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ABSTRACT OF DISSERTATION 

CONCISE ENANTIOSELECTIVE SYNTHESIS OF (+)-FR66979 AND (+)-FR900482 

AND THE SYNTHESIS AND BIOCHEMICAL STUDIES OF A PHOTO-

TRIGGERED FR900482 MITOSENE PROGENITOR 

The total synthesis of the natural products (+)-FR66979 and (+)-FR900482 is 

presented. The synthesis features a novel dimethyldioxirane-mediated reaction for 

construction of the hydroxylamine hemiketal functionality and represents the shortest 

total synthesis reported to date . 

The synthesis of a photo-triggered mitosene progenitor based on the natural 

products ( + )-FR66979 and ( + )-FR900482 has also been described. Biochemical studies 

demonstrate the capacity of the mitosene progenitor to form DNA interstrand cross-links 

upon photo-activation. Furthermore, the cross-links have been shown to share the 

identical sequence specificity as the natural products. 

iii 

Ted C. Judd 

Department of Chemistry 

Colorado State University 

Fort Collins, Colorado 

Summer 2003 



For Mom, Dad, and Tim 

iv 



Acknowledgments 

The author would like to acknowledge the following people whose contributions 

over the years have proven vital for completion of this work. Foremost I would like to 

acknowledge my family , both my parents Wes and Nancy Judd, and my brother Tim 

Judd, whose constant support and understanding has proven invaluable. Professor Bob 

Williams is greatly acknowledged for both his support and patience during my graduate 

school experience. Additionally, I would like to express my appreciation for haven given 

the opportunity to work on and develop an individual project which has proven 

invaluable in learning synthetic organic chemistry. I would like to thank Professor 

Hegedus for numerous helpful discussions and for taking the time to read the initial 

(exceedingly) rough draft of this manuscript. The remaining committee members 

including Professor Rappe, Professor Parkinson, and Professor Layboum along with past 

committee members Professor Greenberg and Professor Lumb are acknowledged for their 

helpful comments and suggestions. I would like to thank the members of the Williams 

group, both past and present, for helpful discussions and suggestions. I would especially 

like to thank Dr. Aoyagi Yutaka for his advice and assistance in my first two years of 

graduate school. Dr. Brad Herberich, Professor Jetze Tepe and Professor Scott Rajski are 

acknowledged for their assistance with the biochemical studies. I would like to thank Phil 

Ryan from Macromolecular Resources for invaluable mass spectrum analyses. Finally I 

would like to thank the remaining faculty and administration of the CSU chemistry 

department for all of their assistance. 

V 



Table of Contents 

Chapter 1 FR900482 and the Mitosene Family of Compounds 

1.1 Introduction 1 

1.2 Previous Total Syntheses of FR900482 15 

1.2.1 Fukuyama's Initial Total Synthesis of(±) FR900482 16 

1.2.2 Danishefsky's Total Synthesis 20 

1.2.3 Terashima's Total Synthesis 23 

1.2.4 Martin's Formal Total Synthesis . 28 

1.4 Model Studies 31 

1.5 Current Total Syntheses 40 

1.5.1 Fukuyama's Asymmetric Total Synthesis 40 

1.5.2 Ciufolini's Total Synthesis of FR66979 42 

Chapter 2 Synthesis and Biochemical Studies of a Photo-triggered Mitosene 

Progenitor 

2.1 Introduction 46 

47 2.2 Rollins' Model Study 

2.3 Synthesis of a Fully Functional Photo-Triggered Mitosene Progenitor 51 

2.3.1 Alternative coupling strategies 53 

2.3.2 Model Studies of the Aldol Reaction 54 

2.3.3 Completion of Photo-Triggered Mitosene Progenitor 56 

2.4 Biochemical Studies on Photo-Triggered Analog 45 64 

2.4.1 Determination of Cross-link Sequence Specificity 66 

2.4.2 Isolation and Digestion of Cross-Linked Oligomers 69 

2.4.3 Footprinting Reactions 75 

vi 



2.4.4 Synthesis of the Carbamoyl Photo-Triggered Analog 77 

2.5 Future Directions 82 

2.6 Conclusion 83 

Chapter 3 Total Synthesis of (+)-FR66979 and (+)-FR900482 

3.1 Introduction 

3.2 Proposed Synthetic Strategy and Model Studies 

3.3 Total Synthesis of(+) FR66979 and(+) FR900482° 

3.6 Conclusion 

3.5 Future Directions 

3.6 Compounds Submitted for In-vivo Studies 

References 

Experimental Section 

Appendix 1 Crystal Structure of Compound 45 

Appendix 2 Publications 

Appendix 3 Research Proposal 

vii 

84 

85 

89 

118 

120 

123 

124 

132 

197 

204 

224 



Chapter 1 

FR900482 and the Mitosene Family of Compounds 

1.1 Introduction 

DNA cross-linking agents have played a significant role in the discovery of 

clinically useful antineoplastic agents. 1 FR900482 (1) and FR66979 (2), antitumor 

antibiotics obtained from the fermentation harvest of Streptomyces sandaensis No. 6897 

at the Fujisawa Pharmaceutical Co. in Japan, have shown highly promising activity in 

this area.2
•
3

•
4

•
5

·
6 The clinical candidates FK973 (3),5

·
7 and more recently FK317 (4),6 both 

semi-synthetically derived from FR900482, have shown highly promising antitumor 

· activity in human clinical trials (Figure 1 ). FK317 is now in advanced human clinical 

trials in Japan and holds significant promise to replace the structurally related and widely 

used antitumor drug mitomycin C (MMC, 6).8 
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Figure 1.1. FR-series of compounds and mitomycin C. 

Since their isolation in 1987 and 1989 respectively, the natural products 

FR900482 (1) and FR66979 (2) have provided formidable challenges for bioorganic and 

synthetic chemists alike, both in the elucidation of their biological modes of action and in 
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the synthesis of the _various complex functionalities inherent to this family of compounds. 

Following several attempts to elucidate the structure using NMR analysis, the complete 

structure of the natural product was finally determined by X-ray crystallographic analysis 

of the triacetalylated derivative FK973.2
c The absolute configuration was later confirmed 

by total synthesis in 1996 by Terashima et al. 18c•h 

Structurally related to the mitomycin family of molecules, the FR series of 

compounds share several features, including the hydroxymethyl carbamoyl moiety and 

the aziridine ring. Compounds 1 and 2, however, lack the quinone moiety of the 

mitomycins and additionally, they posses a hydroxylamine hemiketal moiety unique to 

this family of natural products . This characteristic functionality results in FR900482 

existing as mixture of equilibrating anomeric diastereomers la and 1~. In the natural 

product, this distribution favors the la tautomer in an approximate ratio of 2.3: 1 at 

neutral pH, allowing for intramolecular hydrogen bonding between the aziridine 

hydrogen and the bridgehead oxygen of the hydroxylamine hemiketal bond. Acylation of 

the aziridine reverses this ratio to 4: 1 favoring the ~-anomer, with the change in 

preference based on steric considerations (Scheme 1.1). 

Scheme 1.1. Interconversion of FR900482 and FR70496 diastereomers. 
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As with Mitomycin C,8 initial in vivo studies demonstrated the ability of 

FR900482 (1) , FR66979 (2), and congeners to form both DNA-DNA interstrand cross-

links and DNA-protein cross-links following reductive activation.9
•
10 Additionally, both 

MMC and FR66979 have since been demonstrated .to monoalkylate DNA in addition to 

the bisalkylated cross-links, although this manifold seems more prevalent with MMC. 

The origin of the cytotoxic effects of these compounds arises from their ability to form 

covalent interstrand cross-links within duplex DNA. This event in turn prevents DNA 

synthesis and cell replication, ultimately leading to cell death . Although the alternative 

monalkylation event gives rise to some cytotoxicity with MMC, the ease of cellular repair 

of such a lesion compared to the bisalkylated cross-link precludes its effectiveness as a 

therapeutic mode of action. 

The requirement for an exogenous reducing agent for the activati<?n of FR900482 

(1) and FR66979 (2), in the same manner as MMC and other mitomycins, has been 

demonstrated by past efforts from Rajski and Williams 9a,c,d and by Hopkins et al. !Oa-d The 

dependence on reductive activation allows both the mitomycins and FR compounds to be 

selectively activated in environments with low oxygen content. Solid tumors and similar 

cancer masses are frequently characterized as hypoxic environments, allowing the 

aforementioned cross-linking agents to be used to discriminate between neoplastic and 

normal healthy cells, thereby giving rise to their therapeutic value. 

The reductive pathway by which MMC is activated to cross-link DNA has been 

well established.8 Initial direct or stepwise two electron reduction of the quinone by either 

enzymatic or chemical means leads to the formation of hydroquinone 8 followed by the 
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expulsion of the m_ethoxyl group. Subsequent tautomerization affords the intermediate 

leuco-aziridinomitosene 10, whereupon electron donation from the hydroquinone indole 

core opens the aziridine ring to the intermediate quinone methide (12). 

Scheme 1.2. Proposed mechanism of DNA cross-linking by reductive activation 

of mitomycin C. 
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Nucleophili: attack by DNA at the Cl position leads to the first alkylation and 

regenerates the hydroquinone (14). Following expulsio_n of the carbamate, the second 

alkylation site is opened and subsequent Michael addition by the DNA affords the bis N2 

guanosine cross-link (17). In contrast to the various monalkylation events seen with 

MMC, the interstrand cross-link is specific to only 5'. -CG-3' steps in the minor grove. 8 

Likewise, studies by Rajski and Williams9a-d and by Hopkins and coworkers 10 

have determined that FR compounds (1) and (2) cross-link duplex DNA with the 5' -CG-

3' sequence specificity identical to MMC, in the minor groove. Both research groups 

demonstrated, moreover, that the cross-link depended on the N2 exo-cyclic amine groups 

on both guanidines. In addition, both families of compounds show the same preference 

for flanking base sequences in the order 5'-ACGT-3' >> 5' -TCGA-3' ~ 5'-CCGG-3' _9b, 

ioa MMC has additionally demonstrated a preference to cross-link 5'-mCG-3' sites with 

the cytosine methylated at CS over the unmodified sequence.11 Methyla~ed cytosine 5' -

CG-3' sequences represent a statistically rare but important sequence in gene expression, 

and whether this predilection for the methylated 5' -mCG-3 ' sequences translates to the 

FR compounds remains to be determined. 

Based on their analogous dependence on an exogenous reductive agent and their 

comparable cross-linking ability, a mechanism of action for the FR series of compounds 

that is similar to that proposed for MMC (6) was put forth by Fukuyama and Goto in 

1989 (Scheme 1.3). 12 
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Scheme 1.3. Proposed mechanism of DNA cross-linking by reductive activation 

of FR900482. 
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Initial two electron reduction of the hydroxylamine hemiketal bond results in 

formation of the mitosene intermediate 20. In a manner similar to MMC, a cascade of 

events ensues, resulting in the opening of the aziridine ring and expulsion of the 

carbamate group. This allows for nucleophilic substitution by DNA at the N2 of 

guanosine. While the enzyme responsible for the in vivo reduction of MMC remains 

elusive, the reductase responsible for activation of the FR compounds has been shown to 

be DT diaphorase in studies with FK317.6
b Additionally, it should be noted that the semi-
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synthetic derivativ~s FK973 and FK317 require deacetylation of the hydroxylamine 

hemiketal before any reduction event can occur.6
b 

The proposed reductive pathway represents the generally accepted mechanism 

and was supported by work of Hopkins and coworkers. !Ob,e These in vitro experiments 

included characterization of various intermediates and derivatives in the reaction 

cascade, ioe along with isolation and structural elucidation of the covalently cross-linked 

lesion by both FR900482 and FR66979 after reductive activation. 10
b The latter 

experiment followed precepts introduced by Tomasz et al. in the structure elucidation of 

MMC cross-linked DNA. 13 These protocols included enzymatic digestion of cross-linked 

DNA, HPLC purification of the guanosine lesion, acylation, and finally structure 

determination by means of spectroscopic analysis. By utilizing a palindromic sequence 

containing a single 5 '-CG-3' site, Hopkins et al. were able to isolate the covalent cross-

link establishing not only the site of alkylation, but also the existence and structure of the 

activated mitosene species. 

Recent studies with the clinical candidate FK317 (4) have revealed an additional 

structural motif allowing for selective mitosene formation under hypoxic conditions.6
d 

The oxidation state of the C12 position may play a key role in the reduction of the 

hydroxylamine hemi ketal functionality. Examination of the metabolites of FK317 in vivo 

revealed that the C12 aldehyde was reduced to the corresponding alcohols 26 and 27. 

This oxidation state enhances the effectiveness of the cross-linking agent as demonstrated 

by the higher relative activity of FR66979 over that of FR900482 in in vitro studies. 

Moreover, in healthy cells, the majority of the drug was metabolized to the carboxylic 
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acid 28 and 29 at C12, derivatives which have been shown to be chemotherapeutically 

inactive.6d 

Scheme 1.4. Metabolism of FK317 in both neoplastic and healthy cells. 
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The origin of the 5'-CpG-3' sequence specificity for both the MMC and FR series 

of molecules relies predominately on the ideal geometric fit of the resulting activated 

mitosene intermediate in the minor groove of DNA.13
•
14 The basis for this ideal 

positioning is the distance between the exo-cyclic amine group (N2) of the guanosines in 

the 5'-CpG-3' sequence in B-DNA (3 .1 A) compared to the distance of the two sites of 

alkylation on the mitosene species (3.4 A) (Figure 1.2) 
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Figure 1.2. Ideal geometric fit of the mitosene in the 5' -CpG-3' sequence of B-

DNA in the minor groove. 

Notably, the consequence of geometric fit dictating both sequence selectivity and 

site of alkylation prevails over alternative factors, including greater base_ nucleophilicity 

and general accessibility, which in the case of CG base pairs resides at the N7 of 

guanosine in the major groove. 14
· 9ct 

Although the initial evaluation of the natural products MMC and FR900482 

demonstrated their capacity to induce protein-DNA cross-links in addition to DNA-DNA 

cross-links, the majority of biochemical studies for both compounds have solely focused 

on the latter event. In an effort to evaluate the FR compounds' ability to form covalent 

DNA-protein cross-links, Rajski and Williams studied the minor groove binding protein 

HMGA 1 (formerly named HMO I/Y). High mobility group (HMG) proteins have been 

implicated in the regulation of genes associated with the immune system and cell growth 

as well as other processes. They are therefore preferentially expressed in rapidly 
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proliferating cells such as those found in tumor masses and represent a relevant drug 

target (ref. 15 and references therein). Rajski and Williams successfully used FR66979 to 

cross-link a synthetic peptide sequence of the binding domain of this protein to the 

corresponding synthetic oligonucleotide duplex containing the known HMGlA AT 

binding sequence.9e.f Following this initial biochei:rucal study, Tepe and Williams, in 

collaboration with Reeves and coworkers, isolated both FR900482- and FK317-induced 

cross-links of HMGAl , HMGBl, and HMGB2 all minor groove-binding proteins, with 

DNA from human Jurkat cells in vivo. 15 This study demonstrated the viability of such an 

event. The clinical implications and significance of the DNA-protein cross-link, 

compared to DNA-DNA cross-linking, are currently being investigated 

Although much discussion has detailed the similarities between the MMC and the 

FR series of compounds, a profound and clinically significant difference between the two 

families of compounds resides within the two separate structural motifs masking the 

active mitosene core. The redox activity of the quinone of MMC has two significant 

consequences, namely, superoxide production leading to nonspecific oxidative DNA 

damage and arbitrary arrest of the reductive pathway leading to monoalkylation.8 

Following production of superoxide from both the initial one-electron reduction 

and other quinone redox reactions in the cascade, Haber-Weiss/Fenton cycling produces 

hydroxyl radicals and related reactive oxidants capable of mediating DNA single strand 

breaks and other indiscriminate cellular damage.8 Additionally, reversion of the 

hydroquinone intermediates to the quinone species along the reaction cascade depicted in 

Scheme 1.5 allows for alternative reaction pathways to the therapeutically less significant 

monoalkylations. Sa 
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Scheme 1.5: Mechanism of various monoalkylation events by mitomycin C. 
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Indeed, the majority of alkylation by MMC in vivo results in monoadducts and not 

the more lethal cross-links.8a·
16 Under aerobic conditions, these include both N2 adducts 

resulting from the exocyclic amine of guanosine. In tumors and other hypoxic areas of 

therapeutic interest, the majority of alkylation occurs via the innocuous monoalkylated 
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species 35, resul!ing from SN2 displacement of the ClO carbamate of 2,7 

diaminomitomycin (2,7 DAM) by the N7 of guanidine. 8a 

In contrast to MMC, the reductive activation pathway of FR900482 (and by 

analogy FR66979, FK973, and FK317) circumvents the production of superoxide, and 

therefore obviating the detrimental non-specific ox~dative damage, while maintaining a 

more efficient ability to cross-link DNA. These attributes distinguish the FR series of 

compounds as viable candidates to replace MMC as a chemotherapeutic agent. 

Clinical testing by the Fujisawa Pharmaceutical Company began with the semi-

synthetic triacetoxy derivative FK973 (3).5 In addition to showing significantly less host 

toxicity, the compound showed nearly a three-fold increase in anti-tumor activity across a 

broad spectrum of murine and human carcinomas as compared to MMC. Additionally, 

FK973 showed strong anti-tumor activity against the drug-resistant (in~luding MMC) 

P388 leukemia. Unfortunately, further clinical testing demonstrated the drug candidate 

caused vascular leak syndrome (VLS), necessitating its removal from Phase I clinical 

trials .5e VLS is a serious side effect characterized by an increase in vascular permeability, 

leading to increased leakage of fluids into interstitial space and ultimately organ 

failure.5e,I? 

Remarkably, the semi-synthetic derivative FK317 (4), differing from FK973 (3) 

only with a methoxyl group on the phenol in place of the acetate, was found not to induce 

VLS.6 Furthermore, the activity of the compound was maintained in terms of the 

substantial decrease in host toxicity over MMC (6) along with enhanced anti-tumor 

activity equivalent to that seen with FK973.6 Although the reason for such a drastic 
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difference remains U!:}clear, work by Tepe and Williams, in collaboration with Reeves and 

coworkers, has led to some interesting observations when comparing the specific 

biological effects of FK317 and FR900482. 17 Treatment of human Jurkat cells with 

FR900482 induced cell death by necrosis only, independent of drug concentration. In 

contrast, human Jurkat cells treated with FK3 l 7 dempnstrated a switch from necrosis- to 

apoptosis-induced cell death with increasing drug concentration . Programmed cell death 

through apoptosis is highly desirable in antitumor chemotherapeutic treatments; the 

alternative cell death by necrosis causes deleterious side effects including VLS. The 

necrosis to apoptosis switch may be related to the observed decrease in concentration of 

Blc-2 proteins with an increase in drug concentration in FK3 l 7 treated cells . This effect 

was not observed with cells treated with FR900482. The mode of cell death through 

either apoptosis or necrosis is directly dependent on the concentration of Blc-2 proteins. 17 

An additional observation in the study demonstrated the ability of FR900482 to promote 

the expression of the cytokine IL-2, an agent directly related to inducing VLS, while 

FK3 l 7 did not. This phenomenon provides an alternative explanation for the differential 

induction of VLS by the two drugs. 17 

The dependence on VLS by the drug concentration of FK3 l 7 has been illustrated 

in a recent report by Fujisawa Pharmaceutical Company examining the survival time of 

mice bearing Bl6BL6 melanoma and Lewis lung carcinoma.6r Although FK317 showed 

an improved survival time of the mice at drug concentrations equal to MMC (3.2 mg/kg), 

an increase in drug concentration (10 mg/kg) resulted in a significant enhancement in 

survival time with both cancer types examined. Furthermore, 40% of the mice bearing 
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Bl6BL6 melanoma_ were totally cured; by comparison, MMC proved to be fatal at these 

drug concentrations. 

The highly promising activity of FK.317 necessitates further analysis including the 

elucidation of the entire spectrum of biological effects of these compounds along with 

synthetic work to devise analogs for biochemical analysis. Recent synthetic endeavors by 

Tersashima and coworkers i sc-h and Fukuyama et al.20j have provided fully synthetic 

analogs providing additional insight into the interesting structure/activity relationships of 

the natural product 1. Utilizing their synthetic route to the asymmetric total synthesis of 

FR900482 (1) , Terashima et al. prepared the antipode of the natural product (38) and 

evaluated its in vitro activity against P388 murine leukemia cells. 18c-h 

OCONH2 

OH 
,, 

OHC ,,:NH 

Figure 1.3. ent-FR900482 (38) . 

Significantly, 38 showed a 100 fold decrease in activity by a comparison of the 

IC5o values with 1. The study demonstrated the importance of the stereochemistry of both 

the aziridine and C7 carbamoyl hydroxymethyl portion in the biological activity of these 

compounds. 

Likewise, Fukuyama et al. investigated the biological activity of two 

intermediates 39 and 40 derived from a model system for an asymmetric total 

synthesis .20j 
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---:: OH 
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39 40 

Figure 1.4. Fukuyama's synthetic analogs 39 and 40. 

In contrast to Terashima's findings, 39 showed activity against U937 human 

leukemia cells in vitro nearly identical to FR900482. Additionally, the epoxide 40 proved 

much less effective, with a 100 fold decrease in activity. It is not clear whether this 

decrease in activity was a result of the replacement of the aziridine ring by an epoxide or 

was a consequence of the cis- relationship between the C7 segment and the three-

membered ring. Notably, although analog 39 demonstrated cytotoxicity comparable to 1, 

circumventing the potential for oxidation state change activity at C12 by the replacement 

of the aldehyde with a methyl group, may have serious implications on t~e in vivo tumor 

selectivity. 

Clearly, the results of these studies combined with the semi-synthetic studies from 

Fujisawa Pharmaceutical Company, demonstrate the importance of synthetic work on 

these natural products. 

Section 1.2 Previous Total Syntheses of FR900482 

The significant biological activity of natural products FR66979 and FR900482, 

along with the clinical applications of various semi-synthetic derivatives, makes this 

family of compounds attractive for synthetic studies. Additionally, the dense functionality 

in such compact structures provides a formidable challenge for total synthesis . Prior to 
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our work, only thn;e total syntheses 18 and one formal total synthesis of FR900482 had 

been reported, 19 two of which were racemic. In addition to these publications, several 

synthetic studies exploring alternative methods for installing the complex functionalities 

of the natural product have been disclosed. 20 

1.2.1 Fukuyama's Initial Total Synthesis of(±) FR900482 

Fukuyama et al. reported the first total synthesis of(±) FR900482 just five years 

after its discovery in 1992.18
a In addition to being racemic, the synthesis proved to be 

quite lengthy, requiring 43 synthetic steps. Despite this, many of the challenges in the 

construction of key functionalities, including the aziridine portion and the unique 

· hydroxylamine hemiketal, were addressed. Indeed, much of the synthetic strategy 

employed is reminiscent of the total syntheses of the related mitomycins,_namely Kishi's 

historic syntheses of Mitomycin A and C in the late 1970's and Fukuyama's improved 

total synthesis of Mitomycin C that followed a decade later.21
•
22 
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Scheme 1.6._Fukuyama's total synthesis of FR900482 Part I (43 steps). 
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THF/H2O, 23 °c, 96%; (k) PhSH, Et3N, CH2Cl2, 23 °c, 30 min; (I) Ac2O, Py, 23 °c, 2 h; (m) Et3SiH, 

BF3•Et2O, CH2Cl2, 23 °c; (n) Zn, AcOH, Et2O/CH2Cl2, 23 °c, 47% for four steps; (o) DIBAL, 

CH2Cl2, -78 °c; (p) NaBH3CN, TFA, CH2CI2/MeOH, 23 °c, 10 min, 83% for two steps; (q) Ac2O, Py, 
60 °c; (r) m-CPBA, CH2Cl2, 0 °c, then PhMe, sealed tube, 170 °c, 7 h, 71 % for two steps; (s) NaOH, 

MeOH, 23 °C; (t) m-CPBA, 23 °c, 4 h; (u) DMSO, (CICO)2, CH2Cl2, then Et3N, 92% for three steps 

The key steps in Fukuyama' s FR900482 synthesis involve the formation of the 

eight-membered ring, a stereospecific aldol reaction to install the C9 hydroxymethyl 
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portion, constructi~n of the hydroxylamine hemiketal, and a late stage installation of the 

aziridine portion. Lewis acid-mediated addition of 2-(trimethylsilyloxy)furan (45) to the 

azido benzaldehyde 46, derived from ethyl benzoate 41, provided the precursor for 

constructing the eight-membered ring. Thus, following Michael addition of thiophenol, 

reductive elimination of the secondary alcohol , and .zinc-mediated reduction of the azide, 

substrate 47 was obtained over 5 synthetic steps. Reduction with DIBAL afforded the 

lactol, which in turn gave the intermediate imine (48), and subsequent in situ reduction 

(NaCNBH3ffFA) produced the eight-membered cyclized intermediate SO. Further 

elaboration gave the epoxy ketone 52. 

A stereospecific aldol reaction, utilizing LiOH and 38% aqueous formaldehyde, 

afforded the hydroxymethyl compound 53 possessing the desired cis-configuration 

relative to the epoxide (Scheme 1.7). Presumably, the boat configuration of the eight-

membered ring allowed hydrogen bonding between the hydroxyl group ~nd the epoxide, 

dictating the stereochemical outcome of the reaction. The next challenge proved to be 

installing the hydroxylamine hemiketal portion of the molecule. The main difficulty 

encountered at this stage was the need to circumvent unmasking the secondary amine in 

the presence of the ketone. Such an event would lead to transannular cyclization and 

formation of the mitosene. Following reduction of the ketone 53 with NaB~ and 

selective protection of the primary hydroxyl group, the acetamide was reduced with 

DIBAL to afford the free secondary amine 54. Subsequent oxidation of the secondary 

amine with mCPBA to the hydroxylamine and protection as the acetate permitted the 

18 



Scheme 1.7. _Fukuyama's total synthesis, Part II. 
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Key: (a) CH2O, LiOH, THF/H2O, 0 °c, 2 h; (b) NaBH4, EtOH, -78 to 23 °c, 71 % for two steps; (c) 

TBSCI, Im, DMAP, CH2CI2, 23 °c, 92%; (d) DIBAL, PhMe, -78 °c, 64%; (e) m-CPBA, CH2CI2, 23 °c; 
(f) Ac2O, 23 °c, 10 h, 83% for two steps; (g) DMSO, (CICO)2, CH2CI2, then Et3N, 83%; (h) NH2NH2, 

MeOH/CH2Cl2, 23 °c; (i) TBAF, THF, 23 °c, 96% for two steps; U) dimethoxypropane, CSA, CH2Cl2, 

23 °c, 100%; (k) NaN3, DMF/H2O, 125 °c, 6 h; (I) MsCI, Et3N, CH2Cl2, 23 °c, 89% for two steps; (m) 

TFA, CH2Cl2, 23 °c, 10 min; (n) phosgene, Py, CH2Cl2, 23 °c; (o) CAN, CH3CN/H2O, 23 °c, 74% for 

three steps; (p) PCC, MgSO4, CH2Cl2, 23 °c; (q) CH(OMe)3, CSA, MeOH, 23 °c, 76% for two steps; (r) 

Ph3P, i-PQNEt, THF/H2O, 60 °c, 30 min, 71 %; (s) Pd/C, H2 (1 atm), EtOH, 23 °c, 2 h, 100%; (t) 

HCIO4, THF/H2O, 23 °c, 96%; (u) NH3, CH2Cl2, 23 °c, 2 h, 95 %. 

reinstallation of the ketone by Swem oxidation of the secondary alcohol (56). Finally, 

cleavage of the acetate group with hydrazine unmasked the hydroxylamine, which 

spontaneously closed to furnish the bicyclic hydroxylamine hemiketaL 
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In a manner ~imilar to Kishi's mitomycin C synthesis, a Staudinger reduction was 

employed to install the aziridine ring in the final stage of the synthesis.21 Due to the 

labiality of the aziridine functionality under acidic conditions, this strategy proved more 

convenient than having to carry this moiety through the majority of the synthetic route. 

After switching protecting groups on the hydroxylarnine hemiketal and the 

hydroxymethyl portion of the molecule, the epoxide ring was opened with sodium azide. 

The secondary alcohol was treated with methanesulfonyl chloride and the resulting azido 

mesylate aziridine precursor was carried until the end of the synthesis. Following 

oxidation of C12 and several protecting group manipulations, a Staudinger reduction of 

the azide with triphenyl phosphine resulted in nucleophilic displacement of the mesylate 

to furnish aziridine 60 in 71 % yield. Removal of the protecting groups and regioselective 

opening of the carbonate with ammonia furnished (±) FR900482, which shared identical 

spectroscopic properties and TLC behavior with an authentic sample of the natural 

product. Considering that Fukuyama's work represents the first successful synthesis of 

the natural product, the difficulties encountered and solutions developed in constructing 

the various complex functionalities for the first time should not be overshadowed by the 

lengthy sequence or racemic nature of the synthesis. 

1.2.2 Danishefsky's Total Synthesis 

Three years after Fukuyama's initial total synthesis, Danishefsky et al. completed 

the second racemic total synthesis of FR900482 in 1995. 18b Several key steps in the 

synthesis allowed for a more concise construction of the molecule and provided the 

natural product in 34 steps, a noteworthy improvement over Fukuyama's synthesis. 
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Scheme 1.8. _Danishefsky' s total synthesis of FR900482 (34 steps) 
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Key: (a) PhH, 80 °c, 80%; (b) (Ac)2O, Py, CH2Cl2, 22 °c, 92%; (c) OsO4, Me3NO•H2O, CH2Cl2/PhH, 

22 °c, 71 %; (d) (Tf)2O, Py, CH2Cl2, 0 °c; (e) n-Bu4NN3, DMF, 22 °c, 74% for two steps; (f) i) (Tf)2O, 

Py, CH2Cl2, 0 °C; ii) Ph3P, THF, then NH4OH; iii) CICO2Me, Py, CH2Cl2, 0 °c, 72%; (g) K2CO3, 
MeOH, 22 °c, 100%; (h) DMSO, (CICO)2, CH2Cl2, -78 °c then Et3N; (i) Ph3PCH3Br, NaHMDS, THF, 

-20 °c, 75% for two steps; U) (Ph3P)4Pd, Et3N, CH3CN, 90 °c, 18 h, 93%; (k) OsO4, NMO, 
acetone/H2O, 22 °c, 90%; (I) DIAD, Ph3P, THF, 22 °c, 24 h, 86%; (m) SmI2, N,N-

dimethylethanolamine, THF, -78 °c, 86 to 92%; (n) Pd/C, H2, EtOH, 30 min, 93%; (o) TIPSOTf, i-

PQNEt, CH2Cl2, 0 °c, 98%; (p) DIBAL, hexane/CH2Cl2, -78 °c, 93%; (q) N-

((methoxycarbonyl)oxy)succinimide, Py, 22 °c, 2 h, 93 %; (r) MnO2, CH2Cl2, 22 °c, 1 h, 85%; (s) TBAF, 

THF, 22 °c, 12 h, 100%; (t) CICO2Ph, i-PQNEt, CH2CI2, 22 °c, 100%; (u) Ph3CBF4, di-tert-

butylpyridine, CH2Cl2, 0 to 22 °c, 15 to 30 min, 75 %; (v) NH3, CH2Cl2, i-PrOH, 22 °c, 6 h, 80%; (w) 

K2CO3, MeOH/H2O, 22 °c, 24 h, 76%. 

The highlight of the synthesis proved to be a hetero Diels-Alder reaction between 

the nitroso iodobenzoate species 62, prepared in eight steps from methyl vanillate (32% 
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overall yield), and the requisite diene 63. The cycloaddition furnished the MOM-

protected hydroxylamine hemiketal functionality in a single operation, avoiding the need 

for the lengthy manipulations employed in Fukuyama's synthesis. Following acetylation 

of the hydroxyl group, the aziridine ring was constructed in a manner similar to the initial 

FR900482 and mitomycin C syntheses. Reaction with OsO4 produced the diol 65 in 

racemic fashion, which in turn was selectively converted to the ClO triflate. 

Displacement of the triflate by reaction with terabutylammonium azide, and conversion 

of the remaining alcohol to a triflate, set the stage for aziridine formation through a 

Staudinger reduction. Reduction of the azide with triphenyl phosphine furnished the 

corresponding free aziridine, which was protected as the methyl carbamate. 

Incorporation of the hydroxymethyl portion at C7 proved to be the next challenge of the 

synthesis. Following ring closure by Heck arylation, osmylation of the exocyclic 

methylene afforded the diol with high selectivity (10: 1), presumably due to the approach 

from the less hindered /3-face of the bicyclic ring system. Subsequent epoxide formation 

under Mitsonobu conditions and reductive opening of the oxirane with samarium iodide 

in the presence of N,N-dimethylethanolamine secured the hydroxymethyl group with the 

desired stereochemistry (70). In addition, the epoxide derived from the minor 

diastereomer of the osmylation also afforded the identical hydroxymethyl product. This 

observation led to a proposed sp2-hybridized intermediate (at C7) in the reduction of both 

epoxides, which in turn undergoes kinetic protonation from the less-hindered ~-face. 

DIBAL reduction of both carbomethoxyl groups, reprotection of aziridine as the 

methyl carbamate, and oxidation furnished the aldehyde portion of target compound 72. 

After exchanging the silyl protecting groups for phenyl carbonates the remainder of the 
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synthesis was completed through installation of the urethane segment by treatment of 

Cl4 phenyl carbonate with ammonia, and deprotection of the aziridine and both hydroxyl 

groups over three steps. The mild conditions employed for the hydrolysis of the methyl 

carbamate from the aziridine (K2CO3, MeOH/H2O) warrants further comment. Under 

normal circumstances, liberation of a carbomethoxy-protected nitrogen requires strong 

reducing/hydrolytic conditions. In the case of an azirdine ring, however, the minimal 

overlap of the nitrogen lone pair with the carbonyl of a carbamoyl or acyl group allows 

for easier hydrolysis or reduction of such groups. 

In addition to the reduction of synthetic steps and a key hetero Diels-Alder 

reaction, Danishefsky's synthesis demonstrates a successful protection strategy for the 

aziridine functionality, one that will be used in future synthetic studies, including our 

own. 

1.2.3 Terashima's Total Synthesis 

Terashima et al. reported the first enantiospecific total synthesis of ( + )-FR900482 

m 1996 and 1997 over a series of seven publications.18c-h By starting with L-diethyl 

tartrate the template on which the enantiomerically pure aziridine ring could be 

constructed was present from the beginning of the synthesis. This strategy avoided the 

problem of constructing the aziridine during the late stages of the synthesis. Although the 

asymmetric nature of the synthesis underlies the importance of the work, the sheer 

number of synthetic steps (57 in total) detracts from its synthetic appeal. 

The synthesis relies on the convergent coupling of an aromatic portion of the 

target compound with an aliphatic fragment 30 steps into the synthesis. The aromatic 

segment was prepared in 15 steps from 5-hydroxyisophtalic acid (74) following standard 
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synthetic operations. Not~worthy steps include differentiation of the carboxylic acids by 

formation of the bromolactone and the formation of the BOC-protected aniline 78 

through a Curtius rearrangement. 

Scheme 1.9. Terashima's total synthesis of(+) FR900482, Part I (57 steps total). 
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Key: (a) SOCl2, MeOH, reflux, 100%; (b) allylbromide, K2CO3, acetone, reflux, 98%; (c) N,N-
diethylaniline, reflux, 88%; (d) BnBr, K2CO3, acetone, reflux, 99%; (e) 2M NaOH, THF, reflux, 95 %; (f) 
Br2, aq NaHCO3, CHCl3, 0 °C, 72%; (g) CICO2i-Pr, Et3N, THF, then NaB~. H2O; 81 %; (h) BOMCI, i-
Pr2NEt, CH2Cl2, rt, 85%; (i) Zn, NH4Cl, EtOH!HzO, 81 %; U) DPPA, Et3N, t-BuOH, rt to reflux, 76%; (k) 
OsO4, Nal04, dioxane/HzO, rt, 73%; (I) NaBH4, EtOH, rt, 100%; (m) TBSCI, Et3N, DMAP, CH2Cl2, rt, 
97%; (n) TBSOTf, Py, CH2Cl2, rt, then TBAF, 92%; (o) AllocCI, aq NaHCO3, CHzClz, rt, 98%. 

The aliphatic portion of the molecule was derived from L-diethyl tartrate, which 

was selectively protected following a known sequence of reactions to give intermediate 

82 and subsequently converted to the optically pure epoxide 84 (Scheme 1.10). Initially, 

it was realized that the epoxide could be more directly accessed through a Sharpless 

asymmetric epoxidation of the allylic alcohol in approximately 85% ee, but with an 

enantiomerically pure synthesis being one of the goals of the work, this alternative 
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strategy was not utilized. Opening of the epoxide with sodium azide, TBDPS protection 

of the primary alcohol, and Staudinger reduction, gave the intermediate amino alcohol. 

Not surprisingly, the ring opening gave a poor regioselectivity (3:2 favoring 85) and 

isolation of the product from the undesired 1,2 diol was accomplished by chemoselective 

reaction of the mixture with sodium periodate allowing the resulting azido aldehyde 

byproduct to be readily separated. Further protection of the amino alcohol to the 

oxazoline and conversion to primary triflate 87, furnished the aliphatic segment. 

Scheme 1.10. Terashima's total synthesis of ( +) FR900482, Part II. 
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Key: (a) PhCHO, p-TsOH, PhH; (b) LiAIH4, AICl3 , THF; (c) dimethoxypropane, acetone, 68% for three 
steps; (d) NaH, PMBCI, DMF, rt, 97%; (e) Raney Ni, H2, EtOH, rt, 93%; (t) MsCI, Et3N, CH2Cl2, 0 °C, 
100%; (g) cone. HCI, MeOH, rt, 97%; (h) K2CO3, MeOH, rt, 88%; (i) NaN3, ~Cl, EtOH, relux, 92%; 
U) NaI04, THF/HzO, rt, 55%; (k) TBSCI, Et3N, DMAP, CH2Cl2, rt, 91 %; (I) Ph3P, THF/H2O, rt, then 
TrocCI, aq NaHCO3, rt, 98%; (m) TsOH, dimethoxypropane, acetone, rt, 97 %; (n) DDQ, CH2Cl2IH2O, rt, 
98 %; (o) Tf2O, Et3N, CH2Cl2, -78 °C, 94%. 
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Scheme 1.11. Terashima's total synthesis of(+) FR900482, Part III. 
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Key: (a) NaH, THF, -78 °c to rt, 100%; (b) Zn, AcOH, THF/H2O, rt; (c) TsCI, Et3N, DMF, 0 °c to rt, 
77% for two steps; (d) MsCI, Et3N, CH2Cl2, 0 °c to rt, 94%; (e) NaH, Im, THF, reflux, 92%; (f) HF•Py, 
Py, 0 °C, 99%; (g) DMPI, CH2Cl2, rt, 98%; (h) LiHMDS, THF, -78 to -5 °c, then NaBH4, H2O, -5 to 
0 °C, 42%; (i) TBSCI, Et3N, DMAP, CH2Cl2, rt , 79%; (j ) DMPI, CH2Cl2, rt, 93%; (k) HF•Py, Py, 0 °c to 
rt , 93 %; (I) DBU, THF, rt; separation (64% for desired isomer, 31 % for undesired); (m) NaBH4, THF/l-12O, 
0 °C to rt, 87%; (n) TBDPSCI, Et3N, DMAP, CH2Cl2, rt, 71 %; (o) (Ph3P)4Pd, Ph3P, THF, rt, 83%; (p) m-

CPBA, CH2Cl2, -5 °c, 67%; (q) Ac2O, NaHCO3, rt , 69%; (r) DMPI, CH2Cl2, rt, 88%; (s) HF•Py, Py, 0 
°C to rt, 88%; (t) K2CO3 , MeOH, 0 °c to rt, 89%; (u) CICO2CCl3, Py, 0 °c to rt, 81 %; (v) NH3, THF, 0 
0c to rt, 94%; (w) Ac2O, Py, DMAP, rt, 87 %; (x) sodium naphthalenide, DME, -70 °c, 84%; (y) 10% 
Pd/C, H2, EtOAc, rt, 81 %; (z) DMSO, (CICO)i , Et3N, CH2Cl2, -78 °c, 88%; (aa) NH3, MeOH, rt, 73%. 
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Coupling of the two segments was accomplished by SN2 displacement of the 

triflate 87 with the anion of the deprotonated Alloc-protected aniline (80). Further 

elaboration furnished the aziridine ring as the N-protected toluene sulfonamide. The key 

step in the synthesis proved to be formation of the eight-membered ring through an 

intramolecular aldol reaction. Thus, following desilylation and oxidation, dialdehyde 90 

underwent the desired intramolecular addition upon treatment with LiHMDS. Following 

in situ reduction of the resulting hydroxy aldehyde (NaBf4), diol 91 was isolated in 48% 

yield along with 33% unreacted substrate (isolated as the reduced uncyclized diol). 

Unfortunately, this stereoselective reaction resulted in a product possessing exclusively 

the C7 configuration opposite that of the natural product. Selective silylation, oxidation to 

the ketone, and deprotection with HF-pyridine furnished the hydroxyketone 92 affording 

a substrate that could be epimerized. Reaction with diazabicyclo[4,5,0]undec-7-ene 

(DBU) in THF over two hours gave a ~ 2: 1 mixture of diastereomers favoring the 

product with the desired stereochemistry (93). Longer reaction times resulted in 

formation of the exocyclic methylene derivative resulting from elimination of the 

hydroxyl component. In nearly the identical manner as in Fukuyama's synthesis, the 

hydroxylamine hemiketal portion of the molecule was constructed from ketone 93 over 8 

steps. The completion of the synthesis included formation of the carbamate at C13 

through the cyclic carbonate and reaction with ammonia, deprotection of the aziridine 

and hydroxyl functionalities, and oxidation of the C12 hydroxymethyl group to the 

aldehyde. Notably, oxidation in the presence of the free aziridine was successful only 

when using Swem conditions; a variety of other oxidative methods explored led to 

decomposition. 
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Terashima's synthesis proved important in providing the natural product in 

optically pure form, thereby confirming the absolute stereochemistry of the molecule. In 

addition, epi-FR900482, whose biological activity was previously discussed, was 

synthesized starting from the antipode of the diethyl tartrate. Finally, the work 

demonstrates the importance of a well-developed protecting group scheme for the total 

synthesis of this natural product, as evidenced by the numerous synthetic steps dedicated 

to protecting group manipulations. 

1.2.4 Martin's Formal Total Synthesis 

Recently, Martin et al. reported a formal total synthesis of(±) FR900482 that in 

principle could be applied to an asymmetric variant (Scheme 1.12). 19 The key step 

utilized a ring-closing metathesis (RCM) reaction to construct an unsaturated eight-

membered ring, which in tum could be elaborated to the target compound. The 

application of the RCM reaction followed preliminary reports on studies with 

functionally simpler model systems. 

Starting from 5-nitrovanillian (100), three synthetic operations gave triflate 101, 

which in tum was transformed into the malonate following displacement of the triflate 

with the malonate anion. Reduction with DIBAL afforded the 1,3-diol 103 in modest 

yield (38 %). At this stage two separate routes were reported, one in which the ability to 

derive the protected diol in optically active form was demonstrated, with the alternative 

scheme producing the protected diol 106 in racemic fashion. Asymmetric 

desymmetrization of 1,3-diol 103 with Pseudomonas species lipase (PSL) afforded the 

optically acti ve monoacetate (104) in 68 % yield (94% ee). 
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Scheme 1.12. Martins Formal Total Synthesis of(+) FR900482 (38 steps). 
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Key: (a) HBr, HOAc, reflux, 82%; (b) NaH, BnBr, DMF, 0 °C; (c) Tf2O, Py, CH2Cl2, 0 °c to rt, 78% for 
two steps; (d) NaCH(CO2Meh, DMF 80%; (e) NaBf-Li, THF, 0 °C; (f) NaH, BnBr, 0 °c to rt, 90% for two 
steps; (g) DIBAL, PhMe, 0 °c, 38%; (h) PSL, vinyl acetate, 4 A sieves, 35 °c, 74%, 94% ee; (i) TIPSCI, 
Im, DMF, rt; (j ) K2CO3, MeOH, rt, 50% for two steps; (k) Cl3CC(=NH)OMPM, CH3CN, rt, 62%; (I) NaH, 
MPMCI, DMF, rt; (m) TIPSOTf, 2,6 lutidine, CH2Cl2, 0 °c, 75 % for two steps; (n) Raney Ni, H2, 

THF/MeOH, rt, 99%; (o) TrocCI, K2CO3, CH2Cl 2, 0 °C; (p) KH, allylbromide, DMF, 0 °c, 83% for two 
steps; (q) HF•Py, THF, 0 °C; (r) DMSO, (CICO)2, Et3N, CH2Cl2/THF, -78 °c, then vinylmagnesium 

bromide, 0 °c, 65 % for two steps; (s) Cl2(PCy3)iRu=CH2Ph, Ph, 65 °c, 78 %; (t) Zn, THF/HOAc, rt, 80%; 
(u) mCPBA, CH2Cl2, 0 °c; (v) Ac2O, 0 °c to rt, 89% for two steps; (w) mCPBA, CH2Cl2, rt, 61 %; (x) 
TFA, CH2Cl2, 0 °C; (y) TBSCI, DMAP, Im, CH2Cl2, rt, 61 % for two steps; (z) 10% Pd/C, H2, EtOAc, rt, 
42%; (aa) p-MeOC6HiOH, PPh3, DEAD, PhMe, rt, 80%. 
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The resulting alcohol was protected as the triisopropylsilyl (TIPS) ether, which, 

after hydrolysis of the acetate, was converted to the PMB-protected diol (105). 

Additionally, the 1,3-diol 103 could be directly protected through similar conditions to 

give the achiral equivalent 106. Due to the high cost of the enzymatic desymmetrization, 

and the low yield in the conversion to 105, the racemic version of the protected dial was 

used for the completion of the formal synthesis. In the event, racemic 106 was elaborated 

to the N-Troc-protected ally! amine 107. Desilylation, oxidation to the aldehyde, and 

addition of vinylmagnesium bromide afforded the diene with the resulting secondary 

alcohol trans- to the protected hydroxymethyl group. For the RCM reaction, the 

ruthenium-based Grubbs ' catalyst was chosen, based on this catalyst's ability to tolerate 

free hydroxyl groups. Reaction of diene 108 under dilute conditions afforded the desired 

unsaturated eight-membered ring in 78% yield. Unable to install the aziridine ring in a 

stereocontrolled manner, a formal total synthesis was opted for by conversion of 110 into 

a late stage intermediate of Fukuyama's synthesis18
a over eight steps. 

The application of an RCM reaction for the construction of the natural product 

was successfully demonstrated, providing a slightly improved synthesis of a late stage 

intermediate in Fukuyama' s racemic synthesis (38 total steps vs. 43 overall). The ability 

to derive the intermediate in optically active form with the insertion of the enzymatic 

desymmertization provides an alternative means of synthesizing (+)-FR900482 in 40 

steps. 
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1.4 Model Studies 

Since the isolation of FR900482 in 1987, several synthetic studies have been 

reported in addition to the total syntheses.20 Initial studies involved methods for the 

construction of the unique hydroxylamine hemiketal functionality, the aziridine portion, 

and various eight-membered ring synthons. Indeed, Williams and Yasuda published the 

first synthetic study in 1989 describing the synthesis of the hydroxylamine hemiketal 

portion on a model substrate.20a 

Scheme 1.15. Williams' and Yusuda's model study. 
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Key: a) Mel, K2C03, acetone; (b) CH20, KOH, DMSO; (c) Jones oxidation, 74% for three steps; 
(d) SOCl2; (e) TiCl4, allyltrimethyl silane, 68% for two steps; (t) 9-BBN, H202, NaOH; (g) DMSO, 
(CICO)i, CH2Cl2, then Et3N, 84%; (h) NaCN, ally! chloroformate, 94%; (i) (Me0)3CH, H2S04, MeOH, 
89%; U) Zn°, NH4Cl, THF/H20, 75%; (k) Pd(Ph3P)4, Ph3P, THF, -20 °C; (I) 10 eq. NaCNBH3, MeOH, rt, 
51 % for two steps; (m) lN HCI, THF, rt, 64%. 

The synthetic strategy (Scheme 1.15) relied on masking the carbonyls of 

intermediate 114 (derived from 2-methyl-3-nitroanisole m 7 steps) as the novel 

cyanohydrin allyl carbonate and dimethoxyacetal (115). Following Zn-mediated 
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reduction of the nitro function to the hydroxylamine; the cyanohydrin was selectively 

unmasked by cleavage of the allyl carbonate whereupon the cyclic nitrone 117 was 

spontaneously formed. Immediate reduction with sodium cyanoborohydride furnished the 

hydroxylamine. The ketone was unveiled through acid hydrolysis of the ketal, allowing 

ring closure to the hydroxylamine hemiketal 119 in 64% yield. Even with the work that 

soon followed, including the aforementioned total syntheses, the study still remains as a 

landmark for the first synthesis of this functionality. 

Among other model studies,20
b,c much attention has been focused on developing 

an efficient means to construct the hydroxylamine hemiketal functionality from an indole 

core. With the exception of Danishefsky's synthesis, this functionality has proven to be a 

hurdle in the total syntheses, requiring a multitude of tedious synthetic operations in the 

latter stages. Dmitrienko's pioneering work in this area has led to the development of an 

oxidative rearrangement from a dihydroindole core. 

In a 1992 report, Dmitrienko et al. described how initial carbonolamine formation 

of a pyrrolo[l ,2a]-indole (Br2 and MeOH) (see Scheme 1.16), provided a suitable 

precursor to the hydroxylamine hemiketaI.20
d Oxidation of the carbonolamine nitrogen of 

121 with Davis' reagent or mCPBA furnished, presumably through the N-oxide, the 

hydroxylamine ketone intermediate 123, which subsequently closed to give the desired 

bicyclic hemiketal bond. 
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Scheme 1.16. Drnitrienko's oxidative ring expansion model study. 
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Ideally, a one-pot procedure was sought starting directly from the indole (Scheme 

1.17). Here, epoxidation of the 3-substituted pyrrolo[l,2a]-indole in the presence of water 

might lead directly to the diol following oxirane ring-opening ,by the indole nitrogen and 

addition of water. This intermediate could in turn undergo the so-called Drnitrienko 

rearrangement described above. Reaction of the starting pyrrolo[l,2a]-indole directly 

with Davis' reagent, however, resulted in only the formation of byproduct 128.20
e 

Scheme 1.17. Unsuccessful oxidative ring expansion with Davis' reagent. 
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Recently Jimenez et al. explored this idea with a similar simple core structure.2
0f 

Substrate 129 (Scheme 1.18) was subjected to reaction with Davis' reagent, 

dimethyldioxirane (DMDO), or 1,1,1-triflouromethyl, methyl dioxirane. All three 

oxidative conditions led to decomposition of the starting material with no desired product 

observed. Alternatively, a two-step procedure, as in Dmitrienko's system, afforded the 

desired hydroxylamine hemiketal (131). 

Scheme 1.18. Jimenez's ring expansion model study 
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Despite the inability to find a successful one-pot oxidative ring expansion, the 

two-step procedure has been employed on fully-functional core structures by two 

separate groups. One obstacle in applying this rearrangement to a total synthesis, 

however, seems to be the obligate formation of a quaternary substituted center at C7. 

Presumably, by formation of the quaternary C-7 center, elimination to the indole at the 

intermediate carbonolamine stage is precluded. 
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Sulikowski et al. reported the synthesis of diazoketone 135 from the known tri-

substituted toluene derivative 134 over 14 steps (Scheme 1.19).20h Based on results from 

a previous model study,20
g an asymmetric oxidative insertion through a copper (!)-

stabilized carbenoid with the chiral bis(oxazoline) ligand 136 was planned for 

constructing the rnitosane core. Unfortunately, since higher temperatures were needed for 

the reaction to occur, the resulting enantioselectivity was minimal. Even more 

regrettably, the rnitosene ring system was formed instead of the desired rnitosane, the 

over-oxidation being attributed to the high copper (I) catalyst loading. Despite these 

disappointing results, rnitosene 137 provided a suitable substrate for a Drnitrienko 

rearrangement. Thus, dihydroxylation with OsO4 and DMDO oxidation of the resulting 

product furnished the hydroxylarnine herniketal 139. 

Scheme 1.19. Sulikowski's carbenoid insertion model study. 
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One year following Sulikowski's report in 1997, Ziegler et al. published a model 

study utilizing the Drnitrienko rearrangement to synthesis a late stage intermediate 

directed towards the total synthesis of FR900482.20i Significantly, the synthon 150 was 
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synthesized in asymmetric fashion and represents the most developed study using the 

oxidative ring expansion reported to date. 

Scheme 1.20. Ziegler's radical cyclization and ring expansion model study. 

a,b 

c-f MOTBB~ 

MeO~NUNBoc 

o 144 

g,h 

BnO OH 

' 
MeO NBoc 

o 145 

i,j,k 

OCbz OCbz 

M~~N&x_l,_m--lMe•OmN~e 

0 146 0 147 

n o,p q 

Meo Meo 

HO _f"'o f-_._ 

MeO~N'lNBoc 

0 150 
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CH2OIH2O, NaHCO3, CH2Cl2/MeOH, 2 h, 86% (k) 1,1'-carbonyldiimidazole, CH3CN, rt, 3.5 hr, then 

BnOH, DMAP, 63 °c, 3 h, 71 %; (I) m-CPBA, CH2Cl2, 0 °c, 2 h, 98 %; (m) AczO, 24 h, 0 °C, then HzO, 
73 %; (n) m-CPBA, 0 °c, 1.5 h, 81 %; (o) 10% Pd/C, Hz, EtOH, 30 min, 92%; (p) dimethoxypropane, p-

TsOH•HzO, CH2Cl2, 20 min, 70%; (q) (Ph3P)3RhCI, Xy, 130 °C, 3.75 h, 77% 
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During the final stages of the model study, Ziegler et al. employed a series of 

interesting tactics to construct the core structure of the molecule. lndole 141, synthesized 

from the corresponding tri-substituted benzoate, was coupled with the optically active 

aziridine triflate 142 derived from D-isoascorbic acid (Scheme 1.20). The methyl ester 

was hydrolyzed, and subjected to a Barton-Samadi decarboxylation in BrCCl3 to afford 

the bromoaziridine as 3.3: 1 mixture of diastereomers. Following aldehyde reduction and 

protection, the mitosane bicyclic ring structure was installed by initial radical formation 

on the aziridine and subsequent reductive cyclization on the indole in the presence of n-

Bu3SnH. Desilylation of the crude mixture revealed nearly complete selectivity for the 

cyclized alcohol 145 possessing the stereochemistry shown. Oxidation to the aldehyde 

and aldol reaction with 38% aqueous formaldehyde furnished the hydroxymethyl group, 

which was protected as the benzyl carbonate over two steps. With a quaternary center at 

C7, the installation of the hydroxylamine hemiketal structure was carried out in two 

consecutive rearrangements. mCPBA oxidation to the N-oxide, acetylation, elimination 

to the imine, and addition of the acetate to the C8 imine carbon, effected a Polonovski 

rearrangement through the mitosane nitrogen furnishing the free carbonolamine 147 

following aqueous workup. Dmitrienko rearrangement induced by mCPBA oxidation of 

the carbonolamine led directly to the hydroxylamine hemiketal 148 (58% yield over three 

steps). With the proper functionality installed at C8, the quaternary center at C7 was 

dismantled. Following deprotection of the primary alcohol and acetonide formation, 

decarbonylation with retention of configuration using Wilkinson's catalyst gave the 

desired product 150, although the reaction reportedly was inconsistently reproducible. 

The capricious nature of the reaction combined with the possible incompatibility of the 
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Boe and acetonide groups with the acid-sensitive aziridine ring may provide reasons for 

why the total synthesis has not been completed. No further publications on this work 

have been reported to date. 

Fukuyama et al. disclosed their progress towards an asymmetric synthesis of(+) 

FR900482 in 2001.20j Although much of the work relied on synthetic steps previously 

reported in their 1992 racemic synthesis, several strategies were explored to develop an 

asymmetric variant. 

Starting from the know_n azidoaldehyde 151, p-nitrobenzyl sulfonamide-protected 

aniline 152 was prepared over three steps. Compound 154 was obtained through a 

coupling of 152 to the known chiral acetonide alcohol (153) using Mitsunobu conditions 

and subsequent silyl deprotection. Swem oxidation followed by reaction with 

hydroxylamine furnished oxime 155. The key nitrile oxide intramolecular [1 ,3] dipolar 

cycloaddition occurred following treatment of the oxime with sodium hypochlorite to 

afford the isoxazoline 156; regrettably the product contained the incorrect 

stereochemistry at C7. Despite this setback, the synthetic endeavor was continued in an 

effort to construct biologically interesting analogs. Cleavage of the p-nitrobenzyl 

sulfonamide group and reprotection, ester reduction, and Raney nickel hydrogenation of 

the isoxazoline ring furnished diol 157. Stereoselective ketone reduction, hydrolysis, 

sodium periodate cleavage of the diol, and subsequent reduction (NaB~), gave the free 

amino diol 158. Utilizing nearly identical strategies as in the total synthesis, intermediate 

158 was transformed to the acetonide-protected hydroxylamine hemiketal 159. The diol 

functionality of 159 was converted to the epoxide by selective TES protection of the ClO 

hydroxyl group, mesylation at C9, desilylation, and sodium hydride-promoted ring 
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Scheme 1.21. Fukuyama's nitrile oxide dipolar cycloaddition model study for (+) 

FR900482 
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CH2=C(OMe)Me, PPTS, DMF, 0 °C, 30 min, 78% (2 steps) ; (v) TESCI, Et3N, DMAP, CH2Cl2, rt, 1 h, 
75%; (w) MsCI, Et3N, CH2Cl2, 0 °C, 20 min, 92%; (x) TBAF, THF, rt, 5 min, 95 %; (y) NaH, DMF-THF 
( 1 :3), 60 °C, 5 min, 80%. 

closure. The resulting oxirane 161 could then be elaborated to the epi-FR900482 analog 

39 using previously reported procedures from the total synthesis . Alternatively, the 
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epoxide ring was maintained, and converted to the cis- analog 40. The biological 

significance of both analogs 39 and 40 has previously been discussed. 

1.5 Current Total Syntheses 

Following the completion of the total synthesis of ( +) FR900482 and ( +) 

FR66979 by Judd and Williams23 as described in a later chapter (see Chapter 3) two 

additional total syntheses by both Fukuyama24 and Ciufolini25 were reported. 

1.5.1 Fukuyama's Asymmetric Total Synthesis 

In a second generation synthesis by Fukuyama et al., optically pure acetonide 

162 (derived from L-tartaric acid in 5 steps) provided a scaffold on which to complete an 

asymmetric synthesis (Scheme 1.22).24 Although much of the latter stages of the 

synthesis relied on nearly identical strategies as in the original racemic total synthesis, 

several key novel transformations early on allowed for an efficient construction of the 

core structure. Sonogashira-coupling of the optically pure acetylene 162 with the co-

responding aromatic triflate 163 (6 steps from methyl vanillate) furnished alkyne 164 in 

good yield. Taking into account the conjugation of the alkyne functionality with the 0-

Nitro aromatic portion, selective addition of pyrrolidine followed by aqueous hydrolysis 

provided an efficient means of providing ketone 166. Following several protecting group 

manipulations, construction of the eight-membered ring was accomplished by partial 

reduction of the nitro group to the hydroxyl amine and subsequent cyclization to the 

nitrone followed by in-situ reduction to the hydroxylamine. Interestingly, this identical 

strategy for ring-closure had failed during the total synthesis by Judd and Williams on a 

very similar substrate (see Chapter 2, Scheme 2.15). The absence of the protected 

aziridine functionality along with the use of a sterically bulkier silyl protecting group 

40 



(TIPS in place of DEIPS) on the secondary hydroxyl group may have facilitated ring 

closure in this case. 

Scheme 1.22. Fukuyama's asymmetric synthesis. 
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The resulting hydroxylarnine was protected as the methoxy methylethyl ether 171. 

Following aldol reaction with LiOH and aqueous formaldehyde as in the previous total 

synthesis, in-situ deprotection of the hydroxylarnine with aqueous HCl gave the 

hydroxylamine hemiketal directly, circumventing the need for in-situ reduction of the 

ketone to the diol as in the previous racernic synthesis. Following several synthetic 

manipulations hydroxylamine hemiketal 173 was transformed to the identical 

intermediate 57 as in the original synthesis. With intermediate 57 in hand the total 

synthesis of ( +) FR900482 was completed following essentially the same strategy as in 

the original synthesis. 

In addition to being an asymmetric synthesis, Fukuyama's second generation 

synthesis demonstrated significant improvements over the original synthesis. An efficient 

coupling strategy through the acetylene substrate 162 followed by direct conversion to 

the ketone by conjugate addition of pyrolidine represents a novel approach to accessing 

the core structure. Additionally, the use of the methoxy methylethyl ether protecting 

group on the hydroxylamine allowed for in-situ production of the hydroxylarnine hemi-

ketal bond, precluding the need for a multi-step procedure to access this functionality as 

in the original synthesis. 

1.5.2 Ciufolini's Total Synthesis of FR66979 

Following the completion of Fukuyama's second generation synthesis, Ciufolini 

and Ducray disclosed their synthesis of(±) FR66979.25 Despite being racemic in nature, 

several key transformations in the middle of the synthetic sequence highlight a unique 

approach to this family of molecules. Utilizing an initial approach as in Martin's formal 

total synthesis (see Section 1.2.4), aldehyde 175 was derived from the identical 
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intermediate 103 from Martin's formal total synthesis (11 steps total from 5-

nitrovanillian (100)). Substrate 177 was constructed through allylation of aromatic 

aldehyde 175 via the lithiated allyltrimethylsilane species 176 and Ti(O-iPrk Heating 

177 in toluene induced an intramolecular 1,3-dipolar cycloaddition of the azido 

allylsilane intermediate affording triazoline 178 as a single diastereomer in good yield. 

Brief exposure to UV light resulted in direct conversion of the triazoline to the 

corresponding aziridine 179. In the key synthetic transformation, hydroxide mediated 

homo-Brook rearrangement of the hydroxyl silyl intermediate 179 accompanied by 

fragmentation of the aziridine ring unveiled the eight-membered ring core structure of the 

nature product in a single step. This remarkable transformation along with the direct 

accessibility of the precursor through a 3-step sequence from aldehyde 175 demonstrated 

not only a unique synthetic approach to FR66979 and FR900482, but also to 

functionalized benzazocines in general. The completion of the total synthesis of FR66979 

from the eight-membered ring (80) utilized nearly the identical overall strategy as in both 

Fukuyama' s total syntheses including the synthesis of the aziridine and hydroxylamine 

hemi-ketal functionalities. One interesting feature however, involved using benzyl groups 

as the sole protecting groups of the various hydroxyl groups in the synthetic sequence. 

This strategy allowed for a global deprotection near the end of the synthesis to afford the 

tetraol hydroxylamine hemi-ketal 183. Following selective protection of the primary 

hydroxyl and hydroxylamine hemi-ketal as the acetonide, the remainder of the synthetic 

intermediate could be acetylated allowing for deprotection during ammonolysis of the 

cyclic carbonate in the final synthetic step. Despite the moderate yield of this final step 

(40%), the protecting group strategy thus employed demonstrated the ability to 
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circumvent numerous selective protection-deprotection steps encountered during 

previous total syntheses. 

Scheme 1.23. Ciufolini's racemic synthesis of FR66979. 
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COCl2, CH2Cl2, Et3N, 0 °C, 28%; q) Ph3P , iPr2NEt, aqueous THF (90%), 60 °C, 78%; r) NH3, MeOH, 25 °C , 
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Finally, although the natural product was synthesized in racemic form, the use of 

a nitro-benzyl propane diol intermediate as a precursor to aldehyde 175 should allow for 

an enantioselective version of the synthesis. By example of Martin's enzymatic resolution 

of the identical substrate 103 (see Section 1.2.4) it should be possible to prepare aldehyde 

175 in an optically pure form. Overall the total synthesis of(±) FR66979 by Ciufolini and 

Ducray details a unique approach to the eight-membered ring core structure of FR66979 

and FR900482 and in combination with previous total syntheses represents a relatively 

quick access to both natural products. 
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Chapter 2 

Synthesis and Biochemical Studies of a Photo-Triggered Mitosene 
Progenitor 

2.1 Introduction 

The extensive biochemical studies investigating the DNA and DNA-protein 

interactions of the natural products FR900482 (1) and FR66979 (2) originating from this 

group9
•
15

•
17 have inspired efforts towards synthesizing biologically interesting analogs. 

One such endeavor has focused on the design and synthesis of pro-mitosenes that are 

activated by alternative chemical signals. This strategy would abrogate the reductive 

activation pathway necessary for FR900482 and congeners (Scheme 2.1). 

Scheme 2.1. Alternatively activated pro-mitosenes. 
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Central to this idea was the use of the 6-nitroveratryl carbamate (NVOC) group 

for the purpose of developing a photo-triggered analog that would enable activation at 

long UV wavelengths (350-410 nm). Indeed, since its introduction in 1970 by Patchornik 

and Woodward,26 the NVOC group has found general use as a nitrogen protecting group 

in amino acids and nucleotide chemistry. The relatively long wavelength necessary for 

activation and cleavage is innocuous to both sensitive aromatic amino acids and 

oligonucleotides. 27 

2.2 Rollins' Model Study 

The construction of the photo-triggered mitosene progenitor followed preliminary 

work by previous members of the group. Rollins and Williams published in 1997 the 

initial synthesis of a photo-triggered analog that furnished a mitosene core upon photo-

activation.28 The synthetic approach is outlined below depicting the synthesis of the 

analog over 25 steps (Schemes 2.2-2.4) . 

Starting from Z-1,4-butene diol 4, Rollins and Williams prepared the optically 

active aziridine aldehyde 10 over nine steps. The synthesis relied on previously published 

methods describing the preparation of azido silyl ethers 7 and 8 from Z-1,4-butene diol.29 

Hence, reaction of p-anisaldehyde with 1,4 butiene dial and reduction of the resulting 

acetal gave the mono protected PMB allylic alcohol 5. Sharpless epoxidation30 afforded 

the optically active epoxide (87% ee) whose enantiomeric ratio was determined by 

Mosher ester formation and 1H and 19F NMR analysis. Opening of the epoxide with 

sodium azide and selective TBS protection furnished the azido silyl ethers 7 and 8 as a 

mixture of regioisomers .28 
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Scheme 2.2. Synthesis of optically active aziridine aldehyde 10 
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OPMB 
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Accordingly, Rollins and Williams employed a Staudinger reaction to construct 

the aziridine ring. Refluxing both azido alcohols with triphenylphosphine in toluene over 

5 days gave the free aziridine, which was protected as the methyl carbamate in 90% 

yield. Finally, TBAF deprotection in THF/H2O and Dess-Martin oxidation produced the 

aziridine aldehyde 10. 

Coupling of 10 with the known aromatic substrate 11 20
b,

2
0i by reaction with a 

catalytic amount 0.5 M sodium methoxide in DMF afforded the secondary alcohol 12. 

TBS protection, oxidative PMB removal, and Dess-Martin oxidation furnished the 

aldehyde 14 in 73 % yield over three steps. Reduction of the nitre group was 

accomplished by catalytic hydrogenation with 5% Pd/C and the resulting aniline was 

subjected to cyclization conditions with MgSO4 and molecular sieves in CH2C!i. With the 

tendency of the intermediate irnine to dimerize, the reaction was found to require dilute 
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conditions (0.002 M). Reduction of the resulting imine with NaCNBH3 and TFA gave the 

secondary amine 15, which was acylated to the NVOC carbamate 16. 

Scheme 2.3. Rollins' model study continued. 
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Attempts to remove the TBS group with substrate 16 were unsuccessful under a 

variety of conditions. Rather, the TBS ether could be removed only via prior deprotection 

of the aziridine nitrogen. Reduction of both carbomethoxy groups with DIBAL as 

precedence by Danishefsky's total synthesis, afforded 18, which was deprotected by 
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treatment with TBAF to give the diol. Re-protection of the aziridine and oxidation 

afforded the keto-aldehyde 19 as a model substrate for the mitosene progenitor (Scheme 

2.4). 

Scheme 2.4. Completion of the model photo-triggered analog 

MOMO OTBS MOMO OH 

MeO~NCO,Me X • M,OA)NCO, Me 

0 NVOC 0 NVOC 
16 17 

DIB AL 
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61 % 
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2.~ 

H 
N 

0 N 0 0 Nvbc OH NVOC I 
OC02Me 

18 3. Dess-Martin ox . 
19 

74%, 3 steps 

Upon exposure to 350 nm light in 9: 1 CH3CN/H20 , the model analog 19 

successfully gave the mitosene core 21 as a mixture of diastereomers. 

Scheme 2.5. Successful photo-acti vation to the mitosene core. 

MOMO 0 

350 nm hv 
H NC02Me 

9:1 CH3CN/H20 
0 Nvbc 

MOMO 

+H20 
H -NC02Me 

0 

MO~ .,OH 

H~<:l 
0 NH2 

19 20 21 

The model study by Rollins and Williams proved significant in demonstrating the 

viability of a photo-triggered progenitor to an active mitosene compound. However, the 
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analog lacked the carbamoyl hydroxymethyl segment at C7 crucial for the ability to 

cross-link DNA. Despite this draw back, the preliminary study provided strategies for 

constructing the optically active aziridine, coupling of both the aromatic segment and the 

aziridine portion, and construction of the eight-membered ring. In developing a synthesis 

of a fully functional photo-triggered mitosene progenitor, it was hoped that much of these 

principles could still be utilized. 

Section 2.3 Synthesis of a Fully Functional Photo-Triggered Mitosene Progenitor 

The initial strategy for incorporating the C7 hydroxymethyl residue relied on an 

alternative coupling strategy between the aziridine aldehyde 10 and derivatives of the 

aromatic portion 4. Aldehyde 10 was synthesized in much the same manner as the 

method reported by Rollins and Williams with a few modifications. 

Reduction of acetal 22 with NaCNBH3 and TFA was more amenable for large-

scale production of the allylic alcohol 5, which, in tum, was subjected to Sharpless 

asymmetric epoxidation as reported. Interestingly, the epoxide 6 could be recrystalized at 

low temperatures (-33° C in Et2O), although this did not seem to enhance the optical 

activity but rather facilitated purification on scale up. 

Scheme 2.6. Improved large scale preparation of optically active epoxide. 

OH OH 
NaCNBH3, TFA ) L-(+) DET, Ti(O-iPr)4 , t-BuOOH 
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OMe 5 6 
22 
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Difficulties in obtaining consistent results with the Staudinger reaction in large 

scale preparations required finding an alternative method for constructing the aziridine 

ring. Accordingly, mesylation of the secondary alcohol followed by azide reduction with 

hydrazine over Raney nickel afforded the free aziridine over 2 h. Reaction of the crude 

product with methyl chloroformate and pyridine furnished the protected aziridine 9 in 

92% yield over three steps without the need for column chromatography. The 

convenience in reaction time and purification made this alternative procedure much more 

practical. 

Scheme 2.7. Improved synthesis of the aziridine ring. 

OTBS OTBS OTBS (OH ~C' 
1. MsCI, Et3N, CH2Cl2, 0 °c 

>NC02Me + 
N3 'OH 2. Ra-Ni, H2NNH2, EtOH, 2hrs. 

OPMB OPMB 3. MeOCOCI, pyridine . 92% 3 steps OPMB 

7 8 9 

These minor modifications greatly facilitated large scale production of the 

aziridine aldehyde 10 with the overall preparation yielding between 5 and 7 grams from 

Z-1,4-butadiene diol 4. The limitation in further scale-up resides with the Sharpless 

asymmetric epoxidation. In addition to difficulties encountered in maintaining the critical 

low reaction temperatures for this reaction at larger reaction scales, others have reported a 

significant decrease in optical purity with reactions performed on greater than 50 mmol 

of this substrate. 18d.f.h Notably, Terashima and coworkers had used an enantiomerically 

pure form of the identical epoxide 6 in their total synthesis; tSct.f,h use of their procedure 

would allow production of enantiomerically pure aziridine 10 with the addition of fi ve 

synthetic steps. With the ability to synthesis the aziridine aldehyde in large quantities , the 

alternative coupling strategies could now be explored. 

52 



2.3.1 Alternative coupling strategies 

Theoretically, having the hydroxymethyl segment or an equivalent synthon 

installed early in the synthesis would seem the most practical approach. Paralleling 

previous protocols from this group (Yasuda and Williams, unpublished results31
) the 

trisubstituted toluene deri vative 1120b,20i,28 was subjected to reaction with 

dimethylformamide dimethylacetal (DMF-DMA) in DMF at reflux to give aldehyde 23 

following an aqueous acidic workup. The aldehyde, in turn, could be either reduced to the 

corresponding alcohol (24) with NaB~ or converted to the acid (25) through Jones ' 

oxidation (Scheme 2.8). 

Scheme 2.8. Synthesis of alternative aromatic segments. 

PMOMO Me 

Meo 
N02 

0 
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DMF-DMA 
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then AcOH/H2O 
92% 

! Jones ox. 
75% 

25 

75% 

Attempts were made to couple each of these components with the aziridine 

aldehyde 10 following dianion formation with LHMDS. Although alcohol 24 failed to 

react, the dianion of the carboxylic acid 25 successfully gave the desired coupled product 

in 55% yield. The product was verified by mass spectrometry and 1H NMR spectroscopy, 

which revealed that all four possible diastereomers had been produced. Separation of the 

diastereomers by chromatography was precluded by the carboxylic acid functionality and 
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necessitated carrying all four products to the next reaction. Attempts to selectively reduce 

the carboxylic acid with borane in THF or with BH3-DMS complex failed to give the 

desired diol 28 (Scheme 2.9) . 

Scheme 2.9. Successful coupling of the di anion and the aziridine aldehyde. 
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The inability to reduce the resulting carboxylic acid combined with the difficulty 

in dealing with the mixture of diastereomers led to the abandonment of this strategy. 

Furthermore, it should be noted that coupling reactions with aldehyde 23 or the dimethyl 

ester derivative from carboxylic acid 25 were not attempted since self-condensation with 

the former and the inability for selective reduction of the product of the latter would seem 

to impair both strategies. 

2.3.2 Model Studies of the Aldol Reaction 

Following the protocol by Rollins and Williams, coupling of the aziridine 

aldehyde with the aromatic segment 11 afforded the alcohol 12.28 Dess-Martin oxidation 
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of the mixture of alcohols furnished ketone 29 (85% yield) to serve as a model system on 

which to study a late stage aldol reaction. 

Scheme 2.10. Synthesis of the ketone substrate. 
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MeO 
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Initial attempts to perform an aldol reaction with formaldehyde in DMF or THF 

afforded no reaction. Not surprisingly, the enolate derived by reaction of 29 with 

LHMDS proved to be extremely unreactive owing to the stabilization ]:)y conjugation 

with the para-methyl benzoate and ortho-nitro functionalities. The anion's stability 

necessitated the use of highly reactive electrophiles in the form of a haloethers . Reaction 

with MOMCl, SEMCl and chloromethoxysilanes ClCH2OTBS and ClCH2OTBDPS 

(derived in three steps from ethanethiol according to Gunderen et al.32) resulted in 

selective O-alkylation only. By switching to a softer halogen with MOMBr, reaction in 

THF led to a 2: 1 mixture of desired C-alkylation versus O-alkylation in 60% yield. The 

utility of this product would seem limited due to the difficulty of deprotecting the methyl 

ether in the presence of the remaining functionalities. The result remained important 

however, in demonstrating the possibility of an aldol reaction with a more advanced 

intermediate. 
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Scheme 2.11. Alkylation reactions on the model ketone substrate 
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2.3.3 Completion of Photo-triggered Mitosene Progenitor 

0-Alkylation 

+ 

C-Alkylation 

The approach for a late stage aldol reaction required the production of a ketone 

comparable to intermediate 19 (Scheme 2.4), but with the methyl ester portion still intact. 

During the course of the synthetic study by Rollins and Williams, deprotection of the 

TBS-protected secondary alcohol following cyclization depended upon first removing the 

aziridine methyl carbamate. This observation suggested that the difficulty in desilylation 

was an issue of sterics, and could potentially be solved with an alternative protecting 

group. Hence, several less sterically-demanding protecting groups were evaluated and 

subsequently subjected to a similar synthetic sequence as in the previous study. Initial 

attempts with the triethylsilyl (TES) group and the TBS hydroxymethyl acetal, derived 

from the aforementioned chloromethoxysilane (CICH2OTBS), proved unsuccessful. The 

TES group in particular proved too labile during the cyclization with only a minimal 

yield of product isolated. This result did demonstrate however, the capacity to deprotect 

the secondary alcohol with the carbamate on the aziridine intact. Finally, the slightly 
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more bulky diethylisopropyl (DEIPS) protecting group demonstrated the desired traits of 

being stable during the synthetic manipulations while maintaining the ability to be 

cleaved in the presence of the protected aziridine. 

MeO 

MeO 

Scheme 2.12. Synthesis of eight-membered ring. 
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Accordingly, the coupling product 12 was silylated with DEIPSCl and imidazole 

in CH2Clz (85% yield). Oxidative removal of the para-methoxybenzyl group with DDQ 

and Dess-Martin oxidation of the primary alcohol afforded aldehyde 33 in 86% yield 

over two steps.33 In analogy to the work by Rollins and Williams, a three step protocol 

was used to convert the aldehyde into the eight-membered ring 34. Reduction of the nitro 

function by catalytic hydrogenation, and cyclization of the amino aldehyde to the eight-

membered ring imine was effected with MgS04 and 4A sieves under dilute conditions 

(~1.0 mM). Reduction of the imine with NaCNBH3 and AcOH gave 34 in 55~75% yield. 
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As in the study by Rollins and Williams, high dilution conditions were necessary during 

the cyclization to circumvent dimerization of the intermediate imine (Scheme 2.13). 

Scheme 2.13. Dimerization of the intermediate imine. 
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This aspect of the synthesis precluded large-scale production of the eight-

membered ring intermediate. Indeed, over forty different reaction conditions were 

examined in order to try to overcome this detrimental step, a few of which are tabulated 

below. 
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Scheme 2.14. Reductive amination of intennediate aniline. 
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Table 1. Conditions for Reductive Amination of Aniline 35. 

Conditions 

(Bu)4NCNBH3, CH2Cl2, MgSQ4, 25 °C to Reflux 

(Bu)4NCNBH3, CH2Cl2, TFA, MgSQ4, Rt 

DMF or EtOAc, (Bu)4NCNBH3, 4 A sieves 

NaCNBHJ, 4 A sieves, EtOH, Reflux 

NaCNBH3, 3 A sieves, MeOH, pH 5, Reflux 

ZnCl2, MeOH, Reflux, then NaCNBH3 

1.5 eq. ZnCl2 + NaCNBHJ, MeOH, reflux 

1 eq . ZnCl2 + NaCNBH3, MeOH, reflux 

1.5 eq. ZnCl2 + NaCNBHJ, MeOH/EtOH, Rt 

1.8 eq. ZnCl2 + BH3-pyridine, MeOH, reflux 

3 eq . ZnCl2, (nBu)4NCNBH3, CH2Cl2, Rt 

ZnCl2 + NaCNBH3, THF, 25 °C to Reflux 

Result 

S.M. 
Decomp. 

S.M. 
Decomp. 

Decomp. 

Dimer 

1 :1 Product/reduced Aldehyde 

1 :1 Product/S.M. 

Reduced Aldehyde 

Reduced Aldehyde 

1 :1 Product/reduced Aldehyde 

Reduced Aldehyde 

To overcome the dimerization of the intennediate imine at nonnal concentrations, 

conditions were needed which allowed for cyclization and immediate in situ reduction to 

the corresponding imine. More reactive reducing agents such as Hi/Raney Nickel and 

H2/10% Pd/C resulted in decomposition through additional reduction of the aldehyde 

and/or aziridine ring. Further examination of the reaction revealed that the intennediate 

aniline aldehyde did not undergo cyclization in methanol, and only after switching 

solvents did such an event proceed. Cyclization attempts in the presence of 

tetrabutylammonium cyanoborohydride in various organic solvents were examined, but 
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to no avail. Likewise, mildly acidic conditions to promote the cyclization led only to 

decomposition. The sensitivity of the compound to protic acids and strong Lewis acids 

required that only mild Lewis acids be used. The use of ZnC12 with NaCNBH3 has been 

shown to be an effective reagent for reductive aminations.34 Unlike the related reaction 

with NaB~, ZnC'2 and NaCNBH3 have been reported to give a mixture of salts possibly 

including Na[ZnCl(CNBH3) 2], Na2[ZnClr (CNBH3h], Na[Zn(CNBH3) 3] , in addition to 

just strictly Zn(CNBH3) 2.
34 It was hoped however, that the reducing agent complexed to 

the Lewis acid would promote immediate reduction of the imine. Marginal success was 

seen in some examples, affording mixtures of product and starting material or reduced 

aldehyde, depending on the ratio of ZnC'2 to NaCNBH3. Unfortunately, the reaction was 

found to be capricious in nature and conditions to obtain high yields of the cyclic amine 

could not be found. Alternative approaches, such as converting the intermediate alcohol 

to the mesylate or other leaving group followed by displacement with the aniline failed to 

afford any reaction and it seemed the configuration of the aziridine ring precluded 

nucleophilic attack (Scheme 2.15) . 

Scheme 2.15. Alternative cyclization attempts. 
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One final attempt involved using platinum on carbon to selectively reduce the 

nitro functionality to the hydroxylamine35 40 in the hope that the additional alpha-effect 

of the hydroxyl would enhance the nucleophilicity of the amine (Scheme 2.16). Ideally 

this would result in the formation of the nitrone 41, which could then be reduced to the 
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desired product. Although hydrogenation with 5% Pt/C successfully gave the 

hydroxylamine as the sole product, the intermediate was inert to further reaction in 

methanol or other solvents. 

Scheme 2.16. Unsuccessful cyclizations of hydroxylamine 40 to nitrone 41. 
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The failure to find improved conditions for this key transformation, mandated that 

the cyclizations be carried out at high dilution and subsequently reduced separately. One 

important result from these studies was discovering the stability of the intermediate 

aniline aldehyde in methanol even at high concentrations. This property allowed the 

hydrogenation to be scaled up and the intermediate aniline partitioned into separate flasks 

with methanol for simultaneous multiple cyclizations. Employing this strategy allowed 

for the reaction to at least be performed on a 1 gram scale. 

With the eight-membered cyclic amine in hand, acetylation with 6-nitroveratryl 

chloroformate (75%) followed by removal of the DEIPS group with TBAF in 

TI-IF/methanol afforded the free alcohol 43. The use of methanol during the deprotection 

prevented any Payne-type rearrangement that would lead to the epoxide through opening 
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of the aziridine. Dess-Martin oxidation of the secondary alcohol provided the ketone 44 

in 60% yield over two steps. 

Scheme 2.17. Construction of ketone 44. 
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It was now necessary to introduce the crucial hydroxymethyl group at C7. The 

susceptibility of both methoxycarbamoyl groups to aqueous base precluded the use of the 

commercially available 38 percent aqueous formaldehyde solutions for this reaction, and 

the preparation of an anhydrous alternative was sought. After trying several reported 

conditions for the generation of anhydrous formaldehyde solutions in ethereal solvents, a 

modified version of the procedure by Reetz et al . using a-polyoxymethylene polymer 

proved successful.36 Thus reaction of ketone 44 with LDA in dry DMF at -45 °C, 

followed by addition of a freshly prepared anhydrous solution of formaldehyde in THF 

(ca. ~ 1.0 M) gave the desired aldol adduct in 58-70% yield as a 1: 1 mixture of 

diastereomers. Fortunately, recrystalization from EtOAc was selective for the desired 
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diastereomer 45 with the anti-configuration, whose identity was confirmed by X-ray 

analysis (Figure 2.1) (See Appendix 1 for ORTEP drawing and related data). 

Scheme 2.18. Key aldol reaction. 
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( 1: 1 Diastereomer Mix) 

Figure 2.1. X-ray Structure of 45. 

Recrystalize 

(EtOAc) 

Initial efforts to elaborate the aldol adduct into the carbamoyl adduct found in the 

FR compounds proved unsuccessful. Reaction of the primary hydroxyl group with 

trichloroacetyl isocyanate followed by cleavage of the trichloroacetamide intermediate 

with neutral alumina resulted in exclusive formation of the exocyclic methylene species 

47 (Scheme 2.19). 
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Scheme 2.19. Failed attempt to synthesis urethane 48. 
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Alternative strategies involving ketone reduction, selective reaction of the primary 

alcohol, and re-oxidation to the ketone also failed to provide the desired product. It 

appeared that functionalization at this position rendered the compound too prone to 

elimination, and further efforts to synthesize the carbamate analog 48 were abandoned. 

2.4 Biochemical Studies on Photo-Triggered Analog 45 

Despite the synthetic difficulties encountered, further examination of the aldol 

product 45 revealed its viability as a DNA cross-linking agent. Although the related 

decarbamoyl mitomycin C derivative is known to only monoalkylate DNA and not 

produce cross-links, the minimal activity of that agent may be attributed to the quinone 

functionality, as previously discussed (Chapter 1, Section 1.1). Furthermore, in 

evaluating the remaining protecting groups, it is instructive to compare the proposed 

intermediate mitosene resulting from photo-activation of 45 with the clinical candidate 

FK317 (3). Theoretically, photolysis at 350 nm light would lead to the reactive mitosene 
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species 49, capable of alkylating DNA. Likewise, following esterase deacetylation and 

reduction, FK317 would form the presumed mitosene intermediate 50, as presented 

earlier. Both reactive intermediates share a strikingly similar core structure, and would be 

predicted to demonstrate the same ability to alkylate DNA. 

Scheme 2.20. DNA alkylation of both FK317 and photo-triggered analog 

mitosene intermediates 49 and 50. 
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The capacity of 45 to cross-link DNA was evaluated using linearized (EcoRl) 

pBR322 plasmid DNA by denaturing alkaline agarose gel electrophoresis according to 

Cech.37 In order to compensate for the insolubility of compound 45 in H20 , reactions 

with 45 were conducted in 1 % or less DMSO/H20 solutions. Lambda/Hind III was used 

as a molecular weight standard (lane 1). The natural product, FR900482 at 1.0 mM was 

used as a control standard and was activated with 1 mM 2-mercaptoethanol in the 

presence of 0.5 µg of DNA duplex producing the interstrand cross-link (ICS) (lane 4).9
a-d 

Interstrand cross-link formation was evident following 1 h irradiation of compound 45 at 

10 µM and 1 µM concentrations with 0.5 µg of DNA duplex (lanes 6 and 7). Incubation 

of 45 at 10 µM concentration with 0.5 mg of DNA duplex for 12 h in the dark (lane 5) led 

to no detectable cross-link. The faster mobility of the cross-linked DNA at 10 µM 

concentration (lane 6) relative to that for the 1 µM concentration (lane 7) reaction is 

attributed to extensive (multiple) cross-links at the higher concentration. 
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Figure 2.3. Photoactivated cross-link of pBR322 by analog 45. Reaction mixtures 
were prepared by addition of appropriate stock solutions to a total volume of 10 µL 
containing 0.5 µg of linearized DNA buffered to pH 8 with 10 mM Tris, 1 mM EDTA. 
Irradiations were performed in clear eppendorfs at 25 °C with a Rayonet® lamp equipped 
with four 350 nm bulbs. All samples were incubated 24 h. prior to analyses. The mixtures 
were analyzed on a 1.2% agarose gel at 80 volts for 3.5 h. Lane 1: Lambda Hind III. Lane 
2: DNA, dark. Lane 3: DNA, hv, 60 min. Lane 4: 1.0 mM FR900482 + 1.0 mM 2-
mercaptoethanol. Lane 5: 10 uM 45, dark, 60 min. Lane 6: 10 uM 45, hv, 60 min. Lane 7: 
1 uM 45, hv, 60 min. Lane 8: 100 nM 45, hv, 60 min. Lane 9: 10 nM 45, hv, 60 min. 

Notably, the incubation period following photolysis was not necessary for 

interstrand cross-link production; ethanol precipitation and analysis by electrophoresis 

immediately following the photolysis revealed cross-link formation in much the same 

manner. 

2.4.1 Determination of Cross-link Sequence Specificity 

Having established the capacity of the mitosene progenitor analog 45 to 

efficiently cross-link DNA, further biochemical experiments were pursued in order to 

elucidate the sequence specificity of the interstrand lesion. The production of a mitosene 
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species structurally similar to that derived from the natural product and congeners would 

predict the identical preference for the 5 '-CG-3' sequence. Following the precepts of 

extensive biochemical studies on FR900482 and FR66979 from this group, 9
·
38 synthetic 

oligonucleotides were used to further evaluate the cross-linking of analog 45. Following 

5' end-labeling of oligomer A with 32P and annealing to the complimentary strand 

( oligomer B), the resulting duplex 1 provided a template containing two 5 ' -CG-3' sites 

for potential cross-links. 

Figure 2.4. Duplex 1. 

*5 ' TITATTAACGTAATGCTTAATCGCAATGGGATT 3' Oligomer A 
3' AAATAATTGCATTACGAATTAGCGTTACCCTAA 5' Oligomer B 

Photolysis of compound 45 (10 mM in lane 5, and 2.5 mM in lane 6 [Figure 2.5]) 

with duplex 1 (in 4:1 H2O/CH3CN lane 5, and 19:1 H2O/CH3CN lane 6) with 350 nm 

light in a Rayonet equipped with four bulbs for one hour led to cross-link formation. The 

use of acetonitrile in place of DMSO in experiments with synthetic duplexes was 

necessary as the latter solvent denatures duplexes of small oligomers. As with the 

plasmid studies, standard lanes were included demonstrating the integrity of the 

unreacted DNA (lane 1) and the stability of the duplex to the long wavelength UV light 

(lane 2). As a standard for cross-linking, reaction with the natural product FR900482 

under reductive conditions was included (lane 3). Following ethanol precipitation, 20% 

DPAGE at 60 watts for 3.5 hrs produced the following image (Figure 2.5). 
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123456 

Minor Cross-Link { } (orientational isomers) . Minor Cross-Link 
(orientational isomers) 

Major Cross-Link { 
} (orientational isomers) Major Cross-Link 

(orientational isomers) 

--- Monoalkylation 

Major Cross-link Minor Cross-l ink 

! ! 
*5' TTTATTAACGTAATGCTTAATCGCAATGGGATT 3' 
3' AAA T AA TTGCA TT ACGAA TT AGCGTT ACCCT AA 5' 

Duplex 1 

Figure 2.5. Autoradiogram of cross-linked duplex 1 (labeled at the 5' terminus of 
oligo A). Lane 1: DNA standard. Lane 2: DNA, hv, 60 min. Lane 3: DNA, 10 mM 
FR900482 + 10 mM 2-mercaptoethanol. Lane 4: 10 mM 45, dark, 60 min. Lane 5: 10 
mM 45, hv, 60 min. Lane 6: 2.5 mM 45, hv, 60 min. 

As expected, the natural product FR900482 in lane 3 showed cross-links for each 

5'-CG-3' site with a preference for the 5'-ACG-3' site.9 Additionally, two bands appear for 

each cross-linkable site owing to the two different orientational isomers of the drug 

produced in this asymmetric (non-palindromic) DNA. This characteristic band shift of 

FR900482 and FR66979 resulting from orientational isomers has been rigorously 

characterized by Rajski and Williams.9
d 
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Figure 2.6. Orientational isomers of the natural product 1 cross-linked to DNA at 5' -

CG-3'. 

Photoactivation of compound 45 in lanes 5 and 6 afforded the same pattern of 

cross-links, producing orientational isomers for each cross-linkable site. These results 

suggested the analog adhered to the identical sequence specificity as the natural product, 

along with the complimentary preference for the 5'-ACG-3' site. 

2.4.2 Isolation and Digestion of Cross-Linked Oligomers 

In order to unambiguously establish both the sequence specificity and the identity 

of the cross-link lesion, efforts were undertaken to isolate and characterize by means of 

NMR spectroscopy the rnitosene covalently bound to the guanosine nucleosides. As 

discussed previously, Tomasz et al. had developed this approach in the structure 

elucidation of the MMC cross-link, 13 and a similar protocol by Hopkins et al. had 

ultimately confirmed the structure of the cross-link lesion of the FR900482. I Ob The 

proposed strategy would employ a small palindrome sequence, whereupon following 

cross-link formation, subjection to enzymatic digestion with Snake Venom Diesterase 

(SVD) and Calf Intestinal Alkaline Phosphatase (AP) would enable isolation of the 

remaining covalently cross-linked guanosine bases. 
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Based on related work by Hopkins et al., a self-complimentary 12-base-pair 

oligomer, whose small size would greatly facilitate the enzymatic digestion and isolation 

of the interstrand crosslink (ISC) lesion, was utilized. 

5' AATIACGTAATI 3' 

Figure 2.7. Self-complimentary Oligonucleotide C. 

The size of the oligomer inherently resulted in a lower hybridization temperature 

( ~ 40 °C), mandating a lower reaction temperature for production of the cross-link. 

Hence, it was found that the photolysis reactions had to be performed at 0° C with pre-

cooled reaction samples. The instability of the duplex seemed to be more prevalent upon 

addition of the acetonitrile necessary for solvating the photo-triggered analog. The 

difficulties associated with the denaturing of the duplex, which precluded cross-link 

formation, seemed to be more problematic than precipitation of the NVOC analog. A 

series of reaction conditions were examined in order to maximize ISC formation . 

Table 2. Cross-link experiments with oligomer C. 

Entry [DNA] [Compound [NaCl] % CH3CN Photolysis !SC 
duelex 45) (hrs.) Yielda 

1 0.2mM 1.3 mM 3% 1.6 0% 

2 0.5mM 7.6mM 15% 1 10% 

3 0.5mM 7.6mM 15% 9 0% 

4 0.4mM 33.3 mM 67% 1.5 0% 

5 0.4mM 10.0 mM 14mM 20% 1.5 10% 

6 0.3mM 20.0mM 14mM 40% 1.5 10% 

7 0.4mM 6.3mM 500mM 13% 2 2: 10% 

8 l.lmM 2.0mM 250mM 4% 2.5 0% 

9 0.4mM 3.1 mM 400mM 18% 1.5 2: 10% 

10 0.5mM 3.6mM 160mM 22% 1.5 0% 

a Yield based 0D260 following cross-link isolation. 
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Initial results showed an ideal concentration of acetonitrile in water to be 

approximately 15%, with a ten fold excess of compound relative to DNA. Even under 

these conditions, the isolated yield of the crosslink was no better than 10%. Addition of a 

2 M stock solution of NaCl helped stabilize the duplex, with concentrations of 400 to 500 

mM giving the best results (10 to 20% cross-link yield). Addition of brine however, 

visibly increased the precipitation of the hydrophobic analog 45, indicative of the 

dichotomy between duplex stability and the solubility of the analog. 

Despite the low yield of cross-linked material, efforts focused on investigating the 

enzymatic digestion. As a standard reaction, the unmodified 12 base pair oligomer was 

initially digested with both SVD and AP and the progress of the reaction was monitored 

by reverse phase HPLC. 

,; 0 

... 

jtl____u__ 
0.0 45 .C 

Figure 2.8. Reverse-Phase HPLC trace of the digestion of unmodified 
Oligomer C by SVD and AP after 2.0 hrs . Cl8 Column, 92:8 100 mM NH4OAc/CH3CN, 7 min; 
70:30 100 mM ~OAc/CH3CN, 13 min grad.; 60:40 100 mM N~OAc/CH3CN, 10 min grad.; 92:8 100 
mM NH4OAc/CH3CN, 10 min grad. 

Indeed, HPLC analysis 2 hours into the digest showed several peaks with short 

retention times corresponding to various partially digested oligomers. Furthermore, 9 

hours into the reaction, only four visible peaks were observed as a consequence of 

complete digestion of the individual nucleosides. This result was confirmed by individual 
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co-injection of the commercially available nucleosides, whose retention times matched 

each of the peaks from the completed digestion. 

- Thym!d inc 

"' Cuanosinc 

"' 

<~~ 1-~ --A_d_•n-osi_n•-----~ - -----

0 .0 

Figure 2.9. HPLC trace of digestion of unmodified oligomer C by SVD and AP 

following 9.0 hrs. 

Following the successful digestion of the standard unmodified oligomer, the 

cross-linked material was subjected to the identical conditions. HPLC analysis of the 

digestion after 30 min. revealed a pattern much the same as the standard reaction with an 

additional major peak at a retention time of 31 minutes (Figure 2.10). 

0 .0 

"' ., 
"' "' N 

--+X-Linked Duplex 

., 
"' "' 

"' ,i ... "' 0, ., .., 

45 ,0 

Figure 2.10. HPLC trace of digestion of cross-linked oligomer C by SVD and AP 

after 0.5 hrs. 
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Figure 2.11. HPLC trace of digestion of cross-linked oligomer C by SYD and AP 

after 20 hrs. 

The longer retention time relative to the unmodified sequence was indicative of 

the peak representing the cross-linked material. Indeed, comparison of HPLC traces of 

the cross-linked oligomers by MMC and FR900482 reported by Tomaz and Verdine13
·
14

a 

and by Hopkins !Ob showed approximately the same retention time. Twenty hours into the 

enzymatic digestion , the reaction was far from complete as evidenced by the identical 

peak at 31 minutes with only a small increase in partially digested nucleotide sequences 

(represented by peaks having retention times between 2-6 minutes) . 

Digested X-link? 

0 . 0 ~5 .0 

Figure 2.12. HPLC trace of digestion of cross-linked oligomer C by SYD and AP 

after 48 hrs. 
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With additional amounts of both enzymes added, the reaction was continued for 

an additional 28 hrs. HPLC analysis revealed the digestion had proceeded with a 

substantial decrease of the peak at 31 min. assigned to be the starting cross-linked 

oligomer. Furthermore, a proportional increase in the partially digested nucleotides was 

observed. After this point however, the enzymatic digestion ceased to proceed, and 

longer reaction times did not reveal the corresponding individual nucleosides. Of greater 

concern, a peak representing the cross-linked guanosines could not be identified. 

Although the reasons for the abrupt halt in the reaction are not clear, a similar incomplete 

digestion had been observed by Tomasz and Verdine when using the alternative Pl 

nucleases, 13
·
14a suggesting the possibility that the enzyme efficacy is disrupted by the 

covalent cross-link. The inclusion of the enzyme DNAse I, a particularly useful 

endonuclease for pyrimidine sequences, may provide a means for completion of the 

digestion. Equally troubling though, was the low amount of material isolated from the 

initial cross-linking reactions . Efforts to improve this reaction utilizing longer sequences 

for added duplex stability did not succeed. The 18 base pair self-complimentary oligomer 

D failed to afford any cross-links when reacted at room temperature or without the high 

salt concentrations used with the 12 bp oligomer. 

5' TATAATTACGTAATTATA 3' 

Figure 2.13. Self-complimentary oligomer D. 

The combination of low cross-link yields and incomplete enzymatic digestion 

required finding an alternative means of confirming the sequence specificity of the photo-

triggered analog. 
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2.4.3 Footprinting Reactions 

Footprinting reactions mediated by Fe(Il)/EDT A cleavage of cross-linked 

duplexes offer an alternative means of determining sequence specificity. Developed by 

Tullius and Dombroski39 and extended by Hopkins,40 the · technique involves initial 

isolation of the cross-linked lesion of an end-labeled duplex. Reaction of both the cross-

linked duplex and unmodified labeled oligomer with Fe(Il)/EDTA affords non-selective 

cleavage of the DNA backbone affording an equimolar assortment of all fragment sizes 

up to and including the full length of the strand. DPAGE analysis of the unmodified 

oligomer shows all possible fragment sizes whose difference in mobility changes as a 

consequence of the individual sequence length. Likewise, analysis of the digested cross-

linked sequence produces a similar pattern for the small fragments up to and including 

the covalently modified residue. Fragment sizes following the site of alkylation have a 

retarded mobility as a consequence of being covalently attached to the complementary 

strand and appear near the origin of the gel. Hence, isolation of the major cross-linked 

band by reaction of duplex 1 with the photo-triggered analog 45 and subsequent foot-

printing produced the image below following 20% DPAGE (Figure 2.14). 
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*5' TITATTAACGTAATGCTIAATCGCAATGGGATT 3' Oligomer A 

3' AAATAATTGCATTACGAATIAGCGTIAGGGTAA 5' Oligomer B 

Duplex 1 

Figure 2.14. Autoradiogram of Fe(II)-EDTA footprinting of cross-linked 1 (labeled at 
the 5' terminus of oligo A). Lane 1: DNA standard (oligo A). Lane 2: cross-linked 1. 
Lane 3: Maxam-Gilbert G. Lane 4: Maxam-Gilbert G+A. Lane 5: 1 mM Fe(II)-EDTA 
digestion of oligo A (control). Lane 6: 1 mM Fe(II)-EDTA digestion of cross-linked 1. 

The observed cleavage pattern of the major cross-linked lesion demonstrates the 

guanosine of the 5'-ACG-3' sequence as the site of alkylation. Consistently low yields of 

cross-link with further reactions using this duplex precluded additional foot-printing 

reactions with 5' -end-labeling on oligomer B and isolation of the minor cross-link lesion. 

Further experimentation with a synthetic duplex where the minor TCG cross-linking site 

was deleted also afforded low yields of cross-links. The capricious yield of interstrand 
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cross-link is attributed to the low solubility of the analog under aqueous conditions as 

evidenced by visible precipitation in the reaction mixture. Furthermore, the 

hydroxymethyl functionality results in a significant portion of the alkylation occurring as 

monoalkylation instead of cross-link. Corroboration of the footprinting data however, 

was secured by substitution of the 2' -deoxyguanosine base with 2' -deoxyinosine at the 

5'-CpG- 3' steps of duplex 1 (Figure 2.15) . 

52. 2'-deoxyguanosine 53. 2'-deoxyinosine 54. 2'-deoxy-7-deazaguanosine 

Figure 2.15. Structures of modified 2' -deoxyguanosine residues 

Reactions with the 2'deoxyinosine-modified duplex resulted in no observable 

cross-link, while the use of the 2' -deoxy-7-deazaguanosine showed cross-links in the 

same manner as the unmodified 2'-deoxyguanosine-containing duplex. These results 

strongly implicate the N2 exocyclic amine of 2' -deoxyguanosine as the site of alkylation 

in the same manner as the natural products 1 and 2. 

2.4.4 Synthesis of the Carbamoyl Photo-triggered Analog 

Further efforts allowed for the successful construction of the carbamoyl version of 

the photo-triggered analog, which had previously eluded synthetic attempts. During the 

course of the total synthesis of the natural products FR900482 (1) and FR66979 (2), 

investigations into functionalization of a similar ketone substrate revealed that alumina 

was responsible for the production of the exocyclic methylene degradation product 47 

(see Scheme 2.19). Employing SiO2 and MeOH as alternative conditions for the cleavage 
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of the trichloroacetate from the intermediate resulted in the successful production of 48 

(Scheme 2.21).41 

Scheme 2.21. Successful installment of the carbamate functionality. 

OH 
MOMO { 0 

MeOAYNCO,Me 

0 NVOC 

45 

2. Si02/MeOH 
60% 

OCONH2 
MOMO { 0 

MeO ···-~NC02Me 

~,NY 
0 NVOC 

48 

As expected, cross-linking experiments with linearized pBR322 revealed a 

capacity of 48 to cross-link DNA comparable to that of analog 45 following activation 

with 350 nm light. Furthermore, a comparison study was undertaken to evaluate if the 

additional carbamoyl functionalization at C13 enhanced the ability of 48 to produce 

interstrand cross-links relative to the hydroxymethyl precursor. Cross-linking 

experiments with duplex 1, 32P end-labeled at the 5' -end of oligomer A, demonstrated a 

significant increase of interstrand cross-link production compared to the hydroxymethyl 

analog 45 (Figure 2.15). 
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Mono Alkylation 

Figure 2.15. Autoradiogram of cross-linked duplex 1 (labeled at the 5' terminus of 
oligo A) with analogs 45, 46, and 48. Lane 1: DNA standard. Lane 2: DNA, hv, 60 min. 
Lane 3: DNA, 10 rnM FR900482 + 10 rnM 2-mercaptoethanol. Lane 4: 50 rnM 48, dark, 
60 min. Lane 5: 50 rnM 48, hv, 60 min. Lane 6: 10 rnM 48, hv, 60 min. Lane 7: 1 mM 48, 
hv, 60 min. Lane 8: 50 mM 45, hv, 60 min. Lane 9: 50 rnM 46, hv, 60 min. 

OCONH2 
MOMO ( 0 MeONNCO,Me MeO 

0 NVOC 

48. Carbamoyl analog 45. Hydroxymethyl analog 46. epi-Hydroxymethyl analog 
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Quantitation of the major cross-link bands by use of a phosphorimager reveals nearly 

twice the amount of cross-linked product (boxed area) for the carbamoyl analog 

compared to either of the decarbamoyl analogs. 

Lanes (from Figure ~.15) 

6si> 5 6 7 8 9 
Counts 

ii 
ii 
1 
5 

0 50 100 150 200 250 

Figure 2.16. Quantitation of major cross-link by phosphori_magery. 

Moreover, the enhanced ability of the Cl3 carbamoyl group as a leaving group 

led to only half the amount of monoalkylation (boxed area at the base of the gel in Figure 

2.15) observed with the analogs 45 and 46 as measured by phosphorimagery (Figure 

2.17). Notably, comparison of the decarbamoyl analogs 45 and 46 revealed 

approximately identical yields of cross-link and monoalkylation despite the difference of 

stereochernistry at C7. 
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Lanes (from Figure 2.15) 
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Figure 2.17. Quantitation of monoalkylation by phosphorimagery 

The results of this study suggest a pre-covalent interaction between the analog 

and the DNA in a similar manner as the natural products. In the absence of such an 

interaction, photoactivation of analogs 45 and 48 in the aqueous media would be 

expected to generate the identical dihydromitosene core leading to indistinguishable 

yields of cross-link (Scheme 2.22). 

Scheme 2.22. Direct cross-linking of analog 48 m the absence of a 

dihydromitosene intermediate. 
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2.5 Future Directions 

In general, the hydroxymethyl- and carbamoyl-photo-triggered analogs were 

successful in affording interstrand cross-links with DNA upon UV activation. However, 

their low solubility in aqueous media impedes their utility as biological probes or model 

compounds for future clinical applications. One possible solution would involve 

synthesizing a modified analog with both a free aziridine and carboxylic acid, providing a 

potentially water-soluble analog. This alternative compound could readily be synthesized 

by transesterification of both carbomethoxy groups at an earlier intermediate and cleaved 

following installation of the urethane functionality (Scheme 2.23). As noted earlier, the 

minimal overlap of aziridine nitrogen lone pair of electrons with the carbamate carbonyl, 

as a consequence of being in the strained ring, makes the carbamate functionality much 

more susceptible to both hydrolysis and reduction in the same manner as an ester group. 

Scheme 2.23. Proposed synthesis of a water-soluble photo-triggered analog (58). 
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2.6 Conclusion 

A fully functional photo-triggered mitosene progenitor was synthesized in 

approximately 25 steps based on a previously reported synthetic model study. The 

capacity to cross-link duplex DNA was successfully demonstrated with linerized pBR322 

and radiolabeled synthetic oligonucleotides. Furthermore, footprinting studies combined 

with cross-linking experiments with modified 2' -deoxyguanosine bases demonstrated the 

identical sequence specificity for 5' -CG-3' sites in the minor groove as the natural 

product FR900482. The ability to cross-link DNA gives rise to their utility as biological 

probes and templates for the design and synthesis of photo-triggered anti-neoplastic 

agents. Furthermore, the specificity for 5 '-CG-3' sequences provides for a 

complementary biological tool to the naturally occurring and clinically used AT 

sequence-specific photo cross-linking psorelans.42 The lengthy synthetic preparation and 

low solubility of these photo-triggered mitosene progenitors in aqueous media, however, 

requires future efforts to focus on structurally less complex and more hydrophilic 

analogs. 
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Chapter 3 

Total Synthesis of ( + )-FR66979 and ( + )-FR900482 

3.1 Introduction 

In parallel with the synthetic and biochemical studies of a photo-triggered analog, 

the total synthesis of the natural products FR900482 (1) and FR66979 (2) was carried 

out. By example of the success and failures of the previous three total syntheses and 

formal total synthesis, a synthetic plan was devised that would culminate in an 

enantioselective synthesis requiring the fewest synthetic steps reported to date. Several 

elements of the strategy would allow this goal to be achieved. By utilizing the identical 

aziridine segment as in the photo-triggered analog study, the optical activity of the natural 

product would be secured from the start. Secondly, the overall number of synthetic 

transformations dedicated to protecting group manipulations would be kept to a 

minimum. Hence, both of the carbomethoxy groups and the phenolic MOM acetal would 

be maintained throughout the entire synthesis only to be removed at the very end. Lastly, 

a novel method of constructing the hydroxylamine hemiketal bond was planned that 

would allow a rapid assembly of the core structure of the natural product. 
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3.2 Proposed Synthetic Strategy and Model Studies 

The following scheme depicts the general strategy envisioned to complete the 

total synthesis utilizing common precursors from the photo-triggered analog discussed in 

Chapter 2 (Scheme 3.1). 

Scheme 3.1. Synthetic strategy for the synthesis of the natural product 1 and 2. 
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2. FR66979 

In a manner similar to the previously discussed synthetic work (Chapter 2), the 

hydroxymethyl intermediate 59 was envisioned to be derived from eight-membered ring 

amine 34. The significant difference would be the use of the p-methoxybenzyl (PMB) to 

protect the nitrogen in place of the NVOC group. The change in protecting groups , 

however, might give rise for potential problems. In the absence of the electron-

withdrawing carbamate group, the proposed ketone intermediate might be in jeopardy of 

85 



equilibrating to ch~ged species 63, consequently disrupting the aldol reaction and other 

proposed strategies (Scheme 3.2). 

Scheme 3.2. Potential equilibration of ketone intermediate 62. 
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Despite this concern, and assuming that a successful synthesis of the aldol product 

59 could be obtained, a novel strategy for installing the hydroxylamine hemiketal was 

devised. This approach involved oxidation of the tertiary amine to give N-oxide 64. 

Relying on the reactive nature of the PMB methylene being enhanced by the formal 

charge of the adjacent nitrogen of the N-oxide, a mild nucleophile could potentially 

mediate the cleavage of the PMB resulting in closure to the desired hydroxylamine 

hemiketal 66 (Scheme 3.3). 
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Scheme 3.~. Proposed strategy for incorporating the hydroxylamine hemiketal 

functionality. 
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Before embarking on the total synthesis of the natural products FR900482 (1) and 

FR66979 (2), an investigation was made into the feasibility of the proposed final 

deprotection. Following the proposed oxidative rearrangement (Scheme 3.3), the 

hydroxymethyl intermediate would be elaborated to the final dicarbomethoxy compound 

61. Final DIBAL reduction of both carbomethoxy groups should allow for the completion 

of the synthesis of FR66979. 

Scheme 3.4. Proposed final deprotection. 

OH ('OCO:H2 

'-:: DIBAL 

Meo NCO2Me 

0 
61 

87 

.,,-OCONH2 
OH , H 
'-:: 

NH 

OH 
2. FR66979 



The capac_ity of diisobutylaluminium hydride (DIBAL) to reduce both 

methoxycarbonyl groups had been demonstrated in Danishefsky's total synthesis ISb and 

later in the model study by Rollins and Williams.28 Both substrates however, included 

protecting groups on the remaining functionalities of the molecule, allowing not only 

stability, but also solubility in most organic solyents. Indeed, both procedures used 

solutions of DIBAUhexane, with methylene chloride as the reaction solvent. In the 

proposed reduction, the resulting natural product is water-soluble, making isolation from 

the crude product, which would adhere strongly to the aluminum, problematic. 

Compounding this problem is the presence of the unprotected phenol and free carbamate, 

which, would require having to cleave as many as 5 equivalents of aluminum "ate" salts 

from the reaction product. Finally, the stability of the unprotected hydroxylamine 

hemiketal in the presence of an excess amount of reducing agent was in question. 

The availability of the natural product FR900482, by generous donation from the 

Fujisawa Pharmaceutical Company, allowed for a model study of the end-game strategy. 

After considerable experimentation, successful reduction conditions of FR900482 to 

FR66979 were established using DIBAUTHF solutions in THF followed by workup with 

sodium sulfate decahydrate (Scheme 3.5) . The fortuitous solubility of the natural product 

in THF allowed for the selective protection of the aziridine as the methyl carbamate 67. 

This substrate provided the desired model compound for the reduction, confirming the 

ability to reduce this group. Reduction with DIBAL on both systems afforded the natural 

product FR66979 in moderate yield following workup with sodium sulfate decahydrate. 
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Scheme 3.5. Successful model studies for the final reduction. 
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3.3 Total Synthesis of ( +) FR66979 and ( +) FR900482 

Having established a reasonable synthetic plan, efforts to carry out the total 

synthesis were initiated. Work toward FR900482 and FR66979 began with cyclic amine 

34 whose preparation in twenty one steps was described in the previous chapter. 

Scheme 3.6. Synthesis of ketone 62 from the common intermediate amine 34. 
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Reaction of 34 with p-methoxybenzyl bromide and Htinig's base afforded the 

corresponding protected amine in high yield. Initial deprotection of the DEIPS group 

using TBAF in THF/MeOH proceeded in low yield in this case, with the Payne 

rearranged epoxide comprising most of the product. An altemati ve procedure used 

tris(dimethylamino)sulfonium diflourotrimethylsilic~te (TASF) in 10: 1 Dl\1F/H2O, which 

reportedly is effective in systems prone to side reactions of the resulting deprotected 

hydroxyls. 43 T ASP-mediated deprotection afforded the secondary alcohol 68 (80% yield) 

which was oxidized the ketone 62 with Dess-Martin periodinane in good yield. 

Fortunately, the resulting ketone was stable, and no evidence of equilibration to the 5,5-

bicylcic ring system was observed (Scheme 3.2) . 

Utilizing aldol conditions identical to those used in the NVOC series, reaction 

with anhydrous formaldehyde produced the desired hydroxymethyl product, albeit in a 

lower yield (50% ). As before, the reaction furnished approximately equal amounts of 

each diastereomer. The moderate yield of the reaction was accompanied by recovery of a 

large amount of starting ketone (45 %), as was the case in the NVOC series . 

Scheme 3.7. Key aldol reaction. 

OH 
MOMO ( 0 

M,OAYNCO,M, 
0 I 

PMB 59 
+ 

DMF, ·45 °C OH 
50% yield + 45% 62 

MeO 

1 :1 Mixture Diastereomers 
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The exact reason for the low conversion in this reaction has not been identified. 

Competing O-alkylation could explain the high recovery of starting ketone 62, which 

could come from hydrolysis of an enol hemiacetal on workup. Alternatively, a portion of 

the aldol product itself may undergo retro aldol reaction on workup due to the stability of 

the enolate. Extensive investigation into alternative_ work-up conditions did not result in 

any increase in yield. Furthermore, longer reaction times (over 2 hrs.) or higher reaction 

temperatures above (-45 °C) resulted in only production of the exocyclic methylene 

product 70 as a result of elimination. 

MO»-( 

MeO~t:.JYNC02Me 

O ~MB 

Figure 3.1. Elimination product 70. 

Moreover, conventional aldol reaction conditions such as using THF or 

THF/HMP A mixtures in place of DMF as the reaction solvent did not lead to any isolated 

product. Attempts to form the boron enolate also failed, since the compound decomposed 

when exposed to the dibutylboron triflate and triethylamine.44 Despite the inability to 

improve the reaction, the moderate yield and recovery of starting material provided a 

workable means for continuing the synthesis. 

Unfortunately, attempts to recrystalize the diastereomeric product mixture failed 

to afford any resolution. Preparative thin layer chromatography provided the only means 

of separating the diastereomers. Likewise, the stereochemistry of the hydroxymethyl 

group at C7 for each diastereomer could not be unambiguously assigned. Comparison of 

the 1H NMR spectrum of either diastereomer with the aldol products from the NVOC 

series did not reveal any obvious correspondence. Ultimately, the diastereomer with the 
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correct stereochemi_stry would have to be determined by total synthesis and comparison 

to the natural product. Henceforth, both diastereomers were carried forward for the 

investigation of the key oxidative rearrangement. 

Initial attempts to oxidize the tertiary amine to the corresponding N-oxide met 

with a great deal of resistance. Surprisingly, reacti~n with mCPBA and Davis' reagent45 

at ambient temperature and dimethyldioxirane (DMDO)46•
47 at O °C led to no reaction. 

Scheme 3.8. Failed oxidations to N-oxide 64. 

OH 

X 

59 or 69 

Apparently, the nucleophilicity of the nitrogen lone pair of electrons was 

attenuated by its proximity to the ketone carbonyl group, reducing reactivity. Treatment 

with excess DMDO at ambient temperature finally led to partial reaction, producing both 

p-anisaldehyde and an unidentified product in addition to starting material. The product 

from the oxidation proved difficult to identify since the 1H NMR spectrum of the product 

consisted of a series of broad signals. Likewise, poor TLC mobility under various 

conditions hampered further attempts to purify the compound. Numerous repetitions of 

the reaction failed to provide any further ability to discern the structure of the product and 

alternative oxidation conditions were sought. Reaction with trifluoroperacetic acid 

(TFP AA)48 led to Baeyer-Villiger reaction, furnishing the nine-membered lactone 71, 

confirming the ineffectiveness of peracids for this reaction (Scheme 3.9). 
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Scheme 3.9~ Undesired Baeyer-Villiger reaction. 

MeO 

0 

69 

TFPAA, Na2HPO4 

CH2Cl2, 0 °C 
only product 

MO~O 0 

M•O~NJNCO,Me 
0 PMB 

71 

Attention was next focused on the use of the VO(acach and the related Mo(CO)6 

catalyst in conjunction with t-butyl hydrogen peroxide (THP).49 Both catalysts resulted in 

the efficient production of the mitosene species 55 resulting from direct oxidative 

cleavage of the PMB group (Scheme 3.10). 

Scheme 3.10. Mitosene formation by direct oxidative PMB cleavage. 

VO(acac)2 or Mo(CO)6 

Meo THP, acetone, reflux 

59 or 69 

MOMO OH 

OH 
Meo 

0 ·NHCO2Me 
55 

+ p-anisaldehyde 

In order to further examme this result, the ketone of one diastereomer was 

reduced with NaB~ and, unexpectedly, the reaction required ambient temperature to 

proceed. The reduction afforded a mixture of diols with the methyl carbarnate having 

additionally been cleaved on one diastereomer (the relative stereochemistry arbitrarily 

shown). 
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Scheme 3.11. Reduction to diols 72 and 73. 

NaBH4, MeOH 

MeO 
-20 to 25 °C 

MeO 

69 + 

NH 
MeO 

73 

Refluxing diol 72 with Mo(C0)6 and t-butyl hydrogen peroxide in acetone 

however, lead to no reaction, while the use of VO(acach and t-butyl hydrogen peroxide 

(THP) slowly converted the starting material to a product having a baseline mobility by 

TLC analyses, presumed to be the N-oxide 74. No PMB cleavage was observed with 

either of these reaction conditions. 

Scheme 3.12. Oxidation reactions with diol 72. 

OH 

Mo(CO)6, THP 
No Reaction 

MeO 
NCO2Me Acetone, Reflux 

4 Hrs 

72 

MeO 

OH OH 
MOMO ( ,OH 

Vo(acacl2, THP M.OA)NCO,Me ? 
NCO2Me 

Acetone, Reflux 
4 hrs. o I" PMB O 74 

72 
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The divergence in reactivity following the reduction of the ketone hinted that the 

interaction between the amine and carbonyl of the ketone had a major influence on the 

success of the oxidation reactions. The proposed strategy of generating the N-oxide in the 

presence of the ketone consequently seemed less promising. 

The remaining options for effecting the pro~osed oxidation resided with D!\-IDO. 

While it seemed probable that the unidentified product from the initial study with this 

reagent was some type of over-oxidized mitosene resulting from initial PMB cleavage, 

there remained the possibility of an alternate mode of reactivity. The more · reactive 

trifluoromethyl methyl dioxirane (TFMD)50 was used in combination with lower reaction 

temperatures in order to investigate this reaction further. Generation of a solution of 

TFMD (0.08 M) followed by rapid addition to a solution of 59 and 69 in methylene 

chloride at -22 °C resulted in the isolation of nitrone 75 along with p-anisaldehyde and p-

anisic acid. 

Scheme 3.13. Trifluoromethyl methyl dioxirane oxidation to nitrone 75. 

OH 

MeO Meo 

59 + 69 75 

The stereochemical assignment was based on "W" coupling (J= 4.5 Hz) between 

the C7 proton and C9 proton of the aziridine ring (see Scheme 3.13, Ha!Hb), The 

production of the nitrone represented a significant result, indicating the ability of the 

dioxiranes to oxidize the nitrogen prior to oxidative cleavage of the PMB group. The 

over-oxidation of the nitrogen before closing to the desired hydroxylamine hemiketal was 

95 



likely a consequenc~ of the low reaction temperature. Performing the identical reaction at 

0° C did not lead to the nitrone but rather afforded a new product, whose identity was 

initially thought to be the hydroxylamine hemiketal aldehyde (76 and 77) (Scheme 3.14). 

Scheme 3.14. Initial proposed reaction product from TFMD oxidation. 

MeO MeO 

59 + 69 76+ 77 

The 1H NMR spectrum of the product proved interesting in that it showed an 

equilibrating mixture of two products. Additionally, reaction of each diastereomer led to 

the production of two separate sets of equilibrating products. The 1H NMR spectrum 

showed a set of doublets, one from each product, appearing far downfield in the spectrum 

. 2 (9.7 and 10.1 ppm), corresponded to either the proton of an aldehyde or on the sp carbon 

of a nitrone. Further analysis by COSY NMR spectrum revealed coupling of this proton 

to another at around 6.0 ppm and not the proton of the aziridine ring on ClO. This 

suggested the aldehyde structure shown in Scheme 3.14, although further structural 

elucidation was hampered by the appearance of two inseparable products in the spectrum. 

Additionally, mass spectral analysis did not have a mass corresponding to the proposed 

hydroxylamine hemiketal aldehyde product. Further attempts to convert this compound 

into the natural product through four additional synthetic steps failed. Finally, 19F NMR 

spectroscopy revealed two fluorine peaks, presumably one from each equilibrating 

products, confirming suspicions that an equivalent of 1, 1, 1-triflouro-2-propanone had 

been incorporated into the product. The exact structure of either product and the 
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mechanism by whi~h the 1,1,1-trifluoro-2-propanone was incorporated (presumably as a 

hydrate) remains to be determined. 

The capacity of TFMD to oxidize the compound in the desired sequence led to the 

reinvestigation of the DMDO reaction. Presumably, both types of dioxirane reagents 

oxidized the molecule in a similar fashion, with ~dditional over-oxidation by DMDO 

leading to an unidentifiable product. This event most likely occurred with oxidation of 

the hydroxymethyl group to the corresponding carboxylic acid. Protection of the alcohol 

of both diastereomers 59 and 69 with TBSOTf and lutidine at low temperatures furnished 

the silyl ethers 78 and 79 without production of eliminated side product. 

Scheme 3.15. Silyl protection of aldol adducts. 

Meo 

59 or 69 

TBSOTf, 2,6 lutidine 

CH2Cl2, -78 to O °C 

96% yield 

OTBS 
MOMO ( 0 

MeOAYNCO,Me 

0 I 
PMB 78 

or 

MeO 

For purposes of clarity, the stereochemistry of both diastereomers is included 

although their identity remained unknown at the time. Notably, diastereomer 78 

demonstrated conformational exchange by 1H NMR at ambient temperature. The results 

of a series of reactions on both diastereomers with dimethyldioxirane (0.1 M solution in 

acetone) are tabulated below (Table 3.1). 
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Scheme 3.16. Dimethyldioxirane reactions on 78 and 79. 

OTBS 
MOMO ( 0 

MeOAYNCO,Me 

O ~MB 78 

o-o 
X Me Me 

/OTBS 
MOMO = H 

MeO NC02Me 

0 
80 

or 

MeO 

0-0 

X Me Me 
MeO 

0 
81 

Table 3.1. Dimethyldioxirane reaction conditions. 

Substrate Conditions Result 

78 

79 

79 

78 

79 

79 

78 or 79 

78 or 79 

79 

0 
excess DMDO, C1½Cl2, KiCO3, 0-25 C 

Hydroxylamine 

hemilcetal 80+ 78 

or Nitrone 82 + 78 
0 

excess DMDO, C1½Cl2, KiC03' 0-25 C Nitrone 83 + 79 
0 

excess DMDO, C1½Cl2, N¾HPO4, 0-25 C Nitrone 83 + dee. 
0 

excess TFMD, C1½Cl2, -22 C Dec. 
0 

DMDO, 2 eq., CH3CN/phosphate buffer (pH 6), 25 C No Reaction 
0 

excess DMDO, CH3CN or DMF, Na2HPO4, 0-25 C 79 + dee . 
0 

excess DMDO, C1½Cl2, N¾HPO4, 0-25 C Nitrone 
0 excess DMDO, CH2Ch, K2CO3 (excess), 0-25 C p-Anisaldehyde 

excess DMDO, CH2Ch , K2CO3, 18-Crown-6, 0-25 °C Elimination 70 

Dec. = decomposition 
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In general, reaction with excess DMDO in methylene chloride and K2CO3 

resulted primarily in production of either nitrone 82 or 83 along with recovery of starting 

material. 

OTBS 
MOMO { 0 

Meo ----~NCO,Me 

~_N=/ 
0 I 

0 
82 83 

Figure 3.2. Nitrone byproducts 82 and 83. 

Potassium carbonate was employed based on literature reports describing the 

production of acetic acid from the degradation of DMDO.51 In a single instance, the 

desired hydroxylamine hemiketal 80 was isolated by reaction with 78 in CH2Ch and 

K2CO3. Unfortunately, this result could not be repeated and only the production of the 

nitrone was observed in subsequent reactions. The isolation of both the nitrone product 

and starting material suggested that the amount of DMDO in the reaction was not a 

factor, the rate of over oxidation to the nitrone being faster then initial oxidation of the 

substrate. In the absence of a base or the use of the milder sodium phosphate, only an 

improved conversion to the nitrone was observed. Reactions in chlorinated solvents have 

been reported to facilitate the reactivity of DMDO,50 and this proved accurate for this 

reaction, as use of acetonitrile or Dl\1F in place of methylene chloride afforded no 

reaction. Remarkably, additional amounts of K2CO3 resulted in only p -anisaldehyde 

being isolated from the crude reaction mixture. This puzzling result suggested that some 

type of salt was produced with the K2CO3 and subsequently removed by filtration along 

with the carbonate prior to concentration of the reaction mixture. Unfortunately, 
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dissolving the isola!ed salts in aqueous media followed by extraction did not reveal any 

product. 

The relative bulky size of the TBS group may be a possible reason for the 

inability for the oxidized intermediate to undergo the desired ring closure prior to nitrone 

formation. To investigate this possibility, efforts ~ocused on constructing the primary 

carbamate function on the hydroxymethyl segment in place of the TBS group. Despite the 

failure to effect this transformation with the NVOC series, identical conditions were 

utilized (reaction with trichloroacetyl isocyanate followed by exposure to neutral 

alumina). Careful inspection of the reaction found the intermediate trichloroacetyl 

carbamate was stable; moreover, cleavage of the acetyl group with neutral alumina 

(Brockman I) did give the product by TLC analysis. However, continual exposure to the 

alumina rapidly degraded the product to the eliminated exocyclic methylene 70. Having 

identified the alumina oxide as the source of the problem, milder conditions using 

SiOz/MeOH provided a means of cleaving the intermediate trichloroacetyl portion 

without degrading the product.41 

Scheme 3.17. Carbamate formation . 

MeO 

59 or 69 

2. Si0 2/MeOH 
85% 

MeO 

0 

84 or 85 

The resulting carbamate not only presented a much less bulky group, but also 

provided a means to a direct precursor of the natural product. Unfortunately, reactions 

with DMDO in CH3CN afforded no reaction with only slow degradation, while use of 

DMDO in CH2Clz generated the nitrone as before along with significant decomposition. 
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Scheme 3.18. Failed dimethyldioxirane oxidation with carbamates 84 and 85. 

MeO MeO 

0 

84 or 85 86 or 87 

As an alternative to DMDO, the methyltrioxorhenium-hydrogen peroxide system 

was explored with the O-TBS-protected intermediate 79. Notably, this catalyti.c system 

has reportedly demonstrated reactivity very similar to the dioxiranes in the oxidation of 

secondary amines to nitrones, N-oxide production from tertiary amines, and oxidative C-

H insertions.52 Even with these apparent similarities, reaction of 79 with this reagent 

system led to clean conversion to mitosene species 55 by direct PMB cleavage. This 

result was reminiscent of the earlier reactions with THP oxidations catalyzed by 

VO(acach and Mo(CO)6. 

Scheme 3.19. Mitosene formation following oxidation by methyl rhenium 

trioxide. 

Meo 
MeOH, 25 °C, 24 h 

79 

MOMO OR 

OR 
Meo 

0 NHC02Me 

55 
+ p-anisaldehyde 

R =Hor Me 

Despite the difficulty in elucidating reaction conditions for the direct formation of 

the hydroxylamine hemiketal, the nitrone product did represent an alternative means to 
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introduce this fun~tionality. Selective reduction of the nitrone to the hydroxylamine 

potentially could result in spontaneous closure to the desired [3.3.1] bicyclic ring system. 

Scheme 3.20. Proposed hydroxylamine hemiketal formation by selective nitrone 

reduction. 

OTBS 
MOMO { 0 

MeO -- --~NC02Me 

~_N=/ 
0 I 

0 82 

..,...oms 
MOMO = H 

'-:: 

MeO NC02Me 
0 

80 

Reduction 

OTBS 
MOMO { 0 

M,OA:)NCO,M, 
0 Hd 

Chemoselectively reducing the nitrone while maintaining the ketone functionality 

represented an intriguing synthetic challenge. Among the literature procedures for the 

partial reduction of nitrones, only a few procedures were found to be compatible with 

ketones . Those include the use of mild borohydride reductions such as those typically 

used for reductive aminations53 as well as heterogeneous hydrogenations with platinum 

catalysts.35 Additionally, one recent report described a homogeneous asymmetric 

hydrogenation of an aliphatic nitrone to the corresponding hydroxylamine using an 

iridium (I) catalyst. 54 

While use of ZnC12 with NaCNBH3 afforded no reaction, NaCNBH3 in MeOH at 

a pH of 5 led to dimerization of the nitrone, elimination, and finally 1,4 reduction of the 

resulting a, p unsaturated ketone. 
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Scheme 3.21. Reaction with sodium cyanoborohydride. 

NaCNBH3, MeOH 

MeO MeO 
pH =5 

2 
Dimer 

The tendency for these diastereomeric (at C7) nitrones to dimerize became 

apparent in certain solvents, including THF and EtOAc, with nitrone 82 being much more 

susceptible under all reaction conditions. In contrast, negligible dimerization of nitrone 

83 was observed in methylene chloride and even 82 proved moderately stable in this 

solvent. The greater stability of 83, therefore, dictated its use as the reduction substrate in 

the majority of the reactions. 

Scheme 3.22. Dimerization of nitrone diastereomers 82 and 83. 

OTBS 
MOMO ( 0 

Meo ·---~NC02Me 

~.NY 
0 I 82 0 

MeO 
or 

2 
Dimer 

MeO 

Ketone reduction with NaB~ during a previous study had proven sluggish 

(Scheme 3.11) requiring ambient reaction temperatures. This reactivity was hoped to 
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translate during att~mpts at a chemoselective reduction of the nitrone. However, reaction 

in MeOH at low temperatures (-20 to O °C) failed to afford any discernable product. In 

contrast, a model study employing nitrone 88 derived from direct mCPBA oxidation of 

amine 1555 successfully reduced to the hydroxylamine under identical reaction conditions 

with NaB~. Verification of the product included ~-benzyl protection to 90 followed by 

analysis by 1H NMR and mass spectrometry. 

Scheme 3.23. Model study of sodium borohydride-mediated nitrone reduction. 
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MoOp)NCO,Me 
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Me 
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85% 

NaHMDS, BnBr 

3:1 THF/DMF 

60%, 2 steps 

0 I 
0 88 

MOMO OTBS 

MeO~NCO,Me 

Q I BnO 90 

Although disappointing, the failure of the borohydride reductions was not entirely 

surprising. This method was limited in generating the free hydroxylamine only after the 

cleavage of the N-hydroxyborate following aqueous workup, leaving the ketone exposed 

throughout the reaction. 

Catalytic hydrogenation represented a more viable approach by in situ production 

of the hydroxylamine leading to direct formation of the hydroxylamine hemiketal. 

Notably, the stability of the hydroxylamine hemiketal functionality to hydrogenation 

conditions was not in question, as one reported method for the semi-synthetic production 

of FR66979 from FR900482 includes hydrogenation of the aldehyde with 10% Pd/C. 
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Initial reactions utilized platinum catalysts because of their well-established 

selectivity in hydrogenations for C-N bonds over N-0 bond cleavage in nitrones, 

particularly in acidic media.35 Platinum oxide in MeOH only or in MeOH/AcOH led to 

no observable product. Additionally, the use of Pt/C (5%) under similar reaction 

conditions failed to furnish the desired product. The catalyst may have been too reactive, 

reducing the aziridine ring and/or the ketone. Attention was next focused on iridium (I) 

complexes, taking into consideration the aforementioned literature reference54 and the 

related use of these homogenous catalysts for imine reductions.56 The results of the 

hydrogenations with the iridium catalysts complexed with various phosphine ligands are 

collected below (Table 3.2). 

Scheme 3.24. Proposed selective hydrogenation of nitrone 83. 

Hydrogenation 

Meo Meo 

81 

Entry Conditions Result 

1 [lr(COD)Clh, BINAP (rac), N(Bu)4B~, THF, H2 (1200 PSI) 18 hrs. Dec. 

2 [Ir(COD)Clh, BINAP (rac), K2CO3, THF, H2 (1200 PSI), 18 hrs. Dimer 

3 [Ir(COD)Clh, BPPM (S), CH2Ch, H2 (1200 PSI), 18 hrs . Dimer 

4 [Ir(COD)Clh, BINAP (rac), CH2Ch, H2 (1200 PSI), 18 hrs . Dimer 

5 [lr(dppe)4]Li , 3: 1 THF/CH2Ch, H2 (400 PSI), 4 hrs. Dec. 

Predictably, following the reported methods, hydrogenation in THF resulted in 

dimerization of the nitrone.54 The addition of (Bu)4NB~ to increase reactivity as 
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reported, led to elimination and subsequent 1,4-reduction of the unsaturated ketone. 

Following the related literature on iridium reduction of imines, hydrogenation with 

catalysts derived from [lr(COD)Clh and BPPM or BINAP in CH2C}z also led to 

dimerization.56 These results proved unexpected, as the nitrone had shown moderate 

stability in this solvent. Ultimately the reason for the nitrone dimerization seemed to be 

dependent on trace amounts of unreacted [lr(COD)Cl]z. Although excess phosphine 

ligand prevented further dimerization, the desired product could not be isolated following 

hydrogenation. Notably, dimerization of the nitrone catalyzed by [lr(COD)Clh may be 

related to recent literature describing use of this catalyst for additions of alkynes and 

other functionalities into imines.57 As an alternative, the Ir(ill) catalyst [lr(dppe)4]Li 

reported by Osborn et al. was synthesized from [Ir(COD)Clh in three steps.58a.c Although 

hydrogenation with this catalyst failed to afford any product, difficulties associated with 

the small reaction scale and problems in removing the excess Lil from the catalyst may 

have induced the degradation of the substrate. The [lr(BDPP)HI2h catalyst reported by 

these authors is reported to be easier to purify and may provide a means of achieving this 

reaction.58b,c 

The unanticipated complications during the hydrogenations and the instability of 

the substrate called for a re-evaluation of the DMDO reactions. Indeed, one instance had 

led to a successful oxidation reaction with at least one diastereomer, affording the desired 

hydroxylamine hemiketal (Scheme 3.16). The single component of the reaction that could 

explain such inconsistencies resided with the production of the DMDO. The literature 

procedure for generating the ca. 0.1 M solution of dimethyldioxirane in acetone entailed 

mixing acetone, oxone, and an aqueous sodium bicarbonate solution, then distilling the 
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resulting dioxirane solution under reduced pressure. Consequently, varying amounts of 

water co-distill with the reagent and could explain the discrepancies observed. 

Furthermore, since K2CO3 acts as a desiccant as well as a base, an excessive amount in 

the reaction could effect the amount of water in the reaction. 

To further examine this possibility, severa~ reactions in aqueous solution were 

evaluated. 

Scheme 3.25. Dimethyldioxirane oxidations in aqueous methylene chloride 

mixtures. 
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Table 3.3. Dimethyldioxirane reaction conditions 

Entry Conditions Result 

1 

2 

3 

4 

DMDO, 5: 1 CH2Cl2'H20, K2C03, 0-25 °C, 18 hrs. Nitrone 

DMDO, 1: 1 CH2Ch/ Sat. NaHC03 caqJ, 0-25 °C, 3 hrs. 1: 1: 1.6 Product/Nitrone/78 

DMDO, 1: 1 CH2Ch/ Sat. Na2C03 caqJ, 0-25 °C, 3.5 hrs. Nitrone + 78 

DMDO, 1: 1 CH2Ch/ Sat. K2C03 caqJ, 0-25 °C, 6 hrs. 1: 1 Product/78 

Performing the reaction in a 5: 1 CH2C}z/H2O mixture did not induce a change in 

the outcome of the reaction (Table 3.3, entry 1 ). Employing a 1: 1 mixture of CH2Cl2 and 

saturated NaHCO3, however, resulted in an equal production of the nitrone and the 

desired hydroxylamine hemiketal 80 along with recovered starting material (78) (Table 

3.3, entry 2). This result suggested both the requirement for an aqueous phase and a 
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dependence on base to promote the bicyclic ring closure. Switching to a saturated 

Na2CO3 system resulted in nitrone (82) formation only and not the expected conversion 

to the desired product (Table 3.3, entry 3). While the initial solvent mixture was biphasic, 

the addition of the DMDO solution results in a homogenous mixture with the 

precipitation of the Na2CO3. This is due to having ~dded an equal or greater volume of 

acetone to the reaction as a consequence of the low molarity of the DMDO solution (0.1 

M). 

Finally, use of a saturated K2CO3 aqueous solution in conjunction with methylene 

chloride proved to be the ideal conditions, affording the desired hydroxylamine hemiketal 

80 in 30-50% yield, with recovered starting material and p-anisaldehyde as the only 

observable by-products (Table 3.3, entry 4) . In contrast to the behavior observed with 

Na2CO3, the biphasic nature of the reaction was maintained after the addition of the 

acetone/DMDO solution. Moreover, neither hydrolysis of the carbomethoxy groups nor 

~-elimination of the sensitive O-TBS group was observed. Efforts to improve conversion 

using longer reaction times , a range of temperatures, or different reagent equivalents , did 

not succeed. 

While the success of the reaction was certainly gratifying, the mechanism by 

which the DMDO-mediated formation of the hydroxylamine hemiketal remains unclear. 

In what manner does the dioxirane oxidize the tertiary amine in addition to cleaving the 

PMB group, rather than just oxidatively cleaving the PMB group as seen with all other 

reagents? One hypothesis is based on a literature report demonstrating the greater 

reactivity of vicinal dials than alcohols towards dioxiranes.59 Oxidation of the secondary 

alcohol to the ketone of adamantane-1 ,2-diol 91 proved to be three times faster then 
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adamantane-2-ol 9~ implying assistance of the proximal hydroxyl group in the oxidative 

insertion. 

Scheme 2.36. DMDO oxidations of adamantane-1,2-diol 91 and adamantane-2-ol 

DMDO 

92 93 · 94 

This effect, combined with the selective oxidation of the PMB methylene group 

with the other oxidizing reagents, suggests that the DMDO reaction may go through an 

initial oxidative C-H insertion to the carbonolamine 95 followed by a hydroxyl-assisted 

oxidation to the N-oxide 96. 

Scheme 3.27. Proposed mechanism of DMDO-mediated hydroxylamine 

hemiketal formation. 
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Although this proposal may seem reasonable, the failure of epi-substrate 79 to 

undergo the same conversion under identical conditions (Scheme 3.28) and the 

requirement of a strongly basic aqueous phase are difficult to rationalize. 

Scheme 3.28. Dl\,IDO oxidation of 79 to nitrone 83. 

0-0 

X Me Me 
MeO MeO 

79 83 
Only Product 

The role of the potassium carbonate in the formation of the hydroxylamine 

hemiketal with substrate 78 may be related to the known Cope elimination of a-

substituted benzyl amine N-oxides. A related Cope elimination was reported by Knapp 

and coworkers, in which the a-methyl benzyl amine 97 was initially oxidized to the N-

oxide and subsequently rearranged to give the hydroxylamine 100 (Scheme 3.29).60a 

Scheme 3.29. Cope elimination of intermediate N-oxide. 
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In the absence of a base, intermediate N-oxide 96 may undergo a similar 

transformation to give the hydroxylamine 101 which is subsequently oxidized to the 

nitrone. In contrast, the presence of strongly basic conditions may allow for an 

intermolecular deprotonation affording direct collapse to the hydroxylamine hemiketal 80 

(or potassium salt, in the absence of water). 
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Scheme 3.3~. Proposed role of potassium carbonate in Dl\1DO reaction. 
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The hypothesis depicted above necessitates that hydroxylamine hemiketal 80 does 

not equilibrate to the hydroxylamine ketone 101, allowing further oxidation. Notably, the 

ketone substrate 78 had shown conformational exchange between the O-TBS group and 

the aziridine protons by 1H NMR spectroscopy while the product 80 did not. This 

suggests that unfavorable steric interactions may prevent such an equilibrium. Likewise, 

the epi-substrate 79 did not reveal the presence of any conformational isomers by 1H 

NMR, perhaps indicating that equilibration and subsequent nitrone formation is allowed. 

Additionally, the cis-configuration of the silyoxymethyl segment and aziridine ring 

presumably favors the ~-configuration of hydroxylamine 81 hemiketal to predominate. 
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Scheme 3.3~. Equilibration of 102 with hydroxylamine hemiketal 81 . 

102 

To investigate this idea, p-nitrophenyl carbonate derivative 103 was prepared 

from alcohol 69 by reaction with 1.1 equivalents of a pre-mixed solution of 2,6 lutidine 

and p-nitrophenyl chloroformate at 0 °C for 18 h (75-80% yield) . While treatment with 

DlYIDO in the absence of a base afforded the nitrone, exposure to DlYIDO in a 5: 1 

mixture of CH2Clz/H2O with solid K2CO3 did give the cyclic carbonate 104 in ~30% 

yield (along with significant degradation) . The successful production of the carbonate 

104 would suggest that the equilibrium alluded to above had induced nitrone formation 

with the O-TBS substrate and lends credence to the proposed mechanism. By no means 

however, does this prove the existence of this mechanistic pathway, and further studies 

are needed. 
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Scheme 3.3~. Formation of cyclic carbonate 104 from aldol adduct 69. 
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In the event, the O-TBS protecting group on the resulting hydroxylamine 

hemiketal 80 was cleaved with TBAF (92% yield) and converted to the urethane 105 by 

reaction with trichloroacetyl isocyanate and workup with methanol and silica gel as 

before (86% yield) (Scheme 3.33). 

Scheme 3.33. Synthesis of phenol 61. 
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Trimethylsilyl bromide (TMSBr) mediated removal of the methoxy methyl ether 

(MOM) in the presence of the acid-sensitive aziridine at -45 °C over 3 hrs. afforded 

phenol 61 in 60% yield.61 

The correct stereochemistry of the product was unambiguously confirmed by 

comparison with an authentic, semi-synthetic samp_le prepared from the natural product. 

Thus, FR900482 was selectively protected as the methyl carbamate as before, oxidized to 

the carboxylic acid, and converted to the methyl ester 61 by careful addition of 

TMSCHN2 (Scheme 3.34). 

Scheme 3.34. Semi-synthetic synthesis of intermediate phenol 61 from 

FR900482. 
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The resulting product exactly matched the fully synthetic intermediate 61 by 1H 

NMR, 13C NMR, IR, and mass spectrum. With the identity of the correct diastereomer 

secured, efforts focused on epimerization of the intermediate hydroxymethyl compound 

69 possessing the anti-configuration . 

Terashima et al. had employed a similar epimerization protocol in their total 

synthesis of FR900482 which gave complete selectivity for the undesired diastereomer 

during the intramolecular aldol reaction .18
c-h Reaction of 92 (see Scheme 1.11, Chapter 1) 

with 1,8-diazabicyclo[5.4.0]undeca-7-ene (DBU) in THF had resulted in a 2:1 mixture of 
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diastereomers after 3 hrs at room temperature. Longer reaction times had reportedly 

resulted in the generation of the eliminated exocyclic methylene product. 

The additional electron-withdrawing methyl ester group in 69 suggested that a 

similar epimerization could be performed at a lower temperature, both increasing the 

selectivity and precluding degradation to the elimin~ted product. 

MeO 

Scheme 3.35. DBU-mediated epimerization of 69 to 59. 
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Table 3.3. Epimerization of 69. 

Entry Conditions Result 

1 3.0 eq. DBU, THF, -45 to 0 °C, 3 hrs No Reaction 

3.0 eq. DBU, THF, 25 °C, 42 hrs 2: 1: l 59/ 69170 2 

3 

4 

3.0 eq. DBU, Toluene, 25 °C, 3 days 1.4: 1:0.5 59/ 69 /70 

8.0 eq. DBU, Toluene (diluted), 25 °C, 36 hrs 6.5:2.6:0.9 59/ 69 /70 

Unexpectedly, DBU-mediated epimerization in THF led to no reaction from -45 

to O 0 C. Moreover the reaction required 42 hours at room temperature and resulted in a 

2: 1 selectivity with an additional equivalent of the eliminated side product 70 also being 

produced. The solvent was switched to toluene with the expectation that providing a 

medium less amenable to elimination would significantly improved matters. Reaction 

with DBU in toluene afforded a 2.5 : 1 mixture of diastereomers in favor of the desired 59 

after 36 hours with a minimal amount of elimination product 70 detected ( < 10% ). These 
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optimized conditions utilized excess DBU under dilute conditions. Presumably, dilution 

slows down the rate of elimination. With the ability to convert both diastereomers 59 and 

69 to intermediate 61, the final reduction step of the synthesis was initiated. 

Despite the earlier success of the model study, the reduction of intermediate 61 by 

DIBAL in THF proved difficult. The resistance of_ the methyl ester functionality to the 

reduction required additional equivalents of the reducing reagent making the workup and 

isolation of the polar, water soluble natural product extremely complicated. Indeed, 

workup with sodium sulfate decahydrate provided the only means of extracting the 

natural product from the crude reaction, and at best yielded only 20 to 30% of FR66979. 

Scheme 3.36. Low yielding DIBAL reduction to FR66979. 
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Despite the isolation of some natural product and successful completion of the 

total synthesis, the capricious and low yielding nature of the reaction required an 

alternative method to be devised. 

The alternative reduction with excess LiBl-4 and methanol in THF proved to be a 

much more viable system.62 Facile cleavage of the resulting borate complexes was 

accomplished with the addition of saturated ammonium chloride solution. The main 

difficulty encountered was the remaining nitrogen-boron ate complex. 

Although the initial sigma nitrogen-boron bond is rapidly hydrolyzed with the 

aqueous workup, the resulting secondary amine of the aziridine ring forms a highly 

stabilized complex with the boron. Traditionally, cleavage of such complexes requires 
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harsh acidic or basic conditions, unsuitable for the sensitive functionalities of the natural 

product. A fortuitous report from a Pfizer group recently demonstrated that simple 

addition of a catalytic amount of 10% Pd/C rapidly cleaves these complexes.63 Hence, 

following hydrolysis of the borate complexes and passage through a C18 sep pak 

(Waters), addition of a catalytic amount of 10% P~C in methanol liberated the natural 

product from the borate complex providing ( + )-FR66979 (2) in 85% yield. 

Scheme 3.37. Successful reduction to FR66979 with LiBl:L. 
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The fully synthetic compound matched a semi-synthetically derived sample of 

FR66979 by TLC mobility, 1H NMR, IR, and mass spectrum. Additionally, the optical 

rotation of the semi-synthetic derivative was+ 11.5 (c = 0.21 , H2O) (Lit.+ 12.5, c = 0.87) 

while the synthetic compound showed a rotation of + 9.4 (c = 0.16, H2O) which is 

attributed to the 87% ee of the Sharpless epoxidation. 

The natural product FR900482 can be readily accessed by Swem oxidation of 

FR66979. The precedent for this conversion could be found in Terashima's total 

synthesis of FR900482 wherein the use of the Swem oxidation was found to be the only 

means capable of oxidizing a monoacetylated FR66979 derivative to the corresponding 

acetylated FR900482. isr The poor solubility of FR66979 in the reported solvent system 

(CH2Cli/DMSO) required a slight modification in which THF/DMSO was used.64 Even 

with the solvent change, the oxidation afforded FR900482 in only 30% yield along with 
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recovered starting material FR66979 (60% ), presumably due to partial precipitation of the 

substrate during the reaction. 

Scheme 3.38. Swem oxidation of FR66979 to FR900482. 
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Despite the low conversion, the oxidation demonstrated the ability to synthesize 

both natural products from this synthetic route. A possible alternative would be to oxidize 

the intermediate nitrogen-borate complex. The borate protected nitrogen would perhaps 

allow the use of alternative oxidative conditions such as IBX in DMSO. The resulting 

FR900482 product could then be isolated after 10% Pd/C mediated cleavage of the borate 

as before. 

3.4 Conclusion 

The chemistry described herein represents the shortest total synthesis of ( +) 

FR66979 and ( +) FR900482 reported to date. Starting from 1,4-Z-butadiene and 3,5-

dinitro-p-toluic acid, the natural product FR66979 can be obtained in an enantioselective 

manner over 32 synthetic steps (0.34 % yield). Likewise a single additional step provides 

the natural product FR900482 for a total of 33 steps overall. The synthesis includes an 

unprecedented method of constructing the hydroxylamine hemiketal through a DMDO-

mediated oxidative rearrangement. The concise nature of the synthesis should allow the 

preparation of biologically significant analogs not readily available by semi-synthetic 

means from the natural product. 
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Scheme 3.39. Total Synthesis of{+) FR66979 and{+) FR900482. 
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(86%) w) TASF, DMF/H2O, 25 °C; x) Dess-Martin oxidation (75%, 2 steps) ; y) LOA, DMF --45 °C; CH2O/THF --45 °C (50%, 
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3.5 Future Directions 

With the completion of a concise and efficient means of synthesizing the natural 

products FR900482 and FR66979, several possibilities aimed at developing a more 

efficient cross-linking and therapeutic agent become viable. One such area of interest lies 

in developing analogs capable of cross-linking J?NA at alternative and/or multiple 

sequences in lieu of the 5 '-CpG-3' sequence specificity of the natural product. It has been 

noted in the context of mitomycin C that the 5'-CpG-3' sequence in DNA would appear 

to represent an inefficient target for an antitumor agent as this sequence represents only 

5% of all guanosines in the mammalian genome.8
b Furthermore, it has been suggested 

that MMC (and by analogy FR900482) seemed to be more suited for their natural 

purpose of anti-microbial agents as contrary to the mammalian genome, the 5'-CpG-3' 

sequence in microorganisms can represent the majority of guanosines.8b Therefore it 

would seem advantageous to design analogs capable of cross-linking alternative 

sequences of DNA which are represented more frequently in the mammalian genome in 

order to provide for a more potent therapeutic agent. One such possible method to 

achieve this idea resides in modifying the proximal distance between the two sites of 

DNA alkylation. As previously discussed (see Chapter 1), the predilection of the FR-

series of compounds and MMC for cross-linking the 5 '-CpG-3 ' sequence resides with the 

ideal fit between the two sites of alkylation on the mitosene core with the distance 

between the N2 of both guanosines of the 5'-CpG-3' sequence. By extending the bond 

distance of the second site of alkylation at C13 it may be possible to change this ideal fit 

for an alternative DNA sequence. Such analogs could be readily accessed through the 

common intermediate 80 derived from the total synthesis as discussed previously. Direct 
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O-TBS deprotecti?n of 80, or alternatively following initial acylation of the 

hydroxylamine hemi-ketal group, would afford the corresponding primary alcohol along 

with aldehyde 108 following oxidation. 

Scheme 3.40. Proposed synthesis of aldehyde 108. 
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Wittig reaction of aldehyde 108 with the carbomethoxy ylide (Scheme 3.41) 

followed by reduction to the allylic alcohol should give analog 109 representing a two-

carbon extension to the cross-linking distance compared to the natural product 1. 

Scheme 3.41. Synthesis and alternative DNA sequence cross-linking of analog 
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Alternatively, reaction with the known ylide 11265 and reduction would afford 

analog 113 designed to provide a greater proximal-distance between both sites of DNA 

alkylation while maintaining stabilization of the extensive conjugation through the furan 

ring. 

Scheme 3.42. Synthesis and altema~ive DNA sequence cross-linking of 

furan analog 113. 
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Notably, the capacity for decarbamoyl analogs to cross-link DNA with only the 

hydroxyl component in place of the carbamate functionality had been previously 

demonstrated through the photo-triggered analogs discussed in Chapter 2. Additionally, 

modification of the second alkylation site in the FR900482 analogs may prove interesting 
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in probing additional protein-DNA cross-links in addition to alternative DNA-DNA 

cross-links. 

3.6 Compounds Submitted for In-vivo Studies 

The significant differences observed in both anti-tumor potency and toxicological 

properties among several semi-synthetic derivatives of FR900482 by the Fujisawa 

Pharmaceutical company prompted the submission of several synthetic derivatives 

obtained during this work. 

0 

MOMO 
H 

MeO NCO2Me 
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~OH 

MeO~N~NC02Me Meo 

0 0 
105 61 104 

Figure 3.3. Compounds submitted for in-vivo testing. 

Three compounds that were submitted to Fujisawa Pharmaceutical Company for 

further in-vivo studies include the methyl methoxy protected intermediate 105, the 

dimethoxy carbonyl derivative 61, and the epi-cyclic carbonate derivative 104 (Figure 

3.3). The evaluation of the in-vivo activity and anti-tumor properties of these analogs 

with respect to the clinical candidate FK.317 is currently ongoing. 
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Experimental Secti_on 

General Procedures 

FR-900482 was generously supplied by the Fujisawa Pharmaceutical Co., Ltd. , 

Japan. All drug stock solutions were made up to 50mM in sterile DDH2O immediately 

prior to use unless otherwise noted. Oligodeoxynucleotides were synthesized on an 

Applied Biosystems 380B DNA synthesizer using standard phosphoramidite chemistry 

(reagents and phosphoramidites from GLEN Research) . Plasmid DNA substrate pBR322 

was obtained from New England Biolabs or Roche Applied Science). 

Oligodeoxyribonucleotides (ODNs) were deprotected by heating 15 hrs . at 55° C in 

concentrated NI-LiOH, followed by filtering of the CPG resin and concentration of 

supernatant in vacuo. All oligos were purified by 20% Denaturing Gel Electrophoresis 

(DPAGE). ODNs of interest were 5' end-labelled with [y-32P]ATP and T4 polynucleotide 

kinase (New England Biolabs). Labeled ODNs were then hybridized to their 

corresponding blunt ended complements in 200mM Tris (pH = 7 .5) by heating the 

equimolar mixture of oligodeoxynucleotides to 75° C for 15 minutes then cooling to room 

temperature. FeSO4 (from Mallinkrodt) solutions were made up to 4 mM using 4 mM 

EDTA 5. Mercaptoethanol (from Kodak) and dithiothreitol (from Gibco BRL) stock 

solutions were made using distilled deionized water immediately prior to use. Sodium 

acetate, tris, EDTA, and boric acid were also obtained from Gibco. DPAGE loading 

buffer contained .03% bromophenol blue, and .03% xylene cyanol in formamide. 

Alkaline agarose loading dye contained 50mM NaOH, lmM EDTA, 2.5% (w/v) Ficoll, 

0.25% (w/v) bromocresol blue. Dimethyl Sulfate and formic acid (88 %) for Maxam-
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Gilbert sequence re~ctions were obtained from Mallinkrodt. Centrex MF .45um cellulose 

acetate spin filters were obtained from Schleicher & Schuell. Samples were counted on a 

Packard 1500 Tri-Carb liquid scintillation analyzer. Phosphorimagery was performed on 

a Storm Phosphorimager (Amersham Biosciences). 

Unless otherwise noted, materials were obt_ained from commercially available 

sources and used without purification. Toluene was freshly distilled from CaH2• Diethyl 

ether and THF were freshly distilled from sodium benzophenone ketyl. 3.A. molecular 

sieves were activated by heating for three minutes at the highest setting in a microwave 

followed by cooling under argon. 

All reactions requiring anhydrous conditions were performed under a positive 

pressure of argon using oven-dried glassware (120°C) that was cooled under argon, 

unless stated otherwise. 

Column chromatography was performed on Merck silica gel Kiesel 60 (230-400 

mesh) . 

Mass spectra were obtained on Fisons VG Autospec. 

1H NMR, and 13C NMR experiments were recorded on a Varian 300 or 400 MHz 

spectrometer. Spectra were recorded in CDC13 and chemical shifts (8) were given in ppm 

and were relative to CHCh unless otherwise noted. Proton 1H NMR were tabulated in the 

following order: multiplicity (s, singlet; d, doublet; t, triplet; q, quartet; and m, multiplet), 

coupling constant in hertz, and number of protons. When appropriate, the multiplicity of 

a signal is denoted as "br" to indicate the signal was broad. 

IR spectra were recorded on a Perkin-elmer 1600 series FT-IR spectrometer. 
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Optical rotations ~ere determined with a Rudolph Research Autopol III automatic 

polarimeter referenced to the D-line of sodium. 

(Z)-4-[ ( 4-Methoxyphenyl)methoxy ]-2-buten-1-ol. 

09() 
1/" I 
;:,-.. 

OMe 

22 

) 
OPMB 

5 

The acetal 22 (4,7-dihydro-2-(4-methoxyphenyl)-l,3-dioxepin) (11.8 g, 57.2 

mmol, 1 eq) and 180 mL of dry Dl\1F were added to a 1 L flask. A solution of NaCNBH3 

(10.6 g, 168.7 mmol, 3 eq) and TFA (22.7 mL, 294.6 mmol, 5 eq) in 90 mL of dry Dl\1F 

(prepared at O °C) was transfered via cannula into the flask under negative pressure at 

ambient temperature. The resulting solution was stirred 2.0 h until TLC analysis (1: 1 

EtOAc/Hex) showed the reaction to be complete. The reaction was quenched by 

dropwise addition of IM NaOH(aq) until the solution reached a pH equal to 7. Following 

concentration in vacuo, the resulting oil was redissolved in 200 mL of CH2Cl2 and 

washed 2 x 100 mL H2O and 1 x 150 mL sat NaCl(aq)· The solution was dried over 

MgSO4, filtered, concentrated, and dried under vacuum 12 h. The crude oil was purified 

by distillation using a kugelrohr apparatus (~1 mm Hg, 160 °C) to yield 10.0 g of the 

allylic alcohol 5 (85 % yield) as a clear colorless oil (>95 % pure). Rr = 0.40 1:1 

Hex/EtOAc. 1H NMR (300 MHz, CDC13) 8 TMS: 2.04 (lH, br, D2O exch.); 3.78 (3H, s); 

4.04 (2H, d, J=6.0 Hz); 4.14 (2H, d, J=6.0 Hz); 4.44 (2H, s); 5.76 (2H, m); 6.86 (2H, d, 

J=8.6Hz); 7.23 (2H, d, J=8.6Hz). 13C NMR (75 MHz, CDC13) 8 TMS: 55.2 (q), 58.7 (t), 

65.3 (t), 72.1 (t), 113.8 (d), 128.4 (d), 129.5 (d), 129.9 (s), 132.3 (d), 159.3 (s) 
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[S-(R,S) ]-3-Azido-4-[[ (1,1-dimethlethyl)dimethylsilyl]oxy ]-1-[ ( 4-
methoxyphenyl)methoxy ]-methanesulfonate-2-butanol and [R-(R,S) ]-3-Azido-1-
[[ (1,1-dimethlethyl)dimethylsilyl]oxy ]-4-[ ( 4-methoxyphenyl)methoxy ]· 
methanesulfonate-2-butanol. 

OTBS OTBS OTBS OTBS 

~OH ~N3 ~OMs + ~N3 + 
' N3 'OH N3 . 'OMs 

OPMB OPMB OPMB OPMB 
7 8 

Alcohols 7 and 8 (15.8 g, 41.4 mmol, 1.0 eq) and 414 mL of CH2Clz were added 

to a 1 L round bottom flask. The stirred solution was placed on an ice bath for 15 min 

after which Et3N (17.3 mL, 124.1 mmol, 3.0 eq) was added. The mixture was stirred for 

another 5 min after which methanesulfonyl chloride (4.8 mL, 62.0 mmol, 1.5 eq) was 

added to the flask dropwise over a minute. After 30 min, TLC analysis 

(2: 1 :2 CH2Clz/Et2O/Hex) of the reaction showed complete consumption of starting 

material. To the reaction mixture was added 200 mL of sat NaHCO3caq), and the bilayer 

solution was stirred vigorously for 10 min. Following the addition of 100 mL of H2O, the 

two layers were separated. The aqueous layer was extracted 2 x 150 mL EtOAc, and the 

combined organic layers were washed 1 x 200 mL sat NaClcaq), and dried over Na2SO4. 

The reaction mixture was concentrated in vacuo and passed through a short plug of silica 

gel using 4: 1 Hex/EtOAc as eluant to yield 19 .0 g (96% yield) of product as a light 

yellow oil which was used without further purification. For analytical purposes, the 

mixture was further purified (>95% pure) by column chromatography (10:1:10 

CH2Cl2/Et2O/Hex). Mixture of isomers: Rr = 0.44 (2:1:2 CH2Clz/Et2O/Hex). 1H NMR 

(300 MHz, CDC13) TMS: 0.03, 0.05 , 0.06 (6H, s); 0.86, 0.87 (9H, s); 3.04, 3.05 (3H, s); 
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3.79 (3H, s); 3.64 - 3.88 (6H, m); 4.47, 4.48 (2H, ABq, J=l 1.4 Hz); 4.70, 4.80 (lH, q, 

1=5 Hz); 6.86, 6.87 (2H, d, J=8.6 Hz); 7.22, 7.25 (2H, d, J=8.6 Hz). 

(2S-cis )-Methylester2-[[[ (1,l-dimethylethyl)dimethylsilyl]oxy ]methyl]-3-[[ ( 4-
methoxypheny)methoxylmethyl]-1-aziridinecarbo~ylic acid 

\:~Ms + 

(N3 
OPMB 

OTBS YN3 
(''''OMs 

OPMB 

OTBS 

>NC02Me 
OPMB 

9 

The mesylate compound described above (19.0 g, 41.3 mmol, 1 eq.) and 440 ml 

of EtOH were added to a 1 L flask. To the resulting solution was added hydrazine 

monohydrate (34.3 ml , 707.l mmol , 17.1 eq) followed by approximately 3 g of Raney 

Nickel. The reaction mixture was stirred 3 hrs. under an argon atmosphere until TLC 

analysis (1: 1 EtOAc/Hex) showed the reaction to be complete. The reaction was filtered 

through a pad of Celite with EtOH and concentrated. The resulting oil was dissolved in 

400 mL of EtOAc and washed 1 x NaClcaq) and dried over Na2SO4. The mixture was 

filtered, concentrated, and placed under vacuum for 12 h. The clear yellow oil was 

dissolved in 300 mL of CH2Cl2 and cooled on an ice bath for ~ 15 min with stirring. 

Pyridine (10.0 mL, 20.8 mmol, 3.1 eq) was added to the mixture, and the mixture was 

stirred for another 5 min after which methyl chloroformate (6.4 mL, 82.8 mmol , 2.0 eq) 

was added dropwise over 2 min. The reaction was stirred for 20 min after which TLC 

analysis showed a complete loss of the unprotected aziridine (Rf = 0.73 10: 1 

CH2Ch/MeOH). To the reaction mixture was added 300 mL sat NaHCO3(aq), and the 
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bilayer was stirred vigorously for 10 min. The two layers were separated. The aqueous 

layer was extracted 2 x 150 mL EtOAc, and the combined organic layers were washed 1 

x 200 mL sat NaClcaq)· The organic layer was dried ove~ Na2SO4, filtered, and 

concentrated. The crude oil was purified by column chromatography (4:1 Hex/EtOAc) to 

yield 15.0 g (88% overall yield from 7 and 8) of 9 as~ light yellow oil (>95% pure). 

1H NMR (500 MHz, CDCh) TMS: 0.03 (3H, s); 0.05 (3H, s); 0.86 (9H, ·s); 2.69 

(lH, dd, 1=6.0,6.0 Hz); 2.77 (lH, dd, 1=6.0,6.0 Hz); 3.55 (lH, dd, 1=5.5, 11.2 Hz); 3.58 

(lH, dd, 1=6.3 , 11.2 Hz); 3.60 (lH, dd, 1=6.1, 11.4 Hz); 3.71 (3H, s); 3.77 (lH, dd, 1=5.9, 

11.4 Hz); 3.78 (3H, s); 4.46 (lH, d, 1=11.5 Hz); 4.59 (lH, d, 1=11.5 Hz); 6.85 (2H, d, 

1=8.6 Hz); 7.26 (2H, d, 1=8.6 Hz). 13C NMR (75 MHz, CDCh) TMS: -5.4 (q); -5.3 (q); 

18.2 (s); 25.7 (q); 40.4 (d) ; 41.8 (d); 53.5 (q); 55.1 (q); 61.2 (t) ; 67.1 (t); 72.4 (t); 

113.7 (d); 129.4 (d); 129.9 (s) ; 159.2 (s); 163.5 (s). 
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(2S, 3R)-Methyl ester 2-[-1-[[(diethyl(l-methylethyl)silyl]oxy ]-2-[ 4-
(methoxycarbonyl)-2-(methoxymethoxy)-6-nitrophenyl]ethyl]-3-[[( 4-
methoxyphenyl)methoxy ]methyl]-1-aziridinecarboxylic acid. 

MOMO MOMO 

MeO Meo 

OPMB OPMB 
12 

Alcohol 12 (2 .65 g, 4.96 mmol, 1.0 equiv.) and imidazole (438 mg, 6.43 mmol, 

1.3 equiv.) were dissolved in 50 mL of CH2C}z. Following dropwise addition of DEIPSCl 

(1.10 mL, 5.96 mmol, 1.2 equiv.) the reaction mixture was stirred for 24 hrs after which 

TLC analysis (1: 1 EtOAC/Hex) showed complete consumption of starting material. The 

reaction was quenched with sat NaHCO3caq), diluted with CH2C}z and the layers were 

separated. The aqueous layer was extracted 2 X EtOAc, and the combined organic layers 

were washed with brine and dried over Na2SO4• Concentration followed by purification 

by column chromatography (1.5 : 1 Hex/EtOAc) yielded 2.82 g (86% yield) of the 

diethylisopropylsilyl ether as a light yellow oil. 

Major Diastereomer: [a]~ = - 48 .3 (c= 2.4, CHCl3) 1H N (300 MHz, CDC13) 8 TMS: 

0.37 (q, J = 8.1 Hz, 2 H), 0.43 (q, J = 8.1 Hz, 2 H), 0.67 - 0.80 (m, 13 H) , 2.52 (t, J = 6.0 

Hz, 1 H), 2.71 (dt, J = 4.8 Hz, 6.0 Hz, 1 H), 3.25 (dd, J = 4.8 Hz, 13.2 Hz, 1 H), 3.39 (dd, 

J = 6.0 Hz, 8.7 Hz, 1 H), 3.41 (s, 3 H) , 3.57 (dd, J = 6.9 Hz, 11.1 Hz, 1 H), 3.63 (dd, J = 

4.5 Hz, 10.8 Hz, 1 H), 3.65 (s, 3 H), 3.74 (s, 3 H), 3.88 (s, 3 H), 4.05 (m, 1 H), 4.49 (d, J 

= 12.0 Hz, lH), 4.56 (d, J = 12.0 Hz, 1 H), 5.18 (s, 2 H), 6.83 (d, J = 9.0 Hz, 2 H), 7.25 

(d, J = 9.0 Hz, 2 H), 7.88 (d, J = 1.8 Hz, 1 H), 8.04 (d, J = 1.8 Hz, 1 H); 13C NMR (75 
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MHz)(CDCh) o TMS: 3.2, 3.3, 6.5, 6.6, 12.5, 16.8, 16.8, 32.2, 41.1, 45.0, 52.4, 53.4, 

54.9, 56.3, 67.2, 67.8, 72.2, 94.7, 113.4, 113.4, 117.3, 118.1, 127.0, 129.3, 129.3, 129.6, 

129.8, 151.6, 156.3, 159.0, 163.2, 164.6; IR (NaCl/neat) 2954, 1731, 1538, 1514, 1437 

cm-1; HRMS (FAB+) calcd for C32~ 7N20 11 Si I (mlz) 663.2939, found (mlz) 663.2949. 

Minor Diastereomer: [a]i = + 0.70 (c=l.0, CHC13) 
1H NMR (300 MHz, CDCh) o TMS: 

0.63 (q, J = 7.8 Hz, 2 H), 0.75 (q, J = 7.8 Hz, 2H), 0.95 - 1.05 (m, 13 H), 2.70 (dt, J = 4.2 

Hz, 7.5 Hz, 1 H), 2.82 (dd, J = 6.6 Hz, 9.0 Hz, 1 H), 2.96 (dd, J = 3.9 Hz, 11.4 Hz, 1 H), 

3.20 (dd, J = 7.5 Hz, 10.8 Hz, 1 H), 3.32 (d, J = 6.9 Hz, 1 H), 3.52 (s, 3 H) , 3.82 (s, 3 H), 

3.89 (s, 3 H), 3.97 (dd, J = 7.5 Hz, 8.4 Hz, 1 H), 4.04 (s, 3 H), 4.50 (d, J = 11.7 Hz, 1 H), 

4.63 (d, J = 11.7 Hz, 1 H), 5.30 (d, J = 6.9 Hz, 1 H) , 5.33 (d, J = 6.9 Hz, 1 H), 6.95 (d, J = 

8.4 Hz, 2 H), 7.30 (d, J = 8.7 Hz, 2H), 8.00 (d, J = 1.5 Hz, lH), 8.12 (d, J.= 1.5 Hz, lH); 

13C NMR (75 MHz, CDC13) 8 TMS: 3.4, 3.4, 6.7, 6.8, 12.7, 17.0, 17.0, 32.0, 41.0, 45.8, 

52.5, 53.3, 54.9, 56.4, 66.7, 70.1, 71.9, 94.7, 113.4, 113.4, 117.3, 118.0, 125.6, 129.1 , 

129.1, 129.4, 129.9, 151.3, 156.3, 158.9, 163.1, 164.3; IR (NaCl/neat) 2954, 1731, 1538, 

1514, 1437 cm-I ; HRMS (FAB+) calcd for C32~ 7N20 IISi I (m/z) 663.2949, found (mlz) 

663.2951. 
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MeO 

MOMO 

OPMB 

Major Diastereomer 

10 5 

1H NMR, 300 MHz, CDCh, filename: TCIT448II 

MeO 

MOMO 

0 
OPMB 

Minor Diastereomer 

10 9 7 

' 

1H NMR, 300 MHz, CDC13, filename: TCJII234H 
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(2S,3R)-Methyl ester 2-[1-[[ diethyl(l-methylethyl)silyl]oxy ]-2-[ 4-(methoxycarbonyl)-
2-(methoxymethoxy )-6-nitrophenyl]ethyl]-3-(hydroxymethyl)-1-Aziridinecarboxylic 
acid. 

MOMO 

MeO Meo 

OPMB 32 OH 

To a stirred mixture of the silyl ether described above (3.3 g, 4.98 mmol, 1.0 eq), 

50 mL of CH2Clz, and 2.41 mL of H20 was added DDQ (1.47 g, 6.47 mmol, 1.3 eq) in 

one portion. The reaction mixture immediately turned dark green, and over the course of 

the next 1.5 h, the mixture slowly turned bright orange. After 1.5 h, the crude reaction 

mixture was passed through a short plug of activated alumina with 10:1 CH2Cli/MeOH. 

After concentration in vacuo, the crude oil was purified by column chromatography 

(1.5:1 Hex/EtOAc) to give 2.6 g (96% yield) of product 32 as a clear orange oil (>95% 

pure). 

Major Diastereomer: [a]~ = - 73.9 (c= 4.1, CHCl3) 
1H NMR (300 MHz, CDCl3) 8 TMS: 

0.34 (q, J = 7.8 Hz, 2 H), 0.44 (q, J = 8.1 Hz, 2 H), 0.67 - 0.80 (m, 13 H), 2.55 (t, J = 6.3 

Hz, 1 H), 2.64 - 2.72 (m, 2 H), 3.25 (dd, J = 5.7 Hz, 13.2 Hz, 1 H), 3.41 (dd, J = 8.7 Hz, 

13.2 Hz, 1 H), 3.43 (s, 3 H), 3.60 (s, 3 H) , 3.66 - 3.84 (m, 2 H), 3.87 (s, 3 H), 4.15 (dt, J = 

5.7 Hz, 8.7 Hz, 1 H), 5.24 (d, J = 6.9 Hz, 1 H), 5.25 (d, J = 6.9 Hz, 1 H), 7.86 (d, J = 1.5 

Hz, 1 H), 8.01 (d, J = 1.5 Hz, 1 H); 13C NMR (75 MHz, CDCl3) 8 TMS: 3.4, 3.5, 6.5, 6.7, 

12.7, 16.8, 16.8, 32.3, 43.0, 45.8, 52.4, 53 .5, 56.4, 60.1, 68.1, 94.8, 117.3, 118.1, 126.7, 
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129.6, 151.4, 156.2, 163.2, 164.6; IR (NaCl/neat) 3498, 2955, 1731, 1538, 1438 cm-1; 

HRMS (FAB+) calcd for C24H39N2O10Si1 (mlz) 543.2374, found (m/z) 543.2372. 

Minor Diastereomer: [a]~= -14.5 (c=l.0, CHCh) 1H NMR (300 MHz, CDC13) 0.51 (q, J 

= 7.8 Hz, 2 H), 0.61 (q, J = 7.8 Hz, 2 H), 0.80 - 0.98 (m, 13 H), 2.16 (t, J = 6.0 Hz), 2.52 

(dd, J = 5.7 Hz, 6.6 Hz, 1 H), 2.73 (dd, J = 6.9 Hz, 8.7 Hz, 1 H), 3.02 (t, J = 5.7 Hz, 2 H), 

3.19 (d, J = 7.5 Hz, 1 H), 3.20 (d, J = 6.6 Hz, 1 H), 3.46 (s, 3 H), 3.67 (s, 3 H), 3.92 (s, 3 

H), 3.97 (m, 1 H), 5.28 (apparent singlet, 2 H) , 7.92 (d, J = 1.5 Hz, 1 H), 8.04 (d, J = 1.5 

Hz, 1 H); 13C NMR (75 MHz)(CDCh) 8 TMS: 3.5, 3.5, 6.8, 6.9, 12.8, 17.0, 17.0, 32.2, 

43.1, 46.9, 52.7, 53.5 , 56.6, 59.9, 69.9, 95.0, 117.5, 118.1, 125.6, 130.2, 151.4, 156.5, 

163.3, 164.5; IR (NaCl/neat) 3519, 2954, 1731, 1538, 1437 cm-1; HRMS (FAB+) calcd 

for C24H39N2O10Si1 (mlz) 543.2374, found (mlz) 543.2372. 
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MOMO 

MeO 

OH 
32. Major Diastereomer 

10 g 8 7 5 2 1 0 PP"' 

1H NMR, 300 MHz, CDCh, filename: TCID194II 

MOMO 

MeO 

OH 
32. Minor Diastereomer 

L 
10 7 1 0 PP"' 

1H NMR, 300 MHz, CDCh, filename: TCJII1711I 
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(2S,3R)-Methyl ester 2-[1-[[ diethyl(l-methylethyl)silyl]oxy ]-2-[ 4-(methoxycarbonyl)-
2-( methoxymethoxy )-6-nitrophenyl]ethyl]-3-formyl-1-Aziridinecarboxylic acid. 

MOMO MOMO 

MeO MeO 

32 OH 

To alcohol 32 (2.5 g, 4.61 rnmol, 1.0 eq) dissolved in 50 mL of reagent grade 

CH2Cl2 was added Dess-Martin reagent (3.0 g, 7.07 rnmol, 1.5 eq) in one portion. After 

stirring for 2.5 h, the cloudy white mixture was diluted with Et2O and poured into a 

solution of sat NaHCO3caq) with excess Na2S2O3• The milky biphasic mixture turned clear 

after 15 min of vigorous stirring. The two layers were separated, and the organic layer 

was washed with NaHCO3caq) , and H2O. The combined aqueous layers were thoroughly 

extracted with Et2O. The combined organic layers were dried over Na2SO4, filtered, and 

concentrated. The crude oil was purified by flash chromatography (2: 1 Hex/EtOAc) to 

give 2.2 g (90% yield) of 33 as a clear colorless oil (>95% pure). 

Major Diastereomer: [a]~ = - 7.7 (c=l.0, CHC'3) 1H NMR (300 MHz, CDC13) 8 TMS: 

0.49 (q, J = 7.8 Hz, 2H); 0.55 (q, J = 7.8 Hz, 2 H), 0.77 - 0.90 (m, 13 H), 2.75 (dd, J = 

3.3 Hz, 6.6 Hz), 2.97 (dd, J = 4.5 Hz, 6.6 Hz, 1 H), 3.13 (dd, J = 7.2 Hz, 13.2 Hz, 1 H), 

3.19 (dd, J = 7.2 Hz, 13.2 Hz, 1 H), 3.47 (s, 3 H), 3.65 (s, 3 H), 3.89 (s, 3 H), 4.50 (dt, J 

=3.3 Hz, 7.2 Hz, 1 H), 5.30 (s, 2 H), 7.92 (d, J = 2. 1 Hz, 1 H), 8.07 (d, J = 1.2 Hz, 1 H), 

9.44 (d, J = 4.5 Hz); 13C NMR (300 MHz, CDC13) d TMS: 3.4, 3.6, 6.7 , 6.7, 12.7, 17.0, 

17.0, 32.3, 45.1, 48.7, 52.6, 53.8, 56.6, 67.5, 94.8, 117.8, 118.3, 125.4, 130.2, 151.1, 
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156.4, 161.8, 164.4, 196.6; IR (NaCl/neat) 2955, 1732, 1538, 1438 cm·1
; HRMS (FAB+) 

calcd for C2JI37N20 10Si1 (m/z) 541.2217, found (mlz) 541.2215. 
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Minor Diastereom~r: [a]~= + 103.5 (c=l.0, CHC13) 1H NMR (300 MHz, CDC13) 8 

TMS: 0.56 (q, J = 7.8 Hz, 2 H), 0.67 (q, J = 8.1 Hz, 2 H), 0.83 - 1.00 (m, 13 H), 2.92 (dd, 

J = 5.2 Hz, 7.2 Hz, 1 H), 3.03 (dd, J = 6.9 Hz, 9.0 Hz, 1 H), 3.13 (dd, J = 7.2 Hz, 13.2 Hz, 

lH), 3.20 (dd, J = 6.6 Hz, 13.2 Hz, 1 H), 3.47 (s, 3 H), 3.71 (s, 3 H), 3.93 (s, 3 H), 4.05 

(dd, J = 6.9 Hz, 8.7 Hz, 1 H), 5.27 (d, J = 6.9 Hz, 1 H), 5.30 (d, J = 6.9 Hz, 1 H), 7.91 (d, 

J = 1.5 Hz, 1 H), 8.05 (d, J = 1.5 Hz, 1 H), 8.87 (d, J = 5.1 Hz, 1 H); 13C NMR (75 MHz, 

CDC13) 8 TMS : 3.5, 3.5, 6.8 , 6.9, 12.8, 17.1, 17.1, 32.1, 45.7, 48.7, 52.7, 53.9, 56.6, 69.6, 

94.8, 117.7, 118 .3, 124.8, 130.6, 151.3, 156.2, 161.4, 164.4, 194.7; IR (NaCl/neat) 2955, 

1731, 1538, 1438 cm·'; HR.MS (FAB+) calcd for C24H37N20 10Si 1 (m/z) 541.2217, found 

(m/z) 541.2218. 

MOMO 

MeO 

0 
33. Major Diastereomer 

10 6 5 1 0 ppm 

1H NMR, 300 MHz, CDCh, filename: TCJil196 
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MOMO 

MeO 

33. Minor Diastereomer 

10 6 5 ' 3 l ppm 

1H NMR, 300 MHz, CDC'3, filename: TCJII237H 
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(laS,9aS)-dimethyl ester 1,5-dicarboxylic acid, 9-[[diethyl(l-methylethyl)silyl]oxy]-
la,2,3,8,9 ,9a-hexahydro-7-( methoxymethoxy )-H -Azirino[2,3-c] [1] benzazocine. 

MOMO 

MeO 

33 0 

MOMO ODEIPS 

M,Op:)NCO,M, 
0 H 

34 

MeOH (40 mL) was saturated with H2 for 10 min, flushed with argon, and 5% 

Pd/C (1.0 g, 0.48 mmol, 0.25 eq) was added in one portion. The mixture was s·aturated 

with H2 for another 20 min, followed by addition of nitroaldehyde 33 (1.2 g, 2.22 mmol, 

1.0 equiv) in 15 mL of MeOH. The H2 gas was continually bubbled through the reaction 

and after 35 min, TLC analysis (10:1 CH2Cli /MeOH) of the reaction showed complete 

consumption of 33. The reaction mixture was passed through a short pad of Celite with 

hot MeOH, and the filtrate was concentrated in vacuo. The reduced intermediate was 

dissolved in a minimum amount of MeOH and partitioned into four separate 1 L round 

bottom flasks and concentrated. The residue in each reaction flask was dissolved in 

350 mL of CH2Cl2 with 20 g of activated 4A molecular sieves and MgSO4 (1 g) added to 

the solution. The stirred mixture was heated to reflux for 36 h and subsequently filtered 

and washed with 10: 1 CH2C}i/MeOH (400 mL). The filtrate was concentrated, and the 

residue was immediately dissolved in a mixture of 2:1 CH2C}i/MeOH (15 mL). After the 

mixture was cooled in an ice bath for 10 min, NaCNBH3 (170 mg, 2.70 mmol, 4.9 equiv.) 

was added in one portion followed by dropwise addition of AcOH (15 µL, 0.26 mmol, 

0.5 equiv). After 5 min, TLC analysis of the reaction (1:1 Hex/EtOAc) showed no signs 

of starting material, and the reaction was quenched with sat NaHCO3caq)· Subsequently all 
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four individual reactions were combined, the layers were separated, and the aqueous layer 

was extracted 3 x CH2Cl2. The combined organic layers were washed 1 x sat NaClcaq), 

dried over Na2SO4, filtered, concentrated, and purified by column chromatography (2: 1 

Hex/EtOAc) to give (55-75% yield from 33) of 34 as a clear yellow oil (>95% pure). 

Major Diastereomer: [a]~ =+ 60.6 (c=l.2, CHC'3) 1H NMR (300 MHz, CDC'3) 8 TMS: 

0.79 (m, 4 H), 0.90 - 1.11 (m, 13 H), 2.56 (m, 2 H), 2.87 (dd, J = 10.5 Hz, 13.8 ~. 1 H), 

3.24 (dd, J = 5.4, 13.8 Hz), 3.48 (s, 3 H), 3.68 (s, 3 H), 3.73 (m, 1 H), 3.87 (s, 3 H), 3.90 ( 

m, 1 H), 4.56 (m, 1 H), 5.22 (d, J = 6.6 Hz, 1 H), 5.26 (d, J = 6.9 Hz, 1 H), 7.07 (d, J = 

1.5 Hz, 1 H), 7.21 (d, J = 1.5 Hz, 1 H); 13C NMR (75 MHz, CDC'3) 8 TMS: 3.4, 3.5, 7.0, 

12.9, 17.2, 17.2, 31.3, 41.3, 43 .0, 47.3 , 52.1, 53.4, 56.2, 68.7, 94.3, 105.3, 114.2, 118.3, 

129.4, 148.3, 156.1, 163.9, 166.8; IR (NaCl/neat) 3380, 2953, 1724, 1587, 1437 cm-1
; 

HRMS (FAB+) calcd for C24H39N2O7Si 1 (mlz) 495.2527, found (m/z) 495.2524. 

Minor Diastereomer: [a]~= + 99.1 (c=l.25, CHC13) 1H NMR (300 MHz, CDC'3) 8 

TMS: 0.64 - 0.73 (m, 4 H), 0.97 - 1.5 (m, 13 H), 2.56 (m, 1 H), 2.68 (dd, J = 5.0 Hz, 7.0 

Hz, 1 H), 3.16 (m, 2 H), 3.48 (s, 3 H), 3.59 - 3.66 (m, 2 H), 3.68 (s, 3 H), 3.86 (s, 3 H), 

4.29 (ddd, J = 4.5 Hz, 4.5 Hz, 4.5 Hz, 1 H), 5.17 (d, J = 7.0 Hz, 1 H), 5.21 (d, J = 7.0 Hz, 

1 H), 7.09 (d, J = 1.5 Hz, 1 H), 7.32 (d, J = 1.5 Hz, 1 H); 13C NMR (75 MHz, CDC'3) 8 

TMS: 3.5, 3.5, 7.0, 7.0,12.9, 17.2, 17.2, 30.7, 44.0, 48.8, 52.1, 52.8, 56.2, 67.5, 74.1, 

94.2, 104.6, 109.4, 115.8, 129.5, 144.4, 154.6, 156.0, 167.0; IR (NaCl/neat) 3386, 2953, 

1723, 1585, 1437 cm-1; HRMS (FAB+) calcd for C24H39N2O7Si 1 (m/z) 494.2448, found 

(mlz) 494.2441. 
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34. Major Diastereomer 

L 
10 9 a 6 1 0 ppm. 

1H NMR, 300 MHz, CDC13, filename: TCJII244II 

MOMO ODEIPS 

M,op:)Nco,M, 
0 H 

34. Minor Diastereomer 

10 0 ppm. 
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1H NMR, 300 MHz, CDCIJ, filename: TCilll43 
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-
(laS,9aS)-3-[ ( 4,5-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester 9-[[ diethyl(l-
methylethyl)silyl]oxy ]-la,8,9,9a-tetrahydro-7-(methoxymethoxy )-1H-azirino[2,3-
c][l]-benzazocine-1,3,5(2H)-tricarboxylic acid. 

MOMO ODE I PS 

MeO~NCO,Me -----

0 H 
34 

MOMO ODEIPS 

MeOAYNCO,Me 

0 NVOC 
42 

To a solution of 34 (130 mg, 0.26 mmol, 1.0 eq) in 3.2 mL of CH2Cii was added 

to a 25 N,N-diisopropylethylamine (152 µL, 0.77 mmol, 3.0 eq) and 6-nitroveratryl 

chloroformate (93 mg, 0.34 mmol, 1.3 eq). After 12 h, TLC analysis (1:1 Hex/EtOAc) of 

the reaction showed no starting material. The reaction was diluted with sat NaHCO3<aq) 

and extracted with 3 x EtOAc. The combined organic layers were washed 1 x sat NaCl<aq), 

dried over Na2SO4, filtered, concentrated, and purified by column chromatography 

(2:1 Hex/EtOAc) to give 143 mg (75 % yield) of carbamate 42 as a clear yellow oil. 

Major Diastereomer: [a]~ = + 45 .2 (c=l.3 , CHC13) 
1H NMR (300 MHz, DMSO, 393.1 

K): 0.65 - 0.75 (m, 4 H), 1.00 (m, 13 H), 2.67 (br, 1 H), 2.86 (br, 4 H), 2.98 (br, 1 H), 

3.47 (s, 3 H), 3.62 (s , 3 H) , 3.80 (s, 3 H), 3.86 (s, 3 H), 3.87 (s, 3 H), 3.92 (t, J = 4.2 Hz, 1 

H) , 4.35 (br, 1 H), 5.28 (d, J = 6.9 Hz, 1 H), 5.32 (d, J = 6.3 Hz, 1 H), 5.41 (s, 2 H), 6.93 

(br, 1 H), 7.46 (d, J = 1.8 Hz, 1 H), 7.63 (d, J = 1.5 Hz, 1 H), 7.65 (s, 1 H); 13C NMR (75 

MHz, CDCh) (Note: at room temperature, this compound exists as an equilibrating 

mixture of conformational isomers of the NVOC-urethane on the nrnr time scale): 3.5, 

3.6, 7.0, 7.0, 12.7, 17.2, 17.2, 29.3, 29.5 , 40.4, 47 .6, 48 .5, 52.2, 52.4, 53.5, 53.6, 53 .6, 
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56.2, 56.4, 64.5, 64.8, 70.4, 94.3, 107.8, 108.2, 113.6, 122.1, 128.5, 130.6, 131.3, 138.6, 

142.1, 147.4, 153.4, 153.9, 155.7, 164.1, 165.6; IR (NaCl/neat) 2951, 1725, 1581, 1522, 

1438 cm-1; HRMS (FAB+) calcd for C34l!isN3O13Si 1 (m/z) 734.2956, found (mlz). 

734.2941 

Minor Diastereomer: [a.]:; =+ 19.6 (c=l.2, CHC13) 
1H NMR (300 MHz, DMSO, 393.1 

K): 0.62 - 0.69 (m, 4 H), 0.94 - 1.02 (m, 13 H), 3.04 - 3.20 (br, 4 H), 3.47 (s , 3 H), 3.62 

(s , 3 H), 3.77 (s, 3 H), 3.87 (s , 6 H), 3.92 (m, 1 H), 4.10 (br, 1 H), 5.26 (d, J = 6.6 Hz, 1 

H), 5.31 (d, J = 6.6 Hz, 1 H), 5.40 (d, J = 14.4 Hz, 2 H), 5.46 (d, J = 14.4 Hz, 2 H), 6.86 

(br, 1 H), 7.50 (s, 1 H), 7.64 (s, 1 H), 7.65 (s, 1 H) ; 13C NMR (75 MHz, CDC13) (Note: at 

room temperature, this compound exists as an equilibrating mixture of conformational 

isomers of the NVOC-urethane on the nmr time scale): 3.5, 3.6, 7.0, 7.0, 12.8, 13.0, 17.2, 

17.2, 33.2, 34.3 , 37.5, 38.2, 46.5, 49.1 , 50.3, 52.4, 53.2, 53.6, 56.1, 56.3 , 5~.6, 56.6, 64.7, 

64.9, 69.7, 74.7, 76.6, 94.8, 107.9, 108.5, 108.8, 114.1, 122.8, 123 .0, 127.6, 127.7, 129.8, 

130.1, 132.5, 133.1, 139.0, 139.8, 143.1 , 147.6, 153.3, 153.5, 154.1, 155.5, 155.9, 162.6, 

162.9, 165 .7; IR (NaCl/neat) 2953 , 1718, 1577, 1522, cm-1; HRMS (FAB+) calcd for 

C34I!isN3O 13Si1 (m/z) 734.2956, found (m/z). 734.2962 
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MOMO ODEIPS 

M,oA)•co,M, 
0 NVOC 

42. Major Diastereomer 

10 9 7 6 5 ' 3 2 1 0 ppm 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJII246HT 

MOMO ODE I PS 

M,oA)•co,M, 
0 NVOC 

42. Minor Diastereomer 

I _ A ......, ~i..i~'-' I '" -
10 9 7 6 ' 2 1 0 ppm 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJIII337IIHT 
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(laS,9aS)-3-[ ( 4,S-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester-la,8,9,9a-

tetrahydro-7-(methoxymethoxy )-9-hydroxy-1H-azirino[2,3-c] [1]-benzazocine-

1,3,5(2H)-tricarboxylic acid. 

MOMO ODEIPS 

M,oA)Nco,M, 
0 NVOC 

42 

MOMO OH 

M,OA)Nco,M, 
0 NVOC 

43 

Compound 42 (110 mg, 0.15 rnrnol, 1.0 equiv.) was dissolved in 1.5 rnL THF and 

cooled to O °C. Next, 1 M TBAF in THF (225 µL, 0.23 mmol, 1.5 equiv.) was added 

dropwise and the reaction was strirred for 1 hat O °C until TLC analysis (EtOAc) showed 

the complete consumption of 42. The reaction was quenched with sat ~Clcaq) and the 

layers were separated. The aqueous layer was diluted with H20 and subsequently 

extracted 3 X EtOAc. The combined organic layers were washed with brine and dried 

over Na2S04 . Following concentration, the crude product was purified by column 

chromatography (EtOAc) to yield 60 mg (65% yield) of alcohol 43 as an amorphous 

solid. 

Major Diastereomer: mp= 96-98 °C; [a]~ =+ 21.1 (c=l.4, CHC13); 
1H NMR (300 MHz, 

DMSO, 393.1 K): 2.69 (br, 1 H), 2.85 (br, 2 H), 2.99 (br, 1 H), 3.45-3.51 (m, lH), 3.48 

(s, 3 H), 3.64 (s, 3 H), 3.72-3.82 (m, lH), 3.81 (s, 3 H), 3.86 (s, 3 H), 3.87 (s, 3 H), 4.15 

(br, 2 H), 4.59 (br, 1 H), 5.29 (s, 2 H), 5.41 (s, 2 H) , 6.93 (br, 1 H), 7.46 (d, J = 1.5 Hz, 1 

H), 7.60 (d, J = 1.5 Hz, 1 H), 7.66 (s, 1 H); 13C NMR (75 MHz, CDCIJ) (Note: at room 

temperature, this compound exists as an equilibrating mixture of conformational isomers 
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of the NVOC-urethane on the nrnr time scale): 27.8, 29.0, 39.7, 41.4, 45.9, 46.3, 48.6, 

51.0, 52.3, 54.2, 56.0, 56.5, 63 .1, 64.8, 65.8, 69.4, 94.4, 94.8, 107.9, 108.4, 113.7, 114.3, 

122.3, 122.8, 128.0, 138.8, 141.6, 147.5, 153.4, 153.9, 154.2, 155.6, 156.3, 162.8, 163.6, 

165.6; IR (NaCl/CHCh) 3429, 2951, 1720, 1582, 1523, 1438 cm-1; HRMS (FAB+) calcd 

for C21H32N3O 13 (m/z) 606.1935, found (m/z) 606.1940. 

Minor Diastereomer: [a]~=+ 17.7 (c=l.2, CHC13); 
1H NMR (300 MHz, DMSO, 393.1 

K): 2.70 - 3.20 (br, 4 H), 3.45-3.51 (m, lH), 3.47 (s, 3 H), 3.64 (s, 3 H), 3.78 (s, 3 H), 

3.86 (s, 3 H), 3.87 (s, 3 H) , 3.90 - 3.96 (br, 2 H), 5.27 (s, 2 H), 5.41 (d, J = 14.4 Hz, 1 H), 

5.42 (d, J = 14.4 Hz, 1 H), 6.87 (br, 1 H), 7.48 (d, J = 1.5 Hz, 1 H), 7.61 (d, J = 1.5 Hz, 1 

H), 7.65 (s, 1 H); 13C NMR (75 MHz, CDCh) (Note: at room temperature, this compound 

exists as an equilibrating mixture of conformational isomers of the NVOC-urethane on 

the nmr time scale): 29.7, 30.4, 32.1, 38.2, 38.3, 46.3, 48.7, 49.2, 51.0, 5~.5, 53.0, 53.9, 

56.1, 56.1, 56.4, 56.5, 56.7, 64.9, 69.5, 74.5, 94.9, 107.9, 108.5, 108.7, 114.1, 114.8, 

122.9, 123.2, 127.5, 129.9, 130.4, 132.4, 133.2, 138.9, 140.2, 143.0, 147.6, 153.3, 153.7, 

154.1, 155.1 , 155.9, 156.3, 162.6, 162.9, 165.6; IR (NaCl/CHC13) 3480, 2954, 1716, 

1580, 1523, 1437 cm-1
; HRMS (FAB+) calcd for C27H32N3O13 (m/z) 606.1935, found 

(mlz) 
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MOMO OH 

M,OA)NCO,M, 
0 NVOC 

43. Major Diastereomer 

10 9 7 3 2 1 0 ppm 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJII30HT 

43. Minor Diastereomer 

10 9 8 7 6 5 ' 3 1 0 ppm 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJIII338HT 
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(laS,9aS)-3-[ ( 4,5-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester-la,8,9,9a-
tetrahydro-7-(methoxymethoxy )-9-oxo-1H-azirino[2,3-c][l]-benzazocine-1,3,5(2H)-
tricarboxylic acid. 

MOMO OH 

M,o;«)NCO,Mo 
0 NVOC 

43 

MOMO 0 

M,o ..... ~Nco,M, 
. ~,N_/ 

0 NVOC 
44 

Alcohol 43 (106 mg, 0.175 mmol, 1.0 eq.) was dissolved in 1.8 ml of reagent 

grade CH2Cl2. Dess-Martin reagent (111 mg, 0.263 mmol, 1.5 eq.) was added in one 

portion and the reaction was allowed to stir 1 h. Dilution with Et2O followed by the 

addition of a solution of Na2S2O3 in sat. NaHCO3 (aq) gave a cloudy biphasic mixture that 

was vigorously stirred until clear. Following separation, the aqueous layer was extracted 

3 X EtOAC. The combined organic layers were washed 1 X NaClcaq), dried over Na2SO4, 

filtered and concentrated. The crude product was purified by column chromatography 

(3:2 CH2Cl2/Et2O) to give 96 mg (91 % yield) of ketone 44 as a white amorphous solid. 

Compound 19: mp = 89-93 °C; [a]~= -66.4 (c=l.1, CHCh) ; 1H NMR (300 MHz, 

DMSO, 393 K): 3.20 (br, 21 H), 3.38 (d, J = 6.6 Hz, 1 H) 3.45 (s, 3 H), 3.47 (d, J = 13.2 

Hz, 1 H), 3.57 (d, J = 13.2 Hz, 1 H), 3.62 (s, 3 H) , 3.79 (s, 3 H), 3.87 (s, 3 H), 3.88 (s, 3 

H), 3.89 (m, 1 H), 3.93 (d, J = 9.0 Hz, 1 H), 5.29 (d, J = 6.6 Hz, 1 H), 5.33 (d, J = 6.6 Hz, 

1 H), 5.38 (s, 2 H), 6.84 (br, 1 H), 7.53 (d, J = 1.5 Hz, 1 H), 7.63 (d, J = 1.5 Hz, 1 H), 

7.64 (s, 1 H); 13C NMR (75 MHz, CDCh) (Note: at room temperature, this compound 

exists as an equilibrating mixture of conformational isomers of the NVOC-urethane on 

the nmr time scale): 40.6, 42.3, 45.3, 46.3, 46.7, 52.4, 53.9, 56.1, 56.3, 56.4, 65.0, 65.4, 
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94.3, 94.7, 107.9, 108.7, 113.8, 121.5, 127.5, 129.7, 130.3, 132.2, 139.1, 140.3, 147.7, 

153.5, 153.8, 155.5, 161.5, 165.7, 203 .6; IR (NaCI/CHC13) 2956, 1724, 1581, 1524, 1437 

cm-1; HRMS (FAB+) calcd for C21H3o~hO13 (mlz) 604.1779, found 604.1783 (mlz). 

MOMO 0 

MeO~NCO,Me 

0 NVOC 
44 

10 9 ' 3 l 0 ppm 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJII205HT 
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(laS,8R,9aS)-3-[ ( 4,5-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester-la,8,9,9a-
tetrahydro-8-(hydroxymethyl)-7-(methoxymethoxy )-9-oxo-1H-azirino[2,3-c] [1]-
benzazocine-1,3,5(2H)-tricarboxylic acid. (45) 

(laS,8S,9aS)-3-[ ( 4,5-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester-la,8,9,9a-
tetrahydro-8-(hydroxymethyl)-7-( methoxymethoxy )-9-oxo-1H-azirino[2,3-c] [1]-
benzazocine-1,3,5 (2H)-tricarboxy lic acid. ( 46) 

MOMO 0 

MeOAYNCO,Me 

0 NVOC 
44 

OH OH 
MOMO { 0 MOMO 

- M,OA:>NCO,Me + Meo 

0 NVOC 0 

NC02Me 

45 

Ketone 44 (96 mg, 159 µmol, 1.0 equiv.) was dissolved in 900 µL of dry DMF 

and cooled to -45 °C. A freshly prepared solution of LDA 1.0 M (166 µL, 166 µmol, 1.05 

equiv.) was added dropwise and the resulting solution was allowed to warm to O °C for 

15 min and subsequently cooled back to -45 °C. To the bright yellow solution, 1.4 mL of 

a 0.15 M anhydrous formaldehyde solution in THF was added dropwise. The reaction 

was allowed to stir 1.5 h whereupon the color slowly faded to a light yellow solution. Sat 

~Clcaq) was added to quench the reaction followed by dilution with EtOAc. Upon 

reaching ambient temperature the resulting layers were separated and the aqueous layer 

was thoroughly extracted with EtOAc. The combined organic layers were washed with 

brine, dried over Na2SO4, and concentrated. Drying overnight under vacuum followed by 

purification of the crude oil by column chromatography (EtOAc) afforded 57 mg (58 % 

yield) of 45 and 46 as a mixture of diastereomers. Selective recrystalization of 45 from 

EtOAc afforded crystals suitable for X-ray analysis . 
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Compound 45: mp= 200-203 °C; [a]~= -20.3 (c=0.8, CHCh); 1H NMR (300 MHz, 

DMSO, 393 K): 3.29 (dd, J = 7.0 Hz, 2.5 Hz, 1 H), 3.36 (m, 1 H), 3.46 (s, 3 H), 3.47 (d, J 

= 7.0 Hz, 1 H), 3.52 (m, 1 H), 3.57 (s , 3 H), 3.72 (s, 3 H), 3.86 (s, 3 H), 3.87 (s, 3 H), 

3.89 (m, 1 H), 4.19 (dd, J = 2.7 Hz, 8.1 Hz, 1 H), 4.61 (dd, J = 3.3 Hz, 15.9 Hz, 1 H), 

5.22 (d, J = 15.0 Hz, 1 H), 5.32 (d, J = 6.3 Hz, 1 H), 5,38 (d, J = 6.6 Hz, 1 H), 5.51 (d, J = 

15.0 Hz, 1 H), 6.74 (s, 1 H), 7.48 (d, J = 1.8 Hz, 1 H), 7.63 (d, J = 1.5 Hz, 1 H), 7.64 (s, 1 

H); 13C NMR (75 MHz, CDC13) (Note: at room temperature, this compound exists as an 

equilibrating mixture of conformational isomers of the NVOC-urethane on the nmr time 

scale): 45.4, 46.0, 46.2, 52.6, 53.3, 54.0, 56.1, 56.4, 56.5, 61.5, 65.3, 94.1, 108.0, 114.4, 

121.3, 126.9, 131.1, 133.2, 140.5, 147.4, 153.4, 154.0, 161.3, 165.4, 205.5; IR 

(NaCl/CHCl3) 3544, 2954, 1723, 1581, 1523, 1436 cm-1; UV Amax (CH3CN) nm (c:) : 345 

(6766), 295 (7813), 243 (18101); MS (ES+) (m/z) 634 (M+H) (100%). 

Compound 46: mp= 98-104 °C; 1H NMR (300 MHz, DMSO, 393 K): 3.3-3.4 (m, 1 H), 

3.47 (d, J = 13.2 Hz, 1 H), 3.53 (s, 3 H), 3.56 (d, J = 7.5 Hz, 1 H), 3.65 (s, 3 H), 3.73 (d, J 

= 14.7 Hz, 1 H), 3.80 (s, 3 H) , 3.87 (s, 3 H), 3.89 (s, 3 H), 3.8-4.1 (m, 2 H), 4.48 (m, 1 

H), 5.22 (d, J = 14.7 Hz, 1 H) , 5.36 (s, 2 H) , 5.46 (d, J = 14.7 Hz, 1 H), 6.84 (s, 1 H), 7.59 

(d, J = 1.5 Hz, 1 H), 7.65 (s, 1 H), 7.74 (s, 1 H) ; 13C NMR (75 MHz, CDCh) (Note: at 

room temperature, this compound exists as an equilibrating mixture of conformational 

isomers of the NVOC-urethane on the nmr time scale): 45.3, 45.4, 46.0, 48.6, 51.7, 52.6, 

54.1, 56.3 , 56.3 , 56.8, 61.5 , 65.1, 94.8 , 108.0, 114.7, 123.0, 127.1, 130.7, 132.5, 139.4, 

140.0, 148.0, 153.5, 156.0, 162.0, 165.3, 201.8; IR (NaCl/CHCh) 3583, 2954, 1723, 

1580, 1523, 1438 cm-1• 
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OH 
MOMO { O-

MoOAYNCO,Mo 

0 NVOC 

45 

L.ll'-1 
10 9 8 7 6 5 ' 3 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCJil206SDHT 

OH 

MeO 

46 

_----i..-1 L __ 
10 9 6 ' 3 

2 

1H NMR, 300 MHz, 393 K, DMSO, filename: TCillIEpiAldIIHT 
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(laS,8R,9aS)-3-[ ( 4,5-Dimethoxy-2-nitrophenyl)methyl] 1,5-dimethyl ester-la,8,9,9a-
tetrahydro-8-[[ (aminocarbonyl)oxy ]methyl]-7-(methoxymethoxy)-9-oxo-1H-
azirino[2,3-c] [l]-benzazocine-1,3,5(2H)-tricarboxylic acid. 

OH 
MOMO { 0 

-~NC0
2
Me 

Me02CM_NJ 
NVOC 

45 

0 

c!1-NH2 

MOMO { 0 

·-~NC0
2
Me 

· Me02CJlANJ 
. ' 
NVOC 

48 

To a solution of alcohol 45 (4.5 mg, 7.1 µmol, 1.0 equiv.) in 800 µL CH2Clz at 0 

~C was added trichloroacetyl isocyanate (5 µL, 42.0 µmol, 6.0 equiv.). The reaction was 

stirred 10 min until TLC analysis (EtOAc) showed complete reaction of the starting 

material. The reaction was quenched with the addition of 5 drops of MeOH, concentrated 

in vacou, and the crude reaction mixture was dissolved in 3 mL of MeOH. Silica gel was 

added and the mixture was stirred approximately 2.5 h at ambient temperature until TLC 

analysis (EtOAc) showed mostly product (the trichloroacetyl intermediate and the 

elimination by-product co-spot by TLC analysis). The reaction was filtered with 10: 1 

CH2Clz/MeOH and concentrated. Purification of the crude mixture by PTLC (20: 1 

CH2Clz/MeOH) furnished 2.9 mg (60% yield) of carbamate 48 as a yellow/white 

crystalline solid. 

1H NMR (300 MHz, CDC13) (Note: at room temperature, this compound exists as an 

equilibrating mixture of conformational isomers of the NVOC-urethane on the nmr time 

scale): 3.15 (m, 1 H), 3.33 (d, J = 6.6 Hz, 1 H), 3.50 (s, 3 H) , 3.63 (s, 3 H), 3.68 (br s, 3 

H), 3.92 (s, 6 H), 4.1-4.8 (br m, 5 H), 5.31 (br d, 1 H), 5.34 (d, J = 6.9 Hz, 1 H), 5.38 (d, J 

= 6.9 Hz, 1 H), 5.68 (d, J = 15.0 Hz, 1 H) , 6.53 (br s, 1 H), 7.49 (d, J = 1.5 Hz, 1 H), 7.68 
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(s, 1 H), 7.78 (d, J = 1.5 Hz, 1 H); IR (NaCl/CHCh) 3542, 3373, 2922, 1725, 1581, 

1524, cm-1
; MS (m/z) dee. 

9 7 ' 

0 

~NH2 

MOMO ( 0 

~~NC02Me 

Me02CJlANJ 
I 

NVOC 

48 

l ppm 

1H NMR, 300 MHz, CDC13, filename: TCJIII12-21-NVOC 
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(laS,9aS)-Dimethyr ester -la,2,3,8,9,9a-hexahydro-7-(methoxymethoxy)-3-[(4-
methoxyphenyl)methyl]-9-[[ diethyl(l-methylethyl)silyl]oxy ]-1H-azirino[2,3-
c] [1] benzazocine-1,5-dicarboxylic acid. 

MOMO ODEIPS 

-~NC0
2
Me 

Me02C~N_y 
I 

pMB 

Aniline 34 (200 mg, 0.404 mmol , 1.0 equiv.) was dissolved in 6 rnL of dry CH-

2C}i. DIPEA (211 uL, 1.21 mmol, 3.0 equiv.) was added followed by dropwise . addition 

of PMB-Br (106 uL, 0.525 mmol, 1.3 eq.). The solution was allowed to stir 48 h until 

TLC analyses (2: 1 Hex/EtOAc) showed loss of starting material. The reaction was 

quenched by the addition of sat NaHCO3 (aq)· The layers were separated, and the aqueous 

layer was extracted 3 X CH2C}i. The combined organic layers were concentrated, and the 

crude material was taken up in a 2: 1 Hex/EtOAc solution, washed 2 X H2O, 1 X NaClcaq) 

and dried over Na2SO4. Following concentration, the crude oil was purified by column 

chromatography (3: 1 Hex/EtOAc) to afford 215 mg (86 % yield) of the PMB protected 

aniline as a colorless oil. 

Major Diastereomerer: [a]~ = + 77.1 (c=l.0, CHCh) 1H NMR (300 MHz, CDCh) 8 

CHC13: 0.70 - 0.77 (m, 4 H), 1.00 - 1.04 (m, 13 H), 2.23 (dd, J = 6.0 Hz, 12.0 Hz, 1 H), 

2.49 (dd, J = 4.5 Hz, 6.0 Hz, 1 H), 3.07 (dd, J = 10.5 Hz, 13.5 Hz, 1 H) , 3.18 (dd, J = 4.5 

Hz, 13.5 Hz, 1 H) , 3.46 (m, 2 H) , 3.50 (s, 3 H), 3.65 (s, 3 H), 3.80 (s, 3 H), 3.89 (s, 3 H), 

4.33 (1/2 ABq, J = 13.5 Hz, 1 H), 4.41 (1/2 ABq, J = 13.5 Hz, 1 H), 4 .55 (m, 1 H), 5.21 

(1/2 ABq, J = 7.5 Hz, 1 H), 5.26 (1/2 ABq, J = 7.5 Hz, 1 H) , 6.85 (d, J = 9.0 Hz, 2 H), 
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7.27 (d, J = 9.0 Hz, _2 H), 7.38 (d, J = 1.5 Hz, 1 H), 7.47 (d, J = 1.5 Hz, 1 H); 13C NMR 

(75 :MHz, CDCh) 8: 3.5, 3.5, 7.0, 12.9,17.2, 17.2, 31.2, 40.8, 44.9, 52.0, 53.3, 53.3, 55.1, 

56.1, 58.7, 68.2, 94.3, 107.7, 113.7, 113.7, 115.0, 125.3, 129.0, 129.6, 129.6, 130.3, 

151.7, 155.4, 158.7, 163.6, 166.8; IR (NaCl/neat) 2952, 1733, 1718, 1653, 1576, 1559 

cm-1
; HRMS (FAB+) calcd for C32RnN2O8Si 1 (mlz) _615.3102, found (mlz) 615.3094. 

Minor Diastereomer: [a]~=+ 83.9 (c=0.87, CHCh) 1H NMR (300 :MHz, CDCh) 8 

CHCh: 0.69 - 0.74 (m, 4 H), 0.99 - 1.07 (m, 13 H), 2.22 (dd, J = 6.0 Hz, 13.5 Hz, 1 H), 

2.51 (dd, J = 7.5 Hz, 7.5 Hz, 1 H), 2.96 (dd, J = 6.0 Hz, 12.0 Hz, 1 H), 3.04 (dd, J = 6.0 

Hz, 15.0 Hz, 1 H), 3.27 (m, 2H), 3.50 (s, 3H), 3.62 (s, 3H), 3.79 (s, 3H), 3.91 (s, 3H), 

4.06 (1/2 ABq, J = 12 Hz, 2 H), 4.14 (1/2 ABq, J = 12 Hz, 2 H), 4.41 (m, 1 H), 5.20 (1/2 

ABq, J = 7.5 Hz, 1 H), 5.25 (1/2 ABq, J = 7.5 Hz, 1 H), 6.80 (d, J = 9.0 Hz, 2 H), 7.23 (d, 

J = 9.0 Hz, 2 H), 7.53 (d, J = 1.5 Hz, 1 H), 7.62 (d, J = 1.5 Hz, 1 H); 13C_NMR (75 MHz, 

CDC13) 8: 3.7, 3.7, 7.0, 7.1,13.0, 17.3, 17.3, 34.3, 38.6, 47.7, 52.2, 53.3, 55.2, 56.3, 56.6, 

59.5, 71.6, 94.7, 111.4, 113.6, 113.6, 117.5, 129.2, 129.9, 129.9, 130.3, 131.8, 152.1, 

155.4, 158.6, 163.2, 166.6; IR (NaCl/neat) 2952, 1726, 1512 cm-1; HRMS (FAB+) calcd 

for C32f47N2OsSi 1 (m/z) 615.3102, found (m/z) 615.3080. 
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Major Diastereorner 

10 9 8 7 5 ' 3 2 1 0 

1H NMR, 300 MHz, CDCiJ, filename: TCJII475 

Minor Diastereorner 

_ W~ J 
10 9 8 7 6 5 ' 3 2 1 0 

1H NMR, 300 MHz, CDC13, filename : TCJIII47 
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(laS,9aS)-Dimethy! ester -la,2,3,8,9,9a-hexahydro-7-(methoxymethoxy)-3-[( 4-
methoxyphenyl)methyl]-9-hydroxy -1H-azirino[2,3-c][l]benzazocine-1,5-
dicarboxylic acid. 

MOMO ODE I PS 

-~NC02Me 

Me02C~Ny 
I pMB 

MOMO OH 

-~NC02Me 

Me02C~Ny 
pMB 
68 

To a solution of the silyl ether from the previous reaction (760 mg, l.~3 mmol, 

1.0 equiv.) in 16 mL of a 10:1 solution of DMF/H2O was added 

Tris(dimethylamino)sulfur (trimethylsilyl)difluoride (TASF) (700 mg, 2.54 mmol, 2.1 

equiv.). After stirring at ambient temperature for 4 h, an additional portion of TASF (350 

mg, 1.27 mmol, 1.0 equiv.) was added and the reaction was continued for 2 h until TLC 

analyses (2: 1 CH2Cl2/Et2O) showed complete consumption of the starting material. 

Addition of saturated N~Cl(aq) followed by dilution with EtOAC and H2O afforded a 

biphasic mixture that was subsequently separated. Extraction of the aqueous phase with 3 

X EtOAc followed by washing the combined organic extracts 1 X brine and drying over 

Na2SO4 afforded a crude oil that was dried under vacuum overnight. Purification of the 

crude material by column chromatography (2: 1 CH2Clz/Et2O) furnished 515 mg of 

alcohol 68 (86% yield) as a white crystalline solid following concentration in Et2O. 

Major Diastereomer: [a]~= + 105.1 (c=l.0, CHCIJ) m.p. 48 - 50 °C 1H NMR (300 MHz, 

CDC!J) 8 CHC13: 2.40 (m, 1 H), 2.52 (dd, J = 4.5 Hz, 6.0 Hz, 1 H), 2.79 (dd, J = 7.5 Hz, 

15 .0 Hz, 1 H), 3.30 (dd, J = 7.5 Hz, 13.5 Hz, 1 H), 3.49 (s, 3 H), 3.51 (m, 2 H), 3.65 (s, 3 

H), 3.78 (s, 3 H), 3.89 (s, 3 H), 4.26 (1/2 ABq, J = 13.5 Hz, 2 H), 4.39 (1/2 ABq, J = 13.5 
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Hz, 2 H), 4.55 (m, l_H), 5.24 (ap. s, 2 H), 6.82 (d, J = 9.0 Hz, 2 H), 7.21 (d, J = 9.0 Hz, 2 

H) , 7.41 (d, J = 1.5 Hz, 1 H), 7.58 (d, J = 1.5 Hz, 1 H); 13C NMR (75 MHz, CDCh) o: 
31.6, 39.7, 44.0, 52.2, 53.7, 54.1, 55.2, 56.3, 59.3, 64.7, 94.4, 109.1, 113.8, 113.8,116.5, 

126.8, 129.4, 129.6, 129.6, 150.8, 155.2, 158.8, 163.2, 166.5; IR (NaCl/neat) 3462, 2953 , 

1720, 1576, 1512 cm·1; HR.MS (FAB+) calcd for_ C2sH31 N2Os (m/z) 487.2080, found 

(m/z) 487.2068. 

Minor Diastereomer: [a]~= + 103.6 (c=0.87, CHCh) m.p. 57 - 59 °C 1H NMR (300 

MHz, CDCI3) o CHCI3: 2.29 (m, 1 H), 2.95 (dd, J = 7.5 Hz, 13.5 Hz 1 H), 3.08 (dd, J = 

6.0 Hz, J = 15.0 Hz, 1 H), 3.13 (d, J = 4.5 Hz, 1 H), 3.23 (dd, J = 6.0 Hz, J = 15.0 Hz, 1 

H), 3.39 (m, 1 H), 3.49 (s, 3 H), 3.62 (s, 3 H), 3.77 (s, 3 H), 3.90 (s, 3 H), 4.13 (1/2 ABq, 

J = 13.5, 1 H), 4.23 (1/2 ABq, J = 13.5, 1 H), 4.44 (m, 1 H), 5.25 (ap. s, 2 H), 6.81 (d, J = 

9.0 Hz, 2 H), 7.20 (d, J = 9.0 Hz, 2 H), 7.48 (d, J = 1.5 Hz, 1 H) , 7.61 (d, J = 1.5 Hz, 1 

H) ; 13C NMR (75 MHz, CDCb) o: 31.8, 38.8, 47.4, 52.2, 53 .6, 55.1, 55.4, 56.4, 59.4, 

71.2, 94.7, 110.4, 113.7, 113.7, 117.4, 129.4, 129.7, 129.7, 130.0, 151.8, 155.1, 158.6, 

163.0, 166.4; IR (NaCl/neat) 2953 , 1718, 1701 , 1684, 1653 cm·'; HR.MS (FAB+) calcd 

for C2sH31N2O8 (m/z) 487.2080, found (m/z) 487.2083. 
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68. Major Diastereomer 

10 ' 7 0 ppm 

1H NMR, 300 MHz, CDC13, filename: TCJIII491 

68. Minor Diastereomer 

_lll _____ ._JJ 
9 • 7 !5 ' 3 2 l. ppm 

1H NMR, 300 MHz, CDCh, filename: TCIBI48 
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(laS,9aS)-Dimethyl ester la,2,3,8,9,9a-hexahydro-4-(methoxymethoxy)-7-[ ( 4-
methoxyphenyl)methyl]-9-oxo-1H-azirino[2,3-c] [l]benzazocine-1,5-dicarboxylic 
acid. 

MOMO OH 

-~NC02Me 

Me02C~Ny 
I 

pMB 

68 

MOMO 0 

-~NC0
2
Me 

Me02C~Ny 
pMB 
62 

Alcohol 68 (65 mg, 0.134 mmol, 1.0 eq.) was dissolved in 4 rnL of reagent grade 

CH2Cl2. Dess-Martin reagent (85 mg, 0.200 mmol, 1.5 eq.) was added in one portion and 

the reaction slowly turned a light purple color. The reaction was allowed to stir 1.5 hr. 

and was diluted with Et2O followed by a solution of Na2S2O3 in sat. NaHCO3 (aq)· The 

layers were vigorously stirred until clear. Following separation, the aqueous layer was 

extracted 4 X EtOAC. The combined organic layers were washed 1 X NaClcaq), dried over 

Na2SO4, filtered, and concentrated. The crude product was purified by column 

chromatography (2: 1 CH2Cl2/Et2O) to give 48 mg (75% yield) of ketone 62 as a white 

crystalline solid following concentration with Et2O. 

[a]i =- 45.6 (c=l.0, CHC13) m.p. 58 - 62 °C 1H NMR (300 MHz, CDC13) 8 CHCh: 2.77 

(m, 1 H), 3.06 (d, J = 6.9 Hz, 1 H), 3.35 (d, J = 3.0 Hz, 2 H), 3.44 (s, 3 H), 3.46 (m, 2 H), 

3.61 (s, 3 H), 3.76 (s, 3 H), 3.91 (s , 3 H), 3.94 (m, 2 H), 5.20 (1/2 ABq, J = 6.6 Hz, 1 H), 

5.25 (1/2 ABq, J = 6.6 Hz, 1 H), 6.78 (d, J = 7.5 Hz, 2 H), 7.08 (d, J = 2.5 Hz, 2 H), 7.53 

(d, J = 1.5 Hz, 1 H), 7.56 (d, J = 1.5 Hz, 1 H); 13C NMR (75 MHz, CDCh) 8: 39.1, 45.5 , 

46.3, 52.3, 52.4, 53.7, 55.1, 56.2, 56.3, 60.6, 94.2, 112.0, 113.5, 118.4, 128.2, 129.7, 
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130.9, 131.1, 131.1!149.9, 153.8, 158.9, 161.7, 166.3, 200.0; IR (NaCl/neat) 2953, 1722, 

1611, 1583 cm·1; HRMS (FAB+) calcd for C2sH29N20 8 (mlz) 485.1924, found (mlz) 

485.1931. 
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MOMO 0 

-~NCO,Me 
Me02CUNJ 

I 
pMB 

62 

I\ 

I I I ' I I ' I I I ' I I I I ' ' ' I I I ' ' I I I I I I I ' I I I I I I 

' 5 
10 7 

1H NMR, 300 MHz, CDC13, filename: TCJIIl496 
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(laS,8R,9aS)-Dimethyl ester la,2,3,8,9,9a-hexahydro-8-(hydroxymethyl)-7-
(methoxymethoxy ):3-[ ( 4-methoxyphenyl)methyl]-9-oxo-1H-azirino[2,3-
c] [l ]benzazocine-1,5-dicarboxylic acid. (59) 

(laS,8S,9aS)-Dimethyl ester la,2,3,8,9,9a-hexahydro-8-(hydroxymethyl)-7-
( methoxymethoxy )-3-[ ( 4-methoxyphenyl)methyl]-9-oxo-lH-azirino [2,3-
c ][l]benzazocine-1,5-dicarboxylic acid. (69) 

Ketone 62 (28 mg, 57.8 µmol , 1.0 equiv.) was dissolved in 600 µL of dry DMF 

and cooled to -45 °Cover 20 min. Next, a 0.86 M solution of LDA (67.2 µL, 57.8 µmol, 

1.0 equiv.) was added dropwise and the solution turned a deep orange. After stirring 15 

min., a 0.2 M solution of anhydrous formaldehyde in THF (491 µL, 98.2 µmol, 1.7 

equiv.) was added dropwise. The color of the solution faded to a light yellow over 15 

min. and the reaction was allowed to stir an additional 30 min. at - 45 °C before being 

quenched with a solution of sat. Nf.4Clcaq)· The reaction was diluted with EtOAc and 

allowed to come to room temperature. The layers are separated and the aqueous layer was 

extracted 4 X EtOAc. The combined organic layers are washed 1 X brine, dried over 

Na2SO4, concentrated and dried overnight under vacuum. The product was purified by 

column chromatography (3:3:1 CHCl3'benzene/acetone) to give 15 mg (54% yield) of 

alcohols 59 and 69 as a 1: 1 mixture of diastereomers along with 10 mg of recovered 62. 

The diastereomers were further separated by PTLC (2:2: 1 CHClybenzene/acetone) to 

furnish both 59 and 69 as clear colorless oils. 
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Compound 59: [a]:= - 19.3 (c=l.8, CHCl3) 1H NMR (300 MHz, CDCl3) 8 CHCh: 3.02 

(dd, J = 3.0 Hz, 6.6 Hz, 1 H), 3.17 (d, J = 6.6 Hz,1 H), 3.21 (m, 2 H), 3.48 (s, 3 H), 3.56 

(s, 3 H), 3.80 (m, 2 H) 3.81 (s, 3 H), 3.86 (br d, J = 4.5 Hz, 2 H), 3.92 (s, 3 H), 4.14 (dd, 

J = 4.5 Hz, 7.5 Hz 1 H), 5.27 (1/2 ABq, J = 7.5, 1 H), 5.37 (1/2 ABq, J = 7.5, 1 H), 6.86 

(d, J = 9.0, 2 H), 7.09 (d, J = 9.0, 2 H), 7.56 (d, J = 1.5 Hz, 1 H), 7.64 (d, J = 1.5 Hz, 1 H); 

13c NMR (75 MHz, cDCh) 8: 44.8, 47.7, 49.5, 51.3, 52.3, 53.6, 55.3, 56.2, 62.2, 62.8, 

93.8, 112.9, 113.8, 113.8, 119.2, 127.7, 130.3, 131.3, 131.3, 133.2, 150.4, 153.3, 159.1, 

161.4, 166.1, 201.1; IR (NaCl/neat) 3530, 2954, 1724, 1678, 1583 cm-1; HRMS (FAB+) 

calcd for C26H31N2O9 (m/z) 515.2030 found (mlz) 515.2026. 

Compound 69: [a]~= - 41.3 (c=l.4, CHC'3) 1H NMR (300 MHz, CDCh) 8 CHC'3: 2.66 

(m, 1 H), 3.08 (dd, J = 3.0 Hz, 12.0 Hz, 1 H), 3.11 (d, J = 6.0 Hz, 1 H), 3.16 (dd, J = 6.0 

Hz, 12.0 Hz, 1 H), 3.52 (s, 3 H), 3.66 (s, 3 H), 3.79 (s, 3 H), 3.56 - 3.83 (m, 2H), 3.87 

(m, 2 H), 3.95 (s, 3 H), 4.21 (dd, J = 3.0 Hz, 7.5 Hz, 1 H), 5.30 (1/2 ABq, J = 7.5, 1 H), 

5.35 (1/2 ABq, J = 7.5, 1 H), 6.84 (d, J = 9.0 Hz, 2 H), 7.07 (d, J = 9.0 Hz, 2 H), 7.73 (d, J 

= 1.5 Hz, 1 Hz), 7.77 (d, J = 1.5 Hz, 1 Hz); 13C NMR (75 MHz, CDC'3) 8: 43.2, 46.0, 

50.0, 52.5, 53.4, 53.9, 55.2, 56.7, 61.3 , 62.9, 94.4, 113.0, 113.9, 113.9, 119.9, 127.8, 

130.3, 130.3, 130.4, 131.7, 150.3, 155.1, 159.0, 162.4, 165.8, 199.8; IR (NaCl/neat) 3525, 

2954, 1724, 1514 cm-1; HRMS (FAB+) calcd for C26H31N2O9 (mlz) 515.2030 found (m/z) 

515.2034. 
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-
OH 

MOMO { 0 

mNCO,M• 
Me02C N 

I 
pMB 

59 

- J 
10 9 8 7 6 

1H NMR, 300 MHz, CDC'3, filename: TCJIII293 

NCO,Me 
Me02CUNY 

pMB 
69 

W,~ _.I. I 
' 2 1 o ppa 

---------"··-~ -~ ~---~ --~L u U.._ __ ____.. ___ -J..___.,._, __ _ 

10 8 7 5 ' 3 2 1 o ppa 

1H NMR, 300 MHz, CDC'3, filename: TCJill26ltdHnmr 
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(laS,8R,9aS )-Dim~thyl ester la,2,3,8,9 ,9a-hexahydro-8-(hydroxymethyl)-7-
(methoxymethoxy )-3-[ ( 4-methoxyphenyl)methyl]-9-oxo-1H-azirino[2,3-
c] [l]benzazocine-1,5-dicarboxylic acid. (59) 

69 59 

To a solution of alcohol 69 (9.0 mg, 17.5 µmol, 1.0 equiv.) in 4 rnL of dry toluene 

was added 1,8-diazabicyclo[5.4.0]unde-7-ene (DBU) (16 µL, 107.0 µmol, 6.0 equiv.) and 

the reaction was stirred at ambient temperature. After 48 h, no further progress of the 

reaction was observed by TLC analysis (2:2:1 CH3Cl/benzene/acetone) and sat. ~Clcaq) 

was added to the mixture followed by dilution with CH2Cl2. The layers were separated 

and following dilution with H20 the aqueous layer was extracted 3 X CH2Cli. The 

combined organic layers were washed 1 X brine, dried over Na2S04, filtered, and 

concentrated. Purification by PTLC (2:2:1 CH3Cl/benzene/acetone) afforded 5.9 mg of 

alcohol 59 (65% yield) along with 2.3 mg of recovered starting material 69. 
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(laS,8R,9aS)-Dimethyl ester 8-[[[ (1,1-dimethylethyl)dimethylsilyl]oxy ]methyl]-
la,2,3,8,9 ,9a-hexahydro-7-( methoxymethoxy )-3-[ ( 4-methoxyphenyl)methyl]-8-oxo-
1H-azirino [2,3-c] [l]benzazocine-1,5-dicarboxylic acid. 

OH 
MOMO { 0 

·-~NC02Me 

Me02C~N_y 
I 

pMB 

59 

OTBS 
MOMO { 0 

-~NC02Me 

~e02C~N_y 
I 

.pMB 
78 

Alcohol 59 (34 mg, 66.1 µmol, 1.0 equiv.) was dissolved in 1 mL of CH2Cli and 

cooled to -78 °Cover 20 min. Next, 213 µL of a premixed solution of 1:1 TBSOTf (43 

µL, 187 µmol, 2.8 equiv.) and 2,6 lutidine (24 µL, 206 µmol, 3.1 equiv.) in CH2Cli was 

added dropwise. The solution was allowed to warm to O °C and stirred at this temperature 

for 1.5 h after which TLC analysis (2: 1 CH2Clz/Et2O) showed complete consumption of 

the starting material. The reaction was quenched with NaHCO3caq) followed by dilution 

with CH2Clz and H2O and the layers were separated. The aqueous phase was extracted 3 

X CH2Cli and the combined organic layers washed 1 X H2O, 1 X brine, and dried over 

Na2SO4. Concentration and purification by PTLC (2: 1 CH2Clz/Et20) afforded 40 mg 

(96% yield) of product 78 as a clear colorless oil. 

[a]~= - 18.8 (c=l.7, CHC13) 
1H NMR (300 MHz, toluene-d6, 323 K) 8 : 0.04 (s, 3 H), 

0.09 (s, 3 H), 0.89 (s, 9 H), 2.38 (dd, J = 2.5 Hz, 6.5 Hz, 1 H), 2.77 (dd, J = 3.0 Hz, 14.0 

Hz, 1 H), 2.85 (d, J = 14.0 Hz, 1 H), 2.95 (d, J = 6.5 Hz, 1 H), 3.07 (s, 3 H), 3.23 (s, 3 H), 

3.34 (s, 3 H), 3.51 (s, 3 H), 3.68 (d, J = 13.0 Hz, 1 H), 3.87 (d, J = 13.0 Hz, 1 H), 4.11 

(dd, J = 2.5 Hz, 8.5 Hz, 1 H), 4.15 (dd, J = 2.5 Hz, 7.5 Hz, 1 H), 4.22, (dd, J = 5.0 Hz, 8.0 

Hz, 1 H), 4.86 (d, J = 6.5 Hz, 1 H), 4.96 (d, J = 6.5 Hz, 1 H), 6.79 (d, J = 8.5 Hz, 2 H), 
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7.12 (d, J = 8.5 Hz
1 

2 H), 7.78 (s, 2 H); 13C NMR (75 MHz, CDCh) 8: -5.2 (x2), 18.8, 

26.2 (x3), 45.3, 47.2, 49.4, 51.5, 52.4, 53.7, 55.4, 56.3, 61.6, 61.8, 94.3, 113.0, 113.8, 

113.8, 119.4, 128.7, 130.1, 131.9, 131.9, 134.7, 151.7, 153.9, 159.3, 162.0, 166.7, 197.8; 

IR (NaCl/neat) 2953, 1726, 1692, 1514 cm·1
; HRMS (FAB+) calcd for C32f4sN209Si1 

(mlz) 629.2894 found (m/z) 629.2896. 

OTBS 
MOMO { 0 

~~NC02Me 

Me02CMNJ 
I 

pMB 
78 

10 g 7 6 ' 3 1 

1H NMR, 300 MHz, 323 K, toluene-d6, filename: TCJIIITBS50C-6-9-02 
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OTBS 
MOMO { 0 

-~NC02Me 
Me02CMNY 

pMB 
78 

j t I 1 I I I 1 I i j I I I I j I I I I j I I I i I I I I I j I I I i j I I I I I I I I I j I 

10 9 8 7 6 5 , 3 2 

1H NMR, 300 MHz, CDC13, filename: TCJIIITBSS0C-6-9-02 
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(laS,8S,9aS)-Dime_thyl ester 8-[[[ (1,l-dimethylethyl)dimethylsilyl]oxy ]methyl]-
la,2,3,8,9 ,9a-hexahydro-7-(methoxymethoxy )-3-[ ( 4-methoxyphenyl)methyl]-8-oxo-
1H-azirino[2,3-c] [l]benzazocine-1,5-dicarboxylic acid. 

NC0
2

Me 

Me02CUNY 
Ma~Q NCO,Me 

Me02CUN_} 
I I 

pMB pMB 

69 79 

Alcohol 69 (10 mg, 19.2 µmol, 1.0 equiv.) was dissolved in 1 mL of CH2Cl2 and 

cooled to -78 °C over 20 min. Next, 62 µL of a premixed solution of 1: 1 TBSOTf (12 µL, 

54 µmol, 2.8 equiv.) and 2,6 lutidine (7.0 µL, 60 µmol, 3.1 equiv.) in CH2C'2 was added 

dropwise. The solution was allowed to warm to O °C and stirred at this temperature for 

1.5 h after which TLC analysis (2: 1 CH2Clz/Et2O) showed complete consumption of the 

starting material. The reaction was quenched with NaHCO3(aq) followed by dilution with 

CH2Cl2 and H2O and the layers were separated. The aqueous phase w~s extracted 3 X 

CH2C'2 and the combined organic layers washed 1 X H2O, 1 X brine, and dried over 

Na2SO4. Concentration and purification by PTLC (2: 1 CH2Ciz/Et2O) afforded 12 mg 

(96% yield) of product 79 as a clear colorless oil. 

1H NMR (300 MHz, CDC13) cS: -0.05 (s, 3 H), -0.11 (s, 3 H), 0.77 (s, 9 H), 2.54 (m, 1 H), 

2.99 (dd, J = 3.6 Hz, 12.5 Hz, 1 H), 3.07 (dd, J = 6.0 Hz, 12.5 Hz, 1 H), 3.10 (d, J = 7.0 

Hz, 1 H), 3.54 (s, 3 H), 3.63 (s, 3 H), 3.80 (s, 3 H), 3.81 (m, 1 H), 3.88 (d, J = 14.0 Hz, 1 

H), 3.93 (d, J = 14.0 Hz, 1 H), 3.96 (s, 3 H), 4.26 (dd, J = 5.5 Hz, 5.5 Hz, 1 H), 4.33 (dd, J 

= 5.5 Hz, 9.5 Hz, 1 H), 5.25 (d, J = 6.5 Hz, 1 H), 5.34 (d, J = 6.5 Hz, 1 H), 6.85 (d, J = 
8.5 Hz, 2 H), 7.11 (d, J = 8.5 Hz, 2 H), 7.72 (d, J = 1.2 Hz, 1 H), 7.80 (d, J = 1.2 Hz, 1 

H); 13C NMR (75 MHz, CDCh) cS: -5 .5, -5.3 , 25.9 (x3), 42.5, 46.0, 50.4, 52.4, 53.2, 53.7, 
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55.1, 56.6, 60.7, 62.8, 94.9, 98.3, 113.1, 113.9, 113.9, 119.8, 128.5, 130.2, 130.2, 131.4, 

132.7, 150.9, 156.1, 159.0, 162.7, 166.2, 196.0; IR (NaCl/neat) 2953, 1724, 1513 cm-1; 

HRMS (FAB+) calcd for C32RisN2O9Si1 (m/z) 629.2894 found (mlz) 

79 

10 9 6 5 ' 3 1 0 pp,a 

1H NMR, 300 MHz, CDCh, filename: TCJIII56 
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(laS,8S,9aS)-Dime!hyl ester 8-[[ 4-nitro-phenoxycarbonyloxy ]methyl]-la,2,3,8,9,9a-
hexahydro-7-(methoxymethoxy)-3-[ ( 4-methoxyphenyl)methyl]-8-oxo-1H-
azirino[2,3-c] [l]benzazocine-1,5-dicarboxylic acid. 

M0~~0 NCO
2
Me Me02CUN_) 

I 
PMB 
69 

A stock solution of p-nitrophenyl chloroformate (21 mg, 104 µmol, 4.1 equiv.) 

and 2,6 lutidine (12.5 µL, 107 µmol, 4.2 equiv.) was stirred in 800 µL of CH2Cli for 1.5 h 

at ambient temperature to give a light red solution. Next, 230 µL of the mixture was 

added to a solution of alcohol 69 (13mg, 25.3 µrnol, 1.0 equiv.) in 500 µL ofCH2Cli at 0 

~C and the reaction was stirred at this temperature for 18 h. Following the addition of sat. 

NaHCO3 (aq), the layers were partitioned, and the aqueous layer was extracted 3 X 

CH2C}i. The combined organic extracts were washed with 2 X sat. NaHCO3 (aq), 2 X 

H2O, 1 X brine, and dried over K2CO3. Purification by PTLC (1: 1 CH2Cli/Et2O) affords 

8 mg of carbonate 103 (47% yield) as a white solid. 

1H NMR (300 MHz, CDCl3) 2.68 (m, lH); 3.14 (d, J = 7.2 Hz, lH); 3.20 (m, 2H); 3.55 

(s, 3H); 3.66 (s, 3H); 3.78 (s, 3H); 3.90 (d, J = 12.8 Hz, lH); 3.98 (s, 3H); 4.07 (d, 12.8 , 

lH); 4.47 (d, J = 8.4, 10.5 Hz, lH); 4 .51 (m, lH); 4.74 (dd, J = 5.0, 10.51, 1 H); 4.34 (s, 

2H); 6.87 (d, J = 8.8 Hz, 2H); 7.12 (d, J = 8.8 Hz, 2H); 7.19 (d, J = 9.3 Hz, 2H); 7.78 (d, J 

= 1.3 Hz, lH); 7.87 (d, J = 1.3, lH); 8.22 (d, J = 9.3, 2H); IR (NaCl/neat) 2953, 1724, 

1513 cm·1; Mass Spec (ES+) 680 (M+H). 
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104 

Nitrophenyl carbonate 103 was dissolved in 1.5 ml CH2Ch and cooled to 0° C. 

Solid K2CO3 followed by 200 µL of H2O was added to the reaction with stirring. Freshly 

prepared DMDO solution (-20 °C) was added via a cold syringe (1.5 ml), and the reaction 

was allowed to come to ambient temperature over 5 hrs. Following addition of sat. 

NaHCO3(aq) and dilution with CH2Cl2, the reaction was separated. Extraction of the 

aqueous layer 2 X CH2Cl2 followed by 1 X brine wash and drying over Na2SO4 afforded 

a crude solid. Purification by PTLC (2: 1 CH2Cl2/Et2O) afforded ~2 mg of 4 as a white 

solid. 

Mass Spec (ES+) 437 (M+H, 25), 413 (M-24, 100) 

(MALDI-TOF) 475 (M+K), 459 (M+Na), 437 (M+H), 413 (M-24) 
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(laS,3R,8R,9R,9aS)-Dimethyl ester 8-([[(1,1 
dimethylethyl)dimethylsilyl]oxy] methyl]-1,la,2,8,9 ,9a-hexahydro-9-hydroxy-7-
(methoxymethoxy )-3,9-epoxy-3H-azirino[2,3-c] [1 ]benzazocine-1,5-dicarboxylic acid. 

OTBS 
MOMO ( 0 

-~NC02Me 
Me02C~Ny 

I 
pMB 

78 80 

Compound 78 (25 mg, 39.7 µmol, 1.0 equiv.) was dissolved in 2 rnL of CH2Clz 

and cooled to O °C over 20 min. Next, 2 rnL of sat. K2CO3caq) was added and the mixture 

was stirred for 5 min after which 3.5 rnL of a freshly prepared solution of DMDO at -20 

°C (0.8-0.9 M, determined by titration with PPh3 according to Murray et al. 46b) was added 

via a cold syringe. The resulting biphasic mixture was protected from light and allowed 

to slowly come to room temperature over 6.5 h with vigorous stirring. The reaction was 

poured into a separatory funnel and the layers were separated. Dilution of the aqueous 

layer with H2O was followed by extraction with 3 X CH2Cl2 . The combined organic 

extracts were washed 3 X sodium phosphate buffer (pH=6), 1 X brine and dried over 

N a2SO4 . Concentration afforded a crude yellow oil that was purified by P'TLC (2: 1 

CH2Clz/Et2O) to give 9.0 mg of hydroxylamine hemi-ketal 80 (43% yield) as a light 

yellow oil along with r~covery of 12 mg of unreacted ketone 78. 

[a]~=+ 8.0 (c=0.48, CHCh) 1H NMR (400 MHz, CDC13) 8 CHC13: 0.16 (s, 3 H), 0.21 

(s, 3 H), 0.97 (s, 9 H), 2.76 (dd, J = 2.0 Hz, 6.0 Hz, 1 H), 3.21 (d, J = 6.0 Hz, 1 H), 3.48 

(s, 3 H), 3.47 - 3.51 (m, 1 H), 3.58 (s, 3 H), 3.68 (d, J = 14.0 Hz, 1 H), 3.89 (s, 3 H), 3.93 

(dd, J = 2.0 Hz, 14.0 Hz, 1 H), 4.00 (dd, J = 10.4, J = 10.4, 1 H), 4.11 (dd, J = 4.0 Hz, 

10.4 Hz, 1 H), 5.24 (1/2 ABq, J = 6.0 Hz, 1 H), 5.34 (1/2 ABq, J = 6.0 Hz, 1 H), 7.12 (d, 
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J = 1.2 Hz, 1 H), 7.';,6 (d, J = 1.6 Hz, 1 H), 7.84 (s, 1 H); 13C NMR (100 MHz, CDCh) 8: 

-5.63, -5.41, 25.7 (x3), 29.7, 32.7, 40.6, 44.1, 52.2, 52.4, 53.5, 56.2, 63.3, 93.4, 94.0, 

108.8, 113.3, 119.3, 129.8, 149.3, 153.9, 161.8, 166.5; IR (NaCl/neat) 3339, 2926, 1726, 

525.2261. 

80 

10 , 7 5 ' 3 1 0 ppm 

1H NMR, 400 MHz, CDC13, filename: TCJIII295 
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(laS,3R,8R,9R,9aS)-Dimethyl ester 1,la,2,8,9,9a-hexahydro-9-hydroxy-8-
(hydroxymethyl)-7-(methoxymethoxy )-3,9-epoxy-3H-azirino[2,3-c] [1] benzazocine-
1,5-dicarboxylic acid. 

80 

MqOMO ('OH 
'-::: 

Meo2c NC02Me 

60 

Compound 80 (7 mg, 13 .3 µmol, 1.0 equiv.) was dissolved in 500 µL of_THF and 

cooled to 0 °C over 20 min. To the resulting solution was added 1 M TBAF in THF (23 

µL, 23 .0 µmol. 1.7 equiv.) and the solution was stirred for 1 h after which TLC analysis 

(20: 1 CH2Cli/MeOH) revealed complete consumption of the starting material. The 

reaction was quenched with sat. Nl4Cl(aq), stirred vigorously for 10 min., and diluted 

with EtOAc and H2O. The layers were partitioned and the aqueous layer was extracted 

with 3 X CH2C!i. The combined organic layers were washed 1 X brine and dried over 

Na2SO4• Purification by PTLC (20: 1 CH2Cl2/MeOH) afforded 5 mg (92% yield) of 

alcohol 60 as a colorless oil. 

[a]~ =+ 10.5 (c = 0.40, CHC13) 1H NMR (300 MHz, CDC13) 8 CHC!J: 2.55 (s, br, 1 H) , 

2.78 (dd, J = 2.1 Hz, 6.9 Hz, 1 H) , 3.22 (d, J = 6.9, Hz, 1 H), 3.48 (s , 3 H), 3.55 (m, 1 H) , 

3.58 (s, 3 H) , 3.68 (d, J = 15.0 Hz, 1 H), 3.89 (s, 3 H), 3.94 (d, J = 2.1 Hz, 15.0 Hz), 4.03 

(dd, J = 12.0 Hz, 12.0 Hz, 1 H), 4 .17, (dd, J = 3.0 Hz, 12.0 Hz, 1 H), 5.25 (1/2 ABq, J = 
6.0, 1 H), 5.35 (1/2 ABq, J = 6.0, 1 H), 6.95 (s , br, 1 H), 7.13 (d, J = 1.5 Hz, 1 H), 7.37 

(d, J = 1.5 Hz, 1 H); 13C NMR (100 MHz, CDC13) 8: 29.7 , 32.7, 40.8, 43.9, 52.2, 53.6, 

56.2, 62.8 , 93.4, 94.0, 109.0, 113.2, 119.4, 129.9, 149.1 , 153.9, 161.7, 166.4; IR 
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(NaCl/neat) 3331, ~924, 1717, 1684 cm-1; HRMS (FAB+) calcd for C1sH22N209 (mlz) 

410.1325 found (m/z) 410.1314. 

60 

10 g 8 7 6 5 ' 3 1 0 ppm 

1H NMR, 300 MHz, CDC13, filename : TCJIII303II 
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(laS,3R,8R,9R,9aS)-Dimethyl ester 8-[[ (aminocarbonyl)oxy ]methyl]-1,la,2,8,9,9a-
hexahydro-9-hydioxy-7-(methoxymethoxy )-3,9-epoxy-3H-azirino[2,3-
c] [l]benzazocine-1,5-dicarboxylic acid. 

60 105 

To a solution of alcohol 60 (6.5 mg, 15.8 µmol, 1.0 equiv.) in 600 µL CH2Cli at 0 

~C was added trichloroacetyl isocyanate (5 µL, 42 .0 µmol, 2.7 equiv.). The reaction was 

stirred 5 min and quenched with the addition of 5 drops of MeOH. The reaction was 

concentrated in vacou and the crude intermediate was dissolved in 3 mL of MeOH. Silica 

gel was added to give a slurry and the mixture was stirred for 8 h at ambient temperature. 

The reaction was filtered with 10: 1 CH2Cli/MeOH and concentrated. Purification of the 

crude mixture by PTLC (20: 1 CH2Cl2/MeOH) furnished 6.2 mg (86% yield) of 

carbamate 105 as a white amorphous solid. 

[a]~ = -29.7 (c=0.70, CHCl3) 
1H NMR (300 MHz, CDCh) 8 CHCh: 2.77 (dd, J = 2.0 Hz, 

6.5 Hz, 1 H), 3.19 (d, J = 6.5 , Hz, 1 H), 3.33 (d, J = 3.5 Hz, 1 H), 3.48 (s , 3 H), 3.57 (s, 3 

H), 3.71 (d, J = 6.5 Hz, 1 H), 3.86 (m, 1 H) , 3.90 (s, 3 H), 4 .59 (dd, J = 4.0 Hz, 12.5 Hz, 1 

H), 4.78 (s, br, 2 H), 5.09 (d, J = 12.5 Hz, 1 H), 5.29 (d, J = 6.5 Hz, 1 H), 5.35 (d, J = 6.5 

Hz, 1 H) , 6.92 (s, br, 1 H), 7.15 (d, J = 1.5 Hz, 1 H), 7.41 (d, J = 1.5 Hz, 1 H); 13C NMR 

(100 MHz, CDCh) 8: 32.4, 41.5 , 43 .2, 52.1 , 53.6, 56.2, 61.3 , 92.1, 93 .9, 109.0, 113.4, 
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120.3, 129.8, 149.7, 153.8, 158,6, 161.7, 166.5; IR (NaCl/neat) 3359, 2954, 1722, 1584 

cm-1
; HRMS (FAB+) calcd for C18H23N3O9 (mlz) 453.1383 found (mlz) 453.1314. 

10 9 8 7 5 ' 3 1 0 ppm 

1H NMR, 300 MHz, CDC'3, filename: TCJIII320IV 
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(laS,3R,8R,9R,9a~)- dimethyl ester 8-[[(aminocarbonyl)oxy ]methyl]-1,la,2,8,9,9a-
hexahydro-7,9-dihydroxy-3,9-epoxy-3H-azirino[2,3-c] [l]benzazocine-1,5-
dicarboxylic acid. 

0 
jl_ 

0 ...,,o NH2 
H = 

. Meo
2
c NC02Me 

105 61 

Compound 105 (8.5 mg, 18.8 µmol, 1.0 equiv.) was dissolved in 600 µL of 

CH2Cl2 and cooled to -45 °C over 20 min. TMSBr (15 µL, 114 µmol, 6.0 equiv.) was 

added dropwise and the solution was stirred 1.5 h while maintaining a reaction 

temperature between -45 and -40 °C. An additional portion of TMSBr (15 µL, 114 µmol, 

6.0 equiv.) was added and the reaction was continued for 2 h. The reaction was quenched 

with NaHCO3caq) and allowed to come to ambient temperature. The mixture was diluted 

with CH2C'2 and the layers were separated. Sat. ~Clcaq) was added to the aqueous 

portion until a pH < 9 was obtained and the resulting solution was extracted 1 X CH2Cl2 

and 3 X THF. The combined organic layers were washed 1 X brine, dried over Na2SO4, 

and concentrated. Purification by PTLC (10: 1 CH2Cli/MeOH) afforded 4.6 mg (60% 

yield) of phenol 61 as a white solid. 

[a]~ =+10.5 (c=0.42, CHCh) 1H NMR (300 MHz, CDCh) 8 CHCIJ: 2.77 (dd, J = 2.0 Hz, 

6.5 Hz, 1 H) , 3.20 (d, J = 6.5 Hz, 1 H), 3.39 (d, J = 5.5 Hz, 1 H), 3.60 (s, 3 H), 3.69 (d, J 

= 14.5 Hz, 1 H), 3.87 (m, 1 H), 3.89 (s, 3 H), 4.50 (dd, J = 5.5 Hz, 13.0 Hz, 1 H), 4.79 (d, 

J = 13.0 Hz, 1 H) , 4.7 - 4.9 (s, br, 2 H), 5.79 (s, br, 1 H), 6.74 (s, br, 1 H), 7.03 (d, J = 2.0 
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Hz, 1 H), 7.19 (d,_J = 2.0 Hz, 1 H); 13C NMR (100 MHz, CDCh) B: 32.6, 41.0, 43.2, 

52.2, 53.9, 62.2, 92.4, 111.4, 111.6, 117.5, 129.6, 149.1, 154.1, 158.8, 162.0, 166.9; IR 

(NaCl/neat) 3363, 2917, 2849, 1701, 1539 cm·'; HR.MS (FAB+) calcd for C16H23N30s 

(m/z) 410.1199 found (mlz) 410.1199. 

0 
JL 

M,Q,C~:::,M, 
61 

10 6 ' 1 0 ppm 

1H NMR, 300 MHz, CDCh, filename: TCJIII345 
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0 0 
JL 

M,o,c~:~:,M, 
JL 

~HNH, 

~N~NH 

61 OH 

2. (+)-FR66979 

To a solution of compound 61 (4.0 mg, 9.8 µmol, 1.0 equiv.) in 400 µL THF were 

added a 2 M LiB~ solution in THF (30 µL, 60 µmol, 6.1 equiv.) and dry MeOH (2.4 µL, 

59 µmol, 6.0 equiv.). The reaction was stirred at ambient temperature and following 1 h 

an identical aliquot of LiB~ solution and MeOH were added. The additions were 

continued with two more aliquots every hour followed by two additional portions every 

three hours for a total of nine hours. Following the additions, the reaction was continued 

for nine more hours . The reaction was quenched with sat. ~Clcaq) and stirred for 30 

min. The THF was concentrated off under reduced pressure and the remaining aqueous 

mixture was passed through a C8 Sep Pak (Waters) pre-washed with 1 X MeOH, 3 X 

H20. The Sep Pak was washed 3 X H20 and the product was eluded off with MeOH. 

Next, 10% Pd/C (-15 mg) was added to the MeOH filtrate and the mixture was stirred for 

12 hrs. Filtration through a celite pad with hot MeOH and concentration gave crude 

FR66979 which was purified by PTLC (9:4 CH2Clz/MeOH, eluted off plate with 2.5:1 

CH2Clz/MeOH) to furnish 2.7 mg of (+)-FR66979 as a white solid. 
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[a]~=+ 9.4 (c = 0._16, H2O) 1H NMR (400 MHz, CD3OD) 8 CD3OH: 2.45 - 2.80 (br, 2 

H), 3.66 (br, 2 H), 3.69 (m, 1 H), 4.47 (s, 2 H), 4.68 (d, J = 11.2 Hz, 1 H), 5.06 (dd, J = 

6.4 Hz, 11.2 Hz, 1 H), 6.34 (s, 1 H), 6.51 (s, 1 H), 8.57 (br, 1 H); IR (NaCl/neat) 3302, 

2924, 1709, 1587 cm·1; MS (ES)(% Total ion count) 346 (M+Na, 38), 324 (M+H, 40). 
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0 
JL 

~NH2 

~N~NH 
OH 

2. (+)-FR66979 

Full synthetic 

10 9 

0 
JL 

~HNH2 

~N~NH 
OH 

2. (+)-FR66979 

semi-synthetic 

10 9 8 

7 6 ' 3 2 1 0 ppm 

7 6 5 ' 3 1 0 ppm 
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0 
.Jl 

~HNH, 

~N~NH 
OH 

0 
.Jl 

~HNH, 

H~N~NH 
0 

2. ( + )-FR66979 1. (+)-FR900482 

Oxalyl chloride (10.4 uL, 119.2 umol, 4.5 eq.) was added to 417 uL of THF in a 5 

mL flask cooled to -78 °C. Following the addition, 122 uL of a stock solution consisting 

of 190 uL of DMSO in 1.2 mL of THF was added dropwise and the resulting solution 

was warmed to -35 °C for approximately 3 min. and then cooled back to -78 °C. A 

solution of FR66979 (2) (8.5 mg, 26.3 umol, 1.0 eq.) in 418 uL of a 4: 1 solution of 

DMSOffHF was added dropwise and the solution was allowed to warm to -35 °C for 15 

min. Next, Et3N (48 uL, 344.4 rnmol, 13.1 eq.) was added and the reaction was stirred at 

0 °C for 20 min. before being quenched by the addition of brine. Following dilution with 

THF, the reaction was stirred vigorously and separated. The aqueous layer was extracted 

3 x THF and the combined organic layers were washed 1 x brine, dried over Na2SO4, and 

concentrated. After drying under vacuum 24 hrs. , the crude material was purified by 

PTLC using 9:4 CH2Cli/MeOH to give 2.5 mg of FR900482 (1) in 30% yield along with 

60% recovered FR66979 (2). 
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Appendix 1 

Crystal Structure of Compound 45 
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010 

ORTEP of compound 45 
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-r.1)1• l.. Cryatal data and structure reUneaent for 1, 

Identification coda 

IZ:apirieal foraula 

Cryata1 •y•t•• 

space q.roup 

voluae, z 

Den.alty (calculated) 

Abeorptlan coet!lciant 

P (000) 

Cryatal • ise 

e ranqe tor' data ccllecti011 

Lialtinq indicea 

Reflection• collected 

Xndependant ire!lection• 

.Ahaorpticn cox-recticn 

Dau/ ra,traint• / ~uuetera 

Goodneaa-of-fit on r2 

Pinal 1t indice11 [t,.2q (I) l 

R indic•• (all data) 

extinction coefficient 

c:2a8:n113°14 

,33 .s, 
170(2) It 

0.11013 A. 

Ortborboabic 

1>2121. 21 

• - 10.1~,12> A .i~u. 90° 
b • 15.469(2) A ~•t• • 90° 
C • 18.085(3) A V--- • ,o0 

jo2i.i(li) A1 , , 

1.3!10 tt,g/a
3 

0.113, --
1 

1328 

0 . 20 x O •. 20 x O. 36 -• clear oolorlee• cubes 

1,73 to :is.31° 

-14 sh• 1,, -20 • k • 12, -23 • l • 23 

197'5 

7271 {Rint • 0.11!11) 

SADADS 
2 

Pull-aat.ri.x laaat-1quare• on P 

7271 / 0 / 107 

1.019 

kl• 0.1120, wtU • 0.2059 

kl• 0.2089, ...tt2 • 0.2597 

0. 001.5 (11) 

0.31~ and -o.2u .,i.-3 

COIIDllent:hig-.hly ·-••ic q,ality of X'l'LS reit,,lted ill aigl\er R Y&lue•. 
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T-.ble .2, Ataaic coordinatu ( x 10'1 and equivaleiat botropic 

dilpl•c.-.z1t p•na.tu-e [A2 x 103] f<tt .1. tJ(eq) is defined as 

one third of tba trace of th• orthogocaliu.i1 u1j tlineor. 

lt y • U(eq) 

C(l) 7987 (5l 8722 (4) B092(3) 24(1) 
C(2) B576 (6) 8341 (-l) 7'89(-l) 31(2) 
C(l) B26"(7) 8620(4) 6782(4) 33 (2) 
C(4) 7387 (6) 9264(4) 667'(4) 32 (2) 
C(S) 6846 (6) '60 (-l) 7277 (4) 30 (2) 
C(ti) 7152 (6) "OS (41 8004 (4) 25 (2) 
C(7) U18 (6l ,~,. (4) 807(3) 2'(1) 
C(9) 66.10(6) '500(4) 94001:H 25(2) 
C(9) 5783 (6) 8740 (4) 9531131 .171.11 
C(10) 61'71') 793'(&) 9340131 2512) 
C(U) HIIPl'I 7~05 (4) UU(4) 21 (2) 
C(12) 117'4 (8) ll.87 IS) U15(C) 39 121 
C(13) 728H7l 10799 (4) 8666(41 3'1.11 
C(14) 10U0(10) 7363 (7) 5594151 7' (3) 
C(lS) S:U0(8l 10337 (6) '531(4) 0(.1) 
C(lti) 3761 C,) '339 (7) 692815) 67131 
C(17) 3U4(7) 80113 (5) 8'45(4) 33 (2) 
C(1.B) 2511 (7) ?0!ll(ti) 8547 (S) 53 (2) 
C(l9) 90U 16) 9613 (() 9296(3) 22 (1) 
e(~O} 10'1:nts> 9563 (5) 908 (I) 30(:2) 
C(21) 1106161 101.59 (t) 9011(3) 26 (2) 
C(.2.2) 11118 161 10.380 (4) a;,199141 28 (2) 
C(.23) 11782(6) lO!H3 (&) 7817(4) 29 (2) 
C(2&) 1:ao& l&l U.287(4) 8103 (4) 27 (2) 
C(.25) 1.3317 (6l 11066(() 9796 (() 31(2) 
C(.26) l.262216) 10503 (4) 923'(3) 27 (2) 
C(.27) l0U0Ctil 10735 (6) 6939(() 44(2) 
CWI) lUOl'I 12352(5) 7931141 39 12) 
WU) 915015) 835314) 88Ul31 2711) 
)1(.2) 5255(5) 8319(() 8889 Ill 28 ll) 
11'(3) 13166 (5) 10211 (4) us, (3) 33 (1) 
0(1) 8283(6) 8192 (4) 5525(3) 54 (2) 
0(2) 99H (5) 7798(4) 6:142(3) 57 (2) 
0(3) 596'(5) 10295 (3) na121 -l:Z (1) 
0(·O 4752(5) 9563 (4) 630 (3) 50 (2) 
0(5) 6598151 lU,5013) 903213) Ull) 
O(ti) 7172 l4l 981!1 (3) UlS (2) 34 (1) 
0(7) 3227 (4) 8-4.U (3) t210 (3) 45 11) 
0(8) 3780 l4l 1387(3) 8537(3) 40 (1) 
O(J) 9211(4) 8306 (3) H01(3) 34 (1) 
0(10) 9732 (4l 9255 (3) 9001(2) 30 (1) 
0(11) 11Hll'l lll.4813) 7U8(21 36 (l) 
0(12) l:U76(4) 11945 (3) 7636(2) 34 (1) 
0(13) 14258 (4) 10446 (-l) 10065(3) 43 (1) 
0(14) 1251S (5) 99103 (4) 10407 (3) 45 (1) 
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Table 3. 8ond l-;tl>a [)J atld a.n;lH [OJ for l, 

C<l)-('loS) l , ')~9(!1) t;' ,, ) • I;' ( :J) 1.,,,1,1 
C(l.)-•CU 1.07(8) C (2) •C(l) 1.390(9) 
C(3l-CIO 1.39 0 (10) C (3) •C(U) 1.0t(lO) 
C(4)-C(5) 1.374(9) C (S) -0(3) 1.383 (8) 
CISI-CIO 1.t08 (9) C (6) ·C(7) 1.521 (9) 
C (7) ·C(l..3) 1,522 (9) C(7) •C(I) 1.535 (9) 
CC81-0(0 1,212(71 C (8) ·C(!) 1.503 (9) 
C (91 ·ll(2) l.'49(8) C(9)·C(10) 1.502(9) 
C (10) -ll(:I) 1.'85(8) C (10) -C(U) 1.501(9) 
C (lll ·ll(l) 1.,s, <•> C (121 ·0(1) 1.202 (9) 
C (12) -0(:1) 1.322 (9 I C (13) •0(5) 1.416(8) 
C(U)-0(:1) l.473 (10) C (15) ·0(4) 1.381 (10) 
C (l~) ·QUI 1.427(9) C (16J •0(4) 1.423 (10) 
C (17) • 0(7) 1.196 (8) C(17) ·O(8) 1.338 (9) 
C ll71 -ll(:I) 1.f12{9) C (181 •0(8) 1.448 (8) 
C(l9) ·0(9) 1.206 (7) C(UI •0(10) 1.351 (7) 
C(l9) -ll(l) 1.362 (8) C (201 •0(10) 1.456 (7) 
C(20I · C(U) 1.505(91 0(:111 -C(2&) 1,1U1(9) 
C (21) ·C(:ll) 1.395 (9) C(221 •C(23) 1.383 (9) 
C(23) •0(11) 1.351 (7) C (23) ·C (24) 1.413 (9) 
C(24) ·0(1:1) 1.356 (8) C{:H) ·C(25) 1.374 (9) 
C 1:15) ·C (26) 1.399(9) C (261 ·11(3) 1.469 (8) 
Cl:17) ·0(11) 1.f18 (8) C(281 ·0{12) 1.434 (8) 
H (3) ·O {U) 1.222(7) lf(3) ·0(13) 1.229(7) 

C(6) •C(l) ·C(2} 121.7(6) C (6) ·C (1) •Jr (1) 118.8(5) 
C (:I) ·C (lJ •!l 11) 119 .2(6) C(3) ·C(2) ·C(l) 119.S(G) 
C(l) •C(3) •C(t} 121.2 (6) C(2) ·C(3l ·C(l2) 120.6(7) 
C(4) •C(3) •C(12) 118.0(6) C (5) ·C{4) ·C (3) 11J .4(6) 
C(4) •C(S) •0(3) 122.7(6) C It) •C (5) ·C (ti) 1.21. 7 (6) 
013) -c (5) -c (6) ll5.7(6) C(l) •C{&) ·C(S) 117.&(6) 
C (1) -C (Ii) -C (7} 124.5(6) C(5l ·C(&l ·C(7) 117.!il (6) 
Cl6) ·C(7) ·C(13) l08.li(S) C (Ii) ·C (7) •C (8) 116.1(_5) 
C(ll) ·C(7) •Ctal 110.7(5) 0 (6) •C (8) •C (!) 119 .6 (6) 
0(6l-C(81 ·C(7) l20,9(6) C(9) •C(I) •C(7) ll8.9 (S) 
)I 12) ·C (9) ·C 18) ll7.6(5) H(:l) ·C(9) •C(lO) 60.4(4) 
CIB) ·C(9) ·C(lO) l:Zl.8(5) lf(2) ·C(10) ·C(9) 58.0 (4) 
H(2) •C(10) ·C(ll) 11'.1.S (S) C(9)·C(l0)·C(ll) 123.8(5) 
R(l) ·C(ll) •C(lOI 113.9(61 0111 ·CU2) •0(2) 123 .7 (7) 
0(1) ·C(12) ·C(3) 122 .s (7) 0(2) ·C(12) ·C(J) 11.3.8(6) 
0 (5) ·C (13) ·C (7) 113.1(6) 0 (4) ·C(lS) ·O (3) 112.6 (6) 
0(7) ·C(17) ·0(8) 125.5(7) 0 (7) ·C(17) ·• (2) 125.l (71 
Ol81·C(17l·W121 109.3 (61 0191 ·C(Ul •OllOI 1.24.416) 
0(9) •C(l..9) •Jr(l) 1:il4.7(6) 0(lOl·C(l9) •B(l) 110.8 (5) 
OllOl·C(201•Cl211 106.l(S) C (261 •C (21) •C (22) 115.7(6) 
Cl261·C(2ll•Cl20) 123.9(6) C(22l•C(21)•C(20) 120.3 (Ii) 
C(23)•C(22)•C(ll) 123. 0 (6) 0(11)•C(23) ·C(22) 1.24.8(6) 
O(ll)·C(:ll)·C(l4) 115 .6 (6) C{:12l·C(23) ·C(24) 119. 6(61 
0(12)·C(24)·C(25) 125.5(6) 0(121 •CU4) •C(23) 115.8 (61 
C(2S)·C(34)·C(23) 118.7(6) C(24) •C(25) •C(26) 1.20.0 (6) 
C(2l)·C(36)·C(2S) 122.9(6) C (21) ·C (26) •JI (3) lll.1(6) 
C 1251 •C(36) •Nf3l 116.0(6) C(l!JI •lf(l) •C(1) l:ll.t(SI 
C(19) ·Jr(1) ·C(ll) 118.3(5) C (1) •Jf(l) •C (11) 118.0(5) 
C(17l ·lll(;il) ·C(91 115,9(5) C(l71 ·li(.2) ·C(lO) 118 . 6 (Sl 
C(ll) •X(2) •C(lO) 61.6(4) 0(141 •)1'(31 ·0(ll) 123 .1 (6) 
0(1') •Jr(l) •C(26) 118 .4 (5) 01131·N(3l·C(26) 118 .s (6) 
C:(12) •0(2) ·C(l4) 115.2(7) C 15) ·0(31 ·C(15) 116 .6 (5) 
C(15l•0!4)•C(16) 113.3(7) C(17)•0(8)•C(ll) 114.5 (6) 
C(l9)·0(10)·C(l0) U.4.3 (5) C(llJ•O(ll)•C(:17) 117.6(5) 
C(24) •0(12)•C(28) 117 .2 (5) 

symaetry t:;an•fonaatic;m• u••d to g~•r•t• •quivalant at0a11: 
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Table 4 . Anisotropic displaceaent paraaoters [A2 x 103] for l, 
Tb• aitlaotropic c!isplae-t factor axpa:c.ant: t:ak•• tu farm, 

l • l • • -2• [ (ha l ull • ••• • 2hka bull] 

Ull U22 Ull t12l Ul3 

N(l) 21121 26 (2) 29 Ill H2) •2 12) 
0(1) 2412) 24,(21 34121 '(11 •2 Ill 
0(2) 3'I Ill 25 (21 3312) ,111 4(1) 
0(3) 22 (2) 35 (2) 4512) ·2 (2) -1111 
0(4) Hill 65 {2) ll{ll •l Ill 15 (1) 
C(l.) H(l) 35 (3) l!J(ll 5(ll -10(:Z ) 
C(21 23 (l) l7{2) H{l) -l (.2) -4(2) 
Cl31 24(2) :U{l) ll{l) -1(.2) -2(.:Z} 
cm 2512) 21{2) 2112) -lU) -2 (2} 
CISI JS(ll !H{.:11 22 {ll -l(ll 4 (2} 
C lfil 28{2) 2l (2) 35(21 5 (2) l (21 
C!7l 24(2) ao 121 2212) 1 Ul l (2) 
C{S) 2~(2) 2l (2) 21(21 -3 (2) -l (l} 
C(91 JJll) l5(ll ll (2) -2 (ll 4 (2) 
CUO) 4S(ll 19(21 46 Ill l (l) S (21 
C(ll) U(l) ll(l) 46 Ill 2(ll a 111 
C(l2) 31(31 3!il{3) 4113) -412) 1:2 12 I 
C(ll} 33 (3) 29{21 36121 O(ll 1(21 
C(l4} 22(2) 3'(2) 23 12) 2UI -15 (2) 
C(l5) 3"113) '2(3) 215121 1(2) -4 (2) 
C(l6} 53 (3) 32 (3) 32 Ill l(2) ·9 C:ill 
C(17} 4.20) 37 (3) 3'131 •7 (ll -15 (2} 
C(l.8} 35{3) 46131 27121 ·l Ul -4 (2) 
C(U) 30 (2) 31(l} 28 121 !i (ll •l [l) 
C(20) :ZS 121 :27(:2} 29 Ill l{l) -3 (l) 
C(H) 30 {31 66(6) 39 (31 5 Cll H(:Z) 
r. (:I :I) 77 (4) 70 C.l 38 Ill 013) :H(J) 

202 

1112 

·• (2) 
0(1) 

.3 (11 
-4 (l.) 
l(l) 

•3(:Zl 
-1(2) 
-1 (:Z) 
lUl 
2(21 

-1(2) 
•2 {2) 
-4 (2) 
-1 (2) 
-3(2) 

-10 (21 
-4 (2) 

O(:Zl 
S(l) 

-l.l (l) 
-l.l (:Z} 

0 (2} 
l. (2} 

-3 (2) 
7 (2) 

-8(3} 
l.2Ul 



Tabl• 5. Kyd.E-~9'1 coo.d1~tH x 10
4 1 and 1 •ouop1c 

cli1plac-..nt pa~-•t•~• (A2 x 10
3 1 to~ 1. 

X y • 11(eq) 

H(2Al '175Ul 7,.01 (4) 755'(4) 37 
H(U) 7U4(1i) U.31i(4) ,111 (4) 3' 
H(U) 573'(1i) 10051 (4) ISOt (l) 3.1 
H(9A) 5219 (Ii) '7!13(4) 99'7(3) 32 
H(l.0.1.) 5101 (Ii) 73-76 (4) 9664(3) 30 
D(l.ll) 7852(5) 7247(4) '372(4) 33 
JI (llll) 1,um 73:U(4) UU(tl ;n 
H(13A) 8015(7) 10721(4) 11!124 (4) '3 
B(13B) 74'5(7) 109 91 (4) 8155(4) 43 
B(1U) 111U (10) 70i94(7) 5737 (S) 111 
B(1'B) 105'1(10) 77'93(7) 5206 (5) 111 
JI (UC) ,HG (10) GU9 (7) 540G (.!i) 111 
K(l5.A) 4670 (II) 10793 (6) 6566(4) 59 
B(lSl!II 58H (II) 10503 (6) 6132(4) 59 
B(lUl 3404 (9) 8786(7) 5671(5) 101 
B(l6B) 3125 (9) 9789 (7) 6808 (S) 101 
H(UC) 4070(9) 92:8'(7) 733' (5) 101 
B(lBAl 2'31 (7) 6577 (6) 8231 (SJ 79 
ll (18D) 1971 (7) 1s,9 Col 8358(5) 79 
K(lBC) 2272 (7) 69 '8 (6) 9055(5) 79 
11(20,.) 1122.4(6) 90-73. (S) 9U0(4) 36 
H(20B) 10378 (6) 9fl:77 (5) 9908 (4) 36 
H(22A) 10370 (6) 101.U (fo) 8115 (4) 33 
ll (25.1.) U072 (6) 112.96(') 8978 14) 37 
ll(27Al 10282 (6) 109 H (o) u:n1,1 " H(27B) '681 (6) 108 69 (6) 7139 (4) " ll (27C) 1054:.1(6) 101.09 (6) 6832 ,,, u 
K(2BAl 14806 (6) 1.2725 (5) 750(4) 57 
11(289) 151].916) 1196715) 8115 (4) 57 
ll(28C) 14160 (6) 1:1710 (SJ IJ:U(4) 57 
ll(SA) 6453(5) 11294(3) H61(3) li:.J 

203 



Appendix 2 

Publications 

1. Synthesis of the First Photo-Triggered Pro-mitosene Based on FR-900482, 
Williams, R. M.; Rollins, S. B.; Judd, T. C., Tetrahedron (2000), 56, 521. 

2. Synthesis and DNA Cross-Linking of a Phototriggered FR900482 Mitosene 
Progenitor, Judd, T. C. ; Williams, R. M ., Org. Lett. (2002), 4, 3711. 

3. Concise Enantioselective Synthesis of ( + )-FR66979 and ( + )-FR900482: 
Dimethyldioxirane-Mediated Construction of the Hydroxylamine Hemiketal, Judd, 
T. C.; Williams, R. M., Angew. Chem. Int. Ed. (2002), 41, 4683. 

204 



E) TETRAHEDRON 

Per£amon Tetr.ihedron 56 (2000) 521-532 

Synthesis of the First Photo-Triggered Pro-mitosene 
Based on FR-900482 
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Abstract-A stereocontrolled synthesis of an eight-membered ring precursor to a photo-triggered mitosene is described. 10 2_000 Elsevier 
Science Ltd. All right~ reserved . 

Introduction 

FR-900482 (I). and FR-66979 (2) are anti-tumor antibiotics 
that were ~btained from the fermentation harvest of 
S1rep10111yces samlae11.fis No. 6897 at the Fujisawa Pharma-
ceutical Co. in fap:m. 1- 3 The triacelale derivative FK-973 
(3)4 and the recently disclosed drug candidate FK-317 (4).5 

both semi-syntheticnlly derived from FR-900482. hnve 
shown hi~hly promising anli-tumor ac tivity in hum:111 
clinical trinls. FK-317. now in ph .. 1se II clinical trials holds 
consider:tble promise to replace the structurally related and 
widely us.!d anti-tumor drug mil mycin C (MMC. 6).2 In 
in itial phase I clinical trials. patients tre;ited with FK-973 
exhibited vnscular leak synclron~ and this subst:.u1ce was 
subsequently withdrawn from clinical developm.:nt. 
FK-317. on the other hand. was found not to induce vascular 
1,-ak synJromc in patients and recently passed phase I 
clinical trials.5 

I . '"·90048:Z, A• CHO 
2. FR-.t8978, R • CH!()f-1 

J, FK,973, A,•",• fl, •Ac .. _•C (MMC) 
4, ,K-3t7, R1 ••Ra• Ra •IC 
l , n:l-7'G481. R1 • U.. Pit •OH. RsaAc 

Pr<!vious r.:porls from the Fujisnwa group have shown that 
FK-973 forms DNA- DNA int..:rstrand cross-links anJ 
DN . .\ - prot..:in cross links in LI 210 cells.6 Similarly. FK-
317 was shown to lead lo the fornmtion of DNA- DNA 
and DNA- protdn cross-links in human non-small eel I 
lung cancer cdls (A549) and human colon cancer cells 

Key,.-orth: mitosrne ; photochemical tri!ll!er; az.i.ridine: FR-9004112 ; anti-
tumor antibiotic. 
• Correspondill8 .ubor. fa.~: + 1-970-491-5610; 
o-mail: rmw@chem.co1ostatudu 

(SW-480 and S\V-620) but requires deacetylation in virn 
and in \'itro to FR-70496 (5). for the expression of bio-
chemical and crtotoxic activity.5 In contrast to mitomyc in 
C'. FK-973 and FK-317 do not cause oxidative single strand 
scission of DNA .6- 9 The Fujisawa drugs have been shown to 
be a signific;.uitly less host toxic than mitomycin C and are 
approximately three-fold more potent. In addition. FK-317 
has recently been shown to be more C)1otoxic than 
adriarnycin and cfs-platin. drugs that are frequently used 
in the clinic. 

It is well established thnt MMC is reductivelr activated to 
pro\·id..: an dcctrophilic mitosene via the in -;itu bio-
reductive fonnation of n semi-quinone radical anion.9 

Non-specific oxidntive damage to DN.-\ and other cellular 
macromolecuh:s rncdiatt-d by MMC is a m:inifestation of 
superoxide production resulting from the reduction of 
molecular oxygen by the semi-quinone radical anion inter-
mediate-;: subsequent l·laber-Wei-;s/ fenton cycling 
produces hydroxyl radical and relakd highly reactiw and 
diffusable oxidnnts capable of causing non-sdective tissue 
damage. 10 The relatively low host toxicity of FK-<l73 and 
FK-317 in clinical trials relative to MMC may be correlated 
to the incap..,city of these ngcnts to cause indiscriminate 
oxidative damage to DNA and other heal thy cellulartargets. 
Since FK-973 and MMC both share the abilitv to cross-link 
DNA. it is very clear thnt the lack of oxidaiion chemistry 
inherent in FK-973 has not at all cornpromiS<.-d its efficacy a., 
an anti-tumor drug rdatiw to 1\-11\ilC. 

It ha$ b.:en demonstrated that FR-900482 (and by analogy. 
FR-66979, FK-973 and FK-317) undergo r~ductive acti-
vation in vitro to fom1 the reactive mitosene derivative 9 
(Scheme I) which preferentially cross-links duplex DNA at 
5'CpG3' steps.7,M The mechanism of reductive activation 
i1wolves thc thiol-mediated two-electron reduction of the 
N- O bond 11 in the presence of trace fe(II) salts80 gen~rating 
the transient ketone 7 which rapidly cyclize:; to the 

0040-4020/0(l/S. see front matter O 2000 Else\'ier Science Ltd. All rights reserved 
Pll : S0040-4020(99 )0t 046-7 
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_,&g:~ 
2 e•, 2H+ lt H 7 

1 , FR-900482, R • CHO 
2. FR-86979, R • Cli,zOH 

UONH2 

Scb~m~ I. 

R.v...oNH 

I 

carbinolamines 8. Expulsion of water has been inferred as 
the rate-determining step e11ro111e to the electrophilic mito-
sene.8d 

It can thus be seen that MMC. FR-900482 and congeners an: 
actually naturally occurring clever 'pro-drugs· that must be 
reductively activated in vivo to expose the highly reactive 
electrophilic mitosene derivatives tha t are responsible for 
the biological activity displayed by these substances.10 

Our objectives in this area are aimed at exploiting the 
concept of law1t triggerin1:1 of pro-mitosenes by designing 
and synthesizing new masked mitosencs of the general 
strncture 11 that can be triggered by alternative chemi..:al 
and.ior biochemical means. The ultimate goals of these stra-
tegies are to improve the tumor sdectivi ty of such agents. 
Since many anti-tumor drugs display multiple modes of 
action such as, intercalation, oxidative scission of doubl~ 
and single- stranded DNA. cross-linking. alkylation and 
membrane dl't-cts amon1:st others. the issue of chemical 
and biological selectivity is of paramount. fundamental 
importance to provide the next generation of highly effec-
tive and selective anti-tumor drugs. 

The unique structure of the Fujisawa drngs and their 
extraordinary anti-tumor activities have made these 
substances attractive synthetic targets. Several different 
approaches to the core nucleus of 1 h:tve lxen publishecl. 12 

and three groups have successfully completed the synth,-ses 

12 

t , p-anisaldahyde, p-TsOH 
benzene, reflux, 70% 

2. NaCNBHs. DMF, THF 85% 
3. Ti(O.Pr)., L·{+)-DET 

f3<JOOH 75% 
13 

[oxYhv/1-W 

10, cross-link 

of FR-900482 .11 In an attempt to design and synthesize 
molecules that mimic or combi ne the cross-linking activ ity 
of FR-900482, synthetic efforts in our labs have been 
focused on constructing. a suit.1bly masked activation 
cascade intennediate corresponding to 11 (Scheme I) that 
is not reductively activated but that could, in principle, be 
triggered photochemically. oxidatively. or hydrolytically to 
fonn a reactive mitosene .. .\s a first step toward testing 
this hypothesis. the S}11thesis of the first light-activated 
pro-mitosene is described herein .1

~ • 

Results and Discussion 

The aliphatic portion of the pro-drug. model system was 
prepared from commercially available ci.v-2-butene-1,4-
diol (12) (Scheme 2). Formation of the cyclic acctal with 
p-anisaldehydc ;ind sodium cyanoborohydride reduction of 
the ace tal gave the mono protect..-d cis-diol in 60% yield 
over two steps. Sharpless epoxidation of the allylic alcohol 
gave epoxide 13 (75%) in approximately 94:6 er. Non-
selective ring opening of tJ wi th sodium azide gave a 
mixture of the correspondinll, azido alcohols in a -3:2 
ratio (the mixture was not purified except for characteriza-
tion purposes). Selective protection of the primary alcohols 
of gave a mixture of the corresponding O-TBS ethers 14 and 
15 (83%. for the two steps). 15 Reduction of the azides with 
Raney Nickel and carbomcthoxylation of the resulting 

1. NaNs , NH.Cl 

2. TBDMSCI 

83% 
. .S: 

14 

. l~ 
pMJN, 

15 

1.MsCl. Et,N, Ct¼Cl2 

2. Ra-Ni, H2NNH2, EIOH 
3. MeOCOCI, py. 

66% 
SH 1. TBAF.THF Be'Y. 

MB NCO,Me 
P , 2. 0 .. 1-Martin 95% 

Jl.,H 
M~NCO,Me 

p \i H 
ts 17 

Schtmr l. 
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17 

M~ 
TBS 

'-a::, I ,,H 
MeO:iC A N02 . NCO:1,1e 

0 )i 
20 

1. TBOMSCI. Im, DMF 

2. D0Q 
3. Oess•Mal!in ox. 

Ill 73'll. (3 slep&) 

1. 5% Pd/C, H2 

3. NaCNBHJ 

60% (3 steps) 

1. NVocCt, Pr2EIN 

DMAP(88%) 
2. OIBAH (61%) 

1. TBAF,THF Dess-Martin ox. 

Scbrme 3. 

2. £J-o 
0 N 

OC02Me 
89% (2 &teps) 

aziridine afforcloo 16 (88%, for the th ree steps). Rl!moval of 
the O-TBS ether from 16 with tetra-11-butyl ammonium 
fluorid.: gave the correspondin~ alcohol (86% yidd) 
which was converted to the correspond ing aldl!hrde (1 7) 
with Dess-Martin pl!'riodinane 16 in 95% ridd. 

following liter.1turc procedures. commercially available 
3.5-dinitro-p-toluic acid was transformed into methyl 
3-met hoxym.:thyloxy-4-m.:-thyl-5-nitrolxnzoate ( l 8J. 12b. 12 (,17 

D<'protonation of nitro tol ucnc 18 and nudeophi lie 
addition 12' to aldehyde 17 afforded thl! secondary alcohol 
19 as a 4: I mixture of diaster,ximers (85%) which w.:-rc 
sepnr .. 1ted by chromatography and subs.:quently prcx.-essed 
individ unlly. 111e sccond..iry alcohol was protected as the 
corresponding O-TDS eth,~r {96%). The oxidative remm·al 
of the 0-p-methoxyb.:nzyl group 18 gave the primar)' alcohol 
(93% ) which was subjected to D.:ss- Mnrtin oxid:ttion 16 to 
atlonl aldchyd.: 20 ( 2%) with an overall yield from 19 to 
20 of 73%. R.:-duction of the nitro 11.roup was accompl ish.-<l 
br catalytic hrdrogenation to afford the labile a nil inc 21. 

As exp.:c ted, cyclization of 21 to the dght-membcr.:d ring 
substance 23 proved ditTicuh. It wns found that cyc lization 
was bc~t accomplished by prior qchydration to the imine in 
the prcs.:ncc of MgSO4 and 4 A mol.:cular sieves under 
dilute conditions (-0.002 M). Afler 24 h. the crude imine 
was reduced with NaCNBH1 to give 23 in 60% overall yidd 
from 20. It should be noted that the imine-forming 
cyclization reaction is somewhat capricious with variable 
amounts of dimer derived from 22 being observed. 

83% 

..\cylation of 2J with 6-nitrov.:ratryl chloroformate 
(N\ 'ocCI) produced the corresponding carbamate (88%) as 
a mixture of conformaiioml isomers ( 1 H NMR analysis).20 

Reduction of the methyl ester and removal of the 
carbornethoxy group in one step with DIB . .\H gave 24 
(61 %)_Bb It was obser,·ed that the TBS ether of 24 could 
be removed only via prior deprotection of the aziridin.:-
nitrogen atom. Thus. followin!:l decarbomethoxylation of 
the aziridine. the O-TBS ether was smoothly removed 
with TBAF to afford the corresponding diol. Sdective 
re-protection of the aziridine cave 25 in 89% overall yield 
from 24 _ IJb Finally. Dess-Manin ox idation16 of the primary 
,md secondary alcohols produced k,•to-aldd1yd.: 26 in 83% 
yield (Scheme 3 ). 
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With th.: 'pro-mitosene' modd system (26) in hand. we 
examined removal of the N\ ·oc group photochemically 
under various conditions to e.\plore the proof-of-principle 
for the photochemical generation ol'a rnitos.:ne (Scheme 4). 
This was best effect.:d by subjectin~ 26 (A,nu=345 nm. 
f=6S00: 295 nm. f=7740: 238 nm. f= 17 300; 217 nm. 
f= 18 500. CH3CN) to 350 nm irradiation for 24 h at 
room temperature in a 3:1 solution of CH3CN/H2O. 19 The 
sole isolable product was the ring-opened mitosene 30 as a 
I: I mixture of secondary alcohol diastereomers (38'!,(. ). This 
substance must have arisen by the stepwise trans-annular 
cyclizat ion of the secondary amin.: (27) on the ketone to 
give the tetracyclic carbinolamine 28 followed by dehy-
dration to the mitoscne 29 . Th is substance (29) proved too 
reactive to isolate from the aqueous milieu and we were 
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[ ~
(o~ MO l H hv350nm H H 

NCO;iMe ---• ··· - I Ji 
OH H MeCN I A ••• NCO~e OH .& NCO:zMe 

NVOC H20, rt, OH H H ~H 

V 

Scbrme4. 

only able to obtain and charncterize the water trapping 
adducts 30. 

Synthesis of 26 and the s..,k-ctive production of 30 from this 
material by photochemical activation demonstrates the 
viability of constructing novel ·pro-mitosene· derivatives 
which may find utility as new and selectively activated 
DNA- DNA and DNA- protein cro55-linking agents and 
probes. Studie-s towards the synthesis of fully funtionalized 
photonctivated mitosenes and other non-reductive!)' 
activated 'pro-mitosene' and related derivatives arc under 
investigation in these laboratories and will be reported on in 
due course. 

Experimental 

General procedures 

Unless otherwise noted materials were obtained from 
commercially available sources and used without further 
purification. · Diethyl ether (Et10 ) and THF were distilled 
from sodium bcnzophenonc ketyl under a nitrogen atmos-
phere. Methylene chloride. tridhylaminc, pyridine. accto-
nitrile, and methanol were distilled und,,r a nitrm!en 
atmosphere from t-alcium hydride. Dimethyl forn1amide 
was dried over activated 4 A molccu lar sieves . .-\II reactions 
invoh;ng hygroscopic substances were conducted with 
flam,, or oven dri~'C.! glassware under an inert atmosphere 
(Ar) dried by passage of atmospheric gases through a 
column packed with CaSO~. Filtr:itions of organic extmcts 
were conducted with a cotton plug using gravity. and 
concentr:ition of the resultant filtr.lle was perfonned under 
redu.:ed pressure (aspirator) using a rotary evaporator. 
Chromatogrnphic scpar:itions were performed with El'lil 
Science TLC plates (silica-gel 60, F214• 20x20 cmx250 µ..m) 
or with El'vl Science 230- 400 mesh silica gel using positive 
air pressure. Reactions and chromatographic fr:ictions were 
monitored and analyze-cl with EM Science TLC plates. 
Visualization on TLC was achieved with ultr:iviolt!t light 
or heating or TLC plates submergt'C.! in a 5% solution of 
phosphomolybd i.: acid in 95% ethanol. Radial chroma-
tography employed a Chromatotron Model 7954 using 2 
or 4 mm silica plates as needed. l\folting points were 
ddcrmincd in opcn-enJed capillary lubes with a tvkl-Tcmp 
apparatus and are uncorn.-ctcd. Infrared spectra were 

rccordc'C.! on a Perkin- Elmer 1600 series FTIR as thin 
films from dichloromdhane and arc reported as >..-u in 
wavenumbers (cm - 1). Optical rotations were obtained on 
a Rudo lph Rt.-search . .\utopol Ill automatic polarimeter at 
a wave length of 589 nm (sodium •o· line) with a 1.0 dm 
cell with a volume of I ml. Specific rotations. [a]~ are 
reported nt the specified temperature and concentration (c) 
gi,·cn in gr:ims per 100 ml in the specified solvent. 
Elemental analyses were performed by M-H-W 
Laboratories. Phoenix . .-\Z. and are accurate to within 
:!:0.4% of the calculated values. High reso lution mass 
spectr:i were obtained on a Fi sons \ ·G- 7070 at University 
of California Riverside. Nuclear l'lilagnetic Resonance 
(NMR) spectra were acquired using a Bruker AC-300 or 
JS-300 spectrometer. 

4,7-Dihyd ro-2-(4-mcthoiyphenyl)-l,3-d ioxepin. A mixture 
ofp-anisaldehyde (136 g. 1.0 mol. 1.0 equiv.). cis-2-butene-
1.4-diol (12) (105 g. 1.2 mo!. 1.2 equiv.), and p-TsOH 
(0.20 g. I.I 11111101. 0.11 mo!%) in 450 ml of benzene was 
rdluxed with azeotropic r.:moval of ,-vater . . .\fter 1.5 days. 
the dark brown mixture was cooled to room temperature, 
diluted with 500 ml of benzene. washed sequ.:nlially with 
Jxl 25 ml HP and lx200 ml sat. NaCll,qJ· The organic 
solution was concentrated in vacuo. and the r~suhing oil was 
fractionally distilled under vacuum (I mmHg. -160°C) to 
yield 120 g (58% yield} of 4.7-dihydro-2-(4-methoxy-
phcnyl)-l.3-dioxepin as a clear. colorless. viscous oil 
(>95% pure). KF0.50 (5: I Hex/EtOAc). 11-1 NMR 
(JOO MHz. CDCb) S TMS: J.79 (3H. s): 4.23 (2H. dd. 
J=l.7. 15.0 Hz): 4.36 (21-1. dd.1=1.7. 15 .0 Hz): 5.74 (2H. 
t . .l= 1.7 Hz): 5.81 ( l H. s): 6.88 (2H. d. J=8.S Hz): 7.43 (21-1. 
d.1=8.S Hz). 13C Nl\:IR (75 MHz. COCl1l S TMS: 551 (ql. 
64.3 (t). 101.9 (d). 113.4(dJ. 127.6(d), 129.9(d). l31.I (s). 
159.6 (s). IR (NaCl. neat): 3030. 293S. 2355. 1613. 15 6, 
151.\. 1445 cm- 1. Anal. calcd for C12H14DJ: C. 69.SS: H. 
6.84 . Found: C. 69.68: H, 6.69. 
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(ZH-((4-1\lethoxyyphenyl)mrthoxy)-2-butn-1-ol. The ace-
tal (4.7-dihydro-2-(4-methoxyphenyl}-1.J-dioxepin) prepared 
as describ~d above ( 11.8 g. 57 .2 mmol. I equiv.) and 
ISO ml of dry DMF were added to a l L flask. A solution 
of NaCNBl-'3 (10.6g. 168.711111101. 3equiv.) and TFA 
(22.7 ml. 294.6 11111101, 5 equiv.) in 90 ml of dry Dl\ff 
(prepared at 0°CJ was transferred via cannula into the 
flask under n~gative pressure at ambient temperature. Tli.: 
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resulting solution was stirred 2.0 h until TLC analy-sis ( 1:1 
EtOAc/Hex) showed the reaction to be complete. The reac-
tion was quenched by dropwise addition of I M NaOH 1av 
until the solution reached a pH equal to 7. Following 
concentration in v,icuo. the resultin!( o il was redissolv.:d 
in 200 ml of CH2Cb and washed -with 2x I 00 ml H2O 
and IX 150 ml sat. NaCl,aqi· The solution was dried over 
tvlgSO4. filtered, concentrated. and drit.-d under vacuum 
for 12 h. The crude oi l was purified by distillation using: a 
kugelrohr apparatus (~I mml-lg, 160°C) to yield 10.0 g of 
the allylic alcohol (85% yield) as a clear colorless oil 
(>95% pure). R,=0.40 I : I l·lex/[tOAc. 1H NMR (300 
MHz. COCl3) S TMS: 2.04 (IH, hr, D2O exch.); 3.78 
(3H, s); 4.04 (2H. d, J=6 .0 Hz) : 4.14 (2H. d . .J-=6.0 Hz): 
4.44 (2H, s): 5.76 (2H. 111): 6.86 (21-1. d. J=8.6 Hz): 7.23 
(21-1. d. J=S.6 Hz). nc NMR (75 MHz, CDCl3) S TrvlS : 
55.2 (q). 58.7 (t). 65.3 (t). 72.1 (1). 113.8 (d). 128.4 (d). 
129.5 (d). 129.9 (s). 132.3 (d), 159.3 (s) . IR (NaCl, neat): 
3406, 3022. 2934, 2860. 1613. 1586. 1513, 1464cm- 1• 
Anal. calcd for C 12 1-1 16O3: C. 69.21: H. 7.74. Found: C, 
68.94; 1-1. 7.56. 

(2S<iI)-3-l1(4-Methox)'pheayl)methoxylmethyll-oxirane-
methunol (13). Freshly distill.:d CH2Cb (200 ml) was 
added to a I L thre.:-neck round bottom flask and cooled 
to -24°C before addition of 5 g of powdered 4 A molecular 
sieves. Next. freshly distilled ( + )-didhyl-L-tartrate (8.2 ml. , 
48.5 mmol. 1.3 equiv._). freshly distilled titanium isopro-
poxide ( 12.2 ml, 41 .0 mmol, 1.1 equiv.). and 3.0 ~-I /ff/-
butyl hydroperoxide in toluene (25 ml.. 74.6 mmol. 2.0 
equiv.) were added to the flask . 111c mixture was stirred 
for JO min to let the catalyst age. The allylic alcohol ((Z)-
4-[(4-methoxyyphcnyl)methoxy]-2-buten-1-ol) prepared as 
described above (7.5 g, 36;0 mmol, 1.0 equiv.) in ~IO ml 
of CH2Ch (dried over 4 A molecular sieves) was added 
dropwise to the mixtun: over 20 min. The reaction was 
stirred at -24°C for 2 clays. After TLC analysis (1 : 1 llcx/ 
EtOAc) show,,d no sign of starting material , the reaction 
was placed on a -45°C uceto nitrilrl CO2 bath and quenched 
with 100 ml of 10% aqueous tartaric acid. The two-phase 
so lution was stirred with a nit.-chanical stirrer for 30 min and 
then allowed to warm to room te mp over I h. Approxi-
mately 200 ml. of water was added to the mixture, and the 
aqul!ous solution was extracted. During the extraction. the 
emulsion due to the mol<!cular siews was removed by filter-
ing the aqueous solution through a cotton plug. The 
combined organic extracts w..,.re dried over MgSO4 and 
immediately passed through a Ce lite pad. The concent1:1ted 
oil was dissolved in 150 ml Et2O and cooled to 0°C on an 
ice bath. Next. 50 ml of I tvl NaOHt3QJ• pre-cooled to 0°C. 
was added to the organic solution . The biphasic mi xtu re was 
stirred vigorously for 1.5 h. The organic layer was 
separated, washed with I xH20. and lxsat. NaClc,ql• and 
dried over Na2SO4• The resulting oil was dried overnight 
under vacuum. Crysialization of the prcxluct from Etp at 
-33°Cafforded 6.05 g (75% yicld) of epoxide 13 as a white 
so lid (>95% pure). R1=0.3 I I I: I Hexi EtOAcJ [ o lri= 
-25.5 (c=l.0, CHC'3). R1=0.Jl (1:1 1-!ex/ EtOAc) . 1H 
NMR (300 MHz. CDCl3) TMS: 2.04 (11-1. br. D2O 
exc h.): 3.22- 3.28 (21-1 , 111): .3 .62 ( 11-1 . dd. J=5 .0, 11 .0 Hz): 
3. 71 ( I 1-1 . dd. J=5 .9. 11.0 1-lz): 3.65 - 3.80 (211 , 111) : J .S0 (JH, 
sl: 4.46 ( IH . d. J= 11.4 Hz); 4.55 ( IH. d. J= 11.4 Hz): 6.S7 
(21-1. d, J=8.6 Hz): 7.26 (2H. d. J=S.6 Hz). De NMR 
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(75 MJ-lz, CDC'3) S TMS: 54.7 (d): 55 .2 (q): 55.6 (d): 
60.7 (t): 67.7 (t): 73 . 1 {t): 113.9 (d): 129.4 (s): 129.5 (d): 
159.4 (s) . IR (NaCl. neat): 3424, 2935, 1612. 1585, 151 3. 
1463 cm - I • • .\nal. calcd for C12 H16 0 4: C. 64.27; f-1, 7. 19. 
Found: C. 64.49; H. 7. 10. 

Mosher ester of epoxidt 13. Alcohol 13 (-0. 10 mmol. 
1.0 equiv.) and 500 µ.L of CH2Cl2 were add.:d to a 10 ml 
conical-flask . The solution was stirred until the alcohol had 
completely dissolved, and DMAP (1.0 equiv.) and Et3N 
(4.0 equiv.) were added . After stirring for another 2 min. 
( + )-MTPA-CI ( 1.2 equi v.) was added to the solution. An 
immediate change to orange was seen, and the reaction was 
stirred until the reaction was complete by TLC analysis (4 : I 
J-lexiE tOAc). The excess acid chloride was quenched by the 
addition of dimethylaminopropylamine (5.0 equiv.). and the 
mLxturc was stirred for another 15 min. The 'mixture was 
conc.:ntrated and pass.:d throu,,h a short plug of silica uel 

b" - 19 • 
(4:1 Hex/EtOAc). The crude oil was analyzed by F NMR 
without further purification. RF0.60 (4: I Hex/EtOAc). 19F 
NMR (2S2 MHz, CDCl3) (ref CF3CH2OH -80 ppm) S 
TMS: - 74 .54 (CF3) : - 74.60 (CF1). 87% t•e (:t2% ee) . 

IS-(R .,5) (-2-Azido-4-[ (4-methox)"p henyl) met hoxyl-1,3-
butn ned iol and [R-(R.,5)1-3-azido-4-1(4-ml'thoxyphenyl)-
methoxy)-1,2-butanediol. Epoxide 13 ( 1.52 g, 6.78 mmol. 
l.0equiv.). Nf-14CI (0.72 g. 13.5 mmol , 2.0 equiv.). NaN3 
(2 .20 g,. 33.9 mmol. 5.0 equiv.). 40 ml CH10Cl-l2CH2OH. 
and 5 ml distilled H,O were added to a I 00 ml flask . The 
sti rred reaction mixt~re was heated at reflux for 4 h when 
TLC analysis (EtOAc) showed complete loss of starring 
material. The cooled mixture was concentrated in Yacuo. 
The n.-sulting orange solid was dissolv~'C! in EtO . .\c, passed 
through a short plug of silica gel using EtOAc as eluant. 
concentrated, and dried overnight under vacuum. The 
cloudy orange oil was used without further purification. 
For anal}tical purposes. the mixture of regioisomers was 
further purified (> 95¾ pure) by silica gel column chroma-
tography (EtOAc). RF0.56: 0.47 (EtO.-\c). Mixture of 
isomers: 11-1 NMR (300 MHz. CDCb) S TMS: 2.1 - 2.3 
(IH. br. op exch.): 2.4- 2.7 ( IH , br. D2O exch.): 3.52 
(IH , d. J=l.8 Hz): 3.53 (IH. d. J=2.3 J-lz): .3.59 (l /2H, 
m); 3.64 (l /2H. d. J=5.0 Hz): 3.71 (1 / 21-1. d. 1=5.1 Hz): 
3.77 (3 /21-1. m): 3.79 (3H. s): 3.82 (1 / 21-1. d, J=4.S Hz): 
3.94 (1 /21-1, q . .J-=4.3 Hz); 4.4i (IH. s): 4.49 (IH. s): 6.S7 
(2H, d. J=S.6 1-lz); 7.24 (2H. d . .J-=8.6 Hz) . 13C NMR 
(75 MIiz. CDCl3) o TMS : Major isomer. 55.2 (q). 62 .6 
(t) . 64. 1 (d). 70.6 (d). 70.7 (tl. 73 .2 (t). 113.9 (d). 129.3 
(s). 129.5 (d). 159.4 (s). Minor isomer. 55.2 (q). 62.2 (d). 
63 .6( t).69.8(t). 71.8(d). 73 .2(t).11 3.9(d). 129.3(s).129.4 
(cl) . 159.4 (s). IR (NaCl. neat): .HI0. 2935 . 2865. 2104. 
1612. 15S6. 1514. 1464 cm- 1

• Anal. calcd for the mixture 
C12H11N3O4: C, 53.92: H. 6.41: N. 15.72. Found: C. 53.71: 
H. 6.36; N. 15.49. 

~S--(R.,5))-J-Azido-4-1 ( (I, I-di methlethyl)dimethyls ily ljoxy 1-
1-( ( 4-met h oxyp he nyl) methoxyJ-2-butanol (14) and (R-
(R.,5) J-3-azido-1-11 (I, I-di meth If thyl)dimethylsilyl loxyl-
4-(( 4-met hoxyphenyl)methoxyl-2-butanol (15). l11e diol 
(as a mixture of isomers) from the previous reacti on 
( 1.15 g,. 4.31 1111110I. 1.0 equiv.). and 17 mL of CH2Cl2 
were add.:d to a 50 ml conical llask. l11e stirr.:d mixture 
was cooled on an ice bath for 10 min when Et3N ( 1.20 ml. 
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S.62 mmol. 2.0 equiv.}, TBSCI (943 mg. 6.25 mmol, 
I .4 equiv.}. and DMAP (53 mg.. 0.43 mmol, 0 .1 equiv.) 
were added. After stirring for I h. the mL,:ture was placed 
in the refrigerator at 4°C. After 15.5 h. TLC analysis of the 
crude reaction mL,ture (EtOAc) showed complete loss of 
s taning material. The reaction mixture was concentrated in 
vacuo and passed through a short plug of silica gd using 4: I 
Hex .iEtOAc as eluant to yield 1.60 g (90% from 13) of 14 
and 15 as a cloudy orange oil which was used without 
funher purification. For analytical purposes. the mixture 
was funher purified (>95% pure) by silica gel column 
chromatography (4: l 1-iex/ EtOAc). l\·tixture of isomers: 
Rr=0.34; 0.27 (I : I Hex/ EtO.-\c). 11-1 NMR (300 MHz. 
CDCl1) 8 TMS: 0.05 ( I.SI-I, s): 0.06 ( 1.51-1. s): 0.08 (3H, 
s): 0.88 (4.5 1-1, s); 0.89 (4.5H. s); 2.5 ( 11-1. br. D2O e.xch.): 
3.78 (3H. s); 3.46- 3.92 {6H. ml: 4.47 (I H. s): 4.50 ( I H. s); 
6.87 (2 H. d. J=S.6 Hz): 7.23 ( IH . d • .f=S.6 Hz): 7.26 
(IH. d, J=8.6 Hz). IR (NaCl. neat): 3424. 3005. 2935. 
2838, 2103. 161 3. 15S6. 1514 cm- 1 • .-\nal. calcd for 
C 18 H31 N1O4 Si : C. 56.66: l·l, S. 19: N. I 1.01. Found: C. 
56.48: H. 7.89; N, 10.79. 

IS-(R~)l-3-Azido4-[1(1,1-dimtthlethyl)dimethylsilylloxyl-
1-I ( 4-methoxyp heny l)methoxy [-meth anesulfonate-2-but11-
no I nn d (R-(R ,5) 1-3-azido-1-(( ( 1, 1-dimcth lethyl)di-
methylsilylJoxyl-4-((4-methoxyphenyl)methoxyJ-methane-
sulfoaatc-2-buhrnol. Alcohols 14 and 15 (15.8 g , 41.4 
mmol. 1.0 equiv.) and 414 ml of CH2Cl2 were added to a 
I L conical tlask . The stirred solution was placed on an ice 
bath for 15 min wlwn Et1N (17.3 ml. 124.1 mmul. 
3.0 equiv.) was added. The mixture was stirred for another 
5 min when methanesulfonyl chloride (4.8 ml. 62 .0 mmol. 
1.5 equiv.) was added to the flask dropwise over a minutl!. 
After 30 min. TLC analysis (2 : I :2 CH 2Cli/Et2OiHex) of the 
reaction showed complete loss of the starting material. To 
th.: reaction mixture was added 200 mL of sat NaHCOJ<•v· 
and the bilayer solution was stirred vigorously for 10 min. 
Following the addition of I 00 ml of 1120, the two layers 
were separated. The aqueous layer was extract,--d with 
2X 150 ml EtO . .\c. and the combined organic layers were 
wash~'<! with IX200 ml sat NaClc,q_,• and dried over Na2SO4. 
The react ion mixture was concentrated in vacuo and passc:d 
through a short plug of silica gel using 4: I I kx /EtOAc as 
eluant to yidd I 9.0 g (96% ridd) of the product as a light 
yellow oil which was used without further purificat ion. For 
analytical purposes. the mixture was further purified (>95% 
pure) by column chromatography (10: 1: 10 CH2Cl2/Et2O/ 
Hex). Mixture of isomers: flF0.44 (2: I :2 CH 2CI/ Et2O/ 
Hex). 1H NMR (300 MHz. CDCbl o TMS: 0.03. 0.05. 
0.06 (6H. s): 0.86. 0.87 (9H. s): 3.04. 3.05 (3H. s): 3.79 
(3H. s): 3.64-3.88 (61-1. m); 4.47, 4.48 (2H. ABq. 
1=11.4 Hz): 4.70. 4.80 ( Ill . q . .1=5 llz): 6.86. 6.87 (21-1. 
d. 1=8.6 Hz): 7.22. 7.25 (21-1. d . .1=8.6 Hz). IR (NaCl. 
neat): 2955. 293::!. 210S. 161J. 1515. 1465 cm - 1 

• • ·\nal. 
calcd for C piH 33N3O6SSi: C, 49.65 : H. 7.24: N. 9.14. 
Found: C. 49.86: H, 7.06: N. 8.98. 

(2S-d.~}-l\lfthyl ester 2-(1 ((1, 1-dimethylethyl)dimethyl-
si lyl loxy( methyl(-.3-( (4-mct hoxyphcny)methoxylmethyll-
1-azi rid inecarboxylic acid (16). The mcsylate compound 
described above ( 19.0 g. 41.3 mmol. I equiv.) and 440 mL 
of EtOH were added to a I L Hask. To the resultinl! so lu tion 
was added hydrazine monohydrate (J4.3 ml. 707.1 mmol. 
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17.1 equiv.) followed by approximately 3g of Raney 
Nickd . The reaction mixture was stirred for 3 h under 
argon atmosphere when TLC analysis (I : I EtOAclHex) 
showed the reaction to be complete. ·n,e reaction was 
filtered through a pad ofCdite with EtOH and concentrated. 
The rc<.;ulting oil was dissolved in 400 ml of EtOAc and 
washed with lxNaCl(IQ) and dried over Na2SO4. The 
mixture was filtered. concentrated, and placed under 
vacuum for 12 h. The clear yellow oil was dissolved in 
300 mt. of CH2C'2 and cooled on an ice bath for -15 min 
while stirring. P)Tidine (10.0 ml. 20.8 mmol, 3. 1 equi\' .) 
was added to the mixture, and the mixtur~ was stirred for 
another 5 min when methyl chloroformate (6.4 ml , 
82.8 mmol, 2.0 equiv.) was added dropwise over 2 min. 
The reaction was stirred for 20 min when TLC analYsis 
showed a complete loss of the unprotected aziridine 
(flr=0.7J 10: I CH2Cl2/Ml-OH). To the reaction mixture 
was added JOO ml sat Naf-lC~("IJ• and the bilayer was 
stirred vigorously for 10 min. The two layers were 
separated. The aqueous layer was extracted with 
2x 150 ml EtOAc, and the combined organic layers were 
wnshcd I X200 ml s.1t NaCl(IQ)· The organic layer was dried 
ova Na2SO4• filtered. and concentrated. The crndc oil was 
purified by column chromatography ( 4: I Hex/EtOAc) to 
yield 15.0 g (S8% overall yield from 14 and 15) of 16 as a 
light yellow oil (>95% pure). ~a]b'=+9.6 (c=2. I , CHCb). 
fl1=0.50 (2 : I hexane/EtO.•\c) . H NMR (500 ~Utz. CDCl1) 
o TMS: O.QJ (3H. s): 0.05 OH. s); 0.86 (9H. s): 2.69 ( IH , 
dd.1=6.0. 6.0 Hz); 2.77 ( I H, dd. J=6.0. 6.0 Hz); 3.55 (IH. 
dd. J=5 .5. 11.2 Hz): 3.58 (I H. dd. J=6.J. 11.2 Hz): 3.60 
( I H. dd.1=6.1, 11 .4 Hz}: 3. 7 I (3H. s); 3.77 {I H, dd . .1=5.9, 
11.4 Hz): 3. 78 {31-1, s); 4.46 ( I H. d.1= 11.5 Hz); 4 .59 ( I H. d. 
J= 11.5 Hz): 6.85 (2H. d. 1=8.6 Hz): 7.26 (2H. d, 
l=S.6 Hz). De NMR (75 MHz. CDC13} o TMS: -5.4 (q): 
-5.3 (q): 18.2 (s): 25.7 (q): 40.4 (d): 4 I.S (d): 53 .5 (q): 55 .1 
(q): 61.2 (t): 67.1 (t) ; 72.4 (t): 113 .7 (d); 129.4 (d): 129.9 ts): 
159.2 (s): 163 .5 (s). IR (NaCl. neat): 3436, 3001. 2954, 
2().1(. 1732. 161 3. 1514. 1464. 1439cm- 1• Anal. calcd for 
C2of-133NOjSi: C. 60.73 : H. 8.41; N. 3.54. Found: C. 60.60: 
H. 8.62; N. 3.45. 

(2S-<'is)-Methyl ester 2-(hydroxymethyl)-3-((4-methoxy-
phcny}methoxylmcthyl(-1-aziridinl'Carbo1ylic acid. Aziri-
dine 16 (2 .02 g. 5. 1 mmol. 1.0 equiv. ) and 50 ml of TIIF 
were added to a 200 ml flask. The stirred solution was 
cooled on nn ic,· b.1th for 15 min. and I M TBAF in Tiff 
(6. 1 ml. 6.1 mmol, 1.2 equi,·.) was added. After 30 min. the 
r,•action was complete by TLC analysis (4: I Hex/EtOAc). 
The reaction mixture was removed from the ice bath. 
quenched by the addition of 25 ml sat NH4qaq)· and stirred 
vigorously for 5 min. The THF was evaporated. and the 
aqueous solution was diluted with 25 ml H2O and extracted 
with Et2O (5x30 ml). The combined organic layers were 
dried over Na2SO4 overnight. The filtered solution was 
concentrated, and the resulting oil was purified by column 
chromatography (2 : I CH2CI/Et2O) to yield 1.24 g (86% 
yicldt of the alcohol as light yellow oil (>95% pure). 
[a]f1=+ 36.6 (c=U. CHCl1). flr=0.21 (2: 1 CH2Cl2/ 
Et2O). 11-1 NMR (300 MHz. CDCl3) o TMS: 2.3 7 (IH, br. 
D2O exch.) : 2.81 (21-1. 111) : 3.40 ( IH . <lei J=7.2. 10.7 Hz): 
3.51 ( IH , m): 3.70 (JH, s); 3.78 (3H , s) : 3.82 (HI. m): 3.S4 
(IH. dd . .1=5.5. 10.7Hz): 4.44 (It-I, d, 1=11.41-lz): 4.52 
( I 1-1. d. J= 11 .4 Hz): 6.86 (2H. d. J=S. 7 Hz}: 7 .23 (2H. d. 
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.1=8.7 Hz). 13C NMR (75 MHz. CDCh) S TMS: 39.5 (d): 
41 .5 (d): 53 . 7 (q): 55.2 (q): 60.5 (t); 67.4 (t): 73.0 (t): I 13 .9 
(d): 129.2 (s): 129.6 (d): 159.5 (s): 163.2 (s). lR (NaCl. 
neat): 3430, 3003, 2955, 1728, 1613. 1586, 151 4, 
1440 cm - 1. Anal. calcd for C 14H 19NO5: C. 59.78: H. 6.8L 
N. 4 .98 . Found: C. 59.80: H. 7 .02: N, 4.82 . 

(25-cis)-Methyl ester 2-formyl-J-( (4-methox)·pheny)-
methoxylmethyl)-1-aziridi necarboxylic acid (17). The 
alcohol described above (1.29 g.. 4.58 mmol , 1.0 equiv.) 
and 45 ml CH2Cl2 were added to a 200 ml flask. The 
mixture was stirred for 5 min when D.:ss-~fortin reagent 16 

(3 .5 g, 7.3 mmol, 1.6 equiv.) was added to the flask in one 
portion. The mixture was stirred for 2 .5 h when TLC 
analysis (2: I CH2CI/Et2O) showed completl'! lo,;s of starting 
material. The r.:action mixture was dissolved in 150 mL 
Et2O and poured into a solution of 150 ml sat NaHCO:icll(I) 
with seven-fold excess of NaiS2O1·51-12O (9.0 g). The 
biphasic mixture was vigorously stirred for 15 min while 
the milky color of the organic larer slowly disappeared 
The two layers were separated. The organic layer was 
washed with lx25 ml sat NaHCO1(uqJ and IX25 ml. H2O. 
The combined aqueous layers were back extracted with 
5x30 ml Et2O. The combined organic layers were dried 
over Na2SO4• filtered, and concentrated. The crnde oil was 
purified by column chromatography ( 1.5: I Hex/ EtOAc) to 
yield 1.20 g (92% yield) of 17 as a clear colorl <!Ss oil (>95% 
pure) . ~a]r,1=- 80.6 (c=l.3, CHCb). R1=0.60 (2:1 CH2CI/ 
Et2O). H NMR (300 MHz. CDCl1) S TMS: 3.04 (I H. ddd, 
.1=4.3. 4.4, 6 .9 Hz): 3. 10 ( I H. dd, J=4 .5. 6.9 Hz): 3 .64 ( I H. 
dd, J=4.:1 , 11.2 Hz): 3.73 ( lH, dd , J=4.4. 11.2 Hz): 3 .75 
(3H, s): 3 .78 (JH. s): 4.45 ( IH. d. J= 11.5 Hz): 4.47 ( I H. d . 
.I= 11.5 Hz); 6.85 (2H, d. J=8.7 Hz): 7.19 (21-1. d . 
.l=S.7 Hz): 9.3 I ( IH, d, J=4.5 Hz) . De NMR (75 MHz. 
C DCb) S TMS: 43.5 (d): 44 .7 (d): 54. 1 (q_): 55.2 (q): 65 .8 
(q) ; 73 .0 (q): 113.9 (d): 129.2 (s) : 129.5 (d): 159.4 (s): 161.8 
(s): 196.3 (d). lR (NaCl, neat): 3006. 2953, 2834. 1719, 
1612, 1586. 1513. 1438 cm - 1. Anal. calcd fo r C 141-111NOs: 
C. 60.21: H. 6. 14: N. 5.02 . Found: C. 60.45: H. 6 .21: N. 
4 .96. 

(2S-(2a.,3a))-i\1cthyl ester 2-[ 1-hydroxy-2-(4-(rmthoxy-
cnrbo nyl )-2-(mcthoxymethoxy)-6-n itrophenyl) ethyl J-3-
1 ((4-mcthoxyp henyl)mcthoxy[ methyl(-1-azlrldinecnr-
boxylic acid (19). Compound 18 (4 .69 g. 18.4 m1110I. 
2.0 equiv .) and 20 ml. of DMF were added to a 50 mL 
Aask. The stirred mixture was cooled on an ice bath for 
20 min wh..-n 0.5 M NaO[VI..- in MeOH (1.8 111L. 0 .9 1111110I. 
0.1 equiv.) was added. The clear solution inunediatdy 
turn..-d dark purple. After the addition of base. 17 (2.58 g. 
9 .2 mmol. 1.0 equiv.) in 10 mL of DMF was added to th..-
reaction mixture in I ml aliquots ev..-ry 5 min. A fter the 
additions were complete (50 min). the reaction was stim:d 
tor another 3 .5 hand quenched with 35 ml of sat NH4C11sqJ· 
Afler 10 min. the reaction was diluted with 20 mL water. 
and the aqueous mixture was extracted with 6X50 ml Et2O . 
1X25 ml CH2Cl2. and lx25 ml EtOAc. The combined 
orl!anic extracts were washed with 1 X45 mL sat 
NiC11aq 1, dried over Na2SO4• filtered and com:entrated . 
The crude oil was purified by column chromatography 
(1 :1 Hex/EtOAc) to yidd 4.2 g (85 - 90% yield) of 19 ns 
a yellow oil (4: 1 mixture of separable diastereomers) 
(>95% pure). 
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Major diastereomer 19: [ajA5=-38.4 (c=l.3. CHCl1) . 
RF0.50 (2 : 1 CH2Cl2/Et2O). H NMR (JOO MHz~ CDCl3) 
S TMS: 2.65 (IH. dd. J=6.5. 8.4 Hz): 2 .80 (HI, ddd. 
.1=5.7. 6.5. 7.9 Hz): 2.98 ( IH. br. OiO exch.): 3.33 (11-1. 
dd, J=7.9, 10.5 Hz): 3.40 (2H. m): 3.42 (3H. s): 3.60 (IH. 
m): 3.64 (3H. s): 3.76 (31-1. s): 3 .85 (lH, dd . .f=5.7. 
10.5 Hz): 3.92 (JI-I . s): 4.4 1 ( IH. d, J=l 1.5 Hz): 4.46 (IH. 
d. J= 11.5 Hz): 5.25 (2H, app. sing.): 6.79 (2H, d. 
J=S .61-lz); 7.17 (21-1, d. J=8.6Hz): 7.91 (IH. d. 
J=l.5-Hz): 8. 10 (IH. d. J=l.5 Hz). 11C NMR (75MHz. 
CDCl1) S TMS : 30.4 (t). 39 .2 (d). 44.8 (d) . 52.4 (q). 53 .5 
(q) , 54.9 (q). 56.J (q) , 67.J (t). 69. 1 (d). 72.7 (t), 94.7 (t). 
113 .6 (d). 117.6 (d), 118. 1 (d). 126.8 (s). 128.8 (s). 129.4 
(d). 129. 7 (s). 15 1. 5 (s), 156.0 (s). 159.2 (s). 162. 7 (s). 164.7 
(s). IR (NaCl, neat): 3509. 2956, 2923. 2854, 1728. 1613. 
1538. 1514. 1438 cm - 1. Anal. for the mixture of diastereo-
mers: calcd for C25HloN2O11: C. 56. 18: H. 5.66: N. 5.24. 
Found: C. 55 .93: H. 5.83: N. 5.04. . 

Minor diastereomer 19: [a j~= + 14.2 (c= I.J, CHClll-
RF0.45 (2 : I CH2Cli/Et2O). H NMR (300 MHz. CDCl3) 
S TMS: 233 (I H. hr, D2O exch.): 2.66 ( I 1-1, dd, .f=6.8. 
6.8 Hz): 2.8 I (I H. ddd. J=5.2. 6.5, 6.8 Hz): 3 .20 (lH, dd. 
J=5 .2. 13.4 Hz); J .36 (2H. m): 3.41 (JH. s): 3.50 ( IH . dd. 
J=6.5. I 1.0 Hz): 3.73 (J I-I. s): 3.78 (3H, s): 3.84 (IH , 
111): 3 .92 (3H. s): 4.43 (lH. d, J=l 1.4 Hz): 4.50 (IH. 
d . .I= 11.4 Hz): 5.21 (21-1. app. sing.): 6.84 (2H. d. 
J= S.6 Hz): 7.21 (2H. d. J=S .6 Hz): 7.92 ( 11-1 . d. 
J=l.5 Hz): 8 .08 ( IH. d, J=l.5 Hz). 11C NI\-IR (75 MHz. 
CDCl1) S TMS : 30.9 (t). 41.3 (d). 45.8 (d). 52.7 (q). 53 .9 
(q) . 55.2 (q). 56.6 (q), 66.9 (t). 6S.9 (d). 72.6 (t). 95 .0 (t). 
113.8 (d). 113.0 (d), 118.5 (d). 126.3 (s). 129.4 (d). 129.7 
(s). 130.J (s). 151.5 (s). 156.3 (s), 159.3 (s). 163.3 (s). 164.7 
(s). IR (NaCl. neat): 3509. 2956. 2855, 1728, 1613, 1538. 
151 4. 1438 cm- 1. 

)2S-(2a,3a) )-Methyl ester 2-(1-(1 ( I, 1-dimethylethyl)di-
mtt hylsil y I (oxy J-2-(4-( me tho xyca rbo nyl )-2-( met ho i y-
m e thoxy)-6-n it ro phenyl )ethyl )-3-( (( 4-met hoxypheayl)-
mcthoxy) methyl )-1-azlrldl necarboxylic acid. Compound 
19 C,37 mg, 0.70 mmol. 1.0 equi v.). and 350 µ.L of DMF 
were added to a 10 ml conical nask. Once 19 had 
comple tely dissolved. imidazole (167 mg. 2.46 mmol. 
3 .5 equiv.). and TBSCI (2 12 mg. 1.41 mmol. 2.0 equiv.) 
were added to thc Aask. After stirring for 24 h. TLC analysis 
(I : I Hex!EtOAc) of the cmde reaction showed complete 
loss of starti ng material. and the r.:act ion was diluted with 
15 ml Et2O. The organic solution was washed with 10 ml 
water, and the two layers were separated. The aqu.:ous layer 
was back cxtractcd with 6XI 5 ml Etp. The combined 
organic layers were washed with 15 ml sat NaCl(iJ:IJ• dried 
o,·er Na2SO4• filtcred. and concentrated. The crude oil was 
purified by column chromatography ( 1.5 : I Hex/EtOAc) to 
give 437 mg (96% yield) of product as a clear yellow oil 
(>95'l'o pure). 

Major diastereomer: (aw=- 27.6 (c= 1.6 . CHCll). 
RF0.50 (I: I Hex/ EtOAc). H NMR (300 MHz. CDCb) S 
TMS : -0.40 (JH. s): -0. 11 (JH. s): 0.69 (91-1. s): 2.59 ( I H. 
dd, J=5 .5, 6.J Hz): 2. 74 ( I H. ddd, J=4.6. 6.J. 6.8 Hz): 3.22 
( I H. dd. J=4.8, 13.5 Hz): 3.4 I ( 1 H. dd. J=9.0. 13.5 Hz): 
3.43 (31-1. s): 3.60 ( I H. dd, .1=6.8. I 1.0 Hz): 3.68 (31-1, s): 
3.68 ( I 1-1. dd, J= 4.6. 11.0 Hz): 3.77 (3H. s): 3 .9 1 (31-1. s): 
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4. 12 ( 1 H. ddd. J=4.8. 5.5, 9.0 Hz): 4.50 ( I H. d, .J= 11.4 Hz): 
4.60 ( 111, d. J= 11 .4 Hz); 5.21 (21-1, app. sing.): 6.85 (2H, d, 
J=8.5 Hz): 7.27 (21-1, d . .1=8.5 Hz); 7.90 (Iii. d.J= 1.5 Hz): 
8.06 (IH. d. J=l.5Hz). Ile NMR (75MHz. CDCl1l 0 
TMS: -0.53 (q). -0.48 (q). 17.8 (s). 25.6 (q). 32 .2 (t), 
41.1 (d). 45.1 (cl) , 52.6 (q), 53.6 (q). 55.2 (ql. 56.6 (ql. 
6 7.3 (t), 68.0 (d). 72.5 (t), 94 .9 (t). 113.7 (d). 117.6 (d), 
118.4 (d). 127.3 (s), 129.5 (d). 129.9 (s). 130.0 (s). 151.7 
(s), 156.6 (s), 159.2 (s), 163.5 (;;) , 164.9 (s). IR (NaCl, n,•,11): 
3001, 2954, 2856. 1731. 1613 , 1537, 1514. 1438cm- 1• 
Anal. for the mixture of diastereomers: cakd for 
C11H-1-1N2011Si : C. 57 .39: H. 6.84: N, 4.32. Found: C, 
57.50: H, 6.91; N. 4 .50. 

Minor di;ister~omer: [a]Fi=+ 10.5 (c.=1.1. CHCl1). R1=0.5 
(1 : 1 Hex/EtOAc). 1H NMR (300MHz. CDCl3) o TMS: 
-0.31 (31-1. s) ; 0 .03 (3H. s) ; 0.80 (91·1. s): 2 .61 (IH , ddd. 
J=4.4 , 6.7. 7. I Hz): 2 .69 (I H. dd. J=6.7, B.5 Hz): 2.98 ( IH . 
dd, J=4.4. I I.I Hz); 3 . 11 (IH. dd, .1=6.6, 13.2 Hz): J. 19 
(IH. dd, J=7. l , II.I Hz.): 3 .23 (IH. dd. J=7.6 . 13.2 Hz): 
3.39 (311, s): 3.69 (3H, s); 3.77 (3H. s); 3.79 ( I H, 111): 3 .91 
(3H. sl: 4 .40 (III , d. J= 11.5 Hz): 4.50 ( I H. d. J= 11 .5 Hz): 
5.17 (21:-1. apparent singlet): 6 .82 (2H , d, J=8.6 Hz): 7. 18 
(2H, d. J=S .6 Hz): 7.87 (IH, d. J=l.5 Hz): 8.01 (IH. d, 
J=l.5 Hz) . Uc NMR (75 MHz. CDCl3) o TMS: -5.3 (q). 
-4.8 (q). 17.7 (s). 25 .6 (q). 31.8 (t), 40.9 (d). 46.0 (d). 52.6 
(q). 53.4 (q). 55.1 (q). 56 .5 (q). 66.9 (t). 70.3 (d). 72.1 (t). 
94.7 (t). 113.6 (dl, 117.4 (d). 118.2 (d). 126.1 (s). 129.4 (d), 
129.6(;;), 130. I (s ).151.5(s). 156.6 (s).159.I (s).1 63.2(s). 
164.6 (s). IR (NaCl. neat): 2964. 1732. 1614, 1538. 1514, 
1438 cm - 1. 

I 2S-(2a,3a) I-Methyl ester 2-( 1-( (( l, 1-dimethylethyl)cll-
methylsily l)o iy )-2-(4-( methoiycurbonyl )-2-( metho xy-
methoxy)-6-n itrophenyl ( ethyl)-3-(hydroxymethyl)- l-
nziridinecarboxylic ucid. The silyl ether described above 
(205 mg. 0 .32 mmol. 1.0 equiv.). 2.7 ml of CH2Ci2, and 
150 µ,l of H20 were added to a 25 mL flask . After stirring 
for 5 min. DDQ (93 mg. 0.4 I mmo l, 1.3 equiv.) was added 
to the mixture in one portion . The reaction mixture 
in11nedia1dy turned dark gr.:en. and over the course of th.: 
next 1.5 h. th.: mixture slowly turned bright orange. After 
1.5 h. the crudc reaction mixture was passed through a short 
plug of acti vated alumina using 10: I CH2Cl2/Me0H as 
eluant. After concentration in vacuo. the crude oil was 
purifil!d by column chrom;:itography (I : I Hex/EtOAc) to 
give I 60 mg (93% yield) of product as a cll!ar orange oil 
(>95% pure). 

l\•lajor diastereomer: [a]ff'=-55.6 (c=i.2 . CH2Cl2l. 
R1=0.30 ( I :1 J·lex/EtOAc). 1H NMR (300 MHz. CIX::hl o 
TMS : -0.34 (3H. s): -0.06 (3H, s): 0.7:I (9H. s): 1.95 (Iii. 
br, D20 exch.): 2.61 ( IH. dd. J=5 .7. 6.2 llz): 2.72 (I H. ddd. 
J=4.5. 6.4, 6.4 llzl: 3.26 ( I H. dd. J=5. I , 13.4 Hz) : J.42 
( I H, dd, J=S.8, 13.4 Hz): 3.49 (3H , s); 3 .67 (3H, s): 3.90 
(2H. 111): 3.92 (3H. s): 4 .25 ( I H. ddd. 1=5. I. 5.7. S.8 Hz): 
5.27 ( I H. d .J=6.9 Hz): 5.29 ( I H, d.J=6 .9 Hz): 7.92 ( I H. d, 
J= 1.5 Hz); 8.09 (I H. d. J= 1.5 Hz). Ile NMR (75 l\:IHz. 
CDCl1) o TMS: - 5.2 (ql. -4.9 (q). 17.S (s): 25.5 (q): 
32.3 (t); 42 .9 (dH5 .9 (d): 52.6 (ql: 53.7 (q): 56.6 (q); 60.2 
(t) : 68.1 td): 95.0 (t); 117.6 (d): 118.4 (d ): 127.0 (s): 129.9 
(s): 151.6 (s) : I 56.6 (s ); 163 .5 (s): 164.8 (s). IR (NaCl. neat): 
3510. 2955 . 2856, 1730. 1540. 1438 cm - I_ .-\nal. for the 
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mixture of diastereomers: calcd for C2l~h6Ni01oSi: C, 
52.26: H, 6.86; N, 5.30. Found: C, 52.22 ; H. 6.66; N. 5.19. 

Minordiastereomer: [a ]~=+8.8 (c=2 .8, CH2Cl2) . RF0.30 
(I :1 He,c/ EtOAc). 1H NMR (300 MHz. COCll,) o Th!S : 
-0.24 (JH, s): 0.02 (JH, s): 0.82 (9H, s): 1.78 (IH, br. 
D20 exch.); 2.56 (HI, ddd, .1=4.4, 6 .6. 6.7 Hz): 2.74 (IH, 
dd, .1=6.6, 8.7 Hz); 3 .13 (3H. m); 325 (I H, dd . .1=7.2, 
13.2 Hz) : J.47 (3H. s); 3.6S (3H, s); 3.90 ( I H. m): 3.92 
(:UI, s): 5.27 ( I H. d, .1=7.0 Hz); 5.29 ( I H. d, .1=7.0 Hz): 
7.92 ( I H. cl, J= 1.5 Hz); 8.05 ( I H. d, .l= 1.5 Hz). 13C NMR 
(75 MHz, CDChl o TMS: -5.3 (q). -4.8 (q) , 17.7 (s). 25.5 
(q) . 31.9 (t), 42.8 (d). 46.9 (d), 52.6 (q). 53 .4 (q), 56.6 (ql, 
60.0 (t). 70.0 (d). 94 .9 (t). 117.4 (d). 118.I (d). 125.9 (s), 
130.2 (s), 151 .5 (s). 156.6 {s), 163.3 (s). 164.6 (s). IR (NaCl. 
n.:at) : 3503 , 2954. 2857. 1732. 1538, 1438 cm- 1. 

(25-(2a,Ja)f-Methyl ester 2-( l-11( 1,1-dimethylethyl)di-
mct la yls ilyl) o xyf-2-[4-( met hoxyca r bo n~·l )-2-( methox y-
met hoxy)-6- n itrophenylf ethyl(-3-fo m1yl-l-1zl rldi aecar-
boxylic acid (20). The alcohol described in the previous 
experiment (98 mg. O.IS mmol, 1.0 equiv.). and 1.5 mL of 
CH2Cl2 were added to a 25 ml flask. The mixture was 
stirred for 5 min and Dess- Manin reagent 16 (I IS mg, 
0.32 mmol , 1.8 equiv.) was added to the flask in 011'! portion. 
After stirring for 2.5 h, the cloud)' white mixture was diluted 
in IO ml Et20 and poured into a solution of 20 ml sat 
NaHCC¾aqJ with 8.0 equiv . of Na2S20l·5H20 (435 mg). 
The milky biphasic mixture turned clear after 15 min of 
vigorous stirring. The two layers were separated. and the 
organic layer was washed with Ix IO ml NaHCO:l(aqJ• and 
IXIO mL 1-120 . The combined aqueous layers were 
extracted with 3X 15 mL Et20. The combined organic layers 
were dried over Na2S04• filtl!red, _ and concentrated. The 
cmde oil was purified by flash chromatography (2 : I Hex/ 
EtOAc) to give 81 mg (82% yield) of 20 as a clear colorless 
oil (>95% pure) . 

Major diastereoml!r 20 : [a]fl=+5.4 (c=I.I. CH2Cl2) . 
Ri=0.42 (1 :1 Hex/EtOAc). 1H Nl\:IR (J OO MHz. CDCl1) o 
TMS: -0.18 (3H. s): 0.00 (3H. s): 0.76 (9H. s): 2.79 (IH. 
dd. J=3 .5, 6.8 Hz); 3.00 ( I H. dd . .!=4.6. 6.8 Hz): 3. 14 ( I H. 
dd. J=6.8. 13 .2 Hz): 3 .23 (IH. dci J=7.4. LU Hz); 3.49 
(311. s): 3.68 (31-1 , s); 3 .92 (311. s): 4.50 ( IH. ddd. J=3.5. 6.8. 
7.4 Hz): 5.30 (21-1 . s); 7.94 (IH. d. J=l.5 Hz): 8.12 (Iii. d . 
.l= 1.5 Hz); 9.50 (HI. d, J=4.6 Hz). 13C NMR (75 MHz. 
CDCl3) o TMS: -5.J (q). -4 .7 (q). 17.9 (s). 25.6 (q). 
32. 1 (t). 45.1 (d). 48.7 (d). 52 .7 (q). 53.9 (q) . 56 .7 (ql. 
67.7 (d) . 94.9 (t) . I 18.0 (d), I 18.4 (dl. 125.S (s). 130.4 (s). 
151.2 (s). 156.7 (s). 16 1.9 (s). 164.6 (s). 196.9 (d). IR (NaCl. 
neat): 2962. 2863, 1730. 1537. 1437 cm- 1. Anal. for the 
mixture of diastereomers: c:ilcd for C 2lHJ..IN 20 10Si: C, 
52 .46: H. 6.5 I: N. 5.32. Found: C. 52.64; H. 6.61: N. 5.30. 

l\:linor diastereomer 20: [a ]if=+ 112 (c=2.0, CH2Cl2) . 
Ri=0.42 (1 :1 Hex/EtOAc). 1H Nl\:IR (300 MHz. CDCl3) o 
TMS: -0.23 (J H. s); 0.08 (3H. s): 0.85 (9H. s): 3.01 (2H. 
m): 3.05 (IH . dd. J=6.7. 13.J Hz): 3.23 (IH. dci .1=7.3, 
13.3 Hz): 3.47 (3H . s): 3 .72 (3H . s): 3.93 (3H. s); 3.96 
( IH. 111): 5.26 (ii-I. d. J=7 .0 Hz); 5.28 (IH, d . .1=7.0 Hz): 
7.91 ( I H. d. J= 1.5 Hz): 8.06 ( I H. d, J= 1.5 Hz); 8.95 ( IH. d . 
.1=5.5 Hz). Be NMR (75 MHz, CDCl3) o TMS: -5.3 (q). 
-4.S (q). 17 .7 (sl. 25.5 (q). 31.7 (t). 45.6 (dl. 48.7 (d). 52.6 
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(q), 5J.8 (q). 56.6 (q). 69.7 (d), 94.8 (tl, 117.6 (d). 118.3 (d), 
125. 1 (s). 130.5 (s), 151.4 (s), 156.3 (s), 161.4 (s). 164.5 (s), 
195.0 (d). IR (NaCl, neat) : 2956. 2858. 1732. 1538, 
l439cm- 1• 

(laS,9aS}-Dimethyl ester 9-(l(l, 1-dimethylethyl)dimethyl-
silyl loxy)-1 a,2,3,8,.9,9a-hnahydro-7-(methoxymethoxy)-
l H-1zirino[2,3-t·l( l [ benzazocine-1,5-dicarboxy·lic acid (23). 
40 ml of l\.kOH. freshly distilled from CaH2• was added to 
a 100 ml tlask. The stirred solution was degassed with H2 
for 30 min using a 20 gauge need le connected directly to a 
112 cylinder. The flask was then tlushed with argon. and 5% 
Pd/C (200 mg. 0.095 mmol. 0.25 equiv.) was added in one 
portion. The mixture was degassed with H2 for another 
30 min and then kept under H2 for another 30 min. Nitro-
aldd1rdc 20 (200 mg, 0.38 mmol. 1.0 equiv.) in 2 ml of 
MeOH was added to the mixture dropwise over I min. 
After 8 min. TLC analysis (I: I Hex/EtOAc) of the reaction 
showed complete loss of 20 . The reaction was diluted with 
MeOH and passed through a short pad of Cel ite using 
1\.-kOH. and the filtrnh: was concentrated in vacuo. The 
residue was filtered through a short plug of Celite using 
CH2C l2• and the Iii tr.lie was concentrated again. The residue 
was dissolved in 200 ml of C H2C l2. Activated 4 A 
molecular sieves ( - 30 pieces) and MgSO4 (2 g) wae 
added to the solution. Th.: stirred mixture was hea ted to 
re flux fo r 24- 36 h. The cooled mixture was filtered through 
a pad of Celite using 10:1 CH2C'2il\.foOH (500 ml). The 
filtrate was concentrated. and the residue was immediatdy 
dissolved in solution of 2: I CH2Cl.i/Md)H ( 12 ml). After 
the mixture was cooled on an ice bath for IO min, NaCNBH1 
(23 mg. 0.38 mmol. 1.0 equ iv.) and TFA (29 µ.L. 
0.38 mmol. 1.0 <'quiv .) were added in one port ion. After 
4 min. TLC analysis of the reaction (I : I Hex/EtOAc) 
showed no signs of the staning n1.11crial. and the reaction 
was quenched with 30 ml.. sat NaHCO'.l("'l)· The two layers 
were separated. and the aqueous layer was extrackd with 
_\xCH2Cb. The combined organic laye rs were washed with 
I Xs.c1 t NaC11aq) • dried on:r Na2SO4• - filtered. concentrated. 
and purified by radial silica PTLC (4 mm plate, 2: I Hex/ 
EtOAc) to give 110 mg (40- 60% yidd from 20) of 23 as a 
clear yd low oi l (>95% pure) . 

I 2S-(2a.,3a)l-l\l ethyl ester 2-( 2-( 2-uml no-1-( melhoxycar-
b o nyl)-6-(methoxymethoxy)phcnyl 1-1-11( I, I-di mcthyl-
eth~·l)dl methylsllyl joxylethyl 1-3-fo rmyl-1-azl ridi neca r-
boxylic add (21 ). Major diastereomer 21: RF0.43 ( I: I 
Hex/EtO.-\c). 1H NMR (:\00 MHz. CDCl1) o TMS : -0. 13 
(3 H. s): 0. 10 (J I-I , s): 0.82 (9H. s): 2.69 (IH. dd. J=6.5. 
13.S Hz): 2.82 (IH. dd. J=7.8. 13.7 Hz): 2.88 ( IH. dd . 
.1=2 .6. 6.9 Hz) : 3.05 (IH. dd . .1=4.0. 6.9 Hz): 3.47 (3H. 
s): J .73 (.\II. s) : 3 .S4 (JH. s): 3.89 (2 11. br. ~O exch.): 
4.44 ( I H. ml: 5.21 (2 11, s): 7.03 ( I H. d. J= 1.4 Hz ): 7. 11 
( I H. d. J= 1.4 Hz): 9. 54 ( I H. d, J= 4.0 Hz). IR (NaCl, neat) : 
3466. 3381. 2954 . 2857. 1718, 15S6. 1437 cm - 1. 

Intermediate !mine (22). Major diastereomer 22: Ri=0.49 
( I: I Hex/EtO.-\c). 1H NMR (300 MHz. ClX'b) o TMS : O.o7 
(3 H. s): 0.18 (3H. s): 0.96 (9H. s): 2.29 ( 11-1 . dd. J= 11.0. 
12 .9 Hz): 2 .56 ( I H. dd, J=5.9. 5.9 Hz) : 2.86 ( I H. d. 
J=6.0 Hz): 3.00 .( IH . dd . J=4.3. 12.9 Hz): 3.46 (31-1. s): 
3 .73 (31-1. s): 3.87 (31-l, s): 4.2S (IH . ddJ . .1=4.5, 6.0. 
10.7 Hz J: 5.22 (I H. d. J=6:9 Hz): 5.28 ( I H. d . .1=6 .Q HzJ: 
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7.36 ( IH , d, .l=l.4 Hz): 7.50 (IH. d . .l=l.41-lz): 8.09 
(I H. s). 

(l aS,9..s)-Dimethyl ester 9-1( ( l ,l-dimelhylethyl)dimethyl-
sil yl I oxy[ -1 a,2,3,8,9,9a-hcuthydro-7-( methoxymet boxy)-
1 H-azlrlnol2,.'\..c) I ljbenzazocine--l ,S-dlcarboxyllc acid (23). 
Major diastereomer 23: [a]i/=+48.9 (e=0.9, CH2Cl2). 
RF0.42 (I : I Hex/ EtOAc). 1H NMR (300 MHz, CDCl1) o 
TMS: 0. 15 (31-1, s): 0.17 (3 H. sl: 0.94 (9H, s): 2 .52 (21-1 , m): 
2 .S4 ( I H. dd • .I= 10.5. 13.9 Hz): 3. 18 ( IH. dd, .1=5.3, 
13 .9 Hz): 3.46 (JH, s): 3.59 (HI. 111): 3.67 (3H, s): 3.78 
( IH . m): 3.84 (31-1. s): 4.06 ( IH. br. D2O exch.): 4.47 (11-1 , 
cldd, J=5 .3, 5.3. 5.3 Hz); 5. 19 (IH. d . .1=6.6 Hz): 523 ( IH. 
d. J=6.6Hz); 7.04 (IH, d, .l=l.5Hz): 7.18 ( IH. d. 
J=l.5 Hz). Ile NMR (75 l\·1Hz. CDCl1) o TMS: -5.1 (q). 
-4.9 (q). 18.4 (s) . 25.8(q).31.0 (t). 41.4 (d), 43 .0 (d). 47.3 
(t). 52.0 (q). 53 .3 (qJ. 56.3 (q). 69.0 (d). 94.3 (t). 105.3 (d). 
114.3 (d). 11 8.3 (s). 129.4 (s). 148.3 (s). 156.2 (s), 163.9 (s). 
166.8 (s). IR (NaCl, neat): 3394. 2952, 2855, 1724. 1587, 
143S cm - 1• Mass spectru m (ES+) m/z: 481 (M+H). Anal. 
for the mixture of diaswromers: calcd for C21H16N20 7Si : 
C, 57.48: H, 7.55; N. 5.S3 . Found: C, 57 .77; H, 7.86: N 5.<>4 . 

Minor dinst.:reomer 23: [a)?i=+ 127 (c.=0.9. CH2Cl2). 
RF0.50 ( I: I Hex/EtOAc). 1H NtvlR (300 MHz, CDCl3) o 
TMS: 0.10 (3 H, s): 0. 11 (3H. s): 0.92 (QH, s): 2 .58 ( IH . m): 
2 .66 ( I H. dd. J=5 . I. 6.9 Hz): 3.06 ( I H. dd. J=8 .7, 15.0 Hz): 
3 . 12 ( 11-1 , d. J=4.5 Hz): 3 .13 ( I H. d. J=4.5 Hzl ; 3.45 (3 H. 
s): 3.62 (IH . dd.J=3.6. 8 . 1 Hz): 3 .66 (3H, s): 3.83 (IH. br. 
~O exch.): 3.84 (3H . s): 4.23 ( I H. ddd.J=4.5, 4.5. 4.5 Hz): 
5.16 ( I H, d . .1=6 .6 Hz): 5. 19 ( I H, d . .1=6.6 Hz); 7.07 ( I H. d. 
J=l.5 Hz): 7.30 ( IH . d, J=l.5 Hz). 11C NMR (75 MHz. 
CDCl1) o TMS: - 5.0 (q). - 4.9 {q). 18.2 (s) . 25 .7 (q), 
33.5 (I), 40.2 (d), 48.2 (t). 48.4 (d). 52.0 (q). 53.4 (ql. 56.2 
(q). 72.9 (d), 94 .6 (tl. 107.7 (d). 115.6 (dl . 123.J (s). 129.0 
(s), 149.3 (s). 156.4 (s). 163.3 (s), 166.S (s) . IR (NaCl. neat): 
3387. 2953. 2856. 1724. 1585, 1437 cm- 1• Mass spectrum 
(ES+) 111/z: 48 1 (M+H). 

(I aS,9aS)-3-I (4,S-Dimethoxy-2-nitrophenyl)methyl I I;, 
dimethyl ester 9-( ((I, 1-d imethylethy l)dimcthylsilyl joxyl-
1 a,2 ,3,8,9,9a-hexahydro-7-(methoxymet hoxy)-1 H-
azi rino(2,3-cl 11 jbenzazocine-l,3~~2H)-tricarboxylic acid. 
Compound 23 ( 140 mg. 290 µ.mol. 1.0 equiv. ) and 3.5 ml 
o f C H2Cl2 were added to a 25 ml conical flask . The solution 
was stim:d for 3 min when N,N-diisopropylethylamine 
( 152 µ.L, 870 µ.mol. 3.0 equi,·.). 6-nitroveratryl chloro-
formate (200 mg. 730 µ.mol. 2.5 equiY.). and DMA P 
(36 mg. 290 µ.mol. 1.0 equiv. ) were added. After 4 h. TLC 
analys is (I : I Hex/ EtO.-\c) of the reaction showed no starting 
mate ri al. The reacti on was diluted with 15 ml sat 
Na! ICOl<"'ll and extracted with 3XEt0Ac. The comb ined 
organic layers were washed with !Xsat NaC11aqJ, dried 
over Na2SO4• filtered. concentrated. and purified using 
radial silica gel PTLC (2 : I Hex/EtO.-\c, 2 mm plate) to 
give 185 mg (88% yid d) of product as 11 clear yellow oil. 

Major diastereomcr : [a ]a~=+26.9 (c= 1.2. CH2Cl2) . 
RF0.40 (I : I Hw"EIOAc). 1H NMR (300 MHz. 
d6-DMSO. 383 K) o TMS: 0. 12 (3H . s): 0.14 (3H. s ): 0.88 
(•m . s): 2.68 (2H. br): 2.88 (2 H. s) : 2.QJ ( IH, br): 3.07 ( IH. 
br) : 3.46 (31-1. sl: J .62 (3H. s): 3.80 (31-1. br): 3 .86 (JH. s): 
3.S7 (3 11. sJ: 4 .34 ( IH. br): 5.29 (2H . s): 5.41 (2H. s): 6.92 
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(IH. s): 7.46 (IH, d, J=l.5 Hz): 7.63 (IH, d. J=l.5 Hz): 
7.65 ( I H. s). IR (NaCl, neat): 2953 , 2856, 1726, 15S I. 1522. 
1440 cm - •. !\·lass spectrum (ES+) m!z (relative intensity): 
720 (M + H) ( I 00'%). Exact mass: (F AB) calcd for 
C11H46NlOIJSi 720.2799. found: 720.2786. Anal. calcd 
for CnH45Nl013Si : C. 55.06; 1-1 . 6.30: N, 5.84. Found: C. 
54.93; H, 6.48: N. 5.66. 

( 1 iu·,9aS)-3-((4,:;-Dimetho1y-2-aitrophenyl) meth)·I ( S-meth-
anol-9-( (( 1,1-d i methylethyl)d imethylsily I( 01y(- ta,2,3,8, 
9,911-hexahyd ro-7-(methoiymethoxy)-1 H-azlrl no( 2,3-
c(( 1 ( bcnznzoclne-3-carboxylic ncid (24). Nitrovcrat1yl car-
bamate dcscritx.-<l abo,·e (76 In£. 0. 105 mmol, 1.0 equiv.) and 
1.5 ml CH2Cl2 were added to a 25 ml round bottom flask. The 
stirred solution was cooled to - 78°C on a CO/xctonc ooth for 
10 min when 1.0 M DIBAL in hexane (528 µ,L, 0.528 mmol. 
5.5 equiv.) was add~-d in dropwisc portions with 5 min between 
each addition .. .\fier 5 h. the ~-action W!IS quenched at - 78°C 
by the addition of one drop of McOH and two drops of sat 
NaClc"'IJ· After removing from the bath and comin£ to room 
tem~mturc. the solution was filtered throu£h a short plug of 
Celite with CHiCl2. The two larers w~re scparatcd. and the 
aqu,-ous larer was e.'ttracl\.-d with 3XC!-12Cl2. The combined 
organic layers were dried over Na2S04. The solution was 
filtcr,-d. concentrated. and purified by radial silica &>el PTLC 
(2 mm plate, 22 : I CH2Clil\'leOH) to give 39 mg (61 % yidd) of 
aziridine 24 as a ck.'ar yellow oil. 

Major diastereoma: [a]~=+25.4 (c=2.6, C'H2Cl 2) . 
KF0.41 (10: I C'H2CI/MeOH). 11-1 NMR (300 MHz. d0 
DMSO, 373 K) TMS: 0. 12 (3H . s): 0.13 (J H. s): 0.91 
(91-1. s): 2 .02 (2H. s): 2.86 (2H . s): 2.9.\ (21-1, s): 3.45 (31-1 , 
s): 3.83 (3H. s): 3.87 (.H-1. s): 4 .28 (IH. s): 4.46 (2H. s): 4.71 
(IH. s. 0 20 exch.): 5.19 (IH. d. J=6.6 Hz): 5.22 (11-1. d. 
1=6.6 Hz): 5.41 (2H . s): 6.S I ( I H. s): 7.03 (2H. s): 7.66 ( IH . 
s). IR (NaCl. neat ): 3368. 2954. 2856. 1713. 1582. 152-1 , 
14-11 cm - 1. Mass spectrum (ES+) 111 /z (relative intensity) : 
634 (M+H . 100% ). Exact ma:.s: (F . .\B ) calcd for 
Cl01-144Np1~i : 634 .2796. Found: 63-1.2760. Anal. calcd 
fo r CloH0Nl010Si : C'. 56.85: 1-1 . 6.84: N, 6.63 . Fo und: C. 
56.53: H. 7.07: N. 6 .37 . 

(l lLS',9a5)-3-((4,5-Dimetho1y-2-nitrophenyl)ml'lhyl ( S-meth-
an ol-111,2,3,8,9,911-heuhyd ro-7-(meth oxyml'lho1y)-9-
hyd roxy-1 H-azirino(2,3-c(( 1 (benznzodne-3-carboxylic 
acid. Compound 24 (50 mg. 0.079 1110 I, 1.0 equi\'.) and 
I ml THF were added to a 10 ml conical flask. The 
solut ion was stirred for 5 min on an ice bath when 1.0 M 
TBAF in THF (1:.\5 µ.l. 0. 135 mmol. 1.65 equiv .) was 
added dropwise over I min. .-\fter the addition was 
complete. the reaction was allow~-<l to warm to room 
1e111p. Afler 4 h. TLC an:ily,;is (10: 1 CH2C'l i MeOH) 
showed no sign of starting material. The reaction was 
diluted with water. and the Tl-IF was removed in vacuo. 
111e aqueous solution was extracted with 3XEt0Ac. The 
combined organic layers were dried m-cr N~S04. filtered. 
concentrated. and purified by radial silica gel PTLC (2 mm 
plate, 10: I CH2C'b /l\k01-1) to give 35 mg (85% yield) of the 
diol as a foamy ydlow oil. The unstable diol was 
immedi:ltdy t:iken on to the next step without further puri-
fication . 

(NaCl. neat): 3429 br. 3314 br, 2928, 2S54, 1704. I SB I. 
1524, l+m cm-•. Mass spectrum (ES+) miz (relatiw inten-
sity): 520 (M+H, 100%). 

(taS,.9aS)-3-((4,5-Dimelhoxy-2-nitrophenyl)methyl( I-
methyl ester S-methanol-la,2,3,8,9,9a-hexahydr~7-
(methoxymethoxy)-9-hydroxy-t H-azi rino(2.3<( 111 benza-
zoclne-1,3(211)-dica rboxylie acid (25). The diol described 
above (15 mg. 29 µ.mol. 1.0 equiv.) and 300 µ,l pyridine 
were added lo a 10 ml flask. After stirring for 5 min. 
N-((methoxy)carbonyloxy)succinimide (5 mg. 29 µ.mol , 
1.0 equiv.) was added in one portion. After 2.5 h. TLC 
analysis (10:1 CH2C'l2/MeOH) showed complete loss of 
starting material, and the reacrion was diluted with water 
and sat NH4Clcoql• The aqueous solution was extracted with 
3XEtOAc. The combined organic laye rs were washed with 
IXsat NaHCOlc"'ll and lxsal NaC'l(aqJ • dried over Na2S04. 
filtered , concentrated. and purified by radial silica gel PTLC 
(10:1 CH2Cli/~leOH. 2 mm plate) to gi\'e 14 mg (89% yield 
from 24) of 25 as a foamy yellow oil. 

Major diaslereomer: [a)~=+ 30.6 (e= 1.5. CH2Cl2). 
KF0.38 (10: I CH2C'I/ MeOH). 11-1 NMR (JOO MHz. 
d6-DMSO, 378 KJ 8 TMS: 2.64 (2H, s): 2.84 (2H. s): 2.91 
(2H. s): 3.44 (3H . s): 3.62 (3H. s): 3.78 (3H. s): 3.B5 (3H, s): 
4.06 (lH , s): 4.41 (11-1. br, D20 exch.): 4 .-15 (21-1. s): 4.72 
( I H. D20 exch.): 5.21 (2H, s): 5.3 7 (2H. s): 6.81 ( I H. s): 
6.90 ( ill , s): 7.03 (IH. s): 7.65 (IH. s). IR (NaCl. neat): 
3741. 2954. 2852 , 1731. 1715. 1614. 1582. 1520. 
1442 cm- 1. Mass spectrum (ES+) ml: (rela tive intensity): 
578 (t,.,tHI. 100%). Exact mass: (FAD) calcd for 
C26HnN30 1~: 578.1986. Found: 578. 195-1. Anal. calcd for 
C26HJ2N3012·0.6H20: C, 53 .07: H. 5.51 : N. 7. 14. Found: C. 
53.39: ll. 5.71: N. 6.75 . 
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(laS-ci~)-3-((4,5-Dlml'thoiy-2-nltrophenyl)mcth)'I) 1-methyl 
tster 5-formyl- lu,8,9,9a-tctruhydro-7-(methoxymethoxy)-
9-oxo-1 H-azirinol2,3-c( 11 lbenzazocine-1,3(2 H)-dicarbo1~·-
lic acid (26). Diol 25 (35 mg. 62 µ.mol. 1.0 equi\'.) and 
600 µ.L CH2C'l2 were added to a IO ml conical llask. The 
solution was stirred for 5 min when Dess- Martin period-
inanc16 (68 mg, 160 µ.mol. 2.6 equiv.) was added in one 
portion. The reaction immedi:itely became cloudy and 
wh ite . After 1.5 h. addition:il amounts of De-ss- Martin 
reagent (55 mg) and 150 µ,l CH2Cl2 were added to the reac-
tion . . -\f1er another 0.5 h. TLC analysis (10:1 CH2Cl / 
MeOH) showed no sign of staring material. The reaction 
was diluted with EtP and added to a solution of sat 
NaHC~c,v and NaS20J'5H20 ( I 23 mg. 8 equiv.). The 
biphasic mixture was vi£orously stirred for 15 min. The 
organic layer was dilured with EtOAc and separated from 
the aqueous laye r. The or£anic layer was washed with I Xsal 
Nal-lC~("'I) and I xH 20 . The combined aqueous layers were 
back extracted with 2XEt0Ac. The combined organic layers 
were dried over Nn2S04. filtered. concentrated, and purified 
using radial silica gd PTLC (1 mm plate. 2: I CH2Cly'Et20) 
lo give 2B mg (SJ¾ yield) or ketone 26 as a clear foamy oil. 

Major diastercomer: [a Jfj'=-40.3 (c= U. CH2Cl2). 
Ki=0.80 (10:1 CH2CI/ MeOH). 1H NMR (300 MHz. 
t/6-DMSO, 378 K) S TMS: 2.91 (4H. s): 3.37 ( I H. s): 3.38 
( I 1-1 . s): 3 .44(31-1, s): 3.60 (31-1. s): 3.76 OH. s) ; 3 .85 (J H. s): 
5.34 (4H. m): 6.82 ( I H. s): 7.27 ( I H. s): 7.58 ( I H. s): 7.63 
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(IH. s); 9.93 (IH, s). IR (NaCl. neat): 2954, 2847, 1729. 
1702, 1581 , 1521, 1443 cm - 1• UV >.,nu (CH3CN) nm (1:): 
345 (6800). 298 (7740). 238 (IS 500). Mass spectrum 
(FAB) miz (relative intensity): 574 (l\HH, 100"/o). Exact 
mass: (FAB) calcd for C26H28NP1i: 574.1673. Found: 
574. 1702. 

(2S)-Methyl ester [ 6-formyl-2,-1-dihydro-t-hydroxy-8-
(methoxymethoxy)-t H-pyrrolo( 1,2-a [indol-2-yl[-ca rba mic 
acid (30). Ketone 26 (15 mg. 26 µ.mol. 1.0 equiv.). 3 mL 
CH1CN. and I mL H2O were added to a 5 ml p)Tex tube. 
The test tube was placed in a 50 mL pyrcx test tube. The 
50 ml tube was stoppered and placed in a Rayonet N photo-
chemical reactor and exposed to 350 nm light. Over the 
course of the reaction. the solution slowlv turned dark 
orange . . -\fier 24 h, the reaction mixture ·was remowd 
from the photo reactor. and the CI-IJCN was remowd in 
vacuo. The n.'Sulting aquwus solution was diluted with 
water and extracted with 3XEtOAc. The combined oruanic 
extracts were dried over Na2SO4• filt,•rcd. and concent~t.:d. 
The orange residue was purified by PTlC lo yidd 3.0 mg of 
30 (38'% yield) as brown solids in a I: I mixture of isomers. 
The stereochemistry was tentatively assigned by I H NMR 
correlation with similar diastercomers.21 

1ra11s-Oiastcreomer: [a]f5=+ 15.2 (c=0.25. CH2Cli). 
Ri=0.42 (20:20: I CH2Cli/Et2OiMeOH). 11-1 Nl\lR 
(300 MHz. CDCl3) S TMS: 2.34 ( I H. br. D:zO exch.); J .52 
(3H. s}: 3 .74 ()H, s): 3 .92 (I H, dd . .l=S.O. 10.0 Hz) : 4.55 
(IH. dd. 1=8.0. 10.0Hz); 4 .SS (IH. m): 5.19 (IH . d. 
.1=4.8Hz): 5.34 (IH, d . .1=6.6Hz): 5.37 (IH. d. 
.1=6.6Hz): 5.70 (lH, d. 1=7.2Hz); 6.65 (IH. s): 7.2> 
(lH. d . .1=1.2 Hz); 7.41 (IH . d.1=1.2 Hz): 9 .SS (ll-1. s) . 
IR (NaCl. neat): 3354. 2956. 2923. 1716. 1682. 1558. 1538. 
145.6 cm- 1. 13C NMR (75 MHz. COCl1) S TMS: 47.9 (1). 
52 .6 (d) , 56.3 (ql. 56 .5 (q). 66 .6 (d), 77. 1 (s), 94. l (dl. 94.5 
(1). 10:! .2 (d) , 109.4 (d). 127 .8 (s). 132.3 (s), 133.5 (s). 144.9 
(s). 151 .2 (s). 192.0 (d). [Vlnss spectrum (ES +) 111/z (relative 
intensity): 335 (M +H. 100%). Exact mass : (FAB) calcd for 
C16H19N2O6: 335. 1243. Found: 335. 1229. 

cis-Diastereomer : [a ]ri=-21.6 (c=0 .25. CH2C:l2). R1=0.27 
(20:20: 1 CH 2Clit"Et2O/l\,kOH). 11-1 NMR (300 MHz. 
CDCl3) S TMS: 2.81 (IH. br, 0 20 exch.): 3.5:l (31-1. s); 
3 .73 (3H. s); 3 .93 (IH , m): 4 .61 (2H. m): 5.06 (IH. br. 
0 20 exch.): 5.22 (IH. d. 1=3.9 Hz) : 5.35 (21-1. s): 6.64 
(11-1. s): 7.25 (IH. d.1=1.2 Hz): 7.45 (IH. d. 1=1.2 Hz) : 
9.93 ( I H. s). IR (NaC l. neat): 3D2. 2923. 2852. 1704. 1682. 
1568. 1532. l455cm- 1. 11C NMR (75 Milz. CDCh) [; 
TMS: 48.4 (t). 52 .7 (d). 56.3 (q) . 63 .3 (q). 74 .2 (d). 77.1 
(s) , 94.0 (d). 94.9 (I) . I0~U (cl) . 108.5 (dJ. 128.7 ts) . 132.4 
(s). 133.6 (s), 145 .2 (s) . 151.2 (s). 191.8 (d). Mass spectrum 
(ES+) 1nlz (relative intensity): 335 (M+l-1. 100%}. Exact 
mass: (FAB) calcd for C16H19Ni06: 335. 1243. Fou nd: 
335. 1244. 
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The synttlesis and blochemk:al reactlVity of the first photoaclivated milosooe-based DNA lnterstrand cross.linking agent Is described. 

DNA cross-linking agents h;ivc pbyed a significant role in 
the discovery of clinically useful ant in~oplastic agents. 1 

fR900482 (I) and fR-66979 (2). which are n..1tuml antitumor 
antibi otics obtained from the fom1entation harvest of Strep-
tomyces .rnnda,•nsfs No. 6897 at the Fujisawa Pharmaceutical 
C.o. in Japan , have shm\11 highly promising activity in thi s 
area (Figur~ 1).2- 6 The clinical candidat~s FK97:l (J )l-7 and. 

(1) R.1jslri, S._ R.; Williams. R. M. C1tem. 11.m 199&, 98, 2123 . . 
(2) (a) lw:uru, M.; Klyoto, S.; Teraoo, H.; Kohsik.\, M.; Aoki, H.; 

lm:riak:i, H. J. ARlibioticJ 1937, 40. 589. (b) Kiyoto. S.; Shibat:1. T.; 
Yam,uhita, M.: KomorL T.; Okuhara. M.; Terano. H.; Kohs.ik:1. M.; Aoki, 
H.: lman.ua. H. J. ARlibiotics 1917. 40, 594. (c) Uchida, I.: T.tltase. S.; 
KayakirL H.; Kiyoto. S.; H.uh.imoto, M.; Tad:1. T.; Koda. S.; MorirnolD. 
Y. J. Am. Chem. Soc. 1987, /09, 4 108. 

(3) (a) Shimomura, K.; Hirai, O.; Mizot., . T.; Matsumoto, S.: Mori, J.; 
Shibayarna, F.: Kik~hi. H. J. Anlibiolics 1987. -10. 600. (b) Hirai, O.; 
Shimonua, K. ; Muot:1. T.; Matsumoto, S.; Mon, J.: Kl'kuchi, H. J. 
Anlibio{ic:, 1987, -10. 607. 

(4) Terano. H.: Takast, S.; Hoooda, J.; Kob,aka. M. J. A111ibioliCJ 1989. 
-11. 145. 

(S) (4) Shimomur.t, K. ; Mand:1. T.; Mulmmoto, S.; Masuda. K.; Naka-
mur:1. T.; Mizota. T.; Matw.moto, S.; Nishigaki, F.: Oku. T.: MorL J.; 
Shfbay4111:1, F. Ccmrer ft.es. 1988, 4&. 1166. _(b) Nakamura. T.; Masuda, 
K.: Matswnoto, S.: Oku. T.; Manda. T.; Mon, J.: Shimomura. K. Jpn. J. 
Pham1aco/. 1989, -19, 317. 

(6) (a) Naoe, Y.; Inarni.. M.; Matsumoto, S.: Nishigaki, F.; TsujirnolD. 
S.; Kawamura, I.; Miyayasu, K.: Manda, T.: Shimomura, K. Canrer 
Clremoliler. Pharmacol. 19911, 41, 31. (b) Naoe, Y.: ln&mi, M.: Kawamura, 
I.; Nishis,u.L F.; Tsujimolo. S~ Matswnoto. S.; Manda. T.: Shirnomuro.. K. 
Jpn. J. Conrer II.es. 1991, 89 , 666: (c) Naoe. Y.; lnami. M.; Takagalci. S.: 
Matswnoto, s. ; Kaw.unur:1. I. ; N1Srus,u.1, F.; TsuJ1moto. S.; Manda, T.: 
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Figure I . 

most rec~ntly, FK3 I 7 (4 ).6 both s.:rn isynthctically deriwd 
from FR900482 , have shown highly promising antitumor 

Shimomur:1. K. Jpn. J. Cancu II.es. 199&, 89, 1047. (d) Naoe, Y.; ln:mi, 
M.: Matsumolo, S.; TakagAki . S.; Fujiwara. T.; Yamaz.ili . S.; Kawlilluro., 
I. : Nishigalci , F.; Tsujirno to, s .; Manda. T.; Shimomura. K. Jpn. J. Ca/fCtr 
11.u. 1998, 89, 1306 . .(e) Naoe, Y.; Kaw:nura1 I.; In.uni, M.; MatR.1110!0. 
S.; Ntsh1g.,.ki, F.; TSUJIIll0lo, S.; Mand:1. T.; Sb11nomur4, K. Jpn. J. Ca/fCtr 
ll.t1. 1996. 89, 1318. (f) Ina.mi, M.; Kawamuro., I.; Tsujimolo, S.; Nishigaki, 
F.: Matswnoto. S.; Naoe, Y.; S..sakawa. Y.; Matsuo. M.; Mandt. T.; c.oto, 
T . Cancer Ltn. 2002. / 8 / , 39. (g) Beck.erbauer. L.; Tepe. J. J.: Eastman, 
R. A.; Mixt.,r, P.; Willi:im.s, R. M.; Reeves, R. C/rm1. Blot. 2002, 8, 427. 
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activity in human clinical lrials. FK3 I 7 is now in advanc<!d 
human clinical trials in Japan6 and holds significant promise 
for replacing the structurally rdated and widely used 
antitumor drug mitomycin C (MMC, 6).3 Additionally, 
FK3 l 7 docs not induce vascular leak syndrome. a serious 
side effect that precipitated the withdrawal ofFK973 (3) from 
developmcnt.6 

Natural products FR900-l82 and FR-66979 (and by anal-
ogy. FK973 and FK317) lmve been demonstrated to be 
activated by a two-electron reduction of the N-0 bond9 to 
give the intermediate ketone 7. which is in equilibrium with 
carbinolamine 8 (Scheme I). Elimination of water and 

Scheme I 

~Hz 
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tautomerirnti n culminates in the production of the reactive 
mitosene species 9. which preforentially cross-links duplex 
DNA at 1 CpG'1 steps in the minor groo,'e. 10•11 It should be 
noted that the semisynthetic derivati ves FIO 17 and FK973 
must be monod.-acetylated in vitro and in vivo to display 

fl) (a) Masuda. K.; Nak:imura, T.; Mizol.s, T.; Mori. J.: Shimomura. K. 
Cana,r J(tJ. 19&&, 48, 5172. (b) Mmida. K.; Nakamura. T.; Shimcmura, 
K. J. Antibiaics 1981, 4/, 1497. 

(8) (a) Tom:isz. M.; Lipman. R.; Cbowdary. D.; Pawl&k, J.; Verdine. 0 . 
L.; Nakanishi, K. Scienct 1917, 1J5, 1204. (b) Tom.uz. M. Chen,. Biol. 
19'!1, 1, 575-579 and reftrences lbera n. 

(9) Fukuy:ima. T.; Goto, S . Tetrahedron ltn. 1989, 30, 6491. 
(10) (a) Williams. R. M.: Rajski, S. R. Tetrahedron ltn. 1992, 31, 2929. 

(b) Williams, R M.: RajskL S. R. Tetmhtdron Lett. 1993, J4. 7023. (c) 
Huans, H.; Rajski, S. R.; Willi.ams, R. M.; Hopkins, P. B. TelrahedlTJfl 
Lett. 1994, )5, 9669. (d) Williams, R. M.; Rnjski, S. R.; Rollins, S. B. 
Chem. Biol. 1997, 4, 127. (e) R.aJsk1. S. R.; Rol lins. S. B.; Willt:lllls, R. M. 
J. A1t'. Chem. Soc. 1998. /l0, 2192 . 
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cytotoxic acti"ity and the capacity to mediate intl!r.;trand 
cross-link fonnation .6b 

Our laboratory has focused on the design and S)1lthesis12.ll 

of pro-mitosen<."'S that are activated by alternative chemical 
signals to the obligate reductive activation pathway necessaiy 
for FR900482 and congeners.14 The Fujisawa series drugs 
and MMC all function at the limit of endogenous reducing 
equivalents in the hypoxic environment of the tumor. 
Synthesis of masked mitosene progenitors with the general 
structure 11 was l!m' isioned to afford opportunities for the 
d1icie~t. controlled release of the highly reactive. bis-
electrophil ic mitosene that should be useful for improving 
the potency and selectivity of this family of agents. Efforts 
toward thi s approach have been previously reported14 that 
demonstrated the viability of accessing. a mitosene core from 
a strncture similar to 11 bur lacked the second ekctrophilic 
site (the carbamoylmethyl residue at C-13). We describe here 
the synthesis of a fully functional mask,~d mitosene progeni-
tor bas..--d on structurc 11 that cross-links °DNA upon 
photochemical activation at concentrations down to I.OµM . 

Optically activ.- aziridine 13. prepared as previously 
descrilx--d, 1·1.15 was condensed with 12 in the presence of 
sodium methoxide to afford t~ secondary alcohol 14 in 90% 
yi.-ld as n mixture of epimers (Scheme 2).14 Protection with 
diethylisopropylsilyl chloride (DEIPSCI) followed by oxid1-
1ive removal of the p11ra-me1hoxybenzyl ether affordcd 15 
in 72% yield. 

Dess-Martin oxid1tion16 afforded aldehyde 16 in 90% 
yield. Reduction of the nitro function by c-Jtalytic hydrogen..1-
tion and subsequent cyclization of the amino aldehyde to 
the eight-membered ring substance undcr dilute conditions 
(~1.0 mM) was effected with MgSO• and 4 A si.-ves 
furnishing the corresponding cyclic in_1ine. R<!duction of the 
imin.: with NaCNBH1 and .-\cOH gave 17 in 55~75¾ yield. 

(11 ) {a) Woo, J.; Sigurdsson. S. T .; Hopkins, P. B. J. Am. Cheni. Soc. 
1993, J/ 5, 1199. (b) Huang, H.; Pr.ilUID, T. K.; Hopkins, P. B. J. A111. Or-. 
Soc. l'94. / /~ 2703. (c) Paz. M. M.; Hop_lrin.s, P. B. Tetf"{JMdrott Ltn. 
1997. 38. 343 ~6. (d) Paz. M. M. Hopkins, P. B. J. ARI. ChtN. Soc. 
1991, I /9, 5999. 

(12) For S)TI!betic :ipproaches to FR900482, s.,e: (a) Ya=la, N.; 
Williams. R. M. Tetralitdron lt!rf. 1989, JO. 3397. (b) Janes. R. J.; Rapoport. 
H. J. Org. CheN. 1990. 55, 1144. (c) Martin, S. F.; Wagman. A. S. 
Tetrahedron Lt/I. 199~, 36, 1169. (d) Milk!-, S. J.; Kim. S.-H.; Chen, Z.-
R.; Orubhl, R. H. J. Am. C/,em. Sac. 199!. /17, 2108. (e) Lim, H.-J.; 
Sulikowski, 0 . A. Te1mlitdron Len. 1996, 37, 5143. (f) ziegler. F. E. ; 
Bdema. M.; J . Otg. CAtN. 1997, f11 , 1083. (g) Mith:1:1~ S.; Dre...-, D. M.; 
Rydberg. E. H.; Taylor, N. J.; Mooibroek. s.; Dmiaienko, a. I. J. AR.'. 
Chem. Stx:. 1997, / /9, 1159. (h)Zhq, W.; Wang. C.;Jirnenez. L. S. Sy111h. 
COIIINUn. 2000, JO, 351. (i) Kambe, M.; Arai. E.; Suzuki. M.; Tolruy:ma. 
H.; Fukuyama. T. Org. urt. 2001, J. 2575. 

(13) Total syntheses of FR900482 have hem reponed by tbrtt groups. 
see: (a) Fukuyama, T .; Xu. L ; Goto, S. J. A1,1. CheN. Soc. 1992, I /4, J&J . 
(b) Schkery:mtz. J. M.; Danisbefsky, S. J. J. Am. CheN. Soc. 199!1, I 17, 
4722. (c) K;J1oh. T. ; lloh. E.; Yoshino. T.; Ter:i.shim.t. S. Ttrrahedron Ltn. 
1996, 17, ~71. (d) Yoshino, T.; Nag;il4. Y.; ltoh, E.; Hashimoto. M~ Katoh. 
T.; Taashima. S. Telrahedron Ll!tt. 1996. J7, 3475. (e) K.itoh. T.; Yoshino, 
T.; N.tgal.s. Y.; Nak:ltani, S.; Terasbim.t, S. Tetrahtdron Ll!tl. 1'96, 17. 
3479. (f) A formal synthesis bas al.so been reported: Fellows, I. M.; Kulin. 
D. E.. Jr.; Martin, s. F. J. Am. ChtN. Soc. 2000. / 11. 10781. (s) In addition. 
we have reCffltl}' co mpleted an eruni011elective synthesis af'FR9004&2 :1:1d 
FR66979: Judd. T. C.; Willia.nu, R. M. Unpublished l'CIU!ts. 

(14) (a) Rollins, S. B.; W illiarns. _R. M. Tl!lralledlTJfl Ltn. 1997, .18,4033. 
(b) Roliws, S. B.; Judd, T . C.; W1ll1ams, R. M. Tetmhtdron 2000, 56. 521. 

(15) Spada. M. R. ; Ubukala. M. ; uooo. K. Heterocyr:Jes 1992, J~. 1147. 
(16) (a) Dess, D. B.; Martin, J.C. J. Org. Chem. 1983, 48. 4155. (b) 

Deu, D. B.; Martin. 1. C. J. A111. Cht!m. Soc. 1991 , //J, 7277. (c) lrel&nd, 
R. E. ; Liu. L J. Org. dent . 1993. 58. 2899. 
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Acctylation with 6-nitroverntryl chlorofom1ate (N\ ·OC-CI) 
(75%). followed by removal of the DEIPS g.roup with TBAF 
and Dess-Martin oxidation, gave ketone 19 in 60% yield 
(two steps). Introduction of the crucial hydrox)111ethyl group 
was accomplished by reaction of 19 with LDA in dry DMF 
at -45 °C followed by addition of nn anhydrous solution of 
fonnaldehyde in THF17 to i;ive the desired aldol adduct 20 
and epimer 21 as a 1:1 mixture ofdi:istereomers in 58'% 
yield. Recryst:illization .from EtOAC g:ive suitable crystals 
for X-ray analysis, which rewaled th:11 the des ired anti-
configuration h:id been secured (sec Support ing lnfom,ation). 

Whi!.: we were initially not exix.--cting a substrate such as 
20. which lacked the carbamoyl group and had proh:ction 
of both th.: aziridine nitrogen atom (carbomethoxy) and the 
phenolic hydroxyl groups (MOM ether), to lead to interstr.md 
cros;,- link formation. it is instructive to compare the structure 
of compound 20 to that of both FKJ 17 (4) and FR70496 
(S).6b Workers at Fujisawa recently reported that FK.117 must 
firs t be deacylatcd to FR70496 to fom, DNA-DNA inter-
strand cross-links.61> FR70496 (S) has the phenolic hydroxyl 
blocked as a methyl ..:ther, and the az.iridi ne nit rogen is 
acylatcd with an ac .-tyl g.roup. The only other difference is 
the presence of a carbomethoxy group in the aromatic ring 
for 20 versus the aldehyde for FR70496. The methoxy group 
of FR 704% apparently provides sunicienl electron-donating 
power to activat..: the aziridine for ring-opening to an 
electrophilic species that is first monoalkylated and subse-
quently leads to cross-l ink fonn:ition . 

The c:ipacity of 20 to cross-link DNA was evaluated using 
linearized pBR322 plasmid DN A by denaturing alkaline 
agarose gel electrophoresis :iccording to Cech." Plasmid 
p8RJ22 was line:irized by restriction cndonuclease digt-stion 
with EcoR I and quantitated by UV analysis at 260 nm. To 
compensate for thl! low solubility of 20 in H2O, reactions 
were cond ucted in ~I % DMSO/1-12O solutions . \'arying 
concentrations of compound 20 were made by dilution of a 
IO mM stock solution of 20 in DI\ISO with the appropri:itc 

( 17l Rodriguez. L.; Lu. N.; Yane. N.-L Syn/," 1990, 227. 
(18 Cech, T. R. Bioche111i.!1ry 1981 , 20, 1431. 
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amount of H2O. Reaction of 20 was prepar.:d by addition of 
th.: appropriate amount of stock solution to a total volume 
of 10 µL containing 0.5 /tg of linearized DNA buffered to 
pll 8 with 10 mM Tris, I mM EDT..\. The reaction was 
then exposed to 350 nm irradiation with a Rayonet bmp for 
I h followed by incubation al ambient temperature for 12 h. 
Alkaline agarose ( 1.2%} gel electrophoresis at 40 V/80 mA 
for 3.5 h provided the r~sults shown in Figure 2. 

23456789 

- -- - --
gelorigln 

¢;:;=QNAX-i nk 
¢::="ONA 

Figure 2. Pbotoru:livated cross-link of pBRJ22 by an::ilogue 20. 
Reaction mixtures were prepared by add ition of appropriate stock 
solutions to a total volume of IO /IL contain ing 0.5 /lg of lineurized 
DNA buffered to pH 8 with IO mM Tris.. l mM EDTA. Irradiations 
were performed in clear Eppendorfs al 25 °C with a Rnyoru,t lamp 
equipped with four 350 nm bulbs. All samples were incubated for 
24 h prior to 011:ilyses. l\l il(tures were analyzed on a 1.2% ag;irose 
gel at 80 V for 3.5 h. L:llle l : Lambda H ind Ill. Lane 2: ON . .\, 
dark . Lane J : DNA. /r11, 60 min. La ne 4: 1.0 mM FR900482 + 
1.0 mM 2-mercaptoed,anol. Lane 5: 10 uM 20, dark, 60 min. Lane 
6: 10 uM 20, AV, 60 min. Lane 7: l uM 20, hv, 60 min. L:llle 8: 
100 nM 20, /,11 , 60 min . Lane 9: 10 ni\•I 20, hv, 60 min. 

Lambda Hind Ill was used as a molecular weight standard 
(lane I). The natural product. FR900482 at 1.0 mM was used 
as a control standard and activated with I mM 2-mercapto-
elhanol in the presence of0.5 I'£ of DNA duplex producing 
tll<! inl¢rstrand cross-link (lane 4). 11M 

lnterstrnnd cross-l ink fonn .. 1tion was e,·ident following I 
h of irrndiation of compound 20 al IO and I µM concentra-
tions with 0.5 ,ug of DNA duple,c (lanes 6 and 7, r~spcc-
tively).19 Incubation of 20 al a 10 µl\,I concenlralion with 
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0.5 mg of DN . .\ duplex for 12 h in the dark (lane 5) did not 
lead to detectable cross-link fom1ation . 

It is further significant that 20 cross-links a synthetic 33 
bp DNA duple.'< at the same 5'CpG1' st..:p as that obserwd 
for FR9004S2. 

Photoly,;is of compound 20 (IO mM) with the 5'-12 P-
labded duplex shown in Figure J (in a 5: I H2O/CH1CN 

123 4 51!1 

• 
ti !;1 .. , 

a .. ·• .. ~= 

•5· Tl"TA.TJMCGTAATGCTI'AATC'CC.V.1GCG>.1T l' oil 9 A 
,1 · AMTM~CATTACCAATTAGCGlT:CCCTAA "' e>ltg 1' 

Figure J. Automd iogram of Fe(ll)-EDTA footprint ing of cross-
linked ,\ .IB duplex (labeled at tl1e 5'-tenninus of oligo A). Lane I: 
DNA standnrd(oligo A). La11e 2: cross-linked I. Lane 3: Ma.'<an,-
Gi lbert G. Lane 4 : 11,'iaxam-Gilbert G + .-\. Lane 5: I rnM 
Fe(ll)-EDTA dige5tion of oligo A (control). Lane 6: I rnM 
Fe(II)-EDTA digestion of cross-linked I. 

mixture) with 350 nm light in a Rayonet equipped with four 
bulbs for I h followed by a 12 h of incubation in the dark 
led to cross-link fonnat ion. Following ethanol precipitation 
and purification by 20% DPAGE. the major cro,;s-link band 
was isolated (sec Supporting Information). Following Fe-
([[)- EDT A dig~tion and Maxam-Gil bert reactions. all 
samples wae ethanol precipitated and subjected to 20'}. 
DPAGE at 40 W for 3.5 h. Autoradiogrnphy of the g..:l 
electrophor~sis produced the image shown above in Figure 
3 . . .\s exixcted for a mitosene. cross-link fom1ation appears 
to occur at the exocyclic m11ine of the dG residue in the minor 
groove. Corroboration of the footprinting data w:is secured 
by substitution of the 2'-deoxrguanosine base with 2·-
dcoxyinosine at the :l'Cp(,3' steps. Reactions with the 2·-

(19) The fa,ter mobility of the cra1s-linud DNA al the 10 ,uM 
concentration Qane 6. Fieure I) relative to that for the I µM c011cenlration 
(lane 7 Figure I) reaction i• attnbuted to extensive (multipk) cross-links 
at the bighu concentration. 

3714 

220 

deoxyinosine-modilied duplex did not result in any observ-
able cross-link. while tre use of the 2"-<leoxy-7-deazaguanosine 
showed cross-links in the same manner as the unmodified 
2'-deoxyguanosine-containing duplex. These results strongly 
implicatc the N-2 exocyclic amine of2'-deoxyguanosine as 
the site of alkylation in the same manner as the natural 
products I and 2. 

These studies demonstrate the viability ofphotoactivated 
pro-mitosenes based on the FR70496 framework to lead to 
the eflicient generntion of interstrand DNA cross-link fomm-
tion. Th~ implication of this study is that compound 20. upon 
photochemical activation. most likely generates the reactivc 
mitosene intem1ediatc 24 (Sch..:me 3). which upon successive 

Scheme 3 

mono.1l kybtion followed by cross-link ing appears to be very 
similar to the presumed FR70496-derivcd mitosene (2J). In 
both cases. the respective phenolic alkoxyl groups in the 
aromatic ring are apparently sufficiently electron-rich to 
activate the acylatcd aziridinc species for DNA adduction. 

Studies to elucidate the precise molecular structun: of the 
interstrand cro,;s-link derivoo from the synthctic agents 20. 
as well as on the n.11lirally derived congen.:rs 4 and 5. are 
presently under way .. .\dditionally, efforts to synthesize 
rdated compounds with alt,..rnative chemical triggers are 
under study in these laboratories and will be reported in due 
course. 
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__________________ COMMUNICATIONS 

Concise En:mtiosclective Synthesis of 
(+ )-FR66979 and (+)-FR900482: 
Di methyldioxiranc-Mediated 
Constmction o[ the Hydroxylaminc 
Hemiketal** 

~;:2 
R,Jl_pl..N9.NH 

•• H 

o 10 OCONH2 

H2N e 
H 

Me NH 
o H 

Ted C. Judd and Robert M. Williams* 
Dedicmed 10 Proft!Ssor Albert I. Meyers 

1 : FR900482 . R • CHO 
2: FR66979. R • CHpH 

3: FK973. R1 • R2 • Ac 5: m~omycin C 
4: FK317, R1 • Me. R2 • Ac 

Scheme 1. Structures of FR9'K)482 (l) and congener~ 
011 the occasion of his 70th birthday. 

The antitumor antibiotic natur.il products FR900482 (1) 
and FR66979 (2) were isolated from S1rep10111yces sandaemis 
No. 6897 by the Fujisawa Pharmaceutical Co. in 1987.111 Both 
compounds have been shown to cross link DNA preferentially 
at ,·cpG' steps in the minor groove follo...,ing reductive 
activation.fl"'! Additionally. recent studies from our labora-
tory have demonstrated that FR900482 (1) and FK317 (4) 
crosslink the minor groove-binding HMGAI oncoprotein to 
DNA in vivo, which has very significant implications for the 
mode of action of these agents.I'] Both FK973 (3)11>1 and FK317 
(4),t' I semisynthetic derivatives of FR'XJ04S2 (1). have shown 
highly promising antitumor activity in human clinical trials in 
Japanl•I and hold significant promise to replace the structur-
ally related and widely u.~ed antitwnor drug mitomycin C 
(5).1"1 Notably. FK317 (4) has been shown not to induce 
vascular leak syndrome (YLS). a highly detrimental side 
effect observed in human clinical trials with the natural 
products FR900482 (1). FR66979 (2), and the scmisynthetic 
derivative FK973 (3) . The mechanistic basis for the anom-
alous difference between 1 and 4 in causing YLS has been 
revealed at a biochemical level, but the structural and 
chemical basis for these very important phenomena remains 
unclear (Scheme t)l"I 

In conjunction with these studies, research from our 
laboratories has focu.~ed on a concise enantioselective total 
synthesis of the natural products 1 and 2 that would be 
amenable to the preparation of biologically useful analogues. 
To date, there have been three total syntheses of FR900492 
( 1) reported :l•J of these. only one was asymmetric, but 
required a 57-step sequence.I'.,,.•! Additionally. a formal total 
synthesis was disclosed recently, applicable to an enantiose-
lective variation.1101 In addition to the above-mentioned 
syntheses. several other synthetic approaches have been 
reported since the isolation of 1.11 lJ Herein. we describe a 
concise, enantioselective total synthe~is of 1 and 2. This 
sequence is the shortest total ~-ynthesis of 1 and 2 reported to 

[*I Prof. Dr. R. ~ - Williams. T. C. Judd 
Deparur•:nt of O\emisiry. Colorndo S1a1e University 
Fort Colli,-... CO 80523 (USA) 
Fax:(+ 1)'170-NJ-394-1 
E •mail : nnw@\'.:hem.colo;L'\le.edu 

(.,I This work was suppor1ed hy the :-lational li-..titutes of Heahh (Gran! 
CA5lR75). We arc grateful 10 Boehringer-lngelheim for fellowship 
supporc to T.CJ. ~ ass specua were ohto.ined on instrunu:ncs 
supported hy the Natiooal lnstilutes of Health Shared Jnsarumenla• 
tiat Grant G~49631. We arc: grateful to Fujisawa Phurmaceuticnl Co .. 
Japan. for !he generous gin of natutal FR900482. 

Q Suppor1ing infom1a1ioo for !his article i, a,·ailablc on the WWW under 
hup :/lwww.ang,wand1e.org or from the author. Spec1roscopic data for 
all new compounds is included 

date and features a new method to construct the hydroxyl-
amine hemiketal ring system unique to this family of natural 
substances. 

Our approach to the construction of 1 and 2 was predicated 
on two bold strategies: I) the labile aziridine would be 
installed in the very beginning and carried intact t~ the end, 
and 2) a simultaneous oxidative deprotection of an eight-
membered-ring aminoketone 6 was envisioned to form the 
hydroxylamine hemiketal functionality in a single operation 
(Scheme 2). Ketone 6 could in tum be obtained from the 
eight-membered-ring amine 7. which would ultimately be 
derived from the coupling of the optically active aziridine 8 
and the trisubstituted nitrohenzene 9. 

,...OCONH, 

H 
H 

R NH 
H 

1: FR900482. R • CHO 
2: FR66979. R • CH20H 

OH~H 
+ NR' 

'H 
OR3 

8 9 

' PR'o 
.H 
NR4 

R202C 'H 
/ 

pt.18 6 

il 
R10 OR; 

NR4 

R'o,c H 
H 

7 

Scheme 2. Rctrosyn1hesis oC FR90.1482 (I) and FR66979 (2). p~B = />· 
methoxyhenzyl. 

Aziridine 14 was prepared according to a recent report 
from this laboratory in 21 steps from the commercially 
available reagents 10 and 12 (Scheme 3).1"-t.1J 

Reaction of 14withp-methoxybenzyl bromide. followed by 
removal of the DEIPS group with TASF in DMFIH,O1 1•1 and 
subsequent oxidation with Dess-Martin periodinanel"I af. 
forded ketone 1S, which corresponds to 6. Treatment of 15 
...,;th LDA in dry DMF at -45 °C followed by the addition of 
an anhydrous formaldehyde solution in THf1,.l furnished the 
aldol adducts 16 and 17 as a - I : I mixture of diastereomers in 
50 % yield (45 % recovery of unreacted starting material). 
Separation of 16 and 17 by preparative thin-layerchromatog-
mphy (PTLC) followed by treatment of the undesired adduct 
17 with DBU in toluene afforded a 2.5:1 mixture of epimers 
favoring 16, which has the desired configuration at C7. 
Treatment of the primary alcohol of 16 with TBSOTf and 

Ang,w. Chm,. Im. E:,1 . .2002. 41 . No. 24 C) 2tll2 WILEY-VCH Vc-rta~ OmhH & Co. KOaA. Wc;nhcim ll™-l-1!24~.02141 24-mtJ S 20.m • .5t)'() 4683 

221 



COMMUNICATIONS _________________ _ 

10 steps •'NcO,Me 
''H 

very clean nature of this reaction allowed the practical 
n:cycling of recovered 18.lt•J OH~H 

OpMB MOMO ODE I PS ta•H 
The mechanism for the formation of 20 from 18 is 

presun1ed to involve initial insertion of the dioxirane 
into the C- H bond of the N-p-methoxybenzyl meth-
ylene residue to form a methanolamine species.I t•! The 
hydroxy group of the methanolamine is invoked to 

10: lZ) -1 ,4- bulenediol 11 _r--- NCD,l,1e 

,.,t,1.•• 

H~C~NO, 

4 steps 

MeO~ 'H 
MOMO H 

Me 14 

MeO,C NO, 

12: 3.5-dinilro-p-loluic acid 13 
Scheme: 3. Synchc:si.s of aziridinc: pn::cu rsnr 14.1 1=1 

2,6-lutidine gave the silyl ether 18 in essentially quantitative 
yield (Scheme 4). 

For the construction of 20, a one-step protocol was 
employed that both cleaved the N-p-methoxybenzyl residue 
and oxidized the amine to the corresponding hydroxylamine. 
thus forming the desired hydroxylamine hemiketal. Reaction 
of 18 with excess dimethyldioxirane (DMDO)l17J in a 1: 1 
mixture of CH,O, and saturated aqueous K2CO., furnished 20 
as the only isolated product in 30-50% yield. along with 
recovered starting material (40-50% ). Attempts to drive: this 
reaction to completion by varying the stoichiometry of 
DMDO, time, temperature, etc .. proved unsuccessful. The 

direct the DMDO oxidation of the amine to the 
corresponding _N-oxide species 19.1 201 Subsequent col-
lapse of the methanolamine with concomitant loss of 
p-anisaldehyde and transannular closure of the incip-
ient hydroxylamine on the ketone furnishes 20.1-'lJ 

Removal of the TBS protecting group followed by 
reaction of the primary hydroxy group with trichlor-
oacctyl isocyanate (methanol/silica gel workupf 2l 

installed the urethane: moiety at C13. TMSBr effected 
removal of the methoxymethyl ether (MOM) in the: presence 
of the acid-sensitive aziridinc functionality at -45 •cover 3 h 
to afford 21 in 60% yield.J2.ll 

Final reduction of both carbomcthoxy groups with LiBHj 
MeOH in THf114I followed by Pd-catalyzed cleavage of the 
resulting borane amine complex.J»i furnished the natural 
product FR66979 (2) in 78 % yield Synthetic 2 was identical 
to the natural substance (1H NMR spectra. mobility on TLC. 
mass spectra (ES ·). optical rotation , and IR spectra) , Finally, 
the natural product FR900482 (I) can obtained by Swem 
oxidation of 2 in 33 % yicld.12"- 271 

PH 
Mhll. DEIPS MtcJ.OMO O H MmM O H 

,H a-c ' d ' 
I NC02Me - I NCD,l,1e - NC~Me 

Meo,c HN °'H MeO,C N '•H M.O,C N H 

r -
14 15 OH 

/MB ( ,J.rn 16 

e MmO,iO H O 

prns 
M~MO O •• H 

I NC02Me 
Me02C 'H 

im 
18 

g -
/JTBS 

Mtd~ 0 .H 
I NC02Me 

MeO,C ~ O 'H 

19 

OMe 

., .,H 

I NCO,Me 
MeO,C N "H 

,~IB H 

M~O,i _,,OTBS 
OH 

- I H 
Me~ N' NC02t,le 

20 'H 

I - OH ( OCONH, 

H 
OHC NH 

H 

Scheme 4, Synthesis or 1 end 2. Reagents and L~mdi1ions: a) ,, -methnxyhen,yl hm mide. iPr,-'IEt , CH , O , (86 %): h) TASF. D~FH,O. mom lCmp<rature: 
c) Dess-,.,lartin n,id>1ion (75 %. 2 steps) : d ) LOA. D:..iF. _45•c: CH,OfTHF. -45"C. (50%: 16/17 I :I) : e) D!l U toluene (70 % + 30% starting material ): 
f) lllSITTC 2,6-lutidine. CH,0 2 • - 78-0 'C (96% ) : g) D:-1D0. aqueous K,CO/ CH,Cl,. O"C-RT (30--50%): h) lllAF. THF. O"C (92%) : i) O ,CCO:-ICO. 
CH,O,. O'C: then :..ieOH. ,ilica gel, room 1<ntpcra1un: (86% ) : j) 'Th!S!lr. CH,O ,, -45 'C (60% ): k) Li!lH,f.vl<OH. THF. room temperature (7K % ): 
I) (COCl),.M•~~O. THF. - 7R--, - 40"C: then El,:-1 (33%), DE!PS • die1hylisopropyls ilyl . TASF • tris(dimethylamino)sulfonium diOuorotrimcthylsilicate. 
DMF a N.N-dimcthylfomtamide. LOA • lithium diisopropylamide. D!lU • l.l\-dia:,ahicyclo(S.4.0]undec-7-ene. lllSITTC = 1rrr-butyldim<1hylsilyl 
trinate. 0:-100 - d ime1hyldioxirane. lllAF - tctrnbu1ylammonium Cluoride , niS = trimc•h>•lsi lyl. 
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The chemistry described herein represents the most concise 
total synthesis of either(+ )-FR66979 (2) or ( + )-FR900482 (1) 
reported to date.I"'! Future efforts in the preparation and 
biological evaluation of synthetic analogues are currently 
underway and will be reported in due cour.,e. 

Received: July 22. 2002 (Z l\1786) 

[I I a) M. lwan, i, S. Kiyoto, H. Terano. M. Koh5al:a, H. Aoki. H . lmanaka, 
I . Antibiot. 19117. 40. 589: h) S. Kiyoto. T. Shibata. '.\i. Yamashita , T. 
Komo ri. M. Okuhara. H . Torano. '.\1. Kohsaka. H. Aoki. H. Imannka. 
I. A111iMot. 1987. 40. 594 : c) I. Uchida, S. Tal:aso. H. Kayaliri. S. 
Kiyoto. M. Hruhimoto. T. Tada, S. Koda. Y. Morimo10./. Ant Chrm. 
Sv c. 1987. /09, 4108: d ) K. Shimomura. 0. H irai. T. Yliw lll . S. 
Ma<sumo10. J. Mori. F. Shibo yama. H. Kikuchi./. A111ihin1. 19117. ,o. 
6(X): c) 0. Hi rai. K. Shimomura, T. Mi2ota, S. Matsun1<J1 0, J. yfo ri. H. 
Kikuchi. /. A1ulhiv1. 1987. 40. 6()7 : f) H. Te rano. S. Taknse. J. Hosoda. 
M. Koll<aka. / . An1ibio1. 1989. 42 . 145. 

(21 T. Fuku)'ama, S. Goto. Tffr,,/rr,/ron Lrll. 1989. 3//. 6491. 
(31 a) R. M. Waliams. S. R. Rajski. Tr1ruhetfron Lm. 1m . . U . 2929 : 

h) R. YI. Williams. S. R. Rajski , Tffrul,edron Lett 1993, .14, 7023: c) H . 
Huang. S. R. Rajski , R. M. Williams. P. n. Hopkins. T,1ru/1e1lr011 Lm. 
1994. 35, 9669: d) J. Woo, S. T. Sigurds.son. P. B. Hopkin<, /. AnL Chrm. 
Soc. 1993, 115. 1199 : c) H. Hunng. T. K. Pra1um. P. B. Hopkins. /. Am. 
ClrenL Svc. 1994. //6. 2703 : f) M. M. Pa:,. P. B. Hopkins. Tmu/redr<J11 
Lm. 1997. 38. 343 : g) M. M. Paz . P. B. Hopkin<. I. Am. Clrrm . Soc. 
1997. // 9, 599'>. 

(41 R. M. Williams. S. R. Rajski. Chem. B iol. 1997. 4. 127. 
(51 a) L. Bcckcrhaucr. J. J. Tepe. R. A. Ens1man . P. F. '.\fo1c r. R. M. 

Williams. R. Reeves. ChmL Biol. 2002. 9. 427: b) L. Beckerbauer, J. J. 
Tope. J. Cullison, R. Reeves. R. M. Will ia ms. Chem. Biol. 2000. 7. 805 : 
for a hiochemical model s1udy. see: c) S. R. Rajski. S. n. Rollins. R. yl, 
Williams./. Am. Ch,m. So<'. 1998. / 20, 2192. 

(61 a) K. Shimomura. T. Manda, S. yfukumOlo, K. Mn.suda. T. '.'lakamurn. 
T. Yli20!a, S. yfa1sum010, F. Nishigaki . T. Oku. J. ylori. F. Shibayama. 
Canar Rrs. 19118, 48, 1166; b) T. '.'lakamura, K. Mn.sudo, S. Mats u• 
mol<l, T. O ku . T. Manda. J. Mori, K. Shimomura, l ptL I. !'lumnucvl. 
1989. 49. 317: K. Ma.suda. T. Nakomurn. T. Miw1a. J. Mori. K. 
Shimomura. Ca11c,r R, s. 19811. 4H. 5172 : b) K. yf n.suda, T. '.'lakamura . 
K. Shimomura, /. A111ibiot. 1988, 4/, 1497. 

(7] a) Y. Naoe . '.\·I. I nan~ . S. Ma1sun\Oto, F. Nishigaki. S. Tsujimo10. I. 
Kawamura. K. ~iyayasu. T. ~fanda. K. Shimomura. Cmtt·r r Chr11u; 
t/r,r, l'humwcol. 1998. 42. 3 1: h) Y. Naoe, y(. ln am, I. Kawamura, F. 
:S-ishigaki . S. Tsuji 111010. S. yfa <s umo10. T. Manda. K. Shimomura. Jpn. 
I . Cunc,r Re~ 1998. l/9, 666: c) Y. Nooe . y(. lnami. S. Takngnki. S. 
Ma<sumoto. I. Kawamura. F. Nishigaki . S. Tsujimo10, T. Manda, K. 
Shimomura. l!'II, I . Cu11<'tr R,.,. 1998, 89, 10al7: d) Y. '.'laoe , M. Inami . 
S. Ma1sumo10. S. Takagaki. T. Fujiwora. S. Yamazaki. L Kawamura, F. 
Nishigaki. S. Tsuj imoto. T. '.\fanda. K. Shimomura, I p,,. I . Cu11<·, r Rn. 
1998. ll!I. 1306; c) Y. '.'laoc, I. Kawamura. '.I.I. Ina mi. S. yta1, umo10. F. 
:--lishigaki. S. Tsujimo10, T. Manda. K. Shimomura. Jpn. I . Cancer R,.,. 
1998.89. 1318: f) M. Inami. I. Kawamura. S. Tsujimoto. F. Nishigaki. S. 
Ma!Sun\OIO. Y. '.'laoc. Y. Sasakawa. yf. yfatsuo. T. Manda, T. Goto, 
CutK·er Lrtr. 20Cl2. /8/ , 3V. 

(81 a) '.\1 . Toma"-', R. Llpman . D. Olowdary. J. Pawlak. G. Verdino. K. 
Nakanishi. Sciw ,·, 1987, 235, 121~ :b) yf. To mas,. C/rrm. Biol. 1995. 2, 
575. and rerc rcnces therein. 

(91 a) T. Fukuyama, L Xu, S. GOia. I . AtlL Clr ,111. S,x ·. 1992, I U, 38.3 : 
h) J. YI. Schkcrya,n z. S. J. Danisl'dsky. I. Am Clr,m. Sot'. 1995. I 17. 
4722 : c) T. Katoh. E. ltoh. T. Yoshino. S. Tern.shima. Trtmlrrdrvn Lm. 
1996. J7. 3471: d) T. Yo;hino . Y. Nagata, E. ltoh . M. H ashimOlll. T. 
Katoh . S. Terashima. Tetru/r,,/,011 Lru. 1996. 37. 3475 : e) T. Katoh. T. 
Yoshino. Y . . 'la~ata. S. '.'lakalani, S. Terashima . Terrul.-dron Ltri. 1996. 
J7, 3479. 

( IOI I. YI. Fellows. D. E. Kae lin . Jr. , S. F. Manin. / . A11L C/rrm. Soc. 2000. 
/ 22 . 10781. 

( 11 I a) :-1. Ya.suda. R. M. Williams. T,•1rall<'dron Le11. 1989.3//. 3397: b) R. J. 
Jonos. H. Ra popoot . / . Org. Chm,. 1990. 55. 1144: c) S. J. yfi llor , S.-H. 
Kim. Z.-R. Che n, R. H . Grubbs. / . Am. Cl1t:11L Sex . 1995. 11 7. 2 10.~ : 
d) H.•J. Lim. G. A . Sulikowski. T, tn1/r,dro11 Lm . 1996, 37. 5243 : 

COMMUNICATIONS 
e) F. E. Zieglor. M. Belema, / . O'1f. Clrem. 1997, 62. 1083: f) S. Mithani. 
D. M. Drew, E. H. Rydberg. N. J. Taylor. S. Mooibroek. G. L 
Dmitrienko. /. Am. C/wn. Soc. 1997, //9, 1159: g) W. Zhang, C 
Wang.LS. Jimonoz . Sy111h. Commun. 2t00. 30, 351: h) M . Kambe. E. 
Arai , M. Su,uti. H. Tokuyama. T. Fukuyama. Org. Lm. MOL 3. 2575. 

(121 a) S. n. Rollin.s. R. M. Williams. Tmuhedron Lm. 1997. 38. 4033: 
h) S. B. Rollins, T. C Judd. R. M. Willian-... foruh,dron 200t. 56. 52 1: 
c) T. C Judd. R. M. William.,. Org. Lm. 2002, 4, 3711 . 

(131 M. R. Spada. ~I. Ubuka1a. K. lsono. /J,t,ro,:yc/cs 1992. 34. 1147. 
(141 a) K. A . Schoid1 . H . Chen. B. C. Follows. S. R. Chcmler, D.S. Coffey, 

W. R. Rau.sh. /. Org. Chrm. 19911. 6.1. 6436: h) M. Kurosu. LR. 
Morein . T. J. Grinsteiner, Y. Ki.shi . I. Am. Cht>11. Soc. 19911. 120. M27: 
c) R. Noyori. I. :-lishida, J. Sakata, / . Am. Chm,. Soc. 1983. /05 , 1598. 

(1 51 a) D. n. Dc-ss. J.C. Marlin . I. Org. C/rrm. 1911.3 ."8. 4155 : b) D. n. Doss. 
J. C Manin.,. AIIL Clr,m . Soc. 1991. 113. nn: c) R. E. Ireland . L 
Liu . /. O'1f. Chem . 1993, 58, 2899. 

(161 L Rodriguoz. N. Lu. N.-L Yang. Synlt:11 1990. 227. 
(171 R. W. '.\1urray, ~I. Singh . Organic S)'tllfr,se,, Wiley. New York. I~. 

Collect . Vol. IX. p. 288. 
(181 In tho absence of 1he sa1uro1td aqueous b.\se, exclusive lormation of 

nitrone 22 was lhe o nly product ohscr\'ed. Ahcrrialive oxidatio n 
systems rosuhod in no reaction (nr•chloropcroxybcll'l.oic acid D:i,·is' 
reagent) Of' d irect oxida1ive d eavage oi 1he p•methmybenzyt group 10 
a miloscne ((VO(acacl,I or (y(o(CO), I and tBuOOH : (MoRcO,] ond 
H,O,). 

j>TBS MfilMO OH 
I NCO, ~ie 

N 'fi 
J 22 

(19] For rcla!cd DMDO-mc:diated oxidati ve ben,ylic C- H insertions. see : 
a) R. W. Murray. R. Jeryaraman. L Mohan./. Am. Chem. Soc. 1986. 
/08, 1598 : b) B. A . Ma,ples. J. P. MlL'<worthy, K. H. llaggalcy. Syn/111 
1992, 8. 646: c) R. Csuk. P. DOrr. Tmulredron L m. 1994, 50. 9983. 

(21l) R. Curci. I.. D ' Accol1i. A. De1m1aso. C. Fusco. K. Takeuchi . Y. Ohga. . 
P. E. Eaton, Y. C. Yip. Terrulr,dron L,11. 1993, 34. 4559. 

(21) The exact mechanism of tho o.,idative rearrangcmeni is unknown at 
this time and ah c:: m tlli\'C mc::chanlSms arc cc:rtai inJy pa.sihlc. An 
interc::sting alternative mechanism suggested by a n:viewer included a 
Meisenheimer-1ype rearrangomenl of an N-0xide 10 !he O -p- m« hox• 
yhenzyl hydroxylamine. ,V.o.,idation . and Cope elimina<ion to alTord 
the free hydmxylamino. 

(22] P. Koc6,0sk)'. Tmuhrrlron L,11. 1986. 27. 5521. 
(231 S. Hancssian , D. Delor me, Y. Dufresne. Terrvhrdri~• 1-ttt. 19114. 15. 

2515 . 
(241 We were also able 10 reduce 21 10 2 wil h DIBAL-H : however. 1he 

workup and isolation proved mOf'c difficuh. A similar reduction o r 
both func1ionali1 ies with DIBAL·H on a fully prO!ccted in1ern,edia1t 
wn.s employed in a prt>ious 101al synthesis rcponed by Danishefsky 
and co-workers (soo ref ere nee (9b)). 

(251 M. CoUlurier,J. L Tucker, n. M. Androsc n. P. Dube. J. T. Xegri . 0111. 
Let/. 2001. 3. 465. 

(261 a) K. Omura. D. Sworn . T,trnlredron 19711 . 34. 1651: b) R. E. Ireland . 
D. W. Norbock. I. Org. Clrrm. 19&5. 50, 2198. 

(271 A provious repon (see reforence (9cl) domonslratod tho succe$1ul 
oxida1ion of monoace1ylated FR6697V by Swern oxida1ion . 

l281 After submission of our manuscr ipt. " 'e rocen~y learned that 
Professor Tohru Fuku yama and co-worl-ers (Tokyo Universi1y) and 
Prof. Marco Ciufolini and co-workers ( Universiie O aude Bornaro 
Lyon 1) ha,,• independon<ly completed synlhescs of FR90().l.'!2 and 
FR66979. rcspec1ively. We appreciate rccoiving preprinls of !heir 
man11<crip1s. Soc tho follow ing conwnun ications : M. SUluki , YI. 
Kamho . H. Tokuyama, T. Fukuy ama. Angcw. C/r,in 2002, / U . 4.'!80: 
Ang,.v. Chm,. IIIL £cf. 2002. 41 . 4686: R. Ducray. YI. A. Ciufolini . 
An11<w. Ch,m. 2Cl02. 114. -1&~2 : Ang,,,. Ch,m. /111. E,L 2CI02. ,1. -IAA.~. 

Angr><: C711110. ft~. Ed. 2002, 41 . No. 24 0 211l2 WILEY-VCH Vcrlug GmhH & Co. KGuA. Wcinh..-im 0014-l!249.02/4124-4685 S 211.00 t .SO'0 4685 

223 



Appendix 3 

Research Proposal 
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Specific Aims 

The primary objective of the proposed research includes the total synthesis of the 

natural products YW3548 (1) and YW3699 (2) in a manner amiable to the synthesis of 

biologically significant analogs. Both the conformation of the structure and the absolute 

stereochemistry will be determined. 

Me,,, •••OJ:O OH 
Me 

Me 0 

1: YW3548 

Me 

Me 

0 

.. ,o\~, 
.C Me 

2. YW3699 

The proposed synthetic strategy includes a key Ni(Il)/Cr(II)-mediated cyclization by 

reaction of a vinyl iodide with an electronically activated ketone. The goal of this 

synthetic sequence is to expand the general utility of this reaction to include a broader 

range of possible substrates following the recent advancements that have been established 

in the reaction conditions. 

Ni(ll)/Cr(II) 

Me 

Ni(ll)/Cr(II) 
Me 

In addition, the synthesis includes the methodological development for the 

stereoselecti ve construction of the challenging (Z) trisubstituted olefin functionality. In 

connection with the proposed synthesis, the development of a catalytic asymmetric 

version of the Ni(Il)/Cr(II) reaction is planned. 
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Background and Significance 

The natural products YW3548 and YW3669 were isolated from the fungus 

Paecilomyces in.flatus and Codinaea simplex in 1998 following screening for inhibitors of 

glycosylphosphatidylinositol (GPI)-anchoring in yeast'. Both natural products are 

described as having an unusual tricarbocyclic sesterterpenoid skeleton with YW3548 

additionally possessing a 8-lactone. The relative stereochemistry of the tetracyclic core 

for both natural products was determined by spectroscopic means including FAB-MS, 

ESI-HR-MS, 1HNMR, 13CNMR, DQ-COSY, ROESY, HSQC, and HMBC. However, the 

stereochemistry of the 3-hydroxyl-3,5-dimethyl-heptanoic fragment along with the 

overall absolute stereochemistry remains undetermined. 

The biological significance of these natural products lies in their ability to inhibit 

GPI-anchor biosynthesis.2 GPI-anchors are used as an alternative way to anchor proteins 

to cell membranes in eukaryotes, and are more commonly employed by protozoan over 

higher eukaryotes.2 In addition to this function, GPis play a broader role in various 

aspects of signal transduction, the extent of which is only recently being understood. One 

particular example of clinical significance is the role of the prevalent GPis in parasitic 

protozoa in inducing the release of tumor necrosis factor a (TNF-a) in their hosts.2 High 

levels of TNF-a have been linked to the damaging and fatal symptoms during malaria 

infection, and have been directly attributed to the parasitic toxin, malarial GPI.2 In this 

regard, the development of compounds that selectively inhibit the biosynthesis of GPis in 

protozoan over higher eukaryotes remains an important goal. Interestingly, the GPI-

anchor consists of a conserved core structure among all eukaryotes; this includes an 
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ethanolamine phosphate attached to three sequential mannose rings followed by a 

glucosamine attached to a phosphatidylinositol (EtN-PO4-Man-a-(l-2)-Man-a-(l-6)-

Man- a-(l-4)-GlcN-Ino-PO4-CH2-lipid). However, further additions including the 

attachment of other glycosides or ethanolamine phosphate to the mannoside rings differ 

between species.2 

Inhibitors of GPI synthesis, remains an important tool in elucidating the biosynthetic 

pathway for discovering potential drug targets. Several known compounds have been 

successfully utilized in this manner, resulting in increased knowledge of GPI synthesis.2 

The natural products YW3548 and YW3699 have been demonstrated to inhibit GPI 

biosynthesis in mammalian, yeast, and certain fungi. 3 Specifically, the compounds inhibit 

the addition of the third mannose prior to the attachment of the ethanolamine phosphate 

in the common structure.3 However this inhibition was not seen in various protozoan 

species and demonstrates a subtle, but important difference, in the GPI synthesis with 

these lower eukaryotes. The inhibitory activity of the two natural products differed 

significantly, YW3699 showing a 1000 fold decrease in activity compared to YW3548. 1
b 

Likewise, small changes in the core skeleton of YW3548 by semi-synthesis, resulted in a 

similar decrease in activity. la, 
3 The exact reason for the discrepancy in activity between 

the protozoa and other eukaryotes is not known. Initially, the possible differences in the 

acyl groups on the inositol portion between species was thought to provide a different 

presentation to the GPI a-1,2 mannosyltransferase, one in which the natural products 

better mimics.3 An alternative explanation is based on the observation of an ethanolamine 

phosphate moiety attached to the primary mannose ring of the GPI in yeast and 

mammalian cells, but not in protozoa. The natural products YW3699 and YW3548 may 
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inhibit the addition of this ethanolamine phosphate, which may be necessary prior to the 

addition of the third mannoside.2 

In place of the ethanolamine phosphate, many species of parasitic protozoa attach 

glycosidic units (consisting of galactose and/or N-acetyl galactose) to the primary 

mannose ring.2 During what stage of the biosynthe$iS this is accomplished is unknown, 

but may occur after the addition of the third mannoside. The possible inhibition of these 

modifications may lead to potential drug targets. Analogs of the natural product YW3548 

and YW3699 may provide possible probes for this purpose. Specifically, the additional 

incorporation of highly oxygenated rings, similar to the 8-lactone in YW3548, may 

provide mimics of later stage intermediates in the biosynthetic path. Inhibition of these 

later stages may also provide new information on the biosynthetic pathway of GPis in 

protozoa, and valuable information for clinical studies. A concise total synthesis of both 

natural products that can be readily adapted to incorporate these functionalities will make 

this possible. 

In a broader context, the development of the Ni(Il)/Cr(Il)-mediated reaction4 for 

the use with ketones in structurally complex intermediates will find great value in the 

synthesis of bioactive molecules. The multiple use of this reaction in the synthesis of the 

clinically significant halichondrin natural products by the sponsor's group stands as an 

example of this idea.4 In this connection, the development of an asymmetric version of 

the reaction, catalytic in Cr(II), would be highly desirable for synthesis of complex 

molecules for clinical investigation. The diminished quanities of the pharmacologically 

active Cr(II) salts in a catalytic process would make the reaction more applicable for this 

purpose; this concept has recently been noted.5 
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30b. Research Design and Methods 

The overall synthetic scheme for the total synthesis of YW3548 and YW3699 

focuses on construction of the tricarbonyl precursors for the key Ni(II)/Cr(II) mediated 

ring-forming reaction (Schemes 1 and 2). 

Me M 

Me, -
' •OMPM 10 3. (+) verbenol 

0 
H 

0 0 
41 20 Me O,,,oOMe 

Me><O'" •, : Me 

::c5,,o, 
OH 

19 CTI 0-methylmannoside 

Scheme 1. Retrosynthesis Scheme of Tricarbonyl Intermediate for YW3548. 

The retro-synthetic analysis demonstrates that both of the target compounds can be 

derived from a common intermediate ketone 10, which can ultimately be derived in 

optically pure form from ( +) verbenol (3). The tricarbonyl fragment for each precursor 

can be derived from the appropriate commercially available carbohydrate, and 

subsequently coupled to the aforementioned methyl ketone 10. For the construction of the 

(Z) trisubstituted olefin from alkyne 20, the development of new methodology is planned 

based on reported metallo-mediated carboalurninations. Several potential methods may 

be explored for the formation of this difficult bond with both stereo and regio-control. 

The proposed synthetic strategy outlined should provide both natural products in a 

concise manner along with high degree of stereocontrol. 

229 



Me 

0 

Meo 

Me~o H Me 
11,QMPM 

Ra·•· H 
c:::::::) 10 

43 18 

Scheme 2. Retrosynthetic Scheme of Tricarbonyl Intennediate for YW3699. 

Optically pure ( + )-trans-p-mentha-1,8-dien-5-ol 4 is available from ( +) verbenol 

(3) (derived in two steps from commercially available ( +) a-pinene (99% ee)6
) following 

the reported synthesis of its antipode (Scheme 3).7 Paralleling the precedent in the 

conversion of(+) limonene to the a ,~ unsaturated aldehyde 8 (Scheme 4),8 intennediate 6 

should be readily obtainable. 

~l,'OH 

3 (+) verbenol 

1. NBS/ acetone 

2 •oH 
1. RhCIPPh3, H2 

2. LAH/ Et20 2. O,j DMS 
3. Amberlyst 15/EIOH 3. piperdine/AcOH 

4 

7. (+) limonene 

Scheme 3 

2. HC03H/NaOH then HIOs 
(or 0 3' DMS) 

3. Piperdine/AcOH 

PMBCI, NaH ~OH ~oMeM 
OHC OHC 

5 6 

OHC~ 

8 

Scheme 4. Reported Synthesis of Aldehyde 8 from Limonene8 

The secondary alcohol will remain protected until a late stage of the synthesis for 

incorporation of the 3,5 dimethyl heptanoic acid portion. The ambiguous stereochemical 

assignment la,b of this fragment in the natural products necessitates its installment at a 

later stage. A Diels-Alder reaction is planned for the stereospecific fonnation of methyl 

ketone 10. In this regard, a,~ unsaturated aldehyde 6 will undergo reaction with 
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(methoxymethylene)triphenylphosphorane, and following hydrolysis, will be converted 

to the silyl enol ether 9 (Scheme 5). The steric interactions of the isopropyl and vinyl 

methyl groups are expected to direct the formation of the (E) over the (Z) alkene. 

Reaction of the resulting diene with methyl vinyl ketone (MVK) should provide the 

Diels-Alder adduct with both regio and stereocontrol. 

:Je>, .. ,QMPM 

OHC >--
6 

1. MeOCH~ PPh3, 
then H30 + I ""OMPM 
_ TBSO ---

2. LOA, TBSCI 9 

1. MVK, heat 

2. Pd/C, H2 

Scheme 5 

The regio-chemical outcome is anticipated to follow well established patterns in 

the reaction of a diene with a strong electron-donating group in the primary position, with 

an electron deficient dieneophile. Additionally, the methyl ketone functionality and the 

silyl ether will be obtained in cis-fashion as determined by the ( E)- configuration of the 

silyl enol ether diene and presumed endo-transition state of the cycloaddition. The 

adjacent isopropyl group will be used to direct the overall enatioselectivity of the 

reaction. The basis for this prediction is supported by entioselective sigmatropic reactions 

of similar substrates.9
• 

1° For example a stereospecific Claisen reaction with substrate 11 

(Scheme 6) was performed in synthetic studies of the dolastane diterpenes.9 Likewise, a 

Still reaction with substrate 13 gave alcohol 14 as a single enantiomer in the 

enatioselecti ve synthesis of (-)-retigeranic acid A.10 

(~ 
11 

200° C 
90% 

ot-···h 
12 ">--

n-BuU 

Scheme 6. Examples of Previously Reported Stereospecific Reactions . 
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Hydrogenation of the alkene at the ring junction should provide the intermediate 

methyl ketone 10 with all the required stereochemistry (Scheme 5). It is anticipated that 

the isopropyl group will again direct the stereoselectivity of the reaction. Hydrogenation 

with Pd/C afforded the single trans isomer in the synthesis of hyrdindanones resulting 

from the steric bulk of the isopropyl group in the a.-position. 11 

Conversion of the methyl ketone to the propargyl alcohol through known 

methods 12 would allow for an opportunity to explore a selective carboalumination or 

hydroalumination in construction of the trisubstituted olefin (Scheme 7). Two options are 

available for synthesis of substrates for this methodological study. Initially, the propargyl 

alcohol will be converted to the alkynyl bromide 15 and subsequently coupled to either 

carbohydrate derivative. Halogen-lithium exchange of the bromide and formation of the 

cuprate would allow for 1,4 addition to the known enone 16 (synthesized in 3 steps from 

D-ribose as a single enatiomer according to Borchardt et al. 13). Reaction of the 

intermediate enolate with methyl iodide should afford the desired ketone 17 as a 

precursor for the synthesis of YW3699. 

Me~OH Me 
'"0PMB 

rsso···· = 
H 

10 

1 . LOA, (EtO)zPOCI 

then LOA, CH20 
2. PPh3Br2 

1. t-Buli, then CuCN 

2. O~ then Mel ox 
16 

Me 

1. LOA, Mel 

2. TBAF, TH F 

17 

Scheme 7 

For the natural product YW3548, coupling with the known triflate 19 (prepared 

in six steps from D-mannose 14
) is planned following halogen lithium exchange. 
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00PMB 

rsso·••' 

15 

OMe 

1. t-Buli, then Mex0,,,6 

Me o••' : ' 'Me 

19 OTf -----~ 
2. TBAF, THF 

Scheme 8 

Me I /" 
MeO 

This coupling strategy may prove problematic with possible side reactions 

including elimination of the triflate. An alternative strategy involves utilizing the 

protected propargyl alcohol 21 for formation of the (ZJ-trisubstituted olefin and ~oupling 

the multi-carbonyl fragment to a later stage intermediate (vide infra). This scenario would 

involve the reaction of ally! bromide 22 (Scheme 9) with the anion of the pyrone 24 

(Scheme 10). 

MEMO~:::::.._ H Me 

'" 0MPM 
Ho•••' = 

H 

steps -
21 23 

Scheme 9 

Following the precedent of Gilbert and co-workers 15
, the anion of pyrone 24 

(synthesized in 2 steps from (R)-(-)-methyl 3-hydroxy butanote16) would react in SN2 

fashion with allylic bromide 22 to afford the desired dicarbonyl after hydrolysis. 

0 

MeOD .. M, 
24 

Mo,N-Nb .. M, 
25 

Scheme 10. Pyrone and Dimethylhydrazone 

The dianion of dimethylhydrazones such as 25 (Scheme 10) have been reported to 

selectively add to carbon-4 as shown, and following hydrolysis, could provide the 

diketone as an alternative method.17 The dianion of dimethylhydrazone 27, derived from 

233 



the known 18 keto-ester 26, would provide the complimentary substrate for the synthesis 

of YW3699 (Scheme 11). It should be noted that the dianion of dimethylhydrazones of 

B-diketo cyclopentanones have additionally been shown to selectively add at carbon-4 

in the desired fashion .17 

1. 2.5 eq. LDA, 

then 22 

Scheme 11 

28 

With either strategy employed, the (Z)-olefin will be constructed through the B-

hydroxy alkyne 29 (Scheme 12). The stereoselective synthesis of (Z)-trisubstituted 

olefins continues to represent a challenge in synthetic chemistry. This difficulty is evident 

in the synthesis of insect pheromones where numerous synthetic efforts h~ve resulted in 

poor or non-selective formation of this functionality. A current review in this area 

highlights these disappointing results .19 This challenging transformation has been noted in 

a recent communication with a multi-step substitution and cross-coupling process as one 

solution to this problem.20 The general intermediate B-hydroxy disubstituted alkyne 29 

presents an opportunity to develop this area. Specifically, the B-hydroxyl group may 

assist in either a regio and stereoselective zirconium catalysed carboalumination or a 

titanium-mediated hydroalumination. 

29 

1. ZrCl2CP2, 
AIMe3, H2O 

or 
1. a. TiCl4, LiAIH4, 12 

b. Pd(0) , MeZnCI 
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Scheme 12. Strategies for Synthesis of the (Z)-Trisubstituted Olefin. 

The Cl2ZrCp2 catalyzed carboalurninations of terminal alkynes have been well 

documented to give both regio-control as .well as exclusive cis-addition across the triple 

bond.21 Additionally, the reaction has been shown .to afford high yields with internal 

alkynes, however the regioselectivity of the reaction was ambiguous since symmetrical 

alkynes were used. 21
a Due to the large steric differences in the proposed disubstituted 

alkyne, perhaps a high degree of regioselectivity will be observed on this principle alone 

(the related Schwartz reagent has been found to show high selectivity from steric effects 

of internal alkynes22
). 

Interestingly, Cl2ZrCp2 catalyzed carboalurninations have been shown to be both 

high yielding and regioselective with terminal propargyl and homopropargy alkynes, 

even with the free hydroxyl (Scheme 13). 21 

H 

HOJ 

31 

1. ZrCl2Cp2, AIMe3 , 
2. H20 

Scheme 13 

Me H 

HO~H 

32 

However, it is difficult to ascertain the role of the hydroxyl group in directing the 

regio-chernical outcome since the selectivity is nearly identical with the unfunctionalized 

terminal alkynes, although some complex with the hydroxyl and A!Me3 would be 

expected. Although the exact mechanism of the reaction needs to be elucidated, recent 

studies have suggested a zirconium-assisted carboalurnination rather then a methyl-
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zirconium intennediate being responsible for the addition.21
b In this context, the ~-

hydroxyl group of the proposed substrate may complex the trimethyl aluminum thereby 

directing the regio-chemistry to the internal alkyne. 

A separate report demonstrates the stereo- and regioselective carboalumination of 

homopropargyl alcohols with TiC14 and A1Me3.2~ Although the regioselectivity is 

opposite that of the zirconium catalyzed process, complete regioselectivity was seen with 

both terminal and disubstituted alkynes in addition to the cis addition (Scheme 14). The 

authors propose that the free hydroxyl group in these substrates complexes with the 

titanium. 23 

H~ 
R 

R 

33 (A= H or Alkyl) 

1. TiCl4, AIMe3 
2. H20 

Scheme 14 

H Me H00R 
R 

34 

Titanium complexes with aluminum hydrides have additionally been shown to 

give predominately cis addition to alkynes.24 Although LiAll-¼ by itself nonnally 

provides the trans-vinyl aluminum species, the use of LiAlf¼ in combination with TiC14 

has been shown to give nearly exclusive cis-reduction of internal alkynes.24
a Likewise, 

Cp2TiCl2 has been shown to give complete cis-addition with a variety of aluminum 

hydride reagents with internal alkynes providing the alkene with aqueous workup or the 

vinyl halide following reaction with iodine (Scheme 15). 24b 

H 

HOJ 

1. ZrCl:,Cp,,, AIMe3 • 
2. f-½O 

Me H 

HO~H 

31 32 

Scheme 15 
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Based on the results of the above studies, reaction of the proposed substrate with 

TiC14 and LiAlf4 (or other aluminum hydride reagent) followed by Ii quench is expected 

to afford the vinyl iodide in a regioselective manner. The vinyl iodide can be readily 

converted to the desired methyl tri-substituted alkene following standard organometallic-

mediated cross-coupling reactions. The utilization o_f the latter sequence of reagents in 

this regard has yet to be published in the literature, and may represent a novel way for 

stereoselctive synthesis of (Z)-trisubstituted olefins from ~-hydroxy alkynes. 

With the trisubsituted olefin in place, conversion of the secondary alcohol to the 

vinyl iodide will follow. Ideally, the hydroxyl group might be displaced by conversion to 

the triflate and subsequent nucleophilic displacement by sodium cyanide or related 

reagent (Scheme 16). Direct nitrile substitution of the hydroxyl group may be possible 

with recently reported modified Mitsonobu reagents .25 Substitution of a secondary 

alcohol on a fused six-membered ring with a nitrile, was accomplished in 73% yield with 

these conditions. Following standard protocol, the nitrile can be reduced to the aldehyde 

and converted to the terminal alkyne.26 Reaction with B-iodo-9-borabicyclo[3.3. l]nonane 

(9-BBN-I) should provide the desired vinyl iodide. Iodoboration of terminal alkynes with 

9-BBN-I is known to be both regioselective and chemoselective with respect to internal 

alkenes;27 this concept was recently demonstrated in the synthesis of (-)-7-

deacatoxyalcyonin acetate.28 

2. a. NaCN, DMSO 
b. DIBAL 
c. CH3CO(N2)P(O)(OMe)2, 

K2CO3, MeOH 

Me 

IOMPM 
-

H 
38 

Scheme 16 
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It should be noted that possible competitive elimination could make the desired 

substitution of the hydroxyl group problematic. In the event that satisfactory conditions 

cannot be found, an alternative procedure would include oxidation of the secondary 

alcohol to the ketone and carbon homoglation by reaction with 

(methoxymethylene)triphenylphosphorane (Scheme 7). Hydrolysis of the resulting enol 

·ether should result ~n the positioning of the aldehyde favoring the anti-orientation to the 

(Z)-olefin functionality (molecular mechanics calculations support this hypothisis29
). 

Further epimerization with sodium methoxide or other mild base may be necessary to 

obtain a favorable ratio . 

1. Swem oxidation 

2. MeOCH=PPh3 
then AcOH/H2O 

... cth .. , ~ ••~OMPM 

40 

epimerization 
-~"' ......._ ,,~OMPM 

37 

Scheme 17 Alternative Strategy for Conversion to the Alkyne. 

With the installment of the vinyl iodide functionality, the second half of the 

molecule will be prepared for the key Ni(Il)/Cr(Il)-mediated coupling reaction. Acidic 

hydrolysis of the acetonide group in either natural product precursor followed by Swem 

oxidation30 will provide the tricarbonyl unit necessary for the key reaction (Scheme 18). 

The choice of a Swem oxidation is based on the successful employment of these 

conditions for the tricarbonyl system in the synthetic studies and the total synthesis of 

FK506.31 
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41 

2. Swem oxidation Me 

Meo 

43 

Scheme 18 

In the event that the alternative coupling strategy is used (Scheme 9 and 11), the 

resulting ~-dicarbonyl compound will be converted to the tricarbonyl substrate in a single 

step with the pyridine/Dess-Martin periodinane conditions reported by Golec et al.32 or 

by the two-step protocol by Wasserman et al. 33 (Scheme 19). It should be noted that the 

dimethyl dioxirane (DMDO) oxidation of the intermediate a-bromo-~-dicarbonyl by the 

latter method should be selective over the alkene and alkyne. This prediction is based on 

a similar DMDO protocol for the oxidation of the triphenyl phosphine ylid reported by 

the same authors.34 

0 
1. Dess-Martin periodinane/ 

0 pyridine 41 

2. 9-BBN-I 

0 
0 

28 0 
43 

Scheme 19 
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The synthesis of the tricarbonyl intermediate for both natural products will allow 

for the exploration of the Ni(ll)/Cr(ll)-mediated ring forming reaction. Several factors 

support the validity of this proposed step (Scheme 20). 

Ni{ll)/Cr{II) 

0 
41 0 

Me 

Ni{ll)/Cr{II) 
Me 

0 

43 0 
45 

Scheme 20 

Since its discovery by the sponsor's research group during the total synthesis of 

palytoxin4, the Ni(ll)/Cr(ll)-mediated coupling reaction has found numerous applications 

in the synthesis of natural and non-natural products by the sponsor's group and others.4
•
5 

The mild conditions necessary for the reaction and the tolerance of a variety of other 

functionalities allow for the reaction's utility in key bond-forming steps during the late 

stages of total synthesis. In addition to intermolecular couplings of vinyl iodides or 

triflates to aldehydes, the utility of this reaction for intramolecular reactions has proved to 

be a reliable method for formation of various sized rings.4
• 5 In relation to the proposed 

ring-forming sequence, the Ni(ll)/Cr(ll) mediated reaction was employed by the 

sponsor's group in the total synthesis of ophiobolin C (48). 35 The formation of the eight 

membered ring 47 was constructed in the late stages of the synthesis by intramolecular 

coupling of a vinyl iodide with the aldehyde (Scheme 21). 
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NiCl2 (0.5%) • CrCl2 
DMSO-DMS 

73% yield 

OPiv 

0 

Hrs' Me 

48. Ophiobolin C 

Me 

Me 

Scheme 21. Synthesis of Ophiobolin C by Ni(II)/Cr(II)-mediated Intramolecular 

Cyclization. 

In addition to the 73% yield, the reaction afforded a single diastereomer, the 

identity of which was predicted on the basis of steric considerations. Based on this 

precedent, the proposed coupling reaction for the synthesis of YW3669 and YW3548 is 

anticipated to furnish exclusively the desired stereoisomer. The significant difference 

between the proposed couplings and the successful ring-forming reaction in the synthesis 

of ophiobolin C, is the reaction of a vinyl iodide with a ketone in place of an aldehyde. 

Until recently, the Ni(II)/Cr(II)-mediated couplings were limited to reactions with 

aldehydes. This was largely due to the necessity of having to use minimal amounts of 

Ni(II); larger portions of which resulted in homocoupling reactions between the vinyl 

iodide (triflate) reactants.4 During the course of investigating the use of chiral ligands for 

the development of an asymmetric process, the sponsor' s group discovered that the 

addition of pyridine and dipyridyl ligands completely suppressed the homocoupling 

reaction.36 This discovery allowed the use of a 1 :2 mixture of NiC12 and CrC12 in the 

reactions, which in turn dramatically enhanced the rate of couplings between substrates. 

Furthermore, the coupling reaction of iodoolefins was found to be successful with 

ketones, even enolizable ketones. The use of 4-tert-butylpyridine in a more recent report 

both suppressed the homocoupling and homogenized the reaction, thus allowing for 
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successful couplings with previously unreactive substrates.37 These improvements in the 

reaction conditions should allow for the successful ring-closing step in the proposed 

scheme. Additionally, it should be noted that the proposed ketone in both substrates are 

far more electronically activated then a normal ketone. 

The exclusive formation of the eight-member~d ring is anticipated as this would 

seem to be the most accessible based on steric constraints. Although the central ketone in 

the tricarbonyl system is the most electronically active, a cyclization to the nine-

membered ring would seem unfavorable based on the steric strain of this undesired 

product. Even in the event that the Cr(ill) species does initially react with the central 

carbonyl, the resulting intermediate may isomerize to the more stable eight-membered 

ring on this basis. 

Me 

Me 

45 

44 

2. EDCI, 
0 HO Me Me 
II \/'g / Me 

HO~ 

0 HO Me 
2. EDCI, ~Me Me 

HO 
3. NaBH(OAc)J 

Me 

0 

0 

Me 

.. ,}t:. 
_CMe 

2. YW3699 Me 

"•\:. 
.. CMe 

1. YW3548 Me 

Scheme 22. Completion of Natural Products 

Following a successful intramolecular cyclization, the tricarbocyclic 

sesterterpenoid skeletons 44 and 45 will require only a few trivial synthetic manipulations 

for completion of the synthesis. Deprotection of the p-methoxy benzyl (MPM) group and 

subsequent coupling with the heptanoic fragment will complete the synthesis of YW3699 

242 



from substrate 45. With the additional stereoselective reduction of the a-hydroxy ketone 

44 by standard methods,38 YW3548 will be completed in a similar manner. Since the 

stereochemical assignment of the 3-hydroxyl-3,5-dimethyl-heptanoic portion of the 

molecule remains unassigned, all four possible stereoisomers will have to synthesized 

and individually coupled to the intermediate secondary alcohol. Direct comparison to the 

spectroscopic data of the natural product will be used to reveal the correct 

stereochemistry of this portion of the natural products. 

In conjunction with the total synthesis of YW3699 and YW3548, further 

investigation of the Ni(II)/Cr(II)-mediated C-C bond-formation is planned as part of the 

proposed research. Specifically, this includes the development of a catalytic asymmetric 

version of the reaction. Recent efforts by the sponsor's group has led to the development 

of an asymmetric Ni(II)/Cr(Il) coupling reaction. These results follow the preliminary 

studies using the aforementioned dipyridyl ligands.36 Using the chiral sulfo_namide ligand 

such as 49, useful levels of asymmetric induction have been achieved.39 

n7 
o~Me 

~N NHSO2Me 

Me--Z 
Me 

49 

Scheme 23. Chiral Sulfonamide Ligand. 

In connection with this result, a catalytic chromium version of this asymmetric 

process would be the next stage in further expanding these reactions which already 

exhibit broad potential. Recent developments of catalytic versions of this reaction have 

been reported.40a- c These initial breakthroughs include the use of manganese40
a or 

aluminum40
b as a reductant in conjugation with trimethyl silyl chloride (TMSCI), 
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enabling the use of a catalytic amount of Cr(II) and Ni(II). Additionally, an 

electroreduction process using lithium salts or TMSCl has been described which is both 

catalytic in Pd(0) and Cr(II).40
c Further development of these initial systems, or other 

catalytic versions of the reaction, combined with the newly discovered asymmetric 

process, will provide a reaction with far greater synt_hetic utility. This will be especially 

important in the area of synthesis of highly complex bioactive molecules for clinical 

studies. 

The proposed enatioselective synthesis of both natural products will provide a 

means for the preparation of biologically significant analogs. Furthermore, several 

methodological developments in connection with this work will contribute to the field of 

organic synthesis. 
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