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ABSTRACT: The design and synthesis of four hypoxia-activated prodrugs of the KDAC inhibitor panobinostat is described. Initial validation 
of these compounds using isolated enzymes, and in two human cancer cell lines, reveals that the nitroimidazole-based prodrug (NI-Pano, CH-
03) undergoes efficient bioreduction and fragmentation to release the parent drug, panobinostat. NI-Pano was identified as the optimum com-
pound for use in further studies in cells, spheroid tumor models, and in vivo.

Introduction 
Protein post-translational modifications (PTMs) add a layer of com-
plexity to the proteome and provide mechanisms to fine-tune pro-
tein function.1 Lysine acetylation is a long-known PTM2 that is 
found in over 3600 locations on over 1750 proteins throughout the 
cellular environment.3-4 Recently, there has been a particular focus 
on lysine acetylation in histone proteins, which play a key role in the 
organization of DNA in chromatin. Acetylation leads to the for-
mation of an amide, which removes the positive charge from the ε-
nitrogen atom of lysine, resulting in a weaker association with nega-
tively charged DNA, and the formation of euchromatin. This more 
relaxed form a chromatin is associated with transcriptional activa-
tion. Lysine acetylation state is regulated by histone/lysine acetyl 
transferase (H/KATs) enzymes, which transfer an acetyl group from 
AcCoA to lysine, and the mechanistically distinct sirtuin and Zn2+-

dependent histone/lysine deacetylases (H/KDACs) that remove 
this mark.5-6 Bromodomains are protein modules that bind to acetyl-
lysine (KAc) residues and in so doing mediate protein-protein and 
protein-chromatin interactions enabling the assembly of transcrip-
tion complexes.7-10 Many examples exist of KDAC dysregulation be-
ing linked to oncogenic states in tissues throughout the body.11-12 
These observations have led to significant interest in molecules that 
can inhibit these enzymes, culminating in the clinical approval of five 
KDAC inhibitors to date (belinostat, chidamide, panobinostat, ro-
midepsin, and vorinostat).13-15 All KDAC inhibitors possess a group 
that binds to the Zn2+ ion found in the enzyme active site, which 
mimics KAc binding in the active site, and inhibits enzyme function. 
For belinostat, panobinostat and vorinostat this moiety is a hydrox-
amic acid. 
 

 

 
Figure 1. The concept of a hypoxia-activated prodrug of the KDAC inhibitor panobinostat. The hydroxamic acid is protected with a bioreductive group 
to prevent binding to the KDAC enzymes. The nitroimidazole group undergoes reduction and fragmentation in hypoxia to release the active KDAC 
inhibitor panobinostat. 
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In addition to Zn2+, this group can bind to other metals or inhibit 
other off-target enzymes. Hydroxamic acids are also polar, and can 
hinder the diffusion of KDAC inhibitors into cells and organs, for 
example, the brain. In addition, KDACs are broad epigenetic remod-
elers that affect the transcription of many genes, in both healthy tis-
sues and tumors. For these reasons, KDAC inhibitors have a number 
of documented side effects including anemia, neutropenia, throm-
bocytopenia, fatigue, diarrhea, nausea and vomiting.16-17 In recent 
years, attempts have been made to increase the selectivity of these 
inhibitors and therefore mitigate these unwanted effects. Work to 
achieve this has included both designing selective inhibitors of a 
given KDAC enzymes, or developing prodrugs that selectively re-
lease inhibitors in a target tissue.18-21 Prodrugs of KDAC inhibitors 
have been developed that are activated by hydrolysis,22 thiols,16 reac-
tive oxygen species,23 hydrogen peroxide or peroxynitrate,24 ester-
ases,25-26 light,27 and transition-metals.28 We have recently reported a 
prodrug of the KDAC inhibitor vorinostat (SAHA) that is selec-
tively released in hypoxia.29 

Hypoxia, or a state of insufficient oxygen (<2% O2),30 is a feature of 
solid tumors.31 This pathophysiological state occurs due to rapid and 
disordered growth of vasculature, and increased cellular prolifera-
tion and metabolic rates. Hypoxia is strongly correlated with poor 
patient prognosis, as hypoxic tumors show increased resistance to all 
forms of treatment, and higher rates of metastasis.32-33 
In the absence of oxygen, radiotherapy is less effective as oxygen is 
required for ionizing radiation induced free radicals that damage 
DNA.34 In addition, some chemotherapies show lower efficacy in hy-
poxia due to reduced blood circulation reducing drug delivery.35-36 
Cellular mechanisms for detoxification or efflux of the drug can be 
more active, and a difference in pH may preclude certain drugs from 
entering the tumor.37-39 So while hypoxia is detrimental to patient 
survival, this is the component of the tumor that we most want to 
treat, and the different chemical environment created by the lack of 
oxygen potentially allows the release of drugs selectively in these re-
gions. 
 

 

Scheme 1: Synthesis the bioreductive group precursors 5, 8, 12, 15. 

 
Reagents and conditions: (A) (a) N-Hydroxyphthalimide, DIPEA, DMF, 0 °C to rt, 2 h, 76–84%, n=2, (b) N2H4·H2O, CH2Cl2, rt, 2 h, 72–95%, n=4. 
(B) (c) (i) NaBH4, MeOH, 0 °C to rt, 2 h, 79–99%, n=4; (ii) PBr3, CH2Cl2, 0 °C to rt, 5 h, 24–48%, n=4; (d) (i) N-Hydroxyphthalimide, DIPEA, DMF, 
0 °C to rt, 2 h, 47–63%, n=2, (ii) N2H4·H2O, CH2Cl2, rt 2 h, 46%, n=1. (C) (e) CuI, NaNO2, HI (57% aq.), DMSO, 60 °C, 0.5 h, 31–60%, n=2; (f) (i) 
PhMgCl, THF, −40 °C, 10 min then (CH2O)n, −40 °C to 40 °C, 18 h, 42–86%, n=4; (ii) HBr (48% aq.), 75 °C, 18 h, 77–99%, n=2; (g) (i) N-Hydrox-
yphthalimide, DIPEA, DMF, 0 °C to rt, 2 h, 88%, n=1; (ii) N2H4·H2O, CH2Cl2, rt 2 h, 92%, n=1. (D) (h) (i) NaH, EtOCHO, THF, EtOH, 0 °C to rt, 
18 h; (ii) HCl (37% aq.), EtOH, rt, 2 h; (iii) NCNH2, EtOH, H2O, 100 °C, 2 h, 41–79% (over 3 steps), n=5; (j) (i) NaNO2, AcOH, H2O, 0 °C to rt, 
4 h, 57–81%, n=5; (ii) NaBH4, EtOH, THF, 0 °C, 3 h, 70–80%, n=5; (iii) CH3SO2Cl, pyridine, 0 °C to rt, 3 h, 54–67%, n=5. 

 

Hypoxia-activated pro-drugs (HAPs) are a class of small molecules 
containing a motif that is reactive in low oxygen, known as a biore-
ductive group.40-43 The bioreductive group is attached to the active 
compounds in such a way that its original biological function is min-
imized. Upon exposure to hypoxia the bioreductive group reacts to 
release the biologically active compound (Figure 1). As the reaction 

occurs preferentially in hypoxia, the active compound is only re-
leased in these areas. Bioreductive groups that have been employed 
in HAPs include nitroaromatic groups, quinones, or N-oxides.40, 44 
The choice of prodrug functionality is informed both by its reduc-
tion potential and the targeted enzymatic pathway of metabolism.45 
Once reduced, these functionalities undergo subsequent reactions 
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to release a cargo molecule (Figure 1). Early examples of cargo mol-
ecules were mostly DNA reactive nitrogen mustards,46 however, 
these cytotoxic agents have compatibility issues with other forms of 
chemotherapy.47 This led to the development of HAPs based on 
small molecule inhibitors of specific protein function, including CH-
01 (CHK-1), BCCA621C (DNA-PK), tarloxotinib (HER2), and 
CEP-9722 (PARP).48-51 
We have recently reported developed two HAPs of the KDAC inhib-
itor vorinostat (SAHA).29 While the nitroimidazole-derived SAHA 

derivative (NI-SAHA) showed promising reduction and fragmenta-
tion properties in vitro, the half-life of the released drug, vorinostat, 
(1.5–2.0 h oral administration in human) was insufficient to warrant 
progressing the lead prodrug, nitroimidazole-SAHA (NI-SAHA) 
into cellular studies.52-53 The KDAC inhibitor panobinostat main-
tains efficacy in hypoxia5 and shows a longer half-life (16.9 h, oral ad-
ministration in human) compared to vorinostat.54 Here, we describe 
the design, synthesis, and validation of four panobinostat-based 
HAPs. 
 

Scheme 2. General Synthesis of HAP Analogues of Panobinostat (24-26) and the negative control compound (23). 

 
Reagents and conditions: (A) (a) Boc2O, DMAP, THF, rt, 18 h, 67–82%, n=5; (b) LiOH, THF, MeOH, H2O, rt, 6 h, 88–83%, n=5; (c) RONH2, 
PyBOP, NEt3, THF, rt, 18 h, 29, R=Bn, 73%, n=1, RONH2, PyBOP, NEt3, THF, rt, 18 h, 5, R=NB, 71–92%, n=2, RONH2, PyBOP, NEt3, THF, rt, 
18 h, 8, R=NT, 62–84%, n=2, RONH2, PyBOP, NEt3, THF, rt, 18 h, 12, R=NQ, 60%, n=1; (d) TFA, TIPS-H, CH2Cl2, rt, 1 h, 19, R=Bn, 79%, n=1, 
TFA, TIPS-H, CH2Cl2, rt, 1 h, 20, R=NB, 68–69%, n=2, TFA, TIPS-H, CH2Cl2, rt, 1 h, 21, R=NT, 52–64%, n=2, TFA, TIPS-H, CH2Cl2, rt, 1 h, 22, 
R=NQ, 40%, n=1. (B) (e) CDI, THF, rt, 1 h then HONH3Cl, rt, 18 h, 51–63%, n=4; (f) (i) NaH, DMF, −5 °C, 20 min then 15, −5 °C to rt, 18 h, 71–
86%, n=4, (ii) TFA, TIPS-H, CH2Cl2, rt, 1 h, 51–61%, n=4. 
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Initial characterization in vitro and in cells described here, identified 
the nitroimidazole-derived panobinostat prodrug (NI-Pano, 1) as 
the most promising compound for further evaluation. Subsequent 
work on this compound, which has recently been published else-
where,55 demonstrates that NI-Pano is an effective KDAC-targeting 
HAP in an esophageal squamous cancer cell line (OE21)-derived 
mouse tumor xenograft model. Treatment of xenograft-bearing mice 
resulted in a substantial tumor growth delay compared to untreated 
mice, and preferential release of panobinostat in the tumor com-
pared to plasma and kidney. 
 
Results and discussion 
Design and synthesis of the prodrugs 
We, and others, have previously demonstrated, blocking the oxygen 
atom of the hydroxamic acid of disrupts binding to the KDAC en-
zymes.29 This ensures that the prodrug is inactive until the drug is 
released at the desired time and/or location. Four nitroaromatic 
groups were chosen as the bioreductive moieties to attach to the hy-
droxamic acid. The nitrobenzyl (NB), nitrothiophene (NT) and ni-
troimidazole (NI) groups have previously been employed by us29, 45, 

48, 56-57 and others40, 42, 44, 49, 58-60 as bioreductive group in HAPs, and 
have a range of bioreduction potentials.45 We also investigated the 
use of the nitroquinoline (NQ) group, which we predicted would 
have bioreduction properties similar to the NI group. A negative 
control compound was designed, in which the bioreductive group 
was replaced with a simple benzyl moiety, which is inert to reduction 
and consequently fragmentation. We initially proposed that the syn-
thesis of the nitroaromatic-functionalized hydroxylamines would al-
low a convergent route to all of these molecules. 
Panobinostat was synthesized using a route that has previously been 
reported in the literature with minor modification made (Scheme S1 
and SI for details).61 A Grandberg reaction of phenylhydrazine with 
the chloroketone S1 gave 2-methyltryptamine (S2).62-64 A Mizoroki-
Heck reaction of 4-bromobenzaldehyde (S3) with methyl acylate 
yielded the aldehyde S4, which was subsequently underwent a re-
ductive amination with the primary amine of S2 in a to give 16. Dis-
placement of the methyl ester with hydroxylamine gave panobino-
stat (2). 
While the benzyl-hydroxylamine (29) was commercially available, 
the remaining functionalized hydroxylamines were synthesized as 
shown in Scheme 2. Briefly, reaction of N-hydroxyphthalimide with 
4-nitrobenzyl chloride (3) followed by deprotection with hydrazine 
gave nitrobenzyl hydroxylamine 5. To form the thiophene analogue 
(8), the commercially available 5-nitrothiophene-2-carboxaldehyde 
(6) was first reduced to the alcohol, and then brominated with phos-
phorus tribromide to give 7. The bromide was displaced with N-hy-
droxyphthalimide, and hydrazine deprotection gave 8. The nitro-
quinoline bromide has previously been synthesized by our group, 
however, an alternative route was used here.57 Sandmeyer iodination 
of 5-amino-6-nitroquinoline (9) gave the iodide 10. Grignard ex-
change with phenyl magnesium bromide, followed by addition of 
paraformaldehyde yielded the primary alcohol, which was bromin-
ated with hydrobromic acid to give the bromide 11. Following the 
same steps used for the nitrobenzyl and nitrothiophene analogues 

gave the nitroquinoline-functionalized hydroxylamine 12. The ni-
troimidazole chloride (15) was synthesized in 6 steps using a route 
similar to that we have previously reported.29 However, the nitroim-
idazole-containing hydroxylamine derivative was unstable, meaning 
that the chloronitroimidazole (15) was coupled to panobinostat us-
ing an alternative procedure (vide infra). 
To synthesize the panobinostat prodrugs, protection of both nitro-
gen atoms in the core molecule was necessary (Scheme 2). Boc pro-
tection of the methyl ester 16 (Scheme 2A), followed lithium hy-
droxide-catalyzed hydrolysis, gave the carboxylic acid 17. Coupling 
with the functionalized hydroxylamines 5, 8, 12 and 29, using Py-
BOP, followed by deprotection with trifluoroacetic acid, yielded the 
inactive control 23 and three of the prodrugs 24–26. CDI-mediated 
coupling of the carboxylic acid 18 with hydroxylamine hydrochlo-
ride yielded di-Boc-protected panobinostat, 27. This compound was 
alkylated with the nitroimidazole halide 15, and deprotected using 
TFA and TIPS-H gave NI-Pano 1 (Scheme 2B). 
 
Biological evaluation of the prodrugs 
To determine if the prodrugs 1, 24–26 underwent hypoxia depend-
ent reduction and fragmentation, the four HAP analogues, pano-
binostat (2), and the negative control Bn-Pano (23), were incubated 
with NADPH-CYP reductase (CYP004) in normoxic and hypoxic 
conditions for up to 24 hours. We have previously used this proce-
dure as an initial stage of prodrug validation, and it shows good cor-
relation with cellular activity.45, 48, 56 The prodrug reduction and re-
lease of panobinostat was monitored using LCMS, as described pre-
viously.29, 65 As expected, neither Bn-Pano (23) nor panobinostat (2) 
were reduced in normoxic or hypoxic conditions (Figure 3A, B). 
NB-Pano (24) appeared stable in both normoxia and hypoxia with 
no apparent production of panobinostat (Figure 3C). In previous 
studies, a higher concentration of enzyme (92 pmol/mL, 10-fold) 
has been used to reduce the NB group, as this moiety is more stable 
to bioreduction than other groups.29, 48, 56 With the increased enzyme 
concentration, panobinostat was produced in hypoxia (Figure S1). 
We have found, however, that the lower enzyme concentration 
translates well to levels and rates of cellular reduction for this class of 
compounds, indicating that NB-Pano might not be optimum for cel-
lular and in vivo studies. 
Panobinostat release from NT-Pano (25) was observed in both 
normoxic and hypoxic conditions (Figure 2D). Although more 
panobinostat was released in hypoxia, to be suitable for cellular and 
in vivo studies, there should be no released of panobinostat in this 
assay. The levels of NQ-Pano (26) were depleted in both normoxic 
and hypoxic conditions. However, unlike NT-Pano, NQ-Pano did 
not release panobinostat under normoxic conditions (Figure 2E). 
This suggests that some metabolism of NQ-Pano can occur in 
normoxia, but that fragmentation to release the free drug does not 
occur. It is possible that NQ-Pano undergoes partial reduction to 
one of the intermediate reduced states, without fragmentation to re-
lease panobinostat. Partial reduction to intermediates including the 
nitroso, and full reduction to the amine without fragmentation has 
been observed with a nitrobenzyl group in hypoxia.48 However, in 
this case these intermediates could not be observed by LCMS. 



 5 

 

Figure 2. Oxygen dependent reduction and fragmentation of HAPs of panobinostat. (A) Bn-Pano (10 µM), (B) panobinostat (10 µM), (C) NB-Pano 
(10 µM), (D) NT-Pano (10 µM), (E) NQ-Pano (10 µM) and (F) NI-Pano (10 µM) were incubated with 9.2 pmol/mL of bactosomal NADPH-CYP 
reductase (CYP004) in normoxic (21% O2) or hypoxic (<0.1% O2) conditions for 0-24 h and analyzed using LCMS. Data are mean ± SD, n=3 except 
B, which is n=2. 

 

NI-Pano (1) was stable in normoxic conditions and did not release 
detectable panobinostat, however, in hypoxic conditions a clear in-
crease in panobinostat was observed (Figure 2F). This observation 
is in line with our previous work in which we demonstrated an NI-
based HAP of SAHA can undergo bioreduction and fragmentation 
in the presence of NADPH-CYP reductase (CYP004). Therefore, of 
the panobinostat-based HAPs synthesized and tested, NQ-Pano 
(26) and NI-Pano (1) were found to have the most encouraging and 
selective reduction and release profiles and were progressed for fur-
ther evaluation. 
We have previously shown that neither NB-SAHA nor NI-SAHA 
showed any inhibition of a panel of ten Zn2+-dependent KDAC en-
zymes. We used the same enzyme assay (Reaction Biology) to deter-
mine whether the addition of the NQ and NI groups would prevent 
panobinostat inhibiting these enzymes. Panobinostat has previously 
been shown to be a very effective inhibitor of all KDAC enzymes.66 
While NQ-Pano retained some inhibitory activity against KDAC1-3 

and KDAC6, NI-Pano showed weak or no inhibitory activity against 
any of the KDAC enzymes tested (Table 1). 
It initially appears surprising that the NQ group is tolerated by these 
enzymes, while the NI group is not. As the activity shown by NQ-
Pano was not observed for all enzymes, it is reasonable to assume 
that these data are meaningful, and not a result of assay interference. 
Analysis of the X-ray crystal structures of KDAC1–3 and KDAC667-

72 shows that they have larger active site pockets than the other 
KDACs. KDAC1-3 have been shown to accommodate aromatic 
groups into the active site pocket, for example the selective biaryl 
benzamide KDAC inhibitors.73-74 The nitro moieties of the NI and 
NQ groups have different vectors, meaning that they will extend into 
different areas of the enzyme active site. Our current hypothesis is 
that the vector of the nitro group of the NI group is particularly un-
favorable for enzyme binding, making it an effective bioreductive 
group for HAPs targeting the KDAC enzymes. 
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Table 1. NI-Pano shows little KDAC inhibition in vitro. 

 IC50 (nM)a 

Compound KDAC1 KDAC2 KDAC3 KDAC4 KDAC5 KDAC6 KDAC7 KDAC8 KDAC9 KDAC11 

Pano (2)b 0.31 
± 0.05 

1.51 
± 0.20 

1.69 
± 0.20 

0.42 
± 0.08 

0.84 
± 0.17 

1.98 
± 0.28 

38.6 
± 13.2 

38.9 
± 10.0 

1.65 
± 0.14 

0.32 
± 0.03 

NQ-Pano (26) 87.2 559 69.8 NI NI 1548 NI NI NI NI 

NI-Pano (1)c 2290 ± 
1521 

5810 ± 
3528 

1390 ± 
766 NI NI 2880 ± 

1285 NI NI NI NI 

NI-Pano/Pano 
Selectivity 

7387 3848 822 - - 1455 - - - - 

IC50 values (nM) for panobinostat and NI-Pano against KDAC1-9 and KDAC11. The color scale represents a heat map, with ‘hot’ colors showing 
effective enzyme inhibition. aData obtained by Reaction Biology Corporation, NI = no inhibition observed at concentrations up to 10 μM. bData taken 
from Arts et al.66 c n = 2 biological repeats for all enzymes, value shown is the mean ± S.E.M. 

 

 

Figure 3. Hypoxia-dependent reduction of NI-Pano to release pano-
binostat in the (A) FLO-1 and (B) HCT116 cell lines. Cells were incu-
bated with 5 μM NI-Pano in normoxic (21% O2) or hypoxic (<0.1% O2) 
conditions for 6 h. Cells were collected, lysed and compounds extracted 
in MeOH/MeCN and samples analyzed using LCMS. Quantification of 
three independent repeats relative to standard curves for each com-
pound is shown. Data are mean ± SD (n = 3).  

To investigate the efficiency of release of panobinostat in cells, the 
FLO-1 oesophageal adenocarcinoma cell line or the colon cancer 
HCT-116 cell line were incubated with NI-Pano in normoxic (21% 
O2) or hypoxic (<0.1% O2) conditions for 6 h. The cells were then 
lysed and the lysate analyzed using LCMS (Figure 3). In 21% oxy-
gen, only the NI-Pano prodrug was detected in both cell lines. How-

ever, in <0.1% O2 less NI-Pano was detected and a significant quan-
tity of free panobinostat was present. These data show that NI-Pano 
is able to enter these cells, as reduction takes place in the cytosol. 
They also show that NI-Pano can undergo reduction and fragmen-
tation in two different cell lines to release free panobinostat. This 
makes NI-Pano an excellent candidate for investigation in further 
cancer cell lines, and more intact tumor models including spheroids 
and tumor xenografts. 
Conclusion 
Here we report the design, and synthesis of four prodrugs of the pan-
KDAC inhibitor panobinostat and a benzylated panobinostat deriv-
ative that acts as a negative control compound. The synthetic route 
that we have developed is efficient and provides two options for the 
addition of masking groups onto the hydroxamic acid of panobino-
stat, and related KDAC inhibitors. We show that that optimum bio-
reductive release was observed from the NI-Pano and NQ-Pano de-
rivatives, which were progressed for further studies. Addition of the 
NI group to panobinostat effectively abolished binding of the pro-
drug to all KDAC enzymes. Surprisingly, NQ-Pano retains sub-mi-
cromolar inhibitory activity against KDAC1-3 and some activity 
against KDAC6. We have attributed this activity to KDAC1-3 and 
KDAC6 having larger active site pockets that can accommodate the 
orientation of the NQ group but not the NI group. NI-Pano was as-
sessed in the FLO-1 and HCT-116 cancer cell lines, and shown to be 
stable over 6 h in 21% O2, but release significant amounts of free 
panobinostat in <0.1% O2. 
Based on the data presented here, we progressed NI-Pano to further 
cellular studies, and analysis in an in vivo tumor xenograft model. 
This recently published work55 demonstrates that NI-Pano releases 
free panobinostat in a hypoxia-dependent manner in the OE21 
esophageal squamous cancer cell line, and in the hypoxic core of 
OE21-derived spheroids. Release of NI-Pano in these spheroids re-
duced their growth over a 9-day period, while those exposed to the 
negative control compound (Bn-Pano) continued to grow at the 
same rate as DMSO-treated spheroids. Analysis of H3K9Ac and 
H3K56Ac levels showed that these marks increase in the spheroids 
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treated with NI-Pano, but not those treated with Bn-Pano. This in-
dicate that the toxicity observed was as a result of KDAC inhibition 
and subsequent apoptosis. In an OE21-derived mouse tumor xeno-
graft model we showed that sufficient concentrations of panobino-
stat were released in the tumors to inhibit the KDACs, while pano-
binostat levels were virtually undetectable in mouse plasma or kid-
ney. While tumors in untreated mice grew quickly and reached end 
point size in less than two weeks, significant tumor growth delay (8-
28 days) was observed in mice treated with NI-Pano. These data 
support the hypothesis that NI-Pano preferentially releases pano-
binostat in tumors, and minimizes the release of the drug elsewhere 
in the body. Based on these data, NI-Pano is a prototypical example 
of an hypoxia-activated prodrug of a KDAC inhibitor. This work 
supports further development of NI-Pano as a promising strategy for 
developing clinically effective KDAC inhibitors that show reduced 
side effects in patients. 
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Experimental section 
NADPH reductase/CYP450 Assay. Bactosomal human NADPH-
CYP reductase (9.2 or 92 pmol/mL, CYP004, Cypex) were used in 
combination with NADPH-regenerating system (A 451220 and B 
451200, Corning) as previously described.45 Enzymatic reactions 
were carried out in glass vials under normoxic (21% O2) or hypoxic 
(<0.1% O2) conditions. Aliquots (50 µL) were taken at different 
time points and immediately quenched with MeCN (50 µL). After 
centrifugation samples were analyzed by LCMS. LCMS analysis 
was performed on a Waters 2695 system comprising an RPB column 
(5 μm, 100 mm × 3.2 mm, 35 °C). Separation was achieved at a flow 
rate of 0.5 mL/min with a gradient of 5–95% acetonitrile in 0.1% 
aqueous trifluoroacetic acid over 12 minutes, returning to starting 
conditions over 0.1 minute. Detection used a photodiode array spec-
trophotometer (Waters 2996) and a mass spectrometer (Waters Mi-
cromass ZQ mass spectrometer). Cellular reduction of NI-Pano. 

Cells were incubated with NI-Pano under normoxic or hypoxic con-
dition, washed twice with PBS, collected by scraping and centrifuga-
tion. The cell pellet was mixed with 100 µL MeOH/MeCN (1:1), 
briefly sonicated and centrifuged to remove cell debris. Resulting su-
pernatants were analyzed by HPLC. HPLC analysis was performed 
on a Waters 2695 system comprising an RPB column (5 μm, 100 mm 
× 3.2 mm, 35 °C). Separation was achieved at a flow rate of 0.5 
mL/min with a gradient of 5–95% acetonitrile in 0.1% aqueous tri-
fluoroacetic acid over 12 minutes, returning to starting conditions 
over 0.1 minute. Detection used a photodiode array spectrophotom-
eter (Waters 2996). Injections of 10 μL were made.  
Chemicals were purchased from Acros Organics, Alfa Aesar, Apollo 
Scientific, Fisher Scientific, Fluka, Fluorochem, Merck or Sigma Al-
drich and were used without further purification. Where appropriate 
and if not otherwise stated, all non-aqueous reactions were carried 
out under an inert atmosphere of argon, using flame-dried glassware. 
Anhydrous solvents were obtained under the following conditions: 
THF, acetonitrile, dichloromethane, diethyl ether and DMF were 
dried by passing them through a column of active basic alumina ac-
cording to Grubbs’ procedure and stored over activated 3 Å molec-
ular sieves under argon.75 Anhydrous methanol and ethanol was pur-
chased from Sigma Aldrich UK in SureSeal™ bottles and used with-
out further purification. Analytical thin layer chromatography 
(TLC) was performed on normal phase Merck silica gel 60 F254 
aluminum-supported thin layer chromatography sheets. Spots were 
visualized by either absorption under UV light (254 nm), exposure 
to iodine vapor or thermal development after dipping into a solution 
of ammonium molybdate in sulfuric acid, an aqueous solution of po-
tassium permanganate or an ethanolic solution of ninhydrin. Reac-
tion progress was monitored at appropriate times using TLC analy-
sis. Normal phase silica gel flash column chromatography was per-
formed manually using Geduran Silicagel 60 (40–63 μm) under a 
positive pressure of compressed nitrogen or on a Biotage SP1 auto-
mated column chromatography system using KP-Sil® SNAP Flash 
Silica Cartridges. 1H NMR spectra were recorded on a Bruker 
AVIIIHD 400 (400 MHz) a Bruker AVII 500 with dual 13C(1H) cry-
oprobe (500 MHz) or a Bruker AVIIIHD 500 (500 MHz) spec-
trometer with the stated solvents as a reference for the internal deu-
terium lock. Chemical shifts are reported as δH in parts per million 
(ppm) relative to tetramethylsilane (TMS). The spectra are cali-
brated using the solvent peak with the data provided by Fulmer et 
al.76 Identical proton coupling constants are averaged in each spec-
trum and reported to the nearest 0.1 Hz. The coupling constants 
were determined by analysis using Bruker TopSpin software (ver-
sions 3.2 and 4.0) or Mestrenova software (version 11). 1H spectra 
were assigned using 2D NMR experiments including 1H-1H COSY, 
13C-1H HSQC and 13C-1H HMBC. 13C NMR spectra were recorded 
on a Bruker AVIIIHD 400 (101 MHz) or a Bruker AVII 500 with 
dual 13C(1H) cryoprobe (126 MHz) spectrometer in the stated sol-
vents with broadband proton decoupling and an internal deuterium 
lock. Chemical shifts are reported as δC in parts per million (ppm) 
relative to tetramethylsilane (TMS). The spectra are calibrated us-
ing the solvent peak with the data provided by Fulmer et al.76 The 
shift values of resonances are quoted to 1 decimal place unless peaks 
have similar chemical shifts, in which case 2 decimal places are used. 
13C spectra were assigned using 2D NMR experiments including 
HSQC and 13C-1H HMBC. Electrospray ionization (ESI) mass 
spectra were acquired using an Agilent 6120 Quadrupole spectrom-
eter or Waters LCT Premier spectrometer, operating in positive or 
negative mode, as indicated, from solutions of MeOH or MeCN. 
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Chemical ionization (CI) mass spectra were acquired using a Waters 
GCT spectrometer. MS data was processed using Mestrenova soft-
ware (version 11). m/z values are reported in Daltons and followed 
by their percentage abundance in parentheses. Accurate mass spec-
tra were obtained using Bruker μTOF spectrometer. m/z values are 
reported in Daltons. When a compound was not observed by LRMS, 
only HRMS is quoted. Melting points were determined using either 
a Griffin capillary tube melting point apparatus or a Kofler hot stage 
and are uncorrected. The solvent(s) from which the sample was 
crystallized is given in parentheses. Infrared (IR) spectra were ob-
tained either from neat samples, either as liquids or solids, or as a thin 
film using a diamond ATR module. The spectra were recorded on a 
Bruker Tensor 27 spectrometer. Absorption maxima are reported in 
wavenumbers (cm−1). Only the main, relevant peaks have been as-
signed. Semi-preparative HPLC purification of NI-Pano was car-
ried out on Waters Autopurification system, equipped with a Waters 
Atlantis T3 column (19 mm × 100 mm, 5 µm), with an injection 
loop of 1 mL, eluting with H2O+0.1% TFA/MeOH +0.1% TFA. 
The crude samples (in MeOH, DMSO <10%) were filtered (nylon, 
0.2 µm) and injected in 750 µL aliquots, with mass-directed purifica-
tion with an ACQUITY QDa performance mass spectrometer. The 
gradient profile is as shown in Table 2. 
Table 2. Semi-preparative HPLC gradient profile. 

Time 
(mins) 

Flow 
(mL/min) 

% H2O + 
0.1% TFA 

% MeOH + 
0.1% TFA 

Curve 

0 20 95 5 6 

1 20 95 5 6 

17 20 5 95 6 

18 20 5 95 6 

20 20 95 5 6 
 
Purity of all novel compounds except NI-Pano was determined us-
ing analytical high-performance liquid chromatography (HPLC) on 
a PerkinElmer Flexar system with a Binary LC Pump and UV/Vis 
LC Detector. All biologically tested compounds were of >95% purity 
as determined by HPLC. For determination of compound purity on 
reversed phase (RP) 2-10 µL of sample was injected a Dionex Ac-
claim® 120 column (C18, 5 μm, 12 Å, 4.6 × 150 mm). The gradient 
profile, unless otherwise stated is shown in Table 3. Method A refers 
to the solvents shown without modifiers. Method B refers to the sol-
vents shown with the addition of 0.1% v/v TFA. Method C refers to 
the solvents shown, without modifiers, with an additional 10-minute 
hold at 5% H2O, 95% MeCN at the end of the gradient profile. 
Table 3. Analytical HPLC gradient profile for Methods A, B and 
C. 

Time (min) Flow (mL/min) % H2O  % MeCN 

0 1.5 95 5 

10 1.5 5 95 

15 1.5 5 95 
 
Purity of NI-Pano was determined using analytical HPLC as de-
scribed above (Method B) or by one of the methods described be-
low. Method D: Purity was determined using analytical HPLC on 
an Agilent 1260 Infinity II fitted with a quaternary pump, vial sam-

pler, DADWR, column chamber and an Agilent Infinity fraction col-
lector fitted with a XBridge BEH C18, 4.6 × 150 mm, 5 µm column. 
Samples were prepared in 10% DMSO in MeOH and injected at 
10 µL. The gradient profile is shown in Table 4. 
Table 4. Gradient profile for Agilent Infinity. 

Time 
(mins) 

Flow 
(mL/min) 

% H2O + 0.1% 
TFA 

% MeCN + 
0.1% TFA 

0 1 95 5 

1 1 95 5 

11 1 5 95 

13 1 5 95 

14 1 95 5 

15 1 95 5 
 
Method E: Purity was determined using analytical HPLC on a Wa-
ters 2695 autosampler with Waters QDa detector fitted with an ACE 
Excel 3 C18 Amide column (100 × 3mm, 3 µm). Samples were pre-
pared at 10 µM in 0.1% DMSO in H2O and injected at 10 µL. Sam-
ples were run on an isocratic method H2O + 0.1% TFA/Methanol + 
0.1% TFA (70:30) at 3 mL/min at 35 °C. 
Experimental methods 
2-Methyltryptamine (S2)77 
5-Chloropentan-1-one (S1) (3.55 mL, 27.4 mmol, 1.4 eq, 85% purity) was 
added dropwise to a rapidly stirred solution of phenylhydrazine (2.00 mL, 
19.6 mmol, 1.0 eq) in absolute ethanol (200 mL) at rt. The solution was 
then slowly heated to 80 °C (WARNING: uncontrolled exotherm can occur 
if heated too fast) and stirred at this temperature for 18 h, cooled to rt and 
concentrated in vacuo. The residue was partitioned between water 
(100 mL) and dichloromethane (100 mL), the aqueous layer was separated 
and extracted with dichloromethane (2 × 100 mL). A saturated aqueous so-
lution of sodium hydrogen carbonate (20 mL) was added to the aqueous 
components, which were then extracted with dichloromethane 
(2 × 100 mL). A 2 M aqueous solution of sodium hydroxide (20 mL) was 
added to the aqueous components, which were then extracted with ethyl ac-
etate (3 × 50 mL). The ethyl acetate components were then washed with wa-
ter (100 mL), brine (100 mL), dried (Na2SO4), filtered, and concentrated in 
vacuo to yield the title compound (S2) (3.02 g, 89%) as a yellow solid. Rf 

0.29 (10% MeOH/CH2Cl2+1% Et3N); mp 91–93 °C (from methanol) 
[lit.,77 95 °C] [lit.,64 90 °C from toluene]; 1H NMR (400 MHz, CDCl3) δH 
8.20 (1H, br. s), 7.51 (1 H, dd, J 7.0, 1.5), 7.29–7.21 (1H, m), 7.17–7.04 
(2H, m), 2.98 (2H, td, J 6.7, 0.7), 2.86 (2H, t, J 6.7), 2.37 (3H, s); LRMS 
m/z (ESI+) 277 (38%), 175 (100%, [M+H]+), 158 (68%, [M–NH2]+). The 
spectroscopic data are consistent with literature.77 

 
(E)-Methyl-3-(4-formylphenyl)prop-2-enoate (S4)78 
Methyl acrylate (387 μL, 4.32 mmol, 4.0 eq) was added to a solution of 4-
bromobenzaldehyde (S3) (200 mg, 1.08 mmol, 1.0 eq), palladium(II) ace-
tate (12.0 mg, 0.0533 mmol, 0.05 eq) and potassium acetate (212 mg, 
2.16 mmol, 2.0 eq) in N,N-dimethylformamide (11 mL) and heated to 
110 °C for 24 h. The reaction was cooled to rt and diluted with diethyl ether 
(110 mL) then filtered through a plug of silica and concentrated in vacuo to 
yield the title compound (S4) (203 mg, 99%) as a colorless solid. Rf 0.58 
(50% ethyl acetate/petroleum ether); mp 84–86 °C (from EtOH), [lit.78 81–
84 °C from EtOH]; 1H NMR (400 MHz, CDCl3) δH 10.02 (1 H, s), 7.89 
(2H, d, J 8.0), 7.71 (1H, d, J 16.1), 7.66 (2H, d, J 8.0), 6.54 (1H, d, J 16.1), 
3.82 (3H, s); LRMS (ESI+) 381 ([2M+H]+, 100%), 205 (61%), 108 (76%). 
The spectroscopic data are consistent with literature.78 
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(E)-Methyl-3-(4-[(2-[2-methyl-1H-indol-3-yl]ethylamino)methyl]phe-
nyl)prop-2-enoate (16) 
(E)-Methyl-3-(4-formylphenyl)prop-2-enoate (S4) (322 mg, 1.70 mmol, 
1.0 eq), 2-methyltryptamine (S2) (590 mg, 3.39 mmol, 2.0 eq) and 3 Å mo-
lecular sieves (1.00 g) were combined in a solution of 1,2-dichloroethane 
(21 mL) and acetic acid (100 μL, 1.70 mmol, 1.0 eq) (on scales >1.0 g, 2.0 
eq of acetic acid was required to maintain the yield) and stirred at rt for 1 h. 
Sodium triacetoxyborohydride (719 mg, 3.39 mmol, 2.0 eq) was added to 
the solution and stirred for 18 h. The reaction mixture was filtered through a 
pad of Celite® then quenched with saturated aqueous sodium hydrogen car-
bonate solution (50 mL) and extracted with chloroform (2 × 100 mL). The 
organic components were combined and washed with water (200 mL), 
brine (200 mL) then dried (Na2SO4), filtered, and concentrated in vacuo. 
Purification using column chromatography (elution with 3–70% etha-
nol:chloroform) yielded the title compound (16) (509 mg, 86%) as a color-
less solid. Rf 0.32 (10% EtOH/CHCl3); mp 82–84 °C (from dichloro-
methane/hexane); ν̄max (thin film)/cm−1 3401, 3055, 2918, 2851, 1718, 
1608, 1462, 1434, 1325, 1206, 1170; 1H NMR (400 MHz, CDCl3) δH 7.91 
(1H, s), 7.67 (1H, d, J 16.1), 7.51 (1H, d, J 7.7), 7.44 (2H, d, J 8.2), 7.28 (2H, 
d, J 8.2), 7.26–7.24 (1H, m), 7.15–7.05 (2H, m), 6.41 (1H, d, J 16.1), 3.81 
(5H, s), 2.99–2.88 (4H, m), 2.37 (3H, s); 13C NMR (101 MHz, CDCl3) δC 
167.7, 144.8, 143.1, 135.4, 133.1, 131.8, 128.8, 128.6, 128.2, 121.1, 119.3, 
118.1, 117.3, 110.3, 109.3, 53.6, 51.8, 49.7, 24.9, 11.9; HRMS m/z (ESI+) 
Found: 349.1907, C22H25N2O2 requires [M+H]+ 349.1911; LRMS (ESI+) 
349 ([M+H]+,100%), 332 (7%), 158 (9%); HPLC Method A, Retention 
time - 8.0 min, 97%. 
 
(E)-N-Hydroxy-3-(4-(((2-(2-methyl-1H-indol-3-yl)ethyl)amino)me-
thyl)phenyl)acrylamide (panobinostat, 2)61 
A solution of potassium hydroxide (2.8 g, 50 mmol, 168 eq) in dry methanol 
(7 mL) was added dropwise with rapid stirring to a solution of hydroxyla-
mine hydrochloride (2.3 g, 34 mmol, 114 eq), in dry methanol (12 mL). 
The precipitate was quickly removed by filtration and the resulting solution 
was added to a solution of 16 (0.10 g, 0.30 mmol, 1.0 eq) in dry methanol 
(1 mL). The reaction mixture was stirred at rt for 20 h then quenched to pH 
7 with 1 M aqueous hydrochloric acid then extracted with ethyl acetate 
(3 × 50 mL). The organic components were washed with brine (150 mL), 
dried (Na2SO4), filtered, and concentrated in vacuo. Purification using col-
umn chromatography (elution with 1:2:3 water:ethanol:ethyl acetate) 
yielded the title compound (2) (63 mg, 63%) as a colorless solid. Rf 0.54 
(1:2:3 water:isopropanol:ethyl acetate); mp 100–104 °C (from methanol) 
[lit.,79 109–115 °C]; ν̄max (thin film)/cm−1 3195, 3055, 2921, 1659, 1623, 
1462, 1340, 1049, 977; 1H NMR (500 MHz, CD3OD) δH 7.54 (2H, d, J 
15.8), 7.49 (2H, d, J 7.9), 7.38 (1H, d, J 7.9), 7.29 (2H, d, J 7.9), 7.23 (1H, 
d, J 8.1), 7.00 (1H, ddd, J 8.1, 7.0, 1.2), 6.92 (1H, ddd, J 7.9, 7.0, 1.0), 6.45 
(1H, d, J 15.8), 3.83 (2H, s), 2.95 (2H, t, J 7.2), 2.87 (2H, t, J 7.2), 2.35 (3H, 
s); 13C NMR (126 MHz, CD3OD) δC 166.3, 141.4, 141.1, 137.2, 135.5, 
133.2, 130.2, 129.8, 128.9, 121.4, 119.5, 118.5, 118.3, 111.4, 108.4, 53.6, 
50.1, 24.6, 11.4; HRMS m/z (ESI+) Found 350.18630, C21H24O2N3 requires 
[M+H]+ 350.18625; LRMS (ESI+) 350 ([M+H]+,100%), 333 (10%), 242 
(8%), 158 (40%); HPLC Method B, Retention time - 6.5 min, 94–99% pu-
rity at three wavelengths, 97% mean. All batches used for biological assays 
were >95% purity. 

 
N-Phthalimido-O-(4’-nitrobenzyl)-hydroxylamine (4)80 
N,N-Diisopropylethylamine (5.78 mL, 33.1 mmol, 1.8 eq) was added to a 
stirred solution of N-hydroxyphthalimide (3.00 g, 18.4 mmol, 1.0 eq) in 
N,N-dimethylformamide (18 mL). 4-Nitrobenzyl chloride (3) (4.12 g, 
23.9 mmol, 1.3 eq) was added the solution was heated to 70 °C for 2 h. The 
reaction was cooled to rt, diluted with ethyl acetate (200 mL) and washed 
with aqueous 0.5 M lithium chloride (4 × 200 mL), dried (MgSO4), filtered, 
and concentrated in vacuo then crystallized from hot ethanol to yield the title 
compound (4) (4.61 g, 84%) as a colorless solid. Rf 0.12 (20% ethyl acetate: 
petroleum ether); mp 191–193 °C (from EtOH) [lit.,80 191–193 °C]; 1H 
NMR (400 MHz, CDCl3) δH 8.30–8.21 (2H, m), 7.87–7.80 (2H, m), 7.79–
7.76 (2H, m), 7.76–7.72 (2H, m), 5.31 (2H, s); LRMS m/z (ESI+) 321 
(100%, [M+Na]+). The spectroscopic data are consistent with literature.80 

O-(4-Nitrobenzyl)-hydroxylamine (5)80 
A 65% w/v aqueous solution of hydrazine monohydrate (501 μL, 
6.71 mmol, 4.0 eq) was added to a solution of N-phthalimido-O-(4-nitro-
benzyl)-hydroxylamine (4) (500 mg, 1.68 mmol, 1.0 eq) in methanol 
(9 mL) and dichloromethane (9 mL), and stirred at rt for 4 h. The suspen-
sion was diluted with dichloromethane (20 mL), filtered, and concentrated 
in vacuo. The residue was dissolved in diethyl ether (40 mL), washed with 
water (2 × 40 mL) then brine (40 mL), dried (Na2SO4), filtered, and con-
centrated in vacuo. The residue was dried by azeotroping from toluene, the 
title compound (5) (202 mg, 72%) crystallized on cooling to give a yellow 
solid. Rf 0.44 (100% ethyl acetate); mp 47–50 °C (from dichloro-
methane:hexane) [lit.,81 56 °C from light petroleum], [lit.,82 38–40 °C]; 1H 
NMR (400 MHz, CDCl3) δH 8.53–8.02 (2H, m), 7.59–7.40 (2H, m), 5.53 
(2H, br s), 4.77 (2H, s).; LRMS m/z (ESI+) 393 (60%), 209 (100%), 152 
([M−NH2]+, 42%). The spectroscopic data are consistent with literature.80 

 
(5-Nitrothiophen-2-yl)methanol (S5)83-84 
Sodium borohydride (0.484 g, 12.7 mmol, 2.0 eq) was added portion-wise 
to a stirred solution of 2-formyl-5-nitrothiophene (6) (1.00 g, 6.37 mmol, 
1.0 eq) in methanol (64 mL) at 0 °C. The reaction mixture was warmed to rt 
over 2 h. After this time, it was cooled to 0 °C and the pH carefully adjusted 
to pH 7 with a 1 M aqueous solution of hydrochloric acid. The solution was 
diluted with methanol (30 mL) and concentrated in vacuo. Purification us-
ing column chromatography (10–60% ethyl acetate:petroleum ether) 
yielded the title compound (S5) (1.00 g, 99%) as a pale yellow oil. Rf 0.48 
(50% ethyl acetate:petroleum ether); 1H NMR (400 MHz, CDCl3) δH 7.82 
(1H, d, J 4.1), 6.94 (1H, dt, J 4.1, 1.0), 4.88 (2H, br s), 2.18 (1H, t, J 5.6); 
LRMS m/z (ESI−) 687 (67%), 659 (39%), 643 (74%), 320 (34%), 275 
(37%), 643 (74%), 204 (57%), 158 ([M−H]−, 100%). The spectroscopic 
data are consistent with literature.83-84  

 
(5-Nitrothiophen-2-yl)methyl bromide (7)85  
Phosphorus tribromide (1.41 mL, 12.3 mmol, 2.0 eq) was added dropwise 
to a solution of (5-nitrothiophen-2-yl)methanol (S5) (979 mg, 6.16 mmol, 
1.0 eq) in dichloromethane (123 mL) at 0 °C. The solution was warmed to 
rt over 5 h, quenched with a saturated aqueous solution of sodium hydrogen 
carbonate (50 mL), and extracted with dichloromethane (100 mL). The or-
ganic components were washed with brine (100 mL), dried (Na2SO4), fil-
tered, and concentrated in vacuo. Purification by filtration through a pad of 
silica gel (elution with 4:1 petroleum ether:ethyl acetate) yielded the title 
compound (7) (652 mg, 48%) as a brown oil. Rf 0.53 (20% ethyl acetate:pe-
troleum ether); ν̄max (thin film)/cm−1 3106 (CH), 1496 (NO2), 1332 (NO2), 
1237, 1212, 1028; 1H NMR (500 MHz, CDCl3) δH 7.78 (1H, d, J 4.2), 7.06 
(1H, dt, J 4.2, 0.7), 4.62 (2H, d, J 0.7); 13C NMR (126 MHz, CDCl3) δC 
152.0*, 148.4, 128.5, 127.2, 24.7; HRMS m/z (EI+) Found: 220.9151, 
C5H4BrNO2S requires [M]+ 220.9141; LRMS No ion observed; HPLC 
Method B, Retention time - 9.6 min, 94%. *Signal at 152.0 confirmed by 1H-
13C HMBC correlation see SI for details. The spectroscopic data are con-
sistent with literature.85 

 
N-Phthalimido-O-(5-nitrothiophen-2-yl)-hydroxylamine (S6) 
A solution of N-hydroxyphthalimide (388 mg, 2.38 mmol, 1.1 eq) in N,N-
dimethylformamide (1.1 mL) was added to a solution of (5-nitrothiophen-
2-yl)methyl bromide (7) (480 mg, 2.16 mmol, 1.0 eq) in N,N-dimethylfor-
mamide (1.1 mL) and stirred at rt for 2 h. The reaction mixture was diluted 
with ethyl acetate (20 mL), quenched to pH 7 with a 1 M aqueous solution 
of hydrochloric acid then extracted with ethyl acetate (3 × 20 mL). The or-
ganic components were washed with a 0.5 M aqueous solution of lithium 
chloride (5 × 20 mL), brine (20 mL), dried (MgSO4), filtered, and concen-
trated in vacuo. Purification using column chromatography (elution with 0–
5% ethanol:chloroform) removed some impurities. Trituration with ice cold 
chloroform yielded the title compound (S6) (413 mg, 63%) as a tan solid. Rf 

0.54 (100% chloroform); mp 185–187 °C (from chloroform); ν̄max (thin 
film)/cm−1 1733, 1503, 1350; 1H NMR (500 MHz, CDCl3) δH 7.84 (2H, dd, 
J 5.5, 3.1), 7.82 (1H, d, J 4.1), 7.78 (2H, dd, J 5.5, 3.1), 7.18 (1H, d, J 4.1), 
5.34 (2H, s); 13C NMR (126 MHz, CDCl3) δC 163.4, 153.4, 143.1, 135.0, 
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128.9, 128.8, 128.3, 124.0, 73.2; HRMS No ion observed; LRMS No ion ob-
served; HPLC Method A, Retention time - 9.5 min, 97%. 

 
O-(5-Nitrothiophen-2-yl)methylene)hydroxylamine (8) 
A 65% w/v aqueous solution of hydrazine monohydrate (0.21 mL, 
2.6 mmol, 4.0 eq), was added to a solution of N-phthalimido-O-(5-nitrothi-
ophen-2-yl)-hydroxylamine (S6) (0.20 g, 0.66 mmol, 1.0 eq) in dichloro-
methane (13 mL) and stirred for 2 h at rt. The resulting suspension was fil-
tered through a pad of silica gel, eluting with chloroform, and concentrated 
in vacuo to yield the title compound (8) (77 mg, 68%) as an orange solid 
that decomposed rapidly. Rf 0.34 (100% chloroform); mp 40–42 °C (from 
dichloromethane); ν̄max (thin film)/cm−1 3322, 3106, 2920, 1537, 1497, 
1334, 1153; 1H NMR (500 MHz, CDCl3) δH 7.81 (1H, d, J 4.1), 6.96 (1H, 
dd, J 4.1, 0.9), 5.63 (2H, s), 4.80 (2H, d, J 0.9); 13C NMR (126 MHz, 
CDCl3) δC 151.9, 149.2, 128.4, 125.7, 72.1; HRMS No ion observed; LRMS 
No ion observed; HPLC Method A, Retention time - 6.8 min, 97%. 

 
5-Iodo-6-nitroquinoline (10)86 
5-Amino-6-nitroquinoline (9) (500 mg, 2.65 mmol, 1.0 eq), copper(I) io-
dide (503 mg, 2.65 mmol, 1.0 eq) and sodium nitrite (402 mg, 5.82 mmol, 
2.2 eq) were combined and dissolved in dimethyl sulfoxide (26 mL) then 
heated to 60 °C. A 50% aqueous solution of hydroiodic acid (2.20 mL, 
28.6 mmol, 5.4 eq) was added dropwise at 60 °C and heating was continued 
for 30 min. The reaction mixture was cooled to 0 °C and quenched with a 
saturated aqueous solution of potassium carbonate. The quenched reaction 
mixture was extracted with ethyl acetate (5 × 50 mL) and the combined or-
ganic fractions were washed with brine (200 mL), dried (Na2SO4), filtered, 
and concentrated in vacuo. Purification using column chromatography, elut-
ing with 0–100% ethyl acetate:petroleum ether, yielded the title compound 
(10) (475 mg, 60%) as an off-white solid. Rf 0.53 (50% ethyl acetate:petro-
leum ether); mp 134–136 °C (from chloroform), [lit.,86 160–162 °C]; 1H 
NMR (500 MHz, CDCl3) δH 9.02 (1H, dd, J 4.2, 1.6), 8.68 (1H, ddd, J 8.7, 
1.6, 0.8), 8.22 (1H, dd, J 9.0, 0.8), 7.94 (1H, d, J 9.0), 7.63 (1H, dd, J 8.7, 
4.2); LRMS m/z (ESI+) 301 ([M+H]+, 23%), 190 (64%), 181 (100%), 144 
(29%). The spectroscopic data are consistent with literature.86 

 
5-(Hydroxymethyl)-6-nitroquinoline (S7)57 
5-Iodo-6-nitroquinoline (10) (0.15 g, 0.50 mmol, 1.0 eq) was dissolved in 
dry tetrahydrofuran (2.5 mL) and cooled to −40 °C. A 1 M solution of phe-
nyl magnesium chloride (0.55 mL, 0.55 mmol, 1.1 eq) in 2-methyltetrahy-
drofuran was added dropwise and the solution was stirred for 10 min. Para-
formaldehyde (60 mg, 2.0 mmol, 4.0 eq) was added to the solution and the 
reaction mixture was warmed to rt over 1 h then heated to 40 °C for 18 h. 
The reaction mixture was cooled to rt, quenched with water (20 mL) and 
extracted with ethyl acetate (3 × 20 mL). The combined organic fractions 
were washed with brine (50 mL), dried (Na2SO4), filtered, and concentrated 
in vacuo. Purification by column chromatography, eluting with 0–100% 
ethyl acetate:petroleum ether, yielded the title compound (S7) (88 mg, 
86%) as an off-white solid. Rf 0.30 (ethyl acetate); mp 139–141 °C (from 
ethyl acetate); 1H NMR (400 MHz, CDCl3) δH 9.09 (1H, dd, J 4.2, 1.6), 8.78 
(1H, ddd, J 8.7, 1.6, 0.9), 8.22 (1H, dd, J 9.2, 0.9), 8.10 (1H, d, J 9.2), 7.65 
(1H, dd, J 8.7, 4.2), 5.14 (2H, s), 2.79 (1H, s); LRMS m/z (ESI+) 205 
([M+H]+, 100%). The spectroscopic data are consistent with literature.57 

 
5-(Bromomethyl)-6-nitroquinoline (11)57 
5-(Hydroxymethyl)-6-nitroquinoline (S7) (63 mg, 0.31 mmol, 1.0 eq) was 
dissolved in a 47% aqueous solution of hydrobromic acid (0.62 mL) and 
warmed to 75 °C for 18 h. The reaction mixture was cooled to rt and the pH 
was adjusted to 7 with solid potassium carbonate. The solution was extracted 
with ethyl acetate (3 × 20 mL), dried (Na2SO4), filtered, and concentrated 
in vacuo to yield the title compound (11) (82 mg, 99%) as a yellow solid. Rf  
0.37 (50% ethyl acetate:petroleum ether), [lit.,57 0.33, 50% ethyl acetate: pe-
troleum ether]; mp 96–98 °C (dec.; from chloroform), [lit.,57 112–114 °C 
from ethyl acetate]; 1H NMR (400 MHz, CDCl3) δH 9.11 (1H, dd, J 4.2, 
1.6), 8.67 (1H, ddd, J 8.7, 1.6, 0.9), 8.24 (1H, d, J 9.2), 8.14 (1H, d, J 9.2), 
7.70 (1H, dd, J 8.7, 4.2), 5.11 (2H, s); LRMS m/z (ESI+) 407 (100%), 377 
(29%), 269 (81Br [M+H]+, 12%), 267 (79Br [M+H]+, 11%), 221 (16%). The 
spectroscopic data are consistent with literature.57 

N-Phthalimido-O-(6-nitroquinolin-5-yl)-hydroxylamine (S8) 
N,N-Diisopropylethylamine (75 µL, 0.43 mmol, 1.4 eq) was added to a 
stirred solution of N-hydroxyphthalimide (60 mg, 0.37 mmol, 1.2 eq) in 
N,N-dimethylformamide (1 mL). 6-Nitroquinolin-5-yl-methyl bromide 
(11) (82 mg, 0.31 mmol, 1.0 eq) was added and the solution was stirred at 
70 °C for 2 h. The reaction was cooled to rt, diluted with ethyl acetate 
(20 mL), washed with 0.5 M lithium chloride solution (4 × 20 mL) then 
dried (Na2SO4), filtered, and concentrated in vacuo. Purification using col-
umn chromatography, eluting with 0–60% ethyl acetate:petroleum ether, 
then crystallisation from hot chloroform yielded the title compound (S8) 
(94 mg, 88%) as a colorless solid. Rf 0.21 (50% ethyl acetate:petroleum 
ether); mp 225–227 °C (dec.; from DMSO); ν̄max (thin film)/cm−1 1721, 
1527, 1392, 1138; 1H NMR (500 MHz, (D6-DMSO) δH 9.16 (1H, dd, J 4.1, 
1.6), 9.14–9.08 (1H, m), 8.30 (1H, d, J 9.1), 8.16 (1H, d, J 9.1), 7.97–7.77 
(6H, m), 5.81 (2H, s); 13C NMR (126 MHz, (D6-DMSO) δC 162.9, 153.3, 
148.7, 148.2, 135.1, 134.9, 132.9, 128.4, 127.4, 125.0, 123.44, 123.42, 123.3, 
69.6; HRMS m/z (ESI+) Found: 350.07711, C18H12O5N3 requires [M+H]+ 
350.07715; LRMS m/z (ESI+) 372 ([M+Na]+, 21%), 350 ([M+H]+, 17%), 
107 (100%); HPLC Method A, Retention time - 9.1 min, 95%. 

 
O-(6-Nitroquinolin-5-yl)-hydroxylamine (12) 
A 65% w/v aqueous solution of hydrazine monohydrate (0.14 mL, 
1.9 mmol, 8.0 eq) was added to a solution of N-phthalimido-O-(6-nitro-
quinolin-5-yl)-hydroxylamine (S8) (84 mg, 0.24 mmol, 1.0 eq) in dichloro-
methane (3.2 mL) and methanol (1.2 mL) and stirred at rt for 5 h. The sus-
pension was diluted with dichloromethane (20 mL), filtered then concen-
trated in vacuo. The residue was triturated with minimal chloroform to yield 
the title compound (12) (49 mg, 92%) as an orange solid that decomposed 
rapidly. Rf 0.26 (50% ethyl acetate petroleum ether); mp 96–98 °C (from 
chloroform); ν̄max (thin film)/cm−1 1531, 1499, 1414, 1008, 904; 1H NMR 
(500 MHz, CDCl3) δH 9.06 (1H, dd, J 4.2, 1.7), 8.71 (1H, dd, J 8.8, 1.7), 8.21 
(1H, d, J 9.1), 8.01 (1H, d, J 9.1), 7.60 (1H, dd, J 8.8, 4.2), 5.51 (2H, br s), 
5.33 (2H, s); 13C NMR (126 MHz, CDCl3) δC 152.8, 149.1, 149.0, 134.8, 
132.0, 128.6, 127.6, 123.6, 122.9, 68.6.; HRMS m/z (ESI+) Found: 
220.07168, C10H10O3N3 requires [M+H]+ 220.07167; LRMS m/z (ESI−) 
256 ([M+37Cl]−, 26%), 254 ([M+35Cl]−, 100%), 218 ([M−H]−, 93%), 216 
(59%), 185 (29%), 169 (46%), 113 (37%); HPLC Method A, Retention 
time - 6.6 min, 90%. 

 
Ethyl (2-amino-1-methyl-imidazol-5-yl)carboxylate (14)29, 87-88 
Ethyl N-methylglycine hydrochloride (13) (6.00 g, 39.0 mmol, 1.0 eq) was 
dried using lyophilization then suspended in a combination of dry tetrahy-
drofuran (37 mL), dry absolute ethanol (4.2 mL), and ethyl formate 
(22 mL) and cooled to 0 °C under a stream of argon. Sodium hydride 
(3.74 g, 156 mmol, 4.0 eq) was added in small portions to the cooled suspen-
sion and, once gas evolution had ceased, the reaction mixture was warmed 
to rt and stirred for 18 h. The reaction was quenched by the addition of wet 
diethyl ether (200 mL) and filtered. The collected solids were washed with 
diethyl ether (2 × 100 mL) then dried under vacuum. The solids were then 
suspended in ethanol (130 mL), and concentrated hydrochloric acid 
(26 mL) was slowly added to the suspension. The suspension was stirred at 
rt for 2 h then filtered to remove salt. The resulting solution was concen-
trated in vacuo then dissolved in ethanol (210 mL) and water (90 mL), and 
the pH adjusted to 3 with aqueous 6 M sodium hydroxide (~40 mL). Cyan-
amide (3.27 g, 77.9 mmol, 2.0 eq) was added to the solution. The reaction 
solution was heated to 100 °C for 2 h, then cooled to rt and concentrated in 
vacuo. The residue was dissolved in ethyl acetate (200 mL), and saturated 
aqueous potassium carbonate solution (100 mL) was added. This mixture 
was extracted with ethyl acetate (3 × 100 mL). The combined organic frac-
tions were washed with brine (300 mL), dried (Na2SO4), filtered, and con-
centrated in vacuo to yield the title compound (14) (5.18 g, 79%) as a pale-
yellow solid which slowly decomposes at rt. Further purification or re-puri-
fication could be achieved by trituration with minimal chloroform but was 
usually unnecessary. Rf 0.27 (5% ethanol: chloroform); mp 153–155 °C 
(from methanol) [lit.,88 130–133 °C (from water)]; 1H NMR (500 MHz, 
CDCl3) δH 7.44 (1H, s), 4.39 (2H, br s), 4.26 (2H, q, J 7.1), 3.67 (3H, s), 
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1.33 (3H, t, J 7.1); LRMS m/z (ESI+) 170 ([M+H]+, 100%), 142 (30%). 
The spectroscopic data are consistent with literature.29, 88 

 
Ethyl (1-methyl-2-nitro-imidazol-5-yl)carboxylate (S9)29, 87-88 
A solution of ethyl (2-amino-1-methyl-imidazol-5-yl)carboxylate (14) 
(1.73 g, 10.2 mmol, 1.0 eq) in glacial acetic acid (18 mL) was added, drop-
wise at 0 °C, to a solution of sodium nitrite (7.06 g, 102 mmol, 10 eq) in wa-
ter (9 mL). The solution was stirred at 0 °C for 1 h then warmed to rt over 
3 h. The solution was extracted with dichloromethane (3 × 50 mL). The 
combined organic fractions were washed with a saturated aqueous solution 
of sodium sulfite (100 mL), and brine (100 mL) then dried (MgSO4), fil-
tered, and concentrated in vacuo. The residue was dissolved in dichloro-
methane (100 mL) and filtered through a short pad of silica to yield the title 
compound (S9) (1.46 g, 72%) as an off-white solid. Rf 0.27 (100% dichloro-
methane); mp 51–53 °C (from dichloromethane) [lit.,88 56–58 °C (from di-
chloromethane)]; 1H NMR (400 MHz, CDCl3) δH 7.71 (1H, s), 4.37 (2H, 
q, J 7.2), 4.32 (3H, s), 1.38 (3H, t, J 7.2); LRMS m/z (ESI+) 200 ([M+H]+, 
100%), 172 (65%). The spectroscopic data are consistent with literature.29, 

88 
 

(1-Methyl-2-nitro-imidazol-5-yl)methanol (S10)29, 87-88 
A solution of sodium borohydride (0.160 g, 4.22 mmol, 3.0 eq) in dry etha-
nol (5.3 mL) was added dropwise to a solution of ethyl 1-methyl-2-nitroim-
idazole-5-carboxylate (S9) (0.280 g, 1.41 mmol, 1.0 eq) in dry tetrahydrofu-
ran (7.0 mL) with vigorous stirring at 0 °C. The reaction was stirred at 0 °C 
for 3 h then slowly added to a stirred mixture of diethyl ether (100 mL) and 
wet methanol (100 mL) at 0 °C. The resulting solution was stirred at 0 °C for 
30 min then gradually acidified to pH 5 with aqueous 2 M hydrochloric acid. 
The solution was concentrated in vacuo to give a mostly aqueous solution. 
The residue was then extracted with ethyl acetate (5 × 50 mL), the com-
bined organic components were dried (Na2SO4), filtered, and concentrated 
in vacuo to yield the title compound (S10) (0.176 g, 80%) as a pale-yellow 
solid. Rf 0.37 (5% ethanol:chloroform); mp 126–130 °C (from chloroform) 
[lit.,88 141–143 °C (from ethyl acetate)]; 1H NMR (400 MHz, CD3OD) δH 
7.10 (1H, s), 4.66 (2H, s), 4.04 (3H, s); LRMS m/z (ESI+) 180 ([M+Na]+, 
45%), 170 (80%), 158 ([M+H]+, 100%), 113 (31%). The spectroscopic data 
are consistent with literature.29, 88 

 
(1-Methyl-2-nitro-imidazol-5-yl)methyl chloride (15) 29, 87-88 
Methanesulfonyl chloride (74 µL, 0.96 mmol, 1.5 eq) was added dropwise 
to a stirred solution of (1-methyl-2-nitro-imidazol-5-yl)methanol (S10) 
(0.10 g, 0.64 mmol, 1.0 eq) in pyridine (1.3 mL) and stirred at rt for 3 h then 
concentrated in vacuo. Purification by filtration through a short pad of silica, 
eluting with 50% ethyl acetate:petroleum ether, yielded the title compound 
(15) (75 mg, 67%) as a colorless solid. Rf 0.43 (50% ethyl acetate:petroleum 
ether). Mp 68–77 °C (from dichloromethane) [lit.,88 87–90 °C (from ethyl 
acetate)]; 1H NMR (400 MHz, CDCl3) δH 7.19 (1H, s), 4.62 (2H, s), 4.07 
(3H, s); LRMS m/z (ESI+) 176 ([M+H]+, 100%), 140 (43%).The spectro-
scopic data are consistent with literature.29, 88 

 
(E)-Methyl-3-(4-[tert-butyloxycarbonyl-(2-[1-(tert-butyloxycarbonyl)-2-
methyl-1H-indol-3-ylethyl]amino)methyl]phenyl)prop-2-enoate (17) 
Di-tert-butyl dicarbonate (1.0 mL, 4.2 mmol, 3.0 eq) was added to a solu-
tion of 16 (0.48 g, 1.4 mmol, 1.0 eq) and N,N-dimethyl-4-aminopyridine 
(8.0 mg, 0.066 mmol, 0.05 eq) in tetrahydrofuran (14 mL) and stirred at rt 
for 18 h. The reaction was quenched with water (20 mL) and extracted with 
ethyl acetate (2 × 50 mL). The organic components were combined and 
washed with water (50 mL), brine (50 mL) then dried (MgSO4), filtered, 
and concentrated in vacuo. Purification using column chromatography, elut-
ing with 0–60% ethyl acetate:petroleum ether, yielded the title compound 
(17) (0.62 g, 82%) as a colorless oil. Rf 0.71 (50% ethyl acetate:petroleum 
ether); ν̄max (thin film)/cm−1 2976, 1722, 1690, 1478, 1368, 1323, 1254, 
1168, 1137; 1H NMR at 363 K (500 MHz, (D6-DMSO) δH 8.00 (1H, d, J 
8.1), 7.66–7.57 (3H, m), 7.42 (1H, d, J 7.2), 7.25 (2H, d, J 7.8), 7.23–7.13 
(2H, m), 6.53 (1H, d, J 16.1), 4.42 (2H, s), 3.74 (3H, s), 3.33 (2H, t, J 7.1), 
2.84 (2H, t, J 7.1), 2.46 (3H, s), 1.64 (9H, s), 1.34 (9H, s); 13C NMR at 
363 K (126 MHz, (D6-DMSO) δC 166.0, 154.5, 149.6, 143.5, 140.8, 134.9, 
132.9, 132.6, 129.1, 127.8, 127.4, 122.7, 121.8, 117.3, 117.2, 114.8, 114.4, 

83.1, 78.5, 50.8, 49.6, 46.1, 27.5, 27.4, 22.1, 12.7; HRMS m/z (ESI+) Found: 
549.2953, C32H41N2O6 requires [M+H]+ 549.2959; LRMS (ESI+) 338 
([M+2Na+2MeCN]2+, 23%), 225 ([M+2Na+H+2MeCN]3+, 100%), 202 
(26%), 123 (71%); HPLC Method C, Retention time - 15.0 min, 99%. 

 
(E)-3-(4-[(tert-Butyloxycarbonyl-[2-(1-[tert-butyloxycarbonyl]-2-methyl-
1H-indol-3-yl)ethyl]amino)methyl]phenyl)prop-2-enoic acid (18) 
A solution of lithium hydroxide (2.05 g, 85.6 mmol, 10.0 eq) in water 
(57 mL) was slowly added to a stirred solution of 17 (4.70 g, 8.56 mmol, 
1.0 eq) in tetrahydrofuran (57 mL) and methanol (57 mL) at 0 °C. The re-
action mixture was stirred at rt for 6 h then diluted with ethyl acetate 
(250 mL), and quenched with aqueous 1 M hydrochloric acid (200 mL). 
The reaction was extracted with ethyl acetate (3 × 200 mL) and the organic 
components were combined and washed with water (300 mL), brine 
(300 mL) then dried (MgSO4), filtered, and concentrated in vacuo to yield 
the title compound (18) (4.54 g, 99%) as a colorless fluffy, foamy solid. Rf 
0.61 (100% ethyl acetate); mp 94–96 °C (from THF); ν̄max (thin film)/cm−1 
2976, 2930, 1726, 1687, 1410, 1366, 1258, 1136, 1116; 1H NMR at 363 K 
(500 MHz, (D6-DMSO) δH 8.00 (1H, d, J 8.0), 7.57 (2H, d, J 7.7), 7.55 (1H, 
d, J 15.9), 7.42 (1H, d, J 7.4), 7.24 (2H, d, J 7.7), 7.23–7.13 (2H, m), 6.44 
(1H, d, J 15.9), 4.41 (2H, s), 3.33 (2H, t, J 7.2), 2.84 (2H, t, J 7.2), 2.46 (3H, 
s), 1.64 (9H, s), 1.34 (9H, s); 13C NMR at 363 K (126 MHz, (D6-DMSO) 
δC 166.8, 154.5, 149.6, 142.7, 140.4, 134.9, 132.94, 132.93, 129.1, 127.6, 
127.4, 122.7, 121.8, 118.9, 117.2, 114.8, 114.4, 83.2, 78.5, 49.6, 46.1, 27.5, 
27.4, 22.1, 12.8; HRMS m/z (ESI-) Found: 533.2648, C31H37N2O6 requires 
[M−H]− 533.2657; LRMS (ESI−) 533 ([M−H]−, 100%); HPLC Method A, 
Retention time - 13.1 min, 99%. 

 
(E)-tert-Butyl-3-(2-((4-(3-((benzyloxy)amino)-3-oxoprop-1-en-1-yl)ben-
zyl)(tert-butoxycarbonyl)amino)ethyl)-2-methyl-1H-indole-1-carboxylate 
(19) 
PyBOP (0.11 g, 0.21 mmol, 1.1 eq) was added to a solution of 18 (0.10 g, 
0.19 mmol, 1.0 eq) and triethylamine (0.10 mL, 0.75 mmol, 4.0 eq) in dry 
tetrahydrofuran (1.9 mL). The reaction mixture was stirred for 15 min at rt 
before O-(benzyl)-hydroxylamine hydrochloride (29) (36 mg, 0.22 mmol, 
1.2 eq) was added. Stirring was continued at rt for 18 h, the reaction mixture 
was diluted with ethyl acetate (20 mL) and quenched with aqueous 1 M so-
lution of hydrochloric acid (10 mL). The reaction mixture was extracted 
with ethyl acetate (20 mL), the organic components were washed with a sat-
urated solution of sodium hydrogen carbonate (40 mL), water (40 mL), 
brine (40 mL), dried (MgSO4), filtered, and concentrated in vacuo. Purifi-
cation using column chromatography, eluting with 0–5% ethanol:chloro-
form, then a second purification using column chromatography, eluting with 
0–50% ethyl acetate:petroleum ether, yielded the title compound (19) 
(87 mg, 73%) as a colorless solid. Rf 0.45 (50% ethyl acetate:petroleum 
ether); mp 71–74 °C (from dichloromethane:hexane); ν̄max (thin film)/cm−1 
3192, 2976, 1728, 1687, 1660, 1514, 1459, 1366, 1322, 1252, 1158, 1136, 
1117, 1046; 1H NMR at 363 K (500 MHz, D6-DMSO ) δH 11.71 (1H, s), 
8.82 (1H, d, J 7.8), 8.30 (2H, d, J 8.4), 8.30 (1H, d, J 15.8), 8.29–8.13 (6H, 
m), 8.06 (2H, d, J 8.0), 8.02 (1H, ddd, J 7.8, 7.3, 1.1), 7.98 (1H, ddd, J 7.5, 
7.3, 1.3), 7.30 (1H, d, J 15.8), 5.71 (2H, s), 5.22 (2H, s), 4.15 (2H, t, J 7.2), 
3.65 (2H, t, J 7.2), 3.27 (3H, s), 2.45 (9H, s), 2.16 (9H, s); 13C NMR at 363 K 
(126 MHz, D6-DMSO) δC 163.3,* 154.4, 149.5, 139.9, 138.9, 135.7, 134.9, 
133.3, 132.9, 129.1, 128.2, 127.7, 127.6, 127.4, 127.1, 122.7, 121.7, 118.1, 
117.1, 114.8, 114.4, 83.1, 78.5, 76.9, 49.5, 46.1, 27.5, 27.4, 22.1, 12.7; HRMS 
m/z (ESI+) Found: 640.33788, C38H46N3O6 requires [M+H]+ 640.33811; 
LRMS (ESI+) 662 ([M+Na]+, 16%), 606 (34%), 562 (20%), 506 (38%), 461 
(44%), 423 (38%), 405 (13%), 361 (100%), 317 (26%), 300 (25%), 282 
(39%), 266 (10%); HPLC Method A, Retention time - 13.3 min, >99%. 
*Signal at 163.3 observed by 1H-13C HMBC correlation see SI for details. 

 
(E)-tert-Butyl-3-(2-((tert-butoxycarbonyl)(4-(3-(((4-nitroben-
zyl)oxy)amino)-3-oxoprop-1-en-1-yl)benzyl)amino)ethyl)-2-methyl-1H-
indole-1-carboxylate (20) 
PyBOP (48 mg, 0.093 mmol, 1.1 eq) was added to a solution of 18 (45 mg, 
0.084 mmol, 1.0 eq) and triethyl amine (35 µL, 0.25 mmol, 3.0 eq) in dry 
tetrahydrofuran (1.0 mL). The reaction mixture was stirred for 15 min at rt 
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before O-(4-nitrobenzyl)-hydroxylamine (5) (17 mg, 0.10 mmol, 1.2 eq) 
was added. Stirring was continued at rt for 18 h, the reaction mixture was di-
luted with ethyl acetate (20 mL) and quenched with an aqueous 1 M solu-
tion of hydrochloric acid (10 mL). The reaction mixture was extracted with 
ethyl acetate (20 mL), the organic components were washed with a satu-
rated aqueous solution of sodium hydrogen carbonate (40 mL), water 
(40 mL), brine (40 mL), dried (MgSO4), filtered, and concentrated in 
vacuo. Purification using column chromatography, eluting with 0–10% eth-
anol:chloroform, yielded the title compound (20) (54 mg, 92%) as a pale-
yellow solid. Rf ; mp 90–92 °C (from DMSO:H2O); ν̄max (thin film)/cm−1 
3199, 2978, 1728, 1688, 1523, 1460, 1346, 1323, 1159, 1137, 1117; 1H NMR 
at 363 K (500 MHz, (D6-DMSO) δH 11.04 (1H, br s), 8.22 (2H, d, J 8.3), 
8.00 (1H, d, J 8.1), 7.72 (2H, d, J 8.3), 7.50 (2H, d, J 7.9), 7.50 (1H, d, J 15.9) 
7.41 (1H, d, J 7.6), 7.24 (2H, d, J 7.9), 7.23–7.13 (2H, m), 6.46 (1H, d, J 
15.9), 5.05 (2H, s), 4.41 (2H, s), 3.33 (2H, t, J 7.4), 2.84 (2H, t, J 7.4), 2.46 
(3H, s), 1.64 (9H, s), 1.35 (9H, s); 13C NMR at 363 K (126 MHz, 
(CD3)2SO) δC 163.5,* 154.4, 149.5, 147.1, 143.4, 140.0, 139.2, 134.9, 133.2, 
132.9, 129.1, 128.9, 127.4, 127.2, 122.8, 122.7, 121.7, 117.8, 117.1, 114.8, 
114.4, 83.1, 78.5, 75.6, 49.6,* 46.1, 27.5, 27.4, 22.1, 12.7; HRMS m/z (ESI−) 
Found: 683.3083, C38H43N4O8 requires [M−H]− 683.3086; LRMS (ESI−) 
683 ([M−H]−, 100%); HPLC Method B, Retention time - 13.3 min, 98%. 
*Signal at 163.5 observed by 1H-13C HMBC correlation, signal at 49.6 ob-
served by 1H-13C HSQC correlation see SI for details. 
 
(E)-tert-Butyl-3-(2-((tert-butoxycarbonyl)(4-(3-(((5-nitrothiophen-2-
yl)methoxy)amino)-3-oxoprop-1-en-1-yl)benzyl)amino)ethyl)-2-methyl-
1H-indole-1-carboxylate (21) 
PyBOP (0.15 g, 0.29 mmol, 1.1 eq) was added to a solution of 18 (0.14 g, 
0.26 mmol, 1.0 eq) and triethylamine (0.11 mL, 0.79 mmol, 3.0 eq) in dry 
tetrahydrofuran (2.6 mL). The reaction mixture was stirred for 15 min at rt 
before O-(5-nitrothiophen-2-yl)methylene)hydroxylamine (8) (55 mg, 
0.32 mmol, 1.2 eq) was added. Stirring was continued at rt for 18 h, the reac-
tion mixture was diluted with ethyl acetate (20 mL) and quenched with 
aqueous 1 M solution of hydrochloric acid (10 mL). The reaction mixture 
was extracted with ethyl acetate (20 mL), the organic components were 
washed with a saturated solution of sodium hydrogen carbonate (40 mL), 
water (40 mL), brine (40 mL), dried (MgSO4), filtered, and concentrated in 
vacuo. Purification using column chromatography, eluting with 2.5% etha-
nol:chloroform, yielded the title compound (21) (0.15 g, 84%) as a pale yel-
low solid. Rf 0.59 (5% ethanol:chloroform); mp 80–82 °C (from hexane:di-
chloromethane); ν̄max (thin film)/cm−1 3205, 2977, 1728, 1684, 1460, 1336, 
1158, 1138; 1H NMR Major rotamer at room temperature reported 
(400 MHz, CDCl3) δH 8.41 (1H, br s), 8.07 (1H, d, J 8.2), 7.82 (1H, d, J 4.1), 
7.71 (1H, d, J 15.9), 7.48–6.97 (8H, m), 6.35 (1H, d, J 15.9), 5.12 (2H, s), 
4.43 (2H, s), 3.30 (2H, s), 2.82 (2H, s), 2.47 (3H, s), 1.67 (9H, s), 1.46 (9H, 
s); 13C NMR spectroscopic data not collected due to instability of com-
pound at prolonged high temperatures;. HRMS m/z (ESI−) Found: 
689.26561, C36H41O8N4S requires [M−H]− 689.26506; LRMS (ESI−) 689 
([M−H]−, 45%), 532 (7%), 432 (5%), 144 (100%); HPLC Method B, Re-
tention time - 13.5 min, 96%. 

 
(E)-tert-Butyl-3-(2-((tert-butoxycarbonyl)(4-(3-(((6-nitroquinolin-5-
yl)methoxy)amino)-3-oxoprop-1-en-1-yl)benzyl)amino)ethyl)-2-methyl-
1H-indole-1-carboxylate (22) 
PyBOP (85 mg, 0.16 mmol, 1.1 eq) was added to a solution of 18 (79 mg, 
0.15 mmol, 1.0 eq) and triethylamine (62 μL, 0.45 mmol, 3.0 eq) in dry tet-
rahydrofuran (1.5 mL). The reaction mixture was stirred for 15 min at rt be-
fore O-(6-nitroquinolin-5-yl)-hydroxylamine (12) (39 mg, 0.18 mmol, 
1.2 eq) was added. Stirring was continued at rt for 18 h, the reaction mixture 
was diluted with ethyl acetate (20 mL) and quenched with aqueous 1 M so-
lution of hydrochloric acid (10 mL). The reaction mixture was extracted 
with ethyl acetate (20 mL), the organic components were washed with a sat-
urated solution of sodium hydrogen carbonate (40 mL), water (40 mL), 
brine (40 mL), dried (MgSO4), filtered, and concentrated in vacuo. Purifi-
cation using column chromatography, eluting with 0–10% ethanol:chloro-
form, then a second purification by column chromatography, eluting with 0–
100% ethyl acetate:petroleum ether, yielded the title compound (22) 
(66 mg, 60%) as a colorless solid. Rf 0.44 (80% ethyl acetate:petroleum 

ether); mp 106–110 °C (from dichloromethane:hexane); ν̄max (thin 
film)/cm−1 3189, 2976, 2930, 1731, 1687, 1634, 1531, 1459, 1366, 1323, 
1259, 1160, 1138, 1117; 1H NMR at 363 K (500 MHz, (D6-DMSO) δH 
11.21 (1H, s), 9.21 (1H, d, J 8.7), 9.11 (1H, dd, J 4.1, 1.6), 8.25 (1H, d, J 
9.1), 8.15 (1H, d, J 9.1), 8.00 (1H, d, J 8.1), 7.79 (1H, dd, J 8.7, 4.1), 7.51 
(1H, d, J 15.7), 7.48 (2H, d, J 7.8), 7.42 (1H, d, J 7.5), 7.25 (2H, d, J 7.8), 
7.23–7.14 (2H, m), 6.42 (1H, d, J 15.7), 5.54 (2H, s), 4.41 (2H, s), 3.33 (2H, 
t, J 7.2), 2.84 (2H, t, J 7.2), 2.46 (3H, s), 1.64 (9H, s), 1.35 (9H, s); 13C NMR 
at 363 K (126 MHz, (D6-DMSO) δC 163.8,* 154.4, 152.6, 149.6, 148.1, 
147.9, 140.1, 139.4, 134.9, 134.8, 133.2, 132.9, 131.7, 129.1, 127.5, 127.2, 
127.0, 125.9, 122.8, 122.72, 122.68, 121.8, 117.5, 117.1, 114.8, 114.4, 83.1, 
78.5, 67.7, 49.6,* 46.1, 27.5, 27.4, 22.1, 12.7; HRMS m/z (ESI+) Found: 
736.33361, C41H46N5O8 requires [M+H]+ 736.33409; LRMS (ESI−) 770 
([M+Cl]−, 49%), 734 ([M−H]−, 81%), 354 (38%), 185 (100%), 141 (96%). 
HPLC Method A, Retention time - 14.0 min, 98%. *Signals at 163.8 and 49.6 
observed by 1H-13C HMBC correlation see SI for details. 

 
(E)-N-(4-(3-((Benzyloxy)amino)-3-oxoprop-1-en-1-yl)benzyl)-2-(2-me-
thyl-1H-indol-3-yl)ethan-1-aminium 2,2,2-trifluoroacetate (Bn-Pano, 23)  
Trifluoroacetic acid (1.6 mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of 19 (50 mg, 78 µmol, 1.0 eq) and triisopropylsilane 
(3.4 µL, 16 µmol, 0.2 eq) in dichloromethane (7.8 mL). The reaction mix-
ture was stirred for 60 mins then diluted with toluene (1 mL) and dried by 
azeotroping with toluene (3 × 1 mL) in vacuo. Purification using column 
chromatography, eluting with 10% ethanol:chloroform, yielded the title 
compound (23) (34 mg, 79%) as a colorless solid. Rf 0.25 (10% ethanol: 
chloroform); Mp 102–104 °C (Decomposed from methanol); ν̄max (thin 
film)/cm−1; 3391, 3268, 3031, 2950, 2851, 162, 1624, 1461, 1341, 1202, 
1046, 978; 1H NMR (500 MHz, CD3OD) δH 7.61 (1H, d, J 16.1), 7.60 (2H, 
d, J 7.7), 7.46 (2H, d, J 8.2), 7.41 (1H, d, J 8.1), 7.43–7.33 (4H, m), 7.25 
(1H, d, J 7.8), 7.03 (1H, ddd, J 8.1, 7.1, 1.2), 6.96 (1H, ddd, J 7.8, 7.1, 1.1), 
6.46 (1H, d, J 16.1), 4.93 (2H, s), 4.16 (2H, s), 3.18–3.12 (2H, m), 3.12–
3.06 (2H, m), 2.39 (3H, s); 13C NMR (126 MHz, CD3OD) δC 165.8, 141.5, 
137.2, 137.0, 136.9, 135.7, 133.8, 131.3, 130.3, 129.7, 129.53, 129.46, 129.3, 
121.8, 119.8, 119.3, 118.0, 111.6, 106.2, 79.2, 52.1, 49.1,* 22.7, 11.3; HRMS 
m/z (ESI+) Found: 440.23323 C28H30N3O2 requires [M+H]+ 440.23325; 
LRMS (ESI+) 440 ([M+H]+, 63%), 423 (28%), 150 (100%); HPLC 
Method A, Retention time - 8.0 min, 99%. All batches used for biological 
testing were >95% purity. Signal at 49.1 observed by 1H-13C HMBC correla-
tion see SI for details. 

 
(E)-2-(2-Methyl-1H-indol-3-yl)-N-(4-(3-(((4-nitrobenzyl)oxy)amino)-3-
oxoprop-1-en-1-yl)benzyl)ethan-1-aminium 2,2,2-trifluoroacetate (NB-
Pano, 24) 
Trifluoroacetic acid (0.16 mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of 20 (22 mg, 0.32 mmol, 1.0 eq) and triisopropylsilane 
(1.3 µL, 6.4 µmol, 0.2 eq) in dichloromethane (0.8 mL). The reaction mix-
ture was stirred for 75 mins then diluted with toluene (1 mL) and dried by 
azeotroping with toluene (3 × 1 mL) in vacuo. Purification using column 
chromatography, eluting with 2:5:80 water:isopropanol:ethyl acetate, to 
yield the title compound (24) (13 mg, 69%) as an off-white solid. Rf 0.55 
(1:3:40 water:isopropanol:ethyl acetate), Rf 0.21 (10% ethanol:chloro-
form); mp 98–100 °C (dec.; from ethanol); ν̄max (thin film)/cm−1 3399, 
3293, 2922, 2852, 1669, 1629, 1520, 1462, 1345, 1202, 1014; 1H NMR 
(500 MHz, CD3OD) δH 8.25 (2H, d, J 8.7), 7.70 (2H, d, J 8.7), 7.57 (1H, d, 
J 15.8), 7.50 (2H, d, J 8.2), 7.38 (1H, ddd, J 7.9, 1.1, 1.0), 7.32 (2H, d, J 8.2), 
7.23 (1H, ddd, J 8.1, 1.0, 1.0), 7.00 (1H, ddd, J 8.1, 7.0, 1.1), 6.93 (1H, ddd, 
J 7.9, 7.0, 1.0), 6.40 (1H, d, J 15.8), 5.06 (2H, s), 3.90 (2H, s), 3.01–2.91 
(4H, m), 2.35 (3H, s); 13C NMR (126 MHz, CD3OD) δC 166.1, 149.2, 
145.1, 141.0, 137.8, 137.2, 136.4, 133.6, 130.8, 130.5, 129.5, 129.2, 124.5, 
121.6, 119.7, 119.3, 118.1, 111.5, 107.0, 77.3, 52.7, 49.4, 23.4, 11.3; HRMS 
m/z (ESI+) Found: 485.21835, C28H29N4O4 requires [M+H]+ 485.21833; 
LRMS (ESI+) 485 ([M+H]+, 100%), 468 (4%), 349 (4%), 304 (3%), 216 
(4%), 130 (2%); HPLC Method B, Retention time - 8.4 min, 98–99% at 3 
wavelengths, mean purity 98%. All batches used for biological testing were 
>95% purity. 
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(E)-2-(2-Methyl-1H-indol-3-yl)-N-(4-(3-(((5-nitrothiophen-2-yl)meth-
oxy)amino)-3-oxoprop-1-en-1-yl)benzyl)ethan-1-aminium 2,2,2-trifluoro-
acetate (NT-Pano, 25) 
Trifluoroacetic acid (0.25 mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of (21) (9 mg, 0.01 mmol, 1.0 eq) and triisopropylsilane 
(0.5 µL, 3 µmol, 0.2 eq) in dichloromethane (1 mL). The reaction mixture 
was stirred for 65 mins then diluted with toluene (1 mL) and dried by azeo-
troping with toluene (3 × 1 mL) in vacuo. Purification using column chro-
matography, eluting with 1:2:10 H2O:isopropyl alcohol:ethyl acetate, 
yielded the title compound (25) (5 mg, 64%) as a pale-yellow solid. Rf 0.48 
(1:2:10 H2O: isopropyl alcohol:ethyl acetate), 0.38 (20% ethanol:chloro-
form); mp 108–110 °C (dec.; from H2O/isopropyl alcohol); ν̄max (thin 
film)/cm−1 3198, 2924, 1694, 1503, 1337, 1179, 1136; 1H NMR (500 MHz, 
CD3OD) δH 7.90 (1H, d, J 4.1), 7.60 (1H, d, J 15.8), 7.56 (2H, d, J 8.2), 7.41 
(2H, d, J 8.2), 7.40 (1H, ddd, J 7.9, 1.2, 0.9), 7.24 (1H, ddd, J 8.1, 1.0, 0.9), 
7.18 (1H, d, J 4.1), 7.01 (1H, ddd, J 8.1, 7.0, 1.2), 6.95 (1H, ddd, J 7.9, 7.0, 
1.0), 6.47 (1H, d, J 15.8), 5.12 (2H, s), 4.05 (2H, s), 3.10–3.00 (4H, m), 2.37 
(3H, s); 13C NMR (126 MHz, CD3OD) δC 166.2, 153.7, 147.9, 141.5, 137.6, 
137.2, 136.4, 133.6, 130.9, 129.6, 129.5, 129.3, 128.9, 121.7, 119.7, 119.0, 
118.1, 111.5, 106.9, 72.7, 52.6, 49.1,* 23.3, 11.3; HRMS m/z (ESI+) Found: 
491.17457 C26H27N4O4S requires [M+H]+ 491.17475; LRMS (ESI+) 491 
([M+H]+, 58%), 349 (22%), 301 (41%), 107 (100%); HPLC Method B, Re-
tention time - 8.1 min, 93–98%, mean purity 95%. All batches used for bio-
logical testing were >95% purity. *Signal at 49.1 observed by 1H-13C HMBC 
correlation see SI for details. 

 
(E)-2-(2-Methyl-1H-indol-3-yl)-N-(4-(3-(((6-nitroquinolin-5-yl)meth-
oxy)amino)-3-oxoprop-1-en-1-yl)benzyl)ethan-1-aminium-2,2,2-trifluoro-
acetate (NQ-Pano, 26) 
Trifluoroacetic acid (0.98 mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of 22 (36 mg, 0.49 mmol, 1.0 eq) and triisopropylsilane 
(2.0 µL, 9.8 µmol, 0.2 eq) in dichloromethane (4.9 mL). The reaction mix-
ture was stirred for 55 mins then diluted with toluene (1 mL) and dried by 
azeotroping with toluene (3 × 1 mL) in vacuo. Purification using column 
chromatography, eluting with 0–10% ethanol: chloroform, yielded the title 
compound (26) (31 mg, 83%) as a yellow solid. Rf 0.15 (10% ethanol:chlo-
roform); mp 118–120 °C (dec.; from methanol); ν̄max (thin film)/cm−1; 
3398, 3198, 3054, 2921, 2852, 1665, 1626, 1530, 1462, 1343, 1047; 1H NMR 
(500 MHz, CD3OD) δH 9.29 (1H, d, J 8.8), 9.07 (1H, d, J 3.8), 8.25 (1H, d, 
J 9.2), 8.14 (1H, d, J 9.2), 7.80 (1H, dd, J 8.8, 3.8), 7.58 (1H, d, J 15.8), 7.48 
(2H, d, J 7.9), 7.39 (1H, ddd, J 7.9, 1.1, 0.9), 7.29 (2H, d, J 7.9), 7.24 (1H, 
ddd, J 8.1, 1.0, 0.9), 7.01 (1H, ddd, J 8.1, 7.0, 1.1), 6.93 (1H, ddd, J 7.9, 7.0, 
1.0), 6.38 (1H, d, J 15.8), 5.62 (2H, s), 3.83 (2H, s), 2.95 (2H, t, J 7.1), 2.87 
(2H, t, J 7.1), 2.36 (3H, s); 13C NMR (126 MHz, CD3OD) δC 166.7, 154.0, 
150.5, 149.6, 142.1, 141.9, 137.5, 137.2, 135.2, 133.2, 132.7, 130.1, 129.8, 
129.4, 129.1, 127.8, 125.0, 124.4, 121.4, 119.5, 118.3, 118.0, 111.3, 108.4, 
69.4, 53.6, 50.1, 24.6, 11.4; HRMS m/z (ESI+) Found: 536.22894 
C31H30N5O4 requires [M+H]+ 536.22923; LRMS (ESI+) 536 ([M+H]+, 
7%), 332 (6%), 273 (6%), 158 (100%), 144 (35%), 115 (36%); HPLC 
Method B, Retention time - 7.7 min, 98–99%, mean purity 99%. All batches 
used for biological testing were >95% purity. 

 
(E)-tert-Butyl-3-(2-((tert-butoxycarbonyl)(4-(3-(hydroxyamino)-3-ox-
oprop-1-en-1-yl)benzyl)amino)ethyl)-2-methyl-1H-indole-1-carboxylate 
(27) 
1, 1’-Carbonyl diimidazole (59 mg, 0.36 mmol, 1.5 eq) was added to a solu-
tion 18 (0.13 g, 0.24 mmol, 1.0 eq) in dry tetrahydrofuran (0.8 mL) and 
stirred at rt for 4 h. Hydroxylamine hydrochloride (34 mg, 0.49 mmol, 
2.0 eq) was added and stirring was continued for a further 19 h. The reaction 
was quenched by addition of a 1 M aqueous solution of hydrochloric acid 
(10 mL) then extracted with ethyl acetate (2 × 20 mL). The organic compo-
nents were washed with brine (50 mL), dried (Na2SO4), filtered, and con-
centrated in vacuo. Purification by column chromatography (elution with 0–
10% ethanol:chloroform) yielded the title compound (27) (98 mg, 74%) as 
a yellow solid, which was used in the next step without further purification. 
Rf 0.32 (10% ethanol:chloroform); mp 104–106 °C (from ethanol); ν̄max 
(thin film)/cm−1 3204, 2976, 2930, 1727, 1687, 1460, 1366, 1323, 1251, 
1159, 1137, 1117, 1048; 1H NMR at 363 K (500 MHz, D6-DMSO) δH 10.44 

(1H, s), 8.21 (1H, s), 8.00 (1H, d, J 8.0), 7.49 (2H, d, J 8.1), 7.47–7.38 (2H, 
m), 7.24 (2H, d, J 8.1), 7.22–7.14 (2H, m), 6.51 (1H, d, J 15.5), 4.41 (2H, 
s), 3.33 (2H, t, J 7.2), 2.83 (2H, t, J 7.2), 2.46 (3H, s), 1.64 (9H, s), 1.35 (9H, 
s); 13C NMR* at 363 K (126 MHz, D6-DMSO) δC 154.5, 149.6, 139.6, 134.9, 
133.6, 132.9, 129.1, 127.5, 127.0, 122.7, 121.8, 118.6, 117.1, 114.8, 114.4, 
83.1, 78.7, 78.5, 49.6,* 46.0, 27.5, 27.4, 22.1, 12.7; HRMS m/z (ESI+) 
Found: 550.29100, C31H40N3O6 requires [M+H]+ 550.29116; LRMS (ESI+) 
572 ([M+Na]+, 10%), 367 (18%), 277 (9%), 248 (18%), 225 (100%), 186 
(57%); HPLC Method A, Retention time - 11.7 min, 99%. *Signal for hy-
droxamic acid carbonyl quaternary carbon not observed, signal at 49.6 ob-
served by 1H-13C HMBC correlation see SI for details. 

 
(E)-tert-Butyl-3-(2-((tert-butoxycarbonyl)(4-(3-(((1-methyl-2-nitro-1H-
imidazol-5-yl)methoxy)amino)-3-oxoprop-1-en-1-yl)ben-
zyl)amino)ethyl)-2-methyl-1H-indole-1-carboxylate (S11) 
A 60% dispersion of sodium hydride in mineral oil (34 mg, 0.85 mmol, 
1.5 eq) was added to a solution of 27 (0.31 g, 0.57 mmol, 1.0 eq) in N,N-di-
methylformamide (1.5 mL) at −5 °C and stirred for 10 min. (1-methyl-2-ni-
tro-imidazol-5-yl)methyl chloride (15) (0.11 g, 0.62 mmol, 1.1 eq) was 
added, then the reaction mixture was warmed to rt and stirred for 18 h. The 
reaction was diluted with ethyl acetate (50 mL), quenched with an aqueous 
1 M solution of hydrochloric acid (5 mL) and washed with a 10% aqueous 
solution of lithium chloride (5 × 100 mL), brine (50 mL), dried (MgSO4), 
filtered, and concentrated in vacuo. Purification by column chromatog-
raphy, eluting with 0–2.5% ethanol:chloroform, yielded the title compound 
(S11) (0.29 g, 86%) as a pale-yellow solid. Rf 0.68 (ethyl acetate); mp 140–
142 °C (from dichloromethane/hexane); ν̄max (thin film)/cm−1 3192, 2976, 
1729, 1687, 1492, 1460, 1367, 1326, 1159, 1137; 1H NMR at 363 K 
(500 MHz, (D6-DMSO) δH 11.05 (1H, s), 8.00 (1H, d, J 8.0), 7.50 (2H, d, J 
8.1), 7.48 (1H, d, J 15.8), 7.42 (1H, d, J 7.5), 7.25 (2H, d, J 8.1), 7.25 (1H, 
s), 7.21 (1H, ddd, J 8.0, 7.3, 1.4), 7.16 (1H, ddd, J 7.5, 7.3, 1.2), 6.44 (1H, d, 
J 15.8), 5.02 (2H, s), 4.41 (2H, s), 4.08 (3H, s), 3.34 (2H, t, J 7.3), 2.84 (2H, 
t, J 7.3), 2.46 (3H, s), 1.64 (9H, s), 1.35 (9H, s); 13C NMR at 363 K 
(126 MHz, (D6-DMSO) δC 163.6,* 154.4, 149.5, 145.9,* 140.0, 139.4, 134.9, 
133.1, 132.9, 132.4, 129.1, 129.0, 127.4, 127.2, 122.7, 121.8, 117.6, 117.1, 
114.8, 114.4, 83.1, 78.5, 65.6, 49.6, 46.1, 33.6, 27.5, 27.4, 22.1, 12.7; HRMS 
m/z (ESI+) Found: 711.31117, C36H44N6O8Na requires [M+Na]+ 
711.31128; LRMS (ESI−) 678 ([M−H]−, 100%), 409 (9%), 281 (9%), 255 
(13%); HPLC Method B, Retention time - 12.6 min, 96%. *Signals at 163.6 
and 145.9 observed by 1H-13C HMBC correlation see SI for details. 

 
(E)-2-(2-Methyl-1H-indol-3-yl)-N-(4-(3-(((1-methyl-2-nitro-1H-imid-
azol-5-yl)methoxy)amino)-3-oxoprop-1-en-1-yl)benzyl)ethan-1-aminium 
2,2,2-trifluoroacetate (NI-Pano, CH-03, 1) 
Trifluoroacetic acid (13.9 mL mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of S11 (410 mg, 0.696 mmol, 1.0 eq) and triisopropylsilane 
(30.6 µL, 0.139 mmol, 0.2 eq) in dichloromethane (70mL). The reaction 
mixture was stirred for 55 mins then diluted with toluene (1 mL) and dried 
by azeotroping with toluene (3 × 1 mL) in vacuo. Purification using column 
chromatography, eluting with 0–20% (70% isopropanol in water solu-
tion):ethyl acetate, yielded the title compound (1) (303 mg, 61%) as a pale 
yellow solid. Where necessary the compound was further purified by semi-
preparative HPLC (see general experimental, retention time - 11.4 min). Rf 
0.32 (10% ethanol: chloroform); mp 108–110 °C (from methanol); ν̄max 
(thin film)/cm−1; 3293, 2925, 2853, 1673, 1624, 1539, 1491, 1461, 1342, 
1189, 1044; 1H NMR (500 MHz, CD3OD) δH 7.59 (2H, d, J 7.9), 7.56 (1H, 
d, J 15.9), 7.47 (2H, d, J 7.9), 7.39 (1H, d, J 7.6), 7.24 (1H, d, J 7.7), 7.19 
(1H, s), 7.02 (1H, dd, J 7.7, 7.5), 6.95 (1H, dd, J 7.6, 7.5), 6.47 (1H, d, J 
15.9), 5.03 (2H, s), 4.21 (2H, s), 4.13 (3H, s), 3.20 (2H, t, J 7.8), 3.09 (2H, 
t, J 7.8), 2.37 (3H, s); 13C NMR (126 MHz, CD3OD) δC 166.1, 163.1 (q, 2JCF 
34.2), 147.7, 141.7, 137.2, 137.0, 134.7, 134.0 (2×C),* 131.5, 130.4, 129.5, 
129.2, 121.8, 119.9, 119.1, 118.2 (q, 1JCF 294.2), 118.0, 111.6, 105.8, 67.4, 
51.9, 48.9,* 35.1, 22.3, 11.3; HRMS m/z (ESI+) Found: 489.22418 
C26H29N6O4 requires [M+H]+ 489.22448; LRMS (ESI+) 489 ([M+H]+, 
100%), 349 (9%); HPLC Method B, Retention time - 7.3 min, 98–99%, 
mean purity 98%. HPLC Methods D and E were used where necessary. All 
batches used for biological testing were >95% purity. All batches used for 
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animal studies were >99.9% purity. *The signals at 48.9 and pair at 134.0 
were observed by 1H-13C HMBC correlation, see SI for details. 

 
(E)-N-(4-(2-Carboxyvinyl)benzyl)-2-(2-methyl-1H-indol-3-yl)ethan-1-
aminium 2,2,2-trifluoroacetate (Pano acid, S12) 
Trifluoroacetic acid (0.14 mL, 20% v/v) was added dropwise to a rapidly 
stirred solution of 18 (15 mg, 0.028 mmol, 1.0 eq) and triisopropylsilane 
(1.2 µL, 5.6 µmol, 0.2 eq) in dichloromethane (0.7 mL). The reaction mix-
ture was stirred for 65 mins then diluted with toluene (1 mL) and dried by 
azeotroping with toluene (3 × 1 mL) in vacuo. Purification using column 
chromatography, eluting with 1:2:6 H2O:isopropyl alcohol:ethyl acetate, 
then 100% ethanol, yielded the title compound (S12) (7 mg, 78%) as a col-
orless solid. Rf 0.37 (1:2:6 H2O:isopropyl alcohol:ethyl acetate); mp 95–
97 °C (from methanol); ν ̄max (thin film)/cm−1; 3398, 3032, 2829, 1672, 1462, 
1426, 1198, 1139; 1H NMR (500 MHz, CD3OD) δH 7.66 (2H, d, J 8.3), 7.64 
(1H, d, J 16.0), 7.50 (2H, d, J 8.3), 7.41 (1H, ddd, J 8.0, 1.1, 1.0), 7.26 (1H, 
ddd, J 8.1, 1.1, 1.0), 7.03 (1H, ddd, J 8.1, 7.1, 1.1), 6.97 (1H, ddd, J 8.0, 7.1, 
1.1), 6.54 (1H, d, J 16.0), 4.24 (2H, s), 3.26–3.19 (2H, m), 3.15–3.07 (2H, 
m), 2.39 (3H, s); 13C NMR (126 MHz, CD3OD) δC 170.8, 163.1 (q, 2JCF 
35.0), 144.1, 137.3, 137.2, 134.3, 134.0, 131.5, 129.7, 129.2, 122.0, 121.8, 
119.9, 118.3 (q, 1JCF 293.2) 117.9, 111.6, 105.6, 51.8, 48.8*, 22.2, 11.3; 
HRMS m/z (ESI+) Found: 335.17539 C21H23N2O2 requires [M+H]+ 
335.17540; LRMS (ESI−) 369 ([M+Cl]−, 100%), 333 ([M−H]−, 36%); 
HPLC Method B, Retention time – 6.9 min, 97%. *Overlapped by solvent 
residual signal, see SI for expansion. 
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ABBREVIATIONS 
Ac-CoA, Acetyl-coenzyme A; Boc, tert-Butyloxycarbonyl; CDI, 1,1’-
Carbonyl diimidazole; CHK-1, Checkpoint kinase 1; DIPEA, N,N-
Diisopropylethylamine; DMAP, N,N-Dimethylaminopyridine; DMF, 
N,N-Dimethylformamide; DMSO, Dimethylsulfoxide; DNA, Deoxyri-
bonucleic acid; DNA-PK, DNA-dependent protein kinase; ESI, Elec-
trospray ionization; HAP, Hypoxia-activated prodrug; HDAC, Histone 
deacetylase; HER2, Human epidermal growth factor receptor 2; HPLC, 
High-performance liquid chromatography; HRMS, High resolution 
mass spectrometry; IC50, half maximal inhibitory concentration; KAc, 
Acetyl-lysine; KDAC, Lysine deacetylase; LCMS, Liquid chromatog-
raphy mass spectrometry; LRMS, Low resolution mass spectrometry; 
mp, Melting point; NADPH-CYP reductase, Nicotinamide adenine di-
nucleotide phosphate dependent-Cytochrome P450 reductase; NMR, 
Nuclear Magnetic Resonance spectroscopy; PARP, Poly-ADP ribose 
polymerase; PTM, Post-translational modification; PyBOP, benzotria-
zol-1-yl-oxytripyrrolidinophosphonium hexafluorophosphate; Rf, Re-
tention factor; rt, Room temperature; TFA, Trifluoroacetic acid; THF, 
Tetrahydrofuran; TIPS-H, Triisopropylsilane. 
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