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ABSTRACT OF DISSERTATION 

STUDIES TOWARDS THE TOTAL SYNTHESIS OF 

(-)-LEMONOMYCIN 

An asymmetric synthesis of the tetracyclic core of (-)-lemonomycin is presented. 

It features an efficient route towards a highly versatile tetrahydroisoquinoline 

intermediate, in which a diastereoselective Pictet-Spengler reaction has been developed. 

In addition, a novel oxidation was discovered in the process of an azomethine 

ylide cyclization for construction of C and D rings of lemonomycin. An investigation into 

the mechanism of this novel oxidation has been carried out and the results discussed. The 

tetracyclic enamide from this process represents a highly functionalized and versatile 

intermediate. Interestingly, the enamide double bond proved very resistant to reduction 

and this transformation was fully investigated. More recently, with high-pressure 

hydrogenation equipment, promising leads towards hydrogenation of this enamide have 

been uncovered. 
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CHAPTER! 

Introduction: Ouinocarcin Family of Natural Products 

Quinocarcin natural products are members of the tetrahydroisoquinoline family of 

antitumor antibiotics. 1 The nearly 60 natural products and hundreds of synthetic 

analogues belonging to the tetrahydroisoquinoline family have been studied thoroughly 

over the past 30 years, starting with the isolation of naphthridinomycin in 1974. To date, 

quinocarcin/ quinocarcinol, tetrazomine and lemonomycin are natural products isolated in 

the quinocarcin family. 

In this chapter the isolation, structure determination and biological activities of 

quinocarcin/ quinocarcinol, tetrazomine and lemonomycin will be summarized. In 

addition, the strategic analysis of the syntheses of quinocarcin family of natural products 

will be discussed. 

1.1 Isolation, Structure Determination and Biological Activity 

1.1.1 Quinocarcin and Quinocarcinol 

Quinocarcin (1) and quinocarcinol (2) were isolated2 in 1983 from Streptomyces 

melanovinacesu nov. sp. (Figure. 1). The structure of 2 was determined by X-ray 
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crystallography. 3 The structure of 1 was then confirmed by chemical conversion to 2 via 

reduction. Garner et al. reported the total synthesis of (-)-quinocarcin (1) in 1992, thus 

confirming the absolute stereochemistry.4 

2 3 

Figure 1 Quinocarcin (1), quinocarcinol (2) and DX-52-1(3) 

Quinocarcin (1) and quinocarcinol (2) both have a core tetracyclic ring system 

bearing a tetrahydroisoquinoline as the AB ring and an N-methyl pyrrolidine as the D 

ring. 1 has an oxazolidine ring which quinocarcinol 2 does not have. This functionality 

has been shown to be the key to the mechanism of action of 1 and this will be discussed 

later in this chapter (Scheme 5). 

Quinocarcin (1) has moderate activity against Gram-(+) bacteria such as 

Staphylococcus aureus, Bacillus subtilis and Klebsiella pneuimoniae with MIC 's of 12.5, 

12.5, and 25 µL, respectively. 5 a It also has been shown to inhibit [3H]-thymidime 

incorporation in Bacillus subtilis. This was found to be due to inhibition of DNA 

polymerase, which is a manifestation of oxidative DNA cleavage.6 No effect was seen on 

RNA or protein synthesis. Quinocarcinol (2) has no activity against either Gram-(+) or 

Gram-(-) bacteria. 

2 



Quinocarmycin citrate (quinocarcin as its citrate salt or KW2152) 7•
8 and DX-52-1 

(3) were assayed by the National Cancer Institute in a screen of 60 tumor cell lines.9 Both 

have shown promising activity with 3 showing excellent activity against several 

melanoma cell lines. However quinocarmycin citrate has liver toxicity, resulting in the 

discontinuation of clinical trails of quinocarmycin citrate in Japan. DX-52-1 on the other 

hand didn' t show the toxicities associated with quinocarmycin citrate. 

Quinocarcin (1) was first reported by Tomita et al. to mediate oxidative cleavage of 

DNA via superoxide production. 10 Tomita's study has shown that the oxidative cleavage 

of DNA by 1 was inhibited by addition of oxygen free radical scavengers such as 

methanol and tert-butanol , or SOD (superoxide dismutase) and catalase. However, 

cleavage was enhanced by addition of DTT ( dithiothreitol), but this was not required; 

also, it was not stimulated by addition of metal ions (Fe2+ or Cu2+). A mechanistic 

explanation was not offered in this work. 

Superoxide has been shown to mediate DNA strand breakage via dismutation to 

hydrogen peroxide via the Haber-Weiss cycle followed by Fenton-mediated generation of 

the diffusible and highly reactive hydroxyl radical. II With EDTA 

(ethylenediaminetetraacetic acid), k1 represented the rate-determining step (76 M-1s- 1) at 

neutral pH (Scheme 1 ). 
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Haber-Weiss cycle 

o:- ?( 
LFe3+ ?!( H,o, 

) 

0 2 LFe2+ 0 ~ 

(1) LFe3+ + d; k1 
LFe2+ + 

k_1 
0 2 

(2) LFe2+ + o; k2 • LFe3+ + H20 2 

(3) LFe2+ + H20 2 k3 • LFe3+ + 0 0H +-OH (Fenton reaction ) 

Scheme 1 Haber-Weiss cycle and Fenton formation of hydroxyl radical 

The process of generating hydroxyl radical has been shown to be inhibited: (1) by 

SOD, illustrating the superoxide dependence for the overall process since superoxide is 

responsible for generation of Fe(II) in the rate determining step; (2) by catalase, to a 

lesser extent than SOD, but still demonstrating the role of hydrogen peroxide in this 

process; and (3) by formate, picolinate, thiurea and mannitol, which are known hydroxyl 

radical scavengers. 

The ability of hydroxyl radical to abstract hydrogen atoms from deoxyribose is at 

the basis of its ability to cause oxidative damage to DNA and RNA. The diffusible and 

highly reactive hydroxyl radical causes damage to random nucleic acids resulting in 

strand scission at any base pair site. This process can be activated by addition of reducing 

agents such as ascorbate and thiols which provide a constant source of Fe(II) as well as 

superoxide, thereby facilitating the DNA-cleavage process. (Scheme 2) 
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strand scission 

LFe3• + • OH + OH (Fenton reaction) 

ascorbate or thiols 

Scheme 2 Activation by ascorbate or thiols 

The damage of DNA by reaction with hydroxyl radical has been shown to occur via 

two predominate pathways. 12 The first pathway (Scheme 3) begins with hydroxyl radical 

abstraction of the C-1 ' hydrogen from the deoxyribose 4 producing radical 5, captured by 

another hydroxyl radical forms the hemi-ketal 6, which forms lactone 7 after loss of the 

base. Alpha deprotonation causes strand scission of the 3 '-phosphate. Deprotonation at 

the C-4 ' position affords the unstable unsaturated lactone 10 with the 3 ' -phosphate 

product 9. 

RO,P-OP""' 

O-P030R' 
4 

R03P-O~ 0 0 

CC,....._ 
R'03PO H - OH 

7 

5 6 

R03P-O:sa-
( 0 0 

R03P-O ~ o 
rH - + 

OH 3'-phosphate 

8 9 10 

Scheme 3 C-1' hydrogen atom abstraction 
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In the other pathway (Scheme 4), hydroxyl radical abstracts the C-4' hydrogen atom 

from the deoxyribose forming the radical 12; reaction of this radical species with 

molecular oxygen followed by single electron reduction results in hydroperoxide 13. A 

Criegee rearrangement affords the alkaline labile intermediate 14 which decomposes to 

aldehyde 15 resulting in strand scission. Subsequent deprotonation affords the 3 ' -

phosphoglycolate 16 and the base propenal 17. 

RO,P-OP ""' 

O-PO3OR' 
11 

14 

R03P-Op o Base 
·OH -

O-PO3OR' 
12 

15 

2. red . 

R03P-O)¢/Base 0 C . negee 
HOO ----~ 

rearrangement 
O-PO3OR' 

13 

CHO~ Base 

17 

Scheme 4 C-4' hydrogen atom abstraction 

In 1992, Williams et al. reported a study of superoxide formation by quinocarcin (1) 

and quinocarcin analogs. 13 A mechanism based on the redox-disproportionation of 1 was 

proposed based on the following experimental results (scheme 5). When quinocarcin was 

allowed to stand in carefully deoxygenated water at 25°C, two new products were 

produced, quinocarcinol (2) and quincarcinamide (24). This supported the fact that single 

electron transfer from 1, with concomitant proton loss from the oxazolidine nitrogen to 

the ring-opened tautomer 21, would form radical anion 23 and the oxazolidinyl radical 20. 

Radical 20 should be able to reduce a second equivalent of 21, ultimately becoming 
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oxazolidinium ion 22, which should hydrolyze to 24. This was confirmed by a 

disproportionation reaction in 98% 180H2 generating 24 with greater than 40% 180 

incorporated at the amide carbonyl. Radical anion 21 subsequently abstracted a hydrogen 

atom (presumably from 1) resulting in formation of 2 and regenerating radical 20. The 

disproportionation reaction in D20 generated product 2 with no incorporation of 

deuterium on C-7 indicated this hydrogen atom transfer. 

Under aerobic conditions, radical anion 23 could react with molecular oxygen to 

produce peroxy radical anion 25 which, with nitrogen participation, expels one molar 

equivalent of superoxide, regenerating 21. The superoxide would then go through Fenton 

cycling in the presence of Fe3+ to cause random DNA damage via hydroxyl radicals. 
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OH 

quinocarcinol (2) 

--- DNA damage 

quinocarcin (1) 

~02H 
H : 

--
OMe 0 

20 

quinocarcinamide (24) 

Scheme 5 Proposed redox cycle of quinocarcin and superoxide production 

The rate of superoxide formation was determined by following the reduction of 

NBT (nitroblue tetrazolium) spectrophotometrically. The reduction of NBT by 

quinocarcin (1) was pH-dependent, exhibiting an increased rate of reduction as the pH is 

raised (Table 1). The authors ascribed this to the requirement for the oxazolidine nitrogen 

atom to be in an unprotonated state as required by the mechanisms proffered. hnportantly, 

the formation of superoxide by 1 was extremely slow (104
- 105 times slower) relative to 

the rate-limiting step of the Haver-Weiss/Feton reaction (76 M-1s-1
). This made the slow 
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production of superoxide by quinocarcin the overall rate limiting step in the DNA-

cleavage process. 

Table 1 Rate of superoxide production by quinocarcin (1) and analogs 

Substrates Concentration (mM) pH rate (M-1s·1 * 10·9) 

2 1.0 6.0 0 

1 1.0 7.0 4.2 

1 1.0 8.0 11.0 

26 (Figure 2) 1.0 8.0 0.41 

27 (Figure 2) 1.0 8.0 0 

3 1.0 8.0 0 

While Tomita' s study has previously shown that the addition of iron or copper salts 

had no stimulatory effect on the ability of 1 to cleave DNA, Williams et al. reported that 

the addition of the potent iron chelator desferal did, however, exhibit significant 

inhibition of DNA cleavage particularly at high concentration. These results supported 

that the DNA cleavage was indeed metal-dependent and that the low concentration of 

adventitious Fe +3 present was already in excess of that required to effect Fenton-mediated 

cleavage of DNA; addition of excess iron would therefore not be expected to have any 

additive effect. This observation also supported the hypothesis where in the limiting 

reagent in DNA cleavage mediated by these compounds was the slow production of 

superoxide. 

As shown m Scheme 5, the initial step m the electron transfer between the 

oxazolidine and the iminium species involves I-electron loss from the oxazolidine 
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nitrogen. Williams et al. predicted that the trans-antiperiplanar arrangement (A) of the 

oxazolidine methane and nitrogen lone pair should be the most favorable geometry for a 

I-electron oxidation and concomitant proton loss in the redox self-disproportionation, 

since this arrangement provides maximum overlap in the transition state (Scheme 6). 

Two quinocarcin analogs 26 and 27 (Figure 2) synthesized and confirmed by x-ray 

analyses were used to study the effect of the stereochemistry of the nitrogen lone pair. It 

was found that anti analog 26 could produce superoxide, but syn analog 27 could not 

(Table 1 ). This observation supported the hypothesis that stereoelectronic control 

elements of oxazolidine ring system were intimately related to the biological activities of 

these substances. Additionally, neither quinocarcinol (2) nor the semi-synthetic cyano 

derivative of quinocarcin (DX-52-1 , 3) produced superoxide (Table 1 ), which further 

supported the notion that the oxazolidine moiety of these compounds must be "intact". 

H 

A 
trans-antiperiplanar 

-1 e· I W ... 
RADICAL 

C 

• II 
H (T 
~ N 

B 

syn-periplanar 

oxidative DNA damage 

Scheme 6 Stereoelectronic control elements of superoxide production 

R-NwH Lr< Me OMe 

Me O Q 

26 R = CH2C02H 

Anti-

R,tt" 11aOf N-- ...... - :::::--._ 

Me I OMe 
H 

Me Q 

27 R = CH2C02H 
Syn-

Figure 2 Quinocarcin analogs 26 and 27 
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Surprisingly, netropsin analogue 28 (Figure 3), having the well-known DNA 

binding moiety, did cause oxygen-dependent DNA cleavage, but was not inhibited by 

SOD or catalase. 14 In addition, the DNA cleavage patterns were not random, indicating a 

non-diffusible hydrogen atom abstractor. The experimental data and observation 

suggested that proper orientation of the drug, as dictated by the netropsin moiety, might 

position a drug-centered radical (a carbon centered radical) in proper geometry to abstract 

a hydrogen atom form the phosphoribose backbone. In the presence of oxygen, attack of 

the resulting radical in the phosphoribose back bone would ultimately result in scission of 

the DNA. 

Wt1_t;11~~h o 
T ~' Me '- tJ.-:'."Y 

OM O Me Me HN 
e //0 

28 L .~ . r-NMe2 
N HN_/ 
Me 

Figure 3 Netropsin analog (28) 

In 1988, Remers et al. reported a molecular modeling study on the binding of 

quinocarcin (1) to DNA. 15 By analogy to the mechanism of iminum formation described 

for the saframycins, the structurally related quinocarcin iminium species (29) was docked 

into the minor groove of DNA and several conformations were investigated (Scheme 7). 

This study revealed that the original, arbitrarily assigned absolute stereochemistry of 

quinocarcin would be a poor DNA alkylating agent. The opposite absolute 
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stereochemistry was suggested based on better DNA binding energies, and this was later 

confirmed by Garner's asymmetric synthesis of (-)-quinocarcin.4 

DNA 

quinocarcin ( 1) 29 

= H .,.,.,., 
= I 

HNY?=N N 
HN I 1) 

N 

0 

Scheme 7 Proposed DNA alkylation of quinocarcin (1) 

It was believed by Williams et al. that syn quinocarcin analog 27 would be expected 

to alkylate DNA in accordance with the modeling studies reported by Remers. However, 

no DNA alkylation was observed with 27 16, the epi neutropsin analog (30), or the epi 

phenol analog (31) (Figure 4). The possible reasons for this were first, the gem-dimethyl 

group might be too bulky to allow for DNA to approach and to be alkylated and second, 

the alkylation might be reversible due to displacement of the DNA by the amine lone pair. 

WH_~r~ ~n o 
7 ~;Me " ~.~ 

OMe O Me MeHN 0 
t)---1. f NMe2 

~e HN 31 

Figure 4 epi-Netropsin analog (30) and epi-phenol analog (31) 
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The semi synthetic quinocarcin analogues were prepared and studies at Kyowa 

Hakko Kogyo Company. All of the analogues were tested in vitro against the HeLa S3 

cell line along with in vivo studies against P388 leukemia. The biological activity studies 

of those analogues have shown 17 that: 1) oxazolidine-containing analogues displayed 

superior activity over that for the E-ring-opened analogues; 2) presence of the free phenol 

in place of the methyloxy constituent lowered the activity; 16
a 3) quinone analogues 

showed reduced biological activities. 4) thioalkyl quinone analogues showed some 

increased activity. The analogues synthesized by Terashima et al. showed interesting 

biological activities and some of these compounds displayed increased biological activity 

over that for quinocarcin against P388 murine leukemia. 18 Among them 32 (Figure 5) had 

the best activity by far (IC50= 1.0 x 10·5 µg/mL), exhibiting approximately 2 orders of 

magnitude higher potency than quinocarcin (1) (IC50= 3 .3 x 10-2 µg/mL). 

32 

Figure 5 Terashima's quinocarcin anolog 32 

1.1.2 Tetrazomine 

Tetrazomine (33, Figure 6) was isolated at Y ananouchi Pharmaceutical Company in 

Japan from Saccharothrix mutabilis sub-sp. chichijimaensis in 1991. 19 The structure was 
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determined by NMR spectroscopy by the Hirayama group, but not the relative and 

absolute stereochemistry.20 The relative and absolute stereochemistry of the 3-hydroxy 

pipecolic acid moiety was determined by Williams et al. in 1998.21 The total synthesis of 

(-)-tetrazomine by Williams et al. in 2001 secured both the relative and absolute 

stereochemistry of the natural product and is that depicted in Figure 6. 22 33 Has the same 

tetracyclic core and the oxazolidine ring as quinocarcin (1 ). The structure similarity 

results in a similar mechanism of action of 33 and quinocarin (1) , which will be discussed 

later in this chapter (Scheme 8). 

___ --QH 

4' 

Figure 6 Tetrazomine (33) 

Preliminary antitumor and antimicrobial assays of tetrazomine revealed that 

tetrazomine possesses good antimicrobial active against both Gram-(+) and Gram-(-) 

bacteria as illustrated in Table 2.19 It also showed that tetrazomine is active against P388 

leukemia and L1210 leukemia with IC50 value of 0.014 and 0.0427 µg/mL respectively. 

An in vivo study showed that tetrazomine has activity against P388 leukemia. 19 
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Table 2 Antimicrobial activities of tetrazomine 

Test organisms 

Bacillus subtilis ATCC 6633 

Staphylococcus aureus FDA 209P JC-I 

Staphylococcus epidermidis IID 866 

Streptococcus pyogenes Cook 

Enterococcus faecalis IID 682 

Entercoccus faecium CAY 09-1 

Mycobacterium smegmatic ATCC 607 

E.coli NJHJ 

Citrobacter freundii CAY 17-1 

Klebsiella pneumoniae ATCC 10031 

Proteus vulgaris OXK US 

Pseudomonas aeruginosa NCTC I 0490 

Pseudomonas aerginosa ATCC 8689 

MIC (µg/mL) 

6.25 

6.25 

25 

0.78 

6.25 

3.13 

12.5 

1.56 

0.78 

3.13 

3.13 

6.25 

50 

Williams et al. showed that tetrazomine (33), like quinocarcin (1), underwent a self-

redox reaction to produce superoxide that can cleave DNA in a nonspecific manner 

(Scheme 8). 23 In a carefully deoxygenated environment, tetrazomine spontaneously 

disproportionated above netral pH to give the Cannizarro-type products tetrazominol (34) 

and tetrazominamide (35). Reduction of natural tetrazomine could furnish an authentic 

specimen of 34. The structural assignment for 35 was based primarily on the exact mass 

spectrum for this material. 
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R 

R 

o-

) 1e / H' 

:.- OH 

OH 

tetrazominol (34) 

DNA damage 

o-

R 

MN\ =R 
l,,~H H 

R 

R 

tetrazomine (33) 

R 

tetrazominamide (35) 

Scheme 8 Mechanism of superoxide formation mediated by tetrazomine (33) 

Similar to quinocarcin, under aerobic conditions, the rate of superoxide formation 

by tetrazomine was found to be pH-dependent, with the highest rate occurring about pH 8 

(Table 3). The DNA cleavage by tetrazomine, which was inhibited by addition of SOD, 

was not affected by the addition of Fe2+ and Fe3+ and was inhibited by addition of 

desferal at very high concentrations. 
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Table 3 Rate of superoxide formation for tetrazomine (33), quinocarcin (1) and analogs 

Substrate Concentration (mM) pH rate (M- 1s-1 * 10-9) 

33 1.0 6.0 2.46 

33 1.0 7.0 10.6 

33 1.0 8.0 17.5 

1 1.0 8.0 11 

26 (Figure 2) 1.0 8.0 0.41 

27 (Figure 2) 1.0 8.0 0 

DX-52-1 (3) 1.0 8.0 0 

Williams and Scott reported the antimicrobial activity of a series of tetrazomine 

analogues against a Gram-(+) bacteria (Staphylococcus aureus) and Gram-(-) bacteria 

(Klebsiella pneumoniae).21 The analogues that had the same absolute stereochemistry as 

the natural product were much more active than those analogues containing the ent-

tetrahydroisoquinoline core. Also, the antimicrobial activities for the aminonitriles were 

similar to that of the corresponding oxazolidine-containing analogues. 

1.1.3 Lemonomycin 

Lemonomycin (36, formerly called LL-AP191 , Figure 7) was first isolated in 1964 

from the culture broth of a strain of Streptomyces candidus, by a process consisting of 

solvent extraction, carbon absorption, and precipitation from acetone-water 24 
. 
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Lemonomycin precipitated appears as lemon-yellow powder, and lemonomycin 

hydrochloride as yellow-green powder. 

Although the production, isolation, and antibacterial activity were described in this 

early research, the structure of lemonomycin was not disclosed until 200025
. As part of a 

continuous program to discover new agents to overcome increasing resistance in 

antimicrobial chemotherapy, researchers at Wyeth-Ayerst reexamined lemonomycin and 

characterized its structure as 36 by using spectroscopic methods. 

0 

Me 

MeO 

18 OH 

O~Me 
OH 

36 NMe2 

Figure 7 Lemonomycin (36) 

36, Having the 6-methyl-7-methoxy-1,2,3,4-tetrahydroisquinoline-5,8-dione 

substructure, is a member of the tetrahydroisoquinoline family of antitumor antibiotics. 

Lemonomycin's structure is more related to the quinocarcin (1)/ tetrazomine (33) family, 

having the tetracyclic ring system containing a pyrrolidine portion, but with a fully 

substituted quinone moiety. The unique aspect of lemonomycin's structure is the 2,6-

dideoxy-4-amino sugar attached at C-18, which is rare in nature26 and is encountered the 
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first time in this family among nearly 60 natural products and hundreds of synthetic 

analogues. 

Study has shown that lemonomycin is a potent broad-spectrum antibiotic. It has 

antibacterial activity in vitro against both Gram-(+) and Gram-(-) bacteria (Table 4). It is 

quite potent against a series of staphylococci and streptococci when compared with 

tetracycline (A), penicillin G (B) and erythromycin (C) (Table 5). 

Table 4 In vitro antibacterial spectrum of lemonomycin 

Organism 

Mycobacteruim smegmatis ATCC 607 

Staphylococcus asreus A TCC 6548P 

Streptococcus faecalis A TCC 8043 

Bacillus subtilis ATCC 6633 

Pseudomonasfluorescens ATCC 12633 

Protues vulgaris A TCC 9484 

Escherichia coli A TCC 963 7 

Salmonella gallinarum (Lederle 604) 

Clostridium sporogenes A TCC 7955 

MIC (µg/mL) * 

6.2 

0.2 

0.4 

0.05 

1.6 

0.4 

1.6 

0.8 

>100 

Minimal inhibitory concentration determined by agar dilution-streak method 
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Table 5 Comparison oflemonomycin and tetracycline (A), penicillin G (B) and 

erythromycin (C) against various staphylococci and streptococci 

MIC (µg/mL) * 
Organism 

Lemonomycin A B C 

Staphylococcus aureus (Lederle 4050B- l 22-7) 0.08 10 >100 1.5 

S. aureus (Lederle 4050B-122-10) 0.15 >100 >100 3 

S. aureus (Lederle 4050B- l 22- l 3) 0.15 2.5 0.08 3 

S. aureus (Lederle 4050B-122-14) 0.15 >100 0.04 3 

S. aureus Rose A TCC 14154 0.15 >100 >100 12.5 

S. aureus Smith 0.04 2.5 0.8 1.5 

Strep tococcus fa ecalis A TCC 8043 0.4 2.5 2.5 0.4 

S. pyogenes C203 <0.005 1.2 0.001 0.2 

S. pyogenes (Lederle 8053B-40-2) 0.01 25 0.01 0.4 

S. pyogenes (Lederle 8053B-40-3) 0.01 100 0.01 0.4 

S. Pyogenes NY5 <0.005 2.5 0.01 0.4 

Strep tococcus sp. A-Strep. 11 5.0 >100 2.5 1.5 

Streptococcus sp. A-Strep. 80 2.5 >100 2.5 1.5 

Researchers at Wyeth-Ayerst reported lemonomycin' s antibiotic activity against a 

variety of antibiotic-resistant bacterial strains. The MIC of lemonomycin was measured 

to be 0.4 and 0.2 µg/mL for methicillin-resistant Staphylococcus aureus and vancomycin-

resistant Enterococcus faecium respectively. In addition to the antibiotic activity, 

lemonomycin and its derivative 37 (Scheme 9) also showed in vitro activity against a 

human colon tumor cell line (HCTl 16) and their respective IC50 ' s were measured as 0.36 

and 0.26 µg/mL. 
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Scheme 9 Formation oflemonomycin derivative 37 
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So far there are no studies of the mechanism of action of lemonmycin reported. 

1.2 Total Syntheses and Synthetic Studies 

Since the first synthesis of (±)-quinocarcinol by Danishefsky et al. in 1985, 

extensive study has been made in the synthesis of the quinocarcin family of natural 

products. Williams and Scott's review article1 has covered the synthetic work of the 

quinocarin family before the year 2002. This ection will cover several more synthetic 

studies of quinocarcin family since 2002. It will also discuss different strategies toward 

construction of D ring and AB ring system in the general tetracyclic core. 
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1.2.1 Recent Progresses 

In 2005, Myers et al. extended their approach of direct condensation of a-amino 

aldehyde derivatives used in the synthesis of (-)-saframycin A to the synthesis of (-)-

quinocarcin (1) (Scheme 10). 27 Condensation of the known compounds 41 and 42 in 

presence of sodium sulfate afforded the corresponding imine. Without isolation, the 

imine intermediate was treated with DBU followed by methanolic hydrogen cyanide 

leading to Strecker product 43 in 91 % yield. Treatment with zinc chloride in the presence 

of trimethylsilyl cyanide afforded the cyanopiperazine intermediate 44 in 46% yield. 

Bismethylation followed by oxidative cleavage of the olefin and further oxidation 

afforded carboxylic aid 45 in 64% yield. Debenzylation using boron trichloride, followed 

by treatment with silver nitrate in aqueous methanol completed the conversion to 1 in 

70% yield. 

0 

C!f" oc 

OBn 
41 

I~ 
# 

OH 

TMS 

Na2S0 4, 
DBU, HCN 

H2N 
CN 91% 

N 

C) 42 
0 

1. Cs2C03, MeS0 4 

2. Nal0 4, Os0 4 
3. Jones Reagent 

64% 

TMS 

I 
CN 

; NH ( N) 

OBn 43 0 

C0 2H 
I 

ZnCl2, TMSCN 

46% 

1.BCl3 ~ - -: NM 
2. AgN0 3, MeOH I d" N e 

70% 
OMe 0 

quinocarcin (1) 

Scheme 10 Myers' total synthesis of quinocarin (1) 
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So far there is only a single report of the synthesis of (-)-lemonomycin (36), which 

was carried out by Stoltz et al. 28 and two synthetic studies published by Fukuyma29 and 

Magnus respecti vel y30
. 

Stoltz et al. completed the total synthesis of 36 in 2003 (Scheme 11).28 Their 

synthesis features a dipolar cyclization using oxidopyrazinium salt 48 and Oppolzer 

sultam-derived acrylamide 49 to produce a cycloadduct, which upon treatment with 

NaBH4 in EtOH provided alcohol 50 in 72% yield and 94% ee. After protection of the 

free hydroxyl functionality as a silyl ether, iodination produced Z-iodoenamide 51 as a 

single isomer. Suzuki coupling of iodide 51 with boronic ester 52 afforded aryl enamide, 

which upon hydrogenation under 1000 psi generated 53 in 72% yield. Protection of the 

secondary amine using CbzCl followed by liberation of the phenol by KOTMS, yielded 

amide 54 in 87%. Activation of the amide with Boc2O, with concomitant protection of 

the phenol, allowed the amide in 54 to be reduced by NaBH4 . After removal of the Boe 

groups and the TIPS ether by methanolic HCl, compound 55 generated in 81 % yield. 

Pictet-Spengler cyclization of 55 with 56 generated 57 as a single diastereomer in 95% 

yield. Hydrogenolytic cleavage of the Cbz group, a double Swem oxidation and treatment 

with CAN provided 36. 
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Scheme 11 Stoltz's total synthesis of (-)-lemonomycin (36) 

36 

Fukuyama et al. reported their synthetic studies on 36 in 2003 (Scheme 12).29 An 

U gi four component condensation of 58-61 afforded a dipeptide, which was then 

transformed to the cyclic enamide 62 by treatment with CSA. Upon treatment with t-

BuOK, the oxazolidinone was formed smoothly and was then reduced to the 

corresponding alcohol. Removal of the TBDPS ether and protection as acetate furnished 

64 in 68% yield. Cross-metathesis of 64 and allyltrimethylsilane (66) in the presence of 

Grubbs 2nd generation catalyst ( 65) generated the cyclization precursor in 51 % yield. 

Upon treatment with BF3·Et2O, generation of the conjugated acyliminium cation and 
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subsequent cyclization of the allylsilane moiety proceeded immediately to provide 66 

with complete stereoselectivity in almost quantitative yield. After exchange of the 

protecting group from Boe to Cbz and from acetate to TIPS ether, 67 was generated in 

55% yield. DMDO oxidation of 67, ionic reduction of the acyliminium ion, followed by 

treatment with KOSiMe3 and BnBr furnished the benzyl ether 68 in 53% yield. After 

oxidation of the alcohol 68 with Dess-Martin periodinane, treatment of the resulting 

aldehyde with TF A induced the desired cyclization to afford 69. 

OMe ~ OCO2Ph 
OMe ,,,l_ CN 

MeO CHO 59 1 CF CH OH 50°C 58 . 3 2 ' 

MeO NH2 2. CSA, quinoline, 
HO2C PhMe, reflux 
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1. t-BuOK, MS4A ~'¾ Y NBoc 

2. NaBH4 , THF/H2O MeO .d' Nr\ 
3. TBAF, A~ O. Py OM O 

68% s OAc 

1 
\_TMS 

65 
Me~~-
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66 

1. TMSOTf, CH2Cl2 
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3. K2CO3, MeOH 
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55% 

1. DMP, CH2Cl2 
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M,~•~ 
)~OTl~S 
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('NMes 

MesN__( ))"""' c1- ~~ I 
Cl \ .d' 
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Scheme 12 Fukuyama's synthetic studies on (-)-lemonomycin (36) 
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In 2005 Magnus et al. reported their synthesis of the glycon portion of (±)-

lemonomycin (Scheme 13).30 A modified Larock isoquinoline synthesis using o-isoimine 

70 and acetylene 71 generated the isoquinoline 72 in 76% yield. Treatment of 72 with 

benzyl oxymethyllithium and quenching with methyl chloroformate, followed by addition 

of TBAF, generated an oxazolidinone dihydrosioquinoline derivative. This was reduced 

by ionic hydrogenation giving 1,3-cis-substituted tetrahydroisoquinoline, which was then 

hydrazinolyzed to amino alcohol 73 in 63% yield. The amine 73 was coupled as its TMS 

ether with mixed anhydride 74. The silyl ether was then removed upon acidic workup 

giving 75 in 82% yield. Swem oxidation of 75 generated a hemiaminal, which was 

converted to thioaminal 76 as a single diastereomer. Alkylation of 76 with iodide 77 gave 

a single diastereomer, which could be epimerized to the desired isomer 78 with minimal 

degradation. After removal of the silyl ether, followed by oxidation of the resulting 

alcohol to aldehyde, a silyl enol ether formation generated the cyclisation precursor 79. 

The N-acyliminium cyclization was promoted with thiophilic AgBF4, providing aldehyde 

80 as a single diastereomer. After removal of the benzyl ether and the Boe group on 

nitrogen, oxidation of phenol with CAN finished the (±)-lemonomycinone amide 81 . 
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Scheme 13 Magnus' total synthesis of (±)-lemonomycinone amide 81 

1.2.2 Strategic Analysis 

In these previously reported synthetic studies of the quinocarcin family of natural 

products, much of the effort has been focused on the construction of the pyrrolidine unit, 

the D ring, and the tetrahydroisoquinoline unit (AB ring system). 
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1.2.2.1 D Ring Construction 

Three general methods for constructing the D ring have appeared in the literature, 

N-acyliminium/iminium cyclization, dipolar cyclization and functionalization of 

pyrrolidine derivatives. 

In the synthesis of (±)-quinocarcinol (82) in 1985, Danishefsky et al. employed the 

first iminium ion cyclization (Scheme 14) to install the pyrrolidine unit. 31 Treatment of 

ketone 83 with BF3-Et2O liberated the secondary amine and the aldehyde. The consequent 

condensation generated the iminium ion, which then cyclized with the activated ketone 

functionality to form the tetracycle 84 in 28%, as only one of the possible four 

diastereomers. 

84 
OH 

quinocarcinol (82) 

Scheme 14 Danishefsky's iminium ion cyclization 

20 Years after Danishefsky's synthesis, Myers et al. set the second example of 

applying iminium ion cyclization to construct the pyrrolidine unit in the total synthesis of 

(-)quinocarcin (1) (Scheme 15). 27 Treatment of the bis-amino nitrile 43 with zinc chloride 

generated a piperazine iminium ion intermediate, which subsequently cyclized with the 

allylsilane moiety giving the pyrrolidine 44 in 46% yield as the desired stereoisomer. The 
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sequence of bicyclization involving initial formation of the C-ring followed by formation 

of the D-ring proved to be critical to achieving proper stereochemistry of the D-ring. 

OH 

TMS 

ZnCl2, TMSCN 
CN 

46% 

Scheme 15 Myer's iminium ion cyclization (Scheme 9) 

The first N-acyliminium cyclization was reported in Saito and Hirata' s synthetic 

study toward quinocarcin in 1987 (Scheme 16). Malonate 85 cyclized in an 

intramolecular fashion via an N-acyliminium ion, which was generated by treatment of 

85 with titanium tetrachloride.32 Subsequent Cbz removal and N-methylation afforded the 

two diasteroisomers 86 and 87 in comparable yields . 

OH 

~ NCbz CO2Me 

~ ~ P C02Me 
0 

85 

1 . TiC14, pyr 

2. H2 Pd/C 
3. 37% HCHO 

NaBH3CN 
87 (13%) 

Scheme 16 Saito and Hirata's N-acyliminium ion cyclization 

Following Saito and Hirata, Fukuyama employed N-acyliminium ion-mediated 

cyclization for the total synthesis of (±)-quinocarcin (90) in 1988 (Scheme 17). 33 After 
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reduction of the activated lactam 88, HgC12 and CSA ( camphorsulfonic acid) promoted 

the thio-enol to cyclize with the resulting N-acyliminium ion to form the bicyclic 

compound 89 in 59% yield. 

HO'-

~Cb,_ 

ODMTS OH 

89 (±)-Quinocarcin (90) 

Scheme 17 Fukuyama's N-acyliminium ion cyclization 

Most recently, Fukuyama et al. in their synthetic studies toward (-)-lemonomycin 

(36) constructed the pyrrolidine ring utilizing a conjugated N-acyliminium ion, which 

was generated by treatment of the RCM product of 64 with BF3-Et2O.29 The subsequent 

cyclization of the allylsilane moiety generated 66 with complete stereoselectivity in 

almost quantitative yield (Scheme 18). 

1. 65, allyltrimethylsilane 
51 % 

Scheme 18 Fukuyama's N-acyliminium ion cyclization 
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Magnus et al. in their synthesis of the aglycon portion of (±)-lemonomycin applied 

an N-acyliminium cyclization to substrate 79 promoted with thiophilic AgBF4. After the 

N-acyliminium ion formation, it cyclized with the silyl enol moiety to generate the 

pyrrolidine 80 as a single diastereoisomer (Scheme 19). 30 

OMe SPh MeWr~P OTIPS I NBoc l 
MeO # N 

OBn OB~ 

79 

1. AgBF4 , THF Me 

2. Ph(OH)i, H2, 1 atm MeO 
79% 

Scheme 19 Magnus ' N-acyliminium ion cyclization 

_FHO 

The other widely used method for constructing the pyrrolidine unit is 1,3-dipolar 

cycloaddition. A variety of ways for generating the azomethine ylide have been explored 

in the synthesis of quinocarcin family of natural products. 

In 1990, Joule et al. first reported their 1,3-dipolar cyclization approach to 

quinocarcin (Scheme 20). 34 An oxidopyrazinium salt 92 was generated from 91 by 

quatemization followed by deprotonation. After dipolar species 92 was trapped with 

methyl acrylate, the cycloadduct 93 was obtained in 50% yield with the desired relative 

stereochemistry on the pyrrolidine ring. 
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Scheme 20 Joule's 1,3-dipolar cyclization 

In the first asymmetric synthesis of (-)-quinocarcin (1) in 1992, Gamer et al. 

utilized the azomethine ylide 96 formed via irradiation of aziridine 94 (Scheme 21 ). 35 

When trapped with Oppolzer' s sultam 95, it afforded the desired bicyclic cycloadduct 97 

in 61 % yield via and exo-si attack on the olefin. 

O Me Ll~' i;J hs (2537AJ 

6MeT o O "( 
OH --,--N!]-7 

94 I S02 95 
H 

61 % 

Mh 
N NMe µ+ 

0 
OH 

96 

COR H :· -½:t~ M~~: NMe (-)-quinocarcin (1) 
1:1 N : 

H 
OMe 0 

OH 
97 "L 

R= ~-Nd-7 
S02 

Scheme 21 Gamer's 1,3-dipolar cyclization 

In 1995, Williams et al. utilized a 1,3-dipolar cycloaddition in the synthesis of(±)-

quinocarcinamide (103) (Scheme 22). 36 The azomethine ylide was generated by NBS 

oxidation of the allylic amine 98 followed by deprotonation using triethylamine. After 

trapping with methyl acrylate, the cycloadducts 99 and 101 were formed in a 5: 1 ratio 
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with desired relative stereochemistry on the pyrrolidine ring. Epimerization of the C-1 

center was required at a later stage. 

--
103 

99R = CH2OH 
100 R = CHO t 101 R = CH2OH 

'--1_)_S_w_er_n_o_x. _ _ _,_ 102 R = CHO 

2) DBU 
3) NaBH4, MeOH 
65% + 18% S.M. 

Scheme 22 Williams' 1,3-dipolar cyclization 

The same methodology was applied to the total synthesis of (-)-tetrazomine (33) in 

2001 (Scheme 23) .22 When t-butyl acrylate was employed, the 1,3-dipolar cyclization of 

the azomethine ylide generated from 104 afforded the cycloadduct 105 in improved 

diastereoselectivity. 

9O2t-Bu 

'-:: N, Me I _ ) 1) NBS, CHCl3 
::::.... NI( ------;• Meo2cHN (-)-tetrazomine (33) 

OMe O 2) t-Butyl OMe ' oBO 
104 OBn :~~xlate, Et3N 105 n 

Scheme 23 Williams' 1,3-dipolar cyclization 
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In 1996, McMills et al. attempted to form an azomethine ylide via a rhodium-

catalyzed carbene cyclization (Scheme 24). 37 Unfortunately, upon treatment of 106 with 

the rhodium catalyst, the desired tetracycle 108 could only be detected in very small 

amounts. Aziridine 107 was the major product in all attempts. Further investigation of 

this reaction is needed on photolytic opening of the aziridine ring to the azomethine ylide 

as well as extension to substrates with differentially substituted diazo-moeties and other 

C=N species such as imines, hydrazones and silylimines. 

CC(
NOMe 

N 
/2Me 

H H COMe 
Rh2(0Ac)4 _ ___ __ NOMe + 

methyl acrylate N 

C02Me (XjjOMe 
'()-Me 

0 0 
106 

0 
107 

Scheme 24 McMills' 1,3-dipolar cyclization 

0 0 
108 0-2% 

Most recently, Stoltz et al. developed Joule's 1,3-dipolar cycloaddtion for the total 

synthesis of (-)-lemonomycin in 2003 .28 In situ generation of oxidopyrazinium salt by 

deprotonation of bromide salt 46 followed by treatment of Oppolzer sultam-derived 

acrylamide 47 afforded the cycloadduct 48 in 72% yield and 94% ee (Scheme 25). 
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Scheme 25 Stoltz's 1,3-dipolar cyclization 
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To construct the pyrrolidine moiety, some efforts also were made towards 

functionalizing pyrrolidine derivatives. Weinreb et al. reported their synthetic studies on 

quinocarin in 1990 (Scheme 26). 38 A functionalized pyrrolidine 111 was synthesized 

from coupling the acid chloride 110 with allyl amine 109. The acid chloride 110 was 

converted from L-glutamic acid. 

OTBS 

~ "~'" 
OMe 

109 

o~CI 
Cbzo 

110 

OTBS + ~illyl0 
y NCbz 

OMe . 
MOMO--" OMe 

111 

Scheme 26 Weinreb's pyrrolidine derivative functionalization 

Terashima et al. in their synthesis of (-)-quinocarcin (Scheme 27),39 converted L-

glutamic acid to a fully functionalized pyrrolidine 112 bearing all the desired 

stereochemistry, which was then coupled to the aromatic unit 113 at later stage. 
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Scheme 27 Terashima's pyrrolidine derivative functionalization 
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1.2.2.2 AB Ring Construction 

Construction of the tetrahydroisoquinoline unit (the AB ring system), is another key 

to the synthesis of the quinocarcin family of natural products. 

For closure of the B ring, the Pictet-Spengler reaction is one of the most widely 

employed methods in the synthesis of the tetrahydroisoquinoline moeity as it enables the 

C-1 center to be generated in a stereoselective manner. In the quinocarcin family of 

natural products, it has been first applied in Fukuyama's total synthesis of (±)-

quinocarcin. After removal of the Boe group on substrate 115, the resulting TF A salt was 

converted to tetrahydroisouqinoline 116 in 86% yield as 8: 1 mixture favoring the cis-

isomer (Scheme 28). 33 

AcO-,, .. 

OH 

115 

1) TFA 

2) t-BuOCOCHO 

86% (8:1 ds) 

AcO- -,,, 

Scheme 28 Fukuyama's Pictet-Spengler reaction 

In Stoltz's total synthesis of (-)-lemonomycin in 2003, the TFA salt of primary 

amine 55 was cyclized to give tetrahydroisoquinoline 57 in 95% yield as a single 

diastereomer (Scheme 29).28 
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Scheme 29 Stoltz's Pictet-Spengler reaction 

Later in Myers' total synthesis of (-)-quinocarcin, cis-tetrahydroisoquinoline 41 was 

again derived from a primary amine using the Pictet-Spengler reaction (Scheme 29).30 

Aromatic electrophilic alkylation is another general method applied for closure of 

the B ring. A Freidel-Crafts reaction was employed in Williams ' total synthesis of(±)-

quinocarcinamide to generate isoquinoline 118 via an acid chloride derived from 117 

(Scheme 30).36 

0 

( C02Et 1) KOt-Bu ~I 
Cl ----- :::,-.. N 

NH 2) LiOH , EtOH 'rO o/4 3) SOCl2 OMe 0 
O 4) AICl3 

117 55% 118 

Scheme 30 Williams's Freidel-Crafts reaction 
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A modified Pomeranz-Fritsch reaction has been utilized in Kaufman' s synthesis of 

the AB ring system of tetrazomine (Scheme 31)4° and Williams' total synthesis of(-)-

tetrazomine (Scheme 32) 22 to generate dihydroisoquinoline 120 and 122 respectively. 

,~Me 1) H2 (4atm)Pd/C WI '-::: 
0 2N 

NTs --- ----- :::0... NTs 
2) 6 MHCI , dioxane t, AcHN 

OMe OBn 3) Ac20, Et3N OMe OBn 

119 
70% 120 

Scheme 31 Kaufman's modified Pomeranz-Fritsch reactions 

,~Et 

0 2N NTTf Fmoc 

OB~ Me 

121 

1) H2, Pt02 
2) 6 HCI dioxane 

3) MeOCOCI, pyr 
5) ICH2CN, iPr2NEt 

Scheme 32 Williams ' modified Pomeranz-Fritsch reactions 

Similarly secondary alcohols 124, and 69 were generated by modified Pomeranz-

Fritsch reaction by using the corresponding aldehydes in Wipf s synthesis of an optically 

active AB-ring system of tetrazomine (Scheme 33) and Fukuyama's synthetic studies on 

(-)-lemonomycin (Scheme 34), respectively.29 
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Scheme 33 Wipf's modified Pomeranz-Fritsch reactions 
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Scheme 34 Fukuyama' s modified Pomeranz-Fritsch reactions 

Other methods for closure of the B ring includes Danishefsky's intramolecular N-

alkylation using an alkyl selenium compound derived from 125 (Scheme 35). 41 

Condensation of ammonia with aromatic ketone 127 was employed in Terashima's total 

synthesis of (-)-quinocarcin (Scheme 36). 18 More recently, a Larock isoquinoline 

synthesis to afford 72 in Magnus' total synthesis of (±)-lemonomycinone analogue was 

carried out (Scheme 37).30 
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Scheme 35 Danishefsky's intramoleculor N-alkylation 
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Scheme 37 Magnus' modified Lorock isoquinoline synthesis 

With extensive synthetic studies of the quinocarcin family of natural products 

reported, different strategies towards the tetracyclic core construction were discussed in 

this section. N-acyliminium/iminium cyclization and dipolar cyclization have proven to 

be quite efficient strategies to construct the pyrodiline ring, D ring. Functionalization of a 

pyrrolidine derivative has also been utilized in the total synthesis of the natural products. 

Traditional methods of tetrahydroisoquinoline formation, such as the Pictet-Spengler 

reaction and a modified Pomeranz-Fritsch cyclization, have also often been used in the 

synthesis of this family of natural products. New approaches employed in this area 

include Stoltz ' s Suzuki coupling for connection of the A and B ring and Magnus ' 

modification of Larock' s dihydroisoquinoline synthesis. 
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CHAPTER2 

Efforts Towards the Total Synthesis of (-)-Lemonomycin 

2.1 Objectives 

2.1.1 Study of Mechanism of Action of (-)-Lemonomycin 

As described in chapter 1, lemonomycin (36) is a potent broad-spectrum antibiotic. 

Lemonomycin 36 and its derivative 37 (Scheme 9) also showed in vitro activity against 

the human colon tumor cell line (HCTl 16) and their respective IC50 's were measured as 

0.36 and 0.26 µg/mL. Despite this, there have been no studies on the mechanism of 

action of 36. 

One of the goals of the project is to study the mechanism of action of lemonomycin. 

It has been shown in the Williams' lab that the mechanism of action for quinocarcin (1) 

and tetrazomine (33) involves a self-redox disproportionation reaction to produce 

superoxide that can cause cleavage of DNA in a nonspecific manner (Scheme 5 and 8). 13
• 

23 The oxazolidine moiety involved in this process is crucial and must be "intact". Unlike 

1 and 33, lemonomycin (36), which lacks the oxazolidine functionality, might display a 

different mechanism of action. 

However, it is also well known that quinone-containing compounds can cause DNA 

damage by a mechanism involving quinone-participated oxygen reduction and 
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superoxide formation. This is illustrated by doxorubicin (201), a member of the 

anthracyclines family. A single electron reduction of the drug by reducing agents such as 

ascorbate, DTT (in vitro) or NADPH-cytochrome-P-450 reductase (in vivo), produces 

hydroquinone radical 202, which is then believed to reduce molecular oxygen to 

superoxide (Scheme 38). The superoxide can then be processed to an activated species by 

the aforementioned metal-dependent process (Scheme 1), ultimately resulting in damage 

to DNA. Similar mechanisms for 0 2-activation resulting in DNA-damage have been 

proposed for adriamycin, streptonigrin and mitomycins, all of which contain analogous 

· · · 42 qumone moieties. 

~OH yyyY vr 
OMeO OH 0 

Me-r-o__J 

OH 201 

Scheme 38 Superoxide production by doxorubicin (201). 

In addition, the mechanism of action studies of saframycin A (205) has shown that 

having either a nitrile or hydroxyl functionality at C-21 allowed for the formation of an 
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electrophilic iminium species, which can alkylate DNA. The original proposed 

mechanism (Scheme 39) for alkylation had the nitrile being protonated (206) and leaving 

as HCN to form the iminium ion 207.43 The DNA was then able to form a covalent bond 

with the drug. 
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MeO 

OMe 
Me 

0 - Me 

Meo 
CtNW 

NH o}yo 
Me 

206 

OMe 
Me 

0 
-HCN - Me 
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Scheme 39 Mechanism of action of saframycin A (205) 
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Lown has proposed another mechanism, based on the fact that the DNA alkylating 

ability of saframycin A was enhanced upon reduction to the hydroquinone. (Scheme 

40). 44 The phenol could lose a proton causing the B ring to open, which in turn 

eliminated cyanide. The imine 208 can attack the exocyclic olefin forming iminium ion 

209, which can then alkylate DNA. 
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Scheme 40 Mechanism of action of the hydroquinone form of saframycin A (205) 
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Because lemonomycin bears the qumone moiety and a leaving group at the 

equivalent position of saframycin A's leaving group, it would be interesting to see if 

lemonomycin would cause oxygen-dependant DNA damage via a quinone mediated 

oxygen reduction and superoxide formation. Alternatively, lemonomycin may cause 

DNA alkylation via a mechanism related to that of saframycin A. 

When the unique structural aspects of lemonomycin are taken into account, there 

will be more interesting questions to answer. Could the aldehyde, now in its hydrate form, 

serve as an active site for DNA alkylation? In addition could the sugar affect DNA 

binding by any sequence recognition? 

At the time the project was began, no synthetic route toward lemonomycin was 

available. In order to obtain enough material for the mechanism of action study, another 

goal of this project was to develop a total synthesis of lemonomycin. 

2.2.2 Develop of Total Synthesis of (-)-Lemonomycin 

2.2.2.1 Existing Total Synthesis and Synthetic Studies 

As described in chapter 1, to date, one total synthesis of (-)-lemonomycin was 

reported by Stoltz28 and two synthetic studies have been reported by Fukuyma29 and 

Magnus30
. Stoltz et al. developed a modified Joule's 1,3-dipolar cycloaddition. Fukuyama 

and Magnus both utilized an N-acyliminium ion, which cyclized with an allylsilane and a 

thio-enol ether respectively. 
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2.2.2.2 Previous Work in the Williams' Group 

In the total synthesis of quinocarcinamide (103) and tetrazomine (33),36
· 
22 Williams 

et al. performed an 1,3-dipolar cycloaddtion to construct the D rings efficiently through 

an NBS-mediated azomethine ylide. In this reaction, tricyclic dihydroisoquinolines 98 

and 104 were required to generate the imminium salt by treatment with NBS refluxing in 

chloroform (Scheme 41). After generating the azomethine ylide 212 and 213 by adding 

triethylamine at O °C, treatment with acrylate provided cycloadducts 99 and 105 

possessing the correct regiochemistry and exa-configuration. 

R.LJYJMe_1_.N_BS_• / bMel~lf 2. Et3N 
of 

C02R' 

98 R= H 
104 R= NHC02Me 

212R= H 
R'= Me 

213R= NHC02Me 
R'= I-Bu 

OMe " oB~ 

99 R= H 
R'= Me 
55% (5:1ds) 

105 R= NHC02Me 
R'= I-Bu 
44% (5:1ds) 

Scheme 41 NBS mediated azomethine generation and 1,3-dipolar cycloaddition 

The regiochemical outcome of the cycloaddition reaction results from the major 

canonical form of the azomethine ylide 212 or 213, in which the negative charge is 

effectively localized on the carbon a to the amide carbonyl. Due to the cyclic nature of 

the 212 and 213, the cycloadducts formed are forced to have the correct relative 

stereochemical configuration between the C-8 and C-11 ( quinocarcin numbering) . The 
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approach of the dipolarophile is presumably governed by the conformation of the ylide, 

which positions the hydroxymethyl group in a pseudoaxial orientation effectively 

shielding the bottom face of the ylide and favoring formation of the observed major 

isomer. 

This 1,3-dipolar cycloaddition could potentially be applied to the synthesis of the 

tetracyclic core 218 of lemonomycin (36) by using azomethine ylide 217 (Scheme 42). 

Thus, a similar tricycle dihydroisoquinoline 216 would need to be prepared. 

Me I :• ' NPG [ Me OMe (<(02R' l MeqOMe ?02R' 

Meo ,,,p N. ) __ Meo~ \. -- - I : NPG 
)' 2. El3N GPO~N~PG MeO : 

OPG OB~ ==.,,_ o~8 OPG '-- 0 
C02R' '-osn OBn 

216 217 218 

Scheme 42 Proposed D ring construction in lemonomycin 

Furthermore, the chemistry for constructing the tricycle dihydroisoquinoline 98 and 

104 in the synthesis of quinocarcinamide (103) and tetrazomine (33) could also be 

applied to the synthesis of 216. In the synthesis of quinocarcinamide (Scheme 43), 

Flannagan and Williams have employed acid chloride 220, which was derived from 

aldehyde 219 in 6 steps, to construct the B ring using Friedel-Craft conditions. After 

proper modification, an amino ethylester 221 was obtained in 7 steps and it was used to 

build up the C ring by constructing the amide bond to give the tricycle 98. 
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CO2Et 
Me, ) 

OH N 

o,p 

N j=o 
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OMe OHO 

98 

steps). d. KOt-Bu. e. LiOH, EtOH f. SOCl2• g. AICl3, 55% (4 steps). h. LDA, CNCO2Et. i. NaBH3CN, 

HOAc, 68% (2 steps). j. LiOH, EtOH. k. SOC'2, to!. I. NaBH4, EtOH, 42% (3 steps). m. MsCI, Et3N. n. 

MeNHCH2CO2Et, 96% (2 steps). o. LiOH, EtOH. p. DCC, HOBt, 53% (2 steps). 

Scheme 43 Construction of tricyclic dihydroisoquinoline 98 

In the synthesis of tetrazomine (Scheme 44), Scott and Williams applied a modified 

Pomeranz-Fritsch reaction to construct the B ring using ethyl acetal 222. The acetal 222 

was synthesized in 10 steps from the same aldehyde 219 Flanagan used. The C ring was 

prepared by iminium ion cyclization of the aminonitrile 223 using Ag(OTf) in the 

presence ofTFA and TFAA to afford tricycle 104. 

219 222 223 

I: ~~Me 

OMe OB~ 

R=NHCO2Me 

104 

Conditions: a. (CH3)JSiI, NaOH, n-Bu4NI. b. NaN3, H2O, acetone. c. NaH, BnBr. d. H2, Pd/C. e. 

KNO3, TFAA. f. 2M LiOH, EtOH 46% (6 steps). h. BrCH2CH(OMe)2, K2CO3. i. Fmoc-Sarcocine-Cl, 

DMAP, 61 % (2 steps) . j . H2, PtO2. k. 6N HCI, 90°C. I. MeOCOCI, Py. m. pyrrolidine. n. ICH2CN, i-Pr2NEt, 

86% (5 steps). o. AgOCOCF3, TFAA, TFA, 93%. 

Scheme 44 Construction of tricyclic dihydroisoquinoline 104 
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Although these prev10us strategies seem readily applicable to the synthesis of 

lemonomycin, limitations existed in using this 1,3-dipolar cycloaddition strategy. First, 

the olefin in the tricycle dihydroisoquinoline substrates, which was found to be necessary 

for the oxidation of the amine for the 1,3-dipolar cycloaddition, doesn't exist in the target 

natural products. Therefore another reduction step would be required to remove the olefin. 

Secondly, the stereochemistry at C-1, which controls the facial selectivity of the 

dipolarophile, is opposite to the stereochemistry of the target natural products. As a result, 

an epimerization step would be needed to access the desired stereochemistry that is 

present in the natural products. Considering these two drawbacks, it was decided to 

explore an alternative synthetic route toward lemonomycin. 

2.2 Original Plan 

Our original plan (Scheme 45) was to first construct the tetracyclic ring system 227 

of lemonomycin (36) and carry out a late-stage installation of the 2-deoxy-sugar moiety 

by glycosidation with glycal 228. For the tetracyclic core 227, we planned to construct 

the B ring using a diastereoselective Pictet-Spengler cyclization to give 224. Generation 

of the desired stereochemistry at C-1 required for the natural product, which could be 

controlled by the stereochemistry at C-3, will be investigated. After coupling with a 

suitable glycine derivative 225, which will introduce another stereo center, and 

conversion of the TBS ether to an aldehyde, the substrate 224 could be transformed into 

the aminonitrile substrate 226 or other suitable iminium ion precursor. An intramoleculer 
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Mannich type cyclization would install the D ring with all the desired stereochemistry to 

afford 227. A related N-acyliminium cyclization of 229 generating tetracycle 230 

(Scheme 46) was employed by Fukuyama in the synthesis of quinocarcin and lends 

h d h · · 33 supports t e expecte stereoc em1stry outcome m our system. 

HO 
_)-OH 

Me Me 
==> + 

MeO MeO 

228 

Me OPG 

MeO 
+ 

224 

227 

OTBS 
I 

==> 

o OMe 

HO~ OMe 

Bn,.. N' PG 

225 

Scheme 45 Original retrosynthetic analysis 

~ NCbz y HN~ 
ODMTS ~SPh 

1) NaBH4 

2) HgCl2, CSA 
3) Na8H4 

59% 
229 230 

Scheme 46 Fukuyama's N-acyliminium cyclization 
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2.3 Construction of the B Ring 

The synthesis of lemonomycin began from the construction of the B ring, a 

tetrahydroisoquinoline derivative 224. The classical methods for isoquinoline systhesis 45 

include the Bischler-Napieralski cyclization/reduction, the Pictet-Splengler reaction and 

various Pomeranz-Fritsch cyclizations. In an early study, it has been shown that cis-1,3-

disubstituted tetrahydroisoquinoline 233a-d could be obtained m a highly 

diastereoselective fashion through a Pictet-Spengler cyclization using primary amine 231 

(Scheme 47). 46 With different aldehydes 232a-d, under acidic conditions, the cis 

selectivity of the cyclization increases with the bulk of the R group (Table 6). 

MeO 

Meo 

OMe 
OMe xxPOMe 

H+ MeO 
OMe MeO OMe 

OMe 
NH2 RCHO MeO H 

MeO -
232 R R 

a: R=Me 
b: R=Et cis trans 
c: R=Ph Maj or Minor 

231 d: R=3,4(MeO)2Ph 
233 234 

Scheme 47 Pictet-Spengler cyclization of amine 231 

Table 6 Selectivity of Pictet-Spengler cyclization of primary amine 31 

Yield(%) 

Ratio 

233a:234a 

75: 9.5 

8: 1 

233b: 234b 

65 : 7 

9: 1 

50 

233c:234c 

81: 2.8 

30: 1 

233d:234d 

74: 2 

37: 1 



Inspired by this result, it was decided to prepare substrate 224 usmg a Pictet-

Spengler reaction with enantiomerically pure P-arylethylamine derivative 235 (Scheme 

48). For preparation of the P-arylethylamine derivative 235, it was considered to utilize 

4-Boc-5,6-diphenylmorpholi-2-one (N-Boc-Williams' lactone, 238) derived 236. 47 It 

would not only establish the absolute stereochemistry at C-3 but also potentially provide 

access to a variety of P-arylethylamine derivatives besides 235. 

OMe H Mew: OPG 
I /?' '' N~ 

MeO , 1'. 

OH C02Et 
224 

OMe H 

Me~: OPG 
I /?' N~ 

MeO 2 

OH 

Me~' Ph 
MeO~ BocN Y 

OPG Ph 
235 236 

Scheme 48 Retrosynthetic analysis of tetrahydroisoquinoline 224 

Beginning with known alcohol 237, 48 it was found that conversion to the benzyl 

iodide and direct coupling with N-Boc-William's lactone 238 could give the desired 

product 239 in over 76% yield (Scheme 49). The initial attempts to convert 237 to the 

benzyl bromide were abandoned due to the low yields under variety of conditions. From 

coupling product 239, four P-arylethylamine derivatives 240, 241 , 242, and 243 (Figure 8) 

were prepared and tested under Pictet-Spengler cyclization conditions. 
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1. 12, PPh3, Im 
2. NaHMDS 

OMe 

Me~ OH 

Meo~ 76o//o 
BocNJ,,,p 

M•M 
MeO~ BocN Y Ph 

OBn Ph OBn 

237 - h 239 
238 Ph 

Scheme 49 Formation of coupling product 239 

OMe OMe OTBS 

Me~C02Me Me0 
:::,.... I NH2 :::,.._ I NH2 

MeO MeO 
OH OH 

OMe 0 

Me~O 

Meo~ HNy,,,Ph 
OH Ph 

M:~:Ph 
OH Ph 

240 241 242 243 

Figure 8 ~-arylethylamine derivatives 240, 241 , 242 and 243 

Primary amines 240 and 241 most closely related to the substrate 231 used in the 

known system (Scheme 47) were investigated first. Amino ester 240 was synthesized 

from the coupling product 239 by treatment with TF A 49 to remove the N-Boc group, 

followed by hydrogenation in IM HCl·MeOH, resulting in concomitant removal of the 

chiral template and methyl ester formation (Scheme 50). The Pictet-Spengler reaction of 

240 with ethyl glyoxolate in acetonitrile at 40°C over 1 day produced 244 in a maximum 

yield of 30% as an inseparable mixture of both cis and trans products. 

OMe 0 

Me~O 1. TFA, CH2Cl2 

:::,.... I BocNJ,,,Ph 2. H2, 70psi, 
Meo : Pd(OHl2, 

OBn Ph 1 M HCI/MeOH 

OMe H Mew= C02Me 
:::,.... I NH 

Meo 
OH CO2Et 

239 85% 240 244 

Scheme 50 Preparation and Pictet-Spengler reaction of amino ester 240 
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Primary amino alcohol 241 was initially obtained in a poor yield from direct 

reduction of the methylester 240 using LiBH4 followed by TBS ether protection. Due to 

this low yield, a revised route was employed. The lactone 239, with a Boe-protected 

nitrogen, could be opened under hydrogenation conditions with concomitant removal of 

the benzyl group on the phenol (Scheme 51 ). The resulting carboxylic acid 245 was 

reduced to alcohol 246 via the mixed anhydride using NaBH4 . Subsequent Boc-

deprotection followed by TBS protection of the primary alcohol gave 243. Finally, the 

desired primary amine 241 was obtained by another hydrogenation reaction. Each step in 

this revised route can be carried out on a multigram scale in good to excellent yields. 

Mex;cc:OMe 
1/' I OH 1. TFA, CH2Cl2 
::::,... BocN ~ 

MeO : Ph 2. TBSCI , Et3N, 
OH Ph CH2Cl2 

246 90% 

Scheme 51 Preparation of the primary amino alcohol derivative 241 

The Pictet-Spengler reaction of substrate 241 under the same conditions employed 

previously gave the product 248 in an improved 60% yield. However, no 

disastereoselectivity was observed for the reaction and the diastereoisomers could not be 

separated (Scheme 52). Furthermore, epimerization of the product mixture 248 using 
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DBN only generated the undesired trans isomer 248a. The stereochemistry of 248a was 

confirmed by nOe data (Figure 9) and later experimental results (Scheme 62). 

OMe OTBS 0 

M::~, MHe~,C4~':; Me~TBSDBN,THF Me~TBS 

Meo½ NH ----- MeO+ r:m 

OH 60% OH CO2EI OH CO2Et 

241 248 248a 

Scheme 52 Preparation and epimerization of Pictet-Spengler cyclization product 248 

OMe H l:l~s Mew : H 
I NH 

Meo : 
OH CO2Et 

Figure 9 nOe correlation of 248a 

Because of the low diastereoselectivity provided by the primary amines 240 and 

241, secondary amines were investigated. The secondary amine 242 was prepared from 

the coupling product 239 by first removing the benzyl ether on phenol under 

hydrogenation conditions, followed by Boc-deprotection with TF A (Scheme 53). Pictet-

Spengler reaction of this secondary amine 242 using different aldehydes (250-252) 

generated the corresponding products (253-255) in excellent yields, but with low 

diastereoselectivity (Scheme 54, Table 7). The trans : cis ratios of all the reaction 

products were determined by the 1H-NMR. Further attempts to epimerize the C-1 center 

of 255 were unsuccessful. 
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Me-B H,, 1'UTI, 

Meo~ BocN'( Ph Pd/C, THF 
OBn Ph 95% 

OMe 0 

Me~I O TFA, CH2Cl2 
:::,.... BocN~,,,Ph 

MeO : 85% 
OH Ph 

M:WPh 
OH Ph 

239 249 

Scheme 53 Preparation of secondary amine substrate 242 

OMe 0 )l OMe 1:1 0 
MehYo 

MeO~ HNy,,,Ph 

H R MeCN Mew: O 
250 R= CH20Bn :::,.... I NJ,,, 
251 R= CH20TBS MeO : Ph 

Aldehyde 

250 

251 

252 

OH Ph 
242 

252 R= C02Et OH R Ph 

253 R= CH20Bn 
254 R= CH20TBS 
255 R= C02Et 

Scheme 54 Pictet-Spengler cyclization of substrate 242 

Table 7 Pictect-Spengler cyclization of substrate 242 

Temp, (0 C) 

50 

65 

82 

Time (h) 

12 

24 

12 

Yield(%) 

253 88 

254 80 

255 90 

242 

trans: cis 

1: 0.6 

0.4: 1 

1: 0.4 

The diastereomeric mixture of 253 was found to be separable and the relative 

stereochemitry of both tras isomer 253a and cis isomer 253b were assigned by nOe 

measurements (Figure 10). It appeared that the two methine protons (Hb and He) on the 

chiral template were diagnostic protons. Those belonging to the cis isomer have higher 

chemical shifts than those belonging to the trans isomer, 
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Me Me 

MeO Meo 

253a 

Figure 10 nOe correlation of 253a and 253b 

The inseparable mixture of product 254 had a similar NMR pattern as 253. In order 

to confirm the relative stereochemistry, diastereomeric mixture 254 was converted to the 

corresponding phenol methyl ether 256 by treatment with NaH and Mel (Scheme 55). 

Interestingly, a by-product 257 was generated and turned out to be crystalline. An X-ray 

structure of 257 was obtained (Figure 11) and confirmed that the chemical shift of the 

methine protons on the auxiliary belonging to the cis isomer are higher than those 

belongs to the trans isomer. 

M::~ 'Ph _N_a_H_, M_e_l - M::~.Ph • ~ :1 ~ :1 
Me 

254 256 257 

Scheme 55 Phenol methyl ether 256 formation and phenol TBS ether 257 formation 
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Figure 11 OR TEP illustration of compound 257 

The nOe data of the mixture of inseparable product 255 was obtained (Figure 12). 

Because the signals of the mixture were well separated, the nOe data clearly supported 

the conclusion we had drawn about the methine protons. 

Me~ OMe ~o 
0 I Ha f:lb I/He 

:::,.... N-.J_/,, 
MeO : : 'Ph 

OH i Ph 
C02Et 

255a 

Figure 12 nOe correlation of 255a and 255b 

When secondary amine 243 together with ethylglyoxolate were react in acetonitrile 

at 45 °C, the Pictet-Spengler reaction generated the cyclization product 256 in an 
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excellent yield and diastereoselectivity, but favoring the trans isomer in a 96: 4 trans: cis 

ratio (Scheme 56). The relative stereochemitry of the trans isomer 256a was assigned by 

nOe data (Figure 13). The ratio of cis isomer to trans isomers was determined by 1H-

NMR. 

OMe 

Me~ OTBS 

MeO~ HN ~ Ph 
OH Ph 

243 

OMe 

252 Me~OTBS 

MeCN, 45°C MeO~ N~ Ph 
92% OH : Ph 

CO2Et 
256a 

Scheme 56 Pictet-Spengler cyclization of 243 

Me 

MeO 

256a 

Figure 13 nOe correlation of 256a 

It is interesting to consider why the secondary amme 243 can form the trans 

product 256a selectively. Under the reaction conditions employed above, the Pictet-

Spengler reaction of secondary amine 243 with ethyl glyoxalate should proceed by 

reversible formation of an iminium ion of both Z (257-Z) and E (257-E) ISomers, 

followed by electrophilic aromatic substitution (Scheme 57). 

58 



OMe 

Me ~ OTBS 

Meo~ HN'('Ph 
OH Ph 

243 
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257-E 

OMe 

Mew=OTBS 
::::--..\ N~ 

MeO : : Ph 
OH Ph 

C02Et 
256a 

Scheme 57 Pictet-Spengler reaction via iminium ion intermediate 

The general mechanism for electrophilic aromatic substitution involves re-complex 

formation, which in general is rapidly reversible and in many cases the equilibrium 

constant is small. In order for a substitution to occur, a "cr-complex" must be formed. The 

cr-complex is an intermediate in which a cr bond is formed at the site of substitution 

resulting in a cyclohexadienyl cation. Formation of the cr-complex is usually the rate-

determing step in electrophilic aromatic substitution. Therefore, The good trans 

selectivity of the Pictet-Spengler reaction with substrate 243 could be explained based on 

the difference of activation energy of cr-complex generated from the secondary iminium 

ion 257-Z and 257-E. 
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From each secondary iminium ion 257-Z and 257-E, two possible cr-complexes 

bearing different stereochemistry at C-1 can be formed, resulting from top or bottom 

attack on the corresponding iminium ion (Scheme 58). 
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OH Ph 
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259 

' + 

OMe 

Me~·--. OTBS 
MeO ·- - Ny--Ph 

OH Ph 
C02Et 

/ 260 
/ Topattack 
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OMe 

Me«c·--, OTBS • + 
Meo ·-- : Ny--Ph 

OH 1 Ph 
C02Et 

261 

--
OMe 

Me w OTBS 
:::,._ I N~ 

MeO : : Ph 
OH 1 Ph 

C02Et 

256a 

OMe 

- I N 
Me%0TBS 

MeO :::,... 'Y'"' Ph 

-

OH Ph 
C02Et 

256b 

OMe 

Me%I OTBS 
Meo :::,... N'Y'"' Ph 

OH Ph 
C02Et 
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OMe 

Me w OTBS 
- I N :::,... MeO : : Ph 

OH Ph 
C02Et 
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Scheme 58 Electrophilic aromatic substitution of 257-Z and 257-E 

60 



In order to compare the activation energy for the formation of the a-complexes 

from 257-Z and 257-E, a transition state energy calculation was carried out using 

Spartan50 on the models 262-Z and 262-E (Scheme 59). 

~~Me /rap attack 

u nJt\.1e MG H ~ottom attack 

263 

262-Z 

264 

Me :t: 

Meo + } , r---l-4M• o---.L OMe 

~ ~Me /rap attack 

u nr\~e 0 C02Me ~ttom attack 

265 

262-E 

Scheme 59 Transition states 263-266 of the Friedel-Craft reaction of 262-Z and 262-E 

The energy calculation of the transition state 263-266 using HF/6-31 G* showed 

(Table 8) that 266 was the lowest in energy at 4.81 kcal/mol lower than 264, the second 

lowest in energy. Based on this model calculation, it can be proposed that the trans 
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product 256b was generated through bottom attack of 257-E through the intermediate 

261. 

Table 8 The energy calculation of the transition state 263-266 by using HF /6-31 G* 

E (hartrees) 

AE266t264(kcal/mol) 

263 

-937.661403 

264 

-937.663419 

265 266 

-937.660377 -937.671088 

Since the cis product was the desired one for the intramolecular Mannich-type 

cyclization strategy, epimerization of the trans isomer 256a was carried out. Treatment 

with DBN in refluxing THF for 24 h gave the desired product 256b in a 1: 0.3 cis: trans 

ratio (Scheme 60). Unfortunately, the product mixture was inseparable until further 

transformations were carried out. 

OMe 

Me«cOTBS 
~I N~ 

MeO : : Ph 
OH Ph 

CO2EI 
256a 

DBN, THF 

reflux 

OMe 

Me%I OTBS 
Meo N~ Ph 

OH Ph 
CO2EI 
256b 

1: 0.3 

Scheme 60 Epimerization of 256a 

2.4 Revised Synthetic Plan 

At this stage the B ring of lemonomycin had been constructed in excellent yield and 

diasetereoselectivity. However, the Pictect-Spengler reaction favors the undesired trans 

diastereosiomer and to follow our original plan, an epimerization had to be employed to 
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obtain the cis isomer. In addition, because the diastereoisomeric mixture was inseparable, 

the undesired trans isomer couldn't be recycled, resulting in a 25% waste of material. In 

Williams' synthesis of quinocarcinamide (103) and tetrazomine (33), the same C-1 center 

had been set up opposite to that required for the natural product (Scheme 41 ). However, 

this stereocenter then correctly controlled the diastereoselectivity of the subsequent 

azomethine ylide dipolar cyclization. Since epimerization cannot be avoided, it was 

decided to take advantage of the C-1 stereochemistry and employ an azomethine ylide 

(271) mediated cyclization to construct both the C and D ring (272). Azomethine ylide 

271 can derived from the trans isomer 256 (Scheme 61). This modified approach could 

be more efficient than the original one. 

Me 

MeO 

OMe 

MeW:"'NBn I ,& N j _ 
MeO : n 

: 0 
OAc C02Et 

271 
OMe 

Me~'-:: B OTBS 
-& N~ 

MeO : : Ph 

OH 602Efh 

256a 

Scheme 61 Revised synthetic plan for the tetracyclic ring system 272 

There are many ways to prepare azomethine ylides.51 Based on substrate 256a, it 

was planned to employ a condensation-deprotonation strategy to build up 
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tetrahydroisoquinoline azomethine ylide intermediate 271 from aldehyde 270, which 

could be derived from the trans isomer 256a by standard manipulations. 

2.5 Preparation of the Cycloaddition Precursor 

Towards the cycloaddition precursor aldehyde 270, vanous glycine derivatives 

were explored for coupling to the tetrahydroisoquinoline core derived from 256a 

(Scheme 62). After hydrogenation, secondary amine 248a was obtained from 256a in 

quantitative yield. However, 248a failed to couple with N,N-dibenzyl glycine using EDCI 

and HOBt in DMF. This problem may have arisen from the presence of the free phenol, 

therefore compound 256a was converted to three different phenol ethers (273a-c), before 

removal of the chiral template on nitrogen under hydrogenation conditions to generate the 

amines 274a-c (Scheme 63). Different coupling conditions were explored on each of the 

three amines with commercially available N-Boc glycine (Scheme 64). It was found out 

that after converting the N-Boc glycine to its corresponding isobutyl anhydride, the 

coupling reaction generated the corresponding desired products 275a-c in good yields for 

all three cases (Table 9). 

OMe 

Me«cOTBS 
l h N~ 

MeO : : Ph 
OH Ph 

C02Et 
256a 

Pd(OHh , H2 

80 psi , EIOH 
95% 

OMe O 

MewOTBS HO~ N' Bn 

I h NH -------
Meo : EDCI, HOB!, DMF 

OH C02EI 

248a 

Scheme 62 Formation and coupling reaction of 248a 
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Scheme 63 Formation and coupling reaction of 273a-c 
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Scheme 64 Coupling reaction of 274a-c with N-Boc glycine 

Table 9 Conditions for coupling reaction of 274a-c 

Conditions SM Product (yield) 

274a 275a (10%) 

(COCl)2 Et3N, DMAP, CH2Ch 274b NA 

274c NA 

274a NA 

EDCI, HOBt, DMAP, DMF 274b 275b 35% 

274c 275c 30% 

274a 275a 60% 

i-BuOCOCl, NMM, DMF 274b 275b 80% 

774c 275c 71% 
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N-benzyl-(Boc) glycine (277)52 was then coupled to the amine 274c, which has the 

most compatible functional groups for the rest of the synthesis (Scheme 65). 

Unfortunately, the optimized condition using mixed anhydride didn't work well with this 

glycine derivative. After investigating various conditions (Table 10), it was found that 

using EDCI in a concentrated CH2Cl2 solution, the coupling reaction proceeded to give 

the desired product 276 in an almost quantitative yield. 

0 Bn 
II 1 277 ~ N, HO Boe 

OMe 

Mew"-::: OTBS 
MeO : NH ---------

EDCI , CH2Cl2 

Me~TBS 

Meo½ "'nfBn 
OAc C02Et 97% OAc 0 Boe 

CO2Et 
274c 276 

Scheme 65 Coupling reaction of substrate 274c 

Table 10 Conditions for coupling reaction of substrate 274c 

Conditions 

274c (1.0 eq.), 277 (2.0 eq.), i-BuOCOCl (2.0 eq.), NMM (2.1 eq.) 

274c (1.0 eq.), 277 (2 .0 eq.), (COC1)2 (2.4eq), CH2Ch/DMF 

274c (1.0 eq.), 277 (2 .0 eq.), EDCI (1.5 eq), HOBt (1.0 eq.), 12h 

274c (1.0 eq.), 277 (2.0 eq.), EDCI(l .5 eq.), HOBt (1 .0 eq.), Et3N 
(2.0 eq.), 12h 
274c (1.0 eq.), 277 (2.0 eq.), EDCI, (1.5 eq.), CH2Ch (lM), reflux, 
12h 

274c (1.0 eq.), 277 (2.0 eq.), EDCI, (1.5 eq.), CH2Ch (lM), 2days 
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No product 

276: 274c = 1: 5 

No product 
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After removing the TBS ether using TBAF in MeOH buffered THF solution, the 

resulting alcohol 278 was oxidized to corresponding aldehyde 279 under Swem oxidation 

conditions (Scheme 66). With this aldehyde in hand, we were ready to investigate the key 

cycloaddition reaction. 

0 Bn M::~OTBS _ H_o_~_2_77_rt_B_oe_ M::~ : N:NI , Bn 

~ NH EDCI, CH2Cl2 ~ Nf l 
OAe co2Et 97% OAe 0 Boe 

C02Et 

TBAF, THF / MeOH 

89% 

274c 276 

Me~H 

Meo½ NrrfBn 
OAe 0 Boe 

Swern oxi. 

89% :.:i;c:¢f"" 
OAe 0 Boe 

C02Et C02Et 
278 279 

Scheme 66 Formation of aldehyde 279 

2.6 Construction of C and D Ring 

Following our revised plan to generate azomethine ylide 271 by condensation-

deprotonation strategy, the aldehyde 279 was treated with TF A to remove the Boe 

protecting group. After concentration of the reaction mixture to remove most of the TF A, 

Et3N was added in the presence oft-Bu acrylate. Interestingly, the products isolated from 

this reaction were dihydroisoquinoline tetracycle 280 in around 20% yield, bearing the 

desired stereochemistry on the D ring, and dihydrosioquinoline tricycle 281 in 50% yield 

(Scheme 67). The structure of the tetracyclic 280 was confirmed by x-ray crystallography 

(Figure 14). The proposed structure of the tricycle 281 was consistent with its 

spectroscopic data. In addition, when tricycle 281 was treated with NBS followed by 
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Et3N in presence oft-Bu acrylate, the reaction generated tetracycle 280 in 35% yield. The 

same type of transformation has been employed in the synthesis of quinocarcinamide 

(103) and tetrazomine (33) (Scheme 41 ). 

1. TFA 

2. t-Bu acrylate 
Et3N 

OMe 

Me~ NBn 

MeO~ Ny 
OAc : 0 

C02Et 

281 50% 

2. t-Bu acrylate 
Et3N 

35% 

Scheme 67 Formations of280 and 281 

Figure 14 OR TEP illustration of compound 280 
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When compound 279 was treated with acid (3M HCl in MeOH, BBr3, or TMSOTf) 

other than TF A to remove the Boe group, tricycle product 281 was isolated as the only 

product. When BBr3 was used, tricycle 281 was generated in 75% yield. It is reasonable 

to assume that tricycle 281 could be generated from tautomerization of the iminium ion 

282 under acidic conditions (Scheme 68). 
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MeO : 
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C02Et 
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Scheme 68 Mechanistic proposal for tricyle 281 formation 

Tetracycle 280 had to be generated through the dihydroisoquinoline 286 by an 

oxidation reaction (Scheme 69). When tricycle 281 was treated with TF A, followed by 

Et3N in the presence of t-Bu acrylate, only starting material was recovered. This 

observation suggested that the oxidation did not take place after formation of tricycle 281. 

Meanwhile, the mass spectrum of the reaction mixture generated by treatment of 279 

with TFA indicated the presence of 285 with a mass of 493 .1975 (HRMS (F AB) calcd. 

For C27H29N20 7 (M+): 493 .1975). Therefore, it was concluded that the oxidation was a 

competitive reaction with tautomerization and both reactions took place upon treatment 
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of 279 with TF A, prior to the formation of the desired azomethine ylide by treatment with 

OMe 

Mew:;'-:: '-::: " ~Bn 
.o N. j 

Meo = r( 
OAc : 0 
285 CO2Et 

lTFA 
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OAc : 0 

CO2Et CO2Et 

28t~ ____ 1_._T_FA _____ 28~11 
2. Et3N 

Acrylate 

Scheme 69 Mechanistic proposal for tetracycle 280 formation 

Since oxidation product 280 can be generated in a significant amount only when 

TF A was used, TF A, a known single electron oxidant was suspected to be the oxidant. 53 

However, we were unable to detect any reduced forms of TF A i. e trifluroroacetaldehyde 

or trifluroethanol, from the reaction of 279 with TF A. 

When thermal conditions were employed to remove the Boe group from 279, 

followed by addition of neutral alumina in the presence of t-Bu acrylate, the reaction 

gave both products 280 and 281 in a 1: 1 ratio, though in very poor yield of 15% (Scheme 

70). Therefore, it is believed that TF A facilitated oxidation, but molecular oxygen is most 

likely the oxidant in this reaction. 
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Scheme 70 Formation of 280 and 281 under thermal condition 

The detailed mechanism of the oxidation was not yet clear. Some of our 

observations are as follows . Upon treatment of 279 with TF A under oxygen (1 atm), there 

was no identifiable product isolated from the cycloaddition (Scheme 67). It could be 

possible that over-oxidation resulted in decomposition. When radical scavenger di-tert-

butyl phenol was employed, oxidation product 280 was generated in a comparable yield 

as where no radical scavenger was used. This suggested that the oxidation mechanism 

might not involve a radical species. Finally, absence of light had no effect on the 

production of 279. 

It has been shown that oxidation and tautomerization took place during N-Boc 

removal, before the formation of azomethine ylide by Et3N addition. As expected, any 

attempts to avoid oxidation by excluding oxygen in the reaction system only resulted in 

generation of the tautomerization product 281 without any detectable amount of desired 

tetracycle 272. It appeared that the tautomerization was unavoidable when N-Boc 

substrate 279 was employed in this condenstation-deprotonation two-step procedure of 

azomethine ylide formation. 

In order to limit the exposure time of the iminium ion to the reaction condition, thus 

to create a better chance for azomethine ylide 271 formation, it was decided to prepare 

substrate 291 using (N-Fmoc)Bn glycine as the coupling partner (Scheme 71). It was 
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hoped that when base was used to remove the Fmoc from 291 , formation of iminium ion 

and azomethine ylide could be accomplished in the same step. 

902/Bu OMe 
OMe 

Me:¢:):;Ns, OMe OTBS 
Me Me~ 

MeO 
MeO .-? : N~ 

Meo I # = N'("'f Bn 
: 0 OAc 6 0 2E? 

OAc C02Et CO2/Bu OAc 0 Fmoc 
C02Et 

272 271 291 

Scheme 71 Condensation-deprotonation one step strategy of 271 formation 

From the secondary amine 274c, (N-Fmoc)Bn glycine54 was coupled using its acid 

chloride to give the desired product 291 in 82% yield (Scheme 72). Due to the base-

sensitivity of the Fmoc group, the TBS ether was removed under acidic conditions. 

Formic acid was found to be the best choice and gave the free alcohol 292 in 80%, which 

was then oxidized to the corresponding aldehyde 293 in 77% yield by Swem oxidation. 

0 Bn 

M::WOTBS -(C_0_":-,~-2,-:-:-:N-~:-:-:-:'-, :~w;f 8° 

OAc co2Et 90% OAc 0 Fmoc 
C02Et 

274c 291 
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85% 

M::W;r"" 
OAc 0 Fmoc 

Swem [OJ 

77% M)¢C¢:r"" 
OAc 0 Fmoc 

C02Et C02Et 
292 293 

Scheme 72 Preparation of aldehyde 293 from secondary amine 274c. 
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When aldehyde 293 was treated with various bases such as Et3N, piperidine, TBAF, 

in the presence oft-Bu acrylate, decomposition was observed in all cases. Interestingly, 

no hemiaminal intermediate, tautomerization product or cycloaddition product was ever 

isolated from these reactions. It was fairly certain that the Fmoc was removed 

successfully, as indicated by the existence of fluorene in the crude reaction mixture. It 

was therefore highly probably that the iminium ion formed from the condensation 

decomposed under the basic conditions of the reaction. 

2. 7 Attempts at Alternative Azomethine Ylide Generation 

During the condensation-deprotonation-cycloaddition experiments, it was shown 

that the fate of the iminium ion intermediate 282 was uncertain, since it could lead to the 

tautomerization product 281 under acidic conditions, the oxidation product 280 under air 

with assistance of TF A, or be destroyed under basic conditions. All these scenarios 

compete with the formation of the desired azomethine ylide 271. 

Therefore, it was decided to develop an alternative approach to generate the 

azomethine ylide in one step, which wouldn't proceed via the iminium ion intermediate. 

It is known that electrophilic carbenes (generated from the metal-catalyzed 

decomposition of diazo compounds 295) function as Lewis acids by interacting with a 

pair of nonbonding electrons contributed by a Lewis base (294) . If the Lewis base is an 

uncharged species, the end result of such an acid-base reaction is an ylide (296) (Scheme 

73). 55 
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Scheme 73 Ylide 296 generation using electrophilic carbene 

We envisioned that an electrophilic carbene produced from the metal-catalyzed 

decomposition of diazo compound 299 could be employed towards the synthesis of 272 

via azomethine ylide 300 (Scheme 74). 56 The a-diazo carbonyl compound 299, bearing 

an imine functionality could be prepared by condensation of aldehyde 298 with a suitable 

amine. The aldehyde 298 could be derived from the available intermediate 274c before or 

after a suitable a-carbonyl diazo moiety was installed. 
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Meo½ NH 
OAc C02Et 

274c 

Scheme 74 Alternative route for 272 formation using diazo-compound 299 

A potential problem with this route is the possibility that imine 299 could undergo 

tautomerization to a styrene amine derivative. To test this possibility, a condensation 

reaction was set up by using aldehyde 302 and benzyl amine (Scheme 75). 
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Aldehyde 302 was prepared from the available intermediate 274c by a sequence of 

N-acylation, removal of TBS ether and a Swem oxidation. The condensation of aldehyde 

302 was carried out with benzyl amine in the presence of neutral alumina. After three 

hours, the NMR of the crude reaction mixture showed that the aldehyde peak around 9.5 

ppm had disappeared and there was a new peak around 7.0 ppm. Attempts to purify the 

reaction mixture by preparative TLC resulted in recovery of the starting material. The 

NMR data confirmed the formation of imine 303, while the recovery of the starting 

material suggested that imine 303 didn't tautomerize to styrene amine 304 under the 

reaction conditions. 
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Scheme 75 Preparation and condensation reaction of aldehyde 302 

Having established the feasibility of the condensation reaction, the synthesis of 

aldehyde 298 was investigated. It was planned to install the a-carbonyl diazo moiety 

before the aldehyde formation. Coupling reactions of the secondary amine 274c with 

glyoxylic acid tosylhydrazone57 using coupling reagent such as DCC and EDCI or its 

corresponding acid chloride or succinimide58 were all unsuccessful. 
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Therefore attention was turned towards the standard diazo-transfer reaction. ~-Keto 

amide 305 was generated in 85% yield by treatment of 274c with diketene. In the 

presence of Et3N, the diazo-transfer reaction proceeded successfully with MsN3 in 

acetonitrile to give 306 in 80% yield (Scheme 76). However, the removal of the TBS 

ether was problematic. The diazo functionality was not stable under acidic conditions or 

with different fluoride reagents. When basic conditions were employed, the acetate was 

also removed resulting in the formation of a phenoxide. Any attempt to neutralize the 

phenoxide only resulted in destruction of the diazo functionality. Eventually, it was 

discovered that DDQ59 or CAN could remove the TBS ether to afforded the free alcohol 

in good yield. In the case of DDQ, only a catalytic amount of the oxidant was needed to 

generate 307 in 60%. However, the hydrolysis of 307 to 308 failed under a variety of 

conditions (LiOH, KOH, pyrrolidine). It was also found that the oxidation of alcohol 307 

to the corresponding aldehyde couldn ' t be achieved under a number of conditions. 
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Scheme 76 Preparation of diazo compound 307 
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Following these observations a revised route was investigated. It was decided to 

install the a-carbonly diazo moiety after aldehyde formation. Also, in order to have a 

better chance for hydrolysis at later stage, 310 was prepared in 95% yield by coupling 

274c with phenylthioacetic acid (Scheme 77). Removal of the TBS ether with TBAF and 

Swem oxidation of the resulting alcohol provided aldehyde 312. This was then protected 

as methyl acetal 313, which could be removed in the presence of the diazo functionality 

under oxidation conditions like DDQ. These steps proceeded without any epimerization 

at C-3 as confirmed by nOe studies (Figure 15). Oxidation of the phenylsulfide group to a 

sulfone provided 314, which was equivalent to a P-keto amide with activated methylene 

protons. The diazo transfer reaction of 314 with MsN3 and Et3N generated a product 

whose proton NMR was consistent with the proposed structure 315. In addition, the IR 

indicated the presence of the diazo functionality having a characteristic stretch at 

2107cm-1• However, the yield of this reaction was poor making it difficult to access 

usable quantities of 315. Therefore, further investigations employing different azide 

sources are currently being investigated. 
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Scheme 77 Preparation of diazo compound 315 
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Figure 15 nOe correlation of compound 313 

2.8 Further Elaboration 

While we were investigating ways to directly generate the desired saturated 

tetracycle 272, it was also noticed that tetracycle 280, bearing all the desired 

stereochemistry on the D ring, could potentially be reduced to 272 to continue the 

synthesis (Scheme 78). 
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Scheme 78 Potential reduction of 280 to generate 272 

Because of the competitive tautomerization that led to the product 281 , the yield of 

the product 280 was poor. Optimization of oxidation product 280 was carried out 

focusing on the step of treatment of 279 with TF A, where the oxidation is thought to take 

place. The best conditions found were treatment of aldehyde 266 in a O. lM chloroform 

solution, with 50 equivalents of TF A at room temperature in a flask with a 100 times 

volume of air ( cf solvent) sealed for 4 hours. After concentration of the reaction mixture 

to remove most of the TF A, the same amount of chloroform was added at O °C under Ar, 

followed by 20 equivalents oft-Bu acrylate and 10 equivalents of Et3N. After removal of 

the ice bath, the reaction was stirred at room temperature overnight. Under these 

optimized conditions, the oxidation product 280 could be isolated in over 70% yield as a 

single diastereoisomer. With a good route to 280 in hand, we were ready to investigate its 

elaboration. 
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After the first couple attempts at reducing the double bond, it became apparent that 

it was a challenging transformation. Hydrogenation of substrate 280, under 1300 to 1500 

psi hydrogen, with different catalysts (Raney-Ni, Rh/C, Rh/Alumina, Rh(OAc)2, RhCh, 

Wilkinsons' Ir/C, Crabtree's. Pd/C, PdCh, Pd(OH)i), only resulted in recovering starting 

materials (Scheme 79, Table 11). 
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Scheme 79 Attempted reduction of 280 

Table 11 Attempted reduction of 280 

Substrate Catalyst H2 (psi) Tmep. Results 

280 Raney-Ni 1500 r. t. SM 

280 Rh/C 1300 r. t. SM 

280 Rh/Alumina 1300 r.t. SM 

280 Rh(OAc)i 1500 r.t. SM 

280 RhCh 1500 r. t. SM 

280 Willkinsons' 1500 r. t. SM 
280 Ir/C 1300 r.t. SM 
280 Crabtree's 1500 r.t. SM 
280 Pd/C 1300 r.t. SM 
280 PdCh 1300 r. t. SM 
280 Pd(OH)i 1300 r. t. SM 
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Since the reduction of the double bond could be employed at later stage of the 

synthesis, the further elaboration of tetra cycle 280 was explored in an effort to generate 

alternative reduction substrates. 

The next goal for further elaboration at this stage was to epimerize the C-1 center. 

In order to do that the tert-butyl ester 280 was converted to triisopropyl silyl ether 322 

(Scheme 80). This was achieved by first converting 280 to acid 320 in 92% yield using a 

combination ofTFA and Et3SiH. Reduction of the corresponding mixed anhydride of320 

gave the alcohol 321 in 80% yield, which was then protected as tri-isopropyl silyl ether 

322 in 95% yield. The epimerization of substrate 322 or its free phenol 323 both failed. 

When 322 was treated with DBU or DBN, hydrolysis of the acetate took place to give 

phenol 323 without any epimerization product and when EtONa or t-BuONa were 

employed, the reaction caused decomposition of both 322 and 323. When NaHMDS, 

LDA and NaH were used, the deuteration experiments showed that no deprotonation took 

place at the C-1 center in each case. Instead, the ester 323 was reduced to its 

corresponding aldehyde 324. Different hydride reagents (DIBAL, LiBH4, super hydride, 

LAH) were used under various conditions (-78 °C to refluxing in THF or ether). It was 

found out that treatment of 323 with 1 equivalent of lM LAH in THF at -15°C could 

generate the aldehyde 324 in around 70% yield together with 10-15% corresponding 

alcohol 325. 
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Scheme 80 Preparation of aldehyde 324 

Epimerization of aldehyde 324 using DBN resulted in decomposition of the starting 

material. However, when protected as benzyl ether, 326 could be epimerized to 327 by 

using DBN (Scheme 81). Unfortunately, the yields for both the phenol protection and the 

epimerization were very poor due to the base sensitivity of the starting materials. For the 

phenol protection, attempts to avoid using bases were unsuccessful. Triflic acid catalyzed 

benzylation using benzyl trichloroacetimidate proceeded very slowly and caused mainly 

decomposition of the starting materials. Ag2O worked well on small scales under 20 mg, 

however the reaction preceded very slowly when more than 100 mg of starting material 

was used and extensive decomposition was also observed. When AgBF4 was used, there 

was no reaction at 0 ·c but decomposition at room temperature. When NaH and KHMDS 

82 



was used there was no reaction at O °C; it did proceed slowly at room temperature, but 

was accompanied by extensive decomposition. Finally, when a variety of bases (Im., 

pyridine, DBU, K2CO3, Na2CO3, NaHCO3) were screened, Na2CO3 was found to 

generate the desired aldehyde in a maximum yield of 60%. To optimize the epimerization 

step, an NMR reaction was set up. When 0.5 equivalent of DBN was used in 0.05 M 326 

in 6d-THF solution, it was found out that the equilibrium of this epimerization reaction 

could be reached in 20 minutes at room temperature without significant loss of the 

starting materials. The reaction generated a mixture of products in a 1 to 0.6 ratio 

favoring the cis product 327. After reduction using NaBH4, the alcohol 328 was obtained 

in 75% yield. 
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Scheme 81 Preparation of alcohol 328 

2.9 Attempted Reduction 

Once alcohol 327 was obtained with the epimerized C-1 center, it allowed access to 

different substrates, which could be used to investigate the reduction of the enamide in 
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tetracycle 280. In the case of tetrazomine(33) and quinocarcinamide (103), hydrogenation 

was carried out on similar substrates 330 and 332 successfully to generate 331 and 333 

respectively (Scheme 82). It is interesting to notice that in case of 330 only 100 psi of 

hydrogen was required. This could be rationalized by either the stereochemistry of the C-

l center on substrate 330 aiding the alcohol to deliver the catalyst from the bottom face of 

the molecule or the difference in the electronic property of the benzene ring of 330, 

which may lower the energy barrier for the hydrogenation. 
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Scheme 82 Existing examples of hydrogenation of 330 and 332 

Based on these rationales, different substrates that may be more susceptible to 

hydrogenation were prepared. Substrates 335 and 336 (Figure 16) were prepared aiming 

to alter the stereo-effect, having different stereochemistry at C-1. 335 Has the free 

alcohol, which might help deliver the catalyst from the bottom face of the molecule. 

Alternatively, 336 bearing the opposite stereochemistry at C-1 to 297, has a more open 

bottom face for the catalyst to approach. Substrates 337 338, 339 and 340 (Figure 17) 

having electron poorer aromatic rings than 280 were prepared. In addition, substrate 337 

and 338 were prepared as it was anticipated that they would be able to survive acidic 

conditions that may need to be employed in order to reduce the alkene. Unfortunately, no 
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desired product was isolated from the reaction using any of these substrates with a variety 

of catalysts, temperatures or the addition of acid (Scheme 83 , Table 12). 
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Figure 16 Substrates 335 and 336 concerning the steric effect 
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Figure 17 Substrates 337, 338, 339 and 340 concerning the electronic effect 
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Scheme 83 Hydrogenation of substrate 335-340 

Table 12 Hydrogenation of substrate 335-340 

Catalyst 

Raney-Ni 

Willkinsons ' 

Rh/C 

RhCh 

1300 

1500 

1500 

1500 
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r. t. 
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65 

65 

Results 
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Shown vinyl proton 

SM 
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335/337 Pd(OH)2 1500 65 SM 

335 Ir/C 1300 r. t. SM 

339 Raney-Ni 1000 I 500 r.t. No desired product / SM 

340 Raney-Ni 1000 I 500 r.t. No desired product / SM 

337/338 Pd/C, TFA 1300 r.t. Removal of N-Bn 

It was also noticed that the double bond was conjugated with both the electron rich 

benzene ring and the electron-withdrawing amide. To make the system simpler reduction 

of the amide in the conjugated system was attempted. However reduction with different 

hydrides reagents (LAH, LiEt3BH, LiH2NBH3 60) under various conditions (from 0°C to 

refluxing in THF or ether) were unsuccessful. Cp2ZrHCl, an effective reagent for 

reduction of tertiary amides 61 and alkenes, also failed to deliver any of the desired 

reduction products. Attempted electrophilic activation of the amide62 for reduction by 

trifluoromethanesulfonic anhydride and pyridine was also failed, with only starting 

material being recovered from the reaction. 

Aiming to dramatically change the conjugated system, 280 was converted to 

quinone ketal 341 (Scheme 84). However, attempted reduction of 341 by using 

hydrogenation at 110 psi in the presence of Pd/C or PdCb didn't generate any desired 

product. The reduction was also not successful when L-selectride was applied. Another 

attempt involved the synthesis of the arene-Cr(CO)3 complex of 280, in order to 

dramatically change the electronic property of the benzyl ring. 63 However, the reaction of 

280 with naphthalene Cr(CO)3 complex64 generated 342 having Cr(CO)3 complexed with 

the benzyl ring in the N-benzyl functionality (Scheme 85). At this stage, a clean method 
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for the removal of the N-Bn had not been found , therefore further investigation of 

forming the desired Cr(CO)3 complex of 280 was abandoned. 
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Scheme 84 Preparation of quinone ketal 341 
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Scheme 85 Preparation of compound 342 

Using substrates with this conjugated system, other reduction conditions were 

investigated. Ionic reduction, diimide reduction, hydrogen transfer reaction using 

HCOOH and Pd black and Smh reduction gave mainly recovered starting materials. 

Birch reduction caused the decomposition of the starting material due to the presence of 

such an electron rich aromatic ring. Attempts to modify the double bond by oxidative 

addition reactions such as dihydroxylation, hydroboration, oxymercuration, halogenation, 

or radical reactions also didn't yield any promising leads. 

Most recently, a good high-pressure reactor allows us to manipulate the 

hydrogenation reaction at 2000 psi, 65 °C. Promising results have been achieved by using 

freshly made Raney-Ni. The crude NMR of these reactions showed a single product 

without the vinyl proton (Table 13, entry 5 and 6). However, the product seemed to be 
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unstable and any attempt to isolate it by preparative TLC resulted in decomposition. In 

addition, the reactivity of the Raney-Ni was different from batch to batch and had a very 

short bench lifetime. This made it difficult to obtain repeatable results when Raney-Ni 

was used. When PdCb was employed with substrate 328, under 1800 psi and 65 °C, the 

crude hydrogenation reaction products were treated with CbzCl in MeOH with NaHCO3. 

Two products have been isolated from this reaction. The major product was 343, while 

the other one doesn't have the vinyl proton in lH-NMR, but didn't have the correct mass. 

After extensive NMR study, it was concluded that it was not the desired product 344 

(Scheme 86). 

Table 13 Hydrogenation of substrate 280, 322, 325 and 328 

Entry Substrate Catalyst psi Temp Results 

1 280/325 /328 Ra-Ni (A) 2,000 r. t. de-Bn+SM 

2 325 Willkinson 2,000 65 °C SM 

3 325 Ru black 2,000 65 °C SM 

4 280 Rh/Alumina 2,000 65 °C de-Bn+SM 

5 325/328 Ra-Ni (A) 2,000 65 °C Promising product 

6 280 Ra-Ni (B) 1,500 65 °C Promising product 

7 322 PdC12 1,800 65 °C Promising product 
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2.10 Preparation of the Sugar Moiety 

As described in chapter one, lemonomycin is unique in bearing a sugar moiety, 

which has been encountered the first time in the tetrahydroisoquinoline family. 

Moreove,r the 2,6-dideoxy-4-amino sugar is rare in nature and has been found in only 

two unrelated natural product families .26 The synthesis of 2-deoxy glycosides65 is a small 

but important niche in the field of carbohydrate chemistry. The preparation of the 2-

deoxyglycosyl function has been found in several important antibiotic families, like 

anthracycline antibiotics, 66 aureolic acid family of antitumore antibiotics, 67 avermectin 

antibiotics 68 and landomycin antibiotics.69 

Glycal is a very versatile synthetic intermediate especially in the synthesis of 2-

deoxy glycoside. When only hydrogen is attached to C-2, will the thermodynamic effect 

in tetrahydropyran will favor the axial linkage of the electronegative functional group on 

C-1 . The acid-catalyzed activation of glycals is a general method for 2-deoxyglycosyl 

transformations. However, it was accompanied by varying degrees of Ferrier reaction,70 

where the oxygen constituent at C-3 is eliminated to form an allylic carbonium ion. Falck 

and Mioskowski showed that use of triphenylphosphine hydrogen bromide suppressed 

the Ferrier reaction pathway, thus making the direct method of glycal activation general 

and useful. 71 In addition, a simple glycal can be converted to other glycosyl donors, 

which can be activated in different ways. 72
• 

65 

It was planned to use glycal 351 as an intermediate to synthesize the 2-

deoxyglycoside in lemonomycin (352). The glycal 351 could be derived from the known 

compound 350 (Scheme 87). 73 
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Scheme 87 synthetic analysis of 352 

Hydrogenation of 350 usmg Lindlar' s catalyst afforded a pnmary amme 353 

(Scheme 88), which could be protected in the form of different carbamates (354-355). 

Reduction of methyl carbamate 354 and benzyl carbamate 355 using LAH in refluxing 

THF failed to generate the methyl group in 357. Treatment of formaldehyde with the 

crude hydrogenation product 353 didn' t afford any isolatable oxazolidine product 358. 

Synthesis of N-dimethyl glycal 351 is still under investigation. 

,,,,,Qol 
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HN··· 

'-o 358 

NaHCO3, MeOH 

354 R = Me 75% 
355 R = Bn 80% 
356 R = t-Bu 75% 

+ ,, 0 

MeHN:::x 
'OH 357 

Scheme 88 Preparation of glycal 354-355 

With 354 in hand, glycosidation of tetracycle 328 was investigated. When 354 was 

activated by PPh3,HBr, the glycosidation reaction only generated the Ferrier reaction 

product 359 (Scheme 89). The reason for this might come from use of excess PPh3·HBr. 

Because of the limited amount of the glycosyl acceptor, the reaction scale was limited to 
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5-10 mg, which made it difficult to measure catalytic amounts of PPh3-HBr. The use of a 

pre-prepared PPh3-HBr solution in CH2Ch only caused deactivation of the reaction. 

Therefore, an optimized route for producing sufficient amount of glycosyl acceptor 328 

was required and is still under investigation. 

+ 

354 

Me 

Me 

5% PPh3HBr, CH2Cl2 MeO 

TIPso, 

OMe 

MeO 50% 0 0 

'" ... Q 
NHCbz 

Scheme 89 Glycosidation of 328 with 354 

Glycals have also been activated using a variety of halogen sources.65
• 

72 The 

halogenated glycoside can be easily reduced to the desired 2-deoxyglycoside. When 

glycal 354 was treated with NIS in presence of AcOH, the reaction generated the desired 

glycoside 360 (Scheme 90). However, when treated 354 with NIS, no glycosidation took 

place with glycosyl acceptor 328. When glycoside 358 was activated with TMSOTf or 

BF3·Et20, the reaction didn't proceed in presence of the glycosyl acceptor 328. 
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Scheme 90 Glycosidation of 354 
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Conversion of the glycal 354 to other types of glycosyl donors, with or without a 

functional group on C-2, is still under investigation. 

Ideally, once a good protocol of reduction is developed, the tetracycle 344 will be 

reduced to its corresponding aminonitrile and coupled with glycal 351 to afford 361. 

After removal of the Cbz protecting group and liberation of the alcohol, two consecutive 

oxidations will furnish the quinone and aldehyde functionalities. Finally, conversion of 

the animonitrile to hemiaminal will complete the synthesis of (-)-lemonomycin (36) 

(Scheme 91). 

Me 
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---------- -- -• 

:,,~::r°1 Hx 
351 

Me 
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TIPSO'\ 
OMe 1. H2 

2. TBAF 
- - - - - - - - - - - -- • (-)-lemonomycin 

3. [OJ 
4. AgOCOCF3 36 

Scheme 91 Synthetic plan towards total synthesis of (-)-lemonomycin 

2.11 Conclusion 

Towards the total synthesis of (-)-lemonomycin, the tetracycle 328 has been 

prepared. A diastereoselective Pictet-Spengler reaction has been developed to construct 

the AB ring system (256), which has been applied in the total synthesis of (-)-jorumycin, 

(-)-renieramycin G. 74 The choice of using secondary amine 243, with a bulky chiral 
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template on nitrogen, controlled the excellent diastereoselectivity of this reaction. An 

interesting oxidation facilitated dihydroisoquinoline azomethine ylide formation to 

construct the C and D ring (280) efficiently. Although the detailed mechanism of this 

oxidation is still not clear, it has been postulated that molecular oxygen is most likely to 

be the oxidant · and that TF A facilitates the process. In addition, it was proved that the 

oxidation took place at the stage of treatment of 279 with TF A. 

Intensive effort has been made into the highly challenging reduction of the enamide. 

It appears that Raney-Ni is the more promising catalyst. When the Raney-Ni had a good 

activity, it was able to reduce 280, 325 and 328 under hydrogen at 1500 psi and 65 °C. 
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Experimental Section 

3.1 General Procedures 

Unless otherwise noted, materials were obtained from commercially available 

sources and used without further purification. Toluene, diethyl ether, THF and dimethyl 

formamide were degassed with argon and passed through a solvent system (J.C. Meyer of 

glass Contour). The molecular sieves were activated by heating at 150 °C at 1 mm Hg for 

3h in a vacuum oven. 

All reactions involving hydroscopic substances were conducted with flames or 

oven dried glassware under an inert atmosphere (Ar) dried by passage of atmospheric 

gases through a column packed with CaSO4. 

Chromatographic separations were performed with EM Science TLC plates (silica 

gel 60, F254, 20 x 20cm x 250µm) or with EM Science 230-240 mesh silica gel under 

positive air pressure. Reactions and chromatographic fractions were monitored and 

analyzed with EM Science TLC plates. Visualizations on TLC were achieved with 

ultraviolet light and heating of TLC plates submerged in a 5% solution of 

phosphomolybic acid in 95% ethanol. 

Infrared spectra were recorded on a Perkin-Elmer 1600 series FT-IR as thin films 

from methylene chloride and are reported as Amax in wavenumbers (cm-1
). 

Nuclear magnetic resonance (NMR) spectra were acquired using a Bruker AC-

300, Varian 300 or 400 spectrometers. NMR chemical shifts are given in parts per million 

(ppm) relative to internal CHCh, DMSO, or methanol. Proton (1H) NMRs are tabulated 

in the following order: number of protons, multiplicity (s, singlet; d, doublet; t, triplet; q, 
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quartet; and m, multiplet) and coupling constant in hertz. When appropriate, the 

multiplicity of a signal in denoted as "br" to indicate that the signal was broad. 

Mass spectra were obtained on Fisons VG Autospec. Optical rotations were 

obtained on a Rudolph Research automatic polarimeter Autopol III. 
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3.2 Preparation of Compounds 

OMe 

Me~ OH 

MeoAy 
OBn 
237 

Me~0 

Meo~ BocNy,,,Ph 

OBn Ph 
239 

3-(5-Benzyloxy-2,4-dimethoxy-3-methyl-benzyl)-2-oxo-5,6-diphenyl-

morpholine-4-carboxylic acid tert-butyl ester (239) 

lz (3.96 g, 15.6 rnmol) was added to a solution of PPh3 (4.09 g, 15.6 rnmol) in 

CH2Ch (104 mL) at O °C. After the yellow slurry was stirred for 5 min, a solution of237 

(3.00 g, 10.4 rnmol) and imidazole (1.06 g, 31.2 rnmol) in CH2Ch (69 mL) was added 

dropwise by cannula. After stirring for 30 minutes at O °C, the reaction mixture was 

diluted with CH2Ch (100 mL) and washed successively with 5% NaHSO3 (20 mL), H2O 

(10 mL), brine (10 mL). After drying (Na2SO4) and concentration under reduced pressure, 

the crude product was used for the next stage. 

N-Boc-Williams' lactone 238 (4.03 g, 10.4 mmol) was dissolved in THF (80 mL), 

cooled down to -78 °C and then NaHMDS (11 .40 ml, 11.4 mmol) was added dropwise. 

After the reaction mixture was stirred for 30 min, solution of the crude benzyl iodide in 

THF (50 mL) was dropped in. After 4h at -78 °C the reaction was poured into EtOAc 

(300 mL) and washed with saturated aqueous NH4Cl (30 mL) followed by brine. The 

organic layer was dried (Na2SO4) , concentrated under reduced pressure and purified by 

flash chromatography (silica, 6:1 hexane:AcOEt) affording 239 (4.93 g, 76% yield from 

237). 1H NMR (400 MHz, DMSO, 120°C): 8 1.17 (9H, bs), 2.18 (3H, s), 3.50 (lH, 1/2 

ABX, JAB = 13 .6 Hz), 3.40 (lH, 1/2 ABX, J AB = 13.2 Hz), 3.71 (3H, s), 3.77 (3H, s), 5.07 
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(3H, m), 5.16 (lH, m), 5.73 (lH, s), 6.60 (2H, m), 6.91 (3H, m), 7.49- 7.07 (1 lH, m), 13C 

NMR (75 MHz, CDCh, mixture of rotamers): 8 10.3, 10.4, 28.3, 28.7, 33.9, 34.8, 58.1 , 

59.2, 60.4, 60.8, 61.0, 61.3 , 71.4, 71.5 , 78.7, 79.2, 81.0, 81.7, 114.1, 114.4, 123 .9, 124.5, 

126.0, 126.6, 127.5, 127.6, 127.7, 127.9, 128.0, 128.5, 128.7, 134.6, 126.0, 137.2, 148.3, 

148.6, 152.4, 153.1, 153.8, 169.7, 170.1, IR (NaCl, depos. from CH2Clz): 2932, 2359, 

1757, 1700, 1240cm-1
. [a] 0

25= +24.1 (c=l.0, CH2Clz). HRMS (FAB) calcd for 

C3sH41 NO7 (MH+) 623 .2883; found 623.2887. Mp: 182-183 °C. 
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Me~ O 

Meo~ BocNy,,,Ph 

OBn Ph 

239 

ppm 

1H NMR, 400 MHz, DMSO, 120°C, filename: YY-II-151.1 20°C 

,. _ ... , .. ., n.,,, , ... ll,. ... . .. " ..I , u . ·e ,., • ,, ., ,., ,, .... -, .. "' ,.,,, ·• ITl"l"II"' 
I 1 I 1 

160 H O 1 20 1 00 80 •o 4 0 2 0 ppm 

13C NMR, 75 MHz, CDCh, filename: YY-II-443 .13C 
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Me~ 

MeO~ BocN Y Ph 
OBn Ph 

239 240 

2-Amino-3-(5-hydroxy-2,4-dimethoxy-3-methyl-phenyl)-propionic acid methyl ester 

(240) 

To a solution of 239 (0.10 g, 0.16 mrnol) in CH2Ch (3 mL) was added TFA (0.12 

mL, 1.6 mrnol). After 4 hours the reaction mixture was concentrated under reduced 

pressure. The crude product was used without further purification for the subsequent 

hydrogenation. A pressure tube containing the crude product in lM HCl in MeOH (5 mL) 

was purged with argon for 5 minutes. 20% Pd(OH)2 (10 mg) was then added to the 

mixture and the tube pressurized to 70 psi with hydrogen gas. The tube was then purged 

another 2 times with hydrogen and stirred for 24 hours under 70 psi . After releasing the 

pressure the reaction mixture was filtered through a pad of celite, washed with MeOH (20 

mL) and concentrated under reduced pressure. The resulting residue was diluted with 

CH2Ch (20 mL) and washed with sat. NaHCO3 (2 mL), brine (2 mL). The oganic layer 

was dried (Na2SO4), concentrated down and purified by flash chromatography (silica, 

10:1 CH2Cb: MeOH) affording 240 (37 mg, 85% yield from 239). 1H NMR (400 MHz, 

CDCh): 8 2.18 (3H, s), 2.73 (lH, dd, J= 8.7, 13.6 Hz), 3.01 (lH, dd, J= 4.3, 13.6 Hz), 

3.34 (2H, bs), 3.63 (3H, s), 3.69 (3H, s), 3.72 (3H, s), 3.75 (lH, m), 6.57 (lH, s), 13C 

NMR (100 MHz, CDC13): 8 10.1, 35.6, 52.3, 55.1, 60.7, 60.8, 114.7, 124.8, 126.2, 145.2, 

145.6, 150.7, 175.6, IR (NaCl, depos. from CH2Cl2): 3359, 3294, 2950, 1738, cm-' · 

HRMS (FAB) calcd for C13H20NO5 (MH+) 270.1341; found 270.1329. 
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OMe Met;n:C02Me 
' I NH MeO ,..,_ 2 

OH 

240 

l ppm 

1H NMR, 400 MHz, CDCh, filename: YY-IV-043 

13C NMR, 100 MHz, CDCh, filename: YY-IV-043 .13C 
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Me~0 

Meo~ BocN y ,,,Ph 

OMe 0 

Me~OH " I B N MeO '' oc ~ Ph 
OBn Ph OH Ph 

239 245 

2-[ tert-Bu toxycarbonyl-(1,2-diphenyl-ethyl)-amino )-3-(5-hydroxy-2,4-dimethoxy-3-

methyl-phenyl)-propionic acid (245) 

A pressure tube containing 239 (1.5 g, 2.40 rnrnol) in absolute ethanol (60 ml) was 

purged with argon for 15 minutes, 10% Pd/C (300 mg) was then added to the mixture and 

the tube pressurized to 70 psi with hydrogen gas. The tube was purged another 2 times 

with hydrogen and the pressurized tube then stirred for 24 hours. After releasing the 

pressure the reaction mixture was filtered through a pad of celite and concentrated under 

reduced pressure. The resulting residue was purified by chromatography (silica, 1: 1 

hexane:AcOEt) affording 245 (1.2g, 93% yield). 1H NMR (300MHz, CDC13, mixture of 

rotamers, major isomer was reported): 1.32 (9H, s), 2.07 (3H, s), 2.67 (lH, dd, J= 8.4, 

14.1 Hz), 3.18 (3H, m), 3.39 (3H, s), 3.72 (3H, s), 4.0 (lH, t, J= 7.8 Hz), 5.21 (lH, s), 

5.54 (lH, dd, J= 4.2, 10.2 Hz), 6.04 (lH, s), 7.18-7.35 (l0H, m), 12.37(1H, hr) . 13C NMR 

(75 MHz, CDCh, mixture ofrotamers) : 8 10.2, 28.3, 30.1, 37.2, 60.9, 61.3 , 63.1, 114.2, 

126.8, 128.0, 128.3, 128.5, 128.7, 129.5, 138.3 , 144.9. IR (NaCl, depos. from CH2Cb): 

3384, 3029, 2931, 1692, 1482, 1453, 1418, l 160cm-1. HRMS (FAB) calcd. For 

C31H3sNO1 (MH+): 536.2648, Found: 536.2650. [a]o25 = +20.5 (c= 1.0, CH2Cb). 
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1 3 12 11 10 

OMe 0 

Me~ OH 

MeO~ BocN'("Ph 
OH Ph 

245 

1H NMR, 300 MHz, CDCh, filename: YY-II-445 

130 ll O 110 1 0 0 60 5 0 20 

13C NMR, 75 MHz, CDCh, filename: YY-II-455.13C 
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OMe 0 

Me:¢c(OH 
' I B N MeO '' oc '("'Ph 

OH Ph 
245 

OMe 

Me~OH 

MeO~ BocN'("'Ph 
OH Ph 

246 

(1,2-Diphenyl-ethyl)-[2-{5-hydroxy-2,4-dimethoxy-3-methyl-phenyl)-1-

hydroxymethyl-ethyl]-carbamic acid tert-butyl ester (246) 

To a solution of 245 (6.4 g, 11.90 mmol) in THF (237 mL), NMM (1.3 mL, 11.90 

mmol) was added followed by isobutylchloroformate (1.6 mL, 11.90 mmol). After 

stirring at room temperature for 20 minutes, the resulting reaction mixture was filtered 

through Celite and added to an ice-cold suspension of NaBH4 (2.3 g, 60 mmol) in water 

(120 mL). The reaction mixture was stirred at 0 °C for 3 hours and then quenched with 

lM HCl (50 mL). The resulting mixture was stirred for another hour at 0 °C and then 

extracted with EtOAc, washed with brine and dried (Na2SO4). After concentration under 

reduced pressure, the resulting residue was purified by flash chromatography (silica, 4: 1 

hexane:AcOEt) affording 246 (4.6 g, 75% yield from 245). 1H NMR (400 MHz, DMSO, 

120°C): 8 1.42 (9H, s), 2.00 (3H, s), 2.23 (lH, m), 2.87 (lH, dd, J= 8.1 , 13.8 Hz), 3.17 

(lH, m), 3.40 (3H, s), 3.34- 3.47 (2H, m), 3.60 (3H, s), 3.60- 3.70 (2H, m), 4.05 (lH, bs), 

5.15 (lH,dd, J= 3.2, 9.1 Hz,), 6.18 (lH, s), 7.03- 7.33 (l0H, m), 8.08 (lH, bs). 13C NMR 

(75 MHz, CDCh, mixture of rotamers): 8 10.7, 29.3, 38.7, 60.4, 61.3, 61.4, 65.5, 81.3 , 

114.8, 124.6, 127.0, 128.1, 128.6, 129.0, 129.8, 139.3, 140.8, 144.9, 145.7, 150.6, 156.9. 

IR (NaCl, depos. from CH2Ch): 3389, 2973, 2930, 1660, 1452, 1165cm-' . HRMS (FAB) 

calcd. For C31 H40NO6 (MHl: 522.2856, Found: 522.2879. [a] 0
25 = +34.2 (c= 1.0, CH2Ch) 
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OMe 

Me~ OH 

MeO~ BocN'("'Ph 
OH Ph 

246 

1H NMR, 400 Hz, DMSO, 120°C, filename: YY-II-157.120°C 

ppm 

150 140 130 120 11 0 10 0 90 80 70 60 50 40 30 20 ppn 

13C NMR, 75 MHz, CDCh, filename: YY-II-453 .13C 
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5-( (S)-3-( tert-butyldimethylsilyloxy)-2-( (R)-1,2-diphenylethylamino )propyl)-2,4-

dimethoxy-3-methylphenol (243) 

To a solution of 246 (4.6 g, 8.80 mmol) in CH2Cb (176 mL), TFA (33.9 mL, 44.00 

mmol) was added dropwise at room temperature and the resulting solution was stirred for 

40 minutes. The reaction mixture was diluted with CH2Cl2 (500 mL), washed with water 

(50 mL) saturated aqueous NaHCO3 (50 mL), brine (50 ml) and dried (Na2SO4). After 

concentration under reduced pressure, the resulting crude amine used directly without 

further purification. 1H NMR (300MHz, CDCIJ): 2.20 (3H, s), 2.34 (lH, dd, J= 9, 15.6 

Hz), 2.69 (2H, m), 2.83 (lH, dd, J= 8.7, 13.5 Hz), 2.93 (lH, dd, J= 3.9, 10.8 Hz), 3.09 

(lH, dd, J= 5.7, 11.1 Hz), 3.22 (lH, dd, J= 3.9, 10.8 Hz), 3.56 (3H, s), 3.75 (3H, s), 3.97 

(lH, dd, J= 6.0, 8.4 Hz), 6.27 (lH, s), 7.05-7.30 (l0H, m). 

To a stirred solution of the crude amine in CH2Cb (880 mL) was added TBSCl 

(2.65 g, 17.6 mmol) followed by Et3N (3 .7 mL, 26.40 mmol). After 19 hours the mixture 

was washed with saturated aqueous NH4Cl, brine, dried (Na2SO4) and concentrated under 

reduced pressure. The resulting residue was purified by flash chromatography (silica, 6: 1 

hexane:AcOEt) affording 243 (4.15 g, 88% yield from 246). 1H NMR (300MHz, CDCh): 

o -0.05 (6H, s), 0.84 (9H, s), 2.20 (3H, s), 2.53 (lH, dd, J= 7.5 , 13.2 Hz), 2.70 (2H, m), 

2.88 (2H, m), 3.33 (lH, s), 3.35 (lH, s), 3.50 (3H, s), 3.76 (3H, s), 3.94 (lH, t, J= 6.6 Hz), 

6.46 (lH, s), 7.00-7.30 (l0H, m). 13C NMR (75 MHz, CDCh): o -5.0, 10.3, 18.6, 26.3 , 

32.0, 46.0, 57.4, 60.8, 61.0, 62.6, 65 .8, 114.5, 124.2, 126.2, 127.0, 127.7, 128.2, 128.9, 

129.5, 139.0, 144.2, 144.2, 145.0, 150.6. IR (NaCl, depos. from CH2Cb): 3341, 3061 , 
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3027, 2951 , 2929, 2855, 1601, 1481 , 1453 cm-1
• HRMS (FAB) calcd. For C32H46NO4 Si 

(MH+): 536.3196, Found: 536.3197. [a] 0
25 = -4.9 (c= 1.0, CH2C}i). 

OMe 

Me~ OH 

Meo~ HN T Ph 
OH Ph 

1H NMR, 300 MHz, CDClJ, filename: YY-1-344 
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ppm 

1H NMR, 300 MHz, CDCh, filename: YY-II-160 

I I I .. 

14 0 1 20 1 00 ao , o 4 0 20 O ppm 

13C NMR, 75 MHz, CDCh, filename: YY-II-160.13C 
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M::~:Ph -----M::~TBS 
OH Ph OH 

243 241 

(S)-5-(2-amino-3-(tert-butyldimethylsilyloxy)propyl)-2,4-dimethoxy-3-methylphenol 

(241) 

A pressure tube containing 243 (100 mg, 0.19 mmol) in absolute ethanol (5 ml) was 

purged with argon for 5 minutes, 20% Pd(OH)2 (10 mg) added to the mixture and the 

tube pressurized to 70 psi with hydrogen gas. The tube was then purged another 2 times 

with hydrogen. The pressurized tube was then stirred for 24 hours at 70 psi. After 

releasing the pressure the reaction mixture was filtered through a pad of celite and 

concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (silica, 20:1 EtOAc:MeOH) affording 241 (66 mg, 95% yield from 243). 

1H NMR (300MHz, CDCh): 8 0.07 (6H, s), 0.92 (9H, s), 2.23 (3H, s), 2.52 (lH, 1/2 

ABX, JAB= 8.6 Hz), 2.74 (lH, 1/2 ABX, JAs = 5.1 Hz), 3.15 (lH, m), 3.50 (lH, 1/2 ABX, 

JAB = 6.4 Hz), 3.60-3.68 (lH, m), 3.66 (3H, s), 3.79 (3H, s), 6.61 (lH, s). 13C NMR (75 

MHz, CDCh): 8 -5.0, 10.2, 18.6, 26.2, 34.3, 53.9, 60.7, 60.9, 67.6, 114.5, 124.9, 127.7, 

144.9, 145.8, 150.4. IR (NaCl, depos. from CH2Cli): 3356, 2952, 2930, 2856 cm-1• 

HRMS (FAB) calcd. For C18H34NO4 Si (MH+): 356.2257, Found: 356.2261. 
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Me~TBS 

Meo~ NH2 
OH 

241 

o ppm 

1H NMR, 300 MHz, CDCh, filename: YY-#-038 

HO 120 1 00 80 60 40 20 ppm 

13C NMR, 75 MHz, CDCh, filename: YY-#-038.13C 
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241 

Me~TBS 

MeO+NH 
OH C02Et 

248a 

ethyl 3-( ( tert-butyldimethylsilyloxy )methyl)-8-hydroxy-5, 7-dimethoxy-6-methyl-

1,2,3,4-tetrahydroisoq uinoline-1-carboxylate (248) 

To a solution of 241 (20 mg, 0.06 mmol) in MeCN (1 mL) was added glyoxalate 

(17 µL, 0.09 mmol). The reaction mixture was warmed to 45 °C and stirred for 16 hours. 

After concentrated under reduced pressure, the resulting residue was purified by 

chromatography (silica, 6:1 EtOAc:Hexane) affording 248 of two diastereomers (16 mg, 

62% yield from 241). 

To a solution of 248 (16 mg, 0.04 mmol) in THF (0.80 mL) was added DBN (2 µL, 

0.02 mmol). After stirring for 12 hours, the reaction mixture was quenched with saturated 

NH4Cl (1 mL) and extracted with EtOAc(l0 ml) . The organic layer was washed with 

brine, dried (Na2SO4) and concentrated under reduced pressure. The resulting residue was 

purified by flash chromatography (silica, 6: 1 hexane:AcOEt) affording 248a (13 mg, 

80% yield from 248). 1H NMR (300MHz, CDCh): 8 0.15 (3H, s),0.17 (3H, s), 1.00 (9H, 

s), 1.35 (3H, t, J= 7.0 Hz), 2.28 (3H, s), 2.40 (lH, dd, J= 11.3, 15 .5 Hz), 2.81 (lH, dd, J= 

3.7, 16.8 Hz), 3.18(1H, m), 3.63 (lH, m), 3.71 (3H, s), 3.83 (3H, s), 3.87 (lH, 3.7, 10.0 

Hz), 4.28 (2H, m), 4.96 (lH, s), 6.13 (lH, m). ). 13C NMR (75 MHz) (CDCh): 8 -5.3 , -

5.2, 9.7, 14.4, 18.4, 25.5, 26.0, 51.3 , 55.3 , 60.0, 60.9, 61.7, 66.9, 123.5, 143.0, 144.2, 

150.0. HRMS (FAB) calcd. For C22H38NO6 Si (MH+): 440.2468, Found: 440.2479. 
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1'0 

Me~TBS 

MeO~ NH 
OH C02Et 

248a 

1H NMR, 300 MHz, CDCb, filename: YY-#039 

HO 120 100 80 ,o 40 20 

13C NMR, 75 MHz, CDCIJ, filename: YY-#-039.13C 
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Me~OMe 0
0 

:::,.... I BocN J ,,,Ph 
MeO : 

OBn Ph 

M•~. 
MeO~ BocN Y Ph 

OH Ph 
239 249 

(3S,5S,6R)-tert-butyl 3-(5-hydroxy-2,4-dimethoxy-3-methylbenzyl)-2-oxo-5,6-

diphenylmorpholine-4-carboxylate (249) 

A solution of 239 (100 mg, 0.16 mmol) in THF (10 mL) was purged with argon for 

5 min and 5% Pd/C (10 mg) was then added. The reaction mixture was then stirred under 

a hydrogen balloon for 12h. After this time, the reaction mixture was filtered through a 

pad of celite and concentrated under reduced pressure. The resulting residue was purified 

by chromatography (silica, 3:1 Hexane: EtOAc) affording 249 (81 mg, 95% yield from 

239). 1H NMR (300MHz, CDCh, mixture of rotamers in 1: 0.5 ratio): 1.33 (13.5H, s), 

2.33 (I.SH, s), 2.35 (3H, s), 3.37 (I.SH, m), 3.53 (0.5H, dd, J= 7.4, 13.4 Hz), 3.69 (lH, 

dd, J=7.l, 13.4 Hz), 3.78 (4.5H, s), 3.86 (4.5H, s), 4.83 (lH, s), 5.05 (lH, s), 5.15 (0.5H, 

s), 5.25 (0.5H, t, J= 5.6 Hz), 5.38 (lH, t, J= 5.6 Hz) 5.45 (1.5H, s), 5.50 (0.5H, s), 6.55-

7.38 (15H, m). 13C NMR (75 MHz, CDCh, mixture ofrotamers): 8 10.2, 28.0, 28.5, 29.9, 

33.7, 57.8, 61.0, 78.6, 80.9, 81.8, 114.6, 115.1, 125.8, 126.6, 126.7, 127.4, 127.5, 127.7, 

127.9, 128.0, 128.1, 128.5, 134.7, 137.1, 145.5, 151.5, 153.7, 169.9 
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:::,.._ I BocN~ ,,,Ph 
MeO : 

OH Ph 

249 

ppm 

1H NMR, 300 MHz, CDCh, filename: YY-1-181 

180 160 uo 1 20 100 8 0 60 '° 20 ppm 

13C NMR, 75 MHz, CDCh, filename : YY-1-181.BC 
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Me ~ OMe O O 

::::,,. I BocN --._),,,Ph 
MeO : 

OH Ph 

Me:r¢rx0Me O 
0 

::::,__ I HN --._),,,Ph 
MeO : 

OH Ph 
249 242 

(3S,5S,6R)-3-(5-hydroxy-2,4-dimethoxy-3-methylbenzyl)-5,6-diphenylmorpholin-2-

one (242) 

To a solution of249 (81 mg, 0.15 mmol) in CH2Cb(3 mL), was added TFA (0.12 

mL, 1.5 mmol). After stirring for 4 h, the reaction was quenched with H2O (0.5 mL), 

washed with saturated NaHCO3 (2 x 0.5 mL) and brine. The organic layer was dried 

(Na2SO4) and concentrated under reduced pressure. The resulting residue was purified by 

flash chromatography (silica, 1: 1 hexane:AcOEt) affording 242 (55 mg, 85% yield from 

249). 1H NMR (400MHz, CDCh): 6 2.14 (3H, s), 3.20-3.37 (2H, m), 3.65 (3H, s), 3.71 

(3H, s), 4.35 (lH, dd, J= 4.7, 9.2 Hz), 4.69 (lH, s), 5.46 ( (lH, bs), 5.62 (lH, s), 6.67 (lH, 

s), 6.83-7.20 (l0H, m). 13C NMR (100 MHz) (CDCh): 6 10.1 , 33.7, 57.1, 60.9, 114.5, 

127.4, 127.8, 128.1 , 128.3, 128.4, 135 .1, 145.2, 145.6, 151.0, 173.0. IR (NaCl, depos. 

from CH2Cb): 3330, 2938, 1731 cm·1
• HRMS (FAB) calcd. For C26H2sNO5 (MH+): 

434.1967, Found: 434.1969. 
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Me•XOMe O O 

I HNJ,,, 
MeO : Ph 

OH Ph 

242 

1H NMR, 400 MHz, CDCh, filename: YY-I-127 

H O 1 20 100 8 0 •• 4 0 20 

13C NMR, 100 MHz, CDCh, filename: YY-I-127.13C 
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M::WPh ____ M:~Ph 
OH Ph 

OBn 
242 253 

(3R,4S,11 aS)-6-(benzyloxymethyl)-7-hydroxy-8,10-dimethoxy-9-methyl-3,4-

diphenyl-3,4,11,l la-tetrahydro-[1,4] 0xazino[ 4,3-b ]isoquinolin-1( 6H)-one (253) 

To a solution of 242 ( 95 mg, 0.22 mmol) in MeCN (2.2 mL), was added 250 (50 

mg, 0.33 mmol) and the reaction warmed to 50 °C. After stirring for 20 h the reaction 

was concentrated under reduced pressure. The residue was purified by flash 

chromatography (silica, 6: 1 hexane:AcOEt) affording a mixure of 253a and 253b (110 

mg, 88% yield from 242) . For the cis isomer 1H NMR (300MHz, DMSO): 8 2.08 (3H, s), 

2.78 (lH, dd, J=l 1.7, 15.6 Hz), 3.37-3.47 (2H, m), 3.55 (3H, s) , 3.58 (3H, s), 3.64 (lH, 

dd,, J= 1.8, 9.3 Hz), 3.97 (lH, dd, J= 1.8, 9.2 Hz), 4.34 (lH, d, J= 6.4 Hz), 4.56 (lH, d, 

J= 11.9 Hz), 4.67 (lH, d, J= 11.9 Hz), 5.06 (lH, d, J= 3.8 Hz), 6.15 (lH, d, J= 4.0 Hz), 

7.03-7.46 (15H, m), 8.72 (lH, s). 13C NMR (100 MHz, CDC13): 8 9.8, 55.1, 61.0, 73 .7, 

125.6, 127.6, 128.0, 128.2, 128.5, 128.7, 131.0, 138.4, 142.2, 144.4, 149.1. IR (NaCl, 

depos. from CH2Cli): 3409, 2927, 1739, 1453 cm-1
. HRMS (FAB) calcd. For C35H36NO6 

(MH+): 566.2543, Found: 566.2534. For the trans isomer 1H NMR (300MHz, DMSO): 8 

2. 11 (3H, s), 2.84 (lH, dd, J= 5.7, 17.2 Hz), 3.22 (lH, dd, J= 11.9, 17.2 Hz), 3.42 (lH, dd, 

J= 2.7, 10.4 Hz), 3.53 (3H, s), 3.64 (3H, s), 3.74 (lH, dd, J= 8.2, 10.1 Hz), 4.29 (lH, dd, 

J= 2.9, 7.7 Hz), 4.37 (2H, s), 4.61 (lH, d, J= 4.8 Hz), 4.68 (lH, dd, J= 5.5, 11.4 Hz), 5.65 

(lH, d, J= 4.6 Hz), 6.90-7.36 (15H, m), 8.48 (lH, s). 
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ppm 

1H NMR, 300 MHz, DMSO, filename: YY-1-120 

H O 120 10 0 80 •• 40 20 PP" 

13C NMR, 100 MHz, CDCh, filename: YY-I-120.13C 
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1H NMR, 300 MHz, DMSO, filename: YY-I-111 
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M::W'Ph ___ M::~'Ph 
OH Ph bsl ~f 

242 OTBS 
254 

(3R,4S, 11 aS)-6-( ( tert-butyldimethylsilyloxy )methyl)-7-hydroxy-8, 10-dimethoxy-9-

methyl-3,4-diphenyl-3,4, 11,l l a-tetrahydro-[ 1,4] oxazino[ 4,3-b] isoquinolin-1 (6H)-one 

(254) 

To a solution of242 (526 mg, 1.2 mmol) in MeCN (4 mL), was added 251 (313 mg, 

1.8 mmol) and the reaction was warmed to 65 °C. After 24 h the reaction was 

concentrated under reduced pressure and the residue was purified by flash 

chromatography (silica, 6: 1 hexane:AcOEt) affording a mixure of 254 (564 mg, 80% 

yield from 242). 1H NMR (300MHz, CDCh, mixture of two diastereomers) : 6 -0.09 

(1.2H, s), -0.05 (1.2H, s), 0.15 (3H, s), 0.18 (3H, s), 0.81 (3.6H, s), 1.00 (9H, s), 2.28 (3H, 

s), 2.25 (1.2H, s), 2.80 (lH, t, J= 11.7 Hz), 3.08 (0.4H, dd, J= 5.9, 17.8 Hz), 3.27 (lH, dd, 

J= 11.4, 17.2 Hz), 3.59 (lH, dd, J= 2.8, 11.4 Hz), 3.68 (3H, s), 3.71 (0.4H, m), 3.73 (3H, 

s), 3.75 (1.2H, s), 3.76 (1.2H, s), 3.84 (1.8H, m), 4.04 (lH, dd, J= 3.7, 9.7Hz ), 4.22 

(0.4H, t, J= 5.3Hz), 4.42 (1.4H, m), 4.73 (lH, dd, J= 6.0, I 1.0 Hz), 5.10 (IH, d, J= 4.0 

Hz), 5.69 (0.4H, d, J= 4.6 Hz), 5.94 (IH, s), 6.25 (0.4H, s), 6.30 (IH, m), 6.90-7.34 (14H, 

m). 
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ppm 

1H NMR, 300 MHz, CDCb, filename: YY-1-170 
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M:~Ph /1:1·~~ 
OTBS 

254 

Me 

Meo 

OMe 

Ph 
OTBS 

256 

Me 

Meo 

(3R,4S,6R,11 aS)-7-( tert-butyldimethylsilyloxy)-6-((tert-

butyldimethylsilyloxy )methyl)-8, 1 0-dimethoxy-9-methyl-3,4-diphenyl-3,4,11, 11 a-

tetrahydro-[ 1,4] oxazino [ 4,3-b] isoq uinolin-1 ( 6H)-one (257) 

To a solution of 254 (564 mg, 0.95 mmol) in DMF (1.9 mL) was added NaH (50 

mg, 1.24 mmol) at 0°C. After stirring for 20min, Mel (77 µL, 1.24 mmol) was added to 

the reaction mixture and the reaction warmed to r. t. After 2 h the reaction was quenched 

with sat. aq. NH4Cl (2 mL) and diluted with ether (50 mL). After washing with H2O (10 

mL), the organic layer was washed with brine, dried (Na2SO4) and concentrated under 

reduced pressure. The resulting residue was purified by flash chromatography (silica, 

10:1 hexane:AcOEt) affording 257 as by product. 1H NMR (300MHz, CDCh): 8 -0.38 

(3H, s), 0.10 (6H, s), 0.12 (3H, s), 0.8 1 (9H, s), 0.97 (9H, s), 2.15 (3H, s), 2.83 (lH, dd, J 

= 11.5, 15.6 Hz), 3.57 (lH, m), 3.59 (3H, m), 3.66- 3.81 (2H, m), 3.71 (3H, s), 4.00 (lH, 

dd, 1=2.1, 9.3 Hz), 4.30 (lH, d, 1 =7.3 Hz), 5.17 (lH, d, 1 =4.0 Hz), 6.18 (lH, d, 1 =4.0 

Hz), 7.06-7.28 (l0H, m). 13C NMR (100 MHz, CDCh): 8 -5 .2, -5.1 , -4.8, -3 .2, 9.7, 18.5, 

18.7, 26.3 , 29.0, 55.5, 57.8, 59.9, 60.7, 64.2, 70.4, 84.1, 123 .6, 124.6, 125.6, 126.1, 127.7, 

128.1, 128.6, 131.2, 133.4, 136.6, 142.1 , 148.5, 150.1 IR (NaCl, depos. from CH2Ch): 

2953, 2930, 2857, 1745 cm-1
. HRMS (FAB) calcd. for C40H58NO6 Si2 (MH+): 704.3803, 

Found: 704.3781. 
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1H NMR, 300 MHz, CDCh, filename: YY-diTBS-Pictet 
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13C NMR, 100 MHz, CDCh, filename: YY-diTBS-Pictet.13C 
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(3R,4S,11 aS)-ethyl 7-hydroxy-8,10-dimethoxy-9-methyl-1-oxo-3,4-diphenyl-

1,3,4,6,11,11 a-hexahydro-[1,4] oxazino[ 4,3-b ]isoquinoline-6-carboxylate (255) 

To a solution of 242 (13 mg, 0.03 mmol) in MeCN (0.6 mL), was added 252 (8.5 

µL, 0.04 mmol) and the reaction heated to reflux. After 12 h the reaction was 

concentrated under reduced pressure and the residue purified by flash chromatography 

(silica, 6: 1 hexane:AcOEt) affording a mixure of 255 (13 mg, 90% yield from 242). 1H 

NMR (300MHz, CDC13, mixture of two dieasteremers in 1: 0.4 ratio) : 8 0.99 (3H, t, J= 

7.1 Hz), 1.34 (1.2H, t, J= 7.2 Hz), 2.28 (1 .2H, s),2.26 (3H, s), 3.08 (1 .4H, m), 3.42 (2H, 

m), 3.66 (1.4H, m), 3.71 (2.4H, s), 3.75 (6H, s), 4.33 (0.8H, m), 4.4 (lH, d, J= 3.5 Hz), 

4.59 (0.8H, m), 4.82 (lH, s), 5.08 (lH, dd, J= 4.8, 12.0 Hz), 5.61 (0.4H, s), 5.72 (lH, s), 

5.86 (lH, d, 1=3 .5 Hz), 6.16 (0.4H, d, J= 3.6 Hz), 6.84-7.32 (14H, m). 
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ppm 

1H NMR, 300 MHz, CDCh, filename : YY-I-152 
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OMe 

Me~ OTBS 

Meo~ HN ~ Ph 
OH Ph 

243 

OMe 

Me~ OTBS 

MeO~ N~ Ph 
OH Ph 

C02Et 256a 

3-( tert-Butyl-dimethyl-silanyloxymethyl)-2-(1,2-diphenyl-ethyl)-8-hydroxy-5, 7-

dimethoxy-6-methyl-1,2,3,4-tetrahydro-isoq uinoline-1-carboxylic acid ethyl ester 

(256a) 

To a solution of 243 (6.25 g, 11.66 mmol) in CH3CN (116 mL), was added 

glyoxalate (3.5 mL, 17.5 mmol) and the reaction warmed to 40°C. After 3.5 days at 40 °C, 

the reaction mixture was concentrated under reduced pressure, and purified by flash 

chromatography (silica, 3:1 hexane:AcOEt) affording 256a (6.65g, 92% yield from 243). 

1H NMR (300MHz, CDC13) : 8 -0.06 (6H, s), 0.87 (9H, s), 1.30 (3H, t, J= 7.2 Hz), 2.15 

(3H, s), 2.72 (lH, dd, J=4.8 , 16.2 Hz), 2.83 (lH, dd, J=7.8, 17.1 Hz), 3.02 (lH, dd, J=8.4, 

13.5 Hz), 3.25 (lH, dd, J=7.2, 9.9 Hz), 3.44 (3H, m), 3.51 (3H, s), 3.74 (3H, s), 4.19 (2H, 

m), 4.44 (lH, t, J= 6.3 Hz), 5.17 (lH, s), 5.84 (lH, s), 7.02-7.28 (l0H, m). 13C NMR (75 

MHz) (CDCh): 8 -5 .0, 9.9, 14.6, 18.6, 22.5 , 26.3 , 40.8, 56.0, 56.5, 60.4, 61.0, 61.3, 65.1 , 

65 .9, 119.2, 122.9, 125.4, 126.0, 127.1 , 127.8, 128.1 , 130.0, 140.2, 142.0, 142.3, 143.7, 

150.0, 173.9. IR (NaCl, depos. from CH2Cb): 3423 , 3028, 2952, 2930, 2855 , 1729, 1463, 

1413 cm- 1. HRMS (FAB) calcd. for C36H50NO6 Si(MH+): 620.3407, Found: 620.3389. 
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1 ppm 

1H NMR, 300 MHz, CDCh, filename: YY-II-161 

HO 120 100 80 60 4 0 20 ppm 

13C NMR, 75 MHz, CDC13, filename : YY-II-161.1 3C 
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Me~OTBS ____ Me~OTBS 

MeO~ N'("'Ph MeO~ NH 
OH ! Ph OAc C02Et 

C02Et 
256a 274c 

8-Acetoxy-3-(tert-butyl-dimethyl-silanyloxymethyl)-5,7-dimethoxy-6-methyl-1,2,3,4-

tetrahydro-isoquinoline-1-carboxylic acid ethyl ester (274c) 

To a solution of 256a (6.65 g, 10.70 rnmol) in CH2Ch was added Et3N (4.5 mL, 

32.10 mmol) dropwise at O °C followed by AcCl (0.84 mL, 11.8 rnmol). After 30 minutes 

at O °C, the reaction mixture was filtered through 1 g silica. The filtrate was concentrated 

under reduced pressure and the crude acetate was used in the next step. 

A pressure tube containing the crude acetate (7.0 g) in absolute ethanol (280 ml) 

was purged with argon for 15 minutes, Pd(OH)i (700 mg) added to the mixture and the 

tube pressurized to 80 psi with hydrogen gas. The tube was then purged another 2 times 

with hydrogen. After 2 days, the pressure was released and the reaction filtered through a 

pad of celite. After concentration under reduced pressure, the residue was purified by 

chromatography (silica, 1: 1 hexane:AcOEt) affording 274c. (1.2g, 93% yield from 256a). 

1H NMR (300MHz, CDCh): 8 -0.08 (6H, d, J= 4.5 Hz), 0.91 (9H, s), 1.26 (3H, t, J= 7.2 

Hz), 2.22 (3H, s), 2.27 (3H, s), 2.38 (lH, m), 2.76 (lH, dd, J= 3.9, 16.5 Hz), 3.20 (lH, m), 

3.58 (lH, m), 3.7 (6H, s), 3.80 (lH, dd, J1=3.3, Ji=9.9 Hz), 4.18 (2H, q, J= 7.2, 14.4 Hz), 

4.69 (lH, s); 13C NMR (75 MHz, CDCh): 8 -5.0, -4.9, 10.1 , 14.62, 18.6, 20.8, 25 .6, 26.2, 

50.5, 55.8, 60.0, 61.5, 67.0, 124.2, 124.8, 124.9, 138.1 , 148.8, 154.7, 168.4, 172.1 ; IR 

(NaCl, depos. from CH2Ch): 2932, 2856, 1770, 1736, 1199, 1109, 83 7 cm·1
. HRMS 

(FAB) calcd. For C24H40NO7Si (MH+): 482.2574, Found: 482.2573. [a] 0
25= -20.6 (c=l.0, 
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1H NMR, 300 MHz, CDCh, filename: YY-1-400 

140 120 100 80 60 •o 20 

13C NMR, 75 MHz, CDCh, filename: YY-II-165.13C 

136 

ppm 

ppm 



OMe 

Me~OTBS 

MeO~ NH 
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OMe 

Me~OTBS 

MeO~ N~~-Boc 
OAc i O Bn 

CO2Et 
276 

8-Acetoxy-2-[2-(benzyl-tert-bu toxycarbonyl-amino )-acetyl]-3-( tert-bu tyl-dimethyl-

silanyloxymethyl)-5, 7-dimethoxy-6-methyl-1,2,3,4-tetrahydro-isoquinoline-1-

carboxylic acid ethyl ester (276) 

To a solution of274c (2.0 g, 4.15 mmol) in CH2C}z (2 mL) was added EDCI (1.2 g, 

6.23 mmol) followed by N-Bn, N-Boc glycine (277) (2.2 g, 8.3 mmol). After stirring for 

two and half days, the reaction mixture was diluted with EtOAc (200 mL), washed with 

water (50 mL) brine (50 mL) and dried (Na2SO4). After concentration under reduced 

pressure, the resulting residue was purified by flash chromatography (silica, 6: 1 

hexane:AcOEt) affording 276 (2.9 g, 97% yield). 1H NMR (400 MHz, DMSO, 120°C): 8 

-0.20 (6H, d, J= 9.8 Hz), 0.78 (9H, s), 1.12 (3H, t, J= 7 Hz), 1.41 (9H, s), 2.18 (3H, s), 

2.32 (3H, s), 2.91- 3.09 (2H, m), 3.27 (2H, d, J= 15.8 Hz), 3.69 (6H, s), 3.85- 4.11 (3H, 

m), 4.21- 4.35 (2H, m), 4.35 (lH, d, J=15 .6 Hz), 4.47 (lH, d, J=15 .6 Hz), 5.47 (lH, s), 

7.16- 7.41 (5H, m). 13C NMR (75 MHz, CDCh, mixture of rotamers) : 8 -5 .5, -5 .3, 10.3, 

14.1, 18.5, 21.1 , 23 .7, 26.1 , 28.6, 28.7, 47.9, 51.0, 51.6, 60.1 , 61.0, 62.0, 63.3 , 63.6, 80.6, 

121.9, 123.2, 126.3, 127.5, 127.8, 128.4, 128.7, 137.7, 138.1 , 138.3, 150.0, 154.9, 156.1, 

168.2, 169.8, 170.1. IR (NaCl, depos. from CH2C}z): 2931 , 2857, 1780, 1743, 1703, 

1667, 1411 , 1120, 1117 cm-1
. HRMS (FAB) calcd. For C3sH57N2O1oSi (MH+): 729.3783 , 

Found: 729.3787. [a] 0
25= +43 .7 (c=l.0, CH2C}z). 
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1H NMR, 400 MHz, DMSO, 120°C, filename: YY-III-232.120°C 

13C NMR, 75 MHz, CDC13, filename: YY-III-232.13C 
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OMe OMe 

Me~OTBS Me~OH 
, I N Boe ----- MeO I =- N'-/'- ~ - Boc 

MeO '' = n f 11 
OAc Q Bn OAc 0 Bn 

CO2 Et C02Et 
276 278 

8-Acetoxy-2-[2-(benzyl-tert-bu toxycarbonyl-amino )-acetyl]-3-hydroxymethyl-5, 7-

dimethoxy-6-methyl-1,2,3,4-tetrahydro-isoq uinoline-1-carboxylic acid ethyl ester 

(278) 

To a solution of 276 (1.08 g, 1.5 mmol) in THF/ MeOH (16 mmL/ 1 mmL) was 

added TBAF (IM in THF, 1.8 mL, 1.8 mml) and the reaction was stirred at r.t. for 18 h. 

After this time the reaction was quenched with sat. aq. NH4Cl (5 mL) and diluted with 

EtOAc (200 mL). The organic layer was washed with brine and dried ((Na2SO4). After 

concentration under reduced pressure the resulting residue was purified by flash 

chromatography (silica, 3:1 hexane:AcOEt) affording 278 (0.82 g, 89% yield). 1H NMR 

(400MHz, DMSO, 120°C): 8 1.13 (3H, t, J= 6.7 Hz), 1.42 (9H, s), 2.19 (3H, s), 2.33 (3H, 

s), 2.93 (lH, dd, J= 15, 5.4 Hz), 3.10 (lH, bs), 3.25 (IH, d, J= 15 .7 Hz), 3.69 (3H, s), 

3.70 (3H, s), 3.8~.10 (2H, m), 4.14---4.30 (3H, m), 4.40-4.54 (3H, m), 5.50 (lH, s), 

7.23-7.38 (SH, m). 13C NMR (75 MHz, CDCb, mixture ofrotamers): 8 10.3 , 14.1 , 21.1 , 

23.9, 24.5 , 28.6, 28 .7, 48 .0, 51.1 , 52.7, 53.4, 53.5, 60.9, 61.3 , 62.2, 63 .8, 65.0, 80.9, 121.7, 

123.3, 126.4, 127.5, 128.4, 128.7, 137.9, 138.1 , 150.2, 154.5, 156.4, 168.1 , 170.0. IR 

(NaCl, depos. from CH2Ch): 3463, 2937, 1778, 1699, 1411, 1200 cm-1. HRMS (FAB) 

calcd. For C32H43N2O1 0 (MH+) : 615.2918, Found: 615.2912. [a] 0
25= +68.8 (c=l.0, 

139 



278 

ppm 

1H NMR, 400 MHz, DMSO, 120°C, filename: YY-III-246.120°C 

1'0 u o 1 20 1 00 8 0 ,o 4 0 20 ppm 

13C NMR, 300 MHz, CDCh, filename: YY-III-246.13C 
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8-Acetoxy-2-[2-(benzyl-tert-butoxycarbonyl-amino )-acetyl ]-3-formyl-5, 7-

dimethoxy-6-methyl-1,2,3,4-tetrahydro-isoq uinoline-1-carboxylic acid ethyl ester 

(279) 

To a solution of (COCl)i (O. l 7mL, 1.95 mmol) in CH2Ch (3.25 mL) at -78°C, was 

added DMSO (0.18 mL, 2.60 mmol) dropwise. After 5 minutes a solution of 278 ( 400mg, 

0.65 mmol) in CH2Cl2 (5.00 mL) was added dropwise. After a further 45 minutes, Et3N 

(0.90 mL, 6.5 mmol) was added to the reaction mixture and it was kept at -78°C for 5 

min and then warmed to 0°C. The reaction was then quenched with and diluted with 

CH2Ch (20 mL). The organic layer was washed with saturated NH4Cl (3 mL) followed 

by brine and dried ((Na2SO4). After concentration under reduced pressure the resulting 

residue was purified by flash chromatography (silica, 3: 1 hexane:AcOEt) affording 279 

(0.32 g, 80% yield). 1H NMR (400 MHz, DMSO, 120°C): 8 1.13 (3H, t, J= 7.0 Hz), 1.41 

(9H, s), 2.17 (3H, s), 2.33 (3H, s), 3.11 (lH, bs), 3.54 (lH, m), 3.69 (3H, s), 3.70 (3H, s), 

3.81-4.02 (2H, m), 4.02-4.12 (lH, m), 4.20 (lH, d, J= 17.0), 4.37 (lH, d, J= 15.6 Hz), 

4.45 (lH, d, J= 15.6 Hz), 4.97 (lH, bs), 5.71 (lH, s), 7.18-7.38 (5H, m), 9.27 (lH, s). 13C 

NMR (100 MHz, CDCh, mixture ofrotamers): 8 10.1, 13 .9, 14.4, 20.9, 21.0, 22.0, 23.3, 

28.5, 29.9, 47.1, 47.8, 50.9, 53.1, 53.4, 53 .7, 60.0, 60.3, 60.8, 60.9, 61.1 , 62.3, 62.8, 80.9, 

81.1, 121.4, 121.8, 122.3, 126.8, 127.7, 128.1 , 128.2, 128.6, 128.8, 137.5, 137.9, 150.3, 

150.7, 153 .9, 155.8, 168.2, 170.0, 173.1 , 198.9, 199.3, 201.0. IR (NaCl, depos. from 
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CH2Ch): 3450, 2978, 1776, 1741 , 1411 , 1200 cm-1
. HRMS (FAB) calcd. For 

C32H41N2010 (MH+): 613.2761, Found: 613 .2765. [a]o25= +50.8 (c= l.0, CH2Ch). 
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Me~0 
Meo½ N~ ~-Boc 

OAc 0 Bn 
C02Et 

279 

ppm 

1H NMR, 400 Hz, DMSO, 120°C, filename: YY-III-368.120°C 

200 180 160 H O 120 100 •• ,. •• 20 ppm 

13C NMR, 100 Hz, CDCh, filename: YY-II-209.13C 
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M::=¢o;fBoc 
OAc i O Bn 

c'::o2Et 

279 

CO2/Bu 

Me~OMe : 
-:Y I '-::: NBn 

MeO :::,.__ : N 
OAc i 0 

C02Et 

280 

Me~ OMe 
+ -:Y I ---::: NBn 

MeO :::,.__ , Ny 
OAc i 0 

C02Et 
281 

To a solution of 279 (165 mg, 0.27 mmol) in CHCh (2.7 mL) in 250 mL round 

bottom flask was added TFA (1.10 mL, 13 .50 mmol). The flask was left open to the air 

and then sealed with a glass stopper.After 3.5 h the solvent and TFA were removed under 

reduced pressure and the resulting residue was dissolved with CHCh (2.7 mL. To this 

reaction mixture was added t-butyl acrylate (0.80 mL, 5.40 mmol) and Et3N (0.37 mL, 

2.7 mmol) at 0°C. The reaction was warmed to r.t. and was stirred for 3 h. The reaction 

mixture was then diluted with EtOAc (20 mL) and washed with saturated NH4Cl. The 

organic layer was washed with brine and dried (Na2SO4) . After concentration under 

reduced pressure, the resulting residue was purified by flash chromatography (silica, 3: 1 

hexane:AcOEt) affording 280 (0.11 g, 67% yield). 1H NMR (300 MHz, CDCh): 8 1.25 

(3H, t, J= 7.3 Hz), 1.44 (9H, s), 2.13 (lH, dd, J= 9.7, 13.9 Hz), 2.22 (3H, s), 2.40 (3H, s), 

2.67 (lH, m), 2.79 (lH, dd, J=4.6, 9.5 Hz), 3.71 (3H, s), 3.72 (3H, s), 3.82 (lH, dd, J= 

7.4 Hz), 3.93-4.31 (4H, m), 4.17 (lH, s);5 .80 (lH, s), 6.27 (lH, s), 7.20-7.43 (5H, m). 

13C NMR (100 MHz) (CDCh): 8 9.9, 14.2, 21.1 , 28.2, 32.1 , 50.1 , 51.3, 51.6, 60.9, 61.7, 

62.3, 63 .0, 64.1, 81.5, 97.8, 116.9, 120.9, 126.7, 127.3, 128.4, 128.9, 137.4, 138.2, 138.5, 

15000.3, 151.2, 168.2, 168.6, 170.9, 171.9. IR (NaCl, depos. from CH2Cb): 2978, 1741 , 

1692, 1202 cm- 1
• HRMS (FAB) calcd. For C34H41N2O9 (MH+): 621.2812, Found: 

621.2805. [a] 0
25= -48.2 (c=l.0, CH2Cb). 

281 (15mg, 11%).1H NMR (40 MHz) (CDCh): 8 1.17 (3H, t, J= 7.3 Hz), 2.19 (3H, 

s), 2.35 (3H, s), 3.38-3.61 (4H, m), 3.65 (2H, s), 3.68 (3H, s), 3.69 (3H, s), 3.95 (lH, m), 
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4.15 (lH, m), 5.81 (lH, s), 6.34 (lH, s), 7.24-7.34 (5H, m). 13C NMR (100 MHz, CDCh): 

8 9.9, 14.1, 21.1 , 50.8, 53.5, 57.5, 60.7, 60.9, 61.5, 62.4, 100.0, 117.6, 120.6, 126.6, 127.9, 

128.7, 129.3, 133.1, 136.8, 138.l, 150.3, 151.4, 166.4, 168.1, 168.5. HRMS (FAB) calcd. 

For C274H31N2O7 (MH+): 495.2131 , Found: 495.2119. 
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280 

ppm 

1H NMR, 400 MHz, CDCh, filename: YY-IV-001 

Id 11 h 11 I I 

160 u o 1 20 1 00 8 0 60 , o 20 

13C NMR, 100 MHz, CDCh, filename: YY-IV-001.13C 
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280 

ppm 

1H NMR, 400 MHz, CDCh, filename: YY-IV-063 

1'0 H O 1 20 100 80 •• •• 20 ppm 

13C NMR, 100 MHz, CDCh, filename: YY-IV-063.13C 
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(1 S,3S)-ethyl 2-(2-( ( ( (9H-fluoren-9-yl)methoxy )carbonyl)(benzyl)amin o )acetyl)-8-

acetoxy-3-formyl-5, 7-dimethoxy-6-methyl-1,2,3,4-tetrahydroisoquinoline-1-

carboxylate (293) 

To a solution of N-Bn(Fmoc) glycine (120 mg, 0.30 mmol) in CH2Ch (1 mL) at 0 

~C was added DMF (1 drop, catalytic) followed by (COC1)2 (40 µL, 0.40 mmol). After 

stirring for 30 minutes, the reaction mixture was concentrated under reduced pressure and 

redissolved in CH2Ch (1 mL). To this solution was added 274c (100 mg, 0.20 mmol) 

followed by 2,6-lutidine (30 µL, 0.3 mmol). After stirring for 12 hours the reaction was 

quenched by saturated NH4Cl and extracted with EtOAc. The organic layer was washed 

with brine and dried (Na2SO4). After concentration under reduced pressure, the resulting 

residue was purified by flash chromatography (silica, 6:1 hexane:AcOEt) affording 291 

(138 mg, 82% yield). 

To a solution of291 (170 mg, 0.20 mmol) was added a THF: HCOOH: H2O (6: 3: 1) 

solution (3.40 mL). After stirring for 20 hours, the reaction was quenched with saturated 

NaHCO3 and extracted with EtOAc. The organic layer was washed with brine and dried 

(Na2SO4) . After concentration under reduced pressure, the resulting residue was purified 

by flash chromatography (silica, 4: 1 hexane:AcOEt) affording 292 (118 mg, 80% yield). 

To a solution of oxayl chloride in CH2Cl2 (0.18 mL ) at - 78 °C was added DMSO 

(12 µL). 5 minutes later, a solution of 292 (27 mg, 0.04 mmol) in CH2Ch (0.45 mL) was 

added and the reaction stirred for another 1 h. Et3N (0.05 mL, 0.36 mmol) was then added 
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and the reaction mixture warmed up to 0 °C and stirred for a further 10 minutes. The 

reaction mixture was then diluted with Et2O, washed with 50% saturated NH4Cl, brine 

and dried (Na2SO4). After concentration under reduced pressure, the resulting residue 

was purified by flash chromatography (silica, 4: 1 hexane:AcOEt) affording 293 (20 mg, 

77% yield). 1H NMR (400 MHz) (DMSO, 110°C): 8 1.06 (3H, bs), 2.12 (3H, s), 2.28 (3H, 

s), 3.l0(lH, m), 3.51(1H, m), 3.64 (3H, s), 3.66 (3H, s), 3.78-4.04 (3H, m), 4.18-4.49 

(6H, m), 4.91 (lH, m), 5.66 (lH, s), 7.06-7.84 (13H, m), 9.18 (lH, s). HRMS (FAB) 

calcd. For C42H43N2O10 (MH+): 735.2918, Found: 735.2923 

293 

ppm 

1H NMR, 400 MHz, DMSO, 110 °C filename: YY-II-417.110°C 
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M::wr•s ___ M::W~ 
OAc C02EI OAc coi? 0 

274c 307 

(1S,3S)-ethyl 8-acetoxy-2-(2-diazo-3-oxobutanoyl)-3-(hydroxymethyl)-5,7-

dimethoxy-6-methyl-1,2,3,4-tetrahydroisoquinoline-1-carboxylate (307) 

To a solution of 274c (100 mg, 0.21 mmol) in THF (0.42 mL) was added DMAP 

(2.5 mg, 0.02 mml) followed by diketene (20 µL, 0.25 mmol). After stirring for 1 hour, 

the reaction was quenched by saturated aqueous NH4Cl and extracted with EtOAc. The 

organic layer was washed with brine, dried (Na2S04) and concentrated under reduced 

pressure. The resulting residue was purified by flash chromatography (silica, 4: 1 

hexane:AcOEt) affording 305 (107 mg, 90% yield). 

To a solution of 305 (210 mg, 0.36 mmol) in MeCN (3.7 mL) at O °C was added 

MsN3 (225 mg, 1.86 mmol) followed by Et3N (0.26 mL, 1.86 mmol). After warming to 

room temperature and stirring for 12 hours, the reaction was diluted with CH2Ch and 

washed with brine. The organic layer was dried (Na2S04) and concentrated under 

reduced pressure. The resulting residue was purified by flash chromatography (silica, 4: 1 

hexane:AcOEt) affording 306 (192 mg, 87 % yield) . 

To a solution of 306 (56 mg, 0.09 mmol) in MeCN: H20 (9: 1) (0.30 mL) was 

added DDQ (2.15 mg, 0.01 mml). After stirring for 8 hours the reaction mixture was 

diluted with CH2Ch and washed with brine. The organic layer was dried (Na2S04) and 

concentrated under reduced pressure. The resulting residue was purified by flash 

chromatography (silica, 25:1 CH2Ch:MeOH) affording 307 (26 mg, 60 % yield). 1H 

NMR (400 MHz, CDCh): 8 1.20 (3H, t, J= 7.14 Hz), 2.23 (3H, s), 2.34 (3H, s), 2.37 (3H, 
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s), 3.08 (lH, dd, J= 5.3 , 15.6 Hz), 3.28 (2H, m), 3.50 (IH, m), 3.70 (3H, s), 4.73 (3H, s), 

3.98 (lH, m), 4.15 (lH, m), 4.52 (lH, m), 5.77 (lH, s). 13C NMR (100 MHz, CDCh): 8 

10.1, 14.0, 20.9, 23 .9, 27.3 , 54.5, 54.6, 121.4, 123.2, 126.8, 138.0, 150.2, 154.8, 161.9, 

168.3, 169.7. IR (NaCl, depos. from CH2Ch): 3456, 2941 , 2117, 1741 , 1199 cm- 1
• HRMS 

(FAB) calcd. For C22H2sN3O9 (MH+): 478.1826, Found: 478.1824. 
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307 

ppm 

1H NMR, 400 MHz, CDCh, filename: YY-III-115.3 

160 140 1 20 100 80 60 40 20 ppm 

13C NMR, 100 MHz, CDCb, filename: YY-III-l 15.3.13C 
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OMe H 0 

Me~: H 
I N 

MeO : ITSPh 

Me~ OMe ~OMe 
r- I - OMe 

MeO : NITSPh 
OAc : 0 OAc : 0 

CO2Et CO2Et 
312 313 

(1 S,3S)-ethyl 8-acetoxy-3-( dimethoxymethyl)-5, 7-dimethoxy-6-methyl-2-(2-

(phenylthio )acetyl)-1,2,3,4-tetrahydroisoquinoline-1-carboxylate (313) 

312 (40mg, 0.08 mmol) was dissolved in TsOH/MeOH (1 mg/mL) solution (1.48 

mL) and trimethyl orthaformate (85 µL, 0.78 mmol) added dropwise. The reaction 

mixture was then warmed to 40°C for 8 hours. After this time the reaction was diluted 

with EtOAc (10 mL), washed with saturated aqueous Na2CO3 (1 mL) and brine. The 

organic layer was dried (Na2SO4) , concentrated under reduced pressure and the resulting 

residue purified by flash chromatography (silica, 2:1 hexane:AcOEt) affording 313 (33 

mg, 76%). 1H NMR (400 MHz, CDCh): 8 1.13 (3H, t, J= 7.3 Hz), 2.21 (3H, s), 2.35 (3H, 

s), 3.05 (lH, dd, J= 4.5, 14.9 Hz), 3.20 (3H, s), 3.22 (3H, s), 3.52 (lH, d, J= 8.3 Hz), 3.68 

(3H, s), 3.72 (3H, s), 3.87 (lH, m), 4.03 (lH, d, J= 14.5 Hz), 4.08 (lH, m), 4.12 (lH, d, 

J= 14.5 Hz), 4.32 (lH, m), 5.60 (lH, s), 7.12- 7.44 (SH, m). 13C NMR (100 MHz, CDCh): 

8 10.1, 13.9, 21.0, 24.2, 37.6, 54.1 , 54.7, 55.1, 58.0, 60.9, 61.0, 61.9, 105.7, 122.1, 123 .6, 

126.5, 126.6, 129.6, 130.0, 135.9, 138.1 , 150.2, 154.5, 168.6, 169.9, 170.5, IR (NaCl, 

depos. from CH2Ch): 3057, 2939, 2835, 1742, 1650 cm-1
. HRMS (FAB) calcd. For 

153 



OMe H OMe 

Me~: OMe 
:::,..._ I N 

MeO : ~SPh 
OAc : 0 

CO2Et 

313 

1l A --A iliJ il I , ~ -
ppm 

1H NMR, 400 MHz, CDCh, filename: YY-III-243 

Ii I I I I I 
16 0 140 120 100 80 60 •o 20 ppm 

13C NMR, 100 MHz, CDCh, filename: YY-IV-243.13C 
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OMe H OMe 

Me~: OMe 
:::,.__ I N 

MeO : TISPh 

OMe H OMe 

Me~: OMe 
:::,.__ I N 

MeO : TIS02Ph 
OAc : 0 

C02Et 
OAc : 0 

C02Et 
313 314 

(1 S,3S)-ethyl 8-acetoxy-3-( dimethoxymethyl)-5, 7-dimethoxy-6-methyl-2-(2-

(phenylsulfonyl)acetyl)- l,2,3,4-tetrahydroisoquinoline-1-carboxylate (314) 

To a solution of313 (17 mg, 0.03 mmol) in CH2Ch (0.15 mL) was added m-CPBA 

(10.45 mg, 0.06 mmol) at 0°C. The reaction was warmed to r.t. and after 40 min, was 

quenched with saturated aqueous NaHCO3 (0.5 mL) and diluted with CH2Ch (5 mL). 

The organic layer was then washed with brine and dried (Na2SO4). After concentration 

under reduced pressure, the resulting residue was purified by flash chromatography 

(silica, 1:1 hexane:AcOEt) affording 314 (15 mg, 83%). 1H NMR (400 MHz, CDCh): 8 

1. 15 (3H, t, J = 7.2 Hz), 2.21 (3H, s), 2.31 (3H, s), 3.15 (lH, 1/2 ABX, JAB= 5.1 Hz), 

3.16 (3H, s), 3.27 (3H, s), 3.31 (lH, 1/2 ABX, JAB= 2.3 Hz), 3.50 (lH, d, J = 8.3 Hz), 

3.69 (3H, s), 3.71 (3H, s), 3.91 (lH, m), 4.08 (2H, m), 4.67 (lH, m), 5.11 (lH, d, J = 14.5 

Hz), 5.49 (lH, s), 7.46- 7.99 (5H, m). 13C NMR (100 MHz, CDCh): 8 10.1 , 14.0, 20.9, 

24.0, 54.1, 54.2, 55.0, 57.6, 60.6, 60.9, 61.1, 61.9, 105.1, 121.6, 123.5, 126.7, 129.1 , 

129.2, 134.1, 137.9, 138.9, 150.2, 154.6, 163.5, 168.5, 169.5, IR (NaCl, depos. from 

CH2Ch): 2939, 1774, 1742, 1200 cm·1. HRMS (FAB) calcd. For C2sH36N1O11S (MH+): 

594.2009, Found: 594.1998. [a] 0
25= +60.6 (c=0.5, CH2Ch). 
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314 

ppm 

1H NMR, 400 MHz, CDCh, filename: YY-IV-065 

I .. .l " " ., " 
I " •-,.. .. .,, '" """ .. . "' ., 

I I I I I I I I I 
160 H O 120 1 00 8 0 6 0 40 20 ppm 

13C NMR, 400 MHz, CDCh, filename: YY-IV-065.13C 
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To a solution of 280 (455 mg, 0.73 mmol) in CH2Cb (2.8 mL) at 0°C, was added 

Et3SiH (1.17 mL, 7.30 mmol), followed by TFA (2.83 mL, 36.68 mmol). The resulting 

mixture was cooled to 5°C. After 24 h the reaction was quenched with H2O (10 mL) and 

diluted with CH2Cb (200 mL). The organic phase was washed with saturated aqueous 

NaHCO3, brine and dried (Na2SO4). After concentration under reduced pressure, the 

resulting residue was purified by flash chromatography (silica, 1 :2 hexane:AcOEt) 

affording 320 (0.38 g, 92% yield). 1H NMR (300 MHz, CDCh): o 1.25 (3H, t, J= 7.3 Hz), 

2.23 (3H, s), 2.34 (lH, dd J= 9.5, 14.2), 2.40 (3H, s), 2.56 (lH, m), 2.94 (1H, ½ ABX, 

JAB= 3.5 Hz), 3.73 (6H, s), 3.89 (1H, dd, J= 8.2 Hz), 4.03 (lH, m), 4.16 (1H, s), 4.27 (3H, 

m), 5.92 (1H, s), 6.28 (lH, s), 7.20-7.43 (5H, m). 13C NMR (75 MHz, CDCh): o 10.2, 

14.3, 21.2, 33.1 , 49.8, 51.6, 51.8, 61.0, 61.8, 62.4, 62.7, 99.8, 100.1, 116.8, 120.3, 127.1 , 

128.2, 128.9, 129.4, 134.5, 136.5, 138.2, 150.8, 151.6, 168.0, 168.4, 169.2, 174.1. IR 

(NaCl, depos. from CH2Cb): 2940, 1741 , 1692, 1202 cm·1
• HRMS (FAB) calcd. For 
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~02H 

M::M 
OAc ) 0 

C02Et 

320 

ppm 

1H NMR, 300 MHz, CDC13 , filename: YY-III-377.1 

180 160 14 0 12 0 1 00 80 ,o 4 0 20 ppm 

13C NMR, 75 MHz, CDCh,filename : YY-III-377.1.13C 
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MeO~ Ny 
OAc ! 0 

C02Et 
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,,..OH 

MeW?OMe . 
I "-:: NBn 

MeO :::,.,_ : N 

OAc 0 
C02Et 

321 

To a solution of 3207 (240 mg, 0.6 mmol) in THF (12 mL) at O °C was added 

NMM (0.080 mL, 0.72 mmol), followed by isobutylchloroformate (0.085 mL, 0.66 

mmol). The reaction was then warmed to room temperature and after 20 min was filtered 

through Celite and added to an ice cold suspension ofNaBH4 (227 mg, 6 mmol) in water 

(12 mL). The reaction mixture was stirred at O °C for 20 minutes and then quenched with 

lM HCl (6 mL). The resulting mixture was stirred for another 30 minutes at O °C and 

then extracted with EtOAc, washed with brine and dried (Na2SO4). After concentration 

under reduced pressure, the resulting residue were purified by flash chromatography 

(silica, 1: 1 hexane:AcOEt) affording 321 (270 mg, 80% yield from 320). 1H NMR (300 

MHz, CDCh): 8 1.25 (3H, t, J= 7.3 Hz), 2.14 (2H, m), 2.22 (3H, s), 2.26 (lH, m), 2.40 

(3H, s), 3.12 (lH, bs), 3.58 (lH, dd, J= 5.7, 10.6 Hz), 3.72 (3H, s), 3.73 (3H, s), 3.80 (3H, 

m), 4.03 (lH, m), 4.16 (lH, dd, J= 5.6 Hz), 4.26 (lH, m), 5.80 (lH, s), 6.28 (lH, s), 

7.27- 7.41 (5H, m). 13C NMR (75 MHz, CDCh): 8 9.9, 14.1 , 21.1, 31.9, 46.7, 51.7, 60.9, 

61.6, 62.5, 63.7, 64.1 , 66.3, 97.5 , 116.7, 121.0, 126.8, 127.7, 128.7, 129.4, 138.2, 150.3 , 

151.3, 168.2, 168.8. IR (NaCl, depos. from CH2Ch): 3465, 2940, 1742, 1688, 1203 cm·1
• 

HRMS (FAB) calcd. For C30H35N2Os (MH+): 551.2393, Found: 551.2387. [a]o25= +6.8 
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,.,..OH 

Me~ OMe -
I '-:: NBn 

MeO ::::,,_ : N 

OAc i 0 
C02EI 

321 

ppm 

1H NMR, 300 MHz, CDCh, filename: YY-III-430.pure 

160 H O 120 100 8 0 •• 4 0 20 ppm 

13C NMR, 100 MHz, CDCh, filename: YY-III-430.pure.13C 
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OMe : 

Me~ 

MeO~ Ny 
OAc 0 

C02Et 
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c7 I "-::: NBn 

Meo ::::c-- = N 
OAc 0 

C02Et 
322 

To a solution of 321 (190 mg, 0.35 mmol) in DMF (3.5 mL), was added TIPSCl (90 

µL, 0.42 rnrnol) followed by Imid. (60 mg, 0.875 rnrnol). After stirring for 12 hours, the 

reaction mixture was diluted with Et2O (25 mL) and washed with H2O (5 mL), brine (5 

mL) and dried (Na2SO4). After concentration under reduced pressure, the resulting 

residue were purified by flash chromatography (silica, 3: 1 hexane:AcOEt) affording 322 

(235 mg, 95% yield). 1H NMR (300 MHz, CDCh): 8 1.05 (21H, bs), 1.26 (3H, t, J= 7.4 

Hz), 1.67 (lH, m), 2.02 (lH, m), 2.24 (3H, s), 2.28 (lH, m), 2.42 (3H, s), 3.58 (lH, dd, 

J= 5.9, 9.9 Hz), 3.63-3.77 (2H, m.), 3.70 (3H, s), 3.73 (3H, s), 3.93 (lH, s) , 4.05 (lH, m), 

4.10 (lH, d, J= 13.5, Hz), 4.18 (lH, d, J= 13.5, Hz), 4.26 (lH, m), 5.78 (lH, s), 6.30 (lH, 

s), 7.21-7.43 (5H, m). 13C NMR (75 MHz, CDCh): 8 9.9, 12.1, 14.2, 18.2, 21.1 , 31.1 , 

48 .8, 51.5, 51.7, 60.9, 61.3 , 61.7, 62.3, 63 .9, 65.9, 97.0, 116.9, 121.4, 126.6, 127.2, 128.4, 

129.2, 138.2, 139.0, 139.3, 194.9, 151.1, 168.3, 168.8, 171.5; IR (NaCl, depos. from 

CH2Cb): 2941 , 2865, 1743, 1690, 1202 cm-1
• HRMS (FAB) calcd. For C39HssN2OsSi 

(MH+): 707.3727, Found: 707.3720. [a]o25= -43.7 (c=l.0, CH2Cb). 
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To a MeOH (89 mL) solution of 322 (250 mg, 0.35 mmol) was added K2CO3 (244 

mg, 1.77mmol) and after 2 h the reaction was quenched with lM HCl (3.4 ml) to pH < 7. 

The MeOH was removed under reduced pressure and the resulting residue was diluted 

with EtOAc, washed with brine and dried (Na2SO4). After concentration under reduced 

pressure, the resulting residue was purified by flash chromatography (silica, 6: 1 

hexane:AcOEt) affording 323 (223 mg, 96% yield). 1H NMR (400 MHz, CDCh): 8 1.00 

(21H, bs), 1.26 (3H, t, J= 7.3 Hz), 1.67 (lH, m), 2.02 (lH, m), 2.20 (3H, s), 2.27 (lH, m), 

3.55 (lH, dd, J= 5.9, 9.9 Hz), 3.63 (3H, s), 3.63 (lH, m), 3.74 (lH, d, J= 5.9 Hz), 3.82 

(3H, s), 3.88 (lH, s), 4.10 (2H, m), 4.20 (lH, d, J= 7.3 Hz), 4.24 (lH, d, J= 7.3 Hz), 5.74 

(lH, s), 6.40 (lH, s), 6.74 (lH, s), 7.22-7.40 (SH, m). 13C NMR (100 MHz) (CDCh): 8 

9.7, 12.1, 14.3, 18.2, 31.7, 48.8, 51.7, 52.3, 60.9, 61.5, 62.8, 64.1 , 65.9, 97.2, 110.9, 125.7, 

127.2, 128.5, 129.1, 138.2, 138.8, 143.6, 146.4, 146.8, 170.7, 171.3. IR (NaCl, depos. 

from CH2Ch): 3390, 2941, 2864, 1740, 1689, 1639 cm-1. HRMS (FAB) calcd. For 

C37H53N2O7Si (MH+): 665.3622, Found: 665.3612. [a]o25= -52.2 (c= l.0, CH2Ch). 
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To a THF (3 .6 ml) solution of 323 (118 mg, 0.18 mmol) was added 1 M LAH in 

THF (0.18 mL, 0.18 mmol) at - 10 °C. After 10 min the reaction was quenched with 1 M 

HCl (0.2 mL), diluted with EtOAc, washed with brine and dried (Na2S04) . After 

concentration under reduced pressure, the resulting residue was purified by flash 

chromatography (silica, 6: 1 hexane:AcOEt) affording 324 (74 mg, 66%) and 325 (23 mg, 

21%). Rf = 0.6 and 0.4 respectively (1 :1 hexane : AcOEt). 1H NMR (400 MHz, CDCh): 

8 1.02 (21H, bs.), 1.65 (lH, m), 2.00 (lH, dd, J= 8.5, 12.4 Hz)), 2.20 (3H, s), 2.27 (lH, 

m), 3.56 (lH, dd, J= 5.1 , 9.2 Hz), 3.61 (3H, s), 3.68 (2H, m), 3.76 (3H, s), 3.87 (lH, s), 

3.88 (lH, s), 4.19 (lH, d, J= 13.4 Hz), 4.24 (lH, d, J= 13.4 Hz), 5.64 (lH, s), 6.66 (lH, s), 

7.20-7.40 (5H, m), 9.47 (lH, s). 13C NMR (100 MHz) (CDCh): 8 9.8, 12.1 , 18.2, 31.9, 

48 .8, 51.8, 58 .6, 61.2, 61.5, 62.0, 65 .9, 96.8, 107.5, 120.9, 125.3, 127.2, 128.4, 129.2, 

138.6, 139.0, 124.6, 144.7, 146.8, 170.9, 191.6. IR (NaCl, depos . from CH2Clz): 3362, 

621.3359, Found: 621.3370. [a] 0
25= -34.0 (c=l.0, CH2Clz) 
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For compound 325: 1H NMR (400 MHz, CDCh): 8 1.01 (21H, m), 1.60 (lH, m), 

1.96 (IH, dd, J= 9.6, 13.4 Hz)), 2.19 (3H, s), 2.13-2.24 (2H, m), 3.53 (lH, dd, J= 5.1 , 9.6 

Hz), 3.61 (3H, s), 3.65 (2H, m), 3.75 (3H, s), 3.79-3.99 (5H, m), 5.73 (IH, s), 5.99 (lH, 

bs), 6.24 (lH, dd, J= 4.5 , 7.2 Hz), 7.18-7.36 (5H, m). 13C NMR (100 MHz) (CDCh): 8 

9.7, 12.1, 18.2, 31.3 , 49.4, 50.4, 51.9, 61.2, 61.4, 61.6, 64.0, 65 .0, 65.8, 97.9, 113.1 , 121.2, 

124.1 , 127.3, 128.5, 129.0, 137.9, 138.6, 142.1, 144.8, 146.4, 172.4. IR (NaCl, depos. 

from CH2Ch): 3389, 2940, 2864, 1668, 1632, 1463cm-1. HRMS (FAB) calcd. For 

C3sHs1N2O6Si (MH+): 623 .. 3516, Found: 623.3526. [a]o25= -50.0 (c=l.0, CH2Ch). 
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To a solution of 324 (50 mg, 0.08 mmol) in DMF (0.2 mL) was added in Bl.4NI (3.7 

mg, 0.01 mmol), BnBr (4.6 µL, .012 mmol), followed by NaCO3 (13.6 mg, .016 mmol). 

After stirring for 2 h, the reaction mixture was quenched with lM HCl (mL) and diluted 

with Et2O. The organic layer was then wahed with water (1 ml), brine (1 ml) and dried 

(Na2SO4). After concentration under reduced pressure the resulting residue was purified 

by flash chromatography (silica, 6:1 hexane:AcOEt) affording 326 (37 mg, 66%). 1H 

NMR (400 MHz, CDCh): 8 1.01 (21H, m), 1.61 (lH, m), 1.96 (lH, m), 2.20 (3H, s), 2.24 

(lH, m), 3.56 (lH, m), 3.62 (3H, s), 3.60-3.68 (2H, m), 3.83 (3H, s), 3.86 (lH, s), 4.16 

(2H, m), 5.07 (lH, d, J= 10.9 Hz), 5.22 (lH, d, J= 10.9 Hz), 5.61 (lH, s), 6.37 (lH, s), 

7.17-7.47 (l0H, m), 9.33 (lH, s). 13C NMR (100 MHz) (CDCh): 8 9.6, 12.1, 18.2, 31.7, 

48.8, 51.7, 59.0, 60.7, 61.3 , 61.8, 63 .6, 65 .9, 75 .2, 96.4, 114.7, 127.2, 128.4, 128.5, 128.9, 

129.2, 137.0, 138.8, 145.0, 149.8, 170.4, 191.9, IR (NaCl, depos. from CH2Ch): 2941 , 

2865, 1740, 1688, 1636 cm-1
. HRMS (FAB) calcd. For C42H55N2O6Si (MH+): 711.3829, 

Found: 711.3836. [a] 0
25= -52.4 (c=l.0, CH2Ch). 
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To a solution of 326x (100 mg, 0.14 mmol) in THF (2.8 mL) was added in DBN 

(8.65 µL, 0.07 mmol) and the reaction stirred for 30 min at r.t.. The reaction was then 

quenched with IM HCl (1 ml), extracted with EtOAc and the organic layer washed with 

brine and dried (Na2SO4). After concentration under reduced pressure, the resulting 

residue was purified by flash chromatography (silica, 10: 1 hexane:AcOEt) affording 111-

327 (50 mg, 50%) and unreacted starting material (40 mg, 40%). 1H NMR (400 MHz, 

CDCh): 8 1.00 (21H, m), 1.75 (lH, m), 2.21 (3H, s), 2.32 (lH, dd, J= 9.2, 13.0 Hz), 2.73 

(lH, m), 3.65 (3H, s), 3.59-3 .66 (3H, m), 3.68-3.75 (3H, m), 3.84 (3H, s), 5.12 (lH, d, J= 

11.1 Hz), 5.20 (lH, d, J = 11.1 Hz), 5.58 (lH, s), 6.35 (lH, s), 7.20-7.48 (1 OH, m), 9.22 

(lH, s). 13C NMR (100 MHz, CDCIJ): 8 9.6, 12.2, 18.2, 33 .7, 46.5, 52.8, 57.4, 60.7, 61.4, 

62.3, 64.7, 65 .9, 70.1 , 97.8, 115.2, 127.4, 128.5, 128.6, 128.7, 128.9, 137.0, 138.5, 144.9, 

150.0, 150.6, 169.3, 192.5 IR (NaCl, depos. from CH2Cl2): 2941 , 2865, 1738, 1688, 1645 

cm-1
• HRMS (FAB) calcd. For C42H5sN2O6Si (MH+): 711.3829, Found: 711.3836. 
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To a solution of 327 (53 mg, 0.08mmol) in EtOH (3 .7 mL), was added NaBH4 (11 

mg, 0.3 mmol) at 0°C. After stirring for an hour at this temperature, the reaction mixture 

was quenched with lM HCl (0.1 mL) and diluted with EtOAc. After washing with brine 

the organic layer was dried (Na2SO4) and concentrated under reduced pressure. The 

resulting residue was purified by flash chromatography (silica, 3: 1 hexane:AcOEt) 

affording 328 (40 mg, 75%). 1H NMR (400 MHz, CDCh): 8 1.00 (21H, m), 1.74 (lH, m), 

1.85 (lH, bs), 2.19 (3H, s), 2.22 (lH, m), 2.55 (lH, m), 3.52-3 .71 (8H, m), 3.66 (3H, s), 

3.80 (3H, s), 5.09 (2H, dd,, J= 11.8, 19.8 Hz), 5.68 (lH, s), 6.07 (lH, dd, , J= 4.7, 8.3 

Hz), 7.18- 7.52 (l0H, m). 13C NMR (100 MHz, CDCh): 8 9.5, 12.2, 18.2, 33.7, 46.1, 

49.5, 52.8, 60.6, 61.4, 62.4, 65.2, 65.6, 65.8, 75.2, 99.2, 119.9, 150.8, 125.7, 127.3, 128.4, 

128.5, 128.6, 128.8, 135.7, 137.3, 138.5, 144.6, 149.8, 150.8, 171.1. IR (NaCl, depos. 

from CH2Ch): 3450, 2940, 2864, 1674, 1635 cm-1
• HRMS (FAB) calcd. For 

C42Hs1N2O6Si (MH+): 713 .3986, Found: 713 .3996. [a]o25= +70.5 (c=l.0, CH2Ch). 
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A pressure reactor containing 322 (10 mg, 0.014 mmol) and PdCh (1.3 mg) in 

absolute ethanol (0.5 ml) was purged with hydrogen gas for three times. After the reactor 

was pressurized to 1800 psi with hydrogen gas, the reaction was stirred at 65 °C for 2 

days. After the pressure was released, the reaction filtered through a pad of celite. The 

resulting reaction mixture was concentrated under reduced pressure and the residue was 

dissolve in MeOH. To this methanol solution, CbzCl (1 µL, 0.03 mmol) was added, 

followed by NaHCO3 (2 .5 mg 0.03 mmol) . After stirring for over night, the reaction 

mixture was filter through a pad of elite, and concentrated under reduced pressure. The 

resulting residue was purified by prep-TLC (silica, 1: 1 hexane:AcOEt) affording 344 (1 

mg, 10%). 1H NMR (400 MHz, CDCh): 8 1.14 (3H, bs), 1.22- 1.53 (21H, m), 2.15 (lH, 

m), 2.22 (3H, s), 2.23 (3H, s), 2.45 (lH, m), 2.76 (lH, m), 2.93 (IH, m), 3.07 (IH, m), 

3.69 (3H, s), 3.71 (3H, s), 3.80 (lH, s), 3.96 (lH, m), 4.10 (IH, m), 3.54 (IH, m), 4.76 

(2H, m), 5.16 (2H, s), 5.68 (lH, s), 6.08 (lH), 7.33 (5H, m). 

175 



,,-OTIPS 
OMe -

Me~ 

MeO~ Ny 
OAc 0 

C02Et 
344 

ppm 

1H NMR, 400 MHz, CDCi), filename: YY-IV-092B.2 

176 



N ,,,, I ---- CbzHN::r~_) I 
,,,,,QO ,, 0 

3 ~bH XH 

benzyl (2S,3R,4S)-4-hydroxy-2,4-dimethyl-3,4-dihydro-2H-pyran-3-ylcarbamate 

(355) 

To a solution of 350 (48 mg, 0.28 mmol) in MeOH (30 mL) was added Lindlar 

catalyst (100 mg). After being purged with argon, the reaction mixture was stirred under 

1 atm hydrogen for 1 hour. After filtered through a celite pad, the reaction mixture was 

concentrated down under reduced pressure. The resulting residue was dissolved in THF 

(5 .6 mL) and was added CbzCI (48 µL, 0.56 mmol) follwed by NMM (61 µL, 0.34 mmol) 

at O °C. After warmed to room temperature and stiired for 30 minutes, the reaction 

mixture was filtered through a celite pad and concentrated down. The resulting residue 

were purified by flash chromatography (silica, 3:1 hexane:AcOEt) affording 355 (54 mg, 

70%). 1H NMR (400 MHz, CDCh): 8 1.25 (3H, d, J= 6.6 Hz), 1.44 (3H, s), 2.13 (lH, bs), 

3.73 (lH, d, J= 10.4 Hz), 4.20 (lH, dd, J= 6.6, 13.0 Hz), 4.68 (lH, d, J= 10.4 Hz), 5.00 

(lH, d, J= 9.2 Hz), 5.12 (2H, s), 6.23 (lH, d, J= 6.2 Hz), 7.26- 7.37 (5H, m). 13C NMR 

(100 MHz, CDCIJ): 8 17.3, 30.1, 57.1 , 67.5 , 68.0, 72.4, 108.2, 128.4, 128.5, 128.8, 136.3, 

143 .5, 157.8 IR (NaCl, depos. from CH2Cl2) : 3426, 1706, cm-1
. HRMS (FAB) calcd. For 

C15H20N 10 4 (MH+): 278 .1392, Found: 278 .1392. 
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Appendix 5 

nOe on compound 255b 
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Appendix 6 

g-COSY and nOe on compound 256a 
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Appendix 7 

g-COSY on compound 307 
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Appendix 8 

g-COSY, nOe and CHSQC on compound 313 

Me~ OMe OMe 
1/' I - OMe 

MeO ::::,-. : NITSPh 
OAc : 0 

C02Et 

197 



F
2 (p
pm

) 2 J 4 s 6 7 
• 00 7 

6 
s 

- 4 

F
l 

(p
pm

) 

gC
O

SY
, 4

00
M

H
z,

 C
D

C
h,

 fi
le

na
m

e:
 Y

Y
-I

II
-2

43
.g

C
O

SY
 

19
8 

J 
2 

,P
 • 0 1 



7 
6 

H
" i

rri
di

at
io

n 

5 
4 

3 

M
e 

M
eO

 2 

N
O

SY
lD

, 4
00

M
H

z,
 C

D
C1

3,
 f

ile
na

m
e:

 Y
Y

-I
II

-2
43

.n
O

e.
H

a 

19
9 

l 
pp

m
 



M
e 

M
eO

 

7 
6 

Hb
 ir

rid
ia

tio
n 

5 
2 

1 
pp

m
 

N
O

SY
ID

, 4
00

M
H

z,
 C

D
C

h,
 fi

le
na

m
e:

 Y
Y

-I
II

-2
43

.n
O

e.
H

b 

20
0 



Me 

Meo 

Appendix 9 

257 

201 



Table 1. Crystal data and structure refinement for rw I 06. 

Identification code 

Empirical formula 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 
Density (calculated) 

Absorption coefficient 

F(000) 

Crystal size 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 28 .34° 

Absorption correction 

Max. and min. transmission 

Refinement method 

Data / restraints / parameters 

Goodness-of-fit on F2 

Final R indices [I>2sigma(I)] 

R indices (all data) 

Largest diff. peak and hole 

rwl06 

C40 H57 N 06 Si2 

704.05 

373(2) K 

o.71073 A 
Orthorhombic 

P2(1 )2(1 )2(1) 

a = 12. 5855(15) A 
b = 12.6808(17) A 
c = 24.795(3) A 
3957.2(9) A3 

4 

1.182 Mg/m3 

0.134 mm-I 

1520 

0.48 X 0.40 X 0.3 J mm3 

1.64 to 28 .34°. 

a = 90°. 

P= 90°. 

y = 90°. 

-16<=h<= l6, -16<=k<= l6, -32<=1<=31 

37176 

9613 [R(int) = 0.0428) 

99 .0 % 

multi-scan 

0.9595 and 0.9383 

Full-matrix least-squares on F2 

9613 / 0 / 443 

1.028 

RI = 0.0406, wR2 = 0.0929 

RI = 0.0549, wR2 = 0.0992 

0.427 and -0.275 e.A-3 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x 103) 

for rw106m. U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

X y z U(eq) 

Si(2) 4160(1) 225(1) 1705(1) 19(1) 

Si(!) -942(1) -329(1) 1595(1) 20(1) 

C(l) 1975(2) -1214(1) -128(1) 18(1) 

C(2) 1870(2) -126( 1) -382(1) 18(1) 

C(3) 2390(1) 659(1) -14(1) 18(1) 

C(4) 2894(1) 1562(1) -216(1) 17(1) 

C(5) 3461(1) 2243(1) 119(1) 19(1) 

C(6) 3529(2) 1987(1) 663(1) 20(1) 

C(7) 3054(1) 1079(1) 875(1) 18(1) 

C(8) 2454(1) 429(1) 536(1) 17(1) 

C(9) 1802(1) -453(1) 784(1) 17(1) 

C(l0) 1284(2) -2304(1) 612(1) 17(1) 

C(l 1) 613(2) -2923(1) 207(1) 19(1) 

C(l2) 1608(1) -2068(1) -519(1) 19(1) 

C(13) 1922(2) 2309(2) -933(1) 28(1) 

C(14) 3999(2) 32 18(1) -92(1) 25(1) 

C(15) 3401(2) 3302(2) 13 15(1) 34(1) 

C(16) 5330(2) 1109(2) 1765(1) 33(1) 

C(l7) 4544(2) -916(2) 1280(1) 27(1) 

C(l8) 3647(2) -150(2) 2393(1) 23(1) 

C(19) 4493(2) -817(2) 2678(1) 38(1) 

C(20) 2614(2) -782(2) 2355(1) 45(1) 

C(21) 3459(2) 844(2) 2729(1) 46(1) 

C(22) 863(2) 87(1) 1063(1) 20(1) 

C(23) -1879(2) -500(2) 1024(1) 33(1) 

C(24) -987(2) 1068(2) 1833(1) 34(1) 

C(25) -1251(2) -1276(2) 2157(1) 24(1) 

C(26) -612(2) -1009(2) 2663(1) 42(1) 

C(27) -2449(2) -1213(2) 2283(1) 34(1) 

C(28) -989(2) -2409(2) 198 1(1) 32(1) 

C(29) 2290(1) -2876(1) 796(1) 18(1) 
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C(30) 3075(2) -3243(1) 443(1) 21(1) 

C(31) 3966(2) -3762(1) 638(1) 26(1) 

C(32) 4091(2) -3933(2) 1185(1) 30(1) 

C(33) 3308(2) -3600(2) 1535(1) 31(1) 

C(34) 2420(2) -3077(2) 1344(1) 24(1) 

C(35) 465(2) -4055(1) 377(1) 20(1) 

C(36) -228(2) -4256(2) 802(1) 23(1) 

C(37) -312(2) -5262(2) 1019(1) 27(1) 

C(38) 287(2) -6077(2) 807(1) 28(1) 

C(39) 956(2) -5892(2) 374(1) 28(1) 

C(40) 1047(2) -4881 (2) 158(1) 24(1) 

0(1) 1066(1) -2912(1) -331(1) 22(1) 

0(2) 1856(1) -2050(1) -984(1) 25(1) 

0(3) 2854(1) 1762(1) -765(1) 20(1) 

0(4) 4094(1) 2659(1) 1001(1) 24(1) 

0(5) 3135(1) 857(1) 1416(1) 20(1) 

0(6) 278(1) -631 (1) 1392(1) 23(1) 

N(l) 1408(1) -1232(1) 385(1) 17(1) 
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Table 3. Bond lengths [A] and angles [0
] for rwl06m. 

Si(2)-O(5) 1.6803(13) 

Si(2)-C(l 7) 1.854(2) 

Si(2)-C(l 6) 1.857(2) 

Si(2)-C(18) 1.8840(19) 

Si(l)-O(6) 1.6599(14) 

Si(l)-C(23) 1.856(2) 

Si(l)-C(24) 1.868(2) 

Si(! )-C(25) 1.880(2) 

C(l)-N(l) 1.458(2) 

C(l)-C(2) 1.522(2) 

C(l)-C(12) 1.525(3) 

C(2)-C(3) 1.500(2) 

C(3)-C(8) 1.396(2) 

C(3)-C(4) 1.401(2) 

C(4)-O(3) 1.386(2) 

C(4)-C(5) 1.393(3) 

C(5)-C(6) 1.389(3) 

C(5)-C(14) 1.504(2) 

C(6)-O(4) 1.390(2) 

C(6)-C(7) 1.400(2) 

C(7)-O(5) 1.374(2) 

C(7)-C(8) 1.400(2) 

C(8)-C(9) 1.519(2) 

C(9)-N(l) 1.483(2) 

C(9)-C(22) 1.531(2) 

C(l0)-N(l) 1.480(2) 

C(I0)-C(l 1) 1.529(3) 

C( 1 0)-C(29) 1.528(3) 

C(l 1)-O(1) 1.451(2) 

C(l 1)-C(35) 1.509(2) 

C(12)-O(2) 1.195(2) 

C(12)-O(l) 1.352(2) 

C(13)-O(3) 1.425(2) 

C(15)-O(4) 1.426(3) 
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C(l 8)-C(21) 1.529(3) 

C(l 8)-C(20) 1.530(3) 

C(18)-C(19) 1.533(3) 

C(22)-O(6) 1.427(2) 

C(25)-C(26) 1.530(3) 

C(25)-C(28) 1.537(3) 

C(25)-C(27) 1.542(3) 

C(29)-C(34) 1.394(3) 

C(29)-C(30) 1.399(3) 

C(30)-C(31) 1.387(3) 

C(31)-C(32) 1.383(3) 

C(32)-C(33) 1.380(3) 

C(33)-C(34) 1.384(3) 

C(35)-C(36) 1.390(3) 

C(35)-C(40) 1.390(3) 

C(36)-C(37) 1.388(3) 

C(37)-C(38) 1.383(3) 

C(38)-C(39) 1.383(3) 

C(39)-C(40) 1.394(3) 

O(5)-Si(2)-C(l 7) 109.26(8) 

0( 5)-Si(2)-C( 16) 110.79(8) 

C(l 7)-Si(2)-C(l 6) 108.03(10) 

O(5)-Si(2)-C(18) 104.08(8) 

C(l 7)-Si(2)-C(l 8) 114.06(9) 

C(l 6)-Si(2)-C( 18) 110.60(10) 

0( 6)-Si( 1 )-C(23) 109 .24(9) 

0( 6)-Si( 1 )-C(24) 110.05(9) 

C(23)-Si(l )-C(24) 109.41(11) 

O(6)-Si(l)-C(25) 105 .60(8) 

C(23)-Si(l)-C(25) 111.03(9) 

C(24)-Si(l )-C(25) 111.44(10) 

N(l)-C(l)-C(2) 109.38(14) 

N ( 1 )-C(l )-C(l 2) 113 .31(15) 

C(2)-C(l)-C(12) 110.74(14) 

C(3)-C(2)-C(l) 108.23(14) 
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C(8)-C(3 )-C( 4) 119.50(16) 

C(8)-C(3)-C(2) 118.63(15) 

C(4)-C(3)-C(2) 121.60(16) 

0(3 )-C( 4 )-C( 5) 119.37(16) 

O(3)-C( 4)-C(3) 118.86(16) 

C(5)-C(4)-C(3) 121.74(16) 

C(6)-C(5)-C(4) 117.73(16) 

C(6)-C(5)-C(14) 120.05(17) 

C(4)-C(5)-C(14) 122.21(16) 

C(5)-C(6)-O(4) 118.34(16) 

C( 5)-C( 6)-C(7) 122.02(17) 

0( 4 )-C( 6)-C(7) 119.64(16) 

0( 5)-C(7)-C( 6) 120.30(16) 

0( 5)-C(7)-C(8) 120.40(15) 

C( 6)-C(7)-C(8) 119.22(16) 

C(3 )-C(8)-C(7) 119.69(16) 

C(3)-C(8)-C(9) 121.28(16) 

C(7)-C(8)-C(9) 118.78(15) 

N(l)-C(9)-C(8) 113.57(14) 

N(l )-C(9)-C(22) 110.01(14) 

C(8)-C(9)-C(22) 105 .70(14) 

N(l)-C(l0)-C(l l) 106.25(14) 

N(l )-C( 1 0)-C(29) 117.50(15) 

C( 11 )-C(l 0)-C(29) 114.18(15) 

O(1)-C(l 1)-C(35) 108.33(14) 

O(1)-C(l 1)-C(l0) 112.47(14) 

C(35)-C(l l)-C(10) 111.91(15) 

O(2)-C(l2)-O(1) 118.57(17) 

O(2)-C( 12)-C(l) 121.47(17) 

O(1)-C(12)-C(l) 119.72(16) 

C(21)-C(l 8)-C(20) 109.5(2) 

C(21 )-C( 18)-C( 19) 108.07(18) 

C(20)-C( 18)-C( 19) 109.23(19) 

C(21 )-C( 18)-Si(2) 109 .81 (15) 

C(20)-C( l 8)-Si(2) 111.59(14) 

C(l 9)-C(l 8)-Si(2) 108 .55(14) 
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0( 6)-C(22)-C(9) 111.74(14) 

C(26)-C(25)-C(28) 109.09(19) 

C(26)-C(25)-C(27) 109.63(18) 

C(28)-C(25)-C(27) 108.39(18) 

C(26)-C(25)-Si( 1) 110.94(15) 

C(28)-C(25)-Si( 1) 110.03(13) 

C(27)-C(25)-Si( 1) 108.71(14) 

C(34)-C(29)-C(30) 117.80(17) 

C(34)-C(29)-C(l 0) 118.31(17) 

C(30)-C(29)-C(l 0) 123.86(16) 

C(3 l)-C(30)-C(29) 120.76(18) 

C(32)-C(3 l )-C(30) 120.5(2) 

C(33)-C(32)-C(3 l) 119.3(2) 

C(32)-C(33)-C(34) 120.53(19) 

C(3 3 )-C(34 )-C(29) 121.09(19) 

C(36)-C(35)-C( 40) 119.30(17) 

C(36)-C(35)-C(l 1) 117.63(17) 

C(40)-C(35)-C(l 1) 122.87(17) 

C(37)-C(36)-C(35) 120.61(19) 

C(38)-C(3 7)-C(36) 119.88(18) 

C(37)-C(38)-C(39) 119.95(18) 

C(38)-C(39)-C(40) 120.32(19) 

C(35)-C( 40)-C(39) 119.89(18) 

C(l2)-O(l)-C(l 1) 121.47(14) 

C(4)-O(3)-C(l3) 113.97(14) 

C(6)-O(4)-C(l5) 111.61(15) 

C(7)-O(5)-Si(2) 124.82(12) 

C(22)-O( 6)-S i(l) 120.20(11) 

C(l)-N(l)-C(lO) 113.41(14) 

C(l)-N( l)-C(9) 114.11(14) 

C(l0)-N(l)-C(9) 113 .13(14) 

Symmetry transformations used to generate equivalent atoms: 
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Table 4. Anisotropic displacement parameters (A2x 103) for rwl06m. The anisotropic 

displacement factor exponent takes the form : -2n2[ h2 a*2U 11 + ... + 2 h k a* b* U 12 ] 

u 11 u 22 U 33 u 23 Ul 3 u1 2 

Si(2) 20(1) 16(1) 20(1) 1 (I) -1(1) -1(1) 

Si(!) 21(1) 20(1) 19(1) -1(1) 2(1) -2(1) 

C(l) 19(1) 18(1) 17(1) 0(1) -1 (I) -I (I) 

C(2) 22(1) 16(1) 17(1) 1(1) -1 (I) -1(1) 

C(3) 17(1) 15(1) 22(1) 0(1) 1(1) 1(1) 

C(4) 18(1) 16(1) 17(1) 3(1) 2(1) 3(1) 

C(5) 20(1) 13(1) 24(1) 1 (I) 1(1) 0(1) 

C(6) 21(1) 16(1) 25(1) -2(1) -1(1) -1(1) 

C(7) 19(1) 17(1) 18(1) 0(1) 2(1) 1(1) 

C(8) 17(1) 14(1) 19(1) 1(1) 3(1) 1(1) 

C(9) 20(1) 14(1) 16(1) 1(1) 0(1) -3(1) 

C(I0) 21(1) 13(1) 19(1) 2(1) 1(1) -2(1) 

C(l l) 22(1) 17(1) 18(1) 2(1) I (I) -1(1) 

C(l2) 20(1) 14(1) 22(1) 1 (I) -2(1) I (I) 

C(l3) 32(1) 26(1) 24(1) 4(1) -5(1) 7(1) 

C(l4) 31 (I) 16(1) 28(1) 5(1) 0(1) -5(1) 

C(l5) 41 (1) 27(1) 33(1) -12(1) 2(1) -5(1) 

C(l6) 27(1) 26(1) 46(1) 5(1) -8(1) -7(1) 

C(l7) 29(1) 25(1) 28(1) -I (I) 2(1) 3(1) 

C(l8) 26(1) 24(1) 19(1) 2(1) 0(1) 2(1) 

C(l9) 40(1) 41(1) 32(1) 15(1) 3(1) 10(1) 

C(20) 41(1) 67(2) 27(1) 10(1) 3(1) -26(1) 

C(21) 69(2) 42(1) 27(1) -6(1) 8(1) 14(1) 

C(22) 24(1) 14(1) 23(1) 2(1) 5(1) -2(1) 

C(23) 40(1) 33(1) 26(1) 8(1) -6(1) -14(1) 

C(24) 38(1) 27(1) 37(1) -4(1) 8(1) 2(1) 

C(25) 23(1) 30(1) 19(1) 3(1) 2(1) -2(1) 

C(26) 49(2) 57(2) 21(1) 9(1) -5(1) -12(1) 

C(27) 30(1) 39(1) 34(1) 7(1) 11 (I) 1 (I) 

C(28) 33(1) 27(1) 35(1) 9(1) 7(1) 3(1) 

C(29) 20(1) 12(1) 23(1) 2(1) -3(1) -4(1) 
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C(30) 23(1) 14(1) 24(1) 2(1) -2(1) -2(1) 

C(31) 23(1) 16(1) 37(1) 3(1) 0(1) -1 (1) 

C(32) 26(1) 20(1) 44(1) 10(1) -11(1) -1(1) 

C(33) 39(1) 26(1) 27(1) 8(1) -8(1) -5(1) 

C(34) 29(1) 19(1) 23(1) 1 (I) -1 (I) -5(1) 

C(35) 19(1) 17(1) 22(1) -1 (1) -5(1) -4(1) 

C(36) 26(1) 21(1) 23(1) -3(1) 1(1) -6(1) 

C(37) 31 ( 1) 27(1) 23(1) 3(1) 0(1) -9(1) 

C(38) 35(1) 19(1) 32(1) 5(1) -8(1) -8(1) 

C(39) 32(1) 17(1) 34(1) -3(1) -3(1) 0(1) 

C(40) 27(1) 21(1) 25(1) 0(1) 1(1) -3(1) 

0(1) 29(1) 18(1) 19(1) 0(1) -1(1) -5(1) 

0(2) 38(1) 18(1) 19(1) -1 (1) 3(1) 0(1) 

0(3) 24(1) 19( 1) 19(1) 4(1) 1(1) 2(1) 

0(4) 28(1) 17(1) 26(1) -1 (I) -5(1) -5(1) 

0(5) 24(1) 17(1) 18(1) 1(1) -1(1) 0(1) 

0(6) 24(1) 20(1) 25(1) 3(1) 7(1) -2(1) 

N(l) 22(1) 11 (1) 17(1) 0(1) 1(1) -2(1) 
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) 

for rwl06m. 

X y z U(eq) 

H(lA) 2730 -1334 -52 22 

H(2A) 2212 -117 -732 22 

H(2B) 1126 50 -429 22 

H(9A) 2232 -819 1055 20 

H(l0A) 842 -2224 935 21 

H(l lA) -90 -2591 189 22 

H(l3A) 1949 2422 -1316 41 

H(13B) 1885 2977 -752 41 

H(l3C) 1306 1898 -846 41 

H(l4A) 3870 3281 -472 37 

H(l4B) 4749 3170 -28 37 

H(l4C) 3720 3827 90 37 

H(l5A) 3815 3754 1544 50 

H(l5B) 2954 2862 1533 50 

H(l5C) 2969 3724 1080 50 

H(l6A) 5579 1293 1412 49 

H(l6B) 5885 753 1959 49 

H(l6C) 5131 1737 1956 49 

H(l7A) 4799 -667 938 41 

H(l7B) 3937 -1362 1225 41 

H(l7C) 5095 -1309 1457 41 

H(l9A) 4239 -1018 3028 56 

H(l9B) 5133 -412 2715 56 

H(l9C) 4635 -1438 2469 56 

H(20A) 2376 -962 2711 68 

H(20B) 2737 -1415 2152 68 

H(20C) 2081 -366 2178 68 

H(21A) 3195 648 3079 69 

H(21B) 2948 1285 2551 69 

H(21C) 4116 122 1 2769 69 
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H(22A) 1125 661 1285 24 

H(22B) 395 385 793 24 

H(23A) -1700 -14 741 49 

H(23B) -2590 -364 1145 49 

H(23C) -1832 -1209 890 49 

H(24A) -818 1531 1539 51 

H(24B) -479 1165 2118 51 

H(24C) -1686 1226 1965 51 

H(26A) -789 -1496 2945 64 

H(26B) -778 -304 2777 64 

H(26C) 134 -1058 2585 64 

H(27A) -2617 -1692 2571 51 

H(27B) -2849 -1402 1968 51 

H(27C) -2628 -508 2390 51 

H(28A) -1155 -2888 2269 48 

H(28B) -247 -2459 1896 48 

H(28C) -1402 -2588 1668 48 

H(30A) 2999 -3138 74 25 

H(31A) 4483 -3998 398 31 

H(32A) 4696 -4268 1315 36 

H(33A) 3378 -3728 1903 37 

H(34A) 1900 -2856 1586 28 

H(36A) -640 -3712 941 28 

H(37A) -769 -5387 1306 32 

H(38A) 240 -6749 955 34 

H(39A) 1347 -6444 228 33 

H(40A) 1497 -4760 -133 29 

212 



213 



C21 

214 



Appendix 10 

OMe 

Me~ 

MeO~ Ny 
OAc ! 0 

C02Et 

280 

215 



Table I. Crystal data and structure refinement for RW103. 

Identification code rw103 (Yu Yin Chen/Williams) 

Empirical formula C68 H80 N4 019 

Formula weight 

Temperature 

Wavelength 

Crystal system 

Space group 

Unit cell dimensions 

Volume 

z 
Density ( calculated) 

Absorption coefficient 

F(000) 

Crystal size 

1257.36 

173(2) K 

0.71073 A 
Monoclinic 

P2(1) 

a = 12.6954(11) A 
b = 18.2894(16) A 
c = 13.7914(12) A 
3201.8(5) A3 
2 

1.304 Mg/m3 

0.095 mm-I 

1336 

0.52 X 0.37 X 0.28 mm3 

a = 90°. 

~= 90.994(2)°. 

y = 90°. 

Theta range for data collection 

Index ranges 

Reflections collected 

Independent reflections 

Completeness to theta = 26.37° 

Absorption correction 

1.48 to 26.3 7°. 

-15<=h<= l5 ,0<=k<=22,0<=1<= 17 

6767 

Max. and min. transmission 

Refinement method 

Data I restraints / parameters 

Goodness-of-fit on F2 

Final R indices [1>2sigma(I)] 

R indices (all data) 

Absolute structure parameter 

Extinction coefficient 

Largest diff. peak and hole 

6767 [R(int) = 0.0000] 

100.0 % 

Multi-scan 

0.9738 and 0.9520 

Full-matrix least-squares on F2 

6767 / I / 821 

1.141 

RI = 0.0413, wR2 = 0.1046 

RI = 0.0463, wR2 = 0.1086 

-0.1(7) 

0.0138(11) 

0.383 and -0.489 e.A-3 

Comment: Water molecule in lattice. No protons assigned. 
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Table 2. Atomic coordinates ( x 104) and equivalent isotropic displacement parameters (A2x J03) 

for R W l 03 . U ( eq) is defined as one third of the trace of the orthogonalized Uij tensor. 

X y z U(eq) 

0(1) 9473(2) 1364(1) -2990(1) 25(1) 

0(2) 10136(2) 716(1) -4229(1) 23(1) 

0(3) 10815(2) 1541(1) -5993(1) 20(1) 

0(4) 12225(2) 1074(1) -5188(2) 26(1) 

0(5) 12419(2) 2510(1) -6340(1) 22(1) 

0(6) 10832(2) 4210(1) -4110(2) 24(1) 

0(7) 4754(2) 3903(1) -4123(2) 31(1) 

0(8) 6161(2) 4444(1) -3397(2) 26(1) 

0(9) 7378(2) 1094(1) -4684(2) 24(1) 

N(l) 8233(2) 2153(1) -4330(2) 16(1) 

N(2) 6602(2) 2477(1) -3042(2) 18(1) 

C(l) 9219(2) 1799(2) -4642(2) 17(1) 

C(2) 13493(2) 2424(2) -6005(2) 27(1) 

C(3) 8266(2) 2830(2) -3842(2) 18(1) 

C(4) 9146(2) 3230(2) -3798(2) 19(1) 

C(5) 10891(2) 3528(2) -4537(2) 20(1) 

C(6) 11699(2) 3376(2) -5191(2) 20(1) 

C(7) 11693(2) 269 I (2) -5640(2) 20(1) 

C(8) 10884(2) 2194(2) -5468(2) 18(1) 

C(9) 10079(2) 2354(2) -4839(2) 17(1) 

C(IO) 10066(2) 3034(2) -4365(2) 18(1) 

C(l 1) 7223(2) 3079(2) -3440(2) 18(1) 

C(12) 7353(2) 1715(2) -4350(2) 18(1) 

C(!3) 6359(2) 2052(2) -3929(2) 19(1) 

C(l4) 5903(2) 2644(2) -4605(2) 20(1) 

C(l5) 6470(2) 3346(2) -4264(2) 18(1) 

C(16) 5686(2) 3920(2) -3922(2) 21(1) 

C(l7) 5517(2) 5023(2) -2911(2) 28(1) 

C(l8) 6343(3) 5452(2) -2345(3) 43(1) 

C(19) 4983(3) 5502(2) -3667(3) 39(1) 

C(20) 4759(3) 4660(2) -2225(2) 32(1) 
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C(21) 11572(3) 4338(2) -3342(3) 41(1) 

C(22) 12483(2) 3963(2) -5457(2) 25(1) 

C(23) 11523(2) 999(2) -5763(2) 22(1) 

C(24) 11238(3) 318(2) -6313(2) 30(1) 

C(25) 9602(2) 1272(2) -3842(2) 18(1) 

C(26) 10640(2) 207(2) -3548(2) 25(1) 

C(27) 9856(2) -340(2) -3168(2) 27(1) 

C(28) 7109(2) 2040(2) -2264(2) 23(1) 

C(29) 7374(2) 2507(2) -1390(2) 20(1) 

C(30) 8408(2) 2532(2) -1041(2) 31(1) 

C(31) 8666(3) 2914(2) -201(3) 43(1) 

C(32) 7888(4) 3284(2) 291 (2) 46(1) 

C(33) 6867(3) 3282(2) -62(3) 41(1) 

C(34) 6604(2) 2892(2) -908(2) 30(1) 

N(lA) 3230(2) 3298(1) 1503(2) 17(1) 

N(2A) 1551(2) 2973(1) 188(2) 20(1) 

O(lA) 4305(2) 4169(1) 215(2) 33(1) 

O(2A) 5224(2) 4683(1) 1435(1) 25(1) 

O(3A) 5826(2) 3845(1) 3259(1) 21 (1) 

O(4A) 7257(2) 4358(1) 2569(2) 27(1) 

O(5A) 7439(2) 2871(1) 3561(1) 23(1) 

O(6A) 5855(2) 1269(1) 1157(2) 23(1) 

O(7A) -110(2) 1416(2) 1522(2) 53(1) 

O(8A) 1097(2) 1077(1) 438(2) 25(1) 

O(9A) 2369(2) 4353(1) 1847(2) 27(1) 

C(lA) 4220(2) 3644(2) 1830(2) 17(1) 

C(2A) 8508(2) 2965(2) 3237(2) 28(1) 

C(3A) 3254(2) 2630(2) 985(2) 17(1) 

C(4A) 4141(2) 2241(2) 923(2) 18(1) 

C(5A) 5902(2) 1928(2) 1651(2) 19(1) 

C(6A) 6711(2) 2053(2) 2342(2) 20(1) 

C(7A) 6703(2) 2715(2) 2832(2) 20(1) 

C(8A) 5899(2) 3220(2) 2676(2) 19(1) 

C(9A) 5085(2) 3083(2) 2022(2) 16(1) 

C(l0A) 5076(2) 2424(2) 1503(2) 17(1) 

C(l lA) 2196(2) 2370(2) 587(2) 18(1) 
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C(l2A) 2344(2) 3734(2) 1504(2) 20(1) 

C(l3A) 1342(2) 3393(2) 1071(2) 20(1) 

C(l4A) 914(2) 2804(2) 1752(2) 22(1) 

C(l5A) 1491(2) 2103(2) 1424(2) 20(1) 

C(l6A) 721 (2) 1498(2) 1136(2) 27(1) 

C(l7A) 500(2) 433(2) 67(2) 28(1) 

C(l8A) -542(3) 669(3) -371(4) 56(1) 

C(l9A) 418(4) -127(2) 863(3) 52(1) 

C(20A) 1210(3) 150(2) -721(3) 42(1) 

C(21A) 6640(3) 1192(2) 422(2) 34(1) 

C(22A) 7488(2) 1452(2) 2593(2) 26(1) 

C(23A) 6552(2) 4395(2) 3129(2) 24(1) 

C(24A) 6289(3) 5019(2) 3782(2) 32(1) 

C(25A) 4572(2) 4196(2) 1055(2) 20(1) 

C(26A) 5676(3) 5215(2) 768(2) 29(1) 

C(27A) 6054(3) 5854(2) 1362(3) 38(1) 

C(28A) 2033(2) 3404(2) -591 (2) 23(1) 

C(29A) 3424(2) 2956(2) -1715(2) 22(1) 

C(30A) 2375(2) 2940(2) -1437(2) 20(1) 

C(31A) 1657(2) 2520(2) -1982(2) 25(1) 

C(32A) 1998(3) 2138(2) -2789(2) 30(1) 

C(33A) 3040(3) 2168(2) -3064(2) 29(1) 

C(34A) 3756(2) 2573(2) -2524(2) 28(1) 

W(l) 3678(2) 5300(2) 3105(2) 58(1) 
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Table 3. Bond lengths [A] and angles [0
] for RW103. 

O(1)-C(25) 1.201(3) C(13)-C(14) 1.535( 4) 

O(2)-C(25) 1.339(3) C(l 4)-C(l 5) 1.543(4) 

O(2)-C(26) 1.461(3) C(15)-C(16) 1.527( 4) 

O(3)-C(23) 1.372(3) C(l 7)-C(20) 1.514(4) 

O(3)-C(8) 1.398(3) C(l 7)-C( 19) 1.514(5) 

O(4)-C(23) 1.190(4) C(l 7)-C(l 8) 1.516(5) 

O(5)-C(7) 1.386(3) C(23)-C(24) 1.499( 4) 

O(5)-C(2) 1.441(3) C(26)-C(27) 1.511(4) 

O(6)-C(5) 1.381(3) C(28)-C(29) 1.511(4) 

O(6)-C(21) 1.423(4) C(29)-C(34) 1.385(4) 

O(7)-C(16) 1.211(3) C(29)-C(30) 1.391(4) 

O(8)-C(16) 1.338(4) C(30)-C(31) 1.386(5) 

O(8)-C(l 7) 1.502(3) C(31)-C(32) 1.385(6) 

O(9)-C(12) 1.225( 4) C(32)-C(33) 1.377(6) 

N(l)-C(12) 1.375(3) C(33)-C(34) 1.402(5) 

N(l)-C(3) 1.410(3) N(lA)-C(l2A) 1.379(4) 

N(l)-C(l) 1.480(3) N(1A)-C(3A) 1.415(3) 

N(2)-C(l 1) 1.466(3) N(lA)-C(lA) 1.472(3) 

N(2)-C(28) 1.477(4) N(2A)-C( 13A) 1.468(3) 

N(2)-C(13) 1.477(3) N(2A)-C(28A) 1.474(4) 

C(l)-C(9) 1.519(4) N(2A)-C(l 1A) 1.475(3) 

C(l)-C(25) 1.537(4) O(1A)-C(25A) 1.203(3) 

C(3)-C(4) 1.335(4) O(2A)-C(25A) 1.319(3) 

C(3)-C(l 1) 1.515(4) O(2A)-C(26A) 1.463(3) 

C(4)-C(10) 1.462(4) O(3A)-C(23A) 1.378(4) 

C(5)-C(10) 1.405(4) O(3A)-C(8A) 1.401(3) 

C(5)-C(6) 1.407( 4) O(4A)-C(23A) 1.194( 4) 

C(6)-C(7) 1.398( 4) O(5A)-C(7A) 1.390(3) 

C(6)-C(22) 1.513(4) O(5A)-C(2A) 1.446(3) 

C(7)-C(8) 1.395(4) O(6A)-C(5A) 1.385(3) 

C(8)-C(9) 1.382(4) O(6A)-C(21A) 1.440( 4) 

C(9)-C(10) 1.406(4) 0(7 A)-C( 16A) 1.199(4) 

C(l 1)-C(15) 1.552(4) O(8A)-C(16A) 1.327(4) 

C(l2)-C(l 3) 1.529(4) O(8A)-C( 17 A) 1.487(4) 
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O(9A)-C{l 2A) 1.226(4) C(l3A)-C(l4A) 1.535(4) 

C(IA)-C(9A) 1.523( 4) C(l4A)-C(l5A) 1.548(4) 

C( 1 A)-C(25A) 1.542( 4) C( l 5A)-C{l 6A) 1.524(4) 

C(3A)-C(4A) 1.336(4) C(l7A)-C{l9A) 1.506(5) 

C(3A)-C(l 1A) 1.519(4) C(l7A)-C(l8A) 1.508(5) 

C(4A)-C(lOA) 1.459( 4) C( 17 A)-C(20A) 1.514(5) 

C(5A)-C(l0A) 1.398( 4) C(23A)-C(24A) 1.496( 4) 

C(5A)-C(6A) 1.407(4) C(26A)-C(27 A) 1.502(5) 

C(6A)-C(7 A) 1.388( 4) C(28A)-C(30A) 1.513(4) 

C(6A)-C(22A) 1.513(4) C(29A)-C(34A) 1.389(4) 

C(7 A)-C(8A) 1.390(4) C(29A)-C(30A) 1.392(4) 

C(8A)-C(9A) 1.382(4) C(30A)-C(31A) 1.401 (4) 

C(9 A)-C{l 0A) 1.403(4) C(31A)-C(32A) 1.391(5) 

C(l 1A)-C(l5A) 1.552(4) C(32A)-C(33A) 1.383(5) 

C{l2A)-C(l3A) 1.530(4) C(33A)-C(34A) 1.381 (5) 
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C(25)-O(2)-C(26) 116.5(2) 

C(23)-O(3)-C(8) 117.5(2) 

C(7)-O(5)-C(2) 116.1(2) 

C( 5)-0( 6)-C(2 l) 115.2(2) 

C(l6)-O(8)-C(l 7) 120.2(2) 

C(l2)-N(l)-C(3) 122.6(2) 

C( 12)-N(l )-C(l) 115.5(2) 

C(3)-N(l)-C(l) 120.3(2) 

C(l l)-N(2)-C(28) 116.5(2) 

C(l l)-N(2)-C(13) 101.0(2) 

C(28)-N(2)-C(l3) 113 .5(2) 

N(l )-C(l )-C(9) 112.0(2) 

N(l )-C(l )-C(25) 108.9(2) 

C(9)-C( 1 )-C(25) 109.1(2) 

C(4)-C(3)-N(l) 121.4(2) 

C( 4)-C(3)-C(l l) 123.8(2) 

N(l)-C(3)-C(l 1) 114.8(2) 

C(3)-C(4)-C(IO) 121.2(3) 

O(6)-C(5)-C(l0) 117.6(2) 

O(6)-C(5)-C(6) 119.8(2) 

C(l0)-C(5)-C(6) 122.3(3) 

C(7)-C(6)-C(5) 117.6(2) 

C(7)-C( 6)-C(22) 121.9(3) 

C(5)-C(6)-C(22) 120.4(3) 

O(5)-C(7)-C(8) 117.6(3) 

0( 5)-C(7)-C( 6) 121.5(2) 

C(8)-C(7)-C( 6) 120.5(2) 

C(9)-C(8)-C(7) 121.5(3) 

C(9)-C(8)-O(3) 117.8(2) 

C(7)-C(8)-O(3) 120.5(2) 

C(8)-C(9)-C( 10) 119.6(2) 

C(8)-C(9)-C(l) 120.8(2) 

C( 1 0)-C(9)-C( 1) 119.6(2) 

C(5)-C(I0)-C(9) 118.4(3) 

C(5)-C(IO)-C(4) 122.5(3) 

C(9)-C(IO)-C( 4) 118.8(2) 
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N(2)-C( l 1)-C(3) 113.1(2) 

N(2)-C( l 1)-C(15) 100.5(2) 

C(3)-C(l 1)-C(l5) 111.0(2) 

O(9)-C(12)-N(l ) 121.4(3) 

O(9)-C(12)-C(13) 122.9(2) 

N(l)-C(12)-C(13) 115.7(2) 

N(2)-C(13)-C(12) 111.4(2) 

N(2)-C(13)-C(14) 101.7(2) 

C(12)-C(13)-C(l 4) 111.0(2) 

C(13)-C(14)-C( l 5) 103.5(2) 

C( 16)-C(l 5 )-C(l 4) 111 .3(2) 

C(16)-C(15)-C( l 1) 112.8(2) 

C(14)-C(15)-C(l 1) 103.8(2) 

O(7)-C(l 6)-O(8) 124.9(3) 

O(7)-C( 16)-C( 15) 123.4(3) 

O(8)-C( 16)-C(l 5) 111.7(2) 

O(8)-C( 17)-C(20) 109.1(2) 

O(8)-C(l 7)-C(19) 110.0(3) 

C(20)-C(l 7)-C(l 9) 113.7(3) 

O(8)-C(l 7)-C(l 8) 102.6(2) 

C(20)-C( 17)-C(l 8) 110.3(3) 

C(l 9)-C(l 7)-C(l 8) 110.6(3) 

0( 4 )-C(23 )-0(3) 123.4(3) 

0( 4 )-C(23 )-C(24) 127.2(3) 

0(3 )-C(23 )-C(24) 109.4(2) 

0( 1 )-C(25)-O(2) 125.1(2) 

O(1)-C(25)-C(l) 124.6(2) 

O(2)-C(25)-C(l) 110.3(2) 

O(2)-C(26)-C(27) 111 .2(2) 

N(2)-C(28)-C(29) 111.2(2) 

C(34 )-C(29)-C(30) 11 9.2(3) 

C(34)-C(29)-C(28) 121.4(3) 

C(30)-C(29)-C(28) 119.4(3) 

C(31 )-C(30)-C(29) 120.9(3) 

C(32)-C(3 l)-C(30) 119.7(3) 

C(33)-C(32)-C(31) 120.0(3) 
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C(32)-C(33 )-C(34) 120.3(3) 

C(29)-C(34 )-C(33) 119.9(3) 

C(l 2A)-N(lA)-C(3A) 121.7(2) 

C(l2A)-N(lA)-C(lA) 116.3(2) 

C(3A)-N(l A)-C( 1 A) 120.0(2) 

C(l3A)-N(2A)-C(28A) 114.1(2) 

C(13A)-N(2A)-C(l 1A) 100.9(2) 

C(28A)-N(2A)-C(l 1A) 115 .9(2) 

C(25A)-O(2A)-C(26A) 116.7(2) 

C(23A)-O(3A)-C(8A) 118.1(2) 

C(7 A)-O(5A)-C(2A) 115.1(2) 

C(5A)-O(6A)-C(21A) 114.0(2) 

C(l6A)-O(8A)-C(l 7 A) 121.5(2) 

N(l A)-C( 1 A)-C(9 A) 111 .9(2) 

N(lA)-C( l A)-C(25A) 109.0(2) 

C(9A)-C( 1A)-C(25A) 110.1(2) 

C(4A)-C(3A)-N(IA) 121.2(2) 

C(4A)-C(3A)-C(l 1A) 123 .4(2) 

N(1A)-C(3A)-C(l 1A) 115.2(2) 

C(3A)-C( 4A)-C(l 0A) 121.4(3) 

O(6A)-C(5A)-C(l0A) 11 7.8(2) 

O(6A)-C(5A)-C(6A) 119.9(2) 

C(10A)-C(5A)-C(6A) 122.0(3) 

C(7 A)-C(6A)-C(5A) 117.4(2) 

C(7 A)-C(6A)-C(22A) 122.2(3) 

C(5A)-C(6A)-C(22A) 120.1 (3) 

C( 6A)-C(7 A)-C(8A) 121.1(2) 

C(6A)-C(7 A)-O(5A) 121.4(3) 

C(8A)-C(7 A)-O(5A) 117.3(3) 

C(9A)-C(8A)-C(7 A) 121.3(3) 

C(9A)-C(8A)-O(3A) 117.8(2) 

C(7 A)-C(8A)-O(3A) 120.5(2) 

C(8A)-C(9 A)-C( 1 0A) 119.2(2) 

C(8A)-C(9A)-C(l A) 121.3(2) 

C( 1 0A)-C(9 A)-C( 1 A) 119.4(2) 

C(5A)-C(l0A)-C(9A) 11 8.9(2) 
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C(5A)-C( 1 0A)-C( 4A) 122.2(2) 

C(9A)-C(l0A)-C(4A) 118.4(2) 

N(2A)-C(l 1A)-C(3A) 112.5(2) 

N(2A)-C(l 1A)-C(l5A) 100.9(2) 

C(3A)-C(l 1A)-C(15A) 110.4(2) 

O(9A)-C(l2A)-N(IA) 121.3(3) 

0(9 A)-C(l 2A)-C(l 3 A) 122.9(3) 

N(IA)-C(12A)-C(13A) 115 .8(2) 

N(2A)-C(13A)-C(12A) 112.2(2) 

N(2A)-C(13A)-C(l4A) 102.2(2) 

C(12A)-C(l3A)-C(14A) 110.4(2) 

C(l3A)-C(l4A)-C(l 5A) 103.2(2) 

C(l 6A)-C(15A)-C(l4A) 111.9(2) 

C(16A)-C(15A)-C(l 1A) 114.2(2) 

C(14A)-C(15A)-C(l 1A) 103 .8(2) 

0(7 A)-C( 16A)-O(8A) 125.4(3) 

0(7 A)-C(l 6A)-C( 15A) 122.7(3) 

O(8A)-C(16A)-C(l5A) 111 .9(2) 

O(8A)-C(l 7 A)-C(l 9A) 109.2(3) 

O(8A)-C(l 7 A)-C( 18A) 110.5(3) 

C(l9A)-C(l 7 A)-C(l8A) 114.5(4) 

O(8A)-C( 17 A)-C(20A) 102.3(2) 

C(19A)-C(l 7 A)-C(20A) 109.9(3) 

C(l 8A)-C( 17 A)-C(20A) 109.8(3) 

0( 4A)-C(23A)-O(3A) 123 .5(3) 

0( 4A)-C(23A)-C(24A) 127.7(3) 

O(3A)-C(23A)-C(24A) 108 .8(3) 

0( 1 A)-C(25A)-O(2A) 125.0(3) 

0(1 A)-C(25A)-C(l A) 124.2(3) 

O(2A)-C(25A)-C( 1 A) 110.8(2) 

O(2A)-C(26A)-C(27 A) 107.4(3) 

N(2A)-C(28A)-C(30A) 113.0(2) 

C(34A)-C(29 A)-C(30A) 121.0(3) 

C(29A)-C(30A)-C(31A) 118.7(3) 

C(29A)-C(30A)-C(28A) 119.3(3) 

C(31A)-C(30A)-C(28A) 121.9(3) 
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C(32A)-C(3 l A)-C(30A) 

C(33A)-C(32A)-C(3 l A) 

C(34 A)-C(3 3 A)-C(32A) 

C(3 3A)-C(34 A)-C(29 A) 

119.8(3) 

120.8(3) 

119.8(3) 

119.9(3) 
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Table 4. Anisotropic displacement parameters (A2x 103) for RW103. The anisotropic 

displacement factor exponent takes the form: -21t2[ h2 a*2U 11 + ... + 2 h k a* b* U 12 ) 

U" u22 U 33 u23 u13 u12 

0(1) 31(1) 23(1) 22(1) 2(1) 1(1) 3(1) 

0(2) 25(1) 19(1) 25(1) 6(1) 4(1) 7(1) 

0(3) 19(1) 20(1) 20(1) 0(1) 1(1) 0(1) 

0(4) 22(1) 27(1) 29(1) 3(1) -1(1) 3(1) 

0(5) 17(1) 31(1) 20(1) 4(1) 2(1) 0(1) 

0(6) 23(1) 17(1) 33(1) -2(1) -2(1) -2(1) 

0(7) 21(1) 35(1) 37(1) -4(1) -4(1) 8(1) 

0(8) 21(1) 20(1) 37(1) -5(1) 5(1) 3(1) 

0(9) 25(1) 17(1) 31(1) -5(1) 2(1) -2(1) 

N(l) 14(1) 16(1) 19(1) 0(1) 1 (1) 1 ( 1) 

N(2) 19(1) 19(1) 16(1) 0(1) 2(1) -1 (1) 

C(l) 15(1) 16(1) 19(1) 1(1) 1(1) 1(1) 

C(2) 16(1) 34(2) 30(2) 5(1) 1(1) 0(1) 

C(3) 19(1) 16(1) 17(1) 2(1) -1(1) 2(1) 

C(4) 20(1) 16(1) 21(1) 1 (1) -3(1) 0(1) 

C(5) 21(1) 16(1) 24(1) 5(1) -4(1) -2(1) 

C(6) 17(1) 19(1) 24(1) 7(1) -4(1) -3(1) 

C(7) 16(1) 26(2) 17(1) 6(1) 0(1) 1(1) 

C(8) 19(1) 17(1) 17(1) 0(1) -3(1) 2(1) 

C(9) 16(1) 19(1) 17(1) 3(1) -5(1) 0(1) 

C(l0) 17(1) 16(1) 21(1) 2(1) -3(1) 1(1) 

C(ll) 16(1) 19(1) 18(1) 1(1) -1 (1) 1(1) 

C(12) 18(1) 19(1) 18(1) 4(1) 0(1) -1(1) 

C(13) 16(1) 21(1) 19(1) -1 (1) 2(1) -2(1) 

C(14) 18(1) 22(1) 20(1) 1 (1) -1 (1) 3(1) 

C(l5) 17(1) 21(1) 18(1) 2(1) 2(1) 1(1) 

C(l6) 21(1) 22(1) 21(1) 5(1) 1(1) 2(1) 

C(17) 25(2) 20(2) 40(2) -4(1) 10(1) 4(1) 

C(l8) 36(2) 33(2) 60(2) -23(2) 10(2) -2(2) 

C(19) 46(2) 26(2) 45(2) 7(2) 16(2) 12(2) 

C(20) 37(2) 26(2) 35(2) 0(1) 13(1) 3(1) 
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C(21) 49(2) 33(2) 40(2) -10(2) -13(2) -1(2) 

C(22) 21(1) 23(2) 31(2) 5(1) -1 (1) -6(1) 

C(23) 23(1) 19(1) 23(1) 3(1) 9(1) 0(1) 

C(24) 29(2) 23(2) 39(2) -4(1) 7(1) -1 (I) 

C(25) 15(1) 17(1) 21(1) 1(1) 2(1) -2(1) 

C(26) 22(1) 21(1) 32(2) 8(1) 1(1) 7(1) 

C(27) 32(2) 19(2) 30(2) 5(1) -2(1) 0(1) 

C(28) 30(2) 20(1) 19(1) 3(1) 1(1) 4(1) 

C(29) 22(1) 21(1) 18(1) 4(1) 1(1) -2(1) 

C(30) 26(2) 33(2) 34(2) 6(1) -5(1) 0(1) 

C(31) 48(2) 43(2) 37(2) 4(2) -18(2) -10(2) 

C(32) 80(3) 34(2) 23(2) 4(1) -12(2) -23(2) 

C(33) 63(2) 27(2) 33(2) -5(1) 24(2) -3(2) 

C(34) 27(2) 32(2) 31(2) 1(1 ) 8(1) -1(1) 

N{IA) 14(1) 18(1) 21(1) -1(1) 0(1) 0(1) 

N{2A) 17(1) 22(1) 19(1) -1(1) 1(1) 4(1) 

O{lA) 42(1) 34(1) 25(1) 5(1) -7(1) -16( 1) 

O(2A) 27(1) 24(1) 25(1) 5(1) -4(1) -8(1) 

O(3A) 21(1) 21(1) 20(1) -2(1) 0(1) -3(1) 

O(4A) 23(1) 28(1) 31(1) 2(1) 1(1) -5(1) 

O(5A) 16(1) 35(1) 19(1) 4(1) -3(1) -3( 1) 

O(6A) 19(1) 18(1) 31(1) -1 (I) 4(1) 1(1) 

O(7A) 37(1) 62(2) 60(2) -32(2) 28(1) -28(1) 

O(8A) 23(1) 23(1) 29(1) -4(1) 4(1) -7(1) 

O(9A) 26(1) 22(1) 32(1) -6(1) -2(1) 6(1) 

C(lA) 16(1) 17(1) 18(1) -2(1) -1( 1) 0(1) 

C(2A) 18(1) 37(2) 28(2) 6(1) -4(1) -4(1) 

C(3A) 18(1) 16(1) 17(1) 1(1) 1(1) -3(1) 

C(4A) 17(1) 17(1) 19(1) 1(1) 3(1) -2(1) 

C(5A) 18(1) 17(1) 21(1) 3(1) 4( 1) -4(1) 

C(6A) 15(1) 23(1) 22(1) 9(1) 3(1) -1 (I) 

C(7A) 15(1) 28(2) 17(1) 5(1) -1( 1) -4(1) 

C(8A) 22( 1) 17(1) 17(1) 1(1) 2(1) -4(1) 

C(9A) 14(1) 19(1) 16(1) 2(1) 2(1) -1 (I) 

C(l0A) 16(1) 18(1) 18(1) 3(1) 2(1) -2(1) 

C{llA) 15(1) 20(1) 19(1) -1(1) 1 (1) -2(1) 
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C(l2A) 20( 1) 21 (1) 20(1) -1 (1) 1 (1) 2(1) 

C(l3A) 14(1) 27(2) 21(1) -3(1) -1 (1) 3(1) 

C(l4A) 15(1) 31(2) 20(1) -4(1) 1 (1) -1 (1) 

C(15A) 17( 1) 28(2) 17(1) -1(1) 2(1) -4(1) 

C(l6A) 25(2) 34(2) 23(1) -4(1) 4(1) -8(1) 

C(l7A) 25(2) 27(2) 32(2) -6(1) -3(1) -8(1) 

C(l8A) 37(2) 49(2) 82(3) -29(2) -26(2) 9(2) 

C(l9A) 76(3) 37(2) 42(2) -2(2) 1(2) -31 (2) 

C(20A) 45(2) 35(2) 46(2) -14(2) 11 (2) -9(2) 

C(21A) 39(2) 28(2) 34(2) -5(1) 14(1) -2( 1) 

C(22A) 22(1) 27(2) 29(2) 6(1) 0(1) 2(1) 

C(23A) 26( 1) 21(1) 24(1) 2(1) -10( 1) -4(1) 

C(24A) 41(2) 22(2) 32(2) -5(1) -8(1) -3(1) 

C(25A) 19(1) 17(1) 22(1) 2(1) 1 (1) 2(1) 

C(26A) 30(2) 25(2) 30(2) 9(1) -3(1) -8(1) 

C(27A) 50(2) 25(2) 37(2) 4(1) -6(2) -12(2) 

C(28A) 24( 1) 23(2) 21(1) 2(1) -1 (1) 2(1) 

C(29A) 22(1) 22(1) 22(1) 2(1) 2(1) -4(1) 

C(30A) 22( 1) 20(1) 19(1) 4(1) -2(1) 1(1) 

C(31A) 20(1) 31(2) 25(1) 4(1) -4(1) -2(1) 

C(32A) 36(2) 26(2) 28(2) -2(1) -11(1) -3(1) 

C(33A) 41(2) 24(2) 21 (1) 2(1) 6(1) 4(1) 

C(34A) 26(2) 31(2) 28(2) 2(1) 7(1) -3(1) 

W(l) 57(2) 48(2) 69(2) -12(2) 12(2) -2(2) 
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Table 5. Hydrogen coordinates ( x 104) and isotropic displacement parameters (A2x 10 3) 

forRW103. 

X y z U(eq) 

H( l A) 9071 1513 -5248 20 

H(2A) 13937 2295 -6554 40 

H(2B) 13531 2035 -55 17 40 

H(2C) 13742 2884 -57 18 40 

H(4A) 9174 3649 -3392 23 

H(l l A) 7333 347 1 -2943 21 

H(l3A) 5821 1667 -3798 22 

H(14A) 5131 2687 -4532 24 

H(l4B) 6058 2535 -529 1 24 

H( l 5A) 6891 3550 -4807 22 

H(l8A) 6678 5134 -1858 65 

H(18B) 6009 5866 -2022 65 

H(18C) 6877 5634 -2790 65 

H(19A) 5516 5716 -4088 58 

H(l9B) 4596 5894 -3345 58 

H(l9C) 449 1 5207 -4058 58 

H(20A) 5155 4363 -1753 49 

H(20B) 427 1 4347 -2595 49 

H(20C) 4360 5036 -1883 49 

H(2 1A) 11468 4830 -308 I 61 

H(21B) 12289 4295 -3589 61 

H(2 1C) 11469 3976 -2828 61 

H(22A) 12363 4399 -506 1 38 

H(22B) 12394 4087 -6145 38 

H(22C) 13201 3782 -5337 38 

H(24A) 11742 -70 -6148 45 

H(24B) 11260 417 -70 11 45 

H(24C) 10527 163 -6141 45 

H(26A) 10953 485 -2998 30 

H(26B) 11215 -55 -3876 30 
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H(27A) 10214 -674 -2713 41 
H(27B) 9555 -621 -3710 41 
H(27C) 9293 -82 -2833 41 

H(28A) 7762 1816 -2511 28 
H(28B) 6630 1641 -2071 28 
H(30A) 8945 2284 -1382 37 
H(31A) 9373 2921 35 51 

H(32A) 8059 3539 873 55 
H(33A) 6338 3545 269 49 

H(34A) 5899 2893 -1150 36 

H(lAA) 4087 3915 2446 21 

H(2AA) 8971 3072 3795 41 

H(2AB) 8534 3372 2775 41 

H(2AC) 8744 2516 2920 41 

H(4AA) 4162 1836 492 21 

H(l lB) 2290 1976 93 21 

H(l3B) 797 3777 940 24 

H(l4C) 142 2751 1673 26 

H(l4D) 1086 2919 2438 26 

H(l5B) 1952 1924 1969 24 

H(l8D) -998 850 142 85 

H(l8E) -880 251 -695 85 

H(l8F) -425 1058 -845 85 
H(l9D) 1125 -248 1111 78 

H(l9E) 80 -569 606 78 
H(l9F) -3 72 1389 78 

H(20D) 1885 -3 -433 63 
H(20E) 1329 538 -1196 63 

H(20F) 873 -268 -1045 63 
H(21D) 6562 715 107 50 
H(21E) 7344 1229 722 50 
H(21F) 6549 1580 -62 50 
H(22D) 7997 1631 3080 39 
H(22E) 7861 1305 2008 39 
H(22F) 7109 1030 2853 39 
H(24D) 6798 5416 3692 47 
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H(24E) 6318 4855 4458 47 

H(24F) 5578 5197 3624 47 

H(26C) 5137 5375 286 34 

H(26D) 6271 4993 417 34 
H(27D) 6364 6221 935 56 
H(27E) 6586 5689 1836 56 
H(27F) 5458 6070 1702 56 
H(28C) 2654 3667 -321 27 

H(28D) 1520 3774 -827 27 

H(29A) 3920 3233 -1346 27 

H(31B) 939 2498 -1802 30 
H(32B) 1510 1851 -3156 36 
H(33B) 3262 1911 -3624 34 

H(34B) 4474 2589 -2705 34 
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Ac 
AIBN 
Alloc 
Bn 
Boe 
Bz 
CAN 
Cbz 
CSA 
DBU 
DBN 
DCC 
DDQ 
DIBALH 
DMAP 
DMDO 
DMF 
DMSO 
DTT 
EDCI 
Fmoc 
HOBt 
Im 
NaHMDS 
KHMDS 
LAH 
mCPBA 
MOM 
Ms 
NBS 
NBT 
NIS 
NMM 
NPSP 
PCC 
PMB 
PPTS 
Pyr 
TBAF 
TBS 
Tf 
TFA 
TFAA 
THF 

List of Abbreviations 

acetyl 
2,2 '-azobisisobutyronitrile 
allyloxycarbonyl 
benzyl 
tert-butoxycarbonyl 
benzoyl 
eerie ammonium nitrate 
benzyloxycarbonyl 
camphorsulfonic acid 
l ,8-diazabicyclo[5.4.0]undec-7-ene 
1,5-Diazabicyclo[ 4.3.0]non-5-ene 
dicyclohexylcarbodiimide 
2,3-dichloro-5,6-dicyano-l ,4-benzoquinone 
diisobutylaluminium hydride 
4-dimethylaminopyridine 
dimethyldioxirane 
N,N-dimethylformamide 
dimethyl sulfoxide 
dithiothreitol 
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 
9-fluorenylmethoxycarbonyl 
1-hydroxybenzotriazole 
imidazol-1-yl 
sodium bis(trimethylsilyl)amide 
potassium bis(trimethylsilyl)amide 
lithium aluminum hydride 
m-chloroperoxybenzoic acid 
methoxymethyl 
methanesulfonyl 
N-bromosuccinimide 
nitro blue tetrzolium chlroride 
N-Iodosuccinimide 
4-methylmorpholine 
N-phenylselenophthalimide 
pyridinium chlorochromate 
p-methoxylbenzyl 
pyridinium p-toluenesulfonate 
pyridine 
tetrabutylzmmonium fluride 
tert-butyldimethylsilyl 
trifluoromethanesulfonyl 
trifluoroacetic acid 
trifluoroacetic anhydride 
tetrahydro furan 
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TIPS 
TMEDA 
TMS 
Troe 
Ts 

Triisopropylsilyl 
N,N,N ',N '-tetramethyleh ytlenediamine 
trimethylslyl 
2,2,2-trichloroethoxycargonyl 
p-toluenesulfonyl 
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Abstract: The total synthesis of (- )-jorumyci n (1) and (- )-renieramycin G (2) has been accomplis hed in 
25 and 23 steps, respective ly, from 5-benzyloxy-2,4-dimethoxy-3-methyl-benzyl alcohol. The synthesis 
features a substrate-tunable stereoselective intramolecular Pictet- Spengler-type reaction for the construction 
of the key pentacyclic core of both targets, bearing either the natural configuration or the epimeric 
configuration at C-3. With access to a C-3 epi-pentacyclic framewo rk, 3-epi-jorumycin (32) and 3-epi-
renieramycin G (34) were also successfully synthesized. Furthermore, preliminary biological evaluation of 
3-epi-jorumycin (32), in add ition to relevant synthetic intermediates, revealed that significant cytotoxicity 
had been retained in these compounds. Therefore, these early studies constitute the basis for a new structure 
activity relationshi p (SAR) investigation for this class of antitumor antibiotics. 

Introduction 

Me 

OMe Me 
0 

OMe 

1, Jorumycin 2, Renieramycin G, R1 = R2 = 0 

The antitumor antibiotics belonging to the tetrahydroiso-
quinoline family have been studied thoroughly, and numerous 
natural products within the class have been isolated. 1 (- ) -

Jornmycin (1), a member of this family, was isolated from the 
mantle and mucus of the pacific nudibranch Jorunna funebris 
(Figure 1).2 (-)-Jornmycin ( I) is closely related to the safra-
mycins (6-8), members of the renieramycin family (2- 4), and, 
most notably, Ecteinascidin 743 (Et)-743 (5), which was 
demonstrated to be a high ly promising, exceedingly potent 
antitumor agent currently in phase 11/lfl cli nical trials. 3 In 
general, the tetrahydroisoqu inoline fami ly of alkaloids inc lude 
potent cytotoxic agents that display a range of biological 
properties such as antitumor and antimicrobial activities. 1 

Consistent with other members in the group, (-)-jornmycin (1) 
also harbors potent biological activities. Specifically, I has 
shown activity against NIH 3T3 tumor cells ( I 00% of inhibition 
at 50 ng/mL) and has displayed cytotoxicity (IC50 12.5 ng/mL) 
against other tumor cell lines at ve1y low concentrations. 
Additionally, 1 was shown to inhibit the growth of various 
Gram-positive bacteria (e.g., Bacillus subtilis, Staphylococcus 
aureus) at a concentration lower than 50 ng/mL.2 An efficient 
semisynthesis of I from a closely re lated natura l product, 
renieramycin M (4), was recently reported by Saito and co-
workers.4 

3, Renieramycin E, R1 = OH, R2 = H 
4, Renieramycin M, R1 = CN, R2 = H 

(-)-Renieramycin G (2) was isolated from the marine sponge 
Xestospongia caycedoi by Davidson in 1992 (Figure l ).5 Despite 

( I J For a review, sec: Scot!, J. D.; Williams, R. M. Chem. Rev. 2002, 102. 
1669- 1730. 

(2) Fontana. A.; Cavaliere. P. ; Wahidulla, S.; Naik. C. G.; Cimino, G. 
Te1rahedro11 2000, 56, 7305-7308. 

(3) Aune, G. J. ; Furuta. T.; Pommier, Y. A111i-Ca11cer Drugs 2002, 13. 545-
555. 

12684 • J. AM. CHEM. SOC. 2005, 127, 12684- 12690 

HOW: 
MeO ;:,.. I . NH 
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AcOoSH~ 

Me~~: 
0~. '-o H 6H 

OMe 
Me 

Me 

5, Ecteinascidin 7 43 

Figure 1. Tetrahydroisoquinoline alkaloids. 

OMe 

6, Saframycin A, R=CN 
7, Saframycin B, R=H 
8, Saframycin S, R=OH 

Me 

0 

having an amide carbonyl res idue at C-2 1, 2 was reported to 
retain cytotoxicity against human cancer ce lls with MlC values 
of 0.5 and 1.0 ,ug/mL against KB and LoVo cell lines, 
respectively.5 This is surprising in light of the fact that virtually 
all biologically active members of this fam ily of tetrahydroiso-
quinoline alkaloids possess a carbinolamine or cyano function 
at C-2 1 that permits the formation of a potent, electrophilic 

(4) Saito, N .; Tanaka, C.; Koizumi , Y.- i.; Suwanborirux. K. ; Amnuoypol. S.; 
Pummangura, S.; Kubo, A. Tc1rahedro11 2004, 60, 3873-3881. 

(5) Davidson, B. S. Tetrahedron le//. 1992 , 33, 372 1-3725. 

10.1021/ja0535918 CCC: $30.25 2005 American Chemical Society 
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iminium ion species that has been impli cated in the form ation 
of covalent bonds to DNA and poss ibl y other biomacromol-
ecules.1 

Previously, our laboratory reported an effici ent method fo r 
the constructi on of a highly functionalized pentacyclic tetrahy-
droisoquinoline relevant to the ecteinascidin, sa framycin, sa-
fracin , and renieramycin famili es of antitumor alka loids.6• The 
approach, which was based on the use of sequentia l asymmetric 
Staudinger and Pictet-Spengler cyclization reacti ons, ultimately 
afforded a pentacyclic core containing an a lkene group at the 
C3-C4 position (renieramycin numbering). Further employment 
of this intermediate in the synthesis of relevant natural product 
ta rgets mandates retenti on of the alkene (for cribrostatin 4), 
saturation, or, in the case of the ecteinascid ins and bioxalomy-
cins, heteroatom functionalization at C3-C4 position. As part 
of a program directed toward efficient, asymmetric total 
syntheses of relevant members of the tetrahydroisoquinoline 
family,6 improvements were sought with respect to the construc-
tion of a necessarily versatile pentacyclic ring system that would 
be of potenti al use in accessing a variety of these targets . We 
report here a general method to construct a saturated pentacyc lic 
ring system that should prove useful fo r the asymmetric tota l 
synthesis of several members of this fa mily of natura l products 
and congeners. The utility of this approach is demonstrated here 
through the firs t asymmetric tota l syntheses of (-)-jorumyci n 
(1) and (- )-renieramycin G (2). Furthermore, en route to 1 and 
2, a serendipitous discovery afforded a method to effi ciently 
and selecti vely access a related pentacyclic intennediate, 
epimeric at the C-3 pos ition . The C-3-epi-pentacycle was 
subsequently employed in the synthesis of 3-epi-jorumycin (32) 
and 3-epi-renieramycin G (34) . The biological activity of thi s 
hi therto unrepo1ted stereochemical series is also reported herein. 

Our strategy for the total synthesis of ( - )-jorumycin (1) and 
(- )-renieramycin G (2) is illustrated in Scheme I. Nucleophilic 
coupling between the appropriately functionalized aryl iodi de 
10 and chi ral glycine template 97.io would afford inte1mediate 
11. Based on the intrinsic symmetry of I and 2, coupling 
partners 12 and 13, representing the wes tern and eastern halves 
of our targets, respective ly, can both be deri ved from 11 . 
Importantl y, compound 12 will bea r full saturation at the C3-
C4 position (renieramycin numbering), obviating the difficult 
reduction required through our previous approach.6• Cyclization 
substrate 14 would be avai lable through a convergent coupling 
between intermediates 12 and 13 foll owed by oxidation at the 
appropriate primary alcohol position. An intramolecular Pictet-

(6) (a) Jin. W.; Mctobo, S.; Williams, R. M. Org. l e11. 2003, 5, 2095 -2098. 
(b) Jin, W.; Wi ll iams, R. M. Tetrahedron l ei/. 2003, 44, 4635 - 4639. (c) 
Hcrberich, B .; Kinugawa, M.; Vazquez. A.; Williams, R. M. Tetrahedron 
l ei/. 2001 , 42, 543- 546. 

(7) (a) Will iams. R. M.; Im. M.-N. Tetrahedron Lei/. 1988, 29. 6075- 6078. 
(b) Will iams. R. M. ; Im, M.-N. J. Am. Chem. Soc. 1991 , I 13, 9276-9286. 
(c) W ill iams, R. M. Aldrichimica Acta 1992, 25, 11 -25. (d) Bender, D. 
M.; Williams, R. M. J. Org. Chem. 1997, 62. 6690- 669 1. (c) Dastli k, K. 
A. ; Sundermeier, U.; Johns, D. A.; Chen, Y.; Williams, R. M. Syn/ell 2005, 
4, 693- 696. 

(8) (a) Myers, A.G. ; Kung, D. W. J. Am. Chem. Soc. 1999. Ill , 10828-
10829. (b) Myers, A. G. ; Lanman, B. A. J. Am. Chem. Soc. 2002. 124, 
12969- 1297 1. (c) Myers, A. G.; Kung, D. W. Org. Lei/. 2000. 2, 30 19-
3022. (d) Myers, A.G. ; Plowright. A. T . .I. Am. Chem. Soc. 2001. 123, 
5114-5 115. (c) Fukuyama, T.; Sachleben, R. A . .I. Am. Chem. Soc. 1982. 
104, 4957 - 4958. ( f) Fukuyama, T.; Ya ng, L. ; Ajcck. K. L. ; Sachleben, R. 
A . .I. Am. Chem. Soc. 1990, 112. 37 12-37 13. (g) Fukuyama, T.; Linton. 
S. D. ; Tun, M. M. Tetrahedron lei/. 1990, 31 . 5989-5992. (hJ Kubo. A.; 
Saito, N .; Yamauchi . R. ; Sakai , S. Chem. Phan n. 8111/. 1987, 35. 2 158-
2 16 1. (i) Saito. N.; Yamauchi. R.; Nishioka . H .; Ida, S.; Kubo, A . .I. Org. 
Chem. 1989. 54. 539 1- 5395. (j) Shawe. T . T.; Licbcskind, L S. 
Tetrahedron 1991. 47, 5643-5666. (k) Ong, W. O.; Chang, Y. A.; Wu. 
J.-Y. ; Cheng, C. -C. Tetrahedron 2003. 59. 8245-8249. 
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Scheme 1. Retrosynthetic Analysis 
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Spengler condensation through the a ldehyde group of intermedi-
ate 14 would provide the versatile pentacyclic intennediate JS. 
Our intermediate 15 woul d provide J or 2 th rough straightfor-
ward fun ctional group manipul ations and should prove useful 
in the synthesis of related targets and their congeners. 

Results and Discussion 

Historica lly, numerous syntheti c efforts toward members of 
the saframycin and renieramycin fa milies of antitumor ant i-
bioti cs have exploited a symmetry-based approach.8 Such a 
strategy is logical because, unlike Et-743 which contains a 
pseudo-symmetrical pentacycli c core,6• ,b.9 the sa framycins and 
renieramycins possess a symmetrical substitution pattern on both 
the eastern and the wes tern arene units. Indeed, the noti on of 
employing a single common intermedi ate in a stereoselective 
and highly symmetrical approach toward any member of the 
sa framycin or reni eramycin fa milies was pioneered by Myers 

(9) For synthetic approaches to Et-743 and congeners, sec: (a) Corey, E. J.; 
Gin , D. Y.; Kania. R . .I. Am. Chem. Soc. 1996. I 18. 9202-9203. (b) 
Martinez, E. J. ; Corey, E. J. Org. Len. 2000, 2. 993-996. (c) Man incz. E. 
J.; Owa, T.; Schreiber, S. L.; Corey, E. J. Proc. Natl. Acad. Sci. USA. 
1999, 96. 3496-3501. (d) Endo, A.; Yanagisawa, A.; Abe. M.; Tohma, 
S.; Kan. T.; Fukuyama, T . .I. Am. Chem. Soc. 2002 , 124, 6552-6554. (c) 
Cucvas. C. ; Perez, M.; Martin, M. J .; Chicharro, J. L. ; Fernandez-Rivas. 
C.; Flores. M.; Francesch. A.; Gallego, P.; Zarzuclo. M.; de la Ca lle. F.; 
Garcia. J. ; Po lanco. C.; Rodriguez. I. ; Manzanares. l. Org. Lett. 2000, 16. 
2545-2548. ( f) Menchaca, R.; Ma rt inez, V.; Rodriguez. A.; Rodriguez. 
N.; Flores, M.; Gallego. P. ; Manzanares, I. ; Cucvas, C. .I. Org. Chem. 2003. 
68. 8859-8866. {g) Saito. N.; Toshiro , K.; Maru, Y.; Yamaguchi, K.; Kubo, 
A . .I. Chem. Soc .. Perkin Trans. 1 1997, 53 -69. (h) Saito, N.; Kamayach i, 
H.; Tachi . M.; Kubo, A. Heterocvcles 1999, 51, 9-12. (i) Saito, N.; Tachi. 
M.; Seki , R.-1. ; Kamayachi , H.; Kubo. A. Chem. Pharm. Bull. 2000. 48, 
1549- 1557. (j ) Saito, N.; Sek i, R.-1. ; Kamcyama, N.; Sugimoto, R.; Kubo, 
A. Chem. Phann Bull. 2003 , 5 1. 82 1-83 1. (k) Zhou . B.; Guo. J.; 
Danishcfsky, S. J. Tetrahedron Len . 2000, 41, 2043-2046. (I) Zhou, B.; 
Edmondson. S.; Padron, J. ; Danishcfsky, S. J. Tetrahedron Len. 2000, 4 / , 
2039-2042. {m) Zhou. B.; Guo, J .; Danishcfsky. S. J. Org. Leu. 2002. 4. 
43-46. (n) Tang. Y.; Li u. Z.; Chen. S. Chin. Chem. Lei/. 2003. 14, 1-2. 
(o) Tang. Y.; Liu. Z.; Chen. S. Tetrahedron le11. 2003. 44. 709 1-7094. 
(p) De Pao lis, M.; Chiaron i. A.; Zhu, J. Chem. Commun. 2003. 23. 2896-
2897. {q) Chen. X. ; Chen. J.; De Paoli s. M.; Zhu. J . .I. Org. Chem. 2005, 
70. 4397-4408. 

(10) Both antipodes of 9 arc commercially ava ilable from Aldrich Chemica l 
Co.: 9. catalog #33. 184-8; ant ipode of 9, catalog #33, 18 1-3. 
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Scheme 2. Synthesis of Tyros ine Deriva tive 19 
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and co-workers in their elegant tota l synthes is of (-)-saframycin 
A. 8• The efficiency of this strategy ultimately culminated in a 
viable solid-phase route to saframycin A and analogues. 8h 

Our universa l building block, compound 11 , was readily 
avai lable through straightforward methods (Scheme 2).6b Ini-
tia lly, alcoho l 168e was converted to the correspond ing benzy l 
iodide derivative 10 in quanti tative yie ld. However, compound 
10 was found to be unstable and was therefore uti lized crude 
through immediate condensation with the sodium enolate of 
oxazinone 9 to afford the alkylation product 11 in 88% yield. 7-10 

Conversion of compound 1 l to the requisite amino acid 
component 13 (Scheme I) , representing the eastern ha lf of 1 
and 2, proceeded as fo ll ows. The 0 -benzyl group of 11 was 
initially removed by catalytic hydrogenation to give the corre-
sponding phenol, followed by removal of the N-t-Boc protecting 
group by treatment with TFA to afford an ami ne intem1ediate. 
Subsequent reprotection of the phenol group of this intermediate 
as the corresponding 0 -TBS ether under standard cond itions 
afforded compound 17 in 75% for three steps. The requisite 
N-Me group was then installed through reductive amination of 
the secondary amine group in 17 producing N-methyl lactone 
18 in 72% yie ld. Removal of the chira l auxil iary in compound 
18 by catalytic hydrogenation, fo llowed by protection of the 
secondary amine as the corresponding Fmoc derivative, fur-
nished ami no acid 19 in 77% yie ld for two steps. 

With the eastern tyrosine derivative in hand, synthesis of 
tetrahydroisoquinoline component 12, representing the western 
ha lf of 1 and 2, commenced as above, from compound 11 
(Scheme 3) . Ini tially, subjection of compound 11 to cata lytic 
hydrogenation conditions affected removal of the 0-benzyl 
group as well as partial cleavage of the chiral aux il iary, affording 
a carboxylic acid intermed iate. The carboxylic acid group in 
this intermediate was subsequently conve1ted to the coITespond-
ing primary alcoho l through a mixed-anhydride reduct ion 
producing compound 20 in 88% yield fo r two steps. Remova l 
of the N-t-Boc protecting group in compound 20 by treatment 
with TFA fo llowed by selective protection of the free primary 
alcohol as the corresponding 0-TBS ether under standard 
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Scheme 3. Construction of Tetrahydroisoquinoline 25 
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conditions afforded compound 21 in 88% yield for two steps. 
Treatment of this substance with ethyl glyoxylate afforded the 
corresponding anli-tetrahydroisoqui noline 22 as a single ster-
eoisomer in 92% yie ld. 

Consistent with prior observations regard ing peptide couplings 
of sim ilarly functionalized am ine substrates with sterically 
demanding carboxylic acid partners,6• a syn relationship with 
respect to the C-1 and C-3 positions was determined to be 
required for a successfu l marr iage of the eastern and western 
core units . Therefore, equilibration of the an ti-carboethoxy group 
in 22 with DBU9P,q afforded an inseparable (3.3: I) mixture of 
diastereomers in favor of the ester intermediate bearing the 
desired syn configuration at C-1. Conversion of the ester group 
in this intermediate to the corresponding primary alcohol was 
accompli shed by subjecting the product mixture to reductive 
conditions (LiB H4), successfull y producing compound 23 (dr 
3.3: I) in 89% yield. Exchange of the chiral auxil iary in 
compound 23 fo r the corresponding N-t-Boc protecting group 
was accompli shed in one step by hydrogenolysis of the isomeric 
mixture in the presence of Boc20 . This operation afforded the 
desi red substance 24 in 69% yield in addi tion to 23% of the 
correspond ing anti-isomer, w hich, at thi s junctu re, were easi ly 
separated by conventional flash chromatography. In addition 
to providing a pair of chromatographically separable isomers, 
the funct ional group exchange insta lled appropriate, temporary 
protection at the nitrogen posi ti on on compound 24. Nitrogen 
protec ti on was found to be essential for subsequent protecting 
group installation at the two remaining free alcohol positions, 
and, furthermore , the N-t-Boc group could be easily removed 
under conditions compatible with the overall protection strategy. 
Therefore, bis-al ly! protection of the free alcohol positions in 
compound 24 afforded a fu lly protected carbamate intermediate. 
Finally, the N-t-Boc group was selectively removed under 
Lewis-acid conditions, producing compound 25 in excellent 
y ield for two steps. Importantly, the a lly( ether groups were 
chosen for their orthogonal characteristics with respect to the 
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Scheme 4. Construction of 3-epi-Pentacycle 28 
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other protecting groups present. Additiona lly, it was reasoned 
that the compact size of these groups would minimize steric 
shielding of the secondary amine and improve the reactivity of 
compound 25 for coupling with compound 19. 

With straightforward access to compounds 19 and 25 bearing 
the appropr iate features necessary for the convergent peptide 
coupling, the stage was set for joining the eastern and western 
halves of 1 and 2. Amino acid 19 was initia lly converted into 
the corresponding acid chloride by treatment with oxalyl 
chloride and was then coupled to compound 25 in the presence 
of 2,6-lutid ine to afford the des ired peptide 26 in 89% yield 
(Scheme 4). 

The next step entai led installation of the requisite aldehyde 
group in compound 26 to produce the desired cyclization 
substrate 14 (Scheme 1 ). Therefore, ini tial selective removal 
of the O-TBS group at the relevant primary hydroxy l positi on 
afforded a free alcohol intermediate, whi ch was subsequently 
converted to the corresponding aldehyde 27 through a Swem 
protocol 11 (oxalyl chloride, DMSO, N Et3) in excell ent yield for 
two steps. Cyclization of compound 27 was accomplished in a 
one-pot procedure. Initial treatment of compound 27 with TBAF 
simultaneously removed the phenoli c O-TBS and N-Fmoc 
groups, producing an iminium intermed iate through coll apse of 
the resul ting free secondary amine group onto the aldehyde 
group. Subsequent treatment of this reactive intennediate in situ 
with excess MsOH promoted nucleophilic attack of the electron-
rich eastern arene unit onto the electrophilic iminium species. 
This reaction generated compound 28, exclusively, in 89% yield 
bearing the opposite con figu ration at C-3 with respect to the 
natural products. The structure of compound 28 was subse-
quentl y confirmed through single-crystal X-ray analysis (Figure 
2). 

The observed epimerization at C-3 was quite unexpected . On 
one hand, Danishefsky and co-workers obtai ned a 3-epi-
pentacycl ic intermediate en route to cribrostatin IV (reniera-
mycin H) th rough an intramolecular C3-C 11 bond-forming 
Mann ich condensation.12 On the other hand, Corey and co-

(I I} Omura, K.; Swem, D. Tetrahedron 1978, 34, 1651- 1660. . 
( 12) Chan. C.; Heid. R.; Zheng. S.; Guo. J.: Zhou. B.; Furuuch,. T.; Da111shefsky, 

S. J. J. Am. Chem. Soc. 2005, 12 7. 4596- 4598. 
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Figure 2. X-ray structure of 3-epi-pentacyc le 28. 

workers, in their groundbreaking total synthesis of Et-743 , 
depl oyed a hemi-ami noacetal de rivative to effect a C 19-C 1 1 
bond-forming process that se lecti ve ly cyclized to a key penta-
cyclic intermediate bearing the natura l configuration at C-3 _9a,b 

Although the C3-epi cyclization conundrum posed an initial 
obstac le with respect to the synthesis of 1 and 2, the efficient 
route to compound 28 fortu itously presented a unique op-
portuni ty. Indeed, selective access to a pentacyclic intennediate 
bearing the opposite configuration at C-3 would, in turn, provide 
a gateway to a hitherto unexplored series of C3-epi-tetrahy-
droisoquinoline natura l product analogues. Structure-activity 
relationships (SARs) have been reported on potent analogues 
of saframycin A (6) by Myers and co-workers,8h,d and Corey, 
Schreiber, and co-workers have prepared synthetic analogues 
of Et-743 (5) (e.g., phthalascidin , Pt-650) that maintained 
virtuall y the same cytotoxicity as the parent natural product.9c 

Add itionally, studies by Ong and co-workers toward the 
development of a pentacyclic scaffo ld mimic of saframycin A 
resulted in a compound of dimini shed potency with respect to 
the parent natura l product.8k However, to date SAR inve tiga-
tions have not addressed the cytotox icity profiles of epimeric 
members of the tetrahydroisoquinoli ne family bearing the 
pentacyclic skeleton characteri st ic of the aframycins . The 
specific global confonnations of these compounds wi ll most 
li kely reflect the individual stereochemical confi guration 
contai ned within the pentacyc lic system. Therefore, one could 
hypothesize that a structural modification of this variety could 
mani fest into a significantly a ltered backbone conformation fo r 
the epimeric analogues relative to their respective natural product 
coun terparts . These structural differences could, in turn, enhance 
or dimini sh the abili ty of these epimeri c compounds to 
participate in noncovalent and covalent binding in the minor 
groove of DNA. 13 

With these thoughts in mind, we turned our attention toward 
the conversion of compound 28 to the C-3-epi variants of 
compounds 1 and 2, 3-epi-jorumycin (32) and 3-epi-reniera-
mycin G (34), respecti vely. The synthesis of 3-epi-jorumyci n 
(32) commenced with conversion of the amide group in 
compound 28 to the corresponding aminonitri le (Scheme 5). 
Thi s conversion entai led initia l reduction of the amide group 
(LiAlH4, THF) fo llowed by trapping of the resulting carbino-
lamine group with cyanide (aqueous KC , AcO H) affording 
the desired aminonitril e intermediate. Subsequent reducti ve 
remova l of the ally] groups from this species afforded compound 
29 in 93% yield fo r two steps. Initial DDQ oxidat ion of the 

(13) Hill, G. C. : Rcmcrs, W. A. J. Med. Chem. 199 1, 34, 1990-1998. 
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Scheme 5. Synthesis of 3-ep/'.-Jorumycin (32) 
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Scheme 6. Synthesis of 3-ep/'.-Renieramycin G (34) 

Me 
1. Bu3SnH, Pd(PPh3)4, AcOH 

OMe 2. 2,4,6-trichlorobenzoyl chloride, 
NEt3, toluene, 95 °c 

0 

OMe 
HO 7 

Meo H 

Me~.,_,, ~ ••, . NMe 

MeO /2 : N 

Me 

0 

HO:.rM:8% 

Me ~ OMeMe 

0 H 
OMe Me~,, 0 

DDQ I I ~,' 
-MeO . N 

66% O 0 HO 0 
0 Me 

0 ~ 33 
Me 

01/e 34 

Me 

hydroquinone units in compound 29 afforded bi -quinone 30 
in 46% yield. The primary hydroxyl group in compound 30 
was then acylated to give compound 31 in 78% yield. Treatment 
of compound 31 with aqueous AgNO3 cleanly afforded 3-epi-
jorumycin (32) in 80% yield . The relative configurations at the 
aminonitrile and carbinolamine positions (C-21) of compounds 
30 and 32, respectively, were verified through 1H NMR coupling 
constant ana lysis. 14 

With our first epimeric target in hand, efforts were then 
directed toward the conversion of compound 28 to 3-epi-
renieramyci n G (34 ). Thus, initial removal of the allyl groups 
in compound 28 afforded a trial intermediate (Scheme 6) . 
Selecti ve acylation of the primary alcoho l group in this 
intermediate with angelic acid was accomplished under modified 
Yamaguchi conditions15 to afford compound 33 in 78% yield 

(14) 2D NOe analyses of compounds 29 - 32 were inconclusive in regards to 
establishing the respective configurations at C-21 . However, the coupling 
constants (J's) between 1-1-21 and 1-1-13 were successfully measured for 
compounds 30 and 32 at 1.9 and 2. 1 Hz, respecti vely. Based on dihcdrnl 
angles derived from energy-minimized structures of 30 and 32 bearing both 
possible configurations at C-21, these fs were consistent wi1h the respective 
assigned stereochemistrics at this position. 

(15) Hartmann, B.; Kanazawa, A. M.: Depres. J.-P. : Green. A. E. Tetrahedron 
Leu. 1991. 32, 5077-5080. 
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Table 1. Antiproliferative Activity of 3-ep/'.-Jorumycin (32) and 
Related Synthetic Intermediates• 

cell line 

compound A549 HCT-116 

29 >10 > 10 
30 6.2 4.4 
31 5. 1 2.0 
32 > 10 4.9 

" Values reported are Glso in µM. 

Figure 3. Overl ay of compounds 28 (red) and 41 (gray). 

for two steps. Subsequent DDQ ox idation of the hydroquinone 
units in compound 33 to the corresponding bis-quinone produced 
3-epi-renieramycin G (34) in 66% yield. 

Preliminary cytotoxicity assays were conducted on com-
pounds 29-32 to determine whether antiproliferative activity 
had been retained. Compounds 29-32 were creened against 
two human cancer cell lines (A549 and HCT-1 16) (Table 1), 
and results revea led low micromolar inhibition profiles for all 
compounds tested, verifying the retention of anti tumor potential 
for this new class of agents despite the inversion of configuration 
at C-3. However, as (-)-jorumycin ( I) and presumably related 
intennediates are known to be unstable,2 accurate determinations 
of relati ve cytotoxicity for the 3-epi analogues in comparison 
to the parent natural products ( I and 2) would have to be 
conducted simultaneously. This requirement, therefore, provided 
additional motivation for the development of a viable synthetic 
route to our origina l targets, compounds I and 2. 

It is quite significant that the C-3-epi substances display 
substantial cytotoxicity, and this was quite unexpected based 
on an initial consideration of the anticipated substantial change 
in geometry that the C-3-epi stereochemistry would render on 
C-2 1, the wel l-accepted site of DNA alkylation within the 
saframycin-ecteinascidin family of antitumor agents. 1 To gain 
some preliminary insight into the C-3-epi series, we have 
compared the geometry of compound 28 as revealed through 
X-ray analysis with the energy minimized geometry of 41 (vide 
infra) as shown in the overlay presented in Figure 3. While these 
are both amide-containing substrates, the overa ll spatial ar-
rangements of the C-2 1 carbon atom in both substrates are found 
in a surprisingly similar region of space when the left-hand A-B 
ring systems are overlapped. This preliminary modeling exercise 
provides the reasonable expectation that the C-3-epi compounds, 
such as 30 and 31, should be fu nctionally capable of alkylating 
the exocyclic amine group of guanine res idues in the minor 
groove of DNA in a fashion similar to that established for the 
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Scheme 7. Cycl ization Studies on Alternate Substrates 35, 36 
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natural products.1 Efforts to explore the biochemical reacti vity 
of these compounds are presently under study and will be the 
subject of a separate disclosure. 

Access to the natura l substances I and 2 required a method 
for the synthesis of a versati le pentacycli c intermediate (15) 
bearing the natural configuration at C-3. To achieve this goal, 
a thorough investigation was conducted to determine a viable 
route to obviate the undesired epimerizat ion at C-3. The 
cyc lization of our original substra te, compound 27, was initially 
conducted under bas ic conditions (TBA F) followed by treatment 
of the incipient iminium intermediate with exces acid (M sO H). 
Therefore, it was initially conjectured that perhaps the epimer-
ization was mediated by base. This postulate seemed reasonable 
based on previous repo11s by Corey and co-workers of simil ar 
cyclizations whereby iminium formation and subsequent cy-
clization were both conducted under acidic conditions to 
successfully afford compounds bearing the nantral configuration 
at C-J_9a.b 

To test our theory, a cyclization substrate bearing acid-labile 
protecting groups at the re levant positions was desired . This 
new protection strategy would a lso perm it access to a C-3-epi 
cyclization substrate through deliberate base-mediated equilibra-
tion at the C-3 aldehyde position (renieramycin numbering). 
The epimeric substrate would serve to determine the depen-
dence, if any, of the initi al confi guration at C-3 on the 
stereochemical outcome of the cycliza tion . In accord with th is 
strategy, compound 35, bearing Boe protection at the nitrogen 
and phenol positions, was synthesized by straightforward 
methods from peptide 26. 16 Subsequent treatment of compound 
35 with DB U effective ly equilibrated the configuration at C-3 , 
affording a diastereomeric mi xture of 35 and 36 (dr ~ I: 1, 
Scheme 7). Subj ection of compounds 35 and 36. indi vi dually, 
to TFA afforded exclusively, the 3-epi pentacycle 28, which is 
consistent with the behavior of compound 27 (Scheme 4) . 

These studies on compounds 35 and 36 confirmed that the 
stereochemical outcome of the eycl ization at C-3 under these 
conditions was independent of the initial substrate configuration 
at C-3 , and, importantly, thi s con firmed that the epimeri za ti on 
was pervasive even in the absence of base. Guided by these 
preliminary findi ngs, extensive studies were then conducted to 
determine the appropri ate cyclization substrate and reaction 
conditions necessary to maintai n the desired con fi guration at 
the C-3 position. These effo11s ul timate ly led to the discovery 

( 16) Compound 35 was prepared from pcplidc 26 through the foll owing 
sequence: ( I) TBAF, THF. room temperature; then excess Boc,O: (2) 
Boc,O, EtOH, room temperature; (3) Dess - Ma n in [OJ. 
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Scheme 8. Synthesis of Pentacycle 41 
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of compound 40, a modified substrate lack ing a methyl group 
at the nitrogen position and bearing a free phenol group on the 
eastern arene unit. 

Preparation of compound 40 proved straightforward and 
commenced with the coupling of modified ami no acid 37. 17 

th rough its corresponding acid ch loride, to compound 25 in the 
presence of 2,6- lutidine to afford the desired peptide 38 in 93% 
yield (Scheme 8). The N-Fmoc group in compound 38 was then 
removed wi th piperidine, and the resulting free am ine was 
reprotected as the corresponding Boe carbamate to afford the 
desired intennediate. Selective removal of the 0 -TBS protecting 
group at the primary hydroxyl position in thi s intermedi ate was 
accompli shed under acid ic conditi ons producing alcohol 39 in 
84% yie ld for three steps. Subsequent oxidation of the primary 
hydroxyl group in 39 to the corresponding aldehyde through 
the agency of the Dess-Mart in reagent 18 resulted in a hemi -
aminal intermediate. Removal of the phenolic 0 -TBS group in 
the intermediate produced compound 40 as a single diastereomer 
(hemi-aminal configurati on established by 2D ROESY NMR) 
in 92% yie ld for two steps. Gratify ingly, subjection of substrate 
40 to TFA afforded a pentacyclic compound in high yield 
bearing the desired natural con fi guration at C-3. Insta ll ation of 
the N-Me group in this intennediate through reductive amination 
wi th formaldehyde produced compound 41 in 71 % yield fo r 
two steps, appropriate ly endowed for conversion to the natural 
alkaloid . 

The modified cyclization strategy proceeding through com-
pound 40 was somewhat less convergent than our previous route 
to 3-epi-pentacyc le 28 due to necessary protecting group 
mani pul ations and a late-stage install ation of the requisite N-Me 
group. Nonetheless, the speci fie strucn1 ral features of compound 

(17) Compound 37 was prepared fro m amine 17 in two steps : (I) PdCI,, EtOH. 
H2; (2) FmocOSu, aqueous aHC0 3, CH 2Cl2 (sec Supponrng lnfonnallon). 

(1 8) Dess, B. D.: Man in. J.C. J . Am. Chem. Soc. 199 1, 113 , 7277-7287. 
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Scheme 9. Synthesis of (- )-Jorumycin (1) 
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40 were found to be crucial to the success of the cyclization. 
Indeed, any attempts to cyclize substrates incorporating an acid 
labile group at the eastern phenolic position or an N-Me group 
resulted only in the production of 3-epi-pentacycle products in 
addition to undesired byproducts. 

With compound 41 in hand, we initially endeavored to 
complete the synthesis of (-)-jorumycin ( I). ln accord with 
the route to 3-epi-jorumycin (32), conversion of the amide group 
in compound 41 to the corresponding aminonitri le proceeded 
as before (LiAIH4, THF, then aqueous KC , AcOH). Subse-
quent reductive remova l of the ally! groups in this in termediate 
afforded the corresponding trio I. Oxidation of the hydroquinone 
units in the trio! intermed iate afforded the bis-quinone 42 in 
49% yield for three steps. Importantl y, spectroscop ic data from 
compound 42 matched data from the same intennediate reported 
previously by Saito and co-workers in their semisynthesis of 
(-)-jorumycin (I) from renieramycin M (4).4 The primary 
hydroxyl group in compound 42 was then acylated to give an 
acetate intermediate, after whi ch treatment of this intermed iate 
with aqueous si lver nitrate cleanly afforded (-)-jorumycin ( I) 
in 78% yield for two steps (Scheme 9). The synthetic jorumycin 
had spectral data consistent with that previously reported for 
the natural substance2 and for the materi al derived through 
semisynthetic methods.4 

Consistent with our route to 3-epi-renieramycin G (34), 
conversion of compound 41 to (-)-renieramycin G (2) proved 
stra ightforward. Initial removal of the O-allyl groups from 
compound 41 afforded a trio! intermediate, which was subjected 
to selective acylat ion of the primary alcohol group with angelic 
acid under modified Yamaguchi cond itions15 as above, to afford 
compound 43 in 66% yield for two steps. Subsequent DDQ 
ox idation of the hydroquinone units in compound 43 to the 

(19) We were unab le to acquire an authentic spec imen of natura l renicramycin 
G from Prof. B. S. Davidson (ref 5) with which to compare our synthetic 
sa mple . The isolation paper (re f 5) notes that the natural product was 
unstab le. Furthermore. an opti cal ro tation for thi s nat ura l product has 
heretofore not been recorded . 
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Scheme 10. Synthesis of (- )-Renieramycin G (2) 
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corresponding bi s-quinone produced (-)-renieramycin G (2) in 
63% yield (Scheme I 0) . The synthetic (-)-renieramycin G had 
spectral data fully consistent with those previously reported for 
the natural substance.5, t9 

Conclusion 

The asymmetric total syntheses of(-)-jorumyc in ( I) and(-)-
renieramycin G (2) have been accompli shed in 25 and 23 steps, 
respectively. Additionally, 3-epi-jorumycin (32) and 3-epi-
reni eramycin G (34) were also successfull y synthesized, the 
former of wh ich, incl uding related synthetic intermediates, 
di splayed significant cytotox icity in preli minary biologica l 
evaluation. Efforts to utilize this approach fo r the concise 
asymmetric synthesis of other members of the ren ieramycin 
family, the ecteinascidins, sa framycins , as well as the safracins 
and some mechanistically inspired analogues, including epimers, 
are currently under study in our laboratories. 
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An Improved Synthesis of Optically Pure 4-Boc-5,6-Diphenylmorpholin-2-one 
and 4-Cbz-5,6-Diphenylmorpholin-2-one 
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Abstract: A convenient synthesis of optically pure 4-Boc-5,6-
diphenylmorpholin-2-one and 4-Cbz-5,6-diphenylmorpholin-2-one 
by reaction of(+)- or (- )-2-amino-1,2-diphenylethanol with ethyl 
bromoacetate, followed by N-protection, and p-TsOH-mediated 
ring-closure is described. The title compounds can be used as syn-
thons for the asymmetric synthesis of N-protected u-amino acids. 
These lactones are quite stable to storage and handling. 
Key words: amino acids, asymmetric synthesis, lactones, 2-amino-
1,2-diphenylethanol, ring-closure 

It is well-established that ( + )- and (-)-4-tert-butoxycarbo-
nyl-5 ,6-diphenylmorpholin-2-ones, as well as the corre-
sponding 4-benzyloxycarbonyl compounds, are useful 
intermediates for the asymmetric synthesis of a-amino 
acid derivatives. 1-3 These intermediates serve as chiral, 
non-racemic templates for the construction of a -amino 
acids, wh ich are found in a large number of biologica lly 
important metabolites and natural products (Scheme 1 ).4 

Several methods have been developed for the asymmetric 
synthesis of a -amino acids such as alkylation of chiral 
Schiff bases, catalytic asymmetric C-H, C-C and C-N 
bond forming reactions and the asymmetric Strecker 
reaction among other methods. 4 However, none of these 
methods can provide the range of chemical reactivity for 
C-C bond-forming processes that the morpholinone-based 
chiral templates provide . The great versatility that these 
glycine templates offer for preparing structurally diverse 
amino acids in high optically purity has been illustrated in 
the synthesis of several complex alkaloid natural prod-
ucts.1-3 Among the transformations reported for these 
glycine templates is the asymmetric [ 1,3] di polar cyclo-
addition reaction, which enables diastereoselective 
double alkylation in the construction of densely function-
alized pyrrolidines (Scheme l) .2P·3c We have also demon-
strated that the methylene carbon of the morpholinone can 
be coupled with a variety of electrophiles and nucleo-
philes to provide optically pure a-homologated amino 
acids after cleavage of the chiral template. Furthermore, 
the morpholinone can be selectively trans-homologated 
through Wittig olefination2q followed by reduction. Alter-
natively, the morpholinone can be cis-homologated 
through Lewis acid-mediated addition ofallylsilane to the 
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intermediate oxocarbenium ion generated from the corre-
sponding hemiacetal.2q,s 

A variety of both reductive and oxidative conditions have 
been developed for removing the chiral auxiliary from the 
functionalized adducts to generate the corresponding ami-
no acid or amino alcohol products. 1 Furthermore, the lac-
tones are quite stable to storage and handling. 

Ph 

Ph00 

RN~ © 0 
Electrophile 

! 
Ph 

Ph00 

RN~O 

R• 
! 

0 

RHN0 _ OH 
R• 

_:"i1~ re ... -0 
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Ph Ph 

Ph0~ Ph0 0 - RN~ RN0Rs 

R• R• I Oxocarbenium ion Stabilized Wittig I 

! ! 
QH OH 

RHN~Rs RHN~Rs 

R• R• 
Scheme I Synthesis of L- and D-amino acid derivatives from mor-
pholinones 

Our group has reported the synthesis of the title com-
pounds starting from benzoin and have reported a prac-
tical procedure for the synthesis of (5S,6R)-4-tert-
butoxycarbonyl-5 ,6-diphenylmorpholin-2-one (6) from 
(1R,2S)-(- )-2-amino-l ,2-diphenylethanol [(-)-2] .6 Here-
in, we wish to report an improved and more efficient pre-
paration starting from non-racemic amino alcohols (+)-
and (-)-2 . The non-racemic amino alcohols, ( IR,2S)-(- )-
2-amino-l,2-diphenylethanol and (IS,2R)-(+)-2-amino-
l ,2-diphenylethanol, are commercially available. Alterna-
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tively, these compounds can be easily prepared by con-
verting benzoin to its corresponding oxime (1),7 followed 
by stereoselective oxime reduction which gives exclu-
sively, the erythro-amino alcohol,8 and subsequent optical 
resolution of the resulting erythro-amino alcohol (±)-2 
(Scheme 2). This robust reduction that can be performed 
on a large scale, provides the racemic amino alcohols as a 
crystalline solid in a high state of purity. Resolution was 
accomplished through reciprocal crystallization of the 
corresponding (-)-mandelic acid salts .9 The new protocol 
provides higher resolution efficiency and requires fewer 
recrystallizations than the fractional L-glutamic acid reso-
lution reported previously. 6•·8 Alternatively, the non-race-
mic amino alcohols can be prepared through initial lipase 
resolution ofbenzoin, followed by requisite oxime forma-
tion and subsequent reduction. 10 

Ph OH 
Ph Ph 3 Y 

Ph . ).__ H2 Ph . ).__ C02H II 'OH~ I 'OH reciprocal 
NOH NH2 recryst. 

1 (±)·2 (erylhro only) 

Ph 

Ph00H 

NH2(-)-2 

f:h 
Ph,,(°'OH 

NH2(+)-2 

Scheme 2 Preparation of (I R,2S)-(- )-2-amino- l ,2-diphenylethanol 
and ( IS,2R)-( +)-2-amino- l ,2-diphenylethanol7 

Following resolution, either(+)- or (- )-2 was reacted with 
ethyl bromoacetate to form the corresponding chiral gly-
cinate as illustrated for compound 4 in Scheme 3. Our pre-
viously reported procedure was reported on a 25 g (117 
mmol) scale and was accomplished by slow addition of 
Et3N (2.0 equiv) to a so lution of either(+)- or (- )-2 and 
ethyl bromoacetate (1.5 equiv) in anhydrous THF (0 .26 
M) .5 After stirring for 20 hours at room temperature, the 
crude product was isolated and was subsequently recrys-
tallized from absolute ethanol to yield 29 g (84%) of the 
enantiomerically pure glycinate bearing the desired con-
figuration. We have since found that this reaction can be 
significantly improved by changing the addition sequence 
of the reagents. Specifically, slow addition of ethyl bro-
moacetate to the amino alcohol/Et3N/THF solution result-
ed in complete reaction after an additional I hour of 
stirring at room temperature. We were able to decrease the 
quantities of Et3N ( 1.55 equiv) and THF (0.45 M) re-
quired, and successfully conducted the reaction in reagent 
grade THF, obviating the use of anhydrous solvent. Im-
portantly, the resulting crude product was isolated in ade-
quate purity as a solid after rinsing with water and can be 
subjected to subsequent transformations without recrys-
tallization. Furthermore, 4 and the corresponding anti-
pode can now be routinely prepared on > I 00 g scale (0 .5 
mol) using this modified procedure. 
Amine 4 [from (-)-2, 0.5 mo!] was then acylated by reac-
tion with either di-t-butyl dicarbonate [(Boe )iO] or benzyl 
chloroformate (CbzCI). Our previous procedure for pre-
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Scheme 3 Synthesis of (5S,6R)-4-t-Boc-5 ,6-diphenylmorpholin-2-
one and (5S,6R)-4-Cbz-5 ,6-diphenylmorpholin-2-one from (IR,2S)-
(- )-2-amino-1,2-diphenylethanol 

paring 5 entailed refluxing 4 with (Boc)2O (2.0 equiv) in 
a biphasic CH Cl/ aqueous NaHCO3-NaCI mixture for 20 
hours . This was followed by an aqueous work-up, drying 
of the organic layer overnight, and removal of excess 
(Boc)2O (5 mmHg, 130 °C) to afford 5 (33.2 g, 99% from 
4). Alternatively, due to efforts to obviate the use of chlo-
rinated solvents, it was discovered that the reaction could 
be performed in toluene . Therefore, a solution of (Boc)2O 
(1.35 equiv) in toluene was slowly added to crude 4 in re-
fluxing toluene. After IO hours, a portion of the solvent 
was distilled from the reaction mixture effecting azeotro-
pic removal of excess water that remained from the isola-
tion of 4 in the previous step . The resulting solution of 5 
in toluene was used in the following step, therefore avoid-
ing product isolation. This modified procedure is advanta-
geous in that it (I) requires less (Boc)2O reagent; (2) 
obviates halogenated solvents, (3) utilizes a solvent that 
can, in practice, be recycled, and (4) is significantly more 
time efficient. 
If the N-Cbz lactone 8 is ultimately desired, Schotten-
Bauman acylation conditions are used to produce 7 from 
intermediate 4 as previously described ( 1.1 equiv CbzCI, 
sat. NaHCO3 solution, CH2Cl2) .8 Interestingly, by apply-
ing minor modifications to the original procedure,8 in-
cluding maintaining the reaction at 0 °C rather than room 
temperature and slowly adding CbzCI to the biphasic mix-
ture of 4 in aqueous NaHCO/ CH2Cl2, we were able to re-
duce the reaction time from 12 hours to one hour. 

Reaction of the crude N-protected products, 5 or 7, with 
catalytic amounts of p-TsOH promotes ring-closure to 6 
and 8, respectively. The forme r protocol entailed reflux-
ing the esters (5 or 7) in benzene with catalytic p-TsOH 
(0.1 equiv) using a Soxhlet extractor packed with CaCl2 to 
remove water from the reaction. However, in accord with 
our recently developed di stillation protocol, the reaction 
could be successfully performed in toluene. Therefore, re-
moval of a portion of the reaction solvent through simple 
distillation, as before, effected azeotropic dehydration of 
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the reaction. This modification effectively provides the 
desired morpholinones after three distillation cycles. Fi-
nally, the products are recrystallized from ethanol or 
toluene to provide optically pure 4-Boc-5,6-diphenylmor-
pholin-2-one (6) and 4-Cbz-5,6-diphenyl-morpholin-2-
one (8) in 75% and 86% yield, respectively, over three 
steps. Importantly, whi le the modified procedure requires 
three days for completion, the previous procedure typical-
ly required six to seven days and yielded 59% and 66% of 
6 and 8, respectively, over three steps. 
Utilizing this convenient procedure, it is possible to pre-
pare optically pure 4-Boc-5,6-diphenyl-morpholin-2-one 
and 4-Cbz-5,6-diphenylmorpholin-2-one on a 100 g scale 
with reproducibly high yields . Exclusion of air during the 
synthesis was not necessary, and the entire sequence from 
benzoin was accomplished without any chromatographic 
separations. The products can be stored on the shelf at 
room temperature over several years without decom-
position. 

Procedure for the Preparation of (SS,6R)-4-(t-Butoxy-carbon-
yl)-5,6-diphenyl-morpholin-2-one (6) 
( IR,2S)-(-)-2-Amino-l ,2-diphenylethanol [(-)-2 , 106 g, 0.5 mol] 
was dissolved in a mixture ofTHF (I 100 mL, ACS grade) and Et3N 
(108 mL, 78 .4 g, 0.775 mol , 1.55 equiv) with gentle warming. Ethyl 
bromoacetate (86 mL, 129 g, 0.775 mol, 1.55 equiv) was slowly 
dropped into the vigorously stirred solution over I h at r.t. The re-
action was stirred for an additional I h, then cooled to 0 °C and fil-
tered. The filter cake was thoroughly rinsed with ice cold THF 
(2 x I 00 mL). The combined filtrates were evaporated to dryness, 
and the solid residue was washed with warm H2O (500 mL, 50 °C), 
dissolved in toluene (600 mL), and brought to reflu x temperature. A 
solution of di-I-butyl dicarbonate ( 147 g, 0.675 mol , 1.35 equiv) in 
toluene (400 mL) was slowly added to the stirred mixture over 2 h. 
The reaction remained at reflux for an additional IO h, then 300-500 
mL of solvent was di stilled off to remove any residual water. The 
reaction volume was adjusted back to 1000 mL with fresh toluene, 
p-TsOH·H2O (9.52 g, 0.05 mol , 0.1 equiv) was added, and the ex-
cess solvent was slowly distilled until approx. 500 mL remained. 
The reaction was cooled to r.t. , the resulting crystals were collected 
by filtration, rinsed with toluene- hexane (I :3, 200 mL), followed 
by hexane (200 mL). The mother liquor and washes were combined, 
and the solvent was removed by distillation (until 300 mL re-
mained) . The cooling, filtration, and washing sequence was repeat-
ed to provide a second crop of crystals. The washes and mother 
liquors were again combined along with additional p-TsOH·H2O 
(2.38 g, 0.012 mol, 0.025 equiv) and the sequence was repeated to 
provide a third crop of crystals . The combined sol ids were recrys-
talli zed from ethanol to give the product as a white crystalline solid 
(132 g, 75%); mp 207 °C; [a] 0

22 - 87.3 (c 1.0, CH2Cl2). IR (NaCl, 
CH2Cl2): 3050, 2975, 1755, 1690, 1380, 1255, 1150, 1100, 1045 
cm·'. 1H NMR (200 MHz, DMSO-d6 vs. DMSO, 120 °C): o = 1.25 
(9 H, s), 4.52 (2 H, d, J = I Hz), 5.16 (1 H, d, J = 3 Hz), 6.17 (I H, 
d, J = 3 Hz), 6.63- 6.68 (2 H, m), 7.00- 7.30 (8 H, m). Anal. Calcd 
for C21H23NO4: C, 71.37; H, 6.56; N, 3.96 . Found: C, 71.08 ; H, 
6.44; N, 3.98. 

(5R,6S)-4-(t-Butoxycarbonyl)-5,6-diphenyl-morpholin-2-one is 
obtained from the antipode, ( I S,2R)-( + )-2-amino-1,2-diphenyletha-
nol , using the procedure described above. Mp 207 °C; [a]0

22 +87.3 
(c 1.0, CH 2Cl2). 

Procedure for the Preparation of (5S,6R)-4-(Benzyloxy-carbon-
yl)-5,6-diphenyl-morpholin-2-one (8) 
(IR,2S)-(- )-2-Amino-1 ,2-diphenylethanol [(- )-2, 106 g, 0.5 mol) 
was disso lved in a mixture ofTHF (1100 mL, ACS grade) and Et3N 
(108 mL, 78.4 g, 0.775 mol, 1.55 equiv) with gentle warming. Ethyl 
bromoacetate (86 mL, 129 g, 0.775 mol, 1.55 equiv) was slowly 
dropped into the vigorously stirred solution over I h at r.t. The re-
action was stirred for an additional I h, then cooled to 0 °C and fil-
tered. The filter cake was thoroughly rinsed with ice cold THF 
(2 x I 00 mL). The combined filtrates were evaporated to dryness 
and the residue diluted with CH2Cl2 (750 mL) and sat. NaHCO3 
(750 mL). The mixture was cooled in ice and benzyl chloroformate 
(83 mL, 98.8 g, 0.55 mol , 1.1 equiv) was slowly added to the stirred 
solution over I h. The reaction was stirred for an additional I h at 
0 °C, and the layers were separated. The aqueous layer was extract-
ed with CH2Cl2 (2 x 100 mL), and the combined organic extracts 
were washed with H2O and dried (Na2SO4). The solvent was re-
moved, the residue was di sso lved in toluene (1100 mL, ACS grade), 
p-TsOH·HzO (9.52 g, 0.05 mol , 0.1 equiv) was added, and the ex-
cess so lvent was slowly distilled at atmospheric pressure until ap-
proximately 500 mL remained. The reaction was then cooled to r.t. 
The resulting crystals were collected by filtration , and subsequently 
rinsed with toluene- hexane (I :3, 300 mL), followed by hexane (300 
mL, 163 g, 84%). The mother liquor and washes were combined and 
evaporated to dryness under reduced pressure, and the residue was 
recrystallized from toluene to provide a second crop of product 
(2.43 g, 2%). The combined crops afforded 166 g (86%) of white 
crystalline product. Mp 206- 207 °C; [a]o22 - 68.7 (c 1.0, CH2C12) . 

IR (NaCl, paraffin oil): 1745, 1705, 1455, 1440, 13 75, 1325, 1215, 
1120, 1055 cm·1• 1H NMR (200 MHz, DMSO-d6 vs. TMS, 120 °C): 
o = 4.60 (2 H, ABq, J = 18 Hz), 5.06 (2 H, ABq, J = 13 Hz), 5.29 (I 
H, d, J = 3 Hz), 6.20 (1 H, d, J = 3 Hz) , 6.66 (1 H, s), 6.60 (I H, s), 
7.00-7.30 ( 13 H, m). Anal. Calcd for C24H21NO4: C, 74.40; H, 5.46; 
N, 3.6 1. Found: C, 73.85; H, 5.38 ; N, 3.50. 

(5R,6S)-4-(Benzyloxycarbonyl)-5,6-diphenyl-morpholin-2-one is 
obtained from the antipode, (IS,2R)-(+)-2-amino-1 ,2-diphenyletha-
nol using the procedure described above. Mp 206-207 °C; [a]0

22 

+68.7 (c 1.0, CH2Cl2). 
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Abstract - The formal synthesis of the tetrahydroisoquinoline alkaloid 

cribrostatin 4 (1) is described. The synthesis features as a key step a 

DEAD-mediated oxidat ion of an allylic tertiary amine to an iminium ion 

immediately followed by a Pictet-Spengler cyc li zation to form the pentacyclic 

ske leton of cribrostatin 4. 

INTRODUCTIO 

385 

The tetrahydroisoquinoline family of antitumor agents comprise a clinically significant family of 

antitumor drugs .1 Within thi s fam il y, four main structural motifs are noteworthy. The 

tetrahydroisoquinolines that are represented by quinocarcin, tetrazomine, lemonomycin, and the 

bioxalomycins are biosynthetically derived from phenylalanine (or tyrosine) and g lutamic acid. The 

second sub-type, which includes ecteinascidin 743 (3), the saframycins (6), jorumycin (5) and members 

of the renieramycin fami ly (1, 2), are biosynthetically derived from two tyrosine units. With respect to the 

chemically reactive functionality within thi s fami ly , several members (quinocarcin , tetrazomine, 

bioxalomycins) contain a fused oxazolidine ring whi le others contain either a carbinolarnine or an 

a-am inonitrile at C-21 (eg., ecteinascidin 743, lemonomycin, saframycin A). Cribrostatin 4 (1, also 

named renieramycin H) was independently iso lated from the blue sponge Cribrochalina collected in reef 

passages in the Republic of Maldives by Petit and from the bright bl ue sponge Haliclona cribicutis by 

Parameswaran and coworkers. 2 One unique structural fea ture of cribrostatin 4 (1) and renieramycin I (2), 

is the presence of the C3-C4 benzylic olefinic residue (Figure 1). Seminal work by Danishefsky and 

coworkers led to the disclosure of the first total synthes is of cribrostatin 4 (1) via a " lynchpin Mannich" 
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cyclization protocol to establish the pentacyclic core. 3 The Danishefsky strategy effectively installed the 

C3-C4 benzylic olefi n via C4-ketone reduction and dehydration.3 As part of our long-standing interest in 

the chemistry and biology of the tetrahydroisoquinol ine alkaloids, 1•
4

·
9 we recently reported the asymmetric 

total syn thesis of cribrostatin 45 via a C3-C4 fused tricyc lic ~- lactam species which served as an efficient 

precursor for the creation of the C3-C4 benzylic olefin. 6 Cribrostatin 4 displays low micromolar 

antim icrobial and antitumor activities compared with the most potent members of this family, such as 

ecteinascidin 743 (3), phtalascidin 650 (4), jorumycin (5) or saframycin S (6) that exhibit nanomolar 

cytotoxic activ ities.' The extraordinary activity of the latter compounds is due to the presence of a 

carbinolamine (or functional equi valent) moiety at C21 that allows the formation of a potent electrophilic 

iminium ion species implicated in the formation of covalent bonds with DNA.' Thus, we speculate that 

the cytotoxic activity of cribrostatin 4 (1) should be significantly increa ed by introducing a 

carbinolamine function at C21 in place of the amide carbonyl residue in the natural product. The synthesis 

of analogues of ecteinascidin-743, phtalascidin 650, jorumycin or saframycin S bearing a Cr C4 alkene 

might provide a valuable platform from which to explore the stereo-electronic influence of the C3-C4 

double bond on the reactivity of the electrophil ic iminium ion species as this relates to cytotoxic acti vi ty. 

We report herein a new method to access the desired C3-C4 unsaturated pentacyclic skeleton . 

Meo Meo 

Me Me 

Meo Meo 

O M::'(Y)H Meo , ~:(-.i HO 
01 

OAc S H 
Me : . 

Me 

0 Me 0 Me oJyJ oJyJ N 
0 . 
'--o H oH 

Me Me 

1, cribrostatin 4 2, renieramycin I 3, ecteinascidin 743 
(renieramycin H) 

Meo 
Me Meo 

Meo 

Me 

Me 
Meo 

Meo 
NH 
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o)yo 

Me 

4, phtalascidin 650 5, jorumycin 6, saframycin S 

Figure 1. Tetrahydroisoquinoline alkaloids. 
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RESULTS AND DISCUSSION 

Our retrosynthesis is based on the Pictet-Spengler cyclization of the conjugated iminium ion intermediate 

7. 1 Two different strategies to form the key iminium ion species can be envisioned (Scheme 1). The first 

strategy relied on the reductive opening/elimination of the C3-C4 /1-lactam in 8 immediately followed by 

pontaneous iminium ion formation and cyclization to the pentacyclic framework.6 A mentioned above, 

thi new conceptual approach to tetrahydroisoquinolines was recently successfully conscripted for the 

a ymmetric total synthesis of cribrostatin 4.5 

OMe 

Me 

1 ¢ 
Me 

refs. 5,6 Me 
OMec:=:::::> 

MeO 
MeO 

7 8 

Me 

Me 

MeO 

9 

Scheme 1. Retrosynthesis of Cribrostatin 4. 

Our second option was envisioned to exploit the direct oxidation of the ally lic tertiary amine 9 into the 

common iminium ion species 7. This approach was inspired by our NBS-mediated oxidation of 

structurally related allylic tertiary ami nes to iminium intermediates that were then converted into 

azomethine ylides that underwent [ 1,3]-dipolar cycloadditions with acry lates, culminating with the total 

syntheses of tetrazomine and quinocarcinamide (Scheme 2) .4a-c 

OBn 
10 

1. NBS , CHCl3 

2. t-Bu acrylate 

ref. 2a-c 

MeO2CHN 

Scheme 2. NBS-mediated oxidation of tertiary allylic amines. 

OMe \ 0 
OBn 

11 

Moreover, we have observed an interesting air-mediated autoxidation of an allylic tertiary amine in the 

course of synthetic studies towards lemonomycin, another member of the tetrahydrisoquinoline family of 
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anti tumor antibiotics. 10
-
12 Our retrosy nthesis of lemonomycin (13) required a [1 ,3]-d ipolar cycloaddition 

between t-buty l acry late and azomethine ylide 14. The latter would be the res ult of the condensation of 

the amine and aldehyde fu nctions in 15 after N-t-Boc removal , fo llowed by deprotonation of the resu lti ng 

iminium ion intermediate (Scheme 3). 

Me 

MeO 

HO 

0 

OH 
0 M 

~OH 

NMe2 

lemonomyein , 13 

}-OH 

Scheme 3. Retrosynthesis of Lemonomycin. 

14 

OMe 

MewCHO 
N 

MeO : "I(" N(Bn )Boe 
OAe \ 0 

C02Et 

15 

Tetrahydroisoquinoline 18 was produced from the coupling product of the chira l glyc ine template 17 and 

benzyl iodide 16 according to our previously reported protocol. 13 Tetrahydroisoquinoline 18 was 

transformed to the N-t-Boc amino aldehyde 15 in five steps as described in Scheme 4. 

OMe OMe OTBS 0 

"'J¢r' ro ~M•w 
Meo O + BoeN .__.), .. Meo - N---.("Ph 

_ Ph 
OH t02Et --Ph OBn Ph 

16 17 18 

OMe OTBS 
1. TBAF, MeOH, THF, 89% 

Me Me 

1. AeCI , Et3N, CH2Cl2 
2. H2, Pd(OHh , EtOH 

93% (2 steps) 

3. EDCI , CH2Cl2 

H02C..,......_N(Bn)Boe 

97% 

OMe 

2. (COClh, DMSO, CH2Cl2 
MeO "r("NH(Bn)Boe then Et3N, 80% MeO , N "I(" N(Bn )Boe 

OAe 1 0 OAe i 0 
C02El C02El 

19 15 

Scheme 4. Synthesis of amino aldehyde 15. 

Interestingly and unexpectedly, N-t- Boc removal from 15 with TFA fo llowed by treatment wi th 

triethylamine and t-buty l acry late did not produce the expected cycloadduct but afforded the ally li c 

tertiary ami ne 20 ( 11 %) and the C3-C4 unsaturated tetracycle cycloadduct 21 in 67% yield (Scheme 5). 

We were able to se lectively obtain the unsaturated cycloadduct 21 (80%) by addi ng TEMPO to promote 

the ox idation of the allylic amine during the N-t-Boc removal step. Moreover, treatment of allylic amine 
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20 with NBS , followed by addition of triethylami ne and t-buty l acrylate led to the formation of the 

unsaturated cycloadduct 21 in 35% yield. 

Method A 
1. TFA, CHCl3 

WOMe H 2. Et3N, t-Bu acrylate 
Me CHO CHCl3, 80°C 

N 
MeO '("N(Bn)Boc Method B 

OAc 1 0 1. TFA, TEMPO, CHCl3 
C02Et 2. Et3N, t-Bu acrylate 

15 CHCl3, 80°C 

1. NBS. CHCl3 
2. Et3N, t-Bu acrylate 

CHCl3, 35% 

MeW,OMe I --s:: --S:: NBn 
o N. ) 

MeO , 'l( 
OAc ) 0 

CO2Et 
20 

A 11% 

B 0% 

Me 
+ 

Meo 

21 

67% 

80% 

Scheme 5. Unexpected formation of the unsaturated tetracycle 21. 

We have rationalized these results as follows: after formation of the iminium ion species 22, rapid 

tautomerization led to the formation of 20 that presents a thermodynamically favored benzylic alkene. 

Spontaneous oxidation of thi s a ll ylic tertiary amine subsequently occur and generates the C3-C4 

unsatu rated iminium intermediate 23 that could then be engaged in the [ 1,3]-dipolar cycloaddition 

through the incipient azomethine ylide to form the observed C3-C4 unsaturated tetracycle 21 (Scheme 6). 14 

Zhu recently observed a similar spontaneous air oxidation of an allylic secondary amine to a Cr C4 

unsaturated species in connection with synthetic tudies toward lemonomycin .12
c 

TFA 
15 

MeW,OMe (±) 
I --S:: "'NBn 

o N. ) 

[ 

OMe l tautomerization Me~NBn 

MeO~N'f 

oxidation 

MeO : 'l( 
OAc : 0 

C02Et 
22 

r 
OMe 1 MeY;Y~Bn 

MeO~Ny 
OAc : 0 

CO2Et 
23 

Scheme 6. Tautomerization/oxidation. 

Me 

t-Bu acrylate 

21 

OAc : 0 
CO2Et 

20 

The fort uitous observation of the propensity of uch allylic ammes to suffer rapid and faci le allylic 

oxidation encouraged us to apply thi s type of transformation to the pentacyclic framework of cribrostatin 

4. The starting point for the synthes is of the all ylic amine 26 was the amino aldehyde 25 obtained from 

tetrahydroisoquinoline 18 and amino acid precursor 24 as reported in our syntheses of 3-epi-renieramycin 

G and 3-epi-jorumycin (Scheme 7).4d The N-Fmoc protecting group in 25 wa removed with piperidine 
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and methanesul fonic ac id was subsequently added to promote the fo rmation of the iminium species 

fo llowed by migrat ion of the do uble bond to the C3-C4 benzy lic position. The O-TBS protecting group of 

the eastern phenol was then removed with TBAF to yie ld 68% of the desired allylic amine 26, 4% of the 

3-epi-pentacycle 272" and significa ntly, we isolated 4% of the unsaturated pentacyclic compound 28 

(Scheme 7). Moreover, after stand ing for ten days in an I\TMR tube in CDC13, a JO% conversion of 26 into 

28 was also observed. 

OMe 

Me~~ OTBS 
I /,, N...._,r-Ph 

Meo . -. 
OH C0 2Et 'Ph 

18 + 
Ph OTBS 

Ph,,,f~: NBoc :7 OMe 
o ::,..I 

Me 
0 24 OMe 

OMe 

Me 

26 (68%) 

Ref. 2d 

Me 

MeO 

Scheme 7. Synthesis of allylic amine 26. 

25 

Me 
+ 

MeO 

27 (4%) 

1. piperidine, CH2Cl2 
then MeS03H 

Meo 

28 (4%) 

OMe 

E ncouraged by these promi sing results, we turned our efforts to find more efficient conditions for thi s 

ox idation. Numerous methods are described in the literatur~ to form iminium species from tert iary 

amines. 14 Among them are the Polonovski-Potier reaction, 15 the use of NBS,4"•c K3Fe(CN)6
16 or 

TP AP-NMO. 17 T hese methods were all examined but unfo rtunately each gave mixtures of un identified 

products with no attendant for mation of pentacyc le 28. As noted above, TEMPO was successful in 

promoting the formation of the unsaturated skeleton of lemonomycin from 15 but here again in thi s case, 

only the starting amine 26 was recovered when treated with TEMPO. The literature contains a few reports 

concerning the ox idation of tertiary amines to iminium ion intermediates mediated by azodicarboxylates, 

such as DEAD (diethyl azod icarboxylate). 18 Indeed, treatment of 26 with DEAD in CH2Cl2 at roo m 

temperature for 15 h afforded the pentacycle 28 in 50% yie ld (Scheme 8). Replac ing DEAD by DIAD 

(di-isopropyl azodicarboxylate) also afforded 28 m 42% yie ld . The mechanism for thi s oxidation 

presumably process through nucleophilic attack of the tertiary amine on the d iazo bond of the 

azodicarboxylate species to form the zwitterionic intermediate 29; subsequent ~-H elimination generates 
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the key iminium ion species 30 immediately fol lowed by cyclization to pentacyclic substance 28 (Scheme 

8). 

Me 

MeO 

26 

Me 

Meo 

29 

OMe 
Me 

OMe 

OAllyl 

DEAD, CH2Cl2 
50% 

or 
DIAD. CH2Cl2 

42% 

Scheme 8. DIAD-mediated oxidation of ally lie amine 26. 
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The ally! protecting groups of the phenol and the primary alcohol in 28 were then removed with 

Pd(PPh3) 4 in the presence of tri-n-butyltin hydride and acetic acid to afford 31 (Scheme 9) . As compound 

31 constitutes an advanced intermediate utilized successfully in our recent asymmetric total synthesis of 

cribrostatin 4, this work thus represents a formal total synthesis of cribrostatin 4. 5 

Me 
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AcOH, CH2Cl2 

72% 
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0
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, '( (renieramycin H) 

Me 

Scheme 9. Formal total synthesis of cribrostatin 4 . 
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In summary, synthetic studies on lemonomyc in have led to the discovery of a very fac ile autoxidation of 

an electron-rich tricyclic dihydroi soquinoline. The incipient iminium ion was converted into an 

azomethine ylide that underwent 1,3 dipol ar cycloadd ition with t-butyl acrylate. We have thus found that 

azodicarboxylates can oxidize related tricyc lic dihydroisoquinolines to generate synthetically useful 

amounts of a reactive, inc ipient iminium ion species that can be trapped in a P ictet-Spengler reaction to 

furni sh the pentacyclic framework of cribrostatin 4. Currently , we are examining the reduction of the C21 

amide moiety within this series into carbino lamine analogues (and functional equivalents) of cribrostatin 

4, that is anticipated to lead to significantly more potent cytoxic agents capable of alkylating DNA. 

EXPERIMENT AL 

General procedures: Unless otherwi se noted, materials were obtained from commercia lly avai lable 

sources and used without further purification. THF and dichloromethane were degassed with argon and 

passed through a solvent system (J.C. Meyer of glass Contour). All reactions were conducted with fla me-

or oven-dried glassware under an inert atmosphere of argon unless otherwise noted. Chromatographic 

separations were performed with EM Science TLC plates (s ilica gel 60, F254, 20 x 20cm x 250µm) or 

wi th EM Science 230-240 mesh silica gel under pos itive air pressure. Infrared spectra were recorded on a 

Perkin-Elmer 1600 series FT-IR as thin film s from methylene chloride and are reported as A.max in 

wavenumbers (cm·1
) . Nuclear magnetic resonance (NMR) spectra were acquired using Varian 300 or 400 

spectrometers. NMR chemical shi fts are given in parts per million (ppm) relati ve to internal CHCl3, or 

DMSO. Mass spectra were obtained on Fisons VG Autospec. Optical rotations were obtained on a 

Rudolph Research automatic polar imeter Autopol III. 

Compound 19: To a solution of 18 (6.65 g, 10.70 mmol) in CH2Cl 2 was added Et3N (4.5 mL, 32. 10 

mmol) dropwise at O °C followed by AcCI (0.84 mL, 11 .8 mmol). After 30 min at O °C, the reaction 

mixture was fi ltered through sil ica gel. The filtrate was concentrated under reduced pressure and the 

crude acetate was used in the next step. A pressure tube containing the crude acetate (7.0 g) in absolute 

ethanol (280 mL) was purged with argon for 15 min, Pd(OH)2 (700 mg) added to the mixture and the tube 

pressuri zed to 80 psi with hydrogen gas. The tube was then purged another 2 times with hydrogen. After 

2 days, the pressure was released and the reaction fi ltered through a pad of celite. After concentration 

under reduced pressure, the residue was purified by chromatography (Si 0 2, 1: I hexane:AcOEt) affording 

the free amine. ( 1. 2 g, 93% yield). [a]D
25= -20. 6 (c 1.0, CH2Cl2). 

1H NMR (300MHz, CDCl 3): o -0 .08 (d, J 

= 4. 5 Hz, 6H), 0.9 1 (s , 9H), 1.26 (t, J = 7.2 Hz, 3H), 2.22 (s , 3H), 2.27 (s, 3H), 2.38 (m, lH), 2.76 (dd, J = 

3.9, 16.5 Hz, I H), 3.20 (m, lH), 3.58 (m, lH), 3.73 (s , 6H), 3.80 (dd, J = 9.9, 3.3 Hz, lH), 4.18 (q , l= 
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14.4, 7.2 Hz, 2H), 4.69 (s, lH); 13C NMR (75 MHz, CDCl3): 6 -5.0, -4.9, 10.1 , 14.62, 18.6, 20.8 , 25.6, 

26.2, 50.5, 55.8, 60 .0, 61.0, 61.5, 67.0 , 124.2, 124.8 , 124.9, 138.1 , 148.8, 154.7, 168.4, 172.1; IR (thin 

film) : 2932, 2856, 1770, 1736, 1199, 1109, 837 cm·1. HRMS (FAB+) calcd. for C24H40NO7Si (MH+, m/z) 

482.2574; found 482.2573. 

To a sol ution of the free amine (2.0 g, 4.15 mmol) in CH2Cl2 (2 mL) was added EDCI ( 1. 2 g, 6.23 mmol) 

fo llowed by N-Bn, N-Boc glycine (2.2 g, 8.3 mmol). After stirring for two and half days , the reaction 

mixture was diluted with EtOAc (200 mL) , washed with water (50 mL) brine (50 mL) and dried (Na2SO4). 

After concentration under reduced pressure, the resulting residue was purified by flash chromatography 

(SiO2, 6:1 hexane:AcOEt) afford ing 19 (2.9 g, 97% yield). [a ]0
25= +43.7 (c 1.0, CH2Cl2). 1H NMR (400 

MHz, DMSO, 120°C): 6 -0.20 (d, 1 = 9.8 Hz, 6H), 0.78 (s, 9H), 1.12 (t, 1= 7 Hz, 3H), 1.41 (s, 9H), 2.18 

(s, 3H), 2.32 (s, 3H), 2.91- 3.09 (m, 2H), 3.27 (d, 1 = 15.8 Hz, 2H), 3.69 (s, 6H), 3.85- 4. 11 (m, 3H), 4.21-

4.35 (m, 2H), 4.35 (d, 1=15.6 Hz, lH), 4.47 (d, 1 = 15.6 Hz, lH), 5.47 (s, lH), 7. 16- 7.41 (m, SH). 13C 

NMR (75 MHz, CDC13, mixture of rotamers): 6 -5.5, -5.3 , 10.3, 14.1, 18.5, 21.1 , 23.7, 26. 1, 28.6, 28.7 , 

47.9, 51.0, 51.6, 60.1, 61.0, 62.0, 63.3 , 63.6, 80.6, 121.9, 123.2, 126.3, 127.5, 127.8, 128.4, 128.7 , 137.7, 

138. 1, 138.3, 150.0, 154.9, 156.1, 168.2, 169.8, 170.1. IR (thin film): 293 1, 2857, 1780, 1743, 1703, 1667, 

141 1, 11 20, 1117 cm·1. HRMS (FAB+) calcd. for C38H57Np10Si (MW, m/z) 729.3783; found 729.3787. 

Compound 15: To a solution of 19 (1.08 g, 1.5 mmol) in THF/ MeOH (16 mL/ I mL) was added TBAF 

(1 M in THF, 1. 8 mL, 1.8 mmol) and the reaction was stirred at rt for 18 h. After this time the reaction 

was quenched with sat. aq. NH4CI (5 mL) and diluted with EtOAc (200 mL). The organic layer was 

washed with brine and dried (Na2SO4). After concentration under reduced pressure the resulting residue 

was purified by flash chromatography (Si 0 2, 3: 1 hexane:AcOEt) affording the desired alcohol (0.82 g, 

89% yield). [a]o25= +68.8 (c 1.0, CH2Cl2). 1H NMR (400MHz, DMSO, 120°C): 6 1.13 (t, 1 = 6.7 Hz, 3H), 

1.42 (s, 9H) , 2.19 (s, 3H), 2.33 (s, 3H), 2.93 (dd, 1= 15 , 5.4 Hz, lH), 3.10 (bs, lH) , 3.25 (d, 1= 15 .7 Hz, 

lH), 3.69 (s, 3H), 3.70 (s, 3H), 3.86-4.10 (m, 2H), 4. 14-4.30 (m, 3H), 4.40-4.54 (m, 3H), 5.50 (s, lH), 

7.23-7.38 (m, SH). 13C NMR (75 MHz, CDCl3, mixture of rotamers): 6 10.3, 14.1 , 2 1.1 , 23 .9, 24.5, 28.6, 

28 .7, 48.0, 51.1, 52.7, 53.4, 53.5, 60.9, 61.3, 62.2, 63.8 , 65.0, 80.9, 121.7, 123.3, 126.4, 127.5, 128.4, 

128.7, 137.9, 138. 1, 150.2, 154.5, 156.4, 168.1 , 170.0.IR(thinfilm):3463,2937, 1778, 1699, 1411 , 1200 

cm·1. HRMS (FAB+) calcd. for C32H43N2O10 (MW, m/z)6 15.29 18; found 615.2912. 

To a solution of (COCl)2 (O. l 7mL, 1.95 mmol) in CH2Cl2 (3.2 mL) at -78°C, was added DMSO (0. 18 mL, 

2.60 mmol) dropwise. After 5 min a solution of the preceding alcohol (400mg, 0.65 mmol) in CH2Cl2 (5 

mL) was added dropwise. After a further 45 min, Et3N (0.90 mL, 6.5 mmol) was added to the reaction 

mixture and it was kept at -78°C for 5 min and then warmed to 0°C. The reaction was then quenched with 
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sat. aq. NH4Cl and diluted with CH2Cl2 (20 mL). The organic layer was washed with sat. aq. H4Cl (3 

mL) fo llowed by brine and dried ( ~ SO4) . After concentration under reduced pressure the resulting 

residue was purified by flash chromatography (S i 0 2, 3: I hexane:AcOEt) affording 15 (320 mg, 80% 

yield). [a] 0
25= +50 .8 (c 1.0, CH2Cli) . 'H NMR (400 MHz, DMSO, l 20°C): o 1.13 (t, J = 7.0 Hz, 3H), I .41 

(, 9H), 2.17 (s, 3H), 2.33 (s, 3H), 3.11 (bs, lH), 3.54 (m, IH), 3.69 (s, 3H), 3.70 (s, 3H) , 3.81-4.02 (m, 

2H), 4.02-4.12 (m, IH), 4.20 (d , J = 17.0, l H), 4.37 (d, J = 15.6 Hz, lH), 4.45 (d, J = I 5.6 Hz, IH), 4.97 

(br s, lH), 5.71 (s, l H ), 7.18- 7.38 (m, 5H), 9.27 (s, IH). 13C NMR (100 MHz, CDCl 3, mixture of 

rotamers): o 10. 1, 13.9, 14.4, 20.9, 21.0, 22.0, 23.3 , 28 .5, 29.9 , 47.1 , 47.8, 50.9, 53 . 1, 53.4, 53.7 , 60.0 , 

60.3 , 60.8, 60.9, 6 1.1 , 62.3, 62.8, 80.9, 8 1.1 , 12 1.4, 121.8, 122.3, 126.8, 127.7, 128.1 , l 28.2, 128.6, 128.8, 

137.5, 137.9, 150.3, 150.7, 153.9, 155.8, 168.2, 170.0, 173 .1 , 198.9, 199.3 , 201.0. IR (thin film): 3450, 

2978, 1776, 1741, 1411 , 1200 cm·'. HRMS (FAB+) calcd. for C32H4 1 20 10 (MH+, rn/z) 613.2761 ; fo und 

613.2765. 

Compounds 20 and 21 : To a solution of 15 (165 mg, 0.27 mmol) in CHCl3 (2.7 mL) was added TFA 

( 1. 10 rnL, 13.50 mmol). The fl ask was left open to air and then sealed with a glass stopper. After stirring 

for 3.5 h, the solvent and TFA were removed under reduced pressure and the resulting residue was 

di ssolved with CHCl 3 (2.7 mL). To this reaction mixture was added t-butyl acrylate (0.80 rnL, 5.40 

mrnol) and Et3 (0.37 rnL, 2.7 mmol) at O 0 C. The reaction was warmed to rt and stirred for 3 h. The 

reaction mixture was then diluted with EtOAc (20 rnL) and washed with saturated ~Cl. The organic 

layer was washed with br ine and dried ( a2SO4) . After concentration under reduced pressure, the 

resulting residue was purified by flash chromatography (silica, 3: 1 hexane:EtOAc) affording 21 (110 mg, 

67% yield) and 20 (15 mg, l I%). 

21: [a] 0
25= -48 .2 (c 1.0, CH2Cl 2) . 'H NMR (300 MHz, CDCl3): o 1.25 (t, J = 7.3 Hz, 3H), 1.44 (s, 9H), 

2.13 (dd, J = 9.7 , 13 .9 Hz, IH), 2.22 (s, 3H), 2.40 (s, 3H), 2.67 (m, lH) , 2 .79 (dd, J = 4.6, 9.5 Hz, IH), 

3.71 (s, 3H), 3.72 (s, 3H), 3.82 (dd, J = 7.4 Hz, IH), 3.93-4.3 1 (m, 4H), 4.17 (s, IH), 5.80 (s, lH), 6.27 (s, 

lH), 7.20-7.43 (m, 5H). 13C NMR (100 MHz, CDCl 3) : o 9.9, 14.2, 21.1 , 28.2, 32. 1, 50. 1, 51.3, 51.6, 60.9 , 

6 1.7 , 62.3, 63.0 , 64.1 , 8 1.5, 97.8 , 11 6.9, 120.9, 126.7, 127.3 , 128.4, 128.9, 137.4, 138.2, 138.5, 150.3 , 

15 1.2, 168.2, 168.6, 170.9, 171.9. IR (thin fi lm): 2978, 174 1, 1692, 1202 cm·' . HRMS (FAB+) calcd. for 

C34H41 N2O9 (MH+, rn/z): 621.2812; found : 621.2805 . 

20: 'H NMR (400 MHz, CDCl 3) : o 1.17 (t, J = 7.3 Hz, 3H), 2. 19 (s, 3H), 2.35 (s, 3H), 3.38-3.61 (m, 4H), 

3.65 (s, 2H), 3.68 (s, 3H), 3.69 (s, 3H), 3.95 (m, IH), 4.15 (m, lH), 5.81 (s, lH), 6.34 (s, IH), 7.24-7.34 

(m, 5H). 13C NMR ( JOO MHz, CDCl3): o 9.9, 14. 1, 2 1.1 , 50.8, 53.5 , 57.5 , 60.7, 60.9, 61.5, 62.4, 100.0, 
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117.6, 120.6, 126.6, 127.9, 128.7, 129.3, 133. 1, 136.8, 138.1, 150.3, 151.4, 166.4, 168.1, 168.5. HRMS 

(FAB+) calcd. for C27H31 N2O7 (MW, m/z): 495.2131 ; found: 495.2119. 

Synthesis of 21 via NBS oxidation of 20 followed by 1,3 cycloaddition: To a solution of 20 ( 110 mg, 0.22 

mmol) in CHC1 3 (3 mL) was added NBS (43 .5 mg, 0.25 mmol) and the solution was heated to reflux for 

45 min. The solution was cooled to 0°C and t-butyl acrylate (660 µL)was added followed by the dropwise 

addition of a solution of Et3N (245 µL, l.76 mmol) in CH2Cl2 (850 µL). The reaction mixture was stirred 

for 3 h at rt. The solvent was then removed under reduced pressure. The crude material was diluted with 

CH2Cl 2 (5 mL) and then washed with sat. aq. aHCO3 (5 mL). The organic layer was dried with Na2SO4. 

After concentration the residue was purified by chromatography to afford 21 (48.2 mg, 35%). 

Compound 26: To a solution of 25 (55 mg, 0.0580 mmol) in CH2Cl2 (4 mL) under argon was added 

piperidine (57 µL, 0.0580 mmol) and the reaction was stirred for 15 hat rt. Methansulfonic acid (150 µL) 

was subsequently added and the reaction was stirred at rt for an additional 2 h. The reaction mixture was 

then quenched with sat. aq. NaHCO3 (5 mL) and diluted with CH2Cl2 (5 mL). The aqueous layer was 

washed with CH2Cl 2 (2 x 5 mL) and the combined organic phases were dried (Na2SO4) and concentrated. 

The crude mixture obtained was then diluted in CH3CN ( 4 mL) and TBAF (30 mg, 0.115 mmol) was 

added. The reaction mixture was stirred for 2 h at rt and then quenched with sat. aq. NH4Cl (5 mL) and 

diluted with EtOAc (5 mL). The aqueous layer was extracted with EtOAc (2 x 5 mL) and the combined 

organic phases were dried (Na2SO4) . After concentration under reduced pressure the resulting residue was 

purified by flash chromatography (Si 0 2, 1: 1 hexane:EtOAc) affording 2.7 mg of a I: l mixture of 27 (4%) 

and 28 (4%) along with the pure desired allylic amine 26 (23 .5 mg, 68% yield) as a yellow oil. [a] 0
25= + 

118.4 (c 0.25, CH2Cli). 1HNMR (CDC13, 300 MHz) : 2.17 (s, 3H), 2.23 (s, 3H), 2.36 (s, 3H), 3.24-3.04 (m, 

2H), 3.38 (dd, J = 11.1, 3.9 Hz, lH), 3.66-3.56 (m, 2H), 3.69 (s, 3H), 3.71 (s, 3H), 3.76-3.72 (m, lH), 

3.77 (s, 3H), 3.79 (s, 3H), 3.98-3.90 (m, 2H), 4.21 (dd, J = 12.6, 5.4 Hz, lH), 4.58-4.53 (m, 2H), 5.14 (dd , 

J = 10.5, 1.8 Hz, IH), 5.29-5 .22 (m, 2H), 5.43 (dd, J = 16.8, 1.8 Hz, lH), 5.59 (br s, IH) , 5.87 (s, lH), 

5.94-5.81 (m, lH), 6.13 (dddd, J = 16.5, 10.8, 5.8, 5.4 Hz; lH), 6.38 (dd, J = 8.7, 3.8 Hz, lH), 6.81 (s, 

lH). 13CNMR (CDC13, 75 MHz): 9.4, 10.0, 31.5 , 42.1 , 46.4, 51.0, 60.4, 60.8, 60.9, 61.4, 66.7, 69.9, 71.7, 

74.2, 101.2, 11 3.8, 117.2, 117.9, 120.3, 121.3, 124.4, 125.2, 128.2, 130.9, 134.2, 134.8, 144.4, 144.7, 

145.2, 149.3, 150.6, 168 .8. TLC: Rf= 0.65 (SiO2, 1:3 hexane:EtOAc). IR (thin film): 3386, 2936, 2854, 

1673, 1634, 1462, 1415, 1239, 1109, 1061 , 1007. HRMS (FAB+) calcd for C33 H43Np8 (MH+, m/z) 

595.3019; found 595.3017. 
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Compound 28: To a solution of 26 (17 .0 mg, 0.029 mmol) in CH2Cl 2 ( 4 mL) was added a solution of 

DEAD (40% in toluene) (26 mg, 0.06 mmol) in CH2Cl2 (0.3 mL) over 15 min and the reaction was stirred 

for 5 h at rt. TLC showed that the reaction was not complete and again , a solution of DEAD (40% in 

toluene) (25 mg, 0.06 mmol) in CH2Cl2 (0.3 mL) was added over 15 min and the reaction was stirred for 

15 hat rt The reaction mixture was then quenched with sat. aq. NaHCO3 (4 mL) and diluted with CH2Cl2 

(2 mL). The aqueous layer was extracted with CH2Cl 2 (2 x 4 mL) and the combined organic phases were 

dried (N~SO4). After concentration under reduced pressure the resulting residue was purified by 

Preparative TLC (SiO2, 3:7 hexane:AcOEt) affording the desired unsaturated pentacycle 28 (8.5 mg, 

50%) as a yellow fi lm. [a] 0
25= + 3.5 (c 0.28 , CH2Cl2) . 

1HNMR (CDC1 3, 300 MHz): 2.17 (s, 3H), 2.19 (s, 

3H), 2.54 (s, 3H) , 3. 10-2.98 (m, 2H), 3.20-3 .12 (m, 2H), 3.41-3.25 (m, 2H), 3.65 (s , 3H), 3.72-3.69 (m, 

IH), 3.73 (s, 3H), 3.75 (s, 3H), 3.76 (s, 3H), 4.51 (app d, J = 5.8 Hz, 2H), 4.63 (s, lH), 4.91-4.83 (m, 2H) , 

5.41-5.21 (m, 3H), 5.55 (s, lH), 6.09 (dddd, J = 17.1 , 10.5, 5.8, 5.8 Hz, lH), 6.19 (dd, J = 7.5, 3.9 Hz, 

lH), 6.26 (s, lH). 13CNMR (CDC13 , 75 MHz): 9.4, 9.7, 28.9, 41.7, 46.9, 56.4, 60.2, 60.4, 60.8, 61.0, 61.4, 

70.1 , 71.9, 74.2, 102.5, 116.4, 117.9, 119.7, 120.3, 121.4, 122.2, 122.9, 125.1, 132.4, 134.2, 135.1, 142.2, 

143.8, 144.7, 149.6, 149.9, 150.7, 168.2. TLC: Rf= 0.35 (SiO2, 1:3 hexane:EtOAc) . IR (thin film): 3306, 

2930, 2851, 1675, 1637, 1463, 1414, 1108, 1058, 1005 cm·1
• HRMS (FAB+) calcd for C33H41 N2O8 (MW, 

m/z) 593.2863; found 593.2847. 

Compound 31 : To a solution of 28 (5.0 mg, 0.00840 mmol) in CH2Cl2 (1 mL) was successively added 

AcOH (7.5 mg, 0.126 mmol), Pd(PPh3) (5 mg, 0.00433 mmol), and Bu3SnH dropwise (17.7 µL, 0.0672 

mmol). The reaction was stirred 2 h, then quenched with sat. aq. NaHCO3 (3 mL) and diluted with CH2Cl 2 

(3 mL). The aqueous layer was extracted with CH2Cl2 (2 x 3 mL) and the combined organic phases were 

dried (Na2SO4). After concentration under reduced pressure the resulting residue was purified by 

Preparative TLC (S iO2, AcOEt) affording the desired trio! 31 (3.1 mg, 72%) as a white film. [a] 0
25= +5.3 

(c 0. 15, CH2Cl2). 1H NMR (300 MHz, CDC1 3): 1.80 (br, lH), 2.19 (s, 6H), 2.54 (s, 3H), 3.20-3.15 (m, 3H), 

3.3 I (dd, J = 10.3, 5. 1 Hz, lH), 3.62 (s , 3H), 3.70 (s , 3H), 3.72 (s, 3H), 3.73 (s, 3H), 3.73-3.70 (m, lH) , 

4.65 (s, lH), 5.61 (s, lH), 5.75 (br, lH), 6.10 (dd , J = 6.9, 5.1 Hz, IH) , 6.27 (s, lH). 13C NMR (100 MHz, 

CDCl3): 9.9, 29.4, 41.7, 49.3, 56.5, 60.4, 60.8, 61.0, 61.1 , 61.7, 64.5, 102.9, 114.3, I 19.4, I 19.9, 121.7, 

123.4, 124.0, 132.1 , 142.0, 142.3, 144.1 , 147.2, 149.9, 169.3. IR (thin film): 3345, 2930, 2855 , 1633, 

1465, 1414, 1308, 1257, 1107, 1054, 1003, 798 , 736. HRMS (FAB+) calcd for C27H33 20 8 (M+W, m/z) 

513.2236; found 513.2237. This substance proved to be identical to that obtained by a distinct route 

previously. 6 
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