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ABSTRACT  

Antibody–drug conjugates (ADCs) that are currently on the market or in clinical trials are 

predominantly based on two drug classes: auristatins and maytansinoids. Both are tubulin 

binders and block the cell in its progression through mitosis. We set out to develop a new class 

of linker-drugs based on duocarmycins, potent DNA-alkylating agents that are composed of a 

DNA-alkylating and a DNA-binding moiety and that bind into the minor groove of DNA. 

Linker-drugs were evaluated as ADCs by conjugation to the anti-HER2 antibody trastuzumab via 

reduced interchain disulfides. Duocarmycin 3b, bearing an imidazo[1,2-a]pyridine-based DNA-

binding unit, was selected as the drug moiety, notably because of its rapid degradation in plasma. 

The drug was incorporated into the linker-drugs in its inactive prodrug form, seco-duocarmycin 

3a. Linker attachment to the hydroxyl group in the DNA-alkylating moiety was favored over 

linking to the DNA-binding moiety, as the first approach gave more consistent results for in vitro 

cytotoxicity and generated ADCs with excellent human plasma stability. Linker-drug 2 was 

eventually selected based on the properties of the corresponding trastuzumab conjugate, 

SYD983, which had an average drug-to-antibody ratio (DAR) of about 2. SYD983 showed 

subnanomolar potencies against multiple human cancer cell lines, was highly efficacious in a 

BT-474 xenograft model, and had a long half-life in cynomolgus monkeys, in line with high 

stability in monkey and human plasma. Studies comparing ADCs with a different average DAR 

showed that a higher average DAR leads to increased efficacy, but also to somewhat less 

favorable physicochemical and toxicological properties. Fractionation of SYD983 with 

hydrophobic interaction chromatography resulted in SYD985, consisting of about 95% DAR2 

and DAR4 species in an approximate 2:1 ratio and having an average DAR of about 2.8. 

SYD985 combines several favorable properties from the unfractionated ADCs with an improved 
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homogeneity. It was selected for further development and recently entered clinical Phase I 

evaluation.  
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INTRODUCTION 

Antibody–drug conjugates (ADCs) are more and more considered to be valuable therapeutics 

for cancer therapy, and a still increasing number of companies are actively developing ADCs. 

The recent approvals of Adcetris (brentuximab vedotin)1 and Kadcyla (ado-trastuzumab 

emtansine)2 for the treatment of CD30- and HER2-positive cancers, respectively, have 

significantly contributed the excitement to the use of ADC therapeutics for cancer treatment. 

Over 30 ADCs are currently in clinical trials and more are in preclinical development. Most of 

these ADCs, including brentuximab vedotin and ado-trastuzumab emtansine, use auristatins or 

maytansinoids as payloads. Both are tubulin polymerization inhibitors that bind to the vinca 

domain in tubulin and that cause cell cycle arrest in the G2-M phase, eventually leading to 

apoptotic cell death. There are only a small number of ADCs in clinical development that contain 

different drug classes, including calicheamycins, camptothecins, anthracyclines, and 

pyrrolobenzodiazepine dimers,3 which all target DNA or DNA-related proteins. Other drug 

classes, such as aminitins,4 tubulysins,4 and monofunctional indolinobenzodiazepine dimers,5 are 

being explored preclinically and may enter the clinic in the years to come.  

Although ADCs generally show an enhanced selectivity towards tumor cells compared to non-

targeted chemotherapeutics, still a considerable number of off-target toxicities and side effects 

are noted in a significant number of patients. This is most likely due to the fact that ADCs, like 

traditional chemotherapeutics, are dosed at the maximum tolerated dose, and consequently, 

adverse effects are notable. For brentuximab vedotin, given to patients at a dose level of 2.4 

mg/kg every three weeks, peripheral sensory neuropathy and neutropenia are commonly 

observed grade ≥3 adverse events.6,7,8 Similarly, thrombocytopenia and neutropenia are 

frequently observed for ado-trastuzumab emtansine, which is administered at a dose level of 3.6 
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mg/kg every three weeks.9,10,11,12 For these ADCs, as well as for other ADCs based on the same 

drug classes that are still in clinical development, many of the reported toxicities appear to be 

identical and target-independent, suggesting that many toxicities are related to (systemic) 

exposure to the drug.13 

The firstly discovered member of the naturally occurring duocarmycins was CC-1065 (1, 

Figure 1), isolated from Streptomyces bacteria in the late 1970s.14 Duocarmycins act by binding 

to the minor groove of DNA in A-T rich regions and subsequently alkylating adenine residues at 

the N3 position through the cyclopropyl group in the DNA-alkylating moiety.15 Although CC-

1065 was shown to be very potent in vitro, it demonstrated only moderate in vivo activity16 and 

delayed lethality accompanied by irreversible hepatic toxicity17 in animal models. Many groups 

have been working on the development of synthetic duocarmycin analogs with the aim to 

improve the biological profile of this class of compounds.18,19,20,21 

Halogen-containing seco derivatives of the duocarmycins are generally believed to require a 

ring closure to their cyclopropyl-containing spiro analogs (Figure 1) to become cytotoxic, 

although seco derivatives that cannot rearrange to their spiro counterparts have been shown to 

have DNA-alkylating capabilities as well, albeit much more attenuated.22,23 Thus, by trapping the 

duocarmycin in its seco form through conjugation of the crucial hydroxyl group to a promoiety, 

the duocarmycin drug can be (largely) inactivated until the promoiety is removed and ring 

closure to the spiro form can occur. This concept has for example been applied to duocarmycin 

prodrugs carzelesin and KW-2189, which both progressed into clinical development. 

Unfortunately, like non-prodrug adozelesin, which was also evaluated in the clinic,24 both 

compounds lacked sufficient therapeutic window, related to hematological toxicity, and clinical 

development was halted.25,26 
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In an effort to develop a class of linker-drugs that would allow for ADCs with an improved 

therapeutic index and with a mechanism of action distinct from that of ADCs currently on the 

market or in clinical development, we have explored the duocarmycin class of compounds as 

ADC drugs. Others27,28,29,30 have also studied this drug class for use in ADCs, but only one 

duocarmycin-based ADC, MDX-120331 (now BMS-93656132), was progressed into phase I 

clinical trials. However, to the best of our knowledge, at the time of writing this paper, no 

clinical trials are currently ongoing with this ADC. 

Here, we describe a new duocarmycin derivative with the favorable in vitro and in vivo 

properties to use it as an ADC. This duocarmycin was incorporated into novel linker-

duocarmycin constructs using linkers optimized to provide a perfect synergy with the drug. 

ADCs based on these linker-duocarmycins and the anti-HER2 antibody trastuzumab were 

extensively evaluated, eventually culminating in selection of linker-duocarmycin 2 as the lead 

linker-drug for our anti-HER2 ADC program and subsequent development of HER2-targeted 

ADC SYD985, which recently entered clinical development. 

 

RESULTS  

Duocarmycins. The hydrophobic nature of duocarmycins conveys a strong binding into the 

minor groove of DNA, but at the same time it limits the water solubility of this class of 

compounds. Furthermore, it was shown by Jeffrey and coworkers28 to adversely affect 

physicochemical properties of duocarmycin-based ADCs, as relatively high amounts of high 

molecular weight (HMW) species were observed when a linker was used that had successfully 

been employed for other drug classes. By reducing linker hydrophobicity, the amount of HMW 

species could be lowered. We envisioned that hydrophobicity could potentially also be reduced 
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by introduction of heteroatoms at selected positions within the core ring structure of the 

duocarmycin itself. An extensive structure–activity relationship study focusing on the effects of 

structural modifications on CMC and preclinical properties of the duocarmycins and their 

corresponding ADCs led to identification of the imidazo[1,2-a]pyridine series as an interesting 

class of duocarmycins. Analog 3a (seco-DUBA, Figure 1) was selected from this class based on 

its favorable properties. 

seco-DUBA was prepared from the corresponding DNA-alkylating and DNA-binding 

moieties. The DNA-alkylating moiety, which is based on the 1,2,9,9a-

tetrahydrocyclopropa[c]benzo[e]indole-4-one framework,33,34 was prepared according to the 

route depicted in Scheme 1. 

Starting from o-tolualdehyde (4) and dimethyl succinate (5), a 9:1 mixture of acids 6a and 6b 

was obtained through a Stobbe condensation.35 Ring closure of the mixture of acids was 

accomplished with trifluoroacetic anhydride and gave alcohol 7, which was then protected with 

benzyl chloride to afford benzyl ether 8. Ensuing hydrolysis of the methyl ester group in 8 to 

afford carboxylic acid 9 was followed by a Curtius rearrangement in a mixture of toluene and 

tert-butyl alcohol to provide carbamate 10. Bromination with N-bromosuccinimide to give 

bromide 11 proceeded smoothly. Besides chromatographic resolution and diastereomeric 

derivatization, asymmetric synthetic approaches, such as enzymatic desymmetrization 

reactions,36 asymmetric hydroboration,37 and Jacobsen epoxidation,37 have been used to obtain 

the alkylating moiety with high enantiomeric excess. We decided to alkylate bromide 11 with 

(S)-glycidyl nosylate38,39,40 to be able to introduce the five-membered ring. Alkylation proceeded 

well in the presence of potassium tert-butoxide and gave epoxide 12 in good yield. Ring closure 

proved unsuccessful with many organometallic reagents, most likely due to steric congestion at 
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the reaction site. The reaction with n-butyllithium gave the best results and provided a mixture of 

desired compound 13 and debrominated, rearranged derivative 14. The ratio between 13 and 14 

was strongly dependent on the reaction conditions that were used. Yields for 13 proved to be 

highest when tetrahydrofuran was used as the solvent and the reaction temperature was kept 

between –25 °C and –20 °C. Under these conditions, 13 and 14 were obtained in an approximate 

1:1 ratio. Separation of the two compounds proved difficult, but work-up with p-toluenesulfonic 

acid resulted in conversion of 14 to 10, which made separation possible. Mesylation of the 

hydroxyl group in 13 followed by chloride substitution using lithium chloride gave key 

intermediate 15. 

The DNA-binding moiety of seco-DUBA was prepared according to the route depicted in 

Scheme 2. A Chichibabin cyclization reaction41 between commercially available ethyl 

bromopyruvate (16) and 5-nitropyridin-2-amine (17) was used to obtain nitro compound 18. 

Reduction of the nitro group with zinc under acidic conditions gave amine 19. Next, coupling 

with methoxymethyl (MOM)-protected 4-hydroxybenzoic acid (20), prepared from methyl 4-

hydroxybenzoate through reaction with chloromethyl methyl ether followed by ester 

hydrolysis,42 gave ethyl ester 21, which was hydrolyzed with sodium hydroxide in aqueous 1,4-

dioxane to provide acid 22. 

seco-DUBA was synthesized from DNA-alkylating unit 15 and DNA-binding moiety 22 by 

removal of the tert-butoxycarbonyl (Boc) protective group from 15 under acidic conditions 

followed by EDC-mediated coupling of amine 23 to acid 22. Compound 24 was then fully 

deprotected in two consecutive steps to afford seco-DUBA as its HCl salt.  

seco-DUBA was evaluated in three human cancer cell lines, selected based on their HER2 

status: breast carcinoma cell line SK-BR-3 (HER2 3+), ovarian carcinoma cell line SK-OV-3 
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(HER2 2+), and colon carcinoma cell line SW620 (HER2-negative).43 All cell lines were highly 

sensitive to seco-DUBA with IC50 values ranging from 90 to 430 pM (Table 1).  

The presence of the second nitrogen atom in the ring structure of the DNA-binding moiety of 

seco-DUBA proved to have a positive effect on logP. seco-DUBA and its analog 26 (Chart 1) 

were calculated to have logP values of 4.32/4.14 and 4.64/4.68, respectively,44 indicating a 

decreased hydrophobicity for seco-DUBA with respect to its analog 26. Calculated values for 

seco-DUBA were in line with the experimentally determined logD value of 3.7 at pH 7.4, 

especially if one considers that the DNA-binding moiety in seco-DUBA is expected to be partly 

protonated at physiological pH, since the pKa of the imidazo[1,2-a]pyridine group is estimated 

to be close to 6.45,46  

DUBA (3b), formed through spontaneous spirocyclization of seco-DUBA (Figure 1), was 

shown to be equally potent and efficacious as seco-DUBA in SK-BR-3 cells, which suggests that 

spirocyclization is not rate-limiting. DUBA was found to be relatively unstable in buffer at 

physiological pH (data not shown) and in plasma from Balb/c mice, Wistar rats, cynomolgus 

monkeys, and man when incubated at a concentration of 5 nM. Half-lives were determined to be 

5.3, 0.6, 1.6, and 1.0 h in mouse, rat, monkey, and human plasma, respectively. Percentages of 

DUBA remaining after 180 min of incubation were 68.2% in mouse plasma, 2.6% in rat plasma, 

44.5% in monkey plasma, and 27.0% in human plasma. Plasma stability of DUBA was about 

threefold lower than that of the spirocyclized analog of 26, indicating that the presence of the 

additional heteroatom in the DNA-binding moiety had a substantial effect on plasma stability. A 

main degradation pathway of DUBA was shown to comprise hydrolysis of the amide bond 

between the DNA-alkylating moiety and DNA-binding moiety, resulting in formation of DNA-

alkylating unit 27 and DNA-binding unit 28 (Chart 1). 
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Both 27 and 28 showed over 50,000-fold reduced potency against SK-BR-3 cells (Figure 2A, 

Table 1), indicating that hydrolysis is an important detoxification route of the drug. When ring 

closure of seco-DUBA to its spiro analog was prevented by coupling of a linker to the hydroxyl 

group in the alkylating moiety, hydrolysis was not detected, suggesting that the spiro form is 

required for hydrolysis to occur.  

Although low plasma stability for DUBA may seem deleterious for biological activity, we 

believed that it could positively affect the profile of ADCs based on seco-DUBA, as rapid 

degradation of DUBA in plasma would translate to low systemic exposure to the drug and 

consequently a lower probability for off-target toxicity. 

To corroborate the low stability of DUBA in vivo, a pharmacokinetic study with seco-DUBA 

and DUBA was conducted in Wistar rats. This study indicated once more that seco-DUBA is 

likely converted to DUBA almost instantaneously, as DUBA pharmacokinetics were very similar 

after administration of DUBA and seco-DUBA at an equimolar dose (Figure 2B). No seco-

DUBA could be detected in plasma, and DUBA was rapidly cleared from the systemic 

circulation, showing a very high clearance of 17 L/(h·kg) and a terminal half-life of 1.1 h. The 

instability observed in plasma in vitro is likely to contribute to the high clearance of DUBA from 

the systemic circulation.  

Linker Optimization. seco-DUBA contains two hydroxyl groups, which can each be used for 

coupling to an antibody via a linker. If the linker is coupled to the hydroxyl group in the 

alkylating moiety, complete elimination of the linker after linker cleavage at the tumor site 

would be necessary to liberate the hydroxyl group and allow ring closure to the active spiro 

compound. If linker attachment occurs through the DNA-binding moiety, both non-cleavable and 

cleavable linkers might be acceptable, as was shown30 for some duocarmycin derivatives similar 
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to seco-DUBA. When the linker is coupled to the DNA-binding moiety, the hydroxyl group in 

the alkylating moiety needs to be protected as well to prevent premature ring closure to the spiro 

compound and subsequent degradation of the antibody-bound duocarmycin to 27 and the 

antibody-bound DNA-binding moiety. The additional requirement for a protective group when 

the linker is coupled to the DNA-binding moiety thus implies that in this approach, formation of 

the spiro drug requires two activating steps at the tumor site. 

Linker-duocarmycins 29 and 30 were prepared to evaluate the differences between linkage to 

the DNA-alkylating unit and linkage to the DNA-binding moiety. Both linker-drugs contain a 

maleimide group for conjugation to a cysteine thiol group on the antibody, the dipeptide valine-

citrulline, which is a substrate for cathepsin B,47 and two self-elimination spacers in between the 

dipeptide and seco-DUBA. The p-aminobenzyl alcohol (PABA) self-elimination spacer is a 

commonly used self-elimination spacer, which is for example present in the linker of 

brentuximab vedotin and in all other ADCs in the clinic bearing the monomethylauristatin E 

(MMAE) drug. The bisamine cyclization spacer was incorporated to allow for a carbamate 

linkage between linker and seco-DUBA, as such a linkage is generally more stable than a 

carbonate linkage, which would be present if only a PABA spacer were used. The N,N'-dimethyl 

cyclization spacer was initially selected, as it had been successfully used in prodrugs 

before.48,49,50 Linker-drug 30 furthermore contains a 4-methylpiperazin-1-ylcarbonyl promoiety, 

in analogy with MDX-1203, designed to stabilize the seco-duocarmycin as long as it is still 

attached to the antibody and to release the drug through an esterase-mediated cleavage inside the 

cell.51,52 

Linker-drug 29 was prepared according to the route depicted in Scheme 3. The linker building 

block was synthesized by starting with a condensation reaction between commercially available 
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31 and 2-(2-aminoethoxy)ethanol (32) to give alcohol 33, which was then converted to reactive 

carbonate 34 through reaction with 4-nitrophenyl chloroformate. Coupling of 34 to H-Val-Cit-

PABA (35), prepared according to literature procedures,53 resulted in formation of linker 36, 

which was treated with bis(4-nitrophenyl) carbonate to give activated linker 37.  

The other building block for linker-drug 29, cyclization spacer-duocarmycin construct 40, was 

prepared from MOM-protected duocarmycin 25 in two steps. Consecutive treatment of 25 with 

4-nitrophenyl chloroformate and commercially available tert-butyl methyl(2-

(methylamino)ethyl)carbamate (38) gave construct 39. Removal of the Boc and MOM protective 

groups in 39 with trifluoroacetic acid (TFA) provided 40 as its TFA salt. Linker-drug 29 was 

synthesized through reaction of activated linker 37 with cyclization spacer-duocarmycin 

construct 40 under slightly basic conditions. Under these conditions, self-elimination of the 

cyclization spacer and resulting formation of 3a was suppressed. 

Linker-drug 30 was synthesized in seven steps from linker 37 and alcohol 25 using a reaction 

sequence largely analogous to that of linker-drug 29. Compound 25 was treated consecutively 

with 4-nitrophenyl chloroformate and 1-methylpiperazine to give carbamate 41. Ensuing 

removal of the MOM protective group was followed by reaction of alcohol 42 with 4-nitrophenyl 

chloroformate and cyclization spacer 38 to give 43. Removal of the Boc protective group and 

subsequent coupling of 44 with linker 37 finally afforded linker-duocarmycin 30. 

Linker-duocarmycins 29 and 30 were conjugated to trastuzumab following partial reduction of 

the interchain disulfide bonds of trastuzumab using tris(2-carboxyethyl)phosphine (TCEP) as the 

reducing agent in such an amount that on average one disulfide bond per antibody was reduced. 

The resulting ADCs, Tmab-29 and Tmab-30, were obtained with average drug-to-antibody ratios 

(DARs) of approximately 2, as determined by hydrophobic interaction chromatography (HIC). 
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Tmab-29 and Tmab-30 were evaluated for in vitro cytotoxicity in the SK-BR-3, SK-OV-3, and 

SW620 cell lines. Both ADCs demonstrated cytotoxic activity that was dependent on HER2 

expression (Table 1 and Figure 3A–C), as no significant activity was observed for both ADCs 

against the HER2-negative SW620 cell line. While Tmab-29 showed subnanomolar activity 

against the SK-BR-3 and SK-OV-3 cell lines with 90–100% efficacy, Tmab-30 was only equally 

potent and efficacious against the SK-OV-3 cell line and considerably less potent against the SK-

BR-3 cell line.  

Both ADCs were also incubated with SW620 cells in the presence of 1% human or mouse 

plasma in order to assess plasma stability. If the linker is unstable in plasma, this could lead to 

release of the active drug and, consequently, increased cytotoxicity against SW620 cells in the 

presence of plasma. This assay would not detect degradation pathways that do not lead to release 

of the active drug. 

In the presence of 1% mouse plasma, the linker-drug in Tmab-29 proved less stable than that 

in Tmab-30. On the basis of the IC50 values of 0.46 nM for Tmab-29 (drug equivalents) in the 

presence of mouse plasma, ±100 nM for Tmab-29 in the absence of mouse plasma, and 0.09 nM 

for seco-DUBA, a significant amount of conjugated drug was released in the six-day assay. In 

the presence of 1% human plasma, both ADCs did not seem to release any considerable amount 

of drug within the six-day assay as IC50 values were at least 450-fold higher than that of seco-

DUBA.  

In a separate assay, linker-drugs 29 and 30 were incubated in human plasma and release of 

degradation products was followed over time. When linker-drugs 29 and 30 were added to 

human plasma, almost instantaneous conjugation to human serum albumin (HSA) took place – 

complete conversion was observed within 5 minutes – and therefore stability of HSA-conjugated 

Page 13 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 14

29 and 30 was in fact assessed. Quantities of DUBA and DNA-alkylating unit 27 were measured 

over time as a measure of plasma stability. Results clearly showed that HSA-29 was highly 

stable in human plasma, in line with the data from the cellular assay, whereas HSA-30 was 

shown to degrade significantly (Figure 3D). Only formation of DNA-alkylation unit 27 was 

detected. As it was shown separately that the total measurable amount of DUBA and 27 slowly 

decreased over time after incubation of DUBA in plasma, absolute quantities of DUBA and 27 

that were formed after incubation of linker-drugs 29 and 30 could not be determined accurately. 

The plasma stability and cytotoxicity assays made clear that linker-drug 30, being relatively 

unstable in human plasma and, at least in SK-BR-3 cells, not sufficiently cytotoxic, is 

outperformed by linker-drug 29 and that linking through the DNA-binding moiety, like in 30, is 

thus disfavored over linking to the DNA-alkylating moiety, like in 29. As no other promoieties 

showing substantially improved properties could be identified and it was considered an 

advantage that only one enzymatic cleavage step would be required to release the drug, we 

decided to move forward with the concept of linking to the DNA-alkylating moiety. 

The relatively low stability of Tmab-29 in mouse plasma was found to be caused by rodent-

specific carboxylesterase 1c (CES1c).43 Although this enzyme is not expressed in man or 

cynomolgus monkey, optimization of mouse plasma stability was considered useful to enable a 

better translation of observed efficacy in mouse models. As studies indicated that CES1c cleaves 

the carbamate linkage between duocarmycin and linker, a large series of linker-duocarmycins 

with different substituents on the nitrogen atom of the linking carbamate group was synthesized 

and evaluated. From this series, linker-duocarmycins 2 (Figure 1) and 45 (Chart 1) were selected 

for more extensive evaluation.  
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Both linker-drugs were prepared analogously to 29.54 The most notable difference was the 

requirement for 1-hydroxybenzotriazole as a catalyst in the coupling reaction between the Boc-

protected cyclization spacer and the 4-nitrophenyl carbonate of 25, likely due to the lower 

reactivity of the amine as a consequence of steric congestion. Furthermore, the presence of the 

amino acid group in the cyclization spacer of linker-drug 45 required a slightly different 

protective group strategy. The synthesis of 45 was in general somewhat more laborious than that 

of linker-drug 2, and the final steps of the synthesis of linker-drug 45 proceeded with somewhat 

lower yields. 

 Linker-duocarmycins 2 and 45 were conjugated through their maleimide group to N-

acetylcysteine, serving as an antibody surrogate, to give compounds 46a and 46b, respectively 

(Scheme 5). Both 46a and 46b were efficiently cleaved by cathepsin B at pH 5 at a similar rate, 

as monitored by formation of cyclization spacer-duocarmycin compounds 47a and 47b (data not 

shown). Self-elimination of the cyclization spacers in 47a and 47b at pH 7.4 and 25 °C occurred 

readily with half-lives of 27 and 37 min, respectively. Half-lives at pH 7.4 and 37 °C were even 

considerably shorter. As expected, half-lives at pH 5 and 37 °C were longer, being 

approximately 10 h for both cyclization spacers.  

Linker-drugs 2 and 45 were conjugated to trastuzumab following the same procedure as for 

Tmab-29. Tmab-2 (SYD983) and Tmab-45 (SYD981) were obtained with average DARs of 

approximately 2, as confirmed by HIC. Percentages of HMW species, as determined by size 

exclusion chromatography (SEC), were 1.8 and 3.0% for SYD983 and SYD981, respectively, 

slightly lower than the percentage of HMW species for Tmab-29 (4.1%), as was anticipated 

based on the less lipophilic nature of the substituents in the cyclization spacer.  
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Both ADCs were evaluated for cytotoxicity in the same three cell lines as Tmab-29 (Table 1). 

SYD983 was slightly more potent than SYD981 against the HER2-positive cell lines SK-BR-3 

(0.22 nM vs 0.31 nM) and SK-OV-3 (0.44 nM vs 1.20 nM). Both were significantly less active 

against the HER2-negative SW620 cell line. 

In vitro plasma stability of SYD983 and SYD981 was assessed by incubating the ADCs in 

mouse, rat, monkey, and human plasma. SYD981 demonstrated half-lives ranging from 39 to 

291 h, while SYD983 showed half-lives between 6 and 252 h (Table 2). Half-lives of conjugated 

antibody were determined with a sandwich ELISA assay in which ADCs were captured with an 

anti-drug antibody and detected with an anti-idiotype antibody. All conjugates that contained at 

least one drug were detected. Conjugated antibody half-lives in plasma were mainly driven by 

linker-duocarmycin degradation instead of degradation of the antibody component, as a 

sandwich ELISA assay to detect total antibody, that is, conjugated and unconjugated antibody, 

using anti-idiotype antibodies for both capture and detection, showed that 75–92% of antibody 

was remaining after seven days of incubation in mouse, rat, monkey, or human plasma. 

Thus, especially in mouse and rat plasma, SYD981 proved significantly more stable than 

SYD983. These results were confirmed in a cellular assay, which showed that cytotoxic activity 

in the HER2-negative SW620 cell line in the presence of 1% mouse plasma was considerably 

higher for SYD983 (IC50 = 0.93 nM) than for SYD981 (IC50 = 3.95 nM), while no significant 

activity was observed for both ADCs in the presence of 1% human plasma (Table 1).  

In vivo PK data for SYD981 and SYD983 were generated in healthy female Balb/c mice 

(Figure 4A), Sprague Dawley rats (Figure 4B), and cynomolgus monkeys (Figure 4C,E). The in 

vivo PK results were well in line with the in vitro plasma stability data. Exposure to conjugated 

antibody, expressed in SYD983 equivalents, was about three times lower for SYD983 than for 

Page 16 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 17

SYD981 in female Balb/c mice. For both ADCs, exposure to total antibody was considerably 

higher, indicating substantial degradation of both ADCs. PK profiles in female Sprague Dawley 

rats were similar to those in Balb/c mice, although the ratio between total antibody exposure and 

conjugated antibody exposure was somewhat smaller for both ADCs. In cynomolgus monkeys, 

both ADCs demonstrated a very similar PK profile and conjugated antibody exposure was very 

close to total antibody exposure, indicating that linker-drug degradation was very limited and 

clearance of intact ADC was mainly responsible for the gradual decrease of plasma 

concentrations of conjugated antibody and total antibody over time.  

In line with the slightly higher stability of SYD981 in mouse and rat plasma in vitro and in 

vivo, the tolerability and toxicity profile of SYD981 was slightly better than that of SYD983 in 

these species (data not shown). However, the limited plasma stability of either linker-drug in 

rodents indicates that these species are of limited value in the quantitative risk assessment for 

man, where high stability is expected based on human plasma stability data. 

In vivo efficacy of the ADCs was assessed in Balb/c nu/nu mice bearing breast carcinoma BT-

474 xenografts. In vitro, SYD981 and SYD983 demonstrated IC50 values of 0.15 and 0.06 

µg/mL, respectively, against the BT-474c cell line, the same subclone as used for the xenograft 

studies. In the xenograft study, both ADCs were dosed intravenously either once or three times 

(days 0, 7, and 14) at 0.2, 1, and 5 mg/kg (Figure 5A,C). Both ADCs showed clear dose–

response relationships, especially for the multi-dose regimens. Durable remissions were observed 

for both SYD981 and SYD983 at 5 mg/kg (qw × 3), while tumor growth delay was observed for 

both 1 mg/kg (qw × 3) groups. Mice treated with 0.2 mg/kg (qw × 3) did not show a significant 

effect on tumor growth compared to vehicle. From the groups that received a single dose of 

ADC, only both 5 mg/kg groups were significantly different from the vehicle group and showed 
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nearly complete tumor regression followed by tumor regrowth. Thus, anti-tumor activities of 

SYD983 and SYD981 were, at least in this xenograft model, very comparable, which could be 

explained by the lower ADC exposure for SYD983, counteracted by the somewhat higher 

potency of SYD983.  

On the basis of the preclinical profiles of SYD981 and SYD983, the more straightforward 

synthesis of linker-drug 2, and the lower tendency of SYD983 to form HMW species, linker-

drug 2 was selected as the lead linker-drug. 

Average DAR. We next set out to determine the optimum DAR. Conjugates of trastuzumab 

and 2 with average DARs of about 1 (SYD982) and 3 (SYD984) were prepared analogously to 

SYD983 using different amounts of TCEP. The ADCs were then compared to SYD983 for 

physicochemical and preclinical properties.  

Percentages of HMW species in SYD982, SYD983, and SYD984 were 1.3, 2.4, and 6.0%, 

respectively. As a consequence of the random conjugation approach, percentages of 

unconjugated antibody in the ADCs decreased from approximately 60% for SYD982 to 10% for 

SYD984, while the percentages for the total of DAR6 and DAR8 species increased from 

approximately 2% for SYD982 to 10% for SYD984. Despite the presence of different amounts 

of HMW species and the different percentages for the individual DAR species, a short-term 

stability study, in which ADCs were stored for four weeks at temperatures up to 40 °C, could not 

differentiate between the ADCs. No significant differences were observed when the ADCs were 

analyzed for changes in solubilized content, amount of HMW species, average DAR, individual 

DAR species, onset temperature for aggregation, melting temperature, charged species, and 

HER2 binding (data not shown). 
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Plasma stability of SYD982 and SYD984 was comparable to that of SYD983. Conjugated 

antibody half-lives for SYD982 were between 4 and 278 h, while half-lives for SYD984 ranged 

from 10 to over 336 h (Table 2). Half-lives for conjugated antibody were, as expected, rather 

short in rodent plasma, but comparable to total antibody half-lives in monkey and human plasma. 

Conjugated antibody half-lives increased in the series SYD982<SYD983<SYD984, which was 

anticipated, because more drug has to be removed from a higher-loaded species before it is no 

longer detected as a conjugated antibody. Half-lives of total antibody were similar for SYD982 

and SYD983 in plasma from all species. Half-lives of total antibody for SYD984 in mouse and 

rat plasma were slightly lower than for SYD983, while they were comparable to those for 

SYD983 in monkey and human plasma. 

In vivo PK data for SYD982 and SYD984 were generated following single intravenous bolus 

injections of SYD982 and SYD984 in Balb/c mice (Figure 4A), Sprague Dawley rats (Figure 

4B), and cynomolgus monkeys (Figure 4D,F), and results were compared to the data for 

SYD983. In line with the in vitro plasma stability data, exposure to conjugated antibody in 

rodents was highest for SYD984 and lowest for SYD982. In cynomolgus monkeys, time–

concentration curves for conjugated antibody and total antibody were very similar, indicative of 

a high in vivo stability of the ADCs. In all species, exposure to total antibody tended to be 

somewhat lower for SYD984 than for SYD982 and SYD983, which may be indicative of a 

slightly faster clearance of the intact (higher DAR) ADC species in SYD984 from circulation.  

SYD982 and SYD984 were also evaluated for in vivo efficacy in the BT-474 xenograft model 

(Figure 5B,D). Efficacy clearly depended on drug load. Like SYD983, SYD982 and SYD984 

showed a clear dose–response relationship, but at equivalent antibody dose SYD984 was clearly 

the most efficacious and SYD982 the least efficacious of the three ADCs. These data were 

Page 19 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 20

confirmed in vitro when cytotoxicity against the BT-474c cell line was assessed. SYD982 and 

SYD984 had IC50 values of 0.13 and 0.04 µg/mL, respectively, which bracket the value found for 

SYD983 (0.06 µg/mL).  

 SYD982, SYD983, and SYD984 were well-tolerated in female cynomolgus monkeys up to 

two dosages of 30 mg/kg 24 days apart. Clinical, clinical pathology, and histopathological effects 

observed were all mild and transient, as previously reported for SYD983,43 and comparable in 

nature for all three ADCs. However, the intensity of the effects in general increased with dose 

and increasing average DAR. For example, microscopic examination of skin sections revealed 

hyperpigmentation of the extremities as one of the most sensitive and quantitative effects, and 

the degree of hyperpigmentation was highest for SYD984. Notably, peripheral neuropathy, 

assessed by clinical signs and histopathology, and thrombocytopenia were not observed for any 

of the ADCs up to 30 mg/kg for two cycles. 

On the basis of the estimated efficacy–safety windows of SYD982, SYD983, and SYD984, 

none of the ADCs could be disqualified. From a physicochemical point of view, however, 

SYD984 was disfavored because of the higher amount of HMW species. We considered that 

fractionation of SYD983 to remove the unconjugated antibody and the higher-loaded DAR6 and 

DAR8 species could result in an ADC outperforming any of the unfractionated ADCs. 

Fractionation of SYD983 was carried out with preparative HIC using a resin with a relatively 

low hydrophobicity. Unconjugated antibody did not bind to the resin under the conditions 

applied and eluted in the flow-through fraction. The lower DAR species were then eluted with 

elution buffer that did not contain organic co-solvent. The higher DAR species remained largely 

bound to the resin until the column was stripped (Figure 6). The fractionated ADC, obtained in 

approximately 60% yield, was designated SYD985. It is a mixture consisting of about 95% 
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DAR2 and DAR4 species in an approximate 2:1 ratio and has an average DAR of about 2.8. In 

this respect, SYD985 is much more homogeneous than SYD984, while having a similar average 

DAR.  

SYD985 was extensively evaluated preclinically, comparing favorably to its unfractionated 

predecessor, SYD983.43 It was also demonstrated to have several favorable pharmacological 

characteristics with respect to ado-trastuzumab emtansine.55 Hence, SYD985 was selected for 

clinical evaluation, and Phase I clinical evaluation recently started.  

 

DISCUSSION 

Most of the ADCs that are currently on the market or in clinical development contain drugs 

that belong either to the class of maytansinoids or to the class of auristatins. Both drug classes 

inhibit tubulin polymerization, a process that is essential for mitosis, thus inhibiting cell division 

and eventually inducing apoptosis. The tubulin binder-based ADCs currently in the clinic have 

several toxicities in common, despite the fact that the ADCs bind to different targets. The nature 

of the toxicities is in line with the expected adverse effect profile of tubulin inhibitors, that is, 

neurotoxicity, neutropenia, lymphopenia, and thrombocytopenia, and this may suggest that these 

toxicities are related to the rather high systemic (peak) exposure levels of unconjugated drug that 

occur after administration of the ADCs. Alternatively, the similarities in the toxicity profiles of 

maytansinoid- and auristatin-based ADCs may be due to common deposition characteristics of 

the ADCs, which are independent of target binding and distribution of the target. Either way, off-

target toxicities are often dose-limiting, thereby limiting the therapeutic index of the ADCs. 

We developed a linker-drug technology based on the duocarmycin class of compounds. 

Duocarmycins, consisting of a DNA-alkylating and a DNA-binding moiety, exert their cell 
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killing capabilities by binding to the minor groove in DNA and selectively alkylating the N3 of 

adenine residues. We envisioned that this different mechanism of action could enable the 

development of ADCs with a different clinical profile, both in terms of indications that could be 

treated and dose-limiting side effects that would be observed. Linker-drugs were evaluated in 

ADCs based on the HER2-binding antibody trastuzumab. Linker-drug 2, which contains the 

inactivated drug seco-DUBA (3a), was eventually selected as lead linker-drug and used to 

develop SYD985, an ADC in which linker-drugs are conjugated to reduced interchain disulfide 

bridges and that consists mainly of DAR2 and DAR4 species. 

seco-DUBA was identified as an interesting candidate drug from an extensive structure–

activity relationship study. The imidazo[1,2-a]pyridine core structure of the DNA-binding 

moiety imposes several favorable properties on seco-DUBA, one of which being that it has a 

pKa close to 6. This can be exploited during ADC manufacturing and formulation of the ADC by 

using (slightly) acidic process and formulation buffers. Protonation will enhance water solubility 

of and repulsion between ADC molecules, which in turn may lead to reduced self-association, a 

common phenomenon of ADCs,56 especially when they bear relatively hydrophobic drugs.  

Hydrolysis of the amide in DUBA (3b), resulting from spirocyclization of seco-DUBA, 

occurred more rapidly in plasma compared to the spirocyclized form of its indole analog 26. This 

is likely due to an increased electrophilicity of the carbonyl carbon as a consequence of the 

additional inductive effects exerted by the second nitrogen atom. Amide hydrolysis is possibly 

catalyzed or facilitated by plasma components, as DUBA was found to be hydrolyzed more 

slowly in buffer at physiological pH. On the basis of separate plasma stability studies with 

ADCs, it seems plausible that it is the spiro form that is hydrolyzed, and not the seco form, as 

amide hydrolysis of the antibody-bound drug, trapped in its inactive seco form through linker 
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attachment to the hydroxyl group in the alkylating moiety, was not detected. Vinylogous amide 

conjugation in spiro compounds with an alkylating moiety similar to that in DUBA was shown57 

to lengthen the amide C–N bond and allow for amide hydrolysis with lithium hydroxide under 

unusually mild conditions. Similarly, DUBA may be more sensitive than its (conjugated) seco 

analog towards hydrolysis in buffer at physiological pH and in plasma because of vinylogous 

amide conjugation. The in vivo half-life of DUBA in Wistar rats was found to be only 1.1 h. This 

is considerably shorter than half-lives reported for MMAE (5.6 h in rats58) and DM1 (6.3 h at 0.1 

mg/kg in Sprague Dawley rats59), representative drugs from the currently most widely explored 

drug classes for ADCs and the drugs in brentuximab vedotin and ado-trastuzumab emtansine, 

respectively.  

Linkage of seco-DUBA to cysteine thiols of partly reduced trastuzumab via a linker connected 

to its DNA-binding moiety (Tmab-30) led to lower in vitro cytotoxicity in SK-BR-3 cells and 

reduced human plasma stability compared to linkage via the DNA-alkylating unit (Tmab-29). 

Both observations should likely be attributed to the 4-methylpiperazin-1-ylcarbonyl promoiety 

that was used to block the hydroxyl group in the alkylating moiety of Tmab-30 to prevent 

premature spirocyclization and degradation of the antibody-bound drug. This promoiety has also 

been applied in KW-2189,51 a duocarmycin prodrug that failed in phase II clinical trials,60 and in 

duocarmycin-based ADC MDX-1203,31 and was designed to be cleaved by carboxylesterases 

inside the cell.52 The lower plasma stability of Tmab-30 could be explained by a mechanism in 

which (enzyme-catalyzed) removal of the promoiety is followed by spirocyclization and 

subsequent hydrolysis of the amide bond in the antibody-bound drug, leading to loss of the 

DNA-alkylating unit from the ADC. Conversely, inefficient removal of the promoiety in SK-BR-

3 cells may be responsible for the reduced cytotoxic activity in SK-BR-3 cells. Therefore, as 
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intracellular levels of carboxylesterase appear to be dependent on the cell line and 

carboxylesterase seems also present in human plasma, the 4-methylpiperazin-1-ylcarbonyl 

promoiety seems unsuitable for use in an ADC. As no alternative promoieties could be identified 

with substantially improved properties, linking via the DNA-binding moiety was abandoned as a 

strategy.  

Linking to the DNA-alkylating moiety in 3a resulted in excellent stability in monkey plasma 

for all ADCs that were evaluated. Furthermore, ADCs SYD983, based on linker-drug 2, and 

SYD981, based on linker-drug 45, were shown to have conjugated antibody exposures in 

cynomolgus monkey that were close to that of total antibody, indicative of high stability of the 

intact ADC. Thus, in vitro monkey plasma stability translated well to in vivo PK in monkey. It is 

therefore expected that the excellent stability observed in human plasma will translate into high 

exposure of intact ADC in patients as well. The slightly faster clearance of conjugated antibody 

compared to total antibody after dosage of SYD983 or SYD981 to monkeys is a commonly 

observed phenomenon for ADCs and could for example be due to slow linker-drug degradation 

by plasma enzymes or maleimide exchange.61,62 The latter comprises transfer of the complete 

linker-drug moiety through a retro-Michael reaction from the antibody to another molecule with 

a thiol group, such as albumin or glutathione.  

In mouse and rat plasma, SYD983 and SYD981 were less stable. This has been attributed to 

the presence of rodent-specific CES1c, as in plasma from CES1c knock-out mice, SYD983 has a 

stability comparable to that in cynomolgus monkey and human plasma.43 Increased stability of 

SYD983 in the absence of CES1c has been confirmed in vivo in CES1c knock-out mice.55
 As 

cyclization spacer-duocarmycin intermediates were not observed in plasma stability studies, 
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CES1c likely cleaves the carbamate linkage between cyclization spacer and duocarmycin 

payload.  

SYD981 was somewhat more stable than SYD983, but in vitro cytotoxicity was slightly better 

for SYD983, resulting in in vivo efficacies in a BT-474 xenograft model that were comparable. 

As both ADCs contain the same drug, different tumor cell pharmacokinetics could account for 

the difference in in vitro cytotoxicity. Furthermore, differences in pharmacokinetics, for example 

differences in linker metabolism in circulation, may exist that cannot be detected with the current 

ELISA assay to detect conjugated antibody, as this assay specifically detects the duocarmycin 

component. 

The in vitro cytotoxicity data of linker-drug 2-based ADCs SYD982, SYD983, and SYD984, 

having average DARs of approximately 1, 2, and 3, respectively, show that potency in BT474c 

cells increases with increasing DAR when IC50 values are expressed in antibody equivalents. 

When expressed in drug equivalents, however, IC50 values are comparable, suggesting that the 

total amount of drug that is released inside the BT474c cells correlates with the extracellular 

concentration of antibody-bound payload. Similarly, SYD984 was shown to be the most 

efficacious ADC in the BT-474 xenograft model on a mg/kg basis, but the three ADCs are more 

comparable in terms of efficacy when dosages are expressed in drug equivalents. From an 

efficacy point of view, SYD984 may be favored over SYD983 and SYD982 because: (i) a lower 

dose of SYD984 is needed to reach a certain level of efficacy; (ii) SYD984 is potentially more 

effective in the treatment of tumors that express low copy numbers of HER2 and are only able to 

shuttle a limited number of ADC molecules into the cell; (iii) SYD984 contains a lower amount 

of unconjugated trastuzumab, which can compete with conjugated trastuzumab for HER2 

binding, thereby potentially lowering anti-tumor activity.  
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Results from a dose-range finding toxicity and pharmacokinetic study in cynomolgus monkeys 

showed minimal differences between SYD982, SYD983, and SYD984 up to the highest dose 

tested (30 mg/kg, q24dx2). Although toxicities were generally somewhat more intense at higher 

average DAR, effects were generally mild and reversible. Dependent on the type of tissue 

affected and whether or not there is (low) expression of HER2, increased toxicity in the series 

SYD982<SYD983<SYD984 may for instance be caused by augmented drug exposure, enhanced 

exposure to higher-loaded conjugates, or reduced exposure to unconjugated antibody. PK 

profiles in cynomolgus monkeys showed that exposure to total antibody was slightly lower for 

SYD984 than for SYD982 and SYD983, which could be explained by a faster clearance of intact 

higher DAR species from circulation.63 In contrast, exposure to conjugated antibody was highest 

for SYD984. This is in line with expectations, because more time is needed to fully deconjugate 

the higher-loaded antibody.  

SYD985, obtained through HIC fractionation of SYD983, consists of about 95% DAR2 and 

DAR4 species in an approximate 2:1 ratio and has an average DAR of about 2.8. It is 

comparable to SYD984 in terms of average DAR, but it is considerably more homogeneous and 

contains significantly lower amounts of unconjugated antibody and DAR6 and DAR8 species. 

Absence of the higher DAR species is considered advantageous as these species are likely to be 

more rapidly cleared, more toxic and more prone to aggregation,63 while absence of 

unconjugated trastuzumab prevents competition at the level of receptor binding and 

internalization. 

In conclusion, anti-HER2 ADC SYD985 was selected as lead clinical candidate following 

extensive linker-duocarmycin structure–activity studies, in which both drug and linker 
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components were optimized and the composition of the ADC in terms of average DAR and DAR 

species was improved. SYD985 recently entered clinical Phase I evaluation.  

 

 

 

EXPERIMENTAL SECTION 

General. The protocols for the synthesis of H-Val-Cit-PABA53 and linker-drugs 2 and 45,54 

the conjugation of linker-drugs to trastuzumab,43 and the HIC purification of SYD98343 have 

been described elsewhere. The SEC and HIC methods used for characterization of ADCs, the 

ELISA methods to quantify total antibody and conjugated antibody, the methods used for data 

analysis of in vitro data, and the protocols for measuring in vitro plasma stability and carrying 

out the in vivo efficacy and safety studies have been described before.43 Linker-drugs were 

purified by preparative HPLC on a Waters SunFire Prep C18 OBD column (5 µm, 19 × 150 mm) 

using acetonitrile and 0.1% TFA in water as the eluents. Purity of compounds was assessed by 

HPLC and was ≥95% in all cases. Optical rotation was recorded on a Perkin Elmer 241 

polarimeter. Enantiomeric excess was determined by HPLC on a Daicel Chiralcel OD-H column 

(5 µm, 4.6 × 250 mm; n-heptane:isopropyl alcohol, 99:1, v/v; flow rate: 0.8 mL/min). NMR 

spectra were recorded on a Bruker AVANCE400 (400 MHz for 1H; 100 MHz for 13C) or Bruker 

AVANCE300 (300 MHz for 1H; 75 MHz for 13C) spectrometer. Chemical shifts are reported in 

ppm relative to tetramethylsilane as an internal standard. Silica gel for column chromatography 

(40–63 µm, 60 Å) was obtained from Screening Devices. All solvents used were reagent-grade 

or HPLC-grade. 
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Methyl 4-Hydroxy-8-methyl-2-naphthoate (7). 2-Methylbenzaldehyde (4) (144 mL, 1.25 

mol) and dimethyl succinate (5, 319 g, 2.18 mol) in methanol (400 mL) were treated with 

NaOMe (87.8 g, 1.63 mol) at 65–80 °C for 1 h. The mixture was cooled to 20 °C, neutralized 

with 3 M hydrochloric acid and diluted with water. Unreacted 5 was removed by extraction with 

CH2Cl2. The mixture was acidified with 3 M hydrochloric acid, and the product was extracted 

into CH2Cl2. The extract was dried with MgSO4, filtered, and concentrated, providing a 9:1 

mixture of (E) isomer 6a and (Z) isomer 6b. The crude product was dissolved in THF (1 L), and 

the solution was treated with TFAA (165 mL, 1.19 mol) at reflux temperature until complete 

conversion to 7. The reaction mixture was neutralized with an aqueous K2CO3 solution. The 

product was extracted with EtOAc. The organic layer was dried with MgSO4, filtered, and 

concentrated, and the residue was crystallized by cooling to –5 °C. The white-yellow crystals 

were filtered, washed with acetonitrile, and dried, providing alcohol 7 (112 g, 42%). 

1H NMR (CDCl3, 300 MHz): δ = 2.74 (3H, s, 8-CH3), 3.99 (3H, s, CH3O), 6.07 (1H, s, OH), 

7.38 (1H, d, H7), 7.48 (1H, dd, H6), 7.53 (1H, s, H3), 8.12 (1H, d, H5), 8.37 (1H, s, H1); 13C 

NMR (DMSO-d6, 100 MHz): δ = 19.7 (8-CH3), 52.7 (CH3O), 107.0 (C3), 117.7 (C1), 120.81 

(C5), 127.3 (C6), 127.5 (C4a, C2), 128.3 (C7), 133.1 (C8a), 135.7 (C8), 154.5 (C4), 167.1 

(C=O). 

 

4-(Benzyloxy)-8-methyl-2-naphthoic Acid (9). Alcohol 7 (83 g, 0.38 mol) was treated with 

benzyl chloride (46.4 mL, 403 mmol) in DMF (330 mL) at 80 °C in the presence of K2CO3 (74.3 

g, 537 mmol). When the reaction was complete, the mixture was cooled and diluted with CH2Cl2 

and water. The layers were separated, and the organic layer was concentrated. The residue, 
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comprising methyl 4-(benzyloxy)-8-methyl-2-naphthoate (8), was dissolved in toluene (500 mL) 

and methanol (650 mL), and the resultant solution was treated with a 4 M aqueous NaOH 

solution (750 mL) under reflux for 2 h. Water (2.9 L) was added in several portions, and 

methanol and toluene were removed by distillation. Crude 9 was precipitated by addition of 4 M 

hydrochloric acid (330 mL), the suspension was cooled to 10 °C, and the precipitate was filtered 

off, washed with cold water, collected, and dried. Crude 9 was crystallized from toluene to give 

off-white crystals. Crystals were filtered, washed with toluene, and dried to give 9 (95.6 g, 82%). 

1H NMR (DMSO-d6, 300 MHz): δ = 2.69 (3H, s, 8-CH3), 5.37 (2H, s, CH2Ph), 7.40–7.60 (8H, 

m, HAr), 8.11 (1H, d, H5), 8.29 (1H, s, H1), 13.20 (1H, br s, CO2H); 13C NMR (DMSO-d6, 100 

MHz): δ = 19.7 (8-CH3), 70.1 (CH2Ph), 104.8 (C3), 119.7 (C1), 120.4 (C5), 127.8 (C4a), 127.9 

(C2, C2′), 128.4 (C6), 128.5 (C7), 128.6 (C4′), 129.0 (C3′), 132.7 (C8a), 135.9 (C8), 137.4 

(C1′), 154.8 (C4), 168.1 (C=O). 

 

tert-Butyl (4-(Benzyloxy)-8-methylnaphthalen-2-yl)carbamate (10). Acid 9 (100 g, 342 

mmol) was reacted with diphenylphosphoryl azide (109 g, 397 mmol), tert-butyl alcohol (65.9 g, 

889 mmol), and Et3N (52.3 mL, 376 mmol) in toluene (500 mL) at 85 °C for 3 h. After the 

mixture had been cooled to 30 °C, EtOAc and water were added, and the layers were separated. 

The organic layer was washed with an aqueous Na2CO3 solution and saturated aqueous NaCl, 

dried with MgSO4, filtered, and concentrated. The residue was triturated with isopropyl alcohol. 

The solid was filtered off, washed with isopropyl alcohol, and dried to provide 10 (110 g, 88%). 

1H NMR (DMSO-d6, 400 MHz): δ = 1.53 (9H, s, Boc), 2.56 (3H, s, 8-CH3), 5.34 (2H, s, 

CH2Ph), 7.23 (1H, m, H6), 7.30–7.39 (3H, m, H1, H7, H4′), 7.42–7.46 (2H, m, H3′), 7.56–7.59 

(2H, m, H2′), 7.82 (1H, s, H3), 7.99 (1H, d, H5), 9.53 (1H, s, NH); 13C NMR (DMSO-d6, 100 
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MHz): δ = 20.0 (8-CH3), 28.6 (CH3,Boc), 69.9 (CH2Ph), 79.6 (CBoc), 100.0 (C3), 103.3 (C1), 

120.1 (C5), 121.9 (C4a), 123.4 (C6), 128.0 (C7), 128.1 (C2′), 128.4 (C4′), 129.0 (C3′), 133.1 

(C8a), 134.0 (C8), 137.4 (C1′), 138.0 (C2), 153.3 (C=O), 154.9 (C4). 

tert-Butyl (R)-(4-(Benzyloxy)-1-bromo-8-methylnaphthalen-2-yl)(oxiran-2-ylmethyl)-

carbamate (12). Carbamate 10 (105 g, 289 mmol) was treated with NBS (54.0 g, 303 mmol) in 

THF (1.7 L) at –10 °C. After completion of the reaction, the reaction was quenched by addition 

of an aqueous Na2SO3 solution followed by a 1 M NaOH solution. EtOAc was added, and the 

layers were separated. The organic layer was washed with saturated aqueous NaCl, dried with 

MgSO4, and concentrated to give crude 11 in quantitative yield. Crude 11 was dissolved in THF 

(330 mL), deprotonated with KOt-Bu (42.1 g, 376 mmol) at 10 °C, and alkylated with (S)-

glycidyl nosylate (89.9 g, 347 mmol) at 25 °C for 3 h. The reaction was quenched by addition of 

an aqueous NH4Cl solution, and the mixture was extracted with EtOAc. The organic layer was 

washed with water and saturated aqueous NaCl. Crude 12 was obtained after evaporation of the 

solvents. Crystallization from heptane gave 12 (119 g, 82%) as beige crystals. 

1H NMR (CDCl3, 400 MHz): δ = 1.32 + 1.34 + 1.57 + 1.59 (9H, multiple s, Boc), 2.47 (1H, m, 

CH2,epoxide), 2.69 (1H, m, CH2,epoxide), 3.05–3.46 (5H, m, CH2N, CHepoxide, 8-CH3), 4.15 (1H, m, 

CH2N), 5.22–5.27 (2H, m, CH2Ph), 6.90 (1H, m, H3), 7.31–7.52 (7H, m, H6, H7, 5HPh), 8.34 

(1H, m, H5); 13C NMR (CDCl3, 100 MHz): δ = 27.0, 27.1, 28.2, 28.2, 28.5, 28.5, 45.9, 46.1, 

46.3, 49.6, 49.7, 50.3, 50.5, 50.7, 60.0, 52.7, 53.6, 70.4, 70.4, 70.5, 80.5, 80.5, 81.1, 107.4, 107.6, 

107.7, 107.8, 112.4, 112.7, 113.2, 121.3, 121.3, 125.7, 125.8, 125.8, 127.6, 127.7, 127.8, 128.1, 

128.6, 128.7, 132.2, 132.3, 132.3, 132.4, 135.9, 136.0, 136.5, 136.5, 140.0, 140.1, 140.7, 154.2, 

154.2, 154.3. 
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tert-Butyl (S)-5-(Benzyloxy)-1-(hydroxymethyl)-9-methyl-1,2-dihydro-3H-benzo[e]indole-

3-carboxylate (13). Epoxide 12 (103.4 g, 207 mmol) was dissolved in THF (1 L). The solution 

was cooled to –25 °C under an atmosphere of nitrogen. Then n-BuLi (100 mL, 2.5 M in hexanes) 

was added gradually, while the temperature was kept at –25 to –20 °C. The mixture was stirred 

for an additional 10 min and then quenched with a saturated aqueous NH4Cl solution. The 

mixture was extracted twice with EtOAc (2 × 500 mL). An aqueous solution of p-toluenesulfonic 

acid (12 g monohydrate in 50 mL of water) was added to the combined organic layers, and the 

reaction mixture was stirred for 1 h. The reaction was quenched by addition of a 1 M aqueous 

Na2CO3 solution. Layers were separated and the organic layer was washed with saturated 

aqueous NaCl, dried with MgSO4, and concentrated. Crude 13 was dissolved in CH2Cl2 and 

filtered over silica gel (0.063–0.1 mm, 60 Å). Elution was carried out with CH2Cl2 (2.2 L) 

followed by CH2Cl2/EtOAc (2.7 L, 9:1, v/v) and CH2Cl2/EtOAc (2.4 L, 4:1, v/v). The fractions 

containing 13 were combined, the resultant solution was concentrated and dried, and the residue 

was crystallized from CH2Cl2/pentane. Crystals were collected and dried to give alcohol 13 (34.7 

g, 40%) as a beige to white solid.  

1H NMR (DMSO-d6, 400 MHz): δ = 1.57 (9H, s, Boc), 2.79 (3H, s, 9-CH3), 3.07 (1H, m, 

CH2OH), 3.52 (1H, m, CH2OH), 3.87–3.96 (2H, m, H1, H2), 4.23 (1H, m, H2), 5.09 (1H, m, 

OH), 5.20–5.32 (2H, m, CH2Ph), 7.23 (1H, m, H7), 7.33 (1H, m, H8), 7.39 (1H, m, H4′), 7.44–

7.48 (2H, m, H3′), 7.57–7.59 (2H, m, H2′), 7.84 (1H, br s, H4), 8.07 (1H, d, H6); 13C NMR 

(DMSO-d6, 100 MHz): δ = 23.09 (9-CH3), 28.5 (CH3,Boc), 43.9 (C1), 51.8 (C2), 64.0 (CH2OH), 

70.1 (CH2Ph), 80.9 (CBoc), 97.0 (C4), 116.5 (C9a), 121.3 (C6), 123.1 (C5a), 123.3 (C7), 128.0 

(C2′), 128.4 (C4′), 129.0 (C3′), 130.7 (C9a), 131.0 (C8), 132.9 (C9), 137.4 (C1′), 141.7 (C3a), 

152.7 (C=O), 155.2 (C5). 
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tert-Butyl (S)-5-(Benzyloxy)-1-(chloromethyl)-9-methyl-1,2-dihydro-3H-benzo[e]indole-3-

carboxylate (15). Alcohol 13 (17.0 g, 40.5 mmol) was treated with methanesulfonyl chloride 

(4.08 mL, 52.7 mmol) and Et3N (14.6 mL, 105 mmol) in CH2Cl2 (140 mL) for 90 minutes at 0–5 

°C. The reaction mixture was washed with hydrochloric acid, water, and saturated aqueous NaCl, 

dried with MgSO4, and concentrated. The residue, comprising the intermediate mesylate, was 

dissolved in DMF (120 mL), and the solution was treated with LiCl (8.59 g, 203 mmol) at 80 °C 

for 90 min. After evaporation of DMF, the residue was partitioned between CH2Cl2 and water. 

The layers were separated and the organic layer was washed with saturated aqueous NaCl, dried 

with MgSO4, and concentrated. The residue was dissolved in hot heptane (350 mL), and the 

mixture was treated with activated carbon and filtered. The activated carbon was washed with 

another portion of heptane. The combined filtrate was cooled to approximately 50 °C, seeded, 

and kept at this temperature for 1 h. The suspension was cooled to 7 °C over 2 h and stirred for 

another hour at this temperature. Crystals were filtered, washed with heptane, collected, and 

dried. Dried crystals were recrystallized from heptane using the procedure described above, 

giving chloride 15 (11.1 g, 63%; enantiomeric excess: 99.99%).  

[α]20
D = –20 (c 1.0, CHCl3); 

1H NMR (DMSO-d6, 400 MHz): δ = 1.57 (9H, s, Boc), 2.75 (3H, 

9-CH3), 3.41 (1H, t, H2), 3.73 (1H, m, H2), 4.02 (1H, m, CH2Cl), 4.14 (1H, m, CH2Cl), 4.23 

(1H, m, H1), 5.24–5.34 (2H, m, CH2Ph), 7.25 (1H, m, H7), 7.35–7.40 (2H, m, H8, H4′), 7.44–

7.47 (2H, m, H3′), 7.55–7.59 (2H, m, H2′), 7.84 (1H, br s, H4), 8.09 (1H, d, H6); 13C NMR 

(DMSO-d6, 100 MHz): δ = 22.8 (9-CH3), 28.5 (CH3,Boc), 43.4 (C1), 48.2 (C2), 52.3 (CH2Cl), 

70.1 (CH2Ph), 81.3 (CBoc), 96.8 (C4), 115.3 (C9b), 121.5 (C6), 123.3 (C5a), 123.6 (C7), 128.0 
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(C2′), 128.4 (C4′), 129.0 (C3′), 130.7 (C9a), 131.2 (C8), 132.4 (C9), 137.2 (C1′), 142.0 (C3a), 

152.4 (C=O), 155.9 (C5). 

 

Ethyl 6-Nitroimidazo[1,2-a]pyridine-2-carboxylate (18). 5-Nitropyridin-2-amine (17, 50 g, 

359 mmol) was suspended in ethanol (700 mL), and argon was led through the suspension. Next, 

ethyl bromopyruvate (16, 63 mL, 503 mmol) was added, and the mixture was stirred for 45 min. 

The reaction mixture was heated to 85 °C and kept at this temperature for 6 h. Additional ethyl 

bromopyruvate (13.5 mL, 108 mmol) was added, and the mixture was kept at 85 °C for 16 h. 

Subsequently, the reaction mixture was cooled and concentrated. Water (300 mL) was added, 

and the resulting suspension was filtered. The residue was rinsed with diethyl ether and dried to 

yield 18 (75.0 g, 89%) as a sand-colored solid.  

1H NMR (DMSO-d6, 400 MHz): δ = 1.36 (3H, t, CH3), 4.36 (2H, q, CH2), 7.80 (1H, m, H8), 

8.05 (1H, m, H7), 8.76 (1H, s, H3), 9.90 (1H, dd, H5); 13C NMR (DMSO-d6, 100 MHz): δ = 14.7 

(CH3), 61.3 (CH2), 118.0 (C8), 121.1 (C3, C7), 129.6 (C5), 138.0 (C8a), 138.4 (C2), 144.9 (C6), 

162.3 (C=O).  

 

Ethyl 6-Aminoimidazo[1,2-a]pyridine-2-carboxylate (19). A suspension of ester 20 (20 g, 

85 mmol) in methanol (200 mL) was cooled to 0 °C, and 12 M hydrochloric acid (70 mL) was 

added drop by drop, followed by addition of zinc (22.3 g, 340 mmol) in small portions. The 

reaction mixture was stirred for 30 min. Next, methanol (140 mL) was added, and the reaction 

was quenched with concentrated ammonia. The suspension was filtered and the residue washed 

with methanol (2 × 25 mL). The combined filtrate was concentrated and the residue suspended in 

a mixture of chloroform (700 mL), water (300 mL), and concentrated ammonia (300 mL, 35% 
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solution). The mixture was stirred until it became clear. Layers were separated, and the water 

layer was extracted once with chloroform. The combined organic layers were washed with 

saturated aqueous NaCl, dried with MgSO4, filtered, and concentrated to yield amine 19 (11.8 g, 

68%) as a gray-green solid.  

1H NMR (DMSO-d6, 400 MHz): δ = 1.27 (3H, t, CH3), 4.24 (2H, q, CH2), 5.12 (2H, br s, 

NH2), 6.96 (1H, dd, H7), 7.37 (1H, d, H8), 7.68 (1H, s, H5), 8.32 (1H, s, H3); 13C NMR (DMSO-

d6, 100 MHz): δ = 14.7 (CH3), 61.3 (CH2), 106.8 (C5), 117.6 (C3), 118.0 (C8), 123.2 (C7), 134.8 

(C2), 137.4 (C8a), 141.7 (C6), 163.4 (C=O). 

 

6-(4-(Methoxymethoxy)benzamido)imidazo[1,2-a]pyridine-2-carboxylic Acid (22). To a 

solution of amine 19 (13.3 g, 64.8 mmol) in DMA (200 mL) were added 4-

(methoxymethoxy)benzoic acid (20, 11.8 g, 64.8 mmol) and EDC·HCl (14.9 g, 77.7 mmol). The 

resulting mixture was stirred for 18 h at room temperature. Subsequently, the reaction mixture 

was concentrated. The residue was dissolved in water (250 mL) and CH2Cl2 (250 mL), and the 

layers were separated. The organic layer was washed with water, dried with MgSO4, and 

concentrated. The residue was transferred to a filter and rinsed with EtOAc. The intermediate, 

ethyl 6-(4-(methoxymethoxy)benzamido)imidazo[1,2-a]pyridine-2-carboxylate (21), was dried 

under vacuum. After drying was complete, 21 was dissolved in 1,4-dioxane (50 mL) and water 

(50 mL), and an aqueous 2 M NaOH solution (100 mL) was added. The mixture was stirred at 70 

°C for 30 min. Next, the mixture was cooled to room temperature, water was added, and the 

mixture was acidified with a 4 M hydrochloric acid solution. The resulting suspension was 

filtered, and the residue was dried to give acid 22 (12.1 g, 55%) as a yellow-brown solid.  
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1H NMR (DMSO-d6, 400 MHz): δ = 3.43 (3H, s, CH3), 5.32 (2H, s, CH2), 7.18 (2H, d, H3'), 

7.67 (1H, m, H7), 7.76 (1H, m, H8), 8.08 (2H, d, H2'), 8.65 (1H, s, H3), 9.47 (1H, s, H5), 10.54 

(1H, s, NH); 13C NMR (DMSO-d6, 100 MHz): δ = 56.3 (CH3), 94.2 (CH2), 116.1 (C3'), 117.5 

(C7), 118.0 (C5), 119.3 (C3), 124.4 (C8), 127.6 (C1'), 128.2 (C6), 130.2 (C2'), 136.3 (C2), 142.4 

(C8a), 160.1 (C4'), 164.3 (C=O), 165.7 (C=O). 

  

Compound 24. Compound 15 (4.50 g, 10.3 mmol) was dissolved in 4 M HCl in dioxane (30 

mL), and the solution was stirred for 4 h. A suspension was formed, which was concentrated and 

dried to yield amine 23 as its HCl salt. This was then dissolved in DMA (80 mL), the solution 

was cooled to 0 °C, and 22 (3.86 g, 11.30 mmol) and EDC·HCl (5.91 g, 30.8 mmol) were added. 

The mixture was stirred for 18 h, the temperature slowly being increased to 20 °C. Subsequently, 

the reaction mixture was concentrated, the crude product was dissolved in CH2Cl2/water (1.2 L, 

1:1, v/v), and the layers were separated. The organic layer was dried with MgSO4, filtered, and 

concentrated. The crude product was purified by column chromatography (CH2Cl2:methanol, 1:0 

to 39:1, v/v). Compound 24 was obtained as a white to grey solid (6.3 g, 93%).  

1H NMR (DMSO-d6, 400 MHz): δ = 2.80 (3H, s, 9-CH3), 3.41 (3H, s, CH3O), 3.47 (1H, m, 

CH2Cl), 3.78 (1H, m, CH2Cl), 4.37 (1H, m, H1), 4.62 (1H, m, H2), 5.16 (1H, m, H2), 5.30 (4H, 

s, CH2Ph, OCH2O), 7.18 (2H, m, H3''), 7.31 (1H, m, H7), 7.34–7.40 (2H, m, H8, H4'''), 7.44 

(2H, m, H3'''), 7.55–7.59 (3H, m, H2''', H8'), 7.73 (1H, m, H7'), 7.99 (2H, m, H2''), 8.14 (1H, m, 

H6), 8.31 (1H, br s, H4), 8.69 (1H, s, H3'), 9.48 (1H, s, H5'), 10.31 (1H, s, NH); 13C NMR 

(DMSO-d6, 100 MHz): δ = 22.8 (9-CH3), 44.7 (C1), 47.9 (CH2Cl), 55.1 (C2), 56.3 (CH3O), 70.2 

(CH2Ph), 94.2 (OCH2O), 98.9 (C4), 116.1 (C3''), 117.3 (C9b), 117.7 (5'), 118.0 (C7'), 119.6 

(C3'), 121.5 (C6), 123.5 (C8'), 124.2 (C7), 124.3 (C5a), 127.7 (C1''), 127.9 (C2'), 128.0 (C2'''), 
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128.4 (C4'''), 129.0 (C3'''), 130.1 (C2''), 130.3 (C9a), 131.1 (C8), 132.9 (C9), 137.3 (C1'''), 141.3 

(C6'), 141.9 (C8a'), 143.3 (C3a), 155.3 (C5), 160.0 (C4''), 162.4 (C=O), 165.6 (C=O). 

Compound 25. A suspension of Pd/C (10 wt%, 0.507 g, 0.476 mmol) and ammonium formate 

(6.01 g, 95.3 mmol) in methanol (20 mL) was heated at 95 °C for 5 min. The mixture was then 

allowed to cool to room temperature. Subsequently, additional ammonium formate (6.01 g, 95.3 

mmol) was added followed by a suspension of compound 24 (6.3 g, 9.53 mmol) in THF (100 

mL). The resulting mixture was stirred for 3 h at room temperature. When the reaction was 

complete, the mixture was filtered over Hyflo. Hyflo was rinsed with THF, and the combined 

filtrate was concentrated. The crude product was purified by column chromatography 

(CH2Cl2:methanol, 39:1 to 9:1, v/v) to yield compound 25 (4.9 g, 90%) as a dark yellow solid. 

1H NMR (DMSO-d6, 400 MHz): δ = 2.80 (3H, s, 9-CH3), 3.40–3.47 (4H, m, CH2Cl, OCH3), 

3.78 (1H, m, CH2Cl), 4.33 (1H, m, H1), 4.61 (1H, m, H2), 5.09 (1H, m, H2), 5.32 (2H, s, OCH2), 

7.18–7.27 (3H, m, H7, H3''), 7.34 (1H, m, H8), 7.61 (1H, m, H8'), 7.75 (1H, m, H7'), 8.02 (2H, 

m, H2''), 8.07 (1H, m, H6), 8.14 (1H, br s, H4), 8.70 (1H, s, H3'), 9.48 (1H, s, H5'), 10.35 (1H, s, 

NH), 10.46 (1H, s, OH); 13C NMR (DMSO-d6, 100 MHz): δ = 22.9 (9-CH3), 47.7 (C1), 48.0 

(CH2Cl), 55.1 (C2), 56.3 (OCH3), 94.2 (OCH2), 100.8 (C4), 115.7 (C9b), 116.1 (C3''), 117.8 

(C5'), 118.0 (C7'), 119.3 (C3'), 122.0 (C6), 123.3 (C7), 123.5 (C8'), 123.8 (C5a), 127.8 (C1''), 

127.9 (C2'), 130.1 (C2''), 130.6 (C9a), 130.8 (C8), 132.6 (C9), 141.4 (C6'), 141.9 (C8a'), 143.2 

(C3a), 155.1 (C5), 160.1 (C4''), 162.4 (C=O), 165.6 (C=O). 

 

seco-DUBA (3a). To compound 25 (18 g, 31.5 mmol) were added 4 M HCl in dioxane (480 

mL) and 4 M hydrochloric acid (235 mL). A yellow suspension was formed, which was stirred 

for 1 h at room temperature. Subsequently, the reaction mixture was concentrated. The residue 
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was suspended in diethyl ether, and the suspension was stirred for 90 min. The mixture was 

filtered, and the residue was washed with diethyl ether. The solid was dried to give seco-DUBA 

(16.9 g, 95%) as its HCl salt. 

1H NMR (DMSO-d6, 400 MHz): δ = 2.78 (3H, s, 9-CH3), 3.56 (1H, m, CH2Cl), 3.78 (1H, m, 

CH2Cl), 4.39 (1H, m, H1), 4.57–4.62 (2H, m, H2), 6.93 (2H, m, H3''), 7.24 (1H, m, H7), 7.32 

(1H, m, H8), 7.92 (1H, m, H8'), 7.98–8.05 (4H, m, H4, H6, H2''), 8.29 (1H, m, H7'), 9.16 (1H, s, 

H3'), 9.79 (1H, s, H5'), 10.50 (1H, br s, OH), 10.62 (1H, br s, OH), 10.76 (1H, s, NH); 13C NMR 

(DMSO-d6, 100 MHz): δ = 22.4 (9-CH3), 44.4 (C1), 47.7 (CH2Cl), 54.0 (C2), 99.8 (C4), 112.9 

(C8'), 115.1 (C3''), 115.7 (C9b), 117.6 (C3'), 118.0 (C5'), 121.6 (C6), 123.4 (C7), 123.8 (C5a), 

123.9 (C2', C1''), 129.4 (C7'), 129.9 (C6'), 130.1 (C2''), 130.6 (C8), 130.8 (C9a), 132.4 (C9), 

137.4 (C8a'), 141.6 (C3a), 154.9 (C5), 156.8 (C4''), 161.3 (C=O), 165.7 (NHC(O)). 

 

DUBA (3b). seco-DUBA (0.27 g, 0.51 mmol) was dissolved in DMA (4 mL). Water (2 mL) 

and NaHCO3 (85 mg, 1.01 mmol) were added, and the mixture was stirred for 17 h. The reaction 

mixture was then diluted with water and filtered. The residue was suspended in toluene, and the 

suspension was concentrated to dryness to give DUBA (3b, 143 mg, 57%). 1H NMR (DMSO-d6, 

400 MHz): δ = 1.36 (1H, m, H9), 2.14 (1H, m, H9), 2.42 (3H, 8-CH3), 3.75 (1H, m, H9a), 4.61 

(1H, dd, H1), 4.90 (1H, d, H1), 6.89 (2H, d, H3''), 7.18 (1H, s, H3), 7.33 (1H, t, H6), 7.39 (1H, d, 

H7), 7.60 (1H, dd, H8'), 7.72 (1H, d, H7'), 7.90 (2H, d, H2''), 8.04 (1H, d, H5), 8.68 (1H, s, H3'), 

9.46 (1H, s, H5'), 10.21 (1H, s, NH); 13C NMR (DMSO-d6, 100 MHz): δ = 20.3 (8-CH3), 22.5 

(C9), 24.6 (C9a), 33.1 (C8b), 54.9 (C1), 109.9 (C3), 115.5 (C3''), 117.4 (C5'), 118.0 (C7'), 120.2 

(C3'), 123.9 (C8'), 125.0 (C5), 126.5 (C6), 128.2 (C6'), 130.2 (C2''), 133.8 (C4a), 133.8 (C8a), 
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134.1 (C1''), 135.8 (C7), 138.2 (C8), 140.0 (C2'), 141.8 (C8a'), 161.3 (C4''), 162.8 (C2a), 164.0 

(C=O), 165.8 (NHC(O)), 185.3 (C4). 

 

Compound 26. The synthesis of compound 26 was carried out analogously to that of 3a, 

starting from compound 15, compound 20, and ethyl 5-amino-1H-indole-2-carboxylate30. 

Compound 26 was obtained from 15 in 75% overall yield. 1H NMR (DMSO-d6, 400 MHz): δ = 

2.81 (3H, s, 9-CH3), 3.53 (1H, dd, CH2Cl), 3.82 (1H, d, CH2Cl), 4.34 (1H, t, H1), 4.59 (1H, d, 

H2), 4.71 (1H, dd, H2), 6.91 (2H, d, H3''), 7.19 (1H, d, H3'), 7.27 (1H, dd, H7), 7.36 (1H, d, H8), 

7.47 (1H, d, H4'), 7.57 (1H, dd, H6'), 7.90 (2H, d, H2''), 8.03 (1H, s, H4), 8.07 (1H, d, H6), 8.17 

(1H, d, H7'), 9.96 (1H, s, OH), 10.07 (1H, s, NHC(O)), 10.49 (1H, s, OH), 11.7 (1H, s, NH); 13C 

NMR (DMSO-d6, 100 MHz): δ = 22.9, 44.7, 48.0, 55.1, 100.6, 106.0, 112.4, 113.4, 115.3, 115.6, 

120.1, 122.0, 123.3, 123.8, 126.2, 127.4, 130.0, 130.5, 130.8, 131.7, 132.6, 132.7, 133.7, 143.0, 

155.1, 160.7, 160.8, 165.3. 

 

1-(2-(2-Hydroxyethoxy)ethyl)-1H-pyrrole-2,5-dione (33). A saturated solution of NaHCO3 

in water (500 mL) was cooled to 0 °C, after which 2-(2-aminoethoxy)ethanol (32, 9.68 mL, 96.5 

mmol) was added. The mixture was stirred for 20 min at 0 °C. Then, 31 (15 g, 97 mmol) was 

added as a powder, and the resulting mixture was stirred for 50 min, slowly being warmed to 

room temperature. The mixture was extracted with CH2Cl2, and the combined organic layers 

were dried with MgSO4, filtered, and concentrated to yield 33 as a colorless oil (13 g, 73%). 1H 

NMR (CDCl3, 400 MHz): δ = 2.53 (1H, t, OH), 3.56–3.58 (2H, m, CH2OH), 3.64–3.71 (4H, m, 

CH2OCH2), 3.73–3.76 (2H, m, NCH2), 6.73 (2H, s, CH=CH); 13C NMR (CDCl3, 100 MHz): δ = 

37.2 (NCH2), 67.4 (CH2OCH2), 67.9 (CH2OCH2), 68.5 (CH2OH), 135.0 (CH=CH), 170.8 (C=O). 
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2-(2-(2,5-Dioxo-2,5-dihydro-1H-pyrrol-1-yl)ethoxy)ethyl (4-Nitrophenyl) Carbonate (34). 

To a solution of 33 (11.6 g, 62.9 mmol) in CH2Cl2 (350 mL) at 0 °C under a nitrogen atmosphere 

were added Et3N (30.6 mL, 220 mmol) and 4-nitrophenyl chloroformate (15.2 g, 75.5 mmol). 

The mixture was stirred at room temperature for 2.5 h. After addition of CH2Cl2 (150 mL), the 

mixture was washed with a saturated aqueous NaHCO3 solution and water, dried with Na2SO4, 

and concentrated. The crude product was purified using column chromatography 

(CH2Cl2:EtOAc, 1:0 to 4:1, v/v) to yield 34 (20.9 g, 95%) as a white solid. 1H NMR (DMSO-d6, 

400 MHz): δ = 3.62 (4H, m, NCH2CH2), 3.71 (2H, m, OCH2), 4.35 (2H, m, CH2OC(O)), 7.04 

(2H, s, CH=CH), 7.58 (2H, m, H2'), 8.34 (2H, m, H3'); 13C NMR (DMSO-d6, 100 MHz): δ = 

37.2 (NCH2), 67.4 (CH2OCH2), 67.9 (CH2OCH2), 68.5 (CH2OC(O)), 123.0 (C2'), 125.9 (C3'), 

135.0 (CH=CH), 145.6 (C1'), 152.5 (OC(O)NH), 155.7 (C4'), 171.4 (OC(O)O). 

 

Compound 36. To a solution of 34 (3.0 g, 8.6 mmol) in anhydrous DMF (30 mL) at 0 °C were 

added 35 (3.25 g, 8.56 mmol) and i-Pr2NEt (3.74 mL, 21.4 mmol). The resulting mixture was 

stirred for 2 h and then concentrated. The crude product was purified by column chromatography 

(CH2Cl2:methanol, 1:0 to 2:1, v/v) to yield 36 as a white solid in quantitative yield. 1H NMR 

(DMSO-d6, 400 MHz): δ = 0.84 (3H, d, CH3,Val), 0.88 (3H, d, CH3,Val), 1.36–1.48 (2H, m, β-

HCit), 1.58–1.75 (2H, m, γ-HCit), 1.99 (1H, m, β-HVal), 2.94–3.07 (2H, m, CH2NHCit), 3.53–3.61 

(6H, m, CH2CH2OCH2), 3.91 (1H, m, α-HVal), 4.00–4.07 (2H, m, CH2OC(O)), 4.38–4.45 (3H, 

m, α-HCit, CH2OH), 5.11 (1H, t, OH), 5.43 (2H, s, NH2), 6.01 (1H, t, NHCit), 7.04 (2H, s, 

CH=CH), 7.19–7.26 (3H, m, NHVal, C3'), 7.55 (2H, d, C2'), 8.08 (1H, d, NHCit), 9.98 (1H, s, 

NHPABA); 13C NMR (DMSO-d6, 100 MHz): δ = 18.6 (CH3,Val), 19.7 (CH3,Val), 27.2 (β-CH2,Cit), 

Page 39 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 40

30.0 (γ-CH2,Cit), 30.9 (β-CHVal), 37.2 (NCH2), 39.1 (CH2NHCit), 53.5 (α-CHCit), 60.5 (α-CHVal), 

63.1 (CH2OH), 63.8 (CH2OC(O)), 67.4 (CH2OCH2), 68.8 (CH2OCH2), 119.3 (C2'), 127.4 (C3'), 

135.0 (CH=CH), 137.9 (C4'), 138.0 (C1'), 156.6 (OC(O)NH), 159.4 (C(O)NH2), 170.9 (C=OCit), 

171.4 (C=Omaleimide), 171.7 (C=OVal). 

 

Compound 37. To solution of 36 (5.1 g, 8.6 mmol) in anhydrous DMF (30 mL) at 0 °C were 

added bis(4-nitrophenyl) carbonate (5.21 g, 17.1 mmol) and i-Pr2NEt (2.24 mL, 12.8 mmol). The 

resulting mixture was stirred for 2 h and then concentrated. The crude product was purified by 

column chromatography (CH2Cl2:methanol, 1:0 to 9:1, v/v), fractions containing product were 

pooled and concentrated, and the product was lyophilized from 1,4-dioxane/water to yield 37 

(4.9 g, 77%) as a white solid. 1H NMR (DMSO-d6, 400 MHz): δ = 0.86 (3H, d, CH3,Val), 0.90 

(3H, d, CH3,Val), 1.38–1.50 (2H, m, β-HCit), 1.62–1.74 (2H, m, γ-HCit), 2.00 (1H, m, β-HVal), 

2.95–3.09 (2H, m, CH2NHCit), 3.53–3.72 (6H, m, CH2CH2OCH2), 3.92 (1H, m, α-HVal), 4.02–

4.06 (2H, m, CH2OC(O)NH), 4.46 (1H, m, α-HCit), 5.27 (2H, s, CH2OC(O)O), 5.45 (2H, s, NH2), 

6.00 (1H, t, NHCit), 7.04 (2H, s, CH=CH), 7.20 (1H, d, NHVal), 7.43 (2H, d, H3'), 7.58 (2H, m, 

H2''), 7.67 (2H, d, H2'), 8.11–8.14 (1H, m, NHCit), 8.34 (2H, m, H3''), 10.14 (1H, s, NHPABA); 13C 

NMR (DMSO-d6, 100 MHz): δ = 18.6 (CH3,Val), 19.7 (CH3,Val), 27.3 (β-CH2,Cit), 29.9 (γ-CH2,Cit), 

30.9 (β-CHVal), 37.2 (NCH2CH2), 39.1 (CH2NH), 53.6 (α-CHCit), 60.5 (α-CHVal), 63.8 

(CH2OC(O)NH), 67.4 (CH2OCH2), 68.8 (CH2OCH2), 70.7 (CH2OC(O)O), 119.5 (C2'), 123.1 

(C2''), 125.9 (C3''), 129.8 (C4'), 130.0 (C3'), 135.0 (CH=CH), 139.9 (C1'), 145.7 (C1''), 152.5 

(OC(O)O), 155.8 (C4''), 156.6 (OC(O)NH), 159.4 (C(O)NH2), 171.2 (C=OCit), 171.4 

(C=Omaleimide), 171.8 (C=OVal). 
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Compound 39. A solution of 25 (100 mg, 0.175 mmol) in anhydrous THF (10 mL) was 

cooled to 0 °C under a nitrogen atmosphere, after which 4-nitrophenyl chloroformate (46 mg, 

0.23 mmol) and Et3N (0.12 mL, 0.88 mmol) were added. The mixture was stirred at 0 °C for 1.5 

h. Then, 38 (165 mg, 0.875 mmol) was added, and the mixture was stirred for another 1 h, slowly 

being warmed to room temperature. The reaction mixture was then concentrated, and the crude 

product was purified by column chromatography (CH2Cl2:methanol, 1:0 to 97:3, v/v) to yield 39 

as a yellow solid (128 mg, 93%). 1H NMR (DMSO-d6, 400 MHz): δ = 1.40 (9H, m, Boc), 2.74–

3.03 + 3.23 (6H, multiple s, 2 × NCH3), 2.83 (3H, s, 9-CH3), 3.23–3.54 (4H, m, NCH2CH2), 3.41 

(3H, s, OCH3), 3.71 (1H, m, CH2Cl), 3.82 (1H, d, CH2Cl), 4.44 (1H, t, H1), 4.66 (1H, m, H2), 

5.18 (1H, d, H2), 5.30 (2H, s, OCH2O), 7.17 (2H, d, H3''), 7.32 (1H, m, H7), 7.40 (1H, m, H8), 

7.58 (1H, m, H8'), 7.66–7.81 (2H, m, H6, H7'), 7.99 (2H, d, H2''), 8.37 (1H , br s, H4), 8.69 (1H, 

s, H3'), 9.45 (1H, s, H5'), 10.30 (1H, s, NH); 13C NMR (DMSO-d6, 100 MHz): δ = 22.4 (9-CH3), 

28.0, 28.1, 28.4 (CH3,Boc), 33.8 + 34.0 + 34.6 + 34.7 + 34.9 (NCH3), 44.3 (C1), 45.1 + 45.7 + 

45.8 + 46.4 + 46.5 + 46.7 (NCH2), 47.5 (CH2Cl), 54.6 (C2), 55.8 (OCH3), 78.7 (CBoc), 78.8 

(CBoc), 93.7 (OCH2), 110.7 (C4), 115.7 (C3''), 117.3 (C5'), 117.6 (C7'), 119.1 (C3'), 120.8 (C6), 

122.3 (C9b), 123.1 (C8'), 124.9 (C7), 125.7 + 125.9 (C5a), 127.3 (C1''), 127.5 (C2'), 129.6 (C2''), 

129.8 (C9a), 130.6 (C8), 132.9 (C9), 140.6 (C6'), 141.4 (C8a'), 141.9 (C3a), 148.0 + 148.2 

(C=O), 153.9 + 153.9 (C5), 154.8 + 154.8 + 155.1 (C=OBoc), 159.6 (C4''), 161.9 (C=O), 165.1 

(NHC(O)). 

 

Linker-Drug 29. A solution of 39 (128 mg, 0.163 mmol) in CH2Cl2 (6 mL) was cooled to 0 

°C, after which TFA (6 mL) was added. The mixture was stirred at 0 °C for 1 h, diluted with 

CH2Cl2 (20 mL), and concentrated. The residue was dissolved in CH2Cl2/toluene, and the 
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mixture was concentrated to yield crude 40, which was used in the next step without further 

purification.  

Compound 40 was dissolved in anhydrous DMF (4 mL), and the solution was cooled to 0 °C 

under a nitrogen atmosphere, after which 37 (135 mg, 0.179 mmol) was added, followed by Et3N 

(0.11 mL, 0.82 mmol). The mixture was stirred for 2 h, gradually being warmed to room 

temperature, and concentrated. The crude linker-drug was then purified by column 

chromatography (CH2Cl2:methanol, 1:0 to 17:3, v/v) and preparative HPLC (acetonitrile:0.1% 

TFA in water, 3:7 to 6:4, v/v). The fractions containing product were pooled, acetonitrile was 

evaporated, and the resulting aqueous suspension was freeze-dried. The resulting powder was 

redissolved in 1,4-dioxane/water, and the solution was freeze-dried to yield 29 (110 mg, 49%) as 

its TFA salt. 

1H NMR (DMSO-d6, 400 MHz): δ = 0.83 (3H, d, CH3,Val), 0.87 (3H, d, CH3,Val), 1.32–1.50 

(2H, m, β-HCit), 1.52–1.73 (2H, m, γ-HCit), 1.97 (1H, m, β-HVal), 2.83 (3H, s, 9-CH3), 2.84–3.24 

(8H, m, CH2NHCit, 2 × NCH3), 3.43–3.62 (10H, m, 2 × CH2NCH3, CH2CH2OCH2), 3.74 (1H, m, 

CH2Cl), 3.82 (1H, d, CH2Cl), 3.91 (1H, m, α-HVal), 3.98–4.05 (2H, m, CH2OC(O)NH), 4.58 (2H, 

br s, NH2), 4.40–4.47 (2H, m, H1, α-HCit), 4.66 (1H, m, H2), 4.94–5.10 (3H, m, H2, Ar-

CH2OC(O)), 6.06 (1H, t, NHcit), 6.91 (2H, d, H3''), 7.00 (2H, s, CH=CH), 7.16–7.41 (5H, m, H7, 

H8, H3''', NHVal), 7.47–7.61 (2H, m, H2'''), 7.62–7.80 (3H, m, H6, H7', H8'), 7.92 (2H, d, H2''), 

8.10 (1H, m, NHCit), 8.32 (1H, br s, H4), 8.85 (1H, br s, H3'), 9.59 (1H, d, H5'), 9.98–10.05 (2H, 

m, OH, NHPABA), 10.33 (1H, s, 6'-NHC(O)); 13C NMR (DMSO-d6, 100 MHz): 18.2 (CH3,Val), 

19.2 (CH3,Val), 22.4 (9-CH3), 26.8 (β-CH2,Cit), 29.5 (γ-CH2,Cit), 30.5 (β-CHVal), 33.8 + 34.3 + 34.5 

+ 34.6 + 34.8 + 34.9 (2 × NCH3), 36.7 (CH2NCH3), 38.7 (CH2NH), 44.4 (C1), 45.6 + 45.9 + 46.3 

+ 46.6 (CH3NCH2), 47.51 (CH2Cl), 53.2 (α-CHCit), 54.4 (C2), 60.1 (α-CHVal), 63.4 
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(CH2OC(O)NH), 66.1 + 66.3 + 66.4 (Ar-CH2OC(O)), 67.0 (CH2OCH2), 68.4 (CH2OCH2), 110.4 

+ 110.6 (C4), 115.2 (C3''), 115.8 (C7'), 117.5 (C5'), 118.6 (C3'), 119.0 (C2'''), 120.7 (C6), 122.7 

(C9b), 124.4 (C1''), 125.0 (C5a), 125.6 (C7), 126.0 (C8'), 128.4 + 128.6 + 128.7 (C3'''), 128.8 

(C2'), 129.8 (C9a), 129.9 (C2''), 130.7 (C8), 131.6 + 131.7 + 131.8 (C4'''), 133.1 (C9), 134.6 

(CH=CH), 138.6 (C1'''), 138.7 (C6'), 139.9 (C8a'), 141.5 (C3a), 148.1 + 148.2 (5-OC(O)), 153.8 

+ 154.1 (C5), 155.5 + 155.6 + 155.9 (Ar-CH2OC(O)), 156.2 (OC(O)NH), 158.4 (q, C=OTFA), 

159.0 (C(O)NH2), 160.0 (3-C(O)), 161.1 (C4''), 165.5 (6'-NHC(O)), 170.6 (C=OCit), 170.9 

(C=Omaleimide), 171.3 (C=OVal).
 

 

Compound 41. A solution of 25 (100 mg, 0.175 mmol) in anhydrous THF (10 mL) was 

cooled to 0 °C under a nitrogen atmosphere, after which 4-nitrophenyl chloroformate (46 mg, 

0.23 mmol) and Et3N (0.12 mL, 0.88 mmol) were added. The mixture was stirred at 0 °C for 1.5 

h, N-methylpiperazine (0.10 mL, 0.88 mmol) was added, and the mixture was stirred for another 

hour, gradually being warmed to room temperature. The reaction mixture was then concentrated, 

and the crude product was purified by column chromatography (CH2Cl2:methanol, 1:0 to 9:1, 

v/v), yielding 41 as a yellow glassy solid (98 mg, 80%). 1H NMR (CDCl3, 400 MHz): δ = 2.45 

(3H, s, NCH3), 2.63 (4H, m, 2 × CH2NCH3), 2.75 (3H, s, 9-CH3), 3.15 (1H, t, CH2Cl), 3.51 (1H, 

dd, CH2Cl), 3.53 (3H, s, OCH3), 3.77 (2H, m, CH2NC(O)), 3.93 (2H, m, CH2NC(O)), 4.18 (1H, 

t, H1), 4.33 (1H, dd, H2), 5.20 (2H, s, OCH2O), 5.41 (1H, d, H2), 6.79 (2H, d, H-3''), 7.01 (1H, t, 

H7), 7.08 (1H, d, H8), 7.27 (1H, d, H8'), 7.38 (2H, d, H2''), 7.50 (1H, d, H7'), 7.52 (1H, d, H6), 

8.06 (1H, s, H4), 8.45 (1H, s, NH), 8.51 (1H, s, H3'), 9.09 (1H, s, H5'); 13C NMR (CDCl3, 100 

MHz): δ = 22.9 (9-CH3), 44.4 (CH2NC(O)), 44.9 (CH2NC(O)), 45.7 (NCH3), 46.4 (C1), 46.7 

(CH2Cl), 54.5 (CH2NCH3), 54.9 (CH2NCH3), 55.0 (C2), 56.4 (OCH3), 94.3 (OCH2O), 111.5 

Page 43 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 44

(C3'), 115.4 (C3''), 115.8 (C5'), 118.4 (C7'), 119.2 (C4), 120.4 (C6), 122.0 (C8'), 122.8 (C9b), 

124.7 (C7), 126.0 (C5a), 126.8 (C1''), 127.7 (C2'), 129.0 (C2''), 130.1 (C9a), 130.7 (C8), 132.8 

(C9), 140.6 (C6'), 141.9 (C8a'), 142.1 (C3a), 147.9 (5-OC(O)), 154.4 (C5), 159.8 (C4''), 162.3 

(3-C(O)), 165.2 (6'-NHC(O)). 

 

Compound 43. A solution of 41 (98 mg, 0.14 mmol) in CH2Cl2 (6 mL) was cooled to 0 °C, 

after which TFA (6 mL) was added. The mixture was stirred at 0 °C for 1.5 h, then diluted with 

CH2Cl2 (20 mL), and concentrated. The residue was dissolved in CH2Cl2/toluene, and the 

mixture was concentrated. The crude product was purified by column chromatography 

(CH2Cl2:methanol, 1:0 to 8:2, v/v) to yield 42 as a yellow glassy solid. The intermediate was 

dissolved in anhydrous THF (10 mL), and the solution was cooled to 0 °C under a nitrogen 

atmosphere. 4-Nitrophenyl chloroformate (37 mg, 0.18 mmol) and Et3N (90 µL, 0.71 mmol) 

were added. The mixture was stirred at 0 °C for 3 h, 38 (132 mg, 0.705 mmol) was added, and 

the mixture was stirred for another hour, slowly being warmed to room temperature. The mixture 

was concentrated, and the crude product was purified by column chromatography 

(CH2Cl2:methanol, 1:0 to 9:1, v/v) to yield 43 as a yellow solid (47 mg, 38%). 1H NMR (DMSO-

d6, 400 MHz): δ = 1.33 + 1.39 (9H, 2 × s, Boc), 2.30 (3H, s, CH2N(CH3)CH2), 2.24–2.36 + 2.44–

2.56 (4H, 2 × m, CH2N(CH3)CH2), 2.80 (3H, s, 9-CH3), 2.80–3.00 (6H, multiple s, 2 × 

N(CH3)C(O)), 3.41 (2H, m, CH2N(CH3)C(O)), 3.35–3.57 (5H, m, CH2N(CH3)C(O), CH2Cl, 

CH2N(C(O))CH2), 3.77–3.84 (3H, m, CH2Cl, CH2N(C(O))CH2), 4.42 (1H, t, H1), 4.64 (1H, t, 

H2), 5.16 (1H, d, H2), 7.24 (2H, d, H3''), 7.33 (1H, dd, H7), 7.38 (1H, t, H8), 7.63 (1H, t, H8'), 

7.69–7.73 (2H, m, H6, H7'), 8.06 (2H, d, H2''), 8.33 (1H, br s, H4), 8.66 (1H, s, H3'), 9.45 (1H, s, 

H5'), 10.05 (1H, s, NH); 13C NMR (DMSO-d6, 100 MHz): δ = 22.3 (9-CH3), 28.0 (CH3,Boc), 33.8 
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(N(CH3)C(O)), 34.7 (N(CH3)C(O)), 43.3 (CH2N(CH3)C(O)), 43.9 (CH2N(CH3)C(O)), 44.2 (C1), 

45.2 (CH2N(CH3)CH2), 46.1 (CH2N(C(O))CH2), 46.5 (CH2N(C(O))CH2), 47.4 (CH2Cl), 53.8 

(CH2N(CH3)CH2), 54.1 (CH2N(CH3)CH2), 54.5 (C2), 110.6 (C4), 117.3 (C5'), 117.4 (C7'), 119.1 

(C3'), 120.5 (C6), 121.1 (C3''), 122.3 (C9b), 123.0 (H8'), 124.7 (C7), 125.6 (C5a), 127.4 (C1''), 

129.1 (C2''), 129.7 (C2'), 130.5 (C8), 130.9 (C9a), 133.0 (C9), 140.5 (C6'), 141.4 (C8a'), 141.8 

(C3a), 147.7 (5-OC(O)), 152.6 (C5), 153.4 (OC(O)N(CH3)CH2), 153.9 (OC(O)N(CH3)CH2), 

161.8 (3-C(O)), 164.9 (6'-C(O)). 

 

Linker-Drug 30. A solution of 43 (47 mg, 0.054 mmol) in CH2Cl2 (3 mL) was cooled to 0 °C, 

after which TFA (3 mL) was added. The mixture was stirred at 0 °C for 40 min, then diluted with 

CH2Cl2 (20 mL), and concentrated to dryness to yield crude 44 as its TFA salt. The crude 

intermediate was dissolved in anhydrous DMF (2 mL). The solution was cooled to 0 °C, after 

which 37 (135 mg, 0.179 mmol) and Et3N (0.11 mL, 0.81 mmol) were added. The mixture was 

stirred for 2 h and gradually warmed to room temperature. The mixture was then concentrated, 

and the crude product was purified by column chromatography (CH2Cl2:methanol, 1:0 to 3:1, 

v/v) to yield partly purified 30 (55 mg) as a yellow solid. Further purification was carried out by 

preparative HPLC (acetonitrile:0.1% TFA in water, 3:7 to 6:4, v/v). The fractions containing 

product were pooled, acetonitrile was evaporated, and the resulting aqueous suspension was 

freeze-dried. The resulting powder was redissolved in 1,4-dioxane/water, and the solution was 

freeze-dried to yield 30 (41 mg, 47%) as its TFA salt. 

1H NMR (DMSO-d6, 400 MHz): δ = 0.81 (3H, d, CH3,Val), 0.85 (3H, d, CH3,Val), 1.36–1.46 

(2H, m, β-HCit), 1.58–1.68 (2H, m, γ-HCit), 1.95 (1H, m, β-HVal), 2.85 (3H, s, 9-CH3), 2.86–

3.05 (11H, m, CH2NHCit, 3 × NCH3), 3.18–3.62 (19H, m, CH2Cl, CH2CH2OCH2, 
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CH2N(CH3)CH2, 2 × CH2N(CH3)C(O), CH2N(C(O))CH2), 3.84–3.90 (2H, m, CH2Cl, α-CHVal), 

3.96–4.01 (2H, m, CH2OC(O)NH), 4.12–4.74 (5H, m, H1, H2, α-CHCit, NH2), 4.97–5.08 (3H, 

m, H2, Ar-CH2OC(O)), 6.07 (1H, br s, NHcit), 7.04 (2H, s, CH=CH), 7.19 (1H, m, NHVal), 7.22-

7.34 (4H, m, H3'', H3'''), 7.37–7.40 (1H, m, H7), 7.45 (1H, m, H8), 7.56–7.64 (2H, m, H2'''), 7.71 

(1H, m, H8'), 7.79–7.83 (2H, m, H6, H7'), 8.01–8.05 (2H, m, H2''), 8.09 (1H, d, NHCit), 8.40 

(1H, s, H4), 8.83 (1H, s, H3'), 9.58 (1H, s, H5'), 10.05 (1H, s, NHPABA), 10.57 (1H, s, 6'-

NHC(O)); 13C NMR (DMSO-d6, 100 MHz): δ = 18.1 (CH3,Val), 19.2 (CH3,Val), 22.4 (9-CH3), 

26.8 (β-CH2,Cit), 29.4 (γ-CH2,Cit), 30.4 (β-CHVal), 33.9 + 34.4 + 34.6 + 34.6 + 34.8 + 34.9 (2 × 

N(CH3)C(O)), 36.7 (CH2CH2OCH2), 38.7 (CH2NH), 42.3 (CH2N(CH3)CH2), 44.3 (C1), 45.4 + 

45.8 + 46.0 + 46.4 + 46.5 + 46.7 (2 × CH2N(CH3)C(O), CH2N(C(O))CH2), 47.6 (CH2Cl), 52.1 

(CH2N(CH3)CH2), 53.1 (α-CHCit), 54.6 (C2), 60.1 (α-CHVal), 63.3 (CH2OC(O)NH), 66.1 + 66.3 

(Ar-CH2OC(O)), 66.9 (CH2OCH2), 68.4 (CH2OCH2), 110.6 (C4), 116.6 (C7'), 117.7 (C5'), 119.0 

(C3', C2'''), 120.7 (C6), 121.7 + 121.8 + 121.9 (C3''), 122.9 (C9b), 124.2 (C1''), 124.6 (C8'), 

125.0 (C7), 125.7 (C5a), 128.1 (C9a), 128.4 + 128.6 (C3'''), 129.2 (C2''), 129.8 (C9a), 130.8 

(C8), 130.9 (C2'), 131.5 + 131.6 + 131.7 + 131.8 (C4'''), 133.2 (C9), 134.6 (CH=CH), 138.1 

(C1'''), 138.7 (C6'), 139.9 (C8a'), 141.5 (C3a), 147.6 (5-OC(O)), 152.4 (C5), 153.4 + 153.5 + 

153.7 (Ar-CH2OC(O)), 155.5, 155.6, 155.8 (4''-OC(O)), 156.2 (OC(O)NH), 158.4 (q, C=OTFA), 

159.0 (C(O)NH2), 160.8 (3-C(O)), 165.2 (6'-NHC(O)), 170.6 (C=OCit), 170.9 (C=Omaleimide), 

171.3 (C=OVal). 

 

LogD Determination of seco-DUBA. The distribution coefficient at pH 7.4 (logD7.4) was 

determined by UPLC-UV using a system calibration with a set of seven reference 

compounds.64,65 The respective retention times of the reference compounds were plotted versus 
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the literature logD7.4 values, and linear regression was performed. The logD7.4 value of seco-

DUBA was estimated by interpolating its retention time on the linear calibration curve. Analysis 

was carried out with an Acquity BEH Shield RP18 column (Waters) using a four-minute gradient 

of 5 to 95% mobile phase B (100% acetonitrile) in mobile phase A (10 mM ammonium acetate, 

pH 7.4) at a flow rate of 0.5 mL/min. 

 

In Vitro Cytotoxicity of ADCs. Human tumor cell lines obtained from ATCC were cultured 

as described previously.43
 Cells in complete growth medium were plated in 96-well plates (90 

µL/well) and incubated at 37 °C, 5% CO2 at the following cell densities (cells per well): 6,500 

for SK-BR-3, 10,000 for BT-474c, 2,000 for SK-OV-3, and 4,000 for SW620. After overnight 

incubation, 10 µL of a test compound solution was added. When plasma stability was assessed, 

1% human or mouse plasma was present in the complete growth medium used for cell addition 

and compound addition. Cell viability in serial dilutions was assessed after 144 h using the 

CellTiter-Glo luminescent assay kit from Promega Corporation (Madison, WI, USA) according 

to the manufacturer's instructions. Metabolic activity of BT-474c cells was measured with an 

ATP-Lite assay (Perkin-Elmer, Waltham, MA, USA). Data were reported as mean ± SEM of at 

least two experiments performed in duplicate.  

 

Human Plasma Stability of HSA-Conjugated Linker-Drugs 29 and 30. A stock solution of 

linker-drug (12.5 µL, 300 µM in DMSO) was added to human plasma (487.5 µL) at 37 °C, 

which led to almost instantaneous addition of the linker-drug to HSA. At defined time points, 

aliquots (50 µL) were taken and added to cold acetonitrile (200 µL). The resultant suspension 
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was spun down and the supernatant was analyzed for DUBA and 27 by UPLC-MS using single 

ion recording. 

 

Determination of the Cyclization Rate of Compounds 47a and 47b. Compounds 47a and 

47b were obtained from their protected counterparts using a similar procedure as described for 

compound 39, except that HCl instead of TFA was used for deprotection. The crude HCl salt of 

47a or 47b was dissolved in DMSO at 1 mg/mL, and 3 µL of this solution was added to a 

preheated vial containing either acetonitrile/10 mM NaOAc, pH 5 (2:3, v/v) or acetonitrile/100 

mM Na3PO4, pH 7.4 (2:3, v/v). After thorough mixing, the mixtures were placed in an 

autosampler at 25 or 37 °C. Samples were taken at different time intervals and directly injected 

onto an UPLC column to measure the decrease of 47a and 47b over time. Half-lives were 

calculated from the UV peak areas of 47a and 47b. 

 

Plasma Stability Studies with ADCs and DUBA. ADCs SYD981, SYD982, SYD983, and 

SYD984 were spiked in pooled female mouse (Balb/c), rat (Sprague Dawley), cynomolgus 

monkey (Macaca fascicularis) and human K2-EDTA plasma at a concentration of 100 µg/mL 

and incubated at 37 °C. After 0, 1, 6, 24, 48, 96, and 168 h of incubation, plasma samples were 

snap-frozen and stored at –80 °C until analysis. DUBA was spiked in pooled female mouse 

(Balb/c), rat (Sprague Dawley), cynomolgus monkey (M. fascicularis) and human K2-EDTA 

plasma at a concentration of 5 nM and incubated at 37 °C. After 0, 3, 10, 30, 90, and 180 min of 

incubation, plasma samples were stored at –80 °C until analysis by LC-MS/MS. On the basis of 

the time–concentration data, the in vitro plasma half-life (t½) was calculated using the expression 

t½ = 0.693/b, where b is the slope found in the linear fit of the natural logarithm of the fraction 
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remaining of total antibody or ADC versus incubation time. Only the initial, linear part of this fit 

was used to determine the t½. If a calculated t½ was more than twofold the longest incubation time 

of 168 hours, the t½ was reported as >336 hours. 

 

PK ELISA. Total antibody assay – An ELISA-based method was used for the determination 

of total antibody concentrations for SYD981, SYD982, SYD983, and SYD984. Study samples 

were diluted in appropriate buffers in order to be able to estimate the total antibody 

concentrations within the analytical range. The solid phase consisted of an anti-idiotype mini-

antibody (AbD Serotec, AbD15916) coated on high binding microtiter plates (Greiner, catalog 

no. 655081). Detection of total antibody captured on the solid phase was achieved by a 

biotinylated anti-idiotype mini-antibody, followed by a streptavidin-HRP (R&D Systems, 

catalog no. DY998) incubation step and TMB (TeBu-Bio, catalog no. TMB100) incubation. The 

color reaction was stopped with H2SO4, and the plate was read at 450 and 630 nm. Each 

analytical run included appropriate calibrators and quality-control samples. Total antibody 

concentrations of study samples were back calculated on the calibrator curve. 

Conjugated antibody assay – A similar method as for the total antibody assay was used with 

the exception that the solid phase consisted of an anti-drug monoclonal antibody (Synthon 

Biopharmaceuticals BV, clone B 6-2-10) coated on high binding microtiter plates (Greiner, 

catalog no. 655081). 

  

In Vivo Pharmacokinetics in Mice, Rats, and Monkeys. ADCs SYD981, SYD982, 

SYD983, and SYD984 were dosed to female Balb/c mice, female Sprague Dawley rats, and 

female cynomolgus monkeys via an intravenous bolus injection into the tail vein or saphenous 

Page 49 of 70

ACS Paragon Plus Environment

Molecular Pharmaceutics

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

 50

vein. DUBA and seco-DUBA were dosed to female Wistar Han rats via an intravenous bolus 

injection into the tail vein. Blood samples were taken from an appropriate (different) vein at 

different time points after dosing, cooled on ice water, and processed to K2-EDTA plasma. 

Plasma samples where snap-frozen in liquid nitrogen and stored at –80 °C until bioanalysis. On 

the basis of the reported plasma levels, PK parameters were calculated in WinNonlin version 

5.1.5 or 5.3 using the non-compartmental analysis for single intravenous bolus injection. Two 

ELISA-based methods were used for quantification of either total antibody or conjugated 

antibody. A validated LC-MS/MS method was used for the quantification of DUBA plasma 

levels. 
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ABBREVIATIONS 

Ac, acetyl; ADC, antibody–drug conjugate; AUC, area under the curve; Bn, benzyl; Boc, tert-

butoxycarbonyl; Bu, butyl; t-Bu, tert-butyl; CES1c, carboxylesterase 1c; DAR, drug-to-antibody 

ratio; DMA, N,N-dimethylacetamide; DMF, N,N-dimethylformamide; DPPA, 

diphenylphosphoryl azide; DUBA, duocarmycin-hydroxybenzamide-azaindole; EDC, 1-ethyl-3-

(3-dimethylaminopropyl)carbodiimide; EDTA, ethylenediaminetetraacetic acid; ELISA, 

enzyme-linked immunosorbent assay; Et, ethyl; HER2, human epidermal growth factor receptor 

2; HIC, hydrophobic interaction chromatography; HMW, high molecular weight; HOBt, 1-

hydroxybenzotriazole; HPLC, high-performance liquid chromatography; HRP, horseradish 

peroxidase; HSA, human serum albumin; LC, liquid chromatography; Me, methyl; MMAE, 

monomethylauristatin E; MOM, methoxymethyl; Ms, mesyl; MS, mass spectrometry; NBS, N-

bromosuccinimide; PABA, p-aminobenzyl alcohol; i-Pr, isopropyl; SEC, size exclusion 

chromatography; SEM, standard error of the mean; TAb, total antibody; TCEP, tris(2-

carboxyethyl)phosphine; THF, tetrahydrofuran; TFA, trifluoroacetic acid; TFAA, trifluoroacetic 

anhydride; Tmab, trastuzumab; TMB, 3,3′,5,5′-tetramethylbenzidine; UPLC, ultra performance 

liquid chromatography.  
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Figure 1. Structures of CC-1065 (1) and linker-duocarmycin 2, and schematic representation of 

the Winstein spirocyclization of seco-duocarmycin 3a (seco-DUBA) to its spiro analog 3b 

(DUBA). The DNA-alkylating unit in 3b is indicated in red, the DNA-binding unit in blue. 
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Figure 2. (A) Comparison of the in vitro cytotoxicity of seco-DUBA, DUBA, 27, and 28 against 

SK-BR-3 cells after 144 h of incubation; (B) Plasma concentration vs time curve for DUBA in 

Wistar rats after a single intravenous injection of seco-DUBA (89 µg/kg) or DUBA (83 µg/kg) (n 

= 4, ± SEM).  
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Figure 3. (A)–(C) Comparison of cytotoxic activities of ADCs Tmab-29, Tmab-30, SYD981, 

and SYD983 in SK-BR-3 (A), SK-OV-3 (B) and SW620 (C) cell lines after 144 h of incubation; 

(D) Human plasma stability of HSA-conjugated 29 and 30. Release and/or degradation of the 

conjugated drug moiety were quantified by detection of unconjugated DUBA and DNA-

alkylating unit 27. Percentages are likely underestimated due to the limited stability of DUBA 

and 27 in plasma. 
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 Figure 4. (A–B) Mean total antibody (TAb) and conjugated antibody (ADC, SYD983 

equivalents) plasma concentrations in female Balb/c mice (A) and Sprague Dawley rats (B) after 

a single intravenous bolus injection of SYD981, SYD982, SYD983, or SYD984 at 5 mg/kg 

(mice) or 3 mg/kg (rats) (n = 3, ± SEM); (C–F) Mean TAb and ADC (SYD983 equivalents) 

plasma concentrations in female cynomolgus monkeys after a single intravenous bolus injection 

of SYD981 (C), SYD982 (D), SYD983 (E), or SYD984 (F) at 3 mg/kg (n = 3, ± SEM).  
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Figure 5. Antitumor activity of ADCs SYD981 (A), SYD982 (B), SYD983 (C), and SYD984 

(D) in Balb/c nu/nu mice bearing BT-474 xenografts. Antitumor activity was compared to 

vehicle and trastuzumab (Tmab). Mice (n = 8 per group) were treated intravenously on the day(s) 

indicated by the arrow(s) on the x-axis (SD = single dose, MD = multiple doses). 
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Figure 6. Composition of fractions obtained after preparative HIC of SYD983. The fraction 

"Elution" represents SYD985. 
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Chart 1. Structures of seco-Duocarmycin 26, DNA-Alkylating Unit 27, DNA-Binding Unit 

28, and Linker-Duocarmycins 29, 30, and 45. 
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Scheme 1. Synthesis of DNA-Alkylating Unit 15.a 

 
a Reagents and conditions: (a) NaOMe, MeOH, 65–80 °C, 1 h; (b) TFAA, THF, reflux, 42% (2 

steps); (c) BnCl, DMF, 80 °C; (d) NaOH, water/MeOH/toluene, reflux, 2 h, 82% (2 steps); (e) 
DPPA, t-BuOH, Et3N, toluene, 85 °C, 3 h, 88%; (f) NBS, THF, –10 °C; (g) (S)-glycidyl 
nosylate, KOt-Bu, 10 °C to 25 °C, 3 h, 82% (2 steps); (h) n-BuLi, THF, –25 °C, 1 h, 40% (13); 
(i) (1) MsCl, Et3N, CH2Cl2, 0 °C, 90 min; (2) LiCl, DMF, 80 °C, 90 min, 63% (2 steps). 
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Scheme 2. Synthesis of seco-DUBA (3a) via DNA-Binding Unit 22 and DNA-Alkylating Unit 

15.a 

 

a Reagents and conditions: (a) EtOH, 85 °C, 22 h, 89%; (b) HCl, Zn, MeOH, 0 °C, 30 min, 
68%; (c) EDC, DMA, 18 h; (d) NaOH, 1,4-dioxane/water, 70 °C, 30 min, 55% (2 steps); (e) 
HCl, dioxane, 4 h; (f) EDC, DMA, 0 °C to 20 °C, 18 h, 93% (2 steps); (g) Pd/C, NH4HCO2, 
MeOH/THF, 3 h, 90%; (h) HCl, 1,4-dioxane/water, 1 h, 95%. 
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Scheme 3. Synthesis of Linker-Drug 29.a 
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a Reagents and conditions: (a) NaHCO3, water, 0 °C to room temperature, 50 min, 73%; (b) 4-

nitrophenyl chloroformate, Et3N, CH2Cl2, 2.5 h, 95%; (c) 35, i-Pr2NEt, DMF, 0 °C; (d) bis(4-
nitrophenyl) carbonate, i-Pr2NEt, DMF, 0 °C, 2 h, 77% (2 steps); (e) 4-nitrophenyl 
chloroformate, Et3N, THF, 0 °C, 1.5 h; then 38, 1 h, 93%; (f) TFA, CH2Cl2, 0 °C, 1 h; (g) Et3N, 
DMF, 0 °C to room temperature, 2 h, 49% (2 steps). 
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Scheme 4. Synthesis of Linker-Drug 30.a 

 
a Reagents and conditions: (a) 4-nitrophenyl chloroformate, Et3N, THF, 0 °C, 1.5 h; then N-

methylpiperazine, 1 h, 80%; (b) TFA, CH2Cl2, 0 °C, 1.5 h; (c) 4-nitrophenyl chloroformate, 
Et3N, THF, 0 °C, 3 h; then 38, 1 h, 38% (2 steps); (d) TFA, CH2Cl2, 0 °C, 40 min; (e) 37, Et3N, 
DMF, 0 °C to room temperature, 2 h, 47%. 
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Scheme 5. Protease-Mediated Cleavage of Compounds 46a and 46b, Eventually Leading to 

Release of DUBA (3b) after two Consecutive Self-Eliminations. 
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Table 1. IC50 Values for seco-DUBA, DUBA, 27, 28, and ADCs Tmab-29, Tmab-30, SYD981, 

and SYD983 in a Panel of Human Cancer Cell Lines Expressing Different Levels of HER2.a  

Compound IC50 (nM) 

SK-BR-3 

(HER2 3+) 

SK-OV-3 

(HER2 2+) 

SW620 

(HER2) 

SW620 + 

1% MP 

SW620 + 

1% HP 

seco-DUBA (3a) 0.09 0.43 0.09 0.16 0.22 

DUBA (3b) 0.07     

27 4,933 - - - - 

28 >30,000 - - - - 

Tmab-29 (DAR 2) 0.19 0.51 ± 100 0.46 ± 100 

Tmab-30 (DAR 2) 2.01 0.66 >100 2.53 >100 

SYD981 (Tmab-45, DAR 2) 0.31 1.20 >100 3.95 >100 

SYD983 (Tmab-2, DAR 2) 0.22 0.44 ± 100 0.93 ± 100 

 

a Cells were incubated with compound for 144 h, after which cell viability was assessed. Non-
target related drug release by 1% mouse plasma (MP) or human plasma (HP) was measured by 
detection of cell viability of HER2-negative SW620 cells. For ADCs, IC50 values are expressed 
in drug equivalents.  
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Table 2. Half-Lives of Conjugated Antibody (SYD983 Equivalents) in Mouse, Rat, Monkey, 

and Human Plasma for ADCs SYD981, SYD982, SYD983, and SYD984.  

Compound Plasma half-life (h) 

Mouse Rat Monkey Human 

SYD981 (Tmab-45, DAR 2) 39 74 290 291 

SYD982 (Tmab-2, DAR 1) 4 6 245 278 

SYD983 (Tmab-2, DAR 2) 6 10 252 241 

SYD984 (Tmab-2, DAR 3) 10 22 >336 >336 
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Graphical Abstract 
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