(4)-C(23) 1.446(3) C(24)-O(5) 1.203(3) 
C(24)-O(6) 1.329(3) 0(6)-C(25) 1.451(3) 

C(I}-N(I)-C(6) 114.3(2) C(I}-N(I}-C(7) 105.92(18) 
C(6}-N(I)-C(7) 113.61(19) N(I)-C(I}-C(2) 114.3(2) 
N(I)-C(I)-C(9) 100.20(19) C(2)-C(l }-C(9) 112.9(2) 
C(10)-C(2}-C(3) 115.9(2) C(1O)-C(2}-C(1) 121.3(2) 
C(3)-C(2)-C(1) 122.8(2) C(4)-C(3}-C(2) 131.8(3) 
C(3)-C(4)-C(5) 131.3(3) C(4}-C(5}-C(6) 115.5(2) 
N(1)-C(6)-C(5) 109.6(2) N(I}-C(7)-C(16) 112.28(19) 
N(I)-C(7)-C(8) 103.64(18) C( 16)-C(7}-C(8) 115.3(2) 
C(24)-C(8}-C(22) 105.95(19) C(24)-C(8}-C(9) 115.2(2) 
C(22)-C(8}-C(9) II 0.4(2) C(24)-C(8}-C(7) 111.24(19) 
C(22)-C(8}-C(7) 1l0.59(19) C(9}-C(8)-C(7) 103.58(19) 
C(1 )-C(9)-C(8) 102.84(19) C(2}-C(10}-C(II) 126.8(2) 
0(1)-C(II}-O(2) 124.5(2) 0(1 }-C(11}-C( 10) 126.1(2) 
0(2)-C(II}-C(10) 109.3(2) C(II)-O(2}-C(12) 121.3(2) 
0(2)-C(12}-C(15) 109.7(2) 0(2}-C(12}-C(13) 101.6(2) 
C(15)-C(12}-C(13) 1l0.9(3) 0(2}-C(12}-C(14) 110.7(2) 
C(15)-C(12}-C(14) 112.6(2) C(13)-C(12}-C(14) 110.7(3) 
C(21)-C(16}-C(17) 118.6(2) C(21)-C( 16}-C(7) 119.7(2) 
C(17)-C(16}-C(7) 121.6(2) C(18)-C(17}-C(16) 120.3(2) 
C(19)-C(18}-C(I7) 120.5(3) C(18)-C(19}-C(20) 119.6(3) 
C(19)-C(20}-C(21) 120.3(3) C(20)-C(21}-C(16) 120.7(2) 
0(3)-C(22}-O(4) 124.2(2) 0(3}-C(22}-C(8) 125.9(2) 
O( 4}-C(22}-C(8) 109.9(2) C(22}-Q(4)-C(23) 115.8(2) 
0(5}-C(24}-O(6) 124.4(2) O( 5}-C(24 }-C(8) 123.1(2) 
0(6}-C(24}-C(8) 112.4(2) C(24}-Q( 6}-C(25) 115.1(2) 



Table 4. Hydrogen coordinates and isotropic displacement parameters (N) for gp7. 

x y z • u 

H(1) 0.2880 0.7222 0.1928 0.025 
H(3) 0.6838 0.7278 0.0446 0.033 
H(4) 0.6344 0.8396 -0.1 129 0.Q38 
H(5A) 0.3908 0.8566 -0.2085 0.037 
H(5B) 0.4355 0.9482 -0.1034 0.037 
H(6A) 0.3100 0.8771 0.0708 0.030 
H(6B) 0.2033 0.8810 -0.0707 0.030 
H(7) 0.0643 0.75II 0.0213 0.025 
H(9A) 0.2899 0.5434 0.1779 0.028 
H(9B) 0.3405 0.5464 0.0209 0.028 
H(IO) 0.6717 0.6645 0.2593 0.029 
H(I3A) 0.74II 0.3935 0.5II2 0.084 
H(I3B) 0.6999 0.3793 0.6691 0.084 
H(I3C) 0.7852 0.4791 0.6267 0.084 
H(I4A) 0.6032 0.5926 0.7106 0.067 
H(I4B) 0.5092 0.4986 0.7579 0.067 
H(I4C) 0.4372 0.5824 0.6519 0.067 
H(I5A) 0.3621 0.4442 0.4832 0.077 
H(15B) 0.4443 0.3547 0.5718 0.077 
H(15C) 0.4813 0.3774 0.4145 0.077 
H(I7) 0.2436 0.6845 -0.2808 0.030 
H(I8) 0.1398 0.6902 -0.5123 0.035 
H(I9) -0.1063 0.7185 -0.5596 0.040 
H(20) -0.2486 0.7477 -0.3748 0.042 
H(21) -0.1464 0.7429 -0.1435 0.033 
H(23A} -0.0216 0.5245 0.4004 0.047 
H(23B) -0.0461 0.4086 0.3512 0.047 
H(23C) -0.1546 0.4956 0.2895 0.047 
H(25A) 0.0713 0.3533 -0.2262 0.061 
H(25B) 0.2148 0.3780 -0.3004 0.061 
H(25C) 0.0725 0.4450 -0.3367 0.061 



Table 5. Torsion angles [0] for gp7. 

C(6)-}l(I~(I~(2) 
C(6)-}l(I~(I~(9) 
}I(I~(l~(2~(10) 

}I(I~(I~(2~(3) 

C(10~(2~(3~(4) 
C(2~(3~(4~(5) 

C(I)-}l(I~(6~(5) 

C(4~(5~(6)-}l(I) 

C(6)-}l(I~(7~(16) 

C(6)-}l(I~(7~(8) 
C(16~(7~(8~(24) 
C(16~(7~(8~(22) 

C(16~(7~(8~(9) 

C(2~(l~(9~(8) 

C(22~(8~(9~(l) 

C(3~(2~(10~(11) 

C(2~(10~(11)-O(l) 

0(1~(11)-O(2~(12) 
C(II)-O(2~(12~(15) 

C(II)-O(2~(12~(14) 
C(8~(7~(16~(21 ) 
C(8~(7~(16~(17) 
C(7~(16~(17~(18) 

C(17~(18~(19~(20) 
C(19~(20~(21~(16) 

C(7~(16~(21 ~(20) 
C(9~(8~(22)-O(3) 
C(24~(8~(22)-O(4) 

C(7~(8~(22)-O( 4) 
C(8~(22)-O(4~(23) 

C(9~(8~(24)-O(5) 

C(22~(8~(24)-O(6) 
C(7~(8~(24)-O(6) 

C(8~(24)-O(6~(25) 

-64.2(3)· 
174.78(19) 

-179.0(2) 
-1.5(3) 

-158.3(3) 
-0.5(5) 
99.6(2) 

-52.2(3) 
75.2(3) 

-159.73(19) 
3.4(3) 

-114.1(2) 
127.7(2) 

-166.1(2) 
-94.5(2) 
177.9(3) 
-20.5(5) 

6.5(4) 
59.1(3) 

-65.8(3) 
91.3(3) 

-86.3(3) 
177.4(2) 

1.2(4) 
0.3(4) 

-177.3(2) 
118.2(3) 
63.8(2) 

-175.6(2) 
179.8(2) 
155.0(2) 

-149.3(2) 
90.4(2) 

-175.1(2) 

C(7)-}l(I~(I~(2) 
C;(7)-}l(1~(1~(9) 

C(9~(1~(2~(10) 
C(9~(1~(2~(3) 

C(1~(2~(3~(4) 
C(3~(4~(5~(6) 
C(7)-}l(I~(6~(5) 

C(1)-}l(1~(7~(16) 

C(I)-}l(I~(7~(8) 

}I(l~(7~(8~(24) 

}I(I~(7~(8~(22) 

}I(I~(7~(8~(9) 

~(1~(1~(9~(8) 

C(24~(8~(9~(l) 

C(7~(8~(9~(I) 

C(1~(2~(1O~(l1) 
C(2~(10~(II)-O(2) 

C(1O~(II)-O(2~(l2) 
C(l1)-O(2~(12~(13) 

~(1~(7~(16~(21) 
~(1~(7~(16~(17) 

C(21~(16~(17~(18) 

C(l6~(17~(l8~(l9) 
C(18~(19~(20~(21) 
C(l7~( 16~(21 ~(20) 

C(24~(8~(22)-O(3) 

C(7~(8~(22)-O(3) 

C(9~(8~(22)-O( 4) 
O(3~(22)-O( 4~(23) 
C(22~(8~(24)-O(5) 

C(7~(8~(24)-O(5) 

C(9~(8~(24)-O(6) 
O(5~(24)-O(6~(25) 

169.9(2) 
48.9(2) 

-65.3(3) 
112.2(3) 
24.2(5) 

3.2(5) 
-138.7(2) 
-158.5(2) 
-33.4(2) 

-119.7(2) 
122.8(2) 

4.6(2) 
-44.0(2) 
145.6(2) 
23.9(2) 
-4.5(4) 

159.7(3) 
-173.7(2) 

176.5(3) 
-150.4(2) 

32.1(3) 
-0.2(4) 
-0.6(4) 
-1.1(4) 

0.3(4) 
-116.5(3) 

4.2(3) 
-61.6(3) 

0.0(4) 
32.7(3) 

-87.5(3) 
-27.0(3) 

2.8(4) 



Table 5. Torsion angles [0] for gp7. 

(;(6}-~(1~(1)-{:(2) 

q6}-~(I~(I)-{:(9) 

~(I~(l~(2)-{:(10) 

~(1~(1~(2)-{:(3) 

q10~(2~(3~(4) 
q2~(3~(4)-{:(5) 

(;(1}-~(1~(6)-{:(5) 

q4~(5~(6}-~(I) 

q6}-~(I~(7)-{:(16) 

q6}-~(I~(7)-{:(8) 
qI6~(7~(8)-{:(24) 

qI6~(7~(8}-(;(22) 

qI6~(7~(8~(9) 
(;(2~(1~(9)-{:(8) 

q22~(8~(9}-(;(l) 

q3}-(;(2~(10~(lI) 

q2~(10~(ll)-O(I) 

O(l~(II}-O(2~(l2) 
q11}-O(2~(12~(15) 

qll}-O(2~(12~(l4) 
q8~(7~(16~(21) 

q8~(7~(16}-(;(l7) 

(;(7)-{:(16~(17~(18) 

(;(17~(18}-(;(19}-(;(20) 
qI9~(20}-(;(21~(16) 

(;(7~(16~(21 ~(20) 
q9~(8~(22}-O(3) 

q24~(8}-(;(22}-O(4) 

(;(7}-(;(8~(22}-O(4) 
q8~(22}-O( 4}-(;(23) 
q9~(8~(24}-O(5) 

(;(22~(8~(24}-O(6) 

q7~(8~(24}-O( 6) 
q8~(24}-O(6}-(;(25) 

-64.2(3)· 
174.78(19) 

-179.0(2) 
-1.5(3) 

-158.3(3) 
-0.5(5) 
99.6(2) 

-52.2(3) 
75.2(3) 

-159.73(19) 
3.4(3) 

-114.1(2) 
127.7(2) 

-166.1(2) 
-94.5(2) 
177.9(3) 
-20.5(5) 

6.5(4) 
59.1(3) 

-65.8(3) 
91.3(3) 

-86.3(3) 
177.4(2) 

1.2(4) 
0.3(4) 

-177.3(2) 
118.2(3) 
63.8(2) 

-175.6(2) 
179.8(2) 
155.0(2) 

-149.3(2) 
90.4(2) 

-175.1(2) 

q7}-~(I~(I~(2) 
q7}-~(l~(I}-(;(9) 

q9}-(;(I~(2}-(;(10) 

q9~(l~(2}-(;(3) 

q1~(2~(3}-(;(4) 

q3}-(;(4~(5}-(;(6) 

<:(7}-~(1~(6}-(;(5) 

q1}-~(I~(7}-(;(16) 

q1}-~(I~(7}-(;(8) 

~(l ~(7~(8}-(;(24) 
~(1}-(;(7~(8}-(;(22) 

~(1~(7~(8}-(;(9) 

~(1~(1~(9~(8) 
q24~(8}-(;(9~(I) 

q7}-(;(8~(9}-(;(I) 

q1~(2~(10~(lI) 
q2~(10}-(;(II}-O(2) 

qlO~(lI}-O(2~(l2) 
q11}-O(2~(12~(13) 

~(l~(7~(16~(21) 
~(1~(7~(16}-(;(17) 

<:(21~(16~(17}-(;(18) 

qI6~(17~(18~(l9) 

qI8~(19}-(;(20~(21) 
qI7~(16}-(;(21 }-(;(20) 
q24~(8~(22}-O(3) 
q7~(8~(22}-O(3) 

q9~(8~(22}-O( 4) 
O(3~(22}-O(4}-(;(23) 

q22~(8~(24}-O(5) 

q7}-(;(8~(24}-O(5) 

q9}-(;(8~(24}-O(6) 
O( 5}-(;(24}-O( 6~(25) 

169.9(2) 
48.9(2) 

-65.3(3) 
112.2(3) 
24.2(5) 
3.2(5) 

-138.7(2) 
-158.5(2) 
-33.4(2) 

-119.7(2) 
122.8(2) 

4.6(2) 
-44.0(2) 
145.6(2) 
23.9(2) 
-4.5(4) 

159.7(3) 
-173.7(2) 

176.5(3) 
-150.4(2) 

32.1(3) 
-0.2(4) 
-0.6(4) 
-1.1(4) 

0.3(4) 
-116.5(3) 

4.2(3) 
-61.6(3) 

0.0(4) 
32.7(3) 

-87.5(3) 
-27.0(3) 

2.8(4) 




