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 SYNTHESES OF ANTICANCER AGENTS THAT TARGET DNA:  
STEROIDS, NUCLEOSIDES, AND PLATINUMS 

 

Young Kun Cheun, Ph.D. 
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Supervisor: Seongmin Lee 

 
Cephalostatins from Cephalodiscus gilchristi and ritterazines from Ritterella tokioka inhibit cell 

growth in nanomolar concentrations by inducing unknown apoptosis pathway. Their NCI-60 growth 

inhibition patterns are distinctive from most of anticancer drugs. Despite their potentials as promising 

anticancer drugs, further preclinical/clinical studies have been halted due to the supply challenges. The Lee 

group has been interested in synthesizing simple and effective analogs of cephalostatin and ritterazine. New 

synthesis route to 17-hydroxylation of ritterazine G subunit has been discovered, and the synthesis of 

14,15-dehydro-ritterazine Y from hecogenin has been completed. Histone methyltransferases (HMTs) 

methylate specific lysines and arginines of histones, leading to modifications of gene expression patterns. 

HMTs are associated with cancer, and they require S-Adenosyl methionine (SAM) as their methyl donor. 

The Lee group intended to design a “SAM analog–histone fragment” as a probe for studying HMTs. 

Synthesis of an acryloyl SAM analog has been carried out. N7 of guanine is an electron-rich atom that 

reacts with various endogenous and exogenous electrophiles. The resulting N7 guanine adduct facilitates 

the cleavage of the glycosidic bond of deoxyguanosine, making the x-ray study of those lesions difficult. 

The Lee group has been interested in studying how various DNA repair polymerases process various N7 

lesions. We attempted to synthesize oligonucleotide that contain various N7-deaza guanine adducts. 

Cisplatin is a widely used anticancer small molecule that causes various intrastrand crosslinks and 

interstrand crosslinks (ICL) of DNA. The most common 1,2-GpG intrastrand crosslink causes a noticeable 

distortion of the helix, which is recognized by nucleotide excision repair (NER) proteins. Since elevated 

NER level is observed in cisplatin-resistant cancer cells, a cisplatin-like molecule that does not distort the 

helix could be useful for treating cisplatin resistance. The Lee group’s compound, carbazoleplatin, is a 

platinum-intercalator conjugate that causes little distortion of the platinated helix and is less efficiently 

processed by NER proteins. In vitro IC50 were 5 – 8 times more cytotoxic than those of cisplatin against 

PANC-1 (pancreas) and MDA-MB-231 (breast).  
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CHAPTER 1.  SYNTHESES OF CEPHALOSTATIN/RITTERAZINE ANALOGS 

1.1. A Short History of Cephalostatin, A Powerful and Enigmatic Natural 
Product 

1.1.1.  Discoveries of Cephalostatin and Ritterazine 

 

Cephalostatin is a biologically active natural product isolated from Cephalodiscus 

gilchristi. C. gilchristi is a marine worm-shaped organism that belongs to the class 

Pterobranchia in the phylum Hemichordata.1 George Pettit and his coworkers at Arizona 

State University collected C. gilchristi in the Indian Ocean off Southeast Africa in 1972 

and tested the biological activity of the extract at U.S. National Cancer Institute (NCI) in 

1974.1 The Pettit group purified the active constituent of the extract in 1988 and named it 

cephalostatin 1 (1.1, Figure 1.1).112345 

 

                                                
1Cheun, Y., Koag, M. C., Kou, Y., Warnken, Z. & Lee, S. Transetherification-mediated E-ring opening and 

stereoselective ‘Red-Ox’ modification of furostan. Steroids 77, 276–281 (2012). I synthesized all 

compounds, obtained the x-ray crystals of the target compound, and wrote the experimental section.  
2Cheun, Y., Kou, Y., Stevenson, B., Kim, H-.K., Koag, M. C. & Lee, S. Synthesis of C17-OH-north unit of 

ritterazine G via ‘Red-Ox’ modifications of hecogenin acetate. Steroids 78, 639–643 (2013). I synthesized 

all compounds and wrote the experimental section. 
3Kou, Y., Cheun, Y., Koag, M. C. & Lee, S. Synthesis of 14’,15'-dehydro-ritterazine Y via reductive and 

oxidative functionalizations of hecogenin acetate. Steroids 78, 304–311 (2013). I synthesized 

approximately 50% of the compounds and wrote approx. 30% of the experimental section. 
4Kou, Y., Koag, M. C., Cheun, Y., Shin, A. & Lee, S. Application of hypoiodite-mediated aminyl radical 

cyclization to synthesis of solasodine acetate. Steroids 77, 1069–1074 (2012). I provided the synthesized 

starting materials. 
5Koag, M. C., Cheun. Y., Kou, Y., Ouzon-Shubeita, H., Min, K., Monzingo, A. F. & Lee, S. Synthesis and 

structure of 16,22-diketocholesterol bound to oxysterol-binding protein Osh4. Steroids 78, 938–944 (2013). 

I synthesized the target compounds.  
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The structure of cephalostatin 1 was determined via X-ray crystallography (Figure 1.2), 

and it is extraordinary; its molecular weight is above 900 despite containing only C, H, N, 

and O, its dimension is 30Å-long, 9Å-wide, and 5Å-tall, and it contains 13 rings, possibly 

formed by a condensation of two 2-amino-3-oxo steroids during the biosynthesis.1 The 

initial bioactivity study Cephalostatin 1 resulted in ED50 10-7–10-9 μg/mL against NCI 

murine P388 lymphocytic leukemia (PS system) cell line.1 Further NCI-60 cell panel 

study made Cephalostatin 1 one of the most potent anticancer agents tested by NCI; it 

scored 1.8 nM in average in the 2-day NCI 60 cell panel.2 

 



 3 

 
Figure 1.1. Chemical structure of cephalostatin 1. 
Carbon numbers, ring letters, and stereodescriptors are shown. 
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Figure 1.2. X-ray structure of cephalostatin 1. 
(Top) Top view. (Bottom) Side view. The crystallography file was retrieved from the Cambridge Structural Database (CSD refcode: 

GAFZUI1), and the images were rendered via ORTEP-III for Windows.3 

 

Since the discovery of cephalostatin 1, the Pettit group isolated 19 more cephalostatin 

family members (Figure 1.3), although their in vitro biological activities were not as 

potent as cephalostatin 1.4 Meanwhile, a similar bis-steroid pyrazine natural product 

called Ritterazine was reported by Nobuhiro Fusetani and his coworkers at the University 

of Tokyo in 1994.5 Isolated from the extract of the tunicate Ritterella tokioka off the coast 

of Japan, ritterazine A and its 25 family members (Figure 1.4 and Figure 1.5) have the 

similar structure to the cephalostatins and show similar yet biological activities.5,6   
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Figure 1.3. Chemical structures of 20 cephalostatins family members. 
NCI-60 GI50 values are shown in blue if available. 



 6 

 

 
Figure 1.4. Chemical structures of 26 ritterazine family members (A to M). 
NCI-60 GI50 values are shown in blue if available. 
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Figure 1.5. Chemical structures of 26 ritterazine family members (N to Z). 
NCI-60 GI50 values are shown in blue if available. 
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Despite the promising growth inhibition activity of cephalostatin, the clinical research of 

cephalostatin could not be accelerated due to the supply challenge. The Pettit group 

collected 166 kg of 5 mm-long C. gilchristi colonies via 20-meter underwater SCUBA 

operation in the location where great white sharks are present. They isolated 138.8 mg of 

cephalostatin 1, resulting in 8.36 × 10-4 % yield.1 The isolation of ritterazine is also a 

challenging task: 2.9 mg of ritterazine A from 5.5 kg R. Tokioka colonies, 5.3 × 10-5 % 

yield.5 

 

1.1.2.  Syntheses of the Natural Products and the Analogs 

 

Cephalostatin’s extraordinary structure and potent anticancer activity drew the attention 

of research community. Philip Fuchs at Purdue University (IN, USA), Clayton Heathcock 

at University of California at Berkeley (CA, USA), and Ekkehard Winterfeldt at 

University of Hanover (Germany) were the three most active research groups that were 

involved in the syntheses of cephalostatins/ritterazines (Figure 1.6).7,8,9,10,11,16,17 
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Figure 1.6. Cephalostatin 1 Analogs synthesized by Fuchs, Heathcock, and Winterfeldt.  
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Since the skeleton was new, the researchers began with the syntheses of simple 

cephalostatin analogs. The Fuchs group reported the first trisdecacyclic pyrazine in 1992 

(1.47).7 It was a symmetrical bis-steroid in which the two identical α-azido ketone 

subunits were fused to form the central pyrazine. The Heathcock group reported the first 

unsymmetrical trisdecacyclic pyrazine in the same year using the α-azido-ketone – α-

amino-methoxime subunit pair (nonsymmetrical route, 1.48).8 The Winterfeldt group 

reported an alternative strategy to synthesize unsymmetrical pyrazine: desymmetrization 

after the pyrazine coupling of two symmetrical subunits (symmetrical route, 1.49).9 The 

Fuchs group studied the Heathcock method and discovered a mild and reliable pyrazine 

coupling reaction in 1996 that allowed the coupling of elaborate subunits via the 

nonsymmetrical route (Scheme 1.1).10  

 

Scheme 1.1. Guo and Fuch’s Pyrazine Unsymmetrical Coupling Reaction 

 
 

The first total synthesis of a cephalostatin is completed by the Fuchs group in 1995. The 

coupling of two different α-azido-ketone subunits yielded a mixture of symmetrical 

cephalostatin 12 (1.15), unsymmetrical cephalostatin 7 (1.11), and symmetrical 

ritterazine K (1.32). With the Guo coupling method, the Fuchs group was able to 

synthesize the unsymmetrical final product without producing symmetrical byproducts, 

which led to the first total synthesis of cephalostatin 1 (1.1) in 1998.11 The first total 
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synthesis of cephalostatin 1 by LaCour and Fuchs11 gave approximately 1 × 10-6 % yield 

over 65 steps, which left a room for the other groups to keep pursuing the total synthesis. 

The second total synthesis of cephalostatin 1 by Fortner and Shair12 and the third total 

synthesis by Shi and Tian13 improved the yield while decreased the number of steps 

required (1 × 10-6 % yield over 54 steps and 2 × 10-4  % yield over 47 steps, 

respectively). The Tian group was able to produce 250 mg of pure cephalostatin 1, which 

is now used for the clinical trials.13 

 

In the meantime, the Fuchs group explored the possibility of coupling one subunit from 

cephalostatin (phylum: Hemichordata) and the other subunit from ritterazine (phylum: 

Chordata) by synthesizing “interphylal” hybrids ritterostatin GN1S (1.55) and GN1N 

(1.56).11 The later 25-epimer of GN1N (1.57) showed a promising bioactivity with NCI-60 

average GI50 less than 1 nM.14 Contrary to the syntheses of cephalostatin/ritterazine 

hybrids, the syntheses of ritterazine analogs have not been actively pursued by the most 

of the academic research team with only one ritterazine N analog synthesized (not 

shown).15 

 

1.1.3.  Structure-Activity Relationship of Cephalostatin/Ritterazine 

 

The bioactivity data of the 45 cephalostatin and ritterazine natural products have provided 

a wealth of information about the structure-activity relationship (SAR) of 

cephalostatin/ritterazine. Several hypotheses were made based on the observations on the 

natural products, and many analogs were synthesized to validate the hypotheses. As a 

result, the following rules can be found: 

 

(1) Polarity match: Most of the symmetric natural products exhibit low bioactivity, while 

all of the potent compounds have are the fused product between a polar subunit and a 

nonpolar subunit (cephalostatin 12 (1.15) = 400 nM; cephalostatin 7 (1.11) = 6.5 to 76 
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nM). In addition, the greater the disparity between nonpolar/polar subunit is, the more 

potent the compound (cephalostatin 14 (1.17) = 100 nM; cephalostatin 15 (1.18) = 68 

nM). Winterfeldt also observed a significant increase of the activity when the symmetric 

analog was desymmetrized (1.52  = 50 µM; 1.53 = 5 µM).16 

 

(2) Presence of ∆14 moiety: Saturated 14 can be seen on 55 out of the 86 subunits of the 

known trisdecacyclic pyrazines.11 Most of the fully saturated ritterazines exhibit low 

bioactivities. Heathcock’s unsaturated analog 1.50 was inactive despite being 

unsymmetrical.17 Winterfeldt hypothesized the presence of the ∆14 might be crucial for 

the bioactivity of cephalostatin because he observed a decrease of the activity of his 

analog when the ∆14 and the ∆14’ were saturated (1.52 = 50 µM; 1.51 = 100 µM).16 Guo 

and Fuch also observed a slight decrease of the activity when the ∆14’ was saturated (1.54 

= 4 nM; cephalostatin 1 (1.1) = 1.2 to 4.2 nM).10 For that reason, the presence of ∆14 on 

the north subunit of ritterazine G was taken into account when the Fuchs group chose the 

north G subunit as the nonpolar pairing partner of the cephalostatin polar subunit when 

they designed the interphylal hybrids.11 

 

(3) Homoallylic Oxygens: From the ∆14 of cephalostatin 1, C7, C9, C12, and C17 are the 

homoallylic positions. Active cephalostatins and ritterazines contain 7β-OH, 12β-OH, 

and/or 17α-OH (ritterazine A (1.21) = 24 nM; ritterazine T (1.22) = 590+ nM). The exact 

roles of those homoallylic oxygens have not been determined yet.6  

 

(4) Spiroketal moiety: With a few exceptions, most cephalostatin/ritterazine natural 

products either have 5/5 spiroketal or 5/6 spiroketal with either α or β configurations. 

The Molecular mechanics studies by Jeong & Fuchs18, Betancor & Suárez19,  and Philips 

& Shair20 gave consistent results across cephalostatins, ritterazines, and the synthetic 

analogs that 22α (or 22R) spiroketals require less energy to form compared to 22β (or 

22S) spiroketals. Those two epimers readily equilibrate under mild acidic conditions (i.e. 
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when exposed to HCl gas from a concentrated hydrogen chloride bottle19 or when 

exposed to magnesium sulfate solution during workup20), favoring the formation of 

thermodynamically stable 22α products. In general, potent cephalostatins/ritterazines 

have 22β configurations (e.g. ritterazine B (1.23) = 0.17 nM; ritterazine F (1.27) = 0.81 

nM, P-388 IC50 values).  

 

1.1.4.  Anticancer Mechanism of Cephalostatin/Ritterazine 

 

The COMPARE analysis from NCI is based on the hypothesis that two drugs that exhibit 

similar cell graph patterns are likely to have a similar mechanism of action.21 The 

algorithm allows to rank more than 88,000 compounds in their NCI-60 GI50 database 

based on how close their cell graph patterns match to that of a designated probe 

compound. NCI stated that “the pattern of cellular sensitivity and resistance of the cell 

lines to the drug correlates with molecular target expression21,” which indicates that the 

COMPARE analysis on an anticancer drug with unknown mechanism of action against 

other anticancer drugs with known mechanism of actions can give the researchers a 

“lead.” Interestingly, cephalostatin 1’s correlation to other drugs is weak, except other 

cephalostatins, ritterazines, OSW-1 (1.59), schweinfurthin A & B (1.60 and 1.61), and 

stellettin E (1.62) (Figure 1.7 and Table 1.1).22,23 This suggests that cephalostatin’s 

mechanism of action is likely to be unique, but researchers can benefit from studying the 

mechanism of action of the compounds above. 
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Figure 1.7. Cephalostatin-related Natural Products. 
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Table 1.1. Bioactivity Data of Cephalostatins, Ritterazines, and Related Natural 

Products 

Compound Name P388 IC50 (nM) 
Average NCI-60 
GI50 (nM) 

NCI COMPARE 

Correlation Coeff., 

r 

Cephalostatin 1 (1.1) <0.0001 1.2–4.2 1 

Cephalostatin 7 (1.11) <0.0001 6.5–76 Similar 

Cephalostatin 8 (1.12) <0.0001 9.7–29 Similar 

Cephalostatin 9 (1.13) <0.0001 6.3 Similar 

Cephalostatin 16 (1.19) <1 1 0.96 

Cephalostatin 18 (1.6) 4.6 22 0.94 

Ritterazine B (1.23) 0.17 3.2 0.93 

Cephalostatin 17 (1.20) 4.6 4 0.92 

Cephalostatin 19 (1.7) 7.9 17 0.92 

Cephalostatin 11 (1.5) 2.7 11 0.89 

Cephalostatin 10 (1.4) 3.2 4.1 0.88 

Ritterazine K (1.32) 10 70 0.85 

OSW-1 (1.59) N/A 9.124 0.83 to 0.60 

Cephalostatin 15 (1.18) 27 68 0.8 

Cephalostatin 14 (1.17) 4.4 100 0.75 

Schweinfurthin A (1.60) N/A 36025 0.59 

 

In 1999, the Fuchs group hypothesized that cephalostatin and OSW-1 may share the same 

molecular mechanism by forming an oxocarbenium ion upon deprotection (Scheme 

1.2).6,26 They proposed that cephalostatin’s spiroketal group shields the latent 

oxocarbenium ion, which can form when the spiroketal ring is opened when it is exposed 

to an acidic environment (i.e. inside the cancer cell).6 This explains why the compounds 

with highly strained 22β isomer often exhibit higher cytotoxicity compared to those with 
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thermodynamically favored 22α isomer. They also hypothesized that the ∆14 moiety can 

stabilize the oxocarbenium ion, which allows a bionucleophile to readily form a covalent 

adduct.6 OSW-1 is thought to undergo an intramolecular cyclization to form a similar 

oxocarbenium ion when it loses disaccharide and water. 26 
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Scheme 1.2. Fuch’s Proposed Mechanism of Cephalostatin 

 
 

From 2003 to 2009, Angelika Vollmar and her coworkers at University of Munich 

(Germany) collaborated with George Pettit in an attempt to identify the cytotoxic 

mechanism of cephalostatin. They found the cephalostatin induced an extraordinary type 

of apoptosis that had not been known before. They conducted an exhaustive search for 

the exact mechanism, but it remained largely inconclusive. Their findings are listed 

verbatim below: 

• Cephalostatin 1 induces apoptosis in Jurkat Leukemia T cells.27 

• Cephalostatin 1-induced apoptosis is dependent on the activation of caspases.27 

• The CD95 receptor and caspase-8 are not required for apoptosis induction by 

cephalostatin 1.27 

• Cephalostatin 1 induces inner mitochondrial membrane permeabilization and 

release of Smac/DIABLO but not cytochrome c or AIF.27 

• Overexpression of Bcl-xL delays Smac/DIABLO release and onset of 

cephalostatin-induced apoptosis.27 

• Caspase-9 is not recruited into an Apaf-1-containing apoptosome and does not act 

as a major initiator caspase activated in response to cephalostatin 1.27 

• Cephalostatin 1-released Smac/DIABLO displaces XIAP from caspase-9.27 

• Cephalostatin 1 leads to structural changes in mitochondria.27 
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• Overexpression of Bcl-2 protects Jurkat cells only partially against cephalostatin 

1-induced apoptosis.28 

• Inactivation of Bcl-2 by cephalostatin 1 is provoked by Bcl-2 

hyperphosphorylation.28 

• Jun-terminal kinase is involved in cephalostatin 1-triggered Bcl-2 

phosphorylation.28 

• Bcl-2 phosphorylation is not mediated by G2/M-phase-dependent events.28 

• Cephalostatin 1 does not induce Bcl-2 phosphorylation via DNA damage.28 

• Smac but not cytochrome c is predominately released in various tumor cells upon 

cephalostatin treatment.29 

• Cephalostatin-induced Smac release involves Bcl-2 family proteins.29 

• Smac enhances the apoptotic signaling cascade induced by cephalostatin.29 

• Cephalostatin-induced activation of caspase-2 is involved in apoptosis.29 

• Caspase-2 is activated independent of caspase-9 upon cephalostatin treatment.29 

• Cephalostatin induces recruitment of caspase-2 to the PIDDosome complex.29 

 

The most intriguing finding was that cephalostatin-induced apoptosis predominantly 

release Smac/DIABLO, not cytochrome c, from the mitochondria to the cytosol.27 This 

did not fit with the classical intrinsic mitochondrial apoptosis pathway where the released 

cytochrome c triggers the formation of apoptosome, which in turn activates caspase-9 and 

then caspase-3.30 They also found that caspase-2 is required for cephalostatin-induced 

apoptosis.29 The functions of Smac/DIABLO and caspase-2 were largely unknown at that 

time (and they still are) and perhaps added more confusion to the mechanism 

identification. It is strange that they found out that cephalostatin 1 did not cause DNA 

lesion28; it arrests the cell in G1/S checkpoint,27 which occurs when the DNA is damaged. 

It is possible that cephalostatin can initiate apoptosis without damaging DNA, but I 

hypothesize that soaking cephalostatin in alkaline pH for 40 minutes before running the 
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comet assay neutralized its ability to damage DNA based on the postulated molecular 

mechanism via spiroketal opening.6  

 

Assuming cephalostatin still damages DNA, I constructed a model (Figure 1.8). 

 

 
Figure 1.8. A hypothetical model of cephalostatin-induced apoptosis pathway. 
(Green Arrow) Translocation. (Blue Dotted Arrow) Activation. (Red Dotted Bared Line) Inhibition. 

(Circle) ion or small molecule. (Rounded Rectangle) protein. (Hexagon) event. Bak: Bcl-2 homologous 

antagonist/killer. Bax: Bcl-2-like protein 4. Bcl-2: B-cell lymphoma 2 protein. Bcl-xL: B-cell lymphoma-

extra large protein. Bid: BH3 interacting-domain death agonist protein. Caspase: Cysteine-aspartic 

protease. DIABLO: direct IAP binding protein with low pI. JNK: Jun-terminal kinase. MMP: Mitochondrial 

membrane permeabilization. Smac: second mitochondria-derived activator of caspases. tBid: truncated Bid. 

XIAP: X-linked inhibitor of apoptosis protein. 
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In this model, cephalostatin causes DNA damage, which in turn triggers apoptosome-

independent but caspase-9-dependent mitochondrial intrinsic apoptosis pathway and 

endoplasmic reticulum (ER) stress response that is accompanied by caspase-4.29 The 

DNA damage causes the cell cycle to be arrested at G1/S checkpoint.27 This also explains 

why cephalostatin 1 is synthetically lethal with p16 gene, which encodes CDKN2A 

(cyclin-dependent kinase inhibitor 2A) that ultimately checks the cells from entering S 

phase.12 Once JNK (Jun-terminal kinase) is phosphorylated (activated), it phosphorylates 

(inactivates) anti-apoptotic Bcl-2 and Bcl-xL proteins on ER and mitrochondria.27,28 

Inhibition of Bcl-2 and Bcl-xL leads to activation of pro-apoptotic Bax and Bak 

proteins.31 Here, caspase-2 is used to convert Bid to tBid. The Vollmar group identified 

that caspase-2 is located upstream of caspase-9, but they thought caspase-2 is located 

downstream of cytosolic Smac/DIABLO.29 However, it is more likely that caspase-2 

signals caspase-9 in an indirect mechanism,32 suggesting that it may be located upstream 

of Smac/DIABLO and downstream of Bcl-2; caspase-2 is blocked by Bcl-2,33 Caspase-2 

is known to cleave Bid to generate the active tBid,34 and caspase-2 induced apoptosis is 

known to release proapoptotic proteins from mitochondria.33 Once tBid, Bax, and Bak are 

unlocked, they form a hole on the mitochondrial membrane surface with Bax and Bak.35 

Meanwhile, these events cause havoc on ER, stimulating the influx of calcium ions from 

the cytosol to the ER and the transportation of the calcium ions from the ER to the 

mitochondria.36 This results in the depletion of calcium ions in ER and overload of 

calcium ions in mitochondria.36 This programmed calcium overload is thought to trigger 

the release of the caspase cofactors, such as cytochrome c, Smac/DIABLO, etc.36 

 

To answer the question why Smac/DIABLO is released but Cytochrome c is not released 

from MMP, one could think about two possibilities; (A) Cytochrome c release and 

Smac/DIABLO release are separate events. (B) Cytochrome c release and 

Smac/DIABLO release can occur simultaneously, but their releases are controlled 

upstream of the permeabilization. Seamus Martin at Trinity College (Ireland) 
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hypothesized that cytochrome c and Smac/DIABLO are separate events, in which 

cytochrome c release triggers the caspase signals that causes Smac/DIABLO release, 

supporting (A).37 He believed that the membrane pore selects the release of cytochrome c 

vs. Smac/DIABLO.37 However, a recent study revealed that the Bax-induced 

mitochondrial pore could transport the molecules up to 500 kDa,38 suggesting that it is 

more likely that the release of cytochrome c and Smac/DIABLO is controlled prior to the 

permeabilization (B). Cytochrome c, an important constituent of the mitochondrial 

electron transport chain, tends to be tightly bound to the surface between inner 

mitochondrial membrane and intermembrane space.36 Moreover, researchers are 

collecting more evidence that the cytochrome c release is not necessarily coupled with 

the membrane permeabilization,39 and the cytochrome c release is controlled by its 

release from mitochondrial lipid cardiolipin or ROS (reactive oxygen species)-induced 

signals.40 

 

Once pro-apoptotic Smac/DIABLO is released to the cytosol because of the combined 

effect of Bax/Bak-induced mitochondrial membrane permeabilization and Ca2+ overload, 

it accelerates the caspase cascade by displacing anti-apoptotic XIAP from caspase-9 and 

caspase-3.35 It was unclear whether caspase-9 can trigger apoptosis without forming a 

cytochrome c-mediated apoptosome, but it has been found that caspase-4 can directly 

activate caspase-9 in human neuronal SH-SY5Y cells during ER stress-induced 

apoptosis.41 Once it enters the caspase-3 mediated execution pathway, the proteins are 

degraded, DNA becomes fragmented, and the cell forms apoptotic bodies.30  

 

In 2011, the Shair group claimed that oxysterol-binding-protein (OSBP) is the efficacy 

target of cephalostatin 1.23 OSBP is a cytosolic protein that is used for intracellular 

transport of sterols and signaling, and it is an essential protein for cell survival.42,43 There 

are not so much connections between OSBP and apoptosis, so for now it would be safe to 

argue that OSBP is mainly for the transport of cephalostatin in the cell. 
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1.1.5.  Summary 

 

Taken together, cephalostatin is an interesting and important natural product that can 

create a huge impact on our understandings of apoptosis and cancer; it is a bizarre-

looking, super-cytotoxic molecule from a marine worm that kills the cancer cells via an 

enigmatic pathway (Table 1.2). The SAR and the hypothetical apoptosis model suggest 

that it works like an elaborate and subtle Rube Goldberg machine. It is unfortunate that 

the research interest in cephalostatin/ritterazine has been dwindled (based on the number 

of published articles) because cephalostatin can become a powerful tool that helps us 

understand the apoptosis better and a potent drug that helps us conquer difficult-to-treat 

cancers. 

 

The Lee group approach was to design cephalostatin analogs that share the similar 

molecular properties and mechanism (based on the SAR data) while increasing the 

synthesis yield by 1,000 times. The following subchapters describe our explorations in 

steroid chemistry and our syntheses of unnatural steroids. 
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Table 1.2. Historical Timeline of Cephalostatin/Ritterazine Research 

Year Event 

1988 Pettit isolated and revealed the structure of cephalostatin 1 (1.1) 

1992 Fuchs synthesized a symmetrical bis-steroid pyrazine analog (1.47) 

1992 Heathcock synthesized an unsymmetrical bis-steroid pyrazine analog (1.48, 

nonsymmetrical route) 

1993 Winterfeldt synthesized an unsymmetrical bis-steroid pyrazine analog (1.49, 

symmetrical route) 

1994 Fusetani isolated and revealed the structure of ritterazine A (1.21) 

1995 Fuchs completed the first total synthesis of a cephalostatin (cephalostatin 7, 1.11) 

and a ritterazine (ritterazine K, 1.32) 

1996 Fuchs established a reliable pyrazine coupling reaction 

1998 Fuchs completed the first total synthesis of cephalostatin 1 (1.1) 

1998 Fuchs synthesized the first interphylal hybrid molecule, ritterostatin GN1N (1.56) 

2003 Vollmar found cephalostatin 1 triggers Smac/DIABLO apoptosis pathway 

2008 Moser published the first cephalostatin/ritterazine review 

2010 Shair completed the second total synthesis of cephalostatin 1 (1.1) 

2011 Tian completed the third total synthesis of cephalostatin 1 (1.1) 
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1.2. “Red-Ox” Syntheses of Cephalostatin/Ritterazine ∆14,26 Intermediates 

1.2.1.  “Red-Ox” Strategy 

 

The Fuchs group have conceived “Red-

Ox” strategy where they seek to prepare 

cephalostatins by using reductions and 

oxidations from commercially available 

hecogenin acetate while retaining of all 27 

carbon atoms in the starting material 

(Scheme 1.3). The strategy was 

successfully used for the total synthesis of 

ritterazine M (1.34) by Lee and Fuchs.44 

Compared to “Cut and Paste” strategy, 

“Red-Ox” strategy offers several 

advantages; most of the reactions can be 

carried out in mild conditions, and they do 

not require complex set-ups. In addition, 

most of the reagents are inexpensive, so it 

is suitable for large-scale preparation. The 

downside is that the functionalization can 

be challenging, especially if the target 

molecule has many chiral hydroxyl groups 

such as cephalostatin 1. 

Scheme 1.3. “Red-Ox” Strategy for 
Cephalostatins and Ritterazines 

 
 

 

1.2.2.  Syntheses of ∆14 Spirostan and ∆14,26 Furostan Intermediates 

 

Professor Philip Fuchs at Purdue University generously gave us 5 kg of hecogenin that he 

previously received from Pfizer. I started the synthesis of ritterazine north G common 
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intermediate (1.77). It is a hecogenin-based furostan that contains 3-acetate, 12β-OH, ∆14, 

and ∆26, which can be further functionalized to afford cephalostatin north 1, south 1, 

ritterazine north G, and other similar analogs. We slightly modified the reported synthesis 

from Fuchs11 and Shair20 (Scheme 1.4). 
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Scheme 1.4. Synthesis of Ritterazine North G Common Intermediate from 

Hecogenin 

 
 

Purification of 1.65: The hecogenin we received from the Fuchs laboratory contained at 

least two major impurities (10% ∆9 hecogenin and 3% tigogenin).45 Tigogenin is not 

reactive during photolysis–ene reaction, and it can be separated after the benzoylation of 
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12β-OH, but the unsaturated hecogenin is converted to several side products during 

photolysis–ene reaction. Therefore, palladium-catalyzed hydrogenation reaction can be 

carried out to convert the unsaturated hecogenin to hecogenin. 1H NMR (CDCl3) 

spectrum is available. 

 

Synthesis of 1.66: The starting material 1.65 (30.9 g, 71.6 mmol) was suspended in 

dichloromethane (DCM, 400 mL, 0.18 M) with triethylamine (Et3N, 30 mL, 3.0 equiv). 

Acetic anhydride (Ac2O, 34 mL 5.0 equiv) was added slowly to the mixture over 10 

minutes while the mixture was being stirred at room temperature. 4-

Dimethylaminopyridine (DMAP, 105 mg, 1 mol%) was added to the mixture, and the 

mixture was stirred for 18 hours. After the completion of the acetylation was determined 

via thin layer chromatography (p-anisaldehyde), the solvent was removed in vacuo. The 

addition of water to the crude solids precipitated the desired product as white powders 

(32.35 g, 68.44 mmol, 96%). 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.67: The starting material 1.66 (29.9 g, 63.3 mmol) was dissolved in fresh 

1,4-dioxane (450 mL, 0.14 M) in a quartz round bottom flask, and the solution was 

purged with argon for 30 minutes. While being stirred, the mixture was irradiated with a 

450 W Hanovia medium-pressure mercury lamp (Ace Glass, Inc.) for 6 hours. The 

internal temperature can rise up to 100ºC. The entire system was conducted in a closed 

fume hood, and the aluminum foil was used to block the light. Once the completion of the 

photolysis was determined via thin layer chromatography, the solvent was removed in 

vacuo, and the crude mixture was immediately subject to the next reaction. It can be 

stored at –20ºC for < 1 day. 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.68: The starting material 1.67 (63.3 mmol, assuming 100% conversion 

from the previous reaction) was dissolved in dichloromethane (DCM, 250 mL, 0.25 M) 

and stirred at 0ºC under argon gas. Boron trifluoride diethyl etherate (BF3•OEt2, 11.7 mL, 
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1.5 equiv) was added dropwise to the mixture via dropping funnel. Once the completion 

of the ene-reaction was determined via thin layer chromatography, the excess Lewis acid 

was quenched with aqueous sodium bicarbonate solution (250 mL), and the pH of the 

mixture was neutralized. The crude mixture was subject to work-up (DCM/water), and 

the resulting organic layer was washed with brine and dried over sodium sulfate. The 

solvent was removed in vacuo, and the crude mixture was immediately subject to the next 

reaction. The 1H NMR data are consistent with known values.49 1H NMR (CDCl3) 

spectrum is available. 

 

Synthesis of 1.69: The starting material 1.68 (63.3 mmol, assuming 100% conversion 

from the previous reaction) was dissolved in acetone (250 mL, 0.25 M) and cooled down 

to 0ºC. Jones reagent (16 g CrO3 to 16 mL concentrated H2SO4 then 48 mL water 

addition) was added dropwise to the solution while it was being stirred. After the 

completion of the oxidation was determined via thin layer chromatography and the color 

change (yellow to green/orange), the green chromium salts were collected via vacuum 

filtration. The solvent of the filtrate was removed in vacuo before proceeding to work up 

(ethyl acetate/aqueous sodium bicarbonate). The resulting organic layer was washed with 

brine and dried over sodium sulfate. The solvent was removed in vacuo, and the crude 

mixture was immediately subject to the next reaction. 1H NMR (300 MHz, CDCl3) δ 5.45 

(1H, br), 4.77 (1H, dd, J = 8 and 2 Hz), 4.68 (1H, m), 3.49 (1H, dd, J = 10.9 and 3.0 Hz), 

3.41 (1H, d, J = 11.1 Hz), 3.33 (1H, d, J = 8.7 Hz), 2.56 (1H, d, J = 14.3 Hz), 2.46 (1H, d, 

J = 11 Hz), 2.35 (1H, dd, J = 14.6, 4.6 Hz), 2.03 (3H, s), 1.99 (3H, d, J = 7 Hz), 1.26 (3H, 

s), 1.04 (d, J = 6.9 Hz), 0.95 (3H, s), 0.81 (3H, d, J = 6.4 Hz); 13C NMR (75 MHz, 

CDCl3) δ 213.4, 170.5, 154.6, 119.8, 106.9, 83.8, 72.9, 66.9, 62.1, 53.4, 49.6, 44.0, 43.9, 

37.2, 36.1, 36.1, 33.6, 34.0, 31.1, 30.2, 29.3, 27.8, 28.7, 27.1, 21.3, 19.8, 17.0, 13.7, 11.6. 
1H NMR (CDCl3) spectrum is available. 
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Synthesis of 1.70: The starting material 1.69 (63.3 mmol, assuming 100% conversion 

from the previous reaction) and cerium chloride heptahydrate (CeCl3•7H2O, 23.5 g, 1.0 

equiv) were dissolved in 2:1 mixture of tetrahydrofuran/methanol (THF/MeOH, 240 mL, 

0.26 M) and cooled down to 0ºC. After the mixture was stirred for 30 minutes, sodium 

borohydride (NaBH4) powder was added portionwise to the mixture. It is important to 

avoid generating heat. Once the completion of the reduction was determined via thin 

layer chromatography, the excess NaBH4 was quenched with 100 mL acetone. The crude 

mixture was filtered via Celite® pad, and then the solvent was removed in vacuo before 

proceeding to work-up (dichloromethane/water). The resulting organic layer was washed 

with brine and dried over sodium sulfate. The solvent was removed in vacuo to afford the 

desired product as clear brown oil (25.5 g, 53.9 mmol, 85% over 4 steps). 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 1.64: The starting material 1.70 (25.5 g, 53.9 mmol) was dissolved in 

pyridine (100 mL, 0.54 M) and cooled down to 0ºC. Benzoyl chloride (BzCl, 10.1 mL, 

1.5 equiv) was added dropwise via dropping funnel while the solution was being stirred 

under argon gas. The reaction mixture was stirred at room temperature for 6 hours. Once 

the completion of the benzoylation was determined via thin layer chromatography, the 

solvent was removed in vacuo before proceeding to work-up (ethyl acetate/water). The 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (8:1 hexane/ethyl acetate) to 

afford the desired product as a mixture of white solids and yellow oil (15.4 g, 26.6 mol, 

49%). 1H NMR (300 MHz, CDCl3) δ 7.39–8.05 (5H, m), 5.46 (1H, s, C14– H), 4.86 (1H, 

d, C12–H), 4.59–4.74 (2H, m, C3–H, C16–H), 3.32–3.50 (2H, m, C26–H), 2.43 (1H, t), 

2.12 (1H,), 1.99 (3H, s, C3-OAc), 1.22 (3H, s), 0.86 (3H, d), 0.84 (3H, s), 0.74 (3H, d); 
13C NMR (75 MHz, CDCl3) δ 170.6, 165.7, 156.5, 132.4, 130.4, 129.4, 128.1, 120.2, 

106.6, 84.3, 81.6, 73.0, 66.2, 55.7, 52.0, 51.2, 44.2, 36.6, 36.0, 31.0, 30.0, 29.2, 28.7, 
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27.2, 26.5, 21.0, 17.0, 14.8, 13.7, 12.0. 1H NMR (CDCl3), 13C NMR (CDCl3), COSY 

(CDCl3), NOESY (CDCl3), and HSQC (CDCl3) spectra are available. 

 

Synthesis of 1.71: The starting material 1.64 (9.0 g, 15 mmol) and triethylsilane (Et3SiH, 

5 mL, 2.0 equiv) were dissolved in dichloromethane (DCM, 150 mL, 0.1 M) and cooled 

down to 0ºC. Boron trifluoride diethyl etherate (BF3•OEt2, 2.9 mL, 1.5 equiv) was added 

dropwise via dropping funnel over a period of 1 hour while the mixture was being stirred 

under argon gas. The reaction mixture was slowly brought to room temperature stirred for 

6 hours. The product formation was monitored via thin layer chromatography; the 

addition of extra BF3•OEt2 does not appear to accelerate the formation of the product. 

Once the completion of the ring opening was determined via thin layer chromatography, 

the excess BF3•OEt2 was quenched with aqueous sodium bicarbonate solution. After the 

work-up (DCM/aqueous sodium bicarbonate), the resulting organic layer was washed 

with brine and dried over sodium sulfate. The crude mixture was purified via silica gel 

column chromatography (2:1 hexane/ethyl acetate) to afford the desired product as white 

solids (3.3 g, 5.6 mmol, 36%). 1H NMR (300 MHz, CDCl3) δ 7.39–8.05 (5H, m), 5.44 

(1H, s, C14– H), 4.74 (1H, d, C12–H), 4.61–4.72 (2H, m, C3–H, C16–H), 3.42 (2H, m, 

C26–H), 3.21 (1H, m, C22–H), 2.21 (1H, t), 2.09 (1H, m), 1.99 (3H, s, C3-OAc), 1.24 

(3H, s), 0.86 (3H, d), 0.84 (3H, s), 0.79 (3H, d); 13C NMR (75 MHz, CDCl3) δ 170.6, 

165.7, 157.0, 132.8, 130.2, 129.0, 128.2, 119.9, 87.1, 85.7, 81.6, 73.0, 67.7, 59.2, 51.6, 

44.1, 40.8, 36.2, 35.6, 33.9, 33.6, 30.0, 29.8, 29.2, 28.7, 27.9, 27.0, 26.5, 20.8, 16.2, 15.8, 

11.8. 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.72: The starting material 1.71 (3.3 g, 5.6 mmol), triphenylphosphine (PPh3, 

2.9g, 2.0 equiv), and imidazole (1.9 g, 5.0 equiv) were dissolved in tetrahydrofuran 

(THF, 60 mL, 0.1 M). Iodine solids (I2, 3.0 g, 2.1 equiv) was added over a period of 1 

minute at room temperature while the mixture was being stirred. The reaction mixture 

was stirred for 1 hour at room temperature under argon gas. Once the completion of the 
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iodination was determined via thin layer chromatography, the excess I2 was quenched 

with aqueous sodium thiosulfate solution until the brown color disappears. The reaction 

mixture was subject to work-up (ethyl acetate/water), and the resulting organic layer was 

washed with brine and dried over sodium sulfate. The crude mixture was purified via 

silica gel column chromatography (8:1 hexane/ethyl acetate) to afford the desired product 

as yellow solids (3.2 g, 4.6 mmol, 82%). 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.63: The starting material 1.72 (8.9 g, 13 mmol) was dissolved in 

tetrahydrofuran (THF, approx. 0.1 to 0.2 M). 1,8-Diazabicyclo[5.4.0]undec-7-ene (DBU, 

5.88 g, 3.0 equiv) was added to the mixture in one portion and the reaction mixture was 

stirred at 60ºC for 3 hours under argon gas. Once the completion of the elimination was 

determined via thin layer chromatography, the reaction mixture was subject to work-up 

(ethyl acetate/water), and the resulting organic layer was washed with brine and dried 

over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (5:1 hexane/ethyl acetate) to afford the desired product as white solids 

(3.1 g, 5.5 mmol, 42%). 1H NMR (300 MHz, CDCl3) δ 7.41–8.02 (5H, m), 5.52 (1H, s), 

4.65–4.82 (4H, m), 3.27 (1H, m), 1.99 (3H, s), 1.70 (3H,s), 1.24 (3H, s), 0.95 (3H, s), 

0.80 (3H, d, J = 7.1); 13C NMR (75 MHz, CDCl3) δ 170.6, 165.7, 163.5, 145.7, 133.0, 

130.4, 129.4, 128.5, 120.2, 86.3, 85.6, 81.7, 73.3, 59.2, 51.7, 44.2, 41.0, 36.6, 36.4, 35.7, 

33.7, 33.1, 31.2, 29.2, 28.7, 27.2, 26.3, 22.4, 21.0, 16.9, 15.8, 12.0. 1H NMR (CDCl3) and 
13C NMR (CDCl3) spectra are available. 

 
I ran this synthesis 5+ times (30 g to 60 g scale), however it was difficult to produce 

consistent yield. Usually the attrition came from photolysis, Jones oxidation, or Luche 

reduction. In photolysis, ideally, the reaction should be completed in 6–8 hours, but I 

have observed that UV lamp lost the power after the repeated usage, resulting in the 

decreased product yield. To compound matters further, the reaction could not be visually 

monitored or paused & resumed. There was an accident where the water-cooling 
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circulation line leaked and the reactor was destroyed by fire, but I was not able to detect 

the explosion because the reaction was conducted in a fume hood and the door was 

completely covered with aluminum foil to block harmful UV light. A thorough check 

before running the reaction is always necessary. In Jones oxidation, old Jones reagent 

usually causes a problem; one needs to add more reagents than needed. When extra Jones 

reagents were added to the reaction mixture, it made the extraction of the desired product 

and the process of chromium waste very time-consuming. In Luche reduction, rapid 

addition of the hydride increases the temperature of the reaction mixture, generating the 

12α-OH side product. Although the separation of the 12-OH epimer is tricky, it is 

possible to isolate the 12α-OH product and repeat the oxidation-reduction. Scaling up the 

reaction > 60 g was deemed impossible due to the limited capacity of the laboratoryware. 

 
1.3. “Red-Ox” E-ring Modifications 

1.3.1.  Transetherification-Mediated Novel E-Ring Opening Reaction46 

 

Majority of cephalostatins possess molecular architectures with highly functionalized at 

D, E, and F-rings. For example, D–F ring of north unit of cephalostatin 1 (1.1) contains a 

5/5 spiroketal moiety, primary, secondary, and tertiary alcohols, and 6 contiguous 

stereocenters. Due to these molecular complexities in D–F ring, these syntheses used to 

involve the deletion of 6 carbon atoms from hecogenin acetate via Marker degradation 

and the subsequent addition of 6 carbon atoms to trans-androsterone via Sonogashira 

coupling.11,12,13,47, The in “Red-Ox” strategy, E/F ring opening protocol is the first critical 

step to the successful execution. Seven distinctive ring-opening protocols had been 

known to modify either spirostans (containing spiroketals) or furostans (containing cyclic 

ethers) (Scheme 1.5). 48,49,50,51,52,53,54,55 We have discovered another novel E-ring cleavage 

method that can be applied to the synthesis of 17-OH containing cephalostatin/ritterazine 

species (Scheme 1.6). 
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Scheme 1.5. Known Ring Opening Reactions of Spirostans and Furostans 
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Scheme 1.6. E-ring Opening Reactions Discovered at the Lee Laboratory 

 
 

It appears that the main driving force of both reactions in Scheme 1.6 is the formation of 

cyclopentadiene on the E-ring. When either 17-OH containing compound (1.89) or 14,15-

saturated compound (1.93) was used, the identical reaction did not give the desired 

products. The formation of the rearranged-alkene 1.91 was unexpected; its structure was 

determined via X-ray crystallography (Figure 1.10 and Table 1.4). 

 

1.3.2.  17-Hydroxylation on Ritterazine North G Intermediate56 

 

As described in 1.3.1, the new iodine-mediated ring opening can generate either 26,27-

dimethyl (1.87) or 26-iodo, 27-methyl (1.88) compound depending on the reaction 

conditions. We attempted to exploit the potential of this reaction by establishing a new 
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synthetic route toward either 23-deoxy cephalostatin North 17 or 17-hydroxyl ritterazine 

North G (Scheme 1.7).  
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Scheme 1.7. 17-Hydroxylation of North G Common Intermediate 
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Synthesis of 1.87: The starting material 1.63 (559 mg, 1.0 mmol) was dissolved in 

benzene (10 mL, 0.1 M). Iodine (I2, 25.6 mg, 0.1 equiv) was added to the solution, and 

the reaction mixture was refluxed for 1 hour under argon gas. Once the completion of the 

reaction was determined via thin layer chromatography, the reaction mixture was subject 

to work-up (ethyl acetate/water), and the resulting organic layer was washed with brine 

and dried over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (8:1 hexane/ethyl acetate) to afford the desired product (360 mg, 0.642 

mmol, 64%). 1H NMR (300 MHz, CDCl3) δ 7.42–8.07 (5H, m), 6.13 (1H, s), 5.92 (1H, 

s), 4.67 (1H, sep), 4.40 (1H, dd, J = 11.3 Hz, 4.3 Hz), 3.92 (1H, q), 2.58 (1H, m), 2.0 

(3H, s), 1.25 (3H, s), 1.17 (3H, s), 1.15 (3H, s), 0.90 (3H, s), 0.80 (3H, d, J = 6.9 Hz); 13C 

NMR (75 MHz, CDCl3) δ 170.8, 165.9, 160.8, 154.7, 133.2, 131.0, 129.7, 128.7, 124.9, 

121.5, 83.3, 80.4, 79.9, 73.6, 57.2, 53.6, 44.5, 39.0, 37.9, 37.2, 36.0, 34.9, 34.1, 29.7, 

29.4, 29.0, 28.4, 28.3, 27.8, 27.5, 21.7, 18.8, 13.9, 12.4; LRMS (ESI) 584 (M + Na); 

HRMS (ESI) calculated for C36H48O5 (M + Na) 584.3472, found 584.3395. 1H NMR 

(CDCl3), 13C NMR (CDCl3), lrMS (ESI), and hrMS (ESI) spectra are available. 

 

Synthesis of 1.96: The starting material 1.87 (360 mg, 0.642 mmol) was dissolved in 

dichloromethane (DCM, 13 mL, 0.05 M), and the solution was cooled down to –10ºC. 

70% 3-chloroperoxybenzoic acid (m-CPBA, 174 mg, 1.1 equiv) was slowly added to the 

solution, and the reaction mixture was stirred for 1 hour at –10ºC. Extra m-CPBA was 

added when necessary. Once the completion of the epoxidation was determined via thin 

layer chromatography, sodium bicarbonate (162 mg, 3.0 equiv) was added to the reaction 

mixture to neutralize the pH. The excess m-CPBA was quenched with the addition of 

aqueous sodium thiosulfate. The reaction mixture was subject to work-up (DCM/water), 

and the resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (4:1 hexane/ethyl 

acetate) to afford the desired product (267 mg, 0.463 mmol, 72%). 1H NMR (300 MHz, 

CDCl3) δ 7.41–8.02 (5H, m), 5.99 (1H, s), 4.76 (1H, dd, J = 11.6 Hz, 4.0 Hz), 4.67 (1H, 
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m), 3.75 (1H, m), 3.71 (1H, s), 2.34 (1H, m), 1.99 (3H, s), 1.35 (3H, s), 1.14 (3H, s), 1.14 

(3H, s), 0.80 (3H, d, J = 7.1); 13C NMR (75 MHz, CDCl3) δ 170.6, 165.7, 163.5, 133.0, 

130.4, 129.4, 128.5, 124.8, 82.3, 80.6, 80.3, 73.3, 70.5, 60.2, 52.7, 47.6, 44.2, 38.6, 36.6, 

36.4, 35.7, 33.7, 33.1, 28.7, 28.7, 28.1, 27.7, 27.2, 27.1, 26.3, 21.4, 17.4, 12.1, 12.0; MS 

(ESI) 599 (M + Na); HRMS (ESI) calculated for C36H48O6 (M + Na) 599.3343, found 

599.3346. 1H NMR (CDCl3), 13C NMR (CDCl3), lrMS (ESI), and hrMS (ESI) are 

available. 

 

Synthesis of 1.97: The starting material 1.96 (256 mg, 0.444 mmol) and triethylsilane 

(Et3SiH, 262 mg, 5.0 equiv) were dissolved in dichloromethane (DCM, 9 mL, 0.05 M) 

and cooled down to –78ºC. Boron trifluoride diethyl etherate (BF3•OEt2, 192 mL, 3.0 

equiv) was added dropwise via dropping funnel while the mixture was being stirred under 

argon gas. The reaction mixture was stirred at –78ºC for 1.5 h. Once the completion of 

the ring opening was determined via thin layer chromatography, the mixture was subject 

to work-up (DCM/aqueous sodium bicarbonate). The resulting organic layer was washed 

with brine and dried over sodium sulfate. The crude mixture was purified via silica gel 

column chromatography (4:1 hexane/ethyl acetate)  to afford the desired product as 

white solids (108 g, 0.186 mmol, 41%). 1H NMR (400 MHz, CDCl3) δ 7.43–8.03 (5H, 

m), 5.53 (1H, s), 4.68–4.73 (2H, m), 3.66–3.71 (1H, m), 2.64 (1H, d, J = 16.4 Hz), 2.01 

(3H, s), 1.31 (3H, s), 1.21 (3H, s), 1.13 (3H, s), 0.84 (3H, s), 0.72 (3H, d, J = 6.8 Hz); 13C 

NMR (100 MHz, CDCl3) δ 170.9, 166.1, 157.1, 133.1, 130.8, 129.6, 128.6, 121.1, 87.2, 

87.1, 82.0, 80.6, 73.7, 56.6, 46.8, 44.5, 39.9, 38.8, 38.8, 38.2, 37.1, 35.9, 34.0, 31.2, 29.1, 

28.4, 28.2, 27.5, 26.1, 21.7, 18.0, 12.4, 9.4; MS (ESI) 602 (M + Na); HRMS (ESI) 

calculated for C36H50O6 (M + Na) 601.3500, found 601.3500. 1H NMR (CDCl3), 13C 

NMR (CDCl3), lrMS (ESI), and hrMS (ESI) spectra are available. 

 

Synthesis of 1.98: The starting material 1.97 (31 mg, 0.053 mmol) was dissolved in 

dichloromethane (DCM, 1 mL, 0.05 M), and the solution was cooled down to –10ºC. 
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70% 3-chloroperoxybenzoic acid (m-CPBA, 39 mg, 3.0 equiv) was slowly added to the 

solution, and the reaction mixture was stirred for 4 hours at –10ºC. Once the completion 

of the epoxidation was determined via thin layer chromatography, sodium bicarbonate 

(45 mg, 10.0 equiv) was added to the reaction mixture to neutralize the pH. The excess 

m-CPBA was quenched with the addition of aqueous sodium thiosulfate. The reaction 

mixture was subject to work-up (DCM/water), and the resulting organic layer was 

washed with brine and dried over sodium sulfate. The crude mixture was purified via 

silica gel column chromatography (6:1 hexane/ethyl acetate) to afford the desired product 

(13 mg, 0.021 mmol, 40%). A crystal of 1.98 was grown via vapor diffusion (solvent: 

ethyl acetate, antisolvent: hexane), and the X-ray image of 1.98 was acquired (Figure 1.9) 
1H NMR (300 MHz, CDCl3) δ 7.37–8.00 (5H, m), 4.67 (1H, dd, J = 11.6 Hz, 3.8 Hz), 

4.61 (1H, m), 3.99 (1H, q, J = 6.8 Hz), 3.66 (1H, s), 3.43 (1H, s), 2.36 (1H, m), 1.92 (3H, 

s), 1.87 (3H, s), 1.33 (3H, s), 1.11 (3H, s), 1.09 (3H, s), 0.71 (3H, s), 0.56 (3H, d, J = 7.0 

Hz); 13C NMR (75 MHz, CDCl3) δ 170.3, 165.6, 133.3, 129.4, 128.2, 82.0, 79.5, 78.6, 

76.2, 74.9, 73.1, 58.6, 51.3, 45.0, 43.9, 39.7, 38.6, 36.6, 35.7, 35.3, 34.5, 33.5, 28.5, 28.2, 

28.0, 27.1, 27.0, 26.4, 21.2, 12.1, 11.8, 9.4; MS (ESI) 618 (M + Na); HRMS (ESI) 

calculated for C36H50O7 (M + Na) 617.3450, found 617.3455. 1H NMR (CDCl3), 13C 

NMR (CDCl3), lrMS (ESI), hrMS (ESI) spectra, and crystallographic table (Table 1.5) 

are available. 
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Figure 1.9. X-ray structure of 1.98. 
(Left) Top view. (Right) Side view. The images were rendered via ORTEP-III for Windows.3  

 

Synthesis of 1.88: The starting material 1.63 (1.8 g, 3.2 mmol) was dissolved in 

minimum volume of dichloromethane (DCM). Sodium bicarbonate (NaHCO3, 1.4 g, 5.0 

equiv) was added to the solution, and the mixture was stirred at 0ºC under argon gas. 

Iodine (I2, 1.6 g, 2.0 equiv) was dissolved in minimum volume of DCM and added to the 

mixture via dropping funnel. The reaction mixture was stirred at 0ºC for 1 hour. Once the 

completion of the iodination was determined via thin layer chromatography, the excess I2 

was quenched with the addition of aqueous sodium thiosulfate, and the reaction mixture 

was subject to work-up (DCM/water). The resulting organic layer was washed with brine 

and dried over sodium sulfate, and the crude mixture was purified via silica gel column 

chromatography (10:1 hexane/ethyl acetate) to afford the desired product as white thin 

films (1.3 g, 1.9 mmol, 58%). 1H NMR (400 MHz, CDCl3) δ 8.12 – 7.47 (m, 5 H, C12-

OBz), 6.17 – 6.15 (m, 1 H, C16-H), 5.96 (s, 1 H, C15-H), 4.75 – 4.69 (m, 1 H, C3- H), 

4.47 – 4.42 (dd, J = 6.9, 4.4 Hz, 1 H, C12-H), 4.05 – 3.92 (m, 1 H, C22-H), 3.24 – 3.18 

(m, 2 H, C26-H), 2.66 – 2.59 (m, 1 H, C20-H), 2.22 (m, 1 H, C8-H), 2.04 (s, 3 H, C3-

OAc), 1.37 (s, 3 H, C27-CH3), 1.28 (s, 3 H, C18-CH3), 0.94 (s, 3 H, C19-CH3), 0.86 – 

0.82 (m, 3 H, C21-CH3); 13C NMR (100 MHz, CDCl3) δ 170.8, 165.9, 165.9, 160.9, 
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160.2, 155.0, 155.0, 133.2, 130.9, 130.9, 129.8, 129.7, 128.7, 125.2, 124.7, 121.4, 121.4, 

84.9, 84.6, 81.2, 81.2, 79.8, 73.6, 57.2, 57.1, 53.6, 53.5, 44.5, 38.0, 37.6, 37.4, 37.2, 36.1, 

34.9, 34.1, 30.6, 30.2, 29.5, 28.5, 27.7, 27.5, 26.7, 26.6, 21.7, 19.3, 18.8, 18.5, 18.2, 14.2, 

14.0, 12.4; HRMS calculated C36H47INaO5 709.2360 , found 709.2360. 1H NMR (CDCl3), 
13C NMR (CDCl3), and hrMS (ESI) spectra are available. 

 

Synthesis of 1.101: Dichloromethane (DCM, 30 mL, 0.005 M) was purged with air gas 

for 30 minutes. The starting material 1.88 (116 mg, 0.169 mmol) and m-

tetraphenylporphrine (TPP, 1 mg, 1 mol%) dissolved in the air-purged DCM, and the 

solution was stirred at –78ºC under air balloon. (Pure oxygen gas may significantly 

increase the yield.) The reaction was initiated by turning on a reptile UVA/UVB sun 

lamp (Model LF-17, Zoo Med Laboratories, Inc.) just above the reaction flask. The 

reaction mixture was stirred at –78ºC for 2 hours. Once the completion of the oxidation 

was determined via thin layer chromatography, the excess I2 was quenched with the 

addition of aqueous sodium thiosulfate, and the reaction mixture was subject to work-up 

(DCM/water). The resulting organic layer was washed with brine and dried over sodium 

sulfate, and the crude mixture was purified via silica gel column chromatography (10:1 

hexane/ethyl acetate). The acidity of the silica decomposes the desired product; the silica 

should be flushed with acetone followed by hexane. Alternatively, alumina get can be 

used. The collection of the desired fractions and the solvent removal afforded the desired 

product (39 mg, 0.054 mmol, 32%).  

 

Synthesis of 1.89: The starting material 1.101 (31 mg, 0.043 mmol) was dissolved in 1:1 

tetrahydrofuran/methanol (THF/MeOH, 20 mL, 0.002 M), and the solution was stirred at 

room temperature under argon gas. Meanwhile, zinc dust was activated by adding 1 g of 

zinc into 10 mL THF followed by the addition of 0.15 mL of trimethylsilyl chloride 

(TMSCl). After stirring the mixture for 30 minutes, zinc was filtered and washed with 

THF multiple times. The activated Zn was added to the reaction solution. While 
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vigorously stirring the reaction mixture, acetic acid (0.15 mL) was added. The reaction 

mixture was stirred at room temperature for 18 hours. Once the completion of the 

reduction was determined via thin layer chromatography, the zinc was separated from the 

crude mixture via gravity filtration. The solvent of the filtrate was removed in vacuo 

before proceeding to work-up (ethyl acetate/water). The resulting organic layer was 

washed with brine and dried over sodium sulfate, and the crude mixture was purified via 

silica gel column chromatography (4:1 hexane/ethyl acetate) to afford the desired product 

as white solids (13 mg, 0.023 mmol, 52%). 1H NMR (400 MHz, CDCl3) δ 8.04 – 7.44 

(m, 5 H, C12-OBz), 5.50 (s, 1 H, C15-H), 5.35 (dd, J = 6.5, 4.8 Hz, 1 H, C12-H), 4.70 – 

4.66 (m, 3 H, C3-H and C26-H), 4.44 (s, 1 H, C16-H), 3.54 (dd, J = 6.8, 2.4 Hz, 1 H, 

C22-H), 2.87 (s, 1 H, C17-OH), 2.01 (s, 3 H, C3-OAc), 1.69 (s, 3 H, C27-CH3), 1.27 (s, 

3 H, C18-CH3), 0.88 (s, 3 H, C19-CH3), 0.83 (d, J = 6.8 Hz, 3 H, C21-CH3); 13C NMR 

(100 MHz, CDCl3) δ 170.9, 166.5, 156.9, 145.9, 133.5, 130.4, 129.8, 128.8, 119.4, 109.8, 

93.9, 91.2, 86.9, 75.7, 73.5, 55.4, 51.0, 44.2, 44.1, 36.8, 36.0, 34.7, 34.5, 34.0, 31.7, 29.3, 

28.2, 27.5, 27.4, 22.9, 21.7, 17.7, 12.2, 10.5; HRMS calculated C36H48NaO6 599.3343, 

found 599.3354. 1H NMR (CDCl3), 13C NMR (CDCl3), and hrMS (ESI) spectra are 

available. 

 

Synthesis of 1.102: The starting material 1.89 (37 mg, 0.063 mmol) was dissolved in 

pyridine (1.5 mL, 0.04 M), and the solution was cooled down to 0ºC. Trimethylsilyl 

trifluoromethanesulfonate (TMSOTf, 150 µL, 6.1 equiv) was added dropwise while the 

solution was being stirred. The reaction mixture was stirred at room temperature for 12 

hours. Once the completion of the silylation was determined via thin layer 

chromatography, 3 mL of water was added to the mixture to stop the reaction prior to 

work-up (ethyl acetate/water). The resulting organic layer was washed with aqueous 

copper sulfate & brine and dried over sodium sulfate, and the crude mixture was purified 

via silica gel column chromatography (8:1 hexane/ethyl acetate) to afford the desired 

product as yellow oil (36 mg, 0.055 mmol, 87%). 1H NMR (400 MHz, CDCl3) δ 8.00 – 
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7.40 (m, 5 H, C12-OBz), 5.44 – 5.43 (m, 1 H, C15-H), 5.15 (dd, J = 6.5, 4.8 Hz, 1 H, 

C12-H), 4.70 – 4.67 (m, 4 H, C3-H, C16-H, and C26-H), 3.54 (dd, J = 6.5, 2.7 Hz, 1 H, 

C22-H), 2.01 (s, 3 H, C3-OAc), 1.72 (s, 3 H, C27-CH3), 1.31 (s, 3 H, C18-CH3), 0.86 (s, 

3 H, C19-CH3), 0.76 (d, J = 6.8 Hz, 3 H, C21- CH3), 0.06 (s, 9 H, C3-OTMS); 13C 

NMR (100 MHz, CDCl3) δ 170.9, 165.5, 158.1, 145.9, 132.8, 131.4, 129.6, 128.5, 118.2, 

109.9, 94.9, 92.2, 86.6, 75.5, 73.6, 56.0, 51.3, 44.8, 44.3, 36.8, 36.0, 34.8, 34.5, 34.0, 

32.1, 29.9, 29.5, 28.2, 27.5, 27.0, 22.9, 21.7, 19.0, 12.2, 11.3, 2.7; HRMS calculated 

C39H56NaO6Si 671.3738 , found 671.3735. 1H NMR (CDCl3), 13C NMR (CDCl3), and 

hrMS (ESI) spectra are available. 

 

Synthesis of 1.103: The starting material 1.102 (34 mg, 0.053 mmol) was dissolved in 

minimum volume of tetrahydrofuran (THF). Meanwhile, mercury(II) acetate (Hg(OAc)2, 

18 mg, 1.1 equiv) was dissolved in 0.2 mL water. 0.6 mL of THF was added to the flask 

containing Hg solution, and the flask was wrapped with aluminum foil to block the light. 

1.102 was added dropwise to the 3:1 THF/H2O solution via syringe at room temperature. 

The reaction mixture was stirred at room temperature in the dark for 1 day. Once the 

completion of the oxymercuration was determined via thin layer chromatography, excess 

sodium borohydride (NaBH4, 40 mg, 20 equiv) was added to the reaction mixture. The 

reaction mixture was stirred at room temperature in the dark for 1 additional day. Once 

the completion of the demercuration was determined via thin layer chromatography, the 

reaction mixture was subject to work-up (ethyl acetate/water). The resulting organic layer 

was washed with brine and dried over sodium sulfate, and the resulting aqueous layer 

(mercury waste) was appropriately disposed. The crude mixture was purified via silica 

gel column chromatography (4:1 hexane/ethyl acetate) to afford the desired product as 

colorless oil (16 mg, 0.024 mmol, 46%) and the non-Markovnikov product (13.4 mg, 

0.020 mmol, 38%). 1H NMR (400 MHz, CDCl3) δ 8.00 – 7.40 (m, 5 H, C12-OBz), 5.40 

(m, 1 H, C15-H), 5.14 (dd, J = 6.5, 4.8 Hz, 1 H, C12-H), 4.71 – 4.67 (m, 2 H, C3-H and 

C16-H), 3.53 (m, 1 H, C22-H), 2.01 (s, 3 H, C3- OAc), 1.31 (s, 3 H, C18-CH3), 1.21 (s, 
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6 H, C26-CH3 and C27-CH3), 0.86 (s, 3 H, C19-CH3), 0.76 (d, J = 6.8 Hz, 3 H, C21-

CH3), 0.05 (s, 9 H, C17-OTMS); 13C NMR (100 MHz, CDCl3) δ 170.9, 165.5, 158.2, 

132.8, 131.3, 129.6, 128.5, 118.0, 94.7, 92.3, 87.6, 75.4, 73.6, 70.5, 64.6, 56.0, 51.3, 44.8, 

44.3, 40.6, 36.8, 36.0, 34.8, 34.0, 30.9, 29.9, 29.7, 29.6, 29.5, 28.5, 28.2, 27.5, 27.0, 21.7, 

19.4, 19.0, 14.0, 12.2, 11.3, 2.7; HRMS calculated C39H58NaO7Si 689.3844, found 

689.3844. 1H NMR (CDCl3), 13C NMR (CDCl3), and hrMS (ESI) spectra are available. 

 

Synthesis of 1.104: The starting material 1.103 (10 mg, 0.015 mmol) was dissolved in 

minimum volume of dichloromethane (DCM). Meanwhile, Iodobenzene diacetate 

(PhI(OAc)2, 16 mg, 2.5 equiv) was dissolved in 0.3 mL of DCM in a dried flask under 

argon gas. Finely crushed iodine (I2, 12 mg, 2.5 equiv) was added to the PhI(OAc)2 

solution, and the mixture was vigorously stirred at room temperature to dissolve most of 

the iodine chunks. 0.6 mL of cyclohexane was added to the mixture, and the mixture was 

cooled down to 0ºC. 1.103 was added dropwise to the PhI(OAc)2/I2 mixture in 1:2 

DCM/cyclohexane under argon gas. The mixture was stirred at 0ºC for 4 hours. Once the 

completion of  the cyclization was determined via thin layer chromatography, aqueous 

sodium thiosulfate was added to the reaction mixture until the color disappeared before 

proceeding to work-up (ethyl acetate/water). The resulting organic layer was washed with 

brine and dried over sodium sulfate, and the crude mixture was purified via silica gel 

column chromatography (10:1 hexane/ethyl acetate) to afford the inseparable mixture of 

the cyclized products. The purified product was subject to the next reaction. 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 1.106: The starting mixture 1.104 (0.015 mmol, assuming 100% conversion 

from the previous reaction) was dissolved in dichloromethane (DCM, 6 mL). A catalytic 

amount of hydrochloric acid was added to the solution. (Gas taken from a concentrated 

HCl bottle was enough.) The reaction mixture was stirred at room temperature for 2 days. 

Once the completion of the desilylation was determined via thin layer chromatography, 



 45 

the reaction mixture was subject to work-up (ethyl acetate/water). The resulting organic 

layer was washed with brine and dried over sodium sulfate, and the crude mixture was 

purified via silica gel column chromatography (10:1 hexane/ethyl acetate) to afford the 

single, 22β-desilylated product (8.2 mg, 0.014 mmol, 71% over 2 steps). Crystals of 

1.106 were not obtained, but the X-ray image of the successor molecule 1.91 (Scheme 

1.6)was acquired (Figure 1.10), which revealed the correct installation of 17α-OH. 1H 

NMR (400 MHz, CDCl3) δ 8.06 – 7.41 (m, 5 H, C12-OBz), 5.40 (s, 1 H, C15-H), 5.33 

(dd, J = 6.2, 5.1 Hz, 1 H, C12-H), 4.71 – 4.67 (m, 2 H, C3-H and C16-H), 2.88 – 2.77 

(br, 1 H, C17-OH), 2.01 (s, 3 H, C3-OAc), 1.34 (s, 3 H, C18-CH3), 1.28 (s, 3 H, C27-

CH3), 1.07 (s, 3 H, C26-CH3), 0.95 (d, J = 6.8 Hz, 3 H, C21-CH3), 0.88 (s, 3 H, C19- 

CH3); 13C NMR (100 MHz, CDCl3) δ 170.9, 166.0, 154.5, 132.7, 131.6, 129.8, 128.4, 

117.6, 93.6, 91.0, 82.9, 75.4, 73.5, 53.8, 52.4, 44.7, 44.4, 37.2, 36.7, 36.2, 34.2, 34.0, 

32.9, 30.1, 29.9, 29.2, 28.6, 27.5, 27.5, 21.7, 15.4, 12.2, 7.9 ; HRMS calculated 

C36H48NaO7 616.3326, found 616.3327. 1H NMR (CDCl3), 13C NMR (CDCl3), and hrMS 

(ESI) spectra are available. Crystallographic table of 1.91 is available (Table 1.4). 

 

 
Figure 1.10. X-ray structure of 1.91. 
(Left) Top view. (Right) Side view. The images were rendered via ORTEP-III for Windows.3  
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It was predicted that hypoiodite-mediated intramolecular hydrogen abstract reaction57,58,59 

(or Suárez Oxidation19) would give the 1:1 mixture of the cyclized products. However, 

they were inseparable via silica gel column chromatography, so we converted the 22β 

product to the 22α product using acid catalyzed spiroketal equilibration.19,20 This mild 

reaction, however, cleaved silyl ether in the process. Although we only demonstrated the 

possibility of synthesizing 17-hydroxyl ritterazine North G, this synthetic route can also 

be used to synthesize 23-deoxy cephalostatin North 17 as long as one can separate the 1:1 

22α/22β mixture from Suárez oxidation. If one wished to generate the 22β product via 

this route, TBAF/THF is recommended for the deprotection of the TMS group.12  

 

1.4. “Red-Ox” F-ring Modifications and Beyond 

1.4.1.  23-Hydroxylation on Ritterazine North G Intermediate 

 

Presence of 23-OH is critical for the activity of cephalostatins. It is not found in 

ritterazine species, which are known to be generally less active than cephalostatins. Li 

and Fuchs60 synthesized 23’-deoxy cephalostatin 1, and despite scoring better in terms of 

the polarity match, its bioactivity is 10× less cytotoxic compared to that of cephalostatin 

1. We attempted to employ the efficient 23R-OH synthesis methods developed by 

Iglesias-Arteaga and Arcos-Ramos61 and Lee and Fuchs62 to the syntheses of 

cephalostatin/ritterazine analogs (Scheme 1.8).  
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Scheme 1.8. 23-Hydroxylation on North G Intermediate 
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Synthesis of 1.107: The starting material 1.64 (560 mg, 1.0 mmol) and chloroacetic acid 

(4.5 g, 50 equiv) were dissolved in dichloromethane (15 mL, 0.07 M). Iodobenzene 

diacetate (PhI(OAc)2, 640 mg, 2.0 equiv) was added to the mixture, and the mixture was 

cooled down to –5ºC. Boron trifluoride etherate (BF3•OEt2, 500 µL, 4.0 equiv) was added 

dropwise to the mixture, and the mixture was stirred at –5ºC for 30 minutes. Once the 

completion of the reaction was determined via thin layer chromatography, 10 mL of 

water was added to the reaction mixture before proceeding to work-up 

(dichloromethane/water). The resulting organic layer was washed with sodium 

bicarbonate & brine, and dried over sodium sulfate. The crude mixture was purified via 

silica gel column chromatography (8:1 hexane/ethyl acetate) to afford the desired product 

(121 mg, 0.185 mmol, 19%) as yellow oil. 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.108: The starting material 1.107 (70 mg. 0.1 mmol) was dissolved in 1:1 

dichloromethane/methanol solution (5 mL, 0.02 M). Sodium bicarbonate (500 mg, 60 

equiv) was added, and the mixture was stirred at room temperature for 1 day. The product 

stopped forming after 50% conversion. The reaction mixture was subject to work-up 

(ethyl acetate/water), and the resulting organic layer was washed with brine and dried 

over sodium sulfate. I attempted to purify the crude mixture via silica gel column 

chromatography (4:1 hexane/ethyl acetate), but the 1H NMR and 13C NMR data of the 

collected fractions suggested that it is a mixture. 1H NMR (CDCl3) and 13C NMR (CDCl3) 

spectra are available. 

 

Synthesis of 1.109: The starting material 1.64 (576 mg, 1 mmol) was dissolved in acetic 

acid (AcOH, 10 mL, 0.1 M). tert-Butyl nitrite (NO2tBu, 0.6 mL, 5.0 equiv) was added to 

the solution in one portion, and then boron trifluoride etherate (BF3•OEt2, 62 µL, 0.5 

equiv) was added dropwise to the mixture. The mixture was stirred at room temperature 

under argon for 10 minutes. Once the disappearance of most of the starting material was 

determined via thin layer chromatography, excess water was added to the reaction 
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mixture followed up by gravity filtration. The filter cake was dissolved in 

dichloromethane and subject to work-up (dichloromethane/water). The resulting organic 

layer was washed with brine and dried over sodium sulfate. The crude mixture was 

purified via silica gel column chromatography (8:1 hexane/ethyl acetate) to afford a 

mixture of the desired product and the starting material (264 mg, approx. 44%) as yellow 

oil. 

 

Synthesis of 1.110: The starting material 1.109 (264 mg, 0.44 mmol) was dissolved in 

methanol (15 mL). para-Toluenesulfonic acid monohydrate (TsOH•H2O, 84 mg, 1.0 

equiv) was added to the solution. Water (3 mL) was added to the mixture, and the 

mixture was refluxed at 84ºC. Once the completion of the reaction was determined via 

thin layer chromatography, the solvent was removed in vacuo before proceeding to work-

up (ethyl acetate/water). The resulting organic layer was washed with brine and dried 

over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (4:1 hexane/ethyl acetate) to afford the product with some impurities 

(187 mg, < 0.341 mmol, < 77%). The product was not quite the desired product; 3-acetyl 

protection was cleaved. 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.111: The starting material 1.110 (184 mg, < 0.341 mmol) was dissolved in 

dichloromethane. tert-Butyldimethylsilyl chloride (TBSCl, 60 mg, 1.2 equiv), imidazole 

(114 mg, 5.0 equiv), and 4-dimethylaminopyridine (DMAP, 4 mg, 10 mol%) were added 

in one portion. The reaction mixture was stirred at room temperature under argon gas for 

18 hours. Once the completion of the reaction was determined via thin layer 

chromatography, the reaction mixture was subject to work-up (dichloromethane/water). 

The resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (10:1 hexane/ethyl 

acetate) to afford the desired product (190 mg, 0.286 mmol, 85%). 1H NMR (CDCl3) 

spectrum is available. 
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Synthesis of 1.112: The starting material 1.111 (3.0 g, 4.5 mmol) was dissolved in 

tetrahydrofuran (THF, 45 mL, 0.1 M). The solution was cooled down to –78ºC, and then 

the L-Selectride® (Lithium tri-sec-butylborohydride) 1.0M THF solution was added to 

the solution dropwise over a period of 30 minutes under argon gas. The reaction mixture 

was stirred at –78ºC for 1.5 to 3 hours. Once the completion of the reaction was 

determined via thin layer chromatography, the reaction was stopped with the addition of 

ammonium chloride. The reaction mixture was brought to room temperature, and then the 

solvent was removed in vacuo. The resulting mixture was subject to work-up (ethyl 

acetate/water), and the resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(4:1 hexane/ethyl acetate) to afford the desired product (878 mg, 1.3 mmol, 29%) as clear 

oil. 1H NMR (CDCl3) spectrum is available. 

 

Attempted synthesis of 1.113: The starting material 1.112 was mixed with the following 

reaction conditions, but none of them afforded the desired product: A. tert-

Butyl(chloro)diphenylsilane (TBDPSCl, 1.2 to 12 equiv), imidazole (5 to 50 equiv), 

DMAP (10 mol% to 100 mol%), dichloromethane, room temperature. B. TBDPSCl (1.5 

equiv), DMAP (1.5 equiv), pyridine, room temperature to 140ºC. C. TBDPSCl (1.1 

equiv), silver nitrate (1.9 equiv), N,N-dimethylformamide (DMF), room temperature.  

 

1.4.2.  Attempted Total Synthesis of 14,15-Dehydro-Ritterazine Y63 

 

Compared to the ritterazine B (1.23), the most cytotoxic ritterazine species, ritterazine Y 

lacks both 7’-OH and 17’-OH (penalty on polarity match + penalty on homoallylic 

oxygens), and it has 22α spiroketal instead of 22β (penalty on spiroketal moiety). Despite 

the structural features, ritterazine Y (1.45) is one of the most active ritterazine species 

with average NCI-60 GI50 27 nM. In order to increase the bioactivity (advantage on 
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presence of the ∆14 moiety) of the natural parent molecule, the Lee group designed and 

synthesized “14,15-Dehydro-ritterazine Y (1.128)” from hecogenin (1.65) in 24 steps 

with approximately 1.8 × 10-2% yield via “Red-Ox” strategy (Scheme 1.9). The 

bioactivity of this compound is yet to be determined. 
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Scheme 1.9. Attempted Total Synthesis of 14,15-Dehydro-Ritterazine Y 
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Synthesis of 1.114: Potassium ferricyanide (K3Fe(CN)3, 988 mg, 3.0 equiv) was dissolved 

in water (5 mL). Potassium carbonate (K2CO3, 415 mg, 3.0 equiv) and potassium 

osmate(VI) dihydrate (K2OsO4(OH)4, 6 mg, 2 mol%) were added to the solution. 

(DHQ)2PHAL (hydroquinine 1,4-phthalzainediyl diether, 77 mg, 10 mol%) was first 

dissolved in tert-butanol (5 mL) and then added to the water mixture. The t-BuOH:H2O 

mixture was stirred vigorously at 0ºC under argon gas. The starting material 1.63 (560 

mg, 1.00 mmol) was dissolved in minimum amount of dichloromethane (DCM, < 1mL) 

and then added to the solution dropwise. The reaction mixture was vigorously stirred at 

4ºC for 18+ hours. Once the completion of the reaction was determined via thin layer 

chromatography, t-BuOH was removed in vacuo, and the mixture was subject to work-up 

(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(1:1 to 1:10 hexane/ethyl acetate) to afford the desired product (365 mg, 0.614 mmol, 

61%). 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.115: The starting material 1.114 (approx. 824 mg, < 1.39 mmol) was 

dissolved in dichloromethane (DCM). tert-Butyldimethylsilyl chloride (TBSCl, 251 mg, 

1.2 equiv), imidazole (472 mg, 5.0 equiv), and 4-Dimethylaminopyridine (DMAP, 17 

mg, 10 mol%) were added to the solution in one portion. The mixture was stirred at room 

temperature under argon. Extra TBSCl was added when necessary. Once the completion 

of the reaction was determined via thin layer chromatography, the mixture was subject to 

work-up (DCM/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(8:1 to 1:1 hexane/ethyl acetate)  to afford the desired product with some residual 

solvent (785 mg, < 1.11 mmol, < 80%) as yellow oil. 1H NMR (300 MHz, CDCl3) δ 

8.10–7.92 (4H, m), 7.59–7.32 (6H, m), 5.47 (1H, s), 4.77 (2H, d, J = 8.1 Hz), 4.71–4.63 

(2H, m), 3.92– 3.85 (1H, m), 3.30–3.28 (1H, m), 2.25–2.20 (1H, m), 2.09 (1H, s), 1.98 

(3H, s), 1.51 (3H, s), 1.21 (3H, s), 0.86 (3H, s), 0.81 (9H, s), 0.0 (6H, s). 
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Synthesis of 1.116: The starting material 1.115 (approx.. 785 mg, < 1.11 mmol) was 

dissolved in dichloromethane (DCM, 10 mL, 0.1 M). Triethylamine (Et3N, 336 mg, 3.0 

equiv), magnesium bromide diethyl etherate (MgBr2•OEt2, 572 mg, 2.0 equiv), and 

benzoyl anhydride (Bz2O, 751 mg, 3.0 equiv) were added to the solution. The mixture 

was stirred at room temperature under argon for 12+ hours. Once the completion of the 

reaction was determined via thin layer chromatography, methanol was added to the 

reaction mixture to quench excess reagents. The solvent was removed in vacuo before 

proceeding to work-up (ethyl acetate/water). The resulting organic layer was washed with 

brine and dried over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (15:1 to 2:1 hexane/ethyl acetate) to afford the desired product with 

residual solvent (923 mg, <1.14 mmol 103%) as yellow oil. 1H NMR (300 MHz, CDCl3) 

δ 8.10–7.92 (4H, m), 7.59–7.32 (6H, m), 5.47 (1H, s), 4.77 (2H, d, J = 8.1 Hz), 4.71–4.63 

(2H, m), 3.92– 3.85 (1H, m), 3.30–3.28 (1H, m), 2.25–2.20 (1H, m), 2.09 (1H, s), 1.98 

(3H, s), 1.51 (3H, s), 1.21 (3H, s), 0.86 (3H, s), 0.81 (9H, s), 0.0 (6H, s). 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 1.117: The starting material 1.116 (approx. 923 mg, < 1.14 mmol) was 

dissolved in dichloromethane (DCM). The solution was cooled down to 0ºC. Boron 

trifluoride diethyl etherate (BF3•OEt2, 468 mg, 3.0 equiv) was added to the solution 

dropwise under argon gas via dropping funnel. The reaction mixture was stirred at 0ºC 

for 1 hour. Once the completion of the reaction was determined via thin layer 

chromatography, the mixture was subject to work-up (DCM/aqueous sodium 

bicarbonate). The resulting organic layer was washed with brine and dried over sodium 

sulfate. The crude mixture was purified via silica gel chromatography (4:1 hexane/ethyl 

acetate)  to afford the desired product (657 mg, 0.940 mmol, 78% over 4 steps) as 

yellow oil. 1H NMR (300 MHz, CDCl3) δ 8.03–7.94 (4H, m), 7.58–7.36 (6H, m), 5.45 

(1H, s), 4.75–4.63 (4H, m), 3.94 (1H, s), 3.84–3.79(1H, m) 2.22 (1H, t, J = 7.8 Hz), 2.20–
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2.09 (1H, m), 1.99 (4H, s), 1.48 (3H, s), 1.21 (3H, s), 0.89 (3H, s), 0.83 (3H, s). 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 1.118: Iodobenzene diacetate (PhI(OAc)2, 483 mg, 3.0 equiv) was dissolved 

in dichloromethane (DCM, 2 mL). Finely crushed iodine (I2, 380 mg, 3.0 equiv) was 

added to the solution, and then cyclohexane (4 mL) was added to the mixture. The 

mixture was vigorously stirred under argon gas and cooled down to 0ºC. The starting 

material 1.117 (320 mg, 0.458 mmol) was dissolved in minimum amount of DCM and 

then added to the mixture dropwise. The reaction mixture was stirred at 0ºC for 6 hours 

under ambient light and argon gas. Once the completion of the cyclization was 

determined via thin layer chromatography, sodium thiosulfate was added to quench the 

radicals. The resulting mixture was subject to work-up (DCM/water). The resulting 

organic layer was washed with brine and dried over sodium sulfate. The crude mixture 

was purified via preparative silica thin layer chromatography (4:1 hexane/ethyl acetate) 

to afford the desired product (154 mg, 0.221 mmol, 48%). 1H NMR (300 MHz, CDCl3) δ 

8.01–7.95 (4H, m), 7.55–7.24 (6H, m), 5.46 (1H, s), 4.91 (1H, d, J = 8.1 Hz), 4.63 (1H, 

dd, J = 5.2 and 11.4 Hz), 4.07–4.02 (1H, m), 3.69 (1H, d, J = 12.3 Hz), 2.48 (1H, s), 2.44 

(1H, d, J = 8.4 Hz), 2.15–2.08 (1H, m), 1.99 (3H, s), 1.49 (3H, s), 1.20 (6H, s), 0.87 (3H, 

s). 1H NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.119: The starting material 1.118 (95 mg, 0.14 mmol) was dissolved in 

minimum amount of dichloromethane and then added to methanol (9 mL, 0.0015 M). The 

solution was stirred at 0ºC under argon gas. Potassium carbonate (K2CO3, 19 mg, 1.0 

equiv) was added to the mixture in one portion. The reaction was slow, so another 

equivalent of K2CO3 was added to the mixture. However, the methanolysis did not 

progress after 70% conversion. Solvent was removed before proceeding to work-up 

(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 
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(2:1 hexane/ethyl acetate) to afford the desired product (50 mg, 0.076 mmol, 56%) and 

the recovered starting material. 

 

Synthesis of 1.120: The starting material 1.119 (48 mg, 0.073 mmol) was dissolved in 

acetone (1.0 mL, 0.073 M). The solution was cooled down to 0ºC and vigorously stirred. 

Jones reagent (2.7 M CrO3 in H2SO4) was added dropwise until the color changes from 

yellow to orange. Once the completion of the oxidation was determined via thin layer 

chromatography, aqueous sodium bicarbonate was added dropwise to neutralize pH. The 

color changes from orange to green. The solids in the resulting mixture were removed via 

gravity filtration. The solvent of the filtrate was removed in vacuo before proceeding to 

work-up (ethyl acetate/water). The resulting organic layer was washed with brine and 

dried over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (4:1 hexane/ethyl acetate) to afford the desired product (24 mg, 0.037 

mmol, 50%).  

 

Synthesis of 1.121: The staring material 1.120 (24 mg, 0.037 mmol) was dissolved in 

tetrahydrofuran (THF, 1.6 mL). Hydrogen bromide in acetic acid (HBr 33% w/v in 

AcOH, 1 µL, 10 mol%) was added to the solution, and the solution was cooled down to 

0ºC under argon gas. Phenyltrimethylammonium bromide (PTAB, 14 mg, 1.0 equiv) was 

dissolved in 0.4 mL THF and added to the mixture dropwise. The mixture was stirred at 

0ºC for 15 minutes. Once the completion of the bromination was determined via thin 

layer chromatography (The Rf was indistinguishable between the starting material and the 

desired product, but p-anisaldehyde stain colors are different.), sodium thiosulfate was 

added to the mixture to quench the radicals before proceeding to work-up (ethyl 

acetate/water). The resulting organic layer was washed with brine and dried over sodium 

sulfate. The crude mixture was purified via silica gel column chromatography (4:1 

hexane/ethyl acetate) to afford the desired product with some dibromide impurities (28 

mg, < 0.038 mmol, < 103%).  
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Synthesis of 1.122: The starting material 1.121 (28 mg, < 0.038 mmol) was dissolved in 

nitrosomethane (CH3NO2, 2 mL). The solution was stirred and cooled down to 0ºC under 

argon gas. N,N,N’-N’-tetramethylguanidinium azide (TMG-N3, 29 mg, 4.0 equiv) was 

dissolved in minimum amount of CH3NO2 (0.5 mL) and added to the mixture dropwise 

over a period of 10 minutes. The reaction mixture was brought to room temperature and 

stirred for 6 hours. The completion of the reaction could not be determined via thin layer 

chromatography (Same Rf). The mixture was subject to work-up (ethyl acetate/water), 

and the resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (2:1 hexane/ethyl 

acetate) to afford the desired product (9.3 mg, 0.016 mmol, 41%). 1H NMR (300 MHz, 

CDCl3) δ 8.01–7.95 (4H, m), 7.68–7.62 (2H, m), 7.56–7.34 (4H, m), 5.50 (1H, s), 4.06–

4.02 (3H, m), 3.68 (1H, d, J = 12.0 Hz) 2.47 (1H, t, J = 8.7 Hz), 2.37 (1H, s), 2.32–2.30 

(1H, m), 2.02 (3H, s), 1.49 (3H, s) 1.23 (3H, s), 1.13(3H, s), 0.87 (3H, s). 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 1.123: Mercury(II) acetate (Hg(OAc)2, 289 mg, 1.1 equiv) was dissolved in 

tetrahydrofuran (THF, 2.8 mL)/water (2.0 mL) mixture. The mixture was stirred at room 

temperature under argon in the dark. The starting material 1.63 (454 mg, 0.810 mmol) 

was dissolved in tetrahydrofuran (THF, 3.2 mL) and added dropwise. The reaction 

mixture was stirred at room temperature in the dark for 20 hours. Once the completion of  

the oxymercuration was determined via thin layer chromatography, sodium borohydride 

(NaBH4, 610 mg, 20 equiv) was added over a period of 25 minutes, and the reaction 

mixture was stirred at room temperature in the dark for 1 hour. Once the completion of 

the demercuration was determined via thin layer chromatography, the mixture was 

subject to work-up (ethyl acetate/brine). The resulting organic layer was washed with 

brine and dried over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (2:1 hexane/ethyl acetate) to afford the desired product (368 mg, 0.636 
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mmol, 79%). 1H NMR (300 MHz, CDCl3) δ 8.00–7.97 (2H, m), 7.52–7.48 (1H, m), 

7.41–7.28 (1H, m), 5.40 (1H, s), 4.78 (1H, d, J = 5.1 Hz), 4.19 (1H, d, J = 7.8 Hz), 4.64 

(1H, m), 4.55 (1H, m), 2.20–2.11 (1H, m), 2.09–1.97 (1H, m), 1.94 (3H, s), 1.18 (3H, s), 

1.13 (6H, s), 0.83 (3H, s), 0.80 (3H, s). 

 

Synthesis of 1.124: Iodobenzene diacetate (PhI(OAc)2, 342 mg, 2.0 equiv) was dissolved 

in dichloromethane (DCM, 4.5 mL). Finely crushed iodine (I2, 269 mg, 2.0 equiv) was 

added to the solution, and then cyclohexane (9 mL) was added to the mixture. The 

mixture was vigorously stirred under argon gas and cooled down to 0ºC. The starting 

material 1.123 (307 mg, 0.530 mmol) was dissolved in minimum amount of DCM and 

then added to the mixture dropwise. The reaction mixture was stirred at 0ºC for 4 hours 

under ambient light and argon gas. Once the completion of the cyclization was 

determined via thin layer chromatography, sodium thiosulfate was added to quench the 

radicals. The resulting mixture was subject to work-up (DCM/water). The resulting 

organic layer was washed with brine and dried over sodium sulfate. The approximate 

ratio of 22α:22β was 1:1. The 22β epimer was converted to 22α epimer by dissolving the 

crude mixture in DCM and introducing HCl gas. The resulting crude mixture was 

purified via silica gel column chromatography (4:1 hexane/ethyl acetate) to afford the 

desired product (210 mg, 0.364 mmol, 69%) 1H NMR (300 MHz, CDCl3) δ 8.03–8.00 

(2H, m), 7.56–7.51 (1H, m), 7.44–7.39 (2H, m), 5.43 (1H, s), 4.93 (1H, d, J = 6.6 Hz), 

4.66– 4.64 (1H, m), 4.62–4.57 (1H, m), 2.46–2.41 (1H, m), 1.99 (3H, s), 1.32 (3H, s), 

1.22 (6H, s), 1.09 (3H, s), 0.87 (3H, s). 

 

Attempted synthesis of 1.125: The starting material 1.124 (158 mg, 0.274 mmol) was 

dissolved in methanol (10 mL, 0.03 M). The solution was cooled down to 0ºC. Potassium 

carbonate (K2CO3, 38 mg, 1.0 equiv0 was added to the solution in one portion, and the 

mixture was stirred at 0ºC for 0.5 hours –20ºC for 12 hours. The starting material did not 

completely disappear; meanwhile, the debenzoylated product was observed along with 



 59 

the desired product. The solvent was dried, and the mixture was subject to work-up (ethyl 

acetate/water). The crude mixture was not purified further.  

 

Synthesis of 1.127: Ritterazine south Y 1.122 (9.3 mg, 0.013 mmol) and approximately 

60% pure 14,15-dehydro-north Y 1.126 (obtained from a colleague, 14.5 mg, 1.2 equiv) 

were dissolved in benzene (5 mL, density 0.88). Poly(4-vinylpyridine) (PVP, 39 mg) was 

added to the mixture. Dibutyltin dichloride (Bu2SnCl2, 0.9 mg, 20 mol%) was added to 

the mixture under argon. The mixture was refluxed for 14 hours. Dean-Stark apparatus 

was used to trap water (d 1.00), and the cotton pads were wrapped around the trap to 

reduce heat losses. Once the completion of the coupling was determined via thin layer 

chromatography, PVP was removed from the reaction mixture via gravity filtration. The 

filtrate was subject to work-up (ethyl acetate/water), and the resulting organic layer was 

washed with brine and dried over sodium sulfate. The crude mixture was purified via 

silica gel column chromatography (4:1 hexane/ethyl acetate) to afford the protected 

14,15-dehydro-ritterazine Y (4.2 mg, 0.0035 mmol, 27%). Attempted crystallization of 

1.127 was unsuccessful, and the amount of the material was too small to carry out the 

final global deprotection reaction. Eventually, the final target product 1.128 was 

synthesized in the Lee group. 1H NMR (CDCl3) spectrum is available. hrMS (CI) of 

1.128 is available. All other spectral data of 1.128 and the synthesis intermediates are 

available elsewhere.63 

 
1.5. Miscellaneous Projects 

1.5.1.  Hypoiodite-Mediated Aminyl Radical Cyclization Study64 

 

All cephalostatins and ritterazines (marine bis-steroids) have one or more spiroketals. 

Similarly, plant mono-steroidal natural products, such as solasodine (1.129), solamargine 

(1.130), and tomatidine (5,6-saturated 1.129 with 22β oxazaspiroketal) possess an 

oxazaspiroketal (spiroketal) moiety. Solasodine is an alkaloid found in Solanaceae 

(nightshades) family. Solasodine was reported to stop the growth of RAD-deficient yeast 
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strains RS 322 YK (rad52Y), RS 321, and RS 167 N (rad6).65 RADs are central genes for 

yeast’s DNA repair, so it was suggested that solasodine may target DNA.65 The N-

acetylated solasodine derivative was inactive, making the authors think that the 

oxazaspiroketal moiety might be related to its cytotoxic activity.65 Their proposed 

mechanism of solasodine (Scheme 1.10), interestingly, is very similar to the proposed 

mechanism of cephalostatin (Scheme 1.2). The Lee group was interested in replacing the 

spiroketal moiety of cephalostatin analog with the oxazaspiroketal moiety and how this 

replacement affects the bioactivity. 

 

Scheme 1.10. Kingston’s Proposed Mechanism of Solasodine 

 
 

One of the frequently used methods for oxazaspiroketal formation is intramolecular 

hydrogen abstraction reaction (Suárez oxidation) that is promoted by nitrogen radicals. 

The reaction generally requires a radical stabilizing group, such as N-acetyl, N-sulfonyl, 

or N-phosphoryl groups.66,67,68,69 The Lee group demonstrated that iodobenzene 

diacetate/iodine (PhI(OAc)2/I2)70, can be used to synthesize an oxazaspiroketal without 

the radical stabilizing group. (Scheme 1.11).64,71 We were interested in seeing whether 

our new reaction could be applied to cephalostatin/ritterazine analogs. 

 

We have learned from the solasodine synthesis that our reaction conditions did not 

convert the substrate 1.133, which has a remotely located ∆5,6 (Scheme 1.11).64 My 

attempts to apply the reaction conditions on 12β-OH, ∆14,15 compound 1.135 were not 

successful. During my ten attempts with almost identical reaction conditions, I obtained 
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the desired product (1.136, 22α- 5/6 oxazaspiroketal), the epimer (1.137, 22β- 5/6 

oxazaspiroketal), and the vicinal diol product (1.138). Controlling the formation of the 

desired product was impossible whenever the scale of the reaction was > 0.1 mmol. On 

the other hand, compounds without ∆14,15 (1.139 and 1.140) gave clean reactions and the 

desired products with good yields.  
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Scheme 1.11. Hypoiodite-Mediated Aminyl Radical Cyclization of ∆14 Steroids 

 
 
Synthesis of 1.136, 1.137, and 1.138: The starting material 1.135 can be prepared from 

1.72 in 2 steps (azide substitution followed by Staudinger reaction/hydrolysis). 
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Iodobenzene diacetate (PhI(OAc)2, 3.0 equiv) was dissolved in dichloromethane (DCM, 

0.03 to 0.1 M). Finely crushed iodine (I2, 2.0 equiv) was added to the solution, and the 

mixture was cooled down to 0ºC under argon gas. A reptile UVA/UVB sun lamp (Model 

LF-17, Zoo Med Laboratories, Inc.) was set up just above the reaction flask. 1.135 was 

dissolved in minimum amount of DCM and added to the mixture dropwise. The mixture 

was stirred at 0ºC for 1 hour. Once the completion of the reaction was determined via thin 

layer chromatography, aqueous sodium thiosulfate was added to the mixture to quench 

the radicals. The solvent was removed in vacuo, and the mixture was subject to work-up 

(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(2:1 hexane/ethyl acetate with 0.5% Et3N) or preparative thin layer chromatography to 

afford the relevant product. 1H NMR (CDCl3), 13C NMR (CDCl3), hrMS (ESI), COSY 

(CDCl3), NOESY (CDCl3), and HSQC (CDCl3) spectra of 1.136 are available. 1H NMR 

(CDCl3), 13C NMR (CDCl3), and hrMS (ESI) spectra of 1.137 are available. 1.136 and 

1.137 have identical carbon chemical shifts and m/z, but they show different proton 

chemical shifts. 1H NMR (CDCl3), lrMS (ESI), and hrMS (ESI) spectra of 1.138 are 

available. 

 

Synthesis of 1.141 and 1.142: The starting material 1.140 or 1.141 can be prepared from 

1.139 or 1.65 similar to the preparation of 1.135 from 1.65. (∆5,6 of 1.139 was reduced via 

palladium-catalyzed hydrogenation. See Synthesis of 1.153 for details.) Iodobenzene 

diacetate (PhI(OAc)2, 1.5 to 3.0 equiv) was dissolved in dichloromethane (DCM, 0.03 to 

0.1 M). Finely crushed iodine (I2, 1.0 to 2.0 equiv) was added to the solution, and the 

mixture was cooled down to 0ºC under argon gas. A reptile UVA/UVB sun lamp (Model 

LF-17, Zoo Med Laboratories, Inc.) was set up just above the reaction flask. 1.140 or 

1.141 was dissolved in minimum amount of DCM and added to the mixture dropwise. 

The mixture was stirred at 0ºC for 20 to 30 minutes. Once the completion of the reaction 

was determined via thin layer chromatography, aqueous sodium thiosulfate was added to 
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the mixture to quench the radicals. The solvent was removed in vacuo, and the mixture 

was subject to work-up (ethyl acetate/water). The resulting organic layer was washed 

with brine and dried over sodium sulfate. The crude mixture was purified via silica gel 

column chromatography (4:1 hexane/ethyl acetate with 0.5% Et3N) to afford the relevant 

product. The reaction of 1.140 afforded 1:1 mixture, but one isomer (likely to be 22β) 

was converted to another during silica gel column chromatography. The reaction of 1.141 

afforded a single product. 1H NMR (CDCl3) spectrum of 1.142 is available. 1H NMR 

(CDCl3) spectrum of 1.143 is available. 
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1.5.2.  Syntheses of Osh4-binding Steroids72 

 

Osh4 (also known as Kes1) is a yeast OSBP-related-protein (ORP) that regulates the 

transportation of autooxidated cholesterols, or oxysterols.43 Each oxysterol (more than 12 

were identified in human) is thought to cause a different effect on a cell. But in general, 

oxysterols cause an inhibition of sterol biosynthesis (e.g. HMG-CoA reductase) and 

potentially induce apoptosis.73 X-ray structure of Osh4 from Saccharomyces cerevisiae 

complexed with 7-, 20-, or 25-hydroxyl cholesterol (1.444, 1.445, 1.446) by Im and 

Hurley43 shows the structure of the enzyme and potential mechanism of the sterol 

transportation. All the three oxysterols were found at the center of the “barrel” in a head-

down orientation, and the short N-terminal helix residues (1–29) work as a “lid” of the 

barrel. (The “barrel” is made of antiparallel “half” β-barrel and two α helices.) The major 

interaction force between the Osh4 and the oxysterols appears to be van der Waals and 

hydrogen bonding. It also appears that the number of the hydrogen bonds affects the 

binding affinity (Osh4-1.147 Kd 300 nM; Osh4-1.146 Kd 55 nM).43 When the authors 

compared the structure of the apo form (without oxysterol) and the holo form (with 

oxysterol), they found that the lid was only closed when oxysterol is bound to the 

enzyme. The lid is thought to prevent the sterol from being released to cytosol during the 

membrane-to-membrane transportation.43,74 They also found that the α7-helix, which is 

adjacent to the N-terminal lid, moves approximately 15 Å from holo to apo (Figure 

1.11).43 
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Figure 1.11. The structure of Osh4.  
(Top) Structures of cholesterol and oxysterols. (Bottom Left) Superimposed structure of Osh4-apo truncated 

(gray, PDB ID :1ZI7, no N-terminal “lid”) and Osh4-1.146 (rainbow, PDB ID: 1ZHX). Side View. (Bottom 

Right) Top view. The images were rendered via UCSF Chimera.75 

 

The Lee group looked into the possibility of discovering new high-affinity ORP-binding 

small molecules via X-ray structure of Osh4. (The structures of human ORPs has not 

been solved.) Specifically, we synthesized cholesterol analogs and analyzed how Osh4 

interacts with them via X-ray crystallography and differential scanning fluorimetry 

(DSF).  
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Scheme 1.12. Syntheses of High-Affinity Osh4-Binding Small Molecules 1.150 and 

1.152 

 
 
Synthesis of 1.148: The starting material 1.139 was acetylated first. (See Synthesis of 

1.66 for details.) Acetylated 1.139 (918 mg, 2.00 mmol) was dissolved in chloroform (50 

mL). Sodium bicarbonate (NaHCO3, 6.1 g, 36.5 equiv) was dissolved in minimum 
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amount of 1.0 mM disodium ethylenediaminetetraacetate dihydrate aqueous solution 

(Na2EDTA) solution, and then it was added to the chloroform solution. Acetone (50 mL) 

was added to the mixture. Oxone® (Potassium peroxymonosulfate with 4.5% active 

oxygen, 6.45 g, 10.5 equiv) was dissolved in 1.0 mM Na2EDTA (50 mL) and added to 

the mixture dropwise at room temperature. The reaction mixture was vigorously stirred at 

room temperature for 18 hours. Once the completion of the oxidation was determined via 

thin layer chromatography, insoluble NaHCO3 was removed from the reaction mixture 

via gravity filtration. The solvent of the filtrate was removed in vacuo before proceeding 

to work-up (ethyl acetate/water). The crude mixture was purified via silica gel column 

chromatography (4:1 hexane/ethyl acetate) to afford the desired product (630 mg, 1.29 

mmol, 64%).  

 

Synthesis of 1.149 and 1.150: The starting material 1.148 (488 mg, 1.00 mmol) was 

dissolved in dry acetonitrile (24 mL). Sodium iodide (NaI, 2.4g, 16 equiv) was added to 

the solution. The mixture was stirred at room temperature under argon gas. Trimethylsilyl 

chloride (TMSCl, 435 mg, 4.0 equiv) was added to the mixture dropwise, and the mixture 

was stirred at room temperature for 30 minutes. Once the completion of the reaction was 

determined via thin layer chromatography, sodium thiosulfate was added to the reaction 

mixture. The solvent was removed in vacuo before proceeding to work-up (ethyl 

acetate/water). The resulting organic layer was washed with brine and dried over sodium 

sulfate. The crude mixture was purified via silica gel column chromatography (8:1 

hexane/ethyl acetate) to afford the desired product 1.149 (149 mg, 0.256 mmol, 26%). 

The methanolysis of 1.149 gave 1.150. 1H NMR (CDCl3) and 13C NMR (CDCl3) spectra 

of 1.149 are available. 1H NMR (CDCl3) spectrum, lrMS (ESI) spectrum, and 

crystallographic table of Osh4-1.150 are available (Table 1.6). 

 

Synthesis of 1.151 and 1.152: Zinc dust was activated by adding 1 g of zinc into 10 mL 

THF followed by the addition of 0.15 mL of trimethylsilyl chloride (TMSCl). After 
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stirring the mixture for 30 minutes, zinc was filtered and washed with THF multiple 

times. The starting material 1.149 (28 mg, 0.048 mmol) and the activated zinc were 

added to tetrahydrofuran (5 mL). Glacial acetic acid (75 µL, 27 equiv) was added to the 

mixture dropwise. The mixture was stirred at room temperature for 1 day. Once the 

completion of the reaction was determined via thin layer chromatography, the solvent 

was removed in vacuo, and then the mixture was subject to work-up 

(dichloromethane/water). The resulting organic layer was washed with brine and dried 

over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (4:1 hexane/ethyl acetate) to afford the desired product 1.151. The 

methanolysis of 1.151 gave 1.152. 1H NMR (CDCl3) spectrum, lrMS (ESI) spectrum, and 

crystallographic table of Osh4-1.152 are available (Table 1.7). 

 

We obtained 1.8Å resolution X-ray structure of Osh4-1.150 (PDB ID: 4F4B) and 2.0Å 

resolution X-ray structures of Osh4-1.152 (PDB ID: 4FES, Figure 1.12) 
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Figure 1.12. Osh4 conformational change upon oxysterol binding. 
Superimposed structure of Osh4-apo truncated43 (gray, PDB ID: 1ZI7), Osh4-1.14643 (yellow, 1ZHX), 

Osh4-1.152 (orange, 4FES). (Top Left) Side view. (Top Right) Top view. (Bottom Left) Hydrogen bond 

network around the cholesterol ligand 1.146 (purple) and 1.152 (pink). (Bottom Right) Relative distances 

between K109 and K336 are 20Å (Osh4-apo), 4–5Å (Osh4-1.146), and 7Å (Osh4-1.152). The images were 

rendered via UCSF Chimera.75 *Note: The ligand in the PDB file 4FES has one extra carbon incorrectly 

attached to C26, and it needs to be removed. The structure of Osh4-1.150 (PDB ID: 4F4B) is almost 

identical to that of Osh4-1.152, therefore it was not shown here. 

 

The X-ray structure revealed that the conformation of the lid is similar to that of the 

Osh4-1.146 holo structure, but the conformation of the α7 helix is similar to that of the 

Osh4-apo. One possible explanation is that 1.152 causes Osh4 to adopt an intermediate 
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conformation between apo (open/relaxed) and holo (closed/tense). One possible hydrogen 

bond was identified between the protein and the ligand, and it was between 3β-OH of 

1.146/1.150/1.152 and Q96. Neither the C16 ketone or C22 ketone of 1.152 made any 

hydrogen bonds with the protein, but they slightly changed the geometry of the 

cholesterol side chain so that it could move P110 and K109, causing K109 to form 

hydrogen bonds with the backbone of S25 and L27, which are part of the N-terminal lid 

(Figure 1.12, Bottom Left). On the contrary, 25-OH of 1.146 only makes contact with 

K109 via two water molecules.43 Both K109 and K336 are highly conserved residues that 

are essential for function, and a mutation in any of those leads to severe reductions in 

basal cholesterol transport by Osh4.43,76 Im and Hurley43 proposed that K109–K336 may 

work as an electrostatic lock that dictates the movement of α7 helix from apo to holo 

(Figure 1.12, Bottom Right). 

 

Initially, it appeared that α7 helix works like a “door beam” behind the door (“lid”) that 

increases the stability and prevents the door from accidentally opening. However, our 

study suggested that this door does not increase the stability of the holo enzyme. Our 

DSF analysis suggested that Osh4-1.146 binding increased the melting point of the 

protein only by 3.9ºC.72 On the contrary, Osh4-1.152, which has apo-like α7 helix 

conformation, showed ∆Tm = 11.5ºC. The extra stability of Osh4-1.152 may be attributed 

to the K109-S25-L27 hydrogen bonds.72 

 

With this data, we attempted to synthesize a new small molecule that targets the critical-

for-function residue K109 of Osh4. However, the synthesis of the diazirine product was 

unsuccessful. 

 

Synthesis of 1.153: Dichloromethane (DCM, 30 mL) and ethanol (EtOH, 20 mL) were 

purged with argon gas for 10+ minutes. Commercially available 1.139 (diosgenin, 995 

mg, 2.4 mmol) was dissolved in DCM/EtOH mixture. Palladium in activated carbon 
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(Pd/C, 5% Pd, 250 mg, 1.0 equiv) was added to the mixture. Hydrogen gas (H2) balloon 

and the vacuum line were connected to the reaction mixture via 3-way stopcock. The 

mixture was vacuumed for 10 minutes, and the H2 was introduced to the mixture for 10 

minutes. This process was repeated multiple times while the mixture was being stirred at 

room temperature. The mixture was stirred at room temperature for 12+ hours. Once the 

completion of the reaction was determined via thin layer chromatography, the insoluble 

Pd/C was removed from the reaction mixture via gravity filtration. The solvent was 

removed in vacuo, and the mixture was purified via silica gel column chromatography 

(4:1 hexane/ethyl acetate) to afford the desired product (904 mg, 2.2 mmol, 90%). 1H 

NMR (CDCl3) spectrum is available. 

 

Synthesis of 1.154: The starting material 1.153 was acetylated first (For reference, see the 

synthesis of 1.66). Acetylated 1.153 (750 mg, 1.64 mmol) was dissolved in 

dichloromethane (DCM, 20 mL). Sodium bicarbonate (NaHCO3, 6.2 g, 45 equiv) was 

dissolved in minimum amount of 1.0 mM disodium ethylenediaminetetraacetate 

dihydrate aqueous solution (Na2EDTA) solution, and then it was added to the DCM 

solution. Acetone (20 mL) was added to the mixture. Oxone® (Potassium 

peroxymonosulfate with 4.5% active oxygen, 6.5 g, 13 equiv) was dissolved in 1.0 mM 

Na2EDTA (20 mL) and added to the mixture dropwise at room temperature. The reaction 

mixture was vigorously stirred at room temperature for 18 hours. The reaction did not 

progress after 50% conversion. Insoluble NaHCO3 was removed from the reaction 

mixture via gravity filtration. The solvent of the filtrate was removed in vacuo before 

proceeding to work-up (ethyl acetate/water). The crude mixture was purified via silica gel 

column chromatography (4:1 hexane/ethyl acetate)  to afford the recovered starting 

material (370 mg, 0.807 mmol) and the desired product (290 mg, 0.611 mmol, 37% or 

73%BORSM). 1H NMR (CDCl3) spectrum is available. 
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Synthesis of 1.157: The starting material 1.154 (100 mg, 0.211 mmol) was dissolved in 

dichloromethane (DCM). 1.156 can be prepared from commercially available 1.155 in 2 

steps (H2NOSO3OH/NH3(l)/MeOH at 0ºC followed by Et3N/I2/MeOH at 0ºC in the dark). 

1.156 (67 mg, 2.5 equiv) was added to the solution, and the mixture was cooled down to 

0ºC in the dark. N,N’-Dicyclohexylcarbodiimide (DCC, 65 mg, 1.5 equiv) was dissolved 

in minimum amount of DCM and added to the mixture. 4-Dimethylaminopyridine 

(DMAP, 3 mg, 10 mol%) was also dissolved in minimum amount of DCM and added to 

the mixture. The reaction mixture was stirred at 0ºC in the dark for 30 minutes and then 

at room temperature in the dark for 18 hours. The reaction generated multiple spots on 

thin layer chromatography. The purification target was selected by mixing a small portion 

of the crude mixture with toluene; there was one product that changed Rf in 2 hours, 

suggesting an adduct was formed. The mixture was subject to work-up (DCM/water) in 

the dark. The resulting organic layer was washed with brine and dried over sodium 

sulfate in the dark. The crude mixture was purified via preparative thin layer 

chromatography (1:1 hexane/ethyl acetate) to afford the desired product (106 mg, 0.181 

mmol, 86%). 1H NMR (CDCl3) and 13C NMR (CDCl3) spectra are available. 

 

Attempted synthesis of 1.158: The starting material 1.157 (106 mg, 0.181 mmol) was 

dissolved in methanol (5 mL) in the dark. Potassium carbonate (K2CO3, 13 mg, 0.5 equiv) 

was added to the solution, and the mixture was kept at 4ºC in the dark under argon for 1 

day. Once the disappearance of the starting material was determined via thin layer 

chromatography, the solvent was removed in vacuo before proceeding to work-up (ethyl 

acetate/water) in the dark. The resulting organic layer was washed with brine and dried 

over sodium sulfate in the dark. The crude mixture was purified via silica gel column 

chromatography (2:1 hexane/ethyl acetate), but the most nonpolar product turned out to 

be a double-hydrolyzed product. It appears that once the diazirine-containing ester was 

cleaved, the E/F rings were formed, generating deacetylated 1.154. 1H NMR (CDCl3) 

spectrum is available. 
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1.6. Spectral and Crystallographic Data 

 

Table 1.3. Compound Characterization Summary - Steroids (continued next page) 

Compound  
Known New 

1H 

NMR 

13C 

NMR 
Other MS HRMS X-ray 

1.63 ×  × ×     

1.64 
×  × × 

gCOSY, 

NOESY, 

gHSQC 

   

1.65 ×  ×      

1.66 ×  ×      

1.67 ×  ×      

1.68 ×  ×      

1.69 ×  ×      

1.70 ×  ×      

1.71 ×  ×      

1.72 ×  ×      

1.87  × × ×  × ×  

1.88  × × ×   ×  

1.89  × × ×   ×  

1.91  ×      × 

1.96  × × ×  × ×  

1.97  × × ×  × ×  

1.98  × × ×  × × × 

1.101  ×       

1.102  × × ×   ×  

1.103  × × ×   ×  

1.104  × ×      
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(Table 1.3, cont.) 

1.106  × × ×   ×  

1.107  × ×      

1.108  × × ×     

1.109 ×        

1.110  × ×      

1.111  × ×      

1.112  × ×      

1.114 ×  ×      

1.115 ×        

1.116 ×  ×      

1.117 ×  ×      

1.118 ×  ×      

1.119 ×        

1.120 ×        

1.121 ×        

1.122 ×  ×      

1.123 ×  ×      

1.124  ×       

1.125  ×       

1.127  × ×      

1.128  ×     ×  

1.135  × × ×   ×  

1.136 
 × × × 

gCOSY, 

NOESY, 

gHSQC 

 ×  

1.137  × × ×   ×  

1.138  × ×   ×   
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(Table 1.3, cont.) 

1.139 ×  ×      

1.140  × ×      

1.141  × ×      

1.142  × ×      

1.143  × ×      

1.148 ×        

1.149 ×  × ×     

1.150 ×  ×   ×  × 

1.151  ×       

1.152  ×    ×  × 

1.153 ×  ×      

1.154 ×  ×      

1.157  × × ×     

1.158  × ×      
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Table 1.4. Crystal Data and Structure Refinement for 1.91 
Empirical formula  C36 H48 O6 

 Formula weight  576.74 

 Temperature  153(2) K 

 Wavelength  0.71075 Å 

 Crystal system  Orthorhombic 

 Space group  P212121 

 Unit cell dimensions a = 8.721(2) Å α = 90°. 

 

b = 15.289(3) Å β = 90°. 

 

c = 23.947(4) Å γ = 90°. 

Volume 3193.0(11) Å3 

 Z 4 

 Density (calculated) 1.200 Mg/m3 

 Absorption coefficient 0.080 mm-1 

 F(000) 1248 

 Crystal size 0.48 × 0.27 × 0.12 mm 

 Theta range for data collection 3.16 to 27.48°. 

 
Index ranges 

-11<=h<=11, -19<=k<=19, -

31<=l<=31 
 

Reflections collected 44571 

 Independent reflections 4100 [R(int) = 0.069] 

 Completeness to theta = 27.48° 99.8% 

 Absorption correction Semi-empirical from equivalents 

 Refinement method Full-matrix least-squares on F2  

Refinement method Full-matrix least-squares on F2 

 Data / restraints / parameters 4100 / 0 / 386 

 Goodness-of-fit on F2 1.119 

 Final R indices [I>2sigma(I)] R1 = 0.0551, wR2 = 0.1498 

 R indices (all data) R1 = 0.0626, wR2 = 0.1550 

 Largest diff. peak and hole 0.268 and -0.261 e.Å-3 
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Table 1.5. Crystal Data and Structure Refinement for 1.98 
Empirical formula  C36 H50 O7 

 Formula weight  594.76 

 Temperature  100(2) K 

 Wavelength  0.71075 Å 

 Crystal system  Orthorhombic 

 Space group  P212121 

 Unit cell dimensions a = 10.3691(5) Å α = 90°. 

 

b = 10.9021(6) Å β = 90°. 

 

c = 28.0269(15) Å γ = 90°. 

Volume 3168.3(3) Å3 

 Z 4 

 Density (calculated) 1.247 Mg/m3 

 Absorption coefficient 0.085 mm-1 

 F(000) 1288 

 Crystal size 0.30 × 0.05 × 0.05 mm 

 Theta range for data collection 3.08 to 27.48°. 

 
Index ranges 

-13<=h<=13, -14<=k<=13, -

36<=l<=36 
 

Reflections collected 56282 

 Independent reflections 4077 [R(int) = 0.0666] 

 Completeness to theta = 27.48° 99.70% 

 Absorption correction None 

 Refinement method Full-matrix least-squares on F2 

 Data / restraints / parameters 4077 / 0 / 398 

 Goodness-of-fit on F2 1.366 

 Final R indices [I>2sigma(I)] R1 = 0.0534, wR2 = 0.1053 

 R indices (all data) R1 = 0.0593, wR2 = 0.1070 

 Largest diff. peak and hole 0.236 and -0.245 e.Å-3 
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Table 1.6. Data Collection and Refinement Statistics for Osh4-1.150. 
PDB accession code 4F4B 

Space group P 1 

Cell constants a = 51.123, b = 65.397, c = 82.314Å, α = 95.56, β = 

100.28, γ = 95.91º 

Resolution (Å) 20–1.87 (1.90–1.87) 

Rmerge (%) 0.059 (0.626) 

<I/I> 9.6 (1.47) 

Completeness (%) 96.0 (95.0) 

Unique reflections 81,133 

Redundancy 1.9 

# of residues 852 

# of protein atoms 6712 

# of ligand atoms 62 

# of solvent atoms 278 

Rworking 0.214 

Rfree 0.270 

Average B factor for protein atoms (Å2) 22.727 

Average B factor for ligand atoms (Å2) 26.077 

Average B factor for solvent atoms (Å2) 24.952 

Rms deviation from ideality 

bonds (Å) 0.019 

angles (º) 2.030 

Ramachandran plot 

% of residues in most favored region 96.52 

% of residues in additional allowed region 2.88 

Values in parentheses correspond to highest resolution shell. 
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Table 1.7. Data Collection and Refinement Statistics for Osh4-1.152. 
PDB accession code 4FES 

Space group P 1 

Cell constants a = 51.655, b = 65.776, c = 82.028Å, α = 96.73, β = 

99.62, γ = 96.40º 

Resolution (Å) 20–2.0 (2.03–2.0) 

Rmerge (%) 0.069 (0.350) 

<I/I> 9.1 (2.22) 

Completeness (%) 97.0 (95.3) 

Unique reflections 69,049 

Redundancy 1.9 

# of residues 851 

# of protein atoms 6798 

# of ligand atoms 62 

# of solvent atoms 299 

Rworking 0.205 

Rfree 0.266 

Average B factor for protein atoms (Å2) 27.005 

Average B factor for ligand atoms (Å2) 17.000 

Average B factor for solvent atoms (Å2) 26.690 

Rms deviation from ideality 

bonds (Å) 0.019 

angles (º) 2.011 

Ramachandran plot 

% of residues in most favored region 95.73 

% of residues in additional allowed region 4.15 

Values in parentheses correspond to highest resolution shell. 
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CHAPTER 2.  SYNTHESES OF NUCLEOSIDE ANALOGS 

2.1. DNA from a Chemical Point of View 
2.1.1.  Function of DNA  

 

We are living in a world of advanced computer technology. Computers are now capable 

of handling highly complex information, and they are being programmed to learn things 

on their own, making impossible things possible, such as virtual reality or self-driving. 

But if we look at the core of the computer technology, we find that all the information is 

stored in 0 (off) and 1 (on). Similar to the binary digital switch of computer, living 

organisms use quaternary digital switch (nucleobases) – adenine (A), thymine (T), 

cytosine (C), and guanine (G) – to store the information (Figure 2.1). 

 

 
Figure 2.1. The information code of computers versus living organisms. 

 

We commonly use the word “DNA” to refer to this digital coding system of living 

organisms. Humans have approximately 3 billion DNA bases. The 3 billion bases are 

divided into 23 pairs of strings, and they exist in densely packed forms, which is called 

chromosomes. The structures of DNA bases and their assembly is illustrated in Figure 2.2 

and Figure 2.3. 
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Figure 2.2. The building blocks of DNA and the double helix formation. 
RNA uses uracil (U) base (2.5) instead of thymine (T) base. 
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Figure 2.3. Structure of DNA and its packing. 

 

DNA is the master blueprint of the organism. The DNA of a given organism contains all 

the necessary instructions to build and maintain every cell (the smallest structural and 

functional unit of the organism) of the organism. Therefore, DNA is duplicated, guarded, 

and regulated. For example, humans have about 37 trillion cells, and most of them have a 

copy of the DNA. A cell keeps DNA in a subcompartment called nucleus, and the entry 

to the nucleus is tightly controlled. The access of the information is only possible when 

the tightened coil of the chromosomes is loosened and relaxed.  

 

98% of the DNA sequences do not encode any meaningful information. The 2% encodes 

messenger RNAs, which in turn is translated to polypeptides. A polypeptide is a string of 

amino acids, and it self-assembles into a three-dimensional protein. Proteins are the 

building blocks of the cells; they are involved in resource uptake, resource 
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transformation, and cell construction. Through multiple replications, each cell becomes 

specialized to take a specialized role in the organism (e.g. eye vs. skin), and the cell does 

it by controlling which genes to express and which genes to turn off. The instructions are 

influenced by both the parent cell and by the outside signals. 

 

DNA is not completely free from data breach, just like any online banking. Mistakes can 

be made when the DNA is copied during replication; a reactive chemical may invade the 

cell and corrupt the DNA; it could be a virus that infiltrates into the cell and modify the 

genetic information. In human, DNA damage occurs more then 10,000 times per cell per 

day. 

 

Organisms have evolved to encode certain sequences that are programmed to produce 

many proteins that participate in repairing DNA damage. Each DNA keeps a 

complementary strand, whose bases are paired with the bases of the template strand. A is 

paired with T, and C is paired with G. The two strands form a double helix. This 

template-complementary duplex system in Earth organisms makes repair easy. Most of 

the modifications on any of the bases cause anomalies in the double helix structure, and 

the DNA repair machinery that regularly monitors the DNA structure quickly responds 

when an anomaly is detected. 

 

DNA damage and DNA repair are very popular topics in modern biomedical research, 

and researchers attempt to understand the molecular mechanisms of the marvelous repair 

process. 

 

2.1.2.  Structure of DNA 

 

DNA is a polymeric structure. Each subunit of the polymer consists of one of the four 

nucleobases (A, T, C, or G), the 2’-deoxyribose sugar, and the triphosphate group (Figure 
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2.2). Polymerization of DNA subunits is catalyzed by DNA polymerase, which help 

connect the 3’-OH of one subunit to the first phosphate group of the incoming subunit. 

As a result, the diphosphate leaves, preventing the reversible reaction. The resulting 

linkage is called as the “phosphodiester bond.” The polymerization makes the formation 

of the helix possible.  

 

The shape of DNA helix is dictated by the sugar that is connected to the base. 

Energetically, 2’-deoxyribose sugar in DNA adopts the C2’-endo sugar pucker, making 

the helix rise right-handed with the 3.4Å pitch. This form of the helix is referred as B-

form. On the contrary, RNA is composed of ribose sugar with 2’-OH, which adopts C3’-

endo sugar pucker. As a result, its helix structure is different from that of DNA, and it is 

referred as A-form (Figure 2.4). 
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Figure 2.4. Structure of DNA double helix. 
(Left) B-form helix (PDB ID: 1BNA77) and its predominant sugar pucker. (Right) A-form helix (PDB ID: 

413D78) and its predominant sugar pucker. 
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Nucleobase is the component that is ultimately responsible for the genetic information. 

Each nucleobase is a flat organic heterocycle, and it can be classified as either purine (A, 

G) or pyrimidine (C, T) depending on the size. Each nucleobase is connected to the 

ribose sugar via glycosidic bond. Each nucleoside has a unique hydrogen-bond 

donor/acceptor pattern, which makes the base pairing possible with the complementary 

base. Although Watson-Crick base pairs are considered “canonical,” other base paring 

modes are known to exist as well. (Figure 2.5). Occasionally, more than two bases can 

participate in H-bonds formation (Figure 2.6). In addition, various endogenous and 

exogenous chemicals modify the nucleobases and cause them to form non Watson-Crick 

bases. In general, non Watson-Crick base parings are closely related to mutation and 

carcinogenesis. 
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Figure 2.5. Biologically relevant DNA base pairing modes. 
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Figure 2.6. Biologically relevant DNA base pairing modes that involve more than two 

bases. 

 

2.1.3.  Chemical Modifications of DNA 

 

Manipulating DNA (nucleobase, nucleoside, or nucleotide) by means of chemistry is a 

powerful tool that allows scientist to analyze the effect of the altered DNA in a controlled 

setting. In addition, manipulated DNA can be used as a drug when it is incorporated 

during the DNA synthesis and thereby inhibiting cell replication. Some scientists use 
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manipulated DNA in an attempt to create a synthetic lifeform. Numerous DNA-like 

molecules exist, so it is impossible to comprehensively list every DNA analog. Instead, a 

few select molecules are shown here (Figure 2.7). 
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Figure 2.7. A few examples of nucleoside analogs. 
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Nature produces several nucleosides that do not contain adenine, guanine, cytosine, 

thymine, or uracil. (2.14, 2.15, and 2.16). If N1 of pyrimidine or N9 of purine is replaced 

with C, the compound is called C-nucleosides (2.14, 2.15, 2.16, 2.17, and 2.21). 

Replacing N1 (or N9) with C makes the molecule more resistant against 

depyrimidination/depurination, which is caused by glycosidic bond cleavage. Similarly, 

other nitrogens on the nucleobase can be replaced with carbon, such as 2.17, 2.29, and 

2.31. Replacing N7 of purine with C (also known as “7-deaza”) allows chemists to add a 

functional group that sticks out from the major groove surface. One example shown here 

is Frank Seela’s compound 2.3179 where the pyrene of the 7-deazaguanine from each 

DNA strand sticks out from the major groove and form an UV-detectable exciplex. 

Replacing N3 of purine with C (also known as “3-deaza”) has the similar effect on the 

minor groove, as shown in Yoshio Saito’s compound 2.29.80 Halogenation on a 

nucleobase is also a popular motif, as shown in 2.22, 2.23, and 2.24. Replacing the whole 

nucleobase with an entirely different molecule is also possible, as shown in 2.27, 2.28, 

and 2.30. Thomas Carell’s compounds 2.2781 and 2.28 form a reversible covalent bond 

instead of a hydrogen bonding, and Eric Kool’s compound 2.3082 forms a “partner” with 

an abasic site giving a similar topology to a Watson-Crick pair. 

 

Modifications can be made on the sugars. DNA bases (A, T, C, G) naturally have 2’-

deoxyribose sugars (prefers C2’-endo), and RNA bases (A, U, C, G) naturally have a 2’α-

OH ribose sugars (prefers C3’-endo). Converting a ribose to an arabinose by substituting 

2’α-OH to 2’β-OH makes the sugar adopt C2’-endo pucker. It is a technique used to trap 

DNA-recognizing enzymes (2.18 and 2.23). Substituting -OH to -X (halogen) gives acid 

stability hence making the molecule more resistant against 

depyrimidination/depurination, as shown in 2.19, 2.26, and 2.32. Gregory Verdine’s 

compound 2.3283 is stable against depurination despite having an electron-withdrawing 

methyl-N7. On the other hand, carbocyclic sugars, aminosugars, and ethers are other 
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motifs that were frequently used to mimic the ribose sugars, as shown in 2.16, 2.17, 2.21, 

and 2.25. 

 

In many cases, multiple types of modifications are made in order to achieve the desired 

effect, as shown in Vern Schramm’s compound 2.21.84 The Lee lab intended to design 

several nucleoside analogs in an attempt to study histone methylation and N7 

methylation. 

 

2.2. Synthesis of Histone Methyltransferase Inhibitor 
2.2.1.  Histone Methylation 

 

As shown in Figure 2.3, DNA double helix is wrapped around a multiprotein complex 

called histone. Histone is an octamer consisting of four different subunits: H2A, H2B, 

H3, and H4. When assembled, histone wraps DNA around via charge interaction; 

histone’s positively charged amino acid side chains attract the negative charges on DNA. 

The combined structure of histone and DNA helix is called nucleosome (Figure 2.3 and 

Figure 2.8). 
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Figure 2.8. Structure of nucleosome core particle. 
PDB ID: 1AOI85. (Yellow) Two H2A subunits. (Orange) Two H2B subunits. (Blue) Two H3 subunits. 

(Green) Two H4 subunits. (Cyan/Light blue) DNA double helix wrapped around the histone octamer. (Left) 

Top view. (Right) Side view. The images were rendered via UCSF Chimera.75 

 

Histones are tightly regulated; cells control which DNA segment to hide (denying the 

access to the information) and which DNA segment to expose (allowing the access to the 

information) by modifying histones via acetylation, methylation, phosphorylation, ADP-

ribosylation, ubiquitination, and biotinylation.86 Catalyzed by histone acetyltransferase 

(HAT), organisms can acetylate positively charged terminal lysine side chains on 

histones, which reduces the charge interaction between histones and DNAs, leading to the 

relaxation of the bound DNAs from histones. Organisms can reverse this process via 

histone deacetylase (HDAC). The effects of other posttranslational modifications are not 

as clear as that of acetylation, and they are interesting research topics for many scientists. 

 

Histone methylation is particularly an interesting subject due to its potential link to 

cancers. Researchers have discovered that certain types of cancer have abnormal level of 

methylations on certain histone resides.87,88,89,90,91,92,93,94,95 Histone methylation, like 
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acetylation, is a reversible process, and there are specific enzymes that 

methylate/demethylate specific residues of histone. EZH2 is a histone methyltransferase 

that catalyzes the transfer of methyl group from the cofactor S-adenosyl methionine 

(SAM, 2.45) to H3K27me1 and H3K27me2 (Figure 2.9 and Scheme 2.1).  

 

 
Figure 2.9. H3K27 Methylation by EZH2. 
PDB ID: 5HYN96. In the X-ray structure of EZH2, the substrate lysine residue was replaced with 

methionine, and S-Adenosyl-L-homocysteine (SAH) was used instead of natural cofactor S-adenosyl 

methionine (SAM). The images were rendered via UCSF Chimera.75 

 

EZH2 is a promising target for cancer treatment, because overexpression of EZH2 is 

closely related to cancer initiation and development.97 S-Adenosyl-L-homocysteine 

(SAH, 2.47) hydrolase inhibitor 2.17 is also known to inhibit EZH2, but there are several 

other drug candidates that specifically target EZH2 (Figure 2.10).97,98,99,100,101,102,103,104. 
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Figure 2.10. Currently known EZH2 inhibitors. 

 

2.2.2.  Attempted Synthesis of an EZH2 Inhibitor 

 

The Lee group intended to synthesize a (SAM analog – H3 peptide) conjugate as a 

mechanism based-histone methyltransferase (EZH2) inhibitor (Scheme 2.1). 
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Scheme 2.1. Design of a Mechanism-Based EZH2 Inhibitor 

 
 

The proposed EZH2 inhibitor 2.47 is a (SAM analog – H3 peptide) conjugate that has 

several features; the methionine on SAM was replaced with a nitrogen analog that 

contains one extra carbon to compensate the shortened bond length (C – S 183 pm versus 

C – N 148 pm); the K27 residue was replaced with cysteine. Cysteine is nucleophilic 

while not being basic, so we envisioned a site-specific Michael addition between the C27 

on the peptide and the Michael acceptor on the SAM analog. We hypothesized that this 
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SAM-peptide conjugate could become a competitive inhibitor that blocks the catalytic 

site of EZH2. 

 

Synthesis attempts were described in Scheme 2.2. 
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Scheme 2.2. Attempted Synthesis of 2.47 
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Synthesis of 2.49: Adenosine (2.48, 5.05 g, 18.9 mmol) was suspended in acetone (150 

mL, 0.1 M), and 2,2-dimethoxypropane (DMP, 23.2 mL, 10.0 equiv) was added to the 

solution. para-Toluenesulfonic acid monohydrate (p-TsOH•H2O, 7.18 g, 2.0 equiv) was 

added to the mixture, and the mixture was stirred at room temperature. Once the product 

formation was determined via thin layer chromatography, the reaction was stopped by 

adding cold aqueous sodium bicarbonate solution. The pH of the mixture was neutralized, 

and the acetone insolubles were removed via vacuum filtration. The filtrate was 

concentrated in vacuo, but the reverse reaction occurred at 70ºC during the process. This 

could have been prevented if a high vacuum pump was used during the solvent 

evaporation. To the concentrated mixture, 300 mL of cold water was added, and the 

suspension was kept in 4 ºC for 18 hours. The water insolubles were collected via 

vacuum filtration. The filter cake was dissolved in methanol, and the methanol insolubles 

were removed via vacuum filtration. The filtrate was concentrated and dried to afford the 

desired product as white solids (1.96 g, 6.39 mmol, 34%). 1H NMR (CDCl3) spectrum is 

available. 

 

Synthesis of 2.50: The starting material 2.49 (1.96 g, 6.39 mmol) was dissolved in 

tetrahydrofuran (THF, 40 mL, 0.16 M). Phthalimide (1.03 g, 1.1 equiv) and 

triphenylphosphine (PPh3, 1.84 g, 1.1 equiv), and were added to the solution. The mixture 

was stirred at room temperature for 3 hours under argon gas. To the mixture, diisopropyl 

azodicarboxylate (DIAD, 2.5 mL, 2.0 equiv) was added dropwise over a period of 1 hour. 

Once the product formation was determined via thin layer chromatography, the insolubles 

were collected via vacuum filtration. The filter cake was washed with cold diethyl ether 

and transferred to a new reaction flask in 25 mL ethanol (EtOH). Hydrazine (H2NNH2, 1 

mL, 5.0 equiv) was mixed with 0.5 mL water, and the mixture was added to the ethanol 

solution. The reaction mixture was refluxed at 85ºC for 18 hours. Some white precipitates 

formed, but both the precipitates and the solution appeared to contain the desired product. 

The reaction products were concentrated, dissolved in minimum volume of methanol, and 
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purified via quick silica gel column chromatography (10:1 to 1:10 ethyl acetate/methanol 

with 0.5% Et3N) to afford the desired product as sticky yellow solids (1.32 g, 4. 31 mmol, 

67%). 1H NMR (D2O) spectrum is available. 

 

Synthesis of 2.52: Commercially available Boc-L-Glu-OtBu (2.51, 1.31 g, 4.33 mmol, 

Chem-Impex, Wood Dale, IL) was dissolved in anhydrous tetrahydrofuran (THF, 8 mL, 

0.5 M). While being stirred under argon gas, the solution was cooled down to –40ºC (dry 

ice/acetonitrile). Triethylamine (Et3N, 725 µL, 1.2 equiv) was added to the solution via 

syringe. Isobutylchloroformate (680 µL, 1.2 equiv) was added to the mixture dropwise, 

and the reaction mixture was stirred at –20ºC. Meanwhile, 8:1 THF/water solution was 

prepared and cooled down to 0ºC. Sodium borohydride (NaBH4, 246 mg, 1.5 equiv) was 

added to the THF/water solution. Once the product formation was determined via thin 

layer chromatography, the reaction mixture was filtered via vacuum filtration, and the 

resulting filtrate was added to the NaBH4 solution. The new reaction mixture was stirred 

at room temperature for 18 hours. Once the product formation was determined via thin 

layer chromatography, the insolubles were removed via vacuum filtration followed by 

ethyl acetate wash. The filtrate was concentrated and subject to silica gel column 

chromatography (4:1 hexane/ethyl acetate) to afford the desired product as clear oil (683 

mg, 2.36 mmol, 55%). 

 

Synthesis of 2.53: The starting material 2.52 (683 mg, 2.36 mmol) was dissolved in 

tetrahydrofuran (THF). Triphenylphosphine (PPh3, 1.24 g, 2.0 equiv) and imidazole (803 

mg, 5.0 equiv) were added to the solution. Iodine chips (1.20 g, 2.0 equiv) were added to 

the mixture, and the mixture was stirred at room temperature under argon for 10 minutes. 

Once the product formation was determined via thin layer chromatography, saturated 

aqueous sodium thiosulfate was added to the mixture. The mixture was subject to work-

up (ethyl acetate/water), and the resulting organic layer was washed with brine and dried 

over sodium sulfate. The crude mixture was concentrated in vacuo and purified via silica 
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gel column chromatography (10:1 hexane/ethyl acetate) to afford the desired product as 

yellow oil (651 mg, 1.63 mmol, 69%). 

 

Synthesis of 2.54: The starting materials 2.50 (835 mg, 2.72 mmol) and 2.53 (774 mg, 0.7 

equiv) were dissolved in anhydrous acetonitrile (MeCN, 20 mL, 0.14 M). Triethylamine 

(Et3N, 2.1 mL, 5.6 equiv) was added to the mixture, and the mixture was stirred at 65ºC 

for 18 hours. Once the product formation was determined via thin layer chromatography, 

the mixture was concentrated in vacuo and purified via silica gel column chromatography 

(10:1 ethyl acetate/methanol with 0.5% Et3N) to afford the desired product as brown oil 

(631 mg, 1.1 mmol, 57%). 1H NMR (CD3OD), 13C NMR (CD3OD), and hrMS (ESI) 

spectra are available. 

 

Synthesis of 2.55: The starting material 2.54 (665 mg, 1.15 mmol) was dissolved in 

acetonitrile (MeCN). 2-Iodoethanol (0.27 mL, 3.0 equiv) and N,N-Diisopropylethylamine 

(DIPEA, 1.2 mL, 6.0 equiv) were added to the solution, and the mixture was stirred at 

65ºC under argon. Once the product formation was determined via thin layer 

chromatography, the mixture was concentrated in vacuo and purified via silica gel 

column chromatography (20:1 ethyl acetate/methanol with 0.5% Et3N) to afford the 

desired product (275 mg, 0.44 mmol, 38%). 1H NMR (CDCl3), 13C NMR (CDCl3), and 

hrMS (ESI) spectra are available. 

 

Synthesis of 2.56: The starting material 2.55 (313 mg, 0.50 mmol) was dissolved in 

dichloromethane (DCM, 5 mL, 0.1 M). tert-Butyldimethylsilyl chloride (TBS-Cl, 91 mg, 

1.2 equiv), imidazole (171 mg, 5.0 equiv), and 4-(dimethylamino)-pyridine (DMAP, 6.2 

mg, 10 mol%) were added to the solution. The mixture was stirred at room temperature 

under argon for 1 day. The product formation was monitored via thin layer 

chromatography. Additional TBS-Cl and imidazole were added to complete the reaction. 

The reaction mixture was subject to work-up (DCM/water), and the resulting organic 
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layer was washed with brine and dried over sodium sulfate. The crude mixture was 

purified via silica gel column chromatography (ethyl acetate with 0.5% Et3N) to afford 

the desired product as yellow oil (282 mg, 0.38 mmol, 77%). 1H NMR (CDCl3), 13C 

NMR (CDCl3), and hrMS (ESI) spectra are available. 

 

Synthesis of 2.57: The starting material 2.56 (282 mg, 0.38 mmol) was dissolved in 

anhydrous pyridine (4 mL, 0.1 M). 4,4’-Dimethoxytrityl chloride (DMTr-Cl, 1.21 g, 9.4 

equiv) and 4-(dimethylamino)-pyridine (DMAP, 294 mg, 6.3 equiv) were added to the 

solution. The mixture was stirred at room temperature under argon for 2 days. Once the 

product formation was determined via thin layer chromatography, the reaction mixture 

was subject to work-up (ethyl acetate/water). The resulting organic layer was washed 

with brine and dried over sodium sulfate. The crude mixture was purified via silica gel 

column chromatography (8:1 hexane/ethyl acetate with 0.5% Et3N) to afford the desired 

product as yellow oil (284 mg, 0.274 mmol, 71%). 1H NMR (DMSO-d6), 13C NMR 

(DMSO-d6), and hrMS (ESI) spectra are available. 

 

Synthesis of 2.58: The starting material 2.57 (284 mg, 0.274 mmol) was dissolved in 

tetrahydrofuran (4 mL, 0.07 M) under argon gas. Tetrabutylammonium fluoride (TBAF, 

0.4 mL, 1.5 equiv) was added to the vigorously stirred solution dropwise. The reaction 

mixture was kept being stirred at room temperature under argon for 1.5 hour. Once the 

product formation was determined via thin layer chromatography, the reaction mixture 

was subject to work-up (ethyl acetate/water). The resulting organic layer was washed 

with brine and dried over sodium sulfate. The crude mixture was purified via silica gel 

column chromatography (1:1 hexane/ethyl acetate with 0.5% Et3N) to afford the desired 

product (202 mg, 0.22 mmol, 80%). 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), and 

hrMS (ESI) spectra are available. 
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Synthesis of 2.59: The starting material 2.58 (104 mg, 0.11 mmol) was dissolved in 

dichloromethane (DCM, 1 mL, 0.1 M), and the solution was cooled down to –10ºC 

(ice/acetone) under argon gas. Triethylamine (Et3N, 16 µL, 2.0 equiv) was added to the 

solution, and the mixture was stirred at –10ºC for 5 minutes. Acryloyl chloride (5 µL, 1.0 

equiv) was added to the mixture dropwise. Once the product formation was determined 

via thin layer chromatography, 1 mL of saturated aqueous sodium bicarbonate was added 

to the reaction mixture. The mixture was subject to work-up (DCM/water), and the 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (4:1 hexane/ethyl acetate with 

0.5% Et3N) to afford the unreacted the starting material and the desired product (37mg, 

0.038 mmol, 34%, 55% BORSM). 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), and 

hrMS (ESI) spectra are available. 

 

Attempted Synthesis of 2.60: The starting material 2.59 and H3C27 peptide 

(ATKAARCSAP, 1.0 equiv) from a research collaborator at KAIST, Korea) were 

dissolved in methanol. The peptide appeared to polymerize in concentrated mixture, and 

the trityl group fell off in elevated temperature. The reaction appeared to occur based on 

thin layer chromatography and proton NMR, but the product could not be isolated via 

HPLC.  

 

2.3. Synthesis of 7-Deaza Guanine Alkyl Adduct 

2.3.1.  N7-Guanine Alkylation 

 

N7 position of deoxyguanosine is the most nucleophilic site among DNA bases, and 

consequently it is the one of the most frequently modified sites.105 Upon alkylation, the 

deoxyguanine becomes a good electron sink and undergoes either depurination, 5-N-

alkyl-2,6-diamino-4-hydroxyformamidopyrimidine (alkyl-FAPy-G) formation or C-8/N7 

cyclization (Figure 2.11). 
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Figure 2.11. Consequences of N7-alkylation. 
Modified from a review by Gates.105 

 



 218 

Although the effect of FAPy-G or cyclized adduct on cancer is still under investigation, 

there is a decent correlation between depurination and carcinogenesis.106 Known 

carcinogen such as benzo[a]pyrene (depurination in dsDNA t1/2 = 3h (pH 4~7, 37ºC)) is 

rapidly depurinating the N7-alkylated guanine once it is metabolized in liver.107,108 The 

rate of depurination, however, appears to be affected by multiple factors: presence of 

electron-withdrawing group on the N7 (somewhat increase), presence of electron-

withdrawing group on the 2’ of the sugar (decrease), duplex DNA (decrease), adduct 

density (increase), and presence of negatively charged functional group nearby 

(increase).105 

 

N7-alkyl adducts have not been extensively studied in the field of structure biology due 

to the propensity toward spontaneous depurination during crystallization. Therefore, 

chemical modification is an indispensable tool for obtaining an X-ray structure, and it has 

been successfully demonstrated by the Verdine group.83 Their 2’fluoro strategy (2.32), 

however, is not ideal for rapid derivatization of N7-alkyl adducts. because of the 

difficulty associated with the syntheses of positively charged N7-alkyl groups. 

 

7-Deaza prevents depurination because it does not introduce a positive charge on 7 

position. The Lee group explored the feasibility of using 7-deaza deoxyguanosine (2.71) 

as a platform for installing various N7-alkylation adducts for X-ray crystallography 

substrate synthesis. 7-deazaguanine and 7-deazaadenine motifs have been used for many 

years in biological assay109,110, major groove chemical probe synthesis (2.3179, 2.73111, 

2.74112,113) natural products (2.75114, 2.76114), and drug synthesis (2.77), but not in 

structure biology.  
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Figure 2.12. A few examples of 7-deazapurines. 

 

2.3.2.  Attempted Synthesis of 7-Deaza Guanine Alkyl Adducts 

 

The Lee group’s strategy was to rapidly synthesize a variety of analogs of biologically 

relevant N7-alkylated deoxyguanosines via postsynthetic Suzuki coupling between 

halogenated 7-deaza deoxyguanosine and alkyl boranes. The Lee group’s primary targets 

were methyl adduct (endogenous), catechol adduct (estrogen), and 4-

(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK, tobacco) adduct (Scheme 2.3).  
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Scheme 2.3. 7-Deaza G Alkyl Adduct-Containing Oligonucleotide Synthesis Strategy 

 
 

Syntheses of 7-halogenated deazapurines were developed by Frank Seela and his 

coworkers.111 Since the product is an aromatic halogen, the addition of extra carbons via 

palladium-catalyzed C-C coupling has been already exploited by many researchers, as 

seen in 2.31, 2.74, and 2.77 (likely). So far, researchers have discovered the reaction 

conditions for presynthetic Sonogashira coupling on 7-halogenated deazapurines79,112, 

presynthetic Suzuki coupling on 5-halogenated pyrimidines and 7-halogenated 

deazapurines115,116, postsynthetic Sonogashira/Heck coupling on 5-halogenated 

pyrimidines and 7-halogenated deazapurines117, and postsynthetic Suzuki coupling on 5-

halogenated pyrimidines118 and 8-halogenated purines.119 My attempt to synthesize a 7-

deaza alkylated guanine nucleotide via postsynthetic Suzuki coupling was described 

below. (Scheme 2.4). 
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Scheme 2.4. Synthesis of 7-Halogenated Deoxyguanosine 
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Synthesis of 2.85: Potassium acetate (KOAc, 11.3 g, 1.02 equiv) was added in water 

(15.8 mL). Commercially available 2,4-diamino-6-hydroxy pyrimidine (2.84, 14.3 g, 113 

mmol) and N,N-Dimethylacetamide (DMA, 108 mL) were added to the KOAc solution. 

While the mixture was being stirred vigorously at 50ºC, Chloroacetaldehyde (40 wt% 

solution in water, 21 mL, 0.95 equiv) was added dropwise over a period of 30 minutes. 

Once the product formation was determined via thin layer chromatography, the reaction 

mixture was cooled down to 4ºC. After 18 hours, white precipitates formed, and they 

were collected via vacuum filtration. The resulting filter cakes were dissolved in 

methanol (70 mL), and it was refluxed at approximately 70ºC for 2 hours. The resulting 

gray precipitates were collected via vacuum filtration, washed with ethyl acetate, and 

dried in vacuo to afford the desired product (10.4 g, 68.9 mmol, 61%). 1H NMR (DMSO-

d6) spectrum is available. 

 

Synthesis of 2.86: The starting material 2.85 (10.4 g, 68.9 mmol) was slowly added to 

phosphoryl oxychloride (POCl3, 108 mL, 0.64 M). The mixture was refluxed at 140ºC. 

After 2 hours, POCl3 was removed from the product via distillation, and the mixture was 

cooled down to room temperature. Ice cold water was added to the mixture, and the pH of 

the aqueous mixture was adjusted to ~2. The mixture was stirred at 0ºC for 2 hours. The 

resulting precipitates were collected and purified via silica gel column chromatography 

(ethyl acetate with 0.5% Et3N to methanol with 0.5% Et3N) to afford the desired product 

(4.39 g, 26 mmol, 38%). 1H NMR (DMSO-d6) spectrum is available. 

 

Synthesis of 2.87: The starting material 2.86 (1.33 g, 7.89 mmol) was dissolved in 

acetonitrile (MeCN, 50 mL, 0.16 M) under argon gas. Sodium hydride (60% dispersion 

in mineral oil, 284 mg, 0.9 equiv) was added to the solution, and the mixture was stirred 

vigorously at room temperature, Commercially available 1-Chloro-2-deoxy-3,5-di-O-

toluoyl-α-D-ribofuranose (2.14 g, 0.7 equiv) was added to the mixture under argon. Once 

the product formation was determined via thin layer chromatography, the insolubles in 
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the reaction mixture were removed via silica pad and ethyl acetate wash. The resulting 

mixture was purified via silica gel column chromatography (8:1 to 1:1 hexane/ethyl 

acetate with 0.5% Et3N) to afford the desired product. 1H NMR (CDCl3) spectrum is 

available. 

 

Synthesis of 2.88: The starting material 2.87 (3.14 g, 5.7 mmol) was dissolved in pyridine 

(16 mL, 0.4 M). Isobutyryl chloride (1.8 mL, 3.0 equiv) was added to the solution at 0ºC 

under argon. The mixture was stirred at room temperature under argon for 1.5 hour. Once 

the product formation was determined via thin layer chromatography, water was added to 

the mixture to quench the excess isobutyryl chloride. The mixture was subject to work-up 

(EtOAc/1N HCl), and the resulting organic layer was washed with sodium bicarbonate 

and dried over sodium sulfate. The crude mixture was purified via silica gel column 

chromatography (20:1 to 10:1 methylene chloride/ethyl acetate) to afford the desired 

product as white solids (2.41 g, 4.08 mmol, 68% over 2 steps).  

 

Synthesis of 2.89: The starting material 2.88 (50.5 mg, 0.085 mmol) was dissolved in 

tetrahydrofuran (THF, 2 mL, 0.04 M). N-Bromosuccinimide (NBS, 18 mg, 1.2 equiv) 

was added in one portion, and the reaction mixture was stirred in the dark under argon 

gas. Once the product formation was determined via thin layer chromatography, the 

reaction mixture was subject to work-up (ethyl acetate/water). The resulting organic layer 

was washed with brine and dried over sodium sulfate. The crude mixture was purified via 

silica gel column chromatography (6:1 hexane/ethyl acetate) to afford the desired product 

as pink solids (35 mg, 0.05 mmol, 61%).  

 

Synthesis of 2.90: The starting material 2.89 (51 mg, 0.076 mmol) was dissolved in 1:1 

1,4-dioxane/N,N-dimethylformamide (DMF) mixture under argon. Pyridine 2-aldoxime 

(46 mg, 5.0 equiv) was added to the mixture. 1,1,3,3-Tetramethylguanidine (TMG, 48 

µL, 5.0 equiv) was added to the mixture dropwise, and the reaction mixture was stirred at 
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room temperature for 18 hours. An interesting color change pattern was observed (yellow 

to brown to blue). Once the product formation was determined via thin layer 

chromatography, the reaction mixture was subject to work-up (ethyl acetate/1N HCl). 

The resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (3:1 hexane/ethyl 

acetate) to afford the desired product as white solid (40 mg, 0.060 mmol, 81%). 

 

Synthesis of 2.91: The starting material 2.90 (552 mg, 0.85 mmol) was suspended in 

ethanol, and the suspension was sonicated, cold 1N NaOH in absolute ethanol was added 

to the suspension at 0ºC. Once the product formation was determined via thin layer 

chromatography, 1N HCl was added to the reaction mixture to neutralize the pH. The 

solvent of the reaction mixture was replaced with ethyl acetate/water mixture. The 

resulting white precipitates were collected via vacuum filtration and kept separately. The 

filtrate was subject to work-up (ethyl acetate/water), and the resulting organic layer was 

washed with brine and dried over sodium sulfate. The solvent was removed in vacuo, 

combined with the earlier precipitates, and dried to afford the desired product with 

impurities. (409 mg, 0.98 mmol, 116%). 1H NMR (CD3OD) spectrum is available. 

 

Synthesis of 2.92: The starting material 2.91 (129 mg, 0.31 mmol) was dissolved in 

anhydrous pyridine (3 mL, 0.1 M). 4,4-Demethyoxytrityl chloride (DMTr-Cl, 160 mg, 

1.5 equiv) was added to the solution, and the mixture was stirred under argon at room 

temperature for 6 hours. Once the product formation was determined via thin layer 

chromatography, the reaction mixture was subject to work-up (ethyl acetate/water). The 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (10:1 ethyl acetate/methanol 

with 0.5% Et3N) to afford the desired product as orange oil (110 mg, 0.153 mmol, 49%). 
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Synthesis of 2.93: The starting material 2.91 (11 mg, 0.027 mmol) was suspended in 

anhydrous acetonitrile (MeCN, 0.5 mL). 30% aqueous ammonium hydroxide (1mL) was 

added to the solution, and the mixture was stirred at 55ºCunder argon gas. Once the 

product formation was determined via thin layer chromatography, the solvent was 

removed in vacuo. The crude mixture was purified via silica gel column chromatography 

(10:1 ethyl acetate/methanol with 0.5% Et3N) to afford the desired product (5.8 mg, 0.017 

mmol, 63%). Further Suzuki coupling with naphthalene-1-boronic acid (1.5 equiv), 

triethylamine (3.0 equiv), Pd(dppf)Cl2•CH2Cl2 (cat.), Triton X-100 (2% w/v), and water 

at room temperature under argon gas120 did not give the desired product. 

 

Synthesis of 2.94: The starting material 2.91 (20 mg, 0.048 mmol) was dissolved in 10:1 

N,N-dimethylformamide/water mixture (3.3 mL). Tetrakis(triphenylphosphine) 

palladium(0) (6 mg, 10 mol%), naphthalene-1-boronic acid (13 mg, 1.5 equiv), potassium 

carbonate (K2CO3, 20 mg, 3.0 equiv) were added to the solution. The reaction mixture 

was stirred at 100ºC under argon for 2.5 hours. Once the product formation was 

determined via thin layer chromatography, the reaction mixture was subject to work-up 

(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(1:4 hexane/ethyl acetate) to afford the desired product (6 mg, 0.013 mmol, 27%). 1H 

NMR (CDCl3) spectrum is available. 

 

Multiple conditions were tested in an attempt to achieve Suzuki coupling on 7-

haloguanine (Table 2.1). Though the screening was not done in a systematic manner (See 

Table 3.7 for a more organized approach), it could be suggested that the reaction 

depended on several factors: (1) 6-Chloro substrates (poor electrophile) were less reactive 

than 6-oxo substrates, or toluoyl protective group is hindering the coupling reaction 

(YKC05082 vs. YKC05104, Table 2.1), (2) The Suzuki coupling on 2.91 was substrate-

specific (YKC05104 vs. YKC05107 vs. YKC05129, Table 2.1), (3) Pd(dppf)Cl2-
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catalyzed reactions were generally slower than Pd(PPh3)4-catalyzed reactions, but it is 

inconclusive whether the slow reaction was due to the required reduction from PdII to Pd0 

of Pd(dppf)Cl2 (See Scheme 3.7) or the presence of bite angle (96º) of Pd(dppf)Cl2.121 

Further screening was not pursued because it was becoming clear that the reaction is 

substrate-specific and often requires heat, which defeats the original purpose. 

 

Table 2.1. Screening of Reaction Conditions for the Synthesis of Suzuki Coupled 7-
Deazaguanines (continued next page) 
Entry Electrophile Nucleophile Catalyst Base Solvent Temp Time Result 

YKC 

05082 

2.89 
0.027 mmol 

 
1.1 equiv 

Pd(PPh3)4 

5 mol% 

K2CO3 

3 equiv 

10:1 

DMF/H2O 

0.006 M 

80 ºC 1 d No rxn 

YKC 

05087 

2.90 

0.05 mmol 
 

10 equiv 

Pd(dppf)Cl2 

10 mol% 

Et3N 

2 equiv 

DMF 

0.05 M 
100 ºC 18 h No rxn 

YKC 

05088 

2.90 

0.03 mmol 
 

1.5 equiv 

Pd(dppf)Cl2 

12 mol% 

KF 

2 equiv 

MeOH 

0.03 M 
100 ºC 1 d No rxn 

YKC 

05090 

2.90 

0.03 mmol 
 

1.5 equiv 

Pd(dppf)Cl2 

15 mol% 

Et3N 

5 equiv 

THF 

0.008 M 
75 ºC 1 d No rxn 

YKC 

05098 

2.91 
0.02 mmol 

 
1.5 equiv 

Pd(dppf)Cl2 

10 mol% 

Et3N 

5 equiv 

K3PO4 

1.5 equiv 

10:1 

THF/H2O 

0.005 M 

70 ºC 18 h 
desired 

product + 1 
side product 

YKC 

05104 

2.91 

0.02 mmol 
 

1.5 equiv 

Pd(PPh3)4 

10 mol% 

K2CO3 

3 equiv 

10:1 

DMF/H2O 

0.015 M 

100 ºC 2.5 h 
27% desired 

product + 
Clean rxn 

         
         

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2

B(OH)2
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(Table 2.1., cont.) 

YKC 

05103 

2.91 

0.18 mmol 
 

1.1 equiv 

Pd(dppf)Cl2 

15 mol% 

Et3N 

2 equiv 

DMF 

0.06 M 

70 ºC, 

100 ºC, 

then 

170 ºC 

2 h, 

18 h, 

then 

5 h 

No rxn 

YKC 

05107 

2.91 
0.02 mmol 

 
1.5 equiv 

Pd(PPh3)4 

10 mol% 

K2CO3 

3 equiv 

10:1 

DMF/H2O 

0.015 M 

100 ºC 1 d No rxn 

YKC 

05126 

2.91 

0.05 mmol  
1.5 equiv 

Pd(dppf)Cl2 

10 mol% 

K2CO3 

3 equiv 
Dioxane 70 ºC 18 h No rxn 

YKC 

05128 

2.91 
0.05 mmol  

1.5 equiv 

Pd(dppf)Cl2 

10 mol% 

K2CO3 

3 equiv 

DMF 

0.025 M 
100 ºC 1 d No rxn 

YKC 

05129 

2.91 

0.05 mmol  
1.5 equiv 

Pd(PPh3)4 

10 mol% 

K2CO3 

3 equiv 

10:1 

DMF/H2O 

0.015 M 

100 ºC 1 d No rxn 

YKC 

05130 

2.91 

0.05 mmol  
1.2 equiv 

Pd(PPh3)2 

Cl2 

10 mol% 

KOAc 

3 equiv 
DMSO 80 ºC 2 d No rxn 

YKC 

05122 

2.93 

0.001 mmol 
 

2.8 equiv 

Pd(dppf)Cl2 

excess 

Et3N 

excess 

Triton X-

100/H2O 

0.004 M 

rt 1 d No rxn 

YKC 

05125 

2.93 

0.015 mmol 
 

1.5 equiv 

Pd(dppf)Cl2 

20 mol% 

Et3N 

2.0 equiv 

1:50 

Triton X-

100/H2O 

0.05 M 

rt 3h 

~10% 
desired 

product but 
no further 

rxn 

YKC 

04146  
0.1 mmol  

1.1 equiv 

Pd(dppf)Cl2 

10 mol% 

Et3N 

3 equiv 
DMF 100 ºC 18 h No rxn 

         
         
         
         

B(OH)2

O O

B(OH)2

O O

Me
B(OH)2

Me
B(OH)2

Me
B(OH)2

O
B

O
B
O

O

B(OH)2

B(OH)2

N

N
HN

Cl

NHiBu

Br
B(OH)2

O O
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(Table 2.1., cont.) 

YKC 

04147  
0.1 mmol  

3.0 equiv 

Pd(dppf)Cl2 

30 mol% 

CsCO3 

3 equiv 
Toluene 110 ºC 3h 

1:1 
Product/Start
ing material 

(mixture) 

YKC 

07151  
0.01 mmol 

 
1.1 equiv 

Pd(PPh3)4, 

Pd(dppf)Cl2

, or 

Pd(OAc)2 

Et3N 

or 

K2CO3 

10:1 

DMF/H2O 
80 ºC 6 h No rxn 

YKC 

05145  
0.1 mmol 

 
1.1 equiv 

Pd(dppf)Cl2 

5 mol% 

KOAc 

3 equiv 
DMSO 80 ºC 1 d No rxn + 1 

side product 

 

  

N

N
HN

Cl

NHiBu

Br
B(OH)2

O O

N

N
HN

Cl

NHiBu

I B(OH)2

N

N
HN

Cl

NHiBu

Br

O
B

O
B
O

O
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2.4. Spectral Data 

 

Table 2.2. Compound Characterization Summary - Nucleosides 

Compound  Known New 1H 

NMR 

13C 

NMR 

Other MS HRMS X-ray 

2.49 ×  ×      

2.50 ×  ×      

2.52 ×        

2.53 ×        

2.54  × × ×   ×  

2.55  × × ×   ×  

2.56  × × ×   ×  

2.57  × × ×   ×  

2.58  × × ×   ×  

2.59  × × ×   ×  

2.85 ×  ×      

2.86 ×  ×      

2.87 ×  ×      

2.88 ×        

2.89  ×       

2.90  ×       

2.91 ×  ×      

2.92 ×        

2.93 ×        

2.94  × ×      
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CHAPTER 3.  SYNTHESES OF PLATINUM DRUGS THAT TARGET DNA 

3.1. DNA Repair 
3.1.1.  DNA Damage and DNA Repair 

 

Unlike RNA or protein, DNA cannot be remanufactured.122  The integrity of DNA must 

be maintained prior to each replication. However, DNA is exposed to various threats 

from spontaneous reactions, reactive metabolites, and exogenous physical and chemical 

agents.122 Each human cell encounters approximately 0.1 million DNA lesions per day.122 

In order to maintain the integrity of DNA, organisms evolved to have a set of complex 

repair machineries that promptly fix the various DNA lesions. A useful analogy of DNA 

repair pathways is “carpentry tools123”: each repair pathway has been specialized to do a 

specific type of repair, but it can do other types of repair when necessary. It is as if one 

uses a wrench to hammer a nail if he/she does not have a proper hammer at hand. When a 

lesion blocks replication or transcription, the cell needs to bypass the lesion and move on 

rather then taking indefinite time to repair the damage. For that reason, humans have 

multiple repair & bypass mechanisms for various types of DNA lesion (Table 3.1).12 

  

                                                
1Cheun, Y., Koag, M-.C., Naguib, Y. W., Ouzon-Shubeita, H. Cui, Zhengrong, Pakotiprapha, D. & Lee, S. 

Synthesis, structure, and biological evaluation of a platinum-carbazole conjugate. (In Preparation). I 

synthesized all compounds, and I wrote the manuscript and 25% of experimental section. 
2Cheun, Y. & Lee, S. cis -Diammine[3-(3-chloro-7-methoxy-9,10-dihydroacridin-9-ylideneamino)propan-

1-amine-κ 2 N , N ′]platinum(II) dinitrate. IUCrData 1, x160481 (2016). I synthesized all compounds, 

obtained x-ray crystals of the target compound, and wrote the manuscript. 
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Table 3.1. Types of DNA Damage and Repair Mechanisms (continued next page) 

DNA Lesions Action 
DNA Repair/Bypass 
Pathway 

Replication errors 

(e.g. base mispairing, nucleotide insertion 

or deletion) 

Repaired by Mismatch repair (MMR) 

Small DNA adducts 

(e.g. oxidative lesions, alkylating lesions) 
Repaired by Base excision repair (BER) 

Abasic sites (AP sites) Repaired by Base excision repair (BER) 

Single strand breaks (SSBs) 

Repaired by Base excision repair (BER) 

Repaired by 

Homologous 

recombination repair 

(HRR) 

Bulky, helix-distorting DNA adducts 

(e.g. UV-induced damage, cisplatin) 
Repaired by 

Global genome nucleotide 

excision repair (GG-NER) 

Double strand breaks (DSBs) 

Repaired by 
Nonhomologous end-

joining pathways (NHEJs) 

Repaired by 

Homologous 

recombination repair 

(HRR) 

Stalled replication 

Bypassed 

by 

Homologous 

recombination repair 

(HRR) 

Bypassed 

by 

Translesion synthesis 

(TLS) 

Bypassed 

by 

Convergence of adjacent 

replicons 
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(Table 3.1., cont.) 

Stalled replication 

Bypassed  

by 

Discontinuous synthesis of 

Okazaki fragments  

Bypassed 

by 

Re-priming of DNA 

synthesis 

Stalled replication 

caused by interstrand crosslinks (ICLs) 
Repaired by 

Fanconi anemia (FA) 

complex 

Stalled transcription 

caused by small DNA adducts 
Repaired by 

Transcription-coupled 

repair (TCR) 

Stalled transcription 

caused by bulky, helix-distorting DNA 

adducts 

Repaired by 

Transcription-coupled 

nucleotide excision repair 

(TC-NER) 
Modified from a review by Hoeijmakers122 and a review by O’Connor.123 

 

3.1.2.  Altered DNA Repair in Cancer 

 

DNA repair is closely related to carcinogenesis. If damaged DNA is not properly 

repaired, genes can be altered after several rounds of replications. The cell becomes 

cancerous if the genes that regulate the cell growth are altered and eventually lose the 

functions. If alterations were made on DNA repair genes, the genomic instability 

becomes greater because the cell no longer efficiently repair DNA lesions, and the 

affected cell may have to rely on “less accurate tools” to repair the lesions. Therefore, 

altered DNA repair pathways can increase the risk of cancer formation, and/or they can 

be found in the cells that have already become cancerous.122 

 

For example, BRCA (BReast CAncer) genes encode homologous recombination repair 

(HRR) that repairs double-strand break. Inherited mutations or somatic mutations on 

either BRCA1 or BRCA2 gene are known to increase the risk of developing breast 

cancer.124 Once mutated, the cell has reduced ability to use HRR to repair double strand 
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break (DSB) damage; instead, it heavily relies on less-accurate, potentially DNA-

rearranging nonhomologous end-joining pathways (NHEJs) (Table 3.1).122,123,125 

 

Modern “targeted therapy” exploits the altered DNA pathway by targeting key proteins of 

the DNA repair pathway that are excessively used by cancer cells (synthetic lethality). 

For instance, researchers have discovered several small molecules that specifically inhibit 

a protein called PARP (Poly ADP Ribose Polymerase), which is a key protein in NHEJ 

pathway.126 PARP inhibitors have demonstrated that they can effectively and selectively 

kill BRCA-mutated (HRR-defective) cancer cells by blocking NHEJ pathway.127,128 

 

On a side note, synthetic lethality can be exploited further. Cancer cells often have altered 

cell cycles with mutated checkpoint proteins. p16INK4a is one of the tumor suppressor 

proteins that regulate G1 phase of cell cycle.129 For example, cephalostatin 1 (1.1) is 

thought to be synthetically lethal with cancers with mutated p16.12 

 
3.1.3.  Altered DNA Repair in Cancer Cells on Chemotherapy 

 

To kill cancer, one can physically remove tumors from the body (surgery), irradiate 

tumors with X-rays or γ-rays (radiotherapy), add cytotoxic chemicals in tumor cells 

(chemotherapy), inhibit specific proteins in tumor cells (targeted therapy), tag tumor cells 

with antigen markers (immunotherapy), and/or deplete the hormone source of tumor cells 

(hormone therapy).130 

 

Since Louis Goodman and Alfred Gilman used nitrogen mustard, a close sibling of sulfur 

mustard that was used during World War I, on mice with transplanted lymphoid tumors 

in 1942, chemotherapy has become an indispensible component of cancer treatment.131 

Not only it is used as a primary treatment method, chemotherapy is also frequently used 

after surgery to prevent recurrence (adjuvant chemotherapy) or before surgery to reduce 
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the size of the tumors (neoadjuvant chemotherapy). A few historically important 

chemotherapy drugs are shown here (Figure 3.1). 

 

 
Figure 3.1. A Few examples of historically important chemotherapy drugs. 
Modified from a review by Chabner & Roberts Jr.131 If known, FDA approval years were shown. 

 

The effectiveness of chemotherapy, however, is often limited by resistance. Resistance to 

chemotherapy has been reported since the Goodman & Gilman (nitrogen mustards) and 

Sydney Farber (antifolates) era.131,132,133 With our current understanding, cancer drug 

resistance is best overcome by a combination of several different chemotherapy drugs 

with different mechanisms. As early as 1965, the effectiveness of combination therapy 
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(POMP regimen, consisting of methotrexate(3.5), vincristine (3.9), 6-mercaptopurine 

(3.10), and prednisone (3.11)) against acute leukemia (ALL) was demonstrated.134  

 

Many chemotherapy drugs directly or indirectly damage the DNA of cancer cells by 

blocking the replication or disrupting the mitosis, therefore altered DNA repair pathway 

in caner plays a key role in chemotherapy drug resistance.135 For the same reason, 

targeting altered DNA repair pathways can be an attractive strategy to overcome 

chemotherapy drug resistance.136 

 

Taken together, whether it is a classical chemotherapy drug or an modern targeted 

therapy drug, designing a new molecule (a) that kills cancer cells in a novel mechanism, 

and (b) that takes advantage of the altered DNA repair pathways of cancer cells, can be 

useful in modern cancer research. 

 

3.2. Platinum-Intercalator Conjugate Synthesis 
3.2.1.  Classical Platinum Drugs 

 

The cytostatic effect of Cisplatin (3.4) was discovered by Barnett Rosenberg at Michigan 

State University in 1965.137 The existence of the molecule has been known for more than 

100 years, but its cytostatic activity was completely unknown. Rosenberg, a post-

doctorate with Ph.D. in physics, was studying the effect of electric field on bacterial 

growth. He stuck the electrodes (made of platinum) in the Escherichia coli media and 

applied voltage; he found out that E. coli kept growing but they stopped dividing. 

 

Since its approval by U. S. Food and Drug Administration (FDA) in 1978 for the 

treatment of ovarian cancer, cisplatin has become one of the most widely (~50%) used 

chemotherapy drugs in the world.138 Cisplatin is used to treat ovarian, lung, cervical, 

bladder, esophageal, head, neck, liver, gastric, brain, and skin cancers. Cisplatin is often 
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co-administered with cyclophosphamide (3.2) and doxorubicin (3.7) as a combination 

therapy.139 

 

There are three factors that limit the effectiveness of cisplatin. 138 First, cisplatin only 

works against certain types of solid tumors. Second, cisplatin has several side effects, 

namely nephrotoxicity (kidney) and ototoxicity (ear). Third, prolonged cisplatin 

treatment makes the tumor to become resistant. A number of follow-up platinum 

compounds were synthesized and tested to address these issues, but only a few of them 

are currently approved to be sold in United States and selected countries (Figure 3.2).138  

 

 
Figure 3.2. Classical platinum drugs. 

 

These drugs are considered “classical” because they agree with the findings from the 

structure-activity relationship (SAR) studies: neutral molecular charge, cis geometry, two 

ammine or amine donor groups, and two anionic leaving groups.140,141,142 Despite the fact 

that the SAR influenced the development of carboplatin (3.13) and oxaliplatin (3.14), it 

somewhat restricted the scope of anticancer platinum development. As more researchers 

discover more rule-breakers (active platinums that violate the SAR), the significance of 

the SAR diminished over time. 
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Once in bloodstream, cisplatin interacts with many different kind of biomolecules. As a 

result, less than 1% of the total amount ends up binding DNA (Figure 3.3).138 So it is still 

debatable whether DNA is really the primary target of cisplatin. However, Rosenberg’s 

original observations on E.coli shapes, platinum counts in DNA / RNA / proteins via 

radiolabel experiments, and increased cisplatin sensitivity observed in DNA repair-

deficient cells all support the idea that the primary target of cisplatin is DNA.143 

 
Figure 3.3. Cellular pathway of cisplatin leading to the formation of cytotoxic DNA 

adduct. 

 

Cisplatin (and other classical platinum drugs such as 3.13 and 3.14) are known to be 

transported in the target cell via passive diffusion or active transport (copper transporter 1 
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(CTR1) or organic cation transporters (OCTs)).144 Once in the cytoplasm, cisplatin is 

converted to the aquated cation species (3.18), which is more reactive.145 The conversion 

is thought to be assisted by the difference in chloride ion concentrations in cytoplasm (4 

to 10 mM) versus extracellular fluid (100 mM).145 Once in the nucleus, 3.18 binds to a 

nucleophilic residue of DNA, which is likely to be N7 of guanine. Subsequently, the 

remaining chloride is replaced with an adjacent nucleophilic atom to form a crosslink 

product. As a result, cisplatin creates multiple types of DNA crosslink products (Table 

3.2).146,147 
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Table 3.2. Cisplatin-DNA Adducts 

Percentage Type of Adduct Illustration 

65% 1,2-intrastrand crosslink, 1,2-d(GpG) 
 

25% 1,2-intrastrand crosslink, 1,2-d(ApG) 
 

5–10% 1,3-intrastrand crosslink, 1,3-d(GpNpG) 
 

Very small Interstrand crosslinks 
 

Very small Monofunctional adducts 
 

Modified from a review by Essigmann.147 

 

Both intrastrand and interstrand crosslink are capable of blocking replication and 

transcription, ultimately leading to the cell cycle arrest and apoptosis.147 However, 

intrastrand crosslinks and interstrand crosslinks trigger different cellular responses (Table 

3.1). Intrastrand crosslink (~ 90%) triggers NER pathway, in which the repair process is 

streamlined. On the contrary, interstrand crosslink (< 10%) is much more difficult to 

repair, so it is generally considered to be more toxic. (See 3.3.1 for details.)148) Currently 

there is no clear consensus on which type of cisplatin-DNA adduct is primarily 

responsible for the cytotoxicity of cisplatin. 

 

Some cancer patients are inherently resistant to cisplatin, and some cancer patients 

develop resistance to cisplatin over the course of treatment.139,149 In general, cisplatin-

resistant cells have reduced uptake, enhanced efflux, more inactivating proteins, high 

NER, low MMR, high TLS, low HRR, and changes in apoptosis pathway proteins.149 

TGAGGCAT
ACTCCGTA

TGAGGCAT
ACTCCGTA

TGAGGCAT
ACTCCGTA

TGAGGCAT
ACTCCGTA

TGAGGCAT
ACTCCGTA
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What is clear is that intrastrand crosslink is more responsible for cisplatin resistance than 

interstrand crosslink. 

 
3.2.2.  Non-Classical Platinum Drugs 

 

Non-classical platinum drugs are antitheses of classical platinum drugs: trans geometry, 

molecular charge, non-ammine donor groups, only one anionic leaving group, 

platinum(IV) core, multiple platinum cores, etc. (Figure 3.4) 
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Figure 3.4. A few examples of biologically active non-classical platinum drugs. 

 

Non-classical compounds were designed in an attempt to tether the linked compound 

(e.g. 3.21150, 3.22151), to invalidate the old SAR (e.g. 3.24152), to facilitate the formation of 

interstrand crosslink (e.g. 2.23153 and 3.26154), or to overcome the cisplatin resistant 

cancer (e.g. 3.25155, 3.27156, 3.28157, 3.29158, and 3.30159). 
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In general, non-classical platinums trigger different biological responses. However, in 

reality, their clinical performances are not so much better than the classical platinum 

drugs; there are no non-classical platinum drugs approved by FDA, but several 

compounds are in the clinical stage.138 

 

3.2.3.  Synthesis and Biological Activity of Carbazoleplatin 

 

The Lee group initially designed a few platinum-intercalator conjugates in an attempt to 

design a platinum drug that is not efficiently repaired by NER, the primary DNA repair 

pathway for repairing cisplatin damage. A platinum-intercalator conjugate can be broken 

down to three parts: intercalator, platinum core, and linker.160 DNA intercalators are 

aromatic carbons that are capable of slipping (intercalating) into stacked DNA bases in 

double helix, and they are known to stabilize the helix.161 There are several intercalators 

that are known to be either as a carcinogen (e.g. benzo[a]pyrene) or as a chemotherapy 

drug (3.7). Our choices of the intercalator part were doxorubicin, acridine, and carbazole. 

Doxorubicin and acridine are well-known intercalators, but carbazole is not due to its 

small size. At the beginning, we were unaware of the existence of the structurally similar 

compounds (3.21 and 3.25). For the platinum core, we chose a monofunctional cisplatin 

without further elaboration. Its primary purpose was to tether the intercalator via 

chemically stable Pt–N coordination, and its secondary purpose was to create a bulky 

adduct in order to trigger NER response. For the linker, we chose an ethyl group. The 

ideal length of the linker was determined via a X-ray structures of a platinum–DNA 

adduct. The synthesis attempts were described below (Scheme 3.1).  
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Scheme 3.1. Syntheses of Platinum-Intercalator Conjugates 
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Synthesis of 3.32: Commercially available starting material 3.31 (3.34 g, 20.0 mmol) was 

dissolved in acetone (40 mL, 0.5M). Finely crushed potassium hydroxide (KOH, 7.0 g, 

6.3 mmol) was added to the solution. The mixture was stirred at room temperature for 30 

minutes, and then 2-bromoethanol (1.4 mL, 1.25 equiv) was added to the mixture 

dropwise. The reaction mixture was refluxed at 60 ºC under argon gas for 18 hours in the 

dark. Once the product formation was determined via thin layer chromatography, the 

solvent was removed in vacuo. The mixture was subject to work-up (ethyl acetate/water), 

and the resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (4:1 hexane/ethyl 

acetate) to afford the desired product as brown solids (1.34 g, 6.3 mmol, 32%). Cleaner 

reaction and improved yield could be obtained with the use of sodium hydride instead of 

KOH. in acetone. 1H NMR (CDCl3) spectrum is available. 1H NMR (CDCl3, 400 MHz): 

δ 8.11 (2H, d, J = 7.9 Hz), 7.47 (4H, m), 7.25 (2H, m), 4.50 (2H, t, J = 5.5 Hz), 4.09 (2H, 

m).  

 

Synthesis of 3.33: The starting material 3.32 (1.8 g, 8.5 mmol) was dissolved in 

tetrahydrofuran (THF, 85 mL, 0.1 M). Triphenyl phosphine (4.46 g, 2.0 equiv) and 

imidazole (2.9 g, 5.0 equiv) were added to the solution. While stirring the mixture at 

room temperature, iodine chips (4.5 g, 2.1 equiv) were added to the mixture in one 

portion. The mixture was stirred for 30 minutes. Once the product formation was 

determined via thin layer chromatography, aqueous sodium thiosulfate was added to the 

mixture until the color disappeared. The reaction mixture was subject to work-up (ethyl 

acetate/water), and the resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(8:1 hexane/ethyl acetate) to afford the desired iodide. The iodide was dissolved in N,N-

dimethylformamide (DMF, 50 mL), and sodium azide (5.5 g 10.0 equiv) was added to the 

DMF solution. The mixture was refluxed at 70ºC under argon for 1 day. Once the product 



 297 

formation was determined via thin layer chromatography, the solvent was removed in 

vacuo. The reaction mixture was subject to work-up (ethyl acetate/water), and the 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography to afford the desired azide as 

yellow solids (2.03 g, 8.6 mmol, 100%). 1H NMR (CDCl3) spectrum is available. 1H 

NMR (CDCl3, 400 MHz): δ 8.11 (2H, t, J = 7.9 Hz), 7.47 (4H, m), 7.27 (2H, m), 4.50 

(2H, t, J = 6.2 Hz), 3.74 (2H, t, J = 6.16 Hz).  

 

Synthesis of 3.34: The starting material 3.33 (840 mg, 3.6 mmol) was dissolved in 

tetrahydrofuran (THF, 35 mL, 0.1 M). Triphenyl phosphine (2.8 g, 3.0 equiv), and then 

water (0.64 mL, 10.0 equiv) were added to the solution, and the mixture was stirred at 

room temperature for 16 hours. Once the product formation was determined via thin layer 

chromatography, the reaction mixture was subject to work-up (ethyl acetate/water). The 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (6:1 hexane/ethyl acetate) to 

afford the desired product as yellow oil (433 mg, 2.1 mmol, 58%). 1H NMR (CDCl3 and 

DMSO-d6) spectra are available. 1H NMR (CDCl3, 400 MHz): δ 8.11 (2H, d, J =7.9 Hz), 

7.47 (4H, d, J = 3.8 Hz), 7.25 (2H, m), 4.42 (2H, t, J = 6.2 Hz), 3.23 (2H, t, J = 6.2 Hz), 

1.52 (2H, br). 1H NMR (DMSO-d6, 400 MHz): δ 8.12 (2H, d, J = 7.9 Hz), 7.61 (2H, d, J 

= 8.2 Hz), 7.42 (2H, t, J = 7.2 Hz), 7.16 (2H, t, J = 7.2 Hz), 4.34 (2H, t, J = 6.8 Hz), 2.91 

(2H, d, J = 6.8 Hz).  

 

Synthesis of 3.30: Cis-dichlorodiamminoplatinum(II) (619 mg, 1.0 equiv) was dissolved 

in N,N-dimethylformamide (DMF, 33 mL). Silver nitrate (350 mg, 1.0 equiv) was added 

to the solution in the dark, and the mixture was stirred at 55ºC under argon gas for 1 day. 

The reaction mixture was filtered though 20 µm nylon filter to remove insolubles. The 

filter cake was washed with DMF. The clear and colorless filtrate was transferred to a 

new flask. To the flask, the starting material 3.34 (433 mg, 2.06 mmol) was added to the 
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mixture. The new reaction mixture was stirred at 55ºC under argon gas in the dark. After 

1 additional day, the reaction mixture was taken out from the heat source and the solvent 

was removed in vacuo. The crude mixture was dissolved in minimum volume of 

methanol. 10× (by volume) cold diethyl ether was poured to the methanol. The resulting 

white solids were collected and further purified with additional methanol/ether wash. The 

product could not be purified via silica gel chromatography (too polar) or C18 reverse-

phase HPLC (possible interference), and we confirmed that at least three laboratory 

groups did not (or could not) use HPLC to purify their monofunctional platinum 

compounds.155,157,158 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-d6), 

and hrMS (ESI) spectra are available. In addition, we obtained a X-ray structure of 3.30 

(Figure 3.5 and Table 3.9). 1H NMR (DMSO-d6, 400 MHz): δ 8.15 (2H, d, J = 7.5 Hz), 

7.65 (2H, d, J = 7.9 Hz), 7.48 (2H, t, J = 7.2 Hz), 7.20 (2H, t, J = 7.5 Hz), 5.10 (2H, br), 

4.63 (2H, t), 4.31 (3H, br), 3.99 (3H, br), 2.92 (2H, m). 13C NMR (DMSO-d6, 150 MHz): 

δ 139.8, 125.9, 122.2, 120.4, 119.1, 109.0, 43.3, 42.2. 195Pt NMR (DMSO-d6, 129 MHz): 

δ –2390. hrMS (ESI): chemical formula: C14H20ClN4Pt+, calculated m/z 474.1024, 

observed m/z 474.1020.  
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Figure 3.5. X-ray structure of two 3.30 with two nitrate counter-ions. 
Note that one of the two nitrate positions is a mixture of a nitrate ion and a nitrate ion with water molecule. 

The images were rendered via ORTEP-III for Windows.3 

 

Synthesis of 3.36: Commercially available starting material 3.35 (280 mg, 1.0 mmol) was 

dissolved in methanol (25 mL, 0.04 M). 1,3-Diaminopropane (2.5 mL, 30.0 equiv) was 

added to the solution dropwise under argon gas. The mixture was refluxed at 80ºC for 18 

hours. Once the product formation was determined via thin layer chromatography, the 

solvent was removed in vacuo. 200 mL of cold water was poured into the concentrated 

reaction mixture to precipitate the desired product as yellow solid (298 mg, 0.92 mmol, 

92%). 1H NMR (CDCl3) spectrum is available. 

 

Attempted Synthesis of 3.37162: Cis-dichlorodiamminoplatinum(II) (45 mg, 1.5 equiv) 

was dissolved in N,N-dimethylformamide (DMF, 3 mL). Silver nitrate (26 mg, 1.5 equiv) 

was added to the solution in the dark, and the mixture was stirred at 55ºC under argon gas 

for 1 day. The reaction mixture was filtered though 20 µm nylon filter to remove 

insolubles. The filter cake was washed with DMF. The clear and colorless filtrate was 

transferred to a new flask. To the flask, the starting material 3.36 (32 mg, 0.1 mmol) was 
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added to the mixture. The new reaction mixture was stirred at 55ºC under argon gas in the 

dark. After 1 additional day, the reaction mixture was taken out from the heat source and 

the solvent was removed in vacuo. The crude mixture was dissolved in minimum volume 

of methanol. 10× (by volume) cold diethyl ether was poured to the methanol. The 

resulting orange solids were collected and further purified with additional methanol/ether 

wash. In order to characterize the compound, I grew a crystal of the product. X-ray 

diffraction data showed the product is 3.38, which was unexpected (Figure 3.6). It 

appeared that 3.37 might have formed during the reaction, but the reactive secondary 

amine displaced the chloride, leading to the rapid cyclization. It was also observed that 

the aromaticity of the central pyridine of the acridine was broken, and as a result, the 

product became slightly bent (Scheme 3.2). 1H NMR (DMSO-d6), lrMS (ESI) spectrum 

and X-ray table (Table 3.15) are available. 

 

 
Figure 3.6. X-ray structure of 3.38 with a nitrate counter ion. 
(Left) Top view. (Right) Side view. The images were rendered via ORTEP-III for Windows.3 
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Scheme 3.2. Proposed Mechanism of the Formation of 3.38 

 
 

Attempts were made in order to prevent the cyclization; (a) temporary shielding of the 

secondary amine by Fmoc protection (3.36 through 3.41), and (b) synthesize an amide 

derivative (3.42 through 3.44). Troubleshooting of the failed reactions was not actively 

pursued, because at that time we found out about the existence of structurally similar 

3.25. 

 

Synthesis of 3.45: Cis-dichlorodiamminoplatinum(II) (33 mg, 1.1 equiv) was dissolved in 

N,N-dimethylformamide (DMF, 5 mL, 0.02 M). Silver nitrate (19 mg, 1.1 equiv) was 

added to the solution in the dark, and the mixture was stirred at 55ºC under argon gas for 

1 day. The reaction mixture was filtered though 20 µm nylon filter to remove insolubles. 

The filter cake was washed with DMF. The clear and colorless filtrate was transferred to 

a new flask. Meanwhile, the starting material 3.7 (HCl salt form, 58 mg, 0.1 mmol) was 

dissolved in DMF and treated with excess triethylamine (Et3N) to remove the HCl salt. 

The new reaction mixture was stirred at 55ºC under argon gas in the dark. After 1 

additional day, the reaction mixture was taken out from the heat source and the solvent 

was removed in vacuo. The crude mixture was dissolved in minimum volume of DMF. 
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10× (by volume) cold dichloromethane (DCM) was poured to the methanol. The resulting 

red solids were collected and further purified with additional DMF/DCM wash. 1H NMR 

(DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-d6), and hrMS (ESI) spectra are 

available. The spectra contained residual DMF that could not be removed further, and the 

crystal could not be obtained (possibly because of the DMF).  

 

The original intent of 3.45 was to take advantage of the intercalating mode of 

doxorubicin (perpendicular to the base pairs, with the amine facing toward the minor 

groove163) and design a minor-groove platinating agent. However, we found out that there 

was a similar effort by another group.150  

 

The Lee group determined the binding mode of 3.30 via host-guest complex between 

human DNA polymerase β (polβ) and gapped dsDNA with 3.30. Host-guest complex 

provides a high-resolution X-ray image of a lesion-containing naked DNA, which has 

been known to be a difficult structure to be solved via either NMR or X-ray.164 The 

Verdine group obtained 7 X-ray structures with 2.3 – 2.8Å resolutions by co-crystallizing 

various BER lesion-containing DNAs (guest) with an E. coli BER repair enzyme called 

AlkA (host). AlkA is known to recognize various BER-type lesion-containing 

dsDNAs.164 The glycosylase activity of AlkA was prevented by chemically modifying 

(2’-β-fluorination) the lesion-containing ribose sugars without compromising the 

substrate recognition.164 Since then, the strategy has been successfully applied to human 

TLS enzyme called polβ, which recognizes gapped DNA and adds a nucleotide opposite 

to the gap.165 A combination of 5’-phosphorylation of a gapped DNA and removal of 

dNTP has been known to block the catalysis.166 With that, the Lee group has previously 

designed a polβ-gapped DNA host-guest complex to study the base pairing mode of N7-

methylguanine lesion.167 The same strategy was used here to determine the binding mode 

of 3.30 on dsDNA (Scheme 3.3, Figure 3.7, and Table 3.10). 
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Scheme 3.3. polβ-3.30 Host-Guest Complex 
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Figure 3.7. polβ-3.30 host-guest complex 2.5Å X-ray structure (PDB ID: 5HHI). 
(Top Left) A global view of the complex. (Top Right) A close-up view of the box. Electron density map 

(2Fo – Fc) was contoured at 1.0σ around 3.30 and its neighboring DNA bases via PyMOL.168 (Bottom Left) 

A top view showing the platination of N7 of guanine by 3.30. (Bottom Right) A side view showing the 

intercalation of 3.30 into two GC base pairs adjacent to the platination site. Crystallographic table is 

available (Table 3.9). 

 

The X-ray structure revealed that 3.30 platinated N7 of guanine and the carbazole moiety 

was intercalated between the base pair at the modified guanine and the base pair on the 3’ 

side of the modified guanine. The long axis of the carbazole moiety is parallel to the long 

axis of Watson-Crick base pair, thereby making extensive π-π stacking interactions 

(Figure 3.7, Bottom Left). The carbazole moiety of 3.30 is predominantly intercalated into 

two G•C base pairs, as indicated by strong electron density (Figure 3.7, Bottom Right). 
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Since platination predominantly occurs at N7 of guanine, the intercalation of carbazole is 

likely to occur between two G•C base pairs or between G•C and A•T base pairs, but not 

between two A•T base pairs. In our polβ-HGC experiment setting (5’-TGC-3’, G denotes 

the platination site, Scheme 3.3), the adjacent base pairs to the platination site (a single 

guanine) are G27•C5 and A29•T3 base pairs. The intercalation of carbazoleplatin was 

observed at the interface between two G•C base pairs rather than between G•C and A•T 

base pairs. In principle, the preferential intercalation into 5’-GC-3’ over 5’-TG-3’ base 

pairs can occur through preferential insertion between two G•C base pairs or between the 

platinated G and the base pair downstream of the adduct. In the published 3.25-DNA 

structure that contains 5’-CGT-3’ sequence169, , the acridine moiety was intercalated into 

5’-CG-3’ rather than 5’-GT-3’ base pairs. The preferential intercalation into 5’-GC-3’ 

and 5’-CG-3’ over 5’-TG-3’ and 5’-GT-3’ sequences, respectively, thus suggests a base 

pair-dependent intercalation rather than a directionality-dependent intercalation of 

carbazoleplatin. It appears that, during platination-intercalation events, intercalation 

between two G•C base pairs is thermodynamically favored over intercalation between 

G•C and A•T base pairs. 

 

To determine the degrees of helical distortion caused by 3.30, the X-ray structure of the 

identical host-guest complex without 3.30 was solved (PDB ID: 5HHH). The distortion 

parameters of 3.30 were calculated by comparing the two host-guest complex structures. 

It should be acknowledged that this method is less accurate than unwinding assay170 or 

solution X-ray structure comparison171 due to the restriction caused by the contacted 

protein. The purpose of this experiment was rather to provide a quick determination of 

3.30-induced the helical distortion (Table 3.3). 
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Table 3.3. DNA Torsion Analysis of polβ-3.30 Structure 

Distortion 
parameter 

Control DNA (º) 3.30-DNA (º) Difference (º) 

Shear –0.41 –0.05 0.36 

Stretch –0.01 –0.15 0.14 

Stagger 0.24 0.09 0.15 

Buckle –4.05 0.61 4.66 

Propeller –7.1 –7.05 0.05 

Opening –1.19 –2.15 0.96 

Shift 0.35 –0.28 0.63 

Slide –0.35 0.28 0.63 

Rise 3.19 3.03 0.16 

Tilt 1.52 –3.01 4.53 

Roll 4.27 4.19 0.08 

Twist 34.13 32.33 1.80 

x-Displacement –1.3 –0.28 1.02 

y-Displacement –0.34 –0.03 0.31 

Helical rise 3.18 2.96 0.22 

Inclination 7.27 7.57 0.30 

Tip –2.57 5.51 8.08 

Twist 34.79 33.08 1.71 
The parameters were calculated via 3DNA.172 Only the atom coordinates belonging to the upstream oligo 

(C1 to C10) and the corresponding template oligo (G22 to G31) were taken into the calculation. 
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1,2-intrastrand crosslink by cisplatin, which is the most 

predominant form of the cisplatin adducts, has been known 

to significantly distort the helix so that the 5’ side of the Pt-

DNA adduct adopts A-form helix.171 1,2-intrastrand 

crosslink by cisplatin is also known to bend the DNA 

toward the major groove (35 to 40º), exposing the minor 

groove opposite to the platination site.171 In contrary, 3.30-

DNA adopted normal B-form helix, and it causes DNA to 

bend away from the major groove approximately 8º (Figure 

3.8). Since the minor groove of cisplatin-DNA is 

recognized by apoptosis-inducing proteins such as p53173, it 

is plausible that 3.30 may result in different cellular 

responses than those of cisplatin. 

 
Figure 3.8. Helical 

distortion caused by 

3.30. 
(Teal) 3.30-DNA. (Gray) 

control DNA. (Purple) 

3.30. (White) polβ. 

 

 

To demonstrate the effect of the helical distortion in a biological context, the Lee group 

studied how a NER enzyme processes 3.30 lesions versus cisplatin 1,2-intrastrand 

lesions. Due to technical difficulty in simulating eukaryotic NER system, we opted for 

Uvr ABC exinuclease, which is the prokaryotic NER system that has been known to 

recognize and incise NER lesions such as cisplatin.147,170  Two different 50-mer dsDNA 

with 5’ fluorescent labels containing either a cisplatin-GG adduct or a 3.30-G adduct 

were prepared. They were mixed with UvrA and UvrB for 2 minutes and then with UvrC 

for 1 hour at 37ªC. The incision products were analyzed by gel electrophoresis followed 

by fluorescence visualization/quantification (Scheme 3.4 and Figure 3.9). 
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Scheme 3.4. UvrABC Incision Assay of cisplatin-GG Intrastrand Crosslink Adduct 

and 3.30-G Adduct 
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Figure 3.9. UvrABC incision assay of cisplatin-GG intrastrand crosslink adduct and 

3.30-G adduct. 
(Lane 1) Unmodified 50-mer duplex DNA in the presence of UvrABC. (Lane 2) Unmodified 50-mer 

duplex DNA in the absence of UvrABC. (Lane 3) Cisplatin-GG-containing duplex DNA in the absence of 

UvrABC. (Lane 4) Cisplatin-GG-containing duplex DNA in the presence of UvrABC. (Lane 5) 

Unmodified duplex DNA in the absence of UvrABC. (Lane 6) 3.30-G-containing duplex DNA in the 

absence of UvrABC. (Lane 7) 3.30-G-containing DNA in the presence of UvrABC. The intensity of each 

band was quantified by Image J.174 

 

The results suggest that the 3.30-G adducts are less efficiently processed by NER than the 

cisplatin-GG adducts, presumably due to little helix distorting nature of the 3.30-G 

lesion. While UvrABC did not cleave 5’-FAM-labeled undamaged DNA (Figure 3.9, 

Lane 1), it removed about 45% of cisplatin-GG adducts to produce the incision products 

(11% single incision + 34% dual incision) in 1h at 37 ºC (Figure 3.9, Lane 4). In contrast, 

under the same conditions, UvrABC removed only 20% of the carbazoleplatin-G adduct 

(4% single incision + 16% dual incision) at the same time (Figure 3.9, Lane 7). It is 

important that UvrABC recognized the 3.30 adduct and attempted to process the lesion; 

this indicates that NER may be one of the major DNA repair pathways that process the 

lesions caused by 3.30. 
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The in vitro cytotoxicity of 3.30 was tested against PANC-1 (pancreas), MDA-MB-231 

(triple-negative breast), PC-3 (prostate), and MCF-7 (breast) by Zhengrong Cui’s 

laboratory at University of Texas at Austin. In the 48-hour MTT assay with four 

replicates, 3.30 showed superior cytotoxicity against PANC-1 and MDA-MB-231 

compared to cisplatin (Figure 3.10 and Table 3.4) 

 

 
Figure 3.10. 48-hour MTT cytotoxicity assay of 3.30 against PANC-1 and MDA-MB-

231 (first experiment). 
RPMI medium was used as vehicle in all conditions. 

 

Table 3.4. Cytotoxicity Profile of 3.30 (First Experiment) 

Cell line (Cancer type) 
IC50 (µM) 

3.30 Cisplatin (3.4) 

PANC-1 (Pancreas) 5.3 43.3 

MDA-MB-231 (Breast) 9.3 47.5 
The IC50 values were calculated by computationally fitting the data into the equation Y = 100 / 

(1+10^((LogIC50–X)×HillSlope))) via GraphPad Prism 6, where Y is the y-axis (survival %), X is the x-

axis (inhibitor concentration), and HillSlope is the hill slope. For more information, see Table 3.11 and 

Table 3.12. 
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Despite the finding that IC50 values of cisplatin were considerably higher than the 

reported values (2.2–3.7 µM against PANC lines and 3.4 µM against MDA-MB-231175), 

the results showed that 3.30 is 5–8× more cytotoxic than cisplatin. However, later 

attempts of the identical MTT assay did not yield the consistent results (Figure 3.11 and 

Table 3.5). 

 

 
Figure 3.11. 48-hour MTT cytotoxicity assay of 3.30 against PANC-1 and MDA-MB-

231 (second experiment). 
RPMI medium was used as vehicle in all conditions. 

 

Table 3.5. Cytotoxicity Profile of 3.30 (Second Experiment) 

Cell line (Cancer type) 
IC50 (µM) 

3.30 Cisplatin (3.4) 3.34 

PANC-1 (Pancreas) 27.5 59.2 78.2 

MDA-MB-231 (Breast) 27.7 >50% 48.7 
The IC50 values were calculated by computationally fitting the data into the equation Y = 100 / 

(1+10^((LogIC50–X)×HillSlope))) via GraphPad Prism 6, where Y is the y-axis (survival %), X is the x-

axis (inhibitor concentration), and HillSlope is the hill slope. For more information, see Table 3.13 and 

Table 3.14. 

 

The inconstancy could have arisen be due to several factors: (a) the purity/decomposition 

of 3.30, (b) cell counting, and (c) the solubility. 3.30 appears to start decomposing after 3 
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weeks in 2–8ºC storage (based on 195Pt NMR), so it had to freshly prepared for the second 

MTT experiment. As previously mentioned, the purity of 3.30 could not be quantified 

due to the difficulty in purifying the compound with HPLC, and it is possible that the 

purity of 3.30 in the first MTT experiment differed from that in the second MTT 

experiment, which took place 6 months after. Next, in the first MTT experiment, the cells 

were counted via hemocytometer because of the malfunctioning automatic cell counter. 

The automatic cell counter was used in the second MTT experiment. Lastly, it is possible 

that in both experiments, both the platinum compounds did not completely dissolve in 

RPMI medium (although they appeared to), a water-based cell culture medium. Both 

cisplatin and 3.30 best dissolve in dimethyl sulfoxide (DMSO), but DMSO is known to 

inactivate cisplatin by displacing Pt-Cl coordinate and forming Pt-DMSO coordinate.176 

In fact, our attempts to use DMSO as a vehicle yielded poor-quality results (Data not 

shown). Despite the inconsistent IC50 values, the second MTT experiment indicated that 

the cytotoxicity of 3.30 was not solely driven by the cytotoxicity of the intercalator 3.34. 

 

3.3. Platinum-Based Interstrand Crosslinker Synthesis 

3.3.1.  Interstrand Crosslink and DNA Repair 

 

When each strand of double helix DNA is physically connected together via covalent 

bond, the product is called an interstrand crosslink (ICL). ICL is one of the most toxic 

forms of DNA damage because (a) the lesion is technically difficult to bypass or repair 

and (b) the lesion blocks the separation of the dsDNA, which is required for every 

replication or transcription.177,178,179,180 ICL can be formed by various endogenous 

chemicals (metabolites) and exogenous chemicals (natural products and cancer drugs) 

(Figure 3.12).177 
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Figure 3.12. Examples of chemicals that are capable of forming interstrand crosslinks 

(ICL). 
Modified from a review by Guainazzi & Schärer177 

 

Repairing ICL damage is a complex process that involves multiple DNA repair pathways 

including NER, HR, MMR, TLS, and FA.177 Researchers have identified key events that 

occur during ICL repair, but the specific role of each protein involved in the repair 

process is not fully understood (Figure 3.13). 
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Figure 3.13. Interstrand crosslink (ICL) repair pathway models. 
Modified from a review by Guainazzi & Schärer177 and a review by Hashimoto, Anai, & Hanada.180 

 

Chemical synthesis of ICL-containing DNA can become a great tool for studying ICL 

repair pathway, but the generation of ICL product has been a technical challenge. 

Reacting known ICL-forming chemicals with dsDNA is known to generate less than 5% 

ICL products in generals,181 because typical ICL crosslinkers can produce multiple 

adducts. Therefore, researchers have been interested in establishing a reliable method of 

generating specific ICL products by means of chemical modification. Currently, there are 

several strategies to generate ICL adducts (Scheme 3.5). 177,182,183,184,185,186,187,188 
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Scheme 3.5. Chemical Synthesis Methods of Interstrand Crosslinks (ICLs) 

 
 

The Lee group has been interested in synthesizing a novel ICL substrate. Initially, we 

wanted to design a new ICL via postsynthetic Suzuki coupling between 7-Deazaguanine 

(crosslinker precursor, Scheme 3.5 Method D)-containing dsDNA and a diborane 

(crosslinker, Scheme 3.5, Method D), but the working reaction conditions could not be 

found. (See Chapter 2.3.2 for details.) As a workaround, we attempted to design an ICL-

containing dsDNA using monofunctional platinums. 

 

3.3.2.  Syntheses of 1st–Generation Crosslinkers (Platinum–Intercalation–Platinum) 

 

All classical platinum compounds are capable of forming an ICL, albeit in very low 

proportion (<5%). Transplatin (3.49) is known to form an ICL as a major adduct, but the 
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rate of ICL formation is very slow thus clinically inactive.189 Thus, synthesizing 

monofunctional multinuclear platinum compounds that can form an ICL as their major 

adduct has been a major interest among researchers (Figure 3.14). For example, the 

design intent of BBR3464 (3.23) and BBR3005 (3.50) was to facilitate the ICL 

formation, and they were capable of producing ICL adducts as much as 20% and 70 - 

90%, respectively.153 (Cisplatin ICL = 5%.) However due to their long (n ≥ 6) and 

flexible (saturated) linker chains, they were not ideal for generating site-specific ICL 

substrates. The Lee group synthesized sp2-based xylene- / bipyridyl- / pyrazine- based 

monofunctional binuclear platinum compounds, in an attempt to make a site-specific ICL 

via platination and intercalation (Figure 3.14). 

 

 
Figure 3.14. Platinum interstrand crosslinkers. 
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Synthesis of 3.51: Cis-dichlorodiamminoplatinum(II) (150 mg, 0.5 mmol, 2.0 equiv) was 

dissolved in N,N-dimethylformamide (DMF, 7.5 mL, 0.07M). Silver nitrate (AgNO3, 85 

mg, 2.0 equiv) was added to the solution, and the mixture was stirred at 55ºC under argon 

gas in the dark for 18 hours. The gray insolubles were removed via vacuum filtration. To 

the colorless and clear filtrate, p-xylylenediamine (30 mg, 0.22 mmol) was added, and the 

resulting mixture was stirred at 55ºC under argon gas in the dark. After another 18 hours, 

the solvent of the reaction mixture was removed in vacuo. The mixture was dissolved in 

minimum volume of methanol. 10× (by volume) cold diethyl ether was poured to the 

methanol. The resulting white solids were collected and further purified with additional 

methanol/ether wash to afford the desired product as yellow solid (62 mg, 0.09 mmol, 

42%). The product could not be further purified via silica gel chromatography or C18 

reverse-phase HPLC. 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-

d6), and lrMS (ESI) spectra are available. 1H NMR (DMSO-d6, 400 MHz): δ 7.36 (4H, s), 

5.12 (3H, m), 4.28 (6H, br), 3.93 (6H, s), 3.80 (6H, m). 13C NMR (DMSO-d6, 150 MHz): 

δ 137.6, 128.3, 64.9, 49.3, 15.2. 195Pt NMR (DMSO-d6, 129 MHz): δ –2081 and –2396. 

 

Synthesis of 3.52: Cis-dichlorodiamminoplatinum(II) (150 mg, 0.5 mmol, 2.0 equiv) was 

dissolved in N,N-dimethylformamide (DMF, 7.5 mL, 0.07M). Silver nitrate (AgNO3, 85 

mg, 2.0 equiv) was added to the solution, and the mixture was stirred at 55ºC under argon 

gas in the dark for 18 hours. The gray insolubles were removed via vacuum filtration. To 

the colorless and clear filtrate, 4,4-Bipyridyl (35 mg, 0.225 mmol) was added, and the 

resulting mixture was stirred at 55ºC under argon gas in the dark. After another 18 hours, 

the solvent of the reaction mixture was removed in vacuo. The mixture was dissolved in 

minimum volume of methanol. 10× (by volume) cold diethyl ether was poured to the 

methanol. The resulting white solids were collected and further purified with additional 

methanol/ether wash to afford the desired product as white solid (126 mg, 0.184 mmol, 

82%). The product could not be further purified via silica gel chromatography or C18 

reverse-phase HPLC. 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-
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d6), and lrMS (ESI) spectra are available. 1H NMR (DMSO-d6, 400 MHz): δ 8.89 (4H, d, 

J = 6.8 Hz), 8.08 (4H, d, J = 7.2 Hz). 13C NMR (DMSO-d6, 150 MHz): δ 153.7, 144.6, 

123.7. 195Pt NMR (DMSO-d6, 129 MHz): δ –2268. (In addition, δ –2082 and –2451 ppm 

were observed as minor peaks, but none of them corresponds to the 195Pt chemical shift of 

cisplatin, which is –2229 ppm.190)  

 

Synthesis of 3.53: Cis-dichlorodiamminoplatinum(II) (150 mg, 0.5 mmol, 2.0 equiv) was 

dissolved in N,N-dimethylformamide (DMF, 7.5 mL, 0.07M). Silver nitrate (AgNO3, 85 

mg, 2.0 equiv) was added to the solution, and the mixture was stirred at 55ºC under argon 

gas in the dark for 18 hours. The gray insolubles were removed via vacuum filtration. To 

the colorless and clear filtrate, pyrazine (18 mg, 0.225 mmol) was added, and the 

resulting mixture was stirred at 55ºC under argon gas in the dark. After another 18 hours, 

the solvent of the reaction mixture was removed in vacuo. The mixture was dissolved in 

minimum volume of methanol. 10× (by volume) cold diethyl ether was poured to the 

methanol. The resulting white solids were collected and further purified with additional 

methanol/ether wash to afford the desired product as yellow-green solid (74 mg, 0.10 

mmol, 45%). The product could not be further purified via silica gel chromatography or 

C18 reverse-phase HPLC. 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), and 195Pt NMR 

(DMSO-d6) spectra are available. 1H NMR (DMSO-d6, 400 MHz): δ 8.97 (4H, s), 4.70 

(6H, br), 4.51 (6H, br).13C NMR (DMSO-d6, 150 MHz): δ 150.1, 147.7, 147.5. 195Pt 

NMR (DMSO-d6, 129 MHz): δ –2272 and –2294. 

 

 

Synthesis of 3.54: Cis-dichlorodiamminoplatinum(II) (150 

mg, 0.5 mmol, 1.0 equiv) was dissolved in N,N-

dimethylformamide (DMF, 7.5 mL, 0.07M). Silver nitrate 

(AgNO3, 85 mg, 1.0 equiv) was added to the solution, and 

the mixture was stirred at 55ºC under argon gas in the dark 
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for 18 hours. The gray insolubles were removed via vacuum filtration. 

To the colorless and clear filtrate, caffeine (97 mg, 0.5 mmol) was added, and the 

resulting mixture was stirred at 55ºC under argon gas in the dark. After another 18 hours, 

the solvent of the reaction mixture was removed in vacuo. The mixture was dissolved in 

minimum volume of methanol. 10× (by volume) cold diethyl ether was poured to the 

methanol. The resulting white solids were collected and further purified with additional 

methanol/ether wash to afford the desired product as white solid (111 mg, 0.24 mmol, 

48%). The product could not be further purified via silica gel chromatography or C18 

reverse-phase HPLC. 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-

d6), lrMS (ESI), and hrMS (ESI) spectra are available. 1H NMR (DMSO-d6, 400 MHz): δ 

8.63 (1H, s), 4.46 (3H, s), 4.44 (6H, br), 3.98 (3H, s), 3.23 (3H, s). 13C NMR (DMSO-d6, 

150 MHz): δ 153.7, 150.9, 144.6, 143.7, 107.6, 34.3, 31.9, 27.9. 195Pt NMR (DMSO-d6, 

129 MHz): δ –2236. 

 

Isolation & purification of the desired products was the main challenge. The purities of 

3.51 and 3.53 were not adequate, so no further studies were done with those compounds. 

On the other hand, 3.52 and 3.54 (made out of curiosity though not capable of forming an 

ICL) could be obtained with >80% purity (based on NMR), so they were subject to a 

preliminary MTT cytotoxicity assay against TC-1 (mouse lung cancer) by Zhengrong 

Cui’s laboratory at University of Texas at Austin (Figure 3.15 and Table 3.6). 
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Figure 3.15. MTT cytotoxicity assay of 3.52 against TC-1. 

 

Table 3.6. Cytotoxicity Profile of 3.52 and 3.54 

Cell line (Cancer 

type) 

IC50 (µM) 

3.52 3.54 
Cisplatin 

(3.4) 

Phenanthriplatin 

(3.28) 

TC-1 (Lung, 

Mouse) 
8.2 97 7.3 2.3 

The IC50 values were calculated by computationally fitting the data into the equation Y = 100 / 

(1+10^((LogIC50–X)×HillSlope))) via GraphPad Prism 6, where Y is the y-axis (survival %), X is the x-

axis (inhibitor concentration), and HillSlope is the hill slope. For more information, see Table 3.16. 

 

With the promising preliminary cytotoxicity data, 3.52 was further investigated. First, 3 

nmol of 3.4 and 3.52 were aquated (See Figure 3.3, 3.18) via 1 (3.4) or 2 (3.52) 

equivalent silver nitrate, and then they were mixed with 1 nmol fluorescence-labeled 

dsDNA at 37ºC in the dark, pH 7.3. The reaction mixtures were separated via 20% urea 

gel electrophoresis (19:1 acrylamide/bisacrylamide) and visualized under fluorescence 

scanner (Figure 3.16). It appeared that 3.52 preferentially formed 1,2-interstrand 

crosslink and 1,3-interstrand crosslink products compared to 3.4 (lane 6, 9 versus lane 5, 

8), but the desired mass could be not found when the extracted bands were analyzed via 

MALDI (data not shown).  
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Figure 3.16. Denaturing PAGE of interstrand crosslink reaction products from 3.52. 

 

To generate a cleaner ICL product, I attempted two-step ICL formation (Scheme 3.5, 

Method B) of 3.52. However, the first step reaction generated too many side products. 

Because it was impossible to selectively aquate (activate) only one core of the two 

symmetric monofunctional platinums, the aquated 3.52 appeared to form unwanted 

crosslink products in the first step reaction. As a result, the mono-adduct of 3.52 (Scheme 

3.5, method B, the intermediate structure) could not isolated. 

 

3.3.3.  Syntheses of 2nd–Generation Crosslinkers (Platinum–Intercalation–Alkylation) 
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In an attempt to obtain a clean ICL product, different types of crosslinkers were designed 

and synthesized. The second-generation crosslinkers had two different mechanisms to 

bind to DNA. Since each alkylating arm is activated in different conditions, we 

hypothesized two-step ICL formation (Scheme 3.5., Method B) might be carried out with 

these crosslinkers (Scheme 3.6). 
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Scheme 3.6. Syntheses of Platinum-Intercalator-Alkylators 
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Synthesis of 3.55: The starting material 3.33 (861 mg, 3.64 mmol) was dissolved in DCM 

(37 mL, 0.1 M). N-Bromosuccinimide (NBS, 713 mg, 1.1 equiv) was added to the 

solution in one portion. The mixture was stirred at room temperature under argon gas for 

20 minutes. Once the product formation was determined via thin layer chromatography, 

the reaction mixture was poured to aqueous sodium thiosulfate solution for work-up. The 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (7:1 hexane/ethyl acetate) to 

afford the desired product as clear yellow oil (875 mg, 2.78 mmol, 76%). 1H NMR 

(CDCl3) spectrum is available. 

 

Synthesis of 3.56 and 3.57: The starting material 3.33 (118 mg, 0.5 mmol) was dissolved 

in methanol (5 mL, 0.1 M). N-Iodosuccinimide (NIS, 240 mg, 2.1 equiv) was added to 

the solution in one portion. The mixture was stirred at 4ºC under argon gas for 18 hours. 

Additional NIS were added when needed. Once the product formation was determined 

via thin layer chromatography, the solvent of the reaction mixture was removed in vacuo. 

The mixture was subject to work-up (ethyl acetate/aqueous sodium thiosulfate solution). 

The resulting organic layer was washed with brine and dried over sodium sulfate. The 

crude mixture was purified via silica gel column chromatography (10:1 hexane/ethyl 

acetate) to afford the mono-iodide 3.56 as yellow oil (129 mg, 0.35 mmol, 72%) and the 

di-iodide 3.57 as white solids (23 mg, 0.05 mmol, 9%). 1H NMR (CDCl3), 13C NMR 

(CDCl3), and hrMS (ESI) spectra are available for 3.56. 1H NMR (CDCl3) spectrum is 

available for 3.57. 

 

Synthesis of 3.58: The iodide starting material 3.56 (530 mg, 1.46 mmol) and 

allyltributyltin (493 µL, 1.1 equiv) were mixed with N,N-dimethylformamide (DMF, 3.7 

mL, 0.42 M) under argon gas. Cesium fluoride (CsF, 445 mg, 2.0 equiv), copper iodide 

(CuI, 28 mg, 10 mol%), and tetrakis(triphenylphosphine)palladium(0) ((PPh3)4Pd(0), 86 

mg, 5 mol%) were added to the mixture in the order under argon gas. Before beginning 
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the stirring the mixture, the air in the reaction mixture was evacuated, and then replaced 

with argon gas (via 3-way valve) multiple times. Once most of the bubbles disappeared, 

the reaction mixture was stirred at 45ºC under argon gas for 18 hours. Once the Stille 

coupling product formation was determined via thin layer chromatography, the reaction 

mixture was filtered and washed with DMF to remove the insolubles. DMF in the filtrate 

was removed in vacuo, and the mixture was subject to work-up (ethyl acetate/water). The 

resulting organic layer was washed with brine and dried over sodium sulfate. The crude 

mixture was purified via silica gel column chromatography (20:1 hexane/ethyl acetate) to 

afford the desired product as colorless clear oil (267 mg, 0.966 mmol, 66%). When the 

bromide 3.55 was used as the starting material, the reaction yield did not exceed 15% 

(See Table 3.7). The use of copper iodide and cesium fluoride has been reported to 

accelerate the formation of the coupled product191 (Scheme 3.7), but in this particular 

reaction, the vacuum procedure (YKC07070 vs. YKC07073, Table 3.7) and the use of the 

iodide starting material (YKC07073 vs. YKC07076, Table 3.7) appeared to be more 

critical factors. 1H NMR (CDCl3), 13C NMR (CDCl3), and hrMS (ESI) spectra are 

available. 

 

Table 3.7. Screening of Reaction Conditions for the Synthesis of 3.58 via Stille 

Coupling (continued next page) 
Entry Electro-

phile 
Nucleo-

phile 
Catalyst Add-

itive 1 
Add-
itive 2 

Solvent Temp Time Atmo-
sphere 

Result 

YKC 

07064 

Bromide 

3.55 

0.2 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 
– – 

DMF 

0.25 M 
100 ºC 2 d Argon 

~25% desired 
product + 2 

side products 
+ unreacted 

starting 
material 

YKC 

07066 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.5 equiv 

Pd(PPh3)4 

10 mol% 
– – 

Toluene 

0.02 M 
115 ºC 1 d 

Argon 

Dark 

~10% desired 
product + 2 

side products 
+ unreacted 

starting 
material 

YKC 

07067 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

10 equiv 

Pd(PPh3)4 

10 mol% 
– – 

Toluene 

0.02 M 
115 ºC 1 d 

Argon 

Dark 

~10% desired 
product + 2 

side products 
+ unreacted 

starting 
material 
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(Table 3.7, cont.) 

YKC 

07068 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

10 equiv 

Pd(PPh3)4 

30 mol% 
– – 

Toluene 

0.02 M 
115 ºC 1 d 

Argon 

Dark No rxn 

YKC 

07069 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)2

Cl2 

5 mol% 

– – 
DMF 

0.02 M 
rt 2 d Argon No rxn 

YKC 

07069 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)2

Cl2 

5 mol% 

– – 
DMF 

0.02 M 
100 ºC 1 h Argon No rxn 

YKC 

07069 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)2

Cl2 

5 mol% 

CuI 

200 

mol% 

– 
DMF 

0.02 M 
100 ºC 1 h Argon No rxn 

YKC 

07070 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 

CuI 

10 

mol% 

CsF 

2 equiv 

DMF 

0.02 M 
45 ºC 1 d Argon No rxn 

YKC 

07070 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 

CuI 

10 

mol% 

CsF 

2 equiv 

DMF 

0.02 M 
100 ºC 1 d Argon 

~10% desired 
product + 2 

side products 
+ unreacted 

starting 
material 

YKC 

07073 

Iodide 

3.56 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 

CuI 

10 

mol% 

CsF 

2 equiv 

DMF 

0.42 M 
45 ºC 1.5 d 

Vac-

uum 

Argon 

44% desired 
product + 
Clean rxn 

YKC 

07074 

Iodide 

3.56 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 

CuI 

10 

mol% 

CsCO3 

1 equiv 

DMF 

0.42 M 
45 ºC 2 d 

Vac-

uum 

Argon 

?% desired 
product + 1 

side product + 
Clean rxn 

YKC 

07076 

Bromide 

3.55 

0.1 mmol 

Allyl 

tributyltin 

1.1 equiv 

Pd(PPh3)4 

5 mol% 

CuI 

10 

mol% 

CsF 

2 equiv 

DMF 

0.42 M 
45 ºC 1.5 d 

Vac-

uum 

Argon 

~10% desired 
product + 2 

side products 
+ unreacted 

starting 
material 
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Scheme 3.7. Proposed Mechanism of Copper/Fluoride-Assisted Stille Coupling by 

Mee & Baldwin 

 
 

Synthesis of 3.59: The starting material 3.58 (280 mg, 1.01 mmol) was dissolved in 

tetrahydrofuran (THF, 10 mL, 0.1 M). Triphenylphosphine (PPh3, 787 mg, 3.0 equiv) and 

water (180 µL, 10.0 equiv) were added to the solution, and the mixture was stirred at 

room temperature under argon gas for 2 days. Once the product formation was 

determined via thin layer chromatography, the reaction mixture was subject to work-up 
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(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(1:1 hexane/ethyl acetate to 1:1 ethyl acetate/methanol with 0.5% triethylamine) to afford 

the desired product as yellow oil (176 mg, 0.68 mmol, 67%). 1H NMR (CDCl3 and 

DMSO-d6), 13C NMR (CDCl3), and hrMS (ESI) spectra are available. 

 

Synthesis of 3.60: Cis-dichlorodiamminoplatinum(II) (150 mg, 1.7 equiv) was dissolved 

in N,N-dimethylformamide (DMF, 8.3 mL). Silver nitrate (88 mg, 1.7 equiv) was added 

to the solution in the dark, and the mixture was stirred at 55ºC under argon gas for 1 day. 

The reaction mixture was filtered though 20 µm nylon filter to remove insolubles. The 

filter cake was washed with DMF. The clear and colorless filtrate was transferred to a 

new flask. To the flask, the starting material 3.59 (77 mg, 0.3 mmol) was added to the 

mixture. The new reaction mixture was stirred at 55ºC under argon gas in the dark. After 

1 additional day, the reaction mixture was taken out from the heat source and the solvent 

was removed in vacuo. The crude mixture was dissolved in minimum volume of 

methanol. 10× (by volume) cold diethyl ether was poured to the methanol. The resulting 

white solids were collected and further purified with additional methanol/ether wash. The 

product could not be purified via silica gel chromatography or C18 reverse-phase HPLC. 

The desired product was obtained as yellow solids (49 mg, 0.085 mmol, 28%). 1H NMR 

(DMSO-d6), 13C NMR (DMSO-d6), 195Pt NMR (DMSO-d6), and hrMS (ESI) spectra are 

available.  

 

Synthesis of 3.61: Potassium ferricyanide (K3Fe(CN)3, 346 mg, 3.0 equiv) was dissolved 

in water (1.7 mL). Potassium carbonate (K2CO3, 145 mg, 3.0 equiv) and potassium 

osmate(VI) dihydrate (K2OsO4(OH)4, 2.3 mg, 2 mol%) were added to the solution. 

(DHQ)2PHAL (hydroquinine 1,4-phthalzainediyl diether, 27 mg, 10 mol%) was first 

dissolved in tert-butanol (1.7 mL) and then added to the water mixture. The t-BuOH:H2O 

mixture was stirred vigorously at 0ºC under argon gas. The starting material 3.58 (96 mg, 
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0.35 mmol) was dissolved in minimum amount of dichloromethane and then added to the 

solution dropwise. The reaction mixture was vigorously stirred at 4ºC for 18+ hours. 

Once the completion of the reaction was determined via thin layer chromatography, t-

BuOH was removed in vacuo, and the mixture was subject to work-up (ethyl 

acetate/water). The resulting organic layer was washed with brine and dried over sodium 

sulfate. The crude mixture was purified via silica gel column chromatography (1:2 

hexane/ethyl acetate) to afford the desired product as white oil (77 mg, 0.25 mmol, 71%). 
1H NMR (CDCl3), 13C NMR (CDCl3), and hrMS (ESI) spectra are available. 

 

Synthesis of 3.62: The starting material 3.61 (77 mg, 0.25 mmol) was dissolved in 

tetrahydrofuran (THF, 2.5 mL, 0.1 M). Triphenylphosphine (PPh3, 196 mg, 3.0 equiv) 

and water (45 µL, 10.0 equiv) were added to the solution, and the mixture was stirred at 

room temperature under argon gas for 22 hours. Once the product formation was 

determined via thin layer chromatography, the reaction mixture was subject to work-up 

(ethyl acetate/water). The resulting organic layer was washed with brine and dried over 

sodium sulfate. The crude mixture was purified via silica gel column chromatography 

(ethyl acetate to methanol with 0.5% triethylamine) to afford the desired product as white 

solids (42 mg, 0.15 mmol, 59%). 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), lrMS 

(ESI), and hrMS (ESI) spectra are available. 

 

Synthesis of 3.63: Cis-dichlorodiamminoplatinum(II) (75 mg, 1.7 equiv) was dissolved in 

N,N-dimethylformamide (DMF, 5 mL). Silver nitrate (43 mg, 1.7 equiv) was added to the 

solution in the dark, and the mixture was stirred at 55ºC under argon gas for 1 day. The 

reaction mixture was filtered though 20 µm nylon filter to remove insolubles. The filter 

cake was washed with DMF. The clear and colorless filtrate was transferred to a new 

flask. To the flask, the starting material 3.62 (42 mg, 0.15 mmol) was added to the 

mixture. The new reaction mixture was stirred at 55ºC under argon gas in the dark. After 

1 additional day, the reaction mixture was taken out from the heat source and the solvent 
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was removed in vacuo. The crude mixture was dissolved in minimum volume of 

methanol. 10× (by volume) cold diethyl ether was poured to the methanol. The resulting 

white solids were collected and further purified with additional methanol/ether wash. The 

product could not be purified via silica gel chromatography or C18 reverse-phase HPLC. 

The desired product was obtained as yellow oil (11 mg). 1H NMR (DMSO-d6), lrMS 

(ESI), and hrMS (ESI) spectra indicated that the product contained significant impurities. 

 

Synthesis of 3.64: The starting material 3.57 (102 mg, 0.209 mmol) and allyltributyltin 

(310 µL, 2.2 equiv) were mixed with N,N-dimethylformamide (DMF, 1 mL, 0.21 M) 

under argon gas. Cesium fluoride (CsF, 128 mg, 4.0 equiv), copper iodide (CuI, 8 mg, 20 

mol%), and tetrakis(triphenylphosphine)palladium(0) ((PPh3)4Pd(0), 23 mg, 10 mol%) 

were added to the mixture in the order under argon gas. Before beginning the stirring the 

mixture, the air in the reaction mixture was evacuated, and then replaced with argon gas 

(via 3-way valve) multiple times. Once most of the bubbles disappeared, the reaction 

mixture was stirred at 45ºC under argon gas for 1 day. Once the Stille coupling product 

formation was determined via thin layer chromatography, the reaction mixture was 

filtered and washed with DMF to remove the insolubles. DMF in the filtrate was removed 

in vacuo, and the mixture was subject to work-up (ethyl acetate/water). The resulting 

organic layer was washed with brine and dried over sodium sulfate. The crude mixture 

was purified via silica gel column chromatography (10:1 hexane/ethyl acetate) to afford 

the desired product as yellow oil (50 mg, 0.16 mmol, 76%). 1H NMR (CDCl3), 13C NMR 

(CDCl3), lrMS (CI) and hrMS (CI) spectra are available. 

 

Synthesis of 3.65: The starting material 3.64 (216 mg, 0.68 mmol) was dissolved in 

tetrahydrofuran (THF, 7 mL, 0.1 M). Triphenylphosphine (PPh3, 538 mg, 3.0 equiv) and 

water (123 µL, 10.0 equiv) were added to the solution, and the mixture was stirred at 

room temperature under argon gas for 1 day. Once the product formation was determined 

via thin layer chromatography, the reaction mixture was subject to work-up (ethyl 
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acetate/water). The resulting organic layer was washed with brine and dried over sodium 

sulfate. The crude mixture was purified via silica gel column chromatography (1:1 

hexane/ethyl acetate to methanol with 0.5% triethylamine) to afford the desired product 

as white solids (93 mg, 0.32 mmol, 47%). 1H NMR (DMSO-d6), 13C NMR (DMSO-d6), 

lrMS (ESI), and hrMS (ESI) spectra are available. 

 

Synthesis of 3.66: Cis-dichlorodiamminoplatinum(II) (118 mg, 1.25 equiv) was dissolved 

in N,N-dimethylformamide (DMF, 6.5 mL). Silver nitrate (67 mg, 1.25 equiv) was added 

to the solution in the dark, and the mixture was stirred at 55ºC under argon gas for 1 day. 

The reaction mixture was filtered though 20 µm nylon filter to remove insolubles. The 

filter cake was washed with DMF. The clear and colorless filtrate was transferred to a 

new flask. To the flask, the starting material 3.65 (93 mg, 0.32 mmol) was added to the 

mixture. The new reaction mixture was stirred at 55ºC under argon gas in the dark. After 

1 additional day, the reaction mixture was taken out from the heat source and the solvent 

was removed in vacuo. The crude mixture was dissolved in minimum volume of 

methanol. 10× (by volume) cold diethyl ether was poured to the methanol. The resulting 

white solids were collected and further purified with additional methanol/ether wash. The 

product could not be purified via silica gel chromatography or C18 reverse-phase HPLC. 

The desired product was obtained as brown oil (51 mg), and its corresponding m/z was 

found in lrMS (ESI) and hrMS (ESI). It appears that the purification via methanol/diethyl 

ether wash depends on the aromaticity/polarity of the molecule. The purity decreases as 

more alkyl groups or hydroxyl groups were added to the carbazole. 

 

Due to the purity challenge, only 3.60 was used for reactions involving DNA. 3.60 was 

aquated with 1 equivalent of silver nitrate and reacted with ssDNA. The reaction product 

was purified via reverse phase high performance liquid chromatography (HPLC, 15% 

ammonium acetate in methanol to 50% ammonium acetate in methanol gradient elution 

through C18 column), and the fractions were analyzed via 20% polyacrylamide (19:1 
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acrylamide/bisacrylamide) urea gel. The DNA products were visualized with methylene 

blue stain (Figure 3.17).  

 

 
Figure 3.17. Denaturing PAGE of 3.60 – ssDNA monoadduct. 

 

The fractions containing the potential monoadduct were subject to mass spectrometry 

(MALDI) analysis, but the found m/z was different than the calculated m/z (though it was 

greater than the m/z of the ssDNA). The subsequent pathway (diol formation and 

aldehyde formation, Scheme 3.6, 3.67) is currently under investigation; osmium tetroxide 

can product side products (thymine glycols in the platinated ssDNA), and the alternative 

compound 3.63 is difficult to purify. 
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3.4. Spectral and Crystallographic Data 

 

Table 3.8. Compound Characterization Summary - Platinums (continued next page) 

Compound  Known New 1H 

NMR 

13C 

NMR 

Other MS HRMS X-ray 

3.30  × × × 195Pt NMR  × × 

3.32 ×  ×      

3.33 ×  ×      

3.34 ×  ×      

3.36 ×  ×      

3.38  × ×     × 

3.39 ×  ×      

3.40  × ×      

3.42 ×  ×      

3.45  × × × 195Pt NMR × ×  

3.51  × × × 195Pt NMR ×   

3.52  × × × 195Pt NMR ×   

3.53  × × × 195Pt NMR    

3.54  × × × 195Pt NMR × ×  

3.55  × ×      

3.56  × × ×   ×  

3.57  × ×      

3.58  × × ×   ×  

3.59  × × ×  × ×  

3.60  × × × 195Pt NMR  ×  

3.61  × × ×   ×  

3.62  × × ×  × ×  

3.63  × ×   × ×  
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(Table 3.8, cont.) 

3.64  × × ×  × ×  

3.65  × × ×  × ×  

3.66  ×    × ×  
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Table 3.9. Crystal Data and Structure Refinement for 3.30 (continued next page) 
Chemical formula C14 H20 Cl N5 O3 Pt 

Formula weight 536.88 

Temperature 100(2) K 

Wavelength 1.54184 Å 

Crystal system monoclinic 

Space group P21/n 

Unit cell dimensions  

a = 17.6087(3) Å α = 90° 

b = 5.45090(10) Å β = 96.5600(10)° 

c = 36.3822(5) Å γ = 90° 

Volume 3469.22(10) Å3 

Z 8 

Density (calculated) 2.071 Mg/m3 

Absorption coefficient 16.780 mm-1 

F(000) 2080 

Crystal size 0.180 × 0.110 x 0.040 mm3 

Theta range for data collection 2.445 to 74.271°. 

Index ranges –21 ≤ h ≤ 21  /  –6 ≤ k ≤4  /  –45 ≤ l ≤ 45 

Reflections collected 18275 

Independent reflections 6857 [R(int) = 0.0242] 

Completeness to theta = 67.684° 99.5 % 

Absorption correction Semi-empirical from equivalents 

Max. and min. transmission 1.00 and 0.585 

Refinement method Full-matrix least-squares on F2 

Data / restraints / parameters 6857 / 566 / 476 

Goodness-of-fit on F2 1.099 

Final R indices [I>2sigma(I)] R1 = 0.0328, wR2 = 0.0680 

R indices (all data) R1 = 0.0371, wR2 = 0.0690 

Extinction coefficient n/a 
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(Table 3.9, cont.)  

largest diff. peak and hole 1.358 and -1.601 e.Å-3 
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Table 3.10. Data Collection and Refinement Statistics for polβ-3.30 Host-Guest 

Complex (continued next page) 

PDB code 
dG:dC 

(5HHH) 

3.30-N7-dG:dC 

(5HHI) 

Data Collection   

Space Group P21 P21 

Cell constants   

a (Å) 51.334 54.372 

b 84.595 80.119 

c 55.523 54.674 

α (º) 90.00 90.00 

β 107.494 108.942 

γ 90.00 90.00 

Resolution (Å)a 20-2.36 (2.41-2.36) 20-2.52 (2.56-2.52) 

Rmerge
b (%) 0.080 (0.359) 0.075 (0.380) 

<I/σ> 20.7 (2.73) 22.0 (2.50) 

Completeness (%) 100 (99.9) 99.3 (93.4) 

Redundancy 3.7 (3.7) 4.8 (4.3) 

Refinement   

Rwork
c/Rfree

d (%) 21.2/26.2 22.4/27.8 

Unique reflections 18516 14873 

Mean B factor (Å2)   

Protein 44.7 53.5 

Ligand 37.5 64.3 

Solvent 40.8 43.1 

Ramachandran plot   

Most favored (%) 96.6 94.1 

Additional allowed (%) 3.4 5.6 

RMSD   

Bond lenghts (Å) 0.005 0.005 

Bond angles (º) 0.710 0.680 
a Values in parentheses are for the highest resolution shell. 
bRmerge = Σ|I-<I>|/ΣI where I is the integrated intensity of a given reflection. 
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(Table 3.10, cont.) 
cRwork = Σ|F(obs)-F(calc)|/ ΣF(obs). 
dRfree = Σ|F(obs)-F(calc)|/ ΣF(obs), calculated using 5% of the data. 
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Table 3.11. Output Table of the First MTT Experiment of 3.30 (09/04/2015, PANC-
1) 
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Table 3.12. Output Table of the First MTT Experiment of 3.30 (09/04/2015, MDA-
MB-231) 
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Table 3.13. Output Table of the Second MTT Experiment of 3.30 (03/10/2016, 
PANC-1) 
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Table 3.14. Output Table of the Second MTT Experiment of 3.30 (03/10/2016, MDA-
MB-231) 
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Table 3.15. Crystal Data and Structure Refinement for 3.38 
Crystal data  

Chemical formula [Pt(C16H18N3)(NH3)2](NO3)2 

Mr 668.97 

Crystal system, space group Monoclinic, P21/c 

Temperature (K) 100 

a, b, c (Å) 7.6398 (3), 10.8372 (11), 25.982 (4) 

β (º) 92.478 (5) 

V (Å3) 2149.1 (4) 

Z 4 

Radiation type Cu Kα 

µ (mm–1) 13.87 

Crystal size (mm) 0.13 × 0.02 × 0.02 

Data collection  

Diffractometer Agilent SuperNova with AtlasS2 CCD 

Absorption correction Guassian (CrysAlis PRO; Agilent, 2013) 

Tmin, Tmax 0.503, 1.00 

No. of measured, independent and observed [I > 

2σ(I)] reflections 

8178, 4158, 3105 

Rint 0.066 

(sin θ/λ)max (Å–1) 0.627 

Refinement  

R[F2 > 2σ(F2)], wR(F2), S 0.059, 0.155, 1.04 

No. of reflections 4158 

No. of parameters 304 

No. of restraints 444 

H-atom treatment Only H-atom coordinates refined 

Δρmax, Δρmin (e Å–3) 2.22, –3.37 
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Table 3.16. Output Table of the MTT Expeirment of 3.52 and 3.54 

 
 

Nonlin fitNonlin fitNonlin fitNonlin fitNonlin fitNonlin fitNonlin fitNonlin fit

1 log(inhibitor) vs. norm

2 Best-fit values

3      LogIC50

4      HillSlope

5      IC50

6 Std. Error

7      LogIC50

8      HillSlope

9 95% CI (profile likelih

10      LogIC50

11      HillSlope

12      IC50

13 Goodness of Fit

14      Degrees of Freed

15      R square

16      Absolute Sum of S

17      Sy.x

18

19 Number of points

20      # of X values

21      # Y values analyz

22

23

24

25

26

27

28

29

A B C D E

Cisplatin (3.4) Phenanthriplatin (3.28) 3.52 3.54 Title

Y Y Y Y Y

Ambiguous Ambiguous

~ 0.8621 0.3592 0.9112 ~ 1.988

~ -5.883 -0.9088 -1.235 ~ -8.511

~ 7.279 2.287 8.152 ~ 97.19

~ 83.18 0.08132 0.08248 ~ 7067

~ 3549 0.1305 0.3362 ~ 4865480

(Very wide) 0.1961 to 0.5251 0.7443 to 1.116 (Very wide)

(Very wide) -1.268 to -0.6752 ??? to -0.7781 (Very wide)

1.571 to 3.351 5.551 to 13.06

34 34 34 34

0.8884 0.9521 0.9248 0.9204

6525 3070 4833 3641

13.85 9.503 11.92 10.35

36 36 36 36

36 36 36 36
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CHAPTER 4.  THE BIG PICTURE 

The Concept of Rational Drug Design and Hierarchical Reductionism 
 

In his book The Blind Watchmaker, a renowned evolutionary biologist Richard Dawkins 

says: 

 

The body is a complex thing with many constituent parts, and to understand its 

behaviour you must apply the laws of physics to its parts, not to the whole. The 

behaviour of the body as a whole will then emerge as a consequence of 

interactions of the parts.192 

 

In his point of view, in order to understand a complex thing, it is necessary to break it 

down into small, chewable components, and he says this activity (reductionism) “is just 

another name for an honest desire to understand how things work.192” It is important that 

we can only apply reductionism one level below. For example, understanding how an 

electric motor work will help us understand how a Tesla moves. However, understanding 

how electrons move will not help us understand much how a Tesla moves, and our 

attempts to explain Tesla in terms of electrons would be completely “irrational.” 

 

Now let’s take a look at the following diagram (Figure 4.1). 
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Figure 4.1. The “Aufbau (building-up)” diagram of science. 

 

In this ridiculously simplified diagram, our attempts to understand our body started from 

physics, in which the atoms are explained in terms of mathematical equations. Molecules 

are networks of atoms, and chemistry tries to understand molecule in terms of atoms. 

Biomolecules such as DNA, enzyme, and antibody are networks of molecules, and 

biochemists are interested in explaining how biomolecules function in terms of 

molecules. Molecular biology tries to understand how a cell, a network of biomolecules, 

in terms of biomolecules. Notice that this progress has been a series of chronological 

events; physics is the oldest, and molecular biology is the newest. Currently, we do not 

completely understand how body “emerged” from cells, as it is clear that our body is 

more than just the sum of our cells. 
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Design is an act of planning in order to build a desired product with available knowledge. 

Chemists use physics knowledge to build molecules. Biochemists use chemical 

knowledge to build biomolecules. Molecular biologists use biomolecule knowledge to 

build cells, etc. Imagine a physicist trying to build a cell with his physics knowledge. It 

wouldn’t make any sense because his physics knowledge is most useful for building a 

molecule. Somehow the physicist may succeed in building a living cell, but the chances 

are so slim so it will look more like a result of an extremely good luck. Basically, 

“design” is a reverse process of “understanding mechanism,” so the same rule of 

hierarchical reductionism applies: only one level up/down.  

 

Now our audacious attempt to design a small molecule that induces a desired effect in our 

body, so called “rational drug design” may look not so rational at all. Cancer is more than 

a collection of cancer cells, and we still do not know the exact mechanisms yet.193 We 

know at least that cancer is a complex biological system that cannot be fully understood 

by just studying the individual components. Cancer is a biological system, which is a 

molecular interaction network that always changes with time (e.g. cell cycles) and that is 

constantly influenced by the environment (e.g. epigenetics).193 Biological system has 

components that are redundant, that have no functions, and that keep changing their 

genetic information.193 Therefore designing a drug that binds to the desired biomolecule 

would be rational, and anything above would belong to the realm of probability. Perhaps 

that is why chemists are really good at making biomolecule “inhibitors,” but only a 

minute portion of those inhibitors actually become “drugs.” Perhaps that is why the drug 

development attrition rate is so high.194 

 

In summary, my research has been synthesizing novel steroids, nucleosides, and 

platinums (molecules) that target DNA (biomolecule), in an attempt to inhibit the growth 

of cancer (somewhere between cell and organism, but definitely more complex than cell). 
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It has now been apparent that targeting DNA does not warrant the killing of the cancer, 

but at least we know that DNA-damaging agents in general are very effective at killing 

cancer cells (Figure 4.2). 

 

 
Figure 4.2. The role of DNA-damaging agents in cancer. 
Modified from a review by Blagosklonny195 and a review by Schmitt196 

 

The No-Design Approach 
 

Based on what we discussed, there are two possible solutions to make better cancer 

drugs. One solution is to go one complexity level up and design biomolecules that target 

cancer (i.e. antibody). Another solution is to play a probability game with numerous 

random small molecules; clever designs and careful thoughts do not need to be put in 
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when synthesizing them. Looking back in history, many natural product anticancer drugs 

were found by random searching and screening. It is highly likely that the organism 

produced those natural products did not have any purpose or design; who knew that a 

random worm in the deep sea can produce a remarkable anticancer molecule such as 

cephalostatin? The effectiveness of random search is not limited to natural products, as 

demonstrated by the success of cisplatin. The synthesis method and the structure of 

cisplatin has been known for more than 100 years, but its anticancer activity was 

completely unknown until Rosenberg randomly discovered it. This suggests that there 

may already be millions of bioactive anticancer drugs on earth. Once we can culture 

cancer, not cancer cells, in massive numbers, a revolution in small molecule anticancer 

drug discovery will begin. 
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