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Abstract - A synthetic model for the metal binding site of bleomycin with 4- 
d~methylaminopyridine nucleus, namely PYML-8, shows dioxygen activation up to 125% of that of 
bleomycin. p-Methylstyrene is oxidized with the Pe(III)-HzOz, Fe(III)-PhIO, or Fe(II)-02 complex 
systems of PYML-8 to give a set of products including optically active epoxide. The product 
composition is dependent on iron, oxygen source, and reducing agent employed, suggesting 
varied active species generated from each complex system. 

Bleomycins (BLMs) are chemotherapeutic agents used for the clinical treatment of Hodgkin’s 

Iymphoma, carcinomas of skin, head, and neck, and tumors of testis2 The drug was isolated from 

Streptomyces verticillus as a copper chelate by Umezawa and his co-workers in 1966 and the 
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Figure 1. Proposed structure of BLM-Fe(H)-0s complex and assumed role of each part. X- is 

considered to be -OH in aqueous solution. 
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structure was shown to be a glycopepttde conststing of an unusual hexapepttde and a 

disaccharide 3 It has been well documented that BLM activates dloxygen by the formation of a 

unique Iron complex of the amine-pynmtdtne-tmtdazole region to generate active species closely 

related to BLM-Fe(III)-022-, and bmds to guamne base of DNA by the blthiazole-termmal amine 

region (Figure 1) 4 BLM thus cleaves DNA spectflcally at GC and GT sequences to exert the 

antitumor activity In our continuing study toward man-designed BLMs, we designed several non- 

porphyrinic llgands based on the metal binding site of BLM and demonstrated that the 4- 

ammopyrlmldme nucleus and the disaccharide of BLM can be replaced by a simplified pyridlne 

ring and a rert-butyl group, respectively. I e, a synthetic model PYML-4 showed remarkably 

efficient dtoxygen activating capability (Figure 2) 5~6.7 Furthermore, a synthetic model PYML-6 

with a 4-methoxypyrldlne nucleus was found to be almost equivalent to BLM in dloxygen 

actlvatlng capability (Figure 2) *s9 We now achieved a dtoxygen activatton superior to BLM by a 

newly designed model ltgand PYML-8 and examined olefin epoxldatlon using PYML-g-iron 

complex systems lo 

PYML-4 XIOMe PYML-6 

X = NM% PYML-8 

Figure 2 Synthetic analogues of BLM 

Desrgn and Synthems of PYML-8 

As the dloxygen activation process of BLM-Fe(H) complex involves electron transfer from 

iron to oxygen, electromc property of the ltgand surrounding the metal must have a profound 

influence on the oxygen activation Therefore, we assumed that increased electron density of the 

llgand would increase the capablltty to activate dtoxygen for the Fe(H) complex, and vice versa 

The result of Huckel molecular orbltal calculatton indicated that x-electron density of the N-atom 

of various 4-substituted pyrldmes are conslderably dependent on the nature of the substituents l1 

This was in accordance with the enhanced dloxygen activation by PYML-6 which has an electron- 

donatmg methoxyl substltuent on the pyrldlne ring In order to attain a more efficient oxygen 

activation, we designed a new llgand PYML-8 contamlng a more strongly electron-donating 4- 

dlmethylamtnopyrtdine moiety (Figure 2) 

PYML-8 was synthesized as follows (Scheme 1) Dimethyl 4-chloropyrldine-2,6-dlcarboxylate 

(1) was easily prepared from chelidamic acid 9 It was saponified to give the correspondmg 

dlcarboxyllc acid which was treated wrth aqueous dlmethylamme in a sealable bulb and then re- 
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esterlfied, affording 4-dlmethylamlno derlvatlve 2 in 58% overall yield Aldehyde 4 was obtamed 

by borohydride reduction of ester 2 (76% yield) followed by manganese dioxide oxidation of 

alcohol 3 (82% yield) Condensation of aldehydc 4 with (S)-3-amlno-2-i(zerr- 

butoxycarbonyl)amlno]proplonamide (S)‘* gave a Schiff base, which was hydrogenated over 

palladium on charcoal, furnishing secondary amine 6 in 82% yield We found that the choice of 

an appropriate amino-protectmg group was crucml for the rest of the synthesis Although Nps (o- 

nltrophenylthlo) group” was successfully applied to the synthesis of PYML-6, it was found not to 

be useful for the dlmethylamlno derrvatlves because of an unexpected difficulty in the final 

deprotection Therefore, we converted mono-Boc derivative 6 Into his-2 denvatlve 7 by the use of 

benzyl S-(4,6-dimethylpyrlmid~n-2-yl) thlocarbonate (CBZ-S)‘4 m 90% yield Hydrolysis of the 

ester 7 was faclhtated by llthtum hydroxrde and the subsequent coupling with erythro-P-terf- 

butoxy-t.-hlstldine (8)’ by diphenyl phosphorazidate (DPPA)lS afforded peptide 9 In 74% yield 

The use of palladrum black and ammomum formate was found to be most effective for the removal 

of the Z group of 9 and PYML-8 was obtained m 83% yield 
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PYML-8 showed metal-binding propertles remarkably slmllar to those of BLM Cu(II) 

complexes of PYML-8 exhIbIted ESR spectra characterized by axially symmetric 8- and A-tensor 

components (Table 1) The oxygen-analogous nitric oxide adduct complex was easily obtalned by 

addltlon of sodium mtrlte to the Fe(I1) complex of PYML-8 (Table 2) Moreover, PYML-8 

apparently produced two low-spm Fe(II1) complex species, slmtlar to those observed In the course 

of dloxygen activation of BLM One ferric complex IS presumed to be the transient Fe(III)-OZH- 

species and another ferric complex seems to be the stable Fe(III)-OH- species, as lndlcated by the 

ESR parameters The oxygen actlvatlon of the iron complex of the model was demonstrated by an 

ESR spin trapplng experiment using N-rerr-butyl-a-phenylmtrone It was noteworthy that the 

spin concentration of hydroxyl radicals generated from the PYML-8-Fe(II)-Oz system was 

estimated to be about 125% of that of the correspondmg BLM system (Table 3) Thus, oxygen- 

activating power of a man-deslgned peptrde finally exceeded that of natural BLM, presumably 

owmg to the substantial electron donation by the dimethylammo group 

Table 1 ESR parameters for Cu(I1) complexes of BLM and PYML-8 

ligand 

----__--- 

BLM 

PYML-8 

8// 8l A//(G) 
-------I___ -- 

2 211 2 055 183 0 

2 217 2 062 168 9 

Table 2 ESR parameters for Iron complexes of BLM and PYML-8 

Fe(II)-14N0 complex transient Fe(II1) complex stable Fe(II1) complex 
llgand 81 82 83 AN (G) 81 82 83 81 82 g3 

---___ __----- ---__--_______-----_---....--_ 

BLM 2 041 2 008 1 976 23 8 2 254 2 171 1 937 2 431 2 18.5 1 893 

PYML-8 2 039 2 008 1 970 24 8 2 247 2 173 1 940 2366 2185 1910 

Table 3 Spin concentration of hydroxyl radicals from Fe(H)-02 complex systems of BLM and 

synthetic analogues 

llgand relative spin concentration 
-~--------------~ ---------------____ 

BLM 100 

PYML-4 71 

PYML-6 97 

PYML-8 125 
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Epoxldntlon of Oltfia with PYML-8 

In addition to the DNA cleaving acttvlty, BLM IS known to oxidize a range of olefmlc 

substrates So far reported are oxtdatlon of stllbene, styrcne, chalconc, clnnamlc acid, 

cyclohexene. norbornene, and lndene using Fe(H), Fe(II1). Cu(II), Mn(II1). or Zn(II1) complexes 

of BLM In the presence of 02, PhIO, or KHSOz.ts We also reported epoxtdauon of stllbene with 

Fe(III)-Hz02 complex systems of PYMLs 8~9 Furthermore, cts-p-methylstyrene was found to be 

affected by the choral environment around the Iron nucleus of PYML-6 complex, resulting In 

some asymmetrrc tnductlon in epoxtdatton reaction, as reported prellmlnarlly 17 We now studled 

enantioselectlve epoxldatton of alkenes with iron complex systems of PYML-8 In detail As BLM- 

Fe(II)-02 complex affords active species such as Fe(III)-02*- or Fe(V)=O, we Investigated alkene 

oxidation with PYML-8-Fe(I11)-022-, PYML-8-Fe(V)=O, and PYML-&Fe(II)-Oz systems to examme 

the reactlvlty of each complex systems 

Oxldatlon with PYML-&Fe(III)-Hz0 1. We first tnvesugated oxtdatlon of stllbene and p- 

methylstyrene with PYML-8-Fe(III)-Hz02 complex system PYML-8 (1 eq) was allowed to react 

with alkene substrate (213 eq) and oxidant (30 eq) in degassed methanol for 30 minutes at room 

temperature under argon and the products were analyzed by gas chromatography (Table 4) 

Oxidation of cls-stilbene afforded crs-stilbene oxide In -35% yield based on HzOz along with 

concomitant formation of rrans-epoxtde and deoxybenzoln Oxidation of trans-stllbene exclusively 

afforded rrnns-epoxlde in 31% yield 18 The same tendency was seen in the reactlon of p- 

methylstyrene with PYML-8-Fe(III)-Hz02 That IS, oxidation of crs-fl-metbylstyrene afforded CIS- 

epoxlde (30% yield) and phenylacetone with virtually no concomitant formation of frans-epoxlde 

On the other hand, treatment of trans-p-methylstyrene with PYML-8-Fe(III)-H20z afforded trans- 
epoxlde as a sole product (32% yield) without any formation of phenylacetone 18 

Asymmetric Induction was observed in the epoxIdatlon of p-methylstyrene The epoxlde was 

Isolated by slllca gel column chromatography and the enantlomerlc excess (ee) of the material 

obtalned was determlned based on the ‘H NMR measurement using chrral shift reagent I9 There 

was a marked difference in the enantloselectlvlty between the cls-substrate and the trans- 

substrate (Table 5) Whereas (-)-cls-epoxlde with 57% ee was obtalned from cis-P-methylstyrene, 

~rans-P-methylstyrene gave racemlc trnns-epoxlde These results suggest that, In the active 

species generated from PYML-8-Fe(III)-Hz02 complex system, oxygen is bound tightly to the 

central Iron and the stereochemtcal environment around the iron-oxygen center influenced the 

transItIon state of the oxldatton reaction These are in accordance with the result previously 

reported for PYML-6 I7 

Oxidation with PYML-S-Fe(III)-PhIO. PhIO IS known as a one-oxygen donor for non 

complex to generate oxldlzlng Fe=0 species 2o In fact, reaction of PYML-&Fe(III)-PhIO with CIS- 

stllbene or crs-P-methylstyrene actually gave crs-stllbene oxide or crs-p-methylstyrene oxide, and 

trans-alkenes produced the corresponding frans-epoxldes (Table 4) Concomitant formatlon of 

deoxybenzoln or phenylacetone was also observed in the case of crs-substrates but not observed 

for rrans-substrates However, this reaction was characterized by predominant formatlon of 

benzaldehyde either from crs-alkenes or from rrans-alkenes The formation of benzaldehyde was 
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Table 4 Oxldatlon of stilbene and j3-mcthylstyrcne with PYML-8-Fe(II1) complex systems 

yields %* 

substrates products 

Fe(III)-Hz02 

PYML-8 none 

Fc(III)-PhIO 

PYML-8 none 

Ptr-bh 

P 34 9 (992) trace 22 3 (666) trace 

3 31 (94 1) n d n d n d 

112 (318) n d 543 (162) n d 

PhCHO trace trace 669 (1997) 17 4 (519) 

h 

n d n d nd nd 

31 4 trace 18 4 1 89 P (925) (549) (56 5) 

n d nd nd n d 

PhCHO trace trace 67 1 (2003) 21 6 (644) 

PhP\Me 

307 (916) n d 22 5 (672) n d 

trace n d trace trace 

+(nm) nd +(nm) nd 

PhCHO trace trace 66 8 (1993) 32 7 (976) 

P hAA 
0 Mee 

n d n d n d n d 

Me 
P / 

32 1 (958) n d 31 0 (925) 2 55 (76 2) 

P 
A n d n d n d n d 

Ph Me 

PhCHO trace trace 642 (1916) 32 1 (957) 

* Yields based on Hz02 or PhIO (Yields based on Fe(II1)) 
n d not detected n m not measured 
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Table 5 Be of products of epoxldaoon of fl-methylstyrenc with PYML-S-Fe(III)-Hz02 

substrates epoxides ee (96) 

Plrh Y 51 
P Me 

Me Me 

P tf+ P P 0 

also reported by Hecht et al m the oxidation of crs-stllbene with BLM-Fe(III)-PhIO system In the 

presence of oxygen, demonstrating that the oxygen atom of benzaldehyde orlglnates from 

molecular oxygen 16f.16s However, in the case of our PYML-8-Fe(III)-PhIO complex system, 

benzaldehyde was obtained either under aerobic condition or under anaerobIc condition In almost 

the same yields, indleating that benzaldehyde was produced VIU a route independent of molecular 

oxygen In the mechanlstlc study on the reactlon of alkenes with the hypervalent Iron-oxo 

porphyrins by Bruice ef al, they referred to the followlng possible Intermediates, metallaoxetane 

(A), radical (B), cation (C), cation radical (D), and an IntermedIate of concerted Insertion (E) 

(Figure 3) 2o These intermediates seem to be relevantly applied also to the case of BLM or PYMLs, 

because a considerable slmllarlty was found between BLM and heme-Iron complexes 4 The 

observed formation of benzaldehyde, being independent of molecular oxygen, may be explained 

by invoking the cleavage of ferroxetane (A) formed by cycloaddltlon of Fe(V)=0 species to the 

double bond, as recently discussed by Barton et 01 21 

(A) 

\/ 

(c) G+ 
‘0 

I -Fe Ill)- 

0) (E) 

Figure 3 

species *O 

Proposed intermediates in the reaction of alkene with hypervalent iron-oxo 
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Oxidation with PYML-&Fe(H)-Oz. As BLM-Fe(H)-02 produces a catalytlcally active 

complex, It must be possible to oxldlze low molecular weight substrates by the Fe(H)-02 system 

Thus, PYML-R-Fe(I1) (1 eq) was allowed to react with p-methylstyrene (177 eq) in the presence of 

oxygen and reducing agents (46 eq) [I-mercaptoethanol (2-ME), 1,4-dlthlothreltol (DTT), or sodmm 

L-ascorbate] for 2 hours The result was largely dependent on the reducmg agent (Table 6) When 

2-ME or DTT was used, the maln product was benzaldehyde and epoxrdes were produced In low 

yields The reaction was found to be enantioselectlve, cgs-olefin afforded (-)-cls-epoxide and 

rrnns-olefln gave racemlc rrans-epoxlde (Table 7) On the other hand, the use of L-ascorbate 

afforded entirely different products, I e , benzaldehyde was not produced and both crs-olefin and 

rrans-olefm uniformly gave rrans-epoxtde 

In contrast with the results of PYML-R-Fe(III)-PhIO system, the formatlon of benzaldehyde 

was dependent on the molecular oxygen When the most of molecular oxygen was excluded from 

the reaction system of cts-e-methylstyrene oxidation, the formation of benzaldehyde was 

markedly suppressed and, instead, considerable amount of (runs-P-methylstyrene was produced 

This can be accounted for by the mechanism involvmg a cation radical IntermedIate (Figure 3, D), 

Table 6 Oxidation of fi-methylstyrene with PYML-8-Fe(II)-02 

products, yields (%)* 

reducing 
agent substrate llgand PhCHO 

pll-=lAe PYML-8 I6 (71 0) 04 (177) 14 6 (647) 

none nd nd -2 1 (-93 l)** 
2-ME -- -___ -----___- ---__-_ 

PYML-8 n d 28 (124) 13 3 (590) 

none n d 0 8 (35 5) -4 0 (-177)** 

PYML-8 1 6 trace 21 5 PPi&l (72 6) (975) 

none n d trace 29 (132) 
m-r ___---~- _________---___~_________________ 

Me PYML-8 n d 3 1 (141) 21 8 

P t? 

(989) 

none n d 0 6 (27 2) 3 7 (168) 

PYML-8 trace 2 8 Ph-Me (129) trace 

none trace n d trace 

L-ascorbate __-______________- ----____----_____ 

P/’ PYML-8 none n n d d 0 3 8 6 (36 (165) 7) 16 1 6 (73 (73 5) 5) 

* Yields based on the reducmg agent (Yields based on Fe(II1)) 
** Exact yield could not be obtalned due to the partial overlapping of the CC signals of 2-ME 

and benzaldehyde 
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Table 7 Ee of products of epoxldauon of p-methylstyrene with PYML-8-Fe(H)-Oz-(2-ME) 

Substrates epoxldes ee (96) 

PPMne 
H 

P fl Me 
33 

Me Me 

P tP P P 0 

1 e , a small amount of dioxygen present in the reaction system was activated by the PYML-8- 

Fe(H) complex, converting the substrate alkene into a cation radical by one-electron oxldatlon 

As the amount of oxygen was ltmlted, the aerobic transformation of the catlon radical species to 

benzaldehyde was suppressed Instead, a facile lsomerlzatlon of the catlon radical from CIS- 

configuration to the more stable rrans-configuration 

produced trons-p-methylstyrene 

and subsequent acceptance of one electron 

Conclusron 

We deslgned a non-porphyrlnrc oxldlzmg catalyst based on the metal blndlng site of BLM, 

namely PYML-8, which IS charactertzed by a highly electron-donating 4-dlmethylamlnopyrldme 

moiety Synthesis of PYML-8 was carried out by introducing the 2,3-dlammoproplonamlde side 

chain into the 4-dlmethylamlnopyrldIne nucleus followed by peptlde coupling with erythro-e- 

rerr-butoxy-I.-hlstldme moiety Cu(II) and iron complexes of PYML-8 exhlblted ESR characteristic 

of those of BLM In particular, PYML-8-Fe(H) was shown to be the first man-deslgned peptlde 

which exceeded natural BLM in oxygen activation 

Active species generated from PYML-8-Fe(II1) and Hz02 or PhIO were capable of epoxldlze 

stllbene and P-methylstyrene Notably, asymmetric rnductlon observed rn the oxldatlon of cls-p- 

methylstyrene suggested that the alkene was placed and oxidized under an asymmetrlc 

environment around the Iron-oxygen center Slmllar asymmetrlc mductlon was observed In the 

case of PYML-8-Fe(H)-02 Oxldatlon of alkene usmg PYML-8-Fe(H)-02 and 2-ME or DTT afforded 

benzaldehyde as a major product along with a small amount of epoxlde and ketone On the other 

hand, PYML-8-Fe(II)-02-I_-ascorbate system showed different reactlvlty toward alkene, resultmg 

m the trace amount of benzaldehyde Thus, varied oxygen spectes were shown to be generated 

depending on Iron, oxidant, and reducing agents Reactlvlty of active species of PYML-8-Fe(II)- 

02-2-ME (or DTT) 1s evidently different from that of PYML-8-Fe(III)-Hz02 PYML-8-Fe(III)-PhIO 

appears to generate species possessing reactlvlty between those of PYML-8-Fe(H)-02 and PYML-I- 

Fe(III)-Hz02 Efforts are contmumg to explore a new class of oxldlzmg catalyst based on BLM 
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EXPERIMENTAL 

Melting points were measured on a Yanagtmoto micro mclttng point apparatus and are 

uncorrected ‘H NMR spectra were recorded on a JEOL GX-400 (400 MHz) or JEOL FX-100 (100 MHZ) 

spectrometer Abbreviations are as follows s (singlet), d (doublet), t (trtplet), q (quartet), and m 

(multtplet) IR spectra were recorded on a Perkrn Elmer 1600 FTIR spectrometer Mass spectra 

(MS) and fast atom bombardment mass spectra (FABMS) were recorded on a JEOL MS-300 and JEOL 

JMA DX-300, respecttvely Gas chromatography was carried out on a Shtmadzu GC-4CM equipped 

wrtb a flame tonizatton detector (column, PEG 20M 30 mm+ x 200 cm, Na as carrter gas) X-band ESR 

spectra were recorded on a JEOL JES FE-3X spectrometer Reagents and solvents were purified by 

standard procedures MeOH used for the epoxtdatton reaction was dtsttlled and degassed 

immediately before use 

Drmethyl 4-dtmethylrmrnopyrrdine-2.6.dicarboxylate (2). A suspenston of 

dtmethyl 4-chloropyrtdtne-2,6-dtcarboxylate (1)9 (7 82 g, 34 1 mmol) tn 1 N NaOH (85 3 ml) was 

stirred at 80°C for 2 h The mixture was cooled with ice and acidified to pH 4 wnh 1 N HCl White 

precrprtate depostted was collected and dried rn Y~CIIO for 12 h to give crude 4-chloropyndme-2,6- 

dtcarboxylrc acid (7 49 g) A suspension of crude 4-chloropyrtdtne-2.6-drcarboxyltc acid (6 87 g, 

34 1 mmol) in 33% aqueous dtmethylamtne (100 ml) was stirred at 140°C for 12 h m a sealable tube 

The tube was cooled with me and opened After addrtton of cone &SO4 (5 ml) to the mtxture, white 

precipitate deposited was collected and dried rn YDCUO for 12 h to give crude 4- 

dtmethylamtnopyrtdtne-2,6-dtcarboxyltc acid as a white powder (6 32 g) Thtonyl chloride (27 ml) 

was added to MeOH (100 ml) at -10°C After the mixture was stirred for 10 mtn. crude 4- 

dtmethylamtnopyrtdtne-2,6-dtcarboxyltc acid (6 32 g, 30 1 mmol) was added to the solutton The 

solutron was refluxed for 5 h and concentrated rn YIICUO The residue was partitioned between 

brine and AcOEt The aqueous layer was further extracted with AcOEt The AcOEt layers were 

combrned, washed with water and brine, dried over NasSO4, and concentrated rn Y~CUO The 

residue was punfted by chromatography on stbca gel (eluted wnh hexane AcOEt = 1 1) to give 2 

as colorless powder (4 72 g. 19 8 mmol, 58% yield based on 1) Recrystallization from AcOEt - 

hexane gave colorless needles mp 167 - 168”C, IR (KBr) 3098, 2997, 2954, 1708, 1604, 1509, 1427, 

1338 cm-l, 100 MHz lH NMR (CDCl3) 8 3 14 (6H, s), 3 98 (6H, s), 7 49 (2H, s), MS m/e 238 (M+), Anal 

calcd for CrtHt404Ns, C55 45, H5 92, Nil 76, found C55 34, H5 91, Nil 58 

Methyl 6-hydroxymetbyl-4-dimethylam~nopyridine-2-carboxylate (3). NaBH4 

(461 mg, 12 2 mmol) was added to a solution of ester 5 (1 45 g, 6 09 mmol) in MeOH (30 ml) and 

CHsCl2 (6 ml) at 0°C The solutton was stirred at 0°C for 30 mm then at room temperature for 2 h, 

neutraltzed with 1 N HCl, and concentrated rn vucuo The residue was partitioned between 

saturated aqueous NaHCOs and CHzCl2 The aqueous layer was further extracted wtth CHzCl2 The 

C HsClr layers were combtned, wzshed wtth water and brine, dried over NasS04, and concentrated 

rn YDCUO The resrdue was purrfred by chromatography on sthca gel (eluted with CHzCl2 MeOH = 

20 1) to gave 3 as white powder (972 6 mg, 4 63 mmol, 76% yield) JR (neat) 3362, 2989, 2926, 1922, 

1609, 1509, 1433, 1389, 1349 cm-r, 100 MHz lH NMR (CDCl3) 8 3 08 (6H, s), 3 97 (3H, s), 4 67 (2H, s), 6 66 

(lH, d, J = 3 HZ), 7 26 (lH, d, J = 3 Hz), MS m/e 210 (M+) 
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Methyl 6-formpl-4-dlmetbylaminopyridine-2-cnrboxylate (4). Mn02 (995 6 mg, 

115 mmol) was added to a solutton of alcohol 3 (248 9 mg, 1 18 mmol) nt CH2CI2 (4 ml) under argon 

After betng sttrred ovcrntght at room temperature, the mixture was filtered through celtte and 

the ftltratc was concentrated rn vucuo The resrdue was purtfied by chromatography on srltca gel 

(eluted with hexane AcOEt = 1 2) to grve 4 as whtte powder (201 mg, 0 965 mmol, 82% yteld) 

Recrystalltxahon from AcORt - hexane gave colorless needles mp 117 - 117 YC, IR (KBr) 3091, 2988, 

2860, 1705, 1606, 1509, 1431, 1397, 1354 cm-‘, 100 MHz ‘H NMR (CDCH) 8 3 15 (6H, s), 4 04 (3H, s), 7 28 

(lH, d, J = 3 Hz), 754 (lH, d, J = 3 Hz), 1004 (IH, s), MS m/c 208 @I+), Anal calcd for C1oHt20sNr, 

C57 68, H5 81, N13 46, found C57 66, II5 87, N13 18 

Methyl 6-[[N-[(2S)-2-carbamoyl-2-[(~crt-butoxycarbonyl)amino]ethyl]amino]- 

methyl]-4-dlmethylaminopyrldine-2-carboxylate (6). A mixture of aldehyde 4 (114 mg, 

0 547 mmol), amine 512 (132 mg, 0 469 mmol), acttvated molecular sreves 3A (1 g) and acetomtrtle 

(5 ml) was sttrred at room temperature for 12 h under argon The mixture was filtered through 

celtte and the ftltrate was concentrated to dryness rn VDCW The restdue was dissolved in MeOH (5 

ml) and 10% W-C (25 mg) was added to the solutton The mtxture was vtgorously stirred overmght 

under hydrogen The catalyst was removed by ftltratton and the filtrate was concentrated 1 R 

VUCUO The restdue was purlfled by chromatography on stltca gel (eluted wtth MeOH CHzClz 25% 

aqueous NHs = 5 100 1) to give 6 as a colorless foam (176 3 mg, 0 466 mmol, 82% yield) [a]D2’ 0 

+35 0 ’ (C = 173, CHCls), IR (neat) 3355, 2976, 1677, 1509, 1436, 1391, 1366 cm-t, 400 MHz tH NMR 

(CDCl3) 8 1 44 (9H, sj, 2 77 (IH, dd, J = 8 1, 12 2 Hz), 3 07 (6H, s), 3 14 (lH, dd, J = 3 7, 12 2 Hz), 3 90 (lH, 

d, J = 14 3 Hz), 3 96 (3H, s), 3 97 (lH, d, J = 14 3 Hz), 4 15 (lH, br m, J = 5 1 Hz), 5 64 (lH, br s), 5 82 (lH, 

br d, J = 5 1 Hz), 6 63 (lH, br d, J = 22 Hz), 7 29 (lH, d, J = 22 Hz), 7 86 (lH, br s), FABMS m/z 396 

(MH+) 

Methyl 6-([N -[(2S)-2-carbamoyl-2-[(benzyloxycarbonyl)amioo]ethyl]-~ - 

(benzyloxycarbonyl)am~no]methyl]-4-drmothylam~nopyr~d~ne~2-carboxylate (7) 

Trlfluoroacetlc acid (3 ml) was added to a solution of Boc derlvattve 6 (157 4 mg, 0 398 mmol) tn 

CHzCl2 (3 ml) at 0°C After betng surred at O’C for 30 mm then at room temperature for 2 h, the 

solution was concentrated tn V(ICUO CsHs (5 ml) was added to the solution and the resultmg 

mixture was concentrated in WZCUD The residue was dissolved in CHzClz (3 ml) Et3N (0 249 ml, 1 79 

mmol) and benzyl S-(4,6-dtmethylpyrimid~n-2-yl) thlocarbonate (CBZ-S)l4 (273 0 mg, 0 99 mmol) 

were successively added to the solution at O°C After being stirred at 0°C for 30 mm then at room 

temperature overnight, the solution was concentrated zn wzcuo The residue was purified by 

chromatography on silica gel (eluted with CHzClz followed by MeOH CHzCl2 = 1 20) to give 7 as 

faint yellow foam (200 7 mg, 0 356 mmol, 90% yield) [aID” 0 +34 8 O (c = 1025, CHClj), IR (neat) 

3320, 2950, 1714, 1606, 1514, 1454, 1434, 1415, 1392, 740, 699 cm-l, 400 MHz ‘H NMR (DMSO-de) 6 2 95 

(3H, s), 2 96 (3H, s), 3 47 (lH, m), 3 75 (lH, m), 3 82 (3H, sj. 4 31 (lH, m), 4 43 (lH, dd, J = 6 6, 16 9 Hz), 

4 51 (lH, d, J = 16 9 Hx), 5 00 - 5 09 (4H, m), 6 46 (lH, br) 7 13 (2H, s), 7 19 - 7 44 (lOH, m), 7 54 (2H, br 

s), FABMS m/z 564 (MH’) 
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butoxy-L-histldme tcrr-butyl ester (9). 0 2 N LtOH (3 7 ml) was added to a solutton of ester 7 

(350 2 mg, 0 621 mmol) m MeOH (6 ml) at O°C The solufion was sttrred at 0°C for 30 mtn then at 

room temperature overmght, neutraltzed wtth 0 2 N HCI, and concentrated in WCYD The residue 

and amine 8*2HC17 (216 2 mg, 0 607 mmol) were dtssolved In DMF (8 ml) under argon DPPA’s (0 20 

ml, 0 932 mmol) and EbN (0 32 ml, 2 26 mmol) were succestvely added to the solutton at 0°C After 

betng shrred at 0°C for 2 h then at room temperature for 2 days, the solutton was concentrated in 

vacua The restdue was parttttoned between water and AcOEt and the aqueous layer was further 

extracted with AcOEt The AcOEt solutions were combtned, washed with brtne, &ted over NazS04, 

and concentrated rn vncuo The residue was purified by chromatography on slltca gel (eluted 

wtth MeOH CHzClz = 1 20) to give 9 as colorless foam (366 5 mg, 0 45 mmol, 74% yteld) [a]$’ 0 

+48 2 ’ (c = 1455, CHCIs), IR (neat) 3323, 2976, 1682, 1608. 1520, 1392, 1368, 1155, 1126, 754 cm-t, 400 

MHz ‘H NMR (DMSO-&) 8 1 10 (9H, s). 1 30 (9H. s), 2 89 (3H, s), 2 95 (3H, s), 3 4 - 3 7 (1H. br m), 3 80 

(lH, br m), 440 (2H, m), 472 (lH, br m), 496 (lH, d, J = 4 8 Hz), 5 04 (4H, m), 5 12 (lH, s). 6 41 (lH, 

br), 7 02 (lH, br), 7 13 (ZH, s), 7 22 - 7 38 (l3I-L m), 754 (lH, s), 759 (lH, d, J = 11 8 Hz), 907 (lH, br), 

FABMS m/z 815 (MH+) 

~‘-~6-I~N-~(2S)-2-Am~no-2-csrbamoylethyl]am~no]methyl]-4-dimethylamino- 

pyridlne-2-carbonyll-erythro-B-trrt-butoxy-L-hlstidlne trrt-butyl ester (PYML-8). 

Pd-black (130 mg) and ammonium formate (254 7 mg, 4 04 mmol) were successtvely added to a 

solution of bls-Z derivative 9 (329 1 mg, 0 404 mmol) tn MeOH (5 ml) at 0°C The solutton was 

allowed to gradually warm to room temperature, stirred for 70 mm at the same temperature, and 

frltered through celtte The filtrate was concentrated rn Y(ICUO The residue was purified by 

chromatography on silica gel (eluted with MeOH CHzCl2 25% aqueous NH3 = 20 180 1) to gave 

PYML-8 as white powder (182 5 mg, 0 334 mmol, 83 % yield) [a]o24s +17 2 o (c = 1 115, MeOH), IR 

(KBr) 3384, 2976, 2928, 1734, 1670, 1609, 1522, 1392, 1366, 1154 cm-t, 400 MHz IH NMR (CDjOD) 8 1 18 

(9H. s), 142 (9H, s), 2 77 (lH, dd, J = 7 3, 12 1 Hz), 2 92 (lH, dd, J = 5 1, 12 1 Hz), 3 05 (6H, s), 3 52 (lH, 

dd, J = 5 1, 7 3 Hz), 3 82 (lH, d, J = 14 3 Hz), 3 86 (lH, d, J = 14 3 Hz), 4 78 (lH, d, J = 5 9 Hz), 5 17 (lH, d, J 

= 5 9 Hz), 6 71 (lH, d, J = 2 6 Hz), 7 06 (IH, s), 7 23 (lH, d, J = 2 6 Hz), 7 64 (lH, s), FABMS m/z 547 (MHf) 

Oxldatlon of cls-P-methylstyrene wrth PYML-8.Fe(III)-HI0 2 A solution of PYML-8 

(1 1 mg, 2 01 pmol) in MeOH (1 ml), c@-methylstyrene (55 ~1, 428 Fmol), and 1 20 M Hz02 (50 ~1, 

60 0 pmol) were successively added to a solution of Fe(C10+*6HzO (1 0 mg, 2 16 pmol) In MeOH (2 

ml) under argon After being stirred at room temperature for 30 mm, the solution was partItIoned 

between brine and CHzClz The aqueous layer was further extracted with CHzClz The organic 

layers was combined, dried over Na2S04, and concentrated rn vncuo below 25°C The residue was 

dissolved in AcOEt and the insoluble material was removed by filtration The AcOEt solution was 

analyzed by gas chromatography to determine the yields of the oxidation products (column 120 ‘C, 

Injector 160 “C) 

Ee of the epoxlde was determined as follows A solution of PYML-8 (11 mg, 20 1 pmo!) In MeOH 

(5 ml), cls-P-methylstyrene (250 11, 1946 mmol), and 1 14 M H202 (050 ml, 570 pmol) were 

succeslvely added to a solution of Fe(ClO.+)s*6HzO (9 5 mg, 20 5 )rmol) in MeOH (5 ml) under argon 

After bemg stirred at room temperature for 30 mm, the reaction mixture was worked up as 
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described above cts+Methylstyrene oxtde was Isolated by chromatography on stlica gel (eluted 

with hexane followed by EtzO hexane = 1 30) Ee of the epoxide was determmed by tH NMR 

measurement ustng trts[3-(heptafluoropropylhydroxymethylene)-~-camphorato]europ~um 

(III) 1s 

Oxidation of cls-e-methylstyrene with PYML-&Fe(III)-PhIO. A solutton of PYML-8 

(1 1 mg, 2 01 Kmol) m MeOH (1 ml), czs-p-methylstyrene (55 ~1, 428 pmol), and PhIO (13 2 mg, 60 0 

pmol) were successively added to a solutton of Fe(C10&*6HzO (1 0 mg, 2 16 pmol) In MeOH (2 ml) 

under argon After the mlsture was stirred at room temperature for 30 mm, a materral obtarned 

by the extractive work up was analyzed by gas chromatography (column 200 “C, InJector 200 “C) 

Oxldatlon of crs-t3-methylstyrene with PYML-&Fe(II)-02 A 230 bM aqueous 

solution of Fe(NH+(S04)2*6HzO (0 1 ml), cls+methylstyrene (50 pl, 389 pmol), and a 0 102 mM 

solutron of 2-mercaptoethanol In MeOH (1 ml) [a 99 8 pM solution of 1,4-dithlothreitol in MeOH (1 

ml) or sodmm I.-ascorbate (20 mg)] were succeslvely added to a solution of PYML-8 (1 2 mg, 2 20 

pmol) in MeOH (3 ml) After being stirred at room temperature for 2 h in the presence of air, a 

material obtained by the extractive work up was analyzed by gas chromatography (column 120 ‘C, 

InJector 160 “C) 

Ee of the epoxlde was determmed as follows cls-P-Methylstyrene (200 ~1, 156 mmol) and 2- 

mercaptoethanol (85 8 mg, 1 10 mmol) were successively added to a solution of PYML-8 (30 mg, 54 9 

pmol) and Fe(NH&(S04)2*6HzO (26 mg, 56 2 pmol) in MeOH (10 ml) After the mixture was stirred 

at room temperature for 2 h in the presence of air, epoxlde isolated as described above was 

subJected to ‘H NMR measurement using tris[3-(heptafluoropropylhydroxymethylene)-d- 

camphoratoleuroplum (III) 18 
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