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Abstract: C opperocatalyzed chlorine transfer radical cyclizations of scv& a-chloroglycine derivatives with a 3- 
alkenyl subsdtuent at nitrogen are reported, These rextions proceed via 2-a2a-5-akn-l-y1 radicals as in-m 
which bear elecimwithdrawing carhonyl substituents at the radical center and at nitrogen. These radicak can be 
considexed as datively stable captodative tadids. which are easily generated in the presmce of C!u@py)Cl, bat are 
reactive enough for olefin cycliion. The main products usually arise from 5-exe cyckation and are suocturally 
interesting analogoes of proline. An X-ray crystal structure of one of the cyclkuion prodocts is presented. 

INTRODUCTION 

The development of radical cyclization reactions for synthetic purposes has been an area of active nxeaxh 
since the early eighties. Although the tin hydride-mediated cyclization reactions in particular have proven very 
useful in organic synthesis,’ the search for techniques which avoid the reductive step of the tin hydride process 
still continues. One of these techniques is the transition metal-catalyzed atom transfer radical cyclization, a 
method which is now well established.2 
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Recently? we described the Bu3SnHmediated cyclization of a-@henylthio)glycine derivatives A (X = 
SPh) to 3-substituted proline derivatives B . It was shown, that in spite of the presence of a pair of captodatively 
stabilizing substituents,4~~ the 2-aza-5-hexenyl radical D ls reactive enough for olefin cyclization, In this paper, 
we report on the efficient Cu(bpy)Cl-catalyzed chlorine transfer radical cyclization of a-chloroglycine 
derivatives A (X=Cl), leading to 3-( 1-chlomalkyl)-substituted pmlines C.6 Tbe structural features of radical D 
are important, as initial studies7 on the use of Cu(bpy)Cl for these cyclization reactions indicated. Thus, we 
found that no products of radical cyclizations were formed, if the potential radical centre did not bear an ester 
substituent. 

RESULTS AND DISCUSSION 

Synthesis of radical cyclization precursors 

The chlorides 1-7 (Table 1) were selected as substrates for the radical cyclizations. In addition to six 2- 
azaS-hexenyl systems (l-6) we included a 2-azad-heptenyl system (7). These rather sensitive glycine 
derivatives were prepamd as shown in eq 1. Addition of the appropriate N-monosubstituted carbamates (or 2- 
pyrrolidinone in the case of 2) to methyl glyoxylate provided the stable hemiacetals. which have been described 
befom3v8 Treatment of these glyoxylate adducts with PC18 in CCl49 gave the required radical precursors in 
good yields (84 - 100%) as sensitive oils, virtually pure according to NMR. 

OH Cl 

R’NH 
Meo$m-K3 

b0&48 benzene 
w kNAaMe 3 R’NACo,w 

b#3 

(eq 1) 

b02h& (334 

Copper - catalyzed radical cyclirations 
The radical cyclizations of precursors 1-7 were carried out in 1,Zdichloroethane solutions under a 

nitrogen atmosphere. The reactions were conducted in the presence of 30 moI% of a 1 : 1 molar mixture of 
copper(I) chloride and bpy in 0.3 M solutions with respect to the substrate. The cyclization conditions were 
optimized for the cyclization of the parent compound 1 (Table 1). Best results were obtained when the reaction 
was performed at 80 ‘C for 18 h. Cyclization took also place at lower temperatures (40 ‘C!), but longer reaction 
times were then required. The reaction was carried out in a variety of other solvents. Tetrahydrofuran. 
dimethoxyethsne and acetone were also suitable media for the the cyclization but these solvents gave rise to the 
formation of substantial amounts of the undesired reduced cyclization product B (R = H). Apparently, 
abstraction of a hydrogen atom from these solvents by the intetmediate cyclized radical is competing with the the 
delivery of a chlorine atom by the copper complex.1° 

Table I summarizes the results of the cyclization reactions. In general, two types of regioisomeric 
cyclization products were obtained, i.e. those resulting from endo- and exe- cyclization modes. Only the 
monosubstituted alkenes 1 and 2 gave rise to the formation of 6-endo cyclization products. The Cu(bpy)Cl- 
catalyzed cylization of 1 gave a mixture of proline derivative 8 and the pipecolic acid derivative 9 with the S- 
exe cyclization product predominating, while cyclization of the pyrrolidinone derivative 2 gave the six- 
membered ring product 11 as the major product. The regioselectivity for the cyclization of the disubstituted 
alkenes 3-6 was much higher, exclusive formation of the Sexo cyclization products 12- 14 being observed. 
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Table 1. Cu(bpy)Ckatalyzed Radii Cyclization. 
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The nature of the double bond (E in 3 or Z in 4) appeared of little impomutce for the stereochemical outccm~ of 
the cyclization. as was the ring size in 5 and 6. The copper-catalyzed radical cyclizations to the proline 
derivatives gave the 2,3- trans-substituted pyrrolidines as the major products in all cases. This result is in 
agreement with the rules advanced by Beckwith and coworkers1 l, if one assumes as the most favourable 
situation a quasi-axial orientation of the ester substituent in a chair-like transition state of cychzation (equation 
2). The axial orientation of the ester group is a result of pseudo-allylic 1,3-strain caused by the N-carbonyl 
function.3*12 The corresponding cyclimtions to the oxygen heterocycles (0 instead of NCO2Me) mainly give the 
cir-products as expected6*13 

The formation of a single isomer for the six-membered ring product 9 may be understood by considering 
an efficient shielding by the ester group of the axial face of the cyclii radical in the delivery of a chlorine atom 

by the copper complex. The formation of two diastereomers of 11 is not readily explained in a similar way, and 
indicates that other transition state geometties play a role in the 6-end0 cycliition of 2. 

(eq 2) 

Both 12a and 12b were formed as about 1: 1 mixhues of diastereomers, revealing little stereoselectivity 

in the delivery of the chlorine atom to the intermediate radical by the copper complex. For the bicyclic fused 
prolines 13 and 14, about 1 : 1 mixtures of diasteteomers were obtained for 13b and 14a. while 13a and 14b 

were found as single isomers. Apparently, the stereoselectivity in the chlorine atom transfer from the copper 
complex to the radical intermediate is depending on the ring size. 

In addition to cyclizations of 2-aza-S-hexenyl systems l-6, we also investigated the cyclization of a 2-aza- 
dheptenyl system. Treatment of 7 with the copper catalyst did not lead to the formation of the desired 3- 
azabicyclo[3.3.l]nonane system. After the reaction, only uncyclized compounds, still containing the alkene 

function, were detected in the crude mixture. This failure may be explained in terms of a slower rate of 
cyclization for the 2-aza&heptenyl radical derived from 7 as compared to the 2-aza&hexenyl radicals derived 
from 1-6. A similar difference in the rates of cyclization was also observed in the tin hydride-mediated radical 
cyclizations of the corresponding phenylthio analogues of l-73 (vide i&z). 

The stereochemistry at C-2 in the proline analogues 8, 10, 12, 13 and 14 was inferred from the relative 

chemical shifts of the C-2 hydrogens in the cis- and tranr-isomers in combination with their coupling constants. 
In the cis-isomers this hydrogen was found at relatively low field and it showed reIatively large coupling 
constants, compared with the corresponding trans-isomers. Comparison with literature data on analogues of 
these proline derivatives obtained via Bu3SnH-mediated radical cyclizations confirmed the assignments in these 
cases.3 Furthermore, the stereochemistry of the major tranr-diastereomer of 12b was proven via an X-ray 
crystal structure determination (Figure 1). The bicyclic system 10 posed an additional problem. While the 
cis/mns relationship between ester and chloromethyl substituents is clear in both isomers, the orientation of the 

angular hydrogen in 10 nmains tentative. The 6-e& cyclization products 9 and lla were already known in 

literam.* The stereochemistry of the chlorine substituent in lib was inferred from the NMR data of H-7, 
which showed a quintet with J = 3.1 Hz, thus indicating an equatorial orientation. 
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Figure 1. ORTEP diagram of 12b. 

The stereochemistry of the cyclization products was further elucidated after saponification of the 
cyclization products. Treatment of cis/truns mixtures of 8 or 12 with KOH in MeOH (equation 3) gave only the 
pm-substituted carboxylic acids 15 and 16. Apparently, isomerization took place under these conditions, 
leading to the more stable trans-substituted proline derivative. l4 The complete cis to truns isomerisation of these 
cyclization products further enhances the synthetic utility of the novel route to proline analogues. 

KOH 

MeOH. reflux (eq 3) 

8a,b (R = H)cis/frans= 30:70 

12a,b (R = Et) c&Arms = 20 : 80 

15 (R = H, 88 % yield) 

16 (R = Et, 88 % yield) 

Comparison of the Cu(I)-catalyzed cyclization with the Bu3SnH-mediated cyclizations 

Earlier, we reported the Bu3N-Lmediated cyclization of the phenylthio analogues of 1-7.3 The 
regioselectivity of these reductive cyclizations appears comparable to the copper-mediated radical cyclization of 
this paper, giving mainly trans-2,3-substituted proline derivatives. Similarly, the phenylthio analogues of 1 and 

2 gave substantial amounts of 6-e& cyclization products. Cyclization of the phenylthio analogue of 7 was 
reported to give the desired 3-aza-[3.3.l]bicyclononane system in only 29 % yield, which reflects the difficulty 
of cyclization for this 2-aza-6-heptenyl system. In this respect, the failure to cyclize 7 with the copper catalyst is 
not unexpected. 
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The great similarities in regio and stereosekctivity for both types of cycliaation suggest that the reactive 
intermediams in the copper-catalyzed cyclization are the same as those in the free radical cyclixation. This implies 
the generation of an incipient free radical which cyclixes unaffected by the copper complex. The catalyst acts as a 
carrier of the chlorine atom by way of a redox reaction between Cu(I) and Cu(II). as shown in Scheme 1. The 
generation of the incipient radical is probably facilitated by the presence of a pair of captodatlvely stabilixing 
substituents.4*5 The use of bpy as a ligand probably enhances the ability of the copper cemre to abstract a 
chlorine atom,% resulting in relatively mild cyclization conditions. 

Scheme 1. Transition metal-catalyzed radical cycliiation. 

In conclusion, the copper(I)-catalyzed cyclixations of 1,2-di(methoxycarbonyl)-2-am-5-hexenyl radicals 
pmceed with similar regio- and stereoselectivity as Bu$I-l-mediated cyclizations of these captodative radicals. 

The use of cU(bpy)Cl allows smooth cyclixation to various new pmline analogues, containing an extra halogen 
atom as compared to the products of the reductive cyclization method. 

EXPERIMENTAL 

General information. Experimental techniques and analytical measurements were applied as previously &seribed.15 lR 

spectral data are reported in em-l and NMR chemical shifts in ppm with CDC13 as a solvent (unless stated o&&se). CuCl was 

purified according to a literature pmced~re.~~ 

General procedure for the conversion of alcohols to chlorides. To a solution of the alcohol (see eq 1) in Ccl4 

(0.2 M) was added PC15 (1.03 equiv). me reaction mixture wss stirred for 20 min. The excess FC15 was filtered off on a glac fdter 

and the filtrate was concentrated in vacua. The residue wss dissolved in a small amount of EtOAc, and hexane. (excess) was added. 

After stirring for 10 min. the white solid was faltered off on a glas filter and the solvent was removed in vacw to give the chloride. 

(But-3-enyl-metboxycarbonyl-amino)-chloro-acetic acid methyl ester (1). (But-3-enyl-methoxyuubonyl- 

amino)-hydmxy-acetic acid methyl ester8 (137.1 mg, 0.63 mmol) was treated with PC15 (135 mg, 0.648 mmol) in CC14 (3 ml) to 

give 1 as a light yellow oil (147.8 mg, 0.628 mmol, 100%). IR (CHC13) 3070, 3020, 3OC0, 2950. 1750, 1705. 1635. 1465, 

1445, 1435, 1400. lH-NMR (200 MHz) 2.25-2.50 (m. 2H), 3.24-3.64 (m, 2H), 3.78 (s, 3H), 3.81 (s, 3H). 5.00-5.13 (m. 2H). 
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X63-5.80 (m. lH), 6.41 (s, lH, CHCl).13C-NMR (63 MHZ) 32.92.45.54, 53.42, 53.54, 70.10 (CHCI). 116.79. 134.51, 155.32 

(NC=O), 165.55 (00). 

(2-Allyl-5-oxo-pyrrolidia-1-yl)-cbloro-acetic acid methylester (2). (2-Allyl-S~x~~l-~~b~y- 

acetic acid methyl est& (453 mg, 2.13 mmol) was treated with Xl5 (456 mg, 2.19 mmol) in CC14 (10.7 ml) to give 2 as a light 

yellow oil (416.4 mg, 1.80 mmol. 84%). IR (CHCl3) 3080, 3000. 2950, 1755. 1705, 1435, 1395. lH-NMR (290 MHZ. 1:l 

mixture of diastemomers) 1.75-1.95 (m, 1H). 2.05-2.70 (m. 5H). 3.77 (s) and 3.80 (s, 3H), 3.85-4.00 (m. lH, NC&allyl), 5.00- 

5.20 (m, 2H, =CH2), 5.55-5.85 (m. 1H. CH=), 6.26 (s. 0.5H) and 6.43 (s, 0.5H. CHCI). 

Cbloro-(bex-3-(E)-enyl-metboxycarbonyl-amino)-acetic acid methyl ester (3). (Hex-3-(E)-e.nyl- 

medtoxycatkmyl-ami-uzetic acid methyl es& (483.0 mg. 1.97 mmol) was treated with PC15 (423 mg, 2.03 mmol) in 

CC14 (7 ml) to give 3 as a light yellow oil (512.2 mg, 1.94 mmol, 99%). IR (CHC13) 3020,2950, 1755, 1710. 1465, 1435. 

1400. ‘H-NMR (290 MHZ) 0.96 (5 J= 7.5 Hz, 3H), 2.00 (q,J= 7.1 Hz, 2H), 2.19-2.35 (m. 2H), 3.19-3.43 (m. 2H), 3.78 (s, 3H), 

3.82 (s, 3H), 5.28-5.58 (m. ZH), 6.41 (s, 1H. CHCI). 

Cbloro-(bex-3-(Z)-enyl-methoxycarbonyl-amino)-acetic acid metbyl ester (4). (Hex-3-(Z)-enyl- 

methoxy~yl-ami-h~xy-~tic acid methyl ester8 (467.7 mg, 1.91 mmol) was treated with PC15 (409 mg, 1.97 mmol) in 

CC14 (6.4 ml) to give 4 as a light yellow oil (499 mg, 1.89 mmol, 99%). IR (CHC13) 3020, 2950, 1755, 1710. 1465, 1435, 

1400. ‘H-NMR (Zoo mx) 0.95 (t, J= 7.5 Hz, 3H), 2.05 (q, J = 7.4 Hz, 2H), 2.25-2.45 (m, 2H), 3.20-3.45 (m, 2H), 3.79 (s, 3H). 

3.81 (s, 3H), 5.20-5.35 (m, lH), 5.42-5.55 (m. lH), 6.44 (s, lH, CHCI). 

Ch1oro-~cyclopent-2-enyl-metboxycarbonyl-amino)-acetic acid methyl ester (5). (Cyclopent-2-enyl- 

methoxycarhcnyl-amino)-hydtoxy-acetic acid methyl ester3 (450 mg, 1.85 mmol) was treated with FC15 (397.1 mg, 1.91 mmol) ln 

CC14 (9.3 ml) to give 5 as a light yellow oil (460.7 mg, 1.76 mmol. 95%). IR (CHC13) 3020, 2950, 2840, 1760, 1710, 1460, 

1435. ‘H-NMR (200 MHz, 1:l mixture of diastereomers) 1.40-1.65 (m, lH), 1.90-2.15 (m. H-l), 2.20-2.50 (m. 2H). 2.95-3.15 (m, 

1H. CHCH2N). 3.10-3.55 (m, 2H, CH2N). 3.77 (s) and 3.78 (s, 3H), 3.81 (s) and 3.83 (s, 3H), 5.55-5.85 (m, 2H. CH=CH), 6.08 

(s, 0.5H) and 6.18 (s, O.SH, CHCl). 

Cbloro-(cyclobex-2-enyl-methoxycarbonyl-amino)-acetic acid methyl ester (6). (Cyclobex-2-enyl- 

methoxycarbonyl-amino)-hydmxy-acetic acid methyl ester3 (317.7 mg, 1.24 mmol) was treated with PC15 (267.3 mg, 1.28 mmol) 

in CC14 (6.2 ml) to give 6 as a light yellow oil (341.7 mg, 1.24 mmol, 100%). IR (CHCl3) 3020, 2950, 2910, 2830, 1760, 

1710, 1465, 1435. *H-NMR (200 MHz, 1:l mixture of diastemomers) 1.20-1.85 (m, 4H, CH2), 1.85-2.05 (m. 2H, CH2). 2.35- 

2.55 (m, lH, CH-CH=), 3.05-3.25 (m. lH, CH2N). 3.30-3.45 (m. lH, CH2N), 3.74 (s, 3H), 3.78 (s) and 3.79 (s, 3H) 5.40-9.60 

(m, lH, CH=), 5.65-5.80 (m, lH, CH=), 6.03 (s, 0.5H) and 6.11 (s, O.SH, CHCl). 

Cb1oro-~cyclohex-3-enyl-methoxycarbonyi-amino)-acetic acid methyl ester (7). (Cyclohex-3-enyl- 

methoxyczubonyl-amino)_hydmxy-acetic acid methyl est~$ (735 mg. 2.86 mmol) was treated with PC15 (613 mg. 2.94 mmol) in 

CC14 (14 ml) to give 7 as a light yellow oil (807 mg, 2.93 mmol, 100%). IR (CHC13) 3020, 2950, 2910, 2830. 1760, 1710. 

1465, 1435. ‘H-NMR (200 MHz, 1:l mixture of diastereomcrs) 1.10-1.35 (m. lH), 1.55-2.20 (m, 6H), 3.05-3.30 (m, lH), 3.30- 

3.50 (m, lH), 3.77 (s, 3H). 3.82 (s, 3H), 5.65 (s, 2H), 6.09 (s, 0.5H) and 6.11 (s, O.SH, Cl-ICI). 

General Procedure for the Cuprous Chloride Catalyzed Cyclization. To a solution of the cursor in 1.2. 

dichloroethane (0.3 M) in a dry nitrogen atmosphere was added fust 0.3 equiv of bpy and then 0.3 equiv of CuCl. The resulting 

clear. reddish brown solution was heated at rcflux for at least 18 h. Ihe crude reaction mixture was dim&y brought on a column for 

flash chromatography. 

Cyclization of 1. To a solution of 1 (105.2 mg. 0.447 mmol) in 1.5 mLof 1.2dlchloroethane was addedbpy (21 mg. 

0.13 mmol) and CuCl(l3 mg, 0.13 mmol). The reaction mixture was heated at reflux for 18 h. Rlash chromatography gave three 

fractions. The first fraction consisted of (2R *, 4R*)-4-chloro-piperidine-1,2-dicarboxylic acid dimetbyl ester (9) 
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(26.5 mg. 0.113 mmd, 25%) as a coloufkss oil. Rf 0.40 (EtOAckxane 1:4). SpechDscopic data of 9 em ideiuM to litapnpe 

data.* The seccmd fraction coasisted of a SO:50 mixture of 8n and 8b (52 mg, 0.221 mmol, 49%) as a cokauless oil. Rf 0.10 

(EtOAJhexane 1:4). IR (CHCl3) 3OOO,2950,289O, 1745, 1690. 1450. Spectroscopic data derived from this mixture for (2R*, 

3R*)-3-chloromethyl-pyrrolidinc-1,2-dicarbosylic acid dimethyl ester (8~): lH-NMR (300 MHz, &ected ai@@ 

2.70-2.95 (m, 1H. H-3). 4.40 (d, / = 8.2 Hz) aad 4.45 (d. J = 8.2 HZ, H-2 two rotamers). 13C-NMR (50 MHZ, &bctcd &MIS) 

60.8 aad 61.1 (C-2, hvo rotamas). The third fraction consisted of (2R l , 3S*)-3-cbloromethyl-pyrrolidine-1,2- 

dicarboxylic acid dimethyl ester (8b) as a colourless oil (12.3 mg, 0.052 mmol, 12%). RfO.10 (etoAFmexane 1:4). lR 

(CHC13) 3OW. 2950.2890,1745.169O,l450. lH-NMR (300 M-Ix) 1.82-1.97 (m, lH), 2.08-2.22 (m, 1H). 2.59-2.71 (m. lH, B 

3). 3.50-3.70 (m. 4H, H-5 and CH2Cl), 3.67 (s) and 3.72 (s. 3H, 0CH3 two mtamers), 3.76 (s) aad 3.77 (s. 3H. 0CH3 two 

rotamers),4.22(d.J=4.6Hz)aod4.25(d.J=4.8Hz.lH,H-2tw0motam~s).~~C-NMR(50MHz,mcwt~showtwopealrs 

because of mtamers) 27.5 and 28.3 (C-4). 45.2 aad 45.6 (C-5), 45.5 (CH2CI). 45.4 and 46.5 (C-3). 52.4 (OCH3). 52.7 (OCH3). 

61.7 and 62.1 (C-2). 154.9 and 155.3 (NC=O). 1721 (GO). HRMS calculated ft~CgHl4NO4Cl235D611, found 235.0623. 

Cyclization of 2. To a solution of 2 (403.2 mg, 1.74 mmol) in 5.8 mL of l$dichlomedmne was added bpy (82 mg. 

0.52 mmol) and CuCl(52 mg, 0.52 mmol). The reaction mixture wan heated at reflux far 18 h. Flash chmmato8mphy gave duee 

fractions. The first fracdon consisted of (561 *, 7R+, 8aS*)-7-chloro-J-oxo-octahydro-indollzine-S-carboxyl~ acid 

methyl ester (11~) (65.5 mg. 0.283 mmol. 16.3%). as a colourkss oil. Rf0.33 (EtOAc/hcxane4:1). Spectroscopl ‘cdataforlla 

wereidenticaltoli~data’Thesecondfractionconsistedofa6:20:49:25mixtureoflOa, lob, 1laandllb,(l37mg.0.592 

mmol, 34%). Rf 0.33.OD3 and 0.25 (EtOk/hexane 4:l). IR (CHCl3) 2990.2950, 1740.1680. 1435. Specmwopic data derived 

from this mixture for (2R*, 3S*, 7aR*)-2-chlorometbyl-5-oxo-hexahydro-pyrrolizine-3-carboxylic acid methyl 

ester (10s): ‘H-NMR (200 MHZ, selected signals) 4.68 (d, J = 7.9 Hz, lH, H-3). 13C-NMR (50 MHZ) 28.8 (C-7), 33.9 (C-6). 

35.5 (C-l), 43.4 (CH2CI), 45.7 (C-2). 52.2 (OCH3), 56.7 and 57.8 (C-3 and C-78), 170.2 (GO). 175.5 (C-5). HRMS calculated 

for ClOHl4NO3Cl231.O662, found 231.0673. The third fraction consisted of a 18:82 mixture of lob ad llb (62.0 mg, 0.268 

mmol, 15.4%). Rf 0.28 and 0.25 (EWAwhexaoe 41). IR (CHC13) 2990,2950.1740,1680.1435. Spec@oscq~ic data derived from 

this mixture. for (2s’. 3S*, 7aR*)-2-chloromethyl-5-oxo-hexahydro-pyrrolixine-3-carboxylic acid mrtbyl ester 

(lob): ‘H-NMR (250 MHz, selected signals) 2.82-2.97 (m. 1H). 4.24 (d.J= 4.6 Hz, lH, H-3). 13C-NMR (50 MHz) 26.1 (C-7), 

33.7 (C-6), 37.2 (C-l), 46.0 (CH2CI), 48.8 (C-2), 52.6 (OCH3), 57.4 and 61.1 (C-3 and C-7@, 171.4 (GO), 174.3 (C-5). 

Speclrosoopic data rkived from this mixture far (SR+, 7S*, 8aS*)-7-cbloro-3-oxo-octahydro-indolizine-S-carboxylic 

acid methyl ester (llb): lH-NMR (250 MHx. selected signals) 4.45 (quintet, I= 3.1 Hz, lH, B’leq). 4.72 (d,/= 7.1 Hz. 1H. 

H-see). 13C-NMR (50 MHZ) 25.2 (C-l), 29.9 (C-2). 33.2 (C-6), 39.9 (C-8). 47.9 (C-5). 48.7 (C-7), 52.4 (OCH3), 54.5 (Ma), 

170.7 (GO), 174.8 (C-3). HRMS calcuiatcd for C10H14N03C1231.0662, found 231.0680. 

Cyclizatioa of 3. To a solution of 3 (434.6 mg, 1.650 mmol) in 5.5 mL. of 1.2dichlomethane was added bpy (77.3 

mg, 0.495 mmol) and CuCl(49.0 mg, 0.495 mmol). The mtion mixture was heated at refhu for 18 h. Flash chromatography 

gave three kactions. The fins fraction consisted of a 87~13 mixture of (2R l , 3R*)-3-(l-chloro-propyl).pyrrolidine-l,Z- 

dicarboxylic acid dimethyl ester (12al and 12a2) (47.6 mg, 0.181 mmol, 11%) as a colourlcss oil. Rf 0.25 

(EtOAc&exane 1:3). IR 2950. 1740, 1690, 1450. 1390. Spectral data derived fkom this mixture for 12al: ‘H-NMR (250 MHZ) 

1.02 (t, J= 7.2 Hz, 3H), 1.63-1.79 (m, lH), 1.93-2.26 (m, 3H), 2.53-2.70 (m, lH, H-3). 3.26-3.44 (m. lH), 3.58-3.76 (m. 2H), 

3.62 (s), 3.62 (s), 3.69 (s) aad 3.71 (s, 6H), 4.33 (d) and 4.40 (d, J= 7.9 Hz, lH, H-2 two mtamers). 13C-NMR (63 MHz, most 

carbons show two p&s because of mtamers) 10.86.27.24 and 28.40 (C-4). 30.88.45.21 and 45.62 (C-5). 48.71 and 49.52 (C-3). 

52.21, 52.61.60.78 and 60.99 (C-2), 64.11 and 64.34 (Ccl), 154.62 aad 155.28 ( NC=O), 171.04 (C=o). Spectral data derived 

from this mixture for 12a2: lH-NMR (250 MHZ, chamcteristic signals) 4.54 (d) and 4.60 (d, J = 7.6 Hz, H-2 two ro(amers). 

HRMS calculated for CllH18N04Cl 263.O924, found 263.0916. The second fraction consisted of a 14:86 mixture of 12a2 and 
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12b (138.0 mg. 0.524 mmol. 32%) as a colourless oil. According to ‘H-NMR, 12bl:12b2 = 65~35. The third fracdon consisted 

of a 53~47 mixture of (2R*, 3S*)-3-(l-chloro-propgl)-pyrrolidine-l,2-dicarboxylic acid dimethyl ester (12bl 

and lfb2) (152.2 mg. 0.577 mmol. 35%) as a colourlcss oil coomining white cristals. Rf 0.20 @tOAc/kxane 1:3). IR 2950, 

1740,169O. 1450.1390. Spectroscopic dam derived from this mixture for 12b2: lH-NMR (200 MHz, &mu&tic sigosls) 2.60- 

2.74 (m, lH, H-3). 3.80-3.91 (m. lH,CHCI), 4.38-4.41 (m. l&H-2). 1H-NMR(20DMHz.~charactisdcsignals)4.54 

(d) and 4.61 (d, I = 4.7 Hz, 1H. H-2 two rotamers). k-NMR (50 MHz. characteristic signals. mc& carbons show two peaks 

because of roumers) 27.21 and 28.18 (CA). 29.07.45.49 and 45.82 (C-5). 61.02 and 61.33 (C-2). 66.09 (CCl), 154.58 (N&O)), 

172.42 (GO). HRMS calculated for Cl1H18NO4CI 263.0924, found 263.0903. Rccrystalliion fmo~ diiscpmpyl e&r (twice) 

gave a sample of (2R*, 3S*, 6R*)-3-(l-chloropropyl)-pyrrolidine-l,2-dicarboxylic acid dimethyl ester (12bl). 

Mp = 78-79 T. IR 2950. 1740, 1690, 1450. 1390. ‘H-NMR (200 MHz) 1.07 (t, J = 7.2 Hz, 3H), 1.66-2.14 (m. 4H). 2.35-2.65 

(m, lH, H-3). 3.38-3.52 (m. 1H). 3.65-3.85 (m. 1H). 3.67 (s). 3.71 (s). 3.75 (s) and 3.77 (s, 6H), 3.95-4.08 (m. 1H. CHCl). 4.27 

(d) sod 4.32 (d. J = 6.7 Hz, 1H. H-2 two rotamers). 13C-NMR (63 MHz. most carbons show two peaks because of rotame@ 1133 

and 11.40 (alkyKH3). 25.34 and 25.43 (C-4). 30.03. 45.79 and 46.30 (C-5). 49.42 and 50.54 (C-3). 52.38, 52.66, 61.62 and 

62.16 (C-2), 65.43 (CHCl), 155.18 QW=O). 172.75 (s. GO). Anal. calcd. for C,lHl8NO4C1: C. 50.10; H. 6.88; found: C. 

50.16; H, 6.82. The X-ray crystal structure of this major diastereomer was determined (see Figure l).17 crystauographic data: 

triclinic, P-l; (I = 7.0235(4) A, b = 9.3030(4) A, c = 11.4165(5) A; a = 103.354(4) O, /I = 101.578(g) O, 7 = K&669(5) O: V = 

666.lq9)A3;Z=~CuK~-radiation,I=l.54l8A.Fi~R=0.~9for~llreflections. 

Cyclization of 4. To a solution of 3 (448.5 mg, 1.702 mmol) in 5.7 mL of 19dichloroed~~ WBP added bpy (79.8 

mg, 0.511 mmol) and CuCl (SO.5 mg, 0.511 mmol). The reaction mixture ~8s heated at reflux for 18 h. Flash chromatography 

gave three fractions. The fust fraction consisted of a 87:13 mixture of 12al and 12a2 (73.3 mg, 0.278 mmol, 16.3%) as a 

colourless oil. RfO.25 (EtOAc/hexane 1:3). The second fraction con&cd of a 38~62 mixture of 12a and 12b (147.4 mg, 0.5594 

mmol, 32.9%) as a colourless oil. According to ‘H-NMR, 12al:12a2 = 38~62 and 12bl:12b2 = 6931). R, 0.25 and 0.20 

(EtOAc/hexane 1:3). The third fraction consisted of a 50~50 mixture of 12bl and 12b2 (163.3 mg. 0.620 mmol, 36.4%) as a 

colouriess oil containing white crismls. Rf 0.20 (EtOAc/hexane 1:3). 

Cyclization of 5. To a solution of 5 (430.8 mg, 1.65 mmol) in 5.5 mL of 1.2~dichlomethane was added bpy (77 mg. 

0.49 mmol) and C&1(49 mg, 0.49 mmol). The reaction mixture was heated at reflux for 18 h. Flash chromatography gave two 

fractions. The fit fraction consisted of a 83:17 mixture of 13bl and 13a as a colourless oil (225 mg, 0.86 mmol, 53%). Rf 0.27 

(BOAc/bexane 1:3). IR (CHCl3) 3oo0, 2950.2870, 1740, 1690, 1450. Spectroscopic data derived from this mixture for (lR*, 

3aR*, 6aS*)-6-chloro-bexahydro-cyclopenta[c]pyrrole-l,2-dicsrboxylic acid dimetbyl ester (13bl): IH-NMR 

(200 MHz) 1.40-1.60 (m, lH), 1.80-2.35 (m, 3H). 2.75-3.15 (m, 2H, H-3a and H-6a), 3.30-3.50 (m. lH, H-3). 3.64 (s) aod 3.67 

(s, 3H, 0CH3 two rotamers), 3.72 (s, 3H). 3.60-3.80 (m. lH, H-3), 4.05-4.25 (m, 2H, H-l and H-6). IH-NMR (200 MHz, 

benze& 0.75-0.95 (m, IH), 1.30-1.80 (m, 3HJ, 2.10-2.40 (m, IH, H-3a), 2.55-2.70 (m. lH, H&Q, 3.00-3.75 (m, 3H, H-3 and 

H-6). 3.28 (s, 3l-I). 3.42 (s) and 3.44 (s, 0CH3 two rotamers), 4.18 (d, J = 2.0 Hz) and 4.33 (d, J = 2.9 Hz, 1H. H-l two rotamers). 

13C-NMR (63 MHz, most carbons show two peaks because of roramers) 30.3 and 35.9 (C1 and C-5). 39.5 and 40.7 (C-3a), 52.4, 

52.7, 53.3 and 53.7 (C-3), 58.0 and 59.2 (C-6a). 63.2 and 63.6 (C-l), 64.1 (C-6). 155.0 and 155.5 (NC=O), 171.9 (GO). 

Spectroscopic data derived from this mixture for (1R *, 3aS*, 6aR*)-6-chloro-hexahydro-cyclopenta[c]pyrrole-l,2- 

dicarboxylic acid dimetbyl ester (13a): ‘H-NMR (200 MHz, ctiteristic signals) 3.00-3.20 (m, lH).4.51 (d,J= 8.8 Hz, 

1H. H-l). 13C-NMR (63 MHz, characteristic signals) 27.4 and 37.1 (C-4 and C-5), 52.1 (OCH3), 52.5 (C-3), 59.4 (CH), 61.2 

(CH), 170.1 (GO). HRMS calculated for CllH16NO4CI 261.0768, found 261.0758. The second fraction con&cd of (lR*, 

3aR*, 6aSL)-6-chloro-hexahydro-cyclopenta[c]pyrrole-l,2-dicarboxylic acid dimethyl ester (13b2) ss a 

colourless oil (93.5 mg, 0.357 mmol, 22%). Rf 0.13 (EtOAcvhexsne 1:3). IIt (CHCl3) 3000,2950,2870, 1740. 1685, 1450. lH- 
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NMR (200 MHz) 1.a1.80 (m, 1I-l). 1.85-2.15 (m. 3H), 2.70-2.95 (m. 2H. H-3a and H-6a). 3.25-3.50 (m, 1H). 3.85 (s) and 3.68 

(s, 3H. oCH3 two rotamers), 3.71 (s. 3I-i). 3.70-3.85 (m, 1H). 4.30-4.45 (m, 1H. H-6). 4.62 (broad s) and 4.66 (broads. lH, H-l 

two rotama). 13C-NMR (63 MI-Ix. most carbons show two peaks because of mtamers) 30.2 and 36.8 (C-4 and C-5). 40.1 and 41.2 

(C-3a). 52.3, 52.6, 53.2 and 54.1 (C-6a). 54.3 and 54.6 (C-3). 61.1 and 61.5 (C-l), 62.2 (C-6). 154.7 and 155.1 (N&Cl), 172.8 

(GO). HRMS calculated forC11H16N04C1 261.0768, found 261.0758. 

Cyclization of 6. To a solution of 6 (320.0 mg, 1.16 mmol) in 3.9 mL of 1,2dichloroethaoe was added bpy (54 mg. 

0.35 mmol) sod CuCl(35 mg. 0.35 mmol). The reaction mixture was hcatcd at reflux for 18 h. Flash chtwmtography gave a 

70:11:19 mixtme of 14b, 14al and 14a2 as a wlourless oil (168 mg. 0.61 mmol. 53%). Rf 0.23 and 0.20 (EtCJA&exane 1:3) 

IR (CHCl3) 3OOO.2950, 2870, 1740, 1690, 1450. Spectmscopic data derived from this mixture for (lR*, 3aS*, 7sR*)-7- 

chloro-octahydro-isoindole-1,2-dicarboxylic acid dimethyl ester (14b): lH-NMR (2OOMHz,benze~~&ra~~&& 

signals) 2.20-2.40 (m. H-l), 4.58 (d, J = 1.2 Hz) and 4.67 (d, J = 2.2 Hz, 1H. H-7 two rotamers). 13C-NMR (63 MHz, most 

carbons show two peaks because of rotamers) 20.3 and 20.4.23.5 and 23.7 (C4 and C-S). 34.1 and 34.5 (C-6). 35.4 and 36.1 (C- 

3a). 48.1 and 48.2 (C-3). 51.3 and 52.1 (C-7a). 52.2 (OCH3). 52.5 (OCH3). 58.7 and 59.0.62.5 and 62.6 (C-l and C-7), 155.2 and 

155.7 (NGO), 171.7 (c-0). Spectroscopic data derived from this mixture for (1R l , 3aR*, 7aS*)-‘I-chloro-octahydro- 

isoindole-1,2-dicarboxylic acid dimethyl ester (14al): ‘H-NMR (Xl0 MHz, benzene4 characteristic signals) 4.14 (d,J 

= 7.9 Hz) and 4.32 (d, J= 7.9 Hz, lH, H-l two rotamers). Spectroscopic data derived from thii mixture for (lR*, 3aR*, 7aS*)- 

7-chloro-octahydro-isoindole-1,2-dicarboxylic acid dimethyl ester (1402): ‘H-NMR (200 Ml-Ix. benzene-d 

characteristic signals) 2.55-2.70 (m, lH), 4.34 (d, J = 8.0 Hz) and 4.47 (d, J= 8.0 Hz, lH, H-l two rotamers). 4.15-4.30 (m, lH, 

H-7). HRMS calculated forCl2Hl8NO4Cl275.0924, found 275.0901. 

Attempted cyclization of 7. To a solution of7 (752.1 mg, 2.73 mmol) 9 mL 1,2dichlomethane was bpy 

(128 0.82 mmol) CuCl(81 mg, mmol). The mixmre was at reflux 18 h. lH-NMR v 

the crude mixture was after fdtration a short column (elting E&AC). All staning ma&al was 

gone, but no cyclization poduct could be detected. 

Saponification of 8. A 30:70 mixmre of 8a and 8b (50 mg, 0.21 mmol) was dissolved in 0.7 ml of 2% KOH in 

methanol. The mixtme was heated at reflux for 18 h. After evaporation of the vo&tilcs, water (5 ml) was added and the pH was 

adjusted to pH = 1 with 2M HCI. The water layer was extracted with CH2Cl2 (3x 10 ml) and the combined organic layers were dried 

(MgS04) and concentrated in vacua. This gave (2R *, 3S*)-3-chloromethyl-pyrrolidine-1,2-dicarboxylic acid l- 

methyl ester (15) (41 mg, 0.185 mmol, 88%) as a colourless oil. IR 3500-2500 &mad, CO2H), 1720 (GO). 1690 (NC=O). 

‘H-NMR (200 MHz) 1.84-2.21 (m. 2H. H-4). ). 2.69-2.82 (m, 1H. H-3). 3.43-3.76 (m, 4H. H-5 and CH2CI). 3.69 (s) and 3.74 (s. 

3H, 0CH3). 4.24 (d, J= 6.4 Hz) and 4.27 (d. J= 5.1 Hz. lH, H-2 two rotamers), 9.20 (broad s. lH, COOH). 13C-NMR (50 MHz. 

most carbons show two peaks because of rotamcrs) 27.4 and 28.2 (C-4). 45.0 and 46.5 (C-3). 45.4 (CH2Cl). 45.6 (broad, C-5). 

52.9 and 53.1 (OCH3). 61.4 and 61.9 (broad, C-2). 155.2 and 156.1 (NC=O). 175.1 and 176.2 (broad. GO). MS EI 178 (33) and 

176 ((M+-CO$I), 100). 

Saponification of 12. A 20~80 mixture of 12a and 125 (23.2 mg, 0.088 mmol: 12a1/12a2 = 62:38,12bl/l2b2 = 

58~42) was dissolved in 0.3 ml of 2% KOH in methanol. The mixture ~8s heated at reflux for 3 h. After evaporation of the 

volatiles, water (5 ml) was added and the pH was adjusted to pH = 1 with 2M HCI. The water layer was exaactcd with CH2Cl2 (3x 

10 ml) and the combined organic layers were dried (MgSO4) and conccnaated in vacua. This gave (2R+, 3s.).3-(l-cbloro- 

propyl)-pyrrolidine-1,2-dicarboxylic acid l-methyl ester (16) (19.4 mg, 0.0778 mmol. 88%) as a colourless oil, a 

60:40 mixture of diastereomers. IR 3500-2500 (broad, CO2I-l). 1720 (GO), 1690 (NGO). ‘H-NMR (200 MHZ) 1.07 (t, J = 7.2 

Hz) and 1.08 (t, J= 7.2 I-Ix, 3H), 1.73-2.15 (m. 4H), 2.60-2.95 (m, lH, H-3). 3.39-3.75 (m. 2H. H-5). 3.70 (s) and 3.75 (s. 3H, 

OCH3). 3.80-3.95 (m, 0.4H. CHCI). 4.04-4.11 (m, 0.6H. CHCI), 4.30-4.40 (m, 0.6H. H-2). 4.45-4.50 (m. 0.4H. H-2). 8.00 (bs, 
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1B. COOH). ‘H-NMR (200 MHz, benzene-4 0.80 (t. J= 7.1 Hz, 3H). 1.27-1.70 (m, 4H), 2.31-2.37 (m, lH, H-3), 3.12-3.85 (m, 

3l-0.3.42 (s) and 3.45 (s, 3H, 0CH3). 4.46 (d, J= 6.7 Hz) and 4.52 (d, J= 6.7 Hz, 0.4H. H-2). 4.59 (d, .r= 4.1 Hz) aud4.64 (d, J 

=4.1 Hz. 0.6H. H-2). 9.66 (bs, 1H. COOH). 13c-NMR (50 MHZ. ChalZteristic signals, most carbnas show two signals because of 

rotamers) 60.96 and 61.92 (C-2 minor isomer), 61.33 and 61.98 (C-2 major isomer), 65.40 (CCI mqjor isomer), 66.38 and 66.51 

(CC1 minor isomer). 154.96 and 156.26 @X=0), 175.50 and 175.54 (C=O major isomer), 175.82 and 175.84 (c!+ minor bin@. 

MS EI 2% (33) and 204 (@4+-CC2H). 100). 
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