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Abstract: Suitably protected amino acids were used to investigate the Michael addition of the
sulfany! group of cysteine, the hydroxyl group of serine and the g-amino group of lysine to a

caningatad alluynane alllunnic actor and allvnnic amide The avne oy itndod v
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product was formed in each case. © 1997 Elsevier Science Ltd. All rights reserved.

INTRODUCTION

The conjugate addition of heteronucleophlles unsaturated alkynes has not been studied as

. 1
extens: as the correspond nju 1s to unsaturated alkenes.” The conjugate additions of
sulfur and selenium nucleophiles to alkynones and alkynoic acid derivatives have been the predominant
mmimaalacd ced il aon enn it e e mrmnsnd itk hiock cfaranscalamtic Lo ala o o i La Apmicin fasl
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sulfides? and selenides under suitable conditions. The observed isomer ratio shows wide variation depending
upon the substituents and the solvent.3 Intramolecular conjugate addition of thiolate anions to alkynones
shows considerable potential for the synthesis of sulfur heterocycles4 and dithioacetals have been prepared
by the intermolecular double conjugate addition of thiols to methyl propiolates catalysed by
tributylphosphine.5

Conjugate addition of the nucleophilic groups present in the side chains of amino acids in proteins to
o,B-unsaturated carbonyls and sulfones has been used as an analytical tool for the elucidation of mechanisms

1Ll Lal UL YD Vil Ul

and for structure determmanon in protein chemistry 6 The thiol group of glutathione was used recently to
x o obivAdes v snmzaie Ao sxrlaiale mad An seacraeas ilala tomvbhihitnes AFLITV 1 o d
ll 15 d >Stuuy vl LUUIPUU Uy Wlllbll dbl. ad lllCVClblUlC lllll Uiy U1 riiv~1 aiiu
1IV-2 proteases.7 One of the inhibitors was an ailkynone which underwent an initial rapid reaction with
glutathione to give a vinyl sulfide, followed by a slower second addition to form a thioacetal. Conjugate
addition of acetate anion to the alkynone was also used to model the reactivity of the carboxylate of
aspartate.
Conjugate addition of protein-derived nucleophiles to reactive dyes has been used for the covalent

attachment of colourfast dyes to wool.8 Previous studies have identified the reactive sites in keratin as
cysteine thiol > lysine e-amino > serine hydroxyl.? Although the cysteine thiol group has the greatest

In view of the importance of heteronucleophilic conjugate addition to alkynone and alkynoic acid
derivatives we have investigated, and report herein, on the reactions between suitably protected serine,
cysteine and lysine derivatives and a variety of alkynes acting as Michael acceptors.
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RESULTS AND DISCUSSION

A series of conjugated alkynes 1-6 was prepared by standard literature procedures (see Experimental)
and reacted with derivatives of cysteine 7, serine 8 and lysine 9 (Scheme 1). The addition of 7 to terminal

allkvne 1 was found to
as founc o

Qiny v ;

rapi
room temperature) when catalysed by a small quantity of triethylamine (reaction time ~5 min), and generated
iGF and 10Z, ina 1.2:1 ratio and 71% (Scheme 1). The formation of a mixture of stereoisomers is consistent
with literature reporoom temperatures for the base catalysed addition of thiols to alkynones under similar
conditions.'® Isomers 10E (trans vinylic coupling of 15Hz) and 10Z (cis vinylic coupling of 12.5Hz) had
similar retention times on tlc, and were separated with difficulty by silica gel chromatography. The addition
products were stable at room temperature for several weeks, but demonstrated Z to £ isomerization in

chloroform solution to yield a final £ to Z ratio of 3.5:1.

0 0
H H
O, R YCH,R
Y—==r + HYCHR —-» R N N2 N R N YCH2
K] H YCH,R H R,
1RI=Ph,R¥=H 7Y=?‘) 10ER! =Ph,R2=H,Y=§ 10ZR!=Ph,R?=H,Y=8
2R'=Ph,R*=Bu 9 Y - HN(CHy» 1IER! =Ph, R*=Bu, Y=§ 112R‘~m R2=Bu,Y=S§
3R'=EO,R?=H 12 Rl=Ph,R?=Byu, Y=0 13 R!=Ph,RZ=H, Y = HN(CHy),
4 R! = MeO, R? =Bu R SNHCbz 1SER! =EtO,R’=H,Y=§ 14 R!=Ph,R?2=Bu, Y = HN(CH,)
5R!=BnNH,R? = == NCO,CH; 16 R'=EO,R?=H,Y=0 ISZR!'=EtO,R?=H,Y=8§
6 R! = BnNH, R‘—Bu 17ER! = FtO,R?=H, Y =HN(CH;3  17ZR! = EtO, R =11, Y = HN(CHy);
1SER! =MeO,R2=H,Y=§ 18ZR!=MeG,R2=Bu, Y= §
19 R!=MeO,R?=Bu, Y= 0O 20ZR!'=BuNH,R?=H, Y= §
20ER! =BuNILLR?=H,Y=§
Scheme 1
The addition of 7 to the more hindered alkynone 2 was slower than for 1, hence this reaction was
performed at room temperature. The conjugate addition gave rise to the readily separable isomers 11E and
117 in 53% and a ratic of Qiahnmie 1Y Tha ctarannhantictems ~f tha jammara srac rnnfemad ke NINOD
114 ifl 53070 @1id a ratio o1 l /. \Dbl CHIC l}. LIIC DLCLICULLCIILINL )’ Ul LU1IC lbU HoLd ad LUILLLIIIICU Uy INVUL

EREW Al ~ a0/

difference measurements, whereby irradiation of the vinylic proton of 11 showed an enhancement of 8% to
the SCH,, unit and irradiation of the vinylic proton of 11Z showed a 5% enhancement to the CH, unit of the
butyl group. Interestingly, 11Z was a yellow oil with a maximum absorbance at 327nm in the UV-visible
spectrum, whereas 11E was colourless and showed a maximum at 320nm.

A rapid reaction between 8 and 1 took place in the presence of triethylamine but no identifiable

products were isolated (Scheme 1). Serine 8 showed no addition products after being stirred with 2 for one

week at room temperature or heating to reflux in chloroform with a catalytic amount of triethylamine. Serine
8 did react with 2 within 3 hours upon addit of 20% tributvin ncnhinpll in THF oenerating the single
W OIVAaVL VYILLL & VYLLIRIZL U RIVWAL YD “yvll LEANAV 2 t Vl.l NIE s ST UM!—JI Uutl EARA W AAA A A KA awlAvA\.lela - - wraa v ~

stereoisomer 12 in 40% (Scheme 1). Irradiation of the vinylic proton of 12 showed a 12% enhancement to

T AT

the OCH, unit by NOE difference measurements.
The addition of 9 to 1 occurred within 30 minutes, and was noticeably slower than the additions of 7
and 8, both of which reacted in less than 5 minutes (Scheme 1). The addition of 9 produced only the Z

isomer 13 in 50% yield with the stereochemistry being determined by a 6% enhancement between the vinylic
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o hydrogen bond
configuration. 12 The amino group of 9 reacted with 2 in the presence of a catalytic amount of triethylamine
at room temperature and gave one isomer 14 in 63% (Scheme 1). The structure of 14 was again confirmed by
NOE difference measurements and as for 11Z, 14 was yellow and showed a maximum absorption at 348nm
(e = 28 215) in the UV-visible spectrum.

Additions to ethyl propiolate (3) should be slower than for the corresponding additions to alkynone 1 .
The reaction of 7 with 3 occurred readily under basic conditions at 0°C within 15 minutes and gave 15E
of 1 SHz) and 15Z (cis vmvh cou I‘__ of 10”7. in 75% total yield and aratioof 4:1

(trans vin

(Scheme ). Ser1

also underwent rapld conjugat e addition to chloroform at 0°C with a catalytic
amount of triethylami Th

h

agrees with ilterature reporoom temperatures that the base catalysed addition of alcohols to methyl

17
5

propiolate gives exclusively the £ isomer.”~ The coupling constants between the vinyl protons (J = 12.7
Hz) in the 'H NMR spectrum were not definitive for trans stereochemistry and so the stereochemistry of 16
was confirmed by a ROESY (rotational Overhauser effect spectroscopy) spectrum which showed a
correlation between the vinyl proton o to the ester and the methylene protons adjacent to the oxygen.

The addition of triethylamine to a solution of 3 and lysine 9 in chloroform at 0°C caused a colour

1al base added, the conjugate addition proceeded as expected,
and two isomers 17E and 17Z were isolated in a total yield of 45% and a 1:1 ratio (Scheme 1). These
isomers were inseparable by chromatography and a COSY spectrum of the mixture was used to assign the
vinylic resonances to the two stereoisomers.

Reaction of 7 with 4 in chloroform with a catalytic amount of triethylamine gave, after 24 hours, the
expected addition products 18E and 18Z in a total yield of 40% and a ratio of 2:1 (Scheme 1). The
stereochemistry of the products was assigned by comparison with the 'H NMR spectra for polymers

t

prep ared hv Endo 1! Addition of 8 to 4 did not occur with triethvlamine as the ca talyst, even after stirrin

----- did not occC iy gl SOLRLY

aused the reaction

C
0 .. NZ£0/ al o
$ in 35% with the

for two weeks at room temperature. The use of a catalytic amount of tributylphosphme

to occur at room iemperature over a 12 hours perio

CL.

nd gave a bmglc isomer 1
stereochemistry being determined by NOE difference measurements which showed a 21% enhancement
between the vinylic proton and the OCH; group.

The addition of 9 to 4 was attempted using both triethylamine and tributylphosphine as the catalyst,
but in each case none of the expected addition product was isolated. When triethylamine was used the
staroom temperatureing materials were recovered unchanged, whilst addition of tributylphosphine resulted in

the recovery of products from the reaction of the initially formed phosphine-alkyne adduct. To determine if

trihutvinhae hmp oculd he uced ag a catalvst for the addition of nitrogen nucleonhiles to coniugated alkvnes
tributylphos ould be used as a catalyst tor the addition of nitrogen nuclieophiles {0 conjugated alkynes,
stha canntinn ~F QO unth ¥ whicrh wwne banawwn ta Arenir nindar hacie canditinn 7 ttamntad Whan
UIC 1CaviiUll Ul 7 wWilll b, HMIVII Wad RIIUWIL U ULLUul Ulluul vadiv WuliulL LLUIIIIJLDU ¥V LIl

tributyiphosphine was added to a solution of 9 and 2 at room temperature the reaction t
after a shoroom temperature period of time (~20 minutes) and neither tlc analysis nor a 1H NMR spectrum
of the solution showed any evidence for the expected addition product.

Cysteine 7 was added to amide 5 in chloroform with a catalytic amount of triethylamine and the
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reaction was complete within three hours and produced two isomers 20E and 20Z in 58% and a ratio of 1 4:1
(Q{‘hpmp ]\ When triethvlamine was added to S and 8 in chloroform. the maior nroducts recovered after 24
nnnnnnnn KA - A R v‘llJ AV IAZLAAW VT AW WVIWMWL VW A WAL W AR wiILIVI VAU v LlluJ i t}l VUULVLYD ITVVUUVU Y VI VU Qlivi &7 T

hours were dehydroalanine 21, formed by the elimination of water from 8, and unreacted 5. As the rates of
conjugate addition reactions are known to increase with increasing solvent ponanty, addition of 8toS5in
acetonitriie was attempted but again only dehydroalanine 21 and amide 5 were recovered. The reaction was
also attempted with one equivalent of DBU but only 21 and amide 5 were again recovered. It was apparent
that the base catalysed addition of hydroxyl nucleophiles to acetylenic amides was too slow to compete with
elimination. Addition of tributylphosphine to the solution instead of base caused staroom temperatureing
materials to be consumed but gave no identifiable products. The reaction of 9 with § was carried out in
acetonitrile to increase the rate of the conjugate addition, with triethylamine as the catalyst but after stirring

for several davs at room temnerature OIllV staroom temneraturemg materials were nreeent in the mixture.

Addition of a catalvtic amount of triethvlamine to 7 and amide 6 in acetonitrile at room temnerature for

Aaaty I a catalytic amount of triethy:amine to / and amige 6 1n acetonitriie at room temperature tor
24 bhanre gave N AN _hialoarhahanavlavilovatine dimathel acéar 799) ac tha mmaine mendiiat Tha cnatlaelia
44 NOUrs gave [v,/v -0is(CarooopenzyioxXy jCystine aimetnyi ester {(£2) as tneé major proguct. 1n€ acetyienic

amide 6 was not recovered from the reaction mixture. The oxidation of the thiol to the disulfide was favored
by the basic conditions and, unexpectedly, by the presence of 6, as shown by the greatly decreased rate of
the thiol oxidation in acetonitrile and triethylamine in the absence of 6, (several days at room temperature
produced only minor amounts of 22). Degassing the solvent and repeating the reaction under a stream of
nitrogen still resulted in the formation of 22 as the major product.

)
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21 22 23

Tetrabutylammonium hydroxide was then added to a solution of 7 and the amide 6 in acetonitrile under
a nitrogen atmosphere in order to increase the proporoom temperatureion of thiolate anion present in
solution. This resulted in the formation of dehydroalanine 21 and a second product, 23, from the conjugate
addition of hydroxide anion to 6. The addition product 23 showed resonances in the 'H NMR spectrum
from both tautomeric forms. This result indicated the need for a strong base with little nucleophilic
character, and so DBU was added to a solution of 7 and 6 in acetonitrile and stirred for 24 hours but yielded

n gtarnnm tammnarahiraing o e with no cucting 22 haing ienlatad Q4 oa mivhire nf & and 7 faor 12
VIILY JLAIVVIIL IVIIIPUIAIULVILIE LHALVIIALIS WILL IV VY SUIIV Ad UV ISUVIGIVU. JUITIHHTE & HUAWIVY UL W Qilu 7 I L
| PRSI SRS MRS IUUR RN ol W0 AP Uty R . SRR, | bt ninine bmdan s mrmbiisntca v sanndneenla
NOUIS 11 U1 PIEsciiCo O1 HIDUYIpHUSPIHIC 8dve 11y >Starolin LCHIpCIatul Cliy atciiaid

The influence of solvent on the rate of conjugate addition and the stereochemistry of the products was
examined for the reactions of the three most reactive conjugated alkynes, 1, 2, and 3, with the most reactive
of the amino acids, cysteine 7. The results are summarised in Table 1 and show that reactions carried out in
methanol all favour formation of the the Z stereoisomer, whereas those performed in chloroform ,THF or
acetonitrile tend to favour formation of the E stercoisomer, except for 11E/11Z where chlaroform and THF
tend to also favor formation of the Z stereoisomer.

Theoretical studies on the addition of nucleophiles to alkynes have shown that the nucleophile

approaches the 3 carbon of the alkyne along a carbon-carbon-nucleophile angle of approximately 60°. 4 The
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an AL s 1

approach of the nucleophile is accompanied by the trans motion of
will minimise the activation energy required for the formation of the vinyl anion. The addition of the
nucleophile to the alkyne initially generates the Z anion due to the favoured trans bending of the acetylene. 15

The initially formed Z anion can either, i) undergo a fast protonation to give the Z stereoisomer as the
major product or, ii) undergo isomerisation via an allene intermediate, followed by protonation, to generate a
thermodynamic mixture of E and Z stereoisomers. % The ratio of the isomers in the product will then
depend on the proton donating ability of the solvent, for protic solvents such as methanol, the kinetic or Z

stereoisomer should predominate, whereas in non-protic solvents such as THF or chloroform, equilibration
nnnnnnnnnnn A tha shocas 1 115 hla i bl Anainata 17 11 +h i of th
can OCCur and tne tnermodaynaimicany more staoie isomer snouid preaominate riowever, tne ratio of tne

stereoisomers is also dependent on the ability of the carbonyl group to stabilise the aliene intermediate by
stabilising the o anion through resonance in the order ketones > esters > amides.18 Hence, an increased
ability to stabilise the allene should result in a greater proporoom temperatureion of the thermodynamically
more stable anion.

The results shown in Table 1 are in agreement with this mechanism as reactions carried out in methanol
all favoured the kinetic Z stereoisomer as predicted, while those performed in chloroform, THF or

cetonitrile formed prednmmatelv the more stable E stereoisomer. The solvent effects observed for 11E and

Z, indicate that either the Z sterecisomer is the more stable or, more likely, that for very slow reaction
rates the lifetimes of intermediates are altered and the polarity or proton donating ability of the solvent is no
ionger dominating the stereoselectivity.

Table 1: Effect of solvent on conjugate addition of 7to 1, 2 and 3
Solvent Product Ratio | Reaction | Product Ratio | Reaction | Product Ratio | Reaction
Time/min Time/min Time/min
10FE 102 11E 117 15E 157
Chloroform 1.2 1 ~5 1 2 300 4 1 ~15
THF 25 1 15 1 1.1 1440 2 1 120
Mzethanol H 2 10 i 3 ~15 i 35 ~5
Acetonitrile 3 1 10 7.5 1 ~15 - - -
No isolable products were obtained when the reaction of 7 and 3 was carried out in acetonitrile and the
reaction rapidly darkened and self condensation of 3 predominated. When methanol was used as the solvent,

competing addition of the methoxide anion to the terminal alkynes i and 3 also occurred. As 10E and 10Z
were still formed in the presence of a large excess of methanol as solvent, the thiol of cysteine is a much
better nucleophile than the oxygen of methanol, and by analogy the oxygen of serine.

In all of the reactions discussed above no products were observed from a second conjugate addition
onto the initially formed alkene. To determine if a second addition could occur under basic conditions, a
mixture of 15E/15Z was added to another equivalent of 7 in chloroform with either triethylamine or DBU to

catalyse the reaction. In each case after 24 hours at room temperature no trace of a second addition product
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A recent reporoom temperature by Endo ef al discusses the tributylphosphine catalysed addition of
o11]lfisr nirnalannhilas $4 s nthel .....A..:Al,uml9 PR NP L MR SRy L LISt U LUS. RV I | SRS, I S |
SULIUL HULITUPHISS 1O ISyl propiociaiC il wiiidin ul€ 1atio Or Gi-aaaition 1o mono-aaaition was seieciively

controlled by varying the number of equivalents of both the thiol and the tributylphosphine catalyst. These
studies aiso determined that the initial addition of the thiol to the unsaturated acetylene is rapid, whereas the
addition of the thiol to the conjugated alkene was much slower. To determine if such a di-addition was
possible for the sterically hindered amino acids used in this study, a 20% molar equivalent of
tributylphosphine was added to 3 and two equivalents of 7 in a solution of THF. After 48 hours tlc analysis
of the mixture showed only the two mono-addition products 15E and 15Z. Addition of excess 7 caused no
furoom temperatureher reactions suggesting that the second addition does not occur under these mild

conditions.

The possibility of a second, reversible addition followed by a subsequent elimination was also
Amnaidarad ao thia A~miild offnnt +hn tanmsacin sating 1m ¢l £l e 1. s AT L2l oanlitlia meem s oL
LCUIRIUCICU ad uiid COULIA aliTit I idUINCIHIC 1alios 111 ule 1i1idl proauct. AQaiuon O1 4 Cataiylic amount o1

triethylamine to 13 and 7 showed no evidence for the presence of either 10E or 10Z suggesting that if a
reversible addition is possible then the time scale for this addition is such as to leave unaffected the isomeric
ratios determined in the present studies.

In conclusion, the conjugate addition of amino acid side chains containing sulfanyl, hydroxyl and amino
groups to alkynones, alkynoic esters and alkynoic amides occurs under mild conditions and gives the
expected vinyl sulfides, vinyl ethers and enamines, respectively. The reactivity order thiol > lysine €-amino

> serine hydroxyl is consistent with previous reporoom temperatures from protein studies with o,B-
EXPERIMENTAL

Triethylamine, chloroform, dichloromethane and DMF (80°C at 20 mmHg) were distilled from calcium
hydride under nitrogen and stored over 4A molecular sieves. THF was freshly distilled from sodium and
benzophenone under nitrogen. Other reagents were purified according to literature procedures.20 All organic
extracts were dried over anhydrous magnesium sulfate unless otherwise specified. N-Carbobenzyloxy serine
and N-o-Carbobenzyloxy lysine were purchased from Aldrich. l-Phenyl-2-propyn-l-one(1)21, 1-phenyl-2-
heptyn-1 -one(2)22, methyl-2-heptynoate(4)23, N1 -benzyl-2-propynamide(5)24, N,N -bis(carbobenzyloxy)

Ni-Benzyi-2-heptynamide {(6)

Lithium hydride (0.016g, 2.0 mmol) was added to a solution of 2-heptynoic acid (0.25g, 1.98 mmol) in THF
(8 mL) under nitrogen and stirred for 2 hours. The mixture was cooled to -8°C and ethyl chloroformate (0.19
mL, 1.98 mmol) in THF (3 mL) was slowly added. The solution was allowed to warm to room temperature
and stirred for a furoom temperatureher 30 minutes before being cooled to approximately 5°C, at which time
benzylamine (0.22 mL, 1.98 mmol) in THF (3 mL) was added, and the mixture stirred overnight. Solvent
was removed, CH;Cl, added and the solution washed with 10% sodium bicarbonate solution (30mL), 10%
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HCI solution (30mL), dried and solvent removed. Flash chromatography (35% EtOAc/65% hexanes) yielded
the exnected nrnduc't in 67% (O 280\ Mn 32-34. §°(‘ lH NMR § 090 (t.J=7Hz 3H. CH:). 1.14 (m

........... il 11 TN &y & § LR, PRi, \r2i3F ), v \ii1,

2H, CH,), 1.51 (m, 2H, CH,), 2.28 (t,.J = 7 Hz, 2H, CH,), 4.45 (d, J = 6 Hz, 2H, CH,N), 6.20 (br s,
N e & DL} 13f‘knm§ 1272 &€& 197 "NO T AY O "1EA oon 1~~~ 1«’10 120 = 1N 10 £. TD
nn], 7.30 \in, on, riiy, CINIVIND 12,0, 10.0,47./7,42.0, 104,00V, 14/7./, 1471.8, 1£0.7/, 17.0, 133.0, IR
1\ ‘\AMI\ K Fa¥aY 1 1 R ¥aYal = ~ ‘l A AN STNTN 2 -~ ~ o Pl Fa N A2l L o R e Ve - - s oa - ——
Vimax UIUJOI) 347U, 1/UU, 1013, 10UV, 131> Cm | MDD {kl)m/z Z.ID( +), 1/9 (OU), 178 (30), 1/1(1), 1/0

6
(15), 149 (100), 105 (100), 91 (45).

General Procedure for the base catalysed reactions between the protected amino acids and the
conjugated alkynes (Procedure A)

Triethylamine (~5 drops, catalytic) was added to a mixture of the protected amino acid (50 mg) and the
conjugated alkyne (1.2 molar equivalents) in the reaction solvent (normally chloroform, unless otherwise
Qta pd\ at aithar ranom tamnaratiire nr )° Tha reactinn wae ctirrod 11ntil tln analucic indisratad tha raastinn
DHGLWM ) QAL Witliwl BVVILL WPV GIUE Y UL VO Allw TVvQAVLIVIL YYAD OuUllwud Uil Uw Q1IAL Y O10 HIIVIVALVUY LIy Tvaviuiiult

o rnamandata A Taink 4icman nithae tha cnlvamt sxrne mravms~nrad Ae $hhn ecnnAtinm sxrma mrzasmalhad ooolale Ail..e
wad> MUIIIPIU‘G, at willulil i CIlUITL WG DU VYOIIL vwad 1ICIIIVYCOU Ul UUIC 1Callivll wad qucllbllcu WILII Ulute
hydrochloric acid followed by normal workup. Flash chromatography on silica then yielded the purified

product(s).

General Procedure for the tri-n-butylphesphine catalysed reactions between the protected amino
acids and the conjugated alkynes (Procedure B)

Tri-n-butylphosphine (0.2 molar equivalents) was added to the amino acid (50mg) and the conjugated alkyne
(1.2 molar equivalents) in either THF or chloroform at room temperature. The solution was stirred until tlc
analysis of the mixture showed the dxsappearance of the protected amino acid, then the solvent was removed

Methyl (2S)-2-[[(benzyloxy)carbonyl]amino}-3-{[(E)-3-0x0-3-phenyl-1-propenyl]sulfanyl}
propanoate 10F and 10Z

The addition of 1 to 7 was undertaken at 0°C following Procedure A. After an acidic workup, purification of
the crude material by flash chromatography (30% EtOAc / 70% hexanes) yielded 53 mg, (71%) of the
expected addition products 10E and 10Z in a 1.2 : 1 ratio. Anal. Calcd for C,H,;NOsS: C, 63.14; H, 5.30;
N, 3.51. Found C, 62.98; H, 5.9; N, 3.30. 10E: '"HNMR & 3.46 (m, 2H, CH,S), 3.79 (s, 3H, OCHs), 4.76
(m, 1H, a-CH), 5.9 (m, 2H, OCH,Ph), 5.70 (br d, J = 7 Hz, 1H, NH), 7.06 (d, J = 15 Hz, 1H, HC=), 7.3-
7.6 (m, 8H, Ar), 7.80(d,J =15 Hz, 1H, HC=), 7.94 (d, J=7Hz, 2H, Ar), "C NMR & 354, 53.0, 53.5,

£77 110€ 1790 1721 179017 192 4 179 ¢€ 1984 1277 11797 126 Q 107 1474 186§ 1701 184 &-
073, 117.5, 140.U, 140.1, 1£0.0, 140.%, 140.3, 140.0, 134,7, 134,71, 133.8, 17.7, 1%/.%2, 133.5, 1/V.1, 160.0,
T .. Ifalt 'I\i YN 1"AN 1518 1NN 188N 18NN A,."l. TTe7 2 LOITY 1Y ALD F1118NN Q1 £ INYTEN 107,
IR Ve (CHCI3) 1720, 1615, 10600, 1550, 1500 Cm , UV Apax (LLILp) 202 (1115U), 510 (2475U). 1v4:
1oz 2msm & = o 73 1 £ TI. ATE SEE &% 3 e £ ATT SNOIT N A Mt 7 g ~exy £ 1A £ Ary
'"H NMR & 3.8 (d, J = 4.5 Hz, 2H, CH,S), 3.79 (s, 3H, OCHj;), 4.71 (m, 1H, o-CH), 5.14 (m, 2H,

OCH,Ph), 5.68 (br d, J = 7 Hz, 1H, NH), 6.99 (d, J = 9.5 Hz, 1H, HC=), 7.2-7.5 (m, 8H, Ar), 7.93 (d, J =
9.5 Hz, 1H, HC=), 7.94 (d, J = 7 Hz, 2H, Ar); °C NMR § 14.3, 53.0, 54.2, 67.2, 117.1, 128.0, 128.2,
128.3, 128.4, 128.56, 128.6, 132.6, 136.0, 19.6, 151.7, 155.6, 170.2, 189.0; IR vy (CHCl3) 1735, 1650,
1610, 1590, 1515 ecm™; UV Apax (CH,Cly) 260 (4995), 324 (24465).
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The reaction between 2 and 7 was undertaken at raom temnerature hv Praocedure Flach chromatagranhv
the reaction dpetween Z and / was undertaken at room temperature oy rrocedure A. riasn cnromatography
17807 B+NAr | TR, havanas) nradiirad £204 (A& mo) af tha turn allbanas in o eatin AL 1.9 for 116 o0d 117
(£270 LIVAC / /576 N€XAENECS) proauced 537 (45 mg) o1 the two aikenes in a ratio of 1:2 for 114 ana 112,
+

MS (EI) mi/z 455 ("), 364 (15), 269 (15), 232 (15), 219 (100); Anal. Calcd for CysHyNOSS: C, 65 91, H,
- T v . T lex wrn ey P .

6.4 4 ) 8 0.93 (t,J=7 Hz, 3H, CHj), 1.43 (m,

’2
W
C
X
e
(o]
c
=1
Q.
o
o))
[
<
) “O:\
;
[«
UO\
>
BN N
'O
wh
[0
[y
o]
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2H, LHZ), 1.61 (m, 2H, CH,), 2.85 (m, 2H, CH,), 3.9 (m, 2H, CH,S), 3.77 (s, 3H, OCHj,), 4.78 (m, 1H, a-
CH), 5.10, 5.01 (AB, J = 9 Hz, 2H, OCH,Ph), 5.59 (d,J= 7.5 Hz, 1H, NH), 6.74 (s, 1H, HC=), 7.3-7.6
(m, 8H, Ar), 7.94 (d, /=17 Hz, 2H, Ar); >CNMR § 13.8, 22.7, 32.0, 33.6, 34.9, 52.8, 53.0, 67.3, 113.7,
127.9, 128.1, 128.3, 128.5, 128.6, 132.2, 139.2, 155.5, 165.4, 170.4; IR Vpmax (CDCl5) 1720, 1420 cm™; UV
Amax (EtOH) 257 (4955), 320 (12310). 11Z: "H NMR & 0.96 (t, J = 7 Hz, 3H, CH;), 1.43 (m, 2H, CH,),
1.60 (m, 2H, CH,), 2.57 (t, J = 8 Hz, 2H, CH,), 3.38(m, 2H, CH,S), 3.78 (s, 3H, OCHj), 4.69 (m, 1H, 0-

CH) 511 (s. 2H. OCH,Ph) S§67(d J=8"¢ ] 1(c 1 =Y 73.758(m 8 Y 792 (m
A2 8 9 N \9y &ak, AUaaglniy, J.U7 U, v (o4 Z, if1, INXLj, 7. V3 \D, AR, LINTJ, 7.9/ .0 \&1, OXX, L3l J, 7.74& (11,
M Ary BONMR S 120922 370 325 368 530 5§37 672 1179 1280 17281 1789 198 4 128 §
L11, nll, o LNIVRIN DY L2 J, Lb.J’ SNy LIy IJV.0, IO, JJAI’ UI.L:, 11 I.I’ IAUAV’ ILU.I, 1‘-0.‘1, lLD.‘T’ ILU.J,
1MN0 £ 137 N 170 £ 1£& " 148 0 1IN " D - L£OTYOT Y 1IN 1EIN 1NN 'l TTYZ A MaNTI\ NEL
128.6, 1532.2, 135.6, 133.7, 163.8, 170.2; IR Ve (CDUI3) 1720, 1530, 1500 cm ', UV An (BEtULR) 256
(7560), 327 (17130)

Methyl (2R)-2-[[(benzyloxy)carbonyl]lamino}-3-{[(E)-1-butyl-3-0x0-3-phenyl-1-propenyl]oxy}
propanoate 12

The addition of 2 to 8 was undertaken following Procedure B. The crude material was purified by flash
chromatography on silica (1% EtOAc / 75% hexanes) to yield 28 mg, (40%) of 12. 'HNMR § 0.90 (t, /=7
Hz 3H CH,) 135 (m, 2H CH,). 1.53 (m 2H. CH,). 2.68 (m 1H, CH), 291 (m, 1H, CH), 3.80 (s, 3H

by SAERy, RARRSN Rosir \RARy SRRy RRLD —a Ry ""“'ZI i RARESy M- " 228y ARE%y EED ¥y w45
OCHS;), 4.2 (m, 2H, CH,0), 4.74 (m, 1H, a-CH), 5.15 (s, 2H, OCH,Ph), 5.67 (d, J = 7.5 Hz, 1H, NH), 6.09
foa 10 1I=\ "7 ’1([-“ QLT T QA (A l:'IU-. ALT A\ ]3F NMD K 120 994 204 2979 &2 0
\5 lll v J, 1.3=f.0 I 1 1.0V \U 7 i ) P29 N nx}, o LINLVLIIN U 19.7, 4471, &7.%%, JA.&, S,

(i, ori, Ai')
8.

)

- . mo - ~on o

34,673,68.1,97.1,127.7, 128.1, 1283, 128 4, uzso 132.0, 135.9, 115.1, 155.7, 169.6, 176.4, 189 .8, IR
Vmax (CHCl3) 1750, 1725, 1660, 1600, 1590, 1510 cm’ L. MS (FAB) m/z 340 (MH’, 30), 332 (9), 320 (8),

154 (8), 105 (20), 95 (20), 91 (100); Exact Mass Calcd for C,sHygNOg 439.19949. Found 439.20043.

W

Methyl (2S)-2-[[(benzyloxy)carbonyl]amino}-6-{[(E)-3-0x0-3-phenyl-1-propenyljamino} hexanoate

(d, /=75Hz IH, HC ) 6.90 (dd, /= 7.5, 13 Hz, 1H, HC=), 7.35 ( H, Ar), 7.85 (m, 2H, Ar), 10.33
(m, 1H, enamine NH), BCNMR § 22.2,29.7,30.5,32.3, 48.8, 52.5, 53.6, 67.0,90.2, 127.0, 128.1, 1282,
128.5, 1309, 136.2, 139.7, 154.2, 155.8, 172.7, 189.9; IR v (CHCI3) 1720, 1630, 1600, 1580, 1515, 1500
cm’’; MS (LSIMS) m/z 425 (MH’, 100); Exact Mass (EI) Caled for C,4HN,Os 424.19982. Found
424.1998.
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hexane) produced 63% (51 mg) of 14. '"HNMR 8§ 0.95 (t,J=7Hz, 3H, CH,), 1.4-1.7 (m, 10H, 5xCH,),
2.30(t, J=7.5 Hz, 2H, CH,C=), 3.30 (m, 2H, CH,;N), 3.74 (s, 3H, OCHs), 4.45 (m, 1H, a-CH), 58 (s, 2H,
OCH,Ph), 5.51 (d, J = 8 Hz, 1H, NH), 5.66 (s, 1H, HC=), 7.37 (m, 8H, Ar), 7.85 (m, 2H, Ar), 11.56 (br s,
1H, enamine NH); “C NMR § 13.8,22.6,29.6, 30.2, 32.2, 42.5, 52.4, 53.7, 67.0, 85.0, 91.0, 126.9, 128.1,
128.3, 128.5, 128.6, 130.3, 19.1, 136.3, 115.6, 168.9, 172.8, 187.7, IR V.. (CDCl;) 1730, 1600, 1550,
1520 cm™; UV Amax (CH,Cly) 246 (15530), 88 (28215); MS (EI) m/z 480 (M", 60), 463 (15), 451 (15),

438 (75), 333 (20), 258 (20), 216 (100); Anal. Calcd for CagHsN,Os: C, 69.97; H, 7.55; N, 5.83. Found C,
69.83; H, 7.52; N, 5.93.

Ethyl (E)-3- [((2S)-2-{[(benzyloxy)carbonyl]amino}-3-methoxy-3-oxopropyl)sulfanyl]-2- propenoate
1

1SE and 157

The additinn raactinn hatwean 2 and 7 wac nndartallan at 0°C fallawing Pracadnre A Arid wnrkan
1€ aGarion reacdudn ooiweeill S alld /7 was UnGeriaken di v o 10u0wiilg rrofeauré A. AllG WOIKUp,
CoAt o b o Tkt L alen menida cmmdaetial iy Mool Lo i L AN/ TYA A TND/ Lomomn 2 aial dad
LOIOWEU DY PUllllCdaliOn OI e CIudc mdicildl by 11asil CillOIdLOEIdPIly (JV7/0 CIVAC 7 /U0 IICXANC) yl 1aca
51 mg, (75%) of the expected addition products in a ratio of 4:1 in favour of the £ alkene. 15E / 15Z: MS

(ED) m/z 367 (M"), 216 (90), 91 (M-CH,Ph, 100); Anal. Calcd for C;,H,;NOgS: C, 55.56; H, 5.76; N, 3.81.
Found C, 55.45; H, 5.61; N, 4.21.

15E: '"HNMR § 129 (t,./ = 7 Hz, 3H, CH,), 3.35 (m, 2H, CH,S), 3.80 (s, 3H, OCH3), 4.18 (q, /= 7 Hz,
2H, CH,0), 4.72 (m, 1H, a-CH), 5.15 (s, 2H, OCH,Ph), 5.66 (br d, J = 8 Hz, 1H, NH), 5.87 (d, J = 15 Hz,
1H, HC=), 7.36 (s, SH, Ph), 7.57 (d, J = 15 Hz, 1H, HC=); *C NMR 5 14.4, 36.2, 53.0, 53.5, 60.5, 67.5,
115.8, 128.2, 128.4, 128.7, 136.0, 145.5, 155.4, 165.2, 170.3; IR Vyae (CDCl5) 1720, 1580, 1510 cm™. 15Z:

'"HNMR 3 1.28 (1, J = 7 Hz, 3H, CHs), 3.29 (m, 2H, CH,S), 3.79 (s, 3H, OCH3), 4.18 (q, J = 7 Hz, 2H,
NCHNY A70(m 1 o CHY §114m 27H OCH.PhY §A5(hrd 7T=75H- 1 JHY § 7 ¢4 J =8 H->»
U\/.llzl’ Y.V \lll’ II.L, LA \.JL.I,}, PR \lll, Al Ly NI QLI lll’ o NS \Lll \.l, 74 1.4 ll.b, 411, .L‘L_ll, ST O \u, o U 114,
1T LI\ £ 0™ 74 J e © T¥. 1IT ITOMN 7277 /.. €LY DL 13[‘ AMAD & 1AL 2L EN L &2 7 £ £ £77 £
In, ntC=), 6.92{a,s =6 nz, in, nl=j), /.57 {8, >0, rnj);, "CNMR 0 14.0, 35,5, 52.6, 53.7, 6U.6, 6/.6,
116.0, 128.4, 128.5, 128.8, 136.2, 145.7, 155.8, 165.2, 170.4; IR Vpmax (CDCl3) 1720, 1600, 1500 cm’

Ethyl (E)-3- [((2R)-2-{[(benzyloxy)carbonyljamino}-3-methoxy-3-oxopropyl)oxy]-2- propenoate 16

The reaction of 3 with 8 was undertaken at 0°C using Procedure A. Acidic workup was followed by
purification of the crude material by flash chromatography on silica (30% EtOAc / 70% hexane) to yield 39
mg, (75%) of 16. 'HNMR § 13 (t,J=7Hz, 3H, CH,), 3.79 (s, 3H, OCHs), 4.2 (m, 4H, 2xOCH)), 4.68
(m, 1H, a-CH), 5.15 (s, 2H, OCH,Ph), 5.22 (d, J=9.7 Hz, 1H, HC=), 5.68 (br d, / = 8 Hz, 1H, NH), 7.37

LS

(s, SH, Ph), 7.51 (d, /= 9.7 Hz, 1H, HC=); “C NMR & 14.5, 53.1, 53.7, 60.1, 67.5, 70.6, 98.0, 126.3,
128.5, 128.7, 136. 9, 161.3, 167.3, 169.6; IR Vaax (CDCl3) 1710, 1620, 1500 cm™; MS (ED) m/z 337

Ethyl (E)-3- [((55)-5-{[(benzyloxy)carbonyl]amino}-6-methoxy-6-oxohexyl)amino]-2- propenoate 17E
and 172

The reaction of 3 with 9 was undertaken at room temperature after the initial removal of HCl by washing the
protected lysine with 8% sodium bicarbonate solution. Purification of the crude material by flash

chromatography (50% EtOAc / 50% hexanes) yielded 45% of the two isomers as an inseparable mixture in a
1:1 ratio. ‘u NMR 5 12 (m, 3H, C-‘) 1.4-19 (m, 6H, ,x‘,--) 2.98 (m, 2H, CH;N (£)), 3.8 (m, 2H,

CH,N (2)), 3.71 (s, 3H, OCH3), 3.72 (s, 2H, OCHs), 4.09 (2x q, J = 7 Hz, 4H, 2xOCHy), 4.15 (m, 1H, o
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CH), 442 (d, J= 8 Hz, 1H, HC= (Z)), 4.55 (m, 1H, a-CH), 4.67 (d, /= 13 Hz, 1H, HC= (E)), 5.08 (s, 4H
AR R My vV 2 y RAN =7/ . \ #2525 o ~EED M & ] 3 AAN N7 /) \~ >
ANOIT DL € T fe T — O 1T 1LY NIIT\ £ &€ FA41 T_—©Q 12 L1, 1LY LIM— /A T2D (o LKLY DLY 77272 (o €LY
LAV L), V.7 \L,J = 0 Ik, 111, INIT), U000 \UlU, v — 0, 10 IlL, lH, NnU—\4)), 7.4 5, 211, I'll), /.03 }, oI51,

1500 cm™'; MS (FAB) m/z 393 (MH", 73), 347 (100); Exact mass calcd for CyoH;0N,04 (MH")
393.20256. Found 393.20220.

Methyl (E)-3- [((2S)-2-{[(benzyloxy)carbonyl]amino}-3-methoxy-3-oxopropyl)sulfanyl]-2-
propenoate 18F and 187

The reaction between 4 and 7 was undertaken at room temperature following Procedure A. Purification of
the crude material by flash chromatography (20% EtOAc / 80% hexane) yielded 40% of the expected

Hz, 3H, CH3), 1.1/ (m 2H, CH,), 1.57 (m, 2H, CH,), 2.77 (t J =17 Hz, 2H, CH,), 3.24 (m 2H,
CH,S), 3.66 (s, 3H, OCH3), 3.77 (s, 3H, OCH;), 4.71 (m, 1H, a-CH), 5.12 (s, 2H, OCH,Ph), 5.57 (s, 1H,
HC=), 5.64 (d, J= 7.5 Hz, 1H, NH), 7.34 (s, SH, Ph); "C NMR § 13.9, 22.6, 32.0, 33.5, 34.0, 51.0, 52.7,
52.9,67.3,108.8,128.1, 128.3, 128.6, 136.1, 155.7, 162.7, 165.0, 170.5, IR v, (CHCIl;) 1750, 1715, 1600,
1500 cm™. 18Z: '"HNMR & 0.92 (t, /=7 Hz, 3H, CH,), 1.34 (m, 2H, CH;), 1.52 (m, 2H, CH), 2.39(t, /=
7 Hz, 2H, CH,), 3.34 (m, 2H, CH,S), 3.70 (s, 3H, OCH,), 3.77 (s, 3H, OCHj), 4.67 (m, 1H, a-CH), 5.11 (s,
2H, OCH,Ph), 5.64 (d, J = 8 Hz, 1H, NH), 5.83 (s, 1H, HC=), 7.34(s, 5H, Ph); "C NMR & 13.8,22.0

~als 227, ¥ 114, 114, LT, ~Lidy I SAVRZIN © ~2, L4V,

31.2,323,362,51.1, 52.9, 538, 672 113.5, 128.1, 128.2, 128.5, 136.0, 155.6, 159.4, 166.3, 170.3; IR
(OIIMT N 17790 180N 18NE e
Vmax (LTICI3) 172U, 108U, 13U5 C n’!

Methyl (E)-3- [((2R)-2-{[(benzyloxy)carbonyl]amino}-3-methoxy-3-oxopropyl)oxy]-2-heptenoate 19

The addition of 4 to 8 was undertaken following Procedure B. Purification of the crude material by flash
chromatography on silica (1% EtOAc / 75% hexane) yielded 14 mg, (35%) of 19. "HNMR § 0.90 (t,./ =7
Hz, 3H, CHy), 1.7 (m, 2H, CH,), 1.44 (m, 2H, CH,), 2.57 (m, 1H, CHC=), 2.86 (m, 1H, CHC=), 3.67 (s,
3H, OCHj;), 3.77 (s, 3H, OCHjy), 4.09 (m, 2H, OCH,), 4.68 (m, 1H, a-CH), 4.97 (s, 1H, HC=), 5.14 (s, 2H,
OCH,Ph), 5.63 (d, J = 8 Hz, 1H, NH), 7.36 (s, SH, Ph), BC NMR § 13.8, 222,294, 31.2, 50.9. 52.8,

77 I
673,679,916, 1282, 1283, 1286, 135.9, 155.7, 167.5, 169.7, 175.1; IR vu. (CHCI3) 1750, 1710,

o~y ’ T g}

) “y
AN - . f£C (T \ 204 AALYT AN
Uu Ccin MO {(FAD) M/Z 354 (Wvin1 , AU),

Methyl (2R)-2-{[(benzyloxy)carbonyl}amino}-3-{[(E)-(butylamino)-3-0xo-1-propenyl]sulfanyl}
propanoate 20F and 202

The reaction of 7 with 9 was undertaken at room temperature by Procedure A. Purification of the crude
material by flash chromatography (50% EtOAc / 50% hexane) yielded 47 mg, (58%) of the two isomers 20E
and 20Zin aratioof 1.4:1.

+,
20E /20Z- MS (EI) m/z 428 (M), 337 (15), 206 (50), 192 (60), 160 (90), 106 (100); Anal. Calcd for
OO NLD) C 6166 H 564- N 5§54 Foind C 100 H 560 672 20F-Mn 134_-137°C- Iy
\,/2211241‘2\_’50 \/’ . U, ll’ J.U'T, L" V.S 4 vuLig Ly Vi.ZV, 11, v'.\)/, J.V, N At TR LV.llJ LT LT Ny i1
ATR AT 's‘sl ATT AIT Q)N 2 ™7 /o LT NI N A AT (3 T £ 1T AIYT OIT NN A £7T fene TLT o~ OTIN £ Nno
NMR 6 3.3 {m, 20, Uripd), 5./7 {5, o, ULI3), 447 14,7 =0 , £I1, UrpiNj, 4.0/ {0, 10, 8-, 5.vo,
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5.12 (AB, J = 9 Hz, 2H, OCH,Ph), 5.65 (br d, J = 7.5 Hz, 1H, NH), 5.73 (m, 1H, NH), 5.87 (d, /= 15 Hz,
1H, HC=), 7.1-7.35 (m, SH, Ph), 7.49 (d, ./ = 15 Hz, 1H, HC=), "C NMR § 35.2, 437, 53.0, 53.3, 67.3,
118.0, 127.5, 127.8, 128.1, 128.3, 128.6, 128.7, 138.1, 141.5, 155.9, 164.3, 170.6; IR Vpmax (CDCl3) 1730,
1660, 1590, 1510 cm'l. 202 Mp 10“-112°C; 'HNMR 6§ 3.23 (m, 2H, CH,S), 3 ./6 (s, 3H, OCH;,), 4.48
(d, /=6 Hz, 2H, Ct )56(m 2H, 2xNH),570(d = 8 Hz,

C NMR § 38.6, 43.5, 52.9, 54.3, 67.1,
115.9, 127.55, 127.6, 127.9, 128.0, 128.1, 128.2, 128.5, 123.7, 136.1, 136.9, 138.2, 145.1, 155.6, 165.8,
170.3; IR Vax (CDCl3) 1710, 1615, 1570, 1500 cm™.

Methyl-2-{[(benzyloxy)carbonyl]amino}acrylate 21

N-Carbnhppﬂ/lnyv dehydrgal anine methvl es fp‘zg 21 was formed

LUV aiataly (e

triesthvlamine with either 7 or  with 6. or from th < IH OCH)
tnethyiamine with ¢ither 7 or & with &, or irom in n with 0 NMRX S, 3, ULH;3),
E Y7 £~ MNIT MOTY Tl o on 741 T __ 1 A YTY.. 1YY YYXM__\ £ " 7. 1TY TTIMN_N\ ~Y 171 7. LYY THi N
5.17 (s, 2H, OCH,Ph), 5.80 (d, /= 1.4 Hz, 1H, HC=), 6.2 (s, 1H, HC=), 7.1/ (s, 5H, Ph)
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