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ABSTRACT OF DISSERTATION 

SYNTHESIS AND BIOMECHANISTIC STUDIES OF QUINOCARCIN 

AND STRUCTURAL ANALOGS 

The formal total synthesis of the anti tumor antibiotic quinocarcin is presented. The 

synthesis is characterized by a novel NBS oxidative azomethine ylide cycloaddition reaction 

for the diastereoselecti ve construction of the tetracyclic framework of this substance. 

A novel mechanism for the reduction of molecular oxygen that results in the 02-

dependent cleavage of DNA by quinocarcin, tetrazomine and synthetic structural analogs is 

presented. The results are discussed in the context of a redox self-disproportionation of the 

oxazolidine moieties of these compounds which produces superoxide by a previously 

unrecognized mechanism discovered herein. 

Stereoelectronic control elements of superoxide production have been elucidated 

through the use of structural analogs prepared by total synthesis. The synthesis of a 

structurally less complex water soluble analog of quinocarcin which exhibits most of the 

physical properties associated with the parent compound is presented. By covalently 

attaching known DNA binding molecules to this substance, the ability to vary the 

mechanism and DNA-cleavage specificity of this compound has been demonstrated and is 

presented herein along with a proposed binding model derived from molecular mechanics. 
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Department of Chemistry 

Colorado State University 

Fort Collins, Colorado 80523 

lll 



Acknowledgments 

The author would like to take this opportunity to thank the faculty a nd staff of the 

Department of Chemistry, Colorado State University for supporting him during his tenure 

as a graduate student. The author would like to personally thank Mr. Donald Dick and Dr. 

Chris Rithner of the Central Instrument Facility (Department of Chemistry) for mass 

spectral data and NOE experiments. Also to be acknowledged are the author's thesi s 

committee members for their involvement in hi s graduate career at Colorado State 

University. A special token of gratitude is extended to Prof. Frank R. Stermitz and Prof. 

Robert Woody for taking the time out of their busy schedules to do such a thorough and 

professional job in critiquing this manuscript. The author would also like· to thank Prof. 

Marc M. Greenberg, Prof. Albert I. Meyers and Dr. Stephen Marburg (Merck & Co., Inc. ) 

for the important role they played in helping him sec ure a postdoctoral position and 

funding. The following other faculty members are also acknowledged: Prof. Samuel .I. 

Danishefsky (Memorial Sloan Kettering) for providing authentic comparison spectra of the 

methyl ester of syntheti c quinocarcinamide; Prof. Jack R. Norton for providing access to 

facilities for manipulating 1802; and Prof. Tony K. Rappe' for performing molecular 

mechanics calculations on syn thetic quinocarcin analogs. 

The author would like to thank the Kyowa Hakka Kogyo Co., Ltd. and the 

Yamanouchi Pharmaceutical Co. for their generous gifts of natural quinocarcin and 

tetrazomine used in these studies. 

The author wishes lo extend a special token of gratitude to all of his colleagues (past 

and present) in the William s researc h group for their friend ship and for creating an 

interesting and stimulating work environment. The following individuals made signifi cant 

contributions to this body of work through direct ex perimental input and/or helpful 

scientific discourse: Ms. Tricia L. Cecil, Dr. Timothy Cush ing, Dr. Paul P. Ehrlich, Dr. 

Andrew Fray , Ms. Renee Gal legos , Dr. Tomasz Glinka, Dr. Richard H . Hutchings, 

IV 



Dr. Gregory F. Miknis, Dr. Mathew Peterson , Mr. Scott R. Rajski, Mr. Samuel B. 

Rollins, Mr. Steven M. Rubenstein, Dr. Peter J. Sinclair (Merck & Co. , Inc.) and Mr. 

Tracy N. Tippie. 

The author would like to pay a special thanks to Prof. Robert M. Williams for 

providing laboratory space and maintaining an intellectual environment conducive to 

independent thought and creativity. The author also acknowledges the support that Prof. 

Williams has given him over the years which has set the foundation for a challenging and 

potentially rewarding career in chemistry. 

Finally, the author would like to thank his family , in particular his father and 

mother Mr. and Mrs. Edward J. Flanagan for their support and for always believing in him 

and his abilities. Without their unremitting patience and encouragement none of this work 

would have been possible. 

V 



... This manuscript is dedicated to my loving w(fe Diana and daughter Natalie for 

their constanl support, encoura~ement and inspiration whi<"h helped make this work 

possihle. Thank you. 

VI 



Table of Contents 

Content 

Chapter l Quinocarcin and Related Compounds 

1. l. Physical Properties/Structure Reactivity Relationships 2 

1. 2. Synthetic Studies Toward the Total Synthesis of Quinocarcin 12 

l .3. Anti tumor Activity for Semi-Synthetic Derivatives of Quinocarcin 25 

Chapter 2 Synthetic Model Studies 

2. l. Modified Synthesis of lsoquinolone 3 7 

2. 2. Synthesis of N-2- Methyl C-11 a-syn Analog 45a 

2. 3 Synthesis of N-2-Carboxymethyl C-1 la-syn Analog 160 

Chapter 3 The Formal Total Synthesis of (±)-Quinocarcin 

3. 1. Initial Approach Based on Model Study 

3. 2. Modified Approach: Control of Pyrrolidine Stereochemistry 

3. 3. Future Directions 

Chapter 4 The 02-Dependent Cleavage of DNA by Quinocarcin, 

42 

43 

45 

51 

63 

64 

79 

90 

Tetrazomine and Synthetic Structural Analogs 95 

4. 1 . Background 95 

4. 2. Mechanistic Details of Superoxide Production by Quinocarcin and 

Structural Analogs I 05 

4. 3. Manipulation of DNA-Cleavage with Semi-Synthetic 

Derivatives of 160 J 29 

VII 



Table of Contents Continued ... 

Content 

Chapter 5 Experimental Section 

5. 1 . General Procedures 

5. 2. Preparation of Compounds 

References 

Appendix l Additional Spectral Data 

Appendix 2 Publication List 

List of Figures, Schemes and Tables 

146 

146 

155 

271 

279 

298 

Figures Page 
Figure I. The naphthyridinomycins 3 

Figure 2. The bioxalomycins 6 

Figure 3. The saframycins 7 

Figure 4. The quinocarcins and tetrazomine to 
Figure 5. Quinocarcin and synthetic structural analogs 42 

Figure 6. Regiochemical bias for reactivity of 162 43 

Figure 7. X-ray analysis of C- 11 a-syn quinocarcin analog 45a 48 

Figure 8. X-ray analysis of C- 11 a-cmli quinocarcin analog 45b 48 

Figure 9. Conformation of 45a as predicted by molecular mechanics 49 
Figure 10. Conformation of 45 has predicted by molecular mechanics 49 

Figure 11. 1 H NMR spectrum (300 MHz) of C-11 a-syn quinocarcin analog 45a 50 
Figure 12. 1HNMRspectrum(300MHz)ofC- 11a-Wlliquinocarcinanalog45b 50 
Figure 13. Preparation of amino alcohol 176 53 

Figure 14. N-Alkylation products from 174a 60 

Figure 15. 1 H NMR spectrum (300 MHz) of water-soluble quinocarcin analog 160 62 

Vlll 



Figure 16. Common methods for generating azomethine ylides 65 
Figure 17. 1 H NMR spectrum (300 MHz) of cycloadduct 205a 67 
Figure 18. 1 H NMR spectrum (300 MHz) of cycloadduct 205b 67 
Figure 19. Results of homonuclear decoupling and NOE experiments for 205a,b 68 
Figure 20. Resonance contributors for azomethine ylide 72 

Figure 21. 1 H NMR spectrum (300 MHz) of cycloadduct 218a 74 
Figure 22. 1 H NMR spectrum (300 MHz) of cycloadduct 218 b 74 

Figure 23. Dipole conformation interconversion 79 
Figure 24. 1 H NMR spectrum (300 MHz) of 6 8 86 
Figure 25. Structures of quinocarcin and tetrazomine 91 
Figure 26. Structures of anthracyclines and bleomycins 100 
Figure 27. Structures of quinocarcin and related compounds 103 
Figure 28. Features of quinocarcin disproportionation 107 

Figure 29. HPLC traces from anaerobic disproportionation 108 

Figure 30. HPLC traces from aerobic disproportionation 108 
Figure 31. Representative agarose gels (DNA-cleavage) 117 
Figure 32. Effects of pH on plasmid cleavage I 19 
Figure 33. Reactions of quinocarcin and tetrazomine with 3'.!P-labeled oligos 124 
Figure 34. Enzymatic band shift assay with T4-polynucleotide kinase 124 
Figure 35. Ratios of 3'-products afforded by 16, 2 0 and Fe(ll )EDTA 127 
Figure 36. Effects of order of addition (tetrazomine / Fe(ll)EDTA) 128 

Figure 37. 1 H NMR spectrum (300 MHz) of netropsin conjugate 314 132 
Figure 38. 1 H NMR spectrum (300 MHz) of spermine dimer 315 132 
Figure 39. Effects of concentration on DNA-cleavage for 16, 20 and conjugates 133 
Figure40. Reactions of 16, 160, 314and315with5'-labeled5l6mer 137 
Figure 41. Reactions of314 with 3' and 5'-labeled 516mers 138 

Figure 42. Histograms indicating selective cleavage for netropsin conjugate 314 140 
Figure 43. Hydrogen bonding interactions of netropsin and those proposed for 314 142 
Figure 44. Molecular model of 314 bound to the 5'-d(A TTT/T AAA )-3' sequence I 43 

Schemes 
Scheme I. Proposed DNA-a lkylation mechanism for l and 2 
Scheme 2. Danishefsky synthesis of (±)-quinocarcinol methyl ester 
Scheme 3. Williams C-1 I a anti-analog synthesis 
Scheme 4. Fukuyama synthesis of (±)-quinocarcin 

4 

13 
15 
18 

IX 



Scheme 5. Gamer synthesis of (-)-quinoca rcin 
Scheme 6. Terashima synthesis of optically pure quinocarcin pyrrolidine 
Scheme 7. Terashima synthesis of (-)-quinocarcin 

Scheme 8. Preparation of I 0-decarboxyquinocarcin 
Scheme 9. Other D ring quinocarcin congeners 

Schemes 10 and 11. A ring substituted quinocarcin congeners 
Scheme 12. Preparation of quinocarcin quinone congeners 
Scheme 13. Preparation of substituted-quinone congeners of quinocarcin 
Scheme 14. Preparation of alkylthiol -substituted congeners of quinocarcin 
Scheme 15. Preparation of hydroquinone congeners of quinocarcin 
Scheme 16. Modified synthesis of isoquinolone 3 7 
Scheme 17. Preparation of N-2-methyl tetracyclic quinocarcin analogs 

Scheme 18. Initial approach to water soluble quinocarcin analogs 
Scheme 19. Attempted synthesisofC- 11a-synaminoalcohol 174a 
Scheme 20. Revised approach via tertiary amide intermediate 178a 
Scheme 21. Proposed formation of ox.azolidine 183 from 178a 
Scheme 22. Alternate synthetic plan bypassi ng amide 1 71 
Scheme 23. Preparation of aldehyde 185 and allylic a lcohol 186 
Scheme 24. Stereoselective synthesi s of amino alcohol 17 4a 
Scheme 25. Preparation of water-soluble quinocarcin analog 160 
Scheme 26. Gamer model system for quinocarcin pyrrolidine synthesis 
Scheme 27. Retrosyntheti c plan to quinocarcin 
Scheme 28. Initi al cycloadditive approach to quinocarci n 
Scheme 29. Pyrrolidines via deprotonation approach 
Scheme 30. Rationale for stereochemical outcome of cycloadditions 

Scheme 31. Proposed mechanism for dipole formation via decarboxylation 
Scheme 32. Decarboxylation cycloaddition using sarcosine 
Scheme 33. Synthesis of amino acid 217 
Scheme 34. Cycloadditions with acetal contai nin g amino acid substrates 
Scheme 35. Acetal deprotection study 
Scheme 36. Cycloadditi on with a serine based substrnte 
Scheme 37. Attempts to directly convert cycloadducts to 16 
Scheme 38. Joule cycloadditi ve approach 
Scheme 39. Retrosyntheti c plan for revised approaches 

20 
22 
23 

26 
27 

29, 30 

33 
34 
36 
38 
44 

47 

51 

52 
54 

55 
.56 
57 

58 

61 
63 
64 

66 
66 
69 

70 
71 
72 
73 
76 
77 
78 

80 
81 

X 



XI 

Scheme 40. Synthesis of oxazolidine deprotected suhstrate for N-acylations 82 
Scheme 41 . Attempted N-acylations of 235, 243 and 244 83 
Scheme 42. Formal total synthesis of (±)-quinocarcin 85 

Scheme 43. Synthesis of saturated tricyclic monoketopiperazine 257 'B:7 
Scheme 44. Proposed mechani sm for NBS mediated ylide formation 89 
Scheme 45. Proposed methods of ylide formation for saturated substrate 90 
Scheme 46. Synthesis of ~-hydroxypipecolinic acid 269 92 

Scheme 47. Precedence for C-3' derivitization of DX-52- 1 92 
Scheme 48. Proposed total synthesis of (±)-tetrazomine 93 
Scheme 49. Haber-Weiss/Fenton cycling % 

Scheme 50. C-1' hydrogen atom abstraction 98 
Scheme 51. C-4' hydrogen atom abstraction 98 

Scheme 52. Production of superoxide by thiols 99 
Scheme 53. Bleomycin activation and DNA strand scission cycle 101 
Scheme 54. Superoxide production by doxorubicin I 02 
Scheme 55. Superoxide production by saframycin A 104 
Scheme .56. Proposed disproportionation of quinocarcin I 06 

Scheme 57. Anaerobic disproportionation of quinocarcin in 18OH2 109 
Scheme 58. Anaerobic disproportionation of quinocarcin in D20 110 
Scheme 59. Superoxide reduction of NBT I 12 
Scheme 60. Stereoelectronic control elements of superoxide production 115 
Scheme 61 . Precedent for stereoelectronic effect 115 
Scheme 62. Preparation of rw-a-ntrophenyl ester 306 129 
Scheme 63. Preparation of netropsin analog 313 130 
Scheme 64. Preparation of 160-conjugates 111 

Tables Page 
Table 1. Anti tumor activity of D ring quinocarcin congeners 27 
Table 2. Anti tumor activity of A ring substituted quinocarcin congeners 31 
Table 3. Antitumor activity of quinocarcin qui none congeners 35 
Table 4. Antitumor activity of alkylthiol-substituted congeners of quinocarcin 37 
Table 5. Antitumor activity of hydroquinones congeners of quinocarcin 39 
Table 6. Attempted C-homologations of isoquinolone 3 7 45 
Table 7. Attempted N-alkylations of amino alcohol 17 4a 59 
Table 8. Summary of cycloaddition reactions from aldehyde 185 75 



Table 7. Attempted N-alkylations of amino alcohol 17 4a 
Table 8. Summary of cycloaddition reactions from aldehyde 185 
Table 9. Attempts to N-acylate 235, 243 and 244 
Table 10. Rates of superoxide production (NBT) 

Table 11. Cleavage of supercoiled plasmid DNA by l 6, 2 0 and amtlogs 

Table 12. Effects of additives on DNA-cleavage by quinocarcin 

Table 13. Effects of additives on DNA-cleavage by tetrazomine 

Table 14. Effects of additives on DNA-cleavage by 160 and conjugates 

Table 15. Nicking effeciency (NE) for superoxide producing compounds 

59 
75 
84 
113 

118 

120 

121 

133 

135 

X.11 



Chapter 1 
Ouinocarcin and Related Compounds 

The naphthyridinomycins, bioxalomycins, saframycins , quinocarcins and 

tetrazomine constitute an important, structurally related group of antitumor antibiotic 

alkaloids produced by Actinomycetes microoganisms. These compounds are characterized 

by a tetracyclic core containing a bicyclic piperazine ring system. In spite of these basic 

similarities, this family of compounds exhibits a great diversity of structural features which 

is, at least in part, responsible for the broad range of physical properties and biological 

activities observed for these substances. 

The antitumor activity displayed by these compounds results from their ability to 

inhibit nucleic acid synthesis and/or oxidatively damage these macromolecular targets. All 

of these materials have been proposed to associate with DNA in vivo (non-covalently or 

covalently), rendering the DNA template unsuitable for replication , thereby creating a 

cytotoxic state. Like most antitumor agents, the members of thi s family of compounds 

suffer from non-specific cytotoxicity problems which undermine their efficacy as 

chemotherapeutic treatments. As a result, efforts are underway in a number of research 

groups to: (1) better understand the mechanism by which these compounds inflict cellular 

damage on cancerous tissues; (2) elucidate sources of non-specific toxicity to healthy cells; 

and (3) develop new drugs, synthetically or semi-synthetically so as to attenuate 

undesirable side effects, producing more selective and less toxic materials. 

Much of the discussion over the following chapters involves the elucidation of a 

mechanism by which the title compound and tetrazomine cause oxidative damage to DNA 

(in vitro), which is an attribute that may be associated with the non-specific host toxicity of 

these substances. Through the use of synthetic chemistry, structural analogs of these 
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compounds have been prepared. From examination of the physical properties of these 

synthetic materials, structural features of quinocarcin which give rise to this DNA-

damaging potential have been discovered, along with preliminary means to attenuate and/or 

more specifically direct this activity. Additionally, a new synthetic approach to access 

advanced intermediates toward the total synthesis of quinocarcin will be presented. 

The remainder of the information in this chapter is separated into three sections as 

follows: the first section is intended to present a broad overview of the physical 

characteristics exhibited by the members of this family of compounds, indicating features 

of the individual molecules important to their biological activities; the second section 

provides a review of the major synthetic efforts toward the total synthesis of quinocarcin; 

and the last section includes a presentation of the efforts to prepare semi-synthetic 

derivatives of quinocarcin with improved chemotherapeutic efficacy. 

I, I, Pb ysical Properties/Structure-Reactivity Relat.ionshi ps 
Naphthyridinomycin (1) is characterized by a substituted quinone A ring and the 

bridged oxazolidine functionality between C-13b and C-4. Naphthyridinomycin is a ruby 

red crystalline compound produced by Streptomyces lusitanus. 1 The structure of 

naphthyridinomycin was detennined by x-ray analysis by Sygusch, et al. in 1974 and later 

(1975) revised to the structure depicted in Figure 1 (1).2 This compound exhibits broad 

spectrum antibiotic activity against both gram-negative and gram-positive. The promising 

antitumor activities exhibited by both naphthyridinomycin and cyanocycline A (2) have 

been proposed to result primarily from inhibition of DNA synthesis.3 This proposal was 

based on data demonstrating the ability of these compounds to cause 50% inhibition of 

incorporation of tritiated thymidine into E. coli DNA suggesting inactivation of DNA-

polymerase as a likely mode of action. Despite these promising biological activities, 

though, naphthyridinomycin has proven too toxic for clinical use. 
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Fi~ure l. The naphthyridinomycins 

Naphthyridinomycin , 1 

OH 
Cyanocycline B, 3 

4' 

Me 

MeO 

Me 

HO 

OH 
Cyanocycline A, 2 

OH 

H 
OH 

SF-1739 HP, 4 

3 

Cyanocycline A, which differs from naphthyridinomycin by the cyano group at C-7 

is three times less toxic than 1.1 This substance still retains significant, broad spectrum 

antibiotic activity in addition to strong antitumor activity in in vitro and in vivo assays 

against various tumor cell lines .4 The cyano group is thought to provide stability to the 
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molecule, therefore attenuating non-selective host toxicity of this substance as compared to 

1. It has also been proposed that the cyano group of 2 may assist in the passage of the 

compound through the cell membrane, but comes off before interacting with DNA.5 In 

doing so, iminium 6 would be generated (Scheme 1) which is believed to be the species 

responsible for cytotoxicity via DNA-alkylation. As will be seen throughout this class of 

Scheme 1. Proposed DNA-alkylation mechanism for I and 2 

Me Me 
-CN' 

Meo MeO 

2 OH 6 

j + 2e·1H+ 

Me Me 
-cN· 

Meo Meo 

OH 
OH Sc 

Me DNA 
Me 

Meo 

0 

HN H N ~o,,, 

? OH :t)C) 
0 



Quinocarcin and Related Compounds 

5 

compounds, the oxidation state and substituents on C-7 play a principal role in the 

biological activities exhibited by these substances. 

Both of these compounds (1 and 2) have been shown to be more potent antitumor 

agents if first reduced as illustrated in Scheme 1. 3a This process is likely to involve the 

intermediacy of hydroquinone Sb (in the case of 2), which is believed to facilitate the 

expulsion of cyanide resulting in more efficient formation of iminium Sd. Experiments in 

which DNA was incubated with radioactively labeled 1 and 2 showed only small amounts 

of covalently bound material following dialysis. However, when these compounds were 

first reduced, substantial irreversible binding of the drugs was consistently observed.5 

Similar mechanisms involving the bioreductive activation of quinone moieties to facilitate 

DNA alkylation have been proposed for nalidixic acid6 and mitomycin C.7 

Cyanocycline B (3) which is derived form N-desmethylnaphthyridinomycin and 

SF-1739 (4 ), inwhich the methoxy at C-11 of 1 is replaced with a hydroxyl group, are 

compounds structurally related to 1 and 2. However, little has been reported concerning 

their biological activities. Hydroquinone Sa has not received extensive evaluation, but 

would be expected to display increased activity compared to 1 and 2 for reasons previously 

discussed . 

Bioxalomycins al, c:x.2, Pl and P2 (8-11, Figure 2) were recently isolated from 

the fennentation broths of Streptomyces viridostaticus and in preliminary antimicrobial and 

antitumor assays have exhibited potent activity .8 The bioxalomycins bear striking 

similarities to naphthyridinomycin which calls into question the natural structures of these 

substances. The bioxalomycins are characterized by the presence of the C-7, C-9 

oxazolidine moiety , but resemble the naphthyridinomycins by all other physical 

measurements. The question of whether the bioxalomycins are the true natural forms of 

these antitumor antibiotics was recently raised by Ellestad and coworkers.8 Using a mildly 
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acidic isolation protocol , the Ellestad group observed that the primary isolate from 

Streptomyces viridostaticus was bioxalomycin a2 (9), with a small amount of ~2 (11) also 

Fi!P,Jre 2. The bioxalomycins 

Me 

MeO 

Bioxalomycin at , a OH 

Me 

OH 

Bioxalomycin a2, 9 

Me 

MeO 

Bioxalomycin {31, 10 

Me 

MeO 

Bioxalomycin {32, 11 

being produced. When the same isolation procedure was employed with fermentation 

broths of Streptomyces lusitanus (the Streptomyces strain from which the 

naphthyridinomycins were originally reported to be isolated 1), the Ellestad group isolated 

a2 (9) and ~2 (11), with ~2 being the primary isolate. The crucial observation however, 
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was that no naphthyridinomycins (oxazolidine ring-opened adducts) were afforded by these 

broths. It has been shown that cyanocycline A can be prepared semi-synthetically from 

naphthyridinomycin.4b Similar results were obtained upon reaction of P2 with sodium 

cyanide. 8 Since many antibiotic isolation procedures involve cyanide- containing buffers, 

Figure 3. The Saframycins 

Me 
Saframycin A, 12 

Me 
Saframycin C, 14 

OMe 

OMe 

Me 

Meo 

Me 

Me 

Meo 

Me 
Saframycin B, 13 

H 
OH 

0
~

0 

Me 
Saframycin S, 15 

OMe 

Me 

OMe 

Me 
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these observations suggest that cyanocycline A and B may actually be derived from P2 and 

p 1 respectively during isolation. Taken together, these results support the Ellestad 

hypothesis that the bioxalomycins are the natural forms of these compounds and that 

naphthyridinomycin and the cyanocyclines are artifacts of the isolation procedures 

employed. Furthermore, it has also been suggested that the original structure of 

naphthyridinomycin, elucidated by x-ray analysis, may actually have resulted from a 

transitory effect of the highly acidic isolation protocol (0.1 N HCl) used to obtain this 

substance. These questions and further biological studies concerning these new and novel 

antitumor antibiotics are currently under investigation. 

Saframycin A (12) is an antitumor antibiotic produced by Streptomyces lavendulae 

and is characterized by the [3.3.1] bicyclic C, D ring system and twin quinone moieties. 9 

Saframycin A exhibits broad antimicrobial activity and strong antitumor activity against 

L1210 and P388 leukemias and Ehrlich's sarcoma. Antitumor assays with L1210 leukemia 

cells indicate inhibition of nucleic acid synthesis to be the primary mode of action. 10,11 

Similar to the naphthyridinomycins, DNA alkylation has been invoked in this process and 

an analogous mechanism to that shown in Scheme 1, involving bioreductive activation, has 

been proposed for saframycin A. Reactions of radio labeled saframycin A with DNA show 

a covalent association of the label with the DNA over time. On the other hand, saframycin 

A labeled with 14C-cyanide showed an increase in radiolable dispersion into solution when 

incubated with DNA under the same conditions, pointing to C-21 (saframycin A 

numbering) as the biologically relevant functional group. 10 

The structurally similar saframycins B (13) and C (14) have also been shown to 

associate with DNA in the minor groove and inhibit DNA replication, although to a much 

lesser extent than that observed for saframycin A. The diminished activity of these 

compounds as compared to saframycin A, coupled with the lack of the cyanide leaving 
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group at C-21, again points to this functional group as being critical for DNA-alkylation 

and the ensuing biological activity observed for saframycin A. 

Saframycins A and C have also been shown to cause oxidative damage to 

supercoiled plasmid DNA which is dependent upon bioreductive activation. I 1 Similar 

oxidative DNA-cleavage activity has been observed for numerous quinone containing 

compounds and is well recognized to be associated with semiquinone radical-mediated 

reduction of molecular oxygen. Reduced oxygen species such as hydroxyl radical are well 

documented to cause oxidative lesions to DNA. The subject of oxidative damage to DNA 

will be discussed in depth in Chapter 4, including proposed mechanisms of 02 activation 

by saframycin A. 

Quinocarcin (16) is a natural secondary metabolite produced by Streptomyces 

melanovinaceus and is the simplest member of this class of antitumor agents. 14 

Quinocarcin has been shown to display weak antimicrobial activity against several Gram-

positive microbes but is inactive toward Gram-negative bacteria. As its citrate salt, 

quinocarcin (named quinocarmycin citrate or KW2152) displays promising antitumor 

activity against several lines of solid mammalian carcinomas including St-4 gastric 

carcinoma; Co-3 human colon carcinoma; MX-1 human mammary carcinoma; M5076 

sarcoma; B 16 melanoma and P388 leukemia. IS This substance and semi-synthetic 

derivatives discussed later in this chapter are currently under evaluation in human clinical 

trials by the Kyowa Hakka Kogyo Co. Recently, the structurally related antitumor 

antibiotic tetrazomine (20) was isolated from Saccharothrix mutabilis subsp. 

chichijiimaensis and is reported to display good antimicrobial activity against both Gram-

positive and Gram-negative organisms in the 0.78-50 µg/mL range and also shows potent 

activity towards P-388 and L1210 leukemia in vitro. 16 Additionally, 20 showed promising 

activity against P388 leukemia in vivo. 
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Figure 4. The guinocarcins and tetrazomine 

Ouinocarcin, DC-52, 16 

12 

H 
,,,,CO;ti 

~--,·10 
NMe 

9 

OH 

OX-52-1 , 18 

Tetrazomine, 20 

H 
.,,,,CO;ti ,;,.---, 

,,,,NMe 

H 

Quinocarcinol, DC-52-d, 17 

H r .. ,,,CO;ti ,;,.---, 
,,,,~Me 

Quinocarcinamide, 19 

10 

Interest in quinocarcin (16) was stimulated by a report by Tomita, et al. that 

recorded the remarkable observation that 16 cleaves plasmid DNA in an 02-dependent 

fashion that was reported: (1) to not be stimulated by the addition of metal ions (Fe2+ or 
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Cu2+); (2) to be stimulated by dithiothreitol; (3) to be inhibited by oxygen free radical 

scavengers such as methanol, tert-butanol, a-tocopherol,~-carotene and; (4) to be inhibited 

by superoxide dismutase (SOD) and catalase. 14a Quinocarcin blocks RNA synthesis in 

preference to DNA and protein synthesis in P388 leukemia cells. On the other hand , in 

Bacillus subtilis, quinocarcin inhibited [3H] thymidine incorporation suggesting inhibition 

of DNA polymerase; therefore, DNA synthesis is thought to be preferentially inhibited in 

Bacillus subtilis. It has been proposed that quinocarcin alkylates DNA in the minor groove 

through the ring-opened fonn of the oxazolidine in a similar manner to that proposed for 1 

and 12.17 Indirect support for the involvement of the oxazolidine ring in the above context 

comes from the lack of antitumor activity displayed by quinocarcinol (17, DC-52-d) which 

is co-produced with 16 by Streptomyces melanovinaceus. The oxazolidine moieties of 

quinocarcin and tetrazomine also appear to be associated with the capacity of these 

compounds to cause the oxidative damage to DNA as observed by Tomita.14a A proposed 

mechanism for this behavior including di scussion and full supporting detail s will be 

presented in Chapter 4. 

As will be discussed rn depth in Chapter 4, quinocarcinol (17) and 

quinocarcinamide (19) have been found to be produced from the anaerobic decomposition 

of quinocarcin . Since 17 is co-produced with 16 by Streptomyces me/anovinaceus, it is 

interesting to question its creation as arising by a genetically-encoded biosynthetic pathway, 

or by a secondary and endogenous microbial reduction . The ability of these substances 

(16 and 20) to undergo spontaneous redox disproportionations is suspected as providing 

the thermodynamic driving force behind the ability of these compounds to activate 

molecular oxygen, ultimately leading to the oxidative damage of DNA. 
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1.2, Synthetic Studies Toward the Total Synthesis of Ouinocarcjn 
While quinocarcin is considered to be the simplest member of this class of 

antitumor antibiotics, it does possess a number of challenging structural attributes causing 

many researchers to pursue its synthesis. The highly unstable oxazolidine functionality of 

quinocarcin presents just one of the challenging obstacles to the synthetic preparation of 

this compound. Also of considerable interest are the six stereocenters that must be set in 

forming the B, C, D, E bicyclic ring system of quinocarcin. 

The first attempted synthesis of quinocarcin was undertaken by Danishefsky, et al. 

Due to difficulties encountered in forming the oxazolidine ring of 16, however, thi s 

synthesis was eventually reported as the total synthesis of (±)-quinocarcinol methyl ester. 18 

In spite of these difficulties, this synthetic approach to the A, B, C, D tetracyclic core of 

quinocarcin was very effective and provided the first totally synthetic approach to both 

redox decomposition products produced by quinocarcin (17 and 19, Figure 4). Details of 

the semi-synthetic preparation of 17 and 19 from quinocarcin will be discussed in 

Chapter 4. 

As outlined in scheme 2, starting from m-hydroxybenzaldehyde (21), reaction with 

allyl bromide produced allyl ether 22 in 93% yield. The Claisen rearrangement (N,N-

dimethylaniline , 230°C) proceeded to afford the 1,2,3-substituted material (23) as the 

predominant product. Following methylation (NaH, Mel), the methoxy aromatic 

compound 23 was afforded in 84% yield from 22. Addition of cyanide to the aldehyde 

functionality of 23 followed by lithium aluminum hydride reduction produced the 

corresponding amino alcohol which was sequentially protected affording 24 in 68% overall 

yield from 23. At this point, the double bond of 24 was isomerized into conjugation upon 

reaction with Pd-(MeCN)2 generating 25 as a 3.5: 1 mixture of E/Z isomers. The very 

elegant tetrahydroisoquinoline-fonning cyclization reaction was facilitated by reaction of 25 
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Scheme 2. Danishefsky synthesis of (+)-guinocarcinol methyl ester 
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with N-phenylselenophthalimide 19, whereupon sequential deprotection s afforded the 

hydroxy-tetrahydroisoquinoline 26 in approximately 50% overall yield from 25. 

Acylation of 26 with the racemic y-carboxyglutamate derivative 27 was achieved by 

reaction of 26 and 27 in the presence of bis-(oxo-oxazolidonyl) phosphinic chloride (BOP-

Cl) to furni sh amide 28 as a mixture of diastereomers following Swern oxidation. The key 

cyclization reaction to produce the tetracyclic piperazine framework of quinocarcin was then 

achieved by reaction of 28 with BF3-Et2O affording 29. It was found that only the 

diastereomer of 28 exhibiting the quinocarcin relative stereochemical configuration 

underwent cyclization , the other diastereomer being inappropriately oriented for the 

required ring closure. Reduction of the aryl ketone followed by oxidation of the olefin 

(OsO4, NalO4) and acetal protection of the resulting aldehyde then allowed for the selective 

decarboxylation (NaCN, DMSO, 140°C, 20 min) at C-10 affording the exo-carboxymethyl 

compound 30. Dehydration of 30 with Burgess reagent (Et3NSO2NCO2Me) followed by 

sequential deprotection and reduction of the aldehyde afforded the unsaturated product 31 

in 43 % yield from 30. Reduction of the double bond occurred cleanly upon reaction of 31 

with H2 (1600 psi) and W2 Raney-Ni (60°C, 5 h) producing lactam 32 as a single 

diastereomer, the result of selective reduction from the a-face of 31. Over-reduction of the 

amide (32) in efforts to form the oxazolidine via reduction to the aldehyde oxidation state 

yielded quinocarcinol methyl ester. 

In an effort to circumvent some of the problems encountered by Danishefsky, 

researchers devised alternate approaches to fonning the quinocarcin oxazolidine. One such 

strategy, reported by Williams et al. , involved the intramolecular condensation of an 

aldehyde with an amino alcohol , generating the oxazolidine ring in the final step of the 

synthesis .21 To test this idea, the model study illustrated in Scheme 3 was conducted. 

Starting with 2-bromoanisol , lithiation followed by addition of (N-methoxy-N-methyl)-
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benzyloxy acetamide furnished ketone 34 in 90% yield. Reductive amination followed by 

removal of the O-benzyl group generated amino alcohol 35 in 53% yield on the two steps. 

This amino alcohol was to eventually be the moiety involved in the oxazolidine-forming 

condensation reaction in the final step of the synthesis. However, for the duration of the 

synthesis, this group was protected as the oxazolidinone. Reaction of 35 with ethyl 

bromoacetate followed by carbonyldiimidazole afforded oxazolidinone ethyl ester 36 in 

58% yield. Saponification and acid chloride formation with thionyl chloride produced the 

precursor to the crucial intramolecular Friedel-Crafts acylation (AlCl3, tetrachloroethane) 

which proceeded in 65 % yield affording isoquinolone 37.2° C-Homologation of the 

enolate of 37 with ethyl cyanoformate furnished P-ketoester 38 which was subsequently 

reduced to the P-hydroxy ethyl ester (39) by reaction with sodium cyanoborohydride. 

Elimination to form the intermediate a,P-unsaturated ethyl ester was accomplished by 

reaction of 39 with triphenylphosphine, carbontetrachloride and triethylamine. Palladium-

catalyzed hydrogenolysis of this material produced two diastereomers of 40 in a 10: 1 ratio 

(syn I anti). The desirable stereochemical outcome for this hydrogenation was precluded 

by the subsequent saponification reaction which afforded only the undesired epimerized 

anti-carboxylic acid 41. As a result, this approach would never prove amenable to the 

synthetic preparation of 16. However, the synthesis of 44b was continued in order to test 

the crucial oxazolidine fonning final step. Condensation of 41 with N-methyl-2-amino-2-

methyl-l-propanol was achieved via the acid chloride to afford amide 42b. Reduction of 

the amide with BH3-THF followed by Swem oxidation furnished the precursor (43b) to 

the penultimate oxazolidine-forming step. Closure of the C and E rings was achieved by 

reaction of 43b with lithium hydroxide in refluxing ethanol which removed the 

oxazolidinone, furnishing compound 44b in 25% yield.21 Although the yield of this 

reaction was low, it did suggest that this methodology offered a viable means of 

quinocarcin oxazolidine construction. 
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The geminal dimethyl group at C-8 of 44b was found to be necessary for product 

isolation. While the analogous cyclization with the methylene-containing substrate 

proceeded with initial product formation, the tetracyclic product was reported to quickly 

decompose upon silica gel purification. The stability provided by the geminal dimethyl 

group was proposed to prevent decomposition of the molecule via tautomerization of the 

ring-opened iminium form of the oxazolidine to the enamine.21 A similar mechanism of 

decomposition for quinocarcin was not considered possible since tautomerization to the 

enamine for 16 would require formation of a bicyclic bridgehead double bond. This 

reasoning suggests that the bicyclic system inherent to the oxazolidine-containing 

compounds (bioxalomycins, quinocarcin and tetrazomine), may do little more than provide 

stability to the biologically important oxazolidine functional group such that this moiety can 

remain "intact" long enough for the compounds to interact with their macromolecular hosts. 

Concurrent with the Williams work, Fukuyama and coworkers were pursuing a 

synthetic approach to quinocarcin which employed a similar oxazolidine-forming step 

toward the end of the synthesis. These efforts ultimately resulted in the first 

stereocontrolled total synthesis of (±)-quinocarcin (Scheme 4). 22 This synthesis is 

characterized by a key diastereoselective Pictet-Spengler reaction to form the 

tetrahydroisoquinoline portion of quinocarcin. Condensation of aldehyde 45 with the 

enolate of diketopiperazine 46, followed by elimination, amminolysis and protection 

afforded 4 7. Partial reduction of the amide carbonyl followed by acryliminium ion-

mediated cyclization (HgC}i, CSA, CH3CN/H20) produced bicyclic monoketopiperazine 

48 in 59% yield from 4 7. Protection and installation of the aryl bromide yielded 

compound 49 . The bromine at the para-position mandates that only the desired 

regioisomer from the Pictet-Spengler step would be obtained. Following amide protection, 

partial reduction of the amide resulted in ring opening to pyrrolidine 50 upon treatment 
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Scheme 4. Fukuyama synthesis of (+)-guinocarcin 
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with 11-Bu4NF. Deprotection of the amine then allowed the crucial Pictet-Spengler reaction 

with tert-buty1 glyoxylate to proceed, resulting in an 8: 1 mixture of products displaying a 

preference for the diastereomer exhibiting the syn, quinocarcin stereochemistry (51). 

From isoquinoline 51 , oxidation to the aldehyde under Swem conditions produced 

the cyclized hemi-aminal intermediate which was trapped as the cyano adduct (52). Rather 

than generate the oxazolidine at this point, it was considered beneficial to carry on the more 

stable amino nitrile for the duration of the synthesis, then form the E ring in the last step. 

Conversion to the aromatic methoxy group and reduction (Bu3SnH, AIBN) of the aryl 

bromide afforded 53. Following a series of transformations depicted in Scheme 4, 

carboxylic acid 55 was prepared, which served as the precursor to the final oxazolidine 

ring-forming step. Deprotection of the MOM ether generated DX-52-1 (18) in situ , 

whereupon addition of silver nitrate ultimately furnished (±)-16 in 70% isolated yield. 

The first asymmetric synthesis of (-)-quinocarcin was published by Garner, et al . in 

1992 (Scheme 5). 23 This synthesis showcased azomethine ylide cycloaddition 

methodology developed specifically for the stereocontrolled synthesis of the quinocarcin 

pyrrolidine. 24 Starting with benzaldehyde derivative 56 , homologation via the a-

methylthiosulfinylmethyl sulfide afforded carboxylic acid 57 in 66% yield. Formation of 

the Evans oxazolidinone25 58 followed by asymmetric azidation and reduction (NaB~) 

furnished aryl amino alcohol 59 in 58% yield (the Mosher amide of this material indicated 

>99% purity of a single enantiomer by NMR). Reaction of 59 with maleic anhydride 

followed by dehydration with acetic anhydride afforded maleimide 60 in 40% yield on the 

two steps. Reaction of 60 with methyl azide formed the triazoline intermediate which 

underwent a photo-induced rearrangement furnishing aziridine 61 in 89% yield from 60. 

The key pyrrolidine-forming step then occurred via photo-induced dipole fonnation of 61 

in the presence of chiral acryloyl sultam 62 affording the optically pure pyrrolidine 

cycloadduct as a result of double asymmetric induction.26 The next step involved an 
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Scheme 5. Gamer synthesis of (-)-guinocarcin 
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unprecedented intramolecular imide olefination via the phosphonium ylide to generate olefin 

64 as a single diastereomer. Rigorous structural assignment of 64 was secured through 

extensive NMR experiments (NOE, COSY) with methyl ester 66. This material was 

prepared by saponification of suit.am 64 followed by treatment of the intennediate acid (65) 

with diazomethane. Acid 68 was then accessed by reduction from the a-face (H2 (1400 

psi), Raney-Ni W2) furnished amide 67 as a single diastereomer. However, about 50% 

over-reduction of this substrate to the corresponding alcohol was observed. Amide 67 was 

then converted to acid 68 upon treatment with LiOH in THF/H2O (30% yield from 64). 

At this point, Garner and coworkers faced the same problem of partial amide 

reduction of 68 as that originally faced by Danishefsky. To solve this problem, Garner 

again turned to methodology developed by Evans, et al. and employed in their total 

synthesis of cyanocycline A. Evans found that dissolving lithium reduction followed by 

trapping of the incipient hemi-aminal with cyanide effectively furnished cyanocycline A 

from the corresponding lactam.27 Applying this methodology to intermediate 68, Garner 

and coworkers were able to effect the analogous reaction, resulting in formation of 

compound 69 in moderate yield (56% yield). Removal of the MOM protecting group 

afforded DX 52-1 (18) which subsequently furnished (-)-quinocarcin upon treatment with 

silver nitrate. 

The most recent synthesis of (-)-quinocarcin was reported28 by Terashima, et al. 

This synthesis is characterized by a novel pyrrolidine synthesis starting from optically pure 

glutamic acid (Scheme 6). Pyrrolidine 74 was then coupled to the rest of the molecule and 

from this coupled product (77) to 16, this synthesis closely resembles the racemic 

synthesis reported by Fukuyama, et al. 

Pyrrolidine 74 was prepared as outlined in Scheme 6.28a Starting with (S)-

glutamic acid (70), cyclization and reduction followed by a series of chemical 

manipulations afforded y-lactam 71 in 16% yield from 70. Diastereoselective alkylation of 
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71 generated lactam 72 in 61 % yield. The hemi-aminal generated by partial reduction of 

72 with sodium borohydride resulted in the diastereoselective condensation with cyanide to 

afford pyrrolidine 73. Diisobutylaluminumhydride (DIBAL) reduction of this substance 

then furnished pyrrolidine 74 in 63% yield. 

Separately, bromoanisole derivative 75 was lithiated and condensed with 4-0-

benzyl-2,3-isopropylidine-D-threose to produce 76 following oxidation under Collins 

conditions (Scheme 7). The coupling of pyrrolidine 74 followed by Jones oxidation 

afforded compound 77 which spontaneously cyclized in the presence of ammonia to 

isoquinoline 78. Perhaps the most noteworthy step in the Terashima synthesis is the 

Scheme 6. Terashima synthesis of optically pure quinocarcin pyrrolidine 
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subsequent diastereoselective reduction (methanolic HCl, NaBH3CN) of 78 to furnish 

tetrahydroisoquinoline 79 in 98% yield. From 79, a series of chemical manipulations 
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Scheme 7. Terashima synthesis of (-)-guinocarcin 
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afforded compound 80 which was converted to amino nitrite 84 in an analogous manner to 

that described by Fukuyama. The final steps involved oxidation to the carboxylic acid 

under Jones conditions followed by treatment with silver nitrate, affording (-)-16 in 76% 

yield from 84. 

As indicated, all of the syntheses described contain certain attractive features and 

key reactions. However, when examined in overall terms the net efficiency of these 

procedures is readily apparent. The Danishefsky synthesis, although not successful at 

producing quinocarcin could now be considered a formal synthesis since the problem of 

partial reduction of lactam 68 (Scheme 5) has now been solved by Garner et al. The 

Danishefsky synthesis is one of the more effective procedures for constructing the 

quinocarcin framework, accessing quinocarcinamide methyl ester and finally quinocarcinol 

methyl ester in 0.8% overall yield on 25 steps. The Fukuyama synthesis is the longest of 

the syntheses discussed in terms of steps. In spite of this fact though. the Fukuyama 

synthesis is the highest yielding procedure, generating (±)-quinocarcin in just over 2% 

yield on 29 steps. Of the asymmetric syntheses, the Garner procedure is clearly the most 

efficient. As discussed, the Terashima synthesis is highlighted by several attractive steps, 

such as the diastereoselective reduction of isoquinoline 78 to tetrahydroisoquinoline 79 in 

98% yield (Scheme 7). The overall synthesis by Terashima, however, is precluded by the 

lengthy and low yielding pyrrolidine synthesis, producing pyrrolidine 74 in just 2.7% 

yield on 14 steps (Scheme 6). As a convergent synthesis, this approach generates optically 

pure (-)-quinocarcin in 0.02% overall yield on 35 steps. On the other hand, the Garner 

synthesis benefits from a highly efficient pyrrolidine forming step via an enantioselective 

cycloadditive strategy followed by a novel phosphonium ylide irnide-olefination resulting in 

the rapid construction of the tetracyclic core of quinocarcin (Scheme 5). This synthesis 

subsequently accesses optically pure (-)-quinocarcin in 0.27% overall yield on 24 steps. 
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The formal synthesis presented in Chapter 3 is capable of accessing (±)-quinocarcin 

in 1.0% overall yield on 26 steps. Specific features of this synthesis will be discussed in 

detail in Chapter 3. 

To date there has not been a reported synthesis of tetrazomine (20); a proposed 

synthesis will be presented at the end of Chapter 3. This proposed synthesis is an 

extension of the formal synthesis of (±)-quinocarcin presented in Chapter 3. 

Antitumor Activity for Semi-Synthetic Derjvatjves of Ouinocarcin 
Like many antitumor antibiotics , quinocarcin suffers from non-specific toxicity 

problems which have halted further clinical trials for this substance. Since it is not known 

just what physical attributes of 16 impart this host toxicity, a great variety of structural 

modification strategies have been devised in an effort to prepare more efficacious 

chemotherapeutic drugs. Most of these approaches result in modifications of the A and E 

rings of quinocarcin. However, the first approach that will be discussed involves 

modifications of the D ring. 

Evaluation of the drugs prepared in this section was based on their performance in 

two antitumor assays. Compounds exhibiting cytotoxicity in preliminary screens were first 

tested in vitro against HeLa S3 cells and ICso values assigned based on their abilities to 

inhibit the growth of these cells by 50%. Optimal drug doses were then determined based 

on the general toxicity of the compounds and their corresponding IC50 values, which were 

subsequently used for in vivo assays against P388 murine leukemia cells. The ILS values 

reported represent the increased life span for the mice that received chemotherapy as 

compared to those mice infected with P388 leukemia, but did not receive treatment. The 

ILS values reported in Tables 1 through 5 represent single dose effects. Most of the 

compounds described herein were also tested in assays consisting of five consecutive 

treatments. Although these data are not reported in Tables 1 through 5, any meaningful 



Quinocarcin and Related Compounds 

26 

differences that were observed from sequential treatments as compared to single dose 

responses will be discussed in the text. 

As part of their overall synthetic studies, the Terashima group also prepared the 

following D ring congeners of quinocarcin (Schemes 8 and 9). 29 Treatment of 16 with 

sodium cyanide afforded amino nitrite DX-52-1 (18) which, as will be seen, is ubiquitous 

to semi-synthetic strategies in order to preserve the highly unstable oxazolidine E ring 

during functional group elaboration. Following acetate protection, the 2-mercaptopyridine-

Scheme 8. Preparation of 10-decarboxyguinocarcin 
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N-oxide ester was prepared by dicyclohexylcarbodiimide (DCC) coupling, which was 

subsequently reduced (Bu3SnH, AIBN) to afford the 10-decarboxy derivative 87 (Scheme 

8). After acetate removal, treatment with silver nitrate furnished 10-decarboxyquinocarcin 

89 . Similarly, the isopropylcarbonate of 85 and 90 were prepared (Scheme 9), 

whereupon treatment with sodium borohydride produced the 10-hydroxymethyl 

compounds 84 and 93 respectively. Acetate removal of 84 afforded amino nitrile 94 
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Table 1. Antitumor activity of quinocarcin congeners against P388 murine leukemia 
cells.29 

HeLa S3 cells optimal dose 
Compound No. ICso (µg/mL) (mg/kg) ILS (%) 

16 1.0 X lQ-l 25.0 33-39 
87 6.4 X 10-2 12.5 6 
88 7.5 X 10-2 12.5 8 
89 5.4 X 10-2 6.25 20 
93 3.6 X 10-2 25 .0 27 
95 4.1 X 10-2 3.13 17 
96 5.0 X lQ- l 25.0 12 

27 
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which subsequently furnished 10-hydroxymethyl quinocarcin analog 95. Also, treatment 

of 84 with diethylamino sulfur trifluoride (DAST) generated fluoro compounds 96. 

From Table 1 it can be seen that all of the compounds prepared showed some 

antitumor activity, although none were as potent as the parent compound (16). In 

consecutive treatments, all of the compounds exhibited some increase in the ILS values 

measured except for fluoro compound 96. Although none of the compounds in this study 

were outstanding in terms of antitumor activity, these data do , however suggest that the C-

10 carboxyl group of 16 is not crucial for antitumor activity. 

The remainder of the compounds studied were prepared by the Kyowa Hakko 

Kogyo Co. Ltd. and are characterized by various A ring derivatizations. The first strategy 

involves the preparation of A ring aromatic substituted quinocarcin congeners (Schemes 10 

and 11).30 Starting from 18, treatment with boron tribromide afforded C-4 demethylated 

compound 97 which furnished C-4 desmethyl quinocarcin (98). Halogenation of 18 

produced the para-chloro, bromo and iodo compounds 99, 100 and 101 respectively , 

thus affording the corresponding halogenated quinocarcin derivatives 102, 103 and 104 

upon treatment with silver nitrate. Dibromophenol 105 was prepared by acidic 

bromination of 97 and the nitro derivatives 106 and 107 were furnished upon reaction of 

18 and 97 respectively, with nitric acid in acetic acid. 



18 

18 halogenat ion 

97 

18, 97 

Quinocarcin and Related Compo unds 

Scheme 10. A ring substituted guinocarcin congeners 

X 

H 
,hr.--~-·•''CD.!H 

'''NMe 

97 

OH 

H 
CN 

99, X = Cl 
100, X=Br 
101 , X = I 

Br 

X 

H 

98 

0 

102, X = Cl 
103, X = Br 
104, X=I 

Br2 (pH4) 

AcOH 

Br 

X 

y 

lj 

CN 
OH 

H 

106, R1 = Me, R2 = Na, X = H, Y = NO 2 
107, R1 = H, R2 = H, X = NO2, Y = H 

29 
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Scheme 11 . Other aromatic substituted guinocarcin derivatives 
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More complex aromatic substituents were prepared as outlined in Scheme 11. 

Methyl ester formation of 18 followed by aromatic fonnylation with dichloromethylmethyl 

ether and titanium tetrachloride afforded 108, then 109 after saponification. Treatment of 

108 with hydroxylamine hydrochloride subsequently furnished oxime 110, then 111 

following saponification. Oxime dehydration with acetic anhydride followed by 
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Table 2. Anti tumor activity of aromatic-
RJ H 

.,,,C02H 

substituted quinocarcin congeners against P388 
murine leukemia cells. 30 R2 

0 HeLa dose bJLS 

No . R l R 2 R 3 X y ICso m g/kg (%) 

16 Me H H -0- 0 . 1 25.0 33-39 
18 Me H H OH CN 0 .05 20.0 26 
97 H H H OH CN 5.32 3.13 18 

9 8 H H H -0- 3.03 6.25 14 

99 Me H Cl OH CN 0.042 12.5 23 
10 1 Me H I OH CN 0 .11 50 31 

102 Me H Cl -0- 0.04 12.5 40 

103 Me H Br -0- 0.048 12.5 50 

104 Me H I -0 - 0.04 25 24 
105 H Br Br OH CN 0.80 25 28 
106 Me NO2 H OH CN 0.47 5 17 
107 H H NO2 OH CN 0.99 100 27 
109 Me H CHO OH CN 0 .56 200 38 
111 Me H CH=N- OH CN 1.1 200 38 

OH 
112 Me H CN OH CN 0.30 25 40 
113 Me H CN -0- 0.51 20 22 
11 4 Me H OH OH CN 1. 7 12.5 30 

a Drug concentration (µg/mL) required to inhibit the growth of HeLa S3 cells by 50%. b Increased life 

span of mice that received chemotherapy. Boxed entries represent highly active compounds that received 

additional testing. 

saponification produced cyano compound 112, which furnished quinocarcin derivative 

113 upon treatment with silver nitrate. Finally, hydrogen peroxide oxidation of 108 

followed by saponification produced the hydroxylated compound 114. The results of 
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anti tumor assays for these compounds appear in Table 2. Most of the compounds prepared 

showed only moderate activity as compared to quinocarcin (16) and DX-52-1 (18). The 

exceptions to this trend were chloro and bromo compounds 102 and 103. These 

compounds showed better activity than 16 at lower doses. The nitro derivatives (106 and 

107) were somewhat disappointing, exhibiting poor activity or requiring very high 

dosages. Also requiring very high doses were formyl compound 109 and oxime 111. 

Cyano compound 112 and hydroxyl compound 114 both showed significant activity on 

single administration, but activity diminished over several administrations. 

The promising activity of chloro-102 was found to extend to assays against MX-1 

and B-16 melanoma. In general, these results suggest that the aromatic (A ring) electron 

density may have some effect on antitumor activity, though these effects appear to be 

functional group specific. 

The next series of compounds involved A ring qui none derivatives.3 1 As 

previously described, several members of this family of natural products contain quinone 

moieties which may play some role in the antitumor activities exhibited. It was felt, as 

suggested earlier, that should the electron density of the A ring have an effect on antitumor 

activity, the presence of a quinone A ring could have interesting consequences. 

The first derivatives prepared from 97 were the methyl, and diphenylmethyl esters 

(115 and 116 respectively) by oxidation with Fremy's salt to the corresponding quinones 

117, 118 and 119 (Scheme 12). Further elaboration of these compounds with 
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Scheme 12. Preparation of guinocarcin guinone con~eners 
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acetic anhydride and perchloric acid produced triacetyl compounds 120 to 122 . Base 

treatment of 121 and 122 afforded hydroxyquinones 123 and 124. Additional chemical 

manipulations of 124 produced methoxyquinone 125 and bromomethoxyquinone 126. 

Compounds 117 and 119 then served as starting points for further quinone 

substitution strategies as outlined in Scheme 13 . Direct addition of dimethylamine with 
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Scheme 13. Preparation of subsrituted-guinone con~eners of guinocarcin 
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quinone 117 in the presence of copper (II) acetate afforded aminoquinones 127 and 128 

which were separable by chromatography. Reaction of 119 with methanol and 

triethylamine in the presence of copper (II) acetate produced a mixture of methoxy 
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substituted quinones (129) . Similarly, treatment of 119 with sodium azide followed by 

oxidation produced 130 which furnished amino-substituted quinone 132 upon palladium-

catalyzed hydrogenolysis. The diphenyl esters of these latter two compounds were 

removed with trifluoroacetic acid to afford the corresponding acids 131 and 133. Imine 

134 was prepared from 119 by treatment with methanolamine and finally epoxide 135 

H H 
Table 3. Anti tumor activity of quinocarcin R2 

,,C02R3 .. 
quinone congeners against P388 murine 

111

'::JMe 

leukemia cells.31 R' 

atteLa dose bILS 
No. Rl R2 R3 X ICso mg/kg (%) 

16 0.1 25.0 33-39 
118 H H Me OH 0.12 20 18 
123 H OH Me OAc >10 100 14 
125 H OMe H OAc >10 25 22 
126 Br OMe H OAc 9.38 20 
127 NMe2 H H OH 0.92 6.25 12 
128 H NMe2 H OH 0.79 3.13 15 
129 OMe/H H OH >10 3.13 20 
131 N3/H H OH >10 3.13 2 
133 NH'.2fH H OH >10 1.56 4 
134 see structure H OH 3.0 25 24 
136 PhNH/OMe H OH >10 6.25 15 

a Drug concentration (µg/mL) required to inhibit the growth of HeLa S3 cells by 50%. b Increased life 

span for mice that received chemotherapy. 

and the disubstituted quinone 136 were prepared sequentially by first reacting 119 with 

sodium hypochlorite, followed by addition of aniline and diazomethane to provide 136 

after removal of the diphenylmethyl ester (TFA). 
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As shown in Table 3, all of these compounds were less efficient antitumor agents 

than 16. The methoxy-substituted compounds 125 and 129 did exhibit some activity. 

However, upon multiple administrations, these compounds were almost devoid of activity. 

This activity does, however, follow the trend recognized for the other members of this 

class of antitumor compounds. For both naphthyridinomycin and safrarnycin A, the 

Scheme 14. Preparation of alkylthiol-substituted Quinone congeners of Quinocarcin 
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quinone forms of these molecules were weak antitumor compounds, but upon reduction to 

the hydroquinones, they displayed a high level of cytotoxicity. From these data it seems 

that the quinones are less active than the corresponding mono-methoxy aromatic 
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compounds (1 6 and 18). As will be seen, this trend will also hold for the hydroquinone-

quinocarcin congeners described in Table 5. 

H H 
Table 4. Antitumor activity of quinocarcin R2 ,,CO;iH 

alkylthiol-substituted quinone congeners against 
,,,~Me 

P388 murine leukemia cells.32 R, 
y 

atteLa dose bJLS 
No. Rl R2 X y ICso mg/kg (%) 

16 0.1 25 33-39 

137 MeS MeS OH CN 0.13 12.5 53 

138 EtS EtS OH CN 0.11 12.5 50 
139 nPrS nPrS OH CN 0.05 25 56 

140 iPrS iPrS OH CN 0 .012 25 65 

141 tBuS tBuS OH CN 0.004 25 48 
142 HOCH2CH2S OH CN 2.47 12.5 26 

143 MeS MeS -0- 0.019 6.25 48 

144 EtS EtS -0- 0.08 6.25 64 
145 nPrS nPrS -0- 0.03 12.5 58 

146 iPrS iPrS -0- 0.0019 6.25 69 

147 a MeO EtS OH CN 2.42 6.25 29 

147b EtS MeO OH CN 2.88 25 31 
148a MeO iPrS OH CN 1.12 12.5 21 
148b iPrS MeO OH CN 0.56 12.5 17 
149a MeO iPrS -0- 0.79 6.25 31 
149 b iPrS MeO -0- 2.37 6.25 30 

a Drug concentration (µg/mL) required to inhibit the growth of HeLa S3 cells by 50%. b Increased life 

span for mice that received chemotherapy. Boxed entries represent highly active compounds that received 

additional testing. 
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In an effort to investigate the influence of quinone electron density on antitumor 

activity, a series of thioalkyl-substituted quinones were prepared and tested (Scheme 14 

and Table 4).32 From quinone 117, sequential reaction of alkyl mercaptans followed by 

oxidation with Fremy's salt produced alkylthio-substituted quinone congeners 137 through 

142. Further reaction of the methyl, ethyl, n-propyl and isopropyl compounds (137 

through 140 respectively) with silver nitrate furnished the thio-substituted quinocarcin 

analogs 143 through 146. 

Scheme 15. Preparation of hydroguinone con&eners of guinocarcin 
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Since the methoxy-substituted quinone compound 129 displayed the greatest 

activity from the last series, it was deemed desirable to construct a mixed thiol, methoxy-

substituted congener. This was accomplished by reaction of 129 with ethyl and isopropyl 
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mercaptans followed by oxidation to afford 147a,b and 148a,b. Further elaborations of 

148a and b involved silver nitrate treatment to furnish the corresponding quinocarcin 

derivatives. 

Table 5. Anti tumor activity of quinocarcin OR1 H 
R3 .,,,COiH 

hydroquinone congeners against P388 murine 
leukemia cells. 32 R2 

aHeLa dose bJLS 
No. Rl R2 R3 X y IC~o mg/kg (%) 

16 0.1 25.0 33-39 
150 H H H OH CN 6.10 12.5 23 

151 H MeS MeS OH CN 0.09 6.25 47 

152 H iPrS iPrS OH CN <0.03 12.5 51 
153 H MeS MeS -0- 0.13 12.5 65 
154 H MeS Et02C- OH CN >10 200 37 

CH2S 
155 H MeS HOCH2 OH CN 3.24 6.25 18 

-CH2S 
156 H MeO EtS OH CN 1.18 12.5 28 
160a Me iPrS iPrS OH CN 0.17 50 7 
160b Me iPrS iPrS -0- 0.05 37 .5 9 

a Drug concentration (µg/mL) required to inhibit growth of HeLa S3 cells by 50%. b Increased life span 
for mice that received chemotherapy. Boxed entries represent highly active compounds that received 
additional testing. 

As illustrated in Table 4, all of the dithioalkyl compounds showed improved activity 

over 16 which was either a function of A ring electron density or the lipophilicity gained 

from addition of the alkylthio groups. In spite of the moderately promising results obtained 
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for methoxy compound 129, the mixed alkylthio , methoxy compounds 147a,b and 

148a,b showed minimal activity. The regiochemistry of these substituents also seemed to 

have little effect on the efficacy on these materials. 

Preparation of the hydroquinone derivatives of these materials was conducted by 

palladium-catalyzed hydrogenolysis as outlined in Scheme 15. Similarly, treatment of the 

diisopropylthiol compounds 140 and 146 with diazodiphenylmethane afforded the 

corresponding diphenylmethyl esters 157 and 158. Reduction of these substances 

followed by sequential reaction with methyl iodide and trifluoroacetic acid generated the 

bis-methoxy, diisopropylthiol-substituted compounds 160a and 160b. 

The antitumor evaluations for these compounds are collected in Table 5. The 

activities for these compounds appeared to be comparable to those exhibited by the 

alkylthiol-substituted quinones. The bis-methoxy compounds 160a and b, however, did 

not perform well. Of the thiol-substituted compounds appearing in Tables 4 and 5, the 

following substances were selected for further evaluation based on excellent performance. 

Compounds 137, 140, 143, 146, 147a and 151 were chosen and tested against a panel 

of tumor types including S-180, MX-1, LC-06, St-4 and Co-3. Many of these compounds 

exhibited significant activity against these tumor types, though these tests did not give rise 

to any clear structure-reactivity relationship. One interesting example was illustrated by 

hydroquinone 151, which displayed good activity against human mammary carcinoma, 

whereas its quinone counterpart (137) was inactive. Compound 137 , however, did 

perform very well in the murine leukemia assay. 

These results indicate that, though some general trends associating functional 

groups and antitumor activity are observed, it is still difficult to recognize features that lend 

themselves to predictable chemotherapeutic efficacy. Since the majority of the compounds 
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discussed in this section were the result of A ring elaborations of 16, attention should now 

tum to other portions of this molecule for chemical manipulations. 

Of considerable interest should be the oxazolidine (E ring) moiety. This is 

especially relevant since the E ring of quinocarcin is well recognized to be central to the 

antitumor activity exhibited by this substance. As will be presented over the following 

chapters, work in the Williams research group has demonstrated the ability to alter the E 

ring conformation in synthetic analogs which has caused significant changes in the mode of 

in vitro activity for the compounds prepared. Just what ramifications these altered 

behaviors will have on antitumor activity is yet to be determined. However, the work 

presented herein should support the argument for the relevance of continued research in this 

area. 
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The emphasis of this chapter will focus on the development of methodologies for 

the preparation of the A, B, C, E tetracyclic core structure of quinocarcin giving particular 

attention to various aspects of stereocontrol. As discussed in Chapter 1, Williams, et al. 

demonstrated the ability to synthesize a tetracyclic analog of quinocarcin which resulted in 

the formation of the unstable oxazolidine E ring in the penultimate step. 21 This compound 

suffered from the fact that it exhibited the C-11 a-anti stereochemistry not observed for 

quinocarcin. Therefore, one initial objective that will be addressed in this chapter is the 

synthesis of the C-1 la-syn compound (45a). In an effort to improve the physical 

Figure 5. Ouinocarcin and synthetic structural analogs 

9 

8 

Quinocarcin, DC-52 (16) 160 

45a 45b 

characteristics of these compounds (45a and b) for later DNA-cleavage studies (Chapter 

4) , the synthesis of the water-soluble carboxylate-containing analog (160) will also be 

presented herein . Since the compounds targeted in this chapter were also being pursued in 

order to study mechanistic questions as to the mode of action of this class of compounds, 
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considerable efforts were made to recognize important structural features and physical 

properties exhibited by the compounds prepared. 

For the purpose of clarity, the numbering of compounds described in this chapter 

will be based on the benzo [b] quinolizine numbering system illustrated by compound 160 

(Figure 5). This designation will change in Chapter 3 when the C, D bicyclic ring system 

is being constructed. 

As a starting point for these syntheses, a revised synthesis of the previously 

prepared isoquinolone 37 was undertaken, the results of which ultimately allowed for the 

multi-gram preparation of this important, synthetic intermediate. The details of this study 

are discussed below. 

2, I, Modified Synthesis of Isogujnolone 37 
The preparation of the key isoquinolone 37 is detailed in Scheme 16 and was made 

by modification of the known procedure presented in Chapter 1.20 Ortho-anisaldehyde 

(161) was treated with trimethylsulfonium iodide under phase-transfer conditions to afford 

the epoxide 162 in high yield. The epoxide was regioselectively opened with phosgene as 

a 20% solution in toluene to afford the chloroformate 163 in 98 % yield. A catalytic amount 

of water was found to expedite this reaction presumably by generating (in situ) a small 

amount of hydrochloric acid which initiates fonnation of reactive intermediate 167. From 

162 

Figure 6. Regiochemical bias for reactivity of 162 

166 

() 
M)Cl 

OH 

167 
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this proposed structure (167), the regiochemical outcome of this reaction is also readily 

apparent (Figure 6). Without purification, 163 was subjected to acylation under Schotten-

Baumann conditions to provide the carbamate 164 in quantitative yield. Treatment of 164 

with potassium tert-butoxide in THF at 0°C effected cyclization to oxazolidinone 36 in 

92% yield. This substance was then saponified to the corresponding acid and following 

recrystallization, was carried on to acid chloride 165 by reaction with oxalylchloride in the 

presence of a catalytic amount of DMF (76% yield on the two steps). Intramolecular 

Scheme 16. Modified synthesis of isocauinolone 37 
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Friedel-Crafts acylation then provided isoquinolone 37 in 92% yield from 165.33 

The high yields observed for this sequence and its amenability to scale-up allowed 

for multi-gram accumulation of 37 which served as a valuable intermediate from which the 
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syntheses of quinocarcin analogs began. As will be seen in the next chapter, this 

intermediate also proved useful as a starting point for synthetic studies directed toward the 

total synthesis of quinocarcin. 

2,2, Synthesis of N-2-Methyl-C-lla-svn Analo2 45a 
In proceeding toward a C-11 a-syn analog of quinocarcin it was first necessary to 

affect C-homologation of 37 via the ketone enolate. Due to the propensity of the ketone 

enolate to undergo O-acylation, this task proved to be somewhat troublesome requiring an 

extensive examination of electrophiles and reaction conditions . Table 6 lists several 

attempts at alkylating thi s substrate. As indicated in entries 7, 9 and 10, it was eventually 

found that use of a lithium enolate or sodium hydride in DMF with alkyl cyanoformates 

Table 6. Attempted C-homologations of isoquinolone 37. 

Entry Conditions (base, solvent, electrophile) Results 

1 LDA, THF, ethyl chloroformate, -78°C Decomposition 

2 LiN(SiMe3)2, THF, ethyl chloroformate, 0°C No Reaction 

3 LiN(SiMe3)2, DMF, ethyl chloroformate, -78-0°C Decomposition 

4 NaH, DMF, ethyl chloroformate, 0°C Decomposition 

5 NaH, DMF, ethyl formate, 0°C Decomposition 

6 Mannich conditions Decomposition 

7 LDA, HMPAffHF, ethyl cyanoformate, -78°C 80% Yield (38) 

8 NaH, THF, ethyl cyanoformate, -78°C and o0c No Reaction 

9 NaH, DMF, ethyl cyanoformate, 0°C 88% Yield (38) 

10 NaH, DMF, methyl cyanoformate, 0°C 77% Yield (38) 
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afforded P-ketoesters in moderate to good yields. As illustrated in Scheme 17, P-ketoethyl 

ester 38 was reduced with sodium cyanoborohydride giving a single diastereomer (39) of 

unknown relative stereochemistry. This substance served as the key substrate from which 

the stereoselective synthesis of 45b (C-1 la-anti) was prepared as previously described 

(Scheme 3).21 By the non-stereoselective route shown in Scheme 17 however, it was 

found that two parallel approaches could be used for the preparation of both 45a and b. 

Saponification of 39 afforded the corresponding acid which was carried on to the acid 

chloride by reaction with thionyl chloride in refluxing toluene. In addition to generating the 

acid chloride, these conditions also effected an elimination reaction generating the a,P-

unsaturated acid chloride in situ. Reaction of this intermediate with N-methyl-2-amino-2-

methyl-1-propanol afforded a,P-unsaturated amide 169 in 48% overall yield. 

Hydrogenation of this substance provided both 42a to 42b in a 2.5 : 1 ratio in 74% total 

yield. These were isolated on silica gel and carried on separately. Selective borane 

reduction of the amides allowed for the preparation of the corresponding tertiary amines 

without significant loss of stereochemical integrity. Following Swem oxidation of these 

amino alcohols, the crucial oxazolidine-forrning step proved somewhat difficult, but could 

be achieved in 44% yield (in the case of the C-11 a-syn compound) by refluxing 44a with 

ten equivalents of Li OH in ethanol for 48 hours. Silica gel purification and crystallization 

furnished a single oxazolidine diastereomer of 45a for which a single crystal x-ray analysis 

was secured for comparison to that previously obtained for 45b (Figures 7 and 8).33 

As is evident from the crystal structures, 45a and 45b differ with respect to the 

orientation of the oxazolidine nitrogen lone pair relative to the adjacent oxazolidinyl methine 

at C-4. Substance 45a positions the nitrogen lone pair trans-antiperiplanar to this rnethine, 

whereas 45b positions the nitrogen lone pair trans-antiperiplanar to the oxazolidine C-0 

bond (Figure 3). These conformations are exactly those predicted from examination of 
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Scheme 17. Preparation of N-2-methyl tetracyclic Quinocarcin analo&s 45a and 45b 
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Figure 7. Molecular structure of C- 1 I a-srn guinocarcin analog 45a as determined h,· 

single crystal x-rav diffraction analysis 

Figure 8 . Molecular structure of C- 11 a-anti guinocarcin analog 45b as determined by 

single crystal x-ray diffraction analysis2 I 
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Fi ~ure 9. Confonnation of 45a as predicted by molecular mechanics calculations 

45a 

TOTAL ENERGY = 87.8 kcal 
BOND STRAIN = 5.1 kcal 
ANGLE STRAIN = 31.8 kcal 
TORSIONAL STRAIN = 7.4 kcal 
N INVERSION = 1.3 kcal 
van der WAALS STRAIN = 32.0 kcal 
ELECTROSTATIC = 10.2 

Fi~ure 10. Confonnation of 45b as predicted by molecular mechanics calculations 

45b 

TOTAL ENERGY = 72.8 kcal 
BOND STRAIN = 5.0 kcal 
ANGLE STRAIN = 15.5kcal 
TORSIONAL STRAIN = 8.3 kcal 
N INVERSION = 0.57 kcal 
van der WAALS STRAIN = 32.9 kcal 
ELECTROSTATIC = 10.5 

49 
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Figure 11. lH NMR spectrum (300 MHz) (CDCl3) of 4~a 
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Figure 12. lH NMR spectrum {270 MHz) {CDCI.3) of 45b 
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Dreiding molecular models and the molecular mechanics calculations depicted in Figures 9 

and 10. As will be discussed in depth in Chapter 4, the different relative configurations 

about the oxazolidine rings observed in these compounds will have significant ramifications 

in tenns of the mode of action for these substances. 

2.3. Synthesis of N-2-Carboxymethyl-C-11 a-syn AnaJ01: 160 
Although much was learned synthetically and mechanistically from the N-2-methyl 

model system, these compounds do suffer from one major drawback, that being poor water 

solubility. This solubility problem forced aqueous experimentation with these substances 

Scheme 18. Initial approach to water soluble guinocarcin analoi!s 
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to be conducted at low concentrations or low pH (so as to protonate one or both of the 

amines present) or in water/alcohol mixtures, limiting further studies with this system. The 

stereochemical insights elucidated from the analog systems (45a and 45b) and the water-

soluble nature of quinocarcin, a zwitterionic amino acid, were taken into consideration as 
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functionally significant constructs in the design and synthesis compound 160 . By 

incorporation of a carboxylate moiety such as that depicted in Scheme 18, it was predicted 

that 160 would take on the water soluble characteristics displayed by quinocarcin. 

The initial synthetic approach to 160 was analogous to that just described for 45a 

and b, the retrosynthetic analysis of which is presented in Scheme 18. By replacement of 

the methyl group at N-2 with an ester-containing alkyl group, compounds represented by 

170 were proposed to cyclize via the aldehyde, affording tetracyclic compound 160 under 

Scheme 19. Attempted synthesis of C-1 la-syn amino alcohol 174a 
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conditions previously described. Preparation of amino alcohol 170 was also envisioned to 

occur in a similar manner to that described for the previous synthesis resulting from 

hydrogenation of 171 and subsequent reduction of the amide. The alkyl ester component 



Synthetic Model Stud ies 

53 

of 171 was to be installed in one of two ways. First, where X = H (171), N-alkylation 

would occur following the hydrogenation and amide reduction steps; or second, 

preparation of the a,P-unsaturated amide would employ a secondary amine in the Schotten-

Baumann step thus forming 171 where X already contained the carboxyalkyl group. Since 

the latter approach suffers from the fundamental problem of reducing an amide in the 

presence of an ester functionality, the former strategy was attempted first. 

Starting from P-hydroxy acid 168, formation of the a,P-unsaturated amide 172 

proceeded in 40% yield on the two steps (Scheme 19). Hydrogenation of this substrate 

produced diastereomers 173a and bin 78% yield, in a ratio comparable to that observed 

for the N-methyl case (approximately 3: 1). Subsequent borane reduction of the amide 

failed for the following reasons. Upon reaction with borane, reduction of the N-methyl 

substrate (42a) produced a small amount of the over-reduced oxazolidinone, though not 

enough to constitute a major problem with the overall yield. On the mono-substituted 

substrate (173a), which reacted somewhat more slowly, this side reaction proved 

devastating, allowing only small quantities of the desired amine 174a to be isolated. On 

the basis of the reactivity exhibited by these substances toward borane reduction, it was 

decided to attempt the alternate approach involving reduction of the tertiary amide with the 

ester functionality already installed (171 where X = (CH2)nC02R, Scheme 18). 

Figure 13. Preparation of amino alcohol 176 

Me Me 
~OH 

f-i;iN 
48% 

175 176 

To test this idea, amino alcohol 176 (Figure 13) was first prepared by reaction of 

2-amino-2-methyl-1-propanol (175) (neat) with methylacrylate affording the Michael 
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adduct 176 in 48% isolated yield. Again, starting with P-hydroxy acid 168, amino 

alcohol 176 was reacted with the acid chloride intermediate under Schotten-Baumann 

Scheme 20. Revised approach via tertiary amide intermediate 178a 
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conditions affording amide 177 in 40% isolated yield (Scheme 20). Hydrogenation of this 

substrate afforded a 10: 1 ratio of diastereomers (178a to 178b) in 89% yield which were 

separable by chromatography. Not surprisingly, attempts to selectively reduce the amide of 

178a with borane resulted in over-reduction of the ester or complete decomposition of the 

substrate. However, in a procedure published34 by Barch et al ., the reductions of 

secondary and tertiary amides were successfully reduced under mild conditions by first 
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generating the imidates of the amides studied by reaction with trimethyloxonium 

tetrafluoroborate. In a facile second step, the imidates were then reduced to the 

corresponding amines by reaction with sodium borohydride. Applying this procedure to 

178a proceeded with imidate formation, but the unprotected alcohol cyclized to form 

proposed intermediate 182 (Scheme 21 ). Although the ester moiety was ultimately found 

to be inert to the reduction conditions employed, attempts to reduce this intermediate never 

proceeded beyond formation of oxazolidine 183. In an effort to circumvent this problem, 

the alcohol of 178a was first protected as illustrated in Scheme 20. Under the strong 

Lewis acidic condition of imidate formation though, both the tetrahydrop)'.'ran (THP) and 

even the acetate protecting groups were removed. In the case of 179, a small amount of 

the desired amino alcohol product was isolated. When applied to 180, the only product 

Scheme 21. Proposed fonnation of oxazolidine 183 from 178a 
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isolated from this two-step procedure was again oxazolidine 183. Furthermore, the 

presence of these highly electron deficient intermediates caused as much as 20% 
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epimerization at C-11 a, rendering this approach impractical even if the yields for this two 

step process could be improved. 

During this time two alternative approaches were conceived which were designed to 

avoid the problems associated with an amide intermediate. These two approaches would 

access allylic amine 184 directly, as illustrated in the retrosynthetic plan in Scheme 22. 

From a,~-unsaturated aldehyde 185, allylic amines represented by 184 were to be 

prepared by reductive amination. Alternatively, these amines should readily be prepared 

from allylic alcohol 186 by converting the alcohol to a good leaving group and proceeding 

via a nucleophilic substitution strategy. The uncertainty of these approaches was a 

Scheme 22. Alternate retrosynthetic plan bypassing amide 171 
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> 

manifestation of the difficulty in predicting the variablility in X (184) that either of these 

strategies would allow due to the highly hindered neopentyl nature of thi s amine. To 

attempt to answer this question, the two substrates were first prepared as described in 
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Scheme 23. From ~-hydroxy acid 168, the a,~-un saturated acid chloride intermediate 

187 was reduced to aldehyde 185 with tributyltin hydride in the presence of a catalytic 

amount of palladium tetrakis-triphenylphosphine as described by Guibe, et al. 35 

Alternatively, Swem oxidation of allylic alcohol 186 afforded aldehyde 185 in high yield. 

This method proved to be superior to the tin hydride reduction since, the product (185) 

Scheme 23. Preparation of aldehyde 185 and allylic alcohol 186 
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proved easier to purify from the Swem oxidation. Allylic alcohol 186 was generated via 

the acid chloride intermediate (187) by sodium borohydride reduction resulting in a stable, 

chromatographable intermediate (186). 

The reductive amination approach to 184 proved to be very limited, allowing only 

2-amino-2-methyl-l-propanol (where X = H, 175 , Figure 13) to be coupled in 25% yield. 

All attempts to couple secondary amines by this method proved unsuccessful , resulting 

only in reduction of aldehyde 185 to the corresponding alcohol (186). Reaction of allylic 

alcohol 186 with methanesulfonyl chloride and triethylamine followed by addition of 2-

amino-2-methyl-l-propanol also produced 184 in an improved 46% yield. Aliquots taken 

from the first step of this process revealed, by 1 H NMR, that the reactive intermediate in 

this reaction was actually allylic chloride 188 (Scheme 24). The reaction presumably 
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proceeds with mesylate formation followed by displacement of the mesylate anion by 

chloride. This behavior has been observed for other allylic alcohols when reacted with 

Scheme 24. Stereoselective synthesis of amino alcohol 174a 

186 

184 

MsCI, Et~ 

Cf-½Cl 2 

188 

174a 

mesyl chloride.36 Chloride however, proved to be a sufficiently good leaving group to 

allow the subsequent amine substitution step to proceed, forming 184 in moderate yield 

(Scheme 24). Though this procedure only allowed the coupling of amines where X =Hor 

methyl, it did represent a viable procedure for accessing allylic amine 184. The 

diastereoselective reduction of this material was then achieved by reacting 184 with one 

equivalent of palladium chloride under one atmosphere of hydrogen affording 174a as a 

single diastereomer in 98% yield (Scheme 24). The relative stereochemistry of 174a was 

determined by reacting an aliquot with trimethyloxonium tetrafluoroborate, thus producing 

43a. Comparison of the physical data for this compound with those for the N-methyl 

amino alcohol (43a) prepared in the previous synthesis (Scheme 17), for which an x-ray 

analysis of a subsequent compound was obtained33 (Figure 7), provided unambiguous 

proof for the relative stereochemistry of 174a indicated in Scheme 24. In addition to 
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providing structural elucidation for 174a, by intersecting the former synthesis, this also 

represents a stereocontrolled formal synthesis of 45a. 

With the desired C-11 a syn stereochemistry installed, the next step involved the N-

alkylation of this substance with a carboxylate-containing group. The difficulty of this task 

was realized when 174a did not react with methyl iodide in attempting to prepare N-

methylamine 43a for structural elucidation. Although this compound was eventually 

obtained by reaction with trimethyloxonium tetrafluoroborate as just described, this proved 

to be just the first example of the inertness of 174a toward reactive electrophiles. Table 7 

lists several examples of electrophiles tried and the results observed. Attempts to obtain the 

Table 7. Attempted N-alkylations of amino alcohol 174a. 

Entry 

1 

2 

3 

4 

5 

6 

7 

Conditions 

Methyl iodide, DMF, 25°C 

Me3OBF4, methylene chloride, 25°C 

methyl acrylate, DMF, 60°C 

Methyl 4-bromobutyrate, DMF, 25°C 

Methyl 4-iodobutyrate, DMF, 25°C to 600C 

Ethyl bromoacetate, DMF, 25°C 

Ally! iodide, DMF, 250c 

Results 

No Reaction 

49% Yield to 43a 

No Reaction 

No Reaction 
No reaction and 

decomposition of 
iodide 

Formation of 191 

30% Yield to 190 

Michael adduct (entry 3) were unsuccessful, as were reactions with most ester- containing 

alkyl halides. The exception to this trend was ethyl bromoacetate which did react with this 

substrate, though formation of lactone 191 could not be controlled. Converting 191 

(Figure 14) to the desired product would have been problematic in addition to the fact that 

the regiochemistry of this compound (191) was never unambiguously determined. 
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Reaction with ally! iodide (entry 7), on the other hand, did prov ide the first potentially 

useful adduct, since the olefinic product 190 (Figure 14) could likely be ozonolized and 

further oxidized to the ester or carboxylic acid. The low yield of this reaction though, was 

likely to be an obstacle to the success of this approach, since there were still several steps 

remaining in order to obtain the target compound. 

Figure 14. N-Alkylation products from 174a 

Me OH Me'f---1 
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MeO o 
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As previously suggested, the lack of reactivity of 174a as a nucleophile is primarily 

due to the neopentyl nature of this amine. Another feature of this substrate that probably 

exacerbates this problem is the position of the carbonyl oxygen from the oxazolidinone, 

putting this atom in close proximity to the nucleophilic center, further hindering reactivity 

of the amine. To eliminate this problem, a final and ultimately successful strategy was 

pursued which involved attempting the N-alkylation step after formation of tetracycle 193 

as shown in Scheme 25. Closure of the C and E rings to form tetracyclic intermediate 193 

was achieved by first oxidizing 174a under Swern conditions, affording aldehyde 192; 

followed by treatment with lithium hydroxide in refluxing ethanol which deprotected the 

oxazolidinone, allowing the subsequent condensation step to proceed , furnishing 193 in 

22% isolated yield . As envisioned, N-alkylation of 193 with ethyl bromoacetate in the 

presence of sodium bicarbon ate proceeded affording ethyl ester 194 in 81 % yield. The 

targe t compound (l 60) was then isolated on silica gel in 82% yield, followin g 

saponification of 194 with lithium hydroxide (Scheme 25). 
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Scheme 25. Preparation of water-soluble guinocarcin analo~ 160 
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In summary, the various model studies described demonstrate the ability to 

construct the A, B, C, E ring system of quinocarcin and have overcome previous 

stereochemical limitations. A non-stereoselective method has allowed the preparation of 

both the C-11 a-syn and C-11 a-anti compounds ( 45a and b ), whereas the development of a 

stereoselective approach has led to an alternate synthesis of 45a and the water-soluble 

variant 160. With the information gained from this study, attention was turned to the 

development of new methods for applying this information to the construction of the 

bicyclic ring system of quinocarcin. Details of these efforts will be discussed in the next 

chapter. 
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Figure 15. lH NMR spectrum (300 MHz) (CDCl.3) of 160 
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Chapter 3 
The Formal Total Synthesis of (+)-Ouinocarcin 

Studies toward the total synthesis of quinocarcin commenced followin g 

consideration of methods for the incorporation of a pyrrolidine C, D ring component into 

the aforementioned analog synthesis. As discussed in Chapter 1, a number of different 

synthetic strategies have been devised for forming the quinocarcin pyrrolidine ring. 

Arguably, the most efficient was the [3 + 2] dipole cycloadditive strategy employed 

Scheme 26. Garner model system for guinocarcin pyrrolidine synthesi s 
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by Garner et al. , which generated the pyrrolidine ring via a photo-generated azomethine 

yl ide (Scheme 26).24 This approach had the obvious advantage of making two carbon-

carbon bonds in a single chemical step resulting in formation of the pyrrolidine ring. For 

this reason , two cycloadditive strategies will be pursued in this chapter in an effort to 

construct the complex ring system of quinocarcin, while attempting to employ previously 

developed methodology from the model studies. 

The numbering of compounds in this chapter will be based on the 8, 11-

iminoazepino [1 ,2-b] isoquinoline ring system used for DX-52-1 (18) and is illustrated by 

compound 198 in Scheme 27 . 
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3,1. Initial Approach Based on Model Studies 
Taking the information gained from the model studies and applying it to a total 

synthesis of quinocarcin resulted in the basic retrosynthetic plan presented in Scheme 27. 

Scheme 27a illustrates the previously described methodology for forming the tetracyclic 

analog 45a resulting from deprotection of the oxazolidinone under basic conditions which 

a 

b 

Scheme 27. Retrosynthetic plan to guinocarcin 

ti 
~NMe ~r: MeO 0 
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CHO 

allowed the subsequent oxazolidine-fonning step to occur. Applying this to the synthesis 

of 16, which posesses the bicyclic C, D ring system required formation of a pyrrolidine 

ring exhibiting the regiochemistry and relative stereochemistry indicated by 198. 

Following the installation of an aldehyde or chemical equivalent at C-8, cyclization to 16 

was then envisioned as outlined in Scheme 27b. If a dipole cycloadditive strategy was to 

be employed for generating the pyrrolidine ring of 198, the challenge was then to 

detennine which mode of azomethine ylide formation would be most compatible with the 

intermediates available from the model study. 

The literature describes a rich array of procedures for generating azomethine ylides. 

The most widely recognized methods for their preparation are illustrated in Figure 16. 
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These involve: (1) deprotonation of iminium salts;37 (2) rhodium-catalyzed rearrangements 

of a-diazo ketones;38 (3) the base-mediated decomposition of tertiary amine N-oxides;39 

(4) the entropy-driven decarboxylation of a-amino acid iminium salts;40 (5) fluoride 

desilylation of silylmethyliminium salts;41 and (6) the photo or thennal ring-opening of 

Figure 16. Common methods for generating azomethine ylides 
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aziridines.37 Of these procedures, the seemingly most applicable approach for intersecting 

the analog synthesis was via the deprotonation method (1). Confalone et al. demonstrated 

that sarcosine ethyl ester (N-monomethyl glycine ethyl ester) can be condensed with an 

aldehyde thereby generating the iminium species in situ.42 Treating this iminium with base 

afforded the dipole which subsequently underwent a [3 + 2) cycloaddition reaction. Since 

an iminium salt could conceivably be generated by condensation of the previously prepared 

aldehyde 185 with a sarcosine ester, the simplest method to test this approach initially was 

that envisioned in Scheme 28 . Condensation of the sarcosine ester (199) with 185 was 

expected to generate the iminium ion in situ, whereupon deprotonation with base was 
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envisioned to generate the intermediate azomethine ylide. Subsequent [3 + 2] cycloaddition 

with an acrylate ester (200) was proposed to afford pyrrolidines displaying the 

regiochemical configuration illustrated by 201. This regiochemistry was predicted based 

Scheme 28. Initial cycloaddirive approach to guinocarcin 
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on the ability to stabilize negative charge a. to the ester moiety of the sarcosine resulting in a 

larger HOMO coefficient at that center. If the proper relative stereochernistry in the 

pyrrolidine ring was obtained from the cycloaddition (particularly at C-8 and C-11) then 
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Scheme 29. Pyrrolidines via a deprotonation approach 
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Figure 17 . lH NMR spectrum (300 MHz) (CDCl2) of cvcloadduct 20Sa 
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Figure 18. lH NMR spectrum (300 MHz) (CDCI2) of cycloadduct 205b 
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conversion of this substrate to 16 was proposed to occur by first reducing the double 

bond, then allowing condensation of the deprotected amino alcohol with the aldehyde 

resulting from selective reduction of the sarcosine ethyl ester as per the analog synthesis 

(see Scheme 27). 

To test this approach , aldehyde 185 was first prepared as described in Chapter 2 

(Scheme 23). The cycloaddition reaction was then carried out by reacting 185 with five 

equivalents of sarcosine ethyl ester, ten equivalents of methylacrylate and 0.1 equivalents 

of triethylamine (Scheme 29a). After refluxing in THF for 24 h, a 1.5 : 1 mixture of 

pyrrolidine products (203a and b) were isolated in 58% yield. The physical data obtained 

for these compounds confirmed pyrrolidine formation. Additionally , homonuclear 

decoupling experiments indicated the regiochemistry predicted in Scheme 28 for both 

diastereomers. Due to the inability to crystallize these substances or to identify all of the 

pyrrolidine proton signals in the 1 H NMR it was not possible to determine if the desired 

relative stereochemistry was obtained for either compound. In an effort to answer this 

question, sarcosine benzyl ester (204) prepared by the procedure described by Patel,43 

was employed in the cycloadrntion reaction. The reaction was run under the same 

Figure 19. Results of homonuclear decoupling and NOE experiments for 205a and b 

conditions and again two pyrrolidine diastereomers were isolated from the reaction 

mixture, this time in a 1: 1 ratio (Scheme 29b). The benzyl ester methylene 1H NMR 

signal, however, was shifted downfield from that of the ethyl ester, which allowed for all 
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of the pyrrolidine proton signals for each diastereomer of 205 to be assigned. As a result, 

homo-decoupling and NOE experiments demonstrated that both diastereomers of 205 

exhibited the regiochemistry and relative stereochemistry in the pyrrolidine rings illustrated 

in Figure 19 resulting from two diastereomers about C-5. By chemical correlation it was 

clear that the same two diastereomers were observed for the ethyl ester cycloadducts in 

Scheme 29a. 

Scheme 30. Rationale for stereochemical outcome of cycloadditions 

[ Top approach) 

The stereochemistry observed was the likely result of the dipole reacting through 

the "W" configuration as shown in Scheme 30, with dipolarophile approach coming from 

each face, giving rise to the two diastereomers.40a This results in the same relative 

stereochemistry for each pyrrolidine diastereomer, the two compounds just differing about 

C-5. As a result, only one of these diastereomers in each case (Scheme 29a or 29b) could 

have possessed the correct relative stereochemistry at C-11 (the non-epimerizable center) 

which meant that the incorrect stereochemistry was afforded at C-8 and C-10 for these 
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substances. Due to the undesired stereochemical outcome for these reaction s, and the 

problem of oxidation state for the substituent at C-8, which still had to be converted to an 

aldehyde, a somewhat different approach was pursued that was designed to address these 

problems. 

The reactions in Scheme 29 were the result of ylide formation by deprotonation of 

an a -amino ester-iminium salt. As illustrated in Figure 16 (4), azomethine ylides can also 

be generated by decarboxylation of the structurally similar a-amino acid iminium salts.40 

Therefore, as shown in Scheme 31 , condensation of an aldehyde (206) with an a -amino 

Scheme 31 . Proposed mechanism for dipole formation via decarboxylation 
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acid results initially in formation of hemi-aminal 208. Following loss of water, the 

proposed 5-oxazolidinone 209 decarboxylates upon heating to afford dipole 210. The 

advantage that this process offered was the potential for variability in R 3 which represented 

the substituent that would ultimately appear on C-8 of the pyrrolidine. It was believed that 

this would more readily provide the necessary aldehyde oxidation state for this moiety. 

Also, generating the ylide by a different mechanism might affect the stereochemical 

outcome for the cycloadditive process. The caveat however, was that by lacking the ester 

moiety at R3 of the ylide, the regiochemical outcome for cycloadditions would be less 
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predictable_ In spite of this potential drawback, the possibility for success was considered 

adequate; therefore this approach was explored. 

The first example tried was with sarcosine in the ylide-forming step (where R2 = 
Me and R3 = H). Therefore as outlined in Scheme 32, reaction of aldehyde 185 with five 

equivalents of sarcosine, ten equivalents of methyl acrylate and 0.1 equivalents of 

triethylamine in refluxing THF produced two pyrrolidine products (212a and b). While the 

185 

Scheme 32. Decarboxylation cycloaddition using sarcosine 
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211 

THF, reflux 
30% 
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1 H NMR data on compound 212b were difficult to interpret, decoupling experiments on 

212a revealed the regiochemistry indicated in Scheme 32. This success prompted a 

strategy for generating pyrrolidines by this method which would have a protected aldehyde 

at C-8 (R3 = masked aldehyde). 

In order to apply this idea, the a-amino acid containing the masked aldehyde had to 

be prepared. Following the procedure44 described by David and Veyrieres for the 

preparation of P-ethoxy-0-ethyl serine ethyl ester, amino acid 217 was prepared as 

outlined in Scheme 33. N-formylation of sarcosine followed by reaction with thionyl 

chloride in ethanol produced ethyl ester 213 in 83% overall yield. Formylation followed 

by reaction with sodium ethoxide and ethyl formate in benzene generated the intermediate 

sodium salt 214 as a gel. Thi s material was then converted to ethyl ester 216 by reaction 

with dry hydrochloric acid in anhydrous ethanol for 48 hours at room temperature (46% 

yield from 213). Amino acid 217 was then isolated from DOWEX 50 ion exchange resin 
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(H+ fonn) followin g saponification of 216 with Li OH. It is notewonhy that in generating 

the diethyl acetal 216 over a 48 hour period, the N-fonnyl protecting group was removed 

Scheme 33. Synthesis of amino acid 217 
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in a slower step. By letting this reaction go for just 2 hours as opposed to 48 hours, 

intermediate 215 could be isolated preferentially. This compound was to be used later to 

synthesize the methyl acetal analog of 217. 

With the necessary pieces in hand, the first cycloaddition reactions were attempted. 

Reaction of aldehyde 185 with 217 under the usual conditions afforded pyrrolidine 

cycloadducts 218a and 218b (Scheme 34a). Again , the two diastereomers isolated 

Figure 20. Resonance contributors for azomethine ylide 
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exhibited the regiochemistry depicted in Scheme 34a as determined by homonuclear 

decoupling experiments. As alluded to previously, this regiochemical outcome was 

difficult to predict, but might be rationalized by considering the relative contribution of the 

resonance structures depicted in Figure 20 for the azomethine ylide. Structure 223 puts 

negative charge on the allylic carbon which is conjugated to an electron rich aromatic 

system and is therefore highly delocalized. On the other hand, structure 222 puts the 

negative charge to two oxygens which can be stabilized through induction. 

a 

b 

C 

Scheme 34. Cycloadditions with acetal-containing amino acid substrates 
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Fi !!ure 21 . lH NMR spectrum (300 MHz) (CDCl1) of cvcloadduct 218a 

Figure 22. lH NMR spectrum (300 MHz) (CDCI.1) of cycloadduct 218b 
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From the outcome of this reaction it appears that the latter must have been the major 

contributor, though it's worth pointing out that a third, minor isomer was detected in the 

crude reaction mixture. Although this material was not characterizable due to its minor 

contribution to the material balance, the possibility remains that this substance may have 

been a different regioisomer. By chemical correlation it was again detennined that these 

cycloadducts displayed the same relative stereochemistry observed previously, which as 

stated before, indicates the wrong stereochemistry at C-8 and C-10 for 218a (diastereomer 

Table 8. Summary of cycloaddition reactions from aldehyde 185. 

Entry Rl R2 Ratio of diastereomers Yield 

1a Me H 2:1 (212a : 212b) 30% 

2a Me CH2OBn 3: 1 (228a : 228b) 34% 

3a Me CH(OEth 2.5 : 1 (218a : 218b) 32% 

4b Bn CH(OEth 2:1 (219a : 219b) 30% 

sa Me CH(OMeh 2:1 (221a: 221b) 25% 

6 Me CO2Et 1.5: 1 (203a : 203b) 58% 

7 Me CQiBn 1:1 (205a : 205b) 62% 

a Minor diastereomer not fully characterizable . b Third minor diastereomer observed . but not 

characterizable. 

exhibiting the correct stereochemistry at C-11 ). In another attempt to alter this 

stereochemisty, the substituents for the intermediate ylide were varied as indicated in 

Schemes 34b and 34c. In 34b, methyl acrylate was replaced by benzyl acrylate, prepared 
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by reaction of acryloyl chloride with benzyl alcohol. Also, the dimethyl acetal analog of 

217, prepared by reaction of 215 with dry hydrochloric acid in anhydrous methanol, was 

employed as illustrated in Scheme 34c. In both cases, the same diastereomers were 

isolated and no new compounds were detected. In addition, the ratio of usual products 

changed only slightly. By examination of the whole set of reactions in Table 8, it can be 

seen that little variability in diastereoselectivity was ever realized. The only prominent trend 

was the superior yields observed for the deprotonation reactions (entries 6 and 7) versus 

the decarboxylation reactions (entries 1 through 5). 

216 

Scheme 35. Acetal deprotection study 
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In another attempt to correct the stereochemistry of the cycloadducts prepared, 

efforts were made to deprotect the acetal functionality of 218a with the intention of 

epimerizing the center at C-8 . This was envisioned to occur either under the acidic 

conditions of acetal deprotection or by treatment of the unprotected aldehyde with base. In 

attempting this, however, a surprising result was obtained in that, even under highly acidic 

deprotection conditions, no acetal removal was observed. To understand this phenomenon 

better, the following study was conducted. 
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As discussed previously, 220 was prepared by reaction of 215 with dry 

hydrochloric acid in anhydrous methanol followed by saponification of ethyl ester 224 

(Scheme 35). However, when the deformylated ethyl acetal 216 was treated under the 

same conditions, no exchange of ethoxy groups was detected by 1H NMR. Even when 

reac ted for two days with saturated methanolic hydrochloric acid or under reflux 

conditions, no exchange occurred. The best explanation for this behavior would be that for 

the latter example, formation of the hydrochloride salt occurs in an instantaneous first step 

and the resulting cation, in close proximity to the acetal inhibits positive charge 

development necessary for exchange or deprotection to occur. 

Scheme 36. Cycloaddition with a serine based substrate 
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Another approach attempted in an effort to generate an aldehyde functionality at C-8 

involved using N-methyl-0 -benzyl serine as the a.-amino acid substrate (227). This 

material was prepared as outlined in Scheme 36 from commercially available N-1BOC-O-

benzyl serine (226) .45 The cycloaddition step proceeded in 34% yield affording 
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cycloadducts 228a and bin a 3: 1 ratio (Scheme 36). Unfortunately, repeated attempts to 

debenzylate 228a resulted in decomposition to an uncharacterizable mixture. 

In a final effort to convert pyrrolidine cycloadducts into quinocarcin, the three step 

process outlined in Scheme 37 was employed. Palladium-catalyzed hydrogenolysis of 

cycloadducts 218a and 219a produced complex mixtures which were carried on crude. 

By deprotecting the oxazolidinones with LiOH followed by acidic work-up, it was 

Scheme 37. Attempts to directly convert cycloadducts to 16 
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anticipated that epimerization might occur at C-8 and/or C-10 resulting in the possiblility of 

some bicyclic product formation. However, due to the problem of deprotecting the acetals 

discussed above and the appearent instability of the intermediates to these conditions, no 

natural product was ever isolated by this procedure. Due to these failures, and as a result 

of encouraging results that were beginning to unfold for two modified approaches to this 

synthetic problem, this route was finally abandoned. 

Though eventually deemed unsuccessful as an approach to the total synthesis of 

quinocarcin, the synthetic methodology presented in this section does however, represent a 

potentially useful extension of the cycloadditive technology employed. Table 8 

demonstrates the versatility of these condensation reactions which involves the participation 

of three separate chemical entities. In doing so, these reactions result in the: (1) formation 

of a carbon-nitrogen bond and two carbon-carbon bond s; (2) formation of pyrrolidines 
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diastereoselectively and of one regiochemical configuration in a single step; and (3) 

presenting a choice of oxidation states for at least one of the pyrrolidine cycloadduct 

substituents. As part of an overall synthetic approach that could take advantage of the 

diastereoselectivity exhibited by these reactions, this chemistry might be potentially useful. 

3.2. Modified Approach: Control of Pyrrolidine Stereochemistry 
The inability to control stereochemistry at C-8 observed for the previous synthetic 

approach was due to the propensity of the ylides prepared to adopt a "W" configuration 

(229) prior to the cycloaddition step. To obtain the quinocarcin relative stereochemistry 

would require a 180° rotation of a bond in the dipole thereby producing 230 as the reactive 

Figure 23. Dipole conformation interconversion 

? 

229 

species. By the previous approach it was difficult if not impossible to effect such a 

conversion due to the acyclic nature of the dipoles formed which presumably assumes the 

"W" configuration so as to limit steric interactions between the various substituents. 
I 

One strategy that has been shown to circumvent this stereocontrol problem which 

could still utilize the intermediates generated from the model studies is that described by 

Joule et al. (Scheme 38).46 In addition to obtaining the correct relative stereochemistry 

between C-8 and C-11 (DX-52-1 (18) numbering), the desired exo-configuration at C-10 

exhibited by quinocarcin was also obtained. 
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Scheme 38. Joule cycloadditive approach 
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To adopt this strategy the following two proposed synthetic approaches were 

envisioned and are presented by retrosynthetic analysis in Scheme 39. Obtaining 

intermediate 68 which, as described in Chapter 1 (Scheme 5), can be converted to 

quinocarcin would represent a formal synthesis. As such this intermediate was targeted. 

To carry out a cycloaddition analogous to that described by Joule would necessitate 

formation of ylide 242 which should readily be prepared by deprotonation of iminium 241 

(Scheme 39). The first proposed synthesis of 241 involves formation of a,~-unsaturated 

amide 172 as described in Chapter 2 (Scheme 19). From this substrate, formation of 

oxazoline 237 was envisioned to occur by cyclization of amido alcohol (172) and 

subsequent deprotection of the oxazolidinone. The oxazoline protecting group was chosen 

on the basis of its base stability (necessary for deprotection of the oxazolidinone), and 

conversion to the corresponding aldehyde is well precedented.47 N-acylation was then 

envisioned with 9-fluorenylmethyloxycabonyl (FMOC)-protected sarcosine to produce 
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Scheme 39. Retrosynthetic plan for revised approaches 
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238. Under basic conditions, this substance should readily form iminium 241 by first 

deprotecting the base labile FMOC group followed by intramolecular cyclization. Under 

basic conditions this intermediate should spontaneously form ylide 242. 

The alternative approach to 242 was envisioned as occurring by reaction of allylic 

alcohol 186 with methanesulfonyl chloride followed by substitution with sarcosine ethyl 

ester to afford allylic amine 239. Following oxazolidinone deprotection and saponification, 

this intermediate should be amenable to lactam formation thus producing tricyclic 

monoketopiperazine 240. Oxidation of this substance to iminium 241 should then allow 

access to ylide 242. 



Formal Synthesis of (± )-Qu inocarcin 

82 

As planned, oxazoline 234 was prepared from amide alcohol 172 by reaction with 

thionyl chloride.47 As a test for the utility of this functional group for this application the 

oxazoline was converted to aldehyde 185 in 60% overall yield by the standard protocol 

described by Meyers et at.47a With this aspect of oxazoline utility established, deprotection 

Scheme 40. Synthesis of oxazolidinone deprotected substate for N-acylations 
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of the oxazolidinone of 234 was accomplished by reaction with LiOH (aq) in ethanol 

affording amino alcohol 235 and the oxidized isoquinoline 236 in approximately a 1: 1 

ratio (Scheme 40). Alcohol protection of amino alcohol 235 with MOM-Cl and benzyl 

bromide was conducted; the low yields observed were the result of oxidation to the 
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corresponding isoquinolines. As illustrated in Scheme 41, attempts to N-acylate these 

substrates with FMOC-sarcosine were unsuccessful presumably due to the highly hindered 

Scheme 41. Attempted N-acylations of 235, 243 and 244 
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approach of the amine. Table 9 outlines the various acylation methods employed in this 

study. From entries 1 through 5 it can be seen that both carbodiimide and bis-(oxo-

oxazolidonyl) phosphinic chloride (BOP-Cl) coupling strategies failed. The highly reactive 

ketene, generated as described by Evans et al., also failed to react with the MOM-protected 

substrate.48 In an effort to reduce the amount of steric crowding around the site of desired 

N-acylation, the alcohol protecting groups were removed. Although this should have made 

the amine more accessible, this also had the effect of producing another nucleophilic moiety 

on the substrate which, as can be seen in Table 9 (entries 6 and 7), resulted exclusively in 

formation of ester 247 as opposed to the desired amide. Repeated attempts to N-acylate 

this compound were unsuccessful. Other protecting group strategies were also examined in 

place of the oxazoline. The MOM- and benzyl-protected allylic alcohols were prepared, 
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though attempts to deprotect the oxazolidinone in the presence of these groups, even in a 

carefully purged argon atmosphere, led almost exclusively to the isoquinoline by-products. 

Table 9. Attempts to N-acylate 235, 243 and 244. 

Entry Substrate Conditions Results 

1 244 DCC, methylene chloride No reaction 

2 244 a BOP-Cl, Et3N, methylenechloride No reaction 

3 243 DCC, methylene chloride No reaction 

4 243 a BOP-Cl, Et3N, methylenechloride No reaction 

5b 243 Ketene No reaction 

6 235 DCC, methylene chloride 22% yield to 247 

7b 235 Ketene 40% yield to 247 

a bis-(oxo-oxazolidonyl) phosphinic chloride. b Ketene prepared as described by Evans et al. and Hegedus 

et al. by addition of Et3N to the acid chloride at -78°c.48 

Additionally, attempts to protect the a.,~-unsaturated aldehyde 185 as an acetal were 

unsuccessful, leading only to decomposition. 

The inability to N-acylate this substrate prompted an investigation of the alternate 

route to azomethine ylide 242 via the monoketopiperazine. This was accomplished by first 

preparing tricyclic monoketopiperazine 248 as outlined in Scheme 42. From allylic alcohol 

186, reaction with methanesulfonyl chloride followed by addition of sarcosine ethyl ester 

afforded allylic amine 239 in 96% yield on the two steps. Saponification of the ethyl ester 

and deprotection of the oxazolidinone afforded the intermediate amino alcohol. This 

material was then carried on without purification by cyclization with 1,3-
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dicyclohexylcarbodiimide (DCC) and N-hydroxybenzatriazole (HOBT) producing 248 in 

53% isolated yield on the two steps. At this point, a number of procedures were tried in an 

Scheme 42. Formal total synthesis of (+)-guinocarcin 
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effort to introduce a double bond in the Cring by oxidation, thus generating the iminium 

precursor to azomethine ylide 242. Attempts to generate the dipole via the N-oxide led to 

decomposition of the substrate. Attempts to employ other oxidants such as 2,3-dichloro-
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5,6-dicyanoquinone (DDQ) and terr-butyl hypochlorite also resulted in the decomposi ti on 

of this substance. Reaction of 248 with one equivalent of N-bromosuccinimide (NBS) in 

Figure 24. lH NMR spectrum (300 MHz) (CDCl_3_) of 68 
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refluxing chloroform however, did result in formation of the dark green iminium salt. 

Upon addition of triethylamine at OOC to this mixture resulted in a dark blue solution which 

upon warming to room temperature in the presence of methyl acrylate resulted in the 

formation of a 5: 1 ratio of cycloadducts 249b and 249a respectively (55% yield on the 

two steps which is comparable to yields observed by Joule et al. on their substrate).46 This 

ratio presumably resulted from a preference for approach of the dipolarophile from the least 

hindered face. No other cycloadducts were isolated from the reaction mixture. 

Compounds 249a and b were again diastereomeric about C-5; both possessed the desired 

pyrrolidine regiochemistry, relative stereochemistry and exo configuration at C-10. Since 
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the desired product (249a) was the minor diastereomer from the cycloaddition, 249b was 

subsequently epimerized to 249a in the following manner (see Scheme 42). Amido alcohol 

Scheme 43. Synthesis of saturated tricyclic monoketopiperazine 257 
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249b was first oxidized under Swem conditions to 250b in 94% yield. Next, 250b was 

reacted with one equivalent of 1,8-diazobicyclo [5.4.0] undec-7-ene (DBU) in THF at 

room temperature for 3 h resulting in 80% conversion to aldehyde 250a. The NaBf4 

reduction of 250a to 249a is a reaction that was first described in the total synthesis of 

quinocarcinol methyl ester18 by Danishefsky et al. (Chapter 1, Scheme 2) which completed 

the conversion of 249b to 249a in 78% overall yield (based on 20% recovery of 250b). 

The alcohol of compound 249a was then protected by reaction with chloromethyl methyl 

ether and N,N-diisopropylethylamine affording 66 in 84% yield; this substrate had been 

previously prepared by Garner.23 This substance (66) was then convened to 68 via 

Raney-Ni (W2) reduction (1500 psi H2) followed by saponification of the methyl ester 

affording 68 in 65 % yield based on recovered starting material form the Raney-Ni 



Formal Synthesis of {±)-Quinocarcin 

88 

reduction. As described in Chapter 1 (Scheme 5), 68 can now be converted to 18 by 

partial reduction of the amide by dissolving lithium reduction and trapping with cyanide. 

The target compound (16) is then generated from DX-52-1 (18) under acidic or Lewis-

acidic conditions. 

The Raney-Ni reduction step in this sequence represents the most cumbersome 

reaction to carry out, requiring special equipment and harsh conditions. These conditions 

have been reported to result in overreduction and unwanted side reactions in some 

cases.23b As an extension to the synthetic approach outlined in Scheme 42, the following 

exercise was conducted in an effort to bypass the Raney-Ni reaction , thus intersecting the 

Garner synthesis at a more advanced intennediate. By coupling glycine ethyl ester to allylic 

alcohol 186 in an analogous manner to that just described for sarcosine ethyl ester, allylic 

amine 251 was afforded (Scheme 43). This substance was easily reduced 

diastereoselectively to amino ester 252 in high yield. This was accomplished by reacting 

251 with one equivalent of palladium chloride, under one atmosphere of hydrogen in 

ethanol for 16 hours. It is important to point out that these conditions did not reduce the 

corresponding double bond of 66. Following benzyl protection of the amine, deprotection 

of the oxazolidinone followed by lactam formation generated the saturated 

monoketopiperazine 254 in 60% yield on the two steps (Scheme 43). This substance was 

sequentially MOM-protected and benzyl-deprotected affording 256 in 66% yield overall. 

Finally, the N-methyl derivative of this compound (257) was generated by reaction with 

iodomethane in acetonitrile. 

Attempts to generate the corresponding azomethine ylide via the NBS oxidative 

process were unsuccessful yielding no detectable cycloadducts. This result forced the 

conclusion that the ability of NBS to carry out this transformation on 248 may be peculiar 

to this type of substrate, the implication being the requirement for an sp2 hybridized center 

at C-11 a (DX-52-1 (18) numbering) in order for the bromination reaction to proceed. 
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Bromination presumably occurs on the allylic carbon , initially forming 258, which is 

immediately followed by elimination of the bromide, producing 259 (Scheme 44). 

Aliquots of the reaction mixture after just 10 minutes reveal a new singlet in the 1H NMR at 

10.00 ppm indicative of the iminium methine. Also the resulting deep green color observed 

is the likely result of extended conjugation upon formation of 259. The regiochemical 

Scheme 44. Proposed mechanism for NBS mediated ylicte fonnation 
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248 258 

259 260 

outcome of the cycloaddition reaction results from 260 being the major resonance 

contributor to the azomethine ylide. As with the previous cycloaddition reactions, this is 

the result of negative charge being effectively stabilized on the carbon a to the amide 

carbonyl. As dictated by the cyclic nature of 260, the cycloadducts formed are forced into 

the desired relative stereochemical configuration between C-8 and C-11. 

Although formation of an ylide on the saturated substrate (257) could not be 

generated by the NBS oxidative approach, a number of procedures for dipole formation on 

this substrate could still be attempted such as those proposed in Scheme 45. Oxidation of 

the secondary amine to imine 261 followed by quatemization may lead to dipole formation. 

Alternatively, the ylide may be accessed via the methylamine N-oxide (263).39 Success 
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with either approach would have obvious advantages and therefore represent areas of 

synthetic research that should continue. 

Scheme 45. Proposed methods of ylide formation for saturated substrate 
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In summary, the methodology described in this section represents a new synthetic 

approach to access advanced intermediates toward the total synthesis of quinocarcin which 

should have utility enroute to the other members in this class of antitumor antibiotics. This 

approach is particularly attractive because it involves the use of common, readily available 

shelf reagents, and all of the steps described are amenable to large scale chemistry. 

Although an epimerization is necessary, this three-step process benefits from a 

thermodynamically favored epimerization reaction . A number of steps in this synthesis 

should also be amenable to the development of asymmetric variants which would result in a 

very effective synthetic approach to these natural products. 

3.3, Future Directions 
3.3.a. Proposed total synthesis of tetrazomine. To date there has not been a 

published synthesis of tetrazomine despite the remarkable structural similarities between 20 

and 16. The original structure elucidation of 20 was presented without any indication of 
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relative stereochemistry. Based on this report, the major structural differences between 20 

and 16 were twofold. First, the oxidation state of the carbon attached to C-10'; and 

second, the presence of the P-hydroxypipecolinic acid moiety acylated via a nitrogen on 

C-3' . 

Figure 25. Structures of guinocarcin and tetrazomine 
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Results presented in Chapter 4 illustrate the ability of tetrazomine to generate 

superoxide, an ability shared by quinocarcin.49.SO This redox behavior has been shown to 

require a trans-antiperiplanar relationship between the oxazolidine nitrogen lone pair and the 

adjacent methine. As indicated by the results obtained in the model studies, the three 

dimensional structure elucidation of 45a and 45b suggests that this oxazolidine 

conformation can only exist if the C-1 la (Cl la' for 20) syn stereochemistry exhibited by 

quinocarcin is present.33 On the basis of this stereoelectronic requirement and the similar 

redox behavior exhibited by both 16 and 20, it is likely that 20 possesses the same relative 

stereochemistry at C-5' , C-7' and C-lla' as that for 16. Therefore, it is logical to propose 

the total synthesis of 20 starting from intermediate 68 prepared in the aforementioned 

formal synthesis. 
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Scheme 46. Synthesis of 269 via Williams lactone methodology 
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In addition to the methodology presented in this chapter which demonstrates the 

accessibility of DX-52-1 (18), the following unpublished results from the Williams 

research group have also demonstrated the ability to access other features exhibited by 20. 
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Scheme 47. Precedence for C-3' derivatization 

0 

OEt 1) Cl2, FeCl3 

2) NH4N0 3 
Ac20 

OH 

DX-52-1 , 18 

0 2 N 

Cl 0 

OEt 

270 

NH4CHC02 
Pd/C 

~N 

271 

102, X = Cl 
107, X = N02 



Formal Synthesis of (±)-Quinocarcin 

93 

These include constructing the ~-hydroxypipecolinic acid residue (269) via the Williams 

electrophilic glycinate methodology5 l as outlined in Scheme 47, and the development of 

methodology for the selective functionalization of C-3' (Scheme 47a) .52 From the 

information presented in Chapter 1 and outlined in Scheme 47b involving the semi-

synthetic derivatization of 16, the precedent for carrying out the three-step procedure 

outlined in Scheme 47a on 18 is well established (Scheme 47b).30 Based on this 

assumption, the following total synthesis of 20 is envisioned as outlined by retrosynthetic 

analysis (Scheme 48). 

> 

Scheme 48. Proposed total synthesis of (+)-tetrazomine 
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Starting with intennediate 68 prepared as described herein, 94 should be readily 

obtainable via 18 (prepared in three steps as shown by Garner) by sodium borohydride 

reduction of the isopropyl carbonate on C-10 as illustrated in Scheme 9, Chapter J.29 The 

incorporation of the amine at C-3 is then envisioned via the steps described in Scheme 47a 

to obtain 273 . Finally acylation with 269 followed by deprotections as necessary should 
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furnish 20 upon generation of the oxazolidine ring by one of the known procedures (acid 

or AgNO3).30-32 
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It is now widely recognized53 that a variety of clinically significant antitumor 

antibiotics can mediate oxygen-dependent cleavage of the ribose-phosphate backbone of 

cellular DNA and RNA. An enormous structural array of interesting natural products and 

semi-synthetic and totally synthetic substances mediate oxidative strand scission of nucleic 

acids through metal-mediated activation of Oz ultimately producing hydroxyl radical or 

other reactive oxygen species.54-61 Many readily oxidizable organic substances such as 

semi-quinone radical anions, thiols and ascorbate are capable of reducing molecular oxygen 

resulting in the production of superoxide. 

Superoxide is well documented to mediate DNA strand breakage via clismutation to 

hydrogen peroxide followed by Fenton-mediated generation of the diffusable and highly 

reactive hydroxyl radical. 13 The dismutation of superoxide is known to be facilitated by a 

variety of iron chelates (Haber-Weiss cycle), which turns out to be the only kinetically 

significant step in the overall reduction of dioxygen to hydroxyl radical (Scheme 49).62 

With iron-ethylenediaminetetraacetic acid (EDT A), k2 represents the rate detennining step at 

neutral pH resulting in a steady state of Fe(Il)EDTA since kpk3>>k2>k-1.62c In the 

absence of metal chelators such as EDT A which, have the effect of accelerating the Fenton 

reaction, the rate determining step becomes the reduction of H202 by Fe(II) (Fenton 

reaction, 76 M- 1 s- 1, step 3, Scheme 49).62d Since essentially all of the 02-dependent 
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DNA-damaging reactions described herein are conducted in the absence of such metal 

chelators, this latter rate constant (76 M- 1 s-1) is the most relevant. 

Production of hydroxyl radical can be monitored by examining its reaction with 

reporter molecules such as deoxyribose. This process has been shown to be inhibited: (1) 

by superoxide dismutase (SOD), illustrating the superoxide-dependence for the overall 

process since superoxide is responsible for generating Fe(II) in the rate detennining step; 

Scheme 49. Haber-Weiss/ Fenton cyclin& 
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(2) by catalase to a lesser extent than SOD, but still demonstrating the role of hydrogen 

peroxide in this process; and (3) by fonnate, picolinate,63 thiourea and mannitol , which are 

known hydroxyl radical scavengers. 

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

the basis of its ability to cause oxidative damage to DNA and RNA. Since hydroxyl radical 

is a short-lived, high energy, diffusable species, the damage caused to nucleic acids is 

random, resulting in strand scission at any base pair site. This process can be activated by 

addition of reducing agents such as ascorbate and thiols which provide a constant source of 

Fe(II) as well as superoxide thereby facilitating the DNA-cleavage process (Scheme 49).56a 

It's important to point out here that other activated oxygen species have been invoked in the 

DNA-cleavage process. Based on certain thermodynamic considerations, it has been 

suggested that the product, or one of the products (produced in addition to hydroxyl 

radical) from the Fenton reaction may actually be an Fe(IV)EDTA-oxo species.64 Although 

spin-trapping of hydroxyl radical in the EPR does indicate its presence, it does not disprove 

the presence of a reactive Fe(IV) complex since the hydroxyl radical detected may result 

from hydrolysis of the putative Fe(IV)EDT A-oxo compound. Although this point is still 

being debated in the literature, for the purpose of this discussion it is merely a point of 

edification since the outcome of this debate should have little consequence as to the 

mechanism by which the compounds described herein generate superoxide. 

The damage incurred by DNA upon reaction with hydroxyl radical (or activated 

oxygen species) has been shown to occur via two predominate pathways.54 The first, 

illustrated in Scheme 50, results from hydroxyl radical abstraction of the C-1 ' hydrogen 

from the deoxyribose producing radical 275. Upon radical coupling of 275 with another 

equivalent of hydroxyl radical , the hydroxylated product 276 suffers base release in a pH-

dependent step affording lactone 277. As a result of activation of the a-protons, a second 

base dependent step causes strand scission and formation of the unsaturated lactone 278. 
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Scheme 50. C-1' hydrogen atom abstraction 
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In a final base-mediated step, the 3'-phosphate product (279) is afforded in addition to the 

putative intermediate 280 (never actually isolated as a result of its high reactivity under 

these conditions). The other fate of the DNA comes from abstraction of the C-4' hydrogen 

RO,P~O'(:/Base 

O-P03 R' 

274 

Scheme 51. C-4' hydrogen atom abstraction 
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resulting in ribosyl radical 281 as outlined in Scheme 51. Reaction of this species with 

molecular oxygen followed by single electron reduction results in hydroperoxide 282. 
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This structure is then proposed to undergo a Criegee rearrangement affording the alkaline 

labile intermediate 283 which decomposes to aldehyde 284 resulting in strand scission. In 

a final base-mediated step, the 3'-phosphoglycolate product (285) is fonned in addition to 

the base propenal (286) . 

Reaction of hydroxyl radical with 5'-32P-labeled DNA causes a statistical mixture 

of degradation products resulting from cleavage occurring at every base pair. 

Autoradiograms of electrophoresis gels display the characteristic "ladder" indicative of this 

non-selective cleavage process. In addition to the ladder, doublets ("Tullius bands") are 

produced at every base pair cleavage site which correspond to the two 3'-products (3 '-

phosphate (279) and 3'-phosphoglycolate (285)) produced by the two pathways just 

described.56,57 As a result of elucidation of these two mechanisms (Schemes 50 and 51), 

this pattern has become very diagnostic of hydroxyl radical-mediated damage to DNA. 

Scheme 52. Production of superoxide by thiols 
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Organic molecules that damage nucleic acids by a metal-dependent activation of 

molecular oxygen are numerous. The following examples represent the most highly 

studied mechanisms of 02 activation. 

Thiols are well known to produce reduced forms of molecular oxygen.65 In a 

stepwise process thiols are converted to disulfides in the presence of oxygen resulting in 

the concomitant reduction of molecular oxygen to superoxide. This process is believed to 

involve metal [Fe3+ or Cu2+] reduction in the first step producing the Mn-I species plus the 

thiyl radical (Scheme 52). A single electron transfer from this radical to molecular oxygen 

affords superoxide with the disulfide being produced in the process. The resulting Mn-I 

Fi~ure 26. Structures of the anthracyclines and bleomycins 
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metal is then capable of reducing another equivalent of oxygen producing a second 

superoxide and regenerating Mn. Misra has proposed the additional steps (4 through 8) 
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shown in Scheme 52, which can be thought of as chain propagation steps resulting in 

further reduction of superoxide to hydroxyl radical. 

One of the most highly studied classes of antitumor antibiotics capable of causing 

O2-dependent cleavage of DNA are the bleomycins (289a and b).54,55 The bleomycins 

contain a coordination pocket which has been shown to possess a high affinity for Fe(III) 

forming a pentacoordinate complex. As illustrated in Scheme 53, a single electron 

reduction of this complex [Fe(III)-BLM] by reducing agents such as ascorbate or OTT (in 

vitro) or NADPH-cytochrome-P-450 reductase (in vivo), followed by binding of oxygen to 

the unoccupied coordination si te affords the Fe(m-BLM-O2 complex. A second reduction 

step then produces "activated BLM" which is believed to possess an Fe-oxo species. Upon 

binding to DNA this moiety is presented juxtaposed to the C-4' hydrogen of the 

deoxyribose, resulting in its abstraction, producing the corresponding ribosyl radical. As a 

result, this cleavage is characterized by the 3'-phosphoglycolate end product formed in 

Scheme 53. Bleomycin activation and DNA strand scission cycle 

DNA 

strand 
scission 

activated BLM 

Fe(III) + BLM 

1~ 
Fe(lll)-BLM 

Fe(ll) -BLM 

Fe(ll)-BLM-02 



02-Dependent Cleavage of DNA ... 

102 

addition to base propenal release. In fact, much of the mechanistic information presented in 

Scheme 51 on base propenal formation resulting from C-4' hydrogen atom abstraction was 

a consequence of studies of bleomycin-DNA interactions.54a 

Another important class of compounds are the quinone-containing anthracyclines 

(287 and 288) (Figure 26).12 In an initiation step similar to that proposed for bleomycin 

involving a single electron reduction, hydroquinone radical 290 is produced which is then 

believed to reduce molecular oxygen to superoxide as shown in Scheme 54. The 

Scheme 54. Superoxide production by doxorubicin 
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superoxide can then be processed to an activated species by the aforementioned metal-

dependent process (Scheme 49), ultimately resulting in damage to DNA. Similar 

mechanisms for 02-activation resulting in DNA -damage have been proposed for 

adriamycin, streptonigrin and mitomycins B and C, all of which contain analogous quinone 

moieties. 
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The first example of this type of process involving one of the quinocarcin-related 

antitumor compounds came from a report in 1982 by Lown, et al., which recorded the 

ability of saframycins A and C to cause single-stranded lesions to supercoiled plasmid 

DNA. 113 Due to the quinone moieties that these compounds contain, and the dependence 

on reducing agents exhibited, the same mechanism (i.e., via semi-quinone radical anion-

mediated reduction of molecular oxygen) was initially proposed for DNA-cleavage by the 

saframycins as that just described for the anthramycins. As presented in Chapter 1, the 

DNA-alkylating ability of saframycin A was enhanced upon reduction to the hydroquinone. 

The surprising finding that the hydroquinone retained DNA-cleavage activity was explained 

as follows. Since hydroquinone formation with concomitant loss of cyanide producing 

iminium 292 was invoked in the DNA-alkylation process (Scheme 55), it was therefore 

proposed that this iminium could suffer an additional one electron reduction producing 

carbon-centered radical 293. Following binding of molecular oxygen, the proposed 
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peroxy radical intennediate (294) was envisioned to expel a molar equivalent of superoxide 

thus regenerating iminium 292.1 lb 

Scheme 55. Proposed mechanism for superoxide production by saframycin A 
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A similar mechanism for superoxide production by quinocarcin and tetrazomine is 

presented below. In the case of these substances, the intermediacy of a carbon-centered 

radical such as 293 would be required for superoxide production since these compounds 
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Superoxide production by quinocarcin was first reported by Tomita, et al., but a 

mechanistic explanation was not offered. 14a This study reported the remarkable finding that 

16 was able to cleave plasmid DNA in an 02-dependent fashion, which was (1) inhibited 

by addition of oxygen free radical scavengers such as methanol and tert-butanol; (2) was 

inhibited by superoxide dismutase and catalase; (3) was facilitated by addition of the 

reducing agents, but did not require them; and (4) was not stimulated by addition of metal 

ions (Fe2+ or Cu2+). These intriguing findings, coupled with the observation that 

quinocarcin contained no readily recognizable functional group such as a quinone that is 

typically associated with superoxide production, prompted much of the work that will be 

discussed in this chapter. 

The ability exhibited by quinocarcin and tetrazomine to inhibit nucleic acid 

biosynthesis has been proposed to occur via alkylation of DNA in the minor groove 

through the ring-opened iminium form of the oxazolidine moieties of these compounds.17 

Similar DNA alkylation mechanisms have been invoked for naphthyridinomycin and 

saframycin A. Indirect support for the involvement of the oxazolidine ring in the above 

context comes from the lack of antitumor activity displayed by quinocarcinol (17, DC-52-

d) which is co-produced with 16 by Streptomyces melanovinaceus.15 Importantly, 

quinocarcinol also did not cleave plasmid DNA, which forced the conclusion that the 

oxazolidine moiety of 16 was responsible for the oxidative degradation of DNA by some 

previously unrecognized mechanism. 
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4.2.a. Disproportionation of quinocarcin and tetrazomine. Subsequent 

experimental evidence obtained, demonstrated that this oxygen-dependent mechanism was 

linked to the ability of these compounds to undergo disproportionation reactions of their 

oxazolidine moieties which under anaerobic conditions led to the redox products 

quinocarcinol (17) and quinocarcinamide (19) (in the case of 16, Scheme 56). However, 

under aerobic conditions, oxygen is proposed to bind to an intermediate carbon-centered 

radical which, with participation of the adjacent nitrogen lone pair, results in the subsequent 

expulsion of a molar equivalent of superoxide.50 When natural quinocarcin was allowed to 

stand in carefully deoxygenated water at 25°C, two new products were produced as 

monitored by HPLC (see Figure 29). The slower eluting peak was isolated and identified 

as quinocarcinol (17); preparation of an authentic sample of 17 from 16 by NaBH4 
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reduction 14a rigorously confirmed this assignment. The faster eluting peak was later 

identified as quinocarcinamide (19) based on IR, mass spectra, fully decoupled 1H NMR 

and 13c NMR spectroscopy. Esterification of 19 with diazomethane in aqueous dioxane 

Figure 28. Features of guinocarcin di sproportionation 
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produced a substance whose 1 H NMR and IR spectra were identical to those of authentic , 

synthetic material 18 providing final , rigorous structural confinnation. As can be seen in 

Figure 28a, following this reaction by HPLC revealed that as the concentration of the 

quinocarcin diminished, a steady and complementary increase in the other components 

were observed. In the presence of oxygen, however, the disproportionation proceeds with 

superoxide formation , ul timately generating hydroxyl radical which has the effect of 

decomposing the disproportionation components as illustrated in Figure 30. 

Similar behavior was also observed for tetrazomine, which under analogous 

conditions generated two new compounds.49,52 These were subsequently identified as the 

oxidized tetrazaminamide (300) by high resolution mass spec trometry, and the reduced 

component tetraziminol (301), identified by mass spectrometry and lH NMR. Additional 

structural verification for the latter came from comparison of 301 , isolated from the 
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Key: A. HPLC purified quinocarcin (16) . B. Decomposition of 16 after 3 weeks under aerobic 

conditions. C . Aerobic decomposition mixture spiked with quinocarcinol (17). 
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disproportionation just described, with authentic material prepared by NaBf4 reduction of 

20. 

The identification of these anaerobic redox products rigorously supports the 

proposal that 16 and 20 undergo Cannizzaro-like self-redox disproportionations; i.e., 

quinocarcin and tetrazomine serve as their own reductants. Therefore, as suggested in 

Scheme 56, single electron transfer from 16 with concomitant proton loss from the 

oxazolidine nitrogen to the ring-opened tautomer (296) would furnish radical anion 298 

and the oxazolidinyl radical 295. Radical 295 should be capable of reducing a second 

equivalent of 296 ultimately becoming oxazolidinium ion 297 which should hydrolyze to 

quinocarcinamide (19). Evidence for the intermediacy of 297 was secured by running the 

Scheme 57 . Anaerobic diproportionation of quinocarcin conducted in .IBOHz 
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anaerobic disproportionation in 98% l 80H2 and analyzing the product (302) by mass 

spectroscopy; greater than 40% l 80 was incorporated at the amide carbonyl (Scheme 57). 

Under anaerobic conditions, radical anion 298 subsequently abstracts a hydrogen atom 

(presumably from 16) resulting in formation of quinocarcinol (17) and regenerating 

radical 295. Evidence for this hydrogen atom transfer came from disproportionation 

reactions in D20 which indicated by no incorporation of deuterium on C-7 of 17 isolated 

from the reactions by l H NMR (Scheme 58). 
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It is important to point out that the same result could be observed from direct 

hydride transfer from 16 to 296 in the disproportionation step without incorporation of 

deuterium occurring at C-7. However, eliminating the intermediacy of a carbon-centered 

radical such as 298 would make it difficult to explain the production of superoxide. 

Therefore Scheme 56 presents the most reasonable mechanism to explain superoxide 

production and still be consistent with the observed redox characteristics of these 

compounds. 

Scheme 58. Anaerobic diproportionation of guinocarcin conducted in Dill 
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Under aerobic conditions, radical anion 298 can react with molecular oxygen to 

produce peroxy radical anion 299 which ,with nitrogen participation, expels one molar 

equivalent of superoxide, regenerating 296 (Scheme 56). It is also mechanistically 

plausible that the putative peroxy radical anion 299 could fragment directly to amide 19 via 

homolysis of the 0-0 bond and directly generate hydroxyl radical. Such a scenario would 

have been in accordance with the Tomita result which claimed an apparent metal-

independent DNA-cleavage process. Therefore if quinocarcin is able to generate hydroxyl 

radical directly in this way, metals would not have been necessary to carry out 

Fenton/Haber-Weiss cycling in order to generate hydroxyl radical. A labeling experiment 

however, demonstrated that this pathway is unlikely. Disproportionation of pure 16 was 
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carried out in water as described above under an atmosphere of 98% l 802. Quinocarcinol 

(17) and quinocarcinamide (19) were isolated by reverse phase HPLC and subjected to 

mass spectral analysis following diazomethane esterification. The fragmentation pattern of 

19 at m/e = 329 showed no significant enhancement at the M + 2 peak (m/e = 331 ) that 

would have been diagnostic for l 80 incorporation at the amide carbonyl by the peroxide 

homolysis possibility alluded to above. The authentic 180-labeled amide 302 obtained as 

described above from anaerobic disproportionation in l 80H2, showed no propensity to 

exchange with l 60H2 after several days at room temperature as evidenced by the same 

mass spectral analytical protocol. 

Another noteworthy observation from the disproportionation was the pH 

dependence exhibited. Figure 28b depicts the rate of change of quinocarcin concentration 

during the disproportionation process. As can be seen, by buffering the reaction at pH 8 a 

marked increase in the rate of disappearance of quinocarcin was observed as compared to 

reactions carried out below pH 7. This result is consistent with the proposed mechanism in 

Scheme 56 since this process would require that the oxazolidine nitrogen be deprotonated. 

As will be seen in the upcoming sections, this pH trend will manifest itself in other 

behaviors exhibited by these compounds. 

4.2.b. Superoxide production as measured by reduction of nitroblue 

tetrazolium (NBT). Superoxide production by quinocarcin , tetrazomine and several 

other compounds was carefully measured by following the reduction of nitroblue 

tetrazolium (NBT). This assay has been used extensively for the detection of superoxide 

and for the subsequent accumulation of rate data.65,66 In this two electron process, NBT 

(colorless) is reduced to the monoformazan compound 304 which can be detected 

spectrophotometrically in the visible range (Scheme 59). 
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Reactions were run by adding the substrate to an aerated solution of NBT in 

20 mM phosphate buffer containing one percent Triton X-100 detergent. The optical 

absorbances at 500 nm were then measured over a 30 minute period, and the ~OD was the 

Scheme 59, Superoxide reduction of NBT 
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average slope for the linear change in optical density over the reaction time. The rates of 

superoxide production were calculated from the molar extinction coefficient of 304 at 500 

nm (12,200)66b and by assuming that the [02] did not appreciably change over this time 

period (pseudo-zero order in 02). 

It was found that these reactions were completely inhibited by superoxide dismutase 

(SOD); the results are collected in Table 10. Importantly, the formation of superoxide by 

quinocarcin and tetrazomine was extremely slow (104 ~ 105 times slower) relative to the 

rate-limiting step of the Haber-Weiss/Fenton reaction which is 76 M- 1 s- 1 for the reduction 

of H2O2 by Fe(II) . The slow production of superoxide by these compounds is likely the 

overall rate limiting step in the DNA-cleavage process. 

Just as was observed for the disproportionation reactions, the reductions of NBT 

by quinocarcin and structural analogs were pH-dependent, exhibiting an increased rate of 

reduction as the pH was raised (Table 10 entries 1 through 3). This behavior directly 

paralleled the pH-dependency for the DNA cleavage reactions described in the next section 

(4.2 .c). 
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Table 10. Rates of superoxide production as measured by spectraphotometric monitoring 

of the reduction of nitroblue tetrazolium (NBTI. 

Entry Substrate pH rate (M s·l x 10·9) 

1 1.0 mM quinocarcin 6 0 .0 

2 1.0 mM quinocarcin 7 4.20 

3 1.0 mM quinocarcin 8 11.0 

4 1.0 mM quinocarcin + 10 µg/mL SOD 8 0.0 

5 1.0 mM quinocarcinol (17) 8 0.0 

6 1.0 mM quinocarcinamide (19) 8 0.0 

7 1.0 mM tetrazomine 6 2.46 

8 1.0 mM tetrazornine 7 10.6 

9 1.0 mM tetrazornine 8 17.5 

10 1.0 mM tetrazornine + 10 µg/mL SOD 8 0 .0 

11 2.0 mM N-2-carboxymethyl analog (160) 6 0.21 

12 2.0 mM N-2-carboxymethyl analog (160) 7 0.82 

13 2.0 mM N-2-carboxymethyl analog (160) 8 0 .99 

14 5.0 mM N-2-carboxymethyl analog (160) 8 1.56 

15 1.0 mM DX-52-1 (18) 8 0.0 

16(1 1.0 mM N-2-methyl-syn analog (45a) 8 0.41 

17a 1.0 mM N-2-methyl-anti analog (45b) 8 0 .0 

18 20 mM phosphate buffer (control) 8 0.0 

All reactions run in I% Triton XIOO and 20 mM phosphate buffer al the indicated pHs. a Reactions run 

in 5 % methanol. 
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Remers conducted molecular mechanics calculations on quinocarcin by docking the 

drug in the minor groove. 17 These calculations suggested that the lowest energy conformer 

of 16 orients the piperazine ring in a chair-like conformation which therefore places the 

oxazolidine nitrogen lone pair in an antiperiplanar orientation to the oxazolidine methine. 

Ring opening of the oxazolidine to the iminium species (Scheme 60) requires nitrogen 

pyrimidal inversion to a higher energy twist boat conformer that was calculated to lie -10 

kcal mol- 1 above the other conformer. In this situation, the oxazolidine nitrogen lone pair 

is syn- to the methine and antiperiplanar to the C-O bond . It was postulated that the 

iminium species should be a good alkylator for N-2 of guanine in the minor groove of the 

sequence d(A TGCA Th. Based on the similarity to naphthyridinomycin and saframycin, 

this is a very reasonable expectation. In the context of superoxide production and the 

capacity to oxidatively damage DNA a different question regarding the conformational 

significance of the oxazolidine moiety was asked. As shown in Scheme 60, the initial step 

in the electron-transfer between the oxazolidine and the iminium species involves I-electron 

loss from the oxazolidine nitrogen with loss of the oxazolidine methine as a proton 

producing a radical. It is reasonable to expect that the trans, antiperiplanar arrangement of 

the oxazolidine methine and nitrogen lone pair in the lower energy conformer predicted by 

these calculations should also be the most favorable geometry for a I-electron oxidation and 

concomitant proton loss in the redox self-disproportionation, since this arrangement 

provides maximum overlap in the transition state. Similar stereoelectronic effects have 

been observed82 for the oxidation of other amines such as the example shown in 
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Scheme 60. Stereoelectronic control elements of superoxide production 
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Scheme 61. Synthetic analogs 45a and 45b in Scheme 60 have the conformations depicted 

as determined by the single crystal x-ray analyses presented in Chapter 2.33 Compound 

45b mimics the syn-conformer of quinocarcin, while 45a mimics the anti-conformer of 

quinocarcin. The relative difference in the capacity of synthetic analogs 45a and b to 

effect both superoxide production (Table 10, entries 16 and 17) as well as DNA cleavage 

(as will be discussed in the next section , 4.2.c), supports the hypothesis that 

stereoelectronic control elements of the oxazolidine ring system are intimately related to the 

biological activities of these substances. Additionally, neither quinocarcinol (17), 

quinocarcinamide (19) nor the semi-synthetic cyano derivative of quinocarcin (DX-52-1, 

18) produced superoxide, as evidenced by their complete lack of NBT reduction ability 

(Table 10, entries 5, 6 and 15), which further supports the notion that the oxazolidine 

moiety of these compounds must be "intact" and in the quinocarcin ground-state relative 

stereochemical configuration in order for superoxide production to proceed. 

4.2.c. Cleavage of supercoiled plasmid DNA. Examination of the interaction of 

these compounds with DNA initially involved reactions of the purified materials with 

supercoiled plasmid DNA (pBR 322) between pH 5 and 9 phosphate buffer (20 mM) at 

37°C for 2 hours in the presence of air. Salient experimental results are collected in Tables 

11 , 12 and 13 and Figure 31. Cleavage of the DNA was detected by loading the reaction 

mixtures onto 1 % agarose gels containing 0.4 µg/mL ethidium bromide, followed by 

electrophoresis. The gels were then immediately visualized on a UV transilluminator which 

revealed by scanning densitometry the relative abundance of the three fonns of plasmid 

caused by cleavage of the supercoiled substrate upon reaction with the drugs. The mean 

number of single strand scissions (S) per supercoiled DNA substrate was calculated using 

the Poisson distribution.57a When only fonns I (supercoiled) and forms II (nicked open 

circular) are present, the equation simplifies to S = -lnfJ , where fJ is the fraction of form I 

molecules from the densitometry data. In those cases where fonn III (linear) DNA was 



02-Depenclent Cleavage of DNA ... 

117 

Figure 31. Representative agarose gels depicting various amounts of DNA-cleavage in the 
presence of add itives for 16, 20, 160 and conjugates (314 and 315) 

A 
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B 
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D 
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Key: A. Lane I, s11percoi led DNA (<l)X 174); lane 2, 1.0 mM quinocarcin ( 16 ); lane 3, 1.0 mM 
Tetrazomine (20) ; lane 4, 1.0 mM water soluble analog 160; lane 5, 1.0 mM netropsin conjugate (3 14); 
lane 6, 1.0 mM sperrnine dimer (315). 13 . Lane I, superco iled plasmid DNA (pBR 322); lane 2, 1.0 mM 
16 + 0. 1 mM H202; lane 3, 0.1 mM H202; lane 4, 1.0 mM 16 + 0.1 mM Fe(III) + 1.0 mM desferal; 
lane 5, 1.0 mM 16 + 0.1 mM Fe(III); lane 6, 1.0 mM 16 + 1.0 mM desferal ; lane 7, 1.0 mM 16 + 0.2 
mM desferal ; lane 8, 1.0 mM 16 + 0.1 mM desferal; lane 9, 1.0 mM 16. C. Lane I, Supercoiled plasmid 
DNA (pUC 19); lane 2, 1.0 mM tetrazomine (20); lane 3, 1.0 mM 20 (deoxygenated); lane 4, l.O mM 20 
+ 10 µg/mL catalase; lane 5, l.O mM 20 + 100 µg/mL catalase; lane 6, 1.0 mM 20 + 10 µg/mL SOD; 
lane 7, 1.0 mM 20 + 0. 1 mM H202; lane 8, 0.1 mM 20 + 0.1 mM H202; lane 9, 1.0 mM 20 + 0.1 
mM Fe(Il); lane 10, 1.0 mM 20 + 0.1 mM Fe(III); lane 11 , 1.0 mM 20 + O.l mM Cu(II). D. Lane I, 
Supercoiled DNA (<DX 174); lane 2, 1.0 mM 160; lane 3, 1.0 mM 160 + 10 µg/rnL SOD; lane 4, 1.0 
mM 160 + 100 µg/mL catalase; lane 5, 1.0 mM 160 + 0.1 mM H202; lane 6, 0.1 mM 315; lane 7, 0.1 
mM 315 + 10 µg/mL SOD; lane, 8, 0.1 mM 315 + 100 µg/mL catalase; lane 9, 0.1 mM 315 + 0.1 
mM H202; lane 10, 0.1 mM 314; lane 11 , 0.1 mM 314 + IO µg/mL SOD; lane 12, 0. 1 mM 314 + 100 
µg/rnL catalase; lane 13, 0.1 mM 314 + 0.1 mM H202; lane 14, 0. 1 rnM H202. 
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present, S was calculated from fI + fII = [l-S(2h+l)/2LJS/2 where h is the distance 

between hits on opposite strands to produce a linear molecule (16 base pairs) and Lis the 

total number of base pairs in the plasmid (4363 base pairs for pBR 322) . 

Table 11. Cleavage of supercoiled plasmid DNA by 16, 20, and synthetic analogs. 

Entry Substrate and Concentration sa 
1 0.1 mM quinocarcin 0.3 

2 1.0 mM quinocarcin 7.8 

3 0.1 mM tetrazomine 0.4 

4 1.0 mM tetrazomine 10.0 

5 0.1 mM N-2-carboxymethyl analog (160) 0.25 

6 1.0 mM N-2-carboxymethyl analog (160) 0.73 

7 1.0 mM N-2-methyl-syn analog (45a), citrate salt 0.17 

8 5.0 mM N-2-methyl-syn analog (45a), citrate salt 0.49 

9 1.0 mM N-2-methyl-anti analog (45b), citrate salt 0 .0 

10 5.0 mM N-2-methyl-anti analog (45b), citrate salt 0.08 

11 5.0 mM DX-52-1 (18) 0.0 

12 1.0 mM quinocarcinol (17) 0.0 

13 1.0 mM quinocarcinamide (19) 0.0 

Each reaction contained 0.5 µg of supercoiled plasmid DNA pBR 322 in a total volume of IO µL. All 

reactions were run in 20 mM phosphate buffer (pH 8) at 37°c for 2 hours. a The S value for a DNA 

control reaction represented the amount of nicked open cirular DNA present in the starting plasmid and 

was subtracted from the S values calculated for the individual cleavage reactions. 
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Quinocarcin and tetrazomine showed significant cleavage of the DNA at 0.1 mM 

concentration (Table 11, entries 1 and 3) at pH 8 without the addition of any external 

reductants.49.50 Again, the reactions were found to be pH dependent, optimal cleavage 

being observed between pH 8-9. Figure 32 illustrates the pH profile for DNA-cleavage by 

quinocarcin , tetrazomine and water soluble analog 160. At lower pH values, (pH 5-7) 

nicking was observed, but was significantly less than at higher pH. As alluded to 

previously, this is consistent with the obligate participation of the unprotonated oxazolidine 

nitrogen atom in the redox cycle. Quinocarcin analog 160 cleaved plasmid DNA, but as 

illustrated in Table 11 , quinocarcin and tetrazornine were considerably more _effective at the 

Fi!!ure 32. Effects of pH on plasmid cleava!!e 
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same concentrations. From the data collected in Table 14, it appears likely that compound 

160 produces superoxide by the same mechanism proposed for quinocarcin and 

tetrazomine. DNA cleavage mediated by compound 160 is affected by the addition of 

SOD and catalase which inhibit DNA strand scission . As expected, the addition of 

hydrogen peroxide had a stimulatory effect on DNA cleavage. Compound 160 displays 

parallel pH trends for DNA damage and superoxide release (as evidenced by the reduction 
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Table 12. Effects of additives on DNA-cleava~e b~ guinocarcin . 

% % 
Entry Con di tionsa [Q uinoca rcin] in hi bn en hancemt 

1 0.1 mM Fe(III) l.0mM 0 0 

2 0.1 mM Fe(III) + l.0mM 27 
0.1 mM desf eral 

3 0.1 mM Fe(III) + 1.0mM 91 
1.0 mM desferal 

4 0.1 mM desferal 1.0mM 24 

5 1.0 mM desferal 1.0mM 87 

6 10 mM desf eral 1.0mM >99 

7 deoxygenatedb 1.0mM 84 

8 0.1 mM H2O2 0.1 mM 143 

9 0.1 mM H2O2 l.0mM 141 

10 1.0 mM picolinic acid l.0mM 22 

11 10 mM picolinic acid 1.0mM 94 

12 10 µglmL catalase 1.0mM 33 

13 100 µglmL catalase l.0mM 83 

14 10 µglmLSOD 1.0mM >99 

a All reactions were mixed at ice bath temperature and brought to a final volume of IO µL. All reactions 

were then incubated for 2 h at :n°c in 20 mM phosphate buffer (pH 8) with 0.5 µg of supercoiled 

plasmid DNA (pBR 322). b Reactants were mixed at ice bath temperature. purged with argon gas then 

brought to 37°C. 
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of nitroblue tetrazolium (NBT)) to both quinocarcin and tetrazomine (Figure 32 and 

Table 10). 

Table 13. Effects of additives on DNA-cleava~e b~ tetrazomine. 

Entry Condi tionsa [Tetrazomine] % % 
inh ibn en hancemt 

1 0.1 mM Fe(II) 1.0mM 0 0 

2 0.1 mM Fe (III) l.0mM 5 

3 0.1 mM desferal l.0mM 0 

4 1.0 mM desferal l.0mM 37 

5 10 mM desf eral l.0rnM 94 

6 deox ygenatedb 1.0 rnM 80 

7 0.1 mM H2O2 0.1 rnM 68 

8 0.1 mM H2O2 1.0 rnM 29 

9 1.0 mM picolinic acid 1.0 rnM 28 

10 10 mM picolinic acid l.0rnM 71 

11 10 µg/mL catalase 1.0rnM 55 

12 100 µg/mL catalase 1.0 rnM 54 

13 10 µg/mLSOD 1.0 rnM 94 

a All reactions were mixed at ice bath temperature and brought to a final volume of 10 µL. All reactions 

were then incubated for 2 h at 37°c in 20 mM phosphate buffer (pH 8) with 0.5 µg of supercoiled 

plasmid DNA (pBR 322). b Reactants were mixed at ice bath temperature, purged with argon gas then 

brought to 37oc. 

Due to poor water solubility, 45a did not exhibit potent DNA-cleavage, but, it did 

exhibit some DNA damaging potential as the citrate salt (Table 11, entries 7 and 8). As a 
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result of the stereoelectronic control requirement alluded to previously, the anti analog 45b 

was dormant under these conditions. Additionally, DX-52-1 (18), quinocarcinol (17), 

and quinocarcinamide (19) all failed to exhibit any significant DNA-cleavage by this assay. 

Exclusion of oxygen significantly inhibited DNA-cleavage for both quinocarcin and 

tetrazomine as expected (fable 12, entry 7 and Table 13, entry 6). Superoxide dismutase 

completely inhibited DNA cleavage (Table 12, entry 14 and Table 13, entry 13), consistent 

with both the capacity of these compounds to generate superoxide and the corresponding 

DNA cleavage event to be exclusively superoxide-dependent. Catalase also inhibited the 

reactions, but not as potently as SOD (Table 12, entries 12 and 13; Table 13, entries 11 and 

12). Addition of hydrogen peroxide to drug / DNA reactions had a potent stimulatory 

effect on DNA cleavage over control reactions containing hydrogen peroxide at the same 

concentrations (fable 12, entries 8 and 9; Table 13, entries 7 and 8). Addition of picolinic 

acid to reaction mixtures of DNA with quinocarcin and tetrazomine at 1 mM and 10 mM 

showed increasing inhibition (Table 12, entries 10 and 11 ; Table 13, entries 9 and 10). 

Picolinic acid is known to be a very potent scavenger of hydroxyl radical and inhibitor of 

the Fe(Il)/Fe(III) redox couple.63 Taken together, the above results point strongly to 

Fenton-type chemistry being responsible for the scission of DNA. Tomita had reported 

that the addition of iron or copper salts had no stimulatory effects on the ability of 

quinocarcin to cleave DNA; these findings have been corroborated, the results appear in 

Table 12. The addition of the potent iron chelator desferal did, however, exhibit significant 

inhibition of DNA cleavage for both quinocarcin and tetrazomine, particularly at high 

concentrations (fable 12, entries 2-6; Table 13, entries 3-5). Desferal is known to have a 

high affinity for Fe(III) (log kf = 30.7), forming a hexa-coordinate complex that excludes 

iron-associated water and uncouples the oxidation of Fe(II) from the formation of hydroxyl 

radical (Fenton reaction) .13 These results support the notion that adventitious metals in a 

number of possible oxidation states in these reaction mixtures can be activated by the slow 
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release of superoxide and cause Fenton-related damage to DNA. Thus, these results 

indicate that, in contrast to the conclusions of Tomita, the DNA cleavage is indeed metal-

dependent and that the low concentration of adventitious Fe+3 present is already in excess 

of that required to effect Fenton-mediated cleavage of the DNA; addition of excess iron 

would therefore not be expected to have any additive effect. Thus, the data support a 

hypothesis wherein the limiting reagent in DNA cleavage mediated by these compounds is 

the slow production of superoxide. 

4.2.d. Reactions with s•.32p.1abeled synthetic oligonucleotides. Further 

evidence for this redox behavior was obtained from analysis of the reaction of quinocarcin 

and tetrazomine with a small synthetic oligonucleotide by high resolution polyacrylamide 

gel electrophoresis. A synthetic 45 base pair oligonucleotide of random composition end-

labeled with 32p and annealed to its complement, was reacted with quinocarcin and 

tetrazomine in the absence of any additional reducing agents (37°C, 5 hours, 20 mM 

phosphate buffer, pH 8) . The result was non-sequence specific cleavage at every 

nucleotide as evidenced by denaturing 20% polyacrylarnide gel electrophoresis (Figure 33 , 

lanes 3-6). Furthennore, every cleavage band appeared as a doublet which is characteristic 

of the 3'-phosphate and 3'- phosphoglycolate ends resulting from non-selective Fenton-

mediated cleavage.56,57 A similar cleavage pattern was observed from incubating the 

duplex with 1.0 mM Fe(II)EDTA under aerobic conditions (Figure 33, lane 7). The 3'-

phosphate products were unambiguously identified by band shift assay upon treatment of 

drug-damaged DNA reaction mixtures with T4 polynucleotide kinase.67 The enzymatically 

modified DNA bands corresponding to the 3'-phosphate products were shifted to a slower 

moving product, as illustrated in Figure 34, due to the absence of the one negative charge 

associated with the phosphate removed. Another noteworthy observation from Figure 33 

is the change in relative ratios of the two 3' base pair products (phosphate versus 

phosphoglycolate) observed when comparing DNA-cleavage from tetrazornine, quinocarcin 
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Figure 33: Lane 1, 5'-32P-labeled standard. 

Lane 2, control. 

Lane 3, 0.1 mM tetrazomine. 

Lane 4, 1.0 mM tetrazomine. 

Lane 5, 10 mM tetrazomine. 

Lane 6, 10 mM quinocarcin. 

Lane 7, 1.0 mM Fe(II)EDT A. 

Figure 34: Lane 1, DNA standard. 

Lane 2, 5 mM quinocarcin. 

Lane 3, 5 mM quinocarcin followed by T4 polynucleotide 

kinase. 

Lane 4, 1.0 mM Fe(II)EDTA. 

Lane 5, 1.0 mM Fe(II)EDTA followed by T4 kinase. 

Lane 6, Maxam and Gilbert G reaction. 

125 

Lane 7, Maxam and Gilbert G reaction followed by T4 kinase. 

All reactions run in 20 mM phosphate buffer (pH 8) at 370c for 10 hours. 
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and Fe(Il)EDTA (Figure 35). By scanning densitometry, the relative ratios for phosphate 

to phosphoglycolate are 8:2 for tetrazomine, 6:4 for quinocarcin , and 4:6 for Fe/EDTA 

(Figure 35, lanes 5, 6, and 7 respectively).49 One plausible explanation for this behavior 

could be that tetrazomine, and to a lesser extent quinocarcin, non-covalently or covalently 

associated within the minor groove of DNA may protect the DNA from the drug's own 

oxidative damaging potential. From the molecular modeling studies conducted by Remers 

et al. , it was proposed that quinocarcin docks in the minor grove and may alkylate the DNA 

through the ring opened iminium form. The effect of 16 and 20 associated to DNA in thi s 

manner might, therefore, protect the ribose-phosphate backbone from oxidative damage by 

blocking sites in the minor grove. Evidence for this comes from experiments which show 

an increased resistance to Fe(Il)EDT A cleavage for DNA that was first incubated with 

tetrazomine (10 mM) for 5 hours followed by ethanol precipitation (Figure 36, lane 2). 

However, when the order of reagents was reversed (i.e. treated with Fe/EDT A followed by 

10 mM tetrazomine) significantly more cleavage was consistently observed (Figure 36, lane 

3). Furthermore, the apparent lack of the 3'-phosphoglycolate product observed in Figure 

36 (lane 2) even though this DNA was eventually exposed to Fe(II)EDTA, underlies the 

hypothesis that the difference in relative ratios of the two 3'-products shown in Figure 35 

for quinocarcin and tetrazomine may be associated with a protective property for C-4' 

hydrogen atom abstraction exhibited by these compounds. This assertion is based on the 

assumption that a diffusable species (i.e. ·OH) is responsible for the DNA-damage 

observed. Therefore the drugs associated in the minor groove may partially inhibit 

abstraction of the C-4'-hydrogen which ultimately leads to the 3'-phosphoglycolate 

product. 
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Figure 36. Effects of reaction order (20 and Fe(TT)EDTA) 

1 2 3 

S' 32P-TI AA TI AAGACGT AACA TCCAGCTACAAACTA TCTICGATAACCA 3' 

3' AA TT AA TTCTGCA TTGTAGGTCGATGTTTGATAGAAGCTA TTGGT 5' 

Key: Lane 1, D A control (10 h, 37°C, 20 mM phosphate buffer (pH 8); lane 2, 10 mM 20 followed by 

1.0 mMFe(ll)EDTA; lane 3, 1.0 mM Fe(Il)EDTA followed by 10 mM 20. 
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4.3, Manipulation of DNA-Cleava~e with Synthetic Derivatives of 160 
Netropsin and other distamycin-like peptides are well recognized to bind in the 

minor groove in AT rich regions of DNA.68-70 The flat, slightly curved structures of these 

compounds coupled with their positive charge facilitates preferential binding in these 

regions of the minor groove.7 1 A variety of DNA-cleaving compounds have been 

covalently attached to distamycin peptides in an effort to achieve affinity cleaving. Such 

complexes include the highly studied distamycin and P5-Fe/EDTA complexes.72 More 

recently, other DNA cleaving compounds have been successfully linked to these peptides 

which have altered their capacity to damage DNA. Reactive DNA-damaging structures 

Scheme 62. Preparation of activated ester of 306 
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such as enediynes and other radical-forming moieties have been successfully 

employed.73,74 It is well known that polyamines such as spermidine and spermine are 

good DNA binding molecules. These basic substances are protonated at physiological pH 

enabling them to strongly associate to the negatively charged phosphodiester regions of 

DNA and engage in hydrogen bonding interactions in both the major and minor 

grooves.75 ,76 

4.3.a. Preparation of netropsin-1 conjugate (314) and spermine dimer 

(315). Conjugations of 160 to these DNA binding molecules were carried out by first 

reacting compound 160 with para-nitrophenol and dicyclohexyl carbodiimide (DCC) to 

afford the activated para--nitrophenyl ester 306 (Scheme 62). The dipeptide 312 was 
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Scheme 63 . Preparation of netropsin analog 313 
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prepared as described by Bailer with minor modifications (Scheme 63).77 Reaction of 

saponified 312 with N,N-dimethylethylenediamine, DCC and N-hydroxybenzotriazole 

a 

b 

Scheme 64. Preparation of 160-conjugates 
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(HOBT) afforded 313 in 98% yield. Reduction of the nitro group by catalytic 

hydrogenolysis followed by immediate reaction with 306 produced netropsin conjugate 
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Figure 37. lH NMR spectrum (300 MHz) (CDCl.3) of netropsin coniugate 314 
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Figure 39. Effects of concentration on DNA-cleavage for 16. 20, 160 and conjugates 
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Table 14. Effects of additives on DNA-cleavage bl 160 and conju~ates. 

Entry Substrate Conditions % inhibn 

1 1.0 mM 160 10 µg/mLSOD 85 

2 1.0 mM 160 100 µg/mL catalase 65 

3a 1.0 mM 160 0.1 mM H2O2 

4 200 µM 314 10 µg/mL SOD 0 

5 200 µM 314 100 µg/mL catalase 3 

6G 200 µM 314 0.1 mM H2O2 

7 200 µM 315 10 µg/mL SOD 83 

8 200 µM 315 100 µg/mL catalase 32 

9C1 200 µM 315 0.1 mM H2O2 

160 

16 

315 

314 

20 

% enhancemt 

19 

0 

95 

289 

All reactions run in 20 mM phosphate buffer (pH 8) at 37°C. a Values corrected for background cleavage 

due to H202 by subtraction of control. 
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314 in 52% yield after chromatography. Similarly, spermine dimer 315 was prepared by 

reaction of two equivalents of 306 with spermine in DMF at 4°C. Compound 315 

probably exists as a mixture of diastereomers (one set of enantiomers plus the meso-

compound) since 160 was prepared as a racemate. The physical data collected for 315 

(lH NMR and 13C NMR), however, are consistent with the production of a single 

diastereomer, but a rigorous stereochemical assignment could not be made. 

4.3.b. DNA-cleavage by conjugates. To study the effectiveness of these 

compounds as DNA-cleaving agents, compounds 1, 2, 3 and the conjugates were reacted 

under various conditions with supercoiled plasmid DNA (<l>X 174). Compound 160 was 

observed to effect the cleavage of plasmid DNA. However, as illustrated in Figure 39, 

quinocarcin and tetrazornine are considerably more effective at the same concentrations. 

As shown in Figure 39, covalently linking compound 160 to spermine (forming 

dimer 315), resulted in a greater than ten-fold increase in DNA cleavage activity as 

compared to compound 160 alone. These data and those illustrated in Figure 40 suggests 

that this increase in activity renders compound 315 as potent as quinocarcin or tetrazomine. 

As expected, DNA cleavage by compound 315 was inhibited by the addition of SOD and 

catalase (fable 14, entries 7 and 8) and enhanced by the addition of hydrogen peroxide 

(Table 14, entry 9). 

Compared with other antitumor substances that cause oxidative damage to DNA, 

quinocarcin and tetrazomine are rather modest in tenns of the rate at which they damage 

DNA. This is a direct manifestation of the slow production of superoxide by these 

substances. However, one interesting feature of the DNA-cleavage reactions for 16 and 

20 is that they are vastly more efficient in effecting DNA cleavage per equivalent of 

superoxide generated than other superoxide-generating systems, such as DTT and 

ascorbate. For a qualitative comparison, the nicking efficiency (NE) of DNA cleavage as a 
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function of the rate of superoxide produced (as measured by NBT reduction ) for all the 

compounds appearing in Figure 39 have been calculated, the results appear in Table 15. 

Table 15. Nicking efficiency (NE) for superoxide Tl 
NE= 

producing compounds including conjugates. 
( cr/3)nsuperoxide 

Entry Substrate a Nicking b Su peroxide % NE 
Yield Tl (mol) Produced (mol) 

(NE x 102) 

1 dithiothreitol 1.20 X lQ-l4 1.41 X lQ-? 2 .6 X 10-S 

2 ascorbic acid 2.32 X lQ-l3 3.02 X lQ-? 2.3 X lQ-4 

3 quinocarcin 3.16 X lQ-l3 2.38 X lQ-lO 0.40 

4 tetrazomine 1.54 X lQ-13 3.78 X lQ-lO 0.12 

5 160 2.15 X lQ-l 4 1.07 X lQ-l l 0.60 

6 315 1.54 X lQ-!3 1.07 X lQ-l l 2. }6C 

7 314 4.72 X lQ-1 4 1.07 X lQ-l l 1.32C 

a Total number of moles of DNA lesions calculated (S x nDNA substrate) , b Theoretical yield of 

superoxide (mo!) based on rate data presented in Table 1. c Value based on rate of superoxide production 

for 160. The value (cr/3) is a stoichiometric factor which takes into account the number of molecules of 

superoxide theoretically necessary to produce one molecule of hydroxyl radical. cr represents the number 

of superoxide producing oxazolidines per molecule (1 for all compounds studied except for the spermine 

dimer (315)) . 

Quinocarcin is over 1,000 times more efficient in effecting DNA cleavage per mole of 

superoxide than ascorbate and more than 10,000 times more efficient than DTT. 

Tetrazomine and synthetic analog 160 are similar in efficiency to quinocarcin. Since these 

compounds all produce superoxide very slowly as compared to DTT and ascorbate, the 
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relative efficiency of DNA-cleavage, as a function of the rate of superoxide produced by 

these oxazolidine-containing substances appears to be a direct manifestation of their abilities 

to associate with DNA. Therefore, the reactive intermediates are delivered in close 

proximity to the DNA resulting in more DNA-cleavage per mole of superoxide produced. 

Further evidence for this came from the efficiencies calculated for the two conjugates. In 

spite of producing superoxide at less than one tenth the rate observed for quinocarcin and 

tetrazomine, the conjugates were an order of magnitude more efficient in causing damage to 

DNA. 

As illustrated in Figure 39, the DNA-cleavage concentration p~ofiles for the 

compounds studied display distinct behavior. At low concentrations (below 25 uM) a 

slow increase in DNA-cleavage was observed for all compounds. For compounds 16, 20 

and 315, a marked increase in DNA damage occurs above 25 µM; for compound 160, this 

change occurs above 1000 µM. The exception to this trend seems to be compound 314 

which maintains a slow increase in DNA-cleavage activity over the entire concentration 

range. These data suggest that the preferred AT-rich regions of the DNA substrate might 

be saturated by 314 at low drug concentration, and increasing the drug concentration thus, 

only has a moderate effect. Further evidence for sequence-selective cleavage by 314 and 

characterization of the cleavage sites was conducted with 32P-end-labeled restriction 

fragments, the results of which are described below. 

A 516 base pair restriction fragment from pBR 322 was employed. Initially, the 

3'-32P-end-labeled fragment was used which was prepared by linearization of the purified, 

supercoiled substrate with Eco RI restriction endonuclease. Following 3'-labeling a second 

restriction digest with Rsa I produced the desired 3'-32P-end-labeled 516mer which was 

subsequently gel purified. Figure 40 depicts the sequence random nature of cleavage of 

this substrate mediated by quinocarcin (Figure 40, lane 2). As previously shown using the 
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reaction; lane 5, 3'-labled DNA+ 200 µM 314; lane 6, 5'-labled DNA+ 200 µM 314. 

All reaction run in 10 mM pho phate buffer (pH 8) at 37°C for 10 hours. 
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supercoiled plasmid cleavage assay, quinocarcin is a significantly more effective DNA-

cleaving agent than 160 (lane 3). However, as can be seen in lanes 3 and 4 (Figure 40), 

covalent attachment of spermine to 160 (producing 315) causes a marked increase in 

cleavage activity although there was no indication of any sequence-specific nature to this 

damage. The netropsin conjugate (314) (Figure 40, lane 5) however, does exhibit a 

definite sequence-selective DNA-cleavage pattern. 

In order to fully elucidate the pattern of DNA damage exhibited by compound 314, 

the 516 base pair substrate was also labeled (5'_32p) in an analogous manner to that 

described for the 3'-labeling process. Having the 516 base pair substrate labeled on both 

the 3' and 5' ends allowed for the determination of cleavage activity occurring on each 

individual strand of the double helix. The results of this double labeling experiment are 

illustrated in Figure 41. Lanes 5 and 6 (Figure 41) illustrate reactions of compound 314 

with the 3•_32P-labeled and 5•_32P-labeled DNA respectively. The data from this 

experiment are summarized on the histograms in Figure 42; the highest frequency of 

cleavage occurred around the 5'-d(A TTT)-3' sequence (NMR NOESY experiments have 

revealed similar sequence specificity for Distamycin A complexed with the dodecamer 

d(CGCAAA TITGCG)2 78). The actual sites of cleavage however, were two bases to the 3' 

end of this four-base recognition site. There is also evidence from the histograms 

(highlighted in boxes, Figure 42), that in some cases, the drug may be able to bind in two 

orientations, which would also affect cleavage two bases to the 3' end of the 5'-d(AAA T)-

3' recognition sequence. Such an observation is not unexpected since it has been shown 

that many of the distamycin peptides actually bind in two orientation in the minor groove in 

a 1:1 or 2:1 drug to DNA ratio.77,78 It is also significant to note the apparent directional 

preference for cleavage exhibited by compound 314, since little or no cleavage was 

observed around 3'-d(A TIT{f AAA)-5' sequences. 
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Analysis of the data indicates that lesions caused by compound 314 do not 

necessarily occur on the complementary DNA strands at proximal Watson-Crick base 

pairs . Proximal double-strand damage is observed in the case of the distamycin-Fe/EDTA 

affinity cleaving agents.72 In these systems, the metal that mediates the Fenton-type 

Figure 42. Histograms indicating selective cleavage for netropsin con jugate 314 

a 

3' AA CTTAC AA en CCCCAAGGCGCGT AA GGGS' 

Histogram for Figure 40, lane 5. 

b II m )111 111 jj, I 
5' GGATACA~AATG~G~A:A~~~~~AA AGGGGTTCCGCGC 3' 32P 
3' CCTATGT~TTAC~C TTT TT CCCCAAGGCGCGS' 

Ill l 1 l • II • 

Histogram for Figure 41, lanes 5 and 6. 

production of hydroxyl radical is held proximal to the DNA as a consequence of being 

complexed to the EDT A moiety. If the redox-active oxazolidine portion of DNA-bound 

314 is generating a (non-d.iffusable) proximal reactive oxidant, or a highly reactive 

diffusable oxidant (such as hydroxyl radical) one would expect cleavage to occur on one or 

both strands of the DNA in close proximity to the si te where the drug is bound to the 

recognition sequence. Alternatively, if superoxide is the only initial species produced by 
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bound drug, the superoxide molecule must diffuse away from the drug to interact with 

Fe(III) in solution to initiate the Haber-Weiss/ Fenton cycling of hydroxyl radical. In this 

case, sequence-random cleavage would be expected and a "footprint" of the bound drug 

might be anticipated . Examination of the autoradiogram and histogram (Figure 42b) for 

314 suggests that an alternative mode of DNA damage may be operating. One plausible 

explanation for the observed cleavage pattern would be that compound 314 is also 

operating via a direct hydrogen atom abstraction mechanism. Superoxide production by 

this class of compounds is proposed to occur as a result of the attack of molecular oxygen 

on a carbon-centered radical (Scheme 56, 295 or 298) derived from the auto-redox 

disproportionation of the oxazolidine ring or by exogenous reduction of 314 (Scheme 56) 

followed by expulsion of superoxide. It is therefore possible that proper orientation of the 

drug as dictated by the netropsin moiety, might position the radical in the proper geometry 

to abstract a hydrogen atom from the phosphoribose backbone that, in the presence of 

oxygen, would ultimately result in scission of the DNA. Experimental support for this 

hypothesis is presented in Table 14 (entries 4 and 5) which shows that DNA damage 

caused by compound 314 is not readily inhibited by the addition of SOD and catalase; this 

situation is in marked contrast to quinocarcin (Table 12, entries 12 through 14); 

tetrazomine (Table 13, entries 11 through 13) compound 160 (Table 14, entries 1 and 2) 

and compound 315 (Table 14, entries 7 and 8), whose DNA cleavage chemistry all display 

sensitivity to SOD and catalase. These data strongly suggest the involvement of a 

superoxide-independent mechanism in the DNA cleavage exhibited by compound 314. 

An issue of further intrigue in the case of 314, involves the exact mechanism for the 

reduction of the bound or unbound drug and the presentation of the reduced species to the 

DNA substrate. 

Based on the observed DNA-cleavage chemistry of compound 314, it was 

considered whether it was possible from a structural viewpoint, for 314 to bind in the 
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minor groove to a four base recognition sequence and adopt the requisite geometry to 

abstract a hydrogen atom two bases to the 3'-side. To attempt to answer this question, 

molecular modeling was employed by docking the "natural" enantiomer of 314 into the 

Figure 43. Proposed hvdrogen bonding interaction for 314 with the d(AJTD binding site 

based on published interactions exhibited by nerropsin 

5' 

3' 

b 

dodecamer d(CGCAAA TITGCG)i which contains the 5'-d(A TIT/T AAA)-3' sequence of 

interest. By taking advantage of known hydrogen-bonding interactions exhibited by 

netropsin (Figure 43a)80,8l and applying these parameters to the binding of 314 (Figure 

43b), it was possible to obtain the minimized structure depicted in Figure 44. It can be 

seen from this model, which involves contact with all four bases of the recognition site, 

that C-7 of the oxazolidine ring of compound 314 is oriented to fall within~ 3 A of the 
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C-4' hydrogen atom of the deoxyribose ring two base pairs to the 3'- end of this sequence. 

As a corollary to this, preliminary data have suggested that there may be a preference for C-

4' hydrogen atom abstraction for this cleavage. Reaction of compound 314 with the 5'-

32P-labeled restriction fragment gave DNA products that, upon reaction with T4 

polynucleotide kinase resulted in no apparent band shift, suggesting that the 3'-

phosphoglycolate product may be formed preferentially (as predicted by the model in 

Figure 44) in these reactions. These results are preliminary; however, future studies with 

appropriate small oligonucleotides should verify these results. 

4.3.c. Antimicrobial activity. The new, synthetic compounds (160 , 314 and 315) 

were assayed for in vitro antibacterial activity against the following organisms by the agar 

disc-diffusion assay: Bacillus subtilis, Staphylococcus aureus, Micrococcus luteus , E. coli, 

Pseudomonas aeruginosa, Klebsiella pneumoniae, Serratia marcescens, Candida albicans, 

Saccharomyces cerevisae, Mycobacteria peregrinum, Mycobacteria smegmatis, 

Mycobacteriafortuitum and Mycobacteria chelonei. Only compound 315 displayed weak 

anti-microbial activity against Bacillis subtilis (at 1 mg/ mL) and Mycobacteria smegmatis 

( at 10 mg / mL). Control assays with spermine and compound 160 showed no activity 

against Mycobacteria smegma tis. 

4.4. Conclusion 
In summary, a previously unrecognized reaction for the reduction of molecular 

oxygen by a simple heterocyclic ring system has been presented. This reduction is driven 

by the inherent intermolecular redox chemistry of the drugs themselves, requiring no 

exogenous reductants. The ability to produce superoxide enables quinocarcin and 

tetrazomine to affect oxidative damage of DNA. While it is not yet clear whether the 

antitumor properties of these substances are a manifestation of the oxidative DNA-cleavage 

ability they possess or their ability to inhibit nucleic acid synthesis (or some combination 
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thereof), it was of interest to study this Qi-dependent DNA-cleavage mechanism since there 

were no readily recognizable functionalities associated with these compounds that would 

give rise to this activity. 

The capacity of many antitumor antibiotics to cause oxidative damage to DNA in 

cancerous tissues is typically inseparable from the non-specific damage inflicted on healthy 

cells by reduced oxygen species and is widely recognized to be associated with the 

undesirable host toxicity of many antitumor drugs. Although quinocarcin exhibits very 

promising antitumor activity , it does suffer from non-specific cytotoxicity problems. 

Chemical means to attenuate the production of the reactive intermediates, or to direct the 

activity of the drugs more specifically, is deemed highly desirable. 

The ability to prepare a structurally less complex analog of quinocarcin which 

exhibits most of the physical properties associated with the parent compound has been 

demonstrated. By covalently attaching known DNA binding molecules it has been possible 

to vary the mechanism and DNA cleavage specificity of this class of antitumor antibiotics. 

Through the use of synthetic chemistry, it has been possible to identify unique 

stereoelectronic control elements of the oxazolidine ring, which is the biologically 

significant functional group responsible for the production of reactive oxidants that 

ultimately causes damage to nucleic acids. This has allowed for the preparation of the first 

totally synthetic analog (314) of this class of compounds that has markedly different DNA 

damaging chemistry than the natural products or the other synthetic analogs. It should now 

be possible to apply the insights gained from this study to the semi-synthetic alteration of 

the natural products themselves with the objective of decreasing their non-specific 

cytotoxicity, thereby increasing their potential efficacy as chemotherapeutic agents. 
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Compounds were prepared by standard laboratory procedures. Chromatography 

for compound isolations employed Selectoscientific silica-gel (32-63) or EM Science TLC 

plates (silica-gel 60, F254, 20 x 20 cm x 250 µm). Radial chromatography employed a 

Chromatotron Model 7924 using 2 or 4 mm silica plates as needed. HPLC separations 

were carried out using a Waters 6000 pump equipped with a variable wavelength UV 

detector (Waters). 1H NMR and 13C NMR data was collected using a Bruker AC-300 or 

270 MHz Ff NMR spectrometer and chemical shifts reported relative to TMS. 1H NMR 

data collected in methanol-d4 were reported relative to the methanol peak at 3.30 and data 

collected in DMSO-d6 were reported relative to the DMSO peak at 2.49. IR data was 

collected on a Perkin Elmer 1600 FTIR. 

Unless otherwise stated, all chemical tranformations were carried out in flame-dried 

glassware under an atmosphere of argon or nitrogen. Tetrahydrofuran and diethyl ether 

were dried over sodium/benzophenone while dichloromethane and toluene were dried over 

calcium hydride. Following distillation, transfer of solvents was conducted using oven-

dried syringes. 

Caution! Reactions involving phosgene, thionyl chloroide, oxalyl choride and 

other toxic materials that created an inhalation hazard were carried out in a well ventilated 

fume hood. Experiments involving 32P-enriched ATP of dA TP were handled behind a P-
shield whenever possible and appropriate personal protection (gloves , goggles, ect.. .) 

used. 
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Disproportionation of 16 and HPLC analysis of products. 

Solutions of citrate free 16 were made up in 10 mM phosphate buffer at the 

indicated pHs (D2O and 18QH2 were also employed as indicated) which had been 

deoxygenated under freeze-thaw vacuum purging with nitrogen. An aliquot was then 

analyzed by HPLC (C18 Resolve Pack Column (Waters) ; 5% methanol/5% acetonitrile in 

6mM potassium phosphate pH 6.8 (isocratic); and detected by UV at 270nm) which 

revealed only the peak at 16min. corresponding to 16. The solution was then allowed to 

age at 25°C under anaerobic conditions with aliquots being taken periodically and analyzed 

by HPLC for quinocarcin and formation of 19 and 17, retention times lOmin. and 22min. 

respectively. Authentic quinocarcinol (17) was obtained from quinocarcin by NaBH4 

reduction according to Tomita. The authentic sample of quinocarcinol was identical to that 

obtained by the disproportionation of 16 described above by 1 H NMR, IR, and TLC (silica 

gel; 10% H2O in ethanol) . 

Analytical data for quinocarcinamide (19). 

1H NMR (300 MHz) (D20) o HOD: 2.34 (1 H, dd, J = 13.6 Hz, J = 9.9 

Hz); 2.38 (3 H, s); 2.59 (1 H, ddd, J = 13.6 Hz, J = 7.0 Hz, J = 7.0 Hz); 2.78 (1 H, m); 

3.03 (1 H, m); 3.22 (1 H, dd, J = 7.0 Hz, J = 10.3 Hz); 3.58 (1 H, d, J = 6.6 Hz); 3.70 

(1 H, dd, J = 11.4 Hz, J = 3.9 Hz); 3.79 (1 H, m); 3.82 (1 H, Br. s); 3.87 (3 H, s); 

3.93 (1 H, dd, J = 11.4 Hz, J = 4.4 Hz); 5.45 (1 H, t, J = 4.0 Hz); 6.94 (1 H, d, J = 7 .8 

Hz); 7.04 (1 H, d, J = 7.8 Hz); 7.33 (1 H, d, J = 7.8 Hz) . 

IR (KBr): 3601, 3430, 2929, 2340, 2020, 1897 , 1792, 1626, 1580, 1388, 

1079 cm- 1. Additional structural verification was secured through esterification to 

quinocarcinamide methyl ester as follows. To 2.0 mL of 1 M NaOH was added 5 mg of 1-

methyl-3-nitro-1-nitrosoguanidine (Aldrich). The diazomethane formed was carried via 

nitrogen pressure bubbling through a 2.0 mL solution of dioxane/H2O (1 : 1) containing 1 

mg of 19. Once the dioxane solution had turned yellow, the flask was then sealed and the 
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mixture was allowed to stand at room temperature for 30 min. The mixture was then 

concentrated to dryness affording 1 mg of the corresponding methyl ester whose 1 H NMR 

matched that of a synthetic sample kindly provided by Prof. S.J. Danishefsky. This 

procedure was also utilized for aliquoting the I 80 experiments for mass spectral 

determinations. 

Reductions of Nitroblue Tetrazolium (NBT). 

Each reaction was performed in triplicate by adding an appropriate amount of drug 

stock solution to an aerated solution of nitroblue tetrazolium (0.12 mM) in 20 mM 

phosphate buffer (at the indicated pH) containing 1 % Triton XIOO detergent and the final 

volumes brought to 750µL with deionized water. The optical absorbance was measured at 

25°C over a 30min. period at 500 nm (Varian OMS 80 UV/vis. spectrophotometer) and the 

~OD was the average slope for the linear OD change over the reaction time. The rates for 

superoxide production were calculated by assuming that [02] does not appreciably change 

over this time period and is in excess (zero order in oxygen). The rates (reported in Table 

1, Chapter 4) were calculated from the ~OD measurements and based on a molar extinction 

coefficient (Eo) of 12,200 for the monoformazan product of NBT at 500 nm. 

Preparation of supercoiled plasmid DNA (pBR 322). 

To 40 µL of electro-competent cells(£. coli.; MC 1061) was added 1 µL (1 µg) of 

pBR 322 plasmid DNA (New England Biolabs), the mixture agitated, and aged in an ice-

bath for 1 min. The mixture was then transferred to an ice cooled, 0.1 cm electroporation 

cuvette and the material pulsed (BioRad Gene Pulser) at 25 µF, 200 Q and 1. 1 kV. The 

cells were then quickly transferred to I mL of sterile SOC broth (20 mM glucose, 20 g 

bacto-tryptone (Difeo), 5 g bacto-yeast (Difeo), 1 g MgC}i, 0.5 g NaCl, and 186 mg KCl 

to 1.0 L) and incubated at 37°C, with agitation (200 rpm), for 1 h. The mixture was 
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transferred to a sterile Eppendorf tube and centrifuged (14 K, 5 min., room temperature) . 

The supernatant was discarded and the cells resuspended in 400 µL of sterile SOC broth. 

Dilutions were made to 102, 104, 106, lQ8 (400 µLeach), and 100 µL of each plated onto 

LB agar plates containing 30 µg/mL ampicillin (in duplicate). The plates were invened and 

incubated at 37°C for 18 hat which time colonies were counted and a yield of 1010 

transformants assessed. Resistant colonies were then grown in 3.0 L of sterile LB broth 

(10 g bacto-tryptone, 5 g bacto-yeast extract, and 10 g NaCl to 1.0 L) containing 30 µg/mL 

ampicillin, at 37°C for 18 h until an OD (optical density) of 0.800 to 0.900 was achieved. 

Chloramphenicol (170 µg/mL final concentration) was added and the incubation continued 

for an additional 18 h. The cells were pelleted by centrifugation (5K, lOmin. , 4°C), and 

the plasmid DNA (pBR 322) isolated following the Qiagen maxi-prep kit procedure. 

Purification of supercoiled plasmid DNA used in DNA-cleavage assays. 

Supercoiled plasmid DNA (pBR 322) from plasmid preparations or <l>X 174 

(purchased from New England Biolabs) used in plasmid nicking assays were purified on 

1 % agarose gels . The gels were electrophoresed at 75 V for 2 h, then the bands 

corresponding to supercoiled DNA, as visualized by hand held ultra violet (UV) light on a 

preparative TLC plate (EM Science Silica Gel 60, F254, 20 x 20 cm, x 250 µm) 

background were excised and the DNA removed from the gel with a Schleicher & Schuell 

Elutrap electroeluter at 150 V (3 h). The DNA was then concentrated and desalted on 

Microcon 30 membranes (Amicon Inc.). 

Cleavage of supercoiled plasmid DNA (pBR 322 and <l> X 174). 

DNA-cleavage reaction mixtures were made up by addition at 0°C of appropriate 

amounts of reagent stock solutions to a stock solution of pBR 322 DNA plasmid containing 

0.5 µg DNA per reaction. The total volumes of the reaction mixtures were brought up to 
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10 µL with distilled and deionized water when necessary and the reaction mixtures were 

incubated at 37°C for 2 h in tightly capped plastic Eppendorf tubes. Stock solutions for 

experiments including DNA were prepared using distilled , deionized water and 

commercially available reagents : OTT - Sigma; sodium phosphate monobasic - EM 

Science; sodium phosphate dibasic, 30% hydrogen peroxide - Malinckrodt; superoxide 

dismutase, beef liver catalase (suspension in water) - Boehringer Mannheim Biochemical. 

Desferal was the generous gift from Ciba-Geigy Co. The cleavage of plasmid DNA was 

detected by loading the reactions onto 0.8% agarose gels (containing 0.4 µg/mL ethidium 

bromide) and electrophoresed for 2 hat 55 V. The electrophoresis gels were immediately 

visualized on a UV transilluminator and photographed using black and white instant films 

(Polaroid T667). The measurements of the relative intensities of DNA bands were 

performed on the photographs using the Dell System 325 computer and Technology 

Resources Inc. image processing software. The film used to photograph the gels was 

confinned to have a linear response to the range of DNA quantities used. The mean number 

of single strand scissions (S) per supercoiled DNA substrate was calculated using the 

Poisson distribution (see Chapter 4.2.c). All reactants were mixed at ice bath temperature 

and brought to a final volume of 10 µL. All reactions were then incubated for 2h at 37°C in 

the indicated buffer with 0.5 ug pBR 322 plasmid DNA. 

Labeling (S'-32P) of synthetic oligonucleotides for high resolution 

polyacrylamide gel electrophoresis. 

To a solution of the synthetic deoxyoligonucleotide (100 pmol) in 74µL of 

deionized water was added 20 µL of polynucleotide kinase buffer, 4 µL (40 units) of T4 

polynucleotide kinase (New England Biolabs) and 1 µL (10 µCi) of -y-32p ATP (Dupont). 

The reaction was incubated for 60 min at 37°C and 10 min at 70°C. The solution was 

loaded onto a 2 ml column of Sephadex G-50 and eluted with deionized water. The first 
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radioactive fraction was collected and precipitated with ethanol/ 3M NaOAc (pH 5.2), and 

dried. Annealing was performed by mixing equimolar amounts of the 5'-32P-end-labeled 

strand and the complimentary strand in deionized water to a final volume of 100 µLand 

heated to 65°C for 30 min. and slowly cooled to o0 c. 

Reactions with 5•.32P-labeled oligonucleotides and electrophoresis of 

products. 

Reactions were made up by additions at 0°C of appropriate amounts of stock 

solutions to 3 µL of labeled DNA (-5 pmol). The total volume of the reactions was brought 

to 10 µL with deionized water and enough 100 mM phosphate buffer (at indicated pH) 

such to achieve a final concentration of 20 mM phosphate. Each reaction was incubated at 

37°C for 5 h (none of the reactions contained any additional reducing agents such as DIT). 

To the reaction mixtures were then added 1 µL of 3M NaOAc (pH 5.2) and 60µL of 

ethanol and the resulting solutions aged at -70°C for 10 min. The tubes were centrifuged at 

14 K for 10 min. at 4°C , the supernatants discarded and the DNA pellet dried under 

reduced pressure. To each dried pellet of DNA, was added 10 µL of loading buffer 

(formamide, 10 mM EDTA, pH 8, 0.025% xylenecyanol FF and 0.025% bromophenol 

blue) then heated to 90°C for 2 min., placed on ice and immediately loaded (20,000 

CPM/lane as measured using a Packard scintillation counter) onto 20% denaturing (urea) 

polyacrylamide gels and run for -6h at 1300 V. The bands were then visualized by 

autoradiography using Kodak X-OMAT AR (35 x 43 cm) film. 

Band shift assays by enzymatic 3'-phosphate removal. 

To DNA-cleavage reactions redissolved in 10 µL of deionized water were added 2 

µL of 10 x T4 kinase buffer and the mixtures heated to 90°C for 2 min. After cooling to 

0°C, 20 units of T4 polynucleotide kinase (New England Biolabs.) were added, the 
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reactions mixed and incubated at 37°C for 1 h. The reaction mixtures were then ethanol 

precipitated, the pellets washed with 70% ethanol, dried under reduced pressure then 

redissolved in tracking dye (formamide, 10 mM EDT A, pH 8, 0.025% xylenecyanol FF 

and 0.025 % bromophenol blue) and loaded to polyacrylamde gels and run as described 

above. 

Preparation and 32p.Jabeling of pBR 322 restriction fragments. 

Supercoiled plasmid DNA (pBR 322) was linearized with Eco Rl restriction 

endonuclease (Boehringer Mannheim) and split into two portions. The first portion was 

labeled (3'-32P) by addition of DNA polymerase (Kienow enzyme, labeling grade -

Boehringer Mannheim) and a 32P-dA TP (Dupont) for 30 min at 25°C. Additional Klenow 

enzyme was then added followed by cold, 100 mM dATP (New England Biolabs) and the 

reaction aged at 25°C for an additional 30 min to insure complete fill-in . The enzyme was 

heat denatured at 65°C for 15 min then purified by Sephadex G-50 size exclusion 

chromatography. The first radioactive fraction was ethanol precipitated and dried under 

reduced pressure (Savant Speed-Vac, SVC-100) . The residue was dissolved in deionized 

water and phenol/chloroform extracted, 24: 1 chloroform/isoamylalcohol extracted and 

ethanol precipitated. Separately, the second portion was labeled (5'-32P) by first 

phenol/chloroform and 24: 1 chloroform/isoamylalcohol extracting the Eco RI linearized 

plasmid. The ethanol precipitated, dried pellet was then dephosphorylated with calf 

intestinal alkaline phosphatase (CIP - New England Biolabs) as directed by the 

manufacturer, the enzyme deactivated by heating at 70°C followed by phenol/chloroform 

and 24: 1 chloroform/isoamylalcohol extractions and ethanol precipitation. The dried pellet 

was treated with 10 to 20 µCi of y 32P-A TP (Dupont) in the presence of 40 units of T4 

polynucleotide kinase (New England Biolabs) for 60 min, the enzyme deactivated by heat 

denaturation at 70°C for 10 min and loaded to a 2 mL sephadex G-50 column. The first 
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radioactive fraction was ethanol precipitated and dried under reduced pressure. In both 

cases (3' and 5'-labeled material) the dried pellets were redissolved in deionized water and 

restriction cut a second time with Rsa I (Boehringer Mannheim), the reaction mixtures 

ethanol precipitated, dried under reduced pressure, redissolved in tracking dye (fonnamide, 

10 mM EDTA, pH 8, 0.025% xylenecyanol FF and 0.025% bromophenol blue) and 

loaded to 15% preparative, non-denaturing polyacrylamide gels . The gels were 

electrophoresed at 400 V until the xylenecyanol reached the bottom of the gels. TI1e bands 

corresponding to the 167 and 516 base pair restriction fragments, as indicated by 

autoradiography, were excised from the gels and isolated by extraction into 500 mM 

ammonium acetate/1.0 mM EDTA (pH 8) followed by 11-butanol extraction and ethanol 

precipitation. 

Reactions with 32p.fabeled restriction fragments. 

Reactions were made up by additions at 0°C of appropriate amounts of reagent 

stock solutions (stock solution of 314 was prepared as the hydrochloride salt) to 3 µL of 

32P-labeled DNA (approximately 100 µM base pairs final concentration). The total volume 

of the reactions were brought to 10 µL with deionized H2O and enough 100 mM phosphate 

buffer (pH 8) such to achieve a final concentration of 10 mM phosphate. Each reaction 

was incubated at 37°C for 10 h. To the reaction mixtures were then added 1 µL of 3 M 

NaOAc (pH 5.2) and the reaction mixture ethanol precipitated and dried under reduced 

pressure. To each pellet was added 10 µL of loading buffer (formamide, 10 mM EDT A, 

pH 8, 0.025% xylenecyanol FF and 0.025% bromophenol blue) then heated to 90°C for 5 

min and immediately loaded (10,000 CPM/lane as measured by a Packard 1500 liquid 

scintillation analyzer) to 20 x 40 cm, 15% denaturing (urea) polyacrylamide gel containing 

20% formamide and run at 1300 V until the xylenecyanol reached the bottom of the gel. 

The gels were then fixed in 5% acetic acid, 15% methanol (aq), dried on a Bio-Rad 583 gel 
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dryer and the bands visualized by autoradiography using Kodak X-OMA T AR (35 x 43 

cm) film. 

Molecular modeling. 

Molecular mechanics were carried out using DRIEDING forcefield in the molecular 

modeling package BIOGRAF (Molecular Simulations, Inc., 16 New England Executive 

Park, Burlington, MA 01803-5297). Netropsin conjugate 314 was manually docked in 

the minor groove into the 5'-d(A TTT)z-3' sequence of the 5'-d(CGCAAA TTTGCG)z-3 ' 

dodecamer and minimized. The dodecamer 5'-d(CGCAAA TTTGCG)z-3' was obtained 

from the Brookhaven Protein Data Bank. 
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(2-Methoxyphenyl)oxirane (162). 
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A non-homogenous mixture of 0-anisalkehyde (161) (20 g/0,147 mol), 500 mL of 

dichloromethane. aqueous NaOH (50%, 330 mL), tetra-11-butylammonium iodide (0.52 

g/0.0014 mol) was vigorously stirred at room temperature for 5 days. After dilution with 

water the organic layer was separated, washed with water, dried over Na2S 04 , 

concentrated in vacuum and the residue was Kugelrohr distilled to yield 20.4 g of the pure 

product in the form of a colorless liquid. 93% yield. 

1N NMR (270 MHz) CDC!J) 8 TMS: 2.69 (1 H, q, J = 2.4 Hz), 3.12 (1 H, q, J 

= 4.6 Hz) , 3.85 (3 H, s), 4.20 (1 H, t, J = 2.7 Hz), 6.91 (2 H, m) , 7.15 (1 H, q, J = 1.6 

Hz), 7 .25 (1 H, m). 

IR (NACI) : 3051, 3002, 2941, 2838 , 1689, 1602, 1496, 1466, 1439, 1391 , 

1287, 1256, 1103, 1048, 1027, 989,880, 775 cm-1. 
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162 164 

0-2-Chloro-2-(2 '-methoxyphenyl)-N-ethoxyacetyl carbamate (164 ). 

A solution of epoxide 162 (0.69 g/4.60 mmol) and 10 mL of a 20% phosgene 

solution in toluene (Fluka) was sealed in a flask and stirred at room temperature for 60 h. 

The excess phosgene was then removed by nitrogen purge through a caustic scrubber for 

2h . The reaction mixture was then concentrated under reduced pressure producing 

chloroformate 163 as on oil. This material was then redissolved in dichloromethane (15 

mL) and a solution of saturated NaHCO3 (15 mL) added followed by a solution of glycine 

ethyl ester hydrochoride dissolved in a small volume of water. The resulting two phase 

reaction then stirred vigorously at room temperature for 20 min , at which time the layers 

were separated and the organic layer (bottom) washed with water, dried over Na2SO4 and 

concentrated to dryness in vacuo affording 1.4 g of 164. 96% Yield. Crystals from 

isopropanol, mp = 61 - 63°C. 

1.6..3... 1H NMR (300 MHz) (CDCl3) 8 TMS: 3.85 (3 H, s), 4.55 (1 H, dd, J = 11.3 Hz, 

J = 5.0 Hz), 4.67 (1 H, dd, J = 11.3 Hz, J = 7.9 Hz), 5.62 (1 H, dd, J = 5.0 Hz), 6.90 (1 

H, d, J = 8.3 Hz), 6.98-7 .03 (1 H, m), 7.30-7.36 (1 H, m), 7.48 (1 H, dd, J = 7.6 Hz, J 

= 1.6 Hz). 

1.6..3... IR (NaCl): 1779, 1492, 1252, 1145, 775 cm- 1. 

IM.. 1H NMR (300 MHz) (CDCl3) 8 TMS: 1.28 (1 H, t, J = 7.2 Hz) , 3.85 (3 H, s), 

3.95 (2 H, d, J = 5.5 Hz) , 4.21 (2 H, q, J = 7.2 Hz), 4.44-4.48 (2 H, m), 5.32 (1 H, br 
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s), 5.58 (1 H, t, J = 6.3 Hz), 6.88 (1 H, d, J = 8.4 Hz), 6.98 (1 H, t, J = 7.2 Hz), 7.3 (1 

H, m), 7.48 (1 H, dd, J = 7.7 Hz, J = 1.6 Hz). 

164. IR (NaCl): 3357, 1729, 1533, 1495, 1252, 1201 , 1052, 1026, 757 cm-I . 

Anal. calcd for C14H 1sCINO5: C, 53.25; H, 5.74; N, 4.43. Found: C, 53.40; 

H, 5.8 1; N, 4.39. 
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164 36 

1-( Carboethoxy )methyl-5-(2 '-methoxy) phenyloxazolidin-2-one (36). 

To a solution of 164 (15.7 g,50.0 mmol) in THF (150 mL) cooled to 0°C a 

solution of potassium t-butoxide (6.13 g, 55.0 mmol) in THF (7 5 mL) was added slowly 

with stirring. After 0.5 h the reaction mixture was diluted with water, slightly acidified 

with dilute HCl and extracted with dichloromethane. The organic extract was dried over 

Na2SO4, filtered and concentrated in vacuum to yield 14 g 36 as an oil. 98% Yield. 

1H NMR (270 MHz) (CDCl3) 8 TMS: 1.26 (3 H, t, J = 7.0 Hz) , 3.43 (1 H, d, J 

= 18.0 Hz), 3.85 (3 H, s), 4.17 (3 H, m), 4.35 (1 H, d, J = 18.0 Hz), 4.74 (1 H, t, J = 
8.5 Hz), 5.35 (1 H, m), 6.99 (2 H, m), 7.31 (2 H, m). 

IR (NaCl): 2960, 2920, 2820, 1750, 1600, 1580, 1485, 1460 cm-1. 



Experimental Sec tion 

159 

165 

1- (Ca rbochloro) methyl -5-(2 '-methoxy )p henyloxazol idin-2-one ( 165). 

To a stirred solution of 36 (14 g/49.0 mmol) in 150 mL of ethanol was added 

LiOH monohydrate (2.8 g, 66.7 mmol) in water (60 mL) at o0c. After 0.5 h the reaction 

mixture was concentrated under reduced pressure to a half volume at room temperature, 

diluted with water, acidified and extracted with ethyl acetate. The extract was dried over 

Na2SO4, filtered and concentrated. From the oily residue the pure acid intermediate was 

obtained by crystallization from ethyl acetate (9.3 g, 74%), mp= 165 - 166°C. Physical 

data matched those reported in the liturature. This material was then slurried in 250 mL of 

dry dichloromethane and to this solution was added 9.2 g (73 mmol) of oxalyl chloride. 

The reaction mixture then stirred at room temperature for 2 h at which time the reaction was 

concentrated under reduced pressure affording 12 g of acid choride 165. 73% Overall 

yield. 

lH NMR (270 MHz) (CDCl3) 8 TMS: 3.78 (1/2 H, s), 3.85 (3.5 H, s), 4.25 (1 

H, dd, J = 8.5 Hz, J = 8.9 Hz) , 4.72-4.76 (2 H, m), 5.32 (1 H, d, J = 9.0 Hz), 6.95-6.98 

(2 H, m), 7 .27 (2 H, m). 

IR (NaCl): 3060, 3020, 2940, 2830, 1800, 1760, 1600, 1590, 1460, 1420 cm-I . 
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1-H yd roxymethyl (2,2 '-carbonyl)-4-keto-8-methoxy-

tetrahydroisoquinolone (37). 

160 

37 

To a solution of acid chloride 165 (14.4 g/48 mmol) in lO0mL of dichloromethane 

and cooled to 0°C was added aluminum chloride (26 g/192 mmol) as a solid over a 15 min 

period. The resulting mixture stirred at 0°C for 30 min followed by stirring at room 

temperature for an additional 3 h. The reaction mixture was then poured onto ice and once 

melted was extracted 3 x lO0mL with dichloromethane, the organic layers combined, dried 

over MgSO4, filtered through Celite and concentrated to dryness in vacuo. The crude was 

then taken up in 3: 1 ethylacetate/hexane and passed through a short column of silica and 

then concentrated to dryness in vacuo affording 10.4 g of isoquinolone 37. 92% Yield. 

Crystals from ethyl acetate/hexanes, mp= 159°C (dee). 

1H NMR (300 MHz) (CDCl3) 8 TMS: 3.85 (1/2 ABq , J = 20.2 Hz), 3.91 (3 H, 

s), 4.25 (1, t, J = 9.4 Hz), 4.68 (1/2 ABq, J = 20.2 Hz), 5.01 (1 H, t, J = 9.9 Hz) , 5.23 

(1 H, t, J = 9.6 Hz), 7.15 (1 H, d, J = 9.2 Hz), 7.45 (1 H, t, J = 9.3 Hz) , 7.73 (1 H, d, J 

= 9.0 Hz). 

IR (NaCl): 3080, 3020, 2940, 2870, 1765, 1695, 1595, 1580, 1430 cm- 1. 
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3-Carboethoxy 1-1-hydroxymethyl(2,2 '-carbonyl)-4-oxo-8-

methoxytetrahydroisoquinoline (38). 

162 

To a stirred solution of 37 (15 g, 0.064 mol) in DMF (375 mL) was added 2.3 g 

(0.096 mol) of sodium hydride as a solid (slowly) and the resulting mixture stirred at room 

temperature for 15 min. The reaction mixture was then cooled to 0°C and to this mixture 

added 7 .0 g (0.07 mol) of ethylcyano fonnate and the resulting solution stirred at 0°C for 

30 min at which time the reaction was poured onto ice and the resulting slurry acidified 

with 1 N HCl (aq). The mixture was diluted with dichloromethane and washed with water 

and brine. The organic layer was dried over MgSO4, filtered, evaporated and the residue 

was chromatographed on silica gel (hexane/ethyl acetate - 3/2) yielding 38 as an 

amorphous solid (15.6 g, 80%), mp= 91 - 92°C. 

1H NMR (270 MHz) (CDCl3) 8 TMS: 1.24 (3 H, t, J = 8.2 Hz), 3.87 (3 H, s); 

4.11-4.25 (3 H, m); 5.05 (1 H, t, J = 8.5 Hz); 5.32 (1 H,s); 5.57 (1 H, t, J 

= 8.5 Hz), 7.16 (1 H, d , J = 7.7 Hz), 7.43 (1 H, t, J = 8.0 Hz); 7.7 1 (1 H, d, J = 7.8 

Hz). 

IR (NaCl): 1765, 1750, 1700, 1250 cm-I; 

Mass spectrum, rn/z = 305 (100), 233 (12) . 
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1-Hyd roxymethyl(2,2 '-carbonyl)-3-ca rboethyoxy-4-hyd roxy-8-

methoxytetrahydroisoq uinoline (39) . 

163 

To a solution of ketoester 38 (19 g, 0.062mol) dissolved in 300 mL of glacial 

acetic acid was added NaBH3CN (7 .8 g, 0.124 mol) and the reaction mixture stirred at 

room temperature for 18 h. After diluting with dichloromethane the organic layer was 

washed with water, Na2CO3 solution, water and dried over Na2SO4. Evaporation of the 

solvent yielded yellowish oily product which crystallized on standing (16 g, 84%). 

Analytical sample was obtained by recrystallization from ethyl acetate/hexane mp = l 19-

1210C. 

1H NMR (270 MHz) (CDCl3) o TMS: 1.23 (3 H, t, J = 7 .0), 3.83 (3 H, s), 4.03 

(1 H, t, J = 8.8 Hz) , 4.92-5.18 (4 H, m), 6.18-6.84 (1, H, m), 7.26-7 .37 (2 H, m). 

13C NMR (300 MHz) (CDCI3) 8: 13.90, 50.27, 53 .95, 55.37, 61.92, 66.35, 

70.1 9, 109.11 , 118.04, 120.89, 129.05, 137.36, 155.03, 156.80, 169.48. 

IR (KBr pellet): 3520, 1753, 1717, 1413, 1221. 

Anal. calcd for C15H17NO6: C, 58.62; H, 5.57 ; N, 4.56. Found: C, 58.72; H, 

5.60; N, 4.44. 
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1-Hyd roxymethyl (2,2' -carbonyl)-3-(N-methyl-N-2,2-

di meth ylethoxy )-carboxa mi de-8-methoxy d ihyd roisoq uin ol i ne ( 169). 

164 

To a solution of crude ~-hydroxyester 39 (148 mg, 0.48 mmol) in ethanol (5.0 

mL) aqueous LiOH (2.0 M, 0.36 mL, 0.72 mmol) was added at room temperature. After 

0.5 h at room temperature the reaction mixture was diluted with water and washed with 

dichloromethane. The aqueous layer was acidified with HCl (2.0 M, 0.4 mL) and 

extracted with dichloromethane. Drying of the organic extract over Na2S 04 and 

evaporation of the solvent yielded slightly yellowish solid (105 mg) which was refluxed in 

toluene (2.0 mL) with thionyl chloride (134 mg, 1.13 mmol) for 3 h. The reaction mixture 

was concentrated in vacuum, the oily residue was redissolved in dry dichloromethane and 

excess of N-methyl-2-amino-2-methyl-1-propanol (118 mg, 1.13 mmol, 3.0 eq. , obtained 

from 2-amino-2-methyl-1-propanol by treatment with methyl chloroformate and subsequent 

reduction of the methylurethane with excess of lithium aluminum hydride) in 

dichloromethane (2.0 mL) was added with ice-water cooling. After 1 h at room 

temperature the reaction mixture was washed with water and the hydroxyamide 169 (63 

mg, 48%) was isolated by radial chromatography on silica gel (ethyl acetate/hexane - 2/1) 

as a crystalline colorless solid. Analytical sample was obtained by recrystallization from 

methanol mp = l 88-l 90°C. 

1H NMR (270 MHz) (CDCl3) 8 TMS: 1.43 (3 H, s), 3.06 (3 H, s), 3.83 (3 H, 

s), 3.80-3.92 (2 H, m), 4.56 (1 H, dd, J = 10.8, J = 9.3 Hz), 5.09 (1 H, dd, J = 8.8 Hz, 
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J = 8.1 Hz), 5.39 (1 H, dd, J = 10.9 Hz, J = 8.2 Hz), 6.03 (1 H, br s), 6.77-6.85 (2 H. 

m), 7.23-7.30 (1 H, m). 

IR (NaCl): 3500, 1755, 1633. 1575 cm-1. 

Anal. calcd for C1sH22N205 : C, 62.41; H. 6.40; N, 8.09. Found : C, 62.21; 

H,6.44; N, 7.89. 

Figure 46. lH NMR spectrum noo MHz) (CDCl.3) of hydroxamide 169 

r,-r-r,--.,.,,, -."'T"'T"T7,T~ ,..,..,..-, 
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169 42a, 42b 

cis-1-Hydroxymethyl-(2,2 '-carbonyl)-3-(N-methyl-N-2,2-

dimethylethoxy) carboxamide-8-methoxytetrahydroisoquinoline (42a) and 

trans-1-hydroxymethyl-(2,2' -carbonyl)-3-(N-methyl-N-2,2-

dimethylethoxy )-carboxamide-8-methoxytetrahyd roisoq uinoline ( 42 b ). 

A solution of unsaturated amide 169 (252 mg, 0.728 mmol) in ethanol (100 mL) 

was hydrogenated under 60 psi H2 at room temperature with 5% palladium on charcoal 

catalyst (240 mg) for 12 h. The mixture of diasteroisomeric products was separated by 

PTLC chromatography on silica gel (dichloromethane{fHF - 20/1) to yield amides 42a 

(131 mg, 52%) and 42b (55mg, 22%) as colorless oils. Analytical samples were obtained 

by recrystallization. 42a (ethyl acetate) mp= 197.5-198.5°C; 42b (ethyl acetate/hexane) 

mp = 131-132°C. 

.41.a... 1H NMR (270 MHz) (CDCl3) 8 TMS : 1.39 (3 H, s), 1.42 (3 H, s), 2.88 (1 H, 

dd, J = 16.9 Hz, J = 3.5 Hz), 3.06 (3 H,s), 3.20 (1 H, br s), 3.41 (1 H, dd, J = 16.3 Hz, 

J = 11.6 Hz) , 3.83 93 H, s), 4.12 (1 H, dd , J = 11.3 Hz, J = 3.6 Hz) , 4.23 (1 H, dd, J = 

9.0 Hz, J = 6.3 Hz), 4.63 (1 H, dd , J = 11.4 Hz, J = 1.2 Hz), 4.85 (1 H. t, J = 8.9 Hz), 

5.14-5.20 (1 H,m), 6.75-6.82 (2 H,m), 7.20-7. 27 (1 H, m). 

IR (NaCl): 3474, 1731 , 1645, 1583 cm·l. 

Anal. calcd for C1sH24N2O5 : C, 62.05 ; H, 6.94; N, 8.04. Found: C, 61.92; H, 

6.75; N, 7.73. 
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ill., 1HNMR (270 MHz) (CDCl3) o CHCl3 : 1.22 (3 H, s). 3.02 (3 H, s). 2 .98-3.12 

(2 H, m), 3.59 (2 H, br s ), 3.78 (3 H, s), 3.87-3.94 (1 H, m) , 4.09 (1 H, t, J = 8.7 Hz), 

4.90 (1 H, t, J = 8.8 Hz), 5.66 (1 H, dd, J = 7.5 Hz, J = 4.6 Hz), 5.18 (1 H, t, J = 8.6 

Hz) , 6 .68 (1 H, d, J = 8.2 Hz), 6.75 (1 H, d, J = 8.2 Hz), 7 .16 (1 H, t, J = 7.9 Hz) . 

il!L, IR (NaCl): 3459, 1745, 1648, 1591, 1084, 731 cm- 1. 

42b, Anal. calcd for Cu~H24N2O5: C, 62.05; H, 6.94; N, 8.04. Found: C, 61.99; H, 

6.86; N, 7.82. 

Figure 47 . lH NMR spectrum (300 MHz) (CDCl2) of cis-amidoalcohol 42a 

rr, ~.,.... -r -r-ri..,. 
· ·~ 9 .0 1 . 5 1 . 0 1 5 
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cis-1-H ydroxymethyl-(2,2 '-carbonyl}-3-(N-methyl-N-2,2-

dimethylethoxy )-aminomethyl-8-methoxytetrahydroisoq uinoline ( 43a ). 

168 

To a suspension of 42a (129 mg, 0.37 mmol, 1.0 eq .) in dry THF (10 mL) 

solution of borane in THF (1.0 M, 1,85 mL) was added at room temperature under N2. 

After 5 h at room temperature 1.0 M aqueous (NH4)2CO3 was added and stirring was 

continued for another 5 h. The reaction mixture was concentrated and partitioned between 

water and methylene chloride. Separation on silica gel by radial chromatography 

(dichloromethane/MeOH - 10/1) yielded starting amide (13 mg, 10%) and amine 43a (80 

mg, 65%) as colorless oil. 

1H NMR (300 MHz) (CDCl3) o TMS: 1.03 (3 H, s), 1.07 (3 H, s) , 2.31 (3 H, 

s), 2.70 (1 H, br s), 2.76-2.85 (2 H, m) , 3.06 (1 H, dd, J = 15.8 Hz, J = 8.8 Hz), 3.16 

(1 H, dd, J = 13.3 Hz, J = 5.3 Hz), 3.30 (1 H, 1/2 ABq, J = 10.8 Hz), 3.45 (1 H, 1/2 

ABq, J = 10.8 Hz), 3.58-3.67 (1 H, m), 3.82 (3 H, s), 4.31 (1 H, dd, J = 9.0 Hz, J = 6.6 

Hz), 4.76 (1 H, t, J = 8.7 Hz), 5.00 (1 H, d, J = 8.1 Hz), 6.82 (1 H, d,J = 7.6 Hz}, 7 .23 

(1 H, t, J = 8.1 Hz). 

IR (NaCl): 3457, 1747, 1586, 1070 cm·1. 
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Fi~ure 48 . lH NMR spectrum <300 MHz) CCDCl1) of cis-amino alcohol 43a 
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42b 43b 

trans-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-methyl-N-2,2-

di methylethoxy )-aminomethyl-8-methoxytetrahydroisoq uinoli ne ( 43 b ). 

To a suspension of 42b (110 mg, 0.32 mmol) in dry THF (10 mL) a solution of 

borane in THF (1.0 M, 1.58 mL) was added at room temperature under N2. After 5 hat 

room temperature 1.0 M aqueous (NH4)2C03 was added and stirring was continued for 

another 5 h. The reaction mixture was concentrated and partitioned between water and 

methylene chloride. Separation on silica gel by radial chromatography 

(dichloromethane/MeOH - 10/1) yielded amine 43b (92 mg, 88%) as colorless oil. 

1H NMR (270 MHz) (CDCI3) 8 TMS: 0.89 (3 H, s), 2.24-2.34 (1 H, m), 2.29 

(3 H, s), 2.53 (1 H, dd, J = 13. l Hz, J = 8.8 Hz), 2.71 (1 H, d J = 12.9 Hz), 3.05-3.25 

(3 Hm), 3.80 (3 H, s), 4.10 (1 H, t, J = 7.9 Hz), 4.35-4.43 (1 H, m) , 4.90 (1 H, t, J = 
8.1 Hz), 4.96-5.02 (1 H, m), 6.71-6.75 (2 H, m), 7.18 (1 H, t, J = 8.0 Hz). 

IR (NaCl): 3455, 1751, 1587, 1077 cm·l. 

Mass spectrum m/z = 335 (MH+ ), 333, 303, 263. 
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43a 44a 

cis-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-methyl-N-2,2-d i methyl-

2-formy I )-aminomethyl-8-methoxytetrahyd roisoquinoli n e ( 44a). 

To a stirred solution of DMSO (10 mg/0.09 mmol.) in 2.0 mL of dichloromethane 

and cooled to -78°C was added 5.7 mg (0.045 mmol) of oxalyl chloride and the resulting 

solution stirred at -78°C for 15 min. Separately, 11 mg (0.03 mmol) of aminoalcohol 43a 

were dissolved in a small volume of dichloromethane and introduced to the reaction vessel 

and the resulting mixture stirred at -78°C for 30 min. At this time, 30 mg (0.30 mmol) of 

triethylamine were added and stirring continued at -78°C for an additional 30 min . The 

reaction mixture was then wanned to 25°C and concentrated under reduced pressure. The 

residue was redissolved in dichloromethane (20 mL), washed with water, dried over 

Na2SO4 and concentrated to dryness in vacuo affording 11 mg of aldehyde 44a. Quant. 

yield. 

1H NMR (300 MHz) (CDCl3) o TMS : 1.09 (3 H, s), 1.12 (3 H, s), 2.30 (3 H, 

s) , 2.70 (I H, dd, J = 13.3 Hz, J = 9.2 Hz), 2.88 (1 H, dd, J = 15.7 Hz, J = 4. l Hz) , 

3.02 (I H, dd, J = 13.2 Hz, J = 4.5 Hz), 3.09 (1 H, dd , J = 15.8 Hz, J = 8.1 Hz), 3.62-

3.68 (1 H, m), 3.82 (3 H, s), 4.30 (1 H, dd, J = 8.9 Hz, J = 7 .2 Hz), 4.77 (1 H, dd, J = 

9.0 Hz, J = 8.1 Hz), 4.98 (1 H, t, J = 7.4 Hz), 6.78 (1 H, d, J = 8.3 Hz), 6.82 (1 H, d, J 

= 7.7 Hz), 7.24 (1 H, t, J = 7.7 Hz) , 9.47 (1 H, s). 

IR (NaCl): 1730, 1586, 1470, 1070 cm- 1. 
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43b 44b 

trans-1-Hyd roxymethyl-(2,2' -ca rbonyl)-3-(N-methyl-N-2,2-

di methy 1-2-formyl)-aminomethyl-8-methoxytetra hyd roisoq uinol ine ( 44 b ). 

To a stirred solution of DMSO (10 mg/0.09 mmol.) in 2.0 mL of dichloromethane 

and cooled to -78°C was added 5.7 mg (0.045 mmol) of oxalyl chloride and the resulting 

solution stirred at -78°C for 15 min. Separately, 11 mg (0.03 mmol) of aminoalcohol 43a 

were dissolved in a small volume of dichloromethane and introduced to the reaction vessel 

and the resulting mixture stirred at -78°C for 30 min. At this time, 30 mg (0.30 mmol) of 

triethylamine were added and stirring continued at -78°C for an additional 30 min. The 

reaction mixture was then wanned to 25°C and concentrated under reduced pressure. The 

residue was redissolved in dichlorometh ane (20 mL), washed with water, dried over 

Na2SO4 and concentrated to dryness in vacuo affording 7 mg of aldehyde 44b. 65% 

Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 0.93 (3 H, s), 0.99 (3 H, s), 2.23-2.42 (5 

H, m), 2.88 (1 H, d, J = 16.3 Hz), 3.06 (1 H, dd, J = 16.2 Hz, J = 5.8 Hz), 3.8 (3 H, s), 

3.98-4.07 (1 H, m), 4.37-4.45 (1 H, m), 4.86-4.94 (1 H, m), 6.71-6.75 (2 H, m), 7.20 

(1 H, t, J = 7.9 Hz) , 9.25 (1 H, s). 

IR (NaCl): 1756, 1587, 1472, 1258, 1078 cm-I . 
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44a 45a 

4a,6a, l laa-2-Aza-7-methoxy-5,4-oxazolo-l ,3,4,6, 11, 11 a-

hexahyd ro-2,3,3-trimethyl-2H-benzo[b ]quinolizine (45a). 
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To a stirred solution of aldehyde 44a (11 mg/0.03 mmol) in 2 mL of ethanol was 

added 0.2 mL of 2 M LiOH (aq) and the resulting mixture degassed by purging with 

nitrogen. The solution then was heated at reflux with stirring for 48 h. After cooling to 

room temperature, the reaction mixture was concentrated under reduced pressure. Water (2 

mL) was added, the mixture extracted 3 x 10 mL with dichloromethane , the 

dichloromethane layers combined, dried over Na2SO4 and concentrated to dryness in 

vacuo. The components were separated by PTLC (silica; 10: 1 dichloromethane/methanol) 

affording 4.2 mg of oxazolidine 45a. 44% Yield. Crystals from pentane, mp = 111-

1H NMR (300 MHz) (CDCl3) 8 TMS: 0.95 (3 H, s), 1.23 (3 H, s), 2.32 (3 H, 

s), 2.39 (1 H, dd, J = 11.5 Hz, J = 9.5 Hz), 2.73-2.98 (4 H, m), 3.52-3.67 (3 H, m) , 

3.77 (3 H, s), 4.55 (1 H, t, J = 6.2 Hz), 6.67 (1 H, d, J = 8.2 Hz), 6.77 (1 H, d, J = 7 .6 

Hz), 7 .14 ( 1 H, t, J = 8.1 Hz). See Figure 4, Chapter 2. 

IR (NaCl): 1581 , 1470, 1260, 1087, 1018, 779 cm- 1. 
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4a,6a,l laP-2-Aza-7-methoxy-5,4-oxazolo- l ,3,4,6, 11, 1 la-

hexa hydro-2,3,3-trimethyl-1,3,4,6, 11,l l a-hexahydro-2H-

benzo[b ]quinolizine (45b). 
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To a stirred solution of aldehyde 44a (10 mg/0.027 mmol) in 2 mL of ethanol was 

added 0.2 mL of 2 M LiOH (aq) and the resulting mixture degassed by purging with 

nitrogen. The solution then was heated at reflux with stirring for 48 h. After cooling to 

room temperature, the reaction mixture was concentrated under reduced pressure. Water (2 

mL) was added, the mixture extracted 3 x 10 mL with dichloromethane, the 

dichloromethane layers combined, dried over Na2SO4 and concentrated to dryness in 

vacuo. The components were separated by PTLC (silica; 10: 1 dichloromethane/methanol) 

affording 2.2 mg of oxazolidine 45b. 27% Yield. Crystals from ethyl acetate/hexanes, 

mp= 159-1600C. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 1.16 (3 H, s), 1.33 (3 H, s), 2.34 (3 H, 

s), 2.52-2.75 (4 H, m), 2.95-3.05 (1 H, m), 3.62 (1 H, d, J = 7.3 Hz) , 3.77 (3 H, s), 

4.16 (2 H, tl = 7.4 Hz), 4.42 (1 H, t, J = 7.7 Hz), 6.71 (1 H, d, J = 7.5 Hz), 6.74 (1 H, 

d, J = 7.6 Hz), 7.18 (1 H, t, J = 7.0 Hz). See Figure 5, Chapter 2. 

IR (NaCl): 1588, 1473, 1260, 1018, 786, 744 cm-I . 
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39 172 

1-H yd roxymethyl-(2,2' -carbonyl )-3-(N-2,2-d i methy lethoxy )-

carboxamide-8-methoxydi hydroisoquinoline (172). 

175 

To a solution of crude ~-hydroxyester 39 (120 mg, 0.42 mmol) in ethanol (5.0 

mL) aqueous LiOH (2.0 M, 0.36 mL, 0.72 mmol) was added at room temperature. After 

0.5 h at room temperature the reaction mixture was diluted with water and washed with 

dichloromethane. The aqueous layer was acidified with HCl (2.0 M, 0.4 mL) and 

extracted with dichloromethane. Drying of the organic extract over Na2S 04 and 

evaporation of the solvent yielded slightly yellowish solid which was refluxed in toluene 

(2.0 mL) with thionyl chloride (150 mg, 1.30 mmol) for 3 h. The reaction mixture was 

concentrated in vacuum, the oily residue was redissolved in dry dichloromethane and 

excess of 2-amino-2-methyl-1-propanol (236 mg, 2.0 mmol) in dichloromethane (2.0 mL) 

was added with ice-water cooling. After 1 h at room temperature the reaction mixture was 

washed with water and the hydroxyamide 169 (55 mg, 40 %) was isolated by radial 

chromatography on silica gel (ethyl acetate/hexane - 2/1) as crystalline colorless solid. 

lHNMR (300 MHz)(CDCl3 ) o TMS : 1.38 (6 H, s), 3.74 (2 H, m) , 3.84 (s, 

3H), 4.67 (1 H, dd, J = 9.9 Hz, J = 9.3 Hz) , 5.08 (1 H, dd, J = 8.6 Hz, J = 8.0 Hz), 

5.37 (1 H, dd, J = 8.3 Hz) , 6.50 (1 H, s) , 6.90 (2 H, d, J = 7.2 Hz), 7.29 (1 H, t, J = 7.6 

Hz). 

IR (NaCl) : 3500, 1755, 1633, 1575 cm-1. 
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Mass spectrum m/z (relative intensity) 332 (0.6) (MH+), 314 (21. 9), 301 (16 .0). 

299 (8.2), 244 (16.5), 186 (14.4), 158 (14.7), 115 (5 .8). 

Figure 49. lH NMR spectrum (300 MHz) (CDC}~) of hydroxyamide 172 

l I [ 
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cis-1-H yd roxymethyl-(2,2 '-carbonyl)-3-(N-2,2-di methylethoxy )-

carboxamide-8-methoxytetrahydroisoquinoline (173a). 

177 

Compound 172 (59 mg/0.18 mmol.), dissolved in 25 mL of ethanol was charged 

to a hydrogenation bomb with 50 mg of 5% Pd on carbon. This mixture stirred at room 

temperature (r.t.) under an atmosphere of H2 (60 psi) for 16 h. The resulting mixture was 

filtered through Celite and concentrated to dryness in vacuo. The diastereomers were then 

separated by PTLC (7: 1 CH2Cl2/fHF), the faster eluting spot corresponding to the cis-

diastereomer (33 mg, 56% ). The trans-product was not characterizable due to impurities. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.28 (3 H, s), 1.36 (3 H, s), 3.01-3.06 

(1 H, m), 3.22-3.35 (2 H, m) , 3.84 (3 H, s), 3.93 (1 H, q, J = 4.2 Hz), 4.08 (1 H, d, J = 
11.0 Hz), 4.43 (1 H, dd, J = 8.4 Hz, J = 4.2 Hz), 4.79 (1 H, dd, J = 8.7 Hz), 5.08 (1 H, 

dd, J = 3.3 Hz), 6.02 (1 H, s), 6.77-6.85 (2 H, m), 7.23-7.28 (1 H, m). 

IR (NaCl): 3359, 2947, 1730, 1586, 1470, 1070 cm-I. 
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Fi~ure 50. lH NMR spectrum <300 MHz) CCDCI.3) of cis-hydroxyamide 173a 

r 
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175 176 

Methyl N-2,2-dimethylethoxy-3-aminopropionate (176). 

To a stirred solution of 2.0 g (22 mmol) 2-amino-2-methyl-1-propanol (175) in 20 

mL of CH2Cl2 was added 2.0 mL (1. 9 g, 22 mmol) of methyl acrylate and 0.5 mL of 

triethylamine. The resulting mixture then stirred at room temperature for 3 days at which 

time it was concentrated to dryness in vacuo. The crude was then taken up in 20mL of 

CHCI3,washed with 2 x 20 mL H2O, the organic layer dried over Na2SO4, filtered through 

celite and concentrated to dryness in vacuo affording pure amine 176 (1.28 g, 36%). 

1H NMR (300MHz) (CDCl3) 8 TMS : 1.07 (6H, s), 2.50 (2H, t, J = 6.3), 2.79 

(2H, t, J = 6.3), 3.32 (2H, s), 3.70 (3H, s). 

13C NMR (300 MHz) CDCl3) 8: 24.00 (q), 24.17 (q), 35.12 (t) , 37.18 (t), 

51.56 (q), 53.50 (s), 67.77 (t). 

IR (NaCl): 3302, 2967, 2872, 1737, 1438, 1363, 1320, 1174, 1097, 1056, 902, 

843 cm-1. 
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168 177 

1-Hyd roxymethyl-(2,2' -carbonyl)-3-(N-2-carboxymethylethyl-N-

2,2-di methylethoxy )-ca rboxamide-8-methoxydihydroisoqu inoline ( 177 ). 

180 

Carboxylic acid 168 (1.2 g, 4 .19 mmol)was refluxed in toluene (20 mL) with 

thionyl chloride (1.5 g, 12.6 mmol) for 3 h. The reaction mixture was concentrated in 

vacuum, the crude acid chloride redissolved in dry dichloromethane (10 rnL) and cooled to 

0°C. To this solution was then added 827 mg (4.7 mmol) of amino alcohol 176 and 756 

mg (5.9 mmol) of triethylamine as a mixture in 8 mL of dichloromethane. The resulting 

mixture stirred at 0°C for one hour then at room temperature for an additional three h. 

Water (10 mL) was then added, the layers separated and the water layer backwashed with 

10 mL of dichloromethane. The dichloromethane layers were then combined, dried over 

N a2S 04 and concentrated to dryness in vacuo affording crude 177 which was then 

purified by flash chromatography (silica; 3:1 ethylacetate/hexanes) producing 630 mg of 

pure 177. 40% Yield. 

1HNMR (300 MHz) (CDCl3) 8 TMS : 1.47 (6 H, s), 2.68 (2 H, t, J = 8.0 Hz), 

3.60 (3 H, s), 3.65-3.75 (2 H, m), 3.82 (2 H, s), 3.82 (3 H, s), 4 .57 (1 H, t, J = 10.6 

Hz), 5.09 (1 H, t, J = 8.2 Hz), 5.42 (1 H, t, J = 9.5 Hz), 6.16 (1 H, br. s), 6.78 (1 H, d, 

J = 7.5 Hz), 6.83 (1 H, d, J = 8.2 Hz), 7.26 (1 H, t, J = 7.8 Hz). 13CNMR (300MHz) 

(CDCl3) 8 : 14.1 (s), 20.9 (q), 21.3 (q), 36.1 (t) , 51.7 (q) , 55 .5 (q), 60.3 (t), 62.5 (s), 

71.0 (t) , 110.9 (d), 117 .9 (s), 119.2 (d), 129.6 (d), 130.7 (s), 155 .0 (s) , 171.0 (s), 171.2 

(s). IR (NaCl): 3506, 2950, 1753, 1643, 1476, 14 12, 1265 , 1094 cm·1. 



Experimental Section 

181 

O MeMe OH µ 
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O MeMe OH Hµ 
N 
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177 178a, 178b 

cis and trans-1-Hydroxymethyl-(2,2' -carbonyl)-3-(N-2-

ca rboxymeth yl eth yl-N-2,2-di methyl eth oxy )-car box a mi de-8-

meth oxytetrahyd roisoquinoline (178a and 178b). 

To 177 (540 mg/1.29 mmol) dissolved in 58 mL of ethanol was added 412 mg of 

5% Pd on carbon and the solution saturated with H2. The resulting mixture then stirred at 

room temperature in a hydrogenation bomb under 60 psi H2 for 48 h. The reaction mixture 

was then filtered through Celite and concentrated to dryness in vacuo affording 490 mg of a 

4: 1 mixture (cis I trans) of diastereomers. The cis diastereomer (178a) was isolated by 

flash chromatography (silica; 7:1 dichloromethane/THF, Re= 0.49) producing 360 mg of 

pure 178a. 66% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 1.40 (3 H, s) , 1.44 (1 H, s), 2.51-2.62 (1 

H, m), 2.74 (1 H, dd, J = 5.7 Hz, J = 4.9 Hz), 2.85 (1 H, dd, J = 3.4 Hz, J = 13.8 Hz), 

3.08 (1 H, t, J = 11.2 Hz) , 3.43 (1 H, dd, J = 11.5 Hz, J = 5.1 Hz), 3.63-3.73 (1 H, m) , 

3.68 (3 H, s), 3.83 (3 H, s), 3.96-4. I 2 (1 H, m), 4.19 (1 H, dd , J = 3.5 Hz, J = 7 .6 Hz), 

4.27 (1 H, dd, J = 5.9 Hz, J = 3.1 Hz), 4.70 (1 H, dd, J = 4.0 Hz, J = 7 .7 Hz), 4.84 (I 

H, t, J = 8.9 Hz), 5.23 (1 H, t, J = 7.7 Hz), 6.79 (2 H, t, J = 8.5 Hz), 7.24 (1 H, t, J = 
7.9 Hz). 

13C NMR (300 MHz) (CDCl3) 8: 23.4 (q) , 25.3 (q), 30.3 (t), 36.7 (t), 40.7 (t), 

51.9 (q), 54.0 (d), 54.8 (d), 55.3 (q), 62.5 (s), 67.0 (t) , 69 .6 (t), 108.3 (d), 121.7 (d), 

122.5 (s), 128.7 (d), 135.2 (s), 155.7 (s), 157.3 (s), 167.3 (s), 171.6 (s). 
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IR (NaCl): 3488, 2952, 1740, 1655, 1587, 1474, 1412. 1259, 1070 cm- 1. 

Anal. calcd for C21H2gN207 : C, 59.99; H, 6.7 1; N, 6.66. Found: C, 59.70 ; H, 

6.80; N, 6.65. 

Figure 51. lH NMR spectrum (300 MHz) (CDC!~) of cis-hydroxyamide 178a 
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183 

179 

cis-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-2-ca rboxymethylethyl-N-

2,2-d i methyl eth oxy-0-2-tetra hydro pyran-2-y 1)-carboxa mi de-8-

methoxytetra h yd roisoq uinoline (179). 

To a stirred solution of 178a (45 mg/0.107 mmol) in 2 mL of dichloromethane 

containing 1 mg ( 0.005 mmol) of p-toluenesulfonic acid and cooled to 20°C was added 45 

mg (0.532 mmol) of dihydropyran and the resulting solution stirred at 20°C for 1.5 h. 

Ether (10 mL) was added and the reaction mixture washed with 5 mL of sat. NaHCO3, 5 

mL sat. brine, 5 mL water, the organic layer (top) dried over Na2SO4 , decanted and 

concentrated to dryness in vacuo affording 55 mg of crude 179 which was purified by 

PTLC (silica; 3:1 ethylacetate/hexanes; Rr = 0.45) producing 29 mg of pure 179. 56% 

Isolated yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.38 (1.5 H, s), 1.43 (1.5 H, s), 1.48 (3 

H, s), 1.51-1.66 (4 H, m), 1.68-1.83 (2 H, m), 2.88-2.97 (3 H, m), 3.31 (1 H, q, J = 

8.0 Hz), 3.46-3.51 (1 H, m) , 3.68 (1.5 H, s), 3.69 (1.5 H, s), 3.66-3.84 (2 H, m) , 3.81 

(3 H, s), 4.36 (2 H, q, J = 7 .5 Hz), 4.55 (1 H, dd, J = 2.0 Hz, J = 9.4 Hz), 4.83 (I H, 

ddd, J = 1.9 Hz, J = 6.7 Hz, J = 1.9 Hz), 5.12 (1 H, q, J = 7.5 Hz), 6.75-6.80 (2 H, m) , 

7.21 (1 H, t, J = 7.9 Hz). 13C NMR (300 MHz) (CDCl3) 8: 19.8, 23.8, 24.7, 25.4, 

30.5, 31.0, 36.4, 40.5, 51.7 , 53.4, 54.1, 55.2, 60.7, 62.1 , 62.4, 69.7, 72.4, 89 .9, 99.6, 

108.6, 121.4, 122.9, 128.5, 155.5, 155.6, 172.3. IR (NaCl): 2945, 1760, 1661, 1587, 

1475, 1439, 1408, 1378, 1260, 1201 , 1174, 1066, 1034, 903, 766, 731 cm- 1. 
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178a 180 

cis-1-Hydroxymethyl-(2,2 '-carbonyl)-3-(N-2-carboxymethylethyl-N-

2 ,2-di methyl ethoxy-O-acetyl)-ca rboxa mi de-8-

methoxytetrahyd roisoq uinoline (180). 

To a stirred solution of 178a (67 mg/0.159 mmol) dissolved in 5 mL of 

dichloromethane and cooled to 0°C was added 31 mg (0.239 mmol) of N,N-

diisopropylethylamine followed by 19 mg (0.239 mmol) of acetyl chloride. The resulting 

mixture was then allowed to warm to room temperature and stir for 2 h. The reaction 

mixture was then diluted with dichloromethane (20 mL), washed with water, dried over 

MgSO4, filtered through Celite and concentrated to dryness in vacuo. The crude was then 

purified by radial PTLC (silica; 3: 1 ethylacetate/hexanes affording 25 mg of product 180. 

34% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS : 1.40 (3 H, s), 1.50 (3 H, s), 2.07 (3 H, 

s), 2.56-2.72 (1 H, m), 2.83-2.91 (1 H, m), 2.93 (1 H, dd , J = 4.1 Hz, J = 12.2 Hz) , 

3.33 (1 H, dd, J = 8.8 Hz, J = 4.2 Hz), 3.70 (3 H, s), 3.82 (3 H, s), 4.30 (1 H, 1/2 ABq, 

J = 11.0 Hz), 4.34 (1 H, dd, J = 7.0 Hz, J = 1.7 Hz), 4.53 (1 H, 1/2 ABq, J = 11.0 Hz), 

4.82 (1 H, t, J = 8.5 Hz) , 5.13 (1 H, t, J = 7.7 Hz) , 6.76 (1 H, d, J = 5.0 Hz), 6.79 (1 H, 

d, J = 4.3 Hz), 7.21 (1 H, t, J = 7.9 Hz). 
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178a 183 

cis-1-Hyd roxymethyl-(2,2' -carbonyl)-3-(2-N-2-carboxymethylethyl-

3,3-di meth y I oxazol i di n-2-yl)-ca rboxa mid e-8-

methoxytetra hyd roisoq u inoline (183). 

To a stirred solution of 178a (7 mg/0.015 mmol) in dichloromethane (1 mL) and 

cooled to 0°C was added 11 mg (0.076 mmol) of trimethyloxonium tetrafluoroborate, the 

resulting mixture wanned to room temp. and stirred for 2 h. The reaction mixture was then 

cooled to 0°C and an ice-bath cooled slurry of 5.7 mg (0.150 mmol) of sodium 

borohydride in 1 mL of ethanol was added. The resulting mixture then stirred at 0°C for 

30 min. then at room temperature for an additional 2 h. The reaction was then quenched 

with 1 N HCl (aq) and the reaction mixture concentrated under reduced pressure. 

Dichloromethane (20 mL) were added, the mixture washed with NaHCO3 (sat.), dried over 

Na2S 04, decanted and concentrated to dryness in vacuo. The reaction mixture was 

separated by PTLC (silica; 3: 1 ethylacetate/hexanes) affording 4 mg of undesired product 

183. 

1H NMR (300MHz) (CDCl3) 8 TMS: 1.08 (3 H, s) , 1. 15 (3 H, s), 2.53 (2 H, t, 

J = 7.1 Hz), 2.76-2.93 (2 H, m), 3.05-3.23 (2 H, m), 3.17 (1 H, 1/1 ABq, J = 5.8 Hz), 

3.22 (1 H, 1/2 ABq, J = 5.8 Hz), 3.66 (3 H, s), 3.65-3.73 (1 H, m), 3.79 (3 H, s), 4.33 

(lH, t, J = 9.2 Hz), 4.84 (1 H, t, J = 7.5 Hz), 4.96 (1 H, t, J = 9.4 Hz) , 5.07 (1 H, d, J = 

2.4 Hz), 6.74 (1 H, d, J = 8.2 Hz), 6.81 (1 H, d, J = 7.6 Hz), 7.20 (1 H, t, J = 7.8 Hz). 

IR (NaCl) : 2965 , 1747, 1687, 1474, 1384, 1263, 1201, 1070, 766 cm- 1. 
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179 170 

cis-1-Hyd roxymethyl-(2,2' -carbonyl)-3-(N-2-carboxymethylethyl-N-

2,2-dimethylethoxy )-a minomethyl-8-methoxytetrahyd roisoquinoline ( 170). 

To a stirred solution of 179 (30 mg/0.059 mmol) dissolved in 2.5 mL of 

dichloromethane and cooled to 0°C was added 44 mg (0.297 mmol) of Me3OBF4 and the 

resulting solution immediately warmed to room temperature where it stirred for 2.5 h. The 

reaction mixture was then cooled to 0°C and to it added 2.5 mL of ice-bath cooled ethanol 

containing 9 mg (0.236 mmol) of sodium borohydride. The resulting mixture stirred at 

0°C for 30 min. followed by stirring at room temperature for an additional two h. Water (5 

mL) was then added and the mixture extracted 2 x lOmL with dichloromethane, the 

dichloromethane layers combined, dried over Na2SO4 and concentrated to dryness in vacuo 

affording 24 mg of crude 170 which was purified by PTLC (silica; 3:1 

ethylacetate/hexanes; Rr = 0.07) producing 8 mg of pure 170. 35% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS: 1.08 (6 H, s), 2.48 (2 H, t, J = 6.8 Hz), 

2.79 (2 H, t, J = 6.8 Hz), 3.08 (1 H, dd, J = 4.9 Hz, J = 11.3 Hz), 3.35 (1 H, dd, J = 8.1 

Hz, J = 8.0 Hz), 3.66-3.73 (1 H, m), 3.68 (3 H, s) , 3.80-3.84 (1 H, m), 3.83 (3 H, s), 

4.03 (2 H, d, J = 4.7 Hz), 4.34 (1 H, dd, J = 4.9 Hz, J = 3.0 Hz), 4.43 (1 H, dd, J = 7.1 

Hz, J = 1.8 Hz), 4.88 (1 H, t, J = 8.2 Hz), 5.08 1 H, t, J = 7.7 Hz), 6.81 (2 H, t, J = 7.4 

Hz), 7 .23 (1 H, t, J = 8.0 Hz). 

IR (NaCl): 3344, 2949, 1740, 1587, 1474, 1438, 1396, 1262, 1171, 1087, 1028 

cin- 1. 
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OH 

168 

3-Formyl-1-hydroxymethyl (2,2 '-carbonyl)-8-

methoxydihydroisoquinoline (185). 

187 

0 

185 

Carboxylic acid 168 (326 mg, 1.17 mmol) was refluxed in toluene (7 mL) with 

thionyl chloride (4 18 mg, 3.51 mmol) for 3 hand concentrated in vacuum. The residue 

was slurried in 4 mL of dry THF, under a nitrogen atmosphere, and to this mixture was 

added 2 mg (0.08 mmol) of palladium tetrakis-triphenylphosphine. Tributyltin hydride 

(224 mg/0. 77 mmol) was then added over a period of 10 min. The resulting mixture 

stirred for 30 min . at which time the reaction mixture was concentrated under reduced 

pressure. The residue was triturated 3 x with 10 mL of hexanes, dissolved in ethyl acetate, 

passed through a plug of silica and concentrated to dryness in vacuo. This material was 

again triturated 2 x with 10 mL of hexanes affording 171 mg of a yellow amorphous solid. 

60% Yield. 

1H NMR (300 MHz) (CDCl3) <> TMS : 3.84 (3 H, s), 4.65 (1 H, t, J = 9.0 Hz), 

5.15 (1 H, dd, J = 9.0 Hz, J = 8.4 Hz), 5.39 (1 H, t, J = 9.0 Hz), 6.94 (1 H, s), 6.97 (1 

H, s), 7 .00 (1 H, s), 7 .3 1-7 .36 (1 H, m), 10.02 (1 H, s) . 

13C NMR (300 MHz) (CDC13) 6: 53.40, 55 .60 , 71.52, 112.96, 121.33, 

121.44, 121.87, 129.81 , 133.04, 155.12, 156.03, 185 .72. 

IR (NaCl, dichloromethane): 2928, 1752, 1695, 1610, 1475, 1260, 1094 cm-1. 
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1-Hyd roxymethyl-(2,2 '-carbonyl)-3-hyd roxymethyl-8-

methoxyd i hyd roisoq uinoline (185). 

188 

To a stirred solution of 168 (2.6 g/9.35 mrnol) in 52 ml of dry toluene was added 

3.3 g (28 mmol) of thionyl chloride and the resulting mixture heated at reflux with stirring 

for 3 h. The reaction mixture was then cooled to room temperature and concentrated under 

reduced pressure. Dichloromethane (106 mL) was added, the mixture cooled to -78°C and 

to this mixture was added, over a 5 min period, an ice-bath cooled slurry of 2.8 g (74 

mmol) of sodium borohydride in 80 ml of ethanol. The resulting mixture was then 

warmed to room temperature and stirred for 2 h. After quenching the reaction with 1 N 

HCl (aq), the reaction mixture was concentrated under reduced pressure. The residue was 

redissolved in dichloromethane (150 mL), washed with water, dried over Na2SO4 and 

concentrated to dryness in vacuo. The residue was then purified by flash chromatography 

(silica; 3: 1 ethylacetate/hexanes) affording 860 mg of allylic alcohol 186. 42% Yield. 

1H NMR (300MHz) (CDCl3) cS TMS: 3.81 (3 H, s), 4.39 (I H, dd, I= 6.6 Hz, 

I= 7.0 Hz), 4.50-4.61 (1 H, m), 4.54 (1 H, dd, I= 9.2 Hz, I= 2.3 Hz), 5.06 (1 H, dd, 

I= 7.9 Hz, I= l .3 Hz) , 5.28 (1 H, dd, I = 7.9 Hz, I= 3.6 Hz) , 5.93 (1 H, s) , 6.73 (1 

H, d, I= 7. l Hz), 6.78 (1 H, d, I= 8.3 Hz), 7.23 (1 H, t, I= 7.6 Hz). 

13C NMR (300MHz) (CDCI3) cS: 54.8 (d), 55.4 (q) , 61.6 (t), 70.6 (t), 110.0 (d), 

111.7 (d) , 117.5 (s) , 118.4 (d), 129.1 (s) , 129.5 (d), 132.0 (s), 136.0 (s) , 154.9 (s) . 
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IR (NaCl ): 3450, 2938, 2841, 1756, 1645, 1602, 1576, 1477 , 1446, 1401, 

1284, 1263, 1220, 1094, 1019, 942, 834, 791, 748 cm- 1. Anal. calcd for C 13 H13NO4: 

C, 63. 15; H, 5.30; N, 5.67. Found: C, 63.40; H, 5.24; N, 5.60. 

Fj~ure 52. lH NMR spectrum (300 MHz) (CDCh) of aldehyde 185 
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186 

3-Formyl-1-hydroxymethyl-(2,2 '-carbonyl)-8-

methoxydihydroisoquinoline (185). 

190 

185 

To a stirred solution of of DMSO (87 mg/1.11 mmol.) m 4.5 mL of dry 

dichloromethane, cooled to -78°C, was added 70 mg (0.55 mmol) of oxalyl chloride and 

the resulting solution stirred at -78°C for 15 min. Allylic alcohol 186 (64 mg/0.277 mmol) 

dissolved in 1 mL of dichloromethane was then introduced via canula and the resulting 

mixture stirred at -78°C for 1.5 h. At this time, 358 mg (2.77 mmol) of triethylamine were 

added and stirring continued at -78°C for an additional 30 min. The reaction mixture was 

then warmed to room temperature and concentrated under reduced pressure. The residue 

was redissolved in dichloromethane (20 mL), washed with 5 mL of water, dried over 

Na2SO4 and concentrated to dryness in vacuo affording 67 mg of aldehyde 185. 98% 

Yield. Physical data reported above. 
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186 188 184 

1-Hydroxymethyl-(2,2 '-carbonyl)-3-(N-2,2-dimethylethoxy)-

aminomethyl-8-methoxydihydroisoquinoline (184) . 

191 

To a stirred solution of 186 (0.5 g/2.02 mmol) in 18 mL of dichloromethane and 

cooled to 0°C was added 695 mg (6.07 mmol) of methanesulfonyl chloride followed by 1 

g (10.1 mmol) of triethylamine and the resulting mixture stirred at 0°C for 30min. At this 

point, 1.8 g (20 .2 mmol) of 2-amino-2-methyl-1-propanol (Aldrich) were added to the 

allylic clhoride 188 (generated in situ ) and the reaction mixture warmed to room 

temperature and stirred for 16 h. The reaction mixture was then diluted with 100 mL of 

dichloromethane, washed with NaHCO3 (sat.), dried over Na2SO4 and concentrated to 

dryness in vacuo. The crude product was purified by flash chromatography (silica; 10: 1 

dichloromethane/methanol) affording 296 mg of pure 184. 46% Yield on the two steps. 

1H NMR (300MHz) (CDCl3) 8 TMS: 3.82 (3 H, s), 4.30 (1 H, 1/2 ABq, J = 8.6 

Hz), 4.51 (1 H, dd , J = 7.6 Hz, J = 1.8 Hz) , 5.03 (1 H, t, J = 6.8 Hz), 5.26 (1 H, 1/2 

ABq, J = 8.6 Hz), 5.31 (1 H, dd, J = 6.4 Hz, J = 2.3 Hz), 6.12 (1 H, s), 6.74 (1 H, d, J 

= 7.2 Hz) , 6.79 (1 H, d, J = 7.0 Hz), 7.25 (1 H, t, J = 6.7 Hz). 

J.M.. 1H NMR (300MHz) (CDCl3) 8 TMS: 1.14 (3 H, s), 1.16 (3 H, s), 3.34 (1 H, 1/2 

ABq, J = 11.2 Hz), 3.46 (1 H, 1/2 ABq, J = 11.2 Hz), 3.49 (1 H, 1/2 ABq, J = 13.3 Hz), 

3.81 (3 H, s) , 4.00 (1 H, 1/2 ABq, J = 13.3 Hz) , 4.52 (1 H, dd, J = 9.2 Hz, J = 2.0 Hz), 

5.03 (1 H, dd , J = 8.2 Hz, J = 1.0 Hz), 5.30 (1 H, dd, J = 8.3 Hz, J = 2.9 Hz), 6.00 (1 

H, s), 6.72 (1 H, d, J = 7.6 Hz), 6.76 (1 H, d, J = 8.4 Hz), 7.22 (1 H, t, J = 7.7 Hz). 
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13C NMR (300Mz) (CDCl3) 8: 22.39 (q), 22.86 (q), 34.82 (s). 42.29 (t). 54.64 

(d), 55.28 (q), 66.87 (t), 69.96 (t), 110.15 (d), I 18.21 (s), 118.27 (d), 118.34 (d), 

129.19 (d), 131.58 (s), 132.67 (s), 154.76 (s), 155.06 (s). 

IR (NaCl): 3469, 3327, 2966, 1754, 1645, 1602, 1576, 1477, 1400, 1282, 

1097, 748 cm-I. 

Anal. calcd for C17H22N204: C, 64.13; H, 6.97 ; N, 8.80. Found: C, 64.12; H, 

6.80; N, 8.76. 

Figure 54. lH NMR spectrum {300 MHz) (CDCIJ) of allylic amine 184 
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Me Me 
~OH SXo=! :>cOH 

0 

Meo o 

184 174a 

cis-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-2,2-di methylethoxy )- • 
aminomethyl-8-methoxytetrahydroisoquinoline ( I 74a). 

To a stirred solution of 184 (250 mg/0.785 mmol) dissolved in 18 mL of ethanol 

and purged with nitrogen was added 139 mg (0.785 mmol ) of palladium chloride 

(Aldrich) . The reaction mixture was then saturated with hydrogen and stirred at 25°C 

under 1 atmosphere of hydrogen for 18 h. The reaction mixture was then purged with 

nitrogen, filtered through Celite and concentrated under reduced pressure. The residue was 

redissolved in 100 mL of dichloromethane, washed with NaHCO3 (sat.), dried over 

Na2SO4 and concentrated to dryness in vacuo affording 246 mg of 174a. 98% Yield. 

1H NMR (300MHz) (CDCl3) o TMS: 1.07 (3 H, s), 1.13 (3 H, s), 2.68-2.76 (2 

H, m) , 3.00 (1 H, dd, J = 10.7 Hz, J = 2.2 Hz), 3.24 (1 H, 1/2 ABq, J = 11.2 Hz) , 3.52 

(1 H, 1/2 ABq, J = 11.2 Hz) , 3.48-3.56 (1 H, m), 3.82 (3 H , s) , 4.18 (1 H, dd, J = 6. 7 

Hz, J = 2.2 Hz), 4.82 (1 H, t, J = 8.9 Hz), 5.04 (1 H, t, J = 8.0 Hz), 6.76 (2 H, d, J = 
8.0 Hz), 7.22 (1 H, t, J = 7.9 Hz). 

13C NMR (300MHz) (CDCl3) 8 : 23.56, 25.09, 32.53, 42 .70, 53.74, 54.85, 

55 .30, 55.67, 67.10, 69.10, 108.32, 121.51 , 123.40, 128.57, 135.57, 155.84, 157.04. 

IR (NaCl): 3246, 2973, 1742, 1586, 1477, 1407, 1260, 1099, 1072 cm•l . 

Anal. calcd for, C17H24N2O4: C, 63 .73; H, 7.55; N, 8.74. Found: C, 63.55; 

H, 7.24; N, 8.47. 
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Figure 55 . ..1.H NMR spectrum (300 MHz) (CDCl.3) of cis-amino alcohol 174a 
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43a 

cis-1-H ydroxymethyl-(2,2 '-carbonyl)-3-(N-methyl-N-2,2-

di methylethoxy )-aminomethyl-8-methoxytetrahyd roisoq uinoli ne ( 43a). 

195 

To a stirred solution of 174a (4 mg/0.012 mmol) in 0.5 mL of dichloromethane 

and cooled to 0°C was added 2.2 mg (0.015 mmol) of trimethyloxonium tetrafluoroborate, 

the resulting mixture warmed to room temperature and stirred for 5 h. The reaction mixture 

was then concentrated under reduced pressure, redissolved in dichloromethane (10 mL), 

washed with water, dried over Na2SO4, decanted and concentrated to dryness in vacuo. 

The residue was then purified by PTLC (silica; 10: 1 dichloromethane/methanol) affording 2 

mg of 43a. 49% Yield. Physical data reported above. 
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Experimental Section 

190 

cis-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-propene-3-yl-N-2,2-

di methylethoxy )-a min omethyl-8-methoxytetrahydroisoq uinol ine ( 190 ). 

196 

To a stirred solution of 174a (19 mg/0.059 mmol) in 1.0 mL of dichloromethane 

and cooled to 0°C was added 12 mg (0.071 mmol) of allyl iodide, the resulting mixture 

warmed to room temperature and stirred for 24 h. The reaction mixture was then 

concentrated under reduced pressure, redissolved in dichloromethane (15 mL), washed 

with NaHCO3 (sat.), dried over Na2S 04 and concentrated to dryness in vacuo. The 

residue was then purified by PTLC (silica; 10:1 dichloromethane/methanol) affording 6 mg 

of olefin 190 (Rr = 0.76). 30% Yield. 

1H NMR (300MHz) (CDCl3) 6 TMS: 1.08 (3 H, s), 1.10 (3 H, s), 2.80 (1 H, 

dd, J = 3.9 Hz, J = 12.0 Hz) , 2.87 (1 H, dd, J = 7.9 Hz, J = 5.7 Hz) , 3.05 (1 H, dd, J = 

9.6 Hz, J = 6.4 Hz), 3.26-3.43 (5 H, m), 3.50-3.61 (1 H, m) , 3.82 (3 H, s), 4.31 (1 H, 

dd, J = 6.1 Hz, J = 2.8 Hz), 4.73 (1 H, t, J = 8.9 Hz), 4.95 (1 H, dd, J = 4.8 Hz, J = 2.1 

Hz), 5.06 (1 H, d, J = 10.0 Hz), 5.19 (1 H, d, J = 15.8 Hz), 5.88-5.93 (1 H, m), 6.77 (1 

H, d, J = 8.0 Hz), 6.82 (1 H, d, J = 7.4 Hz), 7 .20-7 .25 (1 H, m). 

IR (NaCl): 3461, 2969, 2929, 1749, 1586, 1473, 1383, 1259, 1069, 919, 765 

cm- 1. 
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191 

cis-1-Hyd roxymethyl-(2,2' -carbonyl)-3-(5,5-di methyl-2-oxo-

morphalino-4-yl )-aminomethyl-8-methoxytetrahydroisoquinoline ( 191 ). 

197 

To a stirred solution of 174a (12 mg/0.037 mmol) in 0.5 mL of DMF was added 

63 mg (0.370 mmol) of ethyl bromoacetate followed by 31 mg (0.370 mmol) of sodium 

bicarbonate and the resulting mixture stirred at room temperature for 18 h. The reaction 

mixture was then dilluted with 10 mL of dichloromethane, the mixture washed with water, 

dried over Na2SO4, decanted and concentrated under reduced pressure. The residue was 

then purified by PTLC (silica; 10: 1 dichloromethane/methanol) affording 8 mg of lactone 

919 . 

1H NMR (300M Hz) (CDCl3) 8 TMS: 1.12 (3 H, s), 1.15 (3 H, s), 2.82-3.06 (3 

H, m), 3.11 (1 H, dd, J = 4.8 Hz, J = 8.4 Hz), 3.45 (1 H, 1/2 ABq, J = 18.6 Hz), 3.49-

3.54 (1 H, m), 3.60 (1 H, 1/2 ABq, J = 18.6 Hz), 3.82 (3 H, s), 4.05 (2 H, d, J = 3. l 

Hz), 4.31 (1 H, dd , J = 6.5 Hz, J = 2.4 Hz), 4.77 (1 H, t, J = 8.6 Hz), 4.98 (1 H, t, J = 
7.2 Hz), 6.79 (1 H, d, J = 8.2 Hz), 6.80 (1 H, d, J = 7.7 Hz), 7.23 (1 H, t, J = 7.9 Hz). 
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192 

cis-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-(N-2,2-di methyl-2-formyl)-

aminomethyl-8-methoxytetrahydroisoquinoline (192). 

To a stirred solution of DMSO (153 mg/1.96 mmol.) in 13 mL of dichloromethane 

and cooled to -78°C was added 124 mg (0.980 mmol) of oxalyl chloride and the resulting 

solution stirred at -78°C for 15 min. Separate} y, 157 mg (0 .490 mmol) of amino alcohol 

174a were dissolved in 30 mL of dry ether and through this solution bubbled dry HCl, 

precipitating the hydrochloride salt. This mixture was then concentrated to a dry solid in 

vacuo. This material was then redissolved in 3 mL of dichloromethane and introduced to 

the reaction vessel via cannula and the resulting mixture stirred at -78°C for 1.5 h. At this 

time, 496 mg (4.90 mmol) of triethylamine were added and stirring continued at -78°C for 

an additional 30 min. The reaction mixture was then warmed to 25°C and concentrated 

under reduced pressure. The residue was redissolved in dichloromethane (30 mL), washed 

with 10 mL of water, dried over Na2SO4 and concentrated to dryness in vacuo affording 

151 mg of aldehyde 192. 97% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS: 1.21 (3 H, s), 1.24 (3 H, s), 2.65-2.73 (2 

H, m) , 3.03 (1 H. dd, J = 11.0 Hz, J = 8.5 Hz), 3.41-3.59 (2 H, m), 3.82 (3 H, s), 4.14 

(1 H, dd, J = 7.5 Hz, J = 1.4 Hz), 4.83 (1 H. t, J = 8.8 Hz), 5.04 (1 H, t, J = 7.8 Hz), 

6.76 (2 H, d, J = 8.2 Hz), 7.21 (1 H, t, J = 8.0 Hz), 9.49 (1 H, s). 
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13C NMR (300Mz) (CDCh) o: 21.53 , 32.20, 44.33, 54.64, 55.26, 55.36. 

60.84, 65.39, 68.97, 108.24, 121.47, 123.20, 128.37, 128.43, 135.48, 155.76, 204.53. 

IR (NaCl): 3316, 2974, 2923, 1747, 1586, 1473, 1258, 1071 crn- 1. 

Figure 56. lH NMR spectrum (300 MHz) {CDCIJ) of cis-amido aldehyde 192 
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4a,6a,1 laa-2-Aza-3,3-di methyl-7-methoxy-5,4-oxazolo-

1,3,4,6, 11, 1 la-hexahyd ro-2H -benzo[b ]quinolizine (193). 

200 

To a stirred solution of aldehyde 192 (150 mg/0.471 mmol) in 23 mL of ethanol 

was added 2.3 mL of 2M LiOH (aq) and the resulting mixture degassed by purging with 

nitrogen. The solution then was heated to reflux with stirring for 18 h. After cooling to 

room temperature, the reaction mixture was concentrated under reduced pressure. Water 

(15 mL) was added, the mixture extracted 3 x 25 mL with dichloromethane, the 

dichloromethane layers combined, dried over Na2SO4 and concentrated to dryness in 

vacuo. The components were separated by PLC (silica; 10: 1 dichloromethane/methanol) 

affording 28 mg of tetracycle 193 (Rf = 0.38). 22% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS: 1.17 (6 H, s), 2.62-2.77 (3 H, m), 2.88 (1 

H, t, J = 8.6 Hz), 3.01 (1 H, dd, J = 2.6 Hz, J = 9.9 Hz), 3.53-3.63 (2 H, m), 3.77 (3 H, 

s) , 3.82 (1 H, s), 4.53 (1 H, t, J = 6.4 Hz) , 6.68 (1 H, d, J = 8.2 Hz), 6.78 (1 H, d, J = 

7.7 Hz), 7.15 (1 H, t, 8.0 Hz). 

13C NMR (300MHz) (CDCl 3) 8 : 17 .15 (q), 26.93 (q), 33.15 (t) , 35.25 (s), 

40.93 (q), 47 .09 (t), 54.50 (d), 55.36 (d), 58.72 (d), 70.45 (t), 95.91 (d), 107.57 (d), 

109.11 (s), 120.90 (s), 123.26 (d), 127.48 (s) . 

IR (NaCl): 3284, 2957, 2837, 1749, 1681 , 1583, 1472, 1440, 1256, 1088, 

1029, 951, 776, 743 cm-l. 

HRMS (FAB), calcd for C1 6H23 N2O2 (MH+): 275 .1760. Found: 275 .1762. 
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193 194 

4a.,6a., 1 laa.-2-Aza-3,3-d i methyl-2-ethoxyacetyl- l ,3,4,6, 11, l la-

hexahydro-7-methoxy-5,4-oxazolo-2-H-benzo[b ]quinolizine ( 194). 

201 

To a stirred solution of 193 (25 mg/0.091 mmol) in 1.0 mL of DMF was added 46 

mg (0.273 mmol) of ethylbromoacetate (Aldrich) followed by 38 mg (0.455 mmol) of 

sodium bicarbonate and the resulting mixture stirred at 25°C for 12 h. The reaction mixture 

was then diluted with 20 mL of dichloromethane, the mixture washed with water, dried 

over Na2SO4 and concentrated under reduced pressure. The residue was then purified by 

PTLC (silica; 10: 1 dichloromethane/methanol) affording 26 mg of 194 (Rr = 0.83). 81 % 

Yield. 

1H NMR (300MHz) (CDCI3) o TMS: 0.97 (3 H, s) , 1.23 (3 H, s), 1.28 (3 H, t, 

J = 4.7 Hz), 2.43 (1 H, t, J = 11.0 Hz) , 2.77-3.04 (5 H, m), 3.53-3.64 (3 H, m), 3.66 (1 

H, s), 3.77 (3 H, s), 4.19 (2 H, q, J = 7.1 Hz), 4.54 (1 H, t, J = 5.9 Hz) , 6.67 (1 H, d, J 

= 8.2 Hz), 6.77 (1 H, d, J = 7.7 Hz), 7.14 (1 H, t, J = 7.9 Hz). 

IR (NaCl): 1753, 1581, 1470, 1260, 1087, 1018, 779 cm·1. 
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Figure 57. lH NMR spectrum (300 MHz) (CDCl.3.) of tetracycle 193 
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Fig:ure 58. lH NMR spectrum (300 MHz) CCPCI~) of tetracyclic ethyl ester 194 
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4a,6a, 11 aa-2-Aza-2-carboxyacetyl-1,3,4,6, 11,1 la-hexa hydro-7-

methoxy-5,4-oxazolo-3,3-dimeth yl-2H -benzo [b ]quinolizine (160). 

203 

To a stirred solution of 194 (15 mg/0.042 mmol) in 4 mL of ethanol was added 

420 µL of 2M LiOH (aq), the resulting mixture degassed by purging with nitrogen and 

stirred at 25°C for 2 h. The reaction mixture was concentrated under reduced pressure and 

the components separated by PLC (silica; 10:1 dichloromethane/methanol) affording 11 mg 

of carboxymethyl tetracycle 160 (Rr = 0.17). 82% Yield. 

1H NMR (300MHz) (CDCl3) B TMS : 1.09 (3 H, s), 1.27 (2 H, s), 2.63-2.78 (2 

H, m), 2.95 (3 H, br.d , J = 17.3 Hz), 3.60-3.68 (2 H, m), 3.77 (3 H, s), 4 .57 (1 H, t, J 

= 5.5 Hz), 6.68 (1 H, d, J = 8.2 Hz), 6.76 (1 H, d , J = 7.8 Hz), 7.15 (1 H, t, J = 7.8 

Hz). See Figure 6, Chapter 2. 

13C NMR (300MHz) (CDCI3 ) B: 12.48, 23.49, 32.50 , 51.26 , 51.66, 55.30, 

58.31, 58 .65 , 67.97 , 71.37 , 94.92, 107.76, 121.21, 122.64, 127.82, 134.92, 156.02, 

171.00. 

IR (NaCl): 2975, 2836, 1719, 1637, 1582, 1471, 1376, 1259, 1090, 952, 899, 

775, 736 cm-1. 

HRMS (FAB), calcd for C1gH25N2O4 (MH+): 333.1814. Found: 333.1816. 
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185 202 203a, 203b 

(1 a)-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-[ (2a,4~,5a)-2-

carboxyethyl-4-ca rboxymethyl-1-methyl pyrolidi n-5-yl]-8-

methoxydihd roisoquinoline (203a) and (1 ~)-1-hydroxymethyl-(2,2 '-

carbonyl)-3-[ (2a,4 ~,5 a)-2-carboxyethyl-4-car boxymethy 1-1-

methyl py rolid in-5-yl]-8-methoxydi hd roisoq uinoline (203b ). 

204 

To aldehyde 185 (35 mg/0.14 mmol) dissolved in 3.0 mL of THF was added 88 

mg (0.56 mmol) of sarcosine ethyl ester hydrochloride, 71 mg (0.014 mmol) of 

triethylamine and 121 mg (1 .4 mmol) of methyl acrylate. The resulting mixture was then 

refluxed for 10 h. At this time the reaction mixture was cooled to room temperature and 

concentrated under reduced pressure. The residue was redissolved in dichloromethane, 

washed with sat. NaHCO3 (aq), dried over Na2SO4 and concentrated to dryness in vacuo 

affording 62 mg of a light yellow oil. This material was then purified by PTLC (silica; 3: 1 

ethylacetate/hexane, Rf= 0.85) affording 35 mg of a diastereomeric mixture. 58% Yield. 

The two diastereomers were then separated by PTLC (silica; 12% acetonitrile in toluene, 

203a , Rr = 0.40, 203b , Rr = 0.30). 

2..0..3..a... 1H NMR (300 MHz) (CDCl1) 8 TMS: 1.31 (3 H, t, J = 6.5 Hz), 2.09 (1 H, q, J 

= 7.7 Hz), 2.47 (3 H, s) , 2.50 (1 H, m), 3.63 (3 H, s), 3.72 (1 H, q , J = 8.7 Hz), 3.80 (3 

H, s), 3. 97 (2 H, d, J = 7 .6 Hz) , 4.19-4.24 (2 H, m), 4.51 (1 H, t, J = 10. l Hz), 4. 94 (1 
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H, t, J = 8.0 Hz), 5.09 (1 H, t, J = 10.5 Hz), 5.38 (1 H, d, J = 9.5 Hz), 6.25 (1 H, s), 

6.73-6.77 (2 H, m), 7.21 (1 H, t, J = 8.2 Hz). 

IR (NaCl): 2943, 2856, 1760, 1730, 1638, 1600, 1572, 1474, 1371, 1278, 

1197, 1164, 1088, 1028 cm-I. 

Mass spectrum, m/z (relative intensity) 430 (16 .8, M+), 415 (8.5), 383 (7.7), 

357 (100), 355 (12.3), 297 (8.2), 271 (7.0), 250 (7.3), 206 (11.7), 149 (18.3), 127 

(33.4), 121 (19.5), 84 (27.0), 57 (68.0), 41 (37.2). 

lH NMR (300 MHz) (CDCl3) 8 TMS: 1.31 (3 H, t, J = 7.1 Hz), 2.10-2.13 (1 

H, m), 2.38 (3 H, s), 2.58-2.68 (1 H, m), 3.34 (3 H, s), 3.81 (3 H, s), 3.86 (1 H, t, J = 

6.8 Hz), 3.99 (1 H, dd, J = 2.0 Hz, J = 6.4 Hz), 4.16-4.24 (2 H, m), 4.46 (1 H, dd, J = 
9.2 Hz, J = 2.2 Hz), 4.83 (1 H, d, J = 8.8 Hz), 5.00 (1 H, dd, J = 7.9 Hz, J = 1.2 Hz), 

5.25 (1 H, dd, J = 7 .7 Hz, J = 3.4 Hz), 6.10 (1 H, s), 6. 73 (2 H, d, J = 8.0 Hz), 7 .20 (1 

H, t, J = 7.8 Hz). 

IR (NaCl): 2921, 2856, 1763, 1725, 1638, 1600, 1572, 1474, 1371 , 1278, 

1169, 1093, 1028 cm-1. 

Mass spectrum, m/z (relative intensity) 430 (14.5, M+) , 415 (15.3), 383 (15 .8), 

357 (100), 355 (31.1), 339 (6.2), 297 (8 .6), 265 (6.9), 127 (32.0), 82 (9.9), 44 (51.3). 
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211 204 

Benzyl N-methylaminoacetate (204). 

To a suspention of sarcosine (211) (1.8 g, 20 mmol.) in 140 mL of benzyl alcohol 

and cooled to 0°C was added 24 g (200 mmol) of thionyl chloride over a 10 min period. 

The resulting mixture was then warmed to room temperature and then heated to 100°C for 

5 h. The reaction mixture was cooled to 4°C and 70 mL of ether added. After 18 h the 

crystals formed were collected by filtration and washed with cold ether. The crystals were 

dissolved in 50 mL of dichloromethane washed with NaHCO3 (sat. ), dried over Na2SO4, 

decanted and concentrated to dryness in vacuo affording 1.3 g of benzyl ester 204. 36% 

Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS: 2.45 (3H, S), 3.42 (2H, s), 5.18 (2H, s), 

7 .35-7 .37 (5H, m). 
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185 204 205a, 205b 

( 1 cx)-1-Hyd roxymethyl-(2,2 '-car bony I )-3-[ (2cx,4 ~,5 ex )-2-

carboxybenzyl-4-carboxymethyl-l-methylpyrol idin-5-yl]-8-

methoxydihdroisoquinoline (205a) and (I~)- l-hydroxymethyl-(2,2 '-

carbonyl)-3-[ (2cx,4~,5cx)-2-car boxybenzyl-4-carboxymethyl-1-

methyl pyrolidin-5-yl]-8-methoxydihd roisoq uinoline (205b). 

208 

To a stirred solution of aldehyde 185 (209 mg/0.852 mmol) and 367 mg (4.26 

mmol) of methyl acrylate dissolved in 5 mL of THF was added 305 mg (1.70 mmol) of 

sarcosine benzylester (204) followed by 8.6 mg (0.085 mmol) of triethylamine and the 

resulting mixture stirred at reflux for 24 h (aldehyde consumed as indicated by 2,4-

dinitrophenylhydrazine) . The reaction mixture was then cooled to room temperature and 

concentrated under reduced pressure. The residue was then redissolved in ethyl acetate and 

passed through a short column of silica and concentrated to dryness in vacuo affording a 

mixture of two diastereomers (260 mg) of pyrrolidine 205 following PTLC (silica; 1: 1 

ethylacetate/hexanes, Rr = 0.52). 62% Yield. The diastereomers were then separated by 

PTLC (silica; 49: I dichloromethane/acetone) affording 120 mg of 205a and 120 mg of 

205b. 

lliiL. 1H NMR (300 MHz) (CDCh) 8 TMS: 2.08 (1 H, dd, J = 7.7 Hz, J = 13.9 Hz), 

2.45 (3 H, s) , 2.53-2.59 (1 H, m), 2.95 (1 H, t, J = 7.3 Hz), 3.62 (3 H, s), 3.75 (1 H, q, 

J = 7.7 Hz), 3.80 (3 H, s), 4.02 (1 H, t, J = 3.7 Hz) , 4.51 (1 H, dd, J = 9.2 Hz, J = 10.7 
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Hz), 4.94 (1 H, t, J = 8.1 Hz), 4.99-5.05 (1 H, m), 5.09 (2 H, d, J = 2.6 Hz) , 5.42 (1 H, 

d, J = 10 Hz), 6.23 (1 H, s) , 6.71-6.76 (1 H, m), 7.35-7.40 (7 H, m). See Figure 2, 

Chapter 3. 

13C NMR (300 MHz) (CDCl3) 8: 31.4, 36.0, 47.1 , 51.9, 55.2, 55.3 , 62.1, 

65.5, 66.2, 69.2, 109.7, 111.6, 118.6, 121.4, 128.0, 128.1, 128.3, 128.3, 128.6, 

129.2, 132.4, 135.7, 136.8, 154.5, 154.9, 173.1, 173.2. 

IR (NaCl) : 2948, 2842, 1759, 1642, 1632, 1576, 1476, 1383, 1280, 1259, 

1169, 1092, 747 cm-I . 

HRMS (FAB), calcd for C27H29N207 (MH+): 493.1975 . Found: 493. 1976. 

Z!!.5.!L. 1H NMR (300 MHz) (CDC13) 8 TMS: 2.05-2.14 (1 H,m), 2.36 (3 H, s), 2.52 

(1 H, d, J = 15 Hz), 2.63-2.73 (1 H, m), 3.33 (3 H, s), 3.81 (3 H, s), 3.84-3.90 (1 H, 

m), 4.04 (1 H, dd , J = 2. l Hz, J = 8.7 Hz), 4.46 (1 H, dd, J = 9.2 Hz, J = 11.3 Hz) , 

4.82 (1 H, d, J = 8.8 Hz) , 4.79-5 .03 (1 H, m), 5.18 (2 H, s), 5.20-5.27 (1 H, m), 6.09 

(1 H, s), 6.72 (2 H, d, J = 7.9 Hz), 7.20 (1 H, t, J = 7.9 Hz), 7.31-7.40 (5 H, m). See 

Figure 3, Chapter 3. 

IR (NaCl) : 2948, 1761, 1733, 1637, 1601, 1676, 1476, 1370, 1281, 1260, 

1168, 1093, 747 cm-I . 

HRMS (FAB), calcd for C27H29N207 (MH+): 493.1975. Found: 493.1969. 
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185 211 212a, 212b 

1-H yd roxymethyl-(2,2 '-carbonyl)-3-(3-ca r boxymethyl-1-

methyl pyrrolidin-2-yl )-8-methoxydihdroisoquinoline (212a). 

210 

To 25 mg (0.10 mmol ) of aldehyde 185 dissolved in 3 mL of ethyl acetate was 

added 45 mg (0 .51 mmol) of sarcosine (211) and 4A molecular sieves. This mixture 

stirred at 60°C for I h at which time 430 mg (5.0 mmol) of methyl acrylate in 5 mL of 

toluene were added and the resulting mixture heated to reflux (95°C) for 12 h. At this time 

the reaction mixture was cooled to room temperature, filtered through a plug of silica 

(eluted with ethylacetate) and concentrated to dryness in vacuo affording 15 mg of crude 

material, which was further purified by PTLC (silica; 3:1 ethylacetate/hexane; however 

only one was purified suficiently to be characterized) affording 6 mg of 212a (Rr = 0.58). 

30% Yield. 

llliL, 1H NMR (300 MHz) (CDCl3) o TMS: 2.05 (2 H, m) , 2.45 (3 H, s), 2.67 (1 H, 

q, J = 7.9 Hz), 2.91 (I H, m), 3.16 (1 H, br. t, J = 7.7 Hz), 3.71 (3 H, s), 3.81 (3 H, s), 

4.44 (1 H, d, J = 5.8 Hz), 4.52 (I H, dd, J = 9.3 Hz, J = 1.4 Hz), 4.99 (I H, dd, J = 8.2 

Hz, J = 0.9 Hz), 5.25 (1 H, dd, J = 8.5 Hz, J = 2.3 Hz), 6.42 (1 H, s), 6.74-6.79 (2 H, 

m), 7.23 (I H, t, J = 7.7 Hz). 

IR (NaCl): 2944, 2841, 2780, 1758, 1574, 1477, 1390, 1277, 1169, 1087 

cm-1. 

Mass spectrum, rn/z (relative intensity) 358 (62.5), 343 (87.7) , 311 (57.9), 299 

(29.1), 267 (26 .9), 142 (100), 141 (26.7), 127 (18.5), 82 (36.8), 69 (24.5), 42 (18.0). 



Experimental Section 

211 

Fii:ure 61. .l.H NMR spectrum noo MHz) (CDCl,1) of pyrolidine cvcloactduct 212a 
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Me ,,-.... 
'N...- 'co H 

H 2 

211 213 

Ethyl N-formyl-N-methylaminoacetate (213). 

To 8.9 g (0.1 mol) of sarcosine (211) dissolved in 250 mL of 88% formic acid 

was added 83 mL of acetic anhydride at a rate such as not to exceed a temperature of 50°C. 

Once added the reaction mixture stirred at room temperature for 48 h. At this time 300 mL 

of water were added and the reaction mixture concentrated under reduced pressure 

affording 11.5 g of the N-formyl acid intermediate. To the acid redissolved in l 50mL 

ethanol and chilled to 0°C in an ice-bath was added slowly 17 g (0.15 mol) of thionyl 

chloride. The resulting mixture stirred at 0°C for 3h, at which time the reaction mixture 

was concentrated under reduced pressure. The crude product was then redissolved in 100 

mL of dichloromethane and washed once with 1 N NaOH then with water. The 

dichloromethane layer (bottom) was then dried over Na2SO4, filtered through Celite and 

concentrated to dryness in vacuo affording 12 g of 213. 85% Yield. 

Acid intermediate, 1 H NMR (300 MHz) (D2O) 8 HOD: 2.81 (3 H, d, J = 54.0 Hz), 

3.99 (2 H, d, J = 23.0 Hz), 7.87 (1 H, d, J = 24.0 Hz). 

IR (NaCl): 2932, 2529, 1730, 1638, 1393 , 1218, 1088 cm-I. 

l.LL, 1H NMR (300 MHz) (CDCl3) 8 TMS : 1.26-1.33 (3 H, m), 3.02 (3 H, d, J = 

32.0 Hz), 4.04 (2 H, d, J = 35.0 Hz), 4.20-4.25 (2 H, m), 8.09 (1 H, d, J = 21.0 Hz). 

IR (NaCl): 2983, 1746, 1677, 1393, 1207, 1085, 1028, 990, 854 cm-I . 
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Ethyl 2-methylamino-3,3-diethyoxypropionate (216). 

EtOXOEt 

Me...._ 
COiEt 

216 

213 

In a 200 mL round bottom flask was slurried 2.7 g (40 mmol) of sodium ethoxide 

in 30 mL of benzene and the mixture chilled to 0°C in an ice-bath. To this mixture was 

added 5.8 g (40 mmol) of 213 followed by 5.9 g (80 mmol) of ethyl formate. The 

reaction mixture stirred at 0°C for 30 min and was then aged at room temperature for 18 h 

(gel formed). At this time the reaction mixture was concentrated under reduced pressure. 

The dried gel was then dissoved in 100 mL of 3: 1 ethanol/dichloromethane, cooled to 0°C 

and dry HCl blown through the reaction mixture for 5 min. The reaction vessel was then 

sealed and stirred at room temperature for 48 h. At 2 h, an aliquot was taken; 1 H NMR 

revieled the formation of intermediate 215. After the additional time, the reaction mixture 

was cone. under reduced pressure producing a light yellow oil. The oil was redissolved in 

dichloromethane, washed with 1 N NaOH, then washed with water. The dichoromethane 

layer (bottom) was then dried over Na2SO4 and concentrated to dryness in vacuo affording 

3.5 g of 216. 41 % Overall yield . 

..llS.... 1H NMR (270MHz) (CDCl3) 8 TMS: 1.14-1.32 (9 H, m), 3.03 (3 H, d, J = 47 

Hz) , 3.52-3.78 (4 H, m), 4.14 (1 H, d, J = 22 Hz), 4.21-4.26 (2 H, m), 4.98 (1 H, dd, J 

= 5.8 Hz, J = 8.1 Hz), 8.09 (1 H, d, J = 8.4 Hz). 

lli... 1H NMR (300 MHz) (CDCl3) 8 TMS: 1.16-1.29 (9 H, m), 2.47 (3 H, s), 3.48 

(1 H, d, J = 4.2 Hz), 3.52-3.63 (2 H, m), 3.64-3 .76 (2 H, m), 4.22 (2 H, q, J = 7.2 Hz), 

4.71 (1 H, d, J = 4.0 Hz). 
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IR (NaCl): 3342, 2978, 1740, 1686, 1446, 1373, 1188. 1115. 1068 cm- 1. 

Figure 62. lH NMR spectrum (300 MHz) (CDCI_J) of N-formvl amino ester 215 
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216 217 

2-Methylamino-3,3-diethoxypropionic acid (217). 

To 50 mg (0.23 mmol) of 216 dissolved in 3.5 mL of ethanol and cooled to 0°C in 

was added 1.2 mL of 2 M Li OH (aq). The resulting mixture stirred at 0°C for 1 h followed 

by stining at room temperature for an additional 2 h. At this time the reaction mixture was 

concentrated under reduced pressure producing a solid. The solid was dissolved in a small 

volume of water, neutralized with 1 N HCI (aq) and the resulting solution loaded to a 10 

mL column of DOWEX 50 (H+ form). After washing with several volumes of deionized 

water, the amino acid was eluted with 2 N Nf-4OH. Ninhydrin positive fractions were 

combined, the excess ammonia purged with nitrogen and the resulting solution lyophilized 

affording 27 mg of pure 217 . 60% Yield. 

1H NMR (300 MHz) (020) 6 HOD: 0.99-1.09 (6 H, m), 2.54 (3 H, s), 3.42-

3.71 (5 H, m), 4.75 (1 H, d, J = 3.3 Hz). 
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Fi~ure 63 . .lH NMR spectrum (300 MHz) (CDCh) of amino acid 217 ... 
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185 217 218a, 218b 

(la)-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-[(2a,4 p,Sa)-2-

diethoxymethyl-4-carboxymethyl-l-methyl pyrol id in-5-yl]-8-

methoxydi hd roisoquinoline (218a) and OP)-1-Hydroxymethyl-(2,2'-

carbonyl )-3-( (2a,4 p,Sa)-2-d iethoxymethyl-4-carboxymethyl-1-

methyl pyrolidin-5-yl]-8-methoxydihd roisoq uinoline (218b). 

To a slurry of aldehyde 185 (113 mg/0.46 mmol) and amino acid 217 (97 mg/0.51 

mmol) in 10 mL of dry THF was added 47 mg (0.46 mmol) of triethylamine followed by 

198 mg (2.30 mmol) of methyl acrylate and the mixture brought to reflux for 4 hat which 

time no aldehyde was visible by TLC (silica; 3: 1 ethylacetate/hexane; stained with 2,4-

dinitrophenylhydrazine). The reaction mixture was cooled to room temperature and 

concentrated under reduced pressure. The residue was redissolved in ethyl acetate and 

passed through a plug of silica. PTLC (silica; 13% CH3CN in toluene) produced two 

diastereomers. Diastereomer 1, 20 mg (Rr = 0.5); diastereomer 2, 10 mg 0.4. 

ll8.a.. 1H NMR (300 MHz) (CDCl3) o TMS : 1.23-1.32 (6 H, m), 2.16 (1 H, dd, J = 

7.5 Hz, J = 13.0 Hz), 2.36 (1 H, dd, J = 9.3 Hz, J = 18.8 Hz), 2.57 (3 H, s), 3.37 (1 H, 

d, J = 5.6 Hz), 3.49-3.85 (4 H, m), 3.61 (3 H, s), 3.80 (3 H, s), 4.45-4.54 (2 H, m), 

4.93 (1 H, t, J = 8.6 Hz), 5.42 (1 H, d, J = 8.4 Hz), 6.00 (1 H, s), 6.74 (2 H, d, J = 8.5 

Hz), 7.21 (1 H, t, J = 7.9 Hz). See Figure 5, Chapter 3. 
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13C NMR (300 MHz) (CDCI3) 8: 15.48 (q) , 15.58 (q), 27.94 (t), 35.59 (q), 

47.57 (d), 51.71 (d), 55.00 (q), 55.26 (q), 62.83 (d), 64.09 (t), 64.10 (t), 64.71 (d), 

69.17 (t), 104.02 (d), 109.71 (d) , 112.71 (d), 118.61 (d), 119.14 (s), 121.14 (s), 128 .97 

(s), 129.20 (d), 132.31 (s), 154.94 (s), 173.51 (s). IR (NaCl): 2974, 1759, 1576, 1476, 

1379, 1278, 1169, 1089 cm-1. 

Mass spectrum, m/z (relative intensity): 460.2 (2.4, M+), 385.1 (14.8), 357 .1 

(100), 355.1 (22.3), 309.1 (13.4), 291.0 (19.9), 277.1 (21.7), 263.1 (14.2), 159.0 

(12.0), 103.1 (14.8) , 57.1 (18.3), 45.1 (44.3), 30.9 (92.4), 28.1 (82.8). 

lff NMR (300 MHz) (CDCl3) 8 TMS: 1.17-1.25 (6 H, m). 2.15-2.23 (1 H, m), 

2.46 (3 H, s), 2.59 (1 H, d, J = 12.1 Hz), 3.38 (3 H, s) , 3.51-3 .80 (4 H, m), 3.80 (3 H, 

s) , 4.47 (1 H, dd, J = 9.2 Hz, J = 11.3 Hz), 4.55 (1 H, d, J = 3.7 Hz), 4.86 (1 H, d, J = 
8.4 Hz), 4.98 (1 H, dd, J = 8.1 Hz, J = 9.1 Hz), 5.23 (1 H, dd, J = 8.3 Hz, J = 11.1 

Hz), 5.98 (1 H, s) , 6.73 (2 H, d, J = 8.0 Hz), 7.19 (1 H, t, J = 7.4 Hz). See Figure 6, 

Chapter 3. 

13C NMR (300 MHz) (CDCl3) 8 15.49 (q), 15.53 (q), 27.65 (t), 35.23 (q), 

48.09 (d), 51.37 (d), 54.67 (q) , 55.36 (q), 63.54 (t), 63.97 (t), 64.21 (d), 64.39 (d) , 

69.51 (t), 103.58 (d), 109.32 (d), 110.64 (d), 118.00 (s), 118.25 (d), 128.40 (s), 129.33 

(d), 132.84 (s), 134.20 (s), 153.40 (s), 154.94 (s). 

IR (NaCl): 2973, 1760, 1575, 1476, 1376, 1279, 1170, 1064 cm-1. 

Mass spectrum, m/z (relative intensity) : 460 .1 (4.2) , 414.1 (5.0), 385 .0 (6.3), 

357.0 (80.6), 315.0 (33.9), 309.0 (18.5) , 268.9 (89.7), 266.9 (64.0), 244.1 (34.1), 

213.0 (26.3), 177.0 (23.8), 149.0 (35.9), 103.0 (62.8), 57.1 (100), 30.9 (68.2). 
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OEt .. , .. ,< 
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185 217 219a, 219b 

(la)-1-Hydroxymethyl-(2 ,2 '-carbonyl)-3-( (2a,4 P,Sa)-2-

dieth oxymethyl-4-carboxybenzyl- l-methyl pyrrolidin-5-yl]-8-

methoxydihdroisoquinoline (219a) and OP)-1-hydroxymethyl- (2,2'-

carbonyl)-3-[ (2a,4p,5 a)-2-diethoxymethyl-4-carboxybenzyl-1-

methyl p yrrol id i n-5-yl]-8-methoxyd i h d roisoquin oline (219b ). 

H OEt 

To a stirred solution of aldehyde 185 (50 mg/0.20 mmol) and 162 mg (1.00 mmol) 

of benzyl acrylate dissolved in 5 mL of THF was added 76 mg (0.40 mmol) of finely 

crushed amino acid 217 followed by 2.6 mg (0.02 mmol) of triethylamine and the 

resulting mixture stirred at reflux for four hours (aldehyde consumed as indicated by 2,4-

dinitrophenylhydrazine) . The reaction mixture was then cooled to room temperature and 

concentrated under reduced pressure. The residue was then redissolved in ethyl acetate and 

passed through a short column of silica and concentrated to dryness in vacuo affording a 

crude mixture of diastereomers which were separated by PTLC (silica; 1: 1 

ethylacetate/hexanes) affording 14 mg of 219a (Rr = 0.54) and 8 mg of 219b (Rf= 0.46). 

30% yield . 

.ll2..iL, 1H NMR (300 MHz) (CDCl3) 8 TMS: 1.17-1.286 (6 H, m) , 2.20 (1 H, dd, J = 

7.9 Hz, J = 5.2 Hz), 2.38-2.48 (1 H, m) , 2.56 (3 H, s), 1.9 Hz, J = 6.7 Hz), 3.53-3.63 

(3 H, m) , 3.72-3.81 (2 H, m), 3.80 (3 H, s), 4.40 (1 H, ddd, J = l.2 Hz, J = 8.0 Hz, J = 

1.2 Hz), 4.48 (1 H, d , J = 3.9 Hz), 4.65-4.74 (2 H, m), 4.97 (1 H, 1/2 ABq, J = 12 Hz), 
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5.08 (1 H, 1/2 ABq, J = 12 Hz), 5.44 (1 H, d, J = 8.5 Hz), 5.98 (1 H, s), 6.70 (2 H, rn), 

7.17-7.37 (6 H, rn). 

13C NMR (300 MHz) (CDCl3) 8: 15.5 (q), 15.6 (q), 28.1 (t), 35.6 (q), 47.7 (d), 

54.7 (d), 54.8 (d), 55.3 (q), 62.7 (d), 64.1 (t), 64.7 (d), 66.5 (t), 69.1 (t), 69.3 (t), 104.0 

(d), 109.6 (d), 112.7 (d), 118.6 (d), 119.3 (s), 128.1 (d), 128.3 (d), 128.4 (d), 129.1 

(d), 129.3 (d), 132.2 (s), 135.7 (s), 136.5 (s), 154.8 (s), 154.9 (s), 173.0 (s). 

IR (NaCl): 2973, 1758, 1576, 1476, 1381, 1278, 1164, 1088, 747 crn-1. 

Mass spectrum, rn/z (relative intensity) 536 (1.4), 490 (4.7), 461 (6.0), 433 

(100), 353 (6.3), 297 (7.4), 172 (6.0) , 91 (65.0), 45 (42.8), 31 (82.1). 

li2!L, 1H NMR (300 MHz) (CDCl3) 8 TMS: 1.21-1.28 (6 H, rn), 2.20 (1 H, ddd, J = 

2.3 Hz, J = 7 .1 Hz, J = 2.8 Hz), 2.42 (3 H, s), 2.47-2.57 (1 H, rn), 3.42 (1 H, ddd, J = 

2.7 Hz, J = 2.9 Hz, J = 2.8 Hz), 3.51-3.58 (3 H, rn), 3.69-3.85 (2 H, rn), 3.78 (3 H, s), 

4.58 (1 H, d, J = 3.4 Hz), 4.62-4.65 (1 H, rn), 4.66 (1 H, 1/2 ABq, J = 12.5 Hz) , 4.8 1 

(1 H, 1/2 ABq, J = 12.5 Hz), 4.78-4.87 (1 H, rn) , 5.06 (1 H, dd, J = 8.1 Hz, J = 3.2 

Hz), 5.80 (1 H, s), 6.71 (2 H, d, J = 8.0 Hz), 6.92 (2 H, d, J = 7.2 Hz), 7.05-7.27 (4 H, 

rn). 

IR (NaCl): 2965, 1760, 1476, 1362, 1128, 1065 cm-I. 

Mass spectrum, rn/z (relative intensity) 536 (3.3), 490 (9.1), 461 (8.6), 433 

(83.4), 353 (8.3), 297 (13.5), 262 (62.0), 183 (54.5), 103 (20.8), 91 (100), 31 (59.4). 
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MeOXOMe 

Me, 
COzEt 

224 

Ethyl 2-methylamino-3,3-dimethoxypropionate (224). 

221 

To 215 (1.0 g/4.5 mmol) dissolved in 40 mL of dry methanol was bubbled dry 

HCI for 5 min. The resulting mixture stirred at room temperature for 24 h. At this time, 

dry HCl was again bubbled through the reaction mixture for 5 min and the reaction stirred 

for an additional 24 h. The reaction mixture was then concentrated under reduced pressure, 

redissolved in 40 mL of dichloromethane, washed 2 x with 20 mL of 1 M NaOH (aq), then 

with 20 mL water, dried over Na2S04, filtered through Celite and concentrated to dryness 

in vacuo affording 477 mg of 224. 55% Yield. 

1H NMR (300 MHz) (CDCl3) o TMS: 1.31 (3 H, t, J = 7.3 Hz), 2.46 (3 H, s), 

3.42 (1 H, d, J = 4.3 Hz), 3.43 (3 H, s), 4.25 (2 H, q, J = 7 .1 Hz) , 4.51 (1 H, d, J = 
5.9). 

IR (NaCl): 3343, 2979, 1737, 1451, 1371, 1181, 1115, 1071 cm·I. 
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220 

2-Methylamino-3,3-dimethoxypropionic acid (220). 

222 

To 450 mg (2.35 mmol) of ethyl ester 224 dissolved in 20 mL of ethanol and 

cooled to 0°C was added 10 mL (20.4 mmol) of 2 M LiOH (aq). The resulting solution 

was then warmed to room temperature and stirred for 4 h. At this time 1.2 mL of acetic 

acid (glacial) were added and the reaction mixture concentrated under reduced pressure. 

The solid residue was then redissolved in a small volume of H20 and loaded onto a 20mL 

column of DOWEX 50 (H+ form) and was washed with several volumes of deionized 

water. Amino acid 220 was then eluted from the resin with 2 M Nt40H. Ninhydrin 

possitive fractions were combined and concentrated to dryness in vacuo affording 280 mg 

of 220. 73% Yield. 

1H NMR (300 MHz) (D20) o HOD: 2.59 (3 H, s), 3.33 (3 H, s) , 3.35 (3 H, s), 

3.61 (1 H, d, J = 3.0 Hz), 4.63 (1 H, d, J = 1.6 Hz) . 
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MeOXOMe 

Me 
'N C02H 

H 

220 221a, 221b 

( 1 a )-1-Hyd roxymethyl-(2 ,2' -ca rbony 1)-3-[ (2a,4 p ,5 a )-2-

di methoxymethyl-4-carboxymethyl-l-methyl py rrol idi n-5-yl]-8-

methoxydihdroisoquinoline (221a) and OP)-1-hydroxymethyl-(2,2'-

carbonyl)-3-[ (2a,4P,5a)-2-di methoxymethyl-4-carboxymethyl-1-

methyl p yrrolidin-5-yl]-8-methoxydihd roisoquinoline (221 b ). 

223 

To a slurry of aldehyde 185 (230 mg/0.93 mmol) and amino acid 220 (167 

mg/1.02 mmol) in 15 mL of dry THF was added 94 mg (0.93 mmol) of triethylamine 

followed by 400 mg (4.65 mmol) of methyl acrylate and the mixture brought to reflux for 4 

h at which time no aldehyde was visible by TLC (silica; 3: 1 ethylacetate/hexane; stained 

with 2,4-dinitro-phenylhydrazine). The reaction mixture was cooled to room temperature 

and concentrated under reduced pressure. The residue was redissolved in ethyl acetate and 

passed through a plug of silica. The components were then purified by Chromatotron 

(silica; 1: 1 ethylacetate/hexane) affording 2 diastereomers ( 40 mg each). 25% Yield. 

llla.., 1H NMR (300 MHz) (CDCl3) 8 TMS: 2.13 (1 H, dd, J = 7.8 Hz, J = 3.1 Hz), 

2.34 (1 H, t, J = 8.0 Hz), 2.57 (3 H, s), 3.36-3.43 (1 H, m), 3.46 (3 H, s), 3.47 (3 H, 

s), 3.52-3.59 (1 H, m), 3.62 (3 H, s), 3.80 (3 H, s), 4.32 (1 H, d, J = 4.1 Hz) , 4.51 (1 

H, dd, J = 9.3 Hz, J = 10.3 Hz), 4.93 (1 H, t, J = 8.4 Hz), 5.09 (1 H, dd, J = 8.3 Hz, J 

= 10.4 Hz), 5.40 (1 H, d, J = 8.5 Hz), 5.99 (1 H, s), 6.74 (2 H, d, J = 8.1 Hz), 7.21 (1 

H, t, J = 7.6 Hz). 
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13C NMR (300 MHz) (CDCl3) c: 27 .86 (t), 35.58 (q), 47.36 (d), 54.94 (d), 

55.08 (q), 55.37 (q), 55.81 (q), 55.91 (q), 62.78 (d), 63.99 (d), 69.15 (t), 106.43 (d), 

109.72 (d), 112.75 (d), 118.58 (d), 119.12 (s), 129.18 (d), 132.17 (s), 136.37 (s), 

148.02 (s), 154.90 (s), 173.32 (s). 

IR (NaCl): 2947, 1758, 1575, 1476, 1383, 1278, 1170, 1117, 1082, 783,747 

cm-1. 
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226 227 

O-Benyzl-N-methylserine (227). 

To a stirred solution of N-1Boc-O-benzylserine (1.0 g/3.39 mmol) dissolved in 

THF and cooled to 0°C was added 3.8 g (27.1 mmol) of methyl iodide followed by 0.244 

g (10.2 mmol) of sodium hydride. The resulting mixture was then warmed to room 

temperature and stirred for 24 h. Ethyl acetate 5 mL was added followed by water (2 mL) 

and the reaction mixture concentrated under reduced pressure. The residue was slurried 

with ethyl acetate (25mL) and washed with water (10 mL), then with brine (sat.) and dried 

over Na2SO4. The Celite filtered solution was then concentrated to dryness in vacuo 

affording 900 mg of crude material. This material was then redissolved in dichloromethane 

(22 mL) and cooled to 0°C. To this solution was added 3.3 g (29.1 mmol) of 

trifluoroacetic acid, the resulting mixture stirred at 0°C for 30min. and then concentrated 

under reduced pressure. The residue was then dissolved in water (2 mL), cooled to o0c 
and neutralized with 1 N NaOH (aq). This solution was then loaded to a 10 mL column of 

DOWEX 50 (H+ form) and washed with 50 mL of deionized water. The product was then 

eluted with 2 M N~OH and lyophilized affording 330 mg of pure 227. 54% Yield. 

1H NMR (300 MHz) (D2O) 8 HOD: 2.53 (3 H, s), 3.59 (1 H, t, J = 3.9Hz), 

3.76 (2 H, d, J = 4.0 Hz) , 4.44 (2 H, s), 7.23-7.29 (5 H, m). 
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185 227 228a, 228b 

(la)-1-Hyd roxymethyl-(2,2 '-carbonyl)-3-[ (2a,4~,5a)-2-

benzyl methoxy-4-ca rboxymethyl-1-methyl py rroli din-5-yl ]-8-

methoxydihd roisoquinoline (228a). 

226 

OBn .. ,,,,/ 

To a suspension of aldehyde 185 (390 mg/1.59 mmol) and amino acid 227 (330 

mg/1.57 mmol) in 9 mL of dry THF was added 684 mg (7 .95 mmol) of methyl acrylate 

and the resulting mixture heated to reflux for 18 h. After cooling to room temperature the 

reaction mixture was concentrated under reduced pressure. The residue was redissolved in 

ethyl acetate, washed with sat. NaHCO3, dried over MgSO4 and concentrated to dryness in 

vacuo affording 559 mg of crude material. A mixture of diastereomers was isolated by 

radial PTLC (silica; 1: 1 ethylacetate/hexanes) affording 256 mg of material. The 

diastereomers were then separated by PTLC (silica; 50: 1 dichloromethane/methanol 

affording pure 228a. 34% Yield to the mixture of diastereomers. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 2.00 (1 H, q, J = 8.1 Hz), 2.44-2.48 (1 

H, m), 2.50 (3 H, s), 3.50-3 .59 (3 H, m), 3.61 (3 H, s), 3.79 (3 H, s), 4.44-4.55 (1 H, 

m), 4.54 (2 H, s), 4.94 (1 H, t, J = 8.7Hz), 5.10 (1 H, dd , J = 8.2 Hz, J = 2.4 Hz), 5.28 

(1 H, d, J = 10.0 Hz) , 6.15 (1 H, s), 6.73 (2 H, dd, J = 6.3 Hz, J = 2.3 Hz), 7.18-7.36 

(6 H, m). 

l3C NMR (300 MHz) (CDCl3) 8: 30.93 (t), 35.43 (q), 47 .29 (d) , 51.78 (q), 

55.12 (d), 55 .3 5 (q), 61.79 (d) , 63 .05 (d), 69.20 (t), 70.71 (t), 73.33 (t), 109.64 (d), 
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227 

111.88 (d), 118.59 (d), 118 .73 (s), 127.53 (d), 127.53 (d), 128.24 (s), 128.36 (d). 

128.36 (d), 129.20 (d), 129.20 (d), 132.39 (s), 136.8 I (s) . 138.23 (s), 154.94 (s). 

173.60 (s). 

IR (NaCl): 2997, 2851, 1758, 1640, 1601 , 1576, 1475, 1383 , 1364, 1278, 

1169, 1090, 746 cm-1 . 

Fii;-ure 64. lH NMR spectrum (300 MHz) (CDCl3) of O-benzylpyrroliciine 228a 

I ~~7..-..'~+-,-,-.-,~ 
t , t .O 1 . , I o 1. 5 1 O 
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...... I 
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228 

234 

1-Hyd roxymethyl-(2,2 '-carbonyl)-3-( 4,4-dimethyloxazolin-2-yl )-8-

methoxydi hydroisoquinoline (234). 

To 63 mg (0.19 mmol) of amido alcohol 184 dissolved in 2.0 mL of 

dichloromethane was added 0.45 mL (67 mg/0.6 mmol) of thionyl chloride. The resulting 

mixture stirred at room temperature for 2 hat which time the reaction mixture was cooled to 

ooc and to the reaction added 2.0 mL of cold water and a sufficient amount of 1 N NaOH 

(aq) to increase the pH of the aqueous phase to 11. The phases were then separated and the 

aqueous layer extracted 3 x 10 mL with dichloromethane. The dichloromethane extracts 

were combined, dried over MgSO4, filtered through Celite and concentrated to dryness in 

vacuo affording 41 mg of oxazoline 234. 70% Yield. 

1H NMR (300 MHz) (CDC13) 8 TMS: 1.37 (3 H, s), 1.41 (3 H, s), 4.12 (2 H, q 

J = 9.0 Hz) , 4.67 (1 H, dd, J = 9.0 Hz), 5.02 (1 H, dd, J = 9.0 Hz), 5.36 (1 H, dd, J = 
9.0 Hz), 6.81 (1 H, s) , 6.84-6.88 (2 H, m) , 7 .23-7 .29 (1 H, m). 

13C NMR (300 MHz) (CDCl3) 8: 27.77 (q), 27 .85 (q), 53.43 (d), 55.42 (q), 

67.69 (s), 70.11 (t), 79.29 (t), 111.60 (d), 111.60 (d), 119.89 (d), 121.39 (s), 124.91 

(s), 129.37 (d), 130.60 (s), 155.03 (s) , 155.23 (s), 158.06 (s). 

IR (NaCl): 2969, 1769, 1654, 1681, 1574, 1476, 1404, 1320, 1296, 1265, 

1198, 1081, 786, 723 cm-I . 
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l-Hydroxymethyl-(2,2' -carbonyl)-3-formyl-8-

methoxyd ihydroisoquinoline (185). 

229 

185 

To 50 mg (0.16 mmol) of oxazoline 234 dissolved in 3.5 mL of dichloromethane 

and chilled to 0°C was added 39 mg (0.24 mmol) of methyl triflate. The resulting solution 

stirred for 10 min at 0°C, then was warmed to room temperature and stirred for an 

additional 2 h. At this time the reaction mixture was again cooled to 0°C and to it added a 

chilled slurry of 147 mg (3.89 mmol) of NaBH4 in 3.5 mL of ethanol. The resulting 

mixture stirred at 0°C for 45 min at which time the NaBH4 was quenched with sat. Nf4Cl 

(aq) and the reaction mixture concentrated under reduced pressure. The pale yellow residue 

was then dissolved in 9 mL of 4: 1 THF/H2O and to it added 282 mg (2.24 mmol) of oxalic 

acid and the resulting mixture stirred at room temperature for 8 h. At this time 20 mL of 

water were added and the reaction mixture extracted 2 x 50 mL with 3: 1 ethylacetate/ 

hexane. The organic extracts were then combined, dried over Na2SO4, passed through a 

plug of silica (eluted with 3: 1 ethylacetate/hexane) and concentrated to dryness in vacuo 

affording 25 mg of aldehyde 185. 64% Yield. Physical data matched that shown above. 
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234 235 236 

1-H yd roxymethyl-3-( 4,4-di meh tyloxazol in-2-yl )-8-methoxy-1,2-

dihydroisoq uinoline (235) and 1-hydroxymethyl-3-(4,4-dimethyloxazolin-

2-yl)-8-methoxyisoquinoline (236). 

To a stirred solution of oxazoline 234 (100 mg/0.318 mmol) in 16 mL of ethanol 

was added 1.6 mL of 2 M LiOH (aq) and the resulting mixture degassed by purging with 

nitrogen . The solution then was heated at reflux with stirring for 18 h. After cooling to 

room temperature, 10 mL of water were added, the mixture extracted 3 x 25 mL with 

dichloromethane, the dichloromethane layers combined, dried over Na2SO4, decanted and 

concentrated to dryness in vacuo affording 93 mg of crude material. The components were 

separated by PTLC (silica; 3: 1 ethylacetate/hexanes) affording 18 mg of II (Rf= 0.43) and 

16mg of III (Rr = 0.21). 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.28 (3 H, s), 1.34 (3 H, s) , 3.34 (1 H, 

dd, J = 3.5 Hz, J = 7.4 Hz), 3.76 (1 H, dd, J = 9.5 Hz, J = 1.4 Hz), 3.80 (3 H, s), 4.02 

(1/2 ABq, J = 8.1 Hz), 4.08 (1/2 ABq, J = 8.1 Hz), 4.94-4.99 (1 H, m), 5.21 (1 H, br. 

s) , 6.05 (1 H, d, J = 1.2 Hz) , 6.66 (1 H, d, J = 11.3 Hz), 6.68 (1 H, d, J = 12.0 Hz), 

7.12 (1 H, t, J = 7.9 Hz). 

13C NMR (300 MHz) (CDCl3) 8: 28.03, 28.37, 51.66, 55.30, 62.51, 67 .22, 

79.38, 103.26, 109.01, 109.01 , 117.21, 117.87, 128.34, 130.68, 133.79, 155.36. 
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IR (NaCl ): 3395, 2967, 1652, 1604, 1573, 1471 , 1370, 1269, 1200, 1104, 

1052, 973, 913, 806, 730 cm- 1. 

1H NMR (300 MHz) (CDCl3) o TMS: 1.46 (6H, s), 3.18 (2H, s), 3.99 (3H, s), 

4.26 (2H, s), 6.93 (lH, d, J = 8.0Hz), 7.40 (lH, d, J = 7.9Hz), 7.56 (lH, t, J = 
6.5Hz), 8.22 (1 H, s) . 
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235 244 

1-0-B enzyl hyd roxymethyl-3-( 4,4-d i methyloxazolin-2-yl)-8-methoxy-

1,2-dihyd roisoq uinoli ne (244). 

To a stirred solution of 235 (31 mg/0.108 mmol) in 1 mL of dry DMF and cooled 

to 0°C was added 3mg (0.130 mmol) of sodium hydride and the resulting mixture stirred at 

0°C for 15 min. At this time 18 mg (0.108 mmol) of benzyl bromide were added and the 

new mixture stirred at 0°C for 2 h. Methanol (0.5 mL) was added followed by 

dichloromethane ( 10 mL) and the mixture washed with 5 mL of water, dried over Na2SO4 

and concentrated under reduced pressure affording crude 244 which was further purified 

by PTLC (silica; 5: 1 hexanes/ethylacetate) affording 8.8 mg of pure product 244 (Rf= 

0.40). 25% Yield. 

1H NMR (300 MHz) (CDCI3) 8 TMS: 1.38 (3H, s), 1.43 (3H, s), 3.20 (lH, dd, 

J = 3.0Hz, J = 6.4Hz), 3.74 (2H, q, J = 9.0Hz), 3.77 (3H, s), 4.09-4.18 (2H, m), 4.55 

(2H, q, J = 12.0Hz), 5.08 (lH, dd, J = 2.8Hz, J = 6.7Hz), 6.15 (lH, br. s), 6.64 (lH, 

d, J = 7 .7Hz), 6.68 (lH, d, J = 8.4Hz), 7 .1 1 (1 H, t, J = 8.2Hz), 7 .22-7 .36 (5H, m). 

IR (NaCl) : 2966, 1752, 1707 , 1657 , 1608 , 1471, 1453, 1369, 1270, 1199, 

1106, 973,809, 738, 698 cm-I. 
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235 243 

1-Hyd roxymethyl methoxyl methyl-3-( 4 ,4-d i methyloxazoli n-2-yl )-8-

methoxy-1,2-d i hyd roisoq uinoline (244 ). 

To a stirred solution of 235 (31 mg/0.108 mmol) in 1 mL of dry DMF and cooled 

to 0°C was added 3 mg (0. 130 mmol) of sodium hydride and the resulting mixture stirred 

at 0°C for 15 min. At this time 8.6 mg (0.108 mmol) of chloromethyl methyl ether were 

added and the new mixture stirred at 0°C for 2h. Methanol (0.5 mL) was added followed 

by dichloromethane (10 mL) and the mixture washed with 5 mL of water, dried over 

Na2SO4 and concentrated under reduced pressure affording crude 243 which was further 

purified by PLC (silica; 5: 1 hexanes/ethylacetate) affording 8.2 mg of pure product 243 

23% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 1.31 (3 H, s), 1.32 (1 H, s) , 3.18 (1 H, 

dd , J = 2.9 Hz, J = 9.6 Hz) , 3.35 (3 H, s), 3.77-3.84 (1 H, m) , 3.81 (3 H, s), 4.04-4.08 

(1 H, m), 4.61 (1 H, 1/2 ABq, J = 9.4 Hz), 4.66 (1 H, 1/2 ABq, J = 9.4 Hz), 5.02 (1 H, 

dd, J = 2.1 Hz, J = 9.4 Hz), 5.18 (1 H, br s), 6.07 (1 H, s), 6.63 (1 Hd, J = 7.7 Hz, J = 
6.67 (1 H, d, J = 8.2 Hz) , 7.12 (1 Ht, J = 7.9 Hz). 

IR (NaCl) : 2968 , 1755, 1700, 1657, 1609, 1478, 1451 , 1372 cm-I. 
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211 245 

9-Fluorenylmethyl-N-carboxymethyl-N-methyl carbamate (245). 

To a stirred solution of sarcosine (1.0 g/0.011 mol) in 29 mL of 10% Na2CO3 (aq) 

and cooled to 0°C was added 2.8 g (0.011 mol) of 9-fluorenylmethyl chloroformate 

dissolved in 20 mL of THF. The resulting mixture warmed to room temperature and 

stirred for 2 h. The reaction mixture was then poored into 1 L of water, the aqueous layer 

(bottom) acidified with 1 N HCl and extracted 2 x 300 mL with ethyl acetate. The ethyl 

acetate layers were combined, dried over MgSO4 and concentrated under reduced pressure 

affording 3.3 g of 245 . 96% Yield. 

lH NMR (300 MHz) (CDCl3) 8 TMS: 2.97 (1.5 H, s), 3.01 (1.5 H, s), 3.91 (1 

H, s), 4.08 (1 H, s), 4.09-4.28 (1 H, m) , 4.43 (2 H, dd, J = 2.8 Hz, J = 3.5 Hz), 7.23-

7.41 (4 H, m) , 7.51 (1 H, d, J = 7.4 Hz) , 7.59 (1 H, d, J = 7.4 Hz), 7.70 (1 H, d, J = 
7.5 Hz), 7.74 (1 H, d, J = 7.5 Hz), 10.55 (1 H, br. s). 

13C NMR (300 MHz) (CDCl3) 8: 35.35 (q), 47.05 (d), 50.48 (t), 68.01 (t), 

119.88 (d), 119.92 (d), 124.73 (d), 124.97 (d), 126.98 (d), 127.02 (d), 127.60 (d), 

127.66 (d), 141.22 (s), 143.73 (s), 156.06 (s), 156.87 (s), 174.66 (s), 174.69 (s). 
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235 245 247 

1-[H yd roxymethyl-O-(N-9-fluorenyl methyloxycarbonyl-N-methyl )-

aminoacetyl ]-3-( 4 ,4-d i methyloxazol in-2-yl )-8-methoxy-1,2-

dihydroisoquinoline (247). 

To 245 ( 40 mg/0.13 mmol) dissolved in dichloromethane was added a microdrop 

of DMF followed by 33 mg (0.26 mmol) of oxalyl choride. The resulting mixture stirred at 

room temperature for 15 min and the resulting mixture concentrated under reduced 

pressure. The residue was then redissolved in 2.0 mL of dichloromethane, cooled to 

-78oC and to this solution added 20 mg (0.195 mmol) of triethylamine and the resulting 

mixture stirred at -78°C for 15 min, at which time 235 (34 mg/0.118 mmol) dissolved in a 

small volume of dichloromethane was introduced via cannula. The reaction then wanned to 

room temperature and stirred for I h. The residue following concentration was separated 

by PTLC (silica; 20:1 dichloromethane/methanol) affording 20 mg of 247. 40% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.26 (3 H, s), 1.30 (1.5 H, s), 1.35 (1.5 

H, s), 3.03 (3, d, J = 9.9 Hz), 3.47 (3 H, s), 3.98-3.82 (3 H, m), 3.85 (1 H, dd, J = 3.3 

Hz, J = 10.7 Hz), 3.98-4.06 (3 H, m), 3.98 (1 H, s), 4.18-4.33 (3 H, m), 4.39 (7.3 Hz), 

5.02 (1 H, br s), 5.11 (1 H, d, J = 14.6 Hz), 6.11 (1 H, d, J = 4.4 Hz), 6.65-6.71 (2 H, 

m), 7.15 (1 H, t, J = 7.9 Hz), 7.26-7.43 (5 H, m), 7.52 (1 H, d, J = 7.4 Hz), 7.62 (1 H, 

d, J = 7.4 Hz), 7.76 (2 H, m). 
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3-(Ethoxyacetylaminomethyl)-1-hyd roxymethyl-(2,2 '-carbonyl)-

8-methoxydihydroisoquinoline (239). 

236 

To a stirred solution of 186 (400 mg/1.62 mmol) dissolved in 14 mL of 

dichloromethane and cooled to 0°C was added 556 mg (4.85 mmol) of methanesulfonyl 

chloride followed by 820 mg (8. IO mmol) of triethylamine. The resulting mixture stirred at 

0°C for 30 min. at which time 1.2 g (8.10 mmol) of sarcosine ethyl ester hydrochloride 

(Aldrich) were added, the mixute allowed to come to room temperature and stir for 8 h. 

The reaction mixture was then concentrated under reduced pressure, redissolved in 25 mL 

of ethylacetate, passed through a short column of silica (eluted with ethyl acetate) and 

concentrated to dryness in vacuo affording 588 mg of 239. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.26 (3 H, t, J = 7.3 Hz), 2.53 (3 H, s), 

3.43 (1 H, d, J = 16.9 Hz), 3.60 (1 H, d, J = 14.8 Hz), 3.81 (3 H, s), 4.17 (2 H, q, J = 
7.1 Hz), 4.33 (1 H, d, J = 14.9 Hz), 4.49 (1 H, dd, J = 9.2 Hz, J = 10.2 Hz), 4.98 (1 H, 

t, J = 8.5 Hz), 5.28 (1 H, dd, J = 2.4 Hz, J = 8.2 Hz) , 6.02 (1 H, s), 6.74 (2 H, t, J = 
8.4 Hz), 7.22 (1 H, t, J = 7.8 Hz). 

l3C NMR (300 MHz) (CDCl3) 8: 14.23 (q), 41.51 (q), 54.61 (d), 55.38 (q), 

56.02 (t), 57.40 (t), 60.27 (t), 69.42 (t), 109.76 (d), 112.83 (d), 118.18 (d), 119.04 (s), 

129.27 (d), 132.28 (s), 134.20 (s), 154.57 (s), 154.98 (s), 171.02 (s). 

IR (NaCl): 2925, 2853, 1759, 1645, 1576, 1476, 1401, 1280, 1260, 1188, 

1091, 747 cm-1 . 
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Anal. calcd for C1gH22N2O5: C. 62.42; H. 6.40; N. 8.09 . Found: C. 62.25: H. 

6.60; N, 7.93. 

Figure 65 . lH NMR spectrum noo MHz) (CDCl2) of allylic amine 239 

t~~-~JJ~ 
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239 248 

2-Aza-6-hyd roxymethyl-7-methoxy-2-methyl-4-oxo-1,3,4,6, 11,11 a-

tetrahydro-2H-benzo[b ]quinolizine (248). 

To a stirred solution of 239 (252 mg/0.666 mmol) in 33 mL of ethanol was added 

3.3 mL of 2 M LiOH (aq), the reaction mixture degassed by argon purge and the resulting 

mixture stirred at room temperature for 8 h. The solution was then cooled to 0°C, the pH 

adjusted to 5 with 6 N HCl (aq) and concentrated to dryness in vacuo. The dry residue 

was then redissolved in 10 mL of DMF, cooled to 0°C and to this solution added 108 mg 

(0 .799 mmol) of N-hydroxybenzatriazole followed by 165 mg (0.700 mmol) of 1,3-

dicyclohexylcarbodiimide. The reaction was stirred at 0°C for 1 h then allowed to come to 

room temperature and stir for an additional 18 h. After concetrating the reaction mixture 

under reduced pressure at 35°C, the residue was redissolved in dichloromethane (50 mL), 

filtered through Celite, washed with sat. NaHCO3 (aq), dried over Na2SO4 and 

concentrated under reduced pressure. The crude material was then purified by flash 

chromatography (silica; 10: 1 dichloromethane/methanol, 0.5% cone. NH4OH) affording 

97 mg of pure 248 (Rf= 0.53). 53% yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 2.42 (3 H, s), 3.39 (1 H, 1/2 ABq, J = 

13.6 Hz), 3.48 (2 H, s), 3.55 (1 H, 1/2 ABq, J = 13.6 Hz), 3.66-3.69 (2 H, m), 3.83 (3 

H, s), 5.66 (1 H, s), 6.24 (1 H, dd, J = 4.6 Hz, J = 7.0 Hz) , 6.65 (1 H, d, J = 7.6 Hz), 

6.74 (1 H, d, J = 8.3 Hz), 7.18 (1 H, t, J = 8.1 Hz). 
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13C NMR (300 MHz) (CDCl3) 8: 43.80 (q) , 50. 10 (d). 55.37 (q). 55.37 (t ). 

59.06 (t), 64.12 (t), 106.33 (d), 109.30 (d), 116.57 (s), 117.39 (d), 128.87 (d). 131.61 

(s), 131.75 (s), 155.19 (s), 166.64 (s). 

IR (NaCl): 3184, 2939, 1680, 1643, 1474, 1364, 1274 cm·1. 

HRMS (FAB), calcd for C15H19N203 (MH+) : 275.1396. Found: 275.1386. 

Figure 66. lH NMR spectrnm (300 MHz) (CDC13_) of tricyclic monoketopiperazine 248 
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240 

Methyl (5a,8P, I op, I IP )-5, 7,8,9,10, 11-hexahyd ro-4-methoxy-5-

hydroxymethyl-13-methyl-7-oxo-8,11-iminoazepino[ 1,2-b ]isoquinoline-10-

carboxylate (249a) and methyl (5a,8a,1 0a,11 a)-5, 7 ,8,9, I 0, 11-hexahyd ro-

4-methoxy-5-hydroxymethyl-13-methyl-7-oxo-8,11-iminoazepino[ 1,2-

b ]isoquinoline-10-carboxylate (249b ). 

To a stirred solution of 248 (44 mg/0.160 mmol) in 11 mL of chloroform was 

added 28 mg (0.160 mmol) of N-bromosuccinimide and the resulting solution brought to 

reflux for 1 h (dark green color formed). At this time, the reaction mixture was cooled to 

0°C and to the mixture added 687 mg (8.00 mmol) of methylacrylate followed by addition 

of a solution of 162 mg (1.60 mrnol) of triethylamine in 5 mL of chloroform over a 15 min. 

period (dark blue color formed) . The reaction mixture was then allowed to come to room 

temperature and stir for 1 h. The reaction was then concentrated under reduced pressure, 

redissolved in dichloromethane, washed with sat. NaHCO3, dried over Na2SO4 and 

concentrated to dryness in vacuo. The crude material was then purified by PLC (silica; 3:1 

dichloromethane/THF, 0.25% cone. Nff4OH) affording 5 mg of 249a (Rr = 0.38) and 27 

mg of 249b (Rr = 0.24). 55% yield. 

1H NMR (300 MHz) (CDCl3) B TMS: 1.79 (1 H, br. s), 2.46 (3 H, s), 2.54 (1 

H, dd, J = 9.81 Hz, J = l 3.0 Hz), 2.61-2.69 (1 H, m), 3.33 (1 H, dd, J = 6.3 Hz, J = 

9.8 Hz), 3.59-3.65 (1 H, m), 3.70 (1 H, d, J = 6.5 Hz), 3.76 (3 H, s), 3.84 (3 H, s), 
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4.04 (1 H, s), 5.70 (1 H, s), 6.18 (1 H, dd, J = 4.0 Hz, J = 8.1 Hz), 6.68 (1 H, d, J = 
7.5 Hz), 6.75 (1 H, d, J = 7.9 Hz), 7.20 (1 H, t, J = 8.0 Hz). 

13C NMR (300 MHz) (CDCI3) o: 34.90, 35.65, 47 .36, 48.87 , 52.45, 55.42, 

64.75, 65.33 , 66.94, 105.53, 109.40, 116.55, 117 .75 , 129.06, 131.16, 134.87, 155.25, 

170.10, 173.63. 

IR (NaCl): 3425, 2951, 2842, 1737, 1683, 1642, 1474, 1363, 1273, 1084 cm- 1. 

HRMS (FAB), calcd for C19H23N205 (MH+): 359.1607. Found: 359.1602. 

ll2!L, lH NMR (300 MHz) (CDCl3) o TMS: 2.10 (1 H, br. s), 2.17 (1 H, dd, J = 9.9 

Hz, J = 13.6 Hz), 2.62 (3 H, s), 2.63-2.70 (1 H, m), 2.88 (1 H, dd , J = 4.8 Hz, J = 10.0 

Hz), 3.67-3.76 (1 H, m), 3.76 (3 H, s), 3.85 (3 H, s), 4.23 (1 H, s), 5.67 (1 H, s) , 6.25 

(1 H, dd, J = 4.1 Hz, J = 7.3 Hz), 6.67 (1 H, d , J = 7.6 Hz), 6.75 (1 H, d, J = 7.6 Hz), 

7.21 (1 H, t, J = 8.0 Hz). 

13C NMR (300 MHz) (CDCl3) o: 32.11 , 34.84, 50.12, 50.30, 52.50, 55.40, 

64.54, 64.90 , 65 .68 , 104.02, 109.20, 115.95, 117.21, 129.07, 132.30, 136.53, 155.33, 

171.41 , 173.26. 

IR (NaCl): 2950, 1734, 1684, 1636, 1474, 1272, 1078 cm- 1. 
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250b 

Methyl (5a,8a, 1 0a,1 la)-5, 7 ,8,9, 10,11-hexahyd ro-4-methoxy-5-

formyl-13-methyl- 7-oxo-8,11-iminoazepino[l,2-b ]isoq uinoline-10-

carboxylate (250b). 

243 

To a solution of DMSO (31 mg/0.402 mmol) in 2.5 mL of dichloromethane and 

cooled to -78°C was added 26 mg (0.201 mmol) of oxalyl chloride and the mixture stirred 

at -78°C for 10 min . A solution of 249b (36 mg/0.100 mmol) in 1.0 mL of 

dichloromethane was then added and the resulting solution stirred at -78°C for 1 h, at 

which time 101 mg (1.00 mmol) of triethylamine were added and the reaction mixture 

allowed to come to room temperature. The reaction was then concentrated under reduced 

pressure, redissolved in dichloromethane (20 mL), washed with water, dried over Na2SO4 

and concentrated to dryness in vacuo affording 34 mg of 250b. 94% yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 2.22 (1 H, dd, J = 9.8 Hz, J = 13.5 Hz), 

2.62-2.71 (1 H, m), 2.79 (3 H, s), 2.93 (1 H, dd, J = 5.0 Hz, J = 9.8 Hz), 3.74-3.80 (1 

H, m), 3.76 (3 H, s), 4.21 (1 H, s), 5.59 (1 H, s), 6.58 (1 H, s), 6.68 (1 H, d, J = 8.3 

Hz), 6.80 (1 H, d, J = 7.8 Hz), 7.25 (1 H, t, J = 8.0 Hz), 9.35 (1 H, s). 

13C NMR (300 MHz) (CDCl3) 8: 32.74, 35.03, 49.83, 52.51, 55.61, 58.08, 

64.97, 65.32, 102.79, 109.14, 110.79, 117.90, 130.08, 132.10, 137.39, 155.46, 

169.62, 173.20, 191.29. 

IR (NaCl): 2948 , 2852, 1735, 1686, 1645, 1475, 1275 cm- 1. 

HRMS (FAB), calcd for C19H21N2Os (MH+): 357.1450. Found: 357.1451. 
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Figure 69. lH NMR spectrum 000 MHz) {CDCl3.) of amido aldehyde 2SOb 
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250a 

Methyl (Sa,8~, 10~, 11 )-5, 7 ,8,9,10, 11-hexahyd ro-4-methoxy-5-

formyl-13-methy 1-7-oxo-8, 11-i minoazepino [ 1,2-b] isoq uinol ine-10-

carboxylate (250a). 

245 

To a stirred solution of 250b (30 mg/0.084 mmol) in 10 mL of dry THF was 

added 13 mg (0.084 mmol) of 1,8-diazobicyclo-[5.4.0]-undec-7-ene and the resulting 

mixture stirred at room temperature for 3 h. The reaction was then diluted with 25 ml of 

dichloromethane then washed with sat. NaHCO3 (aq), dried over Na2SO4 and concentrated 

to dryness in vacuo. The crude was then purified by PLC (silica; 3: 1 ethylacetate/hexanes) 

affording 22 mg of 250a (Rr = 0.41) and 6 mg of 250b (Rr = 0.50) . 

lifuh 1H NMR (300 MHz) (CDCl3) 8 TMS : 2.50 (3 H, s), 2.64-2.71 (2 H, m) , 3.54 

(1 H, dd, J = 6.4 Hz, J = 9.5 Hz) , 3.73 (1 H, d, J = 6.4 Hz), 3.76 (3 H, s), 3.92 (3 H, 

s), 4.07 (1 H, s), 5.61 (1 H, s), 6.57 (1 H, s), 6.70 (1 H, d, J = 7.5 Hz), 6.82 (1 H, d, J 

= 8.3 Hz), 7.27 (1 H, t, J = 8.7 Hz), 9.29 (1 H, s). 

13C NMR (300 MHz) (CDCl3) 8: 34.92, 35.63 , 47 .83, 52.47 , 55.64, 56.48, 

65.20, 66.55, 104.14, 109.31, 111.22, 118.17 , 130.09, 136.02, 155.48, 168.48, 

173.78 , 192.13. 

IR (NaCl): 2951, 2842, 1734, 1687 , 1647, 1475, 1776, 172, 1088 cm- 1. 

HRMS (FAB), calcd for C19H21N2O5 (MH+): 357.1450. Found: 357.1465. 
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Methyl (Sa,Sp, 1Op,11 p )-5, 7,8,9, 10, 11-hexahyd ro-4-met hoxy-5-

hydroxymethyl-13-methyl-7-oxo-8, 11-iminoazepi no[ 1,2-b ]isoquinoline-10-

carboxylate (249a). 

To a stirred solution of 250a (14 mg/0.039 mmol) dissolved in 3 mL of anhydrous 

methanol and cooled to 0°C was added 6 mg (0.157 mmol) of sodium borohydride (Ba.ker) 

and the resulting mixture stirred at 0°C for 1 h. The reaction mixture was then carefully 

quenched by addition of 1 N HCl (aq) until bubbling subsided. This solution was then 

concentrated under reduced pressure, the residue redissolved in dichloromethane (10 mL), 

washed with sat. NaHCO3 (aq) , dried over Na2SO4 and concentrated to dryness in vacuo 

affording 13 mg of 249a. 94% yield. Physical data for 249a reported above. 
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66 

Methyl (Sa,8~, 10~,11 )-5, 7,8,9,10, 11-hexa hyd ro-4- methoxy-5-

[ (methoxymethoxy )methyl]-13-methyl-7-oxo-8,11-i minoazepino[ 1,2-

b ]isoquinoline-10-ca rboxylate ( 66). 

247 

To a stirred solution of 249a (6 mg/0.017 mmol) di ssolved in 2 mL of 

dichloromethane and cooled to 0°C was added 7 mg (0.051 mmol) of N,N-

diisopropylethylamine followed by 3 mg (0.043 mmol) of chloromethyl methyl ether. The 

resulting mixture stirred at ooc for 1 h at which time the reaction mixture was allowed to 

come to room temperature with continued stirring for an addition 16 h. The reaction was 

then concentrated under reduced pressure and purified by PLC (silica; 3: 1 

ethylacetate/hexanes) affording 6 mg of 66 (Rf= 0.30). 84% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 2.43-2.51 (1 H, m), 2.46 (3 H, s), 2.60-

2.66 (1 H, m), 3.22 (3 H, s) , 3.28 (1 H, dd, J = 9.9 Hz, J = 6.1 Hz), 3.57-3 .60 (2 H, 

m), 3.68 (1 H, d, J = 6.4 Hz), 3.77 (3 H, s), 3.84 (3 H, s), 4.03 (1 H, s) , 4.44 (1 H, 1/2 

ABq, J = 6.5 Hz), 4.64 (1 H, 1/2 ABq, J = 6.5 Hz), 5.70 (1 H, s), 6.22 (1 H, dd, J = 4.6 

Hz, J = 6.6 Hz) , 6.66 (1 H, d, J = 7.6 Hz), 6.73 (1 H, d, J = 8.3 Hz) , 7.18 (1 H, t, J = 
8.0 Hz). See Figure 7, Chapter 3. 

13C NMR (300 MHz) (CDCl3) 8: 34.63 , 35.68 , 46.01 , 47 .36, 52.47, 55.22, 

55.43 , 65.48 , 66.94, 67.13, 96.07, 105.68, 109.23, 117 .21 , 117 .54, 128.84, 131.46, 

134.97 , 155.16, 168.85, 173.75. 
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IR (NaCl): 2949, 1738, 1686, 1546, 1474, 1358, 1274, 1169, 1029 cm- 1. 

HRMS (FAB), calcd for C21H27N2O6 (MH+) : 403.1869. Found: 403.1872. 

Figure 71. lH NMR spectrum (300 MHz) (CDCI~) of 66 
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68-methyl ester 

Methyl (5cx.,8~, 10 ~' 11 ~' 11 a~ )-5, 7 ,9, 10, 11,11 a, 12-octahyd ro-4-

methoxy-5-[ (methyoxymethoxy)methyl]-13-methyl-7-oxo-8,11-

i minoazepi no [ 1,2-b] isoq u inoli ne-10-car boxy late. 
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To a high pressure hydrogenation bomb was charged 21 mg (0.052 mmol) 

dissolved in 4 mL of absolute ethanol followed by 200 µL of a slurry of washed W2 

Raney-Ni (Aldrich). The mixture was then subjected to high pressure hydrogenolysis (H2, 

1500 psi) for 20 hat 65°C. After cooling, the reaction mixture was then filtered through 

Celite and concentrated under reduced pressure. The crude mixture was then separated by 

PTLC (silica; 3: 1 ethyl acetate/hexanes) affording 10 mg of pure 68-methyl ester (Rr = 

0.22). 45% Isolated yield. 

lff NMR (300 MHz) (CDCl3) cS TMS: 2.29 (1 H, dd, J = 9.6 Hz, J = 13.1 Hz), 

2.49 (3 H, s) , 2.53 (1 H, dd, J = 2.3 Hz, J = 14.2 Hz) , 2.57-2.65 (1 H, m), 2.96 (3 H, 

s) , 3.14 (1 H, t, J = 13.5 Hz), 3.36 (1 H, dd, J = 6.8 Hz, J = 9.6 Hz), 3.53-3.57 (2 H, 

m), 3.65 (1 H, d, J = 2.6 Hz), 3.76 (3 H, s), 3.82 (3 H, s), 4.23 (1 H, dd, J = 3.0 Hz, J 

= 9.9 Hz), 4.29 (1 H, 1/2 ABq, J = 6.3 Hz) , 4.42 (1 H, 1/2 ABq, J = 6.3 Hz), 5.61 (1 H, 

t, J = 2.4 Hz), 6.77 (2 H, t, J = 9.1 Hz), 7.18 (1 H, t, J = 7.9 Hz) . 

13C NMR (300 MHz) (CDCl3) cS: 32.12, 34.45, 37 .01, 41.30, 49.37 , 52.38, 

54.30, 54.68, 55.31, 66.40, 67.10, 68 .04, 96.26, 108.66, 119.50, 122.65, 127.85, 

138.18 , 155.67, 171.02, 174.93. 

IR (NaCl): 2949, 1735, 1655, 1474, 1265, 1047 cm-I. 
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HRMS (FAB), calcd for C21H29N2O6 (MH+): 405.2026. Found: 405.2027. 

Figure 72. lH NMR spectrum (300 MHz) (CDCh) of 68-methvl ester 
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251 

(5a,8P,l op,11 p, l laP)-5, 7,9 , l 0, 11, l la,12-0ctahyd ro-4-methoxy-5-

[ (methyoxymethoxy )methyl]-13-methyl-7-oxo-8,11-iminoazepino[ 1,2-

b ]isoquinoline-IO-carboxylic acid (68). 

To a stirred solution of 68-methyl ester (10 mg/0.025 mmol) dissolved in 0.5 mL 

of ethanol was added 0.8 mg (0.037 mmol) of lithum hydroxide in 20 µL of water. The 

resulting mixture stirred at room temperature for 1.5 h at which time the solution was 

diluted with water (5 mL), acidified to pH 5 with 1 N HCl (aq) and the mixture extracted 3 

x 10 with dichloromethane. The extracts were combined, dried over Na2S 04 and 

concentrated to dryness in vacuo affording 10 mg of crude material. Quant. An aliquot 

was purified by PTLC (silica; 8: 1 chlorofonn/methanol) producing a pure sample of 68 (Rf 

= 0.30). 1H NMR (300 MHz) (CDCl3) c TMS: 2.28 (1 H, t, J = 9.8 Hz), 2.45-2.53 (2 

H, m), 2.54 (3 H, s), 2.92 (3 H, s), 3.11-3.20 (1 H, m), 3.25 (1 H, dd, J = 4.8 Hz, J = 

9.6 Hz), 3.49-3 .57 (2 H, m), 3.60 (1 H, br s), 3.81 (3 H, s), 3.84 (1 H, d, J = 9.0 Hz), 

4.17 (1 H, dd, J = 2.8, J = 10.0 Hz), 4.26 (1 H, 1/2 ABq, J = 6.3 Hz), 4.36 (1 H, 1/2 

ABq, J = 6.3 Hz), 5.60 (1 H, br s), 6.67 (1 H, d, J = 7.5 Hz), 6.75 (1 H, d, J = 8.3 Hz), 

7.13 (1 H, t, J = 7.9 Hz). l3C NMR (300 MHz) (CDC13) c: 35.18, 49.41, 54.76, 

55.34, 67.81, 96.28, 108.78 , 119.55, 122.46, 128.12, 138.24, 155.67, 176.28, the rest 

of the signals were not assignable due to the dilute mixture. IR (NaCl): 3448, 2944, 1652, 

1591, 1474, 1460, 1265, 1099, 917 , 732 cm- 1. HRMS (FAB), calcd for C20H27N2O6 

(MH+): 391.1869. Found: 391.1877. 
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186 251 

3-(Ethoxyacetyla minomethyl )-1-hydroxymethyl-(2,2' -carbonyl )-8-

methoxydihydroisoquinoline (239). 

To a stirred mixture of 186 (228 mg/0.922 mmol) dissolved in 9 mL of 

dichloromethane and cooled to 0°C was added 317 mg (2.77 mmol) of methanesulfonyl 

chloride followed by 466 mg (4.61 mmol) of triethylamine. The resulting mixture stirred at 

o0c for 30 min. at which time 1.5 g (9.22 mmol) of 2-amino-2-methyl-1-propanol were 

added, the mixture allowed to warm to room temperature and stir for 18 h. The reaction 

mixture was then diluted with 20 mL of dichloromethane, washed with sat. NaHCO3, 

dried over Na2SO4 and concentrated to dryness under reduced pressure affording crude 

239 which was purified by flash chromatography (silica; 10: 1 dichloromethane/methanol) 

affording 180 mg of 251. 82% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS: 1.25 (3 H, t, J = 7.0 Hz), 1.37 (3 H, s), 

1.38 (3 H, s), 3.60 (1 H, 1/2 ABq, J = 14.9 Hz), 3.80-3.86 (4 H, m), 3.98 (1 H, 1/2 

ABq, J = 14.9 Hz), 4.10 (2 H, q, J = 5. l Hz), 4.48 (1 H, dd, J = 9.2 Hz, J = 2. l Hz), 

4.99 (1 H, dd, J = 9.0 Hz, J = .1 Hz), 5.32 (1 H, dd, J = 9.4 Hz, J = 2.1 Hz), 5.93 (1 H, 

s), 6.71 (2 H, dd , J = 8.4 Hz, J = 2.9 Hz) , 7.20 (1 H, J = 8.1 Hz). 

l3C NMR (300 MHz) (CDCl3) 8: 14.10, 49.41, 49 .58, 54.66, 55.34, 60.66, 

69.70, 109.68, 109.68, 111.79, 118.03, 129.31, 132.22, 135 .50, 154.61, 154.94, 

172.30. IR (NaCl): 2980, 1757, 1575, 1476, 1400, 1260, 1141 , 1093, 1017, 747 cm·l. 

HRMS (CI), calcd for C17H20N2O5 (MH+): 332.1372. Found: 332.1370. 
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252 

cis-3-(N-Ethoxyacetyl )ami n omethyl-1-hyd roxymethyl-(2,2 ' -

carbonyl)-8-methoxytetrahydroisoquinoline (252). 

253 

To 251 (100 mg/0.301 mmol) dissolved in 7 mL of ethanol and purged with 

nitrogen was added 53 mg (0.301 mmol) of palladium chloride and the resulting mixture 

saturated with H2. The reaction mixture then stirred at room temperature under 1 atm of H2 

for 16 h. The reaction mixture was then filtered through Celite and concentrated under 

reduced pressure. The residue was then redissolved in 25 mL of dichloromethane, washed 

with sat. NaHCO3, dried over Na2SO4 and concentrated to dryness in vacuo affording 83 

mg of 252 . 82% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 1.28 (3 H, t, J = 7.3 Hz), 2.23 (1 H, br 

s) , 2.75 (1 H, dd, J = 1.1 Hz, J = 16.6 Hz), 2.91-3 .06 (2 H, m), 3.51-3.68 (2 H, m), 

3.81 (3 H, s), 4.15-4.24 (3 H, m) , 4.79 (1 H, t, J = 8.9 Hz), 5.02 (1 H, t, J = 7.7 Hz), 

6.75 (2 H, dd, J = 3.2 Hz, J = 7.7 Hz), 7.21 (1 H, t, J = 8.0 Hz). 

IR (NaCl): 2922, 1743, 1586, 1473, 1258, 1201, 1073 cm- 1. 

HRMS (Cl), calcd for C17H22N2O5 (MH+): 334.1529. Found: 334.1524. 
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252 253 

cis-3-(N-Benzyl-N-Ethoxyacetyl)a minomethyl-1-hyd roxymethyl 

(2,2' -carbonyl )-8-methoxytetrahydroisoq uinol ine (253 ). 

254 

To 252 (144 mg/0.431 mmol) dissolved in dichloromethane (4 mL) was added 

benzyl bromide (81 mg/0.474 mmol) followed by a solution of Na2CO3 in water. The 

resulting mixture was rufluxed with vigorous stirring for 5 h at which time the reaction was 

cooled to room temperature, dilluted with dichloromethane, washed with sat. NaHCO3, 

dried over Na2SO4 and concentrated to dryness in vacuo affording 190 mg of crude 

material which was purified by PTLC (silica; 1: 1 ethylacetate/hexanes) affording 94 mg of 

pure 253. 54% Yield. 

lH NMR (300 MHz) (CDCl3) 8 TMS: 1.26 (3 H, t, J = 7.1 Hz), 2.83 (1 H, dd, 

J = 3.4 Hz, J = 15.7 Hz) , 2.98-3.05 (2 H, m), 3.41 (2 H, d, J = 3.0 Hz), 3.53-3.57 (2 H, 

m), 3.80 (3 H, s), 3.96 (1 H, d, J = 13.9 Hz), 4.14 (2 H, q, J = 7.2 Hz), 4.25 (1 H, dd, J 

= 6.7 Hz, J = 8.9 Hz), 4.73 (1 H, dd, J = 8.3 Hz, J = 8.8 Hz), 4.90 (1 H, t, J = 7.5 Hz), 

6.69 (1 H, d, J = 7.6 Hz) , 6.73 (1 H, d, J = 8.2 Hz), 7.18 (1 H, t, J = 7.7 Hz), 7.24-7.36 

(5 H, m). 

IR (NaCl): 2972, 2839, 1750, 1586, 1473, 1383, 1258, 1189, 1070 cm-I. 

HRMS (FAB), calcd for C24H29N2O5 (MH+): 425.2076. Found: 425.2080. 
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(6a, l laa)-2-Aza-2-benzyl-6-hydroxymethyl-7-methoxy-4-oxo-

l,3,4,6,l l, l la-tetrahydro-2H -benzo[b ]quinolizine (254). 

255 

To a stirred solution of 253 (380 mg/).895 mmol) dissolved in 45 mL of ethanol 

was added 4.5 mL of 2 M LiOH (aq), the reaction purged with nitrogen, then heated at 

reflux for 24 h. After cooling to 0°C, the pH of the reaction was adjusted to 5 with 6 N 

HCl and the reaction mixture concentrated under reduced pressure. The residue was then 

redissolved in 15 mL of DMF and the reaction cooled to 0°C. To this solution was then 

added 145 mg (1.07 mmol) of N-hydroxybenzatriazole followed by 145 mg (1.07 mmol) 

of DCC, the mixture stirred at 0°C for 1 h then at room temperature for an additional 18 h 

at which time the reaction mixture was concentrated under reduced pressure. The residue 

was redissolved in dichloromethane and washed with sat. NaHCO3, dried over Na2SO4 

and concentrated to dryness in vacuo. The crude material was then purified by flash 

chromatography (silica; 10: 1 dichloromethane/methanol) affording 190 mg of pure 254. 

60% Yield. 

1H NMR (300 MHz) (CDC13) 8 TMS: 2.37 (1 H, t, J = 10.8 Hz) , 2.58 (1 H, 

dd, J = 2.4 Hz, J = 14.7 Hz), 2.81 (1 H, t, J = 12.3 Hz), 3.02 (I H, d, J = 10.7 Hz), 

3.13 (1 H, d, J = 16.7 Hz), 3.50-3.64 (5 H, m), 3.81 (3 H, s), 3.95 (1 H, br s), 5.83 (1 

H, dd, J = 3.0 Hz, J = 7.0 Hz), 6.70 (I H, d, J = 7.5 Hz), 6.78 (I H, d, J = 8.3 Hz), 

7.26-7.34 (5 H, m). 
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13C NMR (300 MHz) (CDCl3) B: 33.20 (t) , 52.81 (d), 55.10 (d), 55 .19 (q), 

55.33 (t), 57.35 (t), 61.47 (t), 68.31 (t), 108. 95 (d), 119.55 (d), 121.78 (s), 127.43 (d), 

128.14 (d) , 128.34 (d), 128.34 (d), 128.88 (d), 128.88 (d), 136.71 (s), 136.83 (s), 

155.72 (s), 170.04 (s). 

IR (NaCl): 3383, 2935, 1627, 1475, 1452, 1422, 1396, 1341, 1264, 1076, 735 

cm-I. 

HRMS (FAB), calcd for C21H25N203 (MH+): 353.1865. Found: 353.1881. 
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(6a,1 laa)-2-Aza-2-benzyl-6-hydroxymethylmethoxymethyl-7-

methoxy-4-oxo-1,3,4 ,6, 11,1 la-tetrahydro-2H -benzo[b ]quinolizine (255). 

To a stirred solution of 25 4 (54 mg/0.153 mmol) dissolved in 3 mL of 

dichloromethane was added 40 mg (0.306 mmol) of N,N-diisopopylethylamine followed 

by 19 mg (0.23 mmol) of chloromethyl methylether and the resulting mixture stirred at 

room temperature for 24 h. After concentrating to room temperature, the residue was 

separated by flash chromatography (silica; 3: 1 ethyl acetate/hexanes) affording 138 mg of 

pure 255. 67% Yield. 

lff NMR (300 MHz) (CDCl3) 8 TMS: 2.33 (1 H, t, J = 10.7 Hz), 2.51 (1 H, dd, 

J = 2.5 Hz, J = 14.2 Hz), 2.96-3.09 (3 H, m), 2.97 (3 H, s), 3.50-3.66 (5 H, m), 3.80 (3 

H, s), 4.19 (1 H, dd, J = 3.2 Hz, J = 10.0 Hz). 4.28 (1 H, 1/2 ABq, J = 6.4 Hz), 4.39 (1 

H, 1/2 ABq, J = 6.4 Hz), 5.70 (1 H, t, J = 2.52 Hz), 6.69 (1 H, d, J = 7.5 Hz), 6.76 (1 

H, d, J = 7.4 Hz), 7.15 (1 H, t, J = 7.9 Hz), 7.26-7.32 (5 H, m). See Figure 27. 

13C NMR (300 MHz) (CDCl3) 8: 33.58(t), 50.10 (d), 54.21 (d), 54.60 (q), 

55.24 (q), 55.70 (t), 57.71 (t), 61.67 (t), 67.95 (t), 95.98 (t), 108.56 (d), 119.27 (d), 

122.78 (s), 127.34 (d), 127.70 (d), 128.33 (d), 128.33 (d), 128.88 (d), 128.88 (d), 

136.95 (s), 138.08 (s), 155.60 (s), 167.38 (s). 

IR (NaCl): 2937, 2879, 2826, 1547, 1475, 1420, 1265, 1149, 1071, 1043 cm-1. 

HRMS (FAB). calcd for C23H29N2O4 (MH+): 397.2127. Found: 397.2115. 
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( 6cx.,1 lacx.)-2-A za-6-hydroxymethylmethoxymethyl- 7-methoxy-4-oxo-

1,3,4,6 ,11, l la-tetrahyd ro-2H -benzo [b ]quinolizine (256 ). 

To a stirred solution of 255 (79 mg/0.199 mmol) dissolved in 6 mL of methanol 

and purged with nitrogen was added 106 mg of 5% palladium on carbo"n, the reaction 

mixture saturated with H2 and the reaction stirred under 1 atm of H2 for 3 h. The reaction 

mixture was then filtered through Celite and concentrated to dryness in vacuo affording 60 

mg of pure 256. 98% Yield. 

1H NMR (300 MHz) (CDCl3) <> TMS: 2.59 (1 H, dd, J = 2.7 Hz, J = 14.3 Hz) , 

2.91-3.06 (1 H, m) , 2.98 (3 H, s), 3.22 (1 H, dd, J = 2.5 Hz, J = 12.7 Hz), 3.48 (1 H, 

dd, J = 10.2 Hz, J = 12.2 Hz), 3.51-3.67 (3 H, m), 3.82 (3 H, s), 4.17 (1 H, dd, J = 3.3 

Hz, J = 10.1 Hz) , 4.31 (1 H, 1/2 ABq, J = 6.4 Hz), 4.42 (1 H, 1/2 ABq, J = 6.4 Hz), 

5.77 (1 H, t, J = 2.9 Hz), 6.73 (1 H, d, J = 7.5 Hz), 6.78 (1 H, d, J = 8.3 Hz), 7.18 (1 

H, t, J = 7.8 Hz). 

13C NMR (300 MHz) (CDCl3) 6: 33.36 (t), 49.64 (t), 49.82 (d), 50.20 (t), 54.64 

(q), 55.30 (q), 55.73 (d), 68.18 (t), 96.02 (t), 108.64 (d), 119.28 (d), 122.82 (s), 127.82 

(d), 137.76 (s), 155.64 (s), 168.23 (s). 

IR (NaCl): 3316, 2941, 2903, 2839, 1641, 1475, 1265, 1149, 1052 cm·l. 

HRMS (FAB), calcd for C16H23N2O4 (MH+): 307.1658. Found: 307.1645. 
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( 6a, 11 aa)-2-Aza-6-hydroxymethylmethoxymethyl-7-methoxy-2-

methyl-4-oxo-1,3,4,6, 11, l la-tetrahyd ro-2H -benzo[b ]quinolizine (257). 

259 

To a stirred mixture of 256 (30 mg/0.098 mmol) dissolved in 4 mL of acetonitrile 

was added 19 mg (0.147 mmol) of N,N-diisopropylethylamine followed by 17 mg (0.118 

mmol) of iodomethane and the resulting mixture stirred at room temperature for 4 h. The 

reaction mixture was dilluted with dichloromethane, washed with sat. NaHCO3, dried over 

N a2S 04 and concentrated to dryness in vacuo affording 18 mg of 257 following 

purification by PTLC (silica; 3:1 ethyl acetate/hexanes). 60% Yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS: 2.35 (3 H, s) , 2.57 (1 H, dd, J = 2.6 Hz, 

J = 14.2 Hz), 2.93-3.07 (2 H, m), 2.99 (3 H, s), 3.54 (1 H, dd, J = 1.6 Hz, J = 16.4 

Hz), 3.64 (1 H, dd , J = 2.4 Hz, J = 10.1 Hz) , 3.82 (3 H, s), 4.18 (1 H, dd, J = 3.2 Hz, J 

= 10.0 Hz) , 4.29 (1 H, 1/2 ABq, J = 6.4 Hz), 4.40 (1 H, 1/2 ABq, J = 6.4 Hz), 5.70 (1 

H, br s), 6.73 (I H, d, J = 7.6 Hz), 6.78 (1 H, d, J = 8.3 Hz), 7.18 (1 H, t, J = 8.0 Hz). 

See Figure 28. 

IR (NaCl): 2939, 2885, 2840, 2782, 1646, 1475, 1265 , 1150, 1050, 918, 733 

cm-1. 
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Tetrazominol (301). 

To a stirred solution of tetrazomine (20) (8 mg/0.017 mmol) dissolved in 1 mL of 

methanol and cooled to 0°C was added 6.4 mg (0.170 mmol) of sodium borohydride and 

the resulting mixture stirred at 0°C for 3 h. The reaction was then quenched with sat. 

NH4Cl (aq.) then basefide with sat. NaHCO3 (aq.) and concentrated under reduced 

pressure. The residue was triturated with isopropanol , filtered through Celite and 

concentrated to dryness in vacuo affording 7 mg of 301 . 95% Yield. 

1H NMR (300 MHz) (D2O) 8 HOD: 1.63-1.94 (5 H, m), 2.24 (1 H, t, J = 11.4 

Hz), 2.48 (1 H, d, J = 14.1 Hz), 2.57 (1 H, q, J = 11.5 Hz), 2.79-2.89 (5 H, m), 2.96 (1 

H, d, J = 16.3 Hz), 3.00 (1 H, d, J = 12.9 Hz) , 3.18 (I H, br. s), 3.36 (1 H, d, J = 13.8 

Hz), 3.53-3.68 (5 H, m) , 3.60 (3 H, s), 3.84-3.90 (2 H, m), 4.17 (1 H, d, J = l .8 Hz), 

4.56 (1 H, s), 6.89 (1 H, d, J = 8.2 Hz), 7.33 (1 H, d, J = 8.2 Hz). 

HRMS (CI), calcd for C24H36N4O5 (MH+): 460.2696. Found: 460.2696. 
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To a stin-ed mixture of 160 (7 .0 mg/0.021 mmol) and para-nitrophenol (305) (3 .2 

mg/0.023 mmol) in 2 mL of dry dichloromethane and cooled to 0°C was added 5 mg 

(0.023 mmol) of 1,3-dicyclohexylcarbodiimide (Aldrich). The resulting mixture stirred at 

0°C for 1 h, then warmed to 25°C and stirred for an additional 10 h. The reaction mixture 

was then concentrated under reduced pressure and the residue purified by PLC (silica; 1: 1 

ethylacetate/hexanes) affording 6 mg of para-nitrophenylester 306 (Rf= 0.79). 63% 

Yield. 1H NMR (300MHz) (CDCh) 8 TMS: 1.05 (3 H, s), 1.30 (3 H, s), 2.57 

(1 H, t, J = 11.3 Hz), 2.78 (1 H, dd, J = 9.8 Hz, J = 7.0 Hz) , 2.89 (1 H, d, J = 4.1 Hz), 

2.96-3.05 (2 H, m), 3.33 (1 H, 1/2 ABq, J = 17.3 Hz), 3.55-3.68 (2 H, m), 3.75 (1 H, 

s), 3.78 (3 H, s), 3.89 (1 H, 1/2 ABq, J = 17.3 Hz), 4.57 (1 H, t, J = 5.9 Hz), 6.68 (1 H, 

d, J = 8.1 Hz), 6.78 (1 H, d, J = 7.7 Hz), 7.16 (1 H, t, J = 7.9 Hz), 7.33 (2 H, d, J = 9.1 

Hz), 8.29 (2 H, d, J = 9.0 Hz). 

13C NMR (300MHz) (CDCl3) 8: 11.19, 24.17, 32.83 , 33.93, 51.06, 51.33, 

53.41, 55.28, 57.41, 58.49, 71.10, 94.94, 107.58, 121.30, 122.27, 123.16, 125.22, 

125.22, 127.58, 135.62, 145.31, 155.24, 156.08, 169.66. 

IR (NaCl): 2933, 1781, 1582, 1523, 1471, 1346, 1258, 1208, 1104, 913, 853, 

728cm-1. 
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Methyl 1-methyl-4-nitropyrrole-2-carboxylate (308). 

To a slurry of 1-methyl-2-pyrrolecarboxylic acid (10 g/0.080 mol) in 60 mL of 

acetic anhydride and cooled to -10°C was added dropwise over a 15 min period an ice-bath 

cooled solution of 8 mL of 70% HNO3 in 40 mL of acetic anhydride. The resulting 

mixture stirred at -10°C for 30 min. at which time it was poured onto ice. After stirring for 

2 h the mixture was then extracted 2 x 50 mL with dichloromethane, dried over Na2SO4 

and concentrated under reduced pressure. The residue was then redisssolved in 100 mL of 

methanol and 10 mL of concentrated H2SO4 added. The resulting mixture was heated to 

reflux for 12 h, cooled to room temperature and concentrated to 1/3 its original volume. 

Water (50 mL) was added and the mixture extracted 2 x 50 mL with chloroform, the 

extracts combined, dried over Na2SO4 and concentrated to dryness in vacuo affording 8 g 

of crude material which was purified by flash chromotography (silica; 4: 1 

hexanes/ethylacetate) affording 4 g of pure 308 (Rr = 0.25). 30% Yield. 

1H NMR (300MHz) (CDCl3) 8 TMS : 3.87 (3H, s), 4.00 (3H, s), 7.42 (IH, d, J 

= l.9Hz), 7 .60 (1 H, d, J = 2.0Hz). 

IR (NaCl): 3252, 3146, 1708, 1499, 1317, 1255, 1195, 1117, 751 cm-1. 
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1-methyl-4-nitropyrrole-2-carboxylchloride (311). 

To a stirred solution of 308 (385 mg/2.09 mmol) in 6 mL of ethanol was added 2.1 

mL of 2M LiOH (aq) and the resulting mixture stirred at room temperature for 2 h. The 

reaction mixture was then acidified with 1 N HCI (aq) and extracted 3 x 20 mL with 

dichloromethane. The dichloromethane extracts were then combined, dried over Na2SO4 

and concentrated to dryness in vacuo affording 322 mg of the crude intermediate carboxylic 

acid. This material was then suspended in 10 mL of dichloromethane, 1 drop of DMF and 

was followed by 288 mg (2.27 mmol) of oxalyl chloride. The resulting mixture stirred at 

room temperature for 2 h at which time the reaction mixture was concentrated under 

reduced pressure producing 356 mg of acid chloride 310 as an amber oil. 91 % Yield. 
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Di-pyrrolecarboxamide methyl ester (311). 

To a stirred solution of 308 (289 mg/1.57 mmol) in 3.5 mL of DMF and purged 

with nitrogen was added 87 mg of 5% Pd on carbon and the mixture saturated with H2. 

The resulting mixture then stirred at room temperature under latm. of H2 for 16h. At this 

time the reaction mixture was filtered through Celite into a solution of acid chloride 310 

(356 mg/1.89 mmol) in 10 mL of dichloromethane and the filter cake washed with 5 mL of 

1: 1 DMF/water. To the new reaction mixture was then added 400 mg (4.76 mmol) of 

sodium bicarbonate and the resulting mixture stirred vigorously at room temperature for 18 

h. The layers were then separated, the organic layer washed with 5 mL of sat. brine, dried 

over Na2SO4 and concentrated to dryness in vacuo. The residue was then separated by 

flash chromatography (silica; 1: 1 ethylacetate/hexanes) affording 200 mg of 311. 42% 

Yield. 

1H NMR (300 MHz) (DMSO-D6) b TMS : 3.73 (3H, s), 3.83 (3H, s), 3.94 (3H, 

s), 6.88 (lH, s), 7 .44 (lH, s), 7.54 (lH. s), 8.17 (lH, s). 10.25 (lH, s). 
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Di-Pyrrolecarboxamide (312). 

To a suspension of 311 (125 mg/0.408 mmol) in 8 mL of 1: 1 ethanol/water was 

added 80 mg (2.0 mmol) of sodium hydroxide and the reaction mixture heated to reflux for 

30 min. at which time the reaction mixture became homogeneous. The reaction mixture 

was then cooled to room temperature and acidified with 6 N HCI (aq). The precipitate that 

formed was filtered off and washed with 1: 1 methanol/water and dried affording 107 mg of 

acid 313. 90% Yield. Material carried on without further purification. 
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Di methylethylenediamine-di-pyrrolecarboxamide (313 ). 

To a stirred solution of 312 (100 mg/0.342 mmol) in 2 mL of DMF and cooled to 

0°C was added 33 mg (0.376 mmol) of N,N-dimethylethylenediamine followed by 51 mg 

(0.376 mmol) of N-hydroxybenzatriazole and 78 mg (0.376 mmol) of 1,3-

dicyclohexylcarbodiimide. The resulting mixture stirred at 0°C for 1 h followed by stirring 

at room temperature for 16 h. The reaction mixture was then concentrated under reduced 

pressure at 35°C and the resulting residue purified by flash chromatography (silica; 3% 

cone. Nff4OH in methanol) affording 121 mg of 313. 98% Yield. 

1H NMR (300 MHz) (DMSO-d6) o TMS: 2.18 (6 H, s), 2.38 (2 H, t, J = 6.8 

Hz) , 3.26 (2 H, q, J = 6.5 Hz), 3.79 (3 H, s), 3.93 (3 H, s), 6.82 (1 H, s), 7 .19 (1 H, s), 

7.55 (1 H, d, J = 1.7 Hz), 7.93 (1 H, t, J = 5.0 Hz), 8.15 (1 H, s), 10.24 (1 H, s). 

13C NMR (300 MHz) (CDCI3) 8: 36.13 (q), 36.13 (q), 36.58 (t), 37 .56 (q), 

45.20 (q), 58.29 (t), 104.10 (d), 107.63 (d), 118.14 (d), 121.42 (s), 123.23 (s), 126.37 

(s), 128.29 (d), 133.88 (s), 156.96 (s), 161.18 (s). 

IR (NaCl): 3288, 3130, 2938, 2857, 2821, 2784, 1636, 1575 , 1537, 1505, 

1463, 1438, 1420, 1402, 1310, 1257, 1208, 1113, 814,751,731 cm·l. 

Anal. cakd for C16H22N6O4: C, 53.03; H, 6.12; N, 23 .19. Found: C, 53.28; 

H, 6.18; N, 23 .17. 
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Netropsin conjugate (314). 

To a stirred solution of 313 (8 mg/0.023 mmol) in 0.5 mL of DMF and degassed 

with nitrogen was added 5 mg (0.002 mmol Pd) of 5% palladium on carbon (Aldrich) and 

the resulting mixture saturated with hydrogen . The mixture then stirred at 25°C under 1 

atmosphere of hydrogen for 24 h. The reaction mixture was then filtered through Celite 

into a solution of 306 (7 mg/0.015 mmol) dissolved in 0.5 mL of DMF and the filter cake 

washed with an additional 2 mL of DMF. To the reaction mixture was then added 7 mg 

(0.069 mmol) of triethylamine and the resulting solution stirred at 25°C for 7 h. The 

reaction mixture was then concentrated under reduced pressure and the residue purified by 

PLC (silica; 3% cone. NH4OH in methanol) affording 7 mg of netropsin conjugate 314 

(Rr = 0.58). 47% Yield. 

1H NMR (300 MHz) (CDCl3) c TMS: 1.04 (3 H, s), 1.22 (3 H, s) , 2.25 (6 H, 

s), 2.47 (2 H, t, J = 5.8 Hz), 2.51 (1 H, dd, J = 8.2 Hz, J = 2.3 Hz), 2.74-2.92 (4 H, m), 

3.43 (2 H, q, J = 5.5 Hz), 3.54-3.69 (5 H, m), 3.79 (3 H, s) , 3.91 (3 H, s) , 3.94 (3 H, 

s) , 4.58 (1 H, t, J = 6.2 Hz), 6.53 (1 H, br. s), 6.57 (1 H, d, J = 1.9 Hz) , 6.69 (1 H, d, J 

= 8.2 Hz), 6.73 (1 H, d, J = 1.8 Hz), 6.78 (1 H, d, J = 7.6 Hz), 7.13-7.17 (3 H, m), 

7 .61 (1 H, s) , 9.08 (1 H, s). 

13C NMR (300 MHz) (CDCl3) 8: 11.84, 24.04, 32.71 , 36.52, 36.58, 36.68, 

36.68, 45 .16, 51.81, 52.86, 55.31, 57.56, 57 .84, 58.49, 71.29, 77.20, 95 .74, 103.23, 

103.27, 107.68, 11 8.53 , 118.91, 120.99, 121.08, 121.27 , 122.89, 123.29, 123.67 , 

127 .71 , 135.36, 156.03, 158.82, 161.66, 168.87. 
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IR (NaCl): 3292, 2937, 2831, 2769, 1650, 1582, 1532, 1469, 1435, 1405, 

1260, 1103, 1034, 775 cm·l. 

HRMS (FAB), calcd for C34H.nNgO5 (MH+): 647.3669. Found: 647.3622. 
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Spermine dimer (315). 
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To a stirred solution of 306 (9 mg/0.020 mmol) dissolved in 1 mL of DMF and 

cooled to o0 c was added 2 mg (0.010 mmol) of spennine (Aldrich) followed by 6 mg 

(0.060 mmol) of triethylamine and the resulting mixture stirred at 4°C for 15 h. The 

reaction mixture was then concentrated under reduced pressure and the residue separated by 

PTLC (silica; 10% cone. Nfi4OH in methanol) affording 4 mg of spermine dimer 315 (Rr 

= 0.49). 20% yield. 

1H NMR (300 MHz) (CDCl3) 8 TMS : 0.99 (6 H, s), 1.17 (2 H, s), 1.51 (4 H, 

br. s), 1.65-1.72 (4 H, m), 2.46 (2 H, dd, J = 9.3 Hz, J = 2.3 Hz), 2.59-2.75 (10 H, m), 

2.82-2.91 (8 H, m) , 3.36 (4 H, q, J = 6.1 Hz), 3.42-3.67 (8 H, m) , 3.63 (2 H, s), 3.78 

(6 H, s), 4.56 (2 H, t, J = 6.3 Hz), 6.69 (2 H, d, J = 8.2 Hz), 6.77 (2 H, d, J = 7.7 Hz) , 

7.16 (2 H, t, J = 8.0 Hz) , 7.60 (2 H, br. s). 

13C NMR (300 MHz) (CDCl3) 8: 11.54, 24.07, 27.95, 30.08, 32.76, 37.12, 

47.43, 50.02, 51.69, 52.70, 55.20, 55.30, 57.29, 58.52, 71.20, 95.62, 107.61, 121.27, 

122.96, 127.66, 135.46, 156.03, 171.52. 

IR (NaCl): 3313, 2933, 2831 , 1660, 1581 , 1519, 1470, 1259, 1177, 1105, 

1087, 953 cm- 1. 

HRMS (FAB), calcd for C46H71NsO6: 831.5500. Found: 831.5504. 
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Appendix 1 
Additional Spectral Data 

Appendix I contains additional spectral data collected on key synthetic 

intermediates. The following figures are contained in this appendix: 

Figure 1. NOE I H NMR spectra (500 MHz) of cycloadduct 205a. 

Figure 2. NOE I H NMR spectra (.500 MHz) of cycloadduct 205b. 

Figure 3. NOE I H NMR spectra (500 MHz) of cycloadducts 249a. 

Figure 4. X-Ray crystallographic coordinates for N-2-methyl Cl la-syn 

analog 45a. 

279 

280 

284 

288 

290 

Figure 5. 1 H NMR spectrum (300 MHz) (D:!O) of natural quinocarciamide ( 19). 296 

Figure 6. 1 H NMR spectrum (300 MHz) (CDCl3) of synthetic quinocarcinamide 

methyl ester provided by prof. Samuel J. Danishefsky. 

Figure 7. Results of antitumor assay for C-11 a-anti analog 45b against 

P388 leukemia in mice. 
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Figure l . NOE of cvcloadduct 205a - Control 
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Figure I continued - NOE of 205a irradiation of pyrrolidine methine H-8 
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Figure I continued - NOE of 205a irradiation of pyrrolidine methine C- 11 
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Figure 2. NOE of cycloadduct 205b - control 



Figure 2 continued - NOE of 205b irradiation of pyrrolidine methine H-8 
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Figure 2 continued - NOE of 205b irradiation of pyrrolidine methine H-10 
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Figure 2 continued - NOE of 205b irradi ati on of pvrrolidine methine H- 11 
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Figure 3. NOE of cycloadduct 249a - control 
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Fig11rr 4. X-Ray coordinates for N-2-methyl C-1 l ,Hrn ana log 45a 

TABLE 1 Atomic coordinates (xl0 4 ) and isotropic 

ther:nal parameters 
0 2 3 a 

(A xl0 ) for cl7H24N202 

atom X y z u~ 
lSO 

Cl 10641(2 ) 8316(2) 2293(2) 21 ( 1) • 
C2 9948(2) 8834(2) 2656(2) 23(1)* 
C3 9373(2) 9360(2) 2054(2) 28 ( l) * 
C4 9511(3) 9371(2) 1054(2) 32 ( 1) * 
cs 10194(2) 8877(2) 676(2) 29(1)* 
C6 10760(2) 8338(2) 1285(2) 2 3 ( 1) * 
C7 11451(2) 7747(2) 881(2) 26(1)* 
ca 11509(2) 7027(2) 1515(2) 21 ( 1) * 
C9 12150(3) 6382(2) 1141(2) 29(1)* 
ClO 12603(2) 5885(2) 2819(2) 24(1)* 
Cll 12046(2) 6590(2) 3184(2) 21 ( 1) • 
Cl2 11215(2) 7743(2) 2985(2) 20 ( 1) * 
Cl3 9195(3) 9268(2) 4090(3) 41 ( 1) * 
Cl4 10500(2) 7153(2) 3441(2) 24(1)* 
Cl5 12410(3) 5202(2) 3487(2) 32 ( 1) * 
Cl6 13784(2) 6061(2) 2910(2) 32(1)* 
Cl? 12600(3) 5037(2) 1356(3) 40(1)* 
Nl 12157(2) 5714(1) 1793(2) 26(1)* 
N2 11966(2) 7256(1) 2520(2) 19 ( 1) * 
01 11006(2) 6419(1) 3385(1) 24 ( 1) * 
02 9891(2) 8764(1) 3661(1) 29 ( 1) * 
Cl8 5655(2) 9340(2) 2412(2) 20(1)* 
Cl9 4952(2) 8800(2) 2713(2) 20(1)* 
C20 4385(2) 8319(2) 2041(2) 23 ( 1) * 
C21 4551(2) 8360(2) 1050(2) 27(1)* 
C22 5253(2) 8883(2) 740(2) 24 ( 1) • 
C23 5809(2) 9379(2) 1416(2) 21 ( 1) * 
C24 6541(2) 9972(2) 1086(2) 23 ( 1) • 
C25 6614(2) 10655(2) 1789(2) 21 ( 1) * 
C26 7317(2) 11297(2) 1511(2) 26(1)* 
C27 7660(2) 11726(2) 3228(2) 23 ( 1) * 
C28 7075(2) 11002(2) 3499(2) 21 ( 1) * 
C29 6232(2) 9865(2) 3175(2) 18 ( 1) * 
C30 4223(3) 8221(2) 4069(2) 30(1)* 
C31 5511(2) 10435(2) 3666(2) 24 ( 1) • 
C32 7423(3) 12380(2) 3922(2) 31 ( 1) • 



Figure 4 continued 

TABLE 1 (continued) 

C33 8841(2) 11544(2) 3393(2) 31 ( 1),. 
C34 7782(3) 12625(2) 1832(3) 39 ( 1),. 
N3 7284(2) 11942(1) 2197(2) 2 5 ( 1) • 
N4 7013(2) 10370(1) 2788(2) 19 ( l),. 
03 6021(2) 11171(1) 3660(1) 2 4 ( 1) ,. 
04 4874(2) 8794(1) 3712(1) 2 5 ( 1 ) ,. 

(a) Estimated standard deviations in the least 

significant digits are given in parentheses. 

(b) For values with asterisks, the equivalent isotropic 

is defined as 1 / 3 of the trace of the Uij tensor . 

TABLE 2 

Cl-C2 1 . 394(4) Cl-C6 1.399(4) 
Cl-Cl2 1.503(4) C2-C3 1.381(4) 
C2-02 1 . 384(4) C3-C4 1.393(5) 
C4-C5 1.369(4) C5-C6 1.395(4) 
C6-C7 1.500(4) C7-C8 1.512(4) 
C8-C9 1.510(4) C8-N2 1.480(3) 
C9-Nl 1.455(4) Cl0-Cll 1.525(4) 
Cl0-Cl5 1.529(4) C10-Cl6 1.541(4) 
Cl0-Nl 1. 4 79 ( 4) Cll-N2 1.461(3) 
Cll-01 1.427(4) Cl2-Cl4 1.549(4) 
Cl2-N2 1.477(4) C13-02 1.422(4) 
C14-0l 1.432(3) Cl7-Nl 1.458(4) 
Cl8-Cl9 1.394(4) C18-C23 1 . 395(4) 
Cl8-C29 1.509(4) Cl9-C20 1.381(4) 
C19-04 1.376(3) C20-C21 1.392(4) 
C21.-C22 1.378(4) C22-C23 1.395(4) 
C23-C24 1.496(4) C24-C25 1.515(4) 
C25-C26 1.507(4) C25-N4 1.483(3) 
C26-N3 1.458(4) C27-C28 1.526(4) 
C27-C32 1.526(4) C27-C33 1.544(4) 
C27-N3 1.481(4) C28-N4 1.456(4) 
C28-03 1.429(3) C29-C31 1.555(4) 
C29-N4 1.473(4) C30-04 1.419(4) 
C31-03 1.433(3) C34-N3 1.456(4) 

--------------------
( a) Estimated standard deviations in the least 

significant digits are given in parentheses. 
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TABLE 3 

C2-Cl-C6 
C6-Cl-Cl2 
c1-c2-02 
C2-C3-C4 
C4-C5-C6 
Cl-C6-C7 
C6-C7-C8 
C7-C8-N2 
C8-C9-Nl 
Cll-C10-C16 
Cll-ClO-Nl 
C16-C10-Nl 
ClO-Cll-01 
Cl-C12-C14 
C14-C12-N2 
C9-Nl-C10 
Cl0-Nl-C17 
C8-N2-C12 
Cll-Ol-C14 
C19-C18-C23 
C23-C18-C29 
Cl8-C19-04 
Cl9-C20-C21 
C21-C22-C23 
Cl8-C23-C24 
C23-C24-C25 
C24-C25-N4 
C25-C26-N3 
C28-C27-C33 
C28-C27-N3 
C33-C27-N3 
C27-C28-03 
Cl8-C29-C31 
C31-C29-N4 
C26-N3-C27 
C27-N3-C34 
C25-N4-C29 
C28-03-C31 

Figure 4 continued 

118.6(3) 
122.1(3) 
113.8(2) 
118.0(3) 
120.4(3) 
118 . 6(2) 
110 . 0(2) 
107 . 2(2) 
110.2(2) 
108.2(2) 
108.8(2) 
112.9(2) 
112 . 6(2) 
114.4(2) 
104.2(2) 
113.0(2) 
114.8(2) 
109.8(2) 
105.6(2) 
119.1(2) 
121.8(3) 
114.8(2) 
118.9(3) 
120.3(3) 
119.3(2) 
109.9(2) 
108.2(2) 
109.9(2) 
107.6(2) 
108 . 6(2) 
113.4(2) 
111.9(2) 
113.9(2) 
104.2(2) 
112.6(2) 
114.8(2) 
110.2(2) 
105.3(2) 

C2-Cl-Cl2 
Cl-C2-C3 
C3-C2-02 
C3-C4-C5 
Cl-C6-C5 
C5-C6-C7 
C7-C8-C9 
C9-C8-N2 
Cll-C10-Cl5 
Cl5-C10-C16 
Cl5-C10-Nl 
C10-Cll-N2 
N2-Cll-01 
Cl-C12-N2 
C12-C14-0l 
C9-Nl-Cl7 
C8-N2-Cll 
Cll-N2-C12 
C2-02-Cl3 
Cl9-C18-C29 
Cl8-Cl9-C20 
C20-Cl9-04 
c20-c21-c22 
Cl8-C23-C22 
C22-C23-C24 
C24-C25-C26 
C26-C25-N4 
C28-C27-C32 
C32-C27-C33 
C32-C27-N3 
C27-C28-N4 
N4-C28-03 
Cl8-C29-N4 
C29-C31-03 
C26-N3-C34 
C25-N4-C28 
C28-N4-C29 
Cl9-04-C30 

(a) Estimated standard deviations in the least 

significant digits are given in parentheses. 
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119.3(3 ) 
122.2(3 ) 
124.0(3) 
121.3(3) 
119.5(3) 
121 . 8(3) 
114.1(2 ) 
109.6(2 ) 
107 . 9(2 ) 
109 . 3(2 ) 
109.6(2 ) 
115.4(2 ) 
106.3(2) 
113.9(2) 
105.4(2) 
111 . 3(2) 
110 . 8(2) 
100.7(2) 
117.4(2) 
119.0(2) 
121.4(3) 
123 . 9(3) 
120.6(3) 
119.6(3) 
121.1(3 ) 
114.2(2 ) 
108.7(2) 
108.5(2) 
109.0(2) 
109 . 5(2) 
116.4(2) 
105.9(2) 
114.3(2) 
105.2(2) 
110 . 8(2) 
110.4(2) 
101.2(2) 
117.2(2) 



TABLE 4 

atom 

Cl 
C2 
C3 
C4 
cs 
C6 
C7 
ca 
C9 
ClO 
Cll 
C12 
C1 3 
C14 
ClS 
Cl6 
C l ? 
Nl 
N2 
01 
02 
ClB 
C19 
C20 
C21 
C22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C31 
C32 
C33 
C34 
N3 
N4 
03 

fioure 4 continued 

•2 3 a,b Anisotropic thermal parameters (A xlO ) 

U 11 u22 u33 u23 u13 

16 ( 2) 20(2) 25(2) 4 ( 1) -0 ( 1 ) 
18 ( 2) 22 ( 2) 29(2) 2 ( 1) 0 ( 1) 
23 ( 2) 21 ( 2) 38(2) 0 ( 1) -5 ( 1 ) 
27 ( 2) 28 ( 2) 38 ( 2 ) 9 ( 2 ) -10 ( 2 ) 
28 ( 2 l 3 1 ( 2) 25 ( 2 ) 10 ( 1) -4 ( 1) 
1 6 ( 2) 24 ( 2) 28 ( 2 l 4 ( 1) - 1 ( 1 ) 
26(2) 33 ( 2) 1 9 ( 2) 6 ( 1) -0 ( 1 ) 
1 6 ( 2) 29 ( 2) 19 ( 2) 1 ( 1) 2 ( 1 ) 
28 ( 2) 36 ( 2) 21 ( 2 l -3 ( 1) 2 ( 1 ) 
24(2) 26(2) 20 ( 2 ) -1 ( 1) -1 ( 1 ) 
17 C 2 l 25(2 ) 1 9 ( 2 ) 1 ( 1) - 2 ( 1 l 
20(2) 20(2) 19 ( 1) -2 ( 1) -1 ( 1 ) 
39 ( 2 ) 43 ( 2) 41 ( 2) -5 ( 2) 7 ( 2 ) 
25(2) 21 ( 2) 26(2) 4 C 1 l 6 ( 1 l 
34(2) 28 ( 2) 33(2) 6 ( 1) 0 ( 2) 
25(2) 35 ( 2) 34(2) -1 C 2 l -2 ( 1) 
50 ( 2 ) 34 ( 2) 36(2) -6 ( 2) - 1 ( 2 l 
30(2) 25 ( 1 l 22 ( 1) -4 ( 1) -0 ( l ) 
1 8 ( 1 ) 20 ( 1 ) 17 ( 1 ) 1 ( 1 l -2 ( 1 ) 
22 ( 1) 2 2 ( 1 l 28 ( 1) 4 ( 1 l 6 ( 1 ) 
31 ( 1) 29 ( 1 l 26 ( 1) -1 ( 1) 1 ( 1) 
19 ( 2) 18 ( 2) 22 ( 2) 1 ( 1) -1 ( 1) 
18 ( 2) 19 ( 2) 21 ( 2 ) - 3( 1) -0 ( 1) 
20(2) 19 ( 2) 29(2 ) -0 ( 1) -2 ( 1 l 
29(2 ) 23 C 2 l 27 ( 2) -8 ( 1) -6 ( 1 ) 
26 ( 2) 24 ( 2) 21 ( 2 ) -3 ( 1) 1 ( 1 l 
20(2) 19 ( 2) 22 ( 2) -0(1) 1 ( 1) 
22 ( 2) 27(2) 20(2) 1 ( 1 l 3 ( 1 l 
17 ( 2) 25(2) 20(2) o ( 1 l 1 ( 1) 
27 ( 2) 30 ( 2) 21 ( 2 ) 1 ( 1 l 4 ( 1 ) 
18 ( 2) 31 C 2 l 21 ( 2 ) 1 ( 1) 1 ( 1 ) 
17 ( 2 l 26(2) 19 ( 1 ) -2 ( 1) -2 ( 1 ) 
1 8 ( 2) 18 ( 1 l 19 C 1 l 1 ( 1) 3 ( 1 ) 
29(2) 33 ( 2) 28(2) -2 ( l) 6(1 ) 
24(2) 26 ( 2) 24 ( 2) -6(1) 3 ( 1 ) 
34(2) 28 ( 2) 31 ( 2 ) -2 ( 1) 2 ( 1 ) 
22 ( 2) 30(2) 41 C 2 l 1 ( 2 l -2 ( 2 ) 
5 1 (3) 31 ( 2) 36(2 ) 5 ( 2 l 4 ( 2 ) 
32 ( 2) 22 ( 1) 21 ( 1) 1 C 1 l 4 ( 1 l 
18 ( 1) 21 ( 1 l 16 ( l) - 0(1) -1 ( 1 ) 
22 ( 1) 23 ( 1) 27(1) -7 ( 1) 7 ( 1 ) 
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u12 

-6 ( 1) 
-1 ( 1) 

1 ( 1 ) 
1 ( 1 ) 

-4 (2) 
-4 ( 1) 
-2 ( 1) 
-0 ( 1 l 

O ( 2 l 
1 ( 1 ) 

- 1 ( 1) 
-4 ( 1) 
13 ( 2 l 

4 ( 1) 
5 ( 2) 
6 C 2 l 

10 ( 2 l 
3 ( 1) 
1 ( 1) 
2 ( 1 ) 
9 ( 1 ) 
1 ( 1 ) 
7 ( 1 ) 

-2 ( 1) 
1 ( 1 ) 
5 ( 1 ) 
5 ( 1) 
5 ( 1 ) 
2 ( 1) 

-2 ( 1) 
-2 ( 1 ) 
-0 (1) 

0 ( 1 ) 
-8 ( 2 ) 
-7 ( 1 ) 

-10 ( 2 ) 
-6 ( 2 ) 

-14 ( 2 ) 
-5 ( 1 ) 
-2 ( 1) 
-5 ( 1 ) 



TABLE 4 

04 

(continued) 

27(1) 27 ( 1) 

Figure 4 continued 

23 ( l) -3(1) 

( a ) Estimated standard deviations in the least 

signif i cant digits are given in parentheses. 

5 ( l) 

( b) The anisotropic thermal parameter exponent takes the form : 
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-9 (1) 
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Fi oure • continued 

TABLE 5 Hydrogen coordinates (x10 4 ) and thermal 

parameters ,;.2x10 3 ) for c17H24 N2o2 

atom X y z U . 
lSO 

H3 8892 9708 2316 35 
H4 9118 9732 623 39 
H5 10285 8901 -14 35 
H7A 11170 7616 218 32 
H7B 12141 7959 877 32 
HS 10814 6823 1503 27 
H9A 12854 6558 1120 35 
H9B 11853 6236 488 35 
Hll 12491 6723 3774 21 
Hl2 11559 8080 3480 25 
Hl3A 9232 9128 4775 53 
Hl3B 8491 9207 3783 53 
Hl3C 9406 9798 4036 53 
H14A 9819 7143 3071 26 
Hl4B 10436 7284 4117 26 
Hl5A 12568 5376 4157 36 
Hl5B 12870 4785 3364 36 
Hl5C 11698 5026 3384 36 
Hl6A 14172 5637 2681 35 
H16B 14021 6161 3593 35 
:il6C 13888 6514 2525 35 
H17A 12549 4599 1781 49 
H17B 13316 5109 1242 49 
Hl7C 12180 4948 737 49 
H20 3884 7963 2254 28 
H21 4172 8021 579 35 
H22 5360 8905 54 31 
H24A 7221 9747 1078 29 
H24B 6284 10146 434 29 
H25 5925 10872 1764 27 
H26A 7083 11469 852 30 
H26B 8021 11108 1537 30 
H28 7497 10834 4088 26 
H29 6556 9496 3640 22 
H30A 4244 8279 4772 36 
H30B 4477 7716 3921 36 
H30C 3515 8278 3767 36 
H31A 5440 10277 4331 29 
H31B 4832 10458 3292 29 
H32A 7515 12178 4583 37 
H32B 6715 12552 3765 37 

H32C 7891 12807 3873 37 
H33A 9226 11983 3200 38 
H33B 9002 11101 3012 38 
H33C 9032 11440 4082 38 
H34A 7701 13046 2276 47 
H34B 7414 12739 1195 47 
H34C 8511 12552 1769 47 



Figure S. l H NMR spectrum (300 MHz ) (D...,Q ) of natural guinocarcinamide ( 19) 
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Figure 7. Results of antitumor assay for C- 11 a-anti analog 45h 

a oainst P388 leukemia in mice 

TEST FOR ANTITUMOR ACTIVITY OF QUINOCAP.CH! AGAII/ST 
p388 LEUKEMIA I N MICE 

DOSE TREATMENT 

l 

S/ T 5 
DRUG 2 ( MG/KG) ROUTE SCHEDULE MST 3 :: I r.s 4 ( DAY +30 ) 

Placebo IP 1,5,9 11.0 Cone . 0/ 12 

Quinocarcin 1. 0 IP 1, 5,9 11.0 0 0/ 6 
0. 5 IP 1, 5 ,9 9.0 -18 0/6 

Cytoxan 60 IP 1,5,9 27. 5 +150 3/6 

1. BDFl male mice inoculated IP vith 1x106 p388 leukemia cells on day O of the test. 
2. Drugs admini stered IP on Days l, 5 and 9 folloving tumor inoculat ion. 

Quinocarcin (1 MG) dissolved in absolute ethanol and further dil uted into 
steri le vater f or i njection containing 0. 2% Klucel brand methylcellulose. 

3. MST= Median Survi val Time in days post tumor inoculat i on i nto mi ce. 
4. %ILS = Percent Increase in Lfe Span, relative to placebo treated Cont rols. 

An ILS = 25% or greater indicates positive antitumor activity. 
5. S/T = No. Survivors?No. Treated. 30 days post tumor inoculation. 

Test Date: 2/15/90 
LL-lJ.373 
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SYNTHESIS, CONFORMATION, CRYSTAL STRUCTURES AND DNA CLEAVAGE 
ABILITIES OF TETRACYCLIC ANALOGS OF QUINOCARCIN 

Robert M. Williams*, Tomasz Glinka , Renee Gallegos, Paul P. Ehrlich , Mark£. Flanagan, Hazel Coffman and 
Gyoosoon Park 

Deparrmenr of Chemisrry, Colorado Srare Universiry 
Fort Collins, Colorado 80523 

(Received in USA 20 September 1990) 

Abstract. Two totally synthetic, racemic analogs of quinocarcin have been designed and their crystal structures 
determined. Both substances effect the modest cleavage of plasmid DNA. Alteration of the conformation of the 
reactive oxazolidine fused to the piperazine ring by selecting the stereochemistry at C-1 la through synthesis 
drastically anenuates the relative ability of these substances to cleave DNA. 

Introduction 
Quinocarcin (1 ) is a natural secondary metabolite produced by Srrepromyces melanovinaceus and is the 

simplest member of the naphthyridinomycin (3)/saframycin (4) class of anti-tumor agents.1.2 Quinocarcin has 
been shown la,3 to display weak antimicrobial activity against several Gram-positive microbes but is inac tive 
toward Gram-negative bacteria. As its citrate salt, quinocarcin (named quinocannycin citrate or KW2152) 
displays promising anti-tumor activity3 against several lines of solid mammalian carcinomas including St-4 gastric 
carcinoma; Co-3 human colon carcinoma; MX-1 human mammary carcinoma; M5076 sarcoma; B 16 melanoma 
and P388 leukemia. This substance is currently under evaluation in human clinical trials by the Kyowa Hakka 
Kogyo Co., Japan. 

Our interest in this substance stems from a report by Tomita, et. al.4 that recorded the remarkable 
observation that 1 cleaves plasmid DNA in an Qi-dependent fashion that was reported : 1) to not require metal 
ions (Fe2+ or Cu2+); 2) to be stimulated by dithiothreitol; 3) to be inhibited by oxygen free radical scavengers such 
as methanol, terr-butanol, a-tocopherol and; 4) to be inhibited by superoxide dismutase (SOD) and catalase . 

Quinocarcin blocks RNA synthesis in preference to DNA and protein synthesis in P388 leukemia cells.3d On the 
other hand, in Bacillus subtilis, quinocarcin inhibited [3H] thyroid.inc incorporation suggesting inhibition of DNA 
polymerase; therefore, DNA synthesis is thoughr4 to be preferentially inhibited in Bacillus subri/is. It has also 
been reasonably proposed3d,4.5 that quinocarcin ' alkylates DNA in the minor groove5 through the ring-opened 
form of the oxazolidine (imminium 5); similar DNA alkylation has been invoked for 3 and 4. Indirect support3d.4 
for the involvement of the oxazolidine ring in the above context comes from the lack of biological activity 
displayed by quinocarcinol (2) which is coproduced with 1 by Streptomyces melanovinaceus. Quinocarcinol also 
does not cleave plasmid DNA4 which forces the conclusion that the oxazolidine moiety is also responsible for the 
oxidative degradation of DNA by a unique mechanism. 

While it is not yet clear whether the anti-tumor properties of quinocarmyc in citrate are a manifestation of 
only one mode of action (i.e., DNA alkylation) or both (DNA alkylation and oxidative DNA cleavage), we were 
intrigued by the oxidative cleavage observations of the Kyowa-Hakko group4 since 1 does not contain any readily 
recognizable functionality that would be associated with the capacity for oxidative DNA cleavage,6 such as metal 

2629 
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chelation sites, quinones, and ene-diynes amongst others. Most likely, the efficacy of this drug is a delicate and 
intimate combination of multiple effects that are brought to bear on its macromolecular targets. We have recently 
found7 that quinocarcin undergoes a redox self-disproportionation reaction that we have invoked is coupled to the 
capacity of this substance to effect the production of superoxide in the presence of molecular oxygen and results, 
at least in part, to Fenton-mediated lesions in DNA; a mechanism for this process is reviewed? in Scheme 1. At 
the heart of this process, the oxazolidinc ring is functioning as its own reductant which ultimately results in the 
reduction of oxygen and the cleavage of DNA. Such a process would also presumably be relevant to possible 
oxidative damage to RNA in vitro and in vivo. In ihc present study, we wished to examine the intrinsic capacity 
of simpler oxazolidinc-containing analogs to effect the DNA cleavage reaction. Most significantly, we wished to 
experimentally determine whether pre-designed and synthctically8 incorporated stereoelecttonic control clements 
into simpler analogs could attenuate the capacity of this ring system to oxidatively damage DNA relative to l. 

Design Criteria 
Rcmcrs5 has conducted molecular mechanics calculations on quinocarcin by docking the drug in the minor 

groove. From this study, it was concluded that the absolute configuration of quinocarcin is most likely that 
depicted in Scheme 1. The calculations suggested that the lowest energy conformer of l orients the pipcrazinc 
ring in a chair-like conformation which therefore places the oxazolidine nitrogen lone pair in an antipcriplanar 
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SCHEME 1 
H 

1, QU/NOCARCIN (DC-52) 

, 0 

H C02H 
H / H 

l:l ~02H 
l:l ,,,...,--..-.-·-H 

0 2 7 

6 
H po2H 

l:l ,;,, __ ..,.-· .. H 

H 
H 

8 

2, QU/NOCARCINOL (DC-52d) 

11, QUINOCARCINAM/DE 

orientation to the oxazolidine mcthine (Figure I, anti-1). Ring opening of the oxaz.olidine to the imminium species 
(see 5, Scheme I) requires nitrogen pyrimidal inversion to a higher energy twist boat conformer (Figure I, .ryn-1) 
that was calculated to lie - IO kcal moI·1 above the other conformer. In this situation, the oxazolidine nitrogen lone 
pair is syn- to the methine and antiperiplanar to the C--0 bond. It was postulated5 that the imminium species 
should be a good alkylator for N-2 of guanine in the' minor groove of the sequence d(A TGCAT)i. Based on the 
similarity to 3 and 4 ,2k this is a reasonable expectation. In the present study, we wished to ask a different 
question regarding the conformational significance of the oxazolidine moiety. As shown in Scheme I , the initial 
step in the electron-transfer between the oxazolidine and the imminium species involves I-electron loss from the 
oxazolidine nitrogen with loss of the oxazolidine methine as a proton producing the reduction and oxidation 
radicals 6 and 7, respectively . It is reasonable to expect that the trans, antiperiplanar arrangement of the 
oxazolidine methine and nitrogen lone pair in the lower energy confonncr predicted by calculation, should also be 
the most favorable geometry for concomitant electron and proton loss in the redox self-disproponionation. We 
hoped to test this idea by synthesizing two simple analogs of quinocarcin that would each mirror one of the two 
conformational states of the natural product depicted in Figure 1. Thus, analog 23a which has all three mcthines 
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oriented syn (same as I ) would be expected to have the same relative conformation as anti-I with respect to the 
oxazolidine and piperazine rings. Analog 23b, on the other hand, which has invened stereochemistry at C-1 la 
(quinocarcin numbering) is predicted to exist in a conformation that mirrors syn-I . Both of these predictions were 
based on examination ofDreiding stereomodels and molecular mechanics calculations.9 From this stereoelectronic 
analysis, 23a should be much faster at effecting oxidative DNA cleavage relative to 23b. The synthesis, 
structures and relative DNA cleavage ability of these materials is presented below. 

Results 
The preparation of the key isoquinoline 18 is detailed in Scheme 2 and was made by a modification of a 

known procedure. JO Ortho-anisaldehyde (11) was treated with trimethylsulfonium iodide under phase-transfer 
conditions to afford the epoxide 12 in high yield. The epoxide was regioselectively opened with phosgene as a 
solution in benzene containing a catalytic amount of water to afford the chloroformate 13. Without purification, 
13 was subjected to acylation under Schotten-Baumann conditions to provide the urethane 14 in 57% overall 
yield from 12. Treatment of 14 with potassium !-butoxide in 1lIF at room temperature effected cyclization to the 
corresponding oxazolidinone which was saponified to the acidl0 IS (74%, two steps). Acid chloride formation 
and intramolecular Friedel-Crafts acylation provided the isoquinolone 16 in 74% yield from IS. The procedure 
described herein is an optimized preparation (from IS) based on our previously reponed 10 synthesis of 16. The 
overall sequence from 11 is considerably more efficient and is amenable to multi-gram scale (10 gm scale is 
described in the experimental section). 

SCHEME 2 

CHO 

Me3s+ I' I NaOH / n-Bu,NBr 

CH2Cl2/H20 

OMe 93% 
11 

57% 

1. SOC'2/PhH 

2. AIC13 / CKz Cl2 

74% 
MeO 

16 

0 

e 

12 

COCl2 I PhH, 25° 

H201cat.1 
0 

1. KOi-Bu / THF, 25° 

2. LiOH / EtOH / H20 

74% 

1. LOA / Et02CCN 

2. NaB~CN / HOAc 

68% 

15 

y 

17, x.v. 0 
18, X•H; Y•OH 
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C-Homologation of 16 proved to be troublesome and required extensive examination of various 
electrophilic species and reaction conditions due to the propensity of the ketone enolate to undergo O-acylation. 
Eventually, it was found that the lithium enolate condensed smoothly with ethyl cyanoformate to provide the~-
ketoester 17. Reduction of the ketone with sodium cyanoborohydride gave a single diastereomer (18) of 
unknown relative stereochemistry. This substance served as the key substrate from which various stereoselective 
and non-stereoselective routes to the target oxazolidine analogs (23) were examined. We found two parallel, 

SCHEME 3 
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20b (22%) 

1. BH1 / THF 
2. DMSO I CICOCOCI 

Et1N I THF 

21 b, R • CH, OH (88%) 
22b, R • CHO (65%) 

UOH / EIOH I H,O 

27% 
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stcrcosclcctive routes I I to 23a and 23b from 18, wherein the relative stcreochemistry at C-1 la and the 
oxazolidine methine could be controlled. More recently, we have found it to be more efficient in terms of man-
hours, to employ a common, non-stcreoselectivc route that furnishes both stcreochemical series and requiring only 
a simple chromatographic separation as described in Scheme 3. 

Saponification of 18 furnished a crude carboxylic acid which was directly treated with thionyl chloride in 
benzene. The crude product was directly subjected to Schottcn-Baumann acylation with 2,2,3-trimcthyl 
cthanolaminc to give the unsaturated amide 19 in 48% overall yield from 18. This substance was then 
hydrogenated to give 52% of the syn-isomer 20a and 22% of the anti-isomer 20b. These materials were 
separated by silica gel chromatography and carried on separately to the final oxazolidincs. 

For 20a, borane reduction furnished the tertiary amine 21a in 65% yield without loss of stereochemical 
integrity. Swem oxidation to the aldehyde 22a proceeded in essentially quantitative yield. The crucial 
oxazolidinc-forming step proved somewhat capricious, but could be achieved in 44% yield by refluxing 22a in 
basic ethanol for two days. Silica gel purification and crystallization furnished a single oxazolidinc diastercomer 
for which a single crystal x-ray analysis12 has been secured (Figure 2). 

Similarly, 20b was convened into 23b in modest overall yield. The nicely crystalline 23b also proved 
amenable to x-ray crystallographic analysisl2 as shown in Figure 2. 

As is evident from the crystal structures, 23a and 23b differ with respect to the orientation of the 
oxazolidinc nitrogen lone pair relative to the oxazolidinc mcthine in the crystal. Substance 23a positions the 
nitrogen lone pair trans-antipcriplanar to the oxazolidine mcthine; whereas 23b positions the nitrogen lone pair 
trans-antiperiplanar to the oxazolidine C-0 bond. These conformations are exactly those predicted from 
examination of Dreiding molecular models and molecular mechanics calculations.9 The inversion of 
stcreochcmistry at C-1 la (quinocarcin numbering) in 23b from the all syn-situation in 23a induces sufficient ring 
strain to favor nitrogen pyramidal inversion and results in a geometry similar to that evident in the crystal 
structure. These results confirm our predictions alluded to above that 23a should mirror the ground state 
conformation (anti-1 , Figure 1) of the oxazolidine for quinocarcin that was postulated in Remcrs computational 
study.5 Similarly, 23b can be thought of as mirroring the higher energy conformer of quinocarcin (syn-1, Figure 
1) that Rcmers postulated as being the reactive conformation that precedes oxazolidinc ring-opening to the 
imminium species (sec 5, Scheme 1) which should (quite reasonably) alkylate DNA. 

Reactions with DNA 
Compounds 23a and 23b as the free bases wc:re vinually insoluble in aqueous buffers and were used as 

either water-soluble citrate or hydrochloride salts . Reaction of these materials with supercoiled plasmid DNA 
(pBR 322) were examined at various concentrations and conditions; the results are collected in Table 1 and Figure 
3. Reactions were conducted in pH 8, 20 mmol phosphate buffer at 37°C for 2 hours and were analyzed by 0.8% 
agarose gel electrophoresis. The DNA bands were visualized by staining with ethldium bromide after running the 
gel and were quantitatcd by scanning densitometry. The supercoilcd plasmid (form I, ccc DNA, fastest band) 
when nicked is first convened to open circular plasmid (form Il, cc DNA, slowest band) and after extensive 
scission, linear DNA (form III, intermediate band) was observed. Both analogs required fairly high 
concentrations relative to 1 to produce observable damage to the DNA. As predicted, compound 23b is 
significantly inferior to 23a in effecting DNA cleavage and required dithiothreitol (DTT) even at concentrations as 
high as 5 mmol (entries 2 and 3, Table 1, lanes 2 and 3, Figure 3; compare entry 22). Since 23a displayed 
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superior DNA cleavage relative 10 23b, the reactivity of this material was examined in more detail and compared 
10 that of 1. As with quinocan:in, the DNA cleavage by 23a is enhanced by the addition ofDTf (compare entries 
7, 16 and 17, Table 1; lanes 7, 16, and 17, Figure 3). II is significant to note that DTI by itself is capable of 
modest DNA cleavage (entry 17, Table 1, lane 17, Figure 3) via Fenton-mediated production of hydroxyl radical; 
this reaction is a manifestation of supcroxide production during thiol autoxidation.13 The DNA cleavage observed 
by 23a in the presence of DTI is at least an order of magnitude greater than DTI alone; the DNA cleavage is thus 
clearly not due 10 DTI alone (compare lanes 16 and 17, Figure 3). Superoxide dismutase and catalyse both inhibit 
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Gel Origin 
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 

Figure 3. 0.8% Agarose gel electrophoresis of plasmid pBR322 DNA cleavage experiments. Lanes 1-21 
correspond to entries 1-21 from Table I. See Table I for visualization details. 

the cleavage; SOD being the more potent inhibitor (entries IO and 11 , Table I; lanes 10 and 11 , Figure 3). This is 
consistent with superoxide production and subsequent Fenton-mediated DNA cleavage. 14 Hydrogen peroxide 
strongly stimulates the DNA cleavage by 23a (compare entries 7 and 20 , Table I ; lanes 7 and 20, Figure 3). 
Quinocarcin is significantly better than either 23a or 23b at effecting DNA cleavage and gives comparable DNA 
scission at I mmol without external reductants that 23a gives at 5 mmol with hydrogen peroxide (compare entries 
9 and 20, Table I ; lanes 9 and 20, Figure 3). 

Quinocarcin has been shown4,7 to produce superoxide (see Scheme I) and therefore, Fenton-mediated 
production of hydroxyl radical with adventitious iron must be invoked for the DNA cleavage event by these 
molecules. However, hydrogen peroxide alone at 0.1 mmol causes vinually no significant DNA damage (entry 
21 , Table I). Since hydrogen peroxide is reduced by Fe(II) in the Fenton reaction, producing hydroxyl radical, 
the oxazolidine can be functioning indirectly in cycling adventitious F~(III) to Fe(II) via superoxide production or 
may directly effect the redox cycling of the metal. This point has not yet been addressed. Attempts to sequester 
adventitious iron and uncouple15 the presumed Haber-Weiss/Fenton reaction was petformed by the addition of the 
potent Fe(Ill) chelator desferal (log kr = 30.7). Addition of desferal to the reaction of 23a with DNA showed 
very little inhibition at 0.1 mmol (entry 12, Table I; lane 12, Figure 3) and partial protection at 10 mmol (entry 14, 
Table l; lane 14, Figure 3). However, since the citrate salt of these materials proved to be less effective than the 
hydrochloride salts in effecting DNA cleavage, we suspect that both citrate and desfcral arc functioning as 
competitive CH substrates for the reactive oxidant with DNA (present in very low concentration relative to citrate 
or desfcral) rather than as efficient metal sequestering agents. Additional experimental evidence for direct metal 
mediation in the DNA cleavage event is not yet available. Ascorbate, a powetful oxygen reductant, is very 
effective at mediating DNA cleavage which is completely inhibited by catalase (entries 23 and 24, Table 1). The 
incomplete inhibition of DNA cleavage by 23a with either catalase of SOD (entries 10 and 11, Table 1) and the 
incomplete protection afforded by desferal suggests that the mechanism of DNA cleavage by this heterocycle may 
involve other pathways that are distinct from most recognized DNA oxidants. These possibilities are currently 
being pursued. 

However, indirect experimental evidence points to a significant difference in the capacity of 23a and 23b 
to produce superoxide, paralleling their DNA cleavage abilities. Reduction of nitroblue tetrazolium (NBT)18 by 
the HCI salts of 23a and 23b were determined at pH 8.0 (20 mM phosphate buffer) containing I% Triton X-100 
at 25°C. For 23a (1.0 mM) .6.ODsoonm/minute = 0.0003 and for 23b (1.0 rnM) .6.ODsoonm/rninute • 0.0000. 
For reference4 1.0 mM quinocarcin has a .6.OD500nm/minute = 0.002 in the absence of any external rcductant 
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Table I 

Entry Substratc8 Concenttation %DNA Form s DNA Oeavage Yieldb 
[mmol] I II III ppm 

I DNAConttol 75 25 --- 0.29C --· 
2 23b citrate 1.0 77 23 ... -0.03 0 .0 
3 23b cittate 5.0 69 31 --- 0.08 0.08 
4 23a citrate 1.0 63 37 -·· 0.17 0.85 
5 23a ciirate 5.0 46 54 -- 0.49 0.51 
6 23a hydrochloride 1.0 51 49 -·· 0.38 2.0 
7 23a hydrochloride 5.0 19 81 ... 1.37 1.4 
8 quinocarcin (1) 0.1 62 38 --· 0.19 9 .9 
9 quinocarcin (1) 1.0 -·· 84 16 9.5 49 

10 23a hydrochloride 5.0 39 61 --· 0.65 0.68 
+ catalase (10 ug/mL) 

11 23a hydrochloride 5.0 60 40 --· 0.22 0.23 
+ SOD (10 ug/mL) 

12 23a hydrochloride 5.0 27 73 --· 1 0 1.0 
+ desfcral 0.1 

13 23a hydrochloride 5.0 37 63 -- 0.70 0.73 
+ desferal 1.0 

14 23a hydrochloride 5.0 59 41 ... 0.24 0.25 
+ desferal 10 

15 DNA Control 81 19 --· 0.21c ... 
16 23a hydrochloride 5.0 10 87 3 3.8 3.9 

+OTT 0.1 
17 OTT 0.1 61 39 ·-· 0.28 ... 
18 OTT 0.1 78 22 ... 0.04 ... 

+ catalase (10 ug/ml..) 
19 23a hydrochloride 5.0 32 68 ... 0.93 0.97 

+OTT 0.1 
+ catalasc (10 ug/ml..) 

20 23a hydrochloride 5.0 3.5 89 7.5 6.0 6.2 
+H2O 0.1 

21 H2Qi 0.1 74 26 ·-· 0.08 ... 
22 23b citrate 5.0 50 50 ... 0.45 0.47 

+OTT 0.1 
23 ascorbic acid 0.1 15 79 6 5.4 280 
24 ascorbic acid 0.1 80 20 ·-· 0.02 1.0 

+ catalasc (10 ug/mL) -
a. Reaction mixwrcs were 20 mmol in pH 8 phosphate buffer and contained 0.15 11g of pBR 322 plasmid DNA. b. The cleavage 
yield is expressed by the tenn S(ccc DNA]/[substrate] and describes thc number of single hiis per cleavage substrate molecule and 
allows for a comparison of thc relative efficiency of DNA cleavage. c. 1bc S value for the DNA control reprcsenlS the amount of oc 
(form In DNA present in lhc swting plasmid DNA solution and was subtracted from the S values calculated for the individual cleavage 
reactions. Mcasuremcnis of thc relative intensity of DNA bands were obtained by scanning densitometry of black and white (Polaroid 
inSUUlt) photographs of the /els (0.8% agarosc) visualized by ethidium bromide staining and UV illumination. The mean number of 
single strang scissions (S) 1 per supcrcoiled DNA substrate was calculated using the Poisson disaibution. When only forms I (ccc or 
covalently closed circular supcn:oilcd) and forms lI (oc or open circular) arc present, the equation simplifies 10 S = -In fJ, where fJ is thc 
fraction of form I molecules. In those cases where form Ill (linear) DNA was present, S was calculated from fJ + fn = (l - S(2h + 
l)/(2L)JS/2 where his the distance between hits on opposite strands to produce a linear molecule (16 base paITT)l 7 and Lis the total 
number of base pairs in pBR 322 (4362 base paITT). The film used to pho10graph the gels is assumed to have a linear response to the 
range of DNA quantities uscd. 16 Supcrcoilcd DNA is restricted with respect to iis ability to bind ethidium bromide and the 
densitometry values obtained foc focm I were multiplied by 1.22 as described by Dervan.16 
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(such as DTT). Finally, these substances cleave both double-stranded and single-stranded DNA in a non-
sequence specific manner with essentially equal efficacy7 which argues against the significance of any relative 
difference in the capacity of these compounds to dock to DNA as a mechanistic determinant relevant to DNA 

cleavage. 
This work demonstrates that simple oxazolidine-containing isoquinolines based on the quinocarcin 

structure are intrinsically capable of cleaving plasmid DNA and that stereoelectronic elements can markedl y 
attenuate the capacity of these systems to damage nucleic acids. Effons to attach DNA-binding domains to the 
synthetic analog nucleus and evaluation of the relative ability of these materials to alkylate DNA as well as their 

biological activities is under study. 
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EXPERIMENT AL 
DNA Nicking Experimentals 

DNA nicking reaction mixtures were made up by addition at 0° of appropriate amounts of reagent stock 
solutions to a stock solution of pBR 322 DNA plasmid (Boehringer-Mannheim Biochemical Co.) containing 0.15 
µg DNA per reaction (20 µM base pair concentration) . The total volumes of the reaction mixtures were brought 
up to 10 µl with distilled and deionized water when necessary and the reaction mixtures were incubated at 37° for 
2 hours in tightly capped plastic tubes. Stock solutions for DNA including experiments were prepared using 
distilled, deionized water and commercially available reagents: DTT - Sigma; sodium phosphate monobasic • EM 
Science; sodium phosphate dibasic, 30% hydrogen peroxide -· Malinckrodt; superoxide dismutase, beef liver 
catalase (suspension in water) - Boehringer Mannheim Biochemical. Desferal was the generous gift from Ciba-
Geigy Co. From quinocarcin citrate which was a generous gift from Kyowa Hakko Kogyo Co., Japan, free 
quinocarcin was obtained by passing it through HP-20 ion exchange resin (Mitsubishi Corp.) at 4°. Citric acid 
was eluted with water and subsequently free quinocarcin was eluted in methanol/water - 3/1 fraction . Free 
quinocarcin was further purified by HPLC on C-18 Resolve Column (Waters) using 5% methanol/5% acetonitrile 
in 6.0mM, pH 6.8 potassium phosphate buffer. To remove the phosphate buffer from lyophilized quinocarcin 
fraction it was passed through HP-20 column in the same manner as described above. 

The degree of DNA nicking was monitored by horizontal gel electrophoresis on 0.8% agarose gel onto 
which the whole volumes of the reaction mixtures were loaded after prior addition of 3 µI of loading buffer 
(0.25% bromophenol blue , 40% sucrose). The electrophoreses were run for 2 h at 55V and the gels were 
submerged for 15 min in ethidium bromide solution. The electrophoresis gels were immediately visualized on a 
UV transilluminator and photographed using black and white instant films (Polaroid T667). The measurements of 
the relative intensities of DNA bands were performed on the photographs using the Dell System 325 computer and 
Technology Resources Inc. image processing software. The average number of nicks per DNA molecule S was 
calculated according to the method described by Dcrvan. 16 

Synthesis of Quinocarcin Analogs 
{2-Mcthoxyphenyl)oxjrane 12. A nonhomogenous mixture of o-anisaldehyde (20.0 g, 0.147 mo!, 1.0 

eq.}, trimethylsulfonium iodide (37.0 g, 0.177 mo!, 1.2 eq.}, tetra n-butylammonium iodide (0.52 g, 0.0014 mo!, 
0.01 eq.), CH2Cl2 (500 mL) and aqueous NaOH (50%, 330 mL) was vigorously stirred at room temperature for 
5 days. After dilution with water the organic layer was separated, washed with water, dried over Na2SO4, 
concentrated in vacuum and the residue was Kugelrohr distilled to yield the pure product in form of colorless 
liquid (20.4 g, 92.5%). 

ll- 1 H NMR (270 MHz) (CDCl3) TMS : 2.69 (I H, q, J = 2.4 Hz}, 3.12 (I H, q. J = 4.6 Hz}, 3.85 (3 
H, s}, 4.20 (1 H, t, J = 2.7 Hz), 6.91 (2 H, m}, 7.15 (1 H, q, J = 1.6 Hz}, 7.25 (I H, m) . IR (NaCl, neat) : 
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3051, 3002, 2941, 2838, 1689, 1602. 1496, 1466, 1439, 1391 , 1287, 1256, 1103, 1048, 1027, 989,880,755 
cm·1• 

Glycjne ethyl ester N-carbamate 14. A so!ution of cpoxidc 12 (0.69 g, 4.60 mmol, 1.0 cq .) and 
phosgcnc (0.85 g. 8.58 mmol, 1.86 cq.) in benzene (10 mL) was kept in scaled flask for 48 h. The solvc~t was 
removed under reduced pressure (prior to this with larger scale runs the reaction mixture has to be purged with the 
flux of dry nitrogen and the excessive phosgcnc should be deactivated by passing through .aqueous soluuon of 
alkali). The oily residue of crude chloroformate 13 was redissolved in CH2Cl2 (15 mL), and a soluuon of 
saturated NaHCO3 was added (15 mL), followed by a solution of glycine ethyl ester hydrochloride (0.64 g, 4.6 
mmol, 1.0 cq.) in small volume of water. After 10 min of vigorous stirring at room temperature the organic layer 
was separated, washed with water, dried over MgSO4 and concentrated to yield crude product as yellow oil from 
which pure 14 was isolated by radial chromatography (CH2ClifCH3OH · 10/1) 0.83 g (57%). Analytical sample 
was obtained by recrystallization from isopropyl alcohol, mp= 61-63°. 

,U. IH NMR (300 MHz) (CDCl3) 6 TMS: 3.85 (3 H, s); 4.55 (1 H, dd, J = 11.3 Hz, J = 5.0 Hz); 4.67 
(I H, dd, J = 11.3 Hz, J = 7.9 Hz); 5.62 (1 H, dd, J = 7.9 Hz, J = 5.0 Hz); 6.90 (1 H, d, J = 8.3 Hz); 6.98-
7.03 (I H, m); 7.30-7.36 (1 H, m); 7.48 (1 H, dd, J = 7.6 Hz, J = 1.6 Hz); IR (NaCl, neat): 1779, 1492, 1252, 
1145, 755 cm·l. 

li- IH NMR (270 MHz) (CDCl3) 6 TMS : 1.28 (1 H, t, J = 7.2 Hz); 3.85 (3 H, s); 3.95 (2 H, d, J = 
5.5 Hz); 4.21 (2 H, q, J = 7 .2 Hz); 4.44-4.48 (2 H, m); 5.32 (I H, br s); 5.58 (1 H, t, J = 6.3 Hz); 6.88 (I H, 
d, J = 8.4 Hz); 6.98 (1 H, t, J = 7.2 Hz); 7.30 (I H, m); 7.48 (1 H, dd, J = 7.7 Hz, J = 1.6 Hz) . IR (NaCl, 
neat): 3357, 1729, 1533, 1495, 1252, 1201 , 1052, 1026, 757 cm·1. Anal. Calcd for C14H1gClNO5: C, 53.25; 
H, 5.74; N, 4.43. Found: C, 53.40; H, 5.81 ; N, 4.39. 

Cycljc urethane 15. To a solution of 14 (15.7 g, 50.0 mmol, 1.0 cq.) in THF (150 mL) cooled to 0°C a 
solution of potassium t-butoxide (6.13 g, 55.0 mmol, 1.1 eq.) in TIIF (75 mL) was added slowly with stirring. 
After 0.5 h the reaction mixture was diluted with water, slightly acidified with dilute HCl and extracted with 
CH2Cl2. The organic extract was dried over Na2SO4, filtered and concentrated in vacuum to yield crude ns as 
brownish oil (14.1 g, quant.). Ethanol (150 mL) was added followed by LiOH monohydrate (2.8 g, 66.7 mmol, 
1.3 eq.) in water (60 mL) at 0°C. After 0.5 h the reaction mixture was concentrated under reduced pressure to a 
half volume at room temperature, diluted with water, acidified and extracted with ethyl acetate. The extract was 
dried over Na2SO4, filtered and concentrated. From the oily residue pure 125 was obtained by crystallization 
from ethyl acetate (9.3 g, 74%). 

lsOQujnojone 16. 14 was obtained from acid 12 as previously described.5 Substituting CH2Cl2 for 
tetrachloroethane as a solvent for Friedel-Crafts cyclization improved the yield to 74% (on 40.0 mmol scale). 

0-Ketoester 17. To a stirred solution of 16 (120 mg, 0.515 mmol, 1.0 eq.) in 10% HMPA/THF (8.8 
mL) cooled to -78°C was added (TMS)2NLi in TiiF (0.60 mL, 1.0 M , 0.60 mmol, 1.15 eq.). The resulting 
solution was stirred at -78°C for 45 min when cyanoethylformate (51 mg, 0.515 mmol, 1.0 eq.) was added in one 
portion. The reaction was stirred at -78°C for 2 h and quenched with saturated aqueous Nli4Cl (0.60 mL, 1.0 M, 
1.5 mL), diluted with CH2Ch (50 mL) and washed with water and brine. The organic layer was dried over 
MgSO4, filtered, evaporated and the residue was chromatographed on silica gel (hexane/ethyl acetate - 3(2) 
yielding 17 as an amorphous solid (126 mg, 80%). 

ll. I H NMR (270 MHz) (CDCl3) 6 CH Cl 3: 1.24 (3 H, t, J = 8.2 Hz), 3.87 (3 H, s); 4.11-4.25 (3 H, 
m); 5.05 (I H, t, J = 8.5 Hz); 5.32 (I H, s); 5.57 (1 H, t, J = 8.5 Hz), 7.16 (I H, d, J = 7.7 Hz), 7.43 (1 H, t, 
J = 8.0 Hz); 7.71 (1 H, d, J = 7.8 Hz); IR (NaCl, CH2Cl2): 1765, 1750, 1700, 1250 cm·1; mass spectrum, 
CI(NH3), m/e = 305 (100), 233 (12). 

0-Hydroxyester 18. To a solution of ketoester 17 (267 mg, 0.87 mmol, 1.0 eq.) NaBH3CN (89 mg, 
1.50 mmol, 1.72 eq.) was added at room temperature and the reaction mixture was stirred for 4 h. After diluting 
with CH2Cl2 the organic layer was washed with water, Na2CO3 solution, water and dried over Na2SO4 . 
Evaporation of the solvent yielded yellowish oily product which crystallized on standing (226 mg, 84%). 
Analytical sample was obtained by recrystallization from ethy I acetate/hexane mp = 119-121 °. 

l!. 1H NMR (270 MHz) (CDCl3) 6 TMS : 1.23 (3 H, t, J = 7.0); 3.83 (3 H, s); 4.03 (I H, t, J = 8.8 
Hz) ; 4.92-5.18 (4 H. m); 6.81-6.84 (1 H, m); 7.26-7.37 (2 H, m). IR (KBr pellet): 3520, 1753, 1717, 1413, 
1221. Anal. Calcd for C15H17NO6: C, 58.62; H, 5.57; N, 4.56. Found: C, 58.72; H, 5.60; N, 4.44 . 

Hydroxyamjde 19. To a solution of crude ~-hydroxyester 18 (148 mg, 0.48 mmol, 1.0 cq .) in ethanol 
(5.0 mL) aqueous LiOH (2.0 M, 0.36 mL, 0.72 mmol, 1.5 eq.) was added at room temperature. After 0.5 h at 
room temperature the reaction mixture was diluted with water and washed with CH2Cl2. The aqueous layer was 
acidified with HCl (2.0 M, 0.4 mL) and extracted with CH2Cl2. Drying of the organic extract over Na2SO4 and 
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3.09 (l H, dd, J = 15.8 Hz, J = 8.1 Hz); 3.62-3.68 (1 H, m); 3.82 (3 H, s); 4.30 ( l H, dd, J = 8.9 Hz, J = 7.2 
Hz); 4.77 (1 H, dd, J = 9.0 Hz, J = 8.1 Hz); 4.98 (1 H, t, J = 7.4 Hz); 6.78 (1 H, d , J = 8.3 Hz); 6.82 (1 H, d, 
J = 7.7 Hz); 7.24 (1 H, t, J = 7.7 Hz); 9.47 (1 H, s). IR (NaCl, neat): 1730, 1586, 1470, 1070 cm·1 

By analogous procedure aldehyde 228 was obtained from 218 in 65% yield as colorless oil. 
ll6_. IH NMR (270 MHz) (CDCl3) o CHCl3: 0.93 (3 H, s); 0.99 (3 H, s); 2.23-2.42 (5 H, m); 2.88 (l 

H, d, J = 16.3 Hz); 3.06 (l H, dd, J = 16.2 Hz, J = 5.8 Hz); 3.80 (3 H, s) ; 3.98-4.07 (1 H, m); 4.37-4.45 (l H, 
m); 4.86-4.94 (1 H, m); 6.71 -6.75 (2 H, m); 7.20 (1 H, t, J = 7.9 Hz); 9.25 (l H, s). IR (NaCl, neat): 1756, 
1587, 1472, 1258, 1078 cm• l . 

Oujnocarcjn anaJoes 23A,B . To a solution of crude 22A (1 1.0 mg , 0 .03 mmol) in ethanol (2 mL) 
aqueous LiOH solution (2.0 M, 0.2 mL) was added and the mixture was refluxed under N2 for 48 h. The 
reaction mixture was diluted with methylene chloride and washed with brine. The organic layer was dried over 
Na2SO4, concentrated and the oily residue was separated by silica gel PTI..C (CH2Cli/MeOH - 10/1) to yield 
staning aldehyde 22A (2.2 mg , 20%), oxazolidine 23A (4.2 mg, 44%) and alcohol 21A (1.0 mg, 10%) as 
colorless oils. Recrystallization from pcntane produced crystalline 23A mp = 111-113° which was used for X-ray 
structure determination. 

2J,A.. IH NMR (300 MHz) (CDCl3) o TMS : 0.95 (3 H, s); 1.23 (3 H, s); 2.32 (3 H, s); 2.39 (l H, dd, 
J = 11 .5 Hz, J = 9.5 Hz); 2.73-2.98 (4 H, m); 3.52-3.67 (3 H, m); 3.77 (3 H, s); 4.55 (1 H, t, J = 6.2 Hz); 6.67 
(l H, d , J = 8.2 Hz); 6.77 (l H, d, J = 7.6 Hz); 7.14 (1 H, t, J = 8.1 Hz). IR (NaCl, neat): 1581, 1470, 1260, 
1087, 1018, 779 cm·1. 

By analogous procedure 238 was obtained from 228 as colorless oil with 27% yield. Recrystallization 
from ethyl acetate/hexane produced crystalline product mp = 159-160° which was used for X-ray structure 
determination. 

2JB.. IH NMR (270 MHz) (CDCl3) o TMS : 1.16 (3 H, s); 1.33 (3 H, s); 2.34 (3 H, s); 2.52-2.75 (4 
H, m); 2.95-3.05 (l H, m); 3.62 (l H, d, J = 7.3 Hz); 3.77 (3 H, s); 4.16 (2 H, t, J = 7.4 Hz); 4.42 (1 H, t, J = 
7.7 Hz); 6.71 (l H, d, J = 7.5 Hz); 6.74 (1 H, d , J = 7.6 Hz); 7.18 (1 H, t, J = 7.9 Hz). IR (NaCl, neat): 1588, 
1473 , 1260, 1018, 786, 744 cm·l. 
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Allltnct A novel mechanism for the reduction of molecular oxygen that rcsulu in the 0 2-depcndent cleavage of both 
single-stranded and double-stranded DNA by quinocarcin (I) is presented. The rcsulu arc disawcd in the context of a redox 
sclf-disproponionation (Canniua=typc) of the ouzolidine moiety of quinocarcin which produces supcroxide. 

It is now widely recognized' that a variety of clinically sig-
nificant antitumor antibiotics can mediate oxygen-dependent 
cleavage of the ribose--phosphate backbone of cellular DNA and 
RNA. An enormous structural array of interesting natural 
products and semisynthetic and totally synthetic substances me-
diate oxidative strand scission of nucleic acids through three main 
families2 of reactions: ( 1) metal-mediated activation of 0 2 ul-
timately producing hydroxyl radical or other reactive oxygen 
species;l-" (2) non-metal-dependent generation of reactive carbon 
radicals 11 that mediate C-H abstraction from the deoxyribole 
backbone (the resulting deoxyribolyl radical sublcquently reacts 
with molecular oxygen culminating in strand acission), and (3) 
photolytic production of hydroxyl radical, 16 which docs not n,quirc 
metal participation for the DNA cleavage event. A rich array 
of chemistry can be found in the metakkpendcnt family of DNA 
damaging agents. Many readily oxidizable organic substances 
are capable of reducing molecular oxygen, resulting in the pro-
duction of supcroxide such u ICIDiquinone radical anions, tbiols, 17 

and ucorbate, among others. Superoxide is well-oocwnentcd'-7•11.19 

to be capable of mediating DNA strand breakage via dismutation 
to hydrogen peroxide and reduction of adventitious metals such 
u Fe(III) to Fe(ll) (Haber-Weiss cycling) culminating in the 
reduction of hydrogen peroxide by Fe(ll), generating the highly 
reactive hydroxyl radical (Fenton reaction). 

The capacity of many antitumor antibiotics to cause oxidative 
damage to DNA in cancerous tissues is typically inseparable from 

'Colorado State Univcnity. 
t Uni,cnity of California. 
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the nonspecific damage inflicted on bcalthy cells by these reduced 
oxygen species and is widely rccognjzcd to be usociated with the 
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undesirable host toxicity of mast antitumor drugs. The recognition 
of new mechanisms for the production of such reactive oxygen 
species and chemical means to attenuate this reactivity without 
compromising other modes of action often displayed by such 
substances, such as nucleic acid allcylation, intm:alation. and DNA 
polymerase inhibition, will be essential to designing mo~ specific 
and efficacious cancer chemotherapeutic agents . In this paper, 
we rcpon observations that 1uppon an entirely new mechanism 
for 0 2 reduction resulting in cleavage of DNA that is based on 
an autt>-redox disproponionation (Cannizzart>-typc) of the oxa-
zolidinc bemiacetal of I (Chan I) . 

Quinocarcin (I) is a natural secondary metabolite produced 
by Stnptomycrs melanovinacrus and is the simplest member of 
the napbtbyridinomycin (4) / saframycin (5) class of antitumor 
agcnts.20•21 Quinocarcin bas been sbown20•22 to display weak 
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Fll'ft I. HPLC (Cl8 Resolve Pack column. 5% MeOH / 5% McCN in 
6 mM powsium pb01pbate (pH 6.8) (isocratic)) of anaerobic quino-
can:in (300 ma/ml) at 25 •c: (A) immediately after removal of citrate; 
(B) after I week. Peaks; I, quinocarcinamide (10) 10 min; 2. quino-
carcin (I) 16 min; 3, quinocarcinol (2) 22 min. This corresponds to a 
rate of disproportionation of -6 x lo-' M L·1 s·• . 

antimicrobial activity against several Gram-p05itivc microbes but 
is inactive toward Gram-negative bacteria. As its citrate salt, 
quinocarcin (named quinocannycin citrate or KW21S2) displays 
promising antitumor activity22 against several lines of solid 
mammalian carcinomas including St-4 gastric carcinoma, Ct>-3 
human colon carcinoma, MX-1 human mammary carcinoma, 
MS076 sarcoma, B16 melanoma, and P388 leukemia. This 
substance is currently under evaluation in human clinical trials 
by the Kyowa Hakko Kogyo Co., Japan. Very recently, the 
structurally related antitumor antibiotic tctrazominc (3) was 
isolated" from Saccharothri~ mutabilis subsp. chichijiimaeruis 
and is reported to display good antimicrobial activity against both 
Gram-positive and Gram-negative organisms in the 0.78-S0.0 
µg/ mL range and also shows potent activity toward P-388 and 
L1210 leukemia in vitro. 
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S .; Kodama. Y.; Hisamauu, T .; Niida, T . J . An1ibiot. 1'82. JJ. 642. Cya-
nocyclinc: Hayashi, T .; Noto. T .; Nawata. Y.; Ok.auk. H .; Sawada. M .; 
Anclo, K. J. Anbibiot. 1'82. JJ, 771 . Saframycins: Arai , T .; Takahashi. K.; 
Kubo, A . J. Alllibiot. 1'77. JO. IOIS. Lown. W. J .; J .. hua. A. V.; Lee, J . 
S. Bioch,,,,;11,y 1'82, 11 . 419. lsbi1uro. K.; Taltabasbi. K.; Yazawa. K.; 
Sakiyama, S .; Arai, T . J. Biol. Clt,m. 1,e1 , 1J6. 2162. Lown, W. J .; Han-
stock. C. C.; J .. bua, A. V.; Arai. T .; Takahashi. K. J . ANibior. 1913, 16, 
1114. Safrac:ins: Ikeda, Y.; Idemoto. H .; Hirayama. F.; Yamamoco, K.; lwao, 
K.; Aaao, T .; Munaltata, T . J. Anlibiot. 1913, J6, 1279-1294. Rcincramyana; 
Frincke. J. M.; Faulkner, 0 . J. J. Am. Clt,m. Soc. IM2, UU. 26S. 

(22) Jett. J. R.; Saijo. N .; Hana. W-S.; Suaki. Y.; Tabbubi. H .; Nabno, 
H .; Nakapwa. K.; Sal<uni, M.; Sucmuu, K.; Tcsada. M . 1-11/pti°""I 
Nrw l>rvff 1"7, J , 155. Cbian1. C .-O.; Kanzawa, F.; Mauusbima, Y.; 
Nakano. H.; Naltapwa, K.; Takahashi. H .; Terada, M.; Morinap, S.; Tau-
chiya. R.; Sualli.. Y.; Saijo. N . J. PJu,n,v,,:ob/~Dyn 1917, JO, 431. Fujimoco. 
K.; Oita. T .; Morimoto, M. Out«, R,s. 1"7, 47, 1 Sl6. For lbc preparation 
and in vill'O antitumor coaluation or ocmisyntbctic quinocarcin dcrivau.a, -= 
Saito, H.; Kobayashi, S .; Ucuki. Y.; Sato, A.; Fujimoto, K.; Mi)'Glbi. K.; 
Asbizawa, T.; Morimoto, M.; Hirata, T. Clt,m. P/uJnn. 8111/. 1'90. J&. 1271. 
Saito, H.; Sato, A.; Asbizawa, T.; Morimoto, M.; Hirata, T . Clt,m. Pitan,,. 
B111/. 1"8. J&, 3202. Saito, H.; Hirata, T .; Kasai . M.; Fujimoto. K.; Asbi-
zawa. T .; Morimoto, M.; Sato, A. J . M,d. Chtm. 1,,1, 1,. 1959. 

(23) Suzuki, K.; Sato, T.; Morioka. M.; Napi. K.; Abe, K.; Yama,ucbi. 
H .; Saito, T .; Obmi, Y.; Susaki, K. J. Antlbiot. l'91 , 44,479. 
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Our interest in this substance stems from a report by Tomita 
ct al.24 that recorded the remarkable observation that I cleaves 
plasmid DNA in an Ordcpendcnt fashion that was reported (I) 
not to be stimulated by the addition of metal ions (Fc2• or Cu2•), 

(2 ) to be stimulated by dithiothreitol, (3) to be inihibited by 
oxygen-free radical scavengers such as methanol, ttrt-butyl aloobol, 
a•tocophcrol. and /karotcnc. and (4) to be inhibited by supcroxidc 
dismutasc (SOD) and catalasc. Quinocarcin blocks RNA syn-
thesis in preference to DNA and protein synthesis in P388 leu-
kemia cells. 22 On the other band, in Bacillus subtilis, quinocarcin 
inhibited [3H]thymidinc incorporation, suggesting inhibition of 
DNA polymerase; therefore, DNA synthesis is thought2' to be 
preferentially inhibited in B. subtilis. It bas been proposec!ll.2• 
that quinocarcin alkylates DNA in the minor groovc25 through 
the ring-opened form of the oxazolidine (iminium 6) . Similar 
DNA alkylation bas been invoked for 4 and 5. lndim:t supportll.l• 
for the involvement of the oxazolidine ring in the above context 
comes from the lack of antitumor and DNA-damaging activity 
displayed by quinocarcinol (l. DC-52d), which is coproduocd with 
I by Strtptomy~s mtlanovinactus. Quinocarcinol also docs not 
cleave plasmid DNA,2' which forces the conclusion that the ox-
azolidine moiety is also responsible for the oxidative degradation 
of DNA by a previously unrecognized mechanism. 

While it is not yet clear whether the antitumor properties of 
quinocarcin are a manifestation of only one mode of action (i.e., 
DNA alkylation) or both (DNA alkylation and oxidative DNA 
cleavage), we were intrigued by the oxidative cleavage observations 
of the Kyowa Hakko group2• since I docs not contain any readily 
recognizable functionality that would be associated with the ca• 
pacity for oxidative DNA cleavage, such as metal chelation sites, 
quinones, and ene-diynes. Most likely, the efficacy of this drug 
is a delicate and intimate combination of multiple effects that are 
brought to bear on its macromolecular targets. 

(24) Tomita. F.; Takahubi. K.; Tamaoki. T. J. A111ibiot. Hl4. J7, 1268. 
(25) Hill. C. G.; Wunz, T. P.; Rcmcn, W. A. J. Compwttr-Aid,d Mo/. 
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We have obtained experimental evidence presented herein that 
quinocarcin undergoes a redox self-disproportionation reaction 
that we propose is coupled to the capacity of this substance to 
effect the production of superoxide in the presence of molecular 
oxygen and results, at least in part, to Fenton-mediated lesions 
in DNA; a mechanism for this process is presented in Scheme 
I. Natural quinocarcin citrate (quinocarmycin citrate), obtained 
from Kyowa Hakko Kogyo, was separated from citric acid by 
ion-exchange chromatography (HP-20) and purified to homo-
geneity by reversed-phase HPLC. When the purified, colorless 
antibiotic was allowed to stand in carefully deoxygenated water 
at 25 °C, two new products arc produced by HPLC analysis 
(Figure I) . The slower eluting peak bas been isolated and 
identified as quinocarcinol (l) ; preparation of an authentic sam-
pl~ from I rigorously confirms this imignment. The faster eluting 
peak bas been identified as the amide 10 (herein named quino-
carcinamide) based on IR. mass spectra, and fully decoupled 1H 
NMR and llC NMR spectroscopy. Esterification of 10 with 
diazometbane in aqueous dioxane produced a substance whose 
1H NMR and IR spectra were identical to those of authentic, 
synthetic material,26 providing final, rigorous structural confir-
mation. The identification of the anaerobic redox products land 
10 rigorously supports the proposal that I undergoes a Canniz-
zaro-type self-rcdox disproportionation; i.e .. quinocarcin serves 
as its own reductant. Therefore, as suggested in Scheme I , single 
electron transfer from I with concomitant proton loss from the 
oxazolidine nitrogen to the ring-opened tautomer (6)21 would 
furnish radical anion 7 and the oxazolidinyl radical 8. Radical 
8 should be cai:ablc of reducing a SCl00nd equivalent of 6, ultimately 
becoming oxazolidinium ion 9 which should hydrolyze to quino-
carcinamidc (10) . Evidence for the intcrmcdiacy of9 was secured 
by running the anaerobic disproportionation in 98% 11OH2 and 

(26) Danisbcfu;y, S. J .; Hamson. P. J .; Webb, R. R.; O'Neil 8 . T. J. Am. 
Cli,m. Soc. 1915. 107, 1421. 

( 27) It is alto ainccivablc that clcc:tron transfer from I IO molecular 01y1cn 
may OCC\lr diru:tly or via a metal-mediated procc:ss in addition to the transfer 
shown via 6. 
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Tillie I. Reduction of Nitroblue Tetrazolium by Quinocan:in and 
DX-52- 1' 

entry substrate 

~OD/ min 
a t 500 nm 

pH (Xl!r ) 

rate 
constant, 
M·1 s·1 

I 
2 
3 
4 
5 
6 
7 
8 
9 

1.0 mM quinocan:in 
1.0 mM quinocan:in 
1.0 mM quinocarcin 
1.0 mM quinocan:in 
1.0 mM DX-52-1 (12) 
1.0 mM DX-52-1 ( 12) 
1.0 mM 13 
1.0 mM 14 
control phosphate buffer 

6 0 
7.0 3 
1.4 5 
8.0 8 
7.0 0 
8.0 0 
8.0 0 
8.0 3 
8.0 0 

0 
4.2 X llr 
6.8 X l lr 
I. I X 10·! 
0 
0 
0 
4.2 X 10' 
0 

• All reductions were carried out in 20 mM phosphate buffer a t the 
indicated pHs. Formation of the furazan product was monitored using 
a Varian DMS-80 UV / vis spectrophotometer at 500 nm. 

T111k II. Cleavage of Pla.smid Supercoiled DNA (pBR 322) 
(quinocarcin ]. 

entry conditions mM S" 

I pH 5 (20 mM phosphate, 2 h, 37 ° C) 1.0 0 .3 
2 pH 6 (20 mM phosphate, 2 h, 37 °C) 1.0 0.4 
3 pH 7 (20 mM phosphate, 2 h, 37 °C) 1.0 1.5 
4 pH 8 (20 mM phosphate, 2 h, 37 ° C) 1.0 7.8 
5 pH 9 (20 mM phosphate, 2 h. 37 °C) 1.0 11.0 
6 pH 8 (20 mM phosphate, 4 h, 37 °C) 1.0 19.2 
7 H,O (no buffer. 2 h, 37 °C) 1.0 0.7 
8 H 1O (no buffer, 24 h, 37 °C) 1.0 11.4 
9 pH 8 (20 mM phosphate, 2 h, 37 "C) 0. 1 0.3 

10 pH 8 (20 mM Tris, 2 h, 37 °C) 1.0 0.3 
I I pH 8 (20 mM phosphate, 2 h, 37 "C) 5.0 (DX-52-1) 0 
12 pH 8 (20 mM phosphate, 2 h, 37 °C) 1.0 (quinocar- 0 

cinamide) 
13 pH 8 (20 mM phosphate, 2 h, 37 °C) 1.0 (quinocar- 0 

cinol) 

'The S value for the DNA control rcpreaenu the amount of nicked 
open circular DNA present in the starting plasmid and wa.s subtracted 
from the S values calculated for the individual cleavage reactions. 
When only forms I (supercoiled) an,µ_mm.s..ll...lnicked open circular) 
arc present, the equation simplifies t~ • -In _h,Whcrc /, is the frac-
tion of form I molecules. In tbose c:uea where Torm Ill (linear) ON~ 
was present. S was calculated from/,+ f, 1 • [I - S(21r + 1) / 2LJSfl, 
where Ir is the distance between hiu on opposite strands to produce a 
linear molecule ( 16 b11e pairs) and Lis the total number of base pairs 
in pBR 322 (4362 base pain ). 

analyzing the product 10 by mass spcctrolaJpy; greater than 40% 
110 was incorporated at the amide carbonyl.21 Under anaerobic 
conditions, radical anion 7 subsequently suffers a second electron 
transfer (presumably from I or 8) with concomitant protonation, 
ruulting in quinocarcinol (l) . Under aerobic conditions, radical 
anion 7 can react with molecular oxygen to produce peroxy radical 
anion 11 which, with nitrogen panicipation, expels I mol equiv 
of superoxidc, regenerating 6. It is also mechanistically plausible 
that the putative peroxy radical anion 11 could fragment directly 
to amide 10 via bomolysis of the 0-0 bond and directly generate 
hydroxyl radical. A labeling experiment, however, demonstrated 
that this is not the case. Disproportionation of pure I was carried 
out in water as dacribcd above under an atmo1pbcre of 98% 1'02• 
Quinocarcinol (l) and quinocarcinamidc (10) were isolated by 
reversed-phase HPLC and subjected to mass spectral analysis 
following diaz.omethanc cstcrific:ation. The fragmentation pattern 
of 10 at m/~ .. 329 showed no significant enhancement at the 
M + 2 peak (m/~ • 331) that would have been diagnostic for 

(28) M111 spectral analysis required esterification of tbc crude products 
with diazometbane. Tbc buc rra1mcnt for the mrraponding methyl ester 
of amide 9 was m/t • 329 (M• - CH,O): the remainder of the 1'0 label 
( -~) is prawned to raidc ill the hydrosymcthyl moiety due to the ambient 
eloctropbilic nature of iminium I to bydrolytic capture. Lou of the bydro1-
ymc1hyl moiety (m/ • • 30) is the parent ionization proceu, generatins tbe 
correspond ing stabilized isoquinolinium amide radical cation (m/ • • 329). 
It wu not pouible to quantitale 1'0 incorporation in tbe bydroxymctbyl 
moiety (m/ • • 32) lince this appcar1 u a larJC f ra,mcnt in both the unlabeled 
and 1'0-labeled umplcs. 
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Tallk m. Effect of Additives on tbe Cleavage or Plasmid DNA by 
Quinocarcin._. 

lquinocarcin], % % 
entry reagent mM inhibn enhancement 

l SOD (1 0 i,g/ ml ) 1.0 > 99 
2 catalase (IO i,g/ml) 1.0 33 
3 atalasc (100 i,g/ ml) 1.0 83 
4 dcoxygenated mi11urc' 1.0 84 
5 desferal (0.1 mM ) 1.0 24 
6 desferal (1.0 mM) 1.0 87 
7 dcsferal (IO mM) 1.0 > 99 
8 Fe(III)/desfenl (0.1 1.0 27 

mM ) 
9 Fe(lll)/desferal ( 1.0 1.0 91 

mM ) 
10 EDTA ( 1.0 mM ) 1.0 35 
11 DETAPAC ( 1.0 mM) 1.0 j 86 
12 picolinic acid ( 1.0 mM ) 1.0 22 
13 picolinic acid (10 mM ) 1.0 94 
14 Fe(III) (0.1 mM) 1.0 d 
IS H,O, (0.1 mM ) 1.0 143 
16 H ,O, (0.1 mM) 0.1 141 
17 DTI (0. I mM ) 1.0 18 
18 DTI (5.0 Mm) 1.0 98 
19 DTI (0.1 mM) 0.1 139 
20 DTI(I.0mM) 0.1 59 
21 DTI (5 mM ) 0.1 73 
• See the Experimental Section. • All reactanu were mixed at ice 

bath temperature and brought to a fina l volume of IO i,L. All reac-
tions were then incubated for 2 bat 37 •c in 20 mM phosphate buffer 
at pH 8 with 0.15 i,g of pBR 322 plasmid DNA. Control reactions for 
SOD, catalale, iron(III ) ammonium sulfate, OTT, desferal, EDTA. 
DETAPAC (diethylcnetriaminepentaacetic acid ). H,O1, and picolinic 
acid at the indicated concentrations in the ablcnce of qui110Carcin all 
showed either very marginal or no detectable cleavage of tbe DNA. 
' Tbe reactants were all milted at ice bath temperature and then purged 
with argon gas; the mixture wa.s then brought to 37 •c. 'No signifi• 
cant inhibition or enhancement of quinocarcin-induced DNA cleavage 
w11 oblcrved. 

Tule IV. Nicking Efficiency a.s a Function of Superoxide 
Production (pBR 322 DNA)' 

entry 
I 
2 
3 
4 

ucorbatc 
OTT 
quinocan:in 
14 

S A~OD / min6 

5.4 1.653 
0.28 0.773 
9.5 0.0013 
0.38 0.0006 

151 
19 
3.8 X 10' 
3.3 X 10' 

• All reactions employed 0.15 i,g of pBR 322. 'SOD concentration 
wu SO ..,,.;mL for a.scorbate and 5 111/ ml for all others. 

•so incorporation at the amide carbonyl by the peroxide bomolysis 
pouibility alluded to above. The authentic 1s0-1abclcd amide 10 
obtained as dacribed above from anaerobic d isproponionation 
in 110H2 showed no propensity to exchange with 1'0H2 after 
several days at room temperature as evidenced by the wne mass 
spectral analytical protocol. Neither 1, 10, nor the acmisynthctic 
cyano derivative of quinoc:arcin (DX-52- 1, 11) produce supcroxidc.. 
as evidenced by the complete lack of nitroblue tctrazolium re-
duction and their cornsponding incapacity to mediate oxidative 
scission of DNA. On the basis of these observations and the 
chemical redox chemistry of quinoc:arcin, we propose the Can-
nizzaro-driven reduction of molecular oxygen a s illustrated in 
Scheme I. 

Superoxidc production by quinocarcin was previously reported 
by Tomita,2' although a mechanistic explanation was not offered. 
We have carefully examined auperoxide production by quinoc:arcin 
and two synthetic analogucs,29 13 and U, by following the re-
duction of nitroblue tctrazolium (NBT) 17·30 under various pH 
conditions and find (for I and 14) that this reaction is completely 

(29 ) Will iams, R. M.: Glinlta, T.: G•IICIO', R.; Ehrlich, P. P.; Aanapn, 
M. E.: Coffman, H.; Park. G. Ttrrohtdron 1991 , 47, 2629. 

(30) T1011, K-C.; Cheng, C.-S.: Nacblu, M. M.: Sclip,an, A. M. J. Am. 
Clttm. Soc. 1956, 78 , 6139. 
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inhibited by SOD; the results arc collected in Table I. Tbc 
reduction of NBT by quinocarcin is pH dependent, exhibiting an 
increased rate of reduction as the pH is raised. This behavior 
directly parallels the pH dependency for the DNA cleavage re-
actions described below. 

In order to examine the interaction of quinocarcin with DNA, 
the pure, colorless antibiotic (0.01-50 mM) wu allowed to react 
with pBR 322 supcrcoiled plasmid DNA between pH S and 9 in 
phosphate buffer (20 mM) at 37 •c for 2 h in the presence of 
air. Salient experimental results arc collected in Tables II and 
III. Nicking of the DNA wu visualized by 0.8% agarOIC gel 
electrophoresis; cthidium bromide aolution (0.S µg/mL) was added 
to the gel after the gel wu run . Quinocarcin showed significant 
nicking of the DNA at 0.1 mM concentration (Table II, entry 
9) at pH 8 without the addition of any external rcductants. Tbe 
reaction wu found to be pH dependent, optimal cleavage being 
observed between pH 8 and 9. At lower pH values (pH S-7) 
nicking was observed but was aignificantly less than al higher pH. 
This is consistent with the obligate panicipation of the 1111-
protonattd oxawlidine nitrogen atom in the rcdox cycle. Con• 
sistent with this behavior, quinocarmycin citrate and DX-52-1, 
neither of which undergoes the Cannizzaro-type sclf-rcdox re-
action, displayed a markedly inferior relative ability to nick the 
DNA at the same COIICICDtratiom u the purified I . Exclusion of 
oxygen significantly inhibited this reaction (84% inhibition) as 
expected (Table III. entry 4). OTT at low concentrations en-
hanced the n:action at low C0110C11trations (0.1 mM) of quinocan:in 
(Table Ill, entries I 9 and 20) but showed inliibltory activity at 
high concentrations (S mM; Table Ill, entries 18 and 21) . This 
is presumably due to the capacity of OTT to serve as a competing 
CH (or SH) substrate with DNA. which is pracnt in much lower 
relative concentration. Similar observations on the effect of op-
timum concentrations of reducing agents on the cleavage of DNA 
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by MPE-Fe(II) have been rcponed.9 Independent corroboration 
of this phenomena was obtained by comparing the relative re• 
activity of quinocarcin in phosphate and Tris buffers. At 20 mM 
buffer concentrations, Tris effectively inhibited the cleavage of 
the plasmid DNA (compare Table II, entries 4 and 10) by qui• 
nocarcin. Again, this would indicate that potentially any organic 
substance can compete with DNA for the Fenton-derived oxidant 
and that the majority of the reactive oxidant is most likely pr~ 
duced in a non-DNA•aasociated environment. Superoxidc dis• 
mutase completely inhibited DNA cleavage (Table Ill, entry I), 
consistent with both the capacity of quinocarcin to generate su• 
peroxide and the corresponding DNA cleavage event to be ex• 
elusively 1Uperoxide depcndenL Catalue also inhibits the reaction 
but is not u potent as SOD (Table III, entries 2 and 3). Addition 
of hydrogen peroxide to quinocarcin/DNA reactions had a potent 
stimulatory effect on DNA cleavage over control reactions con• 
taining hydrogen peroxide at the same concentrations (Table III, 
entries IS and 16). Takai together, the above results point strongly 
to Fenton-type chemistry being responsible for the scission of 
DNA. Tomita previously reportedl• that the addition of iron or 
copper salts had no stimulatory elTecu on the ability of quinocan:in 
to cleave DNA; we have corroborated this finding (Table Ill, entry 
14). The addition of the potent iron cbdator desferal did. however, 
lead to significant inhibition of DNA cleavage. particularly al high 
concentrations (Table III, entries 5-9). Other iron chelaton 
(EDTA, DETAPAC; Table III, entries 10 and 11) also exhibit 
inhibitory activity. Desferal is known6 to have a high affinity for 
Fe(III) (log lcr • 30.7), forming a hexacoordinate complex that 
excludes iron-uaociated water and uncouples the oxidation of 
Fe(Il) from the formation hydroxyl radical (Fenton reaction) . 
Tbe panicipation of higher oxidation states of iron and copper 
in Fenton reactions and related C-H oxidation chemistry is now 
well recognized.7 Picolinic acid is known11 to be a very potent 
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1 2 3 4 5 6 7 8 II 10 11 12 

5 ' 3· 

3 · 5' 

Flpre l . Key: lane I, 1ingle-1tranded DNA control; lane 2, single-
atruded DNA+ quinocarcin (I mM); lane 3, 1ingle-1trandcd DNA+ 
qui.nocarcin (S mM); lane 4, aingle-atranded DNA + qui.nocarcin (S 
mM) followed by T4 lrinale; Jane S, aingle-stranded DNA + FeSO, ( I 
mM); lane 6, Maxim-Gilbert G reaction; lane 7. double-atrandcd DNA 
000trol; lane 8, double-stranded DNA + quinocarcin (I mM); lane 9, 
double-ttranded DNA+ quinocarcin (S mM): lane JO. double-stranded 
DNA + quinocarcin (S mM ) followed by T4 kilwe; lane 11, double-
atruded DNA+ FeSO, ( I mM); lane 12, Maxim-Gilbert G reaction. 
All reac:tiom with quinocarcin are thiol-free. The pbotasrapb of the gel 
wu foc:ued 011 the clearest rqioa to abow the double bands (Tulliua 
beacla) cbaracteriatic of nomelec:tivc hydroxyl radical cleavage. There 
wu no aipific:ant cvidcoce for any sequence specificity to the cleavage 
of tbia aubruatc (ac,qucnce aJoaa the gel ii therefore aupcrfluoua and bu 
been deleted) . 

scavenger of hydroxyl radic:al and inhibitor of the Fe(Il)/Fe(III) 
redox couple. Additioo of picolinic acid to reaction mixtures of 
DNA and quinocarcin at 1 and 10 mM showed 22% and 94% 
inhibition, n:spcctiw:ly. Theae results allo lllpport the notioo that 
adventitiOUJ metal in these reaction mixtures in a number of 
pouible oxidation states can be activated by the slow ~lease of 
supc:rmide and cauae Fenton-rdated damage to DNA. Thus, thelC 
results indicate that, in contrast to the concluaions of Tomita, 2• 
the DNA cleavage ia indoed metal dependent and that the low 
concentration of adventitious Fe3• ia already in excess to that 
required to effec:t Fenton-mediated cleavage ol the DNA; additioo 
ol cxc:aa iron would tbcrd'ore not be expec:ted to have any additive 
effect. Thus, our data support a hypotheais wherein the limiting 
reagent in the DNA cleavage mediated by quinocan:in is the slow 
production of 1uperoxide. 

Further evidence for a non-DNA-associated oxidant was ob-
tained from an analym ol the reaction of quiooc:arc:in with a small 

(31) Sbai. C.; Richert. S. A.; Colrc. P.; R-. B.: Sobkowiat, A.; Sawyer, 
D. T.; Kano(aky, J. R. J . A,.,. Cllmi. Soc. 1'90, 112, 1936 and referenced 
cited lllereu,, 
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synthetic oligonuclcotide by high-resolution polyacrylamide gel 
electrophoresis. A synthetic 64-basc-pair oligonucleotide with the 
sequence shown in Figure 2 was 5'-cnd-labeled with 32P, purified 
by Sepbadcx G-50 size exclusion chromatography, and &Mealed 
to the complementary strand. Reaction of both the duplex 64-mer 
and the 12P 5'-end-labeled single-stranded oligonuclcotide with 
quinocarcin ( 1 and 5 mM, without additional reducing agent 
added) at 37 °C for 5 b resulted in non-scquenco-spccific cleavage 
at every single nucleotide as evidenced by denaturing 20% poly-
acrylamidc gel elcc,ropboresis (Figure 2, lanes 2. 3, 8, and 9) . 
Both the double-stranded and single-stranded substrates we~ 
cleaved with roughly equal efficiency, a slight preference being 
noted for single-stranded DNA.12 Furthermore, every cleavage 
band appeared as a doublet, which is characteristic of the 3'-
phospbate and 3'-phospboglycolatc ends resulting from nooselcctivc 
Fenton-mediated cleavage.1·9 We observed the cxaci same 
cleavage pattern when the duplex was incubated with I mM 
FcSO, under aerobic conditions (Figure 2. lanes 5 and 11 ). 
Treatment of the quinocarcin-damaged DNA reaction mixtures 
with T4 polynuclcotidc kinase in the absence of ATP or ADP 
exhibited the expected 3-phospbatasc gel band shift of the slower 
moving band of each doublet (Figure 2, lanes 4 and I 0) indicative 
that the slower moving band of each doublet is the 3'-pbospboryl 
and the faster moving band is the 3' -pbospboglycolate. 

Compared with other antitumor substances that cause oxidative 
damage to DNA, quinocarcin is rather modest in terms of the 
rate at which DNA cleavage can be measured at a given con-
centration of drug. This is a direct manifestation of the very slow 
production of 111pcroxide by quinocarcin. However, one interesting 
feature of the cleavage reaction of DNA by quinocarcin is that 
it is vastly more efficient in effecting DNA cleavage per tquivaltlll 
of supm,xide generated than other superoxidc generating syatems, 
such as DTI and ascorbatc. For a qualitative comparison, we 
have calculated a nicking efficiency (NE..--) of DNA cleavage 
as a function of 1uperoxidc production (as measured by NBT 
reduction) for quinocarcin, DTI, and ascorbate. Total supcroxide 
production was estimated by taking the difference between the 
AOD/ min at 500 nm for NBT reduction for each reagent and 
subtracting the AOD/min under the same conditions in the 
preaence of SOD. The value obtained (MOD / min) can at least 
be attributed to specific supcroxidc-mediatcd reduction of NBT 
as oppo&ed to direct reduction of the dye by the organic reductant. 
The equation uaed was as follows 

NE,. (S)(noNA) / n...,,. .. 
.,....uc1c • (AAOD/min),....,.. .. 

where Sis the average number of 1ingle bits per DNA molecule 
calculated u described in the footnotes of Table II and n ia the 
number of molecules present. Quinocarcin is 240 times mo~ 
efficient in effecting DNA cleavage per superoxidt moltCMJt than 
ucorbate and 2000 times more efficient than DTI. Synthetic 
axnpound U is inferior to quinocarcin but is still relatively efficient 
per auperoxjdc equivalent (21 times versus asall'bate and 173 timca 
vcnua DTI). The relative differen0e11 between quinocarcin and 
14 with respect to DNA cleavage are likely a result of the poor 
solubility of U in water; the HCI or citrate salts of U were 
employed in all these studies resulting in protonation of the amines 
which attenuates the rate of superoxide releuc (vida infra). Since 
quinocarcin and 1ynthetic analogue 14 both produce 1uperoxide 
very 1lowly compared to DTI and ascorbatc, the observed ap-
pa~nt ~lative efficiency of DNA cleavage as a function of au-
peroxide production for these oxazolidine-Q)ntaining 1ubltancea 
appean to be a direct manifestation of the ulativc kinetic• of 
1uperoxide ~lease, although the mechanism for presentation of 
the oxidant to DNA may be distinct; a detailed cxplanatioo cannot 
be offered at this time. The rate of formation of 1uperoxidc by 

(32) Cdandcr D. W.: Cech, T. R. Biodinnutry 19'0. 29, 1355. Jczewab., 
M. J .; Bujalowaltl, W.; Lohman. T . M. B/ociw,w1ry IMO. 29, 5220. 

(33) It abould be DOted that DX-52-1 and n.rioua C-8 and CJOsubatituted 
derintiva maintain significant antitumor activity; aee ref 22 (Saito ct al. 
1990). Hirata, T.; Kobayuhi. S.; Tak.ahuhi, K.; Morimoto, M.; Saito, H.; 
Sato, A.; Aahizawa, T. Euroi-,, Patent 128,370, 1984. 



Cltavagt of DNA by Qui,wcarcin 

quinocarcin:M (sec Table I) is extremely slow (I0'-105 times 
slower) relative to the rate-limiting stcp 11 of the Haber-
Weis.s/Fcnton reaction, which is 76 M-1 s- 1 for the reduction of 
hydrogen peroxide by Fe(II) . In this context, quinocarcin may 
prove to be a useful mechanistic tool for studying superoxidc-
mc:diated reactions where the slow, controlled release of superoxidc 
would be desired. 

Remen21 bas conducted molecular mechanics calculations on 
quinocarcin by docking the drug in the minor groove. From this 
study, it was concluded that the absolute configuration of qui• 
nocarcin is Dl05t likely that depicted in Schane I. The calculations 
suggested that the lowest energy conformer of I orients the pi• 
perazinc ring in a chairlike conformation, which therefore places 
the oxaz.olidine nitrogen lone pair in an antiperiplanar orientation 
to the oxazolidinc methine (anti- I) . Ring opening of the oxa-

H ' 

- ~· H .kJ.~N ::,... /2 
-0,C H ()Me 

0 

ANTl-1 

zolidine to the iminium species (sec 6, Scheme I) requires nitrogen 
pyrimidaJ inversion to a higher energy twist-boat conformer (syn-I) 
that was calculated to lie ~ 10 kcal mo1- 1 above the other con-
former. In this situation, the oxaz.olidine nitrogen lone pair is syn 
to the methine and antiperiplanar to the C-0 bond. It was 
postulated25 that llle iminium species33 should be a good alkylator 
for N -2 of guanine in the minor groove of the sequence d-
(ATGCATh, Sued on the similarity to 4 and 5,21 this is a very 
reasonable expectation. In the present study, we wished to ask 
a different question regarding the conformational significance of 
the oxazolidine moiety. As shown in Scheme I, the initial step 
in the electron transfer between the oxazolidinc and the iminimum 
species involves one-electron loss from the oxazolidinc nitrogen 
with loss of the oxazolidine metbine as a proton producing the 
reduction and oxidation radicals 7 and 8, respectively. It is 
reasonable to expect that the trans, antiperiplanar arrangement 
of the oxazolidine methine and nitrogen lone pair in the lower 
energy conformer predicted by calculation should also be the Dl05t 
favorable geometry for concomitant one-electron and proton loss 
in the redox self-disproportionation, since this arrangement pro-
vides maximum overlap in the transition state. Synthetic analogues 
13 and 14 have the conformations depicted as determined by 
single-crystal X-ray analyses.29 Compound 13 mimics the syn 
conformer of quinocarcin, while 14 mimia the anti conformer 
of quinocarcin. The relative diffcrenoc in the capacity of synthetic 
analogues 13 and 14 to effect both au peroxide production ( cf. 
Table I, entries 7 and 8) as wcU as DNA cleavage (at 5 mM, 13 
cleaves plasmid DNA only one-sixth as efficiently as 14)29 111pports 
our hypothesis that stcrcoelectronic control clements of the oxa-
zolidinc ring system are intimately related to the biological ac-
tivities of these substances. 

In summary, we have established a previously unrecognized 
reaction for the reduction of molecular oxygen by a simple bet-
erocyclic ring system. This reduction is driven by the inherent 
intermolecular redox chemistry of the drug itself, requiring no 
exogenous reductants; this reaction can be assisted by external 
reductants, effectively lowering the a>nccntration of drug required 
to damage DNA. In this context, it is interesting to question the 
creation of quinocarcinol (2) as arising by a genetically encoded 
bi01ynthctic pathway or being an artifact of the secondary redox 
cbcmiatry of quinocarcin disc:xMred herein or a related ICCOlldary 
and endogenous miaobial reduction. Cbemical means to attenuate 
the ability of tbia clasa of antitumor drugs to produce reactive 
oxidants (13 versus 14, 12, stabilizen such as citric acid, stimu-
laton auch as OTT and hydrogen peroxide) may contribute to 
possible approaches to designing more selective and less toxic 
cancer chemotherapeutic agents. Studies aimed at elucidating 

(34) The rate of auperoxidc: releue from quinocarcin ia of lhe aame order 
of magnitude as lbe rale of redo• diaproponionalion ( ~6 x I o-t M L · I . - 1) 
of quinoc:an:in under anaerobic conditions. 
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the details of the expected covalent interactions of tbis class of 
compounds with nucleic acid targets are under investigation in 
these laboratories. 

Ex~tal Section 
Pmiflcalioa of J from Otric Add. From quinocarcin ci1r11e, which 

was a gifl from Kyowa Hakim Kogyo. was obtained free quinocarcin by 
dissolving quinocarcin ci1ra1e in water and passing it through HP-20 
ion-exchange rain (Mitsubishi Corp. ) at 4 •c. Citric acid was eluted 
with waler, and subsequently free quinocarcin was eluted with metha-
nol / water (3/ 1). Free quinocarcin was further purified by HPLC on a 
Cl8 Resolve Pack column (Watcn) 11Sing S% metbanol / S% 1ec1oni1rile 
in 6.0 mM, pH 6.8 potassium pbospba1e buffer (isocra1ic) . To remove 
the pbospbalC buffer from the lyophilizcd quinocarcin fraction, the res• 
idue was dissolved in waler and passed through an HP-20 column in the 
ume manner as deacribcd above . 

Diaproponiwlioa of J wl HPLC Aaalylis of PnNhtcta. A 300 
111/ mL 10lulion of citrate-free J was made up in deionized water wbicb 
bad been dcoxygcnaled under vacuum foUowcd by purging with nitrogen. 
A umple wu then analyzed by HPLC (Cl8 Resolve Pack column 
(Watcn): S% mcthanol/S% ace1oni1rilc in 6 mM potassium phosphate, 
pH 6.8 (isocratic); and detected by UV at 270 nm) which revealed only 
the peak at 16 min corresponding to J . The solution was then allowed 
to age at 25 •c under anaerobic conditions, with aliquots bcin& taken 
perioclic:ally and analyz.ed by HPLC for quinocarcin and formation of JO 
and 2 (retention times 10 and 22 min, rapectively). Authentic quino-
carcinol (2) was obtained from quinocarcin by NaBH, reduction ac-
cording to Tomita.JD The authentic umple of quinoc:arcinol was identical 
to that obtained by the disproportionation of J deacribcd above by 1H 
NMR, IR, and TLC (silica gel: 10% H,O in ethanol ). Data for quino-
carcinamide (JO). 1H NMR (300 MHz) (D,O) a HOD: 2.34 ( I H, dd, 
J • 13.6 Hz, J • 9.9 Hz); 2.38 (3 H, s); 2.59 ( I H, ddd, J • 13.6 Hz, 
J • 1.0 Hz. J • 1.0 Hz); 2.78 (I H. m); 3.03 (I H , m): 3.22 (I H. dd, 
J • 1.0 Hz, J • 10.3 Hz): 3.58 (I H. d, J • 6.6 Hz); 3.70 (I H. dd, J 
• 11.4 Hz, J • 3.9 Hz) ; 3.79 ( l H. m); 3.82 ( I H . br 1) ; 3.87 (3 H , 1); 
3.93 (l H, dd, J • I J..4 Hz, J • 4.4 Hz); 5.4S (I H, t. J • 4.0 Hz); 6.94 
(I H, d, J • 7.8 Hz); 7.04 ( I H, d, J • 7.8 Hz): 7.33 ( I H. d, J • 7.8 
Hz) . IR (KBr): 3601, 3430, 2929, 2340, 2020, 1897, 1792, 1626, 1580, 
1388, 1079 c:m-1• Additional structural verification was secured through 
esterification to quinocarcinamide methyl ester as follows. To 2.0 ml 
of I M NaOH was added 5 mg of l •methyl-3-nilr<>-l•nitrOS01uanidine 
(Aldrich). The diazomcthanc formed wu arried via nitroaen prcuure 
bubbling through 2.0 mL of a solution of diounc/ H,O (1/1) c:ontainina 
I mg of JO. Once the dioune solution turned yellow, the flask wu -1ed 
and tbe mixture was allowed to stand at room temperature for 30 min. 
The mixture wu then concentrated to dryness, affording I mg of tbe 
c:orreaponding methyl ester wboae 'H NMR matched that of a synthetic 
umple provided by Prof. S. J . Danishefsky. This procedure wu also 
utilized for aliquoting the 1'0 experiments for maas spectral detennina-
tiona <- ref 28). 

R...._ .r NltroWat Teuuolla. lty J Jl-14. Each reaction 
wu performed in triplicate by adding each suba1rate to an aeraled so-
lution of nitroblue tctrazolium (0.12 mM) in 20 mM phosphate bu!Ter 
at the indic:aled pH such that the final concentration of substrate wu 1.0 
mM. Tbe optical abaorbance was meuured Oller a JO.min period at 500 
nm, and the '10D was the average slope for the linear OD change Oller 
the reaaioa time. Addition of SOD (5 1'&/ mL) completely inbibiled the 
reduction in all relevant cases (entries 2-4 and 8) . Tbe rate conatanb 
were cak:lllated by assuming that (01) does not apprc,ciably change and 
is in exceu (zero order in oxygen) ; the reaction is second order with 
rapcct to [quinocarcin) or (14) (i.e., the only 1ubstates that effect the 
reduction of NBT) . The sa:ond-«der rate constants reported in Table 
I were calculated from tbe '10D measurements and based on an to of 
12 200 for the furazan product of NBT at 500 nm. 

O..,qe ol s...,celW Pluald DNA (pBR322). DNA nicking re-
action mixtures wen made by addition at O •c of appropriate amounb 
of reagent 11ock 10lutiona 10 a 11ock solution of pBR 322 DNA plumid 
(Boebrin1er-Mannheim Biochemical Co.) containina 0.1 S 111 of 
DNA/reaction (20 _,M base pair concentration). The total volumca of 
the reaction mixtures were brought up to IO 11L with diatilled and 
deionized water when ncceuary, and the reaction mixtura were inc:v-
baled at 37 •c for 2 b in lightly capped plastic Eppendorf tubes. Stock 
aoluliona for experiments including DNA were prepared 111ing distillod, 
deionized water and commercially available reagents: DTI, Sigma; 
lodium phosphate monobuic, EM Science; lodium phosphate dibuic, 
30% hydroaen peroxide, Malinckrodt; supcroxide dismut.ue, beef liver 
catalue (1u1pc111ion in water), Boehringer Mannheim Biochemical. 
Desferal was tbe generous gift from Ciba-Geigy Co. The cleavaae of 
plasmid DNA was detected by loeding the reactiona onto 0.8% aprooe 
gels and 1tainin1 with ethidium bromide after electropboraia. The 



740 J. Am. Chem. Soc., Vol. I 14. No. 2, 1992 

electropbor- were run for 2 bat 55 V, and the gels were submer1ed 
for 15 min in etbidium bromide solution. The electrophoresis gels wen: 
immediately visualized on a UV transilluminator and pbolograpbed using 
black and white inslant films (Polaroid T667). The mcuumnents of the 
relative intC111itia of DNA bands were perfonned on the photographs 
uaina the Dell System 325 computer and Technology Reaourc:a Inc. 
ima,e-~ing software. The fllm used to photograph the aels was 
a,nfinned to have a lillQr response to tbc ranae of DNA quantities llled. 
Tbe mean number of sina]e strand sauions (S) per aupercoiled DNA 
aubltrate wu calculated usin1 the Poiaaon distribution . All reactants 
were mixed at ice bath temperature and brought to a final volume of 10 
,-L. All reactions were then incubated for 2 b at 37 •c in the indicated 
buffer with 0.15 ,-g of pBR 322 plasmid DNA. 

LaWlas (5', "P) ... l•clioa of Syad,etic 6'-aer for Hlp-1-
.._ Pwlyaayluli,it Gel Elecc.., .... To a solution of the synthetic 
deoxyoligoaucleotidc (200 pmol ) in 105 ,-L of deionized distilled H ,O 
wu added 20 ,-L of polynucleotide kinase buffer. 4 ,-L (40 units) of H 
polynucleotidc kirwe (New England Biolabl), and 2 ,-L (20 ,-Ci) of 
ht31P]A TP (Du Pont) . The reaction was incubated for 90 min at 37 
•c and 10 min at 65 •c. The solution was loaded onto a 2-mL column 
of Sepbadex G-50 and eluted with TE buffer (10 mM Tris. 1.0 mM 
EDTA, pH 8) . The lint radioactive fraction was collected and preciJ>-
itated with etbanol/3 M NaOAc (pH 5.2) and dried. Annealing was 
performed by mixina equimolar amounts of tbc 5' 31J>-cnd-labeled strand 
and the complimentary strand in deionized distilled H 20 to a final con-
centration of 2 pmol/ id-; each was heated to 65 °C for 30 min and lllowly 
cooled to O •c. The double-stranded and single-stranded DNA sul>-
atratea (5 pmol in 3 ,.L of deionized distilled H20 ) were brought to a final 
reaction volume of 16 ,-L in phosphate buffer (20 mM, pH 8). Each 
reaction was incubated at 37 •c for 5 h. None of tbcae reactions con-
tained any additional reducing agents auch as DTT. One microliter of 

Williams ti al. 

3 M NaOAc (pH 5.2), 5 ,-Loft-RNA (I mg/ml) , and 100 ,-L of 
ethanol were added, and the mixture was cooled to - 70 •c for IO min. 
Eacb tube was centrifuged at 14K (rpm, Eppendorf microfuac) for 10 
min at 4 •c. the supcmatant decanted. and the DNA pellet dried under 
reduced preuurc. To each aample for lanea 3-S and 10 wu added 10 
,-L of deionized distilled H 20 followed by beating to 90 •c for 10 min 
and then cooling on ice. To each reaction tube was added 4 ,-L of 
polynucleotide ltiouc buffer and 4 ,-L (40 units) of T4 polynucleotide 
kinue (New England Biolabl). After brief voncxin&, each reaction was 
incubated at 37 •c for 1 b. Each aample wu ethanol precipitated, 
centrifupi. and dried for clecuopboreais. To each dried peUct of DNA 
wu added 10 ,-L of loading buffer (formamide. 10 mM EDTA, pH 8. 
0.025% xylenecyanol FF and 0.025% bromopbcnol blue), and the n:-
awtant mixture wu then heated to 90 •c for 5 min. placed on ice. and 
immediately loaded onto a 20% denaturing (urea) polyacrylamide ael. 
After the sci wu run (4 b, 1600 V). it was fixed (acetic acid / methanol, 
10% each, aquoous) , absorbed onto filter bloning paper, and vacuum 
dried. The bands were visualized by autoradiograpby. 

Ac:k.wledp.64. This racarch was supponcd by the National 
Institutes of Health Grant CA43969. We are indebted to the 
Kyowa Hallo Kogyo Co., Japan, for the gift of quinocannycin 
citrate; Prof. J . R. Norton (Colorado State University) for pro-
viding accas to facilities for manipulating 110 1; Prof. S. J . 
Daniabefsky (Yale Univenity) for providing authentic comparison 
spectra for the methyl eater of synthetic quinocarcinamide; and 
Dr. Jed Fisher (The Upjohn Co.), Prof. Peter G. Scbulu 
(Univcnity of California, Berkeley), Prof. Jack R. Norton 
(Colorado State Univenity) and Prof. Mark M. Greenberg 
(Colorado State Univenity) for helpful discussions. 
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ABSTRACT: A mechanism for the reduction of molecular oxygen that results in the O 2-depcndcnt cleavage 
of both single-stranded and double-stranded DNA by the antitumor antibiotic tctrazomine (I) is presented. 
The results arc discussed in the context of a rcdox self-disproportionation of the oxazolidine moiety of 
tetrazominc. Comparisons arc made to the structurally analogous natural product quinocarcin (2) in 
which, like tetrazomine, the oxazolidine moiety is invoked in rcdox chemistry, which ultimately results in 
the reduction of molecular oxygen to supcroxide. 

It is now widely recognized (Fisher & Aristoff, 1988; 
Remcrs, 1985) that a variety of clinically significant anti tumor 
antibiotics can mediate oxygen-dependent cleavage of the 
ribose phosphate backbone of cellular DNA and RNA. An 
enormous structural array of interesting natural products and 
semisynthctic and totally synthetic substances mediates 
oxidative strand scission of nucleic acids through three main 
families of reactions: (I) metal-mediated activation of 0 2, 
ultimately producing hydroxyl radical or other reactive oxygen 
species (Stubbe & Koza rich , I 987 ; Walling, I 975) ; (2) non-
metal-dependent generation of reactive carbon radicals (My-
ers, 1987; Nicolaou ct al., 1988; Magnus ct al., 1988; Hawley 
eta I .. 1989) that mediate CH abstraction from thcdcoxyribose 
backbone (the resulting dcoxyribosyl radical subsequently 
reacts with molecular oxygen, culminating in strand scission); 
and (3) photolytic production of hydroxyl radical (Saito ct 
al., 1990; Zafirou & Bonneau, 1987), which docs not require 
metal participation for the DNA cleavage event. A rich array 
of chemistry can be found in the metal-dependent family of 
DNA-damaging agents . Many readily oxidizable organic 
substances are capable ofreducing molecular oxygen, resulting 
in the production of superoxide, such as semiquinonc radical 
anions, thiols (Misra, 1974), and ascorbatc , among others. 
Superoxidc is well-documented (Lesko & Lorentzen, 1980) 
to mediate DNA strand breakage via dismutation to hydrogen 
peroxide followed by Fenton chemistry [in the presence of 
Fc(Ill)]. generating the highly reactive hydroxyl radical. 

Tctrazominc (I) is a natural secondary metabolite that was 
recently isolated from Saccharothrix mutabi/is subsp. chich-
ijimaensisi by Yamanouchi Pharmaceutical Co. (Japan) 
(Suzuki ct al., 1991) and is the most recent member of the 
quinocarcin (2)/naphthyridinomycin/saframycin class of 
antitumor agents . Tctrazominc has been shown to display 
broad antimicrobial activity against both Gram-positive and 
Gram-negative bacteria in vitro. Tctrazominc also displays 
promising in vitro antitumor activity (Suzuki ct al., 1991) 
against lymphoid leukemia L1210 and P388 leukemia at 
0.0427 and 0.014 µg/ mL, respectively. This substance also 
displayed antitumor activity against P388 leukemia in vivo. 

Our interest in this substance stems from structural 
similarities between tetrazominc and the antitumor antibiotic 
quinocarcin (2), which has been the subject of considerable 
investigation (Williams ct al., I 991, 1992). Like quinocarcin, 

' This research was supported by the National Institutes of Health 
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tetrazominc (I) is capable of cleaving both synthetic oligo-
nuclcotidcs and plasmid DNA in an O2-dcpendcnt manner in 
the absence of external reducing agents such as dithiothrcitol 
(DTI) ; (2) is not stimulated by the addition of metal ions 
[Fc(II), Fc(Ill)]; (3) is inhibited by free radical scavengers 
such as picolinic acid (Sheu et al., 1990); and ( 4) is inhibited 
by superoxide dismutasc (SOD1) and catalasc. We have 
recently obtained experimental evidence, presented herein. 
that tctrazominc undergoes a redox self-disproportionation 
reaction similar to that observed for quinocarcin, which may 
be coupled to the capacity of this substance to affect the 
production of superoxidc in the presence of molecular oxygen 
and results, at least in part, in Fenton-mediated lesions in 
DNA; a proposed mechanism for this process is presented in 
Figure 2. The rate at which tctrazomine produces superoxidc 
has been carefully examined by following the reduction of 
nitrobluc tctrazolium (NBT) spectrophotometrically under 
various conditions. It was found that, in addition to being 
completely inhibited by SOD, these experiments closely 
paralleled trends observed for the nicking of supercoilcd 
plasmid DNA by tctrazominc. 

MATERIALS AND METHODS 

Disproportionation of Tetrazomine and Analysis of Prod-
ucts. A IO mM solution ofl was prepared in 20 mM phosphate 
buffer (pH 8.0) , which was then dcoxygcnated by freeze-
thaw purging with nitrogen. A sample was then analyzed by 
HPLC (resolve pack CI 8 column; 10 mM sodium sulfate, 3% 
acctonitrilc, 0.05%acctic acid, and 0.002% 1-pentanesulfonatc 
sodium salt (isocratic); detected by UV at 254 nm), which 
revealed only a peak at 5 min corresponding to 1. The solution 
was then aged at 4 °C under anaerobic conditions, with aliquots 
being taken periodically (every third day for 2 weeks) , and 
analyzed by HPLC for tctrazomine and the formation of new 
products. Approximately 20% conversion of tctrazominc to 
new products was observed after 2 weeks. These breakdown 
products were isolated (by HPLC) and desalted by trituration 
with methanol. Following filtration, the methanol solutions 
were concentrated under reduced pressure, redissolved in 
ddH2O, passed through a column of Dowcx I (CJ- form), and 
lyophilized. One product was identified as the reduced form 
of tctrazominc, which henceforth will be referred to as 
tctrazominol ( 4) . Authentic tctrazominol was obtained from 

1 Abbreviations: SOD, supcroxide dismutasc; NBT. nitroblue tetra-
zolium; TE, 100 mM Tris base/ 10 mM EDTA; EDTA, ethylenedi-
aminetetraacctic acid; ddH 10 , double deionized water. 

© 1994 American Chemical Society 
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FIGURE 1: Tetrazomine and structural analogs. 
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3. TETRAZOMINAMIDE 

FIGURE 2: Proposed disproportionation of tetrazomine: under anaerobic conditions, resulting in the formation of J and 4; under aerobic 
conditions, resulting in the production of supcroxide. 

tetrazomine by reacting IO mg of the pure drug with IO equiv 
of NaBH, (Baker) in 3 mL of methanol (0 °C) for 3 h. The 
sample of tetrazominol obtained following isolation by 
preparative thin-layer chromatography (silica; 4: I CH2Cl2/ 
methanol, R1= 0.2) had the exact same HPLC retention time 
(8 min) and molecular weight by mass spectrometry as 4 
collected from the disproportionation of I described above: 
1H NMR (300 MHz) (D2O) 6 (HOD) 1.63- 1.94 (5H , m) , 
2.24 (I H, t, J = I 1.4 Hz), 2.48 (IH, d, J., 14.1 Hz), 2.57 
(IH, q. J = I 1.5 Hz), 2.79-2.89 (SH, m) , 2.96 (IH, d, J = 
16.3 Hz), 3.00 (I H, d, J • 12.9 Hz), 3.18 (I H, br s), 3.36 
( I H, d, Jc 13.8 Hz), 3.53-3.68 (SH, m) , 3.60 (3H, s), 3.84-
3.90 (2H, m), 4.17 ( I H, d, J • 1.8 Hz), 4.56 (I H, s), 6.89 
(IH,d,J = 8.2 Hz), 7.33 (IH,d,J= 8.2 Hz). MSm/ t(M•): 
460.26960 (calcd for C2,H36N,O5, 460.2696) . Another 
product isolated from the disproportionation by HPLC 
(retention time, 4 min) was identified as the oxidized form of 
tetrazomine, which henceforth will be referred to as tetra-
zominamide (3) : MS m/e (M•) 475.2578 (calcd for 

C2,H 35N,O6, 475.258 ). The other material formed was an 
unidentifiable decomposition product. We were not able to 
obtain a sufficient quantity of tetrazomine from Yamonouchi 
Co. to rigorously isolate and characterize this material. 

Reductions of Nitroblue Tetrazolium by Tetrazomine. 
Each reaction was performed in triplicate by adding an 
appropriate amount of tetrazomine stock solution (20 mM) 
to an aerated solution of nitroblue tetrazolium (0.12 mM) in 
20 mM phosphate buffer (at the indicated pH) containing I% 
Triton X-100 detergent with the final volume brought to 750 
µL with ddH2O. The optical absorbancc was measured at 25 
°C over a 30-min period at 500 nm (Varian OMS 80 UV /vis 
spectrophotometer), and the .iOD was the average slope for 
the linear OD change over the reaction time. The rates for 
supcroxide production were calculated by assuming that (02) 
docs not appreciably change over this time period and is in 
excess (zero order in oxygen). The rates (reported in Table 
I ) were calculated from the .iOD measurements and based 
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Table I : Rates of Su peroxide Production: Measurements by 
Reduction of Nitrobluc Tctrazolium (NBT) 

rate 
entry substrate pH (i,s-1 X I 0-9) 

I 1.0 mM tctrazomine 6 2.46 
2 1.0 mM tetrazomine 7 10.6 
3 1.0 mM tetrazomine 8 17.5 
4 1.0 mM quinocarcin 8 I. I 
5 1.0 mM tetrazomine + 8 0 .0 

I0i,g / mLSOD 
6 1.0mM DX-52-1 8 0.0 
7 I.0mM JI 8 0.41 
8 1.0 mM 12 8 0.0 
9 20 mM phosphate buffer 8 0.0 

(control) 

on a molar extinction coefficient ( t 0 ) of 12 200 for the formazan 
product of NBT at 500 nm . 

Prepara1ion and Purifica1ion of Supercoi/ed Plasmid DNA 
(pUC 19) . To 40 µL of electrocompetent cells(£. coli, MC 
I 061) was added 1 µL (0.35 µg) of pUC 19 plasmid DNA 
(New England Biolabs), and the mixture was agitated and 
aged in an ice bath for I min . The mixture was then transferred 
to an ice-cooled, 0.1-cm electroporation cuvette, and the 
material was pulsed (Bio-Rad gene pulser) at 25 µF, 200 fl , 
and I.I kV . The cells were then quickly transferred to I mL 
of sterile SOC broth (20 mM glucose, 20 g of bacto-tryptone 
(Difeo), 5 g of bacto-ycast (Difeo), I g of MgCl2, 0 .5 g of 
NaCl, and 186 mg KC! to 1.0 L) and incubated at 37 °C, with 
agitation (200 rpm). for 1 h. The mixture was transferred to 
a sterile Eppendorf tube and centrifuged ( 14 000 rpm, 5 min, 
room temperature) . The supernatant was discarded, and the 
cells were resuspended in 400 µL of sterile SOC broth . 
Dilutions were made to I 02, I 0\ 106, 108 ( 400 µLeach), and 
100 µL of each plated onto LB agar plates containing 30 
µg/ mL ampicillin (in duplicate) . The plates were inverted 
and incubated at 37 °C for 18 h, at which time colonies were 
counted and a yield of I 0 10 transformants was assessed . A 
resistant colony was then grown in 500 mL of sterile LB broth 
( IO g of bacto-tryptone, 5 g of bacto-ycast extract , and IO g 
of NaCl to 1.0 L) containing 30 µg/mL ampicillin at 37 °C 
for 18 h. The cells were pelleted by centrifugation (5000 
rpm, IO min, 4 °C) . Plasmid DNA (pUC 19) was then isolated 
following the Promega Magic Maxi-prep kit procedure. The 
supercoiled plasmid was further purified by low-melt agarose 
gel electrophoresis (1.2%) . The band corresponding to 
supercoiled plasmid (visualized by 0 .4 µg/ mL ethidium 
bromide using a hand-held UV light) was cut from the gel and 
melted at 75 °C. To this was added 4 vol of 37 °C TE. and 
the mixture was aged at 37 °C for I h. To this solution was 
then added I vol of Tris-equilibrated phenol (pH 8) (room 
temperature). the tube was mixed gently by rocking, and the 
layers were separated by centrifugation ( 4000 rpm, 15 min, 
room temperature) . The aqueous layer (top) was removed 
and extracted with 2 X 2 vol of butanol (centrifugation was 
necessary for the separation of layers) . To the aqueous layer 
(bottom) were added 3 vol of ethanol and 50µL of3 M NaOAc, 
pH 5.2, and the solution was mixed gently, aged at -70 °C 
for 10 min, and centrifuged (20 000 rpm, 30 min, 4 °C) . The 
supernatant was discarded and the pellet resuspended in 200 
µL of sterile deionized water . Supercoiled plasmid DNA (pU 
19) was recovered in 90% yield from the low-melt gel. 

Cleavage of Supercoi/ed Plasmid DNA (pUC 19) . DNA 
nicking reaction mixtures were made up by the addition at 0 
°C of appropriate amounts of reagent stock solutions to a 
stock solution of supercoiled plasmid DNA (pUC 19), prepared 
as described above and containing 0.15 µg of DNA per reaction 
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(23 µM base-pair concentration) . The total volumes of the 
reaction mixtures were broughl to 10 µLeach with distilled, 
deionized water when necessary. and the reaction mixtures 
were incubated at 37 °C for 2 h in tightly capped plastic 
Eppendorf tubes . Stock solutions for experiments including 
DNA were prepared using distilled. deionized water and 
commercially available reagents: sodium phosphate, monoba-
sic, EM Science; sodium phosphate. di basic and 30% hydrogen 
peroxide, Malinckrodt; superoxide dismutase and beef liver 
catalase (suspension in water) . Boehringer Mannheim Bio-
chemical. Desferal was the generous gift of Ciba-Geigy Co. 
The cleavage of plasmid DNA was detected by loading the 
reactions onto 1.2% agarose gels containing 0.4 µg/ mL 
cthidium bromide and running for 2 h at 55 V. The 
electrophoresis gels were immediately visualized on a UV 
transilluminator and photographed using black and white 
instant films (Polaroid T667). The measurements of the 
relative intensities of DNA bands were performed on the 
photographs using a Dell System 325 computer and Technol-
ogy Resources Inc. image processing software. The film used 
to photograph the gels was confirmed to have a linear response 
to the range of DNA quantities used. The mean number of 
single-strand scissions (S) per supercoiled DNA substrate was 
calculated using the Poisson distribution (Hertzberg & Dervan. 
I 984), where the value S for the DNA control represents the 
amount of nicked open circular DNA present in the starting 
plasmid, and was subtracted from the S values calculated for 
the individual cleavage reactions. When only forms I 
(supercoiled) and II (nicked open circular) arc present , the 
equation simplifies to S = - In f1, where Ji is the fraction of 
form I molecules from the densitometry data. In those cases 
where form Ill (linear) DNA is present , Sis calculated from 
f 1 + Ju = [I - S(2h + I )/ 2L]5 l2, where h is the distance 
between hits on opposite strands to produce a linear molecule 
( 16 base pairs) and Lis the total number of base pairs in pUC 
19 (2686 base pairs) . 

Labeling (5'-11P) and Reac1ions of Syn1he1ic 45-mer for 
High-Resolu1ion Polyacry lamide Gel Electrophoresis . Toa 
solution of the synthetic deoxyoligonucleotide ( 100 pmol) in 
74 µL of ddH2O were added 20 µL of polynucleotide kinase 
buffer, 4 µL (40 units) of T4 polynucleotide kinase (New 
England Biolabs), and I µL (IO µCi) of [ -y-32P]ATP (DuPont). 
The reaction was incubated for 60 min at 37 °C and for 10 
min at 70 °C. The solution was loaded onto a 2-mL column 
of Sephadex G-50 and eluted with TE buffer. The first 
radioactive fraction was collected and precipitated with 
ethanol/3 M NaOAc (pH 5.2) and dried. Annealing was 
performed by mixing cquimolar amounts of the 5'-32P-end-
labeled strand and the complementary strand in ddH2O to a 
final concentration of 2 pmol / µL; each was heated to 65 •c 
for 30 min and slowly cooled to 0 °C. Reactions were made 
up by the additions at O °C of appropriate amounts of stock 
solutions to 3 µLeach of labeled DNA (5 pmol). The total 
volumes of the reactions were brought to 16 µL each with 
ddH2O and enough 80 mM phosphate buffer (pH 8) so as to 
achieve final concentrations of 20 mM phosphate. Each 
reaction was incubated at 37 °C for 5 h (none of the reactions 
contained any additional reducing agents, such as DTT) . To 
the reaction mixtures were then added I µL of 3 M NaOAc 
(pH 5.2) and 60 µL of ethanol, and the resulting solutions 
were aged at -70 °C for IO min . Each tube was centrifuged 
at 14 000 rpm for 10 min at 4 °C, the supernatants were 
discarded, and the DNA pellets were dried under reduced 
pressure. To each dried pellet of DNA was added 10 µL of 
loading buffer (formamide, 10 mM EDTA (pH 8), 0.025% 
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xylenecyanol FF, and 0.025% bromophenol blue), and the 
sample was then heated to 90 °C for 5 min, placed on ice, and 
immediately loaded (20 000 cpm/ lane as measured using 
a Packard 1500 liquid scintillation counter) onto a 20% de-
naturing (urea) polyacrylamide gel and run for 6 hat I 300 
V. The bands were visualized by autoradiography. 

RESULTS 

DisproportionationofTetrazomine. Natural tetrazomine, 
obtained from Yamanouchi Pharmaceutical Co., Ltd., was 
allowed to stand in carefully deoxygenated phosphate buffer 
(20 mM, pH 8) at 4 °C, with new products being produced. 
The identification of the anaerobic redox products 3 and 4 
supports the proposal that tetrazomine serves as its own 
reductant , since no other reducing agents were present. 
Therefore, on the basis of the analogous chemical structure, 
the observation of anaerobic disproportionation products, and 
the analogous aerobic behavior (i.e., superoxide production) 
that tetrazomine shares with qu inocarcin, we propose the same 
Cannizzaro-driven reduction of molecular oxygen for tetra-
zomine. Therefore, as suggested in Figure 2, single-electron 
transfer from 1 with concomitant proton loss from the 
oxazolidine nitrogen to the ring-opened tautomer 5 would 
fu rn ish radical anion 6 and the oxazolidinyl radical 7. Radical 
7 should be capable of reducing a second equivalent of 5, 
ultimately becoming oxazolidinium ion 8, which would 
hydrolyze to tetrazominamide (3). Under anaerobic condi-
tions, radical anion 6 subsequently suffers a second electron 
transfer (presumably from 1 or 7) with concomitant proto-
nation, resulting in tetrazominol ( 4) . Under aerobic condi-
tions, radical anion 6 can react with molecular oxygen to 
produce peroxy rad ical anion 9 which, with nitrogen partici-
pation, expels I molar equiv of superoxide, regenerating 5. 

Reductions of Nitroblue Tetrazolium by Tetrazomine. The 
rate of superoxide production was carefully followed by 
reduction of NBT (Misra, 1974; Tsou, 1956) under various 
pH conditions, and it was found that these react ions a re 
completely inhibited by SOD, thus supporting the role of 
superoxide in this mechanism; the results are collected in Table 
I. The reduction of NBT by tetrazomine is pH-dependent, 
exhibiting an increased rate of reduction as the pH is raised 
(Table I, entries 1-3) . This behavior directly parallels the 
pH dependency for the plasmid DNA cleavage reactions 
described below. Entries 6-8 of Table I support the notion 
that the oxazolidine moiety of tetrazomine must be Mi ntact~ 
and in the quinocarcin configuration, exhibited by synthetic 
analog 11, in order for the production of superoxide to proceed. 

Cleavage of Supercoiled Plasmid DNA (pUC 19) by 
Tetrazomine. In order to examine the interaction of tetra-
zomine with DNA, the pure antibiotic (0.01-10 mM ) was 
allowed to react with supercoiled plasmid DNA (pUC 19) in 
phosphate buffer (20 mM) between pH 5 and 9 at 37 °C for 
2 h in the presence of air. Salient experimental results are 
collected in Tables 2 and 3. Tetrazomine displayed nicking 
of the DNA at a 0.1 mM concentration (Table 2, entry 8) at 
pH 8 without the addition of any external reductants. The 
reaction was found to be pH-dependent; optimal cleavage 
occurred at or above pH 7. At lower pH values (below pH 
6), nicking was observed, but to a lesser extent (Table 2, entries 
1-5) . This is consistent with the obligate participation of the 
unprotonated oxazolidine nitrogen atom in the redox cycle. 
The slightly different pH versus nicking yield (S) profiles for 
tetrazomine and quinocarcin, illustrated in Figure 3, could 
therefore be explained by small differences in the pKa's for 
the oxazolidine nitrogens. In other words, a slightly higher 
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Table 2: Cleavage of Supcrcoiled Plasmid DNA (pUC I 9) 

en try conditions (tetrazomine or quinocarcin] s 
I 20 mM phospha te, pH 5 1.0 mM tctrazomine 0.9 
2 20 mM phosphate, pH 6 1.0 mM tetrazomine 4.4 
3 20 mM phosphate pH 7 1.0 mM tetrazominc 9.0 
4 20 mM phosphate, pH 8 1.0 mM tetrazom inc 10.0 
5 20 mM phosphate, pH 9 1.0 mM tetrazomine 10.0 
6 20 mM phosphate, pH 8 1.0 mM qu,nocarcin 9.7 
7 20 mM phosphate, pH 8 0.01 mM tetrazominc 0.0 
8 20 mM phosphate, pH 8 0.1 mM tetrazomine 0.4 

Table 3: Effects of Additives on Plasmid DNA Cleavage 

(tetrazominc] % % 
entry conditions• (mM ) inhi bn enhancemt 

I 0.1 mM Fe11SO, 1.0 0 0 
2 0.1 mM Fe111NH.S0, 1.0 5 
3 0.1 mM desferal 1.0 0 0 
4 1.0 mM dcsferal 1.0 37 
5 10 mM dcsferal 1.0 94 
6 dcoxygenatcd 1.0 80 
7 0.1 mM H,o , 0. 1 68 
8 0.1 mM H,0 2 1.0 29 
9 1.0 mM picolinic acid 1.0 28 

10 10 mM picolinic acid 1.0 71 
ll l 0 i,g/ ml ca ta lase 1.0 55 
12 I 00 i,g/ mL catalase 1.0 54 
13 l0 i,g/ mLSOD l.O 94 

• All reactions were run in 20 mM phosphate buffer (pH 8.0). 
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FIGURE 3: pH trends for plasmid nicking of tetrazomine (0) versus 
quinocarcin ( • ) . All reactions contained 0.1 5 1'8 of supcrcoiled 
plasmid DNA (pUC 19) and I mM drug and were run in 20 mM 
phosphate buffer at the indicated pH 's (2 h, 37 °C) . Values for S 
were calculated from the Poisson distribution , on the basis of the 
ratios of forms I (supcrcoiled), II (nicked open circular), and III 
(linear) of the DNA from scanning densitometry data of agarose 
electrophoresis gels following reactions. 

pH medium is necessary for deprotonation of the quinocarcin 
oxazolidine nitrogen, which subsequently turns on the redox 
cycle. Also supporting this notion is the fact that the NBT 
reductions for tetrazomine and quinocarcin exhibit the same 
overall trends. 

Complete removal of oxygen from these experiments during 
the many manipulations is very difficul t; however, partial 
exclusion of oxygen significantly inhibited this reaction, as 
expected (Table 3, entry 6 ). Superoxide dismutasealso greatly 
inhibited DNA cleavage (Table 3, entry 13 ), which is consistent 
wi th both the capacity of tetrazomine to generate superoxide 
and the corresponding DNA cleavage event to be exclusively 
superoxide-depcndent. Catalase inhibits the reaction, but not 
as potently as SOD (Table 3, entries 11 and 12). Addition 
of hydrogen peroxide to tetrazomine/ DNA reactions had a 
potent stimulatory effect on DNA cleavage over control 
reactions containing hydrogen peroxide at the same concen-
trations (Table 3, entries 7 and 8) . Taken together, the above 
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results point strongly to Fenton-type chemistry being rcspon-
si blc for the scission of DNA. 

Tomita previously reported that the addition of metal ions 
such as Fc(III) had no stimulatory effect on the ability of 
quinocarcin to cleave DNA: we have corroborated this finding 
with tetrazomine, and the results appear in Table 3 (entries 
J and 2) . The addition of the potent iron chelator desferal 
did, however, exhibit significant inhibition of DNA cleavage, 
particularly at high concentrations (Table III, entries 3- 5) . 
Dcsfcral is known to have a high affinity for Fc(III} (log kr 
= 30.7), forming a hcxacoordinatecomplex that excludes iron-
associated water and uncouples the oxidation of Fe(Il} from 
the formation hydroxyl radical (Fenton reaction) . The 
participation of higher oxidation states of iron and copper in 
Fenton reactions and related CH oxidation chemistry is now 
well-recognized (Saito et al., 1990: Zafirou & Bonneau, 1987). 
Picolinic acid is known (Sheu, 1990) to be a very potent 
scavenger of hydroxyl radical and inhibitor of the Fe(II) / 
Fe(lll ) redox couple. Addition of picolinic acid to reaction 
mixtures of DNA and tetrazomine at I and 10 mM showed 
28% and 71 % inhibition, respectively. The rate of formation 
of superoxidc by tctrazomine (sec Table I) is extremely slow 
( I o•-105 times slower) relative to the rate-limiting step of the 
Haber-Weiss/Fenton reaction, which is 76 M- 1 s- 1 (Lesko, 
1980) for the reduction of hydrogen peroxide by Fe(II) . Thus, 
our data support a hypothesis wherein the limiting reagent in 
the DNA cleavage mediated by tctrazominc and quinocarcin 
is the slow production of superoxide. These results also support 
the notion that adventitious metal in these reaction mixtures 
in a number of possible oxidation states can be activated by 
the slow release of superoxide and cause Fenton-related 
damage to DNA. Thus. these results indicate that DNA 
cleavage is indeed metal-dependent and that the low con-
centration of adventitious Fe(l11) present is already in excess 
of that required to effect Fenton-mediated cleavage of DNA; 
the addition of excess iron therefore would not be expected 
to have any additive effect. Thus, our data again support the 
hypothesis wherein the limiting reagent in the DNA cleavage 
mediated by quinocarcin ortetrazomine is the slow production 
of superoxide. 

Reactions of Tttrazomine wtih J'.J1P-Labeled S ynthetic 
45-mtr for High-Resolution Polyacrylamide Gel Electro· 
phoresis. Further evidence for a non-DNA-associated oxidant 
was obtained from analysis of the reaction of tetrazominc 
with a small synthetic oligonucleotidc by high-resolution 
polyacrylamide gel electrophoresis. A synthetic 45-base-pair 
oligonucleotide, end-labeled with 32P and annealed to its 
complement, was reacted with tetrazomine (0.1, 1.0, and I 0 
mM without any additional reducing agents) at 37 °C for 5 
h (20 mM phosphate buffer, pH 8), resulting in non-sequcnce-
spccific cleavage at every nucleotide as evidenced by denaturing 
20% polyacrylamide gel electrophoresis (Figure 4, lanes 3- 5). 
Furthermore, every cleavage band appeared as a doublet, which 
is characteristic of the 3' -phosphate and 3'-phosphoglycolate 
ends resulting from nonselcctive Fenton-mediated cleavage 
(Tullius & Dombroski, 1985; Hertzberg & Dervan, 1984). 
We observed a similar cleavage pattern from incubating the 
duplex with JO mM quinocarcin and with 1.0 mM FeSO,/ 
EDTA under aerobic conditions (Figure 4, lanes 6 and 7, 
respectively) . Initially, we found that attenuated cleavage 
was observed at higher tetrazomine concentrations (IO mM) 
and was inconsistent with the results obtained by NBT 
reduction, which shows linear superoxide production over the 
same concentration range. One explanation for this obser-
vation was that in the presence of limited oxygen and high 
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FIGURE 4: Lane I : 5'. llP-labelcd duplex 45-mer. Lane 2: DNA 
(control) . Lane 3: DNA + 0.1 mM tetrazomine . Lane 4: DNA 
+ 1.0 mM tetrazomine. Lane 5: DNA+ 10 mM tetrazomine . Lane 
6: DNA + 10 mM quinocarcin . Lane 7: DNA + 1.0 mM Fe11 / 
EDT A. There was no significant evidence for any sequence specificity 
to the cleavage of this substrate (sequence along the gel is therefore 
superfluous and has been deleted) . 

tetrazomine concentrations a large portion of the hydroxyl 
radical produced was not in close proximity to the DNA, 
therefore exhausting the oxygen source before significant 
damage to DNA could occur. When reaction mixtures are 
saturated with oxygen, however, a more linear rate of DNA 
damage with respect to tetrazomine concentration is observed, 
as illustrated in Figure 4. An additional factor for this 
observation could be that tetrazominc. noncovalently or 
covalently associated within the minor groove of DNA, may 
protect the DNA from its own oxidative damaging potential. 
It has been proposed through molecular modeling (Hill et al., 
J 988) that quinocarcin docks in the minor groove and may 
alkylate DNA through the ring-opened iminium form (which 
would be analogous to 5). The effect of tetrazomine associated 
to DNA in a similar manner might, therefore. be to protect 
the ribose phosphate backbone from oxidative damage by 
blocking sites in the minor groove. Evidence for the latter 
comes from experiments that show an increased resistance to 
Fe/ EDT A cleavage for DNA that has first been incubated 
with tetrazomine (10 mM ) for 5 h followed by ethanol 
precipitation (Figure 5, lane 3). However, when the order of 
reagents is reversed (i.e .. treated with Fe/EDT A followed by 
JO mM tetrazomine), significantly more cleavage is observed 
consistently (Figure 5, lane 4) . 

Another noteworthy observation is the change in relative 
ratios of the two 3' -base-pair products (phosphate versus 
phosphoglycolate) observed when comparing tetrazomine to 
quinocarcin and Fe/EDT A ( Figures 4 and 6) . By scanning 
densitometry, the relative ratios for phosphate to phospho-
glycolate are 8:2 for tetrazomine, 6:4 for quinocarcin, and 4:6 
for Fe/ EDT A (lanes 5- 7, respectively) . Although speculative, 
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FIGURE 5: Lane I : 5•.np.Jabclcd duplex 45-mer. Lane 2: DNA 
(control ). Lane 3: DNA+ 10 mM tctrazomine followed by 1.0 mM 
Fe11/ EDTA. Lane 4: DNA+ 1.0 mM Fe11 / EDTA followed by 10 
mM tetrazomine. All reactions were ca med out m phosphate buffer 
(pH 8) for 5 h with ethanol precipitations carried out between 
subsequent reactions. · ·•-· - 3' Phosph11e 

- 3' Phosphoglycol1Le 

5 6 7 
FIGURE 6: Representative base-pair cleavages from Figure 4 (lanes 
5-7) . Ratios of 3'-phosphate to 3'-phosphoglycolate by scanning 
densitometry arc 8:2, 6:4. and 4:6 for tetrazomine (5). quinocarcin 
(6), and Fe/ EDT A (7) , respectively. 

these results point to this protective behavior that these 
compounds exhibit, at least as far as abstraction of the 4' · 
hydrogen, which ultimately leads to the 3'-phosphoglycolatc 
product, is concerned. This is again supported by the results 
illustrated in Figure 5, which show virtually no 3'-phospho-
glycolatc format ion upon the treatment of DNA with Fe/ 
EDT A that has first been incubated with tctrazominc. 

DISCUSSION 

Superoxidc production by quinocarcin was previously 
reported (Tomita ct al. , 1984), and a mechanistic explanation 
has now been offered (Williams ct al., 1992). Structural 
determination for tctrazominc (Sato ct al. , 1991) has revealed 
a ring system similar to that of quinocarcin, although little 
is currently known about the stcrcochcmistry of this compound. 
On the basis of the analogous aerobic behavior that tctrazominc 
shares with quinocarcin, we now propose the same relative 
stcrcochcmical configuration of quinocarcin for tctrazominc 
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(with respect to the oxazolidine moiety). This assertion is 
based on studies (Williams et al. , 1991 ) involving synthetic 
analogs 11 and 12 in Figure I (three-dimensiona l structures 
based on X-ray ana lysis). which suggest the quinocarcin 
oxazolidine configuration to be necessary for this rcdox 
mechanism to operate. When 11 . which has the same 
configuration as quinocarcin (syn) , is allowed to stand in 
phosphate buffer (pH 8) under aerobic conditions at room 
temperature. it spontaneously produces superoxidc (Table I , 
entry 7). Under the same conditions. 12. which is in the anti 
(non-quinocarcin) configuration, docs not generate superoxide 
(Table I, entry 8) . Therefore. since tctrazomine readily 
produces supcroxidc under these conditions. this suggests that 
it possesses the same relative stercochcmical configuration 
illustrated by 11 and quinocarcin. where the nitrogen lone 
pair is rrans-antiperiplanar to the adjacent oxazolidinyl 
methine. This appears to be a requirement for rcdox chemistry 
to proceed on the basis of our observations. 

The capacity of many antitumor ant ibiotics to cause 
oxidative damage to DNA in cancerous tissues is typically 
inseparable from the nonspecific damage inflicted on healthy 
cells by these reduced oxygen species and is widely recognized 
to be associated with the undesirable host toxicity of most 
antitumor drugs. The recognition of new mechanisms for the 
production of such reactive oxygen species and the chemical 
means to attenuate this reactivity without compromising other 
modes of action often displayed by such substances, such as 
nucleic acid alkylation. intercalation, and DNA polymerase 
inhibition, will be essential to designing more specific and 
efficacious cancer chemotherapeutic agents. 

In summary, we have presented another example of a 
previously unrecognized reaction for the reduction of molecular 
oxygen by a simple heterocyclic ring system. This reduction 
is driven by the inherent intermolecular rcdox chemistry of 
the drug itself, requiring no exogenous rcductants. Chemical 
means to attenuate the ability of this class of anti tumor drugs 
to produce reactive oxidants (II versus 12. 10, stabilizers 
such as cit ric acid, stimulators such as DTT and hydrogen 
peroxide) may contribute to possible approaches to designing 
more selective and less toxic cancer chemotherapeutic agents. 
Studies aimed at elucidating the details of the expected covalent 
interactions of this class of compounds with nucleic acid targets 
arc underway. In addition, further mechanistic studies 
employing synthetic analogs of these compounds arc underway 
in these laboratories. 
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