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CHAPTE RR 1 

APPLICATIONSS OF ALIPHATI C UNSATURATED 

NON-PROTEOMOGENICC oc-H-oc-AMTNO ACIDS1 

Coveringg the literature from 1990 to Mayy 2000. 

1.11 Introductio n 

Naturallyy occurring amino acids have been extensively applied in the area of synthetic 

organicc chemistry.2 They may serve as cheap, commercially available enantiomerically pure 

startingg materials for synthetic purposes/ as key building blocks for the synthesis of ligands 

forr homogenous catalysis4 and - as a result of their diversity- be incorporated in libraries of 

compoundss that are built from amino acids.5 However, the opportunities of the proteinogenic 

aminoo acids for synthetic purposes are still rather limited because of the narrow range of 

functionall  groups present in the side chains. 

Inn recent years, the use of racemic and enantiomerically pure non-proteinogenic amino 

acidss in different areas of chemistry, biology and material science has surfaced as an 

additionall  means for structural modification using the non-proteinogenic functionality in the 

aminoo acid side chain. In this review, we wil l provide an overview of efforts in this direction 

thatt were carried out during the past decade. Due to the abundance of examples, we have 

limitedd ourselves to the application of the unsubstituted unsaturated aliphatic a-H-a-amino 

acidss 1, 2 and 3 (n = 0-3) as depicted in Scheme l.6 

II I 

(rfnn (rTlT <i% 

H 2 N " X 0 2 HH H 2 N " ' X 0 2 H H 2 N ^ X 0 2 H 

1 22 3 
nn = 0,1,2,3 

Schemee 1 

Thee syntheses of these amino acids are only covered in a general manner. 

Furthermore,, all the examples in this review are restricted to transformations of the amino 

acidss themselves or in protected form, rather than on amino acid derived compounds such as 

forr example the corresponding amino alcohols. 

Beforee going into the applications of such amino acids, we wil l briefly examine the 

occurrencee of several of the amino acids 1-3 (n = 0-3) in nature.7 Most of the olefinic amino 

acidss 1 have been isolated at least in one of the enantiomeric forms from natural sources, 

1 1 
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espec ia l lyy f rom m u s h r o o m s. Vinylglycine (1, n = 0) w as iso lated in the (R)- form f rom 

RhodophyllusRhodophyllus nidorosui a nd is an irreversible inhib i tor of a var ie ty of enzymes and inh ib i ts 

pho toresp i ra t ion.. (S)-Allylglycine (1, n = 1) w as isolated from Amanita mush rooms, wh i l e its 

h o m o l o g uee (S)-homoal ly lg lyc ine (1, n = 2) w as found in the m u s h r o om Amanita gymnopus. 

(S)-Ethynylg lyc inee (2, n = 0) w as isolated f rom Streptomyces catenulae9 and w as repor ted to 

p o s s e sss a n t i o b i o t ic ac t i v i ty a g a i n st g r a m - p o s i t i ve bac te r ia. T he h o m o l o g o us ( S )-

p ropargy lg l yc inee (2, n = 1) w as isolated from a Streptomyces strain10 and also found in the 

m u s h r o omm Amanita pseudoporphyria. It is a po tent inact ivator of the pyr idoxal -P d e p e n d e nt y-

cystathionase.111 H o m o p r o p a r g y l g l y c i ne (2, n = 2) w as e n c o u n t e r ed i n the m u s h r o om 

CortinariusCortinarius claricolor,12 wh i l e the isomeric allenic amino acid homoal lenylg lyc ine (3, n = 1) w as 

iso la tedd f rom the m u s h r o om Amanita solitarian and, mo re recent ly, f rom other sources as 

well.14 4 

Too m e et the d e m a nd of a-amino ac ids w i t h specific non-pro te inogen ic funct ional 

g r o u p s,, over the years a large n u m b er of m e t h o ds have been deve loped to synthesise such 

a m i noo ac ids in enant iomer ica l ly p u re form.15 In add i t ion, m a ny of these amino acids are by 

n oww commerc ia l ly avai lable.16 W i thout being complete, a s u m m a ry of wel l -establ ished and 

relat ivelyy n ew m e t h o ds for amino acid synthesis in enant iopure form is depic ted in Scheme 2. 

N ^ N H 2 2 

diastereoselectivee ^ diastereoselective 
alkylationn using 

nitrogen n 

r r 
15 5 

;; : a c t i o n^ asymmetric 
Streckerr reaction 

diastereoselective e 
alkylation n 

<= = 
usingg carbo: 
electrophiles s 

OMe e 

resolutionn using 
proteasess and yy 

catalytii i 
asymmetricp p 
alkylation n 

Ph h 
tic c 
; t r i c Pl f 'S ^ ^ 
ionn i 4 

I I 
esterases^';resolutionn using 

acylases s 
resolutionn using ^ ^ 
hydantoinases s 

R R 

symmetric c 
hydrogenation n 

HN'' 'C02Me 

\
resolutionn using ' 
amrnopeptidasess c 13 

cc 10 o 

Schemee 2 

2 2 
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Theyy can be roughly divided in three different strategies: (i) stoichiometric approaches 

employingg a chiral auxiliary, (ii) biocatalytic procedures involving enzymatic transformations 

(iii )) asymmetric catalytic processes using asymmetric (transition metal) catalysts. Examples of 

thee first class are diastereoselective alkylations of enantiopure glycine derivatives with carbon 

electrophiless (e.g. the Schöllkopf template 417 and the Myers pseudo-ephedrine moiety 5),18 

diastereoselectivee alkylations of enantiopure ester enolates with nitrogen electrophiles (e.g. 

thee Evans oxazolidinone-system 619and the Oppolzer auxiliary 7)20 and diastereoselective 

Streckerr reactions of imines bearing a chiral auxiliary (viz. 8).21 Among the enzymatic 

methods,222 enzyme classes that have been frequently applied to resolve a broad range of 

aminoo acid derivatives include esterases or proteases,23 acylases,24 hydantoinases,25 and 

aminopeptidases266 starting from the amino esters 9, the N-acylated amino acids 10, the 

hydantoinss 11 and the amino acid amides 12, respectively. Furthermore, several catalytic 

asymmetricc approaches emerged of which the most powerful methods seem the metal-

catalysedd asymmetric hydrogenation of dehydro amino acids 1327 and the asymmetric 

alkylationn of glycine equivalents such as 14 using base, an alkylating agent and an 

enantiomericallyy pure phase transfer catalyst.28 In addition, asymmetric catalytic Strecker 

reactionss have been developed, which also give access to enantiomerically pure amino acids 

fromm the imines 15 in an efficient manner.29 

1.22 Side chain modifications 

Onee of the most straightforward transformations on unsaturated amino acids is direct 

oxidativee cleavage via for example ozonolysis. While the ozonolysis of non-protected 

allylglycinee led to the corresponding aldehyde of variable purity, Tudor et al.M demonstrated 

thatt conversion of the doubly protected allylglycine derivative 16 into the corresponding 

aldehydee 17 using ozone, followed by quenching with TFA led to the free amino acid hydrate 

188 as a stable salt of reproducible quality (Scheme 3). The trifluoroacetate salt 18 was used as a 

substratee for the enzymes homoserine dehydrogenase and dihydrodipicolinic acid (DHDPA) 

synthase. . 

TFA A 
033 H p (trace) 

thenn DMS 17 (75%) 

Schemee 3 

3 3 
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Inn the group of Guillerm,31 the allylglycine derivatives 19 were utilised as precursors 

forr the synthesis of conformationally restricted methionine analogues containing an episulfide 

moiety.. These analogues were considered being useful inhibitors of the enzyme S-adenosyl 

transferase.. Suitably protected (E)- and (Z)-crotylglycine 19 were subjected to 

iodolactonisationn conditions to give the lactones 20,24a which in turn were reacted with sodium 

thiocyanatee to give 21 (Scheme 4). 

R-^R11 ^ .J ^ R 1 

I2,, aq NaHC03 

THF,, 5 h, 0 °C 
HN' ' 

Boc c 6? 6? 
NaSCNN i—( 

~HN-0> > 

SCNN 1) Na^Z03 
MeOH H 

Boc c 
19 9 RR = Me, R = H 

RR = H, R1 = Me 

O O 

200 (80-85%) 

DMF F 
800 °C Bocc jJ, 

211 (60-63%) 

8SS8&H?. . 
222 (30-33%) 

Schemee 4 

Openingg of the lactone under the influence of sodium carbonate in MeOH provided 

thee corresponding episulfides, which were subsequently converted into the free amino acids 

222 in reasonable overall yields. A similar protocol was followed by the same group to arrive at 

thee corresponding epoxides.32 In this case, the lactones 24 were directly cyclised using Na2C03 

inn MeOH to provide the epoxides 25 in diastereomerically pure form, which were readily 

deprotectedd to provide the free epoxy amino acids 26 (Scheme 5). 

I2,, aq NaHC03 

»--
THF,, 5 h, 0 °C 

i — (( ] 

CQ2H H 

Na2CQ3 3 

H T V °° MeOH 
Boc c O O 

24 4 

rt rt HN N 

Boc c 

r r 1)) 90% HCOOH, rt J^ 

HfiHfi  C02H 
2)) Ba(OH)2, rt 

25 5 26 6 

Schemee 5 
(overalll  yield ca. 35%) 

AA series of 2-amino-5-phosphonopentanoic acid derivatives were synthesised to assess 

theirr biological activity as competitive antagonists for the N-methyl-D-aspartate (NMDA) 

receptor.333 Some of these compounds were prepared starting from non-proteinogenic amino 

acidss as exemplified in Scheme 6. Thus, protected allylglycine 27 was treated with 

diazomethylphosphonatee and rhodium acetate dimer to give the corresponding product 28 as 

aa mixture of all four possible diastereoisomers. Subjection of this mixture to 6 N HC1 at 100 °C 

providedd the corresponding free amino acids 29, which were tested as such and showed 

moderatee affinity for the NMDA receptor. 

4 4 
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rr  N g g V • ^ï(0Me)2 
H ^ C 2 M ee CH2C12 ' X X 

C02Bnn z HN C02Me Hl̂ l C02Me 
2 77 C02Bn 28 C02Bn 

oo ff 
MM jk P(OH)2 

66 M HC1 (HO) 2P~<L"<. . X 0 2 H J 5 

__ ^ ^ 'f  <J^,, no2H 
NH22 \ 

299 NH2 

Schemee 6 

Thee group of Danion exploited the unsaturated functionality of allylglycine to arrive at 

boronicc acid containing amino acids (Scheme 7).M Initially , racemic protected allylglycine 30 

wass hydroborated using diisopinocampheylborane, followed by oxidative cleavage of the 

pinene-moietiess using acetaldehyde and acidic hydrolysis leading to the free amino acids 31. 

Applicationn of this methodology to enantiopure allylglycine derivatives provided the boronic 

acidss 32, while application to propargyl- and homopropargylglycine eventually led to the 

geometricallyy pure (E)-vinylboronic acids 33.35 The enantiomerically pure amino acids 32 and 

33,, which are potential mimics of (S)-arginine, were evaluated as active site probes of the 

enzymess arginine synthase and nitric oxide synthase.36 

III /B(OH)2 

1)) Ipc,BH, THF, rt 
2)) MeCHO, 45 °C 

C02Mee ^ u n J^ 
m S é N H Cll  H2N^C02H 

311 (yield not given) 

.B(OH)22 /B(OH)2 

Broxtermann et ai. developed efficient methodology to convert allylglycine derivatives 

intoo the corresponding thioethers (Scheme 8).37 Both free and protected allylglycine 

derivativess (34) were treated with different thioethers and esters in the presence of a catalytic 

5 5 
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amountt of AIBN to generate the corresponding homomethionine derivatives 35 in good to 

excellentt yields. Application onto enantiopure starting material showed that in some cases to 

aa small extent racemisation occurred. However, this problem was overcome by purification of 

thee final product via crystallisation. 

HIJTT C02R 
P P 

34 4 

5%% AIBN 

MeSR1 1 

Ph,, 65 °C 

SR1 1 

HNN X 0 2 R 

PP = H, CO,Bn, COPh 
RR = H, Me; R1 = Me, Bn, Ac 

Schemee 8 

355 (64-99%) 

Ann interesting example of utilising the unsaturation of olefinic amino acids is shown in 

Schemee 9.38 A 1,3-dipolar cycloaddition reaction of the vinyl- and allylglycine derivatives 36 

andd 37, respectively, with the oximes 38 (m = 0,1) provided the corresponding adducts 39 as 

mixturess of diastereoisomers. After deprotection, the amino acid derivatives 40 were 

evaluatedd as antagonists of the glycoprotein l ib/I l i a receptor. 

iNur r 

Bock. . 

HfjTT X 0 2 M e 
P P 

bleach,, CH2C12 

36:: n = 0, P = Cbz 
37:: n = 1, P = S02Bu 

Schemee 9 

C02Me e 

39:: n = 1, m = 0; 
nn = 0, m = 1 

1:11 mixture 
-A A 

C02H H 

40:: n = 1, m = 0; 
nn = 0, m = 1 

Reminiscentt of the 1,3-dipolar addition reactions shown in the previous scheme, Kurth 

andd coworkers set out to prepare compounds that contain a hydantoin and an isoxazoline 

moietyy starting from unsaturated amino acids. Beside a solution phase approach, they 

demonstratedd the validity of this methodology in a solid phase pathway, which is shown in 

Schemee 10.39 The sequence commenced with the immobilized allylglycine moiety 41 

(connectedd to a standard Merrifield resin), which was deprotected with TFA and reacted with 

differentt isocyanates to give the corresponding urea derivatives 42. Subsequent 1,3-dipolar 

cycloadditionn with Mukaiyama-generated nitril e oxides gave the isoxazolines 43, which were 

6 6 
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cleavedd from the resin via cyclative release. The target compounds 44 were obtained in 16-

35%% overall yield as 1:1 mixtures of diastereoisomers. 

R11 R1 

>=NN W ( 

1)TFA,, W O ^ .  o V ° 
thenEt̂ ^ L. J l j  RCH2N°2 [̂  ï j EtgNf 

THFF RN' 
600 -C V - N H 

NHRR O 41 1 

Boee CH2Cl2/rt
 QV" ' S 

2)RN=C=00 ^ J.H PhN=C=0, 
' N HH EtjN,THF, 

600 "C 
42 2 

RR = Ph 

ii  B u 

R11 = Ph, Me 

NHR R 
43 3 444 (16-35% overall yield) 

Schemee 10 

Inn a likewise manner, the same group produced compounds that contain both a 

thiohydantoinn and an isoxazole moiety (Scheme l l ) . 40 1,3-Dipolar cycloaddition of resin 

boundd propargylglycine 45 with Mukaiyama-generated nitril e oxides provided the 

cycloadductss 46, which in a series of steps were further converted into the thioureas 47. 

Simplee heating in THF then led to cyclization induced cleavage to liberate the desired 

productss 48 in 30-40% overall yields. 

R,, = Ph,2-Th, 
RJ J 

:Ph,3-ClC6H4 4 
4-ClC6H4 4 

Boc c 
NH H 

1)) THF/CH,C12 (1:1) 
thenn aq HC1 
thenn aq NaOH 

2)) R2CHO, NaCNBH, 
AcOH H 

3)) R3NCS 

60°C C 
THF F 

Schemee 11 488 (30-40% overall yield) 

Thee group of Crisp pioneered Pd-catalysed functionalisation reactions of unsaturated 

aminoo acids and in particular propargylglycine derivatives. They demonstrated in a 

preliminaryy report that suitably protected propargylglycine derivatives 49 could be efficiently 

transformedd into the substituted counterparts 50 using Sonogashira-type coupling conditions 
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(cat.. Pd(PPh3)4/ excess RX, PPh3 (0.1 equiv) Cul (0.1 equiv) in piperidine or DMF) in good to 

excellentt yields (Scheme 12).41 A range of aromatic groups was coupled in this way, with X 

beingg Br, I or OTf. While all reactions were carried out on racemic propargylglycine, a single 

reactionn on (S)-propargylglycine proceeding without detectable racemisation, showed the 

viabilityy of this type of transformation on amino acids. 

5mol%Pd(PPh3)44 f 

C02Me e HN N 

Ac c 

C02Et t 

49 9 

RXX (3.0 equiv) 
PPh3,CuI I 
piperidine e 
XX = I, Br, OTf 

Schemee 12 

HN" " 
Ac c 

50:: R = aryl, alkenyl 

Thee usefulness of this reaction was further underlined by recent work by Lee et ah, 

whoo employed this reaction to synthesise a small library of thrombin inhibitors.42 Thus, Boc-

protectedd propargylglycine 51 was reacted with an appropriate amine to arrive at amide 52 in 

52%% yield (Scheme 13). Deprotection of the amine, followed by sulfonation provided the 

desiredd Sonogashira precursors 53. Subjection to standard Sonogashira conditions with a 

varietyy of iodobenzenes, iodopyridines and iodopyrimidines led to the targeted thrombin 

inhibitorss 54 in yields around 80%. 

Me e 

Cll k> j f r 
F,, a' rj LV 

522 (52%) 

COaH H 
Boc c 

51 1 

NMM,, EDC 
HOBt,, DMF, 
thenn HC1 

ArSOgCI I 

NMM,, DMF 

Selected d 
R-groups: : 

-NHNH, , 

Schemee 13 

533 (88-94%) 

Pd(PPhJ2Cl2 2 
Cul,, RI, Ft,N N 
MeCN,, rt \ R 

544 (72-88%) 

Inn a similar strategy, researchers at Novartis prepared different types of endothelin-

convertingg enzyme inhibitors starting from the propargylglycine containing fragment 55 

(Schemee 14) .43 The Sonogashira functionalisation proceeded in generally satisfactory yields, 
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followedd by a multi-step conversion into the tetrazole aminophosphonates 57, of which the 

activityy was evaluated. 

Boc c 

51 1 

H,K K 

C02HH EDC1, HOBt 
Et3N,, DMF Boee O 

55 5 

Pd(PPh3)2Cl2 2 

»--
CNN Cul, RI, Et3N H N 

MeCN,, rt I 

RR = 2-F,2-MeO,4-Me,H 

(H0)2OO X% 
Schemee 14 

57 7 
H N - N ' ' 

Inn addition to the Sonogashira functionalisations of protected amino acids in organic 

media,, Dibowski and Schmidtchen demonstrated the feasibility of modifying free 

propargylglycinee 2 (« = 1) in an aqueous environment (Scheme 15).44 Iodobenzoic acid was 

reactedd with the amino acid in the presence of Pd(OAc)2 and the water soluble phosphine 

ligandd 59 in a water/acetonitrue mixture at 50 °C to produce the corresponding adduct 58 in a 

yieldd of 75% without formation of homo-coupled propargylglycine. 

"Ö2C C 

Pd(OAc)2 2 
ligandd 59»C1 

HjNN C02H 

2(nn = l ) 

H20/MeCNN 7:3 
5(TC,3h h H2N'' X 0 2 H 

588 (75%) 

Schemee 15 

Ann alternative way of modifying propargylglycine via Pd-catalysis was developed by 

Crispp and coworkers. In this case, protected propargylglycine 49 was reacted with Bu3SnH to 

givee the corresponding hydrostannylated product (Scheme 16) .45 Depending on the conditions 

(Pd(O)-catalysedd addition vs. AIBN-mediated radical addition) either the internal or terminal 

vinylstannanee was formed with reasonable to good selectivity. Subsequent reaction of either 

off  these products with iodine provided the vinyl iodides 60 and 62, respectively. These 

iodinatedd allylglycine derivatives appeared good substrates for further functionalisation via a 

Heckk reaction with a variety of olefins or a Sonogashira reaction using different acetylenes.46 
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Thus,, the corresponding allylglycines 61 and 63 were obtained in varying yields. Noteworthy, 

thesee reactions were all carried out with racemic substrates leaving the question whether 

thesee conditions wil l affect the amino acid enantiopurity unanswered. 

Thee pioneering work of Schrock and Grubbs in the area of olefin metathesis'*7 has 

stronglyy contributed to widespread applications for unsaturated amino acid derivatives. The 

compatibilityy of the metathesis catalysts 64 and 65 (Scheme 17) with the functionalities present 

inn amino acids and peptides has led to an enormous amount of possibilities to exploit the 

olefinicc side chain for modifying amino acids and peptides. 

> h h 

csP3 3 

PCy3 3 

65 5 

Pr" -- ~y ^ pr j 

3T3c."x ) ) 

F3CC ^  64 

Schemee 17 

Earlyy applications for amino acid modification were reported by the group of 

Blechert.488 Vinylglycine derivative 66 was reacted with allyltrimethylsilane in the presence of 

thee Schrock Mo-catalyst 64 to give the corresponding cross-metathesis product 67 as a single 

geometricall  isomer in excellent yield (Scheme 18). A drawback, however, was the fact that the 

reactionn proceeded with a slight decrease of optical activity (from 97 to 92% ee). This principle 

wass further elaborated by the same group49 and by the group of Gibson,50,51 but now using the 

Ru-catalystt 65. A large variety of cross-metathesis products 69 was prepared by both groups, 

thiss t ime without detectable racemisation of the amino acid moiety. Surprisingly, 
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incorporationn of a phenyl-substituent using styrene proceeded remarkably well to give 

conformational /̂/ restricted homologues of phenylalanine (69, R = Ph). 
5iMe3 3 

X X HN N 
CBz z 

66 6 

C02Me e 

HN' ' 
P P 

68:: P = Boc; Fmoc 
n = l , 2 ,3 3 

^ v ^ ^ S i M e 3 3 

*--
100 mol% 64 
CH2C12// reflux 

^ c 6 H 1 3 r r 

65,, rt or reflux 

Schemee 18 

C02Me e 

699 (7-75%) 

Inn a number of these cross-metathesis reactions, side products were formed in varying 

amountss as a result of self-metathesis between two amino acid residues. Selective self-

metathesiss of allylglycine derivatives, however, to deliberately obtain the self-metathesis 

productt in high yield appeared not successful.52 Therefore, in order two selectively obtain the 

allylglycinee self-metathesis product, an alternative strategy was devised by several groups. 

Thee first example was published by the group of Grubbs,52 who showed that ring-closing 

metathesiss of the tethered bisallylglycine system 70 gave the cyclic olefin 71 in 85% yield, 

albeitt as a 2:1 mixture of geometrical isomers (Scheme 19). Hydrogenation of the double bond 

andd concomitant hydrogenolysis of the phenolic esters, followed by deprotection provided 

(2S,7S)-2,7-diaminosubericc acid (72) - which is an isostere of (S)-cystine (73) - in excellent 

overalll  yield. 

// // 

70 0 

II ,*NH 
|| 15 mol% 65 

0 ^ ° C H 2 C 12 , 4 5 : C ° ' ' 
85% % 

Bocc / = ?°°° 1) H2, Pd/C 
EtDAcrt t 

2)) 3 N HC1 H02C 
». . 

H20/dioxane e 
1000 °C 

NH2 2 

NHs s 

C02H H 

72:: X = CH2 (85%) 
3)) propylene oxide 7 3: X = S (cystine) w w 800 C 

711 (85%, 2/1 mixture) 

Schemee 19 

AA similar strategy was independently developed in the groups of Williams53 and 

Vederas544 to prepare analogous compounds. A subtle variation on this theme was also 
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publishedd by the Williams group (Scheme 20).53 In this case, rather than the C2-symmetrical 

dimer,, the differently connected diolefin 74 was used as the metathesis precursor, which upon 

hydrogenolys iss gave the enantiomerically pure and orthogonally protected 2,7-

diaminosubericc acid 76 in excellent overall yield. Again, the intermediate cyclic olefin 75 was 

producedd in good yield as a 1:1 mixture of the two double bond isomers. The advantage of the 

latterr pathway is that the final product is suitably protected for selective incorporation in 

peptidess or other molecules. 

HN-Boc c H02C C 

H2,, Pd/C 
-̂-

TsOH, , 
THRrt t 'C02Ph h 

755 (83%, 1:1 mixture) 

Schemee 20 

766 (95%) 

A nn ene-reaction on the allylglycine side-chain of 77 was utilised to synthesise N-

succinyl-a-amino-e-ketopimelicc acid (79), which is the natural substrate for the enzyme N-

succinyl-(S,S)-diaminopimelicc acid (DAP) aminotransferase (Scheme 21). 

Me02CCHO O 

HNN ^C02Me 

CO(CH2)2C02Me e 

77 7 

FeCl, , 

COzMe e 

**  I 
HN"^C02Me e 

C0(CH2)2CO2Me e 

78:1:1(47%) ) 
NH, , 

l )H 2,Pd/C C 
2)) Dess-Martin 

3)) LiOH 

C02Li i 

r r 
^ X 0 2 L i i 

CO(CH2)2C02U U 

799 (75%) 

HN N 

C02HH C02H 

80:meso-DAP P 

COzHH C02H 

81:: (S,S)-DAP 
Schemee 21 

Thiss is an essential enzyme in the bacterial biosynthesis of meso-diaminopimelic acid 

(meso-DAP)) (80) and (S)-lysine, which are the key cross-linking amino acids in the 

peptidoglycann layer in the cell wall of Gram negative and Gram positive organisms, 

respectively.555 Thus, an ene reaction of 77 with methyl glyoxylate in the presence of FeCl3 

providedd 78 as a 1:1 mixture of diastereoisomers in 47% yield. Hydrogenation, followed by 
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oxidationn and hydrolysis provided target compound 79, which appeared only stable as the tri-

Li-salt.. In addition, by using a CBz- instead of a succinate-group on the nitrogen atom and 

subsequentt reaction with NH4OAc, followed by NaBH3CN reduction both meso-DAP (80) and 

(S,S)-DAPP (81) were also obtained. 

Thee group of Berner used the same transformation to synthesise the diastereomeric 

lipopeptidess 85,56 which can be regarded as conformationally restricted analogues of the 

knownn immunostimulating lipopeptides FK-156 and its synthetic analogue FK-565 (Scheme 

22).. The synthesis proceeded through a Lewis acid-catalysed ene reaction on the allyl side 

chainn of the dipeptide 82. Unfortunately, the d.e. of product 83 was rather low, but eventually 

afterr suitable further functionalisation and separation by column chromatography the desired 

lipopeptidee mimics 85 were obtained. 

C02Me e 

TrocHN N 

C02Me e 

JCCJCC B-^2 H^A0 J 
11 K 

co£ £ Me e 

833 (61%) 
25%% de 

1)) DCC, DMAP 
Boc-(S)-Alaa u N L 

»-- z "V^o 
2)) Zn, pH 4 

844 (80%) 

OH H 0 * ^ 0 0 

02Bnn C02Me 

^^ c/ 

H H 

1)) amide 
formation n 

,Boc c 

L A 00 2) TFA 

85 5 

A A Schemee 22 
NH, , 

Att Abbott Laboratories, (+)-deoxypyrrololine (89) - a potential biochemical marker for 

diagnosiss of osteoporosis - was synthesised involving functionalisation and coupling of 

protectedd homoallylglycine 86 (Scheme 23).57 Hydroboration of 86, followed by conversion of 

thee hydroxyl group into the iodide provided 87, which was coupled with the protected core 

888 in a satisfactory yield. Boc-removal, hydrogenolysis and finally TFA-mediated 

decarboxylationn of the pyrrole moiety gave rise to the desired product 89 in a reasonable yield 

overr four steps. 
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NH H 
1)BH,«THFF . ^ l)KOBu''88, 

THF,0°CC r ^ ^ l THF H02C 

B 0 C^N '^C02Bu(( 2)I2,PPh3
 B o C vN^CO,Bu' 2) TFA/H20 

^^ imidazole ^ c « ' / ^ 
866 87 (84%) 4 ) T F A 

1)) Boĉ  ,Boc Boc, B̂oc I 1 

B u b £ ' ^ » ^ ^ W/ x - ^ " ^ C 0 2 B u'' 89: 
888 ^ C 0 2 B n «-deoxypyrrololine (13%) 

H H 

Schemee 23 

1.33 Direct cyclisation of the amino acids via the side chain 

Thee group of Genet pursued a dihydroxylation strategy to transform allylglycine 

derivativee 90 into the corresponding a-aminolactones (Scheme 24).58 Dihydroxylation via 

differentt methods (Os04/tetramethylamine N-oxide, AD-mix a, or AD mix P) all resulted in 

formationn of a mixture of the lactones 91 in a 7:3 ratio, albeit in different yields. 

-OHH s>—OH 

ff dihydroxylation 

HNN C02Me 

Boc c 
9 00 91 (ratio 70:30) 

41-96%% yield 
Schemee 24 

Thee enantiomerically pure (S)-homoallylglycine derivative 92 was cyclised by the 

Baldwinn group via m-CPBA-mediated epoxidation of the double bond, which not surprisingly 

ledd to a 1:1 ris/frans-mixture of prolines 93 in 94% yield (Scheme 25).59 

m-CPBAA / \ RuCl3/NaI04 

CH2C122 I V C ° 2 B n MeCN,H2o' 
Tss reflux 0 H T s Ts; 
YY ^ ^ l 2 ^ l 2 

CO.Bnn CH2C12 " Y " 0 0 ^ MeCN,H2o' H 0 2 C ^ ^ C 02 B n 

922 93 (94%) 94 (78%) 
1:11 mixture 

separation, , 
then n 
6%% Na/Hg 
KjHPC}, , 
MeOH H 

Schemee 25 

14 4 

>V"̂ NN COjH H O - C T ^ N ^C 
HH H 

955 (65%) 96 (62%) 
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Oxidationn to the carboxylic acids 94, followed by chromatographic separation and 

doublee deprotection using sodium amalgam then gave the desired pyrrolidine dicarboxylic 

acidss trans-95 and meso-96 in satisfactory overall yields, which were tested as substrates for 

thee enzyme proline hydroxylase. 

Thee enantiopure (R)-homoallylglycine derivative 97 was used as the starting point to 

constructt 5-hydroxypipecolic acids in the unnatural (R)-configuration (Scheme 26).60 

H r f X O a B u ' ' 
C02Bn n 

97 7 

1)) mCPBA 
CH2C12,, rt 

2)) LiBr 
3)) TBSC1, DMF 

HOIDD " " O 

TBSQ Q 

HN' ' 
C02Bn n 

98 8 

Br r 

"C02Bu' ' 

CIXX « ^ 
1000 (15%) 

r l ' NN 'C02H C ll H2 

1)) NaH, DMF 
heat t 

2)) TBAF, THF 

TBSO,,. . 
~Br r 

Hr^^CO-jBu' ' 

C02Bn n 

99 9 

n 22 3) H2, Pd(OH)2/C 
1011 (17%) 4) 3 M HC1 

Schemee 26 

Epoxidationn of the olefin afforded two diastereomeric epoxides in a ca. 1:1 ratio. Since direct 

cyclizationn (K 2C03 in MeOH, 80 °C) gave the corresponding proline derivatives (see also 

Schemee 25), an alternative route was sought. Ring-opening with LiBr, followed by protection 

off  the secondary alcohols with TBSC1 gave the cyclisation precursors 98 and 99, which were 

ring-closedd using NaH in DMF at elevated temperatures. After desilylation with TBAF, both 

diastereoisomerss could be separated by column chromatography and were independently 

convertedd into the free pipecolic acid derivatives 100 and 101, respectively, in reasonable 

overalll  yields. 

BUjSnH H 
AIBN N 

HNN C02Me 

SPhh „ „ „ 
102 2 

cyclohexane e 
reflux,, 6 h 

N N 
H H 

1033 (92%) 
1:11 mixture 

H2NN C02Me 

1044 (4%) 

Schemee 27 

Bowmann et ah used an alternative approach to transform homoallylglycine into the 

prolinee derivative 103 (Scheme 27).61 The N-thiophenyl-substituted starting material 102 was 
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convertedd with the aid of AIBN into the corresponding N-centered radical, which in a 5-exo 

typee cyclisation and concomitant reduction of the exocyclic methylene radical gave 103 in 92% 

yieldd as a 1:1 mixture of diastereoisomers. In addition, a trace of the reduced N-centered 

radicall  was observed (viz. 104). 

Inn the group of Ojima, the allylglycine derivatives 105 were subjected to Rh-catalysed 

hydroformylationn conditions (Scheme 28)." While with simple Rh/PPh3-complexes both 

linearr and branched hydroformylation products were formed, use of the BIPHEPHOS ligand 

resultedd selectively in the linear product, which under the reaction conditions gave the N,0-

acetalss 106 in nearly quantitative yields. The N,0-acetal was reacted with BuCu«BF3 to give 

1077 as a single trans-diastereoisomer, which in turn could be epimerised to the ris-compound 

108.. In addition, subjection of 105 to identical conditions in a non-nucleophilic solvent such as 

THFF resulted in the formation of the enamide 109 in quantitative yield. 

Rh(acac)(CO)2 2 
BIPHEPHOS S 

Hljff  C02R 

PP 105 

FTO O 
CO/H, ( l / l ; 4a tm) ) 

PJOH,, 65 °C 
P P 

C02R R 

PP = Boc, CQ,Me 
RR = Me, Bu1 

R11 = H, Me, Et 

(PP = 
C02M e e 
RR = Bu') 

Rh(acac)(CO)2 2 
BIPHEPHOS S 

C O / H, , 
(1/1;; 4 arm) 

OTHF,, 65 °C 

INN X02Bu' 
1099 (99%) 

1066 (>90%) 

1)) BuCu»BF3 

-788 °C to rt 
-̂-

2)) NH4C1/NH3 
rt,, 1 h 
PP = Boc 
RR = Me 
R = Et t 

XX X Bifvv "Ijl ' "*C02Me 
Boc c 
1077 (80%) 

LiHMD S S 
200 °C to rt 

Ijll X 0 2 M e 

Boc c 

1088 (72%) 

Schemee 28 

Palladium-catalystss have been used to cyclise allene-containing amino acids. A first 

examplee of such a reaction was published by Gallagher and coworkers (Scheme 29).03 Reaction 

off  the racemic allenic amino acid 110 under the influence of catalytic Pd(PPh3)4 and an excess 

off  Phi provided the corresponding styrene-substituted proline derivative 111 in 84% yield as a 

1:11 mixture of diastereoisomers. This reaction presumably proceeded via initial reaction of the 

allenee with an in situ formed arylpalladium(II) species to the corresponding 7t-allylpalladium 

complex,, which then cyclised via intramolecular attack of nitrogen in a 5-exo fashion. 
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^ ^ 

HIjTT COzMe 

Tss n o 

55 equiv Phi, 
10%% Pd(PPh3)4 

DMF,, 80 "C 

Schemee 29 

Ph h T T 
Ts s 

COgMe e 

1111 (84%) 
1:11 mixture of isomers 

1.44 Cyclisation reactions involving a functional group on the nitrogen atom 

Aminoo acid-derived enynes appeared suitable substrates for Pauson-Khand type ring 

closuree reactions (Scheme 30). The resulting products were of interest as scaffolds with drug-

likee character that can be used for further functionalisation.64 

Co2(CO)8// NMO 

Ifll C02Me 
Ts s 

112::  R = H 
113::  R = Ph 

CH,C1, , 
IjJJ X 0 2 M e 
Ts s 

114:: R = H (71%) 
115:: R = Ph (92%) 

Co2(CO)8,NMOO pJL 

^ N ^ C OaM ee CH2C12 

Ts s 

116:: R = H 
117:: R = Ph 

NN X 0 2 M e 
Ts s 

118:: R = H (77%) 
119:: R = Ph (87%) 

1)) TFA/CFLCL / V 
2)CH2N22  H > 

NN X 0 2 M e 

Ts s 
122 2 

RR = H/Ph/MeOC6H4/ 

ClCgH^^ Me02CC6H4 

YY C02Me N X02Me 
Tss Ts 

1233 124 Scheme 30 
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Bothh the propargylglycine-derived substrates 112 and 113 and the allylglycine-derived 

compoundss 116 and 117 were readily converted into the corresponding bicyclic enones 114, 

1155 and 118, 119 in good yield and with excellent diastereoselectivity. Without much 

difficulties,, both of these sequences were translated to the solid phase (viz. 120), where 

Sonogashiraa functionalisation of the acetylene, followed by the Pauson-Khand protocol and 

subsequentt cleavage and re-esterification resulted in the synthesis of a modest library of the 

bicyclicc amino acids 122. In addition, a variety of follow-up reactions were carried out, 

leadingg to - amongst others - the saturated pipecolic acid derivatives 123 and 124. 

A nn interesting alternative entry into Pauson-Khand reactions was developed by 

Witulskii  and Gofimann commencing with the unprecedented N-(ethynyl)allylglycines 127 

(Schemee 31).65 Smooth ethynylation of 125 upon treatment with base and the iododonium 

triflatee provided 127 in satisfactory yield, which was cyclised under standard Pauson-Khand 

conditionss to give the enone 128 as a virtually single diastereoisomer. This reaction was 

carriedd out with a number of electron-withdrawing groups at the nitrogen atom. 

Cs2C03 3 

 C02Me DMF/CHjCl j 
Tss r t , 3h + 

= — kk OTf 
Ph h 

C02Me e 
J ^ ^ 

i )) CojCCOg, 
THF,00 to 
200 °C, 
300 min • M H H 

125 5 126 6 

C02Mee N^ 
i-__ 2)NMOor TsT 

Me,NOO C O a M e 

127(70%)) r t ' Z 5 m m 128(69%) 
>96%% de 

Schemee 31 

Inn pioneering work of Mille r and Grubbs, the first example of an amino acid derivative 

thatt was cyclised using the Ru-catalyst was the conversion of racemic 129 into 130 (Scheme 

32),, which proceeded in excellent yield.66 In the same group, this cyclisation was extended to 

thee amino acid-derived azepine 131. Rutjes and Schoemaker further applied this pathway to 

enantiomericallyy pure examples and various substitution patterns and protecting groups (see 

productss 130-139),67 thus clearly showing the potential of this type of conversion on amino 

acids.. Especially, the cyclisation to the a,p-unsaturated systems 133-135 and 138 was 

remarkable,, since electron-poor olefins usually are bad substrates for this catalyst. 

Furthermore,, the basic amine-containing azepine 138 was obtained in good yield form the 

correspondingg diolefin. 
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55 mol% 65 5 nn o ex 
N^C02MeC H2C 12<r tt ^N^CO^Me f % " N l H f C ° 2 M e 

Bocc " Boc MeQ2C O Boc P M B 

1299 130(90%) 131(50%) 132(54%) 

„Me e 
O"55 N ' ^C02Me X ^ y *C02Me ^ ' " ^ C O j . M e 0 ' ' " f [J '^> vC02Me 

PP PMB PMB PMB 

133:PP = H(20%) 136: X = H, (82%) 138(94%) 139(65%) 
134:: P = PMB (93%) 137 X = O (95%) 
135:: P = CH2Fc (89%) 

Fcc = ferrocenyl Scheme 32 

Recently,, the same group reported an extension of this methodology, which 

commencedd with unprecedented N,0-acetal formation via Pd-catalysed reaction of 4-

nitrobenzenesulfonyl-(Ns)-protectedd allylglycine 140 with benzyl 1,2-propadienyl ether 

(Schemee 33).68 Cyclisation of 141 under the influence of catalyst 65, followed by Lewis acid-

mediatedd diastereoselective alkylation at the 6-position then provided the substituted 

unsaturatedd pipecolic ester 142, which was readily deprotected to the free amino acid 143. A 

similarr sequence led to the pipecolic acid derivatives 145 and 146 and the natural product 

baikiann (144). 

nn || 1) catalyst 65 
10%Pd(OAc)22 ^ 1 | CHjClyrt 

HIJTT "C02Me Et3N,dppp B n° r1 C 02 M e 2) BF3»OEt2, ^ ^  ̂ N 
Nss MeCN, rt Ns allylSnBu, . N s 

1400 141(84%) CHjCl^-TB'C 142 (85%) 

l)PhSH,K2C033 r  ̂ ^ ^ P hS a a 
i O HH W C° 2H y - C 0 2 H " ^ - N - - C 0 2 H ^ ^ y ^C02H 

MeOH/H-O,, rt 
^^ 143(61%) 144 145 146 

Schemee 33 

Bothh allyl- and propargylglycine derivatives have been utilised for ring-closing enyne 

metathesiss approaches towards heterocycles. The first example is shown in Scheme 34, where 

thee enyne 147 was cyclised under an ethylene atmosphere in excellent yield under mild 

conditionss to the diene 148.69 This approach was later followed by a different group starting 
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formm propargylglycine derivative 149.70 This time, the reactions were not carried out under an 

ethylenee atmosphere and proceeded in somewhat lower yields. The resulting dienes 150 were 

subjectedd to Diels-Alder reactions with the dienophiles shown, which upon DDQ oxidation 

eventuallyy led to the systems 151 and 152. 

NN COzMe 

COCF3 3 

147 7 

f?f? f " catalyst 65 

N^C02EtCH2Cl2,, 36 h 
I ss 70% 
149 9 

11 mol% 65 

ethene e 
CH2C12,22 h 

99% % 

NN C02Me 

COCF3 3 

1488 (99%) 

thenn DDQ 

Ts s 
1500 (70%) 

O O 
thenn DDQ 

C02Et t 

1511 (85%) 

02Et t 

Schemee 34 

OO Ts 
1522 (45%) 

Thee Ru-mediated metathesis cyclisation to azepine 154 was chosen to prove the 

viabilityy of a new cyclisation/cleavage concept in solid phase chemistry (Scheme 35).n Van 

Maarseveenn et al. demonstrated that the olefinic linker could serve as a reactive functional 

groupp to liberate the corresponding azepine via ring-closing metathesis with the allylglycine 

moietyy in the substrate. Because of the relative inertness of the double bond, one can consider 

thiss as a traceless linker. This example was soon followed by other groups that further proved 

thee potential of this type of release. 

153 3 

55 mol% 65 

1-octene e 
IsjHH (15%) 

Boc c 

^^  ' BZ ' O O 
NH H 

1544 Boc 

20 0 

Schemee 35 
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Thee Amgen group demonstrated the efficient formation of cyclic dehydropipecolic 

acidss 156 via this cyclorelease strategy (Scheme 3Ó).72 

155 5 

55 mol% 65 JO O 
N.. .C02Me CH2Cl2/rt 

—— MeQ2C N 
SO, , 

Schemee 36 

02NN ^^ N02 

1566 (62%) 

Thiss approach was elaborated by the same group and eventually turned into an 

efficientt solid phase protocol for the synthesis of so-called Freidinger lactams 160 (Scheme 

37).733 The immobilised sulfonamide 157 was reacted in a Mitsunobu-type fashion with a 

varietyy of secondary alcohols to give the sulfonamides 158, which then in a two-step 

proceduree were deprotected and reacted with Boc-protected allylglycine 23. Ru-mediated 

cycloreleasee finally provided the desired target compounds 160 in overall yields varying from 

23-36%. . 

0,N. . NO, , 

R ^ R 1 1 

157 7 

S02 2 
j(jl_ll  Fukuyama-

Mitsunobu u 
reaction n 

RR = Ar, Me 
R11 = H, Me, C02Me 

Overalll  yields: 23-36% 

1)) n-BuNH2, 
CH2C12,, rt 

N.. M 2)PyBroP 
JJ EtNPr!2, 

1588 R DMF,rt t 
23 3 

Schemee 37 

C1CH2CH2C1 1 

Ann interesting modification on this theme was also published by the Amgen group, 

showingg that the immobilised allylic amine 159 could be readily reacted in a four-component 

Ugii  reaction to give the corresponding dipeptides (Scheme 38).7i These intermediates were 

thenn cyclised and cleaved from the resin in the same manner to provide the cyclic 

functionalisedd amino acids 162-164 in reasonable overall yields. 
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1)) 23, BnN=C, RCHO 
CH2Cl2/MeOH,, rt 

—— 2)5mol%of65 

161 1 

C1CH2CH2C1,, 80 °C 

Schemee 38 

162:RR = Pr'(62%) 
163::  R = Ph (21%) 
164::  R = (CH-^Ph (55%) 

Similarr type of cyclisations were also carried out by Veerman et al. with the 

immobilisedd homologous unsaturated amino acids 165-168 to give rise to the corresponding 6-

,, 7-, and 8-membered ring systems 164-172 (Scheme 39)P In this work, the beneficial effect of 

thee addition of an equimolar amount of styrene as an additive was shown. 

165:: R = H, n = 1 
166:: R = H, n = 2 
167::  R = Me, n = 2 
168::  R = H, n = 3 

nn - R
C M e 

(Arr = p-N02C6H4) 

55 mol% of 65 
*~ *~ 

styrene e 
PhMe,, 50 °C, 18 h >*t* * 

^S02Ar r 

C02Me e 

Schemee 39 

169:: R = H, n = 1 (80%) 
170:: R = H, n = 2 (59%) 
171:RR = Me,n = 2(54%) 
172:: R = H, n = 3 (12%) 

Thee enantiomerically pure homoallylglycine derivative 173 served as a starting 

materiall  to synthesise the natural products 177 and 179, which have been shown to display 

powerfull  inhibiting activity against angiotensin-converting enzyme (ACE, Scheme 40).76 After 

deprotectionn of the nitrogen, 173 was coupled to the lactone 174 to give a separable mixture of 

thee two diastereoisomers 175 in excellent yield. The sequence to 177 involved ozonolysis of 

thee olefin, followed by intramolecular enamide formation giving rise to 176. Subsequent 

radicall  cyclisation, followed by TFA-mediated destannylation, ozonolysis, opening of the 

lactonee and hydrogenolysis of the benzyl ester finally gave the target compound 177 in good 

overalll  yield. A similar sequence, this time commencing with 9-BBN-mediated hydroboration 

off  the olefin 175, followed by oxidation and enamide formation provided 178, which was 

efficientlyy converted using the same steps into the homologous product 179. 
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WjTT X 0 2 B n 

Bocc 173 

1)) TFA, CH2C1, 
2)) EDCI, HÓBT 

DMF/CH2C12 2 

1744 C 0 2 H 

1)) O,, then 
PPh h 

1755 (93%) 
1:1 1 

1)) 9-BBN, THF 
2)PCC C 
3)) BaO, then 

P2O 5 5 

OH H 

C02H H 
OO C02Bn H0 2 C^ 

°° 176 (80%) !) p j ^ n l H ^ f l I B N 177: (-)-A58365A (83%) 

2)) TFA ' 
3)) Ov then PPh, n M 
4)) EtjN, THF, 60 °C 
5)) H2/ Pd/C 

C02Bn n 

1788 (64%) 
1:1 1 

Schemee 40 

H02C C 
OO C02H 

179::  (-)-A58365B (84%) 

Schemee 41 illustrates a straightforward method to convert allylglycine derivatives in a 

one-pott procedure into the corresponding 4-substituted pipecolic acid derivatives.77 Simple 

stirringg of 180 in a mixture of paraformaldehyde and formic acid led to the intermediate N-

acyliminiumm intermediate 181, which underwent intramolecular nucleophilic attack by the 

internall  double bond. 

J J CH,0 0 

HI|J^C02Mee H C H 

Fmocc 180 
Fmoc^+ + OCHO O 

181 1 

COaMee OCHO C02Me 

Fmoc<"" Fmoc< 
1822 (43%) 183 (41%) 

1}}  NH3/MeOH 
2)) piperidine, 

MeCN N 
OHH 3) LiOH OH 

Schemee 41 

O O NN 'C02H 
H H 

1844 (59%) 

NN 'C02H 
H H 

1855 (61%) 

Thee developing positive charge at the 4-position was captured by the formate nucleophile to 

givee 182 and 183 in 84% yield This cis/1rans-mixture was readily separated and subsequently 
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convertedd into the free 4-hydroxypipecolic acids 184 and 185, via ammoniolysis of the 

formate,, Fmoc-deprotection and ester hydrolysis. It was shown that the N-acyliminium ion-

mediatedd cyclisation proceeded without racemisation of the amino acid center. 

MeCX^OMe e 

0.333 equiv (CljCO^CO T CF3Cf?2% 

Et3N,, then 1 H I T F A 

C02Mee Et,N OMe '"'(  Y " B n CH2CL 
Bitt ^ \ Jk Me02C O 

1866 W ^ 0Me 187(88%) 

M.M. |\1 

r+YY Bn 

Me02CC O 
188 8 

MeOH H 
H H 

X,, , 
radical,—— 189: X = OH (71%) i 

deoxygenarion̂^ 190: X = H (50%) S " Y % n 

Me02CC O 
Schemee 42 

A tt Agouron Pharmaceuticals, novel urea-containing FKBP12 inhibitors were 

synthesisedd and tested. The synthesis of the core of several of these inhibitors also proceeded 

viaa N-acyliminium ion-mediated cyclisation of allylglycine-derived starting materials (Scheme 

42).788 Thus, reaction of allylglycine methyl ester (186) with triphosgene, followed by reaction 

withh the amino acetal provided the cyclisation precursor 187 in 88% yield. Treatment with 

TFAA led to generation of the cyclic N-acyliminium ion intermediate 188, which cyclised to the 

bicyclicc system. The ester, that was formed on capture of the developing cationic charge 

probablyy underwent methanolysis under the reaction conditions to give the corresponding 

alcoholl  189. Finally, radical deoxygenation afforded the bicyclic core, which was used to 

preparee a series of FKBP12 inhibitors. 

Robll  utilised N-acyliminium ion methodology to cyclise the phthaloyl-protected 

allylglycinee derivative 191 into the corresponding 5,6- and 5,7-bicyclic conformationally 

restrictedd Ala-Pro-mimics 195 and 197 (Scheme 43)." Coupling of 191 with (S)-e-

hydroxynorleucinee methyl ester, followed by Swern oxidation provided dipeptide 192, which 

wass readily converted into the corresponding cyclic enamide 193 in excellent yield. 

Protonationn using an excess of a protic acid (TfOH/Tf20) led to generation of the 

correspondingg N-acyliminium ion, followed by cyclisation via nucleophilic attack of the olefin 

too form the 6,7-bicyclic system. Under these conditions, the methyl ester was also hydrolysed 

andd had to be re-esterified. Subsequent replacement of the intermediate triflate by iodide 

providedd 194 in 59% yield as a mixture of diastereoisomers. Finally, (Me3Si)3SiH-mediated 

reductionn of the C-I-bond gave rise to the target system 195 in virtually quantitative yield. A 
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similarr sequence was applied to the norderivative 196, eventually resulting in the 5,7-bicyclic 

systemm 197. 

1}} . (rr< 0H 

LII  K\-  ̂ X C02Me e 

Phth=N' ' 

Phth= = 

HOBt,NMMM  P h t h =N 
u u 2 nn EDAC, CH,C12 

2)) Swern oxidation 
191 1 

1) ) 

H2I\TT X02Me 
BOPP reagent 

,, 2) TFA, CI3CCH3 
reflux,, 48 h 

1)) CF3SO3H 
(CF3S02)20 0 
CH2Cl2,rt t 

2)) Nal, MEK, rt 
3)) (Me3Si)3SiH 

PhH,, 50 °C 

Phth=N N 

CHOO cat. TFA 
)33 C H 2 C 1 2 , 

Phth=N N 

1)) CF3SO3H 
(CF,S02)20 0 
CrCCUTrt t 
thenn CH-N, 

2)) Nal, MEK, rt " 

Phthf=N N P?. . 
1944 (59%) 

(Me,Si),SiH H 
PhH,, 50 'C 

Phth=N N 
ÖÖ C02Me 

1955 (98%) 

Thee group of Baldwin used the allylglycine containing dipeptide 198 as a starting 

materiall  in an attempt to prepare B-lactam analogues (Scheme 44).80 Oxidative cleavage of the 

doublee bond provided a hydroxy lactam, that was converted into the corresponding methoxy 

lactamm via treatment with acidic methanol. Then, deprotection of the serine hydroxyl function 

viaa hydrogenolysis, acid-catalysed cyclisation and ester hydrolysis eventually led to the target 

compoundd 199 (obtained as a mixture of isomers). Unfortunately, none of the isomers 

possessedd detectable antibiotic activity against Staphylococcus aureus bacteria. 

198 8 

1)) Os04, NaIOA 
dioxane/FLO O 

2)H+,MeOH H 
3)) H2, Pd/C 

»--
4)) pTSA, PhMe 
5)) LiOH, r i p /MeOH 

Schemee 44 

PhO O 

OO COzh 

1999 (45%) 
mixturee of isomers 
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Thee same group used comparable methodology in the synthesis of potential p-turn 

dipeptidee mimetics (Scheme 45).81a The protected dipeptide 200 was oxidatively cleaved into 

thee corresponding aldehyde, which upon treatment with catalytic TFA cyclised to the bicyclic 

N,0-acetall  201 as an 8:1 mixture of isomers (the predominant isomer with the a-bridgehead 

hydrogenn is shown). In addition, the diastereomeric dipeptide 202 (containing an (K)-serine 

moiety)) was subjected to a similar sequence of reactions to yield the bicyclic N,Oacetal 203 in 

76%% yield as a 10:1 mixture of diastereoisomers (the major isomer is shown). 

1)) NaI04 
cat.. OsO, 

PP O C02Bn 
200 0 

2)) cat. CF,CO,H 
CHjClyreffux x C02Bn n 

PP = Boc, CO,Bn 2011 (57%) 
8:11 mixture 

HCX X 

TV ~ ~ 
PP O C02Bn 

202 2 

1)) NaI04 
cat.. Os04 

*--
2)) cat. CF3CO,H 

CH2C12,, reflux 

Schemee 45 

COzBn n 

2033 (76%) 
10:11 mixture 

Thee conformational effects of both P-turn mimetics were evaluated by incorporation in 

Leu-enkaphelinn to study the properties of the resulting restrained peptide.81" Beside the 

synthesiss of dipetides that might serve as P-turn mimetics, this methodology was also applied 

too construct conformat iona l̂  restricted dipeptide units (Scheme 46).82 This approach 

commencedd with the protected dipeptide 204 that was again subjected to the oxidative 

cleavagee conditions. Treatment with catalytic TFA now resulted in the selective formation of 

thee bicyclic N,N-acetal 205 in 71% yield and was obtained as a single isomer. Hydrogenolysis 

off  both protecting groups provided the unprotected conformationally restricted dipeptide. 

Bn02C. . 

OO C02Bn 
204 4 

1)) NaI04 
cat.. Os04 

». . 
2)) cat. CF£02H 

CH2C12,, reflux 

Schemee 46 

OO C02Bn 
2055 (71%) 

Thee group of Katzenellenbogen was involved in designing and constructing novel 

typee I P-turn mimics {viz. 210) derived from unsaturated amino acids (Scheme 47).83 One of the 
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sequencess that was applied started from the dipeptide 208 that was obtained in 70% yield via 

couplingg of the amino acid derivatives 206 and 207. Subjection of this diolefin to the RCM-

conditionss (18 h, 0.2 mM) provided the corresponding 10-membered lactam 209 in 65% as the 

geometricallyy pure (£)-isomer. This cyclisation represented the first example of 10-membered 

lactamm formation via the metathesis reaction. Further elaboration of the p-turn core provided 

thee type I P-turn mimic 210, the structure of which was confirmed by thorough NMR-analysis. 

PyBo o PyBop p 
DIFEA A 

HlfTT ^C02H H^J ' "COaMe C H ~ Hl̂ l 

Boc c 

206 6 

CI I 3h h 

207 7 

Boee O 

2088 (70%) 

Schemee 47 

10mol%655 H 

— ^  ̂ HN-VV 
refluxx Boe O C02Me 

2099 (65%) 

Schemee 48 details a cyclisation reaction of a tr ipeptide consisting of two 

bishomoallylglycinee residues tethered by the amino acid valine.84 RCM using the standard 

Grubbss catalyst 65 proceeded in 88% yield to afford the macrocycle as a mixture of 

geometricall  isomers. Dissolving metal hydrogenolysis of the benzyl ether, followed by double 

bondd hydrogenation gave rise to the cyclic tripeptide 212, which appeared a potent inhibitor 

off  the enzyme Rhizopus chinensis pepsin and thus represented a novel class of simplified 

asparticc protease inhibitors. 

1)) catalyst 65 
CH2C12 2 

2)Na,NH3 3 

3)) H,, Pd/C 

OBn n 

211 1 
Schemee 48 

2122 (50%) 
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Inn the quest of synthesising stable f3-turn mimics, the combination of unsaturated 

aminoo acids and RCM appeared extremely useful. The Grubbs group was the first to 

recognisee the possibilities of RCM in the synthesis of covalently stabilised P-turns by 

substitutingg the relatively weak disulfide bridges by dicarba bridges.66 The approach is 

depictedd in Scheme 49. 

~NN H )=0 
\=0--H-NN O 

HN-<< y^ 
Bocc '—?v \ NH "A A 

// // 
(S,S,S)-213 3 

Bn n / / 

200 mol% 65 

2mM M 

Schemee 49 

-Me e 

=o o 

Bocc ' - ^ S i - - * NH 
Bn n 

(S,S,S)-2U(S,S,S)-2U (60%) 

Substitutionn of two cysteine residues by allylglycine residues in a known p-turn 

precursorr led to diolefin 213. Interestingly, incorporation of racemic allylglycine moieties 

followedd by RCM provided the turn mimic (S,S,S)-214 as the only cyclisation product (out of 

fourr diastereoisomers) in geometrically pure form beside non-cyclised starting material. 

Alternatively,, subjection of (S,S,S)-213 to identical conditions gave the desired target 

compoundd 214 in 60% yield. 

215 5 
PP = CBz(Br) 

COaMe e 

\=0-H-ti \=0-H-ti 
HN-/ / -C02Bn n 

Boc c 
" % % 

217 7 // // 

2166 (80%) 

O O 

COzMe e 

HNN H 
) = 0 - H H 

H N - / / 

Schemee 50 
2188 (60%) COzMe 
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Moree recently, it was shown by the same group that induction of a cyclic conformation 

priorr to the cyclisation is not per se necessary.85 Replacement of the Aib residue with a 

protectedd tyrosine (viz. 215) and even replacement of both turn amino acids by two leucine 

residuess (viz. 217) resulted in facile cyclisation in very reasonable yields (Scheme 50). 

M'' H t = o 1) catalyst 65 

HHHH _J_J ) H"  V - / \— 2) cleava8e HN-^"  V- f \~ 

^^  H sr> ^  H >
' // y p ~ N H HN H2N 

Fmocc 220(65%) 

HN N 
Fmoc c 219 9 Schemee 51 

Moreover,, this group demonstrated the viability of such cyclisation reactions on the 

solidd support (Scheme 51) via the conversion of the immobilised oligopeptide 219 into its 

cyclicc counterpart followed by cleavage from the resin to give 220 in good yield. This is a very 

usefull  extension of the protocol, since the starting materials can be readily prepared via 

standardd solid phase peptide synthesis techniques, after which the compound can be directly 

cyclisedd with the Ru-catalyst. 

Hljr~C02Me e 
Fmoc c 
221:: n = 1,8 

OTr r 
1)TFA A 

2) ) CII (X 

C02Mee l)piperidine ^ H 
**  Fmoĉ  V=0-H-

1!Smocc 2 > W & - HN~< C02Me e 

222 2 

RR = Bn 

== tritylpolystyrene 

AcHN N 
-O-—^-\—-V-OAo o 

-OAc c >—nA, , 

FmocHN N 

Schemee 52 

224:RR = Bn,n=l(30%) 
225:: R = Bn, n = 8 (70%) 
226:: R = sugar, n = 8 (30%) 
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Blechertt and coworkers elaborated this strategy even further (Scheme 52).49 Instead of 

usingg standard solid phase peptide methodology, the RCM precursor molecules 223 were 

attachedd to the resin via one of the two olefinic moieties. In order to obtain the starting 

materials,, the immobilized allylglycine derivatives 221, the cross-metathesis approach earlier 

reportedd by this group was utilised (Scheme 18). Coupling with the appropriate tripeptides 

providedd the metathesis precursors 223, which were subjected to the Ru-mediated RCM 

conditions.. In this case, the cyclorelease reaction occurred, leading to cyclisation and 

concomitantt cleavage of products 224-226 from the resin in variable yields. In contrast with 

thee results of Grubbs, where only the (E)-isomer was formed, a mixture of geometrical 

isomerss was obtained. 

Thee group of Mille r was involved in studying which fragments and what structural 

motifss in peptides are important to control asymmetric catalysis.86 In this research, small 

peptidess that contain modified histidine residues were prepared and evaluated in asymmetric 

acyll  transfer reactions. 

HH H }=0 ^M H >=0 
) = 0 — H - KK V=o—H-N 

P|J—\\ V-Bu' 1) catalyst 65 P r W V-Bu1 

n = A HH u CH2C12,55X Vj-H <>=< 

// y _ 2) deprotection, N / A < 
H LL HN coupling and f ~]j  H N^ > =0 

Fmocc cleavage , N - \ )=0— H-N 
3)H2,Pd/CC M e N—< )~W 

N-H- -0=( ( 
PP Boe' O 

2277 q l 228 / 

Schemee 53 

Afterr it was found that an octapeptide P-hairpin stucture catalysed such a reaction with a 

relativelyy good selectivity, it was concluded that this conformationally rigid structural motif 

couldd be a basis to design more selective catalysts. In order to further rigidity the P-hairpin 

structure,, compound 228 was synthesised in which the two opposing strands are covalently 

linkedd to each other (Scheme 53). This compound was synthesised via solid phase synthesis to 

arrivee at 227, which contains two allylglycine residue, suitably located to undergo an RCM 

reaction.. Indeed, treatment with catalyst 65 afforded in essentially quantitative yield the cyclic 

structure.. Further elaboration to the octapeptide unit and hydrogenation of the double bond 

eventuallyy yielded the covalently stabilised P-hairpin 228. Unfortunately, this rigidified 

structuree appeared less selective than the initially studied non-covalently bound P-hairpin. 
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Besidee the formation of p-sheets that via pre-organisation facilitate the formation of 

C-C-cross-linkss via the side chain of the amino acids, cyclic structures were also proven to 

displayy similar features. An interesting example of pre-organisation via self-assembly, 

followedd by covalent stabilisation of the resulting structure was reported by the Ghadiri 

groupp (Scheme 54).87 

2322 (65%) CH,C1, 231 
b)) H^TcT/C 

Schemee 54 

AA suitably designed cyclic 8-mer (229), existing of alternating (R)- and (S)-amino acid 

residues,, partly capped with methyl groups, self-assembled in a dynamic process to (amongst 

others)) the non-covalently bound dimeric structure 231. Subjection of this dynamic mixture to 

thee Grubbs catalyst 65 led in 65% yield to the corresponding covalently stabilised dimeric 

structure.. Initially , a mixture of all possible geometrical isomers was obtained, which was 

readilyy hydrogenated to the saturated compound 232 in quantitative yield. 
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1.55 Biosynthetic applications 

Inn a biosynthetic strategy aimed at the production of novel ^-lactam type antibiotics, 

thee group of Baldwin studied the substrate specificity of the enzyme isopenicillin N synthase 

(IPNS).. Instead of using natural substrates, highly purified IPNS from Cephalosporium 

acremoniumacremonium CO 728 was incubated with substrates containing olefinic, allenic and acetylenic 

aminoo acids. 

HH b 
RR V " K \ R' 

NH22  f H 
J-kJ J-kJ 

IPNS S 
HOzC C 

H02CC - — N J X . / 234(10) 
"v v 
RR 233 

vv v > O CO,H 
HH H H H 

?? H02C 
236(4)) H H 237(5) 

002H H 
Schemee 55 238 (2) 

Thee first example is shown in Scheme 55,88 where the tripeptide 233, containing an (R)-

allylglycinee moiety, was subjected to the enzyme IPNS. This gave rise to a number of different 

P-lactam-likee compounds 234-238, which were isolated in a ratio of 10:1:4:5:2, respectively. 

X
SHH H H H H ^ 

- ^ --  O C02H n = i : o - t 0 O j 

240:: R1 = H, R2 = CH=C=CH2 (20) 242 (7) 
241:: R1 = CH=C=CH2, R = H (10) 

nn = 2:  i  i 
C02HH H02C 

243:: R1 = H, R2 = CH=C=CH2 (3) 245 (7) 
244:: R1 = CH=C=CH2, R

2 = H (1) 

Schemee 56 
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Inn a similar fashion, both allene-substituted tripeptides 239 (n = 1, 2) were incubated 

withh the same enzyme to give rise to the unusual fi-lactams 240-245 in the ratios shown 

(Schemee 56).89 

Finally,, the (R)-propargylglycine-derived tripeptide 246 was expected to lead to a 

similarr result (Scheme 57). In this case, however, incubation under identical conditions as 

beforee gave rise to essentially a single product in a high yield being f5-lactam 247.90 This 

compoundd displayed biological activity comparable to isopenicillin N against both S. aureus 

andd E. coli. 

X
Sfcj -- H H 

YY / '  O C02H  'co2H 
RR 246 247 (major product) 

Schemee 57 

Theree is a strong interest to incorporate non-proteinogenic amino acids into peptides 

inn order to alter the properties of the peptide. For example, the enzymatic activity might be 

improvedd or adjusted to other substrates, specific labels could be introduced or reactive 

functionalitiess might be installed. Beside the conventional synthetic means to incorporate non-

proteinogenicc amino acids in peptides, recently biosynthetic methods emerged that can 

accomplishh this as well. The first of twoo in vitro methods for site-specific incorporation of non-

proteinogenicc amino acids in peptides was developed in the group of Schultz.91 In this 

approach,, the codon encoding the amino acid of interest is replaced with the nonsense codon 

UAGG by oligonucleotide-directed mutagenesis. A suppressor tRNA that recognizes this codon 

iss generated by run-off transcription and then chemically aminoacylated with the desired 

non-proteinogenicc amino acid. Addition of the mutagenised gene and the aminoacylated 

suppressorr tRNA to an in vitro extract capable of supporting protein biosynthesis then 

generatess the mutant protein containing the non-proteinogenic amino acid at the specified 

position.. In this way, a wide variety of amino acids, including unsaturated ones, have been 

incorporatedd with good efficiency. 

Sisidoo et al.n developed the so-called 'frameshift method' as an alternative strategy to 

incorporatee non-proteinogenic amino acids in peptides. A four-base codon AGGU was 

translatedd into a non-proteinogenic amino acid by chemically amino-acylated frameshift 

suppressorr tRNA, containing the complementary four-base anticodon ACCU. This frameshift 

strategyy overcomes the limitation of the 64 genetic codes and provides, in principle, many 

extendedd codons that may be assigned to non-proteinogenic amino acids. 

33 3 



ChapterChapter 1 

Inn the group of Tirrell, an in vivo method was developed which utilises the wild-type 
E.E. coli translational system of the cell to incorporate different types of non-proteinogenic 
aminoo acids into proteins.93 The straightforward method and the capacity of the system to 
providee relatively large quantities of engineered proteins render this a method that might be 
especiallyy well-suited for producing new biomaterials. They showed that by using cells that 
weree depleted of methionine, but with methionine surrogates present, efficient incorporation 
off  the surrogates took place. Examples of good methionine analogues were homoallylglycine 
(1,, n = 2) and homopropargylglycine (2, n = 2), but other non-proteinogenic amino acids could 
alsoo be incorporated. 

1.66 Purpose and outline of this investigation 

Inn this Chapter a number of synthetic applications of a-H-a-unsaturated amino acids 
havee been summarized to serve as the theoretical basis of this work. This thesis entails novel 
methodologyy for the synthesis of different types of unsaturated non-proteinogenic amino 
acidss and their synthetic applications. 

Chapterr 2 describes the synthesis of a series of racemic non-proteinogenic amino acid 
amidess via two different pathways. In Chapter 3, enzymatic resolutions of the racemic amino 
acidd amides with an aminopeptidase from Pseudomonas putida and a genetically modified 
organismm are compared and evaluated. In Chapter 4, Fd-catalyzed cyclization reactions with 
severall  acetylene-containing amino acids and derivatives thereof are detailed. Chapter 5 
describess additional types of Pd(0) -catalyzed cyclizations of allene-containing amino acids 
whichh give rise to 4-and 6-membered ring amino acids. In Chapter 6 Me-substituted 
acetylenicc amino acids are used as precursors for the synthesis of cystine isosteres. This 
proceedss via ring-closing alkyne metathesis reactions of two tethered amino acid derivatives. 
Partss of this thesis have been published1,94 or will be published in the near future. 
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CHAPTERR 2 

SYNTHESISS OF RACEMIC UNSATURATED a-H-a-AMINO ACID AMIDES 

2.11 Introductio n 

Thee amino acids shown in Scheme 2.1 are used throughout this thesis in 

enantiomericallyy pure form for further applications. Therefore, facile access to these 

compoundss is required. In Chapter 1, an overview of generally applied synthetic methods for 

thee production of enantiomerically pure a-H-a-amino acids has been given. In this chapter, a 

brieff  summary of literature syntheses - which to a large extent are based on these general 

methodss - to produce amino acids 1-3 in enantiopure form wil l be provided without going 

intoo further details. 

Schemee 2.1 

(rfn n 

HjN^^COaHH H2N C02H H2I\T ^C02H 

1 22 3 
n== l ,2 ,3R = H,Me 

Ann enantiopure synthesis of 2-aminopent-4-enoic acid (allylglycine 1, n = 1) was 

publishedd for the first time by Black et al. in 1955.' A large number of enantiopure and 

enantioselectivee syntheses followed, either using chiral auxiliaries2 or using (bio)catalysts.3 

Synthesess of enantiopure 2-aminohex-5-enoic acid (homoallylglycine 1, n = 2) and its 

homologuee 2-aminohept-6-enoic acid (bishomoallylglycine 1, n = 3) are less abundant.3"'4 A 

similarr picture is encountered for the acetylene-containing amino acids. Enantiopure 

synthesess of 2-aminopent-4-ynoic acid (propargylglycine 2, n = 1, R = H)5 and its homologue 

2-aminohept-6-ynoicc acid (bishomopropargylglycine 2, n = 3, R = H) do exist3b, but to the best 

off  our knowledge, entries into 2-aminohex-5-ynoic acid (homopropargylglycine 2, n = 2) in 

enantiopuree form have not been published. In addition, an enantioselective synthesis of the 

Me-substitutedd acetylene-containing amino acid 2-aminohex-4-ynoic acid (2, R = Me) is 

known,66 whereas syntheses of its homologues are not. Finally, one synthetic route to 

enantiopuree 2-amino-4,5-hexadienoic acid (3) has been reported.7 

AA general disadvantage of these methods (especially those based on a chiral auxiliary) 

iss the difficulty to scale up. Furthermore, it would be advantageous if all these amino acids 
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couldd be synthesized in enantiopure from via a single method. To fulfil l both requirements, it 

wass our goal to investigate - in collaboration with DSM-Research - whether their existing 

process,, the resolution of amino acid amides using an enantioselective aminopeptidase (eq 

2.1),88 could be applied to these unsaturated amino acids. This requires an efficient and 

straightforwardd entry into the corresponding racemic acid amides, which wil l be detailed in 

thiss chapter. Chapter 3 then shows the results of the enzymatic resolutions. 

RR R B 
PseudomonasPseudomonas putida ï 

HjN^^CONH,,,  H 2 N ' ' X 0 2 H + H2N'^N-CONH2 (2.1) 
ATCCC 12633 

(r«c)-44 (S)-5 (R)-4 

2.22 Preparation of the amino acid amides via alkylation of glycine equivalents 

Thee amino acid amides can be synthesized via alkylation of different glycine 

derivatives,, of which the most well known examples are diethyl acetamidomalonate (6, 

methodd A) and methyl N-(diphenylmethylene)glycinate (8, method B). In both cases, 

alkylationn has to be followed by conversion of the ester into the required amide function (eq 

2.2). . 

HI*r"COO E t < = > H.N^HOMH„ i > PIT N^CCMe 
I I 
Acc 6 

2C C 

Racemicc allylglycine (1, n = 1) was synthesized via alkylation of diethyl 

acetamidomalonate99 (6) with allylbromide (1.5 equiv)) and NaH (1.1 equiv), followed by ester 

andd amide hydrolysis with concomitant decarboxylation using 2M HC1 under reflux 

conditions.. Esterfication of 10 (SOCl2 in MeOH) provided the corresponding methyl ester 11 

(eq2.3). . 

X2 E tt ^ ^ - XCO2B L +X ^ +x «> 
HNN C02Et B f ^ ^ > H^C02Et r e f l u x H^CC^H M e O R H ^ C02Me 

Acc THF, reflux Ac 
CI"CI"  i v i e ^ n c r 

66 9 74% 10 11 

Thee ester was then reacted with concentrated ammonia (25% in water) to yield the 

requiredd amide 12. During this conversion, partial hydrolysis of the ester took place so that 
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separationn of the amide and acid became necessary. Therefore, at pH ~ 10 the amide was 

selectivelyy reacted with benzaldehyde (1.1 equiv) to the corresponding Schiff base (13) and 

extractedd from the water layer. The residue was dissolved in acetone and hydrolyzed via the 

additionn of an equimolar amount of concentrated HC1 to give the HCl-salt of the desired 

amidee (14), which precipitated in acetone in pure form (eq 2.4). It should be stressed that with 

aa single purification step during this whole sequence allylglycine amide was synthesized in 

reasonablee amounts (up to 25 g) in an overall yield (starting from 9) of around 66%. 

25%NH4OHH f pHIO | acetone (2.4) ) 

++ JL «- JL — / ^ . y \  + JL 
HH33NTNT X0 2Me H 2 0 H2N XONH 2 PhCHO P" N CONH2 H C i H3N CONH2 

CII C I " 
111 12 13 14 (66%) 

Propargylglycinee amide (22) was also synthesized via this method in 64% overall 

yield.. However, as a result of the rather harsh hydrolysis/decarboxylation conditions, which 

probablyy led to partial decomposition of the acetylene function, it was difficul t to obtain the 

finall  product in pure form. 

Thee amino acid amides 19-23 were prepared by an extension of the O'Donnell protocol 

involvingg alkylation of methyl N-(diphenylmethylene)glycinate (8) with the appropriate 

unsaturatedd halides.10 Since the ketimine function is hydrolyzed under mildly acidic 

conditions,, decomposition of the side chain is circumvented in this pathway. The bulky 

diphenyll  group also prevents dialkylation. The ketimine of glycine methyl ester (8)n was 

efficientlyy obtained via reaction of phenylmagnesium bromide with benzonitrile to yield 

(uponn quenching with MeOH) the ketimine 16, followed by a 'transimination' with the HCl-

saltt of glycine methyl ester (eq 2.5). 

1)) \ V— MgBr,THF ? ' + , ^ w . ., D h 

ff-\ff-\ ' \—/ a ph HaN C02Me Ph 

\ = // , ^ ^ ^ x „ ^ „ P f T ^ ~ . ~ P h ^ N ^ C 0 2 M e <2-5> 2)) quench with MeOH CH,C19 

155 16 75% 8 95% 

Alkylationn of 8 either proceeded via reaction with a phase transfer catalyst (K2C03 and 

rt-Burt-Bu44NBr,NBr, MeCN, reflux) as the base (alkylation method A), or via deprotonation with NaH 

(THF,, reflux) followed by reaction with the alkylating agent (alkylation method B, Scheme 

2.2).. The somewhat milder method A appeared a useful method when sensitive alkylating 

agentss were used. The alkylating agents, all unsaturated bromides were commercially 

availablee except for 4-bromo-l,2-butadiene12, which was prepared from 2,3-butadienol13 using 

Br2PPh33 and imidazole. In the case of long reaction times, (especially with method A reaction 
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timess were in the order of days) additional alkylating agent was added during the reaction to 

compensatee for the loss of the alkylating agent due to evaporation or decomposition. The 

alkylatedd Schiff bases were then selectively hydrolyzed in a two-phase system (1 equiv of 2 M 

HC11 in ether at ambient temperature) to afford the corresponding esters 18. 

Schemee 2.2 

XX r 
P r T % JJ ^ C 0 2 M e m e t h o d B 

8 8 

methodd A or Tn T 1MHC1 1 

C02Mee e t h er 
i.,X i.,X a,, b, c 

H3N' ' 
cr r 

C02Me e H3N N 
CI I 

1 1 CONht t 

17 7 18 8 

ReagentsReagents and conditions: method A: K2CO, (3 equiv), Bu4NBr (0.1 equiv), RBr (1.0 equiv), reflux; method 
B:: NaH (1 equiv), Li l (cat.), RBr (1.2 equiv), reflux; (a) 25% NH4OH, H20, rt; (b) NaOH (pH 10), 
benzaldehydee (1 equiv), rt; (c) acetone, concentrated HC1 (1 equiv) rt. 

Tablee 2.1 

entry y alkylatingg agent alkylation method time (h) amide overalll  yield 

110 0 

36 6 

H3NN CONH2 

cr r 

H3NN CONH2 

CI" " 

62% % 

54% % 

B r " " ^ ^ 
S S 21 1 55% % 

24 4 

H3NN CONH2 

cr r 

H3NN CONH2 

cr r 

66% % 

110 0 233 66% 
H3NN CONH2 

cr r 
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2.33 Amino acid amides via the Strecker  synthesis 

2-Amino-5-hexynoicc acid amide (37), 2-amino-6-heptynoic acid amide (38), 2-amino-5-

heptynoicc acid amide (39) and 2-amino-6-octynoic acid amide (40) were synthesized via an 

alternativee method. In this case, the first two pathways discussed above failed as a result of (3-

eliminationn of the alkylating agent under the basic conditions of the alkylation step. Instead, 

thesee amides were synthesized via a modified Strecker reaction.14 

=? ? 

([% % 

H2NN CN 

25 5 

Thee terminal acetylenic alcohols 29 and 30 needed for this sequence are commercially 

available.. On large scale, however, they were synthesized using Brandsma procedures as 

shownn in eq 2.7.15 Starting form the methylenechloride-substituted oxygen heterocycles 27 and 

28,, the terminal alkynols were obtained in good yields via a 1,2-elimination of hydrogen 

chloridee with NaNH2 in liquid ammonia. The acetylenes were then selectively methylated at 

thee acetylene carbon atom (viz. 31 and 32) using an excess of LiNH 2 in liquid ammonia, 

followedd by the addition of one equivalent of methyl iodide. 

/—(\)nn 1) NaNH2 (3.0 equiv) 1) LiNH 2 (2.0 equiv) .. ^ ^ 
C 0 X ^ c ii  NH3(1) ^ X ^ O H NH3(1) ^ ^ ^ O H

( 2 7) 

277 n = 1 2) NH4C1 (2.0 equiv) 29 n = 1 85% 2) CH3I (1.0 equiv) 31 n = 1 58% 
288 n = 2 30 n = 2 91% 32 n = 2 84% 

Havingg these starting materials readily available in sufficient quantities, the amino 

acidd syntheses commenced with oxidation of the alcohols 36-39 under Swern conditions to the 

correspondingg aldehydes (viz. 33). In Scheme 2.3 the synthesis is exemplified for 2-amino-5-

hexynoicc acid 37. The crude aldehyde was subjected to the Strecker conditions (HCN 

preparedd in situ from equimolar amounts of NH4C1 and NaCN in concentrated ammonia) to 

producee the aminonitrile 34, which after extraction and concentration was directly further 

reactedd with benzaldehyde in the presence of NaOH (pH ~ 10). Thus, the cyanide function 

wass partially hydrolyzed to the corresponding amide under formation of the benzaldimine, 

whichh probably proceeded via the five-membered ring N,0-acetal 35. An advantage of the 

latterr transformation is that undesired hydrolysis to the amino acid is avoided, which usually 

iss a side reaction in conversions of cyanides to amides. Subsequent hydrolysis of the Schiff 
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basee in acetone with 1 equivalent of concentrated HC1 then provided the HCl-salt of the 

desiredd amides.16 

Schemee 2.3 

29 9 33 3 

H,NN CONH2 
CI I 

37 7 

P I ^ NN CONH2 

36 6 

H2NN CN 34 

c c 

c c PP ~H+ 

IF IF 
35 5 

ReagentsReagents and conditions: (a) (COCl)2 (2 equiv), DMSO (3 equiv), -78 °C, lh, then Et3N (5 equiv), -78 
°CC -» rt, 1.5 h, (b) NaCN (1 equiv), NH4C1 (1 equiv), 25% NH3 in H20, H20, rt, lh, then 33,40 °C, 4h, (c) 
NaOHH (1 equiv), PhCHO (1 equiv), 25% NH3 in H20, H20, rt, 4h, (d) acetone, concentrated HC1 (1 
equiv),, rt, 3h. 

Severall  other oxidation methods were also investigated for oxidation of alcohol 29 into 

aldehydee 33. A modified Swern procedure with pyridine-SO, instead of (COCl)2
17 worked 

nicely,, but the products were contaminated with pyridine, which could not be easily removed 

withoutt lowering the yield. In addition, with the TPAP/NMO oxidation18 the desired product 

couldd not be isolated, while oxidation with NaOCl, TEMPO and KBr failed.19 

Thiss sequence was routinely carried out at 0.3-0.6 mol scale for the four alcohols. 

Again,, the only purification step, was the final precipitation and filtration of the HCl-salt of 

thee amides after the hydrolysis step in acetone. The yields given in Table 2.2 were the overall 

yieldss starting from the alcohols. The relatively moderate yields of amides 37 and 38 were 

partlyy due to the fact that the intermediate aminonitrile was also partially converted into the 

correspondingg cyanohydrin during the work-up procedure or the hydrolysis reaction with 

benzaldehyde.. This undesired side reaction was to some extent suppressed by adding 

concentratedd NH, to the reaction mixture. 
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Tablee 2.2 

entry y alcohol l amide e overalll  yield 

H^J^XONHa a 
cr r 

CONH2 2 

36% % 

22% % 

65% % 

59% % 

2.44 Conclusions 

Inn this chapter the preparation of racemic unsaturated amino acid amides was 

describedd using different methods. The alkylation of the O'Donnell ketimine with unsaturated 

bromidess appeared a suitable method for the synthesis of olefinic amides. The acetylene-

containingg amino acid amides were obtained via a modified Strecker reaction. Due to the 

volatilee aldehydes formed during this sequence and the lability of the cyanohydrin the yields 

forr some amides were somewhat lower. In all cases, the different methods for the preparation 

off  the racemic amino acid amides were suitable for syntheses at least to a 50 gram scale. 
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2.66 Experimental section 

Generall  information . Al l reactions were carried out under an inert atmosphere of dry 

nitrogen,, unless stated otherwise. Standard syringe techniques were applied for transfer of 

Lewiss acids and dry solvents. Infrared (IR) spectra were obtained from KBr pellets or neat, 

usingg a Bruker IFS 28FT-spectrometer and wavelengths (v) are reported in cm'1. Proton 

nuclearr magnetic resonance ('H NMR) spectra were determined in CDC13 (unless stated 

otherwise)) using a Bruker AC 200 (200 MHz) and a Bruker ARX 400 (400 MHz) spectrometer. 

Thee machines were also used for 13C NMR (AFT) spectra (50 MHz and 100 MHz) in CDC13 

(unlesss stated otherwise). Chemical shifts (8) are given in ppm downfield from 

tetramethylsilane.. Mass spectra and accurate mass measurements were carried out using a 

JEOLL JMS-SX/SX 102A Tandem Mass Spectrometer, a Varian MA T 711 or a VG Micromass 

ZAB-HFQQQ instrument. Elemental analysis were performed by Dornis u. Kolbe 

Mikroanalystischess Laboratorium, Mülheim an der Ruhr, Germany. Optical rotations were 

measuredd with a Perkin-Elmer 241 polarimeter in a 1 dm cell in the indicated solvent. Rf 

valuess were obtained by using thin layer chromatography (TLC) on silica gel-coated plastic 

sheetss (Merck silica gel 60 F25J with the indicated solvent (mixture). Chromatographic 

purificationn refers to flash column chromatography20 using the indicated solvent (mixture) 

andd Acros Organics silica gel (0.035-0.070 mm). Melting and boiling points are uncorrected. 

Meltingg points were determined with Biichi melting point B-545. Dry THF and Et20 were 

distilledd from sodium benzophenone ketyl prior to use. Dry DMF, CH2C12 and MeCN were 

distilledd from CaHj and stored over MS 4A under a dry nitrogen atmosphere. EtOH free 

CH2C122 was obtained by washing with; H2S04, H20, NaHC03 and brine dried (MgS04) and 

distilledd from CaH2 and stored over MS 4A under a dry nitrogen atmosphere. Dry C6H5C1 was 

distilledd from Pt205 and stored over MS 4A under a dry nitrogen atmosphere. Triethylamine 

wass dr ied from KOH pellets. Et20, EtOAc, PE (60-80) were distilled prior to use. Al l 

commerciallyy available reagents were used as received, unless indicated otherwise. 

Inn Chapter 3 complete characterization of the amides is given. In this Chapter only the lH 

NMRR spectra are shown. 

2-Aminopent-4-enoicc acid amide HC1 salt (14). To a suspension of diethyl 

acetamidomalonatee (100 g, 0.46 mol) in THF (1.50 L) NaH (19.5 g of a 60% dispersion in oil, 

0.511 mol) was added in small portions. After stirring for 30 min at 20 °C, Li l (100 mg, 0.75 

mmol)) was added, followed by slow addition of allyl bromide (63.8 mL, 0.74 mol). The 

reactionn mixture was heated at reflux for 2.5 h until the reaction was complete (TLC). After 

coolingg to room temperature, the mixture was poured into saturated aqueous NH4C1 (1.0 L) 

andd extracted with CH2C12 (3 x 750 mL). The combined organic layers were washed with H20 
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(1.00 L), dried (MgSOJ, filtrated and concentrated in vacuo. The obtained solid was 

recrystallizedd (PE/EtOAc) to give 9 as white crystals (88.0 g, 0.34 mol, 74% yield). *H NMR 

(4000 MHz, CDC13): 5 6.73 (s, 1H, NH), 5.58-5.51 (m, 1H, H-4), 5.10-5.06 (m, 2H, H-5), 4.24-4.19 

(m,, 4H, CH2CH3), 3.04 (d, ƒ = 7.5 Hz, 2H, H-3), 2.01 (s, 3H, AcCH3), 1.23 (t, ƒ = 7.1 Hz, 6H, 

CH2CH3).. A solution of 9 (30.0 g, 0.11 mol) in 2 M HC1 (150 mL) was refluxed for 16 h. After 

coolingg to ambient temperature and lyophilization, the crude HCl-salt of allylglycine was 

dissolvedd in MeOH (250 mL), treated dropwise at 0 °C with SOCl2 (17.7 mL, 0.25 mol) and 

heatedd at reflux for 4 h. The reaction mixture was concentrated in vacuo, and dissolved in 

concentratedd NH4OH (150 mL, 25 %) and stirred at 20 °C for 2 h. After lyophilizing, the 

residuee was dissolved in H 20 (200 mL), the pH raised to 10 with NaOH and the reaction 

mixturee was treated with benzaldehyde (12.5 mL, 0.12 mol). After stirring vigorously for 4 h 

att 20 °C the reaction mixture was extracted with CH2C12 (3 x 100 mL). The combined organic 

layerss were dried (MgSOJ, filtrated and concentrated in vacuo. The crude residue was 

dissolvedd in acetone (300 mL), followed by addition of concentrated HC1 (10.3 mL of a 37% 

solution,, 0.12 mol). After stirring for 2 h, the solid was filtered off the solution and dried in 

vacuovacuo to give the racemic amino acid amide HCl-salt 14 as a white solid (11.0 g, 73.1 mmol, 66 

%).. *H NMR (400 MHz,, D20): 5 5.87-5.76 (m, 1H, H-4), 5.36-5.32 (m, 2H, H-5), 4.14 (t, ƒ = 6.3 

Hz,, 1H, H-2), 2.77-2.63 (m, 2H, H-3). 

Alkylatio nn method (B) as exemplified for  2-aminopent-4-ynoic acid amide HC1 salt (22): To 

aa solution of glycinediphenylketimine methyl ester11 8 (50.0 g, 0.21 mol) in THF (500 mL) was 

addedd NaH (8.20 g of a 60% dispersion in mineral oil, 0.21 mol), followed by Li l (2.90 g, 21.0 

mmol).. After stirring at 20 °C for 15 min, a solution of propargyl bromide (27.3 mL of an 80% 

solutionn in toluene, 0.26 mol) in THF (100 mL) was added slowly over a period of 1 h After 

addingg the propargyl bromide, the reaction mixture was refluxed for 24 h. In case the reaction 

wass not finished (TLC), an additional amount of propargyl bromide and NaH was added. 

Uponn completion of the reaction and cooling to ambient temperature, the mixture was poured 

intoo saturated NH4C1 (600 mL) and extracted with ether (3 x 500 mL). The combined organic 

layerss were washed with H20 (3 x 500 mL), dried (MgS04), filtrated and concentrated in vacuo 

too give the crude product (74 g), which was used without further purification in the next step. 

R,, = 0.51 (50% ether/PE), *H NMR (400 MHz, CDC13) 6 7.67 (d, ƒ = 7.2 Hz, 2H, Ar-H), 7.49-7.46 

(m,, 8H, Ar-H), 4.33 (dd, ƒ = 5.3, 8.1 Hz, 1H, H-2), 3.72 (s, 3H, C02CH3), 2.89-2.80 (m, 2H, H-3), 

1.966 (t, ƒ = 2.6 Hz, 1H, H-5). A solution of the crude product in ether (500 mL) was treated 

carefullyy at 0 °C with a 1 M aqueous solution of HC1 (213 mL, 0.21 mol), after which the 

mixturee was allowed to reach ambient temperature. After stirring for 16 h, the reaction 

mixturee was extracted with H20 (3 x 200 mL) and the combined aqueous layers were 

lyophilizedd to yield the crude amino ester as the HCl-salt. 'H NMR (400 MHz, CD3OD) 8 4.28 

(t,, ƒ = 5.1 Hz, 1H, H-2), 3.86 (s, 3H, C02CH3), 2.96-2.94 (m, 2H, H-3), 2.67, (t, ƒ = 2.7 Hz, 1H, H-
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5).. A solution of the crude amino ester in concentrated aqueous NH4OH (500 mL, 25% 

solution)) was stirred at 20 °C for 2 h and lyophilized. The residue was dissolved in HzO (400 

mL)) and the pH was raised to 9 by adding dropwise 10 M aqueous NaOH. Then, 

benzaldehydee (21.6 mL, 0.21 mol) was added and the reaction mixture was stirred vigorously 

forr 4 h at 20 °C The resulting suspension was extracted with CH2C12 (3 x 300 mL), the 

combinedd organic layers were dried (MgSOJ, filtrated and concentrated in vacuo. The residue 

wass dissolved in acetone (500 mL) and treated with concentrated HC1 (17.7 mL of a 37% 

solution,, 0.21 mol). After stirring vigorously for 2 h, the amino acid amide HCl-salt 22 was 

filteredd off and dried in vacuo to give 22 as a white solid (21.0 g, 0.14 mol 66% overall yield): 

'HH NMR (400 MHz, D20) 5 4.37 (t, ƒ = 5.8 Hz, 1H, H-2), 3.07-3.05 (m, 2H, H-3), 2.75 (d, ƒ =2.1 

Hz,, 1H, H-5). 

2-Amino-hex-5-enoicc acid amide HC1 salt (19). Following the alkylation procedure A, to a 

solutionn of K2C03 (106 g, 0.76 mol) in MeCN (500 mL) 8 (60 g, 0.26 mol) and TBAB (8.20 g, 0.03 

mol)) were added. After stirring for 20 min, 4-bromo-l-butene (26.0 g, 0.26 mol) was added 

dropwisee over a period of 1 h. After refluxing for 7 days (every day 5.0 mL of 4-bromo-l-

butenee was added) and work-up crude 17 was obtained. 'H NMR (400 MHz, CDC13) 8 7.67-

7.655 (m, 2H, Ar-H), 7.59-7.31 (m, 6H, Ar-H), 7.20-7.17 (m, 2H, Ar-H), 5.77-5.67 (m, 1H, H-5), 

4.98-4888 (m, 2H, H-6), 4.20-4.09 (m, 1H, H-2), 3.72 (s, 3H, C02CH3), 2.10-1.83 (m, 4H, H-3 + H-

4).. To a solution of the 17 in ether (500 mL) con. HC1 (18.0 mL, 0.26 mol) was added at 0 °C. 

Stirringg for 4 h and work-up afforded the HC1 salt of crude 18. The crude product was 

dissolvedd in NH4OH (300 mL, 25 %) and the reaction mixture was stirred for 24 h. After work 

upp crude 18 was dissolved in H20 (200 mL) at pH 10 benzaldehyde (23.0 mL, 0.21 mol) was 

addedd stirred for 3 h After work up the crude product was dissolved in acetone (700 mL), 

cone.. HC1 (17.0 mL, 0.21 mol) was added. Stirring for 3 h and work-up afforded 19 (26.0 g, 

0.166 mol, 62%) as a white solid. 'H NMR (400 MHz, DzO) 8 5.95-5.85 (m, 1H, H-5), 5.21-5.21 

(m,, 2H, H-6), 4.06 (t, J = 6.5 Hz, 1H, H-2), 2.25-2.20 (m, 2H, H-4), 2.08-1.98 (m, 2H, H-3). 

2-Amino-hept-6-enoicc acid amide HC1 salt (20). Following the alkylation procedure A, to a 

solutionn of K2COs (22.0 g, 159 mmol) in MeCN (300 mL) 8 (20.0 g, 79.1 mmol) and TBAB (2.54 

g,, 7.90 mol) were added. After stirring for 20 min, 5-bromo-l-pentene (9.50 mL, 7.90 mmol) 

wass added dropewise over a period of 1 h. After refluxing for 36 h and work-up crude 17 was 

obtained.. To a solution of 17 in ether (200 mL) 1 M HC1 (80.0 mL, 80.0 mmol) was added at 0 

°C.. Stirring for 4 h and work-up afforded the HC1 salt of crude 18. The crude product was 

dissolvedd in NH4OH (300 mL, 25 %) and the reaction mixture was stirred for 24 h. After work 

upp crude 20 was dissolved in H20 (200 mL) at pH 10 benzaldehyde (8.05 mL, 80.0 mmol)) was 

addedd stirred for 3 h After work up the crude product was dissolved in acetone (700 mL), 

cone.. HC1 (6.60 mL, 80.0 mmol) was added. Stirring for 3 h and work-up afforded 20 (7.60 g, 
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42.66 mmol, 54%) as a white solid. XH NMR (400 MHz, D20) 5 5.96-5.86 (m, 1H, H-6), 5.18-5.02 

(m,, 2H, H-7), 3.43 (t, ƒ = 6.6 Hz, 1H, H-2), 2.14-2.08 (m, 2H, H-4), 1.73-1.58 (m, 2H, H-5), 1.52-

1.422 (m, 2H, H-3). 

4-Bromo-l,2-butadiene.122 To a solution of 2,3-butadienol13 (15.0 g, 0.21 mol) in MeCN (250 mL) 
PPh3Br22 (108 g, 0.26 mol) and imidazole (20.5 g, 0.30 mol) were added. After stirring for 1 h at 
ambientt temperature the reaction mixture was extracted with pentane (3 x 100 mL) followed 
byy distillation (40 °C, 40 mm Hg) to obtain 4-bromo-l,2-butadiene (8.00 g, 0.06 mol, 28%) as a 
colorlesss oil. 

2-Amino-4f5-hexadienoicc acid amide HC1 salt (21). Following the alkylation procedure B, to a 
solutionn of 16 (10.3 g, 0.04 mol) in THF (100 mL) NaH (1.98 g, 0.05 mol) was added. After 
stirringg for 20 min 4-Bromo-l,2-butadiene (6.0 g, 0.05 mol) in THF (50 mL) was added 
dropwisee over a period of 1 h. Refluxing for 24 h and work-up afforded crude 17. F̂  = 0.70 
(70%% ether/PE), 'H NMR (400 MHz, CDC13), S 7.82-7.18 (m, 10H, Ar-H), 4.99 (m, 1H, H-4), 
4.62-4.600 (m, 2H, H-6), 4.25 (dd, ƒ = 5.2, 7.7 Hz, 1H, H-2), 3.75 (s, 3H, C02CH3), 2.66-2.60 (m, 
2H,, H-3). To a solution of crude 17 in ether (200 mL) a 1 M aqueous solution of HC1 (45.0 mL, 
0.055 mol) was added at 0 °C Stirring for 6 h and work-up afforded the HC1 salt of crude 
aminoo methyl ester 18.18 was dissolved in NH4OH (200 mL) and stirred for 3 h. After work-
upp crude 21 was dissolved in H20 (100 mL) at pH 10, benzaldehyde (5.0 mL, 49.0 mmol) was 
added.. After stirring for 4 h and work-up the crude product was dissolved in acetone (200 
mL),, cone. HC1 (3.30 mL, 0.04 mol) was added stirred for 3 h and work-up afforded 21 (3.63 g, 
0.022 mol, 55%) as a white solid. *H NMR (400 MHz, CD3OD) 8 5.13 (q, ƒ = 7.0 Hz, 1H, H-4), 
4.84-4.866 (m, 2H, H-6), 3.94 (dd, ƒ = 5.2, 7.4 Hz, 1H, H-2), 2.64-2.61 (m, 1H, H-3), 2.57-2.53 (m, 
1H,, H-3). 

2-Aminohex-4-ynoicc acid amide HC1 salt (23). Following alkylation procedure B, to a 
solutionn of 8 (29.5 g, 0.12 mol) in THF (500 mL) NaH (5.00 g, 0.12 mol) and Lil (0.53 g, 0.01 
mol)) were added. After stirring for 20 min. l-bromo-2-butyne (20.0 g, 0.15 mol) in THF (100 
mL)) was slowly added over a period of 1 h. After refluxing for 48 h, l-bromo-2-butyne (5.00 
mL)) and NaH (0.50 g) were added again and the reaction mixture was refluxed for an 
additionall  72 h. Work-up afforded the crude product 17 (45.3 g). R, = 0.63 (50% ether/PE), 'H 
NMRR (400 MHz, CDC13) 8 7.65 (d, ƒ = 7.2 Hz, 2H, Ar-H), 7.63-7.22 (m, 8H, Ar-H), 4.25 (dd, ƒ = 
5.2,, 8.2 Hz, 1H, H-2), 3.73 (s, 3H, C02CH3), 2.83-2.66 (m, 2H, H-3), 1.72 (t, ƒ = 2.5 Hz, 3H, H-6). 
Too a solution of crude 25 in ether (500 mL) a 1 M aqueous solution of HC1 (125 mL, 0.125 mol) 
wass added. Stirring for 3 h and work-up afforded the HC1 salt of crude amino methyl ester 18. 
188 was dissolved in NH4OH (300 mL) and stirred for 4 h. After work-up crude 23 was 
dissolvedd in H20 (400 mL) at pH 10, benzaldehyde (9.77 mL, 0.10 mol) was added. After 
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stirringg for 4 h and work-up the crude product was dissolved in acetone (700 mL), cone. HC1 
(7.800 mL, 0.20 mol) was added stirred for 3 h and work-up afforded 23 (13.5 g, 0.08 mol, 66 %) 
ass a white solid. 'H NMR (400 MHz, D20) 8 3.55 (t, ƒ = 5.8 Hz, 1H, H-2), 2.55-2.53 (m, 2H, H-3), 
1.799 (t, ƒ = 2.5 Hz, 3H, H-6). 

Streckerr  method as exemplified for  2-aminohex-5-ynoic acid amide (37). To a solution of 
oxalyll  chloride (58.5 mL, 0.66 mol) in CH2C12 (400 mL) was slowly added DMSO (70.8 mL, 1.00 
mol)) at -78 °C. After stirring at -78 °C for 10 min, a solution of 5-pentynol (29)15 (28.0 g, 0.33 
mol)) in CH2C12 (100 mL) was added in 20 min and the reaction mixture was stirred for an 
additionall  hour at -78 °C. Then Et3N (23.2 mL, 1.66 mol) was added and the reaction mixture 
wass slowly allowed to reach ambient temperature in 1.5 h. The reaction mixture was poured 
intoo saturated aqueous NH4C1 (500 mL) and extracted with ether (2 x 500 mL, 3 x 200 mL). The 
combinedd organic layers were dried (MgSOJ, filtrated and concentrated in vacuo to give 5-
pentynall  as a light yellow oil, which was directly used for the next step. 33: lH NMR (400 
MHz,, CDCLJ 5 9.92 (s, 1H, COH), 2.69 (t, ƒ = 7.0 Hz, 2H, COCH2), 2.52-2.48 (m, 2H, 
CH2C=CH),, 1.98 (t, ƒ = 2.5 Hz, 1H, C^CH). To a solution of NaCN (13.3 g, 0.33 mol) in 
concentratedd NH4OH (250 mL, 25%) and H20 (100 mL) was added NH4C1 (17.8 g, 0.33 mol) 
andd the reaction mixture was stirred for 1 h at 20 °C. A solution of crude 33 in MeOH (50 mL) 
wass added and the reaction mixture was stirred for 4 h at 40 °C. It was extracted with ether (4 
xx 300 mL) and the combined organic layers were concentrated in vacuo to give the crude 
aminoo nitrile 34 as a yellow oil (25.9 g, 0.24 mol, 72%). ]H NMR (400 MHz, CDC13) 8 3.95-3.85 
(m,, 1H, H-2), 2.54-2.37 (m, 2H, H-4), 2.02 (t, ƒ = 2.6 Hz, 1H, H-6), 2.00-1.89 (m, 2H, H-3). A 
solutionn 34 in concentrated NH4OH (500 mL, 25%) was diluted with H20 (200 mL), treated 
withh 10 M NaOH (24.0 mL, 0.24 mol) and benzaldehyde (24.4 mL, 0.24 mol) and stirred for 4 h 
att 20 °C. The reaction mixture was extracted with CH2C12 (3 x 500 mL) and the combined 
organicc layers were concentrated in vacuo. The residual crude Schiff base 36 was dissolved in 
acetonee (700 mL), treated with concentrated HC1 (20 mL of a 37% solution, 0.24 mol) and 
stirredd for 3 h at 20 °C . The resulting suspension was filtered to give (after drying in vacuo) 37 
ass a white solid (19.5 g, 0.12 mol, 36% starring from 29). lH NMR (400 MHz, D20) 8 4.21 (t, J = 

6.66 Hz, 1H, H-2), 2.52-2.51 (m, 1H, H-6), 2.46 (dt, J = 7.02, 2.64 Hz, 2H, H-4), 2.17-2.15 (m, 2H, 
H-3). . 

2-Amino-hept-6-ynoicc acid amide HC1 salt (38). Following the Strecker method, the aldehyde 
wass prepared in crude form from hex-5-yn-l-ol15 using (COCl)2 (27.0 mL, 0.31 mol), CHaClz 
(3000 mL), DMSO (32.6 mL, 0.46 mol), hexynol (36.2 g, 0.40 mol) and Et3N (278 mL, 2.00 mol). 
XHH NMR (200 MHz, CDC13), 8 9.77 (s, 1H, COH), 2.59-2.55 (m, 2H, COCH,), 2.27-2.22 (m, 2H, 
CH2OC),, 1.95 (t, ƒ = 2.6 Hz, 1H, C=CH), 1.84-1.82 (m, 2H, CH2). To a solution of NaCN (16.0 g, 
0.400 mol) and NH4C1 (21.4 g, 0.40 mol) in NH4OH (300 mL, 25%) and H20 (100 mL) the crude 
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aldehydee was added. Stirring for 5 h at 40 °C and work-up afforded the crude amino nitril e as 

orangee oil. *H NMR (200 MHz, CDC13) 8 3.69 (t, J = 7.0 Hz, 1H, H-2), 2.27-2.19 (m, 2H, H-5), 

1.977 (t, ƒ = 2.6 Hz, 1H, H-7), 1.93-1.77 (m, 2H, H^ ), 1.76-1.54 (m, 2H, H-3). To a solution of the 

crudee nitril e in NH4OH (500 mL, 25%) and H20 (200 mL) 10 M NaOH (36.7 mL, 0.38 mol) and 

benzaldehydee (37.8 mL, 0.37 mol) were added. After work up the Schiff base was dissolved in 

acetonee (700 mL), cone. HC1 (30.6 mL, 0.367 mol) was added. Work-up afforded 38 (15.6 g, 

0.099 mol, 22%) as a white solid. *H NMR (400 MHz, D20) 6 4.11 (t, ƒ = 6.5 Hz, 1H, H-2), 2.43-

2.422 (m, 1H, H-7), 2.34 (dt, ƒ = 2.5, 6.8 Hz, 2H, H-5), 2.08-2.02 (m, 2H, H-4), 1.69-1.62 (m, 2H, H-

3). . 

Hex-4-yn-l-oll  (31).15 A solution of LiNH 2 (4.13 g Li , 0.59 mol) in NH3 (700 mL) was prepared 

accordingg to the procedures of Brandsma. Neat 29 (25.0 g, 0.30 mol) was added dropwise in 30 

min.. followed by slow addition of methyliodide (18.5 mL, 0.30 mol) under nitrogen 

atmosphere.. After stirring for 1 h at -30 °C, the ammonia was allowed to evaporate over 

night.. The solid residue was dissolved in ice water (300 mL) and the resulting solution was 

subjectedd to continuous extraction with ether during 40 h. The ethereal solution was dried 

(MgS04)) and concentrated. After distillation 31 (17.0 g, 0.40 mol, 58%) was obtained as a 

colorlesss oil. l H NMR (400 MHz, CDC13) 6 3.71 (t, J = 6.1 Hz, 2H, HOCH2), 2.25-2.20 (m, 2H, 

HOCH2CH2),, 1.85 (bs, 1H, OH), 1.75 (t, J = 2.6 Hz, 3H, CH3), 1.74-1.67 (m, 2H, C=CCH2). 

2-Amino-hept-5-ynoicc acid amide HC1 salt (39). Following the Strecker method, the aldehyde 

wass prepared in crude form from 31 using (COCl)2 (70.7 mL, 0.40 mol), CHjC^ (400 mL), 

DMSOO (85.0 mL, 0.46 mol), 31 (15.0 g, 0.15 mol) and Et3N (107 mL, 0.76 mol). 'H NMR (200 

MHz,, CDC13) 8 9.55 (s, 1H, COH), 2.60-2.50 (m, 2H, COCH2), 1.73 (t, ƒ = 2.4 Hz, 3H; C^CCH3), 

1.20-1.000 (m, 2H, CH2C=C). To a solution of NaCN (6.10 g, 0.15 mol) and NH4C1 (8.20 g, 0.15 

mol)) in NH4OH (200 mL, 25%) and H20 (100 mL) the crude aldehyde was added. Stirring for 5 

hh at 40 °C and work-up afforded the crude amino nitril e as orange oil. *H NMR (200 MHz, 

CDC13)) 8 3.88-3.80 (m, 1H, H-2), 2.39-2.30 (m, 2H, H-4), 1.88-1.86 (m, 2H, H-3), 1.76 (t, ƒ = 2.6 

Hz,, 3H, H-7). To a solution of the crude nitril e in NH4OH (200 mL, 25%) and H20 (100 mL) 10 

MM NaOH (15.0 mL, 0.15 mol) and benzaldehyde (17.6 mL, 0.17 mol) were added. After work 

upp the Schiff base was dissolved in acetone (700 mL), cone. HC1 (12.2 mL, 0.15 mol) was 

added.. Work-up afforded 39 (17.5 g, 0.10 mol, 65%) as a white solid. :H NMR (400 MHz, D20) 

88 4.16 (t, ƒ = 6.8 Hz 1H, H-2), 2.39-2.35 (m, 2H, H-4), 2.14-2.03 (m, 2H, H-3), 1.78 (t, ƒ= 2.5 Hz, 

3H,, H-7). 

Hept-5-yn-l-oll  (32).15 A solution of LiNH 2 (6.70 g Li, 0.96 mol) in NH3 (700 mL) was prepared 

accordingg to the procedures of Brandsma. Neat 30 (47 g, 0.48 mol) was added dropwise in 30 

min.. followed by slow addition of methyliodide (32.8 mL, 0.53 mol) under nitrogen 
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atmosphere.. After stirring for 1 h at -30 °C, the ammonia was allowed to evaporate over 
night.. The solid residue was dissolved in ice water (500 mL) and the resulting solution was 
subjectedd to continuous extraction with ether during 40 h The ethereal solution was dried 
(MgSOJJ and concentrated. After distillation 32 (45.2 g, 0.40 mol, 84%) was obtained as a 
colorlesss oil. 'H NMR (400 MHz, CDC13) 8 3.68-3.65 (m, 2H, HOCH2), 2.19-2.14 (m, 2H, 
HOCH2CH2),, 1.77 (t, ƒ = 2.5 Hz, 3H, C=CCH3), 1.68-1.60 (m, 2H, CH2OC), 1.58-1.51 (m, 2H, 
CH2),, 1.38 (bs, 1H, OH). 

2-Amino-oct-6-ynoicc acid amide HC1 salt (40). Following the Strecker method, the aldehyde 
wass prepared in crude form from 32 using (COCl)2 (70.8 mL, 0.80 mol), CHjC^ (500 mL), 
DMSOO (85.2 mL, 1.20 mol) 32 (45.2 g, 0.4O mol) and Et3N (281 mL, 2.00 mol). lH NMR (400 
MHz,, CDC13) 8 9.75 (d, ƒ = 1.39 Hz, 1H, COH), 2.58-2.46 (m, 2H, COCH2), 2.18-2.13 (m, 2H, 
CH2),, 1.82-1.63 (m, 2H, CH2OQ, 1.73 (t, ƒ = 2.4 Hz, 3H, CH3). To a solution of NaCN (16 g, 
0.400 mol) and NH4C1 (21.4 g, 0.40 mol) in NH4OH (350 mL, 25%) and H20 (150 mL) the crude 
aldehydee was added. Stirring for 4 h at 40 °C and work-up afforded the crude amino nitrile as 
ann orange oil. 'H NMR (400 MHz, CDC13) 5 3.70 (t, ƒ = 7.3 Hz, 1H, H-2), 2.21-2.17 (m, 2H, H-5), 
1.87-1.822 (m, 2H, H-4), 1.75 (t, ƒ = 2.5 Hz, 3H, H-8), 1.69-1.51 (m, 2H, H-3). To a solution of the 
crudee nitrile in NH4OH (400 mL) and H20 (200 mL) 10 M NaOH (40 mL, 0.40 mol) and 
benzaldehydee (46 mL, 0.44 mol) were added. After work-up the Schiff base was dissolved in 
acetonee (900 mL), cone. HC1 (32.0 mL, 0.40 mol) was added. Work-up afforded 40 (45.1 g, 0.24 
mol,, 59%) as a white crystalline powder. 'H NMR (400 MHz, D20) 8 4.07 (t, ƒ = 6.5 Hz, 1H, H-
2),, 2.26-2.23 (m, 2H, H-5), 2.03-1.98 (m, 2H, H-4), 1.77 (t, ƒ = 2.5 Hz, 3H, H-8), 1.62-1.57 (m, 2H, 
H-3). . 
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CHAPTERR 3 

ENZYMATICC RESOLUTION OF UNSATURATED cc-H-cc-AMINO ACID AMIDES 
Developmentt of an Improved Biocatalytic System Using a Genetically Modified Organism 

3.11 Introduction 

Biocatalysiss has gradually become more important in organic synthesis over the past 
twoo decades or so.1 In the beginning, the use of enzymes was restricted to the wild type 
enzymes,, that were simply screened on their ability to effect specific transformations on 
'organic'' substrates. Nevertheless, this concept has made a large impact in organic synthesis 
andd led to a large variety of useful reactions in which often the enantioselective properties of 
thee enzymes are exploited. In the past years, however, it has become clear that molecular 
biologyy techniques can be utilized to enhance the scope of enzymatic transformations even 
further.. As a first approach, identifying the gene coding for the desired activity and 
expressionn of that gene in a suitable host organism can be used to increase the catalytic 
activityy and may also result in improved selectivity because unwanted side reactions caused 
byy other enzymes present in the wild type strain are absent.2 Recently it was shown that also 
thee properties of enzymes could be improved using newly developed molecular biology 
techniques.. One of the most prominent examples was published by the group of Reetz, who 
showedd that by applying a random mutagenesis protocol, the enantioselective hydrolysis of 
ann ester by a lipase could be significantly improved by producing a modified lipase.3 This 
principlee is now generally known as 'directed evolution' and also applied onto other types of 
enzymes.. Thus, Arnold en coworkers have shown that the stereoselectivity of a hydantoinase 
couldd be reversed from D-selective into L-selective.4 Recently, an even more powerful tool has 
beenn developed, called gene shuffling.5 

Inn this Chapter we describe the application of the most simple molecular biology 
approachh to construct an improved whole cell catalyst based on the versatile aminopeptidase 
fromm Pseudomonas putida. 

Non-proteinogenicc amino acids are ideal substrates for enzymatic conversions due to 
theirr resemblance to proteinogenic amino acids, which are the natural substrates for a 
seeminglyy infinite number of enzymes. This is the reason that amino acids can be resolved in a 
varietyy of ways with enzymatic methods. Among the most widely applied enzymatic routes 
aree the acylase,6 esterase, hydantoinase and aminopeptidase based ones.7 The first industrial 
applicationn was the acylase-based resolution of N-acyl-amino acids developed by Tanabe and 
Degussa.66 In the mid 1970s, at DSM a different track was followed, utilizing aminopeptidases 

57 7 



ChapterChapter 3 

andd amidases to resolve racemic amino acid amides. The essentials of this process are 

depictedd in Scheme 1. Subjection of a (proteinogenic or non-proteinogenic) racemic amino 

acidd amide to the amidase present in the organism Pseudomonas putida ATCC 12633 leads to a 

mixturee of the (S)-acid 3 and the (K)-amide 2 in generally high enantioselectivity.8 It is 

importantt to emphasize that permeabilized whole cells of the Pseudomonas putida strain are 

used,, so all enzymes expressed in these cells come into contact with substrates and products 

off  the amidase reaction. The (R)-amide 2 can be separated from the (S)-acid3 by adding one 

equivalentt (relative to the amide) of benzaldehyde to the reaction mixture, thus converting the 

amidee into the corresponding Schiff base 4.9 The Schiff base precipitates and can be filtered off 

orr can be extracted from the water layer with an organic solvent. At this point, racemization of 

thee Schiff base with NaOH, followed by imine hydrolysis wil l yield a racemic amide that can 

againn be subjected to the biocatalytic system.10 In this way, eventually a 100% yield of the (S)-

acidd can be obtained. Alternatively, mild acid hydrolysis of the Schiff base 4 regenerates the 

(R)-amide,, which can be converted into the corresponding (R)-acid at 90 °C in 6 N HC1. An 

elegantt alternative to this rather harsh chemical method is enzymatic hydrolysis using a non-

selectivee amidase produced by Rhodococcus erythropolis NCIMB 11540." This reaction proceeds 

underr very mild conditions (pH 8, 37 °C) and is especially useful if the side chain contains a 

reactivee functionality. 

Schemee 3.1 
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 H 2 N ^ Y 
r nn N ÏÏ 2) excess HC1, A or O 
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OH H 

NCIMBB 11540 

Already,, more than 100 different amino acid amides have been successfully resolved 

viaa this method.12 It has been shown that a broad structural variety of a-H-a-amino acid 

amidess (small and large groups) are accepted by the biocatalyst without losing its 

enantioselectivee properties. Aryl or alkyl side chains containing heteroatoms such as sulfur, 

nitrogenn and oxygen are also accepted. Cyclic amino acid amides can also be resolved, but in 

somee cases product inhibition is observed. 
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Althoughh the majority of examples concern amino acid amides, some other substrates 

havee been resolved as well successfully with the same enzyme system. The methoxy-

substitutedd amides 5 appeared suitable substrates that were hydrolyzed in an enantioselective 

mannerr (eq 3.1) albeit at a significantly lower rate.13 In addition, recently the amino acid-

derivedd azido amides 7 were also resolved leading to the corresponding products with good 

selectivity.144 The (S)-aminopeptidase originating form P. putida was used as the biocatalyst. 

FF H ? H P 
II  M Pseudomonas putida 1 M JL _OH n 11 

H2N"YY 0 M e ~ ^ H2N
/^N^OMe + H 2N^yU " <31> 

OO O O 
55 R = allyl, isopropyl, cyclopentyl 6 (R)-methoxyamide 3 (S)-acid 

aminopeptidasee / s* ,o o-v 

(R)-7° ° 

Thee high acceptance of a variety of substrates was a strong impetus for us and DSM to 

furtherr explore the scope and limitations of this biocatalytic system and, more importantly, 

investigatee whether its selectivity and catalytic properties could be improved. A particular 

drivee into such research were the relative poor results with methionine amide, but also with 

allylglycinee amide. In both cases, excellent ee's were obtained for the amide, whereas under 

standardd conditions the ee of the corresponding acid was significantly lower. The concern was 

raisedd that the wil d type strain contained undesired enzyme activities that would be 

responsiblee for these anomalous results. Therefore, it was our goal to identify the amidase in 

thee wil d type organism, clone the genetic information and investigate whether this sequence 

couldd be expressed in a suitable host organism, which would lack any undesirable activity. 

Inn previous studies, the purification and characterization of the most important leucine 

aminopeptidasee from the Pseudomonas putida ATCC 12633 strain has been carried out,8'15 and 

resultedd in the following insight. Divalent cations sometimes have a positive effect (Mg2+ and 

Co2++ 2- to 3-fold; Mn2+ 12-fold), but can also have a negative influence (Cu2+ and Ca2+ 70% and 

40%% inhibition, respectively) on the activity of the enzyme. Hydrolyzing activity of the (S)-

aminopeptidasee was observed between pH 7 and 11, with the highest activity at pH 9.0-9.5 

andd at 40 °C. The enzyme displayed activity on several dipeptides so that the enzyme 

eventuallyy was designated as an (S)-aminopeptidase. 

Too construct a potentially more efficient biocatalytic system, the gene coding for the 

(S)-aminopeptidasee from Pseudomonas putida ATCC 12633 was cloned and brought to 

overexpressionn in an E. coli K-12 host micro-organism. This bacterium was chosen, due to its 

59 9 



ChapterChapter 3 

favorablee fermentation properties and the availability of a large number of specialized 

expressionn vectors. This procedure has been detailed in a recent publication and therefore wil l 

nott be subject of this chapter.15b Thus, E. coli DH5cc/pTrpLAP whole cells were obtained, 

whichh wil l be referred to as GMO (Genetically Modified Organism) cells. Resolution of some 

simplee alkyl-substituted a-H-amino acid amides by E. coli DH5a/pTrpLAP and P. putida 

ATCCC 12633 showed on average a 25-fold increase of activity by the genetically modified 

organismm (GMO). This is caused by the improved expression of the P. putida pep A gene, due to 

thee use of a strong promoter in combination with a multicopy system. The strategy used in 

thiss case for the cloning and heterologous expression of P. putida pepA, did not result in any 

mutationn on protein level. Therefore, the wil d type P. putida enzyme wil l be formed in the 

recombinantt E. coli strain. This means that all intrinsic properties of the (S)-aminopeptidase 

(e.g.. pH optimum, substrate range, enentiospecificity) are unaltered in comparison with the 

propertiess of the enzyme found in P. putida. 

Inn this chapter, an overview wil l be given from the results that were obtained by 

comparingg both biocatalytic systems in the resolution of a range of unsaturated amino acid 

amides.. The racemic amino acid amides that were described in Chapter 2 (Scheme 3.2) were 

subjectedd to the whole cells of the wild type P. putida strain and the GMO and a comparison 

wass made between the two different biocatalytic systems. 

Schemee 3.2 

HgNTT > f X H 2 N ' " Y ' H 2 N ' ^ | < X H2N'^Sf'X H j N ^ 

144 ~ 15 

a::  X = NH2, b: X = OH 

H2N N HPN N 

3.22 Resolutions 

Thee enzymatic resolutions were conducted with both systems at 40 °C and pH 9.2 in 

thee absence of Na+ and CI" ions, which are known to inhibit the aminopeptidase activity. 
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Initially ,, the experiments were run at one gram scale to determine the rate of the reaction and 

establishh the time at which 50% conversion was reached. In a later stage, batches on a 

preparativee scale (up to 30 g of the amino acid amide) were resolved. In most cases, a 10% 

solutionn (by weight) of the amide in water was treated with whole cells from Pseudomonas 

putidaputida ATCC 12633 (substrate/enzyme ratio 10:1) and from the GMO (substrate/enzyme ratio 

500:1).. During the resolution, small samples (0.5 mL) were taken from the reaction mixture, 

quenchedd with 1 M H3F04(1 mL, to stop the enzyme activity), after which the conversions and 

thee ee's of the acid and the amide were determined in a single run via chiral HPLC analysis 

(Sumichirall  OA 5000,150 mm x 4.6 mm, eluant: 2mM CuS04 in H20/MeOH). 

Inn addition to the HPLC method, the conversions were also determined via measuring 

thee concentration of liberated NH3 using an ion-selective NH4
+-electrode (Orion 95-12). Thus, 

controll  measurements were carried out in each resolution experiment. Furthermore, bianco 

experimentss were conducted in a parallel fashion to assure that basic hydrolysis did not take 

placee at pH 9.2. 

Thee results of the resolutions of the racemic amides are shown in Table 1. The ee's 

shownn in the Table for the (S)-acid and the (R)-amide were determined at the time (generally 

aroundd 21 h) that the maximum theoretical conversion (50%) was reached. However, in all 

casess the reactions were allowed to react longer (until 62 h) to get a better idea of the catalytic 

activityy of the cell's (this wil l be discussed later in this chapter). The yields were not 

determinedd in these reactions, since the goal was to find out when 50% conversion had been 

obtainedd for a given enzyme/substrate ratio. In contrast with the other substrates, the racemic 

amidess 12a and 15a were subjected to the GMO in a 2.5% weight solution (0.5 g substrate in 20 

gg water) due to the small amount of the amide that was available (entries 7 and 12). 

Inn general, the performance of both biocatalytic systems was reasonably good, in 

particularr in terms of enantioselectivity. Precipitation of the (S)-acids during the enzymatic 

reactionn of amides 11a and 17a made it more difficul t to take homogeneous samples. This 

complicationn could explain the relatively moderate ee of the (S)-acid l i b (entries 5 and 6) and 

thee longer reaction time. The solid amino acid present in the reaction mixture might hinder 

thee enzyme to reach the substrate. Precipitation of the (S)-acid 16a was also observed although 

inn a smaller degree. The difference between both biocatalysts is clear from the table: first of all, 

theree is a significant difference in reaction time in some entries (3 and 4,5 and 6,13 and 14 and 

155 and 16). The resolution with the GMO is faster, although the amount of cells is 50 times 

less.. Secondly, especially in the resolutions of amides 14a and 16a a large difference in the ee's 

off  the (S)-acids was observed (entries 10,11: 91% ee vs. 97% ee and entries 13,14: 70 ee%, vs. 

99%% ee). These latter remarkable differences in enantioselectivity encouraged us to further 

investigatee these results. 
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Tablee 3.1 

entry y 

1 1 
2 2 

3 3 
4 4 

5 5 
6 6 

7 7 

8 8 
9 9 

10 0 
11 1 

12 2 

13 3 
14 4 

15 5 
16 6 

17 7 
18 8 

amide e 

9a a 
9a a 

10a a 
10a a 

11a a 
11a a 

12a a 

13a a 
13a a 

14a a 
14a a 

15a a 

16a a 
16a a 

17a a 
17a a 

18a a 
18a a 

substratee solution3 

1 0% % 
1 0% % 

1 0% % 
10% % 

1 0% % 
1 0% % 

2.5% % 

1 0% % 
1 0% % 

10% % 
10% % 

2.55 % 

10% % 
1 0% % 

1 0% % 
1 0% % 

1 0% % 
1 0% % 

enzyme e 

P.. putida 
GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

GMO GMO 

P.. putida 
GMO GMO 

P.P. putida 
GMO GMO 

P.P. putida 
GMO GMO 

timee (h )c 

211 h 
211 h 

211 h 
9 h h 

211 h 
9 h h 

21h h 

100 h 
100 h 

211 h 
211 h 

455 h 

455 h 
211 h 

455 h 
211 h 

211 h 
211 h 

eedd (K)-amide (S)-acid 

>> 99 % 
9 9% % 

9 7% % 
>> 99 % 

9 3% % 
9 9% % 

98% % 

>> 99 % 
>> 99 % 

>> 99 % 
>> 99 % 

9 8% % 

>> 99 % 
99% % 

>> 99 % 
99% % 

>> 99 % 
>> 99 % 

9b b 
9b b 

10b b 
10b b 

l i b b 
l i b b 

12b b 

13b b 
13b b 

14b b 
14b b 

15b b 

16b b 
16b b 

17b b 
17b b 

18b b 
18b b 

eee d (S)-a< 

9 9% % 
9 9% % 

9 7% % 
>> 99 % 

9 3% % 
9 3% % 

98% % 

9 6% % 
9 7% % 

9 1% % 
9 7% % 

9 8% % 

7 0% % 
9 9% % 

9 8% % 
9 8% % 

9 8% % 
9 9% % 

aa 10:1 mass percentage of amide in H20, benzymes were added as permeabilized whole cells in mass 
ratio:: P. putida : amide 1:10; GMO : amide 1:500, ctime after which complete conversion (50%) is reached, 
dee'ss were determined via crural HPLC. 

Figuree 3.1 shows the conversion of allylglycine amide 9a and the progress 

developmentt of the ee's of the products in time with the two different organisms. As soon as 

thee reaction starts, the ee of the (S)-acid is > 98%, while the ee of the amide is increasing as the 

conversionn proceeds. It is evident that the rate is faster in case of the GMO, which is even 

moree so taken into account that a 50-fold higher amount of the P. putida cells was used. This is 

aa strong indication that the GMO cells contain more then 50 times the amount of amidase than 

thee wil d type P. putida cells. 

Thiss general trend was observed in all of these resolution experiments. In some cases, 

somewhatt different behavior was encountered. 
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Figuree 3.1 

Allylglycin ee 9, P. putida 
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timee (h) 
 ee (S)-acid 
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 conversion of (R,S)-amide to acid 

Allylglycin ee 9, GMO 

122 16 20 24 

timee (h) 
 ee (S)-acid 
 ee (R)-amide 

AA conversion of (R,S)-amide to acid 

Figuree 3.2 shows the conversion of propargylglycine amide 13a and the progress 

developmentt of the ee's in time with the two different organisms. At the start of the reactions, 

aa sample was taken every hour, while the last sample was taken after 48 hours. The figures 

nicelyy illustrate the difference in rate, and also why the ee of the acid does not reach values 

higherr than 96%. In the beginning of the reaction, the ee of the (S)-acid is only ca. 91%, which 

iss probably due to a small amount of racemic acid that is present in the substrate before the 

resolutionn starts. Due to this contamination, the ee of the (S)-acid can never reach 100% 

anymore. . 

Figuree 3.2 

Propargylglycinee 13, P. putida Propargylglycine 13, GMO 
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Moree drastic deviations were observed for the homopropargylglycine amide series 

(Figuree 3.3). A significantly larger decrease of the ee for the (S)-acid 14b was found. With the 
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P.P. putida cells, after 2 hours the ee was 96% and after 48 hours the ee dropped to 80% for the 

(S)-acid.. Again, in the racemic amide some acid was already present, which explains the lower 

eee of the (S)-acid in the beginning of the resolution. Inversely, the ee of the (R)-amide was 

>98%% after 48 hours and appeared stable. In contrast, with the GMO cells, no decrease in ee 

wass observed for the (S)-acid after 48 hours. The difference obviously cannot be the result of 

basicc hydrolysis, the bianco experiments - without an enzyme - did not show any 

racemization. . 

Figuree 3.3 

Homopropargylglycinee 14, P. putida 

(%)) 60 

timee (h) 

 ee (S)-acid 
 ee (R)-amide 
 conversion of (R,S)-amide to acid 

Homopropargylglycinee 14, GMO 
1000 -i **  . _ _ — 100 

200 30 40 

timee (h) 

 ee (S)-acid 
 ee (R)-amide 
 conversion of (R,S)-amide to acid 

AA similar pattern was observed for homoallylglycine 10 (the ee of the (S)-acid dropped 

fromm 99% to 92%) and for methylhomopropargylglycine 16b (from 95% to 57% after 69 hours). 

Duringg the resolution of amide 16a, the (S)-acid 16b partially precipitated, which made it 

moree difficul t to obtain homogeneous samples of the reaction mixture. 

Methioninee amide 18, which is structurally 'related' to the homoallylglycine and 

homopropargylglycinee derivatives was also subjected to the resolution conditions.16 

Interestingly,, the same trend - excellent ee of the amide, decreasing ee of the acid with 

progressingg reaction times - was observed. Figure 4 summarizes the ee's of the structurally 

relatedd (S)-acids 10b, 14b, 16b and 18b during the resolution with the P. putida cells (left 

graphic)) and the GMO cells (right graphic). The superior properties of the GMO-whole cell 

systemm are evident: virtually no decrease in ee was observed. 

Sincee the (S)-aminopeptidase responsible for the enantioselective hydrolysis of the 

racemicc amides is identical in both systems, another enzyme, which is only present in the P. 

putidaputida ATCC 12633 cells has to be the cause of the difference in ee, This could either be an 

aminoo acid racemase or a second, non-specific amidase. Such activity is not present in the cells 
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off  the E. coli K-12 strain (E. coli DH5ce / pTrpLAP) since there is no decrease in ee when these 

cellss are used. 

Figuree 3.4 

(S)-acidss from resolution with P. putida 
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3.33 Tests with enantiomerically pure homopropargylglycine 

Too identify the type of enzyme that causes the poor results a number of experiments 

weree carried out. In order to verify the presence of an amino acid racemase, both types of cells 

weree used in combination with enantiomerically pure (>98%) (S)- homopropargylglycine 14b 

underr exactly identical conditions (10% solution, pH 9.2, 40 °C, 70 hours, enzyme: substrate; 

1:100 (P. p«ffdfl:substrate) 1:500 (GMO:substrate). 

Figuree 3.5 

O O 
(S)-14b b 

eee > 98% 

wholee cells 

pH9.2,40°CC H2N 
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 ee (S)-14b with GMO 

Inn the case of the P. putida cells, the ee droped from > 98% to 80% in 70 hours, which 

meanss that the (R)- acid is formed during the reaction. This does not happen with the GMO 
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cells;; the ee remained >98% during the whole experiment. Therefore, it could be concluded 

thatt there must be an amino acid racemase present in the P. putida ATCC 12633 cells, which is 

absentt in the E. coli K12 cells. 

Thee aforementioned experiment, however, cannot exclude that there is also a non-

specificc amidase in the P. putida cells. A similar experiment, with enantiomerically pure (R)-

homopropargylglycinee amide 14a was conducted and gave rather unexpected results. 

Figuree 3.6 

(R)-14aa with P. putida 

00 10 20 30 40 50 60 70 

timee (h) 
 ee (R)-acid 
 ee (R)-amide 

(R)-- 14a with GMO 

100 20 30 40 50 60 70 

timee (h) 
 ee (R)-acid 
 ee (R)-amide 

Inn both experiments the (R)-amide was slowly hydrolyzed to the (R)-acid The initially 

loww ee (t = 5 h) is probably because a small amount of the (S)-acid was already present due to 

imperfectt separation after the first resolution. In the case of the P. putida cells, the ee of the (R)-

acidd remained approximately 50% during the whole experiment, meaning that both (R)- and 

(S)-acidd were formed. The formation of (S)-acid was due to the presence of the amino acid 

racemasee in the whole cells of the P. putida. The total amount of acid increased during the 

experimentt although the exact amount could not be determined. With the GMO cells, the ee of 

thee (R)-acid clearly increased during the course of the experiment up to the value of 88%. 

Consideringg that the initial low value was a result of a small amount of (S)-acid already 

present,, it can be concluded that there is largely (R)-acid produced in this reaction and 

vir tual lyy no (S)-acid. These experiments show that the (in principle) (S)-specific 

aminopeptidasee in both systems hydrolyzed the (R)-amides to some extent. Another 

possibilityy would be the presence of a non-specific enzyme in both cell systems. 

Thiss seems in contradiction with the earlier results of the racemic homopropargyl 

amidee resolution, where the formation of the (R)-acid was not observed. Eventually, we set up 

anotherr experiment to imitate the reaction conditions at the time 50% conversion was 

obtained:: a solution containing 0.5 gram of (R)-homopropargyl amide (14a) and 0.5 gram of 
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(S)-homopropragyll  acid (14b) was subjected to the resolution conditions with the GMO cells 

(Figuree 3.7) 

Figuree 3.7 

(R)-14aa + (S)-14b with GMO 
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Inn this case, hardly any (R)-acid was formed and both ee's remained high (>97%) 

duringg the reaction. Only a decrease of 1 % ee was observed after 48 hours for the (S)-acid. A 

probablee explanation could be that with the 5 weight% (S)-acid present in the reaction mixture 

thee undesired hydrolysis is slowed down by competitive inhibition of the enzyme. Only 

underr "extreme conditions" (with only the unfavored (R)-amide present) this conversion has a 

chancee to take place, but under the regular resolution conditions only the (S)-amide is 

hydrolyzedd . 

Inn summary, from these control experiments it can be concluded that in the cells of P. 

putidaputida ATCC 12633 an amino acid racemase is present which is not present in the cells of the 

E.E. coli DH5cc/ pTrpLAP. This racemase seems to have a narrow substrate specificity and 

recognizess methionine and the structurally and electronically related amino acids 

homopropargylglycine,, methylhomopropargylglycine and homoallylglycine.17 

3.44 Preparative scale resolutions 

Preparativee scale experiments were carried out with the GMO cells because of its 

higherr activity and selectivity. In all resolutions, a wet cell mass:substrate ratio of 1:250 was 

usedd to ensure that the reaction would be finished in the course of a night. The reactions were 

worked-upp as follows: the cell mass was filtrated or centrifuged off the solution. The resulting 

clearr solution was treated with 0.5 equiv of benzaldehyde and stirred vigorously for a few 

hourss to convert the (R)-amide into their corresponding Schiff base. The Schiff base was 

separatedd from the water layer by filtration or by extraction with an organic solvent and (after 
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concentration)) hydrolyzed with one equiv of HC1 in acetone to give the HC1 salt of the (R)-

amidess after filtration. The (S)-acid was obtained upon lyophilization of the aqueous layer 

followedd by purification with ion exchange chromatography. 

Thee (J?)-amides were hydrolyzed to their corresponding (R)-acids with a non-specific 

amidasee from whole cells of Rhodococcus erythropolis NCEMB 11540 containing an non-specific 

amidasee in a phosphate buffer of pH 8 (dry cell mass : substrate ratio 1:2) in 3 hours. 

Tablee 3.2 

NH? ? ,NH? ? 

0 0 
9b-17b b 

GMO GMO 
 ^^Y r 

pHH 9.2,40°C, 21h O 
(R)-amidee 9b-17b 

H^V" " 
(S)-acidd 9a-17a 

,OH H 
1)) separation then, 

-- H^-^ Y 
2)) Rhodococcus erythropolis O 

pHH 8,37 °C (R)-acid 9a-17a 

entryy enzyme time (h) yield (S)-acid ee (S)-acid yieldd ee (-R)-amide yield (R)-acid 
(R)-amide.HCl l 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
10 0 

GMCf GMCf 
GMO* GMO* 
GMO GMO 

P.P. putida 
GMO GMO 
GMO GMO 
GMO GMO 
GMO GMO 
GMO GMO 

48 8 
48 8 
24 4 
60 0 
21 1 
21 1 
19 9 
21 1 
21 1 

9bb 3 1% 
10bb 4 1% 
l l b n d d 
12bb 44% 
13bb nd 
14bb 40% 
15bb 43% 
16bb 32% 
17bb nd 

>98% % 
>99% % 
>98% % 

80% % 
>99% % 
>98% % 
>99% % 

98% % 
96% % 

9aa 47% 
10aa 40% 
11aa 45% 
12aa 35% 
13aa 41% 
14aa 42% 
15aa 33% 
16aa 30% 
17aa 37% 

>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 
>99% % 

9bb 86% 
10bb 93% 
l i bb 89% 
12bb 88% 
13bb 80% 
14bb 99% 
15bb 92% 
16bb 86% 
17bb 63% 

"Afterr 24 h an additional amount of the GMO cells was added. 

Inn Table 3.2 the yields of the resolutions are shown. The yields of the (S)-acids in the 

tablee are the yields after purification via ion exchange chromatography. The ee's of the (S)-

acidss are > 98% unless mentioned otherwise. The yields of the (R)- amides refer to the 

correspondingg HC1 salts; the yields of the (R)-acids were obtained after hydrolysis and 

subsequentt purification by ion exchange chromatography (ee's were in all cases >99%). 

Becausee the racemic amides 9a and 10a (entries 1 and 2) reacted slower than expected 

(40%% conversion after 24 h), an additional amount of enzyme was added (eventually, the cell 

mass:substratee ratio was 1:125). After 48 hours the reaction was finished, which had no 

negativee influence on the ee's. Amide 12a was only subjected to the P. putida cells; under 

identicall  reaction conditions (cell mass:substrate ratio of 1:10) the ee of the (S)-acid was only 

80%. . 
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Thee yields of the (S)-acids l i b and 17b were not determined due to the poor water 

solubility.. During the resolution the acids precipitated in the reaction mixture, which made 

separationn of the enzyme, acid and amide more difficul t and probably some of the acid was 

lostt in the work-up. During ion exchange chromatography the (S)-acid also precipitated to 

somee extent, and was lost. 

Thee yield of (S)-13b was not determined due to the presence of H3P04 salts. After the 

resolutionn was finished the reaction mixture was neutralized with phosphoric acid (1M) 

whichh resulted in a large amount of salts which made it very difficul t to purify the amino acid 

byy ion exchange chromatography. After these problems we were more careful with adding 

acidss to the mixture, instead of phosphoric acid hydrochloric acid or sulfuric acid was used. 

Althoughh work-up and solubility caused some problems, this is a very nice method to 

obtainn enantiopure (S)-amino acids and (R)-amides in relatively large quantities (up to 30 g). 

3.55 Conclusions 

Inn this chapter, several enantiopure unsaturated amino acids and amino acid amides 

weree obtained via enzymatic resolution. For this resolution an aminopeptidase was used from 

PseudomonasPseudomonas putida ATCC 12633 both present in the wil d type cells and in E. coli K12 upon 

overexpressionn (GMO genetically modified organism). Whole cells were used for the 

enzymaticc resolution. Both biocatalytic systems could be used to hydrolyze enantioselectively 

(S)-amidess to (S)-acids. In the resolution with P. putida for some amino acid amides (10a, 14a, 

16aa and 18a) a progressive decrease in ee of the (S)-acid was observed. After several 

experimentss it was concluded that the whole cells of P. putida contained an amino acid 

racemasee with a narrow substrate specificity. In the whole cells of the GMO this racemase was 

nott observed. At preparative scale the enantiopure (S)-acids and (R)-amides were separated 

andd isolated. The (R)-amides were hydrolyzed by a non specific amidase from Rhodoccus 

erythropoliserythropolis NCIMB 11540 in high yields. 
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3.77 Experimental section 

Generall  information . 

Purificationn of the amino acids by ion exchange chromatography using a strongly acidic 

Dowexx 50Wx4 resin involved the following sequence: the resin was treated with the HC1 salt 

andd washed with water until no more HC1 was detected. Then the resin was eluted with 2 N 

NH 4OH,, the ninhydrin positive fractions were collected and concentrated to give the free 

aminoo acid. The ee's of the free amino acids were determined by HPLC on a Crownpak CR(+) 

columnn (aqueous HC104, at 0-7 °C).The ee's were determined by HPLC on a Chiralcel OD 

columnn (10-20% iPrOH in heptane). The amino acid amide HCl-salts were obtained as the free 

aminoo acids via ion exchange (Dowex 50Wx4 H+-form, 20-50 mesh, Fluka). 

Resolutionn of amino acid amides. 

Curv ee determinations. 

Thee enzymes were added as permeabilized whole cells in a HEPES Buffer (20 mM, NaOH, pH 

7.67),, which is commercially available. The amino acid amide (3.05 g) was dissolved in 

distilledd water. With KOH or H2S04 the solution was brought to pH 9.2. A solution of MnS04 

(0.388 mL of 80mM solution which is 1 mM MnS04 in total) was added. Distilled water was 

addedd (29.5 mL) to the solution to bring the end solution at 10% amide concentration in HzO. 

Thee solution was divided in 3 equal amounts. To the first reaction flask 0.5 mL HEPES was 

added.. To the second one Pseudomonas putida ATCC 12633 (0.1 g, 1:10 enzyme : substrate 

ratio)) in 0.5 mL HEPES was added. To the third one E. coli DH5a/pTrpLAP (2 mg, 1:500 

enzymee : substrate ratio) in 0.5 mL HEPES. The reaction mixtures were stirred at 40 °C for 

severall  days. Samples were taken as follows: 0.5 mL of the reaction mixtures was poured into 

11 mL 1M HP04 and the cell masses were filtrated of. The mixtures were then analyzed by 

HPLCC analysis/NH3 detection. The conversion was determined using the formula: 

__ e es 

eess + eep 

inn which ees is the enantiomeric excess of the substrate and eep the enantiomeric excess of the 

product. . 

Generall  procedure A for  preparative scale: 

AA solution of the HC1 salt of the racemic amide in distilled H20 was brought to pH 9.2 with 

KOHH or H2S04 followed by addition of a 80 mM solution of MnSO« (ImM MnS04 in the final 

solution)) With distilled H20 to solution was brought to a 10% solution of the amide. The 

enzymee was added as a solution in a HEPES buffer. The reaction was stirred at 40 °C for 24 h 

andd then brought to a pH of 6 with H2S04. The enzyme was filtered or centrifuged of the 
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solution.. Base (NaOH) was added to bring the pH at 8-9, followed by addit ion of 

benzaldehydee (0.51 equivalent), the reaction mixture was stirred for 2 hours at 20 °C. The 

reactionn mixture was extracted CH2C12 (3 x). The combined organic layers containing the 

Schifff  base of the (R)-amide were extracted with H20 (3 x), dried with MgS04 filtered and 

concentratedd in vacuo. The combined aqueous layers containing the (S)-acid were lyophilized 

andd purified by ion exchange chromatography. The Schiff base of the (R)-amide was dissolved 

inn acetone and concentrated HC1 (1 equivalent) was added. The reaction mixture was stirred 

forr 2 hours. The HCl-salt of the (R)- amide was filtered of the solvent. 

Generall  procedure B for  the conversion of (R)-amides to (R)-acids. 

Thee (R)-amino acid amides are dissolved in buffer (concentration 5%) (buffer: pH 8: 500 mL 

0.11 M NaH2P04 + 467 mL 0.1 M NaOH). Dried whole cells of Rhodoccocus erythropolis NCIMB 

115400 (0.5 equivalent in weight) were added and the reaction mixture was stirred at 37°C for 3 

hours.. The reaction could be monitored on TLC (CHC13, MeOH, NH3; ninhydrine). The 

reactionn mixture was centrifuged and the solvent was separated from the enzyme. The 

enzymee was washed with water and centrifuged again this was repeated 2 times. The 

combinedd water layers were lyophilized. After ion exchange chromatography the (R)-acids 

weree obtained salt free. 

(R)-2-Amino-pent-4-enoicc acid amide (9a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (20.0 g, 0.136 mol) in H20, KOH (pH 9.2), MnS04 (2.5 

g,, 80 mM), H20 (120 g, 10% solution) and finally GMO cells (81 mg in 1 mL Buffer) were 

added.. Work up using benzaldehyde (7.6 mL, 0.075 mol) and cone. HC1 (6.0 mL, 0.075 mol) 

affordedd the HC1 salt of 9a (9.5 g, 0.063,47% mol) as a white solid, ee >99% (HPLC), Mp 230-

232°C,, [a]D = +4.3 (c = 1, H20), 'H NMR (400 MHz, D20) S 5.87-5.76 (m, 1H, H-4), 5.36-5.32 (m, 

2H,, H-5), 4.14 (t, ƒ = 6.3 Hz, 1H, H-2), 2.77-2.63 (m, 1H, H-3), 13C NMR (100 MHz, D20) 5 

176.377 (C-l), 134.92 (C-4), 126.32 (C-5), 57.17 (C-2), 40.00 (C-3), IR (KBr) v 3250, 3450, 2733, 

2641,1981,17166 cm1, HRMS (FAB) calculated for CsH10N2O (MH+) 115.0871, found 115.0861. 

Anal.. Calcd. for C5HUC1N20: C 39.87, H 7.36, CI 23.54, N 18.60, found: C 39.88, H 7.27, CI 

23.42,, N 18.52. To a solution of 9a (1.0 g, 6.66 mmol) in buffer (20 mL) enzyme (0.2 g) was 

added.. Work up afforded 9b (0.66 g, 5.70 mol, 86%) as a white solid. [a]D = +9.6 (c = 0.5, 1M 

HC1). . 

(S)-2-Amino-pent-4-enoicc acid (9b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (4.8 g, 0.042 mol, 31%). ee >98% (HPLC), Mp 235-237°C, [a]D = -35.5 

(cc = 1, H20) lH NMR (400 MHz, D20) 8 5.82-5.72 (m, 1H, H-4), 5.29-5.25 (m, 2H, H-5), 3.80 (t, ƒ 

== 5.0 Hz, 1H, H-2), 2.70-2.56 (m, 1H, H-3), 13C NMR (100 MHz, D20) 6 176.85 (C-l), 134.13 (C-
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4),, 123.25 (C-5), 56.74 (C-2), 37.58 (C-3), IR (KBr) v 3250-2500, 2104, 1610 cm1, HRMS (EI) 

calculatedd for C5rLN02115.0633, found 115.0629. Anal. Calcd. for QPLNO,: C 52.16, H 7.88, N 

12.17,, O 27.79, found: C 52.23, H 7.76, N 12.17,0 27.64. 

(R)-2-Amino-hex-5-enoicc acid amide (10a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (19.9 g, 0.12 mol) in H20, KOH (pH 9.2), MnS04 (2.49 

g,, 80 mM), H 20 (199 g, 10% solution) and finally GMO cells (80 mg in 1 mL buffer) were 

added.. After 18 h an additional amount of enzyme (320 mg) was added. Work up using 

benzaldehydee (6.80 mL, 0.067) and cone. HC1 (5.39 mL, 0.067 mol) afforded the HC1 salt of the 

10aa (7.95 g, 0.048, 40% mol) as a white solid, ee >99% (HPLC), Dec 256-258°C, [a]D = -17.2 (c = 

1,, H20), *H NMR (400 MHz, D20) 8 5.95-5.85 (m, 1H, H-5), 5.21-5.21 (m, 2H, H-6), 4.06 (t, ƒ = 

6.55 Hz, 1H, H-2), 2.25-2.20 (m, 2H, H-4), 2.08-1.98 (m, 2H, H-3), 13C NMR (100 MHz, D20) 8 

174.944 (C-l), 139.34 (C-5), 119.22 (C-6), 55.52 (C-2), 32.81 (C-4), 31.08 (C-3), IR (KBr) v 3224, 

2828,, 2759,2350,1981,1668 cm"1, HRMS (EI) calculated for C5H10N2O 128.0950, found 128.0957. 

Anal.. Calcd. for QH13C1N20 C 43.77, H 7.96, CI 21.53, N 17.02, O 9.72, found: C 43.86, H 7.87, 

CII  21.49, N 17.13, O 9.77. To a solution of 10a (1.0 g, 6.10 mmol) in buffer (20 mL) enzyme (0.2 

g)) was added. Work up afforded 10b (073 g, 5.67 mmol, 93%) as a white solid. [oc]D = -28.8 (c = 

0.5,, 2M HC1). 

(S)-2-Amino-hex-5-enoicc acid (10b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (6.44 g, 0.05 mol, 41%). ee >99% (HPLC), Dec >270°C, [cc]D = +8.0 (c 

== 1, H20), ]H NMR (400 MHz, D20) 8 5.93-5.86 (m, 1H, H-5), 5.18-5.08 (m, 2H, H-6), 3.76 (t, J = 

6.100 Hz, 1H, H-2), 2.18 (dd, ƒ = 7.5,15 Hz, 2H H-4), 2.04-1.91 (m, 2H, H-3), 13C NMR (100 MHz, 

D20)) 8 177.50 (C-l), 139.88 (C-5), 118.71 (C-6), 57.15 (C-2), 32.50 (C-4), 31.42 (C-3), IR (KBr) v 

3200,, 3250-2500, 2357, 2125, 1640 cm1, HRMS (EI) calculated for C6HuN02 129.0790, found 

129.0793.. Anal. Calcd. for C6HnN02 C 55.80, H 8.58, N 10.84, O 24.78, found: C 55.88, H 8.57, N 

10.95,00 24.68. 

(JR)-2-Amino-hept-5-enoicc acid amide (11a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (19.2 g, 0.12 mol) in H20, KOH (pH 9.2), MnS04 (2.49 

g,, 80 mM), H 20 (191 g, 10% solution) and finally GMO cells (80 mg in 1 mL buffer) were 

added.. Work up using benzaldehyde (6.03 mL, 0. 06 mol) and cone. HC1 (5.0 mL, 0.06 mol) 

affordedd the HC1 salt of the 11a (8.66 g, 0.053 mol, 45%) as a white solid, ee >99% (HPLC), Dec 

>245°CC (HC1 salt), [a]D = -14.3 (c = 1, H20), XH NMR (400 MHz, D20) 8 5.96-5.86 (m, 1H, H-6), 

5.18-5.022 (m, 2H, H-7), 3.43 (t, ƒ = 6.6 Hz, 1H, H-2), 2.14-2.08 (m, 2H, H-5), 1.73-1.58 (m, 2H, H-

4),, 1.52-1.42 (m, 2H, H-3), 13C NMR (100 MHz, D20) 6 182.44 (C-l), 141.13 (C-6), 116.68 (C-7), 

56.044 (C-2), 35.66 (C-5), 34.55 (C-4), 26.02 (C-3), IR (KBr) v 3434, 3307, 2999,1686 cm1, HRMS 
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(FAB)) calculated for C7H15N20 (MH+) 143.1184, found 143.1189. To a solution of 11a (1.0 g, 5.61 

mmol)) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded l i b (0.71g, 4.99 mmol, 

89%)) as a white solid. [a]D = -24.9 (c = 1,2M HC1). 

(R)-2-Amino-hept-5-enoicc acid (l ib) , ee >98% (HPLC), Dec >248 Mp °C, [ct]D = -24.9 (c = 1, 

2MM  HC1), *H NMR (400 MHz, D20) 5 5.92-5.84 (m, 1H, H-6), 5.07 (ddd, ƒ = 17.3,1.6,10.2 Hz, 

2H,, H-7), 3.74 (t, ƒ = 6.10 Hz, 1H, H-2), 2.12 (dd, ƒ = 7.1,14.1 Hz, 2H, H-5), 1.91-1.83 (m, 2H, H-

4),, 1.53-1.43 (m, 2H, H-3), 13C NMR (100 MHz, 0,0) 5 177.65 (C-l), 141.38 (C-6), 117.80 (-7), 

57.500 (C-2), 35.24 (C-5), 32.62 (C-4), 26.29 (C-3), IR (KBr) v 3250-2500 (b), 1833,1581,1516 cm1, 

HRMSS (FAB) calculated for C7H14N02 (MH+) 144.1025, found 144.1025. Anal. Calcd. for 

QHuN02 :CC 58.72, H 9.15, N 9.78,0 22.35, found: C 58.62, H 9.02, N 9.85,0 22.40. 

(R)-2-Amino-4,5-hexadienoicc acid amide (12a). Following the general procedure for 

preparativee scale: to a solution of the racemic amide (3.60 g, 0.02 mol) in H20, KOH (pH 8.5), 

MnS044 (0.36 g, 80 mM), H20 (36 g, 10% solution) and finally P. putida cells (1.0 g) were added. 

Workk up using benzaldehyde (1.30 mL, 0. 01 mol) and cone. HC1 (0.8 mL, 0.01 mol) afforded 

thee HC1 salt of the 12a (1.12 g, 6.89 mmol, 35% mol) as a white solid, ee >99% (HPLC), Mp 210-

211°C,, [a]D = +9.3 (c = 1, H20), aH NMR (400 MHz, CD3OD) 5 5.13 (q, J = 7.0 Hz, 1H, H-4), 4.86-

4.844 (m, 2H, H-6), 3.94 (dd, ƒ = 5.2, 7.4 Hz, 1H, H-2), 2.64-2.61 (m, 1H, H-3), 2.57-2.53 (m, 1H, 

H-3),, 13C NMR (100 MHz, CD3OD) 8 211.35 (C-5), 171.63 (C-l), 84.08 (C-4), 76.38 (C-6), 53.88 

(C-2),, 32.18 (C-3), IR (KBr) v 3431, 3282, 3200, 2750, 1661 cm1, HRMS (FAB) calculated for 

C6HUC1N200 (MH+) 163.0638, found 163.0629,127.0882 (MH+ -CI). To a solution of 12a (1.0 g, 

5.611 mmol) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded 12b (0.78 g, 6.06 

mmol,, 88%) as a white solid. [a]D = +48.0 (c = 0.5 in H20). 

(S)-2-Amino-4,5-hexadienoicc acid (12b). The (S)-acid was obtained after lyophilization and 

ionn exchange chromatography (1.13 g, 8.80 mmol, 44%). ee, 80%, (HPLC), Mp 231-235°C, [<x]D 

== -36.4. (c = 0.5 in H20), 'H NMR (400 MHz, CD3OD) 8 = 5.13 (q, ƒ = 7.0 Hz, 1H, H-4), 4.82-4.79 

(m,, 2H, H-6), 3.58 (dd, ƒ = 4.2, 7.8 Hz, 1H, H-2), 2.64-2.62 (m, 1H, H-3), 2.52-2.47 (m, 1H, H-3), 
13CC NMR (100 MHz,, CD3OD) 5 211.39 (C-5), 175.82 (C-l), 85.50 (C-4), 77.85 (C-6), 56.04 (C-2), 

31.722 (C-3), IR (KBr) v 3850-2600, 1651 cm1, HRMS (FAB) calculated for C6H10NO2 (MH+) 

128.0712,, found 128.0703. 

(R)-2-Amino-pent-4-ynoicc acid amide (13a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (8.25 g, 0.07 mol) in H20, KOH (pH 9.2), MnS04 (1,03 

g,, 80 mM MnS04), H20 (81.53 g, 10% solution) and finally GMO cells (16.5 mg in 1 mL buffer) 

weree added. Work up using benzaldehyde (3.89 mL, 0.037 mol) and cone. HC1 (2.95 mL, 0.037 
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mol)) afforded the HC1 salt of 13a (4.29 g, 0.029 mol, 41%) as a white solid, ee 99% (HPLC), Mp 

237-2399 °C, [a]D= -0.4 (c = 1, H20), *H NMR (400 MHz, D20) 8 4.37 (t, J = 5.75 Hz, 1H, H-2), 

3.06-3.055 (m, 2H, H-3), 2.75 (d, ƒ =2.09 Hz, 1H H-5), 13C NMR (100 MHz, D20) S 173.18 (C-l), 

79.588 (C-4), 77.67 (C-5), 54.20 (C-2), 24.14 (C-3), IR (KBr) v 3430 ,3282, 3200, 2750, 1677 cm1. 

Anal.. Calcd. for QH^CINP: C 40.42, H 6.11, CI 23.86, N 18.85, O 10.77, found: C 40.31, H 5.90, 

CII  23.81, N 18.93,0 10.82. Following the general procedure B: To a solution of 13a (5.0 g, 0.034 

mol)) in buffer (100 mL) enzyme (2.0 g) was added. Work up afforded 13b ( 3.1 g, 0.027 mol, 

80%)) as a white solid. [a]D= +29.6 (c = 0.5, H20). 

(S)-2-Amino-4-pentynoicc acid (13b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography, ee >99% (HPLC), Dec >216 °C, [a]D = -25.3 (c = 0.5, D20), JH NMR 

(4000 MHz, D20) 5 3.90 (t, ƒ = 5.5 Hz, 1H, H-2), 2.85-2.84 (m, 2H, H-3), 2.52 (t, ƒ = 4.0 Hz, 1H, H-

5),, 13C NMR (100 MHz, D20) Ö 175.51 (C-l), 77.07 (C-4), 76.30 (C-5), 55.67 (C-2), 23.29 (C-3), IR 

(KBr)) v 3286, 3250-2600, 2091,1651 cm1. Anal. Calcd. for C5H7N02: C 53.09, H 6.24, N 12.38, O 

28.29,, found: C 52.92, H 6.21, N 12.47, 028.37. 

(R)-2-Amino-hex-5-ynoicc acid amide (14a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (15.5 g, 0.122 mol) in H20, KOH (pH 9.2), MnS04 (1.94 

g,, 80 mM MnSOJ, H20 (155 g, 10% solution) and finally GMO cells (62 mg in 1 mL buffer) 

weree added. Work-up with benzaldehyde (6.81 mL, 0.067 mol) and cone. HC1 (5.4 mL, 0.067 

mol)) followed by purification afforded the HC1 salt of 14a (8.23 g, 0.051 mol, 42%) a white 

solid,, ee >99% (HPLC), Mp (HC1 salt) 241-242°C, Mp (free amine) 55-57 °C, [a]D= -50.3 (c = 1, 

D20),, *H NMR (400 MHz, D20) 5 4.21 (t, ƒ = 6.6 Hz, 1H, H-2), 2.52-2.51 (m, 1H, H-6), 2.46 (dt, ƒ 

== 7.0, 2.6 Hz, 2H, H-4), 2.17-2.15 (m, 2H, H-3), 13C NMR (100 MHz, L\0) 8 174.44 (C-l), 89.37 

(C-5),, 74.26 (C-6), 55.14 (C-2), 32.30 (C-3), 16.87 (C-4), IR (KBr) v 3416, 3270, 3013, 2125,1677 

cm1.. Anal. Calcd. for C6H10N2O: C 57.12, H 7.99, N 22.21, found: C 56.97, H 8.10, N 22.10. To a 

solutionn of 14a (1.0 g, 6.17 mmol) in buffer (20 mL) enzyme (0.5 g) was added. Work up 

affordedd 14b (0.78 g, 6.14 mmol, 99%) as a white solid. [a]D= -23.6 (c = 1.1,2 M HC1). 

(S)-2-Amino-hex-5-ynoicc acid (14b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (6.2 g, 0.049 mol, 40%). ee >98% (HPLC), Dec >214 °C, [a]D= +26.6 

(cc = 1,1 M HC1), [a]D= + 73.0 (c = 0.5,2M HC1), 'H NMR (400 MHz, L^O) 8 3.88-3.86 (m, 1H, H-

2),, 2.46-2.36 (m, 3H, H-4, H-6), 2.20-2.13 (m, 1H, H-3), 2.11-2.03 (m, 1H, H-3), 13C NMR (100 

MHz,, D20) 8 176.94 (C-l), 85.00 (C-5), 73.62 (C-6), 56.76 (C-2), 32.01 (C-3), 17.18 (C-4), IR (KBr) 

vv 3288, 3100-2500, 2749, 2591, 2100, 1611 cm1. Anal. Calcd. for QFLNO,: C 56.68, H 7.13, N 

11.02,, found C 56.53, H 7.02, N 11.09. 
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(R)-2-Amino-hex-4-ynoicc acid amide (15a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (12 g, 0.073 mol) in H20, KOH (pH 9.2), MnS04 (1.5 g, 

800 mM MnS04), H20 (119 g, 10% solution) and finally GMO cells (48 mg in 1 mL buffer) were 

added.. Work up using benzaldehyde (4.09 mL, 0.036 mol) and cone. HC1 (2.8 mL, 0.036 mol) 

affordedd the HC1 salt of 15a (4.01 g, 0.024 mol, 33%) as a white solid, ee >99% (HPLC), Dec 

(HC11 salt) > 243 °C, [oc]D = +10.5 (c = 1, H20), *H NMR (400 MHz, D20) 8 3.55 (t, ƒ = 5.8 Hz, 1H, 

H-2),, 2.55-2.53 (m, 2H, H-3), 1.79 (t, ƒ = 2.5 Hz, 3H, H-6), 13C NMR (100 MHz, D20) 5 173.55 (C-

1),, 85.38 (C-4), 73.71 (C-5), 54.49 (C-2), 24.32 (C-3), 5.42 (C-6), IR (KBr) v 3321,3246,2986,2360, 

17011 cm"1, HRMS (EI) calculated for C6H uN 20 126.0793, found 126.0793. Anal. Calcd. for 

C6HJ2C1N200 C 44.32, H 6.82, CI 21.80, N 17.23,0 9.84, found: C 44.10, H 6.77, CI 21.87, N 17.13, 

OO 9.99. To a solution of 15a (2.0 g, 0.024 mol) in buffer (40 mL) enzyme (0.4 g) was added. 

Workk up afford 15b (1.44 g, 0.01 mol, 92%) as a white solid. [oc]D = +48.8 (c = 1, H20), 

(S)-2-Amino-hex-4-ynoicc acid (15b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (4.0 g, 0.032 mol, 43%). ee >99% (HPLC), Mp 238-240 °C, [cc]D = -

29.33 (c = 1, H20), 'H NMR (400 MHz, D20) 8 3.85-3.83 (m, 1H, C-2), 2.77-2.76 (m, 2H, H-3), 1.77 

(t,, ƒ = 2.34 Hz, 3H, H-6), 13C NMR (100 MHz, D20) 8175.92 (C-l), 84.37 (C-4), 74.76 (C-5), 56.12 

(C-2),, 23.63 (C-3), 5.25 (C-6), IR (KBr) v 3100-2600 (b), 2359, 2048, 1608 cm"1. Anal. Calcd. for 

C6H,N022 C 56.68, H 7.13, N 11.02, found: 56.33, H 6.95, N 10.77. 

(R)-2-Amino-hept-5-ynoicc acid amide (16a). Following the general procedure for preparative 

scale:: to a solution of the racemic amide (10.6 g, 0.06 mol) in H20, KOH (pH 9.2), MnS04 (1.32 

g,, 80 mM), H20 (106 g, 10% solution) and finally GMO cells (106 mg in 1 mL buffer) were. 

Workk up using benzaldehyde (7.28 mL, 0.068 mol) cone. HC1 (5.48 mL, 0.068 mol) afforded the 

HC11 salt of 16a (3.19 g, 0.018 mol, 30% mol) as a white solid, ee 99% (HPLC), Dec (HC1 salt) 

>2566 °C, [a]D = -31.6 (c = 1, H20), *H NMR (400 MHz, D20) 5 4.16 (t, ƒ = 6.5 Hz, 1H, H-2), 2.39-

2.355 (m, 2H, H-4), 2.14-2.03 (m, 2H, H-3), 1.78 (t, ƒ = 2.5 Hz, 3H, H-7), 13C NMR (100 MHz, D20) 

55 176.00 (C-l), 82.03 (C-5), 79.53 (C-6), 55.13 (C-2), 32.63 (C-3), 17.00 (C-4), 5.18 (C-7), IR (KBr) v 

3433,, 3307, 2999, 2467, 1995, 1685, 1582, 1485 cm1, HRMS (EI) calculated for C7H12N20 

140.0950,, found 140.0947. Anal. Calcd. for C7H13N20HC1: C 47.60, H 7.42, N 15.86, found: C 

47.51,, H 7.36, N 15.72. To a solution of 16a (1.0 g, 5.68 mmol) in buffer (20 mL) enzyme (0.2 g) 

wass added. Work up afforded 16b (0.69 g, 4.88 mmol, 86%) as a white solid. [a]D = -30.5 (c = 

0.55,1MHC1). . 

(S)-2-Amino-hept-5-ynoicc acid (16b). The (S)-acid was obtained after lyophilization and ion 

exchangee chromatography (2.67 g, 0.019 mol, 31 %). ee 98% (HPLC) Mp 223-227 °C, [a]D = 

+27.00 (c = 0.5,1 M HC1), ]H NMR (400 MHz, D20) 8 3.84 (dd, ƒ = 5.2,7.4 Hz, 1H, H-2), 2.40-2.22 
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(m,, 2H, H-4), 2.19-2.07 (m, 1H, H-3), 2.05-1.94 (m, 1H, H-3), 1.77 (t, ƒ = 2.32 Hz, 3H, H-7), 13C 
NMRR (100 MHz, Dp) 8 177.14 (C-l), 81.57 (C-5), 80.22 (C-6), 56.92 (C-2), 32.39 (C-3), 17.37 (C-
4),, 5.15 (C-7), IR (KBr) v 3200-2700, 2744, 2097, 1650, 1585, 1415, 1342 cm"1, HRMS (EI) 
calculatedd for C7Hl2N02142.0868 found 142.0610. Anal. Calcd. for C7H„N02: C 59.56, H 7.85, 
NN 9.94, found: C 59.46, H 7.77, N 9.96. 

(R)-2-Amino-oct-6-ynoicc acid amide (17a). Following the general procedure for preparative 
scale:: to a solution of the racemic amide (37 g, 0.195 mol) in H20, KOH (pH 9.2), MnS04 (4.62 
mL,, 80 mM), H20 (370 g, 10% solution) and finally (370 mg GMO in buffer) were added. Work 
upp using benzaldehyde (22.8 mL, 0.21 mol) and cone. HC1 (15.7 mL, 0.21 mol) afforded the 
HC11 salt of 17a (13.7 g, 0.072 mol, 37%) as a white solid, ee >99% (HPLC), Dec (HC1 salt) >251 
°C,, [a]D= -18.0 (c = 1, H.O), ]H NMR (400 MHz, D20) 8 4.07 (t, ƒ = 6.5 Hz, 1H, H-2), 2.26-2.23 
(m,, 2H, H-5), 2.03-1.98 (m, 2H, H-4), 1,77 (t, ƒ = 2.5 Hz, 3H, H-8), 1.62-1.57 (m, 2H, H-3), 13C 
NMRR (100 MHz, D20) 8 174.87 (C-l), 81.73 (C-6), 80.79 (C-7), 55.53 (C-2), 32.72 (C-3), 26.27 (C-
4),, 20.31 (C-5), 5.12 (C-8), IR (KBr) v 3427, 3304, 3006,1996,1687,1584,1480 cm1. Anal. Calcd. 
forr C8H15N20: C 50.39, H 7.93, N 14.69, found: C 50.41, H 7.87, N 14.58. To a solution of 17a (1.0 
g,, 5.23 mmol) in buffer (20 mL) enzyme (0.2 g) was added. Work up afforded 17b (0.52 g, 3.30 
mmol,, 63%) as a white solid. [oc]D = -38.4 (c = 0.53, 2M HC1) 

(S)-2-Amino-oct-6-ynoicc acid (17b). The (S)-acid was obtained after lyophilization. During the 
reactionn the acid precipitated, so that during the work up some of the acid was lost. Ion 
exchangee chromatography failed due to the insolubility of the acid. The (S)-acid was not 
purifiedd on large scale, ee 96% (HPLC), Mp 240-244 °C, [cc]D = +11.2 (c = 0.25, 2M HC1), 'H 
NMRR (100 MHz, D20) 8 = 3.76 (t, ƒ = 6.1 Hz, 1H, H-2), 2.25-2.21 (m, 2H, H-5), 2.11-1.88 (m, 2H, 
H-4),, 1.77 (t, ƒ = 2.5 Hz, 3H, H-8), 1.68-1.48 (m, 2H, H-3), 13C NMR (100 MHz, DzO) 8 177.43 (C-
1),, 82.00 (C-6), 80.60 (C-7), 57.29 (C-2), 32.46 (C-3), 26.64 (C-4), 20.38 (C-5), 5.10 (C-8), IR (KBr) v 
3250-2600,2740,2093,1655,1581,1415,13344 cm1, HRMS (FAB) calculated for C8H14N02 (MH+) 
156.10255 found 156.0609. Anal. Calcd. for C8H„N02: C 61.91, H 8.44, N 9.03, found: C 61.55, H 
8.39,, N 9.12. 
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CHAPTERR 4 

PALLADIUM-CATALYZE DD CYCLIZATION REACTIONS 

OFF ACETYLENE-CONTAINING AMIN O ACIDS1 

4.11 Introductio n 

Smalll  functionalized heterocycles are important intermediates in the synthesis of 

pharmaceuticalss and natural products2 and may serve as ideal scaffolds for further 

functionalizationn via combinatorial techniques.3 Amongst a wide variety of existing 

approaches,, intramolecular palladium-catalyzed cyclizations of heteronucleophiles onto 

alkyness provide a convenient method for preparing such heterocyclea4 Successful examples 

off  the latter include oxygen nucleophiles - in the form of carboxylic acids or alcohols - which 

cyclizee onto the triple bond to give five- or six-membered lactones or cyclic ethers, 

respectively,, when treated with palladium catalysts.5 As an example, 4-pentynoic acid (1) 

cyclizedd to the unsaturated lactone 3 upon exposure to PdCl2(MeCN)2 in the presence of a 

catalyticc amount of base (eq 4.1).M The catalytic cycle presumably involves electrophilic 

activationn of the triple bond by Pd(II), followed by nucleophilic attack of the carboxylate 

function.. The resulting vinylpalladium(II) intermediate (2) cannot - as in the case of olefins -

undergoo (J-hydride elimination, but instead undergoes protonolysis of the Pd-C bond which 

leadss to the formation of lactone 3 and regeneration of the Pd(II) catalyst. 

OH H 

PdCl2(MeCN)2 2 

*--
Et3N,, MeCN 
reflux x 

a a 
PS. . 

-PdX, , 

-L, , 
'oA> ^ ^ 

(4.1) ) 

33 (100%) 

Nitrogenn nucleophiles such as amines and amides have also been successfully applied 

inn Pd-catalyzed cyclizations. Representative for these types of reactions is the intramolecular 

hydroaminationn of the acetylenic amine 4, which upon treatment with Pd(U) leads to the five-

memberedd nitrogen heterocycle 5 in good yield.6 In a similar fashion, the corresponding six-

memberedd imines could also be obtained. 

PdCl2(MeCN)2 2 

-̂-
Op,Op, MeCN 
reflux x 

n-C7H H 
'NN Me 

55 (70%) 

(4.2) ) 
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Inn the presence of vinyl or aryl halides it is possible to perform Pd-catalyzed cross-

coupling/cyclizationn reactions in a single step.7 Under these circumstances, the first step 

involvess in situ formation of an organopalladium(II) species (from Pd(0) and the aryl halide) 

whichh then activates the triple bond towards nucleophilic attack. After ring closure, the 

resultingg vinylpalladium species (7) can undergo a reductive elimination to form a new 

carbon-carbonn bond - the aryl group is transferred trans with respect to the nucleophile - and 

regeneratee Pd(0)7e In the literature, several other successful examples of this type of reaction 

involvingg oxygen nucleophiles are known (eq 4.3). 

OH H 

Pd(OAc)2/2PPh3 3 

»_ _ 
EtjN,, TBAC, Phi 
MeCN,, 60 °C 

kk  ,Ph 
Pd d 

L L 

-Pd(0) ) 

-L, , 

(4.3) ) 

O''  ^O' 

88 (82%) 

Ph h 

Analogously,, these types of Pd-catalyzed coupling/cyclization reactions can also be 

carriedd out with nitrogen nucleophiles.8 For example, tosylated carbamates,9 tosylated 

amides100 and tosylamines" are known to react with aryl halides and vinyl triflates to give the 

correspondingg cross-coupled tosylated oxazolidinones, tosylated lactams and piperidines, 

respectively,, all containing an (E)-configured double bond. 

Inversely,, in the group of Hiemstra12 several acetylene-substituted lactams and 

carbamatess (viz. 9) were cyclized under similar conditions to afford the corresponding bicyclic 

(Z)-substitutedd enamides (eq 4.4). A plausible reaction mechanism involves the intermediate 

10,, in which palladium coordinates to the carbamate nitrogen atom before the nitrogen-carbon 

bondd is formed. This intramolecular activation of the triple bond is then followed by 

nucleophilicc attack of the nitrogen from within the coordination sphere of palladium to 

initiall yy give the bicyclic species 11. Reductive elimination of Pd(0) finally gives rise to the 

olefinn 12, bearing the nitrogen and the phenyl group at the same side. 

Pd(PPh3)4, , 
^ ^ 

TBAC,, Phi 
K 2C03,, MeCN 
reflux,, 3 h 

yy^ yy^ 
Ph h OO \L L  P h

 w O X / - H 

10 0 

L 7 l l 

11 1 

4) ) 

Ph h 

122 (60%) 

Thee precedence of these literature examples, combined with the relatively facile 

biocatalyticc access to enantiomerically pure acetylene-containing amino acids inspired us to 

usee these trifunctional amino acids in similar Pd-catalyzed reactions. Logically, these amino 

acidss - containing both an oxygen and a nitrogen nucleophile - might upon suitable 
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protectionn give access to enantiomerically pure substituted lactones, and to the corresponding 

nitrogenn heterocycles. 

4.22 Preparation of the cyclization precursors 

Inn order to obtain the cyclization precursors, both enantiomers of the amino acids 13 

andd 14 (Chapters 2 and 3) were protected with several protecting groups. In case of the 

oxypalladationn precursors, the nitrogen atom was protected (Scheme 4.1) according to 

literaturee procedures13 involving either tosylation or acylation in an aqueous medium or 

irradiationn in a microwave in the presence of phthalic anhydride.14 In all cases, the N-

protectedd amino acids 15-19 were obtained in good yields without loss of enantiopurity 

accordingg to chiral HPLC analysis. 

Schemee 4.1 

((%'((%' a,borc o£ £ H2NN C02H *f C H 

PP . 
(S/R)-133 n = 1 (S /10-15 n = 1, P = Ts, P1 = H (83%) 
(S/R)-144 n = 2 (S /R)-16 n = 2, P = Ts, P1 = H (73%) 

(SS /R)-17 n = 1, P = Boc, P1 = H (83%) 

(S/R)-188 n = 1, P = P1 = Phth (91%) 

(rac)-199 n = 2, P = P1 = Phth (91%) 

ReagentsReagents and conditions: 13,14->15,16 (a) TsCl (1.4 equiv), 1 M NaOH (1.1 equiv), rt, 16 h; 13->17 (b) di-
teri-buryll  dicarbonate (1.1 equiv), NaHC03 (2 equiv), dioxane/H20, reflux, 4 h; 13,14->18,19 (c) phthalic 
anhydridee (1 equiv), H20, microwave (5 min). 

Conversely,, the aminopalladation precursors 20-22 were obtained by esterification using 

thionyll  chloride (2 equiv) in MeOH at reflux temperature and subjection of the crude residue 

too tr iethylamine (5 equiv) and p -toluenesulfonyl chloride (TsCl, 2 equiv) or p-

nitrophenylsulfonyll  chloride (NsCl, 2 equiv) in CH2C12. 

, J ^  ̂ 1) SOCl2, MeOH J r 
T nn reflux (Pn 

H2NN C02H " HN'^COgMe (4'5) 

2)) TsCl or NsCl ^ 

(S/R)-133 n = 1 *F*J?H2Cl2 (S/R)-20 n = 1, P = Ts (94%) 
(S/R)-144 n = 2 ' (S/R)-21 n = 2, P = Ts (72%) 

(S/R)-222 n = 2, P = Ns (59%) 
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Alternatively,, the crude esterified residue was dissolved in pyridine and treated with TsCl or 

NsCll  to give the same products in similar yields. 

4.33 Cyclizations wit h oxygen as the nucleophile 

Palladium-catalyzedd cyclizations with the carboxylic acid as the nucleophile are shown 

inn Table 4.1. Subjection of the N-protected carboxylic acids 15-19 to a mixture of 10 mol% of a 

Pd(II)-catalystt and 15 mol% of Et3N in various solvents at different temperatures led to five-

andd six-membered lactones. The tosylamide 15 was cyclized in a satisfactory yield of 66% at 

700 °C (entry 1). Changing the catalyst to Pd(OAc)2 led to a much faster reaction at room 

temperaturee in the same yield (66%, entry 2). A single attempt to use an inorganic base 

(K 2C03)) appeared fatal to the reaction (entry 3). Subjection of the Boc-protected acid 17 to 

similarr conditions resulted at room temperature into 24 in 63% (entry 4). Likewise, the 

phthalimide-protectedd amino acid 18 cyclized in a lower yield. In contrast with the five-

memberedd rings, the six-membered lactams 26 and 27 were obtained in a somewhat 

disappointingg yield (entries 6 and 7), which is probably due to lower tendency of Pd to react 

inn an 6-exo-fashion.5d'7f The ee of 23 and 25 were determined via 'H NMR using a chiral shift 

reagentt (Eu(hfc)3 in CDC13) showing an ee higher than 95%, which led us to conclude that 

virtuallyy no racemization occurred. 

Tablee 4.1 

(f% % w w 10%% of catalyst 
»--

base,, solvent, T vtf f 
entryy n reactant P, P cat t basee solvent T (°C) time (h) product (yield) 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 

(R)-155 Ts,H Pd(MeCN)2Cl2 

(R)-155 Ts,H Pd(OAc)2 

(R)-155 Ts, H Pd(MeCN)2Cl2 

(R)-177 Boe, H Pd(OAc)2 

(S)-188 P = P1=Phth Pd(OAc)2 

rac-16rac-16 Ts, H Pd(MeCN)2Cl2 

rac-19rac-19 P = P1=Phth Pd(OAc). 

Et3N N 
Et3N N 

K 2C03 3 

Et3N N 
Et3N N 

Et3N N 

THF F 
THF F 
DMF F 
THF F 
THF F 

MeCN N 
THF F 

70 0 
rt t 
80 0 
rt t 
rt t 
60 0 
60 0 

16 6 
1 1 
6 6 
2 2 

1.5 5 
16 6 
5 5 

(R)-233 (66%) 
(R)-233 (66%)a 

(0%) ) 
(R)-244 (63%) 
(S)-255 (42%)a 

rac-26rac-26 (32%) 
rac-27rac-27 (24%) 

**  ee >95% according to JH NMR using Eu(hfc)3 as the shift reagent in CDC13 

Inn addition to these reactions, other cyclization reactions were carried out in the 

presencee of various aryl halides and an enol triflate to introduce an organic substituent in the 

cyclizationn step. The results are summarized in Table 4.2. The reagents that were generally 
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usedd were 10 mol% of the Pd(0) catalyst, Et3N (5 equiv), tetrabutylammonium chloride 

(TBAC,, 2 equiv) and the aryl halide (2 equiv) in MeCN at 60 °C. When tosylamide 15 was 

reactedd under these conditions neither cyclization nor introduction of the aryl group was 

observed.. Although the starting material had disappeared, amidopalladation could be 

excludedd on the basis of the NMR data. More gratifyingly, the Boc-protected amino acid 17 

reactedd under similar conditions to the cross-coupled lactone 29 in a moderate yield. The 

phthalimide-protectedd amino acid 18 was treated with iodobenzene and p-iodoanisole to 

affordd the lactams 30 and 31, respectively, in similar yields (entries 3 and 6). Inversely, p-

nitroiodobenzenee did not react (entry 7), which was probably due to the decreased reactivity 

off  the organopalladium intermediate. Treatment of 18 with vinyl triflate 2815 afforded 32, 

albeitt in only 23% (entry 8). Furthermore, in analogy with the aforementioned oxypalladation 

reactions,, formation of a six-membered lactone appeared difficul t as indicated by the 

relativelyy low yield of 33 (31%, entry 9). 

Tablee 4.2 

10%% of cat, RX 

Et3N,, TBAC 
MeCN,, 60 °C 

entryy n reactant P P1 1 
cat t RX X timee (h) product (yield) 

11 1 
22 ] 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 

99 : 

II  (IQ-IS 
II  (R)-17 
II  (S)-18 
LL (S)-18 
II  (S)-18 
LL rac-18 
LL rac-18 
LL rac-18 

>> rac-19 

Ts,, H Pd(PPh3)4 

Boe,, H Pd(OAc)2/2PPh3 

pp = p1 =phth Pd(PPh3)4 

pp = p1=Phth Pd(OAc)2/2PPru 
pp = p1 =Phth Pd(PPh3)2Cl2 

pp = p1 =phth Pd(PPh3)4 

pp = p1 =Phth Pd(PPh3)4 

pp = P1 =Phth Pd(PPh3)4 

pp = P1 =Phth Pd(OAc)2/2PPh3 

Phi i 
Phi i 
Phi i 
Phi i 
Phi i 

p-CH3OC6H4I I 
p-N02C6H4I I 

'Bu-(~V-OTf f 

Phi i 

2 2 
6 6 
5 5 
5 5 
5 5 
24 4 
16 6 
16 6 

5 5 

(0%) ) 
(R)-299 (44%)a 

300 (43%) 
300 (41%) 
300 (18%) 
311 (41%) 

(0%) ) 
322 (23%) 

333 (31%) 

"Thee geometry of the (E)-double bond was proven via 'H NMR NOE experiments. 

Althoughh the cyclization reactions of the phthalimide-protected amino acids did lead 

too the desired products, an inherent drawback was the fact that in all cases racemization 

occurredd at the temperature required for cyclization. Apparently, the phthalimide protecting 

groupp renders the a-amino acid proton sufficiently acidic to be prone to racemization under 

thee slightly basic conditions. 

83 3 



ChapterChapter 4 

Inn summary, the yields of the cross-coupling reactions turned out to be somewhat 
disappointing;; this could either be due to a lower reactivity of the amino acids towards 
oxypalladarionn reactions, but on the other hand also to the relative instability of the enol esters 
thatt are formed. The fact that analysis by TLC always showed complete conversion and 
startingg material was not recovered in these reactions seems to support the latter hypothesis. 

4.44 Cyclizations with nitrogen as the nucleophile 

Thee Pd-catalyzed cyclizations with the enantiopure propargylglycine-derived 
precursorr 20 are shown in Table 4.3. The anticipated five-membered endocyclic enamide 34 
wass formed in 76% yield using 10 mol% of Pd(PPh3)4 and 5 equiv of K2C03 in DMF at 80 °C 
(entryy 1). Unfortunately, partial racemization occurred under these conditions leading to an 
enantiopurityy of the product of only 33%. To circumvent the undesired racemization, catalyst, 
solvent,, reaction temperature and the base were varied. By changing the solvent from DMF to 
THFF and the catalyst from Pd(PPh3)4 to Pd(OAc)2/2PPh3, the ee increased from 91% at 60 °C 
(entryy 2) to >99% at 40 °C (entry 3), albeit that the yield dropped to 48%. Adding a smaller 
amountt of base, i.e. one equiv instead of five equiv, resulted in a dramatic lowering of the 
yieldd (18%), while still partial racemization was observed (entry 5). Changing the base to the 
lesss basic salt NaHC03 did not improve the yield either (entry 6). In contrast, with the organic 
basee Et3N present no cyclization product was observed at all (entry 7). 

Inn addition, the influence of different ligands was studied. Several combinations of 
catalystss and ligands with different bite angles16 were screened, but none of these 
combinationss had a dramatic influence on the yield or the reaction time. The chloride sources 
weree also varied to study the effect on the yield and the reaction rate at 40 °C. The use of 
TBACC led to an improvement of the yield to 64%, but again significant racemization occurred 
(entryy 12). Inversely, the use of LiCl did not result in any improvement (entry 13). Conducting 
thee reaction under ligandless conditions with only Pd(OAc)2 present resulted in a 
disappointingg yield of only 12%. 

Finally,, without a Pd-catalyst present, the cyclization also proceeded to afford product 
344 in the surprising yield of 25% (entry 15). In the literature, several examples of such types of 
cyclizationss without using a transition metal catalyst have been published. Examples include 
thee cyclization of acetylenic amines (neat at 180-200 °C),17 the cyclization of acetylenic amides 
usingg TBAF as the base at 80°C18 and the cyclization of amides using NaOEt in refluxing 
EtOH199 to provide the corresponding cyclic enamides. Presumably, the base acts to generate a 
moree nucleophilic nitrogen anion, but to obtain higher yields in our recations the cyclization 
hass to be further enhanced by activation of the triple bond with the metal. 
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Tablee 4.3 

entry y 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 
15 5 

< ^ ^ 
XX  .OMe 

Tss 0 
(S)-20 0 

cat t 

Pd(PPh3)4 4 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/2PPh3 3 

Pd(PPh3)4 4 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/Xantphos s 
Pd2(dba)33 / Xantphos 

Pd(OAc)2/dppe e 
Pd(OAc)2/dppb b 

Pd(OAc)2/2PPh3/TBAC C 
Pd(OAc)2/2PPh3/LiCl l 

Pd(OAc)2 2 

10%% of cat 

basee (5 equiv), 
solvent,, T 

base e 

K2C03 3 

K2C03 3 

K2C03 3 

K 2C03 3 

K2C03
a a 

NaHC03 3 

Et3N N 
K2C03 3 

K 2C03 3 

K 2C03 3 

K 2C03 3 

:: K2CO3 

K2C03 3 

K 2CO3 3 

K 2C03 3 

NN COzMe 

Ts s 
(S)-34 4 

solvent t 

DMF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
THF F 
DMF F 
THF F 

T(°C) ) 

80 0 
60 0 
40 0 
40 0 
60 0 
60 0 
60 0 
60 0 
60 0 
60 0 
60 0 
40 0 
40 0 
60 0 
80 0 

1 1 

timetime (h) 

3.5 5 
4 4 
48 8 
48 8 
24 4 
24 4 
24 4 
3 3 
25 5 
4 4 
21 1 
24 4 
48 8 
5 5 

5.5 5 

?Q Q 
PPh2 2 

Xantph h 

yield d 

76% % 
65% % 
48% % 
36% % 
18% % 
18% % 
0% % 
66% % 
64% % 
44% % 
40% % 
64% % 
26% % 
12% % 
25% % 

^ 5 * . . 

V ^ ^ 

PPh2 2 

os s 

eeb b 

33% % 
91% % 
>99% % 

84% % 
61% % 

89% % 

"Onee instead of five equiv of base was added. "The ee was determined by chiral HPLC (Chiralpak OD; 
eluent:: 20% i'-PrOH/heptane). 

Nott shown in the table are cyclizations that were carried out with several other 

protectingg groups at the nitrogen atom under the standard conditions. Precursors activated as 

ann amide (e.g. acetyl) or a carbamate (Boc, C02Me) were subjected to these conditions, but all 

off  them failed to give the desired cyclized product. Apart from the tosyl group, only a nosyl-

protectedd compound gave cyclized material albeit in the very low yield of 8%. 

AA similar set of reactions was carried out using the homologous precursors 21 and 22 

off  which the results are summarized in Table 4.4. A satisfactory yield of the five-membered 

ringg 35 containing an exocyclic double bond was obtained using the standard conditions in 

THFF at 60 °C (entries 1 and 2 ). In both cases, no (partial) racemization was observed during 

thee reaction, the products were shown to have completely retained their enantiopurity with 

thee aid of chiral HPLC. When 5 equiv of iodobenzene were added during the reaction, the 

yieldd improved to 90% (entry 3). The same trend was observed for 22 (difference between 

entriess 13 and 14). A possible explanation is that the iodobenzene reacts with the Pd(0)-

catalystt to in situ generate an organopalladium(II) catalyst that is more reactive towards the 
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tr ipl ee bond. As long as there is no TBAC present, reductive elimination to form the 

correspondingg phenyl-substituted cross-coupled product does not occur (see also the 

mechanisticc discussion in Section 4.7). 

Tablee 4.4 

r r 

| | 

10%% of cat. 

msrV'' 6 base, 
pp o T H F ' 6 0 °c 

(S/R)-21PP = Ts 
(R)-222 P = Ns 

NN C02Me 
P P 

(S/R)-35(S/R)-35 P = Ts 
(R)-377 P = Ns 

and/orr Jl V 
 C02Me 

P P 

(S/R)-366 P = Ts 
(R)-388 P = Ns 

entry y reactant t catalyst t base e timee (h) product (yield) 

1 1 
2 2 
3 3 
4 4 
5 5 
6 6 
7 7 
8 8 
9 9 
10 0 
11 1 
12 2 
13 3 
14 4 

(R)-21 1 
(R)-21 1 
(R)-21 1 
(R)-21 1 
(S)-21 1 
(S)-21 1 
(S)-21 1 
(S)-21 1 

21 1 
21 1 

(R)-21 1 
21 1 

(R)-22 2 
(R)-22 2 

Pd(PPh3)4 4 

Pd(OAc)2/2PPh3 3 
Pd(OAc)2/2PPh33 /50PhI 

Pd(OAc)2/dppe e 
Pd(OAc)2/dppb b 

Pd(OAc)2/Xantphos s 
Pd(OAc)2/2P(o-tol)3 3 

Pd2(dba)3/2PPh3 3 

PdCl2(MeCN)2 2 

Pd(PPh3)4 4 

Pd(OAc)2/2PP̂  ^ 

Pd(OAc)2/2PPh3 3 
Pd(OAc)2/2PPh33 /50 Phi 

K2C03 3 

KjCO, , 
K2COs s 

K2C03 3 

K2C03 3 

iqco. . 
K 2C03 3 

K2C03 3 

EtjN9 9 

EtsN9 9 

CsC03 3 

K 2C03 3 

K2C03 3 

K2C03 3 

1 1 
1 1 
1 1 
1 1 
1 1 

1.5 5 
1 1 
1 1 
5 5 
7 7 
1 1 
5 5 
1 1 

0.5 5 

(R)-355 (64%r 
(R)-355 (74%)b 

(R)-355 (90%) 
(R)-355 (74%) 
(S)-366 (70%)c 

(S)-366 (60%)c 

(S)-366 (43%) 
(S)-355 (54%) 

(0%) ) 
355 (<5%) 

(R)-355 (4%) 
355 (12%) 

(R)-377 (48%) 
(R)-377 (75%) 

"Onee instead of five equiv of base was added. bThe ee was determined by chiral HPLC (Chiralpak OD; 
eluent:: 20% i-PrOH/heptane). 'Isolated as a mixture of 35:36; 1:8 (entry 5), 35:36; 1:10 (entry 6). 

Byy changing the catalyst or the ligands comparable yields were obtained; remarkably, 

whenn dppb, Xantphos and P(o-tol)3 were used as ligands, the isomerized enamide 36 was 

obtainedd after column chromatography (entries 5-7). However, from 'H NMR data of the 

crudee product it was apparent that the isomerization took place during column 

chromatography.. In all cases, column chromatography was carried out using regular silica 

gel,, with a small amount of Et3N added to the eluent. 

Analogouss to previous examples, the combination of a Pd(II)-catalyst with Et3N as a 

basee did not give any product (entry 9). With Cs2C03 as the base, 35 was formed in a small 

amountt (entry 11). Without a metal catalyst, the cyclized product was found in 12% (entry 12), 

whichh is in line with the results described in Table 4.3. Finally, the homopropargylglycine 
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derivativee 22 containing the more easily removable Ns-protecting group cyclized in 

satisfactoryy yields to 37 (entries 13 and 14). 

4.55 Cyclization/coupling reactions with nitrogen as the nucleophile 

Pd-catalyzedd cyclizations were carried out in the presence of various aryl halides and 

enoll  triflates to introduce an organic substituent in the cyclization step. The results are 

summarizedd in Table 4.5. 

Tablee 4.5 

) ) 
>s.. ,OMe 

PP o 
(R)-211 P = Ts 
(R)-222 P = Ns 

entryy reactant KX catalyst solvent T (°C) time (h) ratio product 
40-4535,377 (yield)3 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

10 0 

11 1 

12 2 

13 3 

21 1 

21 1 

21 1 

21 1 

21 1 

21 1 

21 1 

22 2 

22 2 

22 2 

22 2 

22 2 

22 2 

Phi i 

Phi i 

Pd(PPh3)4 4 

Pd(PPh3)4 4 

p-N02C6H4II  Pd(PPh3)4 

p-CH3OC6H4II  Pd(PPh3)4 

p-CH3OC6H4Brr Pd(PPh3)4 

39 9 
Phi i 

Phi i 

Phi i 

Phi i 

Phi i 

Phii  1 

Pd(PPh3)4 4 

OTff  Pd(PPh3)4 

Pd(PPh3)4 4 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/2PPh3 3 

Pd(OAc)2/dppe e 

Pd(OAc)2/dppb b 

M tOAcyXan tphos s 

DMF F 

MeCN N 

MeCN N 

MeCN N 

MeCN N 

MeCN N 

MeCN N 

MeCN N 

MeCN N 

THF F 

THF F 

MeCN N 

MeCN N 

80 0 

82 2 

82 2 

82 2 

82 2 

82 2 

82 2 

60 0 

60 0 

60 0 

60 0 

60 0 

60 0 

1 1 

2.5 5 

0.6 6 

2 2 

2 2 

1 1 

1 1 

1.5 5 

1 1 

3.5 5 

0.5 5 

4 4 

2 2 

83 :17 7 

100:0 0 

100:0 0 

100:0 0 

100:0 0 

100:0 0 

100:0 0 

100:0 0 

100:0 0 

9 1 :9 9 

66 :33 3 

9 3 :7 7 

25 :75 5 

400 (53%) 

400 (74%) 

411 (59%) 

422 (58%) 

422 (22%) 

433 (55%) 

444 (13%) 

455 (80%) 

455 (62%) 

455 (57%) 

455 (17%) 

455 (59%) 

455 (19%) 

alnn entries 1, 10-13, the products were isolated as mixtures of which the ratio was determined on the 
basiss of 'H NMR spectra. bThe ee was determined by chiral HPLC (Chiralpak OD; eluent: 20% i-
PrOH/heptane). . 

10%% of cat., RX i—y i—v 

K2C03,TBACC R ^ V ""C°2Me **V"'C0 2Me 
solvent/rr P P 

(R)-40-444 P = Ts (R)-35 P = Ts 
(R)-455 P = Ns (R)-37 P = Ns 

>99% % 

95% % 

97% % 

>99% % 

>99% % 
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Thee Ts- and Ns-protected amino acids 21 and 22 respectively, were subjected to 10 

mol%% of a Pd(0) catalyst, TBAC (1 equiv),, an aryl halide or a vinyl triflate (5 equiv) and K2C03 

(55 equiv). When the reaction was carried out in DMF and iodobenzene was added as the aryl 

halide,, beside 40, a small amount of the undesired non-coupled cyclized product 35 was 

found.. In MeCN, however, the cross-coupled product 40 was selectively formed in 74% (entry 

2)) without detectable racemization. 

Couplingg with p-nitro-iodobenzene and p-iodoanisole resulted in the cross-coupled 

productss 41 and 42 in reasonable yields. Reaction with the less reactive p-bromoanisole 

resultedd in the same product albeit in a significantly lower yield of 22% (entry 5). The range of 

couplingg reagents was extended to vinyl triflates (viz. 28 and 39"), which resulted in the 

coupledd products 43 and 44 (entries 6 and 7). 

AA change from the Ts to the Ns-protecting/activating group gave a high yield and 

excellentt selectivity using standard conditions in MeCN at a lower temperature (entry 8). On 

thee other hand, poor selectivity was observed when the solvent and the ligands were changed. 

Apparently,, the CC-bond formation through reductive elimination is slower with these 

ligands. . 

Thee double bond geometry of 40 was unambiguously proven by 'H NMR NOE studies 

whichh showed an (E)-configuration. Figure 4.1 summarizes the NOE-enhancements of the 

differentt protons. Especially the enhancement of the aromatic protons upon irradiation of the 

vinyli cc proton was diagnostic for proving the (E)-geometry. 

40 0 

Figuree 4.1 'H NMR NOE-data of enamide 40 

4.66 Pd-catalyzed cyclizations of amino acid-derived (ï-amino alcohols 

Inn order to study the influence of the ester group on the amidopalladation reactions, 

thee enantiopure amino acids were converted into the corresponding (protected) amino 

alcoholss (eq 4.6). Both enantiomers of the Ts-protected amino acids 15 and 16 were reduced 

wit hh LiAlH 4 (4 equiv) following a literature procedure25 The resulting alcohols 46 and 47 were 

withoutt further purification protected using TBSC1 (1.2 equiv) and imidazole (2.5 equiv) in 

DMF266 to give 48 and 49 in good overall yields without loss of enantiopurity. 
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HIjJJ C02H 
Ts s 

(S/R)-155 n = 1 
(S/R)-166 n = 2 

LiAlH 4 4 

THF,rt t 

TBSC1 1 
OTBS S 

(S/R)-466 n =l 
(S/R)-477 n = 2 

imidazole e 
DMF,, 35 °C Ts 
2-55 h (S/R)-48 n = l (80%) 

(S/R)-499 n = 2 (90%) 

(4.6) ) 

Bothh the TBS-protected and the unprotected amino alcohols were subjected to the 

aforementionedd aminopalladarion conditions of which the results are summarized in Table 

4.6.. Amino alcohol 46 cyclized in a 5-endo fashion to the five-membered enamide in a low 

yieldd (entry 1). When the homologous alcohol 47 was subjected to similar conditions, the yield 

off  the cyclized product improved to 55% (entry 2). A possible explanation for the increase of 

yieldd is the stability of the product; the endocyclic enamide readily decomposed under the 

reactionn conditions and during workup. Under ligandless conditions (Pd2(dba)3) even higher 

yieldss were obtained (entry 3). Furthermore, using the TBS-protected amino alcohols 48 and 

499 (entries 4 and 5) somewhat higher yields were obtained. Surprisingly, the best result was 

obtainedd at room temperature (entry 6); although the reaction was rather slow, the yield (90%) 

wass excellent. This might be a result of the fact that the formed enamide is more stable at 

roomm temperature than at 60 CC. 

Tablee 4.6 

(tfT T 
u k , Jvv OR 
HNN ^ -^ 

Ts s 
(R)-466 n = l ,R = 
(S)-477 n = 2, R = 
(R)-488 n = 1, R 
(S/R)-499 n = 2, 

entryy reactant 

11 (R)-46 
22 (S)-47 
33 (S)-47 
44 (R)-48 
55 (R)-49 
66 (R)-49 
77 (S)-47 
88 (S)-49 
99 (S)-49 

100 mol% Pd(0) 

RX,, base 
solvent,, T 

== H 
== H 
== TBS 
RR = TBS 

RXX cat 

Pd2(dba)3 3 

^^ X./OR 
«Y1^^  — 
Ts s 

(R)-500 R = H 

J^y^OHJ^y^OH PK^CJK^OR 
r r Ts s 

(S)-522 R = H 
(R)-511 R = TBS (R)-53 R = TBS 

base e 

K 2C03 3 

Pd(OAc)2/2PPh33 K2C03 

Pd2(dba)3 3 

Pd(PPh3)4 4 

Pd(PPh3)4 4 

Pd(PPh3)4 4 

Phii  Pd2(dba)3 

Phii  Pd(PPh3)4 

Phii  Pd(PPh3)4 

K 2C03 3 

K 2C03 3 

K 2C03 3 

K 2C03 3 

K2C03/TBAC C 
K2C03/TBAC C 
K2C03/TBAC C 

solvent t 

THF F 
DMF F 
THF F 
DMF F 
THF F 
THF F 
THF F 
THF F 
THF F 

T(°C)) time(h) 

60 0 
60 0 
60 0 
80 0 
60 0 
rt t 
60 0 
60 0 
rt t 

7 7 
3.5 5 
1.5 5 
4.5 5 
25 5 
48 8 
16 6 
5.5 5 
48 8 

1 1 
Ts s 

(S)-544 R = H 
(S)-555 R = TBS 

productt (yield) 

(R)-500 (16%) 
(S)-522 (55%) 
(S)-522 (78%) 
(R)-511 (28%) 
(R)-533 (74%) 
(R)-533 (90%) 
(S)-544 (<5%) 
(S)-555 (82%) 
(S)-533 (67%) 
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Thee cyclization/coupling reaction of the unprotected alcohol 47 with iodobenzene did only 

resultt in trace amounts of the cyclized product. In contrast, the TBS-protected alcohol 49 

reactedd in high yield (82%) to the desired product 55 (entry 8). When this reaction was carried 

outt at room temperature under the same conditions, cyclization did occur, but no CC-

couplingg took place and the only product that was isolated was the cyclic product 53. 

Apparent ly,, at this temperature protonolysis of the intermediate organopal ladium 

intermediatee is faster than reductive elimination. 

A tt first sight, there is no significant difference between the cyclizations of the amino 

esterss and the amino alcohols. It is clear that the reactions with the protected alcohols proceed 

inn higher yields than the unprotected ones. Furthermore, from the latter cyclizations it is 

apparentt that the alcohol itself is not sufficiently nucleophilic to effect cyclization. This might 

bee due to the fact that the alcohol is not deprotonated under the mildly basic conditions, 

whichh is the case for the corresponding carboxylic acids. 

4.77 Mechanistic aspects of the Pd-catalyzed cyclizations 

Thee mechanism of the oxypalladation reactions follows what is known from literature 

experimentss and is already summarized in paragraph 4.1. Therefore, we wil l mainly focus on 

thee mechanism of the amidopalladation reactions, which showed some remarkable features. 

Thee most striking observation was that the use of Pd(0)-catalysts resulted in the formation of 

thee cyclization products, while Pd(II) is required as an intermediate. 

Itt is our hypothesis that the reaction starts with oxidative addition of Pd(0) into the 

NH-bondd to form a Pd-H species {viz. structures 56 and 58 in Scheme 4.2). Then, 

intramolecularr insertion of the triple bond can take place, which depending on the chain 

lengthh can result in a vinylpalladium species that either contains an endocyclic (57) or an 

exocyclicc (59) double bond. Eventually, protonolysis of the Pd-C bond wil l provide the 

unsubstitutedd enamides. To the best of our knowledge, the activation of Pd(0) via oxidative 

additionn into the sulfonamide NH has not been reported previously in the literature. On the 

otherr hand, weak acids have been used to react in such a manner with Pd(0) (e.g. HC02H and 

CH3CO2H),277 and more recently even malonitriles have been reported to undergo oxidative 

additionn of Pd(0) into the acidic CH-bond.28 We assume that a similar reaction is also possible 

wit hh the relatively acidic NH bond, which then also explains that the reaction does not 

proceedd with the less acidic carbamates and amides. 

Itt is possible, however, that more than one mechanism is operating at the same time. 

Forr instance, the reaction also proceeds in the presence of Pd(II)-salts, although in lower 

yields.. This might be due to the difference in reactivity between the Pd-H intermediate (56 

andd 58) and an intermediate that contains an acetate as the counterion. 
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Schemee 4.2 

NN C02Me 

KDXX X Pdd N C02Me 
LL  Ts 57' 

H-Pd-NN ^C02Me 

L22 Ts 5 6 

HN'' ^C02Me 
HN^^ 'C02Me I 2 

Tss 21 T s 20 

Similarly,, in the presence of an in situ generated phenylpalladium(II) species, the reaction 

resultss in a higher yield which might be due to the presence of the aryl group on the 

palladium. . 

Inn case of the coupling/cyclization reactions, the latter mechanism also operates and is 

shownn in Scheme 4.3. Again, phenylpalladium(II) is generated in situ via oxidative addition of 

palladium(O)) into the aryl halide bond and complexes to the triple bond to give the rc-complex 

(60).. The acetylene is now electrophilic enough for nucleophilic attack of the (deprotonated) 

nitrogenn atom to give the corresponding vinylpalladium intermediate (61). This intermediate 

undergoess reductive elimination to regenerate Pd(0) and give the cross-coupled products. 

Schemee 4.3 

H^TT "C02Me 
Tss 2 1 

pp Vx + 

CC X. Hisjj C02Me 

Tss 60 

Pd(PPh3)4,, Phi 
-̂-

TBAC,, K2C03 

MeCN,, reflux 

-HX X 

+L L 

^ N ^ ' ^ M e e 

Ts s 
40 0 

>^Q->^Q-
r r 
Ts s 

C02Me e 

61 1 
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Thee addition of TBAC to the reaction mixture appeared essential to effect the reductive 

eliminationn process. Without TBAC no cross-coupled product was observed, but instead only 

thee cyclized product 35. The beneficial influence of quaternary ammonium chlorides on Pd-

catalyzedd reactions has been investigated by Arcadf6 and Jeffery.29 A possible effect is a 

halogenn exchange between the in situ formed PhPdI(PPh3)2 species and TBAC to generate the 

moree reactive intermediate PhPdCl(PPh3)2. On the other hand, it cannot be ruled out that 

TBACC simply might serve as a phase-transfer catalyst, increasing the amount of base in the 

reaction. . 

4.88 Reactions wit h the enamides 

Inn order to further explore the possibilities of the cyclic enamides, different methods to 

functionalizee the double bond were investigated. A first method involved reduction of the 

enamidee 37 to the saturated proline derivative 63 via the intermediate N-sulfonyliminium ion 

622 (eq 4.7).30 This was achieved using a mixture of trifluoroacetic acid and triethylsilane to 

givee the proline derivative 63 in 32% as a 2:1 mixture of diastereoisomers. Unfortunately, we 

weree unable to identify the relative configuration of the major isomer. 

TFAA (5 equiv) 
^ r TT "'C02Me 

II  Et3SiH(5equiv) 
CH2C12 2 

Ns s 

H H 
- ^ N ^ " " C 0 2 M ee (4.7) 

Ns s 

377 o °C-»rt, 1 h 62 63 (32%) 
2:11 mixture of isomers 

AA side reaction that thwarted several functionalization methods was the acid-mediated 

hydrolysiss of the relatively vulnerable enamide moiety to the corresponding ketone (Scheme 

4.4).. Under aqueous acidic conditions, the N-sulfonyliminium ion (64-65) is readily formed, 

whichh can then be hydrolyzed to form the ketone. Presumably, this side reaction also caused 

thee low yield in the previous reaction. Working under the strict exclusion of moisture 

preventedd this reaction to a large extent. During the workup of the Pd-catalyzed cyclization 

reactionss mentioned in Section 4.4 this product was sometimes also observed, when the 

reactionn or column chromatography was not carried out properly. 
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Schemee 4.4 

JJ JJ N '' "C02Me 

P P 
35 5 

N '' "C02Me 

H30 0 

*V V C02Me e 

P P 
64 4 

P P 
65 5 

c c 

7 7 
HIjTT "C02Me 

PP 67 

t t 
S5)) C02Me 

P P 
66 6 

Thee enamides 40 and 45 were subjected to identical conditions affording 68 in good 

yieldd (88%, 10:1 mixture of diastereoisomers) and 69 in a somewhat lower yield (35%, 10:1 

mixturee of isomers). The increased selectivity compared to the reduction of 35 was probably a 

resultt of the steric bulk of the larger phenyl group. The reaction with the Ns-protecting group 

tookk significantly longer due to its stronger electron-withdrawing properties and therefore 

moree difficul t formation of the N-sulfonyliminium ion. The long reaction time was probably 

alsoo thee main reason for the lower yield. Again some open product was found for 45. 

Despitee the fact that extensive NOE-experiments were carried out with product 69, the 

configurationn of the major isomer could not be unambiguously determined. Eventually, the 

majorr isomer was tentatively assigned being the frans-isomer on the basis of the absence of an 

NOE-enhancementt between the H2 and H5 proton. 

If f 
P P 

400 P = Ts 
455 P = Ns 

'C02Me e 

TFAA (5 equiv) 

Et3SiHH (5 equiv) 

ckfickfi2 2 
00 °C-*t 

Ph. . 
'C02Me e 

688 P = Ts (88%) 
10:11 mixture of isomers 
699 P = Ns (35%) 
10:11 mixture of isomers 

(4.8) ) 

Straightforwardd hydrogenation of the enamide function using Pd on carbon under a 

hydrogenn atmosphere in the presence of a catalytic amount of base led to the same product 

(majorr isomer appeared identical to the major isomer in the previous reactions on the basis of 

NMR-data),, albeit in a lower yield and significantly lower selectivity. In this reaction a small 

amountt of ketone 70 was also isolated, but the yield was not determined. Without the base, 

thee hydrolysis product 70 was the only isolated product. 
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P t v X X ™™ u« + (4-9) ^ Y ' C 0 2 M ee R2<EtOAc - ^ 
T ss base,rt,16h Ts 
400 H ^ ' C O ^ e 

688 (50%) Ts 70 
4.5:11 mixture of isomers 

Insteadd of the small hydride nucleophile, it was also attempted to introduce a larger 

nucleophilee via the tertiary N-sulfonyliminium ion 65 using a cocktail of allyltrimethylsilane 

(100 equiv), trifluoroacetic acid (TFA, 5 equiv) and trifluoroacetic anhydride (TFAA, 5 equiv). 

Thee latter compound was added to trap traces of water that might be present in the reaction 

mixture.. The allylated product 71 was obtained in a moderate yield and slightly contaminated 

withh the hydrolysis product 67 and the isomerized product 36. The formation of side products 

iss understandable, considering the difficulty of nucleophilic attack on the tertiary iminium 

ion.311 Unfortunately, the stereochemistry of both isomers could not be assigned. 

X> X> 
TFA,, TFAA 

IjTT ''C02Me  r / X N / " " C 0 2 M e (4.10) 
Tss CH2C12 J } s 

0°C->rt,3hh m „ 
355 71 (21%) 

1.6:11 mixture of isomers 

Thee enamide 40 was subjected to the same conditions, but in this case only the open product 

677 was found. Due to the lability of the enamides and the reluctancy of the tertiary cations to 

undergoo nucleophilic attack, further investigations were not carried out. 

4.99 Conclusions 

Inn this chapter, several types of palladium-catalyzed cyclization reactions with 

differentt acetylene-containing amino acids are detailed. Depending on the protection of the 

aminee or the carboxylic acid function, either the nitrogen or the oxygen could act as a 

nucleophilee to form nitrogen- or oxygen-heterocycles, respectively. In most cases, the yield of 

thee cyclization(/coupling) reactions was satisfactory and the enantiopurity of the starting 

materiall  was retained in the product. The nitrogen appeared a more useful and efficient 

nucleophilee than the oxygen atom, leading to a larger variety of cyclization products. The 

cyclicc enamides and enol ethers that were formed in these reactions were generally not very 

stablee and therefore partially responsible for the moderate yields. A few methods to derivatize 
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thesee products were investigated, but were abandoned due to the reluctance of the resulting 
cationss to undergo further substitution. 
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4.111 Experimental section 

Forr experimental details, see: Section 2.6. 

(R)-2-(Toluene-4-sulfonylamino)pent-4-ynoicc acid (15). To a solution of 13 (200 mg, 1.77 
mmol)) in H20 (15.0 mL) 1M of NaOH (1.80 mL, 1.80 mmol) and p-toluenesulfonyl chloride 
(47.22 mg, 2.47 mmol) was added. The reaction mixture was stirred at ambient temperature for 
166 h. The reaction mixture was kept at a basic pH with 1M aqueous NaOH. The reaction 
mixturee was extracted with ether (3 x 10 mL), acidified with 1M aqueous HC1 and extracted 
withh EtOAc (3 x 15 mL). The combined EtOAc layers were dried (MgSOJ, and concentrated. 
Purificationn of the crude product by flash chromatography (EtOAc, 5% AcOH) afforded 15 
(3900 mg, 1.46 mmol, 83%) as an amorphous solid. R, = 0.10 (ether), [a]D= -36.0 (c = 1, CH2C12), 
'HH NMR (400 MHz, CDC13) 8 10.27 (s, 1H, CC^H), 7.73 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.27 (d, ƒ = 8.1 
Hz,, 2H, Ar-H), 5.75 (d, ƒ = 8.8 Hz, 1H, NH), 4.16-4.11 (m, 1H, aCH), 2.69-2.63 (m, 2H, CHCH2), 
2.399 (s, 3H, Ts-CH3), 1.23 (t, ƒ = 7.1 Hz, 1H. OCH), 13C NMR (100 MHz, CDC13) 8 173.89 
(C02H),, 143.94, 136.57, 129.66, 127.02 (Ar), 80.00 (OCH), 72.53 (OCH), 53.72 (aCH), 23.56 
(CHCH2),, 21.41 (Ts-CH3), IR (film) v 3500-2750, 3288,2125,1732,1598,1335,1161,1092, HRMS 
(FAB)) calculated for C12HuN04S (MH+) 268.0644, found 268.0654. 

(R)-2-(Toluene-4-sulfonylamino)hex-5-ynoicc acid (16). To a solution of 14 (100 mg, 0.79 
mmol)) in H20 (2.0 mL) 1M of NaOH (0.90 mL, 0.90 mmol) p-toluenesulfonyl chloride (180 mg, 
0.955 mmol) were added and the reaction mixture was stirred for 16 h at ambient temperature. 
Thee reaction mixture was kept basic during the reaction time. The reaction mixture was 
extractedd with ether (3 x 50 mL). The water layer was acidified with 1M HC1 and extracted 
withh EtOAc (3 x 50 mL). The combined EtOAc layers were dried (MgS04) and concentrated. 
Afterr purification of the crude product by flash chromatography (ether, 5% AcOH) 16 (162 
mg,, 0.58 mmol, 73%) was obtained as an amorphous solid. R, = 0.19 (ether), *H NMR (400 
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MHz,, CDCI3) 5 7.74 (d, ƒ = 8.31 Hz, 2H, Ar-H), 7.29 (d, ƒ = 7.71 Hz, 2H, Ar-H), 5.35 (d, J = 8.86 

Hz,, 1H, NH), 4.07-4.02 (m, 1H, aCH), 2.41 (s, 3H, Ts-CH3) 2.30-2.26 (m, 2H CH2OCH), 2.09-

2.000 (m, 1H, CHCH2) 1.94 (t, ƒ = 2.61 Hz, 1H, C^CH), 1.87-1.81 (m, 1H, CHCH2),
 13C NMR (100 

MHz,, CDC13) 8 1.75.64 (C02H), 143.95,136.26,129.66,127.17 (Ar), 81.85 (OCH), 69.82 (OCH), 

54.299 (aCH), 31.67 (CHCH2), 21.44 (Ts-CH3), 14.54 (CH2C=CH), IR (film) v 3292, 32500-2750, 

1750,1410,1334,, HRMS (EI) calculated for C13H15N04S 281.0722, found 281.0707. 

(R)-2-ter£-Butoxycarbonylaminopent-4-ynoicc acid (17). To a solution of 13 (100 mg, 0.88 

mmol)) in dioxane/water (2.0 mL, 2.0 mL) sodium bicarbonate (148 mg, 1.76 mmol) and di-

tert-butyltert-butyl dicarbonate (203 mg, 0.92 mmol) were added. After refluxing for 4 h, the dioxane 

wass evaporated and aqueous saturated sodium bicarbonate (5 mL) was added to the reaction 

mixture.. The reaction mixture was extracted with ether (3 x 10 mL), the water layer was 

acidifiedd with 1M HC1 and extracted with EtOAc (3 x 10 mL). The combined EtOAc layers 

weree dr ied (MgSOJ and concentrated. Purification of the crude product by flash 

chromatographyy (ether, 5% AcOH) afforded 17 (114 mg, 0.73 mmol, 83%) as a colorless oil. R, 

== 0.13 (ether), [<x]D= -33.6 (c = 1, CH2C12), 'H NMR (400 MHz, CDC13) 8 5.34 (d, ƒ = 7.8 Hz, 1H, 

NH),, 4.52-4.51 (m, 1H, ceCH), 2.80-2.74 (m, 2H, CHCH2), 2.08 (t, ƒ = 2.61 Hz, 1H, O C H ), 1.46 

(s,, 9H, CH3),
 13C NMR (100 MHz, CDC13) 5 174.55 (C02H), 155.21 (COBoc), 80.42 (OCH), 78.11 

(CBu),, 71.60 (OCH), 51.55 (aCH), 28.00 (CH3Boc), 22.30 (CHCH2), IR (film) v 3500-2800,3298, 

2980,1716,1668,1514,1161,, HRMS (EI) calculated for C10H15NO4 213.1001, found 213.0994. 

(S)-2-(l,3-Dioxo-l,3-dihydroisoindol-2-yl)pent-4-ynoicc acid (18). To a solution of 13 (0.5 g, 

3.766 mmol) in H 2 0 (10 mL) phthalic anhydride (0.56 g, 3.76 mmol) was added. The reaction 

mixturee was irradiated in a microwave until the water was evaporated. Then again HzO (10 

mL)) was added and this procedure was repeated three times. After purification of the crude 

productt by flash chromatography (ether, 5% AcOH) 18 (830 mg, 3.42 mmol, 91%) was 

obtainedd as a colorless oil. Rf = 0.37 (95:5 ether:AcOH), [oc]D= -40.4 (c = 0.5, MeOH), *H NMR 

(4000 MHz, CDCI3) 8 9.20-8.80 (bs, 1H, CC^H), 7.92-7.85 (m, 2H, Ar-H), 7.78-7.72 (m, 2H, Ar-H), 

5.144 (dd, ƒ = 4.8,11.3 Hz, 1H, aCH), 3.30-3.22 (m, 1H, CHCH2), 3.12-3.06 (m, 1H, CHCH2), 1.90 

(t,, ƒ = 2.6 Hz, 1H, C^CH), 13C NMR (100 MHz, CDC13) 8 171.35 (C02H), 168.87 (ArCON), 

135.79,, 134.16, 132.97, 132.03, 130.06, 124.48 (Ar), 80.39 (OCH), 71.79 (OCH), 51.99 (oCH), 

20.044 (CHCH2), IR (film) v 3290,1775,1713,1393, HRMS (EI) calculated for C13H9N04 243.0532, 

foundd 243.0537. 

2-(l,3-Dioxo-l,3-dihydroisoindol-2-yl)hex-5-ynoicc acid (19). To a solution of 14 (200 mg, 1.57 

mmol)) in H 2 0 (10 mL) phthalic anhydride (233 mg, 1.57 mmol) was added. The reaction 

mixturee was irradiated in a microwave until the water was evaporated. Then again H20 (10 
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mL)) was added and the procedure was repeated three times. After purification of the crude 

productt by flash chromatography (ether, 5% AcOH) 19 (369 mg, 1.44 mmol, 91%) was 

obtainedd as a colorless oil. Rf = 0.11 (EtOAc), 'H NMR (400 MHz, CD3OD) 8 7.90-7.81 (m, 4H, 

Ar-H),, 4.98-4.94 (m, 1H, aCH), 2.46-2.40 (m, 2H, CH2CsCH), 2.32-2.22 (m, 2H, CHCH2), 2.10 (t, 

ƒƒ = 2.6 Hz, 1H, O C H ), 13C NMR (100 MHz, CD3OD) 5 169.44 (ArCON), 135.58,133.29,132.06, 

131.79,, 124.33 (Ar), 83.54 ( O C H ), 70.41 ( O C H ), 53.02 (aCH), 28.80 (CHCH2), 16.67 

( C H O C H ),, IR (film) v 3288-2750, 1715, 1393 HRMS (EI) calculated for C^H^NC^ 257.0688, 

foundd 257.0671. 

(S)-2-(Toluene-4-sulfonylamino)pent-4-ynoicc acid methyl ester (20). To a solution of 13 (3.00 

g,, 0.02 mol) in MeOH (100 mL) thionyl chloride (2,9 mL, 0.04 mol) was added. After refluxing 

att 70 °C for 3 h, the reaction mixture was concentrated in vacuo. The crude reaction mixture 

wass dissolved in pyridine (50 mL), p-toluenesulfonyl chloride (4.6 g, 0.02 mol) was added and 

thee reaction mixture was stirred for 16 h at ambient temperature. The pyridine was 

evaporatedd and aqueous saturated CuS04 (50 mL) was added. The mixture was extracted 

wit hh CH2C12 (3 x 50 mL) and the combined organic layers were washed with aqueous 

saturatedd sodium bicarbonate (25 mL), then with brine, dried (MgSOJ and concentrated. 

Afterr purification by flash chromatography (70 % ether/PE) and crystallization (EtOAc/PE) 

200 (5.30 g, 18.0 mmol, 94%) was obtained as a white solid. R, = 0.31 (70% ether/PE), Mp 82-

84°C,, [a]D= +19.4 (c = 1, CH2C12), 'H NMR (400 MHz, CDCL) 8 7.73 (d, ƒ = 1.5 Hz, 2H, Ar-H), 

7.711 (d, ƒ = 7.7 Hz, 2H, Ar-H), 5.71 (d, ƒ = 8.8 Hz, 1H, NH), 4.12-4.07 (m, 1H, aCH), 3.59 (s, 3H, 

C02CH3),, 2.67-2.63 (m, 2H, CHCH2), 2.39 (s, 3H, Ts-CH3), 2.01 (t, ƒ = 2.6 Hz, 1H, O C H ), ,3C 

NMRR (100 MHz, CDC13) 8 169.97 (C02Me), 143.74, 136.79,126.63, 127.11 (Ar), 77.47 ( O C H ), 

72.222 (OCH), 53.97 (C02CH3), 52.79 (aCH), 23.96 (CHCH2), 21.46 (Ts-CH3), IR (film) v 3273, 

2953,1712,, HRMS (FAB) calculated for C13H16N04S (MH+) 282.0800, found 282.0791. 

(R)-2-(Toluene-4-sulfonylamino)hex-5-ynoicc acid methyl ester (21). To a solution of 14 (1.00 

g,, 7.87 mmol) in MeOH (250 mL) thionyl chloride (1.12 mL, 15.7 mmol) was added. After 

refluxingg at 70 °C for 5 h the reaction mixture was concentrated in vacuo. The crude reaction 

mixturee was dissolved in CH2C12 (50 mL), Et3N (5.46 mL, 29.4 mmol) and p-toluenesulfonyl 

chloridee (3.0 g, 15.7 mmol) were added then the reaction mixture was stirred for 16 h at 

ambientt temperature. An aqueous solution of NH4C1 (50 mL) was added to the reaction 

mixture.. After separation of the organic layer the aqueous layer was extracted with CH2C12 (3 

xx 50 mL). The combined organic layers were stirred with aqueous saturated sodium 

bicarbonatee (25 mL) for 1 h. After separation the organic layer was dried (MgS04) and 

concentrated.. Purification of the crude product by flash chromatography (70% ether/PE) and 

crystallizationn (EtOAc/PE) afforded 21 (1.68 g, 5.69 mmol, 72%) as a white solid. R, = 0.57 
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(70%% ether /FE), Mp 75-77 °C, [a]D= -35.7 (c =1, CH2C12),
 ]H NMR (400 MHz, CDC13)8 7.73 

(dd,, ƒ = 1.6, 6.6 Hz, 2H, Ar-H), 7.29 (d, ƒ = 7.9 Hz, 2H, Ar-H), 5.22 (d, ƒ = 8.9 Hz, 1H, NH), 4.02-

3.999 (m, 1H, aCH), 3.52 (s, 3H, C02CH3), 2.41 (s, 3H, Ts-CH3) 2.32-2.27 (m, 2H, CH2OCH), 

1.98-1.944 (m, 2H, CHCH2, O C H ), 1.86-1.81 (m, 1H, CHCH2),
 13C NMR (100 MHz, CDC13) 6 

171.611 (C02Me), 143.63, 136.44, 129.53,127.15, 82.19 (OCH), 69.44 (OCH), 54.60 (C02CH3), 

52.455 (aCH), 31.90 (CHCH2), 21.38 (TsCH,), 14.48 (CH2OCH), IR (film) v 3280, 2954, 2119, 

1922,1732,1598,, HRMS (EI) calculated for CuH17N04S 295.0878, found 295.0858. 

(R)-2-(4-Nitrobenzenesulfonylamino)hex-5-ynoicc acid methyl ester  (22). To a solution of 14 

(4000 mg, 3.15 mmol) in MeOH (250 mL) thionyl chloride (0.45 mL, 6.30 mmol) was added. 

Afterr refluxing at 70 °C for 5 h the reaction mixture was concentrated in vacuo. The crude 

residuee was dissolved in CH2C12 (25 mL), Et3N (2.15 mL, 15.7 mmol) and p-

nitrophenylsulfonyll  chloride (1.05 g, 4.72 mmol) were added and the reaction mixture was 

stirredd for 16 h at ambient temperature. An aqueous solution of NH4C1 (50 mL) was added to 

thee reaction mixture. After separation of the organic layer the aqueous layer was extracted 

wit hh CH2C12 (3 x 50 mL). The combined organic layers were stirred with aqueous saturated 

sodiumm bicarbonate (25 mL) for 1 h. After separation the organic layer was dried (MgS04) and 

concentrated.. Purification by flash chromatography (70% ether/PE) and crystallization 

(EtOAc/PE)) afforded 22 (604 mg, 1.85 mmol, 59%) as a yellow solid. R, = 0.27 (70% ether/PE), 

M pp 87-89 °C, [<x]D= -33.9 (c = 1, CH2C12), 'H NMR (400 MHz, CDC13) 5 8.35 (d, ƒ = 8.6 Hz, 2H, 

Ar-H) ,, 8.05 (d, ƒ = 8.6 Hz, 2H, Ar-H), 5.40 (d, ƒ = 8.8 Hz, 1H, NH), 4.13-4.11 (m, 1H, otCH), 3.60 

(s,, 3H, C02CH3), 2.34-2.29 (m, 2H CH2C=CH), 2.05-2.01 (m, 1H, CHCH2), 1.98 (t, ƒ = 2.6 Hz, 1H, 

O C H ),, 1.90-1.84 (m, 1H, CHCH2CH2),
 13C NMR (100 MHz, CDC13) S 171.14 (CQMe), 149.98, 

145.27,, 128.29, 124.07 (Ar), 81.60 (OCH), 69.78 (OCH), 54.63 (C02CH3), 52.64 (aCH), 31.66 

(CHCH2),, 14.36 (CH2OCH), IR (film) v 3284,1742,1532,1351,1166, HRMS (EI) calculated for 

C13H14N206SS 326.0573, found 326.0583. 

Generall  procedure A for  the oxypalladations. To a solution of the cyclization precursor in 

THF,, Et3N and the Pd-catalyst were added. The reaction mixture was stirred at ambient 

temperaturee or at 60 °C. After the reaction was finished (TLC), the solvent was evaporated 

andd the product was purified by flash chromatography (gradient: 20%, 50% 70% ether/PE, 1% 

Et3N). . 

(R)-4-Methyl-2V-(5-methylene-2-oxotetrahydro£uran-3-yl)benzenesulfonamidee (23). 

Followingg the general procedure A, to a solution of 15 (100 mg, 0.37 mmol) in THF (3.0 mL) 

EtsNN (8.0 \LL, 0.06 mmol) and Pd(OAc)2 (8.0 mg, 0.04 mmol) were added. The reaction mixture 

wass stirred for 1 h at ambient temperature. Purification afforded 23 (66.0 mg, 0.25 mmol, 66%) 
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ass a colorless oil. R,= 070 (ether), [a]D= -27.2 (c = 1, CH2C12), *H NMR (400 MHz, C D Q) 5 7.78 

(d,, ƒ = 8.3 Hz, 2H, Ar-H), 7.74 (d, ƒ = 8.1 Hz, 2H, Ar-H), 5.19 (d, J = 3.4 Hz, 1H, NH), 4.82-4.81 

(m,, 1H, C=CH2), 4.46-4.45 (m, 1H, C=CH2), 4.12-4.06 (m, 1H, NCHCO), 3.27 (dd, ƒ = 15.9, 9.1 

Hz,, 1H, CHCH2), 2.92-2.85 (m, 1H, CHCH2), 2.44 (s, 3H, Ts-CH3),
 13C NMR (100 MHz, CDC13) 8 

171.999 (CO), 151.65 (C=CH2), 144.12, 136.13, 129.82, 127.11 (Ar), 90.93 (C=CH2), 51.99 

(NCHCO),, 33.89 (CHCH2), 21.43 (TsCH3), IR (film) v 3270, 2922, 2258,1811,1681,1598,1340, 

HRMSS (FAB) calculated for CI2H13N04S (MH+) 267.0565, found 267.0554. 

(R)-(5-Methylene-2-oxotetrahydrofuran-3-yl)carbamicc acid fert-buty l ester  (24). Following 

thee general procedure A, to a solution of 17 (40 mg, 0.19 mmol) in THF (2.0 mL) EtjN (4.0 \iL, 

0.033 mmol) and Pd(OAc)2 (4.0 mg, 0.02mmol) were added. Work-up and purification afforded 

244 (25 mg, 0.12 mmol, 63%) as an amorphous solid. R, = 0.81 (EtOAc), [oc]D= +64.1 (c = 1, 

CHjCUU *H NMR (400 MHz, CDC13) S 5.13 (s, 1H, NH), 4.80 (d, ƒ = 1.8 Hz, 1H, C=CH2), 4.41-

4.400 (m, 2H, C=CH2, NCHCO), 3.29-3.23 (m, 1H, CHCH2), 2.89-2.83 (m, 1H, CHCH2), 1.45 (s, 

9H,, CH3),
 13C NMR (100 MHz, CDC13) 5 172.00 (C02), 152.11 (COBoc), not observed (C=CH2), 

90.266 (C=CH2), 80.10 (CBu), 50.41 (NCHCO), 33.35 (CHCH2), 28.09 (CH,Boc), IR (film) v 3360, 

2980,, 1816, 1682, 1520, 1255, 1138, HRMS (EI) calculated for C10H15NO4 213.1001, found 

213.1003. . 

(S)-2-(5-Methylene-2-oxotetrahydrofuran-3-yl)isoindole-l,3-ionee (25). Following the general 

proceduree A, to a solution of 18 (50 mg, 0.21 mmol) in THF (2.0 mL) EtjN (4.0 jiL , 0.03 mmol) 

andd Pd(OAc)2 (4.0 mg, 0.02 mmol) were added. The reaction mixture was stirred for 24 h at 

ambientt temperature. Purification afforded 25 (21 mg, 0.09 mmol, 42%) as a white solid. Rf = 

0.655 (ether), [a]D = -58.4 (c = 0.5, CH2C12), 'H NMR (400 MHz, CDC13) 8 7.91-7.86 (m, 2H, Ar-

H),, 7.80-7.76 (m, 2H, Ar-H), 5.24 (t, ƒ = 10.1 Hz, 1H, NCHCO), 4.91 (d, ƒ = 1.2 Hz, 1H, C=CH2), 

4.477 (s, 1H, C=CH2), 3.32-3.18 (m, 2H, CHCH2),
 13C NMR (100 MHz, CDC13) 6 168 (CO,), 166.53 

(ArCON),, 151.52 (C=CH2), 134.51, 131.44,123.78 (Ar), 90.75 (C=CH2), 47.09 (NCHCO), 30.38 

(CHCH2),, IR (film) v 2900, 1809,1775, 1716, 1676,1397, HRMS (EI) calculated for C13H,N04 

243.0532,, found 243.0531. 

4-Methyl-N-(6-methylene-2-oxotetrahydropyran-3-yl)benzenee sulfonamide (26). Following 

thee general procedure A, to a solution of 16 (50 mg, 0.18 mmol) in MeCN (2.0 mL) Et3N (4.0 

fiL ,, 0.03 mmol) and PdCl2(MeCN)2 (2.3 mg, 0.01 mmol) were added. The reaction mixture was 

stirredd for 16 h at reflux temperature. Purification afforded 26 (16.0 mg, 0.06 mmol, 32%) as a 

whitee amorphous solid. Rf = 0.47 (ether), ]H NMR (400 MHz, CDC13) 8 7.76 ( d j = 8.2 Hz, 2H, 

Ar-H),, 7.32 (d, ƒ = 8.1 Hz, 2H, Ar-H), 5.10 (d, ƒ = 4.1 Hz, 1H, NH), 4.72 (s, 1H, C=CH2), 4.41 (d, ƒ 

== 1.5 Hz, 1H, C=CH2), 3.84-3.78 (m, 1H, NCHCO), 3.05-2.98 (m, 1H, CHCH2), 2.73-2.66 (m, 1H, 
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CH2C=CH2),, 2.63-2.57 (m, 1H, CHCH2), 2.55-2.44 (m, 1H, CH2C=CH2), 2.43 (s, 3H, Ts-CH3). 

l-(6-Methylene-2-oxotetrahydropyran-3-yl)isosindole-l,3-dionee (27). Following the general 

proceduree A, to a solution of 19 (50 mg, 0.19 mmol) in THF (2.0 mL) Et3N (4.0 fiL , 0.03 mmol) 

andd Pd(OAc)2 (4.0 mg, 0.02 mmol) were added. The reaction mixture was refluxed for 6 h. 

Purificationn afforded 27 (12 mg, 0.05 mmol, 24%) as a colorless oil. Py= 0.72 (EtOAc), ! H NMR 

(4000 MHz, CDC13) 57.90-7.86 (m, 2H, Ar-H), 7.77-7.73 (m, 2H, Ar-H), 5.00-4.95 (m, 1H, 

NCHCO),, 4.79 (t, ƒ = 1.5 Hz, 1H, C=CH2), 4.43 (t, ƒ = 1.4 Hz, 1H, C=CH2), 2.86-2.80 (m, 1H, 

CH2C=CH2)) 2.72-2.52 (m, 2H, CH2C=CH2/ CHCH2), 2.16-2.09 (m, 1H, CHCH2),
 13C NMR (100 

MHz,, CDC13) Ö 166.89 (CO,), 164.54 (ArCON), 153.81 (C=CH2), 134.51, 131.44, 123.78 (Ar), 

95.255 (C=CH2), 48.09 (NCHCOCH), 26.56 (CH2C=CH2CH2CH20) 23.64 (CHCH2CH2), IR (film) 

vv 923,1759,1716,1666,1392. 

Genarall  procedure B for the cross-coupling oxypalladations. 

Too a solution of the cyclization precursor in MeCN, Et3N, TBAC, the aryl halide and finally 

thee Pd(0)-catalyst were added. The reaction was refluxed and monitored with TLC. Upon 

completion,, the reaction mixture was poured into saturated aqueous ammonium chloride, 

extractedd with EtOAc (3 x), dried (MgSOJ and concentrated. The product was purified by 

flashh chromatography (gradient: 20%, 50% 70% ether/PE, 1% Et3N). 

(R)-(5-Benzylidene-2-oxotetrahydrofuran-3-yl)-carbamicc acid tert-butyl ester (29). Following 

thee general procedure B, to a solution of 17 (52 mg, 0.27 mmol) in MeCN (2.0 mL) Et3N (186 

|xL,, 1.34 mmol), TBAC (148 mg, 0.53 mmol), Phi (60 ju.1, 0.53 mmol), PPh3(15 mg, 0.05 mmol) 

andd Pd(OAc)2 (6.0 mg, 0.03 mmol) were added. Work-up and purification afforded 29 (34 mg, 

0.122 mmol, 44%) as an yellow amorphous solid, R, = 0.55 (70% ether/PE), 'H NMR (400 MHz, 

CDCI3)) 8 7.48-7.20 (m, 5H, Ar-H), 6.37 (s, 1H, C=CH), 5.22 (d, ƒ = 6.2 Hz, 1H, NH), 4.44 (m, 1H, 

NCHCO),, 3.63-3.57 (m, 1H, CHCH2), 3.17-3.12 (m, 1H, CHCH2), 1.46 (s, 9H, CH3Boc), 13C NMR 

(1000 MHz, CDC13) 8 172 (C02), 147.57 (COBoc), 133.6,128.55,127.77,126.82 (Ar), not observed 

(C=CH),, 108.49 (C=CH), 82.32 (CBu), 50.22 (NCHCO), 33.16 (CHCH2), 28.11 (CH3Boc), IR 

(film)) v 2978,1810,1681,1507,1156. 

2-(5-Benzylidene-2-oxotetrahydrofuran-3-yl)) isoindole-l,3-ione (30). Following the general 

proceduree B, to a solution of 18 (50 mg, 0.21 mmol) in MeCN (2.0 mL), Et3N (142 uL, 1-03 

mmol),, TBAC (114 mg, 0.41 mmol), Phi (46 mg, 0.41 mmol) and Pd(PPh3)4 (24 mg, 0.03 mmol) 

weree added. Purification afforded 30 (28 mg, 0.09 mmol, 43%) as a white amorphous solid. R, 

== 0.28 (50% ether/PE), 'H NMR (400 MHz, CDC13) 8 7.91-7.88 (m, 2H, Ar-H), 7.80-7.76 (m, 2H, 

Ar-H) ,, 7.36-7.32 (m, 2H, Ph-H), 7.24-7.21 (m, 3H, Ph-H), 6.49 (t, ƒ = 2.0 Hz, 1H, C=CH), 5.28 (t, ƒ 
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==  9.9 Hz, 1H, NCHCO), 3.55-3.52 (m, 2H, CHCH2),
 13C NMR (100 MHz, CDC13) 8 169.39 

(C02C),, 166.50 (ArCON), 146.92, 134.55, 133.52, 131.45, 128.57, 127.81, 126.96, 123.80 (Ar, 

C=CH),, 108.79 (OCH), 46.84 (NCHCO), 30.44 (CHCH2), IR (film) v 2926, 1815, 1778, 1721, 

1682,1397,, HRMS (EI) calculated for C19H13N04 319.0845, found 319.0840. 

2-[5-(4-Methoxybenzylidene)-2-oxo-tetrahydrofuran-3-yl]isoindole-l,3dionee (31). Following 

thee general procedure B, to a solution of 18 (50 mg, 0.21 mmol) in MeCN (2.0 mL), Et3N (142 

îL,, 1.03 mmol), TBAC (114 mg, 0.41 mmol), 4-iodoanisole (96 mg, 0.41 mmol) and Pd(PPh3)4 

(244 mg, 0.03 mmol) were added. Work-up and purification afforded 31 (29 mg, 0.08 mmol, 

45%)) as a yellow oil. R, = 0.74 (EtOAc), *H NMR (400 MHz, CDC13) 8 7.90-7.87 (m, 2H, Ar-H), 

7.80-7.766 (m, 2H, Ar-H), 7.16-7.12 (m, 2H, Ar-H), 6.88-6.85 (m, 2H, Ar-H), 6.41 (t, ƒ = 1.9 Hz, 

1H,, O C H ), 5.27 (t, ƒ = 9.9 Hz, 1H, NCHCO), 3.70 (s, 3H, OCH3), 3.51-3.47 (m, 2H, CHCH2),
 13C 

NMRR (100 MHz, CDC13)S 169.51 (COz), 166.52 (ArCON), 158.51,145.48,134.53,131.45,128.99, 

125.92,, 123.78, 114.07 (Ar, O C H ), 114.07 ( O C H ), 55.17 (OCH3), 46.92 (NCHCO), 30.34 

(CHCH2),, IR (film) v 1807, 1778, 1716, 1683, 1397, HRMS (EI) calculated for C20H15NO5 

349.0950,, found 349.0924. 

2-[5-(4-terf-Butylcyclohex-l-enylmethylene)-2-oxotetrahydrofuran-3-yl]isoindole-l^-dione e 

(32).. Following the general procedure B, to a solution of 18 (50 mg, 0.21 mmol) in THF (2.0 

mL),, Et3N (142 ul, 1-03 mmol), TBAC (114 mg, 0.41 mmol), 28 (46 mg, 0.41 mmol) and 

Pd(PPh3)44 (24 mg, 0.03 mmol) were added. Purification afforded 32 (18 mg, 0.05 mmol, 23%) as 

aa white amorphous solid. R, = 0.57 (70% ether/PE), 1H NMR (200 MHz, CDCI3) 8 7.89-7.84 

(m,, 2H, Ar-H), 7.77-7.71 (m, 2H, Ar-H), 5.92 (d, ƒ = 12.7 Hz, 1H, O C H) 5.68-5.66 (m, 1H, 

OCHCH2) ,, 5.37-5.16 (m, 1H, NCHCO), 3.96-3.21 (m, 2H, CHCH2), 2.71-2.09 (m, 2H, =CCH2), 

1.84-1.522 (m, 2H, CH2), 1.40-1.09 (m, 3H, CH,, CH), 0.85 (s, 9H, 'Bu). 

2-(6-Benzylidene-2-oxotetrahydropyran-3-yl)isoindole-l,3-dionee (33). Following the general 

proceduree B, to a solution of 19 (50 mg, 0.19 mmol) in MeCN (2.0 mL), Et3N (135 uL, 0.94 

mmol),, TBAC (107 mg, 0.39 mmol), Phi (43 ^iL, 0.39 mmol) PPh3 (10 mg, 0.04 mmol) and 

Pd(OAc)22 (4.3 mg, 0.02 mmol) were added. Purification afforded 33 (20 mg, 0.06 mmol, 31%) 

ass a white amorphous solid. R,= 0.82 (EtOAc), ! H NMR (400 MHz, CDC13) 8 7.90-7.85 (m, 2H, 

Ar-H),, 7.77-7.71 (m, 2H, Ar-H), 7.56-7.53 (m, 2H, Ph-H), 7.39-7.35 (m, 2H, Ph-H), 7.28-7.26 (m, 

1H,, Ph-H), 6.45 (s, 1H, O C H )/ 504 (dd, ƒ = 6.4,12.3 Hz, 1H, NCHCO), 3.23-3.17(dt, ƒ = 15.8, 

4.44 Hz, 1H, CHCH2), 2.88-2.79 (m, 1H, CH2OCH), 2.69-2.58 (dt, ƒ = 12.4, 4.4 Hz, 1H, CHCH2), 

2.15-2.088 (m, 1H, CH2OCH). 
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Generall  procedure C for  the amidopalladation reactions. 

Too a solution of the cyclization precursor in DMF or THF, were added K2C03 (5 equiv) and the 

Pd-catalystt (10 mol%). The solution was refluxed and monitored with TLC. Upon completion, 

thee reaction mixture was poured into saturated aqueous NaHC03 and extracted with ether (3 

x).. The combined organic layers were dried (MgSOJ, concentrated and purified by flash 

chromatographyy (70% ether/PE, 1% EtjN) to afford the pure product. 

(S)-l-(Toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (34). Following the 

generall  procedure C, to a solution of 20 (50 mg, 0.18 mmol) in THF (2.0 mL) were added 

K2COaa (123 mg, 0.90 mmol) and Pd(PPh3), (21 mg, 0.02 mmol). Work-up and purification 

affordedd 34 (38 mg, 0.14 mmol, 76%) as a colorless oil. Py = 0.38 (70% ether/PE), [a]D= -102.9 (c 

== 1, CH2C12), *H NMR (400 MHz, CDC13) 5 7.69 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.32 (d, ƒ = 8.1 Hz, 

2H,, Ar-H), 6.38-6.36 (m, 1H, NCH=CH), 5.08-5.06 (m, 1H, CH=CHCH2), 4.25 (dd, ƒ = 7.2, 11 

Hz,, 1H, NCHC02Me), 3.79 (s, 3H, C02CH3), 2.80-2.63 (m, 2H, CHCH2CH), 2.44 (s, 3H, Ts-CH3), 
13CC NMR (100 MHz, CDC13) 5 171.44 (C02Me), 144.21,133.33 (Ar), 133.33 (NCH=CH), 130.31, 

129.76,127.700 (Ar), 109.67 (CH=CHCH2), 60.08 (NCHC02Me), 52.72 (C02CH3), 35.20 (CHCH2), 

21.566 (Ts-CH3), IR (film) v 1742, 1355,1167, HRMS (EI) calculated for C13H15N04S 281.0722, 

foundd 281.0722. 

(R)-5-(Methylene-l-toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (35). 

Followingg the general procedure C, to a solution of 21 (50 mg, 0.17 mmol) in THF (2.0 mL) 

weree added K2COa (117 mg, 0.85 mmol), Pd(OAc), (4.0 mg, 0.02 mmol) and PPh3 (19 mg, 0.07 

mmol).. Work-up and purification afforded 35 (37 mg, 0.125 mmol, 74%) as a yellow oil. F̂  = 

0.622 (70% ether/PE), [oc]D= -50.5 (c = 1, CH2C12), 'H NMR (400 MHz, QD6) 5 7.93 (d, ƒ = 8.3 Hz, 

2H,, Ar-H), 6.79 (d, ƒ = 8.1 Hz, 2H, Ar-H), 5.52 (d, ƒ = 1.2 Hz, 1H, CH2=C), 4.71 (dd, ƒ = 4.7, 8.2 

Hz,, 1H, NCHC02Me), 4.23 (d, ƒ = 1.3 Hz, 1H, CH2=C), 3.39 (s, 3H, C02Me), 2.22-2.13 (m, 1H, 

CH2=CCH2),, 1.88 (s, 3H, Ts-CH3) 1.80-1.69 (m, 1H, CH2=CCH2), 1.51-1.41 (m, 2H, CH2CH2CH), 
13CC NMR (100 MHz, CDC13) 8 172.69 (C02Me), 145.20, 144.40 (Ar), 137.25 (CH2=C), 130.20, 

128.944 (Ar), 91.00 (CH2=C), 64.55 (NCHC02Me), 52.66 (CQCH,), 32.06 (CH2CH2CH), 30.86 

(CH2=CCH2),, 21.75 (Ts-CH3), IR (film) v 2921, 2849, 1734, 1162, HRMS (EI) calculated for 

C14H19N04SS 295.0878, found 295.0881. 

5-Methyl-l-(toluene-4-suIfonyl)-2^-dihydro-lH-pyrrole-2-carboxyli cc acid methyl ester  (36). 

Followingg the general procedure C, to a solution of 21 (50 mg, 0.17 mmol) in THF (2.0 mL) 

weree added K2C03 (117 mg, 0.85 mmol), Pd(OAc)2 (4.0 mg, 0.02 mmol) and dppb (7.2 mg, 0.02 

mmol).. Work-up and purification afforded a 1:8 mixture of 35:36 (35 mg, 0.12 mmol, 70%) as a 

yelloww oil. 36: R, = 0.47 (70% ether/PE), 'H NMR (400 MHz, CDCL) 8 7.75 (d, J = 8.3 Hz, 2H, 
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Ar-H),, 7.31 (d, ƒ = 8.2 Hz, 2H, Ar-H), 4.82 (s, 1H, C=CH), 4.69 (dd, ƒ = 4.9, 10.9 Hz, 1H, 
NCHC02Me),, 3.79 (s, 3H, COjCFL), 2.63-2.58 (m, 1H, CH2CH), 2.56-2.55 (m, 1H, CH2CH), 2.43 
(s,, 3H, Ts-CH3), 2.02 (m, 3H, CH3),

 13C NMR (100 MHz, CDC13) 8 171.77 (C02Me), 143.81, 
139.544 (Ar), 138 (C=CH), 129.63, 127.50, (Ar), 108.90 (C=CH), 62.13 (NCHC02Me), 52.53 
(C02CH3),, 32.17 (CH2CH), 21.75 (Ts-CH3), 15.07 (CH3), IR (film) v 2953,1743,1346,1163. 

(R)-5-Methylene-l-(4-nitrobenzenesulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (37). 
Followingg the general procedure C, to a solution of 22 (48 mg, 0.15 mmol) in THF (2.0 mL) 
weree added K2COa (104 mg, 0.74 mmol), PdtOAc), (4.0 mg, 0.015 mmol) and PPh3 (8.0 mg, 0.03 
mmol).. Work-up and purification afforded 37 (23 mg, 0.07 mmol, 48%) as a yellow oil. R, = 
0.344 (70% ether/PE), [a]D= -41.9 (c = 1, CH2C12),

 lH NMR (400 MHz, C6D6) 8 8.36 (d, ƒ = 8.9 Hz, 
2H,, Ar-H), 8.15 (d, ƒ = 8.9 Hz, 2H, Ar-H), 5.52 (d, ƒ = 1.2 Hz, 1H, C=CH2), 4.75-4.72 (m, 1H, 
NCHC02Me),, 4.39 (dd, ƒ = 1.6, 3.2 Hz, 1H,, C=CH2), 3.79 (s, 3H, C02CH3), 2.67-2.59 (m, 1H, 
CH2=CCH2),, 2.44-2.40 (m, 1H, CH2=CCH2), 2.40-2.36 (m, 1H, CH2CH2CH), 2.21-1.97 (m, 1H, 
CH2CH2CH),, 13C NMR (100 MHz, CDC13) 8 171.46 (C02Me), 150.34 (Ar), 143.80, (C=CH2), 
143.3,, 128.93, 123.98 (Ar), 91.27 (C=CH2), 63.42 (NCHCQMe), 52.65 (C02CH3), 31.03 
(CH2=CCH2),, 26.97 (CH2CH2CH), IR (film)v 2956,1747,1531,1351, HRMS (EI) calculated for 
C13H14N206SS 326.0573, found 326.0579. 

Generall  procedure D for  the cross-coupling amidopalladation reactions 
Too a solution of the cyclization precursor in MeCN were added K2C03 (5 equiv), anhydrous 
TBACC (1 equiv), an aryl halide (5 equiv) and finally a Pd(0)-catalyst (10 mol%). The solution 
wass refluxed and monitored by TLC. Upon completion, the reaction mixture was poured into 
saturatedd aqueous NaHC03 and extracted with ether (3 x). The combined organic layers were 
driedd (MgSOJ, concentrated and purified by flash chromatography (gradient: 20%, 50% 70% 
ether/PE,, 1% EySI) to afford the pure product. 

(JR)-5-Benzylidene-l-(toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (40). 
Followingg the general procedure D, to a solution of 21 (80 mg, 0.27 mmol) in MeCN (2.0 mL) 
weree added K2C03 (187 mg, 1.36 mmol), TBAC (79 mg, 0.27 mmol), Phi (84 uL, 1.36 mmol) 
andd Pd(PPh3)4 (31 mg, 0.03 mmol). Work-up and purification afforded 40 (74 mg, 0.20 mmol, 
74%)) as an amorphous solid. Rf = 0,48 (70% ether/PE), [a]D= -73,6 (c = 0.5, CH2C12),

 JH NMR 
(4000 MHz, CDC13) 8 7.80 (d, ƒ = 8,3 Hz, 2H, Ar-H), 7.32-7.26 (m, 5H, Ph-H), 7.18-7.12 (m, 3H, 
Ar-H),, 6.74 (s, 1H, PhCH=C), 4.57 (dd, ƒ = 6.6, 7.8 Hz, 1H, NCHCO.Me), 3.82 (s, 3H, C02CH3), 
2.79-2.755 (m, 1H, CH=CCH2), 2.42 (s, 3H, Ts-CH3), 2.35-2.30 (m, 1H, CH=CCH2), 2.15-2.10 (m, 
1H,, CH2CH2CH), 1.94-1.89 (m, 1H, CH2CH2CH), 13C NMR (100 MHz, CDC13) 8 171.94 (C02Me), 
144.24,, 139.80, 136.92, 134.78, 129.50, 128.14, 128.06, 126.03 (Ar, CH=C), 111.32 (PhCH=C), 
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62.466 (NCHC02Me), 52.56 (C02C^), 28.81 (CHCH2CH2), 27.33 <CH=CCH2), 21.48 (Ts-CH>), IR 

(film )) v 2951, 1750, 1653, 1349, 1163, HRMS (EI) calculated for C20H21NO4S 371.1191, found 

371.1178. . 

(R)-5-(4-Nitrobenzylidene)-l-(toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl ester 

(41).. Following the general procedure D, to a solution of 21 (50 mg, 0.17 mmol) in MeCN (2.0 

mL)) were added K2COa (117 mg, 0.85 mmol), TBAC (49 mg, 0.17 mmol), l-iodo-4-

nitrobenzenee (210 mg, 0.85 mmol) and Pd(PPh3), (20 mg, 0.02 mmol). Work-up and 

purificationn afforded 41 (42 mg, 0.10 mmol, 59%) as a yellow oil. R, = 0.53 (70% ether/PE), 

[a]D== -152.2 (c = 1, CH2C12), 'H NMR (400 MHz, CDC13)5 8.13-8.09 (m, 3H, Ar-H), 7.83-7.80 

(m,, 3H, Ar-H), 7.60-7.22 (m, 4H, Ar-H), 6.68 (s, 1H, ArCH=C), 4.71 (dd, ƒ = 5.2, 8.2 Hz, 1H, 

NCHC02Me),, 3.82 (s, 3H, C02C Ha), 2.87-2.83 (m, 1H, CH=CCH2), 2.52-2.51 (m, 1H, 

CH=CCH2),, 2.42 (s, 3H, CH3), 2.22-2.14 (m, 1H, CH2CH2CH), 2.04-1.97 (m, 1H, CH2CH2CH), 13C 

NMRR (100 MHz, CDC13) 6 171.57 (CQMe), 144.75,144.00,143.01,141,10,134.77,129.67,129.20, 

128.18,, 127.13, 123.57, 123.14 (Ar, ArCH=C), 107.73 (ArCH=C), 62.63 (NCHC02Me), 52.67 

(C02CH3),, 29.43 (CHCH2CH2), 27.04 (CH=CCH2), 22.15 (Ts-CH,), IR (film) v 2953, 2925, 2851, 

1748,1641,1593,1513,1340,, HRMS (EI) calculated for C20H20N2O6S 416.1042, found 416.1037. 

(R)-5-(4-Methoxybenzylidene)-l-(toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl 

esterr  (42). Following the general procedure D, to a solution of 21 (50 mg, 0.17 mmol) in MeCN 

(2.00 mL) were added K 2C03 (117 mg, 0.85 mmol), TBAC (49 mg, 0.17 mmol), 4-iodoanisole 

(1988 mg, 0.85 mmol) and Pd(PPh3)4 (20 mg, 0.02 mmol). Work-up and purification afforded 42 

(399 mg, 0.10 mmol, 58%) as an amorphous solid. R/ = 0.66 (70% ether/PE), [a]D= -78.2 (c = 1, 

CH2C12),, *H NMR (400 MHz, CDC13) 8 7.78 (d, ƒ = 8,3 Hz, 2H, Ar-H), 7.28 (d, ƒ = 8.0 Hz, 2H, 

Ar-H) ,, 7.06 (d, ƒ = 8.6 Hz, 2H, Ar-H), 6.83 (dd, ƒ = 2.0, 6.8 Hz, 2H, Ar-H), 6.72 (s, 1H, ArCH=C), 

4.544 (dd, ƒ = 7.0, 7.6 Hz, 1H, NCHC02Me), 3.82 (s, 3H, C02CH,), 3.79 (s, 3H, OCH3), 2.80-2.65 

(m,, 1H, CH, CH=CCH2=CCH2CH2) , 2.42 (s, 3H, Ts-CH3) 2.33-2.26 (m, 1H, 

CH=CCH2=CCH2CH2),, 2.23-2.05 (m, 1H, CH2CH2CH), 1.95-1.82 (m, 1H, CH2CH2CH), 13C NMR 

(4000 MHz, CDC13) S 171.99 (C02Me), 157.94, 144.15, 137.62, 134.75, 129.47, 129.21, 127.61, 

113.644 (Ar, ArCH=C), 111.53 (ArCH=C), 62.38 (NCHC02Me), 55.16 (CQCH;,), 52.54 (OCH3) 

28.633 (CHCH2CH2), 27.38 (CH=CCH2), 21.47 (Ts-CH,), IR (film) v 2952, 2838,1740,1654,1606, 

1511,1163,, HRMS (EI) calculated for C ^ N C ^S 401.1297, found 401.1303. 

(R)-5-(4-tcrt-Butylcyclohex-l-enylmethylene)-l-(toluene-4-sulfonyl)pyrrolidine-2--

carboxylicc acid methyl ester  (43). Following the general procedure D, to a solution of 21 (50 

mg,, 0.17 mmol) in MeCN (2.0 mL) were added K2C03 (117 mg, 0.85 mmol), TBAC (49 mg, 0.17 

mmol),, 28 (242 mg, 0.85 mmol) and Pd(PPh3)4 (20 mg, 0.02 mmol). Work-up and purification 
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affordedd 43 (40 mg, 0.09 mmol, 55%) as an amorphous solid R, = 0.33 (70% ether/PE), [a]D= -

30.44 (c =1, CH2C12), The spectrum showed both the s(cis) and the s(trans) isomer 'H NMR (400 

MHz,, CDC13) 5 7.73 (d, ƒ = 8.0 Hz, 2H, Ar-H), 7.28 (d, J = 8.1 Hz, 2H, Ar-H), 6.17 (s, 0.5H, 

C=CHCH2),, 6.15 (s, 0.5H, C=CHCH2), 5.52 (s, 0.5H, NC=CH), 5.41 (s, 0.5H, NC=CH), 4.46-4.42 

(m,, 1H, NHCHC02Me), 3.79 (s, 3H, CO.CH,), 2.52-2.41 (m, 1H, CH2), 2.15-2.02 (m, 5H, CH2), 

1.88-1.800 (m, 3H, CH2), 1.22-1.13 (m, 2H, CH, CH2), 0.86 (s, 9H, 'Bu), 13C NMR (100 

MHz,CDCl3)) 5 171.82 (C02Me), 143.62, 136.33 (Ar), 133.85 (C=CH), 131.12 (NC=CH), 129.38, 

127.233 (Ar), 115.46 (C=CH), 115.03 (NC=CH), 62.15 (NCHC02Me), 52.47 (C02CH3), 43.55 

(CrTBu),, 36.47 (CH2), 30.36 (CH2), 30.01 (Cq'Bu), 28.87 (CH2), 27.26 ('Bu), 27.04 (CH2), 27.04 

(CH2),, 21.46 (Ts-CH3), IR (film) v 2950, 2390, 2380, 1745, 1700, HRMS (EI) calculated for 

CaHjaNO ŜS 431.2130, found 431.2119. 

5-(2-Butylallylidene)-l-(toluene-4-sulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (44). 

Followingg the general procedure D, to a solution of 21 (50 mg, 0.17 mmol) in MeCN (2.0 mL) 

weree added K2C03 (117 mg, 0.85 mmol), TBAC (49 mg, 0.17 mmol), 39 (196 mg, 0.85 mmol) 

andd Pd(PPh3)4 (20 mg, 0.02 mmol). Work-up and purification afforded 44 (9 mg, 0.02 mmol, 

13%)) as an amorphous solid. Rf = 0.25 (70% ether/PE), *H NMR (400 MHz, CDC13) 8 7.72 (d, ƒ 

== 8.3 Hz, 2H, Ar-H), 7.28 (d, ƒ = 8.0 Hz, 2H, Ar-H), 6.00 (d, ƒ = 15.8 Hz, 1H, C=CH2), 5.57 (td, ƒ 

== 7.0, 15.8 Hz, 1H, C=CH2), 5.10 (d, ƒ = 9.2 Hz, 1H, CH=CNH), 3.94-3.88 (m, 1H, 

NHCHC02Me),, 3.50 (s, 3H, C02CH3), 2.41 (s, 3H, Ts-CH3), 2.17-2.13 (m, 4H, CH=CCH2, 

CH2CH2C=),, 1.87-1.68 (m, 2H, CH2CH), 1.47-1.40 (m, 2H, CH2), 1.37-1.28 (m, 2H, CH2), 0.93-091 

(m,, 3H, CH2CH3). 

(R)-5-Benzylidene-l-(-4-nitrobenzenesulfonyl)pyrrolidine-2-carboxylicc acid methyl ester 

(45).. Following the general procedure D, to a solution of 22 (50 mg, 0.15 mmol) in MeCN (2.0 

mL)) were added K 2C03 (106 mg, 0.77 mmol), TBAC (43 mg, 0.15 mmol), Phi (34 uL, 0.31 

mmol)) and Pd(PPh3)4 (18 mg, 0.015 mmol). Work-up and purification afforded 45 (50 mg, 0-12 

mmol,, 80%) as a yellow solid. R, = 0,52 (70% ether, PE), Mp 149-150 °C, [cc]D= -129.3 (c = 1, 

CH2C12),, *H NMR (400 MHz, CDC13) 5 8.35 (d, ƒ = 8,9 Hz, 2H, Ar-H), 8.16 (d, ƒ = 8,9 Hz, 2H, 

Ar-H) ,, 7.32-7.12 (m, 5H, Ar-H), 6.69 (s, 1H, PhCH=C), 4.67 (dd, ƒ = 5.6, 8.2 Hz, 1H, 

NCHCOjMe),, 3.83 (s, 3H, C02CH,), 2.85-2.77 (m, 1H, CH=CCH2), 2.49-2.41 (m, 1H, 

CH=CCH2),, 2.25-2.15 (m, 1H, CH2CH2CH), 2.04-1.96 (m, 1H, CH2CH2CH), 13C NMR (100 MHz, 

CDC13)) 5 171.49 (COzMe), 150.41,143.52, 138.55, 136.19,128.96, 128.30,12806,126.51, 124.04, 

(Ar,, NC=CH), 111.45 (PhCH=C), 62.46 (NCHCQMe), 52.73 (COzCH3), 28.76 (CHCH.CH,), 

27.311 (CH=CCH2), IR (film) v 1717, 1652, 1532, 1350, HRMS (EI) calculated for C19H18N206S 

402.0886,, found 402.0894. 
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(S)-A/-(l-Hydroxymethylbut-3-ynyl)-4-methylbenzenesulfonamidee (46). To a solution of 
LiAlH 44 (531 mg, 3.76 mmol) in dry THF (20 mL), 15 (250 mg, 0.94 mmol) was added in 
portions.. After stirring for 16 h, the LiAlH 4 was carefully quenched by dropwise adding 1M 
HC11 at 0 °C. The reaction mixture was extracted with ether (3 x 20 mL) and the combined 
organicc layers were dried (MgS04) and concentrated. Without further purification 46 (249 mg, 
0.988 mmol, 100%) was obtained as white solid. R, = 0.56 (ether), [a]D = -51.0 (c = 1.65, CH2C12), 
'HH NMR (400 MHz, CDC13) 8 7.78 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.31 (d, ƒ = 8.0 Hz, 2H, Ar-H), 4.94 
(d,, ƒ = 7.9 Hz, 1H, NH), 3.72-3.86 (m, 1H, CH2OH), 3.64-3.59 (m, 1H, CH2OH), 3.45-3.40 (m, 1H, 
HNCH),, 2.46-2.39 (m, 1H CHCH2), 2.44 (s, 3H, Ts-CH3), 2.36-2.33 (dd, ƒ = 2.7, 6.8 Hz, 1H, 
CHCH2),, 1.98 (t, ƒ = 2.7 Hz, 1H, C=CH), 1.81 (bs, 1H, OH), IR (film) v 3503, 3280, 2925,1328, 
HRMSS (FAB) calculated for C12H16N03S (MH+) 254.0851, found 254.0845. 

(S)-N-(l-Hydroxymethyl-pent-4-ynyl)-4-methylbenzenesulfonamidee (47). To a solution of 
LiAlH 44 (750 mg, 19.8 mmol) in dry THF (25 mL), 16 (1.40 g, 4.90 mmol) was added in portions. 
Afterr stirring for 16 h, the LiAlH 4 was carefully quenched by dropwise adding 1M HC1 at 0 
°C.. The reaction mixture was extracted with ether (3 x 20 mL) and the combined organic 
layerss were dried (MgSOJ and concentrated. Without further purification 47 (1.41 mg, 5.26 
mmol,, 100%) was obtained as white solid. R, = 0.25 (ether), [oc]D = -19.5 (c = 1, CHjCLJ/H 
NMRR (400 MHz, CDC13) 6 7.78 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.31 (d, ƒ = 8.0 Hz, 2H, Ar-H), 4.92 (d, 
ƒƒ = 8.2 Hz, 1H, NH), 3.61-3.39 (m, 3H, NHCH, CH2OH), 2.43 (s, 3H, Ts-H3), 2.17-2.09 (m, 2H 
CHCH2),, 1.92 (t, ƒ = 2.6 Hz, 1H, CaCH), 1.73-1.60 (m, 2H, CH2C=CH), 13C NMR (400 MHz, 
CDC13)88 143.51,137.38,129.64,127.03 (Ar), 81.92 (OCH), 69.22 (C=CH), 64.23 (CH2OH), 54.53 
(NHCH),, 30.38 (CHCH2), 21.41 (Ts-CH,), 14.84 (CH2OCH), IR (film) v 3470, 3283,1433,1308, 
1155,, HRMS (FAB) calculated for C13H18N03S (MH+) 268.1007, found 268.1004. 

(i?)-N-[l-(tert-Butyldimethylsilanyloxymethyl)but-3-ynyl]-4-methylbenzenesulfonamide e 
(48).. To a solution of 46 (255 mg, 1.01 mmol) in DMF (1.0 mL), imidazole (172 mg, 2.53 mmol) 
andd tert-butyldimethylsilyl chloride (181 mg, 1.21 mmol) were added. After stirring for 2.5 h 
att 35 °C an aqueous saturated solution of NaHCQ was added and the organic layer was 
extractedd with CH2C12 (3 x 10 mL). The combined organic layers were dried (MgS04) and 
concentrated.. The crude product was purified by flash chromatography (20%-70% ether/PE, 
5%% EtsN) to afford 48 (298 mg, 0.81 mmol, 80%) as a colorless oil. fy = 0.56 (70% ether/PE), [a]D 

== -12.6 (c = 1, CH2C12),
 JH NMR (400 MHz, CDQ) 6 7.76 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.30 (d, ƒ = 

8.00 Hz, 2H, Ar-H), 4.88 (d, ƒ = 8.2 Hz, 1H, NH), 3.66 (dd, ƒ = 3.8, 9.9 Hz, 1H, CH2OH), 3.48-3.44 
(m,, 1H, CH2OH), 3.40-3.37 (m, 1H, NHCH), 2.51-2.44 (m, 1H, CHCH2), 2.43 (s, 3H, Ts-CH,), 
2.35-2.288 (ddd, ƒ = 2.7, 7.9, 16.8 Hz, 1H CHCH2), 1.93 (t, J = 2.6 Hz, 1H, C=CH), 0.84 (s, 9H, 
CH3),, 0.01 (s, 3H, CH3), -0.02 (s, 3H, CH3),

 13C NMR (100 MHz, CDC13) 8 143.39,137.38,129.60, 
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126.966 (Ar), 79.57 (OCH), 70.85 (OCH), 62.67 (CH2OSi), 53.03 (NHCH), 25.65 (CH3), 21.37 

(CH2OCH),, 20.84 (Ts-CH), 18.08 (CMe3), -5.73 (CH3), IR (film) v 3280, 2954, 2928, 2857,1333, 

1163,, HRMS (FAB) calculated for QaHsoNC^Si (MH+) 368.1716, found 368.1706. 

{K)-(N-[l-(fert-Butyldimethylsilanyloxymethyl)pent-4-ynyl]-4-methylbenzenesulfonamide) ) 
(49).. To a solution of 47 (934 mg, 3.50 mmol) in DMF (7.5 mL), imidazole (595 mg, 8.75 mmol) 
andd terf-butyldimethylsilyl chloride (633 mg, 4.20 mmol) were added. After stirring for 2.5 h 
att 35 °C, aqueous saturated NaHC03 was added and the organic layer was extracted with 
CH2C122 (3 x 10 mL). The combined organic layers were dried (MgS04) and concentrated. The 
crudee product was purified by flash chromatography with (20%-70% ether/PE, 5% Et3N) to 
affordd 49 (1.20 g, 3.16 mmol, 90%) as a colorless oil. ee 96.5% (HPLC), R, = 0.50 (70% 
ether/PE),, [a]D = -10.9 (c = 1, CH2C12),

 JH NMR (400 MHz, CDC13) 8 7.76 (dj = 8.3 Hz, 2H, Ar-
H),, 7.29 (d, ƒ = 8.0 Hz, 2H, Ar-H), 4.81 (d, ƒ = 8.2 Hz, 1H, NH), 3.49-3.37 (m, 3H CH2OH, 
NHCH),, 2.42 (s, 3H, Ts-CH3), 2.20-2.15 (m, 1H, CHCH2), 1.91 (t, ƒ = 2.6 Hz, 1H, OCH), 1.72-
1.655 (m, 1H CH2C=CH), 0.84 (s, 9H, CH3), -0.02 (s, 3H, CH3), -0.04 (s, 3H, CH3),

 13C NMR (100 
MHz,, CDC13) 6 143.24, 129.55, 126.95 (Ar), (OCH), 68.80 (OCH), 63.98 (CH2OSi), 53.97 
(NHCH),, 30.99 (CHCH2), 25.67 (feu), 21.36 (Ts-CH3), 18.08 (CMe3), 14.91 (CH2OCH), -5.73 
(CH3),, IR (film) v 3280, 2957, 2927, 2855, 2119, 1327, 1259, HRMS (FAB) calculated for 
C19H32N03Sii  (MH+) 382.1872, found 382.1875. 

(R)-[l-(Toluene-4-sulfonyl)-3,4-dihydro-2H-pyrrol-2-yllmethanoll  (50). Following the general 
proceduree C, to a solution of 46 (44 mg, 0.12 mmol) in THF (3.0 mL) were added K2C03 (83 
mg,, 0.66 mmol) and Pd2(dba)3. After work-up and purification 50 (7 mg, 0.02 mmol, 16%) was 
obtainedd as a colorless oil. R, = 0.47 (70% ether/PE), lH NMR (400 MHz, CDC13) 8 7.60 (dj = 
8.22 Hz, 2H, Ar-H), 6.72 (d, ƒ = 8.0 Hz, 2H, Ar-H), 6.26-6.24 (m, 1H, NCH=CH), 4.54-4.52 (m, 
1H,, CH=CHCH2), 3.63-3.55 (m, 3H, CH2OH, NCH), 1.88-1.83 (m, 2H, CHCH2), 1.83 (s, 3H, Ts-
CH3). . 

(R)-(2-(tert-Butyldimethylsilanyloxymethyl)-l-(toluene-4-sulfonyl)-3,4-dihydro-2H-pyrrole) ) 
(51).. Following the general procedure C, to a solution of 48 (90 mg, 0.25 mmol) in DMF (2.0 
mL)) were added K2C03 (173 mg, 1.25 mmol), PdfPPrv̂ (33 mg, 0.03 mmol). After work-up 
andd purification 51 (24 mg, 0.07 mmol, 28%) was obtained as a colorless oil. Rf = 0.70 (70% 
ether/PE),, [a]D= -39.9 (c = 0.27, CH2C12), 'H NMR (400 MHz, CDC13) 8 7.66 (dj = 8.3 Hz, 2H, 
Ar-H),, 7.30 (d, ƒ = 7.9 Hz, 2H, Ar-H), 6.29-6.27 (m, 1H, NCH=CH), 5.10-5.08 (m, 1H, 
CH=CHCH2),, 3.86 (dd, /= 3,9, 9.7 Hz, 1H, CH2OSi), 3.77-3.72 (m, 1H, NCH), 3.64 (dd, ƒ = 9.7, 
7.99 Hz,lH, CH2OSi), 2.49-2.35 (m, 2H, CH=CHCH2), 2.43 (s, 3H, Ts-CH3), 0.88 (s, 9H, CH3), 0.08 
(s,, 3H, CH3),

 13C NMR (100 MHz, QDJ 8 143.90 (Ar), 131.62 (NCH=CH), 130.28,128.94,128.70, 
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(Ar) ,, 112.20 (CH=CHCH2), 66.60 (CH2OSi), 61.60 (NCH), 34.15 (CH=CHCH2), 26.75 (CBu), 

21.755 (Ts-CH3), 19.11 (CMe3), -4.52 (CH3), IR (film) v 2951, 2929, 2857,1345,1161, HRMS (EI) 

calculatedd for Q ^ S N O j Si 379.1637, found 367.1636. 

(S)-(5-methyl-l-toluene-4-sulfonyI)-pyrrolidin-2-yl]methanoll  (52). Following the general 

proceduree C, to a solution of 47 (37 mg, 0.14 mmol) in THF (2.0 mL) were added K2C03 (96 

mg,, 0.70 mmol) and Pd2(dba)3 (cat. amount). After work-up and purification 52 (29 mg, 0.11 

mmol,, 78%) was obtained as a yellow oil. R, = 0,25 (70% ether/PE), [oc]D= -19.3 (c = 0.9, 

CH2C12),, 'H NMR (400 MHz, CD3OD) 8 7.74 (d, J = 8.3 Hz, 2H, Ar-H), 7.37 (d, ƒ = 8.0 Hz, 2H, 

Ar-H) ,, 5.01 (s, 1H, CH2=C), 4.36 (s, 1H, CH2=C), 4.11-4.08 (m, 1H, NCH), 3.80 (dd, ƒ = 3.9,11.0 

Hz,, 1H, CH2OH), 3.65-3.60 (m, 1H, CH2OH), 2.56-2.50 (m, 1H, CH2=CCH2), 2.49 (s, 3H, Ts-CH3) 

2.16-2.099 (m, 1H, CH2=CCH2), 1.82-1.76 (m, 1H, CH2CH2CH), 1.67-1.60 (m, 1H, CH2CH2CH), 
I3CC NMR (100 MHz, CD3OD) 5 146.94,145.41, (Ar), 137.25 (CH2=C), 130.39,128.35 (Ar), 92.71 

(CH2=C),, 65.92 (NCH), 65.26 (CH2OH), 31.46 CH2=CCH2), 25.55 (CH2CH2CH), 21.26 (CH3), IR 

(film )) v 3560-3250, 2923, 1312, 1163, HRMS (EI) calculated for C13H17N03S 267.0929, found 

267.0930. . 

(R)-(2-tert-ButyldimethylsilanyloxymethyI)-5-methylene-l-(toluenesulfonyl)pyrrolidine e 

(53).. Following the general procedure C, to a solution of 49 (49 mg, 0.13 mmol) in THF (3.0 

mL)) were added K2C03 (91 mg, 0.70 mmol) and Pd(PPh3)4 (cat. amount). After work-up and 

purificationn 53 (37 mg, 0.10 mmol, 74%) was obtained as a colorless oil. R; = 0,64 (70% 

ether/PE),, [a]D= -73.2 (c = 0.25, CH2C12),
 lH NMR (400 MHz, C6D6) 8 7.77 (d, ƒ = 8.2 Hz, 2H, 

Ar-H) ,, 6.73 (d, ƒ = 8.0 Hz, 2H, Ar-H), 5.47 (s, 1H, C=CH2), 4.29 (s, 1H, C=CH2), 4.18-4.14 (m, 

1H,, NCH), 4.00 (dd, ƒ = 3.5,10.1 Hz, 1H, CH2OSi), 3.75-3.71 (m, 1H, CH2OSi), 2.32-2.28 (m, 1H, 

CH2=CCH2),, 1.85 (s, 3H, Ts-CH3), 1.83-1.77 (m, 1H, CH2=CCH2), 1.65-1.61 (m, 1H, CH2CH2CH), 

1.38-1.277 (m, 1H, CH2CH2CH), 0.96 (s, 9H, CH3), 0.10 (s, 3H, CH3), 0.09 (s, 3H. CH3),
 13C NMR 

(1000 MHz, QD6) 8 143.50 (CH=C), 91.08 (CH2=C), 65.60 (CH2OSi), 64.43 (NCH), 30.58 

(CH2=CCH2),, 25.60 (CH3), 24.55 (CH2CH2CH), 20.55 (Ts-CH3), -5.80 (CH3), IR (film) v 2954, 

2928,, 2856, 1352, 1166, HRMS (FAB) calculated for C19H32SN03Si (MH+) 382.1872, found 

382.1878. . 

(S)-2-Benzyliden-5-(terf-butyldimethylsilanyloxymethyl)-l-(toluene-4-sulfonyl)pyrrolidine e 

(55).. Following the general procedure D, to a solution of 49 (35 mg, 0.09 mmol) in THF (2.0 

mL)) were added K2C03 (60 mg, 0.43 mmol), TBAC (cat.), Phi (48 uL, 0.43 mmol) and Pd(PPh3), 

(cat.. amount). After work-up and purification 55 (34 mg, 0.07 mmol, 82%) was obtained as a 

colorlesss oil. R, = 0.70 (70% ether, PE), [a]D= +17.4 (c = 1.5, CH2C12), 'H NMR (400 MHz, C6D6) 

88 7.76 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.28 (s, 1H, PhCH=C), 7.16-7.05 (m, 5H, Ar-H), 6.69 (d, ƒ = 8.0 
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Hz,, 2H, Ar-H), 4.16-4.10 (m, 2H, CH2OSi), 3.79-3.75 (m, 1H, NCH), 2.46-2.38 (m, 1H, 

CH=CCH2),, 1.89-1.78 (m, 1H, CH=CCH2), 1.84 (s, 3H, Ts-CH3), 1.62-1.54 (m, 1H, CH2CH2CH), 

1.45-1.366 (m, 1H, CH2CH2CH), 0.96 (s, 9H, CH3), 0.13 (s, 3H, CH3), 0.12 (s, 3H. CH3),
 13C NMR 

(1000 MHz, C6D6) 8 144-13/142.08,136.38,137.22 (Ar), (PhCH=C), 130.21,129.31,129.25,126.93 

(Ar),, 114.01 (PhCH=C), 67.48 (CH2OSi), 64.27 (NCH), 29.76 (CCH2CH,), 26.78 (C*Bu), 26.47 

(CH=CCH2),, 21.77 (Ts-CH3), 19.12 (T3u3), -4.53 (CH3), -4.56 (CH3), IR (film)v 2954, 2929, 2857, 

1651,1350,1165,, HRMS (FAB) calculated for C25H36SN03Si (MH+) 458.2185, found 458.2191. 

5-Methyl-l-(4-nitrobenzenesulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (63). To a 

solutionn of 37 (37 mg, 0.11 mmol) in CH2C12 (3.0 mL) triethylsilane (90 |xL, 0.56 mmol) was 

added.. At 0 °C trifluoroacetic acid (43 uL, 0.11 mmol) was added to the reaction mixture. It 

wass allowed to reach ambient temperature, stirred for 1 h and concentrated in vacuo. 

Purificationn of the crude product by flash chromatography (20%, 50%, 70% ether/PE) 

affordedd 61 63 (32:1 mixture of cis/trans-isomers (12 mg, 0.04 mmol, 32%) as a yellow oil. R, = 

0,411 (70% ether, PE), (data of both isomers) *H NMR (400 MHz, CDC13) 68.36 (d, ƒ = 8.8 Hz, 

2H,, Ar-H), 8.11 (d, ƒ = 8.9 Hz, 1.3H, Ar-H), 8.07 (d, ƒ = 8.9 Hz, 0.67H, Ar-H), 4.53-4.51 (m, 

0.33H,, MeCHN), 4.21-4.39 (m, 0.67H, MeCHN), 4.09-4.07 (m, 0.33H, NCHCOzMe), 3.98-3.93 

(m,, 0.67H, NCHC02Me), 3.75 (s, 2H, CO.CH,), 3.67 (s, 1H, C02Me), 2.08-2.01 (m, 2H, CHCH2), 

1.99-1.899 (m, 1H, CH2CH2CH), 1.70-1.61 (m, 1H, CH2CH), 1.30 (d, ƒ = 6.4 Hz, 3H, CHCH3). 

5-Oxo-2-(toluene-4-sulfonyl)) hexanoic acid methyl ester  (67). %= 0.17 (70% ether/PE), 'H 

NMRR (400 MHz, CDC13) 8 7.67 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.28 (d, ƒ = 8.2 Hz, 2H, Ar-H), 5.18 (d, 

ƒƒ = 9.1 Hz, 1H, NH), 3.91-3.85 (m, 1H, NHCHC02Me), 3.49 (s, 3H, CO.CH,), 2.73-2.68 (m, 1H 

CH2CH2CO),, 2.66-2.53 (m, 1H CH2CH3CO), 2.41 (s, 3H, Ts-CH3), 2.15 (s, 3H, COCH3) 2.14-2.07 

(m,, 1H, CHCH2CH2), 1.78-1.72 (m, 1H, CHCH2CH2),
 13C NMR (100 MHz, CDC13) 6 207.24 

(COCH3) ,, 171.79 (C02Me), 143.66, 136.23, 129.54, 127.14 (Ar), 54.67 (C02CH3), 52.46 

(NHCHCOzMe),, 38.44 (CH2CH2CO), 29.90 (COCH3), 26.81 (CHCH2CH) 21.39 (Ts-CH3), IR 

(film)) v 2953,1745,1650,1349,1163. 

5-Benzyl-l-(toluene-4-sulfonyl)-pyrrolidine-2-carboxylicc acid methyl ester  (68). To a 

solutionn of 40 (78 mg, 0.23 mmol) in CH2C12 (4.0 mL) triethylsilane (179 p,L, 1.12 mmol) was 

added.. At 0 °C trifluoroacetic acid (86 jiL , 1.12 mmol) was added to the reaction mixture. It 

wass allowed to reach ambient temperature, stirred for 16 h and concentrated in vacuo. 

Purificationn of the crude product by flash chromatography (20%, 50%, 70% ether/PE) 

affordedd 68 (10:1 mixture of frans/cis-isomers, 69 mg, 0.20 mmol, 88 %) as a yellow oil. Data of 

thee major isomer: R, = 0,42 (70% ether/PE), 'H NMR (400 MHz, CDC13) 8 7.78 (d, J = 8.2 Hz, 

2H,, Ar-H), 7.33-7.22 (m, 5H, Ar-H), 7.20-7.18 (m, 2H, Ar-H), 4.28-4.25 (m, 1H, NCHC02Me), 
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3.94-3.877 (m, 1H, NCHCH2Ph), 3.77 (s, 3H, C02CH3), 3.33 (dd, ƒ = 4.0,13.4 Hz, 1H, PhCH2CH), 

2.755 (dd, ƒ = 10.5, 13.4 Hz, 1H, PhCH2CH), 2.42 (s, 3H, Ts-CH3), 2.03-1.90 (m, 1H, 

CH2CHC02Me),, 1.89-1.82 (m, 1H, CH2CHC02Me), 1.74-1.66 (m, 1H, CHCH2CH2), 1.53-1.42 (m, 

1H,, CHCH2CH2),
 13C NMR (100 MHz, CDC13) 8 172.48 (C02Me), 143.67,138.27,135.07,129.65, 

129.54,129.26,128.35,127.48,127.42,126.333 (Ar), 63.07 (PhCH2CHN), 61.84 (NCHC02Me) 52.36 

(C02CH3),, 42.18 (PhCH2CH) 29.46 (CH2CHC02Me), 29.02 (PhCH2CHCH2), 21.41 (Ts-CH,), IR 

(film)) v 3027, 2952, 1754, 1454, 1349, 1161, HRMS (EI) calculated for C ^ ^ C ^ S 373.1348, 

foundd 373.1332. 

Methodd 2: 5-Benzyl-l-(toluene-4-sulfonyl)-pyrrolidine-2-carboxylic acid methyl ester  (68). 

Too a suspension of 10% P d /C (5 mg) in EtOAc (3.0 mL),K2C03 (5 mg) and 40 (28 mg, 0.11 

mmol)) were added. The flask was evaporated with a water aspirator and filled with H2-gas (3 

x).. After stirring for 16 h under a H2-atmosphere, the reaction mixture was filtrated over 

Celite,, the filtrate was concentrated and the residue was purified by flash chromatography 

(20%,, 50%, 70% ether/PE) to afford 68 (19 mg, 0.05 mmol, 50%) as a yellow oil. 

5-BenzyM-(4-nitrobenzenesulfonyl)pyrrolidine-2-carboxylicc acid methyl ester  (69). To a 

solutionn of 45 (34 mg, 0.10 mmol) in CH2C12 (4.0 mL) triethylsilane (78 nL, 0.48 mmol) was 

added.. At 0 °C, trifluoroacetic acid (37 \iL, 0.48 mmol) was added to the reaction mixture. It 

wass allowed to reach ambient temperature, stirred for 24 h and concentrated in vacuo. 

Purificationn by flash chromatography (20%, 50%, 70% ether/PE) afforded 69 (10:1 mixture of 

fnws/ris-isomerss (13 mg, 0.03 mmol, 35 %) as a yellow oil. Data of the major isomer: R, = 0,50 

(70%% ether/PE), *H NMR (400 MHz, CDC13) 8 8.33 (d, ƒ = 8.8 Hz, 2H, Ar-H), 8.06 (d, ƒ = 8.9 Hz, 

2H,, Ar-H), 7.28-7.20 (m, 3H, Ar-H), 7.18-7.14 (m, 2H, Ar-H), 4.42 (t, ƒ = 7.2 Hz, 1H, 

NCHC02Me),, 4.11-4.07 (m, 1H, NCHCH2Ph), 3.77 (s, 3H, C02CH3), 3.20 (dd, ƒ = 4.8,13.4 Hz, 

1H,, PhCH2CH), 2.71 (dd, J = 9.9, 13.4 Hz, 1H, PhCH2CH), 2.10-2.04 (m, 2H, CH2CHC02Me), 

1.77-1755 (m, 1H, PhCH2CHCH2), 1.66-1.62 (m, 1H, PhCH2CHCH2). 

5-Oxo-6-phenyl-2-(toluene-4-sulfonylamino)-hexanoicc acid methyl ester  (70). Rf= 0.18 (70% 

ether/PE),, JH NMR (400 MHz, CDC13) 8 7.67 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.36-7.20 (m, 7H, Ar-

H),, 5.16 (d, ƒ = 9.1 Hz, 1H, NH), 3.91-3.85 (m, 1H, NHCHC02Me), 3.72 (s, 2H, PhCH2CO), 3.46 

(s,, 3H, C02CH3), 2.76-2.69 (m, 1H CH2CH2CO), 2.61-2.55 (m, 1H CH2CH2CO), 2.41 (s, 3H, Ts-

CH3),, 2.08-2.05 (m, 1H, CHCH2CH2), 1.77-1.71 (m, 1H, CHCH2CH2), "C NMR (100 MHz, 

CDC13)) S 206.96 (COCH), 171.69 (C02Me), 143.58,136.11,133.82,129.47,129.32,128.51,127.07, 

126.866 (Ar), 54.55 (C02CH3), 52.38 (NHCHCH2), 49.89 (PhCH2CO), 36.90 (CH.CH2CO), 26.79 

(CHCH2CH2),, 21.39 (Ts-CH3), IR (film) v 3265,1742,1716,1339,1162. 
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5-Allyl-5-methyl-l-(toluene-4-suIfonyl)pyrrolidine-2-carboxyli cc acid methyl ester  (71). To a 

solutionn of 35 (40 mg, 0.14 mmol) in CH2C12 (2.0 mL), allyltrimethylsilane (217 |xL, 1.37 mmol) 

andd trifluoroacetic acid anhydride (96.5 \iL, 0.68 mmol) were added at 0 °C. After stirring for 

155 min at 0 °C, trifluoroacetic acid (53 \iL, 0.68 mmol) was added. After stirring for 3 h at 0 °C, 

thee reaction mixture was concentrated and purified by flash chromatography (20%, 50%, 70% 

ether/PE)) to afford 71 (1.6:1 mixture of isomers, 10 mg, 0.03 mmol, 21%) as a yellow oil. R, = 

0.500 (70% ether/PE), (data of both isomers) 'H NMR (400 MHz, CDC13) 8 7.76 (d, ƒ = 8.3 Hz, 

2H,, Ar-H), 7.26 (d, J = 7.0. Hz, 2H, Ar-H), 5.87-5.83 (m, 1H, CH=CH2), 5.14-4.99 (m, 2H, 

CH=CH2),, 4.41-4.39 (m, 1H, NHCH), 3.57 (s, 3H, C02Me), 2.47 (d, J = 8.9 Hz, 2H, 

CH2=CHCH2),, 2.41 (s, 3H, Ts-CH3), 2.18-2.11 (m, 2H, CHCH2), 1.96-1.85 (m, 2H, CCH2CH2), 

1.399 (s, 3H, CH3),
 13C NMR (100 MHz, CDC13) 5 172.71 (COzMe), 145.56, 143.05 (Ar), 134.57 

(CH=CH2),, 129.20, 127.76 (Ar), 117.93 (CH=CH2), 69.50 ( N C C ^) 61.87 (C02CH3), 51.96 

(NCHCH2),, 45.80 (CH^CHCH,), 37.55 (CCH2CH2), 27.54 (CH2CH), 24.74 (CH3), 21.36 (Ts-CH3), 

IRR (film) v 2951, 1753, 1344, 1156, HRMS (FAB) calculated for C17H24NO,S (MH+) 338.1426, 

foundd 338.1428. 
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CHAPTERR 5 

PALLADIUM-CATALYZE DD CYCLIZATION REACTIONS OF ENANTIOPURE 

2-AMINO-4,5-HEXADIENOICC ACID DERIVATIVES1 

5.11 Introductio n 

Inn Chapter 4, Pd-catalyzed coupling/cyclization reactions of acetylene-containing 

aminoo acids were described. This resulted predominantly in the synthesis of five-membered 

rings.. Inspired by simultaneous research in our group on Pd-catalyzed cyclization reactions of 

allene-substitutedd lactams and because of the structural similarity between allenes and 

acetylenes,, we set out to investigate the possibility of cyclizing allene-containing amino acids 

too the corresponding four- or six-membered rings, respectively. 

Despitee the fact that allenes have attracted increasing attention of organic chemists in 

recentt years as electrophiles in metal-catalyzed cyclization reactions,2,3 in very few of such 

conversionss amino acids were applied. In fact, the only amino acid example was published in 

19933 by the group of Gallagher and is shown in Scheme 5.1." They developed useful 

conditionss for the cyclization of the bishomoallenylglycine derivative 1 using Pd(PPh3)4 (10 

mol%),, iodobenzene (5 equiv) and K2C03 (5 equiv) in DMF at 70 °C to obtain the pyrrolidine 4 

inn good yield as a 1:1 mixture of diastereoisomers. 

Schemee 5.1 

,—.. Pd(PPh3)4 

11 V PhI,K2C03 

HOaCT^Ij lhrH^^ -
Tss DMF, 70 °C 
1 1 

Et02CC NH 

EtO. . 

Tss Ph 

44 (84%, 1:1) 

Thee mechanism presumably involves initial reaction of the in situ generated 

phenylpalladium(II)) species with the allene to give the Tt-allylpalladium complex 2.5 

Intramolecularr nucleophilic attack of the nitrogen, followed by release of Pd(0) then leads to 

thee corresponding five-membered ring. Alternatively, it cannot be ruled out that a different, 
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Wacker-type,, mechanism3'4-5 is operating where the electrophilic phenylpalladium(II) species 

activatess the internal double bond of the allene, which is then followed by nucleophilic attack 

off  the nitrogen to give the vinyl-substituted Pd-complex 3. This intermediate can then 

undergoo reductive elimination to the product with concomitant regeneration of Pd(0). 

Duringg the course of our work, several other cyclization reactions of allenes using 

nitrogenn nucleophiles were published, which wil l be briefly summarized. Ibuka and 

coworkers66 demonstrated that subjection of sulfonamide 5 - having a single carbon atom 

tetherr between the nitrogen nucleophile and the allene - to the Gallagher conditions resulted 

dependingg on the solvent in selective three- or five-membered ring formation (eq 5.1). In 

DMF,, the pyrroline 6 was formed, whereas by changing to 1,4-dioxane aziridine 7 was formed 

exclusivelyy in 80% yield (cis/ trans 82:18). 

M ee PdfPPhg), l=( /^V^^Me 

„> HH I ~>^N XMe \ T H 

MUTT H K41W T Mts Mts (5.D 
55 6 7 

Mtss = 2,4,6-trimethylbenzenesulfonyl DMF 50% 0% 
1,4-dioxanee 0% 80% 

Cyclizationn reactions where the amine and the allene are separated by a two-carbon 

tetherr appeared more difficult . This was illustrated by the reluctance of 8 to cyclize under 

acidicc conditions, leading instead to the conjugated diene9 (eq 5.2). Inversely, five- and six-

memberedd rings were obtained in good yields using allenes that were separated with a three 

orr four carbon tether7. 

55 mol% [Ti3-C3H5)PdCl]2 

100 mol% dppf 
— ^ ^ N H T ss .- ^ - ^ ^ N H T s (5 2) 

88 50 mol% AcOH 9 

THF,, 70 °C, 5 h 

Veryy recently, the first example of the formation of four- and six-membered azacycles 

startingg from a P-amino allene appeared in the literature5. In this case, instead of using phenyl 

iodide,, a hypervalent iodonium salt was used as the phenyl source. The yield and the 

regioselectivityy were moderate in this example (eq 5.3). 
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= . = < ^ ^ 

8 8 

^NHTs s 

Pd(PPn3)4 4 

Ph2I
+BF4" " 

MeCN,60°C C 

Ph h 

V N N 

100 (36%) 

Ph h 

111 (18%) 

(5.3) ) 

Afterr our work was published, yet another example was published by the Ibuka 

group.88 Cyclization of the sulfonated P-amino allene 12 using again the Gallagher conditions 

inn DMF gave the corresponding as-substituted azetidine 13 in excellent selectivity and yield 

(eqq 5.4). In case 1,4-dioxane was used as the solvent, the irans-isomer was also formed to some 

extent. . 

SS m™3k™ \ A v P ^ (5.4) 
// M V 

HH K 2C03 , DM F | 
Mtss 70 °C 2 h 

122 13 (98%) 

Inn all of these examples, the heteronucleophile attacks one of the sp2-carbon atoms of 

thee allene. Interestingly, unprecedented alternative behavior was reported by our group, 

wheree five- rather than four- or six-membered rings were formed. This is illustrated in eq 5.5 

withh a representative example, where the lactam nitrogen atom (viz. 14) - note that there is 

againn a two-carbon tether between the allene and the nitrogen atom - reacted at the sp-carbon 

atomm of the allene to form the five-membered ring enamide 15.910 

//// (5.5) 
Pd(PPh3)44 Phi 

Ill  K2C03,Bu4NCl Y 
MeCN,, 3 h, reflux 

144 15 (64%) 

Thiss chapter describes our efforts to obtain four- and six-membered ring heterocyles 

(cf.(cf. 16 and 17) using the Gallagher conditions from linear p-amino allene derivatives 18, where 

thee allene and the amine are separated by a two-carbon tether (eq 5.6). The unsubstituted (R = 

H)) and the substituted (R = C02Me) P-amino allenes are compared, both containing different 

protectingg groups to tune the reactivity of the nitrogen atom. 
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R1--

N '' and/or 

JJ  Y'*R (56) 
P P 

166 17 
R11 = aryl, alkenyl R = H, C02Me 

PP = protecting group 

5.22 Preparation of the cyclization precursors 

Thee unsubstituted (J-amino allene 22 was obtained via a literature procedure. Starting 

fromm 3-butyn-l-ol (19) a Crabbé reaction was carried out to obtain 3,4-pentadien-l-ol (20) in 

modestt yield" (eq 5.7). 

19 9 

NH'Pr2 2 

(CH20)n n 

Cul,, dioxane 

reflux x 

(5.7) ) 

Thee alcohol 20 was converted into the amine via tosylation of the alcohol with p-

toluenesulfonyll  chloride, followed by treatment with sodium azide and reduction with 

LiAlH 4
122 (Scheme 5.2). The amine 22 was then protected using p-toluenesulfonyl chloride to 

givee the sulfonamide 8 in 29% calculated over three steps. The somewhat moderate yield of 8 

iss probably due to the volatility of the amine 22. 

Schemee 5.2 

b,c c 
4 ? ^ ^^  NH2 •^^^^IJJH 

222 8(29%) T s 

ReagentsReagents and conditions: (a) p-toluenesulfonyl chloride (1.1 equiv), pyridine (5.0 equiv), CH2C ,̂ rt, 16 h 
(b)) NaN3 (10 equiv), DMF, H20, 50 °C, 2 h (c) LiALH 4 (3 equiv), ether, reflux, 4 h (d) p-toluenesulfonyl 
chloridee (1.3 equiv), pyridine, rt, 19 h 

Thee corresponding p-nitrophenylsulfonyl (Ns)-protected amine (23) was obtained via a 

so-calledd Fukuyama-Mitsunobu reaction.13 Thus, 3,4-pentadien-l-ol (20) was reacted with 4-

nitrophenylsulfonamidee (1 equiv), triphenylphoshine (1 equiv) and diethyl azodicarboxylate 

(11 equiv) in toluene to give 23 in a moderate yield (28%, eq 5.8). 
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0 2N-^Q^-S-NH 2 2 

ÔHH ^ _ _ ^ ^ ^ I j l H (5.8) 

200 PPh3,DEAD 23(28%)Ns 

toluene,, rt, 5.5 h 

Too obtain the amino acid-derived cyclization precursors, the enantiopure (R)-amino 

acidd 24 (Chapters 2 and 3) was protected as the corresponding methyl ester with different 

functionall  groups at the nitrogen atom. The conditions are summarized in Scheme 5.3. The 

aminoo acid was either first esterified (SOCl2, MeOH) followed by functionalization of the 

nitrogenn atom (viz. 25-27) using standard methods or via acetylation of the nitrogen followed 

byy esterification (28). 

Schemee 5.3 

III II 
1)) Ac20, pyridine J 1) SOCl2, MeOH 

rt,, 16 h f reflux, 5 h 

HI^C0 2M ee 2)SOCl2,MeOH H2N^C02H 2) a b o r c 

Ac c reflux,, 4 h 
288 (44%) 24 

; ; 
H N ^ ^ 

P P 
255 P 
266 P 
277 P 

C02Me e 

== Ts (48%) 
== Bn (65%) 
== CQ2Me (43%) 

ReagentsReagents and conditions: 24—>25 (a) p-toluenesulfonyl chloride (1.5 equiv), pyridine, rt, 16 h 24—>26 (b) i) 
benzaldehydee (1.0 equiv), Et3N (1.1 equiv), 4 A molecular sieves, CH2C12, rt, 19 h ii) NaBH4 (1.0 equiv), 
MeOH,, 0 °C, 30 min, then quench with HC124->27 (c) C1C02CH3 (1.5 equiv), Et3N (2.5 equiv), CH2C12,0 
°C,2h h 

5.33 Coupling/cyclization reactions with Pd(0) 

Thee cyclization results of the unsubstituted amino allenes 8 and 23 are shown in Table 

5.1.. Application of the Gallagher conditions (10 mol% Pd(PPh3)4, 5 equiv RX, 5 equiv K2C03, 

DMF,, 80 °C) onto allene 8 (entry 1) led in 30 min to complete conversion affording a 67:33 

ratioo of the four- and six-membered rings 33a and 33b, respectively, which is in line with the 

resultt of Kang et al.' Upon prolonged reaction times, this ratio changed in favor of the six-

memberedd ring (entry 2). Use of the pyridine-derived iodide 2914 gave a similar result, with 

thee six-membered ring being the major isomer (entry 3). When 2-bromopropene (30) was used 

completee selectivity was obtained with respect to the formation of the six-membered ring 
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althoughh in a moderate yield (entry 4). In contrast, reactions with the vinyl triflates 3115 and 

32166 led to pleasing results. The azetidine 36a was formed selectively by using triflate 31 (entry 

5),, while reaction with triflate 32 gave a selectivity of 95:5 in favor of the four-membered ring 

37aa (entry 6). On the other hand, subjection of amino allene 23 - protected with the more 

easilyy removable Ns-group - to these reaction conditions provided the tetrahydropyridine 38 

selectivelyy in 55% yield (entry 7). 

Tablee 5.1 

V V H H 

88 ( P = Ts) 
233 ( P = Ns) 

Pd(PPh3)4 4 

K2C03,, RX X 
-̂-

DMF,, 80 °C 
K>> . nt) 

entry y allene e RX X time e ratioo (a:b)a product (yield)" 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

8 8 

8 8 

8 8 

8 8 

8 8 

23 3 

Phi i 

Phi i 

,, Xs 
^ V T f f 

An 32 2 
n-BiTT TOTf 

Phi i 

0.55 h 

400 h 

4h h 

2h h 

100 min 

155 min 

4h h 

67 :33 3 

10:90 0 

25 :75 5 

0:100 0 

100:0 0 

9 5 :5 5 

0:100 0 

333 (67%) 

333 (34%) 

344 (55%) 

355 (24%) 

366 (34%) 

377 (41%) 

388 (55%) 

'Determinedd by analysis of the 'H NMR data of the crude mixture. bCombined isolated yield after 
columnn chromatography. 

Too study the influence of the ester substituent, the enantiopure amino acid derivatives 

(25-28)) were subjected to identical cyclization conditions (Table 5.2). Initially , 25 was treated 

wit hh the Gallagher conditions (entry 1). These conditions resulted selectively in the pipecolic 

acidd derivative 39b in 78% yield. Closer examination of the conditions revealed that with 

shorterr reaction times a considerable amount of the four-membered ring 39a was formed as a 

singlee ris-isomer. The best example is shown in entry 3: the reaction was finished in 10 min, 

wit hh 39a being the major product. Surprisingly, the reaction also proceeded at room 

temperature,, but did not show any selectivity (entry 2). 

Too improve the ratio in favor of the four-membered ring, different parameters 

(temperature,, solvent and reaction time) were varied, resulting in a maximum selectivity of 

120 0 



CyclizationsCyclizations of allenes 

88:122 (THF, 60 °C, entry 4) albeit the yield was moderate (45%). Interesting results were 

obtainedd by using vinyl triflates 31 and 32 (entries 5 and 6). This led to fast reactions (finished 

inn 10 to 15 min) and excellent yields of the four-membered amino acids 40a and 41a with only 

aa small degree of formation of the six-membered rings. 

Tablee 5.2 

J J 
HIJTT X0 2 Me 

p p 

Pd(PPh3)4 4 

K2C03,, RX 

solventt T 

J. J. n n 
P'' '"C02Me 

IjJJ 'C02Me 

P P 

255 (P = Ts) 27 (P = C02Me) 
266 (P = Bn) 28 (P = Ac) 

entryy allene RX X solventt T(°C) time ratio (a:b)a product (yield)b 

1 1 

2 2 

3 3 

4 4 

5 5 

6 6 

7 7 

8 8 

9 9 

25 5 

25 5 

25 5 

25 5 

25 5 

25 5 

26 6 

27 7 

28 8 

Phi i 

Phi i 

Phi i 

Phi i 

31 1 

32 2 

Phi i 

Phi i 

Phi i 

DMF F 

DMF F 

DMF F 

THF F 

DMF F 

DMF F 

DMF F 

DMF F 

DMF F 

80 0 

rt t 

80 0 

60 0 

80 0 

80 0 

70 0 

80 0 

80 0 

4h h 

4h h 

100 min 

1.55 h 

155 min 

100 min 

3h h 

166 h 

2h h 

0:100 0 

50:50 0 

70:30 0 

88:12 2 

88:12 2 

95:5 5 

0:100 0 

42:58 8 

67:33 3 

399 (78%) 

399 (80%) 

399 (84%) 

399 (45%) 

400 (96%) 

411 (77%) 

422 (76%) 

433 (33%) 

444 (12%) 

"Determinedd by analysis of the 'H NMR data of the crude mixture. bCombined isolated yield of a and b 
afterr column chromatography. In all entries, both products were obtained without loss of enantiopurity 
accordingg to chiral HPLC (Chiralcel OD). 

Thee benzylated precursor 26 led in a clean reaction to the unsaturated pipecolic ester 42. This 

resultt is in accordance with previous reports on cyclizations of amines onto Tt-allylpalladium 

intermediates,, where complete conversion into the thermodynamic product was 

encountered.177 Introduction of a methyl carbamate (entry 8) or an amide function (entry 9) did 

nott lead to satisfactory results. Especially the low yields did not encourage further 

investigationss into optimization of the product ratio. In all entries both products were 

obtainedd without loss of enantiopurity. 
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Interestingly,, the carbamate-functionalized azetidine ester 43a was the only product 

thatt gave crystals that could be subjected to a crystal structure determination. Thus, the 

structuree and absolute orientation of the substituents in the azetidine were unambiguously 

established.. Note that this compound has the (2S, 4R) configuration, which is a result of using 

(S)-244 as the starting material. 

43aa Figure 5.1 Crystal structure of 43a 

5.44 Mechanistic discussion 

A nn explanation for the aforementioned results can be provided by considering the 

differentt pathways that play a role. Initially , reaction of the allene with the in situ formed 

organopalladium(II)) species wil l give rise to the more stable syn-Tt-allylpalladium complex 45, 

whichh via K-G-K isomerization can be converted into the more hindered anti-isomer.5 The syn-

isomerr can only cyclize in a 4-exo-fn'g-fashion to give the kinetic product 46. The four-

memberedd ring, however, can undergo ring-opening under the influence of Pd(PPh3)4 to 

regeneratee the 7t-allylpalladium complex, which eventually via the equilibrium with the anti-

complexcomplex can isomerize to the thermodynamically more stable six-membered ring 47.19 The 

four-- to six-membered ring isomerization was independently proven in a separate experiment 

viaa subjection of 39a to the cyclization conditions, resulting in complete conversion into the 

tetrahydropyridinee 39b. Although the mechanism of the cyclization itself has not been proven 

-- the earlier mentioned mechanism (Scheme 5.1) could also operate - it is highly probable that 

thee isomerization mechanism proceeds via the 7C-allylpalladium complex. 

Followingg this mechanistic hypothesis, the different results can be rationalized. With 

shortt reaction times, the kinetic product (the azetidine) is favored, since there is relatively 

littl ee time for isomerization. The rate of the isomerization, in turn, wil l also depend on the 

substiuentss P and R. Probably, for R = alkenyl, the intermediate Ji-allylpalladium complex is 

somewhatt less stable and therefore more difficul t to form, so that isomerization does not 

rapidlyy occur and a relatively large amount of the four-membered ring is formed. On the 

otherr hand, improving the leaving group ability of the nitrogen (by going from Ts to Ns, for 

example)) enhances the formation of the jc-allylpalladium complex leading to a rapid 
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isomerizationn so that the four-membered ring is no longer observed. It is also clear from the 

resultss that the yield of the Pd-catalyzed cyclizations is enhanced by the ester substituent. This 

couldd well be a result of the 'Thorpe-Ingold effect*0 which predicts that ring-closing processes 

aree enhanced by a growing number of substituents on the linear chain. 

Schemee 5.4 

RXX + PdL4 

RPdXL22 + 
JJ  , 2co3 3 

HN^^C02Me e 
P P 

HIjJJ 'COzMe 
P P 

anti-45 anti-45 

-Pd(0) ) 

Pd(0)) p 
R R 

4-exo-trig 4-exo-trig 46 6 

-Pd(0) ) X): X): 
yy 'C02Me 

6-endo-trig6-endo-trig P 47 

5.55 Cyclic nucleophiles 

Byy changing different reaction parameters either four- or six-membered ring formation 

iss observed resulting from attack of the nitrogen onto one of the sp2-allene carbon atoms. Most 

remarkably,, a slight substrate modification - ester reduction followed by oxazolidinone 

formationn - resulted in attack of the nitrogen on the central sp-allene carbon atom under 

similarr reaction conditions, providing the corresponding five-membered ring 51 (Scheme 

5.5).21 1 

Thus,, a linear allenic carbamate (viz. 27) led to the formation of four- and six-

memberedd ring products, whereas a cyclic carbamate led to the five-membered ring product. 

Thee supposed mechanism for the five-membered ring formation is shown in Scheme S.5.22 The 

initiall  step must be electrophilic activation of one of the two allene double bonds, followed by 

nucleophilicc attack of the carbamate type nitrogen onto the activated double bond. This 

resultss in the allyli c Pd2+-species 50, which actually might be in equilibrium with the 

correspondingg 7t-allylpalladium complex. Reductive elimination of Pd(0) from 50 then leads to 

thee 5-membered ring product. That means that in this case, the order of events is different. 

Whilee in the acyclic substrates immediate reaction of the organopalladium(II)-species with the 
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allenee takes place, in the cyclic structures nucleophilic attack of the carbamate NH onto the 

centrall  carbon of the allene is a faster process. 

Schemee 5.5 

1)) LiAlH 4 

* * 
2)) C1COC1 

Pd(PPh3)4,, Phi 
K 2C03,, TBAC 

-̂-
MeCN,, 80 °C 

Phi i 
Pd(0) ) 

LXPhPd— — fl^-Y fl^-Y 
49 9 

-HX X 

I I 
N N 

Phh  }-o 
O O 
511 (60%) 

-Pd(0) ) 

f f 
H H 

50 0 

Thiss difference might on the one hand be attributed to the conformational differences 

betweenn the cyclic and the acyclic nucleophiles. On the other hand, a somewhat speculative 

reasonn could be that the cyclic carbamate, with the NH-CO-bond in the thermodynamically 

lesss favored s-cis configuration, is more prone to give nucleophilic attack than the more stable 

acyclicc NH. Furthermore, neither variation of the N-substituents on the linear substrates 

(sulfonyl,, acetate, benzyl), nor going from a cyclic carbamate to a lactam could change this 

behavior.. This shows that the influence of the protecting group is apparently of less 

importancee than the orientation of the nucleophile with respect to the allene. 

5.6 6 Conclusions s 

Inn this chapter, it was shown that Pd-catalyzed coupling/cyclization reactions of p-

aminoo allenes - the amine function separated from the allene by a two-carbon tether - can 

selectivelyy lead to four- or six-membered nitrogen heterocycles without loss of enantiopurity 

andd in high yields. In particular, vinyl triflates show a promising selectivity in the cyclization 

processess leading to the four-membered rings. In addition, it was shown that via conversion 

intoo the conformationally restricted oxazolidinone analogues, the corresponding five-

memberedd rings were also accessible starting from the same amino acid. 
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5.88 Experimental section 

Forr general experimental details, see: Section 2.6. 

2V-(4-Toluenesulfonyl)-3,4-pentadienylaminee (8). To a solution of alcohol 20 (1.20 g, 14.3 
mmol)) in CH2C12 (20 mL), pyridine (6.00 mL, 71.5 mmol) and p-toluenesulfonyl chloride (2.99 
g,, 15.7 mmol) were added. The reaction mixture was stirred for 19 h at ambient temperature. 
Thee reaction mixture was concentrated in vacuo. An aqueous solution of saturated CuS04 was 
added.. The mixture was extracted with ether (3 x 20 mL). The combined organic layers were 
washedd with H20, dried (MgS04) and concentrated. Unpurified 21 (2.60 g, 10.9 mmol, 76%) 
wass obtained as a colorless oil. R, = 0.86 (70% ether/PE), TH NMR (400 MHz, CDC13) 5 7.78 (d, 
ƒƒ = 8.3 Hz, 2H, Ar-H), 7.33 (d, ƒ = 8.0 Hz, 2H, Ar-H), 4.99 (quin, ƒ = 6.7 Hz, 1H, CH2CH=C), 
4.67-4.644 (m, 2H, C=CH2), 4.07 (t, ƒ = 6.7 Hz, 2H, OCH2CH2), 2.43 (s, 3H, Ts-CH3), 2.36-2.30 (m, 
2H,, CH2CH=C). To a solution of crude 21 (0.50 g, 2.10 mmol) in DMF (10.0 mL) a solution of 
sodiumm azide (1.37 g, 21.0 mmol) in H20 (6 mL) was added. The reaction mixture was stirred 
att 50 °C for 2 h. Water was added (10 mL) and the reaction mixture was extracted with ether 
(33 x 15 mL). The combined organic layers were dried (MgS04) and concentrated. The crude 
productt was slowly added to a solution of LiAlH 4 (0.24 g, 6.30 mmol) in ether (15 mL). After 
refluxingg for 4 h, the reaction mixture was cooled to 0 °C and treated drop wise with water (10 
mL).. The reaction mixture was extracted with ether (2 xl5 mL) and the combined organic 
layerss were extracted with H20 (10 mL). The ether was carefully removed via distillation. The 
crudee product (22) was dissolved in pyridine (10 mL) and p-toluenesulfonyl chloride (511 mg, 
2.899 mmol) was added. After stirring for 19 h at ambient temperature, the reaction mixture 
wass concentrated in vacuo. An aqueous solution of saturated CuS04 was added and extracted 
withh ether (3 x 20 mL). The combined organic layers were washed with H20, dried (MgS04) 
andd concentrated. After purification of the crude product by flash chromatography (50%, 70% 
ether/PE),, 8 (136 mg, 0.61 mmol, 29 %) was obtained as a yellow oil. R,= 0.33 (70% ether/PE), 
'HH NMR (400 MHz, CDC13) 5 7.73 (d, J = 8.3 Hz, 2H, Ar-H), 7.28 (d, ƒ = 8.2 Hz, 2H, Ar-H), 4.97 
(t,, J = 6.7 Hz, 1H, NH), 4.85-4.83 (m, 1H, CH2CH=C), 4.68-4.65 (m, 2H, C=CH2), 3.02 (q, ƒ = 6.6 
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Hz,, 2H, NHCH3CH2), 2.42 (s, 3H, Ts-CH3), 2.16-2.10 (m, 2H, CH2CH=C), 13C NMR (100 MHz, 

CDCI3)) 5 209.50 (CH=C=CH2), 143.24, 136.92, 129.46, 126.97 (Ar), 86.32 (CH=C=CH2), 75.77 

(CH=C=CH2),, 42.18 (NHCH2) 28.11 (CH2CH=), 21.36 (CH3), IR (film) v 3276, 2962, 2924,1955, 

1598,1325,1158,10944 cm1, HRMS (EI) calculated for C12H15N04S 237.0824, found 237.0820. 

N-(4-Nitrobenzenesulfonyl)3,4-penatdienylaminee (23). To a solution of 20 (50.0 mg, 0.59 

mmol)) in toluene (4.0 mL) triphenylphosphine (158 mg, 0.59 mmol), diethyl azodicarboxylate 

(94.00 uL, 0.59 mmol) and 4-nitrobenzenesulfonamide (120 mg, 0.59 mmol) were added. After 

stirringg for 5.5 h at ambient temperature an aqueous saturated solution of NH4C1 was added 

(100 mL). The reaction mixture was extracted with ether (3 x 10 mL), dried (MgSOJ and 

concentrated.. After purification of the crude product by flash chromatography (20%, 50%, 

70%% ether/PE) 23 (45 mg, 0.17 mmol, 28%) was obtained as a colorless oil. R, = 0.84 (100% 

ether),, 'H NMR (400 MHz, CDCLJ 8 8.35 (d, ƒ = 8.9 Hz, 2H, Ar-H), 8.05 (d, J = 8.9 Hz, 2H, Ar-

H),, 5.06-5.02 (m, 1H, NH), 4.98 (quin, ƒ = 6.6 Hz, 1H, CH2CH=C), 4.71-4.67 (m, 2H, C=CH2), 

3.022 (q, ƒ = 6.5 Hz, 2H, NHCH2CH2), 2.20-2.14 (m, 2H, CH2CH=C). 

(R)-2-(Toluene-4-sulfonylamino)-hexa-4,5-dienoicc acid methyl ester  (25). To a solution of 24 

(1000 mg, 0.79 mmol) in MeOH (2.0 mL) thionyl chloride (112 p.L, 1.57 mmol) was added. After 

refluxingg at 70 °C for 5 h the reaction mixture was concentrated in vacuo. The crude methyl 

esterr 24b was dissolved in pyridine (2.0 mL) treated with p-toluenesulfonyl chloride (225 mg, 

1.188 mmol) and stirred for 16 h at ambient temperature. The pyridine was evaporated and 

aqueouss saturated CuS04 (10 mL) was added. The reaction mixture was extracted with CH2C12 

(33 x 10 mL) and the combined organic layers were washed with aqueous saturated sodium 

bicarbonatee (10 mL), followed by brine (10 mL), dried (MgS04) and concentrated. After 

purificationn of the crude product by flash chromatography (70 % ether/PE) 25 (112 mg, 0.80 

mmol,, 48%) was obtained as an amorphous solid. R, = 0.51 (70% ether, PE), [a]D= - 30 (c =1, 

CH2C12),,
 lH NMR (400 MHz, CDC13) 8 7.72 (d, ƒ = 8.3 Hz, 2H, Ar-H), 7.29 (d, / = 8.2 Hz, 2H, 

Ar-H) ,, 5.21-5.10 (m, 1H, NH), 5.00-4.85 (m, 1H, CH2CH=C), 4.70-4.66 (m, 2H, C=CH2), 4.06-

4.033 (m, 1H, NHCHC02Me), 3.55 (s, 3H, C02CH3), 2.44-2.42 (m, 2H, CHCH2CH), 2.42 (s, 3H, 

Ts-CH3),,
 13C NMR (100 MHz, CDC13) 8 209.61 (CH=C=CH2), 171.07 (C02CH3),143.55,136.73, 

129.51,, 127.11 (Ar), 83.61 (CH=C=CH2), 75.35 (CH=C=CH2), 55.29 (COzCH3), 52.35 (CHCH2), 

32.488 (CHCH2), 21.39 (CH3), IR (film) v 1955, 1733, 1339,1161 an"1, HRMS (EI) calculated for 

C14H17N04SS 295.09, found 295. 

(R)-2-Benzylaminohexa-4,5-dienoicc acid methyl ester  (26). To a solution of the crude methyl 

esterr 24b (97.0 mg, 0.55 mmol) in CH2C12 (3.0 mL) triethylamine (84.0 [iL , 0.61 mmol), 

benzaldehydee (56.0 \iL, 0.55 mmol) and 4A molecular sieves (200 mg) were added. After 
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stirringg for 19 h at ambient temperature the reaction mixture was diluted with ether (5.0 mL), 

filtratedd over Celite and concentrated. The crude residu was then dissolved in MeOH (3.0 

mL),, cooled to 0 °C and NaBH4 (21.0 mg, 0.55 mmol) was added. After stirring for 30 min at 0 

°CC the reaction mixture was poured into 1M HC1 (10 mL) and extracted with ether (3 x 10 

mL).. The pH was raised to 10 and the reaction mixture was extracted again with ether (3 x 10 

mL),, dried (MgS04), and concentrated. Without further purification 26 (82.0 mg, 0.35 mol, 

65%)) was obtained. lH NMR (400 MHz, CDC13) 8 7.35-7.23 (m, 5H, Ar-H), 5.08 (quin, ƒ = 7.0 

Hzz 1H, CH2CH=C), 4.70-4.66 (m, 2H, C=CH2), 3.83 (d, ƒ = 13.0 Hz, 1H, CH2Ph), 3.72 (s, 3H, 

C02CH3),, 3.68 (d, ƒ = 13.0 Hz, 1H, C^Ph), 3.39 (t, ƒ = 6.3 Hz, 1H, NHCHC02Me), 2.43-2.36 (m, 

2H,, CHCH2CH), l3C NMR (100 MHz, CDC13) 8 209.20 (CH=C=CH2), 174.72 (C02CH3), 139.58, 

128.27,, 128.13, 126.97 (Ar), 85.39 (CH=C=CH2), 74.93 (CH=C=CH2), 60.20 (C02CH3), 51.85 

(CH2Ph),, 51.63 (CHCH2), 32.31 (CHCH2), IR (film)v 3028,2952,2842,1956,1729,1197 cm'1. 

(R)-2-(Methoxycarbonylamino)hexa-4,5-dienoicc acid methyl ester  (27). To a solution of 

methyll  ester 24b (96.0 mg, 0.55 mmol) in CH2C12 (2.0 mL), ClC02Me (64.0 uL, 0.83 mmol) and 

Et3NN (200 M-L, 1.37 mmol) were added at 0 °C. After stirring for 2 h at 0 °C, the reaction 

mixturee was poured into an aqueous saturated solution of NH4C1 (10 mL) and extracted with 

CH2C122 (3 x 10 mL). The combined organic layers were dried (MgSOJ and concentrated. After 

purificationn of the crude product by flash chromatography (70 % ether/PE), 27 (47.0 mg, 0.24 

mmol,, 43%) was obtained as a colorless oil. 'H NMR (400 MHz, CDC13) 6 5.32-5.20 (m, 1H, 

NH),, 4.97 (quin, ƒ = 7.0 Hz, 1H, CH2CH=C), 4.71-4.68 (m, 2H, C=CH2), 4.45-4.42 (m, 1H, 

NHCHC02Me),, 3.73 (s, 3H, CO.CH,), 367 (s, 3H, C02CH3), 2.53-2.43 (m, 2H, CHCH2CH), IR 

(film)) v 3323,3001,2951,1956,1746,1699,1538,1218,1066 cm1. 

(JR)-2-Acetylamino-hexa-4,5-dienoicc acid methyl ester  (28). To a solution of 24 (100 mg, 0.61 

mmol)) in CH2C12 (2.0 mL), acetic anhydride (116 uL, 1.22 mmol) and pyridine (195 uL, 2.44 

mmol)) were added. After stirring for 16 h at ambient temperature the solvent was evaporated. 

Thee crude product was dissolved in MeOH (2.0 mL) and thionyl chloride (174 \iL, 2.44 mmol) 

wass added. After refluxing for 4 h, the mixture was concentrated and purified by flash 

chromatographyy (70 %, 100% ether/PE) to afford 28 (44.0 mg, 0.24 mmol, 44%) as a yellow 

amorphouss solid. 'H NMR (400 MHz, CDC13) 8 6.10-6.00 (bs, 1H, NH), 5.98 (quin, ƒ = 6.9 Hz 

1H,, CH2CH=C), 4.72-4.69 (m, 3H, C=CH2, NHCHC02Me), 3.75 (s, 3H, C02CH,), 2.61-2.52 (m, 

1H,, CHCH2), 2.50-2.40 (m, 1H, CHCH2), 2.02 (s, 3H, COCH3). 

Generall  cyclization procedure A: 

Too a solution of the P-amino allene, RX (5 equiv) and K 2C03 (5 equiv) in DMF (0.1 M), 

Pd(PPh3)44 (10 mol%) was added under an inert atmosphere. The reaction was carried out 
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underr the indicated conditions and quenched with saturated aqueous NH4C1. The mixture 

wass extracted with ether (3 x), dried with MgS04 and concentrated. The residue was purified 

wit hh column chromatography to afford the pure products. 

2-(l-Phenylvinyl)-l-(toluene-4-sulfonyl)azetidinee (33a). Following the general procedure A, 

88 (45.0 mg, 0.20 mmol) in DMF (2.0 mL) was reacted with K 2C03 (139 mg, 1.01 mmol), 

iodobenzenee (113 |iL, 1.01 mmol) and Pd(PPh3)4 (23.0 mg, 0.02 mmol) to give after flash 

columnn chromatography (50%, 70% ether/PE), a 2:1 mixture of 33a and 33b (42 mg, 0.14 

mmol,, 67%) as a colorless oil. 33a R, = 0.6 (70% ether/PE), 'H NMR (400 MHz, CDCL) 8 7.76 

(d,, ƒ = 8.2 Hz, 2H, Ar-H), 7.36 (d, ƒ = 8.0 Hz, 2H, Ar-H), 7.33-7.26 (m, 5H, Ar-H), 5.68 (t, J = 1.1 

Hz,, 1H, C=CH2), 5.49 (s, 1H, C=CH2), 4.80 (t, ƒ = 8.3 Hz, 1H, C=CCHN), 3.77-3.72 (m, 2H, 

NCH2),, 2.46 (s, 3H, Ts-CH3), 2.26-2.18 (m, 1H, CHCH2CH2), 2.05-1.98 (m, 1H, CHCtf2CH2),
 13C 

NMRR (100 MHz, CDC13) 8 146.03 ( C ^ H J, 143.90,137.98,132.31,129.61,129.59,128.40,128.30, 

127.72,, 125.10 (Ar), 114.10 (C=CH2), 65.01 (CH2=CCHN), 47,11 (NCH2), 24.45 (CH2), 21.47 

(CH3),, IR (film) v 2922,1597, 1345, 1163, 1094 cm"1, HRMS (FAB): calculated for C:8H2[)N02S 

(MH+)) 314.1215, found 314.1223. 5-Phenyl-l-(toluene-4-sulfonyl)-l,2,3,6-tetrahydropyridine 

(33b).. Rf=  0.6 (70% ether/PE), 'H NMR (400 MHz, CDCl) 5 7.76-7.72 (m, 2H, Ar-H), 7.37-7.26 

(m,, 7H, Ar-H, Ar-H), 6.09 (m, 1H, C=CH), 3.94 (m, 2H, =CCH2N), 3.24 (t, ƒ = 5.8 Hz, 2H, 

NCH2CH2),, 2.42 (s, 3H, Ts-CH3), 2.40-2.35 (m, 2H, CH2CH2CH=), 13C NMR (100 MHz, CDC13) 5 

143.86,138.01,134.12,129.65,127.72,125.100 (C=CH), (Ar), 122.04 (OCH), 46.28 (NCH2), 42.23 

(NHCH2CH2),, 29.57 (CH2), 21.47 (CH3). 

5-Chloro-2-{l-[l(toluene-4-sulfonyl)azetidine-2-yl]vinyl}pyridin ee (34a), 5-Chloro- l ' -

(toluene-4-sulfonyl)-l',2',5',6'-tetrahydro-[2,3']bipyridin ee (34b). Following the general 

proceduree A, 8 (25.0 mg, 0.11 mmol) in DMF (1.0 mL) was reacted with K2C03 (77.0 mg, 0.56 

mmol),, 2-chloro-4-iodopyridine (29)14 (135 mg, 0.56 mmol) and Pd(PPh3)4 (13.0 mg, 0.01 mmol) 

too give after flash column chromatography (20% ether/PE) a 1:3 mixture of 34a and 34b (12.0 

mg,, 0.04 mmol, 55%) as a yellow oil. Pv= 0.23 (70% ether/PE), 'H NMR (400 MHz, CDC13) 8 

8.277 (d, ƒ = 2.4 Hz, 0.3H, Ar-H), 8.15 (d, ƒ = 2.2 Hz, 1H, Ar-H), 7.74-7.66 (m, 2.6H, Ar-H), 7.42-

7.211 (m, 5.2H, Ar-H), 6.69 (s, 1H, 34b C=CH), 5.72 (s, 0.3H, 34a C=CH2), 5.49 (s, 0.3H, 34a 

C=CH2),, 4.69 (m, 0.3H, 34a =CCHN), 3.88-3.80 (m, 0.6H, 34a NCH2), 3.70 (t, ƒ = 6.8 Hz, 2H, 34b 

=CCH2N),, 2.68-2.58 (m, 0.6H, 34a NCH2CH2), 2.51-2.48 (m, 2H, 34b NCH2) 2.44 (s, 1H, 34a Ar-

H-CH3),, 2.42 (s, 3H, 34b Ts-CH3), 2.20-2.13 (m, 0.6H, 34a NCH2CH2), 1.84 (quin, ƒ = 7.0 Hz, 2H, 

34bb C=CHCH2). 

5-(l-Methylvinyl)-l-(toluene-4-sulfonyl)-l,2,3,6-tetrahydropyridin ee (35b). Following the 

generall  procedure A, 8 (25.0 mg, 0.11 mmol) in DMF (1.0 mL) was reacted with K2C03 (77.0 
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mg,, 0.56 mmol), 2-bromopropene (50.0 uL, 0.56 mmol) and Pd(PPh3)4 (13.0 mg, 0.01 mmol) to 

givee after column chromatography (20% ether/PE) 35b (7 mg, 0.03 mmol, 24%) as a yellow 

oil.. *H NMR (400 MHz, CDC13) 5 7.79 (d, ƒ = 8.35 Hz, 2H, Ar-H), 7.31 (d, ƒ = 8.0 Hz, 2H, Ar-H), 

5.88-5.855 (m, 1H, C=CH), 4.86 (d, ƒ = 14.4 Hz, 2H, C ^ H J, 3.77 (d, ƒ = 1.9 Hz 2H, NCH2C=CH), 

3.155 (t, ƒ = 5.8 Hz, 2H, NCH2CH2), 2.42 (s, 3H, Ts-CH3), 2.40-2.31 (m, 2H, CH2CH=C), 1.55 (s, 

3H,, CH3C=CH2). 

2-[l-(4-tert-Butylcyclohex-l-enyl)vinyl]-l-(toluenc-4-sulfonyl)azetidinee (36a). Following the 

generall  procedure A, 8 (25.0 mg, 0.11 mmol) in DMF (1.0 mL) was reacted with K 2C03 (77.0 

mg,, 0.56 mmol), vinyl triflate 3115 (160 mg, 0.56 mmol) and Pd(PPh3)4 (13.0 mg, 0.01 mmol) to 

givee after flash column chromatography (20% ether/PE) 36a (14 mg, 0.04 mmol, 34%) as a 

colorlesss oil. R, = 0.23 (70% ether/PE), 'H NMR (400 MHz, CDC13) 8 7.73 (d, f = 7.8 Hz, 2H, Ar-

H),, 7.36 (d, ƒ = 8.0 Hz, 2H, Ar-H), 5.54 (d, ƒ = 5.6 Hz, 1H, C=CH2), 5.46 (m, 1H, C=CH), 5.17 (s, 

1H,, C=CH2), 4.75-4.68 (m, 1H, CH2=CCHN), 3.74-3.70 (m, 2H, NCH3), 2.46 (s, 3H, Ts-CH3), 

2.38-2.066 (m, 5H, CH2), 1.93-188 (m, 3H, CH2), 1.23-1.12 (m, 1H, CH*Bu), 0.86 (s, 9H, *Bu) 13C 

NMRR (100 MHz, CDC13) 8 146.04 (C=CH), 143.70 (C=CH.), 133.23,132.42,129.53,128.31 (Ar), 

123.977 (C=CH) 109.58 (C=CH2), 64.04 (CH^CCHN), 47.28 (NCH2), 43.65 (CHfcu), 32.01 (CBu), 

27.377 (CH=CCH2), 27.24 p i2CH=C), 27.19 (CH3), 27.01 (CH3), 25.64 (=CCHCH2), 25.26 

CBuCHCH,),, 23.91 (CHCH2), 21.47 (Ts-CHj), IR (film) v 2922, 1360, 1184, 1094 cnT1, HRMS 

(FAB):: calculated for C ^ N C ^S (MH+) 373.2076, found 373.2088. The structure was proven 

withh COSY, NOESY, CH correlation and NOE experiments. 

2-(2-Butyl-l-methyleneallyl)-l-(toluene-4-sulfonyl)azetidinee (37a). Following the general 

proceduree A, 8 (25.0 mg, 0.11 mmol) in DMF (1.0 mL) was reacted with K2C03 (77.0 mg, 0.56 

mmol),, vinyl triflate 3215 (130 mg, 0.56 mmol) and Pd(PPh3)4(13.0 mg, 0.01 mmol) to give after 

flashflash column chromatography (20% ether/PE) a 95:5 mixture of 37a and 37b (14.0 mg, 0.04 

mmol,, 41%) as a colorless oil. Data of the major isomer 37a: R, = 0.62 (70% ether/PE), JH NMR 

(4000 MHz, CDC13) 8 7.73 (d, ƒ = 8.2 Hz, 2H, Ar-H), 7.35 (d, ƒ = 8.2 Hz, 2H Ar-H), 5.69 (s, 1H, 

NCHC=CH2),, 5.30 (s, 1H, NCHC=CH2), 4.88 (s, 1H, C=CH2), 4.69 (s, 1H, C=CH2), 3.75-3.70 (m, 

2H,, NCH,)/ 4.65 (q, ƒ = 7.0 Hz, 1H, NCHC=C), 2.44 (s, 3H, Ts-CH3), 2.26-2.2.17 (m, 2H, 

CH2C=C),, 1.94-1.87 (m, 1H, CHCH2CH2), 1.50-1.16 (m, 2H, CH2) 0.91 ( t ,/ = 7.2 Hz, 3H, 

CH2CH3),,
 13C NMR (100 MHz, CDC13) 8 145.29 (n-BuC=CH2), 144.81 (CHC=CH2), 143.81,132 

(CqAr),, 129.56, 128.31 (Ar), 112.56 (n-BuC=CH2), 110.92 (C=CH2), 64.08 (C=CCHN), 47.18 

(NCH2)) 33.96 ( C H ^ C H , ), 30.65 (CH2CH2C=CH2), 25.16 (CHCH2), 22.42 {CH2Cl%), 21.47 (Ts-

CH3),, 13.82 (CH2CH3), IR (film) v 2956,2929,2870,1347,1163,1094 cm"1. 
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l-(4-Nitrobenzenesulfonyl)-5-phenyl-l,2,3,6-tetrahydropyridinee (38b). Following the general 

proceduree A, 23 (45.0 mg, 0.17 mmol) in DMF (2.0 mL) was reacted with K2COa (116 mg, 0.84 

mmol),, iodobenzene (94.0 \iL, 0.84 mmol) and Pd(PPh3)4 (19.0 mg, 0.02 mmol) to give after 

columnn chromatography (20% ether/PE) 38b (32.0 mg, 0.09 mmol, 55%) as a colorless oil. *H 

NMRR (400 MHz, CDC13) 8 8.35 (d, ƒ = 8.5 Hz, 2H, Ar-H), 8.02 (d, J = 8.5 Hz, 2H, Ar-H), 7.36-

7.266 (m, 5H, Ar-H), 6.09-6.07 (m, 1H, C=CH), 4.05-4.04 (m, 2H, NCH2C=CH), 3.37-3.30 (m, 

2H,, NCH2CH2), 2.39-2.38 (m, 2H, C=CHCH2),
 ,3C NMR (100 MHz, CDC13) 8 150.02, 143.01, 

138.17,, 133.09 (C=CH), 128.56, 128.53, 127.86, 125.03, 124.24 (Ar), 122.03 (PhC=CH), 46.19 

(NCH2C=CH),, 42.22 (NCH2CH2), 25.23 (C=CHCH2), IR (film) v 2836, 1529, 1349, 1169 cm"1, 

HRMSS (FAB): calculated for C17Hl6N204S (MH f) 344.0831, found 344.0847. 

(2J?,4S)-4-(l-Phenyl-vinyl)-l-(toluene-4-sulfonyl)azetidine-2-carboxylicc acid methyl ester 

(39a).. Following the general procedure A, 25 (25.0 mg, 0.08 mmol) in DMF (1.0 mL) was 

reactedd with K 2C03 (58.0 mg, 0.42 mmol), iodobenzene (47.0 p i, 0.42 mmol) and Pd(PPh3)4 

(9.000 mg, 0.01 mmol) to give after column chromatography (20%, 50% ether/PE, Et3N) a 70:30 

mixturee of 39a and 39b (26.0 mg, 0.07 mmol, 84%) as colorless oils. 39a; R, = 0.37 (70% 

ether/PE),, [a]D= +4.0 (c =1, CH2C12), 'H NMR (400 MHz, CDC13) 5 7.81 (d, ƒ = 8.3 Hz, 2H, Ar-

H),, 7.33 (d, ƒ = 8.1 Hz, 2H, Ar-H), 7.31-7.27 (m, 5H, Ar-H), 5.42 (s, 1H, =CH2), 5.54 (s, 1H, 

C=CH2),, 5.00 (t, ƒ = 8.1 Hz, 1H, CH2=CCHN), 4.70 (dd, ƒ = 7.7, 9.4 Hz, 1H, NCHC02Me), 3.72 

(s,, 3H, CO.CH,), 2.68 (dt, ƒ = 1.7,9.0 Hz, 1H, CH2), 2.45 (s, 3H, Ts-CH3), 2.09 (dt, ƒ = 7.7, 3.3 Hz, 

1H,, CH2),
 13C NMR (100 MHz, CDC13) 8 170.39 (C02Me), 146.03 (C=CH,), 144.02, 137.68, 

136.10,, 129.46, 128.33, 128.13, 127.85, 126.11 (Ar), 114.83 (C=CH2), 61.62 (CH^CCHN), 56.72 

(NCHC02Me),, 52.23 (C02CH3), 28.38 (CH2), 21.50 (Ts-CH3), IR (film) v 2967, 2923, 2852,1734, 

1260,10922 cm"1, HRMS (EI): calculated for C20H21NO4S 371.1191, found 371.1195. (R)-5-Phenyl-

l-(toluene-4-sulfonyl)-l,2,3,6-tetrahydro-pyridine-2-carboxylicc acid methyl ester (39b): R̂  = 

0.377 (70% ether/PE), [a]D= -10.0 (c = 1, CHC12), 'H NMR (400 MHz, CDC13) 8 7.71 (d, ƒ = 8.3 

Hz,, 2H, Ar-H), 7.34-7.27 (m, 7H, Ar-H), 6.04-6.01 (m, 1H, C=CH), 4.93 (dd, ƒ = 3.4, 5.1 Hz, 1H, 

NCHC02Me),, 4.48 (dd, ƒ = 2.0, 16.4 Hz, 1H, NCH2C=CH), 4.15 (dd, ƒ = 2.2, 16.4 Hz, 1H, 

NCH2C=CH),, 3.49 (s, 3H, C02CH3), 2.72-2.71 (m, 2H, C=CHCH2), 2.42 (s, 3H, Ts-CH3),
 13C 

NMRR (100 MHz, CDC13) 8 170.70 (C02CH3), 143.31, 138.17, 136.11, 133.67 (C=CH), 129.39, 

127.18,, 128.39, 127.74,125.04 (Ar), 119.17 (C=CH), 52.13 (C02CH3), 52.05 (NCHC02Me), 43.40 

(NCH2),, 29.57 (C=CHCH2), 21.41 (Ts-CH3), IR (film) v 2924, 2853,1747,1457,1340,1163 cm'1, 

HRMSS (EI): calculated for C20H2JNO4S 371.1191, found 371.1169. 

(2R,4S)-4-[l-(4-tert-Butylcyclohex-l-enyl)vinyl]-l-(toluene-4-sulfonyl)azetidine-2-carboxylic c 

acidd methyl ester (40a). Following the general procedure A, 25 (25.0 mg, 0.08 mmol) in DMF 

(1.00 mL) was reacted with K2COa (58.0 mg, 0.42 mmol), 31 (121 mg, 0.42 mmol) and Pd(PPh3)4 
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(9.000 mg, 0.01 mmol) to give after column chromatography (20% 50% ether/PE, Et>N) a 88:12 

mixturee of 40a and 40b (35.0 mg, 0.08 mmol, 96%) as colorless oils. Analytically pure samples 

weree obtained after separation on a chiral HPLC (Chiralcel OD) column. HFLC ee >93%. R̂  = 

0.622 (70% ether /PE), [a]D= -15.0 (c = 0.5, CH2C12),
 ]H NMR (400 MHz, CDC13) 8 7.79 (d, ƒ = 8.2 

Hz,, 2H, Ar-H), 7.32 (d, ƒ = 8.0 Hz, 2H, Ar-H), 5.53-5.49 (m, 1H, C=CH), 5.33 (d, J = 10.6 Hz, 

1H,, C=CH2), 5.07 (s, 1H, C=CH2), 4.92-4.86 (m, 1H, CH2=CCHN), 4.63-4.68 (m, 1H, 

NCHC02Me),, 3.70 (s, 3H, COjCH,), 2.64-2.71 (m, 1H, CHCH2CH), 2.44 (s, 3H, Ts-CH3), 

2.25-2.288 (m, 1H, CHCH2CH), 2.12-2.00 (m, 2H, CH2CH=C), 1.99-1.96 (m, 2H, CH2C=CH), 1.88-

1.844 (m, 2H, 'BuCHCH,), 1.20-1.17 (1H, CffBu), 0.86 (s, 9H, f-Bu), 13C NMR (100 MHz, CDC13) 

88 170.57 (C02Me), 145.42 (C=CH), 143.88 (Ar), 135 (C=CH2), 133.14,133.06,129.40,128.15 (Ar), 

124.322 (C=CH), 110.07 (C=CH2), 60.70 (NCHC02Me), 57.00 (NCHC=CH2), 52.18 (C02CH3), 

43.577 (CH*Bu), 31.99 (Cq*Bu), 29.38 (CH=CCH2), 29.04 ^H2CH=C), 27.32 (CHCH2CH), 27.26 

(CH3),, 27.19 (CH3), 27.12 (CH3), 23.85 (CH2CH2CH), 21.49 (Ts-CH,), IR (film) v 2954 , 1749, 

1338,1159,, cm'1, HRMS (FAB): calculated for C^H^NC Ŝ (MH+) 432.2209, found 432.2207. (R)-

^(^fert-Butylcyclohex-l-enyn-l-ttoluene^-sulfonyD-l^Aö-tetrahydropyridine-Z --

carboxylicc acid methyl ester  (40b). R, = 0.62 (70% ether/PE), *H NMR (400 MHz, CDC13) 8 7.68 

(d,, ƒ = 8.3 Hz, 2H, Ar-H), 7.28-7.26 (m, 7H, Ar-H), 5.70-5.62 (m, 2H, C=CH, C=CH), 4.97-4.91 

(m,, 1H, NCHC02Me), 4.32-4.21 (m, 1H, CH=CCH2N), 3.98-3.88 (m, 1H, CH=CCH2N), 3.49 (s, 

3H,, C02CH3), 2.70-2.60 (m, 2H, CHCH2CH=), 2.41 (s, 3H, Ts-CH3), 2.3-1.8 (m, 4H, CH2, CH2), 

1.35-1.055 (m, 2H, CH2), 0.85 (s, 9H, t-Bu). 

(2R,4S)-4-(2-Butyl-l-methyleneallyl)-l-(toluene-4-sulfonyl)azetidine-2-carboxylicc acid 

methyll  ester  (41a). Following the general procedure A, 25 (25.0 mg, 0.08 mmol) in DMF (1.0 

mL)) was reacted with K2C03 (58.0 mg, 0.42 mmol), 32 (98.0 mg, 0.42 mmol) and Pd(PPh3)4 (9.00 

mg,, 0.01 mmol) to give after column chromatography (20% ether/PE, Et3N) a 95:5 mixture of 

41aa and 41b (20.0 mg, 0.05 mmol, 63%) as colorless oils. Data of the major isomer 41a: Ry = 0.53 

(70%% ether/PE), [cc]D= -9.2 (c = 0.9, CH2Cl2),
lH NMR (400 MHz, CDC13) S 7.78 (d, ƒ = 8.2 Hz, 

2H,, Ar-H), 7.32 (d, J = 8.1 Hz, 2H Ar-H), 5.49 (s, 1H, C=CH2), 5.20 (s, 1H, C=CH2), 4.90 (s, 1H, 

C=CH2),, 4.85-4.81 (m, 1H, =CCHN), 4.73 (s, 1H, C=CH2), 4.65 (dd, J = 2.0, 7.6 Hz, 1H, 

NCHC02Me),, 3.71 (s, 3H, C O Ï C H , ), 2.70-2.63 (m, 1H, CHCH2CH), 2.44 (s, 3H, Ts-CH3), 2.18 (t, 

ƒƒ = 7.3 Hz, 2H, CH2=CCH2), 1.94-2.01 (m, 1H, CHCH2CH), 1.42-1.25 (m, 4H, CH2, CH2), 0.92-

0.855 (m, 3H, CH2CH3),
 13C NMR (100 MHz, CDC13) 6 170.50 (CO.Me), 144.80 (C=CH2), 144.62 

(C=CH2),, 143.99, 134.37, 129.44, 128.17 (Ar), 113.17 (nBuC=CH2), 111.20 (C=CH2), 60.87 

(NCHC02Me),, 56.89 (CH2=CCHN), 52.21 (C02CH3), 33.87 ( C H ^ C H , ), 30.44 (CH2CH2C=CH2), 

29.022 (CHCH2CH), 22.38 (CH2CH3), 21.49 (Ts-CH3), 13.80 (CH2CH3), IR (film) v 2955, 1752, 

1336,, 1159, 1093 cm1 , HRMS (FAB): calculated for QoH^NC Ŝ (MH+) 378.1739, found 

378.1743. . 
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(R)-l-Berizyl-5-phenyl-l,2^,6-tetrahydropyridine-2-carboxylicc acid methyl ester (42b). 
Followingg the general procedure A, 26 (40.0 mg, 0.17 mmol) in DMF (2.0 mL) was reacted 
withh K2C03 (119 mg, 0.86 mmol), iodobenzene (96.0 nL, 0.86 mmol) and Pd(PPh3)4 (20.0 mg, 
0.022 mmol) to give after column chromatography (5% 20% ether/PE) 42b (40.0 mg, 0.13 mmol, 
76%)) as a colorless oil. 'H NMR (400 MHz, CDC13) Ö 7.41-7.23 (m, 10H, Ar-H), 6.12-6.09 (m, 
1H,, C=CH), 3.98 (q, ƒ = 13.4 Hz, 2H, CH2Ph), 3.83-3.82 (m, 1H, CH=CCH2N), 3.68 (s, 3H, 
C02CH3),, 3.65 (dd, ƒ = 3.6, 6.2 Hz, 1H, NCHC02Me), 3.62-3.52 (m, 1H, CH=CCH2N), 2.70-2.64 
(m,, 2H, CH2CH=CH2), "C NMR (100 MHz, CDC13) 5 173.3 (CQ,CH3), 139.49 (C=CH), 138.39, 
135.30,, 128.78, 128.26, 128.18, 127.05, 124.84, (Ar), 119.55 (C=CH), 59.16 (CH2Ph), 57.57 
(C02CH3),, 51.24 (NCHCQMe), 50.11 (NCH2), 28.53 (C=CHCH2), IR (film) v 3028, 2950, 2925, 
1731,1495,1193,11633 cm'. 

(2J?,4S)-4-(Phenylvinyl)azetidine-l,2-dicarboxylicc dimethyl ester (43a). Following the 
generall  procedure A, 27 (47.0 mg, 0-24 mmol) in DMF (2.0 mL) was reacted with K2C03 (163 
mg,, 1.18 mmol), iodobenzene (132 uL, 1.18 mmol) and Pd(PPh3)4(27.0 mg, 0.02 mmol) to give 
afterr column chromatography (50% 70% ether/PE) a 42:58 mixture of 43a and 43b (24.0 mg, 
0.088 mmol, 33%) as a white solid. The isomers 43a and 43b were separated via column 
chromatographyy (50% 70% ether/PE). 43a: Mp 90-91 °C, JH NMR (400 MHz, CDC13) 8 7.35-
7.266 (m, 5H, Ar-H), 5.69 (s, 1H, C=CH2), 5.56 (s, 1H, C=CH2), 5.08 (t, ƒ = 7.5 Hz, 1H, 
CHCH22=CCHN),=CCHN), 4.70 (dd, ƒ = 6.4, 9.7 Hz, 1H, NCHC02Me), 3.76 (s, 3H, C02CH3), 3.72 (s, 3H, 
C02CH3),, 2.94-2.87 (m, 1H, CH2), 2.08-2.02 (m, 1H, CH2). 

Crystall  structure was determined for (2$,4R)-43a obtained starting from (S)-27. 
Crystallographicc data for (2S,4R)-43a monoclinic, P2U a = 8.080 (1), b = 6.0994 (5), c = 14.463 
(1)) A, b = 92.459 (8)°, V = 712.1(1) A3, Z = 2, Dx = 1.28 gem'3, X(Cuka) = 1.5418 A, ^i(Cuka) = 
7.333 cm1, F(000) = 292, -30 °C. Final R = 0.078 for 1554 observed reflections. 

Tablee 5.3 Bond distances of the non-hvdroeen atoms 

C(l)-C(2) ) 

C(l)-C(4) ) 

C(l)-N N 

C(2)-C(3) ) 

C(3)-C(14) ) 

C(3)-N N 

C(4)-C(5) ) 

1.555 (2) 

1.511 (1) 

1.466 (9) 

1.555 (1) 

1.499 (1) 

1.466 (2) 

1.322 (1) 

C(4)-C(6) ) 

C(6)-C(7) ) 

C(6)-C(ll) ) 

C(7)-C(8) ) 

C(8)-C(9) ) 

C(9)-C(10) ) 

C(10)-C(ll) ) 

1.477 (9) 

1.400 (2) 

1.399 (1) 

1.377 (1) 

1.40(2) ) 

1.355 (2) 

1.388 (1) 

(A)) of 43 a (standard deviations) 

C(12)-N N 

C(12)-0(l) ) 

C(12)-0(2) ) 

C(13)-0(2) ) 

C(14)-0(3) ) 

C(14)-0(4) ) 

C(15)-0(4) ) 

1.377 (1) 

1.211 (1) 

1.355 (1) 

1.43(1) ) 

1.211 (1) 

1.344 (2) 

1.455 (1) 
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Tablee 5.4 Bond angh 

C(2)-C(l)-C(4) ) 

C(2)-C(l)-N N 

C(4)-C(l)-N N 

C(l)-C(2)-C(3) ) 

C(2)-C(3)-C(14) ) 

C(2)-C(3)-N N 

C(14)-C(3)-N N 

C(l)-C(4)-C(5) ) 

C(l)-C(4)-C(6) ) 

C(5)-C(4)-C(6) ) 

C(4)-C(6)-C(7) ) 

C(4)-C(6)-C(ll) ) 

C(7)-C(6)-C(ll) ) 

C(6)-C(7)-C(8) ) 

C(7)-C(8)-C(9) ) 

ÏSS of the non 

117.77 (7) 

88.66 (7) 

116.55 (8) 

87.33 (8) 

114.33 (7) 

88.44 (7) 

117.22 (9) 

119.44 (7) 

116.88 (7) 

123.66 (8) 

121.22 (9) 

122.33 (9) 

116.55 (7) 

1122 (1) 

1199 (1) 

-hvdrogenn atoms (A) of 43a f standard dev 

C(8)-C(9)-C(10) ) 

C(9)-C(10)-C(ll) ) 

C(6)-C(ll)-C(10) ) 

N-C(12)-0(l) ) 

N-C(12)-0(2) ) 

0(l)-C(12)-0(2) ) 

C(3)-C(14)-0(3) ) 

C(3)-C(14)-0(4) ) 

0(3)-C(14)-0(4) ) 

C(l)-N-C(3) ) 

C(l)-N-C(12) ) 

C(3)-N-C(12) ) 

C(12)-0(2)-C(13) ) 

C(14)-0(4)-C(15) ) 

190.00 (8) 

1122 (10) 

1211 (1) 

124.22 (7) 

110.22 (1) 

125.66 (9) 

1277 (1) 

109.00 (9) 

124.11 (9) 

94.33 (8) 

124.00 (8) 

126.88 (7) 

115.00 (9) 

116.88 (9) 

(R)-5-Phenyl-3,6dihydro-2H-pyridine-l,2-dicarboxylicc acid dimethyl ester  (43b). *H NMR 

(4000 MHz, CDC13) 6 7.49-7.26 (m, 5H, Ar-H), 5.47 (s, 1H, C=CH), 5.38-5.34 (m, 2H, CH2N), 4.61 

(dd,, J = 4.2, 9.0 Hz, 1H, NCHC02Me), 3.80 (s, 3H, CC^CH,), 3.70 (s, 3H, C02CH3), 2.46-2.42 (m, 

1H,, CHCH2CH), 2.31-2.25 (m, 1H, CHCH2CH). 

(2R,4S)-l-Acetyl-4-(l-phenylvinyl)azetidine-2-carboxylicc acid methyl ester  (44a). Following 

thee general procedure A, 28 (18.0 mg, 0.10 mmol) in DMF (1.0 mL) was reacted with K 2C03 

(75.00 mg, 0.55 mmol), iodobenzene (61.0 uL, 0.55 mmol) and Pd(PPh3)4 (13.0 mg, 0.01 mmol) to 

givee after column chromatography (20% ether/PE) a 67:33 mixture of 44a and 44b (3.00 mg, 

0.011 mmol, 12%) as colorless oils. Data of the major isomer 44a; 'H NMR (400 MHz, CDC13) 8 

7.35-7.244 (m, 5H, Ar-H), 5.41 (m, 1H, C=CH2), 5.28 (m, 1H, C=CH2), 5.02-4.96 (m, 1H, 

CH2=CCHN),, 4.72-4.67 (m, 1H, NCHC02Me), 3.74 (s, 3H, CO.CH,), 2.63-2.45 (m, 2H, CH2), 

2.033 (s, 3H, COCH3). (R)-l-Acetyl-5-phenyl-l,2,3,6-tetrahydropyridine-2-carboxylic acid 

methyll  ester  (44b). 5H NMR (400 MHz, CDC13) 5 7.35-7.24 (m, 5H, Ar-H), 5.45 (s, 1H, C=CH), 

5.18-5.199 (m, 1H, NCHC02Me), 4.25-4.19 (m, 1H, CH2N), 4.12-4.09 (m, 1H, CH2N), 3.80 (s, 3H, 

COzCH3),, 3.73 (s, 3H, C02CH3), 2.86-2.79 (m, 1H, CHCH2CH=C), 2.73-2.68 (m, 1H, 

CHCH2CH=C),, 2.03 (s, 3H, COCH3). 

4-Buta-2,3-dienyloxazolidine-2-onee (48). To a solution of 24 (150 mg, 0.85 mmol) in ether (10.0 

mL)) LiALH 4 (96.1 mg, 2.53 mmol) was added at 0 °C. The reaction mixture was allowed to 

133 3 



ChapterChapter 5 

reachh ambient temperature in 1 h. Then the reaction mixture was heated to reflux for 3 h. 

Afterr cooling to 0 °C, KOH was added and the reaction mixture was extracted with EtOAc (3 

xx 15 mL). To the combined organic layers 1 M HC1 (15 mL) was added, followed by washing 

wit hh H 20 (3 x 10 mL). The combined organic layers were concentrated in vacuo. The crude 

alcoholl  (20.0 mg, 0.134 mmol, 16%) was obtained as a colorless oil. ]H NMR (400 MHz, 

CD3OD)) S 5.27 (quin, ƒ = 6.9 Hz, 1H, CH2CH=C), 4.83-4.80 (m, 2H, C=CH2), 3.80 (dd, ƒ = 3.9, 

11.77 Hz, 1H, CH2OH), 3.61 (dd, ƒ = 6.6,11.8 Hz, 1H, CH2OH), 3.33-3.30 (m, 1H, NHCHC02Me), 

2.41-2.322 (m, 2H, CHCH2CH). To the solution of the crude alcohol in H20 (1.0 mL), NaHC03 

(11.77 mg, 0.139 mmol) was added and the reaction mixture was stirred for 10 min at ambient 

temperature.. The reaction mixture was cooled to -10 °C and K2C03 (20.0 mg, 0.142 mmol) was 

addedd followed by slow addition of COCl2 (100 mL, 0.174 mmol, 20% in toluene).22 The 

reactionn mixture was stirred at 0 °C for 2 h. Toluene (5 mL) and H20 (5 mL) were added and 

thee different layers were separated. The water layer was lyophilized. The white solid was 

extractedd with CH2C12 (15 mL). The extract was dried and concentrated in vacuo to obtain 50 as 

aa colorless oil. ! H NMR (400 MHz, CDC13) 85.21 (bs, 1H, NH), 5.10 (quin, ƒ = 6.6 Hz, 1H, 

CH2CH=C),, 4.82-4.78 (m, 2H, C=CH2), 4.51 (t, ƒ = 8.5 Hz, 1H, CH20), 4.10 (dd, ƒ = 5.6, 8.6 Hz, 

1H,, CH20), 3.98-3.96 (m, 1H, NHCHC02Me), 2.30-2.26 (m, 2H, CHCH2CH). 

5-(Benzylidene)tetrahydropyrrolo[l,2-c]oxazo-3-onee (51). A mixture of 48 (209 mg, 1.50 

mmol),, K2COs (799 mg, 6.00 mmol), iodobenzene (1.22 uL, 6.00 mmol), Bu4NCl (624 mg, 2.25 

mmol)) and Pd(PPh,)4 (174 mg, 0.15 mmol ) in MeCN (20 mL) was refluxed for 2 h. The 

mixturee was cooled, diluted with water (25 mL) and extracted with ether (3 x 25 mL). The 

combinedd ether layers were washed with water (25 mL) and brine (25 mL), dried (Na2S04) and 

concentrated.. Chromatography (EtOAc/PE 1:2) afforded 51 (195 mg, 0.90 mmol, 60%) as an 

oil .. R /= 0.3 (30% EtOAC/PE), *H NMR (400 MHz, CDC13)5 7.31-7.21 (m, 5H, Ar), 4.81 (s, 1H, 

CH=C),, 4.65-4.56 (m, 2H, OCH2),, 4.16-4.09 (m, 1H, NCH), 3.87 (d, ƒ = 16.0 Hz, 1H, CH2Ph), 3.78 

(d,, ƒ = 16.0 Hz ,, 1H, CH2Ph), 2.61-2.47 (m, 2H, =CHCH2),
 13C NMR (100 MHz, CDC13) 8 157.4 

(C02),, 142.7 (C=), 137.5,129.1,128.3,126.4, (Ar), 109.6 (C=CH), 70.5 (OCH2), 59.9 (NCH), 35.0, 

33.55 (CH2Ph, CHCH2), IR (film) v 2964, 1758 cm'1, HRMS (EI) calculated for C13H13N02 

215.0946,, found 215.0931. 
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CHAPTERR 6 

RING-CLOSINGG ALKYN E METATHESIS OF ACETYLENIC AMIN O ACIDS1 

6.11 Introductio n 

Olefinn metathesis has rapidly evolved over the last decade as an extremely valuable 

tooll  for CC-bond formation. This trend was triggered by the development of well-defined 

catalystss that combine high activity, durability and functional group tolerance.2-3 Ring-closing 

metathesis44 (RCM) of linear dienes deserves particular mentioning, because it provides new 

meanss to access carbo- and heterocycles and has been proven to be effective in numerous 

synthesess of natural products.5 An apparent drawback of RCM to construct macrocycles is 

thatt the products are generally obtained as mixtures of (E)- and (Z)-isomers, while the 

outcomee (so far) cannot be predicted nor properly controlled although recently an 

improvementt towards stereoselective RCM of macrocycles was reported.6 An illustrative 

examplee in this respect is shown in eq 6.1, where the tethered allylglycine moieties 1 are 

cyclizedd to give the cycloalkene 2 in 85% yield as an inseparable 2:1 mixture of geometrical 

isomers.7 7 

Bee e 

C k f C ^ P h h 

PCy3 3 

Bocc  ( T ^ V ^ O ^T (6-1) 

CH2C12,455 °C 

NHBoc c 
11 2 85% 

Inn the search for methods to control the double bond geometry, ring-closing alkyne 

metathesiss (RCAM) has recently emerged as a useful alternative. Until recently, alkyne 

metathesiss was a rarely observed phenomenon in organic synthesis although several catalysts 

havee been developed to serve this purpose.8-9 Applications of these catalysts were mainly 

foundd in polymer preparation10 and the dimerization or cross-metathesis of simple non-

functionalizedd acetylenes.11 Recently, Fiirstner and coworkers12 clearly demonstrated the 

usefulnesss of RCAM on a range of different substrates for the first time. Macrocycles ranging 

fromm 12- to 28-membered rings, containing various functionalities, were obtained in high 

yieldss (see for e.g. eq 6.2). 
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OO 3 O 

tBuC=W(OtBu)3 3 r ^ ^^  * 
^ ^ 

oo o 
44 (73%) 

Me-- -Mee (6.2) 

Sincee then, the Fürstner group has identified several catalysts that can be employed to 

effectt RCAM. The initiall y used tungsten alkylidyne complex CBuO^W^CBu (5) (Scheme 6.1) 

wass originally developed by Schrock13 in the 1980's as a pre-catalyst for alkyne metathesis. 

Tungsten-catalystt 5 is readily prepared by cleavage of the metal-metal triple bond of 

(tBuO)3W=W(OtBu)33 with neoheptyne.14 This catalyst is highly sensitive to air, moisture and 

miscellaneouss reagents. The catalyst is incompatible with terminal alkynes due to 

polymerizationn reactions, which are difficult to suppress. In these examples, Fürstner also 

showedd that RCAM on analogous substrates proceeds faster than RCM. In addition, it 

appearedd that various functional groups (esters, amides and silyl ethers) are tolerated by this 

catalyst,, but that it is not compatible with functional groups showing high affinity for the 

Lewiss acidic tungsten center. This holds for substrates containing thioethers or basic nitrogen 

atoms.. Furthermore, the catalyst distinguishes between alkyne and alkene groups in the 

substrates. . 

Thee Mortreux type Mo(CO)6/p-ClC6H5OH system15 (6) has been used to carry out 

RCAMM reactions, with success, but this is a much less well-defined system.16 Although this 

catalystt is easier to handle than catalyst 5, its scope is more limited and the rather harsh 

conditionss (130-150 °C in dichloro- or trichlorobenzene) that are reguired, render the catalyst 

lesss suitable for sensitive substrates. 

Schemee 6.1 

? ? 
Mo(CO)6/p-ClC6H4OH H 

6 6 

22 [(ArtfBuMgMo CHf.\CHf.\22 — - [(Ar)('Bu)N]3Mo=CI 

8a a 

[(Ar)('Bu)N]3Mo=CH H 

8b b 
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Alternatively,, very recently the Mo-catalyst 7 has been developed in the group of 

Furstner,177 which seems a promising alternative to the W-system. Catalyst 7 (Ar = 3,5 

dimethylphenyl)) actually is a precatalyst, which in CH2C12 reacts to afford a mixture of the 

correspondingg chloride 8a and the terminal alkylidyne complex 8b. In this mixture 8b is 

probablyy the complex that initiates RCAM although experiments revealed that 8 a also 

catalyzee the RCAM reaction. At this point, it is not clear yet how exactly this complex interacts 

withh the substrates to initialize the metathesis reaction. 

Notablee applications of RCAM in the synthesis of natural products have been 

establishedd in the group of Furstner,18 where the cytotoxic marine alkaloid motuporamine C19 

andd prostaglandin E2-l,15-lactone20 were synthesized. The latter example is shown in eq 6.3, 

wheree RCAM on diacetylene 9 leads to the efficient formation of the cycloalkyne 10 using the 

Mo-catalystt 7. Selective partial hydrogenation of the triple bond with the Lindlar catalyst 

affordedd the geometrically pure (Z)-isomer (11). 

ReagentsReagents and conditions: (a) Mo{NCBu)(Ar))3 (Ar = 3,5-dimethylphenyl), CH2Cl2/toluene, 80 °C, 16 h, 
73%.. (b) H2, Lindlar catalyst, quinoline, hexane, rt, 2 h, 86%. (c) aq HF, MeCN, rt, 1 h, 88%. 

Thee supposed RCAM mechanism21 strongly resembles the RCM mechanism that was 

originallyy proposed by Chauvin.22 The catalytic cycle is shown in Scheme 6.2 starting from the 

W-catalyst55 (R = TSu). This alkylidyne complex first undergoes a [2+2] cycloaddition reaction 

withh the acetylene 12 to afford the metallacyclobutene 13. After a double cyclo-isomerization, 

acetylenee 14 (R = T3u) is released and the new W-alkylidyne complex 15 is formed. Again, 

[2+2]]  cycloaddition with the internal alkyne, followed by cyclo-isomerization takes place to 

givee the cyclic acetylene 17 with concomitant regeneration of the W-catalyst 5 (R = Me). 
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Schemee 6.2 

6.22 A RCAM strategy towards cystine isosteres 

Thee side chains of cysteine residues in extracellular peptides and proteins are often 

involvedd in disulfide linkages. The presence of one or more covalent disulfide bridges is 

importantt for the structural and functional properties of many polypeptides. Since disulfide 

bondss are chemically and metabolically labile, stable analogues of such cystine (18) residues 

havee been developed. The most frequently exploited example is (2S,7S)-2,7-diaminosuberic 

acidd 19,23 which was synthesized by a number of groups.7-24 As a result of a collaboration with 

thee group of Prof. Van Boom (Leiden University) and DSM, in which stable cystine isosteres 

weree required that could be used to stabilize the conformation of antiparallel p-sheets, we 

becamee interested in strategies that could serve to prepare the more conformationally 

restrictedd cystine mimics 20, 21, and 22 (eq Ó.4).25 

H02C.^NH2 2 

C C 
H02C C 

188 (cystine) 

H2N N C02H H 

NH22 H02C. 

140 0 



AlkyneAlkyne metathesis 

Modelingg experiments that were carried out at DSM led us to conclude that especially 

thee unsaturated cystine residues would be useful cross-links that would not disrupt the 

overalll  conformation of the P-sheet. Furthermore, knowing from the results of the groups of 

Grubss77 (eq 6.1), Williams2" and Vederas2"5 that it would be virtually impossible to make the 

olefinicc diamino acids 20 and 21 in a geometrically pure manner via olefin metathesis, we set 

outt to prepare these target compounds using an RCAM strategy. This strategy is outlined in 

eqq 6.5, where two methyl-substituted acetylenic amino acids (see Chapters 2 and 3 for their 

preparation),, connected via a linker molecule (viz. 24), were cyclized to provide the 

correspondingg cycloalkyne 23. This molecule is well-suited for further elaboration towards the 

acetylenee 22, but should also provide access to geometrically pure 20 and 21 via selective 

reductionn of the triple bond. 

(6.5) ) 

23 3 24 4 25 5 

6.33 Synthesis of the precursor  molecules 

Thee amino acids 25, 26 and 27 were protected with a Boc-group following a literature 

procedure.266 In this procedure, either the free amino acids or the corresponding HCl-salts 

weree reacted with NaHC03 (2 equiv) and di-tert-butyl dicarbonate (1.5 equiv) in H20/dioxane 

(1:1)) at 100 °C to give the Boc-protected amino acids 28-30 in good yields (eq 6.6). Product 30 

wass slightly contaminated with some minor impurities that could not be removed via column 

chromatographyy at this stage. 

HjNN C02H 

(S/R)-255 n =l 
(S)-266 n = 2 
(S)-277 n = 3 

NaHC03,, Boc20 

dioxane/H20 0 
reflux,, 6-8 h 

HNN X 0 2 H 
Boc c 

(S/R)-288 99% 
(S)-299 82% 
(S)-300 79% 

(6.6) ) 

Thee strategy to couple the linker with two Boc-protected amino acids involved a two-

stepp procedure, rather than a one-pot process, which is known from literature data to result in 

higherr overall yields. The linkers that we chose were ethylene glycol, 1,2-benzenedimethanol 

andd 1,3-benzenedimethanol, and were coupled using three different peptide coupling 
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methodss (Table 6.1). The first coupl ing was either carr ied out using 1,3-

dicyclohexylcarbodiimidee (DCC, 1.35 equiv, method A)27 or with l-(3-dimethylaminopropyl)-

3-ethylcarbodiimidee hydrochloride (EDCI, 1.35 equiv, method B),24d both in the presence of a 

catalyticc amount of DMA P in CH2C12. With both methods, the mono-coupled products were__ 

obtainedd in good yields. The coupling reactions with ethylene glycol resulted reproducibly in 

ca.ca. 10% higher yields, which was probably due to the fact that larger amounts of ethylene 

glycoll  were used relative to the other diols (entries 1,2 and 7). The second coupling was either 

carriedd out using method B or method C24e: DCC (2 equiv), DMAP (2 equiv) and DMAP.HC1 

(33 equiv) in CH2C12. Again, both methods yielded the desired linked diamino acids in good 

yields.. In this way, a variety of different RCAM precursors were synthesized which were all 

enantiomericallyy pure (except for the meso-derivative 35 (entry 1)). The impurities that were 

presentt in 30 could still not be completely removed from 39. 

Tablee 6.1 

Hrjjj C O 2 H 

Boc c 
28-30 0 

A,, B or C 

linker r 
nkerOH H 

BorC C 

28-30 0 

31-34 4 

entryy amino acid linker method d product t 
(yield) ) 

methodd + 
aminoo acid 

product t 
(yield) ) 

1 1 
2 2 

3 3 
4 4 

5 5 
6 6 

7 7 
8 8 

(S)-28 8 
(S)-28 8 

($-28 8 
(R)-28 8 

(S)-28 8 
(S)-28 8 

(S)-29 9 
(S)-29 9 

H O - ^ ° H H 

HOO OH 

w w 
H O - ^ ° H H 

A A 
B B 

A A 
B B 

A A 
B B 

B B 
B B 

(S)-311 (89%) 
(S)-311 (84%) 

(S)-322 (79%) 
(R)-322 (66%) 

(S)-333 (67%) 
(S)-333 (66%) 

(S)-344 (82%) 
(S)-344 (82%) 

BB + (R)-28 
CC + (S)-28 

BB + (R)-28 
CC + (S)-28 

BB + (S)-28 
CC + (S)-28 

BB + (S)-29 
BB + (S)-30 

(S,R)-355 (81%) 
(S,S)-355 (95%) 

(R,R)-366 (90%) 
(S,S)-366 (99%) 

(S,S)-377 (90%) 
(S,S)-377 (80%) 

(S,S)-388 (91%) 
(S,S)-399 (81%) 

ReagentsReagents and conditions: Method A: 1.35 equiv DCC, catalytic DMAP, 2-4 equiv diol, CH2C12, 0 °C ->rt, 
166 h. Method B: 1.35 equiv EDCI, catalytic DMAP, 2-4 equiv diol or 1.0 equiv Boc-amino acid, CH2C12,0 
°CC ->rt, 16 h. Method C: 2.0 equiv DCC, 3.0 equiv DMAP, 2.0 equiv DMAP.HC1,1.0 equiv Boc-amino 
acid,, CHjClj, 0 °C -> rt, 16 h. 
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6.44 Ring-closing alkyne metathesis reactions 

Thee RCAM reactions were carried out under the conditions that were initiall y 

publishedd by Fiirstner.12 This involved reaction under the influence of a catalytic amount (6 

mol%)) of the W-alkylidyne complex tBuC=W(OtBu)3 (5) in chlorobenzene at 80 °C for several 

hourss under diluted conditions (< 0.02 M). Fiirstner also used other solvents such as toluene, 

THFF and 1,2,4-trichlorobenzene, but these gave lower yields. 

Thee results are summarized in Table 6.2. The ethylene-linked diastereomeric 

propargylicc amino acids (S,R)-35 and (S,S)-35 cyclized in satisfactory yields to the 

correspondingg 12-membered rings (S,R)-40 and (S,S)-40, respectively (entries 1 and 2). To 

assuree that no epimerization took place under the ring closure conditions, the 'H and 13C 

NMRR spectra of (S,S)-40 and its meso-derivative (S,R)-40 were closely examined and 

compared.. Both compounds showed a single set of peaks, which would not have been the 

casee if epimerization had occurred. The benzenedimethanol-tethered systems 36 and 37 

cyclizedd in 66, 60 and 84% yield, respectively, to the corresponding 14- and 15-membered 

cycloalkyness (entries 3-5). In both cases, small amounts of cyclodimeric products were also 

detected.. The increase in yield might be attributed to the larger ring size,, but may be also to a 

moree favorable orientation of the alkyne functionalities with respect to each other as a result 

off  the different linker. The homologous system 38 also led to the desired cyclic system 43, 

albeitt a somewhat lower yield of 32%. Starting material was also recovered (12%). This might 

bee a result of loss of activity of the catalyst, which urged us to use (on a weight basis) 

approximatelyy 40 mol% of 5, leading to a larger amount of unidentified byproducts. 

Nevertheless,, subjection of 39 to this catalyst also provided us with the non-symmetrical 15-

memberedd ring system 44 in enantiomerically pure form in 33% yield. 
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Tablee 6.2 

entry y precursor r product,, (yield) 

>1 1 
B o c H N ^ v v 

(S,R)-35 5 
(S,S)-35 5 

NHBoc c 

BocHN N 

(S,S)-36 6 
(R,R)-36 6 

BocHN. . 

O ^ ^ O ^ ^ - ^ V ^ ^ N H B o c c 
O O 

(S,S)-38 8 

BocHN N 

C T ^ O ^ ^ ^ ^ r ^ ^ N H B o c c 

(s,s)-39° ° 

BocHN. . NHBoc c 

(S,R)-400 (61%) 
(S,S)-400 (48%) 

B o c H N ^ // = V^NHBoc 

(S,S)-411 (66%) 
(R,R)-411 (60%) 

BocHN.^ / / \ . . „NHBoc c 

(S,S)-422 (84%) 

B o c H N * ^ | ^ 00 ' 

(S,S)-433 (32%) 

BocHN N 
r'NHBoc c 

(S,S)-444 (33%) 
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6.55 Conversions into cystine isosteres 

Thee cyclic alkynes 40 and 41 were transformed in several cystine isosteres. For 

example,, (2R,7R)-2,7-diaminosuberic acid (46) was readily obtained from the macrocyclic 

compoundd (R,R )-41 via exhaustive hydrogenation of the triple bond with concomitant 

hydrogenolysiss of the benzyl ester linkages using catalytic P d /C under a hydrogen 

atmosphere.. Treatment of the resulting product 45 with TFA/CH2C12 (1:1) and purification 

withh ion exchange chromatography then gave (2R, 7R)-2,7-diaminosuberic acid (46) in 44% 

overalll  yield from the cycloalkyne 41 (eq 6.7). The analytical data of this product were 

comparedd with literature data of (2S,7S)-2,7-diaminosuberic acid and appeared identical, 

exceptt for the rotation (R,R)-46: [a]D = -26.8 (c = 1, 2 M HC1), lit.24d (S,S)-46: [a]D = + 24.8 (c = 

0.2,, H20), lit.28 (S,S)-46: [a]D = + 41.8 (c = 1,6 M HC1) 

BocHN,,. . 

oJ J 
''  ~ \ 

^ 00 0^ 

\J \J 
(R,R)-41 1 

^NHBocc H02Cv 

5 ^^ Pd/C, H2 

EtOAc,, rt 

^.NHBoc c 

\ \ 

BocHN"̂  ^ 

45 5 

^C02H H 

Ho2a a 

TFA A 

CH2C12 2 

46 6 

N H 2 2 

"" ll 0 s s 
H 2N^C0 2H H 

44%% over 2 steps 

(6.7) ) 

Alternatively,, immediate ester hydrolysis with LiOH (2.2 equiv), followed by TFA-

inducedd cleavage of the Boc-protecting groups and ion exchange chromatography afforded 

thee conformationally restricted cystine mimic 48 in 60% over two steps (eq 6.8). 

H O J A ^ N H B O C C 

BocHhLL / — = — \ ^NHBoc U O H 

(6.8) ) 
HzO,, MeOH ^ | CH2C12 

BocHN^^ "C02H H2NT ^C02H 

(S,S)-400 47 48 60% over 2 steps 

Inn collaboration with the group of Prof, van Boom it was also shown that via 

subjectionn of 40 to hydrogenation conditions in the presence of a Lindlar-catalyst, the 

acetylenee function could be selectively hydrogenated to the (Z)-olefin 49 in a satisfactory yield 

(eqq 6.9). Again, LiOH treatment (in 59%) followed by TFA-mediated removal of the Boc-

groupss resulted in the TFA salt of diamino acid 50, in 94% yield. Unfortunately, the benzyl 
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esterr linkages in the other cycloalkynes appeared not compatible with the Lindlar conditions 

givingg rise to mixtures of (hydrolysis) products. Other hydrogenation methods that were 

investigatedd so far {e.g. P2Ni reduction)29 were not successful. 

Boc c Bocc Boc X = X Boc 1)^'H2° 
—vv iiu T. J, I / \ 1 MeOH 

Ny»NHH Lindlar cat. HIW \..>NH 59o/o 

*cAoo H2 

49 9 

CF3COO O 
HO^CC NH3 

2)) TFA, CH2C12 

94% % 

(S,S)-40 0 

6.66 Synthesis of an orthogonally protected cystine isostere 

CF3COOO " 5 0 

Sincee the eventual goal was to incorporate the cystine mimics into peptides, the 

availabilityy of orthogonally protected derivatives was required. Therefore, in the same 

collaborationn with the Van Boom group, an orthogonally protected cystine isostere was 

synthesizedd as shown in Scheme 6.3. 

Schemee 6.3 

Bocc O 

(R)-33 3 

'Bu02C^,NHFmoc c 

BocHM. . 

OHH a 
•• Ö 

511 91% 

e,f f 
BocHN,,../ / 

BocHrrr C02H 

555 76% 54 66% 53 80% 
ReagentsReagents and conditions: (a) DIPEA, p-nitrophenyl chloroformate, DMF, rt, 16 h; (b) DIPEA, 25, DMF, rt, 
488 h; (c) "butyl 2,2,2-trichloroacetimidate, TFA, CHC13, rt, 18 h; (d) 5, C6H5C1, 80 °C, 2 h; (e) Pd/C, H2, 
MeOH,, rt, 18 h; (f) Na2C03, NaHC03, Fmoc-OSu, H20/dioxane, rt, 3h. 
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Thiss strategy was based on literature precedent that was provided by the group of Williams in 

aa comparable RCM-mediated procedure.30 Thus, condensation of (R)-28 with 1,3-

benzenedimethanoll  via method B afforded 33 in 77% yield. Activation with p-nitrophenyl 

chloroformatee gave rise to the mixed anhydride 51, which in situ was condensed with the 

aminoo acid (R)-25 to afford the tethered diacetylene 52 in 73%. Finally, protection of the 

carboxylicc acid group with tert-butyl 2,2,2-trichloroacetimidate afforded the cyclization 

precursorr 53 in 80%. Subsequent RCAM then resulted in the 16-membered cycloalkyne 54 in 

66%.. Gratifyingly, all the functional groups present in 53 appeared compatible with the W-

catalyst.. Hydrogenation of 54 and protection of the amine with Fmoc afforded the 

orthogonallyy protected (R,R)-diamino suberic acid derivative 55 in 76% yield. 

6.77 Miscellaneous alkyne metathesis reactions 

Intermolecularr or cross-metathesis reactions of olefinic amino acids with a variety of 

alkeness using the 'standard' Grubbs Ru-catalyst have been reported in the literature.31 They 

oftenn proceed in good yield, despite the formation of usually small amounts of polymeric or 

homodimericc products. Therefore, cross-metathesis seems a valuable synthetic tool although 

theree is the apparent drawback that mixtures of geometrical isomers are formed. Since the 

geometricall  isomer problem does not exist in alkyne metathesis, we decided to start a 

preliminaryy study into the possibility of effecting cross-alkyne metathesis31 on amino acids. 

C02Me e 
66 mol% 5 I 

 BocHlvL/ = — ' NHBoc + 56 (610) 
C02Mee C6H5Cl,80°C,6h J 

C02Me e 
566 57 60% 34% 

Thee first example that was investigated is shown in eq 6.10, where the protected 

racemicc amino acid 56 (obtained upon esterification of 25 with SOCl2 in MeOH, followed by 

reactionn with di-ferf-butyl dicarbonate in the presence of Et3N in CH2C12) was subjected to the 

alkynee metathesis conditions, but then somewhat less diluted (0.05 M). The homo-coupled 

acetylenee 57 was obtained in 60% yield (1:1 mixture of diastereomers), while 34% of the 

startingg material was recovered after 6 h at 80 °C. This clearly shows a difference with the 

correspondingg cross-olefin metathesis reaction of allylglycine derivatives, which was reported 

too proceed in a moderate yield31*  or even failed to proceed.7 It also indicates, that this route 

providess a viable alternative for the preparation of C2-symmetrical free diaminosuberic acid 

derivatives.. However, if non-symmetrical or orthogonally protected moieties are required, 

thiss strategy obviously is of less use. 
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.O O 6mol%% 5 
BocHN.. s = -

CéHgCl,, 80 °C, 6 h Y^ ^ -JC& -JC& 

58 8 
C02Me e 

599 24% 

.JO O 
(6.11) ) 

Inn addition, a cross-metathesis reaction was performed using two different acetylenes, 

namelyy the racemic amino acid 56 and the THP-protected alcohol 58 (eq 6.11).33 The latter 

alcoholl  was readily obtained by reaction of 4-hexyn-l-ol with dihydropyran in the presence of 

aa catalytic amount of HC1. Similar metathesis conditions were used as described before. After 

66 h reaction time and subsequent purification, the desired coupled product was obtained in 

onlyy 24%, while still contaminated with small amounts of unknown byproducts. Mainly 

startingg material 58 was recovered. A small amount (3%) of the homo-dimerized amino acid 

599 was also obtained. Both cross-metathesis reactions were not further optimized, but the fact 

thatt so much starting material was recovered, indicates that the W-catalyst probably had lost 

mostt of its activity and that there still must be ample room for improvement. 

Inn addition to the strategy of tethering amino acids and then cyclizing them to the 

correspondingg cyclic products, application of an alternative cyclization strategy could lead to 

potentiall  p-turn mimics. An example of a known (3-turn mimic is the 10-membered lactam 63 

(Schemee 6.4), which was obtained through RCM of the corresponding diolefin.34 

Schemee 6.4 

Boee O 
(S)-30 0 

H2NN C02Me 
HCI I 

(S)-60 0 

>cu u 

EDCI I 
*--

CH2C12, , 
rt,, 16 h 

OMe e 

Boee O C02Me 
611 53% 

5 5 
C6H,JC1 1 

80°C,3.5h h 

Boc' ' 
.NHH C02Me 

(S,S)-622 22% 
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Wee employed a analogous procedure, which commenced with the coupling of the 

enantiomericallyy pure amino acid fragments 30 and 60 under standard conditions using 2.5 

equivv of EDCI in CH2C12 to afford the 12-membered ring 61 in 53% yield. For RCAM a 12-

memberedd ring is the minimum size of ring systems due to the conformationally restrained 

triplee bond. The dipeptide 61 was then cyclized under the standard RCAM conditions to 

providee the cyclic 12-membered dipeptide (62) in 22% yield. Although we were pleased with 

thee formation of this potential [i-turn mimic, the yield was somewhat disappointing. 

However,, this can probably be improved by using a freshly prepared W-catalyst, but might 

alsoo be improved by using one of the other catalyst systems previously mentioned in this 

chapter.. This clearly requires further investigation. 

6.88 Conclusions 

Inn this chapter, the preparation of enantiomerically pure acetylenic macrocycles using 

ring-closingg alkyne metathesis is described. The yields of the metathesis products vary from 

moderatee to good. Furthermore, it was shown that the cyclic products could be converted into 

aa number of conformationally restricted cystine isosters via selective modification of the triple 

bond,, followed by deprotection. In addition, with preliminary experiments the viability of 

cross-alkynee metathesis was demonstrated, although these results need further investigation. 

Finally,, an interesting cyclic dipeptide was synthesized, which might be used as a fJ-turn 

mimic. . 
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6.100 Experimental section 

Forr general experimental details, see: Section 2.6. The CH2C12 used for the coupling 

reactionss was dry and free of EtOH. The alkyne metathesis reactions were carried out under 
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ann inert atmosphere of argon. Standard syringe and Schlenk techniques were used to transfer 

solvents.. For ion exchange chromatography DOWEX 50 W X 4 (20-50 mesh) was used eluted 

withh 2 M NH4OH. 

(S)-2-£erf-Butoxycarbonylaminohex-4-ynokk acid (28). To a solution of 25 (1.00 g, 6.00 mmol) 

inn dioxane/water (100 mL, 1/1, v /v) sodium bicarbonate (1.03 g, 12.0 mmol) and di-tert-butyl 

dicarbonatee (1.44 g, 6.60 mmol) were added. The reaction mixture was heated at reflux 

temperaturee for 8 h. The dioxane was evaporated and aqueous saturated sodium bicarbonate 

(155 mL) was added. The reaction mixture was extracted with ether (3 x 50 mL), the water layer 

wass acidified with 1M HC1 and extracted with EtOAc (3 x 50 mL). The combined EtOAc 

layerss were dried (MgS04) and concentrated. After purification of the crude product by flash 

chromatographyy (95% ether, 5% AcOH) 28 (1.36 g, 5.99 mmol, 99%) was obtained as an white 

solid.. Rf = 0.10 (95% ether, 5%AcOH), Mp 132-133 °C, [a]D= +35.5 (c = 1, CH2C12), 'H NMR 

(4000 MHz, CDC13) 610.27 (s, 1H, C02H), 5.29-5.28 (m, 1H, NH), 4.43-4.42 (m, 1H, 

NHCHC02H),, 2.74-2.67 (m, 2H, CHCH2), 1.78 (t, ƒ = 2.5 Hz, 3H, CCH3), 1.23 (s, 9H, Boc), 13C 

NM RR (100 MHz, CDC13)8 175.63 (C02H), 155.35 (COBoc), 80.32 (CBu), 79.35, (CH2C=C), 72.68 

(OCCHO,, 52.01 (NHCHC02H), 28.15 (CH3Boc), 22.65 (CHCH2), 3.37 (G^CCH3), IR v 3500-

2750,, 2979, 2926, 2252, 1716, 1514,1397,1163, HRMS (EI): calculated for CnH17N04 227.1158, 

foundd 227.1165. 

(S)-2-terf-Butoxycarbonylamino-hept-5-ynoicc acid (29). To a solution of 26 (1.00 g, 7.10 

mmol)) in dioxane/water (100 mL, 1/1, v /v) sodium bicarbonate (1.54 g, 18.3 mmol) and di-

terf-butylterf-butyl dicarbonate (1.54 g, 7.04 mmol) were added. The reaction mixture was heated at 

refluxx temperature for 12 h, The dioxane was evaporated and aqueous saturated sodium 

bicarbonatee (15 mL) was added. The reaction mixture was extracted with ether (3 x 50 mL), 

thee water layer was acidified with 1M HC1 and extracted with EtOAc (3 x 50 mL). The 

combinedd EtOAc layers were dried (MgSQ,) and concentrated. After purification of the crude 

productt by flash chromatography (70% ether/PE, 95% ether 5% AcOH) 29 (1.40 g, 5.81 mmol, 

82%)) was obtained as an amorphous solid. R, = 0.35 (95% ether, 5% AcOH), [a]D= -6.0 (c = 1, 

CH2C12),, *H NMR (400 MHz, CDC1,) 5 11.54 (s, 1H, CQH), 5.19 (d, J = 7.5 Hz, 1H, NH), 4.40-

4.388 (m, 1H, NHCHC02H), 2.26-2.25 (m, 2H,CHCH2), 2.17-2.05 (m, 1H, CH2C=C), 1.90-1.85 (m, 

1H,, CH2C=C), 1.75 (s, 3H, CCH3), 1.44 (s, 9H, Boc), ,3C NMR (100 MHz, CDC13) 5 177.22 

(C02H) ,, 155.49 (COBoc), 80.15 (CT3u), 77.22, (CH2C=C), (C^CCH,) not observed, 52.76 

(NHCHC02H),, 31.21 (CHCH2), 28.15 (CH3Boc), 15.06 (CH2C), 3.29 (OCCH3), IR v 3400-2800, 

2978,, 2922, 1714, 1517, 1395, 1161, HRMS (FAB): calculated for C12H20NO4 (MH+) 242.1392, 

foundd 242.1288. 
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(S)-2-tert-Butoxycarbonylaminooct-6-ynoicc acid (30). To a solution of 27 (1.00 g, 6.45 mmol) 

inn dioxane/water (100 mL, 1/1, v /v) sodium bicarbonate (1.08 g,12.9 mmol) and di-terf-butyl 

dicarbonatee (2.12 g, 9.67 mmol) were added. The reaction mixture was heated at reflux 

temperaturee for 12 h. The dioxane was evaporated and aqueous saturated sodium bicarbonate 

(155 mL) was added. The reaction mixture was extracted with ether (3 x 50 mL) the water layer 

wass acidified with 1M HC1 and extracted with EtOAc (3 x 50 mL). The combined EtOAc 

layerss were dried (MgSOJ and concentrated. After purification of the crude product by flash 

chromatographyy (70% ether/PE, 95% ether 5% AcOH) 30 was obtained as a white amorphous 

solidd (1.30 g, 0.51 mmol, 79%) contaminated with some minor impurities, fy = 0.14 (95% ether, 

5%% AcOH), ! H NMR (400 MHz, CDCU 610.95 (s, 1H, C02H), 5.14 (d, ƒ = 8.1 Hz, 1H, NH), 

4.33-4.288 (m, 1H, NHCHC02H), 2.15-2.11 (m, 2H, CH2CsC), 2.05-1.90 (m, 1H, CH2CH2CH2), 

1.72-1.711 (m, 4H, C H ^ C H ,, CsCCH3), 1.54-1.45 (m, 2H, CHCH2), 1.40 (s, 9H, Boc), 13C NMR 

(1000 MHz, CDC13) 8 176.26 (COzH), 155.49 (COBoc), 80.02 (CBu), 78.03, (CH2C=C), 76.09 

(CsCCHj),, 52.99 (NHCHC02H), 31.43 (CHCH2), 28.12 (CH3B0C), 24.65 (CHjO^CH,), 18.87 

(CH2C=C),, 3.24 (OCCH3), IR v 3500-2800, 33.15, 2778, 1714, 1514, 1395, 1166, HRMS (EI): 

calculatedd for C^H^NO, 256.1549 found 256.1543. 

(S)-2-rert-Butoxycarbonylaminohex-4-ynoicc acid 2-hydroxyethyl ester (31). To a solution of 

288 (100 mg, 0.44 mmol), in CH2C12 (10 mL) DMA P (cat. amount) and 1,2 ethylene glycol (98 

H.L,, 1.76 mmol) were added at 0 °C. Finally 1,3-dicyclohexylcarbodiimide (123 mg, 0.59 mmol) 

wass added and the reaction mixture was allowed to reach ambient temperature overnight. 

Thee solid was filtrated off, then the solvent was evaporated, EtOAc was added to the residue 

andd the precipitate was again filtrated off. After purification of the crude product by flash 

chromatographyy (20%->100% ether/PE) 31 (101 mg, 0.39 mmol, 89%) was obtained as a 

amorphouss solid. R, = 0.13 (70% ether/PE), [a]D= +15.4 (c = 1, CH2C12),
 ]H NMR (400 MHz, 

CDCI3)) 5 5.34-5.335 (m, 1H, NH), 4.37-4.33 (m, 2H, CH2OH) 4.26-4.21 (m, 1H, NHCfJCO.H), 

3.799 (t, ƒ = 4.6 Hz, 2H, C02CH2), 2.70-2.58 (m, 2H, CHCH2), 2.45 (bs, 1H, OH), 1.75 (t, ƒ = 2.5 Hz, 

3H,, CCH3), 1.44 (s, 9H, Boc), 13C NMR (100 MHz, CDC13) 8 171.10 (CQ), 155.31 (COBoc), 80.20 

(C(CH3)3),, 79.30, (C H2C»C), 73.04 (OCCH3), 66.88 (CH2OH), 60.65 (C02CH2), 52.45 

(NHCHC02H),, 28.15 (CH3Boc), 22.77 (CHCH2), 3.33 (^CCH3), IR v 3500-330, 2977, 2925,1746, 

1714,1698,1513,1166,, HRMS (FAB): calculated for C^H^NOs (MH+) 272.1498, found 272.1496. 

(S)-2-terf-Butoxycarbonylaminohex-4-ynoicc acid 2-hydroxymethylbenzyl ester (32). To a 

solutionn of 28 (100 mg, 0.44 mmol) in CH2C12 (5.0 mL), DMA P (cat. amount) and 1,2 

benzenedimethanoll  (182 mg, 0.88 mmol) were added at 0 °C. Then, 1,3-

dicyclohexylcarbodiimidee (123 mg, 0.59 mmol) was added and the reaction mixture was 

allowedd to reach ambient temperature over night. The solid was filtrated off, then the solvent 
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wass evaporated/ EtOAc was added to the residue and the precipitate was again filtrated off. 

Afterr purification of the crude product by flash chromatography (20%—»100% ether/PE) 32 

(1200 mg, 0.35 mmol, 79%) was obtained as a amorphous solid. R, = 0.35 (70% ether/PE), [a]D = 

-5.55 (c = 1, CH2C12), *H NMR (400 MHz, CDC13) 5 7.44-7.28 (m, 4H, Ar-H), 5.36-5.26 (m, 3H, 

CH2OH,, NH), 4.75 (s, 2H, C02CH2Ar) , 4.42-4.40 (m, 1H, NHCHC02H), 2.70-2.57 (m, 2H, 

CHCH2),, 1.69 (t, ƒ = 2.5 Hz, 3H, OCCH3) , 1.42 (s, 9H, Boc), 13C NMR (100 MHz, CDC13) 8 

170.844 (C02H), 155.18 (COBoc), 139.39,133.01, 129.70, 128.78, 128.58, 127.78 (6 x Ar), 80.07 

(C*Bu),, 79.34 (CH2OC), 72.85 (OCCH,), 64.89 (CH2OH), 62.44 (C02CH2), 52.35 (NHCHC02H), 

28.133 (CH3Boc), 22.74 (CHCH2), 3.28 (C<:CH3), IRv 3500-3300, 2977, 2925, 1715, 1506, 1164, 

HRMSS (FAB): calculated for C19H26N05 (MH+) 348.1811, found 348.1803. 

(S)-2-ferr-Butoxycarbonylaminohex-4-ynoicc acid 3-hydroxymethylbenzyl ester (33). To a 

solutionn of 28 (100 mg, 0.44 mmol) in CH2C12, (5.0 mL) DMA P (cat. amount) and 1,3 

benzened imethanoll  (244 mg, 1.76 mmol) were added at 0 °C. Finally 1,3-

dicyclohexylcarbodiimidee (123 mg, 0.59 mmol) was added and the reaction mixture was 

allowedd to reach ambient temperature over night. The solid was filtrated off, then the solvent 

wass evaporated, EtOAc was added to the residue and the precipitate was again filtrated off. 

Afterr purification of the crude product by flash chromatography (20%-»100% ether/PE) 33 

(1033 mg, 0.30 mmol, 67%) was obtained as an amorphous solid. R, = 0.25 (70% ether/PE), [a]D 

== -5.2 (c = 0.5, CH2C12), 'H NMR (400 MHz, CDQ) 8 7.44-7.26 (m, 4H, Ar-H), 5.36-5.27 (m, 3H, 

CH2OH,, NH), 4.75 (s, 2H, C02CH2Ar) , 4.43-4.41 (m, 1H, NHCHCO,), 2.70-2.57 (m, 2H, 

CHCH2),, 1.69 (t, ƒ = 2.5 Hz, 3H, OCCH3) , 1.42 (s, 9H, Boc), 13C NMR (100 MHz, CDC13) 6 

170.899 (C02), 155.12 (COBoc), 141.32, 135.60, 128.61, 127.12, 126.73, 126.43 (6 xAr), 80.02 

(C'Bu),, 79.29 (CH2C=C), 72.83 (OCCH3), 66.93 (CH2OH), 64.76 (C02CH2), 52.27 (NHCHCO,), 

28.177 (CH3Boc), 22.90 (CHCH2), 3.34 (C<:CH3), IR v 3500-3300, 2977, 2926, 1746, 1716, 1694, 

1515,1162,, HRMS (FAB): calculated for C19H26N05 (MH+) 348.1811, found 348.1821. 

(S)-2-fert-Butoxycarbonylamino-hept-5-ynoicc acid 2-hydroxyethyl ester (34). To a solution of 

299 (200 mg, 0.82 mmol), in CH2C12 (20 mL) DMAP (cat. amount) and 1,2 ethylene glycol (185 

uL,, 3.32 mmol) were added at 0 °C. Finally l-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloridee (221 mg, 1.12 mmol) was added and the reaction mixture was allowed to reach 

ambientt temperature over night. After evaporation of the solvent and purification by flash 

chromatographyy (20%^100% ether/PE) 34 (195 mg, 0.68 mmol, 82%) was obtained as a 

amorphouss solid. R, = 0.14 (70% ether/PE), [a]D = -5.6 (c = 1, CH2C12), 'H NMR (400 MHz, 

CDC13)) 5 5.28-5.25 (m, 1H, NH), 4.33-4.22 (m, 3H, CH2OH, NHCHCO,), 3.80 (t, J = 4.6 Hz, 2H, 

C02CH2),, 2.61 (bs, 1H, OH), 2.25-2.20 (m, 2H, CHCH2), 2.15-1.97 (m, 1H, CH2C^C), 1.91-1.81 

(m,, 1H, CH2OC), 1.75 (t, J = 2.5 Hz, 3H, C=CCH3), 1.42 (s, 9H, Boc), 13C NMR (100 MHz, 
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CDCI3)) 8 172.44 (C02), 155.57 (COBoc), 80.09 (CBu), 77.25, (CH2C=C), (OCCH,) not observed, 

66.622 (CH2OH), 60.62 (C02CH2), 53.15 (NHCHCQJ, 31.15 (CHCH2), 28.15 (CH3Boc), 15.10 

(CH2OC),, 3.31 (CsCCH3), IR v 3500-3300, 2976, 1750, 1694, 1518, 1367, 1169, HRMS (FAB): 

calculatedd for C14H24N05 (MH+) 286.1654 found 286.1653. 

(2S,2'S)-2-(ferf-Butoxycarbonylamino)hex-4-ynokk acid 2-(2'-terf-butoxycarbonylamino)hex-

4-ynoyloxyethyll  ester  (35). A solution of DMA P (141 mg, 1.16 mmol), DMAP.HC1 (122 mg, 

0.777 mmol) and 1,3-dicyclohexylcarbodiimide (159 mg, 0.77 mmol) in CH2C12 (10 mL) was 

heatedd to reflux temperature for 10 min. A solution of 28 (88 mg, 0.39 mmol) and 31 (100 mg, 

0.399 mmol) in CH2C12 (5.0 mL) was added to the reaction mixture and stirred at reflux for 16 h. 

Thee reaction mixture was extracted with 1M HC1/H20 (1:5 10 mL) followed by extraction 

withh saturated aqueous NaHC03/H zO (1:5 10 mL). The organic layer was dried (MgS04), 

concentratedd and purified by flash chromatography (20%-»100% ether/PE) to give 35 (177 

mg,, 0.37 mmol, 95%) as an amorphous solid, R, = 0.45 (70% ether/PE), *H NMR (400 MHz, 

CDCI3)) 8 5.29-5.27 (m, 2H, NH), 4.38-4.29 (m, 6H, NHCHC02, C02CH2), 2.66-2.57 (m, 4H, 

CHCH2),, 1.72 (t, ƒ = 2.4 Hz, 6H, C=CCH3), 1.42 (s, 18H, Boc), I3C NMR (100 MHz, CDC13) 8 

170.711 (2 x COz), 154.98 (2 x COBoc), 79.91 (2 x CBu), 79.16, (2 x CH2C^Q, 72.74 (2 x C=CCH3), 

62.677 (2 xC02CH2) , 52.12 (2xNHCHC02) , 28.13 (2 xCH3Boc), 22.87 (2 xCHCH2), 3.30 (2 

xx C=CCH3), IR v 3377, 2777, 2924, 2250,1754,1712,1698,1504,1163, HRMS (FAB): calculated 

forr C24H37N2Os (MH+) 481.2550, found 481.254. 

(2S,2'S)-2-(ter£-Butoxycarbonylamino)hex-4-ynoic-acidd 2-(2'-rerr-butoxycarbonylamino)hex-

4-ynoyloxymethyl)benzyll  ester  (36). A solution of DMAP (114 mg, 0.93 mmol), DMAP.HC1 

(988 mg, 0.62 mmol) and 1,3-dicyclohexylcarbodiimide (128 mg, 0.62 mmol) in CH2C12 (10 mL) 

wass heated to reflux temperature for 10 min. A solution of 28 (70.6 mg, 0.31 mmol) and 32 (108 

mg,, 0.31 mmol) in CH2C12 (5 mL) was added to the reaction mixture and stirred at reflux for 16 

h.. The reaction mixture was extracted with 1M HCl/HzO (1:5,10 mL) followed by extraction 

withh saturated aqueous NaHC03 /H 20 (1:5, 10 mL). The organic layer was dried (MgS04), 

concentratedd and purified by flash chromatography (20%->100% ether/PE) to give 36 (172 

mg,, 0.31 mmol, 99%) as an amorphous solid. R,= 0.67 (70% ether/PE), [a]D= +3.5 (c = 1, 

CH2C12),, 'H NMR (400 MHz, CDC13) 87.42-7.39 (m, 2H, Ar-H), 7.35-7.32 (m, 2H, Ar-H), 5.35-

5.222 (m, 6H, COzCH2Ar, NH), 4.44-4.42 (m, 2H, NHCHCO,), 2.73-2.57 (m, 4H, CHCH2), 1.67 (t, 

ƒƒ = 2.4 Hz, 6H, C=CCH3), 1.42 (s, 18H, Boc), 13C NMR (100 MHz, CDC13) 8 170.66 (2 xC02), 

155.022 (2 x COBoc), 133.88, 129.63, 12954, 128.65, 128.31, (Ar), 79.94 (2 x CBu), 79.26 (2 

xx C H2 C E C ), 72.78 (2 x C=CCH3), 64.44 (2 x C02CH2), 52.30 Q. x NHCHCO,), 28.15 (2 x CH,Boc), 

22.944 (2 x CHCH2), 3.29 (2 x C=CCH3), IR v 3367, 2977, 2924, 1747, 1715, 1503, 1164, HRMS 

(FAB):: calculated for C ^ N A (MH+) 557.2863, found 557.2858. 

153 3 



ChapterChapter 6 

(2S,3S)-2-tert-Butoxycarbonylaminohex-4-ynoic-acidd 3-(£ert-butoxycarbonylamino-hex-4-

ynoyloxymethyl-)benzyll  ester (37). A solution of DMAP (80.0 mg, 0.66 mmol), DMAP.HC1 

(699 mg, 0.44 mmol) and 1,3-dicydohexylcarbodiimide (90.0 mg, 0.44 mmol) in CH2C12 (10 mL) 

wass heated to reflux temperature for 10 min. A solution of 28 (50 mg, 0.22 mmol) and 33 (76 

mg,, 0.22 mmol) in CH2C12 (5 mL) was added to the reaction mixture and stirred at reflux for 16 

h.. The reaction mixture was extracted with 1M HC1/H20 (1:5 10 mL) followed by extraction 

withh saturated aqueous NaHCO3/H 20 (1:5, 10 mL). The organic layer was dried (MgSOJ, 

concentratedd and purified by flash chromatography (20%->100% ether/PE) to give 37 (97.0 

mg,, 0.17 mmol, 80%) as an amorphous solid. R, = 0.53 (70% ether/PE), [a]D = -10.1 (c = 1, 

CH2C12),, 'H NMR (400 MHz, CDC13) 87.36-7.32 (m, 4H, Ar-H), 5.31 (d, ƒ = 8.2 Hz, 2H, NH), 

5.25-5.177 (dd, ƒ = 12.5, 31.9 Hz, 4H, C02CH2Ar), 4.47-4.44 (m, 2H, NHCHCO), 2.75-2.59 (m, 4H, 

CHCH2),, 1.71 (t, ƒ = 2.5 Hz, 6H, OCCH3) , 1.44 (s, 18H, Boc), l3C NMR (100 MHz, CDCL) 8 

170.833 (2 x C02) , 155.06 (2 x COBoc), 135.72, 128.71, 127.95, 127.69 (6 xAr), 79.97 (2 x CBu), 

79.255 (2 x CH2C=C), 72.81 (2 x OCCH3), 66.69 (2 xC02CH2), 52.26 (2 x NHCHCO,), 28.17 (2 

xx CH3Boc), 22.95 (2 x CHCH2), 3.34 (2 x OCCH3), IR v 3375,2977,2923,1746,1716,1699,1504, 

11644 HRMS (FAB): calculated for QoH^NA (MH+) 557.2863, found 557.2872. 

(2S,2'S)-2-terf-Butoxycarbonylaminohept-5-ynoicc acid 2-(2-ferr-butoxycarbonylaminohept-

5-ynoyloxyethyll  ester (38). To a solution of 34 (50.0 mg, 0.17 mmol), in CH2C12 (10 mL) DMA P 

(cat.. amount) and l-(3-dirnethylaminopropyI)-3-ethylcarbodiimide hydrochloride (36 mg, 0.18 

mmol)) were added at 0 °C. Finally, 39 (42.0 mg, 0.17 mmol) was added and the reaction 

mixturee was allowed to reach ambient temperature over night. After evaporation of the 

solventt and purification by flash chromatography (20%-*100% ether/PE) 38 (81.0 mg, 0.16 

mmol,, 91%) was obtained as an amorphous solid. Rf= 0.36 (70% ether/PE), [a]D= 0.0 (c =0.5, 

CH2C12),, 'H NMR (400 MHz, CDCL) 55.20-5.19 (m, 2H, NH), 4.35-4.25 (m, 6H, NHCHCO,, 

C02CH2),, 2.21-2.18 (m, 4H, CH2C^C), 2.00-1.97 (m, 2H, CH2C=C), 1.85-1.81 (m, 2H, CH2C<!), 

1.733 (t, ƒ = 2.5 Hz, 6H, C=CCH3), 1.41 (s, 18H, Boc), 13C NMR (100 MHz, CDC13) 8 172.04 (2 

xx CO,), 155.20 (2 x COBoc), 79.77 Q. x CBu), 77.24, (2 x CH2C=C), (2 x C=CCH3) not observed, 

62.500 (2 xC02CH2), 52.80 (2 xNHCHC02), 31.38 (2 xCHCH2) , 28.15 (2 xCH3Boc), 15.02 (2 

xx C H2 O Q, 3.30 (2 x C=CCH3), IR v 3368 (b), 2976, 2922, 2252, 1730, 1714, 1514, 1367, 1168 

HRMSS (FAB): calculated for C26H41N208 (MH+) 509.2863, found 509.2873. 

(2S,2S)-2-terf-Butoxycarbonylaminooct-6-ynoicc acid 2-(2-fert-butoxycarbonylaminohept-5-

ynoyloxyethyll  ester (39). To a solution of 34 (50.0 mg, 0.17 mmol) in CH2C12 (10 mL), DMA P 

(cat.)) and l-(3-dimethylaminopropyl)-3-ethylcarboiimide hydrochloride (36.0 mg, 0.18 mmol) 

weree added at 0 °C. Finally, 30 (45.0 mg, 0.17 mmol) was added and the reaction mixture was 
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allowedd to reach ambient temperature over night. After evaporation of the solvent and 
purificationn by flash chromatography (20%-»100% ether/PE) 39 (74.0 mg, 0.14 mmol, 81%) 
wass obtained as an amorphous solid. R̂  = 0.42 (70% ether/PE), [<x]D= +0.8 (c = 1, CHjCLJ/H 
NMRR (400 MHz, CDC13) 65.20-5.18 (m, 1H, NH), 5.06-5.98 (m, 1H, NH), 4.35-4.14 (m, 6H, 
NHCHCOi,, C02CH2), 2.22-2.18 (m, 4H, CH2C^C2), 2.08-1.93 (m, 1H, CHCH2), 1.90-1.66 (m, 3H, 
CHCH2),, 1.74 (t, ƒ = 2.4 Hz, 6H, C=CCH3), 1.62-147 (m, 2H, CHCH2CH2), 1.42 (s, 18H, Boc), 13C 
NMRR (400 MHz, CDC13) o 172.41 (CQ), 172.03 (C02), 155.23 (2 x COBoc), 79.79 (2 xCBu), 
78.033 (2 x CH2C=C), 76.15 (2 x C=CCH3), 62.57 (C02CH2), 62.43 (C02CH2), 53.11 (NHCHCQ,), 
52.800 (NHCHCCU 31.53 (CHCH2), 31.41 (CHCH2), 28.16 (2 x CH^Boc), 24.78,18.24, 15.02 (3 x 
CH2),, 3.32 (C=CCH3), 3.28 (OCCH3), IR v 3368 (b), 2976, 2923, 1747, 1714, 1514, 1367, 1249, 
1166,, HRMS (FAB): calculated for C^H^NA (MH+) 523.3019 found 523.2971. 

Generall  procedure for  the alkyne metathesis reactions: 
AA solution of the metathesis precursor in C6H5C1 was added to a freshly prepared solution of 
thee W-catalyst (5) (6 mol%) in dry C6H5C1 (as total concentration 0.02 M) and stirred at 80 °C. 
Afterr several hours (the reaction was monitored with TLC), the solvent was evaporated and 
thee crude product was purified by flash chromatography (20%^100% ether/PE). 

(6S,llS)-(ll-terf-Butoxycarbonylamino-5,12-dioxo-l,4-dioxacyclododec-8-yn-6-yl)-carbamic c 
acidd tert-buty l ester  (40). Following the general procedure for alkyne metathesis, to a solution 
off  5 (13.0 mg, 0.027 mmol) in QH5C1 (10.0 mL), a solution of 35 (161 mg, 0.34 mmol) in C6H5C1 
(10.00 mL) was added. Work-up and flash chromatography (gradient) afforded 40 (68.0 mg, 
0.166 mg, 48%) as a colorless oil. R, = 0.15 (70% ether/PE), [a]D = +77.7 (c = 1, CH2C12), *H NMR 
(4000 MHz, CDC13) 8 5.22 (d, ƒ = 7.6 Hz, 2H, NH), 4.58-4.37 (m, 6H, NHCHCO,, C02CH2), 2.82-
2.777 (m, 2H, CHCH2), 2.47 (dd, ƒ = 6.2,15.0 Hz, 2H, CHCH2), 1.44 (s, 18H, Boc), 13C NMR (100 
MHz,, CDC13) o 170.73 (2 xC02), 154.72 (2 x COBoc), 80.23 (2 xCBu), 77.89, (2 xCH2C=C), 
61.988 (2 xC02CH2), 52.18 (2 xNHCHCO,), 28.16 (2 xCH3Boc), 23.62 (2 xCHCH2), IR v 3461, 
2979,, 1716, 1504, 1161, HRMS (FAB): calculated for C20H31N2O8 (MH+) 427.2080, found 
427.2082. . 

(8S,13S)-(13-fert-Butoxycarbonylamino-7/14-dioxo-l,6-dioxa[l,6,4]benzocyclotetradec-10-yn--
8-yl)-carbamicc acid tert-butyl  ester  (41). Following the general procedure for alkyne 
metathesis,, to a solution of 5 (7.50 mg, 0.016 mmol), in QH5C1 (10.0 mL) a solution of 36 (151 
mg,, 0.27 mmol) in C6H5C1 (5.0 mL) was added. Work-up and flash chromatography (gradient) 
affordedd 41 (87.0 mg, 0.18 mg, 66%) as a colorless oil. R, = 0.46 (70% ether/PE), [a]D= +9.0 (c = 
1,, CH2C12), *H NMR (400 MHz, CDC13)6 7.17 (s, 2H, Ar-H), 5.52-5.22 (m, 6H, C02CH2Ar, NH), 
4.45-4.433 (m, 2H, NHCHC02), 2.81-2.77 (m, 2H, CHCH2), 2.51-2.45 (m, 2H, CHCH2), 1.39 (s, 
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18H,, Boe), 13C NMR (100 MHz, CDC13) 5170.72 (2 x C02), 154.94 (2 x COBoc), 133.82, 131.64, 

139.299 (6 xAr ) , 80.08 (2 x C'Bu), 77.82 (2 xCH2C=Q, 65.50 (2 xC02CH2) , 52.69 (2 

xx NHCHCQ), 28.12 (2 x CH,Boc), 22.98 (2 x CHCH2), IR v 3371, 2979, 2933, 2255,1714,1504, 

1164,, HRMS (FAB): calculated for Q ^ H ^ NA (MH+) 503.2393, found 503.2390. 

(5S,10S)-(10-f^-Butoxycarbonylamino-441-dioxo-3,12-dioxa-bicyclo[12,3,l]octadeca--

l(18),14,16-trien-7-yn-5-yl)-carbamicc acid tert-butyl ester (42). Following the general 

proceduree for alkyne metathesis, to a solution of 5 (7.2 mg, 0.015 mmol)in C6H5C1 (5.0 mL), a 

solutionn of 37 (95.0 mg, 0.17 mmol) in C6H5C1 (5.0 mL) was added. Work-up and flash 

chromatographyy (gradient) afforded 42 (70 mg, 0.143 mg, 84%) as a colorless oil. Rf = 0.48 

(70%% ether/PE), [cc]D= -71.2 (c = 1, C H A ) , 'H NMR (400 MHz, CDC13) 8 7.33-7.22 (m, 4H, Ar), 

5.688 (d, ƒ = 12.6 Hz, 2H, C02CH2), 5.34 (d, ƒ = 8.3 Hz, 2H, NH), 4.82 (d, ƒ = 12.6 Hz, 2H, 

C02CH2),, 4.49-4.47 (m, 2H, NHCHC02), 2.83-2.65 (m, 4H, CHCH2), 1.45 (s, 18H, Boc), 13C NMR 

(1000 MHz, CDC13) 5 170.35 (2 x C02), 155.03 (2 x COBoc), 136.68,128.27,127.63,125.55 (4 x Ar), 

80.099 (2 xCfcu), 77.82 (2 xCH2C=C), 66.23 (2 xC02CH2) , 51.80 (2 xNHCHC02), 28.18 (2 

xx CH3Boc), 22.89 (2 x CHCH2), IR v 3446,2979,1748,1714,1503,1163, HRMS (FAB): calculated 

forr C2 6H3 5NA (MH+) 503.2393, found 503.2361. 

(6S,13S)-(13-tert-Butoxycarbonylamino-5,15-dioxocyclotetradec-9-yn-6-yl)) carbamic acid 

terf-butylterf-butyl ester (43). Following the general procedure for alkyne metathesis, to a solution of 5 

(400 mol%) in QHSC1 (5.0 mL), a solution of 38 (73.0 mg, 0.14 mmol) in C6H5C1 (5.0 mL) was 

added.. The reaction mixture was stirred at 80 °C for 6 h Work-up and flash chromatography 

(gradient)) afforded 43 (21 mg, 0.05 mmol, 32%) as a colorless oil and 38 (9.0 mg, 0.02 mmol, 12 

%)) as a colorless oil. 43: R, = 0.38 (70% ether/PE), [<x]D= +23.6 (c = 1, CH2C12),
 JH NMR (400 

MHz,, CDCI3) 55.43 (d, ƒ = 7.1 Hz, 2H, NH), 4.50-4.48 (m, 4H, C02CH2), 4.36-4.33 (m, 2H, 

NHCHCCy,, 2.35-2.24 (m, 4H, CHCH2), 2.16-2.07 (m, 2H, CH2C^C), 1.98-1.93 (m, 2H, CH2C=C), 

1.444 (s, 18H, Boc), 13C NMR (100 MHz, CDC13) 8 170.66 (2 x C02), 155.02 Q. x COBoc), 80.17 (2 

xx C'Bu), 79.88 (2 x C=C), 62.50 (2 x C02CH2), 52.40 (2 x NHCHCQ) 29.71 (2 x CHCH2), 28.19 (2 

xx CH3Boc), 13.93 (2 x CH2C=C), IR v 3368,2977, 2250,1745,1714,1504,1367,1165, HRMS (EI): 

calculatedd for C ^ H ^ NA 454.2315 found 454.2312. 

(6S,14S)-(14-ferf-Butoxycarbonylamino-5,15-dioxo-l/4-dioxa-cyclopentadec-9-yn-6-yl) ) 

carbamicc acid fcrf-butyl ester (44). Following the general procedure for alkyne metathesis, to 

aa solution of 5 (40 mol%) in C6H5C1 (5.0 mL), a solution of 39 (67.0 mg, 0.13 mmol) in C6H5C1 

(5.00 mL) was added. The reaction mixture was stirred at 80 °C for 3.5h Work-up and flash 

chromatographyy (gradient) afforded 44 (20 mg, 0.04 mol, 33%) as a colorless oil. R^ 0.38 (70% 

ether/PE),, [a]D = -3.98 (c = 1, CH2C12), [a]^=  -18.7 (c = 1, CH2C12), *H NMR (400 MHz, CDC13) 
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88 5.30 (m, 1H, NH), 5.11 (d, ƒ = 7.1 Hz, 1H, NH), 4.62-4.35 (m, 4H, C02CH2), 4.28 (t, ƒ = 10.0 
Hz,, 1H, NHCHCO,), 4.13-4.10 (m, 1H, NHCHCO,), 2.35-2.21 (m, 4H, CHCH2), 2.11-2.04 (m, 
1H,, CH2), 1.99-1.80 (m, 3H, CH2), 1.67-1.51 (m, 2H, CH2), 1.44 (s, 9H, Boe), 1.44 (s, 9H, Boe), UC 
NMRR (100 MHz, CDC13) 5 172.49 (2xC02) , 155.24 (2 xCOBoc), 80.83 (2 xCBu), 80.04 
(CH2C=C),, 79.79 (C=CCH2), 62.62 (C02CH2), 61.88 (C02CH2), 53.15 (NHCHCO,), 52.11 
(NHCHCO,),, 32.86 (CHCH2), 31.63 (CHCH2), 28.19 (CH3Boc), 23.90 (CHjCT^CH,), 18.08 
(CH2OC),, 15.58 (CH2C=C), IR v 3365, 2976, 2932, 2253, 1747, 1714, 1506, 1367, 1164, HRMS 
(EI):: calculated for C^H^NA 468.2472 found 468.2442. 

(2J?,71?)-2,7-Bis-tert-butoxycabonylamino-octanee dioic acid (45). To a solution of 41 (83.0 mg, 
0.177 mmol) in EtOAc (4.0 mL), Pd/C (8.0 mg) was added. After stirring under an atmosphere 
off  H2 for 4 h, the reaction mixture was flushed with N2 and filtrated over Celite. After 
purificationn of the crude product by flash chromatography (95% ether, 5% AcOH) 45 (68.0 mg, 
0.177 mmol, 99%) was obtained as a colorless oil. R, = 0.05 (70% ether/FE), [a]D = -0.7 (c = 1, 
CH3OH),, *H NMR (400 MHz, CD3OD) 64.05-4.04 (m, 2H, NHCHC02H), 1.85-1.70 (m, 2H, 
CHCH2),, 1.70-1.50 (m, 2H, CHCH2), 1.50-1.30 (m, 22H, Boc, CH2CH2CH2),

 13C NMR (100 MHz, 
CDCI3)) 8 176.35 (2 x C02H), 158.18 (2 xCOBoc), 80.48 (2 x CBu), 54.86 (2 x NHCHC02H), 32.66 
(22 x CHCH2) 28.75 (2 x CH3Boc), 26.50 (2 x CH2), IR v 3500-2750,3326,2977,1714,1516,1164. 

(2R,7R)-Diaminosubericc acid (46). A solution of 45 (68.0 mg, 0.17 mmol) in CH2C12 (2.0 mL) 
andd THF (2.0 mL) was stirred for 16 h at ambient temperature. After evaporation of the 
solvents,, the crude product was purified with ion exchange chromatography which afforded 
466 (15.0 mg, 0.07 mmol, 44%) as a yellow powder. [a]D = -26.8 (c = 1, 2 M HC1), 'H NMR (400 
MHz,, D20, HC1) 54.05 (t, ƒ = 6.3 Hz 1H, aCH), 2.00-1.91 (m, 2H, CHCH2), 1.53-1.45 (m, 2H, 
CH2CH2),,

 13C NMR (100 MHz, D20, HC1) 5 174.88 (2 x C02H), 55.57 (2 x NHCHC02H), 32.11 (2 
xx CHCH2), 26.54 (2 x CH2CH2CH2). 

(2S,7S)-2,7-Bis-terf-butoxycarbonylaminooct-4-ynedioicc acid (47). To a solution of 40 (10.0 
mg,, 0.02 mmol) in H20 (1.0 mL) and MeOH (1.0 mL), LiOH (0.23 mL, 0.02 mmol, 0.1 M) was 
added.. The reaction mixture was stirred for 6 h at ambient temperature, and extracted with 
etherr (2x5 mL). The aqueous layer was acidified with HC1 and extracted with EtOAc (3x5 
mL).. The combined organic layers were dried (NaS04) and concentrated. After purification of 
thee crude product by flash chromatography (95% ether/AcOH), 47 (9.3 mg, 0.02 mmol, 100%) 
wass obtained as an amorphous solid. *H NMR (400 MHz, CD3OD) 8 4.22-4.17 (m, 2H, CH), 
2.88-2.455 (m, 4H, CH2), 1.46 (s, 9H, Boc), 142 (s, 9H, Boc), 13C NMR (100 MHz, CDC13) 8 
(C02H)) not observed, 156.89 (2 xCOBoc), 80.02 (2 x CBu), 79.29 (2 xOC), 55.45 (2 xCH), 
28.533 (2 x CH3Boc), 24.49 (2 x CH2). 
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(2S,7S)-2,7-Diaminooct-4-ynedioicc acid (48). A solution of 47 (20 mg, 0.05 mmol) in TFA (1.0 
mL)) and in CH2CI2 (1.0 mL) was stirred for 16 h at ambient temperature. The reaction mixture 
wass concentrated in vacuo and purified by ion exchange chromatography which afforded 48 
(6.00 mg, 0.03 mmol, 60%) as a yellow solid. [a]D= -3.8 (c = 1.2, H20), 'H NMR (400 MHz, D20) 
88 3.93 (t, ƒ = 4.4 Hz,2H, CH), 2.92-2.79 (m, 4H, CH2),

 13C NMR (100 MHz, D20) 8 (C02H) not 
observed,, 80.90 (2 x C=C), 55.80 (2 x CH), 23.90 (2 x CH2). 

<Z)-(2R,7R)-2,7-Diaminooct-4~enedioicc acid TFA salt (50). A heterogeneous solution of 40 (72 
mg,, 0.17 mmol), quinoline (20.0 )iL, 0.17 mmol) and the Lindlar catalyst (29 mg) in 
EtOAc/MeOHH (6:1, 3.5 mL) was subjected to a hydrogen atmosphere. After stirring for 48 h at 
ambientt temperature under a hydrogen atmosphere, the reaction mixture was filtrated over 
Celite,, washed with HC1 (0.25 M, 3 x 10 mL), dried (MgSOJ and concentrated in vacuo. The 
unpurifiedd product was dissolved in MeOH (9.5 mL), LiOH (0.1 M in H20, 3.70 mL, 0.37 
mmol)) was added and the reaction mixture was stirred at ambient temperature for 48 h. The 
reactionn mixture was diluted with EtOAc (5 mL), acidified to pH 4 with an aqueous solution 
off  KHSO* (0.1 M) and extracted with EtOAc (3 x 10 mL). The combined organic layers were 
driedd (MgSOJ and concentrated in vacuo. The crude product was purified by flash 
chromatographyy (33%, 100% EtOAc/PE, 17% MeOH/EtOAc) to afford Boc-protected 50 (41 
mg,, 0.11 mmol, 59%). 13C NMR (100 MHz, CD3OD) 8 175.54 (2 xC02H), 157.59 (2 x COBoc), 
128.399 (2 x C=C), 80.29 (2 x C'Bu), 48.72 (2 xNHCHC02), 54.23 (2 x NHCHCO,), 30.68 (2 
xx CHJ, 28.43 (2 x CHjBoc). To a solution of Boc-protected 50 (9.00 mg, 0.02 mmol) in CH2C12 

(0.255 mL) trifluoracetic acid (0.25 mL) was added. The reaction mixture was stirred for 10 min 
att ambient temperature, concentrated in vacuo, followed by coevaporation with toluene (2 x) 
too afford 50 (9.0 mg, 0.02 mmol, 94%) as a solid. [a]D= +18.0 (c = 02, H20), *H NMR (400 MHz, 
DzO)) 8 5.66 (t, ƒ = 5.1 Hz, 2H, CH=CH), 3.95 (t, ƒ = 5.8 Hz, 2H, CH), 2.71 (t, ƒ = 5.8 Hz, 4H, 
CH2),, *C NMR (100 MHz, D20) 8 173.63 (2 x C02H), 127.87 Q. x CH=CH), 54.09 (2 x CH), 28.80 
(2xCH2). . 

(2R)-2-ter£-Butoxycarbonylamino-hex-4-ynoicc acid 3-(4-nitro-phenoxycarbonyloxymethyl)-
benzyll  ester  (51). To a solution of 33 (134 mg, 0.38 mmol) and DIPEA (100 |iL, 0.57 mmol) in 
DMFF (5.0 mL), a solution of p-nitrophenyl chloroformate (292 mg, 0.96 mmol) in CH2C12 (14.0 
mL)) was added dropwise and stirred at ambient temperature for 16 h. The reaction mixture 
wass diluted with EtOAc (50 mL), washed with an aqueous solution of KOH (0.01 M, 50 mL) 
followedd by brine (25 mL). The combined organic layers were dried (MgS04) and 
concentratedd in vacuo. The crude product was purified by flash chromatography (ether:EtOAc 
5:1)) to afford 51 (177 mg, 0.34 mmol, 91%). [cc]D= +7.5 (c = 1, CH.C1,), 'H NMR (400 MHz, 
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CDC13)88 8.17 (d, ƒ = 8.8 Hz, 2H, Ar-H), 7.37-7.29 (m, 6H, Ar-H), 5.38 (d, ƒ = 8.8 Hz, 1H, NH), 

5.22-5.055 (m, 4H, CH2Ar), 4.45-4.37 (m, 1H, NHCHC02Me), 2.80-2.50 (m, 2H, CHCH2), 1.62 (s, 

3H,, CH3), 1.45 (s, 9H, Boe), 13C NMR (50 MHz, CDC13) 8 170.77 (C02), 155.31 (COBoc), 155.06, 

(CC02Ar),, 152.21 (OGjAr), 136.05,134.53,128.83,128.50,128.29,128.01,125.86,125.07,121.58, 

115.366 (Ar), 79.83 (C*Bu), 79.16 (CH2OQ, 77.10 (OCCH), 70.33 (CH2Ar), 66.45 (CH2Ar), 52.29 

(NHCHC02),, 28.30 (CH3Boc), 22.75 (CH2C^C), 3.19 (OCCH3) , HRMS (EI): calculated for 

C ^ H ^ AA 513.1873 found 513.1873. 

(2R,2R)-2-[3-(2-fert-Butoxycarbonylamino-hex-4-ynoyloxymethyl)benzyloxycarbonyl--

amino]-hex-4-ynoicc acid (52). To a solution of 51 (1.15 g, 2.25 mmol) in DMF (9.0 mL), amino 

acidd 25 (215 mg, 1.70 mmol) and DIPEA (780 nL, 4.50 mmol) were added. After stirring for 48 

hh at ambient temperature, the reaction mixture was diluted (EtOAc, 50 mL) and acidified to 

pHH 4 with an aqueous solution of KHS04 (0.1 M). The reaction mixture was extracted with 

EtOAcc (4 x 50 mL), the combined organic layers were dried (MgSOJ and concentrated in 

vacuo.vacuo. The crude product was purified by flash chromatography (20% EtOAc/PE, 100% 

EtOAc,, 10% MeOH/EtOAc) to afford 52 (820 mg, 1.64 mmol, 73%). [cc]D= +6.2 (c = 0.8, 

CH2C12),,
 XH NMR (400 MHz, CDC13) 5 9.30 (bs, 1H, C02H), 7.45-7.32 (m, 4H, Ar-H), 5.75-5.74 

(m,, 1H, NH), 5.41 (d, ƒ = 8.8 Hz, 1H, NHBoc), 5.14-5.07 (m, 4H, CH2Ar) , 4.45-4.35 (m, 2H, 

NHCHCO,,, BocNHCHC02), 2.70-2.50 (m, 4H, CHCH2, CHCH2), 1.67 (s, 6H, CH>, CH3), 1.39 (s, 

9H,, Boc), 13C NMR (100 MHz, CDC13) 8 173, 41 (C02H), 170.83 (CQ), 155. 76 (CON), 155.22 

(COBoc),, 136.62, 135.59, 128.56, 127.65, 127.38 (Ar), 80.04 (CBu), 79.19 (CH2C=C), 77.01 

(CH2C^C),, 73.00 (CsCCH,), 72.82 (C=CCH3), 66.39 (CH2Ar), 64.21 (CH2Ar), 52.59 (NHCHC02), 

52.233 (NHCHCO,), 28.06 (CH3Boc), 22.84 (CH2OC), 22.54 (CH2OC), 3.26 (OCCH3). HRMS 

(EI):: calculated for C26H32N208 500.2158 found 500.2169. 

(2R,3R)-2-tert-Butoxycarbonylaminohex-4-ynoicc acid 3-(l-ter£-butoxycarbonylpent-3-

ynylcarbamoyloxymethyDbenzyll  ester  (53). To a solution of compound 52 (800 mg, 1.60 

mmol)) in CHC13/TFA (3:1, 28 mL) tert-butyl 2,2,2-trichloroacetimidate (3.50 g, 16.0 mmol) was 

added.. After stirring for 18 h at ambient temperature, the reaction mixture was filtrated and 

concentratedd in vacuo. The crude product was purified by flash chromatography (17% 

acetone/PE)) to afford 53 (706 mg, 1.27 mmol, 80%). [a]D = +10.0 (c = 1, CH2C12), 'H NMR (200 

MHz,, CDC13) 8 7.34-30 (m, 4H, Ar-H), 5.76-5.74 (m, 1H, NH) 5.47 (d, ƒ = 8.8 Hz, 1H, NHBoc), 

5.21-5.055 (m, 4H, CH2Ar) , 4.43-4.20 (m, 2H, NHCHCO,, BocNHCHCO,), 2.63-2.49 (m, 4H, 

CHCH2// CHCH2), 1.65-1.56 (m, 6H, CH,, CH3), 1.48 (s, 9H, 'Bu), 1.42 (s, 9H, Boc), 13C NMR (50 

MHz,, CDC13) 8 170.84 (CO^u), 169.54 (CO,), 155.43 (CON), 155.22 (COBoc), 136.55, 135.61, 

128.63,, 127.82, 127.73, 127.54 (Ar), 82.21 (C*Bu), 79.91 (CH2C=C), 79.00 (CH2C^C), 72.83 

(C=CCH3),, 72.82 (C=CCH3), 66.75 (CH2Ar) , 64.41 (CH2Ar) , 52.98 (NHCHCO,), 52.25 
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(NHCHC02),, 28.11 (CH3B0C), 27.76 (CH3
tBu) 23.08 (CH2C=C), 22.87 ( C H 2 G E Q, 3.31 (C=CCH3) 

HRMSS (FAB): calculated for C ^ N A (MH+) 557.2863 found 557.2830. 

{ó^HR^ll-tert-Butoxycarbonylamino^^-dioxo-S^S-dioxa-S-aza-bicycloIlS.S.llnonadeca--

l(18,15,19),16-trien-8-yne-6-carboxylicc acid tert-butyl ester  (54). Following the general 

proceduree for alkyne metathesis, to a solution of 5 (14 mg, 0.028 mmol) in C6H5C1 (10.3 mL), a 

solutionn of 53 (217 mg, 0.39 mmol) in C6H5C1 (10.0 mL) was added. Work-up and flash 

chromatographyy (25%, 50% EtOAc/PE) afforded 54 (128 mg, 0.26 mmol, 66%) as a colorless 

oil.. [<x]D= +22.4 (c = 1, CH2C12), *H NMR (200 MHz, CDC13) S 7.52 (s, 1H, Ar-H), 7.32-7.19 (m, 

3H,, Ar-H), 5.82 (d, ƒ = 5.8 Hz, 1H, NHBoc), 5.62-5.50 (m, 3H, CH2Ar, NH), 4.89-4.77 (m, 2H, 

CH2Ar) ,, 4.50-4.40 (m, 1H, NHCHC02*Bu), 4.26-4.20 (m, 1H, BocNHCH), 2.94-2.44 (m, 4H, 

CHCH2),, 1.48 (s, 9H, *Bu), 1.45 (s, 9H, Boc), 13C NMR (50 MHz, CDC13) 8 170.76 (CCVBu), 169.33 

(C02),, 155.26 (CON), 154.90 (COBoc), 138.10,135.98 (CqAr), 128.88,127.40,126.24,125.82 (Ar), 

82.855 (CBu), 79.94 (OC), 78.12 (C=C), 66.79 (CH2Ar), 65.24 (CH2Ar), 53.02 (NHCHC02), 51.44 

(BocNHCHC02),, 28.15 (CH3Boc), 27.79 (CH3
tBu)/ 22.48 (CH2OC), HRMS (FAB): calculated for 

Q ^ N AA (MH+) 503.2393 found 503.2375. 

(2R/7R)-2-terf-Butoxycarbonylamino-7-(9H-fluorenylmethoxycarbonylamino)octanedioic c 

acidd 8-tert-butyl ester  (55). A heterogeneous solution of 54 (45.0 mg, 0.08 mmol) and Pd /C 

(15.00 mg) in MeOH (6.0 mL) was subjected to a hydrogen atmosphere. After stirring for 18 h 

att ambient temperature, the reaction mixture was filtrated over Celite and concentrated in 

vacuo.vacuo. The residue was dissolved in water (1.0 mL), Na2C03 (17.0 mg, 0.16 mmol) and 

N a H C 033 (27.0 mg, 0.32 mmol) were added followed by slow addit ion of N-(9-

fluorenylmethoxycarbonyloxy)) succinimide (54.0 mg, 0.16 mmol) in dioxane (1.0 mL). After 

stirringg for 3 h at ambient temperature, the reaction mixture was diluted with EtOAc (10 mL), 

acidifiedd to pH 4 with an aqueous solution of KHS04 (0.1 M) and extracted with EtOAc (3 x 10 

mL).. The combined organic layers were dried (MgS04) and concentrated in vacuo. The crude 

productt was purified by flash chromatography (25%, 100% EtOAc/PE, 10% MeOH/EtOAc) to 

affordd 55 (35.0 mg, 0.06 mmol, 76%) as an amorphous solid. [a]D = -2.0 (c = 0.6, CH2C12)/H 

NMRR (200 MHz, CDC13) 5 7.79-7.29 (m,8H, Ar-H), 5.49 (bs, 1H, NH), 5.26 (bs, 1H, NH), 4.42-

4.411 (m, 2H, CHj), 4.23-4.22 (m, 3H, CH, CHCH2), 2.64-2.63 (m, 4H, CHCH2), 1.79-1.78 (m, 2H, 

CH2),, 1.63-1.62 (m, 2H, CH2), 1.79 (s, 9H, *Bu), 1.42 (s, 9H, Boc), 13C NMR (50 MHz, CDC13) 8 

171.666 (CO^u), (C02H), 155.96 (CON), (COBoc), 143.71,141.10,127.52,126.91,125.06,119.79 

(Ar),, 81.88 (C*Bu), 66.87 (CH2Fmoc), 55.14 (NHCHCQ), 54.23 (NHCHC02), 46.98 (CHFmoc), 

32.433 (CH2), 28.24 (CH3Boc), 27.85 (CH3*Bu) 24.79 (CH2), HRMS (EI): calculated for 

C32H42N208Naa 605.2838 found 605.2847. 
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2-terf-Butoxycarbonylaminohex-4-ynoicc acid methyl ester  (56). To a solution of 25 (1.00 g, 

7.800 mmol) in MeOH (100 mL) thionyl chloride (1.60 mL, 15.7 mmol) was added slowly. The 

reactionn mixture was heated at reflux temperature for 6 h. The reaction mixture was 

concentratedd in vacuo. The crude product was dissolved in CH2C12 (20 mL) triethylamine (5.40 

mL,, 39.0 mmol)) and di-f erf-butyl dicarbonate (1.79 g, 8.19 mmol) were added and the reaction 

mixturee was stirred for 16 h at ambient temperature. The reaction mixture was washed with 

aqueouss saturated NaHC03 (10 mL). The water layer was extracted with CH2C12, the 

combinedd organic layers were dried (MgSOJ and concentrated in vacuo. After purification of 

crudee product by flash chromatography (70 % ether PE) 56 (182 mg, 0.62 mmol, 8%) was 

obtainedd as an amorphous solid. R, = 0.72 (70% ether/PE), 'H NMR (400 MHz, CDC13) 55.28 

(d,, ƒ = 7.75 Hz, 1H, NH), 4.42-4.39 (m, 1H, NHCHCO.H), 3.75 (s, 3H, C02Me), 2.70-2.57 (m, 

2H,, CHCH2), 1.75 (t, J = 2.5 Hz, 3H, C=CCH3), 1.44 (s, 9H, Boe), HRMS (FAB): calculated for 

C12H20NO44 (MH+) 242.1392, found 242.1376. 

2,7-Bis-terr-butoxycarbonylaminooct-4-ynedioicc acid methyl ester  (57). Following the 

generall  procedure for alkyne metathesis, to a solution of 5 (6.2 mg, 0.03 mmol), in C6H5C1 (3.0 

mL)) a solution of 56 (131 mg, 0.44 mmol) in QHSC1 (2.0 mL) was added. Work-up and flash 

chromatographyy (gradient) afforded 57 (57.0 mg, 0.13 mg, 60%) as a colorless oil. Rf = 0.47 

(70%% ether/PE), 'H NMR (400 MHz, CDCLJ 6 5.62 (d, ƒ = 8.2 Hz 1H, NH), 5.43 (d, ƒ = 7.65 Hz, 

1H,, NH), 4.49-4.43 (m, 2H, NHCHCO.H), 3.80 (s, 3H, C02Me), 3.79 (s, 3H, CQMe), 2.72-2.59 

(m,, 4H, CHCH2), 1.46 (s, 9H, Boc), 1.45 (s, 9H, Boc), 13C NMR (100 MHz, CDC13) 5 171.98 

(C02Me),, 171.78 (C02Me), 155.53 (2 xCOBoc), 80.50 (2 xCBu), 78.37 (C=C), 53.03 (2 

xx C02CH2), 52.53 (2 x NHCHCQH), 28.73 (2 x CHjBoc), 23.84 (CH2C), 23.58 (CH2C), IR v 3384, 

2978,, 1747, 1715, 1508, 1365, 1166, HRMS (EI): calculated for C20H32N2O8 428.2159, found 

428.2169. . 

2-Hex-4-ynyloxytetrahydropyrann (58). To a solution of hex-2-ynol (1.00 g, 0.02 mol) in CH2C12 

(25.00 mL) concentrated HC1 (0.16 mL, 0.002 mol) and dihydropyran (2.73 mL, 0.03 mol) were 

addedd at 0 °C. The reaction mixture is allowed to reach ambient temperature over night. The 

reactionn mixture was poured into a saturated aqueous solution of NaHC03 (50 mL) and 

extractedd with ether (3 x 50 mL). The combined organic layers were dried (MgS04) and 

concentratedd in vacuum. The crude product was purified by flash chromatography (20%, 50% 

ether/PE))) to obtain 58 (2.14 g, 0.012 mol, 59%) as a colorless oil. R, = 0.73 (70% ether/PE), JH 

NMRR (400 MHz, CDC13) 5 4.60-4.58 (m, 1H, OCHO), 3.89-3.77 (m, 2H, OCH2), 3.53-3.44 (m, 2H, 

CH20),, 2.25-2.21 (m, 2H, C=CCH2CH2), 1.86-1.64 (m, 4H, CH2, CH2), 1.76 (t, ƒ = 2.6 Hz, 3H, 
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OCCH3),, 1.61-1.49 <m, 4H, CH^ CH2). 

2-tert-Butoxycarbonylamino-8-(tetrahydropyran-2-yloxy)oct-4-ynoicc acid methyl ester  (59). 

Followingg the general procedure for alkyne metathesis, to a solution of 56 (80.0 mg, 0.27 

mmol)) in C6H5C1 (5.0 mL), 58 (74.0 mg, 0.41 mmol) and 5 (7.0 mg. 0.03 mmol) were added. 

Work-upp and flash chromatography (gradient) afforded 59 (24.0 mg, 0.06 mmol, 24%) as a 

colorlesss oil. R, = 0.53 (70% ether/PE), 'H NMR (400 MHz, CDC13) 6 5.33 (bs, 1H, OCHO), 4.58 

(m,, 1H, NH), 4,42 (m, 1H, NHCHC02), 3.38-3.77 (m, 2H, CH20), 3.75 (s, 3H, COzMe), 3.52-3.43 

(m,, 2H, CH20), 2.67-2.65 (m, 2H, C=CCH2CH), 2.41-2.40 (m, 2H, CH2), 1.82-1.67 (m, 4H, CH2/ 

CH2),, 1.69-1.50 (m, 4H, CH2, CH2), 1.45 (s, 9H, Boc), 1.45 (s, 9H, Boc), 13C NMR (400 MHz, 

CDCI3)) 5 171.39 (CQMe), 155.05 (COBoc), 98.64 (OCHO), 83.07 (C=CCH2CH2), 79.92 (CBu), 

74.13,, (CHCH2C=C), 65.70 (CH20), 62.03 (OCH2), 52.51 (NHCHCO,), 52.21 (C02CH3), 30.54 

(OCHCH2),, 28.89 (OCH2CH2), 28.19 (CH3Boc), 25.34 (CHCH2OC), 23.04 (CH2), 19.39 (CH2), 

15.488 (CH2), IR v 3366,2950,1747,1715,1505,1366,1164. 

(S)-2-Amino-oct-6-ynoicc acid methyl ester  HCl salt (60). To a solution of 27 (100 mg, 0.65 

mmol)) in MeOH (25.0 mL), thionyl chloride (100 jiL , 1.29 mmol) was added slowly. The 

reactionn mixture was heated at reflux temperature for 6 h. The reaction mixture was 

concentratedd and used without further purification. 'H NMR (400 MHz, CD3OD) 5 4.08 (t, ƒ = 

6.44 Hz, 1H, NHCHCO,), 3.85 (s, 3H, C02CH3), 2,23-2.19 (m, 2H, CHCH2), 2.08-1.96 (m, 1H, 

CH2CH2CH2),, 1.73 (t, ƒ = 2.5 Hz, 1H, CH3), 1.69-1.50 (m, 2H, CH2OC). 

(2S,2S)-2-(2-£er*-Butoxycarbonylaminooct-6-ynoylamino)oct-6-ynoicc acid methyl ester  (61). 

Too a solution of 30 (97 mg, 0.38 mmol) in CH2C12 (10.0 mL), 60 (78 mg, 0.38 mmol) and l-(3-

dimemylaminopropyl)-3-ethylcarbodiimidee hydrochloride (188 mg, 0.95 mmol) were added 

att 0 °C The reaction mixture was allowed to reach ambient temperature over night. After 

evaporationn of the solvent and purification by flash chromatography (20%-»100% ether/PE) 

611 (81 mg, 0.20 mmol, 53%) was obtained as an amorphous solid. R, = 0.44 (70% ether/PE), 

[a]DD = +14.3 (385 Hg, c = 1, CH2C12), 'H NMR (400 MHz, CDC13) 86.61 (d, ƒ = 7.4 Hz, 1H, 

NHBoc),, 5.06 (d, J = 8.0 Hz, 1H, NH), 4.83-4.78 (m, 1H, CHNHBoc), 4.09-3.96 (m, 1H, 

CHC02Me),, 3.72 (s, 3H C02CH3), 2.34-2.20 (m, 4H, CHCH2), 1.95-1.82 (m, 1H, CH2CH2CH2), 

1.77-1.622 (m, 8H, CH3, CH3, CH2), 1.58-1.45 (m, 4H, CH2CH2C), 1.42 (s, 9H, Boc), l3C NMR (100 

MHz,, CDCI3) 5 172.35 (C02Me), 171.67 (CONH), 156 (COBoc), 79.90 (CBu), 78.24 (CH2C=C), 

77.933 (CHjC^C), 76.15 (2 x C=CCH3), 52.22 (CHNHBoc), 51.71 (CHC02Me), 31.32 (2 x CHCH2), 

28.133 (CH3B0C), 24.76, (CH2) 24.60 (CH2) 18.30 (CH2OC), 18.20 (CH2OC), 3.29 2(C=CCH3), IR 

vv 3309 (b), 2922, 2865, 2240,1746,1660,1531,1367,1170 HRMS (EI): calculated for C22H34N205 

406.24688 found 406.2448 
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(2S/llS)-ll-tert-Butoxycarbonylamino-12-oxoazacyclotridec-6-yne-2-carbonyll  acid methyl 
esterr  (62). Following the general procedure for alkyne metathesis, to a solution of 5 (40 mol%) 
inn CeHjCl (5 mL) a solution of 61 (76.0 mg, 0.187 mmol) in C6H5C1 (5.0 mL) was added. Work-
upp and flash chromatography (gradient) afforded 62 (15.0 mg, 0.041 mg, 22%) as a colorless 
oil.. R, = 0.2 (70% ether/PE), [a]D= -14.6 (c = 1, CH2C12), 'H NMR (400 MHz, CDC13) 8 7.14 (dj 
== 8.7 Hz, 1H, NH), 6.08 (d, ƒ = 8.3 Hz, 1H, NH), 4.78 (q, ƒ = 6.8 Hz, 1H, NHCHCOzMe) 4.27 (q, ƒ 
== 7.9 Hz, 1H, BocNHCH), 2.17-2.15 (m, 4H, CH2C=C), 20.7-1.96 (m, 2H, CH2), 1.79-1.52 (m, 4H, 
CH2),, 1.45 (s, 9H, Boc), 0.89-0.83 (m, 2H, CH2),

 13C NMR (100 MHz, CDC13) 8 173.22 (CONH), 
171.866 (C02), 155.85 (COBoc), 80.47 (C=C), 80.21 (OC), 79.31 (CBu), 53.83 (BocNHCHCON), 
52.555 (NHCHCO.Me), 51.25 (C02Me), 32.86 (2 x CHCH2), 28.15 (CH3Boc), 24.64 (CH2CH2CH2), 
24.299 (CH.CH.CH,), 18.31 (2 x CH2C), IR v 3313,2931,2865,2249,1744,1667,1520,1366,1170, 
HRMSS (EI): calculated for Q g H ^A 352.1998 found 352.1984. 
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SUMMAR Y Y 

SYNTHESISS AND APPLICATIONS OF UNSATURATED 

NON-PROTEINOGENICC a-H-a AMIN O ACIDS 

Inn recent years, the use of both racemic and enantiomerically pure non-proteinogenic 

aminoo acids has - in addition to the use of naturally occurring amino acids - become 

increasinglyy important in synthetic routes. Due to the additional variety of functional groups 

inn the side chains, new applications were developed in chemistry, biology and material 

science.. This thesis focuses on the synthesis of a series of enantiopure unsaturated amino 

acidss (Scheme 1) and on investigations towards synthetic applications of the acetylene- and 

allene-containingg amino acids. 

Schemee 1 

(rfnn (ffn 

HaN^XOaHH H2N C02H H2N" ^C02H 

1 22 3 
n== l ,2 ,3R = H,Me 

Inn Chapter 1, an overview of recent applications of such amino acids in organic 

chemistry,, biology and material science is presented. 

Chapterss 2 and 3 deal with the synthesis of the amino acids 1-3 in enantiopure form. In 

Chapterr 2, the synthesis of the racemic amino acid amides is described, which either involves 

alkylationn of glycine derivative 6 with the appropriate unsaturated halide (eq 1) or a modified 

Streckerr reaction eventually starting from an unsaturated alcohol (viz. 9) (eq 2). 

Phh f Ph 

'K-Hg^CC^Mee ^ ^ PhAN^-C02Me (1) CONH2 2 

CI""  4 5 6 

+ + 
(2) ) 

"CONH22 H2r>r CN 
c rr 7 8 
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Bothh synthetic routes proved to be efficient (overall yields around 50%) containing only a 

singlee purification step (crystallization from acetone) at the end of the procedure. Therefore, 

thesee routes can be readily applied in a large scale synthesis. 

Chapterr 3 describes the enzymatic kinetic resolution of the racemic amino acid amides 

too the enantiopure (S)- and (R)-amino acids. An example is shown in Scheme 2 using the 

racemicc amino acid amide 9. 

Schemee 2 

PseudomonasPseudomonas putida 
ATCCC 12633 

». . 
orr GMO O O 

100 (R)-amide 

PhCHO O 

1)) H30 

, - >> - . , = " " "  H 2 N ]f 
r nn " 2) Rhodococcus erythropolis o 

,NH, , 

12 2 NCIMBB 11540 111 (R)-acid 

Ann aminopeptidase present in the whole cells of Pseudomonas putida ATCC 12633 was used as 

thee biocatalyst. The resolutions were also carried out using a genetically modified organism 

(GMO),(GMO), i.e. an E. coli DH5a/pTrpLAP host micro-organism in which the gene coding for the 

aminopeptidasee was brought to overexpression. The latter system appeared superior in the 

resolutionn experiments. It was shown that the cells of P. putida contained an amino acid 

racemase,, which was not observed in the GMO cells. This amino acid racemase appeared to 

displayy narrow substrate specificity for methionine and structurally and electronically related 

compoundss such as 11. 

Pd-catalyzedd cyclization reactions using acetylene-containing amino acids 2 (n = 1, 2; R 

== H) and the corresponding amino alcohols are detailed in Chapter 4. An example of these 

typess of reactions, which entails the formation of an enantiopure proline-derivative via a 

cyclization/cross-coupling-reactionn is shown in eq 3. Cyclization reactions using the 

carboxylicc acid moiety as the nucleophile gave similar types of ring closure reactions leading 

too the corresponding lactones. 
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Tss O 
13 3 

OMe e 

10%% of Pd(PPh3)4 

-̂-
Phi,, ICjCO^ TBAC 
MeCN,, 82 °C 

N'' ''C02Me 

Ts s 

14 4 

(3) ) 

Inn Chapter 5, Pd-catalyzed reactions with allene-containing amino acids 3 are 

described.. By varying the protecting group on the nitrogen atom and the reaction conditions, 

four-- and/or six-membered rings were formed in a selective manner. As an example, the 

cyclizationn of allene 15 (eq 4) provided compounds 16 and 17 in ratios ranging from 88:12 

(THF,, 60 °C, 1.5 h) tot 0:100 (DMF, 80 °C, 4 h). 

J J 
HN^COgMe e 

Ts s 
15 5 

Pd(PPh3)4 4 

Phi i 

JL JL 
TV V 
n. . 

16 6 

N N 
l l 
Ts s 

17 7 

(4) ) 

Finally,, Chapter 6 details the synthesis of cystine analogues using the acetylene-

containingg amino acids 2 (n = 1-3, R = Me). In this route, two amino acid residues were 

coupledd using a suitable linker molecule (viz. 18, eq 5) and cyclized via ring-closing alkyne 

metathesiss under the influence of a W-alkylidyne catalyst (19). Hydrolysis of the ester 

moietiess and subsequent deprotection of the amino groups afforded the cystine analogue 20. 

Furthermore,, this pathway provided access to the corresponding (Z)-olefin and the saturated 

derivativee via (partial) hydrogenation. In addition, orthogonally protected diamino 

dicarboxylicc acids are accessible via a slight adaptation of the strategy. 

H 0 2 C x / N H 2 2 

BocHIV/ - ' ' 'BuCsWfO'Buhh BocH 

"NHBoc c 

(5) ) 

H^H  ̂ C02H 
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SAMENVATTIN G G 

SYNTHESEE EN TOEPASSINGEN VAN ONVERZADIGDE 

NIET-PROTEINOGENEE a-H-a-AMINOZUREN 

Dee afgelopen jaren zijn niet natuurlijke racemische en enantiomeerzuivere aminozuren 

naastt de natuurlijk voorkomende eiwitaminozuren steeds vaker gebruikt in syntheseroutes. 

Doorr een grotere verscheidenheid aan functionele groepen in de zijketen werden er 

toepassingenn ontwikkeld in de chemie, maar ook in de biologie en op het gebied van 

materialen.. In dit proefschrift gaat de aandacht uit naar de synthese van enantiomeerzuivere 

onverzadigdee aminozuren zoals weergegeven in Schema 1. Daarnaast is er gekeken naar 

toepassingenn van de acetyleen- en alleen-houdende aminozuren 2 en 3. 

Schemaa 1 

(rfn n 

HaNTT ""COaH H2N C02H H2N" ^C02H 

1 22 3 
n== l ,2 ,3R=H,Me 

Inn Hoofdstuk 1 wordt een overzicht gegeven van toepassingen van deze aminozuren 

inn de organische chemie, de biologie en op het vlak van nieuwe materialen. 

Hoofdstukkenn 2 en 3 beschrijven de synthese van de aminozuren 1-3 in 

enantiomeerzuiveree vorm. In Hoofdstuk 2 wordt daartoe de synthese van racemische 

aminozuuramidenn behandeld. Deze worden ruwweg op twee manieren gesynthetiseerd, 

enerzijdss via alkylering van glycinederivaat 6 met een onverzadigd bromide (vgl. 1) en 

anderzijdss via een gemodificeerde Strecker reactie uitgaande van een onverzadigde alcohol 9 

(vgl-2). . 

H3N"" "-CONH2 Ph" ~ N ' "C02Me 
Cl~~ 4 5 

Phh  f Ph 
N^^CCLMee (1) 

X X *"OH H (2) ) 

CN N 
c rr  7 8 
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Beidee syntheseroutes zijn efficiënt (de overall opbrengsten liggen gemiddeld rond de 50%) en 

bevattenn slechts één zuiveringsstap (kristallisatie uit aceton) aan het eind van de sequentie. 

Daarnaastt kunnen de routes goed opgeschaald worden. 

Hoofdstukk 3 beschrijft de enzymatische kinetische resolutie van de racemische 

aminozuuramidenn naar de enantiomeerzuivere (S)- en (R)-aminozuren. In Schema 2 is een 

voorbeeldd gegeven met het racemische amide 9. 

Schemaa 2 

PseudomonasPseudomonas putida 
ATCCC 12633 

»> > 
off  GGO 

,NH, , 
H2N-"Y Y 

O O 
100 (R)-amide 

PhCHO O 

1)) H3O1 
OH H 

^^ / k . N H 2 —  H 2 N ^ Y 
pp""  N 2) Rhodococcus erythropolis O 

1 2 °° NCIMB11540 ll(R)-zuur 

Al ss biokatalysator wordt gebruikt gemaakt van een aminopeptidase aanwezig in de cellen 

vann Pseudomonas putida ATCC 12633. Daarnaast wordt een genetisch gemodificeerd 

organismee (GGO) gebruikt, nl. een E. coli DH5a/pTrpLAP stam waarin het gen van een 

aminopeptidasee uit P. putida tot overexpressie is gebracht. De beste resultaten voor de 

resolutiee werden verkregen met de hele cellen van GGO. Uit de experimenten bleek dat de P. 

putidaputida cellen een zuurracemase bevatten dat niet aanwezig is in de GGO cellen. Dit 

zuurracemasee is specifiek voor methionine en elektronisch structureel verwante aminozuren 

zoalss 11. 

Pd-gekatalyseerdee cyclisatiereacties met de acetyleenhoudende aminozuren 2 (n = 1, 2; 

RR = H) en de overeenkomstige aminoalcoholen worden bestudeerd in Hoofdstuk 4. In vgl. 3 is 

eenn voorbeeld gegeven van de vormingg van een enantiomeerzuivere proline-derivaat via een 

cyclisatie/'cross-coupling'' reactie. Cyclisatie reacties waarbij de carbonzuurfunctie van de 

aminozurenn als nucleofiel wordt gebruikt door middel van een zelfde type ringsluiting leiden 

tott de overeenkomstige lactonen. 
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Tss O 
13 3 

OMe e 

10%% of Pd(PPh3)4 

PM,, K2CC>3, TBAC 
MeCN,, 82 °C 

ï ï 
Ts s 
14 4 

(3) ) 

Inn Hoofdstuk 5 worden Pd-gekatalyseerde reacties uitgevoerd met het alleen-

houdendee aminozuur 3. Afhankelijk van de beschermgroepen op het stikstofatoom en de 

specifiekee reactiecondities, worden er vier- en/of zes-ringen gevormd. In vgl 4 kunnen 16 en 

177 worden verkregen in de verhoudingen variërend van 88 : 12 (THF, 60 °C, 1.5 h) tot 0 : 100 

(DMF,, 80 °C, 4 h). 

J J 
HN^C02Me e 

Ts s 
15 5 

Pd(PPh 4̂ 4 

PhI I 

u u 
T / / 
n n 
16 6 

N N 
i i 
Ts s 

17 7 

''C02Me e 
(4) ) 

Tenslottee worden in Hoofdstuk 6 de acetyleenhoudende aminozuren 2 (n = 1-3, R = 

Me)) gebruikt voor de synthese van cystine analoga. In deze benadering worden twee van 

dezee aminozuren aan elkaar gekoppeld via een linker (viz. 18, vgl. 5) en met behulp van een 

W-gekatalyseerdee ringsluiting alkyn metathese reactie tot de overeenkomstige macrocyclische 

ringg (19). Na hydrolyse van de esters en ontscherming van de aminogroepen wordt het 

cystinee analogon 20 verkregen. Tevens zijn via (partiële) hydrogenering het (Z)-olefine en het 

verzadigdee diaminozuur toegankelijk. Op deze manier worden ook orthogonaal beschermde 

diaminodicarbonzurenn verkregen. 

H 0 2 C ^ N H 2 2 

'BuC^WtO'Buhh BocH 

'"NHBoc c 

NHBoc c 

20 0 

(5) ) 

H,^rr X 0 2 H 

172 2 
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