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Activating mutations of Ras are one of the most prevalent drivers of cancer and are often associated with poor clinical out-
comes. Despite FDA approval for two irreversible inhibitors that target the inactive state of KRasG12C, significant unmet clinical 
need still exists, and the susceptibility of non-G12C mutants to inactive-state inhibition remains unclear. Here we report the 
discovery of a novel series of reversible inhibitors that bind in an enlarged version of the switch I-II pocket with nanomolar 
affinities. Dependent on chemotype these can either preferentially bind to the inactive or active state or bind both with similar 
affinity. The active-state binders inhibit the Raf interaction for wild-type Ras, and a broad range of oncogenic KRas mutants 
with nanomolar potency. A sub-series of these molecules displays cellular inhibition of Ras-Raf binding, as well as decreased 
phosphorylation of the downstream protein ERK, demonstrating that potent pan-Ras inhibitors can be accessed from this 
novel pocket.  

INTRODUCTION 

Mutations of the RAS oncogenes are well established as 
major drivers of several forms of human cancer.1, 2 In hu-
mans, three RAS genes encode four different Ras isoforms, 
HRas, NRas and two KRas splice variants KRas4A and 
KRas4B. Ras proteins belong to a small family of GTPases 
that in normal cells act as molecular switches, cycling be-
tween an inactive GDP-bound state, and an active GTP-
bound state. In the GTP-bound state, Ras signals from the 
plasma membrane through a functionally diverse set of 
downstream effector proteins including PI3K, Raf and 
RALGDS to pathways that control cellular growth, apopto-
sis, survival, and differentiation. Equilibrium between the 
two states is tightly regulated via a combination of exchange 
of GDP for GTP, regulated by GEFs, catalytic hydrolysis of 
GTP catalyzed by GAPs, and intrinsic GTP hydrolysis. How-
ever, activating mutations on Ras, predominantly at codons 
G12, G13 or Q61 can disrupt this process leading to higher 
levels of GTP-bound Ras, constitutive activation, persistent 
signaling and the potential for tumorigenesis.3 Although Ras 

is a notoriously challenging drug target, progress has re-
cently been made, notably with the FDA approval for two 
mutant-selective KRasG12C irreversible inhibitors, AMG-510 
(sotorasib) and MRTX849 (adagrasib) (Chart 1).4-7 Whilst 
encouraging, treatments with KRasG12C mutant specific in-
hibitors are only applicable to cancers harboring a KRasG12C 
mutation, and occurrence of both intrinsic and acquired 
mechanisms of resistance in the clinic and in vitro have been 
observed.8-14 Currently several other covalent G12C inhibi-
tors are in pre-clinical development and studies are ongoing 
to understand and overcome mechanisms of resistance to 
G12C inhibitors, including combination therapies (for ex-
ample combination with SHP2, EGFR or MEK inhibitors).15 
Other approaches to drugging Ras are in development, in-
cluding degrader and “molecular glue” approaches,16-19 and 
recently, a non-covalent pan-KRas inhibitor that binds in 
the switch-II pocket has been characterized(Chart 1).20 The 
compound preferentially binds to the inactive state of mul-
tiple KRas mutants, whilst exhibiting significantly lower af-
finity for NRas and HRas, shows antiproliferative effect in 
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KRAS-mutant mouse models and no apparent toxicities. Re-
cently, RMC-7977 (Chart 1) a reversible, tri-complex pan-
Ras inhibitor, has shown activity with good tolerability 
against Ras-dependent cancers in several preclinical cancer 
models.21 These data suggest that pan-Ras inhibitors could 
be a promising option to treat a wide range of Ras-depend-
ent cancers, whilst being less susceptible to many of the re-
sistance mechanisms for mutant-selective approaches. Cur-
rent clinical KRasG12C irreversible inhibitors bind in an in-
duced allosteric pocket beneath switch-II that is only pre-
sent in the inactive GDP-bound state;22, 23 hence the strategy 
is reliant on active cycling between the two nucleotide bind-
ing states. Whilst G12C, and to a lesser extent G12D and 
G13D mutant KRas retain notable endogenous hydrolysis 
compared to other mutant forms,24 it is expected that higher 
efficacy could be achieved by directly targeting the active 
form of Ras. Other attempts to target (K)Ras have identified 
a small polar pocket between the switch I and II regions 
(switch I-II pocket), in which several small molecules are 
known to bind.25-27 In this work we describe the identifica-
tion of several fragments that bind in the same pocket and 
their optimization using structure-based design methods. 
Starting from these fragments we developed a series of 
novel inhibitors with nanomolar affinity for a range of GDP-
bound Ras variants. These inhibitors also display in vitro 
and cellular inhibition of Ras-Raf effector binding, and mod-
erate inhibition of downstream pERK signaling in a mutant 
KRas cell line. Attempts to improve ADME properties of 
these molecules and engage KRas mutation hotspots (G12, 
G13, Q61) unexpectedly led to the identification of a previ-
ously undisclosed pocket, proximal to the switch I-II pocket. 
Taking advantage of this expanded canvas we were able to 
design active-state inhibitors that show nanomolar potency 
for both the wild-type K/H/NRas proteins as well as a panel 
of oncogenic-relevant KRas mutants, demonstrating the 
susceptibility of Ras to pan and active-state inhibition. The 
present work provides useful insights and tools to enable 
further investigation of the clinical relevance and safety 
profile of pan-Ras inhibition. 

Chart 1. Chemical structures of some recent Ras Inhibi-
tors 

  

RESULTS AND DISCUSSION 

Identification and Characterization of Fragment Hits.  

An in-house fragment collection of 656 compounds was 
screened against KRasG12D·GTPγS using Surface Plasmon 
Resonance (SPR). Following SPR concentration-response 
and NMR (STD, WaterLOGSY, and 1H-15N HSQC) cross vali-
dation we identified five (≈ 1.0% hit rate) confirmed hits, 
Chart S1. Validated fragment hits were subsequently tested 
in an isotopically labelled 1H-15N HSQC NMR assay. The 
chemical shift perturbation (CSP)28 of the N-H signals for 
the fragments had significant overlap with those of litera-
ture compounds26, 27 indicating, in the absence of structural 
data, that the fragments bound in a similar site (Figure 1 A, 
B). 

 

 

Figure 1. (A) 1H-15N chemical shift perturbation (CSP) of 
KRasG12D∙GDP (44 M) on addition of 5 (1 mM). (B) 1H-15N CSP 
of KRasG12D∙GDP (111 M) on addition of 2-(4,6-dichloro-2-me-
thyl-1H-indol-3-yl)ethanamine26 (1 mM). (C) 1H-15N CSP of 
KRasG12D∙GDP (130 M) on addition of 1 (800 M). (D) 1H-15N 
CSP of KRasG12D∙GDP (101 M) on addition of (2S)-N-[2-(1H-in-
dol-3-ylmethyl)-3H-benzimidazol-5-yl]pyrrolidine-2-carbox-
amide27 (1 mM). Note that G75 is missing due to dynamic 
broadening. 

We also tested close structural analogues of literature 
hits29 using both commercial sources and chemical synthe-
sis. This resulted in the identification of quinoline sulfona-
mide 1 that showed significantly greater CSP than the frag-
ments and comparable shifts in 1H-15N HSQC NMR experi-
ments to contemporary literature compounds26, 27 (Figures 
1C, D and S1). Having identified compound 1, several single 
point changes were investigated (Table 1). Whilst aniline 4 
had marginally improved NMR binding affinity, most 
changes resulted in inactive compounds (data only shown 
for compounds where an NMR KD could be generated). Fur-
thermore, due to their inherent fluorescence, the quinoline 
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compounds proved problematic30 in a SOS1 nucleotide ex-
change assay (NEA) that we had introduced as a higher-
throughput assay to complement the protein-observed 
NMR assay. 

 

Table 1. NMR binding data for quinolines 1–4  

Compd Structure 
KRasG12D·GDP 

KD (µM)a 

1 
 

630 

2 
 

570 

3 

 

700 

4 
 

370 

aKD values were determined as described in the Experi-
mental Section. 

However, hybridization of 1 with fragment hit 5 (Chart 
S1, Figure 2) provided compound 6. Although 6 showed 
only minimal effects in the NEA assay (< 1% inhibition at 
200 uM ligand concentration) it had similar affinity to the 
quinoline sulfonamide compounds in the NMR assay and 
none of the fluorescence issues. 6 also maintained ligand ef-
ficiency (LE)31 comparable with 1, had good permeability in 
a Caco-2 assay, moderate kinetic solubility and was stable 
in mouse liver microsomes (Table S1). 

 

Figure 2. Hybridization of compounds 1 and 5. 

Because of these favourable properties, and absence of 
any assay interference, compound 6 underwent further in-
vestigation. Initial SAR investigation explored the substitu-
tion pattern of the 6-chlorobenzothiazole heteroaromatic in 
conjunction with the introduction of a hydrogen bond do-
nor to either the 2, 3 or 4 position of the phenyl moiety (Ta-
ble 2). Binding affinity for KRasG12D·GDP, determined using 
HSQC NMR, showed that whilst 7-chloro analogue 7 had 
marginally improved binding affinity compared to 6, intro-
duction of a hydroxyl hydrogen bond donor, compounds 8 
and 9, gave a significant improvement. We also obtained 
several co-crystal structures with KRasC118S·GDP 1-169 that 

confirmed our compounds were binding in the switch I/II 
pocket. The crystal structure of 8 (Figure 3A), revealed that 
the 7-chloro benzothiazole heteroaromatic bound in the hy-
drophobic pocket formed by residues Lys5, Leu6, Val7, 
Ile55, Leu56, and Tyr74, forming a halogen bond between 
the 7-chloro substituent and the backbone carbonyl of 
Tyr71, and a hydrogen bond between the 3-hydroxy sub-
stituent and the carboxylate side chain of Glu37. On the 
other hand, the crystal structure for 9 (Figure 3B) revealed 
a switched binding mode where the 7-chloro benzothiazole 
was located outside the hydrophobic pocket and the 2-hy-
droxy phenyl moiety bound in the hydrophobic pocket 
group donating a hydrogen bond to Asp54. Aiming to max-
imize these interactions with Asp54, Tyr71 and Glu37, we 
synthesized compounds 10 and 11. The binding mode of 11 
(Figure 3C) revealed that the substitution pattern and the 
geometry of the sulfonamide allowed interactions with all 
three of these residues and a weaker interaction with the 
side chain of Gln70, and this resulted in a 40-fold improve-
ment in binding affinity for the GDP-bound state (Table 2). 
These improvements also led to measurable affinity for 
KRasG12D·GMPPNP in the NMR assay and moderate inhibi-
tion of SOS1-catalyzed nucleotide exchange. Subsequent in-
corporation of an amide linked basic amine to target the 
side chain of Asp38 and rigidification by alkylation of the 
benzothiazole aromatic nitrogen yielded compounds 12 
and 13 respectively. Both compounds showed increased 
binding affinity for the inactive state (<3 µM) and in the case 
of 13 single-digit micromolar inhibition of SOS1-mediated 
nucleotide exchange (Tables 2, S6). As the latter compounds 
were reaching the lower limit for accurate KD determination 
using the NMR assay28, we introduced surface plasmon res-
onance (SPR) as our primary assay to measure direct bind-
ing of the compounds to KRasG12D, loaded with either GDP or 
the non-hydrolysable GTP analogue GMPPNP. The binding 
characteristics of key compounds were also orthogonally 
verified using isothermal titration calorimetry (ITC) (Table 
S5). To complement the direct binding assays, we also uti-
lized a homogeneous time-resolved fluorescence (HTRF) bi-
ochemical assay to characterise the Ras-Raf protein-protein 
interaction, and a modified NEA assay that incorporated a 
readout on Ras-Raf inhibition. The potencies measured in 
the HTRF assay aligned well with the GMPPNP SPR affinity 
measurements (Tables 3, 7), and together this suite of as-
says permitted robust profiling in terms of binding affinity 
to either the inactive GDP-bound or active GMPPNP-bound 
states, the ability to interfere with the Ras nucleotide load-
ing/activation state and inhibition of the Ras-Raf effector 
binding interaction. 
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Figure 3. Comparison of the binding modes of 8 (A), 9 (B) and 11 (C). A cartoon representation of the protein is shown in beige with 
key residues highlighted as sticks and labelled. The ligand is shown in cyan, hydrogen bonding interactions between ligand and 
protein are indicated by black dashed lines and a likely halogen bond between the ligand chlorine and the backbone carbonyl of 
Tyr71 is shown as a green dashed line.  

 

Table 2. Modifications to hybrid compound 6 

 

Compd. R1 R2 R3 R4 
NMR 

KRasG12D·GDP 
 KD (µM)a 

NMR 
KRasG12D·GMPPNP 

 KD (µM)a 

NEA  
 IC50 

(µM)b 

NEA w 
HTRF 

readout  
 IC50 

(µM)b 

6 H Cl H 
 

870 n.d.d n.d.d n.d.d 

7 H H Cl 
 

620 n.d.d >100c n.d.d 

8 H H Cl 
 

350 n.d.d n.d.d n.d.d 

9 H H Cl 
 

200 n.d.d n.d.d n.d.d 

10 OH H Cl 
 

41 290 116 39.1c 

11 OH H Cl 
 

20 180 66.7 40.7c 

12 OH H Cl 

 

<2* 180 19.8 7.7c 

 

13 OH H Cl 

 

<3* 48 8.41 3.02 
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14 OH H Cl 

 

n.d.d n.d.d 63.1c n.d.d 

aKD values were determined as described in the Experimental Section; *KD is an estimate as most signals are in the NMR “slow 
exchange” regime. bUnless otherwise noted IC50 values are shown as the average of (n ≥ 2) assay runs and were determined as de-
scribed in the Experimental Section. c shown as n = 1 data. dNot determined.  

Identification of the Benzothiazole Macrocycle Series. 
As part of the work targeting Asp38, we synthesized alkyl-
ated analogue 14. Inspection of the crystal structure 
showed the benzothiazole alkyl and amide ethanol groups 
were pointing towards each other (Figure 4A). Hypothesiz-
ing that macrocyclization could be exploited to gain further 
potency32 we introduced a five carbon linker between the 
secondary amide and the benzothiazole nitrogen, aiming to 
constrain 14 in its bioactive conformation. This strategy in-
creased affinity significantly; compound 15 has a 
KRasG12D·GDP SPR KD of 70 nM and a corresponding value of 
36.3 µM in the GMPPNP-bound assay (Table 3, Figure 4B). 
The crystal structure shows that the binding mode is largely 
conserved post macrocyclization with the ligand making hy-
drogen bonds to Asp38, Glu37 and a halogen bond to the 
backbone carbonyl of Tyr71. The bridging alkyl of the mac-
rocycle adopts a similar conformation to the less con-
strained alkyl substituents of the precursor suggesting that 
the macrocycle is in a reasonably unstrained conformation 
(Figure S2). 

 

Figure 4. (A) The binding pose of 14 shows its two N-alkyl sub-
stituents (highlighted in violet) filling out the binding site and 
pointing towards each other, suggesting that linking them may 
be advantageous. (B) The resulting macrocycle 15 bound to 
KRas (see also Figure S2). 

Inspection of the crystal structure showed that although 
the piperidine was oriented towards the side-chain of 
Asp38, the distance between the amine nitrogen and the 

carboxylate was outside standard hydrogen bonding dis-
tance33, at approximately 4.3 Å. With the potential to inter-
act with Asp38 more productively, we therefore synthe-
sized a series of primary, secondary and tertiary cyclic and 
bicyclic amine analogues, designed to target this residue 
(Table 3). This led to primary amine 16 that makes a biden-
tate interaction with Asp38 and the backbone carbonyl of 
Glu37 (Figure S3). However, the extra interaction afforded 
no significant improvement in affinity or inhibition of the 
Ras-Raf interaction, and we did not observe this binding 
mode for similar primary amine analogues (data not 
shown). Changing the length of the linker portion of the 
macrocycle to four carbons (20) showed only small differ-
ences in either binding affinity or inhibition of the Ras-Raf 
interaction. However, introduction of longer linkers, for ex-
ample compound 17, significantly decreased both binding 
affinity and inhibition of the Ras-Raf interaction (Table 3). 
Substitution on the linker was also investigated, inspired by 
the possibility of making a favorable interaction with the 
side chain of Ser39, shown in the crystal structure of 15 to 
be pointing into the binding site. This led to enantiomers 18 
and 19. The crystal structure for 19 shows the compound 
forms an additional hydrogen bond with Ser39 (Figure S4), 
however only marginal gains in affinity over unsubstituted 
compounds were made (Table 3), likely due to the subopti-
mal geometry and solvent-exposed nature of the introduced 
hydrogen bond. Unexpectedly the opposite (R) enantiomer 
18 was significantly less potent than the unsubstituted par-
ent, even though a crystal structure showed the ligand bind-
ing as expected, albeit with the linker hydroxyl pointing 
away from the protein (biochemical data not shown). De-
spite extensive SAR exploration, and achieving low nano-
molar affinity for the inactive state, affinity for the active 
state in this pocket plateaued around 1 µM, with the cis-
azaspiro[4.5]decane 21 and the C-3 (S)-hydroxyl 19 com-
pounds proving to be the most successful in terms of both 
GDP-bound and GMPPNP-bound affinity for KRas. 

 

Table 3. Derivatization of the benzothiazole macrocycle scaffold 

 

Compd. Ra  

SPR 
(KRasG12D·GDP) 

KD (µM)b 

SPR 
(KRasG12D·GMPPNP) 

KD (µM)b 

HTRF IC50 
(µM)b 

NEA  
 IC50 (µM)b 

NEA w 
HTRF 

readout  
 IC50 (µM)b 

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2 ORCID: https://orcid.org/0000-0003-0401-2693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2
https://orcid.org/0000-0003-0401-2693
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

15 

 

-(CH2)5- 0.070 36.3 1.72 1.52 0.182 

16 

 

-(CH2)5- 0.112 5.75 1.43 0.414 0.068 

17 

 

-(CH2)6- 0.350 9.97 6.46 1.65 0.287c 

18 

 
 

1.88 38.1 15.3c n.d.d 1.47 

19 

 
 

0.041 1.04 1.10 n.d.d 0.119 

20 

 

-(CH2)4- 0.044 1.45 1.31 2.76 0.163 

21 

 

-(CH2)5- 0.011 1.25 1.39 0.463 0.140 

22 

 

-(CH2)5- 0.044 2.61 2.01 0.791 0.211 

23 

 

-(CH2)5- 0.067 2.94 3.09 1.14 0.070 

24 

 

-(CH2)5- 0.558 12.2 10.6c n.d.d 0.353 

25 

 

-(CH2)5- 0.582 22.1c 7.36c n.d.d 0.283 

26  -(CH2)5- 0.866 23.1c 9.47 3.11c 1.85ǂ 

27 

 

-(CH2)5- 0.064 3.53 2.87 1.21c 0.070 

28 

 

-(CH2)5- 0.087 1.94 2.69c 1.57c 0.061 

aCompounds containing a basic amine were synthesized and assayed as the HCl salt as described in the Experimental Section. 
bUnless otherwise noted IC50 and KD values are shown as the average of (n ≥ 2) assay runs and were determined as described in the 
Experimental Section. cValue is shown as n = 1 data. dNot determined.

Preliminary in vitro ADME properties were measured for 
some macrocyclic compounds. In general, good kinetic sol-
ubilities were obtained, however low permeability (Papp 

(A2B) in a Caco-2 assay) coupled with high efflux ratios, 
along with high intrinsic clearance in both mouse micro-
somes and hepatocytes suggested the compounds may 
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suffer from low peripheral exposure (Table 4.) To confirm 
this, a PK study in mice with 22 (single dose level of 1 
mg/kg; dose volume 5 mL/kg) showed low exposure and 
high clearance (Tables S11, S12) consistent with the in vitro 
profile. A hepatocyte metabolite identification study on 22 
and 23 indicated both phenols were subjected to glucuron-
idation combined with dealkylation at the tertiary amine 

(Tables S8, S9). Calculated properties also indicated high 
tPSA and the potential for the macrocycles to exist in zwit-
terionic form at pH 7.4 (Table S7). However, strategies aim-
ing to reduce the basicity of the cyclic amine, compounds 24 
and 25 resulted in a significant drop-off in affinity, and de-
letion of the basic amine (26) was also detrimental.

 

Table 4. Solubility, Permeability, Microsomal and Hepatocyte clearance data for selected compounds.  

 
 

22 

 

23 

 

16 

Kinetic Solubilitya (µM) >200 >200 >200 

Caco-2 Permeability: Papp A2B 
(x 10-6 cm s-1) [Efflux Ratio] 

0.05 [>50] 0.11 [>50] 0.0712 [10.4] 

Microsomal stability Clint 
(µL/min/mg protein)  

31.9 >200 15.9 

Hepatocyte stability Clint 
(µL/min/106 cells) 

155 175 14.7 

a Solubilities were determined as described in the Experimental Section. 

In order to measure inhibition of Ras-Raf binding in a cel-
lular context a NanoLuc Binary Technology (NanoBiT) en-
gagement assay34 was generated in HEK293A cells. In this 
assay the KRasG12C inhibitor sotorasib and the EGFR inhibi-
tor erlotinib were used to show mutant specific effect on the 
HEK293A cells expressing LgBiT-Ras variants (KRasG12C, 
KRasG12D, KRasWT, NRasWT, HRasWT) (Figure 5A). As a nega-
tive control in the NanoBit assay, we generated HEK293A 
cells expressing KRas4BWT bearing specific double point 
mutations (Y71N and T74W). Identified by in silico muta-
genesis, these Ras mutants were chosen to disrupt com-
pound binding whilst having minimal effect on effector 
binding (data not shown). Compounds 27 and 28 demon-
strated moderate concentration-dependent inhibition of 
the WT/G12C/G12D KRas-Raf and H/NRasWT-cRaf interac-
tion (Table 5 and Figure 5A) after 3 h treatment and 25 min 
EGF stimulation, and as hypothesized significantly reduced 
binding affinity when assayed in KRas4BWT cells bearing the 
double point mutations (Figure 5B). Some differences 
across the Ras variants were observed in the NanoBit assay 
where the strongest effects were observed against RasWT 
(all isoforms), followed by KRasG12C and KRasG12D, likely due 
to the selectivity of these compounds for the GDP-bound 
form and possibly differences in intrinsic GTPase activities 
between the wild-type and mutant cell lines. Inhibition of 

Ras-Raf binding after treatment with a set of compounds ac-
tive in the NanoBit assay was also confirmed by cellular 
pull-down assay. The GTP-bound forms of Ras were pulled 
down with GST fusion proteins corresponding to the Ras-
binding domain of Raf in a RasWT PC3 cell line, and a dose-
response inhibition was detected (IC50 = 0.45–0.79 µM; Fig-
ure S7A). In addition, several tertiary amines such as 23, 27 
and 28 displayed inhibition of ERK phosphorylation in a 
MIA PaCa-2 KRasG12C cell line (Table 5 and Figure 5C). It has 
been shown previously that cells grown in anchorage-inde-
pendent settings are more dependent on KRas for growth 
than in more traditional 2D systems.35 Therefore, having 
observed inhibition of Ras-Raf binding and of downstream 
pERK in KRas mutant cells, we investigated the impact of 
compound treatment on MIA PaCa-2 spheroid model sur-
vival (Figure S7B). Data analysis showed these compounds 
having a modest effect on cell survival, with 28 being the 
most active (IC50 = 2.07 µM). To rule out any off-target ef-
fects on cell survival, lung cancer NCI-H1437 cells were 
used as a negative control. These are Ras wild-type cells but 
bear a Q56P activating mutation on the MEK protein, and 
therefore do not respond to Ras inhibition.36 As expected, 
no significant effect on NCI-H1437 cells was observed (Fig-
ure S7B) suggesting that decreased cell survival was due to 
on-target inhibition. 
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Figure 5. (A) Target engagement assay with NanoBiT performed on live HEK293A cells containing SmBiT-Raf and LgBiT-Ras (with 
KRasWT, KRasG12C and KRasG12D, or NRasWT or HRasWT), after treatment with the mutant-specific inhibitors sotorasib (KRasG12C) and 
erlotinib (RasWT) as well as selected in-house compounds. HEK293t containing SmBiT-NRF2 and LgBiT-KEAP1 were used as a neg-
ative control cell line. (B) NanoBiT assay performed in live cells expressing the binding-ablating KRasY71N, T74W mutant. For (a) and 
(b), the cells were treated for 3 h in 5% FBS media, followed by EGF stimulation for 25 min. Graphs represent the average of two 
independent experiments ± the SEM (except for 27 and sotorasib in the NRF2-KEAP1 cell line, where only one experiment is repre-
sented). (C) Dose-dependent pERK modulation in HTRF assay using the KRas G12C–MIA PaCa-2 cell line for selected compounds. 
The cells were treated for 3 h in complete 10% FBS media. Graphs represent the average of two to five independent experiments ± 
the SEM. Representative graphs for selected compounds are shown. 

Table 5. NanoBiT and pERK Cell Data 

NanoBiT IC50 (µM)a pERK HTRF 
IC50 (µM)a 

Compd 
HEK293A-Raf-

KRasWT 
HEK293A-Raf-

KRasG12C 
HEK293A-Raf-

KRasG12D 
HEK293A-Raf-

HRasWT 
HEK293A-Raf-

NRasWT 
MIA PaCa-2 

G12C 

22 >10 >10 >10 >10 3.45 5.69 

23 2.87 7.12 >10 5.79 2.73 1.99 

27 0.56 1.71 5.94 1.21 0.64 0.65 

28 0.27 0.99 2.53 1.00 0.21 1.17 

aIC50 values were determined as described in the Experimental Section. 

Compounds based on 15 consistently showed a signifi-
cant, and sometimes dramatic drop-off in affinity between 
the inactive and active forms of KRas. In part, this is likely 
to be due to the conformation of Glu37 in the two loading 
states. In the GDP state the conformation of switch-I enables 
Glu37 to position itself in a pocket formed by Leu56–Ala59 
and Tyr71, to some extent folded away, but in a confor-
mation allowing one of the carboxylate oxygens to hydro-
gen bond to the ligand. However, the switch conformation 
in GTP-bound KRas pushes Glu37 into the binding site 

(Figure 6), making it unable to hydrogen-bond to Ala59 and 
partly blocking the site. 
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Figure 6. Comparison of the Glu37 conformation between 
KRas∙GDP and KRas∙GMPPNP. (A) The KRas∙GDP∙15 complex 
shows the side chain of Glu37 (excluded from the molecular 
surface) clearly positioned by multiple hydrogen-bonding in-
teractions with the rest of the protein and well-positioned to 
interact with the bound ligand. The same conformation is pre-
formed in equivalent ligand-free structures (data not shown). 
(B) In a representative ligand-free KRas∙GMPPNP structure 
(PDB ID 3GFT), the changes in switch conformations push a 
more exposed Glu37 into our ligand binding site, where it can 
be seen clashing with 15 superimposed from the model in 
panel A. 

For these macrocycle compounds to bind to the GTP-
bound conformation of KRas, they are required to push 
Glu37 aside, thereby incurring an energy penalty to binding. 
In addition, Asp38 exhibits extensive side chain flexibility, 
although two conformations are dominant. One of these 
conformations can interact with the ligand and is a con-
served conformation across most of our ligand complexes. 
This is also the side-chain conformation observed in most 
GDP-bound apostructures. However, most GTP-bound apo-
structures show the conformation seen in Ras-effector com-
plexes,37 with the Asp38 carboxylate rotated away from the 
amine group. For these reasons and despite extensive SAR 
exploration, affinity of our ligands for the GMPPNP-bound 
state in this pocket plateaued at the one micromolar level. 

Identification of the Aminopyridine “Interswitch” 
Macrocycles. 

Literature and in-house molecular dynamic simulations 
(not shown) had indicated flexibility in the switch regions38 
that might allow growing of our ligands towards the Gly12 
mutation site and the nucleotide binding site, utilizing the 
sulfonamide 2-hydroxy position as a growth vector (Figure 
7A). This would potentially enable mutant selectivity, while 
also allowing us to investigate bioisosteric replacements for 
the phenolic moiety. Aiming to maintain similar interac-
tions with Glu37 but potentially improve metabolic stabil-
ity, we chose to incorporate an aminopyridine to replace the 
2-hydroxy phenol moiety of the cis-azaspiro[4.5]decane 
compound 21. Synthetic chemistry efforts towards this an-
alogue employed a para-methoxy benzyl (PMB) protecting 

group, and serendipitously the side-product 29 (Scheme 5) 
was submitted for testing. Although ITC binding affinity 
(Table S5), and potency in the biochemical HTRF assay was 
moderate (Table 6), we were successful in obtaining a GDP-
bound KRasWT crystal structure (Figure 7B). Surprisingly 
the compound had induced a novel pocket between switch-
I and switch-II not seen in previous in-house or literature 
crystal structures. Further exploration of this hitherto un-
explored “Interswitch” region of the protein was under-
taken (Table 7). In contrast to the bis-phenol benzothiazole 
macrocycles (compounds 15–28), where a significant drop-
off in affinity between inactive and active loading states is 
invariably observed, pyrrolidine 31 has equipotent affinity 
for both nucleotide loading states. The crystal structure of 
the KRasWT·GMPPNP·31 complex (Figure 7C) shows both 
switch regions partly disordered and their structured parts 
adopting unusual conformations, which allows the ligand 
pyrrolidine to donate a hydrogen bond to Glu63. The major 
conformation of Glu37 shows its side chain pointing into the 
Interswitch region, suggesting it might be available for ad-
ditional ligand interactions. These were realized by the pi-
perazine analogue 32, which regains a hydrogen-bond to a 
(shifted) Glu37 side chain (Figure 7D). Extending the com-
pounds deeper into the Interswitch region gave the cis-cy-
clohexyl derivative 33, which binds to KRas·GMPPNP with 
sub-micromolar affinity by SPR. Further exploration of the 
binding site with a series of basic amines yielded 34, which 
has single-digit micromolar affinity for GDP-bound KRas 
and sub-micromolar affinity for GMPPNP-bound KRas, as 
well as 35, which shows sub-micromolar affinities for both 
loading states of KRas. Both compounds also have sub-mi-
cromolar potency in the HTRF assay. The crystal structure 
of KRas·GMPPNP in complex with 34 reveals that, while the 
switch regions continue to be partially disordered, Glu37 
and Asp38 are stabilised in a single (previously minor and 
unmodeled) conformation with the Asp38 side chain now 
pointing into the binding site, where it accepts a hydrogen 
bond from the ligand, while Glu37 now points outwards 
into solvent (Figure 7E). Rigidification of the pendant amine 
then led to 36. This compound exhibits nanomolar affinity 
for GMPPNP-bound KRas in direct binding assays (SPR and 
ITC), and interestingly a high degree of selectivity for the 
GMPPNP-bound state (Table 7, Table S5). The crystal struc-
ture of 36 with KRasWT·GMPPNP shows the C-terminal end 
of switch-I in the same Asp38-in conformation, with the 
Asp38 side chain making a bidentate interaction with two 
ligand amines (Figure 7F). In addition, the structure shows 
the compound making a water-mediated hydrogen bond to 
the γ-phosphate of the nucleotide (GMPPNP), which likely 
contributes to selectivity for the active state. 
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Figure 7. (A) The KRas∙16 complex with the switch regions highlighted (switch-I in pale green, switch-II in pale blue). Gly12 is 
excluded from the molecular surface and shown as beige spheres, while the bound nucleotide is shown as purple spheres. The pos-
sible growth vector from the ligand is indicated by a red arrow. (B) The PHB of 29 opens up a new subpocket. (C) Binding of 31 
displaces and partly disorders (dashed coil) switch-I. Glu37 still faces the ligand, but no longer hydrogen-bonds to it. Instead the 
pyrrolidine donates a hydrogen bond to Glu63 on switch-II (also partly disordered). (D) In the KRas∙32 complex the switch regions 
are in similar conformations to those seen for KRas∙31, but in this case Glu37 is positioned to accept a hydrogen bond from the ligand 
piperazine. (E) The crystal structure of 34 in complex with KRas shows switch-I further detached so that Asp38 is now facing the 
ligand. (F) 36 makes improved interactions with Asp38. Both 34 and 36 extend towards the nucleotide-binding site, hydrogen-
bonding to one of the water molecules coordinating (blue dashed line) the Mg2+ (pale cyan). 

Table 6. HTRF and NEA biochemical data for compound 29 

 

Com-
pound 

R SPR (KRasG12D·GDP) KD 
(µM)a 

SPR (KRasG12D·GMPPNP) KD 
(µM)a 

HTRF IC50 
(µM)a 

NEA  
 IC50 

(µM)a 

NEA w 
HTRF 

readout 
(µM)a 

29 
 

n.d.b n.d.b 6.84 3.63 6.19 

aIC50 values are shown as the average of (n ≥ 2) assay runs and were determined as described in the Experimental Section. b Not 
determined. 

 

Table 7. Exploration of the 2-position of the aminopyridine macrocycle 
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Compound Ra 
SPR 

(KRasG12D·GDP) 
KD (µM)b 

SPR 
(KRasG12D·GMPPNP) 

KD (µM)b 
HTRF IC50 (µM)b NEA w HTRF 

readout (µM)b 

30 NH2 1.89 62.0 20.3c 0.843 

31 
 

3.12 2.70 6.60 3.91 

32  0.160 1.41 1.91c n.d.d 

33 

 

1.25 0.728 1.05c 0.471 

35 
 

0.789 0.738 0.585 0.443 

34 

 

1.69 0.826 0.472 0.526 

36 
 

2.73 0.322 0.341 0.267 

aCompounds containing a basic amine were synthesized and assayed as their respective HCl salts as described in the Experimental 
Section. bUnless otherwise noted IC50 and KD values are shown as the average of (n ≥ 2) assay runs and were determined as described 
in the Experimental Section. cValue is shown as n = 1 data. dNot determined.

To assess any mutant or isoform selectivity, selected 
compounds were profiled against a panel of biologically rel-
evant KRas mutants (G12D/G13D/G12C/G12V/Q61K) and 
the wild-type K/H/NRas proteins using the biochemical 
HTRF assay (Table S3). The compounds tested demon-
strated moderate selectivity for the KRas G12D, G13D and 
G12V mutants and, for most examples, wild-type HRas. In 
contrast, the Q61K mutant appeared slightly less suscepti-
ble in this assay, particularly with the aminopyridine mac-
rocycle compounds. SPR binding affinities for both 
GMPPNP-loaded and GDP-loaded wild-type K/H/NRas 
were also determined for selected compounds (Table S4). 
Here only minor differences were observed between the 
isoforms. Despite some marginal differences between the 
variants as described above, the values obtained in the 
HTRF assay were within 5-fold (Rasm/isoform/ KRasWT) (Fig-
ure S6), suggesting these compounds can target a broad 
range of KRas mutants and Ras isoforms in vitro.  

Synthesis. The synthesis of compounds 2–4 and 6–14 is 
outlined in Schemes 1 and 2. Coupling of commercially 
available chloro-quinolines 37a or 37b with benzenesul-
fonamide using Buchwald-Hartwig conditions afforded 
quinoline sulfonamides 2 and 3. Reaction of aminoquino-
line 38 with 3-nitrobenzenesulfonyl chloride in anhydrous 

pyridine afforded intermediate sulfonamide 39. Com-
pounds 6, 7 and intermediates 41a–e were obtained in a 
similar fashion starting from either 40a, 40b or 40c and re-
acting with an appropriate commercially available sulfonyl 
chloride. Reduction of 39 in the presence of Palladium and 
ammonium formate afforded 4, whilst compounds 8–11 
were obtained from 41a–e by conversion of the aryl methyl 
ether to the corresponding phenol using boron tribromide. 
Compound 12 was accessed starting from 41e. Hydrolysis 
of the ester to the corresponding carboxylic acid 42, fol-
lowed by propylphosphonic anhydride mediated amide for-
mation with tert-butyl N-(4-piperidyl)carbamate provided 
intermediate 43, which was globally deprotected using bo-
ron tribromide to afford the desired final compound. To 
prepare compounds 13 and 14, 42 was alkylated with bro-
moethane to afford a non-separable mixture of N-ethyl re-
gioisomers (approximately 5:1 benzothiazole:sulfonamide 
nitrogen) as their corresponding ethyl esters. After hydrol-
ysis of the ethyl ester, the resulting mixture of N-ethyl regi-
oisomers were converted to amides 46a–46b using the re-
quired secondary amine and propylphosphonic anhydride 
as coupling reagent. Subsequent methyl ether deprotection 
with boron tribromide yielded the desired final compounds.

 
Scheme 1. Synthetic Route for Quinoline Sulfonamides 2–4a 
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aReagents and conditions: (a) [For 2–3] 37a (2) or 37b (3), benzenesulfonamide, 1,1 tris(dibenzylideneacetone)dipalladium(0), 

1,1-bis(diphenylphosphino)ferrocene, cesium carbonate, 1,4-dioxane, 140–180 °C, µwave, 10 min; (b) 3-nitrobenzenesulfonyl chlo-
ride, anhyd pyridine, rt, 2 h; (c) Pd/C 10%, NH4HCO2, EtOH, 80 °C, 6 h, rt, 16 h.

Macrocycles 15–17, 20, 22 and 26 were synthesized as 
depicted in Scheme 3. Amidation of benzoic acid 42 with an 
appropriate primary amine afforded secondary amides 
47a–c. Alkylation of the aminobenzothiazole portion of the 
molecule with either 1,4-dibromobutane, 1,5-dibromopen-
tane or 1,6-dibromopentane afforded a separable mixture 
of N-alkylated regioisomers (approximately 9:1 benzothia-
zole:sulfonamide nitrogen). Ring closure of the desired re-
giosomers 48a–e via a sodium hydride mediated SN2 reac-
tion afforded macrolactams 49a–e which underwent global 
deprotection using boron tribromide. Finally, compounds 
containing a basic amine were treated with a solution of HCl 
to afford compounds 15–17, 20 and 26 as HCl salts. Alter-
natively as depicted in Scheme 4, alkylation of benzothia-
zole 50 with 2-(2-bromoethyl)oxirane afforded epoxide 
51a. In a similar fashion, bromide 51b was obtained after 
alkylation of 50 with 1,5-dibromopentane. Ytterbium tri-
flate catalyzed regioselective ring opening of epoxide 51a 
with cis-tert-butyl N-(4-aminocyclohexyl)carbamate pro-
vided racemic β-amino alcohol 52. Hydrolysis of the ester 
yielded key intermediate 53, which when treated with 3-
(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one 
(DEPBT) afforded macrolactam 54. To minimize any unde-
sired heterocoupling reactions, this step was conducted at 
high dilution (0.005M concentration). Chiral separation 
provided enantiomeric pair 55a and 55b. Subsequently 
these were globally deprotected using boron tribromide fol-
lowed by salting of the primary amine to afford compounds 

18 and 19 as HCl salts. Similarly, reaction of 51b with ap-
propriate primary amines, followed by hydrolysis of the es-
ter yielded key intermediates 57a–d. Macrolactamization 
using either DEPBT or HATU afforded the macrocycles 49b 
and 49h–j. Boc group deprotection of 49b and 49h to afford 
the corresponding secondary amines 49f and 49k, followed 
by alkylation with an appropriate electrophile, furnished 
tertiary amines 49l–49o. 49i, 49j, 49l–o, were then treated 
with boron tribromide and the basic amines salted with a 
solution of HCl to give final compounds 21, 23–25, 27–28. 
The initial route towards aminopyridine-containing com-
pounds installed the aminopyridine substituent early in the 
synthesis (Scheme 5). Starting from PMB-substituted ami-
nopyridine 58 (see Supporting Information), 29 was ob-
tained in six steps in an analogous manner to compound 21. 
Alternatively, variation of the substituted aminopyridine 
portion of the molecule was enabled from either late-stage 
intermediate 68a or 68b (Scheme 6). Thioethers 67a–b 
were obtained using a similar strategy to compound 49b. 
Oxidation of the thioether to the sulfone using m-CPBA fol-
lowed by SNAr reaction with the desired amine nucleophiles 
provided compounds 69a–g. Global deprotection with ei-
ther HCl (32) or boron tribromide (30, 31, 33–36) and salt 
formation provided final compounds 30, 31–36. 

CONCLUSIONS

 
Scheme 2. Synthetic Route for Benzothiazole sulfonamides 6–14a 
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aReagents and conditions: (a) [for 6, 7, 41a–41e] benzenesulfonyl chloride (6, 7) or 3-methoxybenzenesulfonyl chloride (41a, 

41c) or 2-methoxybenzenesulfonyl chloride (41b) or 4-methoxybenzenesulfonyl chloride (41d) or methyl 5-chlorosulfonyl-2-
methoxy-benzoate (41e), anhyd pyridine, rt, 6–16 h; (b) BBr3, DCM, 0 °C – rt, 16 h; (c) 4 M LiOH (aq.), MeOH, rt, 1 h; (d) [for 43, 46a] 
tert-butyl N-(4-piperidyl)carbamate, propylphosphonic anhydride solution (50% w/v in ethyl acetate), DIPEA, DCM, rt, 16 h; [for 
46b] tert-butyl 4-(2-hydroxyethylamino)piperidine-1-carboxylate, HATU, DIPEA, DMF, rt, 5 h; (e) bromoethane, K2CO3, DMF, rt, 16 
h. 

Scheme 3. Synthetic Route for Benzothiazole Macrocycles 15–17, 20 and 26a 
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aReagents and conditions: (a) [for 47a, 47b] tert-butyl 4-aminopiperidine-1-carboxylate (47a) or cis-tert-butyl N-(4-aminocyclo-

hexyl)carbamate (47b), propylphosphonic anhydride solution in ethyl acetate (50% w/w), NEt3, anhyd THF, rt, 16 h; [for 47c] ethyl-
amine 2.0 M in THF, propylphosphonic anhydride solution in ethyl acetate (50% w/w), DIPEA, anhyd DCM, rt, 16 h; (b) [for 48a–e] 
1,4-dibromobutane (48a) or 1,5-dibromopentane (48b–d) or 1,6-dibromohexane (48e), K2CO3, anhyd DMF, rt, 16–48 h; (c) sodium 
hydride, anhyd DMF, 0 °C to rt, 16 h; (d) BBr3, anhyd DCM, 0 °C to rt; (e) 5–6 N HCl in 2-propanol or 4 N HCl in 1,4-dioxane; (f) TFA, 
DCM, rt, 24–60 h; (g) 1-bromopropane, sodium iodide [cat.), NEt3, anhyd MeCN, 65 °C, 16 h. 

In September of 2020, the first phase I clinical trial results 
for KRasG12C inhibitor (sotorasib) treatment were pub-
lished7 showing encouraging results for patients with 
NSCLC and CRC, reaching either a stable disease or an ob-
jective response after treatment. Whilst promising and FDA 
approved, only a limited portion of patients benefit from 

treatment with KRasG12C specific inhibitors, and we now 
know that treatment with sotorasib and other KRasG12C tar-
geted therapies are often associated with resistance and 
that most patients eventually relapse. 8-10, 12, 39, 40 Several 
studies are ongoing to

 
Scheme 4. Synthetic Route for Benzothiazole Macrocycles 18–19, 21–25, 27–28a 
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aReagents and conditions: (a) [for 51a] 2-[2-bromoethyl)oxirane, K2CO3, 120 °C, µwave, 5 min; [for 51b] 1,5-dibromopentane, 

K2CO3, anhyd DMF, rt, 2 d; (b) [for 52] cis-tert-butyl N-(4-aminocyclohexyl)carbamate, ytterbium(III) trifluoromethanesulfonate, 
THF, 130 °C, µwave, 60 min; [for 56a] tert-butyl 4-aminopiperidine-1-carboxylate, K2CO3, anhyd MeCN, 60 °C, 3 d; [for 56b, 56c] 
tert-butyl (1R,5S)-3-amino-8-azabicyclo[3.2.1]octane-8-carboxylate (56b) or (2R,4r,6S)-1-benzyl-2,6-dimethylpiperidin-4-amine) 
(56c), K2CO3, anhyd MeCN, 80°C , 24 h; [for 56d] tert-butyl cis-8-amino-1-azaspiro[4.5]decane-1-carboxylate (83), K2CO3, anhyd 
MeCN, 55 °C, 6 d; (c) 4 M LiOH (aq.), rt, 16 h; (d) [for 54, 49i, 49j] 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-4(3H)-one, NEt3, 
anhyd DMF, 16 h; [for 49b, 49h] HATU, NEt3, anhyd DMF, 16 h; (e) HPLC chiral separation; (f) BBr3, anhyd DCM, 0 °C to rt, 16 h; (g) 
5–6 N HCl in 2-propanol or 4 N HCl in 1,4-dioxane; (h) TFA, DCM, rt, 24–60 h; (i) [for 49l] acetyl chloride, DMAP, NEt3, anhyd DCM, 
rt; [for 49m] 2,2-difluoroethyl trifluoromethanesulfonate, anhyd MeCN, NEt3, reflux, 2 h; [for 49n] 1-iodopropane, NEt3, anhyd 
MeCN, 80 °C, 7 h; [for 49o] 1-bromo-2-methyl-propane, sodium iodide (cat.), NEt3, anhyd MeCN, 80 °C, 48 h.  
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Scheme 5. Synthetic Route for Aminopyridine Macrocycle 29a 

 
aReagents and conditions: (a) 1,5-dibromopentane, K2CO3, DMF, rt, 2 d; (b) tert-butyl cis-8-amino-1-azaspiro[4.5]decane-1-car-

boxylate (83), K2CO3, MeCN, 80 °C , 60 h; (c) 4 M NaOH (aq.), ethanol, rt, 16 h; (d) 3-(diethoxyphosphoryloxy)-1,2,3-benzotriazin-
4(3H)-one, NEt3, DMF/toluene, rt, 5 d; (e) BBr3, DCM, 0 °C to rt; (f) 4 N HCl in 1,4-dioxane. 

Scheme 6. Synthetic Route for Aminopyridine Macrocycles 30–36a 
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aReagents and conditions: (a) 1,5-dibromopentane, K2CO3, DMF, rt, 16 h; (b) cis-tert-butyl N-(4-aminocyclohexyl)carbamate, 

K2CO3, KI, MeCN, 60 °C, 3 d; (c) 4 N LiOH (aq.), ethanol, rt, 16 h; (d) DEPBT, NEt3, toluene / DMF, 16 h; (e) m-CPBA, DCM, 0 °C to rt, 
16 h; (f) [for 69a] 4-methoxyphenyl)methanamine), NEt3, 70 °C, 16 h; [for 69b] tert-butyl (3S)-3-aminopyrrolidine-1-carboxylate, 
NMP, 110 °C, 16 h; [for 69c, 69d] tert-butyl piperazine-1-carboxylate (69c) or tert-butyl N-(cis-4-aminocyclohexyl)carbamate) 

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2 ORCID: https://orcid.org/0000-0003-0401-2693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2
https://orcid.org/0000-0003-0401-2693
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

(69d), DIPEA, DMF, 100 °C, µwave, 6 h; [for 69e, 69f, 69g] tert-butyl N-[2-[(cis-4-aminocyclohexyl)amino]ethyl]carbamate (69e) or 
tert-butyl N-[2-[tert-butoxycarbonyl(methyl)amino]ethyl]-N-(4-piperidyl)carbamate(69f) (87) or tert-butyl N-[1-(4-piperidyl)-4-
piperidyl]carbamate (69g), DIPEA, DMSO, 100 °C, 6–16 h; (g) 4.0 M HCl in 1,4-dioxane, DCM, 0 °C (32) or BBr3, DCM, 0 °C to rt; (h) 
5–6 N HCl in 2-propanol or 4 N HCl in 1,4-dioxane. 

overcome these mechanisms of relapse, including combi-
nation therapies or novel investigations on the use of inhib-
itors that target all Ras isozymes.15 Currently there are no 
approved pan-Ras targeted therapies; however, recently 
considerable progress has been made in this area by our or-
ganization and others.20 As specificity for mutated proteins 
is traded for a broader Ras pathway inhibition, pan-Ras in-
hibition may be able to address the problem of resistance, 
overcome adaptive feedback observed with mutant selec-
tive inhibitors and increase the chances of successful treat-
ment. Despite the fact that pan-Ras inhibition mediated tox-
icity has been suggested, many inhibitors of the Ras net-
work (e.g. EGFR inhibitors that indirectly act as pan-Ras in-
hibitors) are FDA-approved and attest to good tolerabil-
ity.41, 42 In this work, guided by multiple ligand-bound crys-
tal structures encompassing wild-type and mutant protein, 
as well as GDP & GMPPNP loading states, we initially ex-
ploited an enlarged version of the switch I-II pocket on Ras 
to develop compounds that have low nanomolar affinities 
for the inactive form of a range of Ras proteins. These com-
pounds block interactions with both the GEF SOS1 and the 
effector Raf and display cellular inhibition of Ras-Raf bind-
ing in a NanoBiT target engagement assay, as well as down-
stream phosphorylation of ERK. Subsequently, we identi-
fied a novel region of the protein that we were able to ex-
ploit to deliver molecules that also tightly bind to the active 
GMPPNP-bound form of Ras with up to 10-fold selectivity 
over the inactive form, and to the best of our knowledge 
these compounds are some of the most potent binders to 
the GMPPNP-loaded form of Ras. Furthermore, these com-
pounds inhibit a range of biologically relevant KRas mu-
tants and wild-type isoforms in vitro, demonstrating that 
potent pan-Ras inhibitors can be accessed from this ex-
panded switch I-II pocket. Lead molecule 36 binds to 
GMPPNP-loaded Ras within 4 Å of the γ-phosphate, provid-
ing opportunities to directly interact with the nucleotide 
and possibly influence GTPase activity. Despite high affinity 
for Ras, sub-optimal ADME properties and resultant lack of 
efficacy in cells meant we were not able to progress these 
molecules. However, given the novel binding mode of these 
molecules we expect they could be used either as new inspi-
ration to deliver potent pan-Ras inhibitors or as lead mole-
cules to leverage a heterobifunctional strategy. Altogether, 
we believe this study offers exciting new starting points to 
explore both the biological relevance and safety profile of 
pan-Ras inhibition and the potential benefit of targeting the 
GTP-bound active state.  

EXPERIMENTAL SECTION 

Chemistry. All reagents were purchased from commer-
cial sources and used as received without further purifica-
tion unless otherwise stated. All solvents were of reagent 
grade unless otherwise stated, with Acros® anhydrous 
equivalents being sourced from Fisher Scientific. All reac-
tions were performed under an inert atmosphere of nitro-
gen unless otherwise stated. Reaction monitoring and low-
resolution mass spectrometry (LC-MS) was carried out us-
ing a Waters Acquity UPLC® Classic system with PDA and 
SQD detection using a BEH C18 1.7 µm, 2.1 x 50 mm column 
(Method A or B). Final compound purity was carried out on 

either a Waters Acquity UPLC® Classic system (Method A) 
or a Waters Acquity UPLC® H-Class SQD2 system incorpo-
rating ELSD and PDA detection using a BEH C18 1.7 µm, 2.1 
x 50 mm column (Method C). All tested compounds were 
determined to be >95% pure by HPLC/ELSD analysis unless 
otherwise stated. HRMS final compound mass spectrometry 
was carried out using a Waters Acquity UPLC® I-Class cou-
pled to a Vion IMS QTof MS (Waters) using a BEH C18 1.7 
µm, 2.1 x 50 mm column. See the Supporting Information 
for details of HRMS and LC-MS methods. All final com-
pounds were purified by preparative reverse phase HPLC 
using a Waters high performance liquid chromatography 
system, fitted with an XBridge Prep 19 x 100 mm C18 5 μm 
OBD column, using appropriate gradients of acetonitrile 
and water, with either 0.1% formic acid or ammonium hy-
droxide + 10 mM ammonium bicarbonate as mobile phase 
modifiers. Chiral separations were performed on a Gilson 
Preparative LC system with a Waters Acquity UPC2® QDa 
Detector (ES/API) and a Waters Acquity UPC2® PDA Detec-
tor, using a Phenomenex Lux C4 (21.2mm × 250mm, 5µm) 
column. Chiral purity analysis was carried out by SFC on a 
Waters UPC2® using a Phenomenex Lux C4 (4.6mm × 
250mm, 5µm) column; see Supporting Information for 
method details. NMR spectra were recorded using either a 
Varian 400 MHz or 600 MHz or a Bruker 400 MHz or 600 
MHz spectrometer using the residual solvent as a reference; 
(CDCl3: δ = 7.26 for 1H NMR and δ = 77.16 for 13C NMR; 
DMSO-d6: δ = 2.50 for 1H NMR and δ = 39.52 for 13C NMR). 
Chemical shifts (δ) are given in parts per million (ppm) and 
abbreviations for signal multiplicities are as follows: s, sin-
glet; bs, broad singlet; d, doublet; t, triplet; q, quartet; quint, 
quintet; m, multiplet; app, apparent. 

General Procedures. General Procedure for Methyl Ether 
Deprotection (GP1). To a stirred solution of aryl methyl 
ether (1.0 equiv) in anhyd DCM (0.05 M), in a sealed tube 
equipped with a silicon cap, was added boron tribromide (3 
equiv per protecting group) under nitrogen at 0 °C, and the 
resultant suspension was stirred for 18–24 h, warming to 
room temperature. Upon completion, (assessed by LC-MS 
analysis of a syringe extracted aliquot, diluted with acetoni-
trile), the reaction was cooled to <5 °C, opened to air and 
quenched by the dropwise addition of 2-propanol (approx-
imately 100 volumes relative to the boron tribromide) with 
rapid stirring. The quenched reaction mixture was loaded 
onto an ion-exchange cartridge pre-equilibrated with 10% 
acetic acid in methanol. The cartridge was flushed with 
methanol (approximately 1 CV) then the product eluted 
with 2 N ammonia in MeOH. Solvent from the basic eluent 
was removed either by rotary evaporation, a stream of ni-
trogen at 40 °C, or centrifugal evaporation and the residue 
solubilised in an appropriate solvent and syringe filtered 
prior to further purification. Purification was carried out by 
reverse phase preparative HPLC using an appropriate gra-
dient of acetonitrile and water with either a 0.1% formic 
acid or 0.1% ammonium hydroxide + 10 mM ammonium bi-
carbonate modifier. Final products were obtained after sol-
vent removal and lyophilisation carried out by centrifugal 
evaporation. 
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General Procedure for HCl Salting of Final Compounds 
(GP2). Lyophilised product was salted by sonicating for 10 
min in either 5–6 N HCl in 2-propanol or 4 N HCl in 1,4-di-
oxane ~1 mL per 50 mg). The solvent was removed either 
under a stream of nitrogen or by centrifugal evaporation. 
The residue was dissolved in 1:1 acetonitrile:water ~10 
mg/mL) and final product obtained by lyophilisation under 
reduced pressure. 

N-(6-methyl-2-quinolyl)benzenesulfonamide (2). 1,1-
bis(diphenylphosphino)ferrocene (9.4 mg, 0.017 mmol, 
0.03 equiv), tris(dibenzylideneacetone)dipalladium (0) (5.2 
mg, 0.006 mmol, 0.01 equiv) and cesium carbonate (220 
mg, 0.68 mmol, 1.2 equiv) were weighed into a microwave 
vial which was sealed, evacuated and purged with nitrogen. 
A solution of benzenesulfonamide (106 mg, 0.68 mmol, 1.2 
equiv) and 2-chloro-6-methylquinoline 37a (100 mg, 0.56 
mmol, 1.0 equiv) in degassed 1,4-dioxane (0.5 mL) was 
added and the mixture heated by microwave irradiation at 
140 °C for 10 min. The cooled reaction was diluted with 
ethyl acetate, washed with water and the organics sepa-
rated. The organics were dried (MgSO4), filtered and the sol-
vent removed under reduced pressure. Purified by flash col-
umn chromatography (SiO2, gradient elution i-hexane/ethyl 
acetate = 100/0 to 50/50) to afford the title product (63 mg, 
0.20 mmol, 36% yield) as a light-brown solid. 1H NMR (600 
MHz, DMSO-d6) δ 13.20 (br s, 1H), 8.16 (d, J = 9.5 Hz, 1H), 
7.89 (app. d, J = 7.3 Hz, 2H), 7.59 (s, 1H), 7.58 – 7.37 (m, 6H), 
2.38 (s, 3H); 13C NMR (151 MHz, DMSO-d6) δ 154.99, 143.68, 
141.33, 135.59, 133.55, 131.58, 128.86 (2C), 127.34, 
125.95, 120.90, 116.79, 115.51, 20.53; HRMS (ESI+) m/z: 
calcd for [C16H14N2O2S +H]+ 299.0849; found 299.0847. 

N-(4-quinolyl)benzenesulfonamide (3). The title com-
pound was synthesized according to the procedure for 2 us-
ing 4-chloroquinoline 37b (81 mg, 0.50 mmol). The desired 
product was obtained as a white solid (41 mg, 0.14 mmol, 
28% yield). 1H NMR (600 MHz, DMSO-d6) δ 13.10 (s, 1H), 
8.39 (dd, J = 8.4, 1.5 Hz, 1H), 8.21 (d, J = 7.2 Hz, 1H), 7.91 – 
7.86 (m, 2H), 7.80 (ddd, J = 8.4, 6.9, 1.5 Hz, 1H), 7.69 (d, J = 
8.3 Hz, 1H), 7.57 – 7.48 (m, 4H), 7.13 (d, J = 7.1 Hz, 1H); 13C 
NMR (151 MHz, DMSO-d6) δ 160.67, 143.82, 140.30, 138.26, 
132.61, 131.28, 128.71, 125.97, 125.45, 125.05, 123.17, 
118.86, 104.44; HRMS (ESI+) m/z: calcd for [C15H12N2O2S 
+H]+ 285.0692; found 285.0695. 

3-nitro-N-(2-quinolyl)benzenesulfonamide (39). To a 
stirred solution of quinolin-2-amine 38 (5.00 g, 34.7 mmol, 
1.0 equiv) in anhyd pyridine (100 mL) was added 3-nitro-
phenylsulfonyl chloride (9.99 g, 45.1 mmol, 1.3 equiv) por-
tion-wise and the mixture stirred for 2 h at rt. The solvent 
was removed under reduced pressure and the residue sus-
pended in methanol. The precipitated product was col-
lected by filtration and dried in a vacuum desiccator (50 °C, 
16 h) to afford the title product (8.60 g, 23.5 mmol, 68% 
yield). LC-MS (ESI+) m/z: 330.1 [M + H]+. 

3-Amino-N-(2-quinolyl)benzenesulfonamide (4). Under 
an atmosphere of nitrogen a slurry of palladium metal on 
activated carbon (10%) (323 mg, 0.30 mmol, 0.05 equiv) in 
ethanol (0.5 mL) was added to a stirred mixture of 3-nitro-
N-(2-quinolyl)benzenesulfonamide 39 (2.00 g, 6.07 mmol, 
1.0 equiv) and ammonium formate (5.74 g, 9.11 mmol, 1.5 
equiv) in ethanol (100 mL). The reaction was heated to 80 
°C for 6 h then allowed to cool to rt and stirred overnight. 
The reaction mixture was filtered through a pad of celite 
and the filter was washed sequentially with ethanol, 

methanol, ethyl acetate, DCM and water. The filtrate and 
washings were combined, and the organic solvents re-
moved under reduced pressure to afford an aqueous resi-
due that was extracted with DCM (2 x 20 mL). The organics 
were dried (MgSO4), filtered and evaporated under reduced 
pressure. The residue was suspended in water and the re-
sulting precipitate collected by filtration and dried in a vac-
uum desiccator (50 °C, 16 h) to afford the title product (1.50 
g, 4.51 mmol, 74% yield) as a tan solid. 1H NMR (600 MHz, 
DMSO-d6) δ 13.12 (br s, 1H), 8.20 (d, J = 9.5 Hz, 1H), 7.80 
(dd, J = 8.0, 1.4 Hz, 1H), 7.66 (ddd, J = 8.5, 7.0, 1.4 Hz, 1H), 
7.56 (d, J = 8.4 Hz, 1H), 7.48 (d, J = 9.6 Hz, 1H), 7.40 – 7.31 
(m, 1H), 7.12 (t, J = 7.8 Hz, 1H), 7.09 (s, 1H), 6.98 (d, J = 7.6 
Hz, 1H), 6.70 – 6.65 (m, 1H), 5.47 (s, 2H); HRMS (ESI+) m/z: 
calcd for [C15H13N3O2S+H]+ 300.0801; found 300.0804. 

N-(6-chloro-1,3-benzothiazol-2-yl)benzenesulfonamide 
(6). A mixture of 2-amino-6-chlorobenzothiazole 40a (100 
mg, 0.54 mmol, 1.0 equiv), benzenesulfonyl chloride (82.9 
uL, 0.65 mmol, 1.2 equiv), pyridine (1 mL) and DCM (1mL) 
was stirred for 60 h at rt. Water (3mL) was added and the 
resulting precipitate collected by filtration and washed with 
DCM (5 mL) and water (5 mL). The solid was dried under 
vacuum to afford N-(6-chloro-1,3-benzothiazol-2-yl)ben-
zenesulfonamide (127 mg, 0.37 mmol, 69% yield) as a white 
solid. 1H NMR (600 MHz, DMSO-d6) δ 13.32 (br s, 1H), 7.97 
(d, J = 2.2 Hz, 1H), 7.89 – 7.82 (m, 2H), 7.66 – 7.60 (m, 1H), 
7.60 – 7.54 (m, 2H), 7.42 (dd, J = 8.5, 2.2 Hz, 1H), 7.28 (d, J = 
8.6 Hz, 1H); 13C NMR (151 MHz, DMSO-d6) δ 167.06, 141.79, 
135.24, 132.51, 129.16, 127.64, 127.33, 126.72, 125.76, 
122.43, 114.07; HRMS (ESI+) m/z: calcd for [C13H9ClN2O2S2 
+H]+ 324.9867; found 324.9865. 

N-(7-chloro-1,3-benzothiazol-2-yl)benzenesulfonamide 
(7). To a stirred solution of 7-chloro-1,3-benzothiazol-2-
amine (100 mg, 0.54 mmol, 1.0 equiv) 40b in anhyd pyri-
dine (2 mL) cooled to 0 °C was added benzenesulfonyl chlo-
ride (83 uL, 0.65 mmol, 1.2 equiv) dropwise (reaction 
turned from pink to bright yellow). After addition was com-
plete the mixture was stirred for 16 h at rt. A further 0.5 
equiv ~40uL) of benzenesulfonyl chloride was added and 
the mixture stirred for a further 16 h. The reaction was 
quenched with water (10 ml) and the resulting bright yel-
low precipitate collected by filtration and dried in a vacuum 
desiccator (45 °C, 16 h) to afford 145 mg of crude product. 
An aliquot (50mg) was dissolved in DMSO-d6 and purified 
by prep HPLC. Fractions containing pure product were ly-
ophilised to afford the title product (39 mg, 0.11 mmol, 59% 
yield) as a white solid. 1H NMR (600 MHz, DMSO-d6) δ 13.49 
(br s, 1H), 7.90 – 7.85 (m, 2H), 7.68 – 7.62 (m, 1H), 7.61 – 
7.55 (m, 2H), 7.43 (t, J = 8.0 Hz, 1H), 7.37 (dd, J = 8.1, 0.9 Hz, 
1H), 7.27 (dd, J = 8.0, 1.0 Hz, 1H); 13C NMR (151 MHz, DMSO-
d6) δ 165.66, 141.65, 137.66, 132.63, 129.23, 128.87, 
126.05, 125.79, 124.10, 123.23, 111.82; HRMS (ESI+) m/z: 
calcd for [C13H9ClN2O2S2 +H]+ 324.9867; found 324.9867. 

N-(7-Chloro-1,3-benzothiazol-2-yl)-3-methoxy-benzene-
sulfonamide (41a). 3-methoxybenzenesulfonyl chloride 
(0.23 mL, 1.62 mmol, 1.2 equiv) was dissolved in anhyd pyr-
idine (5 mL). 7-chloro-1,3-benzothiazol-2-amine 40b (250 
mg, 1.35 mmol, 1.0 equiv) was added and the reaction mix-
ture stirred at rt for 60 h. Water was added and the result-
ing precipitate collected by filtration and dried in a vacuum 
desiccator (50 °C, 16 h) to afford the title compound (480 
mg, 1.08 mmol, 80% purity) which was used in the next step 
without further purification. 1H NMR (400 MHz, DMSO-d6) 
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δ 13.50 (br s, 1H), 7.54 – 7.25 (m, 6H), 7.21 (ddd, J = 8.0, 2.6, 
1.3 Hz, 1H), 3.82 (s, 3H); LC-MS (ESI+) m/z: 355.1 [M + H]+. 

N-(7-chloro-1,3-benzothiazol-2-yl)-2-methoxy-benzene-
sulfonamide (41b). The title compound was synthesized ac-
cording to the procedure for 41a using 2-methoxybenzene-
sulfonyl chloride. The desired product was isolated as a 
white solid (340 mg, 0.96 mmol, 71% yield). 1H NMR (400 
MHz, DMSO-d6) δ 13.33 (br s, 1H), 7.86 (dt, J = 7.8, 1.4 Hz, 
1H), 7.64 – 7.55 (m, 1H), 7.47 – 7.34 (m, 2H), 7.28 (dd, J = 
7.8, 1.1 Hz, 1H), 7.19 (d, J = 8.8 Hz, 1H), 7.10 (td, J = 7.6, 1.0 
Hz, 1H), 3.71 (s, 3H); LC-MS (ESI+) m/z: 355.1 [M + H]+. 

N-(7-chloro-4-methoxy-1,3-benzothiazol-2-yl)-3-meth-
oxy-benzenesulfonamide (41c). The title compound was 
synthesized according to the procedure for 41a using 7-
chloro-4-methoxy-1,3-benzothiazol-2-amine 40c.43 The de-
sired product was isolated as a brown gum (60 mg, 0.14 
mmol, 29% yield). 1H NMR (400 MHz, DMSO-d6) δ 13.59 (s, 
1H), 7.53 – 7.39 (m, 2H), 7.36 – 7.28 (m, 2H), 7.20 (ddd, J = 
8.1, 2.9, 1.1 Hz, 1H), 7.09 (d, J = 8.7 Hz, 1H), 3.88 (s, 3H), 3.81 
(s, 3H); LC-MS (ESI+) m/z: 385.1 [M + H]+. 

N-(7-chloro-4-methoxy-1,3-benzothiazol-2-yl)-4-meth-
oxy-benzenesulfonamide (41d). The title compound was 
synthesized according to the procedure for 41a using 7-
chloro-4-methoxy-1,3-benzothiazol-2-amine 40c and 4-
methoxybenzenesulfonyl chloride. The desired product 
was isolated as a yellow solid (278 mg, 0.72 mmol, 67% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 13.45 (s, 1H), 7.80 – 
7.75 (m, 2H), 7.31 (d, J = 8.7 Hz, 1H), 7.11 – 7.05 (m, 3H), 
3.87 (s, 3H), 3.80 (s, 3H); LC-MS (ESI+) m/z: 385.1 [M + H]+. 

Methyl 5-[(7-chloro-4-methoxy-1,3-benzothiazol-2-
yl)sulfamoyl]-2-methoxy-benzoate (41e). The title com-
pound was synthesized according to the procedure for 41a 
using 7-chloro-4-methoxy-1,3-benzothiazol-2-amine 40c 
and methyl 5-chlorosulfonyl-2-methoxy-benzoate. The 
desired product was isolated as an off-white solid (13.1 g, 
29.7 mmol, 63% yield. 1H NMR (400 MHz, DMSO-d6) δ 13.57 
(br s, 1H), 8.10 (d, J = 2.5 Hz, 1H), 8.01 (dd, J = 8.9, 2.5 Hz, 
1H), 7.36 – 7.29 (m, 2H), 7.09 (d, J = 8.8 Hz, 1H), 3.89 (s, 3H), 
3.88 (s, 3H), 3.81 (s, 3H); LC-MS (ESI+) m/z: 443.1 [M + H]+. 

N-(7-chloro-1,3-benzothiazol-2-yl)-3-hydroxy-benzene-
sulfonamide (8). The title compound was synthesized from 
41a (425 mg, 1.20 mmol, 1.0 equiv) according to general 
procedure GP1. The desired product was isolated as a white 
solid (340 mg, 0.95 mmol, 79% yield). 1H NMR (600 MHz, 
DMSO-d6) δ 13.48 (br s, 1H), 10.07 (s, 1H), 7.43 (t, J = 8.0 Hz, 
1H), 7.40 – 7.32 (m, 2H), 7.31 – 7.25 (m, 2H), 7.28 – 7.21 (m, 
1H), 6.99 (ddd, J = 8.1, 2.5, 1.1 Hz, 1H); 13C NMR (151 MHz, 
DMSO-d6) δ 165.57, 157.66, 142.59, 137.49, 130.37, 128.91, 
126.06, 123.99, 123.26, 119.65, 116.30, 112.19, 111.75; 
HRMS (ESI+) m/z: calcd for [C13H9ClN2O3S2+H]+ 340.9816; 
found 340.9816. 

N-(7-Chloro-1,3-benzothiazol-2-yl)-2-hydroxy-benzene-
sulfonamide (9). The title compound was synthesized from 
41b (320 mg, 0.90 mmol) according to general procedure 
GP1. The desired product was isolated as a white solid (230 
mg, 0.64 mmol, 71% yield). 1H NMR (600 MHz, DMSO-d6) δ 
13.25 (br s, 1H), 10.58 (s, 1H), 7.77 (dd, J = 7.9, 1.7 Hz, 1H), 
7.45 – 7.38 (m, 2H), 7.36 (d, J = 8.0 Hz, 1H), 7.27 (d, J = 7.9 
Hz, 1H), 6.93 (t, J = 7.6 Hz, 1H), 6.90 (d, J = 8.2 Hz, 1H) 13C 
NMR (151 MHz, DMSO-d6) δ 166.24, 155.71, 134.02, 128.51, 
128.21, 127.41, 125.87, 124.53, 122.92, 118.45, 117.01, 
111.50, 111.45; HRMS (ESI+) m/z: calcd for 
[C13H9ClN2O3S2+H]+ 340.9816; found 340.9812. 

N-(7-Chloro-4-hydroxy-1,3-benzothiazol-2-yl)-3-hy-
droxy-benzenesulfonamide (10). The title compound was 
synthesized from 41c (60 mg, 0.14 mmol) according to gen-
eral procedure GP1. The desired product was isolated as a 
white solid (19 mg, 0.05 mmol, 36% yield).1H NMR (600 
MHz, DMSO-d6) δ 13.34 (br s, 1H), 10.53 (br s, 1H), 10.00 (s, 
1H), 7.33 (t, J = 7.9 Hz, 1H), 7.26 (d, J = 8.0 Hz, 1H), 7.23 (t, J 
= 2.1 Hz, 1H), 7.12 (br s, 1H), 6.95 (d, J = 8.0 Hz, 1H), 6.81 (d, 
J = 8.6 Hz, 1H); δ 7.07 (t, J = 36.0 Hz, ≈ 2.5wt.% ammonium 
impurity); HRMS (ESI+) m/z: calcd for [C13H9ClN2O4S2+H]+ 
356.9766; found 356.9762. 

N-(7-Chloro-4-hydroxy-1,3-benzothiazol-2-yl)-4-hy-
droxy-benzenesulfonamide (11). The title compound was 
synthesized from 41d (120 mg, 0.31 mmol) according to 
general procedure GP1. The desired product was isolated as 
a white solid (26 mg, 0.07 mmol, 23% yield). 1H NMR (600 
MHz, DMSO-d6) δ 13.17 (br s, 1H), 10.58 (br s, 1H), 10.37 (s, 
1H), 7.71 – 7.65 (m, 2H), 7.15 (d, J = 8.6 Hz, 1H), 6.91 – 6.86 
(m, 2H), 6.84 (d, J = 8.6 Hz, 1H); 13C NMR (151 MHz, DMSO-
d6) δ 164.76, 161.07, 143.32, 131.95, 128.15, 124.85, 
123.59, 115.47, 115.05, 114.16; one carbon is missing due 
to overlapping or broadening; HRMS (ESI+) m/z: calcd for 
[C13H9ClN2O4S2+H]+ 356.9766; found 356.9755. 

5-[(7-Chloro-4-methoxy-1,3-benzothiazol-2-yl)sul-
famoyl]-2-methoxy-benzoic acid (42). To a suspension of 
41e (13.1 g, 29.7 mmol, 1.0 equiv) in methanol (75 mL) was 
added 4.0 M sodium hydroxide (aq.) (74.0 mL, 296 mmol, 
10.0 equiv) portion-wise over a period of 20 min, keeping 
the reaction temperature below 30 °C (moderate ex-
otherm was observed, and a brown solution was formed). 
The reaction mixture was stirred at rt for 1 h then the or-
ganics were removed under reduced pressure. Water 
(100ml) was added to re-dissolve the resultant precipitate 
and the solution acidified with 5 N HCl to pH 2. The result-
ant precipitate was collected by filtration, washed with wa-
ter and air dried to afford a sticky solid. The solid was sus-
pended in ethanol and concentrated under reduced pres-
sure (× 3) to afford the title compound (12.2 g, 28.5 mmol, 
96% yield). 1H NMR (400 MHz, DMSO-d6) δ 12.92 (br s, 1H), 
8.04 (d, J = 2.4 Hz, 1H), 7.92 (dd, J = 8.8, 2.4 Hz, 1H), 7.20 (d, 
J = 8.8 Hz, 1H), 7.07 (d, J = 8.6 Hz, 1H), 6.87 (d, J = 8.6 Hz, 
1H), 3.84 (s, 3H), 3.83 (s, 3H); one proton is missing due to 
overlapping or broadening; LC-MS (ESI+) m/z: 429.1 [M + 
H]+. 

tert-Butyl N-[1-[5-[(7-chloro-4-methoxy-1,3-benzothia-
zol-2-yl)sulfamoyl]-2-methoxy-benzoyl]-4-piperidyl]car-
bamate (43). To a solution of 42 (150 mg, 0.35 mmol, 1.0 
equiv), tert-butyl N-(4-piperidyl)carbamate (140 mg, 0.70, 
2.0 equiv) and DIPEA (0.14 mL, 1.05 mmol, 3.0 equiv) in 
DCM (3 mL) was added propylphosphonic anhydride solu-
tion (50% w/w in ethyl acetate) (0.42 mL, 0.70 mmol, 2.0 
equiv) and the mixture stirred at rt for 16 h. The reaction 
was quenched with water and the mixture extracted with 
DCM. The organics were collected using a phase separator 
and concentrated under reduced pressure. The residue was 
purified by flash column chromatography (SiO2, gradient 
elution DCM/MeOH = 100/0 to 95/5). The solvent was re-
moved under reduced pressure to afford the title com-
pound (155 mg, 0.25 mmol, 73% yield); LC-MS (ESI+) m/z: 
555.1 [M – tBu + H ]+. 

3-(4-Aminopiperidine-1-carbonyl)-N-(7-chloro-4-hy-
droxy-1,3-benzothiazol-2-yl)-4-hydroxy-benzenesulfona-
mide (12). The title compound was synthesized from 43 
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(155 mg, 0.25 mmol) according to general procedure GP1. 
The desired product was isolated as a white solid (41 mg, 
0.09 mmol, 36% yield); 1H NMR (600 MHz, DMSO-d6) δ 8.49 
(br s, 4H), 7.63 (dd, J = 8.6, 2.4 Hz, 1H), 7.50 (d, J = 2.3 Hz, 
1H), 6.88 (d, J = 8.6 Hz, 1H), 6.79 (d, J = 8.4 Hz, 1H), 6.54 (d, 
J = 8.4 Hz, 1H), 4.48 (s, 1H), 3.03 (s, 1H), 2.81 (s, 1H), 2.10 – 
1.68 (m, 2H), 1.53 – 1.29 (m, 2H); two protons overlap with 
the residual water signal (confirmed by HSQC experiment) 
and one proton not observed due to broadening or overlap 
with the residual solvent signals; 13C NMR (151 MHz, DMSO-
d6) δ 166.14, 165.04, 154.96, 146.40, 140.76, 136.44, 
131.62, 128.16, 126.23, 123.01, 119.94, 115.22, 114.00, 
111.56, 47.53, 44.49, 30.48; HRMS (ESI+) m/z: calcd for 
[C19H19ClN4O5S2+H]+ 483.0559; found 483.0558. 

Ethyl 5-[(Z)-(7-chloro-3-ethyl-4-methoxy-1,3-benzothia-
zol-2-ylidene)amino]sulfonyl-2-methoxy-benzoate (44). 
To a stirred solution of 42 (2.50 g, 5.83 mmol, 1.0 equiv) and 
potassium carbonate, anhyd (2.42 g, 17.5 mmol, 3.0 equiv) 
in DMF (50 mL) at 0 °C under nitrogen was added bromo-
ethane (0.96 mL, 12.8 mmol, 2.2 equiv) dropwise. The mix-
ture was allowed to warm to rt and stirred for 16 h. Further 
bromoethane (0.44 mL, 5.83 mmol, 1.0 equiv) was added 
and the reaction stirred for a further 24 h. Water (100mL) 
was added, and the resulting precipitate was collected via 
vacuum filtration to afford impure product as a mixture of 
N-ethyl regioisomers (2.07 g, 4.28 mmol) which was en-
gaged in the next step without further purification. 

5-[(Z)-(7-Chloro-3-ethyl-4-methoxy-1,3-benzothiazol-2-
ylidene)amino]sulfonyl-2-methoxy-benzoic acid (45). To a 
stirred suspension of impure 44 (2.07 g, 4.28 mmol, 1.0 
equiv) in methanol (25 mL) at 0 °C was added 4 N aqueous 
sodium hydroxide solution (10.7 mL, 42.8 mmol, 10.0 
equiv) dropwise. The reaction mixture was stirred at rt for 
24 h. The reaction mixture was concentrated under reduced 
pressure to remove most of the methanol. Water was then 
added (25 ml) and the solution was acidified to ~pH 2 with 
5 N HCl. The resultant precipitate was collected by filtration, 
washed with water and dried (vacuum desiccator, 40 °C, 16 
h) to afford the impure product (1.74 g, 3.81 mmol) as a 
mixture of N-ethyl regioisomers (≈85:15 alkylation on the 
benzothiazole nitrogen:alkylation on the sulfonamide nitro-
gen) which was engaged in the next step without further pu-
rification. 1H NMR (major isomer) (400 MHz, DMSO-d6) δ 
7.95 (d, J = 2.5 Hz, 1H), 7.89 (dd, J = 8.8, 2.5 Hz, 1H), 7.40 (d, 
J = 8.8 Hz, 1H), 7.21 (d, J = 3.8 Hz, 1H), 7.19 (d, J = 3.9 Hz, 
1H), 4.43 (q, J = 7.0 Hz, 2H), 3.93 (s, 3H), 3.84 (s, 3H), 1.19 
(t, J = 7.0 Hz, 3H); LC-MS (ESI+) m/z: 457.0 [M + H]+. 

tert-Butyl N-[1-[5-[(Z)-(7-chloro-3-ethyl-4-methoxy-1,3-
benzothiazol-2-ylidene)amino]sulfonyl-2-methoxy-ben-
zoyl]-4-piperidyl]carbamate (46a). The title compound 
was synthesized according to the procedure for 43 using 45 
and tert-butyl N-(4-piperidyl)carbamate to afford the prod-
uct (190 mg, 0.30 mmol, 91% yield) as a 85:15 mixture of 
N-alkylated regiosiomers; LC-MS (ESI+) m/z: 583.1 [M–tBu 
+ H]+. 

tert-Butyl 4-[[5-[(Z)-(7-chloro-3-ethyl-4-methoxy-1,3-
benzothiazol-2-ylidene)amino]sulfonyl-2-methoxy-ben-
zoyl]-(2-hydroxyethyl)amino]piperidine-1-carboxylate 
(46b). To a stirred solution of 45 (85.0 mg, 0.19 mmol, 1.0 
equiv), DIPEA (0.07 mL, 0.56 mmol, 3.0 equiv) and tert-bu-
tyl 4-(2-hydroxyethylamino)piperidine-1-carboxylate 
(91.0 mg, 0.37 mmol, 2.0 equiv) in DMF (1.5 mL) was 
added HATU (141 mg, 0.37 mmol, 2.0 equiv) and the 

mixture stirred for 5 h. The reaction was partitioned be-
tween water and DCM and the organics collected using a 
phase separator. Evaporation of volatiles afforded the crude 
product which was purified by flash column chromatog-
raphy (SiO2, gradient elution DCM/MeOH = 100/0 to 95/5) 
to afford the desired product (100 mg, 77% purity) as a 
85:15 mixture of N-alkylated regiosiomers; LC-MS (ESI+) 
m/z: 627.2 [M – tBu + H]+. 

(Z)-3-(4-aminopiperidine-1-carbonyl)-N-(7-chloro-3-
ethyl-4-hydroxybenzo[d]thiazol-2(3H)-ylidene)-4-hy-
droxybenzenesulfonamide (13). The title compound was 
synthesized from 46a (190 mg, 0.30 mmol) according to 
general procedure GP1. The desired product was isolated as 
a white solid (42 mg, 0.082 mmol, 27% yield). 1H NMR (600 
MHz, DMSO-d6) δ 7.64 (dd, J = 8.7, 2.5 Hz, 1H), 7.50 (d, J = 
2.5 Hz, 1H), 7.11 (d, J = 8.7 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 
6.76 (d, J = 8.7 Hz, 1H), 4.56 (q, J = 6.9 Hz, 2H), 4.37 (br s, 
1H), 3.01 – 2.93 (m, 2H), 2.84 (br s, 1H), 1.82 (br s, 1H), 1.68 
(br s, 1H), 1.31 – 1.22 (m, 2H), 1.18 (t, J = 6.9 Hz, 3H); four 
protons are missing due to broadening and one proton 
overlaps with the residual water peak (confirmed by HSQC 
experiment); HRMS (ESI+) m/z: calcd for 
[C21H23ClN4O5S2+H]+ 511.0872; found 511.0871. 

5-[(Z)-(7-chloro-3-ethyl-4-hydroxy-1,3-benzothiazol-2-
ylidene)amino]sulfonyl-2-hydroxy-N-(2-hydroxyethyl)-N-
(4-piperidyl)benzamide (14). The title compound was syn-
thesized from 46b (100 mg, 0.15 mmol) according to gen-
eral procedure GP1. The desired product was isolated as a 
white solid (3.0 mg, 0.005 mmol, 4% yield). 1H NMR (400 
MHz, DMSO-d6) δ 7.72 (d, J = 9.0 Hz, 1H), 7.55 (s, 1H), 7.16 
(d, J = 8.6 Hz, 1H), 6.98 (d, J = 8.6 Hz, 1H), 6.90 (d, J = 8.8 Hz, 
1H), 4.54 (q, J = 7.0 Hz, 2H), 3.52 – 3.44 (m, 3H), 3.34 – 3.30 
(m, 2H), 2.89 (d, J = 12.3 Hz, 2H), 2.31 – 2.11 (m, 2H), 1.73 – 
1.43 (m, 4H), 1.23 (t, J = 7.0 Hz, 3H); four protons corre-
sponding to the hydroxy, phenol and amine protons are 
missing due to broadening and/or overlapping with the re-
sidual solvent peak. HRMS (ESI+) m/z: calcd for 
[C23H27ClN4O6S2+H]+ 555.1134; found 555.1136.  

tert-Butyl 4-[[5-[(7-chloro-4-methoxy-1,3-benzothiazol-
2-yl)sulfamoyl]-2-methoxy-benzoyl]amino]piperidine-1-
carboxylate (47a). To a solution of 42 (5.0 g, 11.7 mmol, 1.0 
equiv), tert-butyl 4-aminopiperidine-1-carboxylate (2.80 g, 
14.0 mmol, 1.2 equiv) in anhyd THF (50 mL) was added tri-
ethylamine (6.5 mL, 46.6 mmol, 4.0 equiv). The solution was 
stirred for 5 min before (27.3 mL, 93.4 mmol, 8.0 equiv) was 
added and the cloudy solution stirred at rt for 18 h. The ma-
jority of the solvent was removed under reduced pressure 
and water (150ml) added. The resulting precipitate was col-
lected by filtration and washed with an aqueous solution of 
sodium hydroxide (1.0 M). The filtrate was acidified to pH = 
8 with an aqueous solution of HCl (5.0 M) and the resulting 
precipitate collected by filtration and added to previously 
collected solids. Combined solids were further purified by 
flash column chromatography (SiO2, gradient elution 
DCM/(MeOH + 0.1% NH4OH aq.) = 100/0 to 80/20) to af-
ford the title compound (6.2 g, 10.2 mmol, 87% yield) as a 
light-brown solid. 1H NMR (400 MHz, DMSO-d6) δ 13.55 (br 
s, 1H), 8.14 (d, J = 7.8 Hz, 1H), 8.03 (d, J = 2.5 Hz, 1H), 7.92 
(dd, J = 8.8, 2.5 Hz, 1H), 7.32 (d, J = 8.8 Hz, 1H), 7.28 (d, J = 
8.9 Hz, 1H), 7.09 (d, J = 8.8 Hz, 1H), 3.99 – 3.79 (m, 3H), 3.91 
(s, 3H), 3.88 (s, 3H), 2.89 (br s, 2H), 1.87 – 1.70 (m, 2H), 1.46 
– 1.32 (m, 2H), 1.40 (s, 9H); LC-MS (ESI+) m/z: 611.2 [M + 
H]+. 

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2 ORCID: https://orcid.org/0000-0003-0401-2693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2
https://orcid.org/0000-0003-0401-2693
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

tert-Butyl N-[cis-4-[[5-[(7-chloro-4-methoxy-1,3-benzo-
thiazol-2-yl)sulfamoyl]-2-methoxy-benzoyl]amino]cyclo-
hexyl]carbamate (47b). To a stirred suspension of 42 (1.20 
g, 2.80 mmol, 1.0 equiv) and cis-tert-butyl N-(4-aminocyclo-
hexyl)carbamate (720 mg, 3.36 mmol, 1.2 equiv) in anhyd 
THF (50 mL) was added triethylamine (1.6 mL, 11.2 mmol, 
4.0 equiv). The solution was stirred for 10 min before 
propylphosphonic anhydride solution (50% w/v in ethyl 
acetate) (5.9 mL, 5.04 mmol, 1.8 equiv) was added and the 
solution stirred at rt for 20 h. After the reaction was com-
plete water was added and the organics extracted with 
DCM. The organics were evaporated under reduced pres-
sure and the residue purified by flash column chromatog-
raphy (SiO2, gradient elution DCM/(MeOH + 0.1% NH4OH 
aq.) = 100/0 to 80/20) to afford the title compound as an 
off-white solid (1.13 g, 1.80 mmol, 64% yield). LC-MS (ESI+) 
m/z: 625.3 [M + H]+. 1H NMR (400 MHz, DMSO-d6) δ 13.56 
(br s, 1H), 8.19 (d, J = 2.5 Hz, 1H), 8.08 (d, J = 7.5 Hz, 1H), 
7.94 (dd, J = 8.7, 2.5 Hz, 1H), 7.41 – 7.22 (m, 2H), 7.04 (d, J = 
8.8 Hz, 1H), 6.80 (d, J = 7.0 Hz, 1H), 4.00 (s, 3H), 3.94 (s, 1H), 
3.87 (s, 3H), 3.42 – 3.28 (br s, 1H), 1.74 – 1.66 (m, 2H), 1.66 
– 1.53 (m, 4H), 1.53 – 1.42 (m, 2H), 1.38 (s, 9H). 

5-[(7-chloro-4-methoxy-1,3-benzothiazol-2-yl)sul-
famoyl]-N-ethyl-2-methoxy-benzamide (47c). The title 
compound was synthesized according to the procedure for 
47b but using ethylamine 2.0 M in THF and DIPEA. The de-
sired product was obtained (330 mg, 0.72 mmol, 31% 
yield). LC-MS (ESI+) m/z: 456.2 [M + H] +. 

tert-Butyl 4-[[5-[(Z)-[3-(4-bromobutyl)-7-chloro-4-
methoxy-1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-
methoxy-benzoyl]amino]piperidine-1-carboxylate (48a). 
To a solution 47a (500 mg, 0.82 mmol, 1.0 equiv) and po-
tassium carbonate, anhyd (1.36 g, 9.82 mmol, 12.0 equiv) in 
anhyd DMF (40 mL) under nitrogen at 0 °C was added 1,4-
dibromobutane (0.98 mL, 8.18 mmol, 10.0 equiv). The reac-
tion was then allowed to warm to rt and stirred overnight. 
The bulk of the DMF was removed under reduced pressure 
(~1 mL remaining) and then this solution was cooled to 0 
°C and quenched by careful addition of water (~2 mL). Ethyl 
acetate (10mL) was added, and the organics were washed 
with a solution of 5% aq. LiCl (3 x 5 mL). The organics were 
separated, dried (MgSO4) and concentrated under reduced 
pressure to afford the crude as an amber gum. The material 
was purified by flash column chromatography (SiO2, gradi-
ent elution DCM/MeOH = 100/0 to 95/5) to afford the title 
compound (390 mg, 0.50 mmol, 61% yield) as a clear gum. 
1H NMR (400 MHz, CDCl3) δ 8.72 (d, J = 2.5 Hz, 1H), 8.10 (dd, 
J = 8.7, 2.5 Hz, 1H), 7.55 (d, J = 7.7 Hz, 1H), 7.16 (d, J = 8.8 Hz, 
1H), 7.05 (d, J = 8.8 Hz, 1H), 6.85 (d, J = 8.8 Hz, 1H), 4.58 – 
4.45 (m, 2H), 4.23 – 4.07 (m, 1H), 4.06 – 3.96 (m, 5H), 3.93 
(s, 3H), 3.41 – 3.30 (m, 2H), 3.06 – 2.91 (m, 2H), 2.03 – 1.94 
(m, 2H), 1.89 – 1.74 (m, 4H), 1.49 – 1.46 (m, 9H), 1.45 – 1.35 
(m, 2H); LC-MS (ESI+) m/z: 747.4 [M + H]+. 

tert-Butyl 4-[[5-[(Z)-[3-(5-bromopentyl)-7-chloro-4-
methoxy-1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-
methoxy-benzoyl]amino]piperidine-1-carboxylate (48b). 
The title compound was synthesized from 47a according to 
the procedure for 48a using 1,5-dibromopentane as alkyl-
ating reagent. The desired product was isolated as a clear 
gum (430 mg, 0.54 mmol, 55% yield). LC-MS (ESI+) m/z: 
661.3 [M-Boc + H] +. 

tert-Butyl N-[cis-4-[[5-[(Z)-[3-(5-bromopentyl)-7-
chloro-4-methoxy-1,3-benzothiazol-2-

ylidene]amino]sulfonyl-2-methoxy-benzoyl]amino]cyclo-
hexyl]carbamate (48c). The title compound was synthe-
sized from 47b according to the procedure for 48a using 
1,5-dibromopentane as alkylating reagent. The desired 
product was isolated as a clear gum (310 mg, 0.38 mmol, 
57% yield). 1H NMR (400 MHz, CDCl3) δ 8.72 (d, J = 2.5 Hz, 
1H), 8.10 (dd, J = 8.7, 2.5 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H), 
7.15 (d, J = 8.8 Hz, 1H), 7.06 (d, J = 8.8 Hz, 1H), 6.84 (d, J = 
8.8 Hz, 1H), 4.54 (br s, 1H), 4.51 – 4.43 (m, 2H), 4.13 (br s, J 
= 6.2 Hz, 1H), 4.05 (s, 3H), 3.92 (s, 3H), 3.61 (br s, 1H), 3.30 
(t, J = 6.8 Hz, 2H), 1.87 – 1.75 (m, 6H), 1.75 – 1.64 (m, 4H), 
1.56 – 1.49 (m, 2H), 1.45 (s, 9H), 1.42 – 1.35 (m, 2H); LC-MS 
(ESI+) m/z: 675.3 [M-Boc + H]+. 

5-[(Z)-[3-(5-bromopentyl)-7-chloro-4-methoxy-1,3-ben-
zothiazol-2-ylidene]amino]sulfonyl-N-ethyl-2-methoxy-
benzamide (48d). The title compound was synthesized 
from 47c according to the procedure for 48a using 1,5-di-
bromopentane as alkylating reagent. The desired product 
was isolated as an off-white solid. (93 mg, 0.15 mmol, 21% 
yield). LC-MS (ESI+) m/z: 606.3 [M + H]+. 

tert-Butyl 4-[[5-[(Z)-[3-(6-bromohexyl)-7-chloro-4-
methoxy-1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-
methoxy-benzoyl]amino]piperidine-1-carboxylate (48e). 
The title compound was synthesized from 47a according to 
the procedure for 48a using 1,6-dibromohexane as alkylat-
ing reagent. The desired product was isolated as a clear gum 
(600 mg, 0.70 mmol, 53% yield). 1H NMR (400 MHz, Chlo-
roform-d) δ 8.73 (d, J = 2.5 Hz, 1H), 8.10 (dd, J = 8.7, 2.5 Hz, 
1H), 7.56 (d, J = 7.7 Hz, 1H), 7.15 (d, J = 8.8 Hz, 1H), 7.05 (d, 
J = 8.8 Hz, 1H), 6.84 (d, J = 8.8 Hz, 1H), 4.52 – 4.43 (m, 2H), 
4.20 – 4.08 (m, 1H), 4.01 (s, 3H), 3.98 (br s, 2H), 3.91 (s, 3H), 
3.33 (t, J = 6.8 Hz, 2H), 3.03 – 2.92 (m, 2H), 2.04 – 1.96 (m, 
2H), 1.80 – 1.61 (m, 4H), 1.46 (s, 9H), 1.45 – 1.32 (m, 4H), 
1.31 – 1.21 (m, 2H); LC-MS (ESI+) m/z: 775.5 [M + H]+. 

tert-Butyl 4-[(3Z)-7-chloro-10,20-dimethoxy-2,2,18-tri-
oxo-2λ6,5-dithia-3,12,17-triazatetracy-
clo[17.3.1.04,12.06,11]tricosa-1(23),3,6,8,10,19,21-heptaen-
17-yl]piperidine-1-carboxylate (49a). To a solution of 48a 
(390 mg, 0.52 mmol, 1.0 equiv) in anhyd DMF (25 mL) at 0 
°C was added sodium hydride (60% w/w, 62.7 mg, 1.57 
mmol, 3 equiv). The reaction was stirred at 0 °C for 2 h. The 
reaction mixture was quenched at 0 °C by the addition of 2-
propanol (1 mL). Ethyl acetate (~25 mL) was then added, 
and the organics were washed with aq. 5% LiCl (4 x 25 mL). 
The organics were separated, dried (MgSO4) and concen-
trated under reduced pressure to yield the crude. The ma-
terial was purified by flash column chromatography (SiO2, 
gradient elution DCM/MeOH = 100/0 to 95/5) to afford the 
title compound (190 mg, 0.29 mmol, 55% yield) as a white 
waxy solid. 1H NMR (400 MHz, CDCL3) δ 7.91 (dd, J = 8.7, 2.3 
Hz, 1H), 7.81 (br s, 1H), 7.16 (d, J = 8.7 Hz, 1H), 6.88 (d, J = 
8.7 Hz, 1H), 6.83 (d, J = 8.8 Hz, 1H), 4.78 – 4.60 (m, 2H), 4.50 
(br s, 1H), 4.22 (br s, 2H), 3.90 (s, 3H), 3.83 (s, 3H), 3.01 (br 
s, 1H), 2.83 (br s, 2H), 2.40 (br s, 1H), 1.88 – 1.65 (m, 3H), 
1.55 – 1.37 (m, 13H), 0.40 (br s, 1H); LC-MS (ESI+) m/z: 
565.3 [M-Boc + H]+.  

tert-Butyl 4-[(3Z)-7-chloro-10,21-dimethoxy-2,2,19-tri-
oxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-18-yl]piperidine-1-carboxylate (49b). The title 
compound was synthesized from 48b according to the pro-
cedure for 49a. The desired product was isolated as an off-
white solid (580 mg, 0.85 mmol, 47% yield). 1H NMR (400 
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MHz, DMSO-d6) δ 7.88 (dd, J = 8.7, 2.4 Hz, 1H), 7.60 (d, J = 
2.4 Hz, 1H), 7.41 (d, J = 8.9 Hz, 1H), 7.16 (app t, J = 8.9 Hz, 
2H), 4.63 – 4.49 (m, 1H), 4.47 – 4.34 (m, 1H), 4.12 – 3.97 (m, 
2H), 3.89 (s, 3H), 3.82 (s, 3H), 3.08 (d, J = 15.2 Hz, 1H), 2.73 
(br s, 2H), 2.63 – 2.52 (m, 2H), 1.91 – 1.47 (m, 6H), 1.46 – 
1.35 (m, 10H), 1.34 – 1.25 (m, 1H), 1.01 (br s, 1H), 0.35 (s, 
1H); LC-MS (ESI+) m/z: 579.3 [M-Boc + H]+. 

tert-Butyl N-[cis-4-[(3Z)-7-chloro-10,21-dimethoxy-
2,2,19-trioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-18-yl]cyclohexyl]carbamate (49c). The title com-
pound was synthesized from 48c according to the proce-
dure for 49a. The desired product was isolated as an off-
white solid (580 mg, 0.85 mmol, 47% yield). (95 mg, 0.1302 
mmol, 32.511% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.87 
(dd, J = 8.7, 2.4 Hz, 1H), 7.58 (d, J = 2.4 Hz, 1H), 7.41 (d, J = 
8.9 Hz, 1H), 7.18 (d, J = 9.0 Hz, 1H), 7.15 (d, J = 8.7 Hz, 1H), 
6.96 (d, J = 7.3 Hz, 1H), 4.65 – 4.50 (m, 1H), 4.48 – 4.37 (m, 
1H), 4.11 (t, J = 12.3 Hz, 1H), 3.89 (s, 3H), 3.82 (s, 3H), 3.65 
(s, 1H), 3.28 – 3.15 (m, 1H), 1.98 – 1.76 (m, 2H), 1.75 – 1.64 
(m, 2H), 1.63 – 1.45 (m, 5H), 1.45 – 1.30 (m, 12H), 1.19 (d, J 
= 35.6 Hz, 1H), 0.94 (s, 1H), 0.34 (br s, 1H); LC-MS (ESI+) 
m/z: 593.4 [M-Boc + H]+. 

(3Z)-7-chloro-18-ethyl-10,21-dimethoxy-2,2-dioxo-
2λ6,5-dithia-3,12,18-triazatetracyclo[18.3.1.04,12.06,11]tetra-
cosa-1(24),3,6(11),7,9,20,22-heptaen-19-one (49d). The ti-
tle compound was synthesized from 48d according to the 
procedure for 49a. The desired product was isolated as a 
white solid (68 mg, 0.13 mmol, 84% yield). 1H NMR (400 
MHz, DMSO-d6) δ 7.87 (dd, J = 8.6, 2.4 Hz, 1H), 7.56 (d, J = 
2.4 Hz, 1H), 7.40 (d, J = 8.8 Hz, 1H), 7.22 – 7.11 (m, 2H), 4.63 
– 4.36 (m, 2H), 3.90 (s, 3H), 3.83 (s, 3H), 3.62 – 3.49 (m, 1H), 
3.24 – 3.11 (m, 1H), 3.11 – 2.98 (m, 1H), 2.77 – 2.59 (m, 1H), 
1.66 – 1.40 (m, 2H), 1.33 – 1.18 (m, 2H), 1.16 – 1.00 (m, 4H), 
0.34 (s, 1H); LC-MS (ESI+) m/z: 524.3 [M + H]+. 

tert-Butyl 4-[(3Z)-7-chloro-10,22-dimethoxy-2,2,20-tri-
oxo-2λ6,5-dithia-3,12,19-triazatetracy-
clo[19.3.1.04,12.06,11]pentacosa-1(25),3,6,8,10,21,23-hep-
taen-19-yl]piperidine-1-carboxylate (49e). The title com-
pound was synthesized from 48e according to the proce-
dure for 49a. The desired product was isolated as a white 
solid (45 mg, 0.06 mmol, 8.0% yield). 1H NMR (400 MHz, 
CDCl3) δ 8.05 (dd, J = 8.8, 2.3 Hz, 1H), 7.80 (d, J = 2.3 Hz, 1H), 
7.17 (d, J = 8.8 Hz, 1H), 6.97 (d, J = 8.8 Hz, 1H), 6.84 (d, J = 
8.8 Hz, 1H), 4.74 – 4.59 (m, 1H), 4.54 – 4.34 (m, 2H), 4.22 (br 
s, 2H), 3.89 (s, 3H), 3.87 (s, 3H), 3.06 (br s, 1H), 2.94 – 2.68 
(m, 3H), 1.92 – 1.71 (m, 2H), 1.70 – 1.45 (m, 4H) 1.47 (s, 9H), 
1.37 (br s, 2H), 1.16 (br s, 2H), 0.97 – 0.66 (m, 2H); LC-MS 
(ESI+) m/z: 593.3 [M-Boc + H]+. 

(3Z)-7-Chloro-10,21-dimethoxy-2,2-dioxo-18-(4-pi-
peridyl)-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(24),3,6(11),7,9,20,22-hep-
taen-19-one (49f). To a stirred solution of 49b (4.00 g, 5.89 
mmol, 1.0 equiv) in DCM (60 mL) was added TFA (5.00 mL, 
65.3 mmol) and the mixture stirred at rt for 60 h. The sol-
vent was removed under reduced pressure. The residue 
was loaded onto a pre-equilibrated ion-exchange cartridge 
and the cartridge washed with methanol (~2 CV). The prod-
uct was eluted with 2N ammonia in methanol and fractions 
containing product were concentrated under reduced pres-
sure to afford the title product (2.25 g, 3.69 mmol, 63% 
yield) as a pale-yellow solid. 1H NMR (600 MHz, DMSO-d6) δ 
7.87 (d, J = 8.7 Hz, 1H), 7.58 (s, 1H), 7.39 (d, J = 8.8 Hz, 1H), 

7.20 – 7.11 (m, 2H), 4.60 – 4.49 (m, 1H), 4.46 – 4.35 (m, 1H), 
4.12 – 4.03 (m, 1H), 3.89 (s, 3H), 3.81 (s, 3H), 3.12 – 3.04 (m, 
1H), 3.03 – 2.90 (m, 2H), 1.83 – 1.26 (m, 8H), 1.24 – 1.14 (m, 
1H), 1.05 – 0.92 (m, 1H), 0.36 (br s, 1H); three protons are 
missing due to broadening and/or overlapping with the re-
sidual solvent signal; LC-MS (ESI+) m/z: 579.2 [M + H]+.  

(3Z)-7-chloro-10,21-dimethoxy-2,2-dioxo-18-(1-propyl-
4-piperidyl)-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-19-one (49g). To a stirred solution of 49f (230 mg, 
0.40 mmol, 1.0 equiv) in acetonitrile (30 mL) was 
added sodium iodide (6.0 mg, 0.04 mmol, 0.1 equiv) and 
triethylamine (55 uL, 0.40 mmol, 1.0 equiv), followed by 1-
bromopropane (43 uL, 0.48 mmol, 1.2 equiv). The reaction 
was heated for 16 h at 65 °C. A further portion of 1-bromo-
propane and triethylamine were added and heating contin-
ued for a further 24 h. The reaction mixture was concen-
trated under reduced pressure and the residue partitioned 
between DCM and water. The phases were separated, the 
organics were filtered through a hydrophobic frit and con-
centrated under reduced pressure to afford the title prod-
uct (200 mg, 0.29 mmol, 73% yield). LC-MS (ESI+) m/z: 
621.4 [M + H]+. 

(3Z)-7-Chloro-10,20-dihydroxy-2,2-dioxo-17-(4-pi-
peridyl)-2λ6,5-dithia-3,12,17-triazatetracy-
clo[17.3.1.04,12.06,11]tricosa-1(22),3,6(11),7,9,19(23),20-
heptaen-18-one;hydrochloride (20). The title compound 
was synthesized from 49a (50 mg, 0.08 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a light-brown solid (24 mg, 0.038 mmol, 50% 
yield, 93% purity). 1H NMR (400 MHz, DMSO-d6) δ 11.04 (s, 
1H), 10.78 (s, 1H), 8.76 – 8.60 (m, 1H), 8.59 – 8.41 (m, 1H), 
7.66 (dd, J = 8.6, 2.4 Hz, 1H), 7.57 (d, J = 2.4 Hz, 1H), 7.25 (d, 
J = 8.7 Hz, 1H), 6.99 – 6.92 (m, 2H), 4.61 – 4.34 (m, 3H), 3.31 
(2H)*, 3.00 (q, J = 12.0 Hz, 2H), 2.72 (br s, 2H), 1.92 (q, J = 
11.8 Hz, 2H), 1.85 – 1.72 (m, 2H), 1.56 – 1.41 (m, 2H), 0.87 
(br s, 2H); *protons overlap with the residual water peak 
(confirmed by HSQC experiment). 13C NMR (151 MHz, 
DMSO-d6) δ 167.27, 163.24, 156.59, 144.17, 132.82, 126.62, 
126.14, 125.55, 125.18, 124.63, 124.29, 115.96, 115.67, 
114.93, 48.80, 47.26, 43.91, 42.98, 29.25, 29.04, 26.01; 
HRMS (ESI+) m/z: calcd for [C23H25ClN4O5S2+H]+ 537.1028; 
found 537.1041. 

(3Z)-7-Chloro-10,21-dihydroxy-2,2-dioxo-18-(4-pi-
peridyl)-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one;hydrochloride (15). The title compound 
was synthesized from 49b (90 mg, 0.13 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a light-brown solid (5 mg, 0.008 mmol, 6% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.91 (s, 1H), 10.84 
(s, 1H), 8.67 (d, J = 10.9 Hz, 1H), 8.48 – 8.32 (m, 1H), 7.73 
(dd, J = 8.5, 2.4 Hz, 1H), 7.55 (d, J = 2.4 Hz, 1H), 7.24 (d, J = 
8.7 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 6.94 (d, J = 8.7 Hz, 1H), 
4.50 (t, J = 6.0 Hz, 2H), 3.99 (t, J = 11.5 Hz, 1H), 3.03 – 2.89 
(m, 4H), 2.36 – 2.19 (m, 2H), 1.87 (d, J = 13.1 Hz, 2H), 1.45 
(br s, 2H), 1.34 (br s, 2H), 0.74 (br s, 2H); two protons are 
missing due to broadening or overlapping with the residual 
solvent signal; HRMS (ESI+) m/z: calcd for 
[C24H27ClN4O5S2+H]+ 551.1185; found 551.1182. 

(3Z)-18-(cis-4-Aminocyclohexyl)-7-chloro-10,21-dihy-
droxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
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heptaen-19-one;hydrochloride (16). The title compound 
was synthesized from 49c (45 mg, 0.06 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a light-brown solid (18 mg, 0.028 mmol, 47% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.93 (s, 1H), 10.80 
(s, 1H), 7.91 (d, J = 5.3 Hz, 3H), 7.71 (dd, J = 8.5, 2.3 Hz, 1H), 
7.51 (d, J = 2.4 Hz, 1H), 7.23 (d, J = 8.7 Hz, 1H), 6.99 – 6.90 
(m, 2H), 4.49 (t, J = 5.8 Hz, 2H), 3.99 – 3.83 (m, 1H), 3.01 (br 
s, J = 4.7 Hz, 1H), 2.88 (br s, 2H), 2.01 (d, J = 12.0 Hz, 2H), 
1.87 – 1.70 (m, 4H), 1.58 – 1.37 (m, 4H), 1.36 – 1.25 (m, 2H), 
0.68 (br s, 2H); 13C NMR (151 MHz, DMSO-d6) δ 167.69, 
163.58, 156.32, 144.15, 131.23, 127.92, 126.91, 126.53, 
125.18, 124.65, 124.42, 116.10, 115.59, 114.34, 53.42, 
48.44, 47.13, 45.54, 30.04, 29.71, 29.28, 27.17, 23.83; HRMS 
(ESI+) m/z: calcd for [C25H29ClN4O5S2+H]+ 565.1341; found 
565.1344. 

(3Z)-7-Chloro-18-ethyl-10,21-dihydroxy-2,2-dioxo-
2λ6,5-dithia-3,12,18-triazatetracyclo[18.3.1.04,12.06,11]tetra-
cosa-1(23),3,6,8,10,20(24),21-heptaen-19-one (26). The ti-
tle compound was synthesized from 49d (64 mg, 0.122 
mmol) according to general procedure GP1. The desired 
product was isolated as a white solid. (17 mg, 0.033 mmol, 
27% yield). 1H NMR (400 MHz, DMSO-d6) δ 7.68 (dd, J = 8.5, 
2.4 Hz, 1H), 7.47 (d, J = 2.4 Hz, 1H), 7.19 (d, J = 8.7 Hz, 1H), 
6.86 (t, J = 8.9 Hz, 2H), 4.52 (t, J = 5.8 Hz, 2H), 3.36 (q, J = 7.1 
Hz, 2H), 2.94 – 2.86 (m, 2H), 1.46 – 1.33 (m, 2H), 1.26 (br s, 
2H), 1.10 (t, J = 7.0 Hz, 3H), 0.75 (br s, 2H); the two ArOH 
protons are missing due to broadening; LC-MS (ESI+) m/z: 
calcd for [C21H22ClN3O5S2+H]+ 496.1; found 496.2. 

(3Z)-7-chloro-10,22-dihydroxy-2,2-dioxo-19-(4-pi-
peridyl)-2λ6,5-dithia-3,12,19-triazatetracy-
clo[19.3.1.04,12.06,11]pentacosa-1(24),3,6,8,10,21(25),22-
heptaen-20-one;hydrochloride (17). The title compound 
was synthesized from 49e (45 mg, 0.06 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a light-brown solid (24 mg, 0.036 mmol, 55% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.96 (s, 1H), 10.82 
(s, 1H), 8.75 (d, J = 10.9 Hz, 1H), 8.56 – 8.49 (m, 1H), 7.78 
(dd, J = 8.6, 2.3 Hz, 1H), 7.56 (d, J = 2.4 Hz, 1H), 7.24 (d, J = 
8.6 Hz, 1H), 7.03 (d, J = 8.6 Hz, 1H), 6.97 (d, J = 8.7 Hz, 1H), 
4.43 – 4.35 (m, 2H), 4.32 – 4.21 (m, 1H), 3.02 – 2.87 (m, 5H), 
2.20 – 2.07 (m, 2H), 1.83 (d, J = 13.1 Hz, 2H), 1.43 – 1.33 (m, 
5H), 1.01 – 0.94 (m, 2H), 0.93 – 0.88 (m, 2H); 13C NMR (151 
MHz, DMSO-d6) δ 167.05, 162.23, 157.02, 144.11, 131.61, 
127.59, 126.13, 125.38, 125.23, 124.46, 124.14, 116.01, 
115.61, 115.56, 50.09, 47.09, 44.70, 43.08, 29.33, 27.91, 
25.80, 24.71, 24.52; HRMS (ESI+) m/z: calcd for 
[C25H29ClN4O5S2+H]+ 565.1341; found 565.1337. 

(3Z)-7-chloro-10,21-dihydroxy-2,2-dioxo-18-(1-propyl-
4-piperidyl)-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-19-one;hydrochloride (22). The title compound 
was synthesized from 49g (200 mg, 0.322 mmol) according 
to general procedures GP1 and GP2. The desired product 
was isolated as a white solid (43.8 mg, 0.07 mmol, 21% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 10.91 (s, 1H), 10.84 
(s, 1H), 9.61 (br s, 1H), 7.73 (dd, J = 8.5, 2.3 Hz, 1H), 7.56 (d, 
J = 2.4 Hz, 1H), 7.24 (d, J = 8.7 Hz, 1H), 6.94 (d, J = 8.8 Hz, 
1H), 6.94 (d, J = 8.6 Hz, 1H), 4.55 – 4.47 (m, 2H), 4.11 – 3.99 
(m, 1H), 3.58 – 3.45 (m, 2H), 3.11 – 2.84 (m, 6H), 2.44 – 2.29 
(m, 2H), 1.97 – 1.89 (m, 2H), 1.73 – 1.62 (m, 2H), 1.46 (br s, 
2H), 1.35 (br s, 2H), 0.91 (t, J = 7.4 Hz, 3H), 0.74 (br s, 2H); 

HRMS (ESI+) m/z: calcd for [C27H33ClN4O5S2+H]+ 593.1654; 
found 593.1661. 

Ethyl 5-[(Z)-[7-chloro-4-methoxy-3-[2-(oxiran-2-
yl)ethyl]-1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-
methoxy-benzoate (51a). 5 oven dried microwave vials 
were charged with 50 (2.5 g, 5.47 mmol, 1.0 equiv) (500 mg 
in each vial) and potassium carbonate, anhyd (2.27 g, 16.4 
mmol, 3.0 equiv) (453mg per vial) and purged with nitro-
gen. DMF (25 mL) (5ml per vial) and 2-(2-bromo-
ethyl)oxirane (2.48 g, 16.41 mmol, 3.0 equiv) (495 mg per 
vial) were added and the reactions heated to 120 °C (5 min 
hold time) by microwave irradiation. Cooled reactions were 
filtered to remove potassium carbonate, combined, dry 
loaded (50 °C water bath) and purified by flash column 
chromatography (SiO2, gradient elution DCM/MeOH = 
100/0 to 98/2) to afford the title compound (2.32 g, 4.40 
mmol, 80% yield). 1H NMR (400 MHz, CDCl3) δ 8.39 (d, J = 
2.4 Hz, 1H), 8.10 (dd, J = 8.8, 2.5 Hz, 1H), 7.17 (d, J = 8.8 Hz, 
1H), 7.02 (d, J = 8.9 Hz, 1H), 6.84 (d, J = 8.8 Hz, 1H), 4.68 
(hept, J = 6.7 Hz, 2H), 4.36 (q, J = 7.1 Hz, 2H), 3.95 (s, 3H), 
3.91 (s, 3H), 2.91 – 2.82 (m, 1H), 2.55 (dd, J = 5.0, 4.0 Hz, 1H), 
2.26 (dd, J = 5.0, 2.6 Hz, 1H), 2.03 – 1.91 (m, 1H), 1.91 – 1.76 
(m, 1H), 1.38 (t, J = 7.1 Hz, 3H); LC-MS (ESI+) m/z: 527.2 [M 
+ H]+. 

Ethyl 5-[(Z)-[3-[4-[[cis-4-(tert-butoxycarbonylamino)cy-
clohexyl]amino]-3-hydroxy-butyl]-7-chloro-4-methoxy-
1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-methoxy-
benzoate (52). A microwave vial was charged with 51a 
(1.22 g, 2.31 mmol, 1.0 equiv), tert-butyl N-(cis-4-aminocy-
clohexyl)carbamate (992 mg, 4.63 mmol, 2.0 equiv) and yt-
terbium(III) trifluoromethanesulfonate (144 mg, 0.23 
mmol, 0.1 equiv) and purged with nitrogen. THF (12 mL) 
was added and the reaction heated to 130 °C by microwave 
irradiation for 1 h. The reaction mixture was filtered 
through a PTFE frit, dry loaded and purified by flash column 
chromatography (SiO2, gradient elution DCM / (MeOH 
w/10% NH3) = 100/0 to 80/20). Third major peak was 
evaporated under reduced pressure to afford the title com-
pound (681 mg, 0.92 mmol, 40% yield). 1H NMR (400 MHz, 
CDCl3) δ 8.39 (d, J = 2.4 Hz, 1H), 8.10 (dd, J = 8.8, 2.5 Hz, 1H), 
7.17 (d, J = 8.8 Hz, 1H), 7.03 (d, J = 8.9 Hz, 1H), 6.85 (d, J = 
8.8 Hz, 1H), 4.71 (br s, 1H), 4.68 – 4.53 (m, 2H), 4.36 (q, J = 
7.2 Hz, 2H), 3.94 (s, 3H), 3.91 (s, 3H), 3.62 (br s, 1H), 3.53 (t, 
J = 7.6 Hz, 1H), 2.68 (dd, J = 11.8, 3.1 Hz, 1H), 2.62 – 2.53 (m, 
1H), 2.44 (dd, J = 11.8, 8.7 Hz, 1H), 1.90 – 1.53 (m, 12H), 1.43 
(s, 9H), 1.38 (t, J = 7.1 Hz, 3H); LC-MS (ESI+) m/z: 741.4 [M 
+ H]+. 

5-[(Z)-[3-[4-[[cis-4-(tert-butoxycarbonylamino)cyclo-
hexyl]amino]-3-hydroxy-butyl]-7-chloro-4-methoxy-1,3-
benzothiazol-2-ylidene]amino]sulfonyl-2-methoxy-ben-
zoic acid (53). To a suspension of 52 (680 mg, 0.92 mmol, 
1.0 equiv) in methanol (5 mL) was added 4 N lithium hy-
droxide (aq.) (2.29 mL, 9.17 mmol, 10 equiv) and the reac-
tion stirred at rt for 16 h. The reaction was concentrated to 
remove excess methanol, diluted with water (25ml) and ad-
justed to pH 6 with 2N HCl (aq.). The resulting precipitate 
was collected by filtration, dried under vacuum to give the 
title compound (575 mg, 0.81 mmol, 88% yield). LC-MS 
(ESI+) m/z: 713.5 [M + H]+. 

tert-Butyl N-[cis-4-[(3Z)-7-chloro-15-hydroxy-10,20-di-
methoxy-2,2,18-trioxo-2λ6,5-dithia-3,12,17-triazatetracy-
clo[17.3.1.04,12.06,11]tricosa-1(22),3,6(11),7,9,19(23),20-
heptaen-17-yl]cyclohexyl]carbamate (54). To a flask 
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charged with 53 (570 mg, 0.80 mmol, 1.0 equiv) was added 
DMF (20 mL), triethylamine (0.45 mL, 3.2 mmol, 4.0 equiv) 
and DEPBT (956 mg, 3.2 mmol, 4.0 equiv) and the reaction 
stirred for 36 h at rt. Reaction was dry loaded and purified 
by purified by flash column chromatography (SiO2, gradi-
ent elution DCM/MeOH = 100/0 to 98/2) to afford the title 
compound (189 mg, 0.27 mmol, 34% yield). 1H NMR (400 
MHz, CDCl3) δ 7.88 (dd, J = 8.6, 2.3 Hz, 1H), 7.69 (s, 1H), 7.17 
(d, J = 8.8 Hz, 1H), 6.86 (dd, J = 8.8, 6.8 Hz, 2H), 4.84 (d, J = 
28.2 Hz, 2H), 4.57 (s, 1H), 4.27 (s, 1H), 3.92 (s, 3H), 3.92 – 
3.75 (m, 2H), 3.83 (s, 3H), 3.08 (s, 1H), 2.72 (d, J = 16.2 Hz, 
1H), 2.02 – 1.53 (m, 9H), 1.46 (s, 9H), 0.83 (s, 1H), 0.61 (s, 
1H); LC-MS (ESI+) m/z: 595.3 [M-Boc + H]+. 

tert-Butyl N-[cis-4-[(3Z,15R)-7-chloro-15-hydroxy-
10,20-dimethoxy-2,2,18-trioxo-2λ6,5-dithia-3,12,17-
triazatetracyclo[17.3.1.04,12.06,11]tricosa-
1(22),3,6(11),7,9,19(23),20-heptaen-17-yl]cyclohexyl]car-
bamate (55a) and tert-Butyl N-[cis-4-[(3Z,15S)-7-chloro-
15-hydroxy-10,20-dimethoxy-2,2,18-trioxo-2λ6,5-dithia-
3,12,17-triazatetracyclo[17.3.1.04,12.06,11]tricosa-
1(22),3,6(11),7,9,19(23),20-heptaen-17-yl]cyclohexyl]car-
bamate (55b). Racemate 54 (120 mg, 0.17 mmol) was dis-
solved to 17 mg / mL in methanol and purified by chiral 
HPLC. Relevant fractions of each isomer were then evapo-
rated to near dryness using a rotary evaporator. The result-
ant solids were then transferred into final vessels with DCM 
which was removed on a Biotage V10 at 35 °C before being 
stored in a vacuum oven at 35 °C and 5 mbar until constant 
weight to afford 55a (46 mg, 0.07 mmol, 39% yield, 99.8% 
ee); 1H NMR (400 MHz, CDCl3) δ 7.87 (dd, J = 8.6, 2.3 Hz, 1H), 
7.72 (s, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 
6.85 (d, J = 8.9 Hz, 1H), 4.88 – 4.77 (m, 2H), 4.55 (br s, 1H), 
4.28 (br s, 1H), 3.96 – 3.80 (m, 2H), 3.92 (s, 3H), 3.83 (s, 3H), 
3.08 (d, J = 15.7 Hz, 1H), 2.85 (br s, 1H), 2.71 (d, J = 16.1 Hz, 
1H), 1.98 – 1.57 (m, 9H), 1.45 (s, 9H), 0.58 (br s, 1H); LC-MS 
(ESI+) m/z: 595.7 [M-Boc + H]+ and 55b (45 mg, 0.06 mmol, 
37% yield, 100% ee); 1H NMR (400 MHz, CDCl3) δ 7.88 (dd, 
J = 8.6, 2.3 Hz, 1H), 7.70 (s, 1H), 7.17 (d, J = 8.8 Hz, 1H), 6.87 
(d, J = 8.7 Hz, 1H), 6.86 (d, J = 8.9 Hz, 1H), 4.93 – 4.73 (m, 
2H), 4.56 (br s, 1H), 4.28 (br s, 1H), 3.96 – 3.80 (m, 2H), 3.93 
(s, 3H), 3.83 (s, 3H), 3.08 (d, J = 15.7 Hz, 1H), 2.86 – 2.56 (m, 
2H), 2.02 – 1.63 (m, 9H), 1.46 (s, 9H), 0.60 (br s, 1H); LC-MS 
(ESI+) m/z: 595.8 [M-Boc + H]+. 

(3E,15R)-17-(cis-4-aminocyclohexyl)-7-chloro-10,15,20-
trihydroxy-2,2-dioxo-2λ6,5-dithia-3,12,17-triazatetracy-
clo[17.3.1.04,12.06,11]tricosa-1(22),3,6(11),7,9,19(23),20-
heptaen-18-one;hydrochloride (18). The title compound 
was synthesized from 55a (43 mg, 0.06 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a white solid (19 mg, 0.03 mmol, 50% yield). 1H 
NMR (400 MHz, DMSO-d6) δ 11.01 (s, 1H), 10.74 (s, 1H), 
8.01 (br s, 3H), 7.64 – 7.55 (m, 2H), 7.23 (d, J = 8.7 Hz, 1H), 
6.95 (d, J = 8.7 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.08 (v br s, 
1H), 4.88 – 4.73 (m, 1H), 4.37 – 4.18 (m, 2H), 3.26 (dd, J = 
15.9, 6.3 Hz, 1H), 2.16 – 1.59 (m, 8H), 1.59 – 1.40 (m, 2H), 
0.23 (br s, 1H); two protons are missing due to broadening 
or overlapping with the residual solvent signal; 13C NMR 
(151 MHz, DMSO-d6) δ 167.93, 163.37, 156.39, 144.29, 
132.54, 126.72, 126.50, 126.08, 125.22, 124.65, 124.30, 
115.92, 115.61, 115.00, 52.22, 50.54, 46.32, 45.03, 40.43, 
27.52, 27.41, 23.54, 23.04; one aliphatic carbon is missing 
due to overlapping or broadening; HRMS (ESI+) m/z: calcd 
for [C24H27ClN4O6S2+H]+ 567.1134; found 567.1129. 

(3E,15S)-17-(cis-4-aminocyclohexyl)-7-chloro-10,15,20-
trihydroxy-2,2-dioxo-2λ6,5-dithia-3,12,17-triazatetracy-
clo[17.3.1.04,12.06,11]tricosa-1(22),3,6(11),7,9,19(23),20-
heptaen-18-one;hydrochloride (19). The title compound 
was synthesized from 55b (45 mg, 0.06 mmol) according to 
general procedures GP1 and GP2. The desired product was 
isolated as a white solid (18 mg, 0.03 mmol, 46% yield). 1H 
NMR (400 MHz, DMSO-d6) δ 11.01 (s, 1H), 10.75 (s, 1H), 
8.01 (br s, 3H), 7.64 – 7.55 (m, 2H), 7.23 (d, J = 8.7 Hz, 1H), 
6.95 (d, J = 8.7 Hz, 1H), 6.90 (d, J = 8.4 Hz, 1H), 5.03 (v br s, 
1H), 4.88 – 4.73 (m, 1H), 4.41 – 4.16 (m, 2H), 3.25 (dd, J = 
15.8, 6.3 Hz, 1H), 2.16 – 1.58 (m, 8H), 1.58 – 1.40 (m, 2H), 
0.23 (br s, 1H); two protons are missing due to broadening 
or overlapping with the residual solvent signal; 13C NMR 
(151 MHz, DMSO-d6) δ 167.92, 163.37, 156.40, 144.32, 
132.53, 126.73, 126.50, 126.08, 125.22, 124.64, 124.28, 
115.93, 115.59, 115.00, 52.12, 50.54, 46.32, 45.03, 40.43, 
27.52, 27.41, 23.58, 23.05; one aliphatic carbon is missing 
due to overlapping or broadening; HRMS (ESI+) m/z: calcd 
for [C24H27ClN4O6S2+H]+ 567.1134; found 567.1137. 

Ethyl 5-[(Z)-[3-(5-bromopentyl)-7-chloro-4-methoxy-
1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-methoxy-
benzoate (51b). To a suspension of 50 (16.0 g, 35.0 mmol, 
1.0 equiv) and potassium carbonate, anhyd (24.2 g, 175 
mmol, 5.0 equiv) in anhyd DMF (300 mL) was added 1,5-di-
bromopentane (19.1 mL, 140 mmol, 4.0 equiv) and the sus-
pension was stirred at rt for 48 h. Further 1,5-dibromopen-
tane (4.75 mL, 35 mmol, 1.0 equiv) was added and stirring 
continued for 5 d. The suspension was filtered before the 
reaction solvent was removed under reduced pressure and 
the resultant oil left to stand overnight, forming a yellow 
solid. The solid was suspended in diethyl ether (200 mL) 
and filtered, washing with further diethyl ether, then air 
dried to yield the title compound (11.3 g, 18.6 mmol, 53% 
yield) as a light-brown solid. 1H NMR (400 MHz, DMSO-d6) 
δ 8.09 (d, J = 2.5 Hz, 1H), 8.03 (dd, J = 8.8, 2.5 Hz, 1H), 7.40 
(d, J = 8.8 Hz, 1H), 7.32 (d, J = 8.9 Hz, 1H), 7.19 (d, J = 8.9 Hz, 
1H), 4.39 (t, J = 7.3 Hz, 2H), 4.27 (q, J = 7.1 Hz, 2H), 3.92 (s, 
3H), 3.88 (s, 3H), 3.40 (t, J = 6.7 Hz, 2H), 1.72 (p, J = 6.9 Hz, 
2H), 1.60 (p, J = 7.5 Hz, 2H), 1.34 – 1.22 (m, 5H); LC-MS 
(ESI+) m/z: 607.1 [M + H]+. 

tert-Butyl 8-[5-[(2Z)-7-chloro-2-(3-ethoxycarbonyl-4-
methoxy-phenyl)sulfonylimino-4-methoxy-1,3-benzothia-
zol-3-yl]pentylamino]cis-1-azaspiro[4.5]decane-1-carbox-
ylate (56d). To a solution of 51b (1.23 g, 2.02 mmol, 1.2 
equiv) in anhyd acetonitrile (20 mL) was added tert-butyl 
cis-8-amino-1-azaspiro[4.5]decane-1-carboxylate (476 mg, 
1.68 mmol, 1.0 equiv) and potassium carbonate, anhyd (698 
mg, 5.05 mmol, 3.0 equiv) under nitrogen. The reaction mix-
ture was stirred at 55 °C for 6 d. The cooled reaction was 
filtered through a short pad of silica washing with methanol 
and ethyl acetate. Filtrate and washings were dry loaded 
and purified by flash column chromatography (SiO2; gradi-
ent elution DCM/MeOH = 100/0 to 90/10) to afford the title 
compound (661 mg, 0.85 mmol, 50% yield) as a glassy, col-
ourless solid. 1H NMR (400 MHz, DMSO-d6) δ 8.09 (d, J = 2.5 
Hz, 1H), 8.07 – 7.96 (m, 2H), 7.43 (d, J = 8.9 Hz, 1H), 7.32 (d, 
J = 8.9 Hz, 1H), 7.22 (d, J = 9.0 Hz, 1H), 4.44 – 4.36 (m, 2H), 
4.27 (q, J = 7.1 Hz, 2H), 3.93 (s, 3H), 3.92 – 3.86 (m, 4H), 3.36 
– 3.27 (m, 2H), 2.84 (br s, 2H), 2.48 – 2.40 (m, 2H), 1.95 – 
1.78 (m, 4H), 1.77 – 1.53 (m, 8H), 1.40 (s, 9H), 1.34 – 1.18 
(m, 7H); LC-MS (ESI+) m/z: 779.6 [M + H]+. 
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tert-Butyl 4-[5-[(2Z)-7-chloro-2-(3-ethoxycarbonyl-4-
methoxy-phenyl)sulfonylimino-4-methoxy-1,3-benzothia-
zol-3-yl]pentylamino]piperidine-1-carboxylate (56a). The 
title compound was synthesized according to the procedure 
for 56d using tert-butyl 4-aminopiperidine-1-carboxylate 
as described in Scheme 4. The desired product was isolated 
as an off-white solid (4.71 g, 5.84 mmol, 71% yield). 1H NMR 
(400 MHz, DMSO-d6) δ 8.09 (d, J = 2.5 Hz, 1H), 8.03 (dd, J = 
8.9, 2.5 Hz, 1H), 7.42 (d, J = 8.8 Hz, 1H), 7.32 (d, J = 9.0 Hz, 
1H), 7.20 (d, J = 9.0 Hz, 1H), 4.40 (t, J = 7.2 Hz, 2H), 4.27 (q, J 
= 7.1 Hz, 2H), 3.92 (s, 3H), 3.89 (s, 3H), 3.76 (d, J = 13.6 Hz, 
2H), 2.76 (br s, 2H), 2.38 – 2.28 (m, 2H), 1.75 – 1.61 (m, 2H), 
1.57 (q, J = 7.6 Hz, 2H), 1.46 – 1.35 (m, 11H), 1.34 – 1.24 (m, 
5H), 1.18 (q, J = 7.8 Hz, 2H), 1.11 – 0.93 (m, 2H); LC-MS 
(ESI+) m/z: 725.4 [M + H]+. 

tert-Butyl (1S,5R)-3-[5-[(2Z)-7-chloro-2-(3-ethoxycar-
bonyl-4-methoxy-phenyl)sulfonylimino-4-methoxy-1,3-
benzothiazol-3-yl]pentylamino]-8-azabicyclo[3.2.1]octane-
8-carboxylate (56b). The title compound was synthesized 
according to the procedure for 56d using tert-butyl (1R,5S)-
3-amino-8-azabicyclo[3.2.1]octane-8-carboxylate as de-
scribed in Scheme 4. The desired product was isolated as a 
solid (1.56 mg, 2.08 mmol, 50% yield).1H NMR (400 MHz, 
Chloroform-d) δ 8.39 (d, J = 2.5 Hz, 1H), 8.08 (dd, J = 8.8, 2.4 
Hz, 1H), 7.15 (d, J = 8.8 Hz, 1H), 7.02 (d, J = 8.9 Hz, 1H), 6.84 
(d, J = 8.8 Hz, 1H), 4.53 – 4.42 (m, 2H), 4.35 (q, J = 7.1 Hz, 
2H), 4.23 – 4.01 (m, 2H), 3.94 (s, 3H), 3.90 (s, 3H), 2.85 (t, J 
= 6.1 Hz, 1H), 2.48 (t, J = 6.8 Hz, 2H), 2.15 – 1.91 (m, 4H), 
1.90 – 1.77 (m, 2H), 1.74 – 1.58 (m, 2H), 1.45 (s, 9H), 1.50 – 
1.23 (m, 10H); LC-MS (ESI+) m/z: 751.5 [M + H]+. 

Ethyl 5-[(Z)-[3-[5-[[(2S,6R)-1-benzyl-2,6-dimethyl-4-pi-
peridyl]amino]pentyl]-7-chloro-4-methoxy-1,3-benzothia-
zol-2-ylidene]amino]sulfonyl-2-methoxy-benzoate (56c). 

The title compound was synthesized according to the 
procedure for 56d using (2R,4r,6S)-1-benzyl-2,6-dime-
thylpiperidin-4-amine as described in Scheme 4. The de-
sired product was isolated as an off-white glassy solid (1.28 
g, 1.46 mmol, 96% yield). 1H NMR (400 MHz, DMSO-d6) δ 
8.10 (d, J = 2.5 Hz, 1H), 8.03 (ddd, J = 8.1, 5.5, 2.5 Hz, 1H), 
7.41 (d, J = 8.8 Hz, 1H), 7.30 (dtd, J = 23.8, 7.4, 1.7 Hz, 5H), 
7.22 – 7.09 (m, 2H), 4.39 (t, J = 7.3 Hz, 2H), 4.32 – 4.18 (m, 
2H), 3.93 (s, 3H), 3.91 – 3.84 (m, 3H), 3.71 – 3.61 (m, 2H), 
2.68 – 2.43 (m, 5H), 1.77 (dd, J = 12.6, 3.6 Hz, 2H), 1.61 (p, J 
= 7.5 Hz, 2H), 1.40 (q, J = 7.6 Hz, 2H), 1.33 – 1.20 (m, 5H), 
1.15 – 1.03 (m, 2H), 1.00 – 0.94 (m, 6H).(N-H very broad); 
LC-MS (ESI+) m/z: 743.6 [M + H]+. 

5-[(Z)-[3-[5-[(cis-1-tert-butoxycarbonyl-1-
azaspiro[4.5]decan-8-yl)amino]pentyl]-7-chloro-4-meth-
oxy-1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-meth-
oxy-benzoic acid (57d). To a stirred solution of 56d (661 
mg, 0.85 mmol, 1.0 equiv) in methanol (20 mL) was added 
2 N aqueous sodium hydroxide solution (5.0 mL, 10 mmol, 
11.8 equiv). The mixture was stirred for 2 h at rt. The reac-
tion mixture was diluted with DCM and the phases sepa-
rated. The aqueous layer was acidified to pH = 3 and ex-
tracted with DCM (2 × 10 mL). The combined organics were 
washed with brine, dried (MgSO4), filtered and evaporated 
under reduced pressure to afford the title compound (97.0 
mg, 0.13 mmol, 15% yield) as a clear glassy solid. LC-MS 
(ESI+) m/z: 751.5 [M + H]+. 

5-[(Z)-[3-[5-[(1-tert-butoxycarbonyl-4-pi-
peridyl)amino]pentyl]-7-chloro-4-methoxy-1,3-benzothia-
zol-2-ylidene]amino]sulfonyl-2-methoxy-benzoic acid 

(57a). To a solution of 56a (4.71 g, 6.49 mmol, 1.0 equiv) in 
ethanol (40 mL) at 0 °C was added an aqueous solution of 
4N sodium hydroxide (10.0 mL, 40 mmol). After addition 
was complete the reaction was stirred for 16 h at rt. The or-
ganic solvent was removed under reduced pressure and the 
aqueous residue acidified to pH 6 by the dropwise addition 
of 5 N HCl (aq). The precipitated solid was collected by fil-
tration, air dried and further dried under vacuum to afford 
the desired product (4.28 g, 5.52 mmol, 85% yield). LC-MS 
(ESI+) m/z: 697.4 [M + H]+. 

5-[(Z)-[3-[5-[[(1S,5R)-8-tert-butoxycarbonyl-8-azabicy-
clo[3.2.1]octan-3-yl]amino]pentyl]-7-chloro-4-methoxy-
1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-methoxy-
benzoic acid (57b). To a suspension of 56b (1.56 g, 2.08 
mmol, 1.0 equiv) in methanol (25 mL) was added 2N aque-
ous sodium hydroxide solution (10.4 mL, 20.8 mmol, 10 
equiv) and the reaction stirred at rt for 16 h. Analysis 
showed ~10% conversion to the desired product. The reac-
tion was heated to reflux for 2 h (pale yellow solution 
formed). The organic solvent was removed under reduced 
pressure and the residue diluted with water (100ml) and 
pH adjusted to 5 using 2N HCl (aq.) (~12ml). The resulting 
sticky solid was collected by filtration, air dried and further 
dried under vacuum to afford the desired product as a white 
solid (978 mg, 1.35 mmol, 65% yield); 1H NMR (400 MHz, 
DMSO-d6) δ 7.83 – 7.77 (m, 2H), 7.36 (d, J = 8.8 Hz, 1H), 7.17 
(d, J = 9.0 Hz, 1H), 7.11 (d, J = 8.5 Hz, 1H), 4.39 (t, J = 7.2 Hz, 
2H), 4.03 (s, 2H), 3.91 (s, 3H), 3.80 (s, 3H), 2.93 – 2.77 (m, 
1H), 2.53 (d, J = 7.4 Hz, 2H), 2.16 (dt, J = 13.5, 6.5 Hz, 2H), 
1.92 – 1.73 (m, 4H), 1.65 – 1.50 (m, 4H), 1.46 – 1.32 (m, 2H), 
1.39 (s, 9H), 1.20 – 1.05 (m, 2H). (N-H and COOH peaks are 
very broad); LC-MS (ESI+) m/z: 723.5 [M + H]+. 

5-[(Z)-[3-[5-[[(2R,6S)-1-benzyl-2,6-dimethyl-4-pi-
peridyl]amino]pentyl]-7-chloro-4-methoxy-1,3-benzothia-
zol-2-ylidene]amino]sulfonyl-2-methoxy-benzoic acid 
(57c). The title compound was synthesized from 56c ac-
cording to the procedure for 57a but using a 4 N aqueous 
lithium hydroxide solution. The desired product was iso-
lated as a light-brown solid (834 mg, 0.99 mmol, 85% yield). 
1H NMR (400 MHz, DMSO-d6) δ 7.79 – 7.61 (m, 2H), 7.43 – 
6.99 (m, 8H), 4.49 – 4.24 (m, 2H), 3.91 (s, 3H), 3.84 – 3.73 
(m, 5H), 3.66 (s, 2H), 2.93 – 2.77 (m, 1H), 2.72 – 2.58 (m, 
2H), 2.00 – 1.70 (m, 2H), 1.65 – 1.05 (m, 9H), 1.03 – 0.86 (m, 
6H); one proton is missing due to broadening or overlap-
ping; LC-MS (ESI+) m/z: 715.5 [M + H]+. 

tert-Butyl 8-[(3Z)-7-chloro-10,21-dimethoxy-2,2,19-tri-
oxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-18-yl]-cis-1-azaspiro[4.5]decane-1-carboxylate 
(49j). To a stirred solution of 57d (97.0 mg, 0.13 mmol, 1.0 
equiv) and triethylamine (0.07 mL, 0.52 mmol, 4.0 equiv) in 
anhyd DMF (15 mL) and anhyd toluene (15 mL) was 
added DEPBT (97.0 mg, 0.32 mmol, 2.5 equiv) and the reac-
tion mixture was stirred under nitrogen at rt for 5 d. The 
majority of the solvent was removed under reduced pres-
sure. The residue was re-solubilised in DCM and loaded 
onto a Teledyne C18 dry-load cartridge, evaporating the 
solvent under a stream of nitrogen. The crude material was 
purified by reverse phase flash column chromatography 
(SiO2-C18, gradient elution water/ MeCN (pH = 9) = 95/5 to 
5/95) to afford the title compound (62.0 mg, 0.09 mmol, 
66% yield) as an off-white solid. 1H NMR (400 MHz, DMSO-
d6) δ 7.87 (dd, J = 8.7, 2.3 Hz, 1H), 7.59 (d, J = 2.4 Hz, 1H), 
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7.40 (d, J = 8.9 Hz, 1H), 7.21 – 7.12 (m, 2H), 4.64 – 4.48 (m, 
1H), 4.45 – 4.32 (m, 1H), 4.20 – 4.11 (m, 1H), 3.89 (s, 3H), 
3.82 (s, 3H), 3.35 – 3.26 (m, 2H), 2.69 – 2.55 (m, 1H), 2.41 – 
2.24 (m, 2H), 2.23 – 2.04 (m, 2H), 1.87 – 1.65 (m, 5H), 1.63 
– 1.48 (m, 4H), 1.46 – 1.27 (m, 13H), 0.96 (br s, 1H), 0.38 (br 
s, 1H); 13C NMR (101 MHz, DMSO-d6) δ 166.96, 163.96, 
157.51, 153.17, 146.08, 132.62, 128.16, 127.32, 126.98, 
126.14, 124.50, 124.48, 117.55, 112.67, 110.43, 78.02, 
61.40, 56.88, 56.19, 49.98, 47.71, 47.55, 39.91*, 31.79, 
31.44, 29.95, 28.87, 28.23, 25.27, 23.84, 21.02; *observed in 
HSQC; LC-MS (ESI+) m/z: 733.5 [M + H]+. 

(3Z)-18-[(2R,6S)-1-benzyl-2,6-dimethyl-4-piperidyl]-7-
chloro-10,21-dimethoxy-2,2-dioxo-2λ6,5-dithia-3,12,18-
triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(24),3,6(11),7,9,20,22-heptaen-19-one (49i). The title 
compound was synthesized from 57c according to the pro-
cedure for 49j. The desired product was isolated as a yellow 
solid (666 mg, 0.96 mmol, 82% yield). 1H NMR (400 MHz, 
DMSO-d6) δ 7.52 – 6.95 (m, 8H), 4.72 – 4.27 (m, 2H), 4.06 (t, 
J = 12.0 Hz, 1H), 3.99 – 3.59 (m, 8H), 3.22 – 2.94 (m, 1H), 
2.60 (d, J = 7.9 Hz, 4H), 1.96 – 1.10 (m, 10H), 1.08 – 0.70 (m, 
6H), 0.36 (s, 1H); Complex spectra due to nitrogen inver-
sion; LC-MS (ESI+) m/z: 697.5 [M + H]+. 

tert-Butyl 4-[(3Z)-7-chloro-10,21-dimethoxy-2,2,19-tri-
oxo-2λ^6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.0^4,12.0^6,11]tetracosa-
1(23),3,6,8,10,20(24),21-heptaen-18-yl]piperidine-1-car-
boxylate (49b). To a solution of 57a (2.14 g, 3.07 mmol, 1.0 
equiv) in chloroform (500 mL) was added HATU (1.45 g, 
6.14 mmol, 2.0 equiv) and triethylamine (0.86 mL, 6.14 
mmol, 2.0 equiv). The reaction was stirred at rt for 5 d. A 
second reaction was carried out in parallel using identical 
conditions to the above. These reactions were combined, 
and the solvent volume reduced to ~30 mL and the organics 
washed with water (2 x 30 mL). The phases were separated, 
dried (MgSO4), filtered and concentrated under reduced 
pressure to afford the crude. Purified by flash column chro-
matography (SiO2, gradient elution DCM/MeOH = 100/0 to 
90/10). Product fractions were combined and concentrated 
under reduced pressure to afford the title compound (4.00 
g, 5.59 mmol, 91% yield). 1H NMR (400 MHz, CDCl3) δ 7.98 
(dd, J = 8.6, 2.3 Hz, 1H), 7.85 (d, J = 2.3 Hz, 1H), 7.16 (d, J = 
8.7 Hz, 1H), 6.88 (d, J = 8.7 Hz, 1H), 6.83 (d, J = 8.8 Hz, 1H), 
4.72 (br s, 1H), 4.57 – 4.48 (m, 1H), 4.47 – 4.37 (m, 1H), 4.23 
(d, J = 13.3 Hz, 2H), 3.89 (s, 3H), 3.84 (s, 3H), 3.01 (br s, 1H), 
2.82 (br s, 2H), 2.69 (br s, 1H), 1.87 (br s, 1H), 1.75 (br s, 
1H), 1.71-1.42 (m, 5H), 1.47 (s, 9H), 1.25 (br s, 1H), 0.99 (s, 
1H), 0.59 (s, 1H); LC-MS (ESI+) m/z: 579.3 [M-Boc + H]+. 

tert-Butyl (1S,5R)-3-[(3Z)-7-chloro-10,21-dimethoxy-
2,2,19-trioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(24),3,6(11),7,9,20,22-hep-
taen-18-yl]-8-azabicyclo[3.2.1]octane-8-carboxylate (49h). 
The title compound was synthesized from 57b according to 
the procedure for 49b. The desired product was isolated as 
a white solid (611 mg, 0.85 mmol, 63% yield). 1H NMR (400 
MHz, CDCl3) δ 7.98 – 7.91 (m, 1H), 7.78 (s, 1H), 7.15 (dd, J = 
8.8, 2.4 Hz, 1H), 6.84 (app t, J = 8.9 Hz, 2H), 4.72 – 4.67 (m, 
1H), 4.51 – 4.43 (m, 1H), 4.33 (br s, 1H), 4.24 (br s, 1H), 3.89 
(s, 3H), 3.83 (s, 3H), 3.22 (br s, 1H), 2.92 – 2.84 (m, 1H), 2.80 
(d, J = 2.4 Hz, 1H), 2.45 – 2.09 (m, 4H), 2.01 – 1.84 (m, 4H), 
1.54 (br s, 2H), 1.47 (s, 9H), 1.19 (s, 2H), 0.58 (s, 1H), 1.38 – 
1.30 (m, 1H); LC-MS (ESI+) m/z: 649.3 [M-tBu + H]+. 

(3Z)-18-[(2S,6R)-1-Benzyl-2,6-dimethyl-4-piperidyl]-7-
chloro-10,21-dihydroxy-2,2-dioxo-2λ6,5-dithia-3,12,18-
triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6,8,10,20(24),21-heptaen-19-one;hydrochloride; 
(28). The title compound was synthesized from 49i accord-
ing to general procedures GP1 and GP2. The desired prod-
uct was isolated as a white solid (34 mg, 0.049 mmol, 14% 
yield). 1H NMR (400 MHz, DMSO-d6) δ 11.00 (app. d, 1H), 
10.91 (app. d, 1H), (10.10 (app. t), 9.75 (br s), 1H), 7.78 – 
7.67 (m, 1H), 7.65 – 7.37 (m, 6H), 7.27 – 7.22 (m, 1H), 7.05 
– 6.93 (m, 2H), 4.61 – 4.36 (m, 4H), 4.01 – 3.86 (m, 1H), 3.66 
– 3.54 (m, 1H), (3.06 – 2.79 (m, 2H), 1.99 (d, J = 12.8 Hz, 1H), 
1.84 (d, J = 13.5 Hz, 1H), 1.62 – 1.25 (m, 10H), 0.73 (br s, 
2H); two protons overlap with the residual solvent signal 
and one proton overlaps with the residual water signal (ob-
served in HSQC experiment); Complex spectra due to nitro-
gen inversion at the tertiary amine; HRMS (ESI+) m/z: calcd 
for [C33H37ClN4O5S2+H]+ 669.1967; found 669.1963. 

(3Z)-18-(cis-1-azaspiro[4.5]decan-8-yl)-7-chloro-10,21-
dihydroxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-19-one;hydrochloride (21). The title compound 
was synthesized from 49j according to general procedures 
GP1 and GP2. The desired product was isolated as a white 
solid (4.0 mg, 0.006 mmol, 8% yield). 1H NMR (400 MHz, 
DMSO-d6) δ 11.01 (s, 1H), 10.86 (s, 1H), 9.08 (t, J = 5.7 Hz, 
2H), 7.71 (dd, J = 8.5, 2.4 Hz, 1H), 7.52 (d, J = 2.4 Hz, 1H), 
7.22 (d, J = 8.7 Hz, 1H), 7.00 (d, J = 8.7 Hz, 1H), 6.96 (d, J = 
8.5 Hz, 1H), 4.48 (t, J = 5.6 Hz, 2H), 4.17 (t, J = 12.4 Hz, 1H), 
3.24 (p, J = 6.4 Hz, 2H), 2.94 (br s, 2H), 2.10 – 1.86 (m, 6H), 
1.81 – 1.73 (m, 2H), 1.72 – 1.57 (m, 4H), 1.48 (p, J = 6.7 Hz, 
2H), 1.36 (p, J = 6.9 Hz, 2H), 0.67 (br s, 2H); 13C NMR (101 
MHz, DMSO-d6) δ 167.78, 163.56, 156.44, 144.24, 131.16, 
127.84, 126.88, 126.52, 125.17, 124.62, 124.40, 116.14, 
115.53, 114.37, 65.11, 52.65, 47.09, 44.86, 43.93, 37.60, 
32.76, 30.42, 29.30, 25.48, 23.85, 21.68; HRMS (ESI+) m/z: 
calcd for [C28H33ClN4O5S2+H]+ 605.1654; found 605.1659. 

(3Z)-7-Chloro-10,21-dimethoxy-2,2-dioxo-18-(4-pi-
peridyl)-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(24),3,6(11),7,9,20,22-hep-
taen-19-one (49f). To a stirred solution of 49b (4.00 g, 5.89 
mmol, 1.0 equiv) in DCM (60 mL) was added TFA (5.00 mL, 
65.3 mmol) and the mixture stirred at rt for 60 h. The sol-
vent was removed under reduced pressure. The residue 
was loaded onto a pre-equilibrated ion-exchange cartridge 
and the cartridge washed with methanol (~2 CV). The prod-
uct was eluted with 2N ammonia in methanol and fractions 
containing product were concentrated under reduced pres-
sure to afford the title product (2.25 g, 3.69 mmol, 63% 
yield) as a pale-yellow solid. 1H NMR (600 MHz, DMSO-d6) δ 
7.87 (d, J = 8.7 Hz, 1H), 7.58 (s, 1H), 7.39 (d, J = 8.8 Hz, 1H), 
7.19 – 7.12 (m, 2H), 4.59 – 4.51 (m, 1H), 4.44 – 4.37 (m, 1H), 
4.10 – 4.02 (m, 1H), 3.89 (s, 3H), 3.81 (s, 3H), 3.12 – 3.04 (m, 
1H), 3.03 – 2.96 (m, 2H), 2.61 – 2.53 (m, 1H), 1.80 – 1.71 (m, 
2H), 1.69 – 1.59 (m, 1H), 1.56 – 1.51 (m, 2H), 1.45 (s, 1H), 
1.37 – 1.26 (m, 1H), 1.21 – 1.13 (m, 1H), 0.99 (s, 1H), 0.40 – 
0.30 (m, 1H); two protons overlap with the residual water 
peak and the N-H resonance is not observed due to broad-
ening; LC-MS (ESI+) m/z: 579.2 [M + H]+. 

(3Z)-18-[(1S,5R)-8-azabicyclo[3.2.1]octan-3-yl]-7-
chloro-10,21-dimethoxy-2,2-dioxo-2λ6,5-dithia-3,12,18-
triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(24),3,6(11),7,9,20,22-heptaen-19-one (49k). To a 
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solution of 49h (611 mg, 0.87 mmol, 1.0 equiv) in a mixture 
of DCM (6 mL) and methanol (6 mL) was added HCl in 1,4-
dioxane (4 M) (2.17 mL, 8.66 mmol, 10.0 equiv) and the re-
action stirred at rt for 17 h. The reaction mixture was loaded 
onto 20 g ion-exchange cartridge and the cartridge washed 
with methanol:DCM (1:1) (3CV) followed by 2 N ammonia 
in methanol:DCM (1:1). Basic eluent was evaporated under 
reduced pressure to afford the title product (472 mg, 0.780 
mmol, 90% yield. 1H NMR (400 MHz, DMSO-d6) δ 7.86 (dd, J 
= 8.7, 2.4 Hz, 1H), 7.56 (d, J = 2.4 Hz, 1H), 7.40 (d, J = 8.9 Hz, 
1H), 7.17 (d, J = 9.0 Hz, 1H), 7.14 (d, J = 8.8 Hz, 1H), 4.62 – 
4.48 (m, 1H), 4.48 – 4.33 (m, 1H), 4.01 – 3.91 (m, 1H), 3.90 
(s, 3H), 3.81 (s, 3H), 3.77 – 3.68 (m, 2H), 3.35 (br s, 1H), 2.96 
(d, J = 14.9 Hz, 1H), 2.61 (t, J = 10.7 Hz, 1H), 2.40 – 2.22 (m, 
1H), 2.22 – 2.10 (m, 1H), 1.94 (t, J = 11.9 Hz, 1H), 1.89 – 1.71 
(m, 5H), 1.62 – 1.47 (m, 1H), 1.47 – 1.34 (m, 1H), 1.34 – 1.18 
(m, 1H), 1.17 – 1.01 (m, 2H), 0.48 – 0.23 (m, 1H); LC-MS 
(ESI+) m/z: 605.4 [M + H]+.  

(3Z)-18-(1-acetyl-4-piperidyl)-7-chloro-10,21-di-
methoxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-19-one (49l). 49f (120 mg, 0.21 mmol, 1.0 equiv) 
was dissolved in DCM (2 mL). DMAP (2.50 mg, 0.02 mmol, 
0.1 equiv), triethylamine (160 uL, 0.56 mmol, 2.7 equiv) and 
acetyl chloride (20 uL, 0.28 mmol, 1.4 equiv) were added 
sequentially and the resulting mixture stirred at rt for 30 
min. The reaction was quenched by the addition of a satu-
rated aqueous solution of sodium hydrogen carbonate (~1 
mL) and the biphasic mixture filtered through a phase sep-
arator. The organic phase was concentrated under reduced 
pressure and the residue purified by flash column chroma-
tography (SiO2, gradient elution with heptane/EtOAc = 
100/0 to 0/100) to afford the title compound afford the title 
product (95 mg, 0.15 mmol, 74% yield). 1H NMR (400 MHz, 
CDCl3) δ 7.95 (dd, J = 8.6, 2.3 Hz, 1H), 7.82 (d, J = 2.3 Hz, 1H), 
7.14 (d, J = 8.7 Hz, 1H), 6.87 (d, J = 8.7 Hz, 1H), 6.82 (d, J = 
8.8 Hz, 1H), 4.88 – 4.62 (m, 2H), 4.62 – 4.32 (m, 2H), 3.88 (s, 
4H), 3.83 (s, 3H), 3.18 (t, J = 13.4 Hz, 1H), 2.99 (s, 1H), 2.65 
(d, J = 28.2 Hz, 2H), 2.10 (s, 3H), 1.95 – 1.36 (m, 8H), 0.98 (s, 
1H), 0.56 (s, 1H); LC-MS (ESI+) m/z: 621.5 [M + H]+. 

(3Z)-7-chloro-18-[1-(2,2-difluoroethyl)-4-piperidyl]-
10,21-dimethoxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatet-
racyclo[18.3.1.04,12.06,11]tetracosa-1(24),3,6(11),7,9,20,22-
heptaen-19-one (49m). Intermediate 49f (100 mg, 0.17 
mmol, 1.0 equiv) was suspended in acetonitrile (3 mL). Tri-
ethylamine (0.10 mL, 0.69 mmol, 4.0 equiv) and 2,2-
difluoroethyl trifluoromethanesulfonate (74 mg, 0.35 
mmol, 2.0 equiv) were added and the reaction heated to re-
flux for 2 h. The reaction was cooled to rt and concentrated 
under reduced pressure. The residue was diluted with 
DCM:Isopropanol (1:1) (2ml), acidified by the addition of 
4N HCl in 1,4-dioxane (1 drop) and loaded onto an ion ex-
change cartridge. The cartridge was washed with methanol 
and the product eluted with 2N ammonia in methanol. The 
basic eluent was concentrated to afford the title product as 
an overweight solid that was used in the next step without 
further purification. 1H NMR (400 MHz, CDCl3) δ 7.94 (dd, J 
= 8.6, 2.4 Hz, 1H), 7.82 (d, J = 2.3 Hz, 1H), 7.14 (d, J = 8.8 Hz, 
1H), 6.86 (d, J = 8.7 Hz, 1H), 6.82 (d, J = 8.9 Hz, 1H), 5.85 (tt, 
J = 56.0, 4.3 Hz, 1H), 4.68 (br s, 1H), 4.52 – 4.28 (m, 2H), 3.88 
(s, 3H), 3.82 (s, 3H), 3.14 – 2.94 (m, 3H), 2.68 – 2.60 (m, 1H), 
2.43 – 2.29 (m, 2H), 1.95 – 1.69 (m, 5H), 1.66 – 1.34 (m, 4H), 
1.33 – 1.20 (m, 1H), 0.95 (s, 1H), 0.54 (s, 1H); LC-MS (ESI+) 
m/z: 643.7 [M + H]+. 

(3Z)-7-chloro-10,21-dimethoxy-2,2-dioxo-18-[(1S,5R)-
8-propyl-8-azabicyclo[3.2.1]octan-3-yl]-2λ6,5-dithia-
3,12,18-triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(24),3,6,8,10,20,22-heptaen-19-one (49n). To a solution 
of 49k (100 mg, 0.17 mmol, 1.0 equiv) in acetonitrile (3 mL) 
was added 1-iodopropane (24 µL, 0.25 mmol, 1.5 equiv) 
and triethylamine (58 µL, 0.41 mmol, 2.5 equiv) and the re-
action heated to 80 °C for 7 h. The cooled reaction mixture 
was concentrated under reduced pressure and the residue 
diluted with a mixture of methanol and DCM and acidified 
with 4N HCl in 1,4-dioxane (1 drop). The mixture was 
loaded onto an ion-exchange cartridge (5g). The cartridge 
was sequentially washed with methanol and 2N ammonia 
in methanol. Analysis showed product was eluted during 
the initial methanol wash, which was concentrated under 
reduced pressure to afford the title product (87 mg, 0.13 
mmol, 81% yield). LC-MS (ESI+) m/z: 647.4 [M + H]+. 

(3Z)-7-chloro-18-[(1S,5R)-8-isobutyl-8-azabicy-
clo[3.2.1]octan-3-yl]-10,21-dimethoxy-2,2-dioxo-2λ6,5-
dithia-3,12,18-triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(24),3,6(11),7,9,20,22-heptaen-19-one (49o). To a sus-
pension of 49k (100 mg, 0.17 mmol, 1.0 equiv) in acetoni-
trile (3 mL) was added sodium iodide (2.50 mg, 0.02 mmol, 
0.1 equiv), triethylamine (58 µL, 0.41 mmol, 2.5 equiv) and 
1-bromo-2-methylpropane (27 µL, 0.25 mmol, 1,5 equiv) 
and the reaction heated to 80 °C overnight. A further por-
tion of 1-bromo-2-methylpropane (27 µL, 0.25 mmol, 1,5 
equiv) was added and the reaction heated to 80 °C for a fur-
ther 24 h. The cooled reaction mixture was concentrated 
under reduced pressure and the residue was diluted with a 
mixture of methanol and DCM and acidified with 4 N HCl in 
1,4-dioxane (1 drop). The mixture was loaded onto a ion-
exchange cartridge (5g). The cartridge was sequentially 
washed with methanol and 2 N ammonia in methanol. Anal-
ysis showed product was eluted during the initial methanol 
wash, which was concentrated under reduced pressure to 
afford the title product (102 mg, 0.15 mmol, 93% yield). LC-
MS (ESI+) m/z: 661.4 [M + H]+. 

(3Z)-18-(1-acetyl-4-piperidyl)-7-chloro-10,21-dihy-
droxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one (24). The title compound was synthesized 
from 49l according to general procedures GP1 and GP2. The 
desired compound was isolated as a white solid (27 mg, 
0.046 mmol, 30% yield). 1H NMR (400 MHz, DMSO-d6) δ 
7.66 (dd, J = 8.6, 2.3 Hz, 1H), 7.46 (s, 1H), 7.15 (d, J = 8.7 Hz, 
1H), 6.85 – 6.77 (m, 2H), 4.55 – 4.45 (m, 3H), 4.15 (tt, J = 
11.2, 4.9 Hz, 1H), 3.93 – 3.85 (m, 1H), 3.07 (t, J = 11.4 Hz, 
1H), 2.81 (br s, 2H), 2.58 – 2.50 (m, 1H), 2.01 (s, 3H), 1.92 – 
1.49 (m, 4H), 1.33 (br s, 2H), 1.11 (br s, 2H), 0.59 (br s, 2H); 
the two ArOH protons are observed as a very broad peak 
between δ = 3.0 – 6.0); 13C NMR (151 MHz, DMSO-d6) (sig-
nals for the piperidine are a mixture of rotamers) δ 167.93, 
167.69, 163.58, 156.33, 144.13, 131.25, 127.96, 126.94, 
126.52, 125.21, 124.67, 124.42, 116.08, 115.60, 114.33, 
53.31, 47.14, 45.71, 45.48, 40.60, 29.97 (major rotamer), 
29.53 (minor rotamer) 29.27(major rotamer), 28.87 (minor 
rotamer), 23.81, 21.28; HRMS (ESI+) m/z: calcd for 
[C26H29ClN4O6S2+H]+ 593.1290; found 593.1291. 

(3Z)-7-chloro-10,21-dihydroxy-2,2-dioxo-18-[(1R,5S)-8-
propyl-8-azabicyclo[3.2.1]octan-3-yl]-2λ6,5-dithia-3,12,18-
triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6(11),7,9,20(24),21-heptaen-19-
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one;hydrochloride (23). The title compound was synthe-
sized from 49n according to general procedures GP1 and 
GP2. The desired compound was isolated as a white solid 
(31 mg, 0.047 mmol, 29% yield). 1H NMR (400 MHz, DMSO-
d6) δ 10.92 (s, 1H), 10.83 (d, J = 3.9 Hz, 1H), 9.44 (br s, 1H), 
7.72 (dd, J = 8.5, 2.3 Hz, 1H), 7.55 (d, J = 2.3 Hz, 1H), 7.23 (d, 
J = 8.7 Hz, 1H), 6.95 (d, J = 8.8 Hz, 1H), 6.93 (d, J = 8.5 Hz, 
1H), 4.57 – 4.46 (m, 2H), 4.05 – 3.87 (m, 3H), 2.99 – 2.75 (m, 
4H), 2.31 – 2.14 (m, 4H), 2.14 – 2.03 (m, 2H), 1.70 (q, J = 7.7 
Hz, 2H), 1.42 (br s, 2H), 1.29 (br s, 2H), 0.89 (t, J = 7.3 Hz, 
3H), 0.78 (v br s, 2H); two protons overlap with the residual 
solvent peak (confirmed by HSQC experiment); 13C NMR 
(151 MHz, DMSO-d6) δ 167.39, 163.65, 156.39, 144.17, 
131.41, 128.35, 127.13, 126.23, 125.20, 124.63, 124.40, 
116.09, 115.57, 114.31, 58.41, 52.43, 49.77, 47.42, 44.34, 
32.15 (br), 29.37, 28.50, 26.71, 23.96, 17.61, 10.89; HRMS 
(ESI+) m/z: calcd for [C29H35ClN4O5S2+H]+ 619.1811; found 
619.1811. 

(3Z)-7-chloro-10,21-dihydroxy-18-[(1R,5S)-8-isobutyl-
8-azabicyclo[3.2.1]octan-3-yl]-2,2-dioxo-2λ6,5-dithia-
3,12,18-triazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6(11),7,9,20(24),21-heptaen-19-one; hydrochlo-
ride (27). The title compound was synthesized from 49o ac-
cording to general procedures GP1 and GP2. The desired 
compound was isolated as a white solid (36 mg, 0.054 
mmol, 43% yield). 1H NMR (400 MHz, DMSO-d6) δ 10.93 (s, 
1H), 10.84 (s, 1H), 9.15 (br s, 1H), 7.72 (dd, J = 8.4, 2.4 Hz, 
1H), 7.55 (s, 1H), 7.23 (d, J = 8.8 Hz, 1H), 6.99 – 6.90 (m, 2H), 
4.57 – 4.46 (m, 2H), 3.94 (s, 2H), 3.75 – 3.63 (m, 1H), 3.53 – 
3.43 (m, 1H), 2.90 (br s, 2H), 2.75 (s, 1H), 2.15 (s, 6H), 1.42 
(br s, 2H), 1.30 (s, 3H), 0.98 (d, J = 6.6 Hz, 6H), 0.76 (br s, 
2H), 2.65 – 2.55 (m, 2H). Complex spectra due to nitrogen 
inversion at the tertiary amine; HRMS (ESI+) m/z: calcd for 
[C30H37ClN4O5S2+H]+ 633.1967; found 633.1970. 

(3Z)-7-chloro-18-[1-(2,2-difluoroethyl)-4-piperidyl]-
10,21-dihydroxy-2,2-dioxo-2λ6,5-dithia-3,12,18-triazatet-
racyclo[18.3.1.04,12.06,11]tetracosa-1(24),3,6,8,10,20,22-
heptaen-19-one (25). The title compound was synthesized 
from 49m according to general procedures GP1 and GP2. 
The desired compound was isolated as a white solid (20 mg, 
0.033 mmol, 19% yield). 1H NMR (400 MHz, DMSO-d6) δ 
7.70 (dd, J = 8.5, 2.4 Hz, 1H), 7.50 (d, J = 2.4 Hz, 1H), 7.20 (d, 
J = 8.7 Hz, 1H), 6.89 (d, J = 8.5 Hz, 1H), 6.88 (d, J = 8.7 Hz, 
1H), 6.11 (tt, 2JF,H = 55.8, 3JH,H = 4.3 Hz, 1H), 4.49 (t, J = 5.7 Hz, 
2H), 3.97 (tt, J = 12.1, 3.9 Hz, 1H), 3.00 – 2.93 (m, 2H), 2.87 
(br s, 2H), 2.72 (td, 3JF,H = 15.7, 3JH,H = 4.3 Hz, 2H), 2.23 (t, J = 
13.0 Hz, 2H), 1.85 (qd, J = 12.0, 3.6 Hz, 2H), 1.65 (d, J = 11.7 
Hz, 2H), 1.45 (br s, J = 6.9 Hz, 2H), 1.29 (br s, J = 7.7 Hz, 2H), 
0.67 (br s, 2H); Very broad peak (δH 12.0 – 8.5 ppm) corre-
sponds to the protons of the two ArOH protons; 13C NMR 
(151 MHz, DMSO-d6) δ 167.61, 163.57, 156.29, 144.10, 
131.24, 127.96, 126.90, 126.59, 125.21, 124.68, 124.43, 
116.07, 115.93(t, 1JC,F = 474 Hz), 115.61, 114.33, 59.00 (t, 
2JC,F = 96 Hz), 53.52, 52.73, 47.12, 45.34, 30.18, 29.26, 29.05, 
23.76; 19F NMR (564 MHz, DMSO) δ -118.65; HRMS (ESI+) 
m/z: calcd for [C26H29ClF2N4O5S2+H]+ 615.1309; found 
615.1304. 

ethyl 5-(N-(3-(5-bromopentyl)-7-chloro-4-methox-
ybenzo[d]thiazol-2(3H)-ylidene)sulfamoyl)-2-((4-methox-
ybenzyl)amino)nicotinate (59). The title compound was 
synthesized from 58 according to the procedure for 48a but 
using 1,5-dibromopentane. The desired product was iso-
lated as a white powdery solid (5.70 g, 7.95 mmol, 72% 

yield). 1H NMR (400 MHz, CDCl3) δ 8.84 (d, J = 2.5 Hz, 1H), 
8.71 (t, J = 5.5 Hz, 1H), 8.67 (d, J = 2.5 Hz, 1H), 7.30 – 7.25 
(m, 2H), 7.16 (d, J = 8.9 Hz, 1H), 6.89 – 6.82 (m, 3H), 4.70 (d, 
J = 5.5 Hz, 2H), 4.52 – 4.44 (m, 2H), 4.32 (q, J = 7.1 Hz, 2H), 
3.93 (s, 3H), 3.78 (s, 3H), 3.34 (t, J = 6.7 Hz, 2H), 1.90 – 1.79 
(m, 2H), 1.76 – 1.64 (m, 2H), 1.50 – 1.42 (m, 2H), 1.37 (t, J = 
7.1 Hz, 3H); LC-MS (ESI+) m/z: 713.3 [M + H]+. 

tert-Butyl (5s,8r)-8-((5-(7-chloro-2-(((5-(ethoxycar-
bonyl)-6-((4-methoxybenzyl)amino)pyridin-3-yl)sul-
fonyl)imino)-4-methoxybenzo[d]thiazol-3(2H)-yl)pen-
tyl)amino)-1-azaspiro[4.5]decane-1-carboxylate (60). To a 
solution of 59, (1.15 g, 1.62 mmol, 1.0 equiv) in acetonitrile 
(6 mL) was added potassium carbonate anhyd (536 mg, 
3.88 mmol, 2.4 equiv) followed by tert-butyl-cis-8-amino-1-
azaspiro[4.5]decane-1-carboxylate 83 (see Supporting In-
formation) (493 mg, 1.94 mmol, 1.2 equiv) and the reaction 
mixture was heated at 80 °C for 60 h. The cooled mixture 
was concentrated under reduced pressure then partitioned 
between ethyl acetate (20mL) and water (20 mL). The 
phases were separated and the aqueous extracted with 
ethyl acetate (2 × 20 mL). Combined organic extracts were 
dried (MgSO4), concentrated under reduced pressure to af-
ford the crude. Purified by flash column chromatography 
(SiO2, gradient elution DCM/(MeOH + 0.1% NEt3) = 95/5 to 
85/15) to afford the title compound (770 mg, 0.87 mmol, 
54% yield) as a glassy colourless solid. LC-MS (ESI+) m/z: 
885.7 [M + H]+. 

5-(N-(3-(5-(((5s,8r)-1-(tert-butoxycarbonyl)-1-
azaspiro[4.5]decan-8-yl)amino)pentyl)-7-chloro-4-meth-
oxybenzo[d]thiazol-2(3H)-ylidene)sulfamoyl)-2-((4-meth-
oxybenzyl)amino)nicotinic acid (61). The title compound 
was synthesized from 60 according to the procedure for 
57a. The desired product was isolated as a white solid (711 
mg, 0.83 mmol, 95% yield). LC-MS (ESI+) m/z: 857.6 [M + 
H]+. 

tert-Butyl (5s,8r) (Z)-8-(17-chloro-14-methoxy-46-((4-
methoxybenzyl)amino)-3,3-dioxido-5-oxo-12,13-dihydro-
3-thia-2,6-diaza-1(2,3)-benzo[d]thiazola-4(3,5)-pyridina-
cycloundecaphane-6-yl)-1-azaspiro[4.5]decane-1-carbox-
ylate (62). The title compound was synthesized from 61 ac-
cording to the procedure for 49j. The desired compound 
was isolated as a white solid (298 mg, 0.36 mmol, 43% 
yield). 1H NMR (400 MHz, CDCl3) δ 8.70 (d, J = 2.2 Hz, 1H), 
7.99 (d, J = 2.2 Hz, 1H), 7.25 – 7.20 (m, 2H), 7.16 (d, J = 8.7 
Hz, 1H), 6.84 (d, J = 8.4 Hz, 3H), 6.02 (t, J = 5.5 Hz, 1H), 4.65 
– 4.55 (m, 4H), 4.35 (s, 1H), 3.91 (s, 3H), 3.78 (d, J = 1.4 Hz, 
3H), 3.41 (t, J = 6.8 Hz, 2H), 3.14 – 3.02 (m, 2H), 2.41 (dt, J = 
13.6, 6.3 Hz, 2H), 2.16 (h, J = 7.5 Hz, 2H), 1.86 – 1.62 (m, 
10H), 1.51 – 1.37 (m, 11H), 0.96 (br s, 2H); LC-MS (ESI+) 
m/z: 839.6 [M + H]+. 

(Z)-17-chloro-14-hydroxy-46-((4-hydroxybenzyl)amino)-
6-((5s,8r)-1-azaspiro[4.5]decan-8-yl)-12,13-dihydro-3-thia-
2,6-diaza-1(2,3)-benzo[d]thiazola-4(3,5)-pyridinacycloun-
decaphan-5-one 3,3-dioxide;hydrochloride (29). The title 
compound was synthesized from 62 according to general 
procedures GP1 and GP2. The desired compound was iso-
lated as an off-white solid (26 mg, 0.03 mmol, 28% yield). 
1H NMR (600 MHz, DMSO-d6) δ 10.97 (s, 1H), 9.04 (t, J = 5.6 
Hz, 2H), 8.42 (d, J = 2.4 Hz, 1H), 7.73 (d, J = 2.4 Hz, 1H), 7.26 
– 7.18 (m, 2H), 7.11 – 7.04 (m, 2H), 6.99 (d, J = 8.7 Hz, 1H), 
6.70 – 6.64 (m, 2H), 4.51 (t, J = 5.8 Hz, 2H), 4.48 (d, J = 5.4 
Hz, 2H), 4.29 – 4.13 (m, 1H), 3.26 (p, J = 6.3 Hz, 2H), 2.88 (br 
s, 2H), 2.07 – 2.00 (m, 2H), 1.97 – 1.90 (m, 2H), 1.90 – 1.81 
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(m, 4H), 1.80 – 1.76 (m, 2H), 1.72 – 1.63 (m, 2H), 1.59 (p, J = 
6.5 Hz, 2H), 1.56 – 1.48 (m, 2H), 0.78 (p, J = 7.1 Hz, 2H); One 
proton is missing due to broadening; 13C NMR (151 MHz, 
DMSO-d6) δ 167.10, 163.25, 156.16, 155.30, 144.60, 144.19, 
133.63, 129.75, 128.32, 125.24, 124.73, 124.40, 123.98, 
117.68, 116.12, 115.61, 114.95, 65.14, 52.46, 46.65, 45.00, 
43.90, 43.36, 37.56, 32.78, 30.12, 29.04, 25.49, 23.06, 21.66; 
HRMS (ESI+) m/z: calcd for [C34H39ClN6O5S2+H]+ 711.2185; 
found 711.2191. 

Ethyl 5-[(Z)-[3-(5-bromopentyl)-7-chloro-4-methoxy-
1,3-benzothiazol-2-ylidene]amino]sulfonyl-2-methylsulfa-
nyl-pyridine-3-carboxylate (64a). A mixture of 63a (see 
Supporting Information) (78.4 g, 165.4 mmol, 1.0 equiv), 
1,5-dibromopentane (68 mL, 496.2 mmol, 3 equiv) and po-
tassium carbonate anhyd (115.5 g, 827.1 mmol, 5 equiv) in 
DMF (1 L) was stirred for 16 h at rt. The mixture was fil-
tered, and the filtrate concentrated under reduced pres-
sure. The residue was extracted with ethyl acetate (2 x 500 
mL) and combined organic extracts washed with water 
(500 mL), brine (500 mL), dried (Na2SO4), filtered, and 
evaporated under reduced pressure to afford the crude as a 
mixture of N-alkylated regioisomers. Purified by flash col-
umn chromatography (SiO2, gradient elution petroleum 
ether/EtOAc = 90/10 to 25/75). Evaporation of later elut-
ing main fraction afforded the title compound as the major 
isomer (57.7 g, 92.6 mmol, 56% yield) as a white solid. 1H 
NMR (400 MHz, CDCl3) δ 9.09 (d, J = 2.4 Hz, 1H), 8.72 (d, J = 
2.3 Hz, 1H), 7.19 (d, J = 8.8 Hz, 1H), 6.87 (d, J = 8.8 Hz, 1H), 
4.53 – 4.46 (m, 2H), 4.41 (q, J = 7.1 Hz, 2H), 3.94 (s, 3H), 3.35 
(t, J = 6.6 Hz, 2H), 2.55 (s, 3H), 1.84 (p, J = 6.8 Hz, 2H), 1.75 – 
1.64 (m, 2H), 1.44 – 1.41 (m, 2H), 1.41 (t, J = 7.1 Hz, 3H); LC-
MS (ESI+) m/z: 624.1 [M + H]+. 

2D HMBC Data: 
1H/13C 

Label 
δ H δ C HMBC 

36,37 4.53 – 
4.46 (m, 
2H), 

48.0 126.6(4),165.1(2) 

2 - 165.1 4.47(36), 4.47(37) 

4 - 126.6 4.47(36), 4.47(37) 

 

Ethyl 5-[(Z)-[3-[5-[[4-(cis-tert-butoxycarbonylamino)cy-
clohexyl]amino]pentyl]-7-chloro-4-methoxy-1,3-benzothi-
azol-2-ylidene]amino]sulfonyl-2-methylsulfanyl-pyridine-
3-carboxylate (65a). 

A stirred mixture of 64a (10.0 g, 16.1 mmol, 1.0 
equiv), tert-butyl N-(cis-4-aminocyclohexyl)carbamate 
(4.13 g, 19.3 mmol, 1.2 equiv) and potassium carbonate an-
hyd (5.32 g, 38.5 mmol, 2.4 equiv) in acetonitrile (100 mL) 
was heated at 60 °C for 3 d. The cooled mixture was filtered 
to remove solids and the filtrate diluted with brine (50 mL) 
and extracted with ethyl acetate (2 × 50 mL). Organic ex-
tracts were washed with brine, dried (MgSO4), further dried 
over a phase separator, then concentrated under reduced 
pressure to afford a residue which was recrystallised from 
ethanol to afford the title product (4.40 g, 5.24 mmol, 33% 
yield) as a white solid. 1H NMR (400 MHz, CDCl3) δ 9.07 (d, 
J = 2.4 Hz, 1H), 8.70 (d, J = 2.4 Hz, 1H), 7.18 (d, J = 8.8 Hz, 
1H), 6.86 (d, J = 8.8 Hz, 1H), 4.78 (s, 1H), 4.51 – 4.43 (m, 2H), 
4.40 (q, J = 7.1 Hz, 2H), 3.91 (s, 3H), 2.53 (s, 3H), 2.52 – 2.47 
(m, 2H), 1.75 – 1.51 (m, 17H), 1.44 – 1.37 (m, 12H); LC-MS 
(ESI+) m/z: 756.5 [M + H]+. 

 

5-[(Z)-[3-[5-[[4-(cis-tert-butoxycarbonylamino)cyclo-
hexyl]amino]pentyl]-7-chloro-4-methoxy-1,3-benzothia-
zol-2-ylidene]amino]sulfonyl-2-methylsulfanyl-pyridine-3-
carboxylic acid (66a). 

To a solution of 65a, (4.40 g, 5.82 mmol, 1.0 equiv) in eth-
anol (25 mL) was added 4 N LiOH (aq.) (7.27 mL, 29.1 mmol, 
5.0 equiv) and the reaction stirred for 16 h at rt. The major-
ity of the ethanol was removed under reduced pressure and 
the residue diluted with water and carefully acidified to pH 
4 with HCl (aq.). The resulting gummy precipitate was col-
lected by filtration, resolubilised in a mixture of DCM and 
methanol, dried (MgSO4), filtered and evaporated under re-
duced pressure to afford a residue which was further dried 
under vacuum (50 °C, 16 h) to afford the title compound 
(4.17 g, 5.73 mmol, 99% yield) as a yellow solid. 1H NMR 
(400 MHz, DMSO-d6) δ 8.75 (d, J = 2.5 Hz, 1H), 8.38 (d, J = 
2.5 Hz, 1H), 7.39 (d, J = 8.9 Hz, 1H), 7.18 (d, J = 8.9 Hz, 1H), 
6.65 – 6.55 (m, 1H), 4.45 – 4.35 (m, 2H), 3.91 (s, 3H), 3.34 (s, 
3H), 2.37 – 2.29 (m, 5H), 1.70 – 0.96 (m, 24H); LC-MS (ESI+) 
m/z: 728.5 [M + H]+. 

tert-Butyl N-[cis-4-[(3Z)-7-chloro-10-methoxy-21-me-
thylsulfanyl-2,2,19-trioxo-2λ6,5-dithia-3,12,18,22-te-
trazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6(11),7,9,20(24),21-heptaen-18-yl]cyclohexyl]car-
bamate (67a). The title compound was synthesized from 
66a according to the procedure for 49j. After a final tritura-
tion step using ethyl acetate, the desired product was iso-
lated as a white solid (1.25 g, 1.76 mmol, 31% yield). 1H 
NMR (400 MHz, DMSO-d6) δ 8.84 (d, J = 2.3 Hz, 1H), 8.06 (d, 
J = 2.3 Hz, 1H), 7.43 (d, J = 8.8 Hz, 1H), 7.20 (d, J = 8.9 Hz, 
1H), 6.97 (d, J = 7.6 Hz, 1H), 4.51 (br s, 2H), 4.13 (t, J = 12.5 
Hz, 1H), 3.91 (br s, 3H), 3.67 (s, 1H), 2.55 (s, 3H), 1.95 – 1.79 
(m, 2H), 1.79 – 1.66 (m, 2H), 1.65 – 1.45 (m, 6H), 1.45 – 1.26 
(m, 11H), 0.74 (s, 2H); two protons are missing due to 
broadening or overlapping with the residual solvent signal; 
LC-MS (ESI+) m/z: 710.4 [M + H]+. 

tert-Butyl N-[cis-4-[(3Z)-7-chloro-10-methoxy-21-me-
thylsulfonyl-2,2,19-trioxo-2λ6,5-dithia-3,12,18,22-te-
trazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6(11),7,9,20(24),21-heptaen-18-yl]cyclohexyl]car-
bamate (68a). To a solution of 67a (1.25 g, 1.76 mmol, 1.0 
equiv) in DCM (10 mL) cooled to 0 °C was added 3-chloro-
perbenzoic acid (1.18 g, 5.28 mmol, 3.0 equiv) in portions 
over 5 mins. The mixture was stirred for 6 h allowing to 
warm to rt via melting of the ice bath. The reaction was 
quenched with a saturated aqueous sodium hydrogen car-
bonate solution (25 mL) and extracted with DCM (25 mL). 
Organic extracts were washed with brine, dried (MgSO4), 
filtered and dry loaded under reduced pressure. The resi-
due was purified by flash column chromatography (SiO2, 
gradient elution with i-hexane/EtOAc = 50/50 to 0/100) to 
afford the title compound (1.08 g, 1.45 mmol, 82% yield) as 
an off-white solid. 1H NMR (400 MHz, CDCl3) δ 9.20 (d, J = 
2.1 Hz, 1H), 8.38 (d, J = 2.1 Hz, 1H), 7.23 (d, J = 8.8 Hz, 1H), 
6.89 (d, J = 8.8 Hz, 1H), 4.91 (br s, 1H), 4.77 – 4.65 (m, 1H), 
4.60 – 4.44 (m, 1H), 3.92 (s, 3H), 3.86 (br s, 1H), 3.69 (br s, J 
= 34.6 Hz, 1H), 3.27 (s, 3H), 3.21 – 3.07 (m, 1H), 2.80 – 2.65 
(m, 1H), 2.10 (br s, 2H), 1.99 – 1.88 (m, 2H), 1.84 – 1.71 (m, 
2H), 1.71 – 1.55 (m, 4H), 1.45 (s, 9H), 1.42 – 1.31 (m, 2H), 
1.17 (br s, 1H), 0.65 (br s, 1H); LC-MS (ESI+) m/z: 763.2 
[M+Na]+. 
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tert-Butyl N-[4-[(3Z)-7-chloro-10-methoxy-21-[(4-meth-
oxyphenyl)methylamino]-2,2,19-trioxo-2λ6,5-dithia-
3,12,18,22-tetrazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6(11),7,9,20(24),21-heptaen-18-yl]cyclohexyl]car-
bamate (69a). A mixture of 68a (70 mg, 0.09 mmol, 1.0 
equiv), (4-methoxyphenyl)methanamine (12.3 µL, 0.09 
mmol, 1.0 equiv) and triethylamine (0.03 mL) in acetoni-
trile was heated at 65 °C f or 19 h. The cooled reaction mix-
ture was dry loaded under reduced pressure and purified 
by flash column chromatography (SiO2, gradient elution 
with i-hexane/EtOAc = 50/50 to 0/100) to afford the title 
compound (75.0 mg, 0.094 mmol, 99% yield as a colorless 
solid. 1H NMR (400 MHz, Chloroform-d) δ 8.71 (d, J = 2.3 Hz, 
1H), 7.98 (d, J = 2.4 Hz, 1H), 7.25 – 7.20 (m, 2H), 7.17 (d, J = 
8.8 Hz, 1H), 6.89 – 6.81 (m, 3H), 6.15 (br s, 1H), 4.83 (br s, 
1H), 4.65 – 4.57 (m, 4H), 3.92 (s, 3H), 3.78 (s, 3H), 3.60 (br 
s, 1H), 3.00 – 2.90 (m, 2H), 1.98 – 1.89 (m, 2H), 1.83 – 1.73 
(m, 2H), 1.71 – 1.57 (m, 8H), 1.46 (s, 9H), 1.05 (br s, 2H); one 
proton is missing due to broadening or overlapping with the 
residual solvent signal; LC-MS (ESI+) m/z: 799.8 [M + H]+. 

tert-Butyl (3S)-3-[[(3Z)-18-[cis-4-(tert-butoxycarbonyla-
mino)cyclohexyl]-7-chloro-10-methoxy-2,2,19-trioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-21-yl]amino]pyrrolidine-1-carboxylate (69b). To 
a solution of 68a (150 mg, 0.20 mmol, 1.0 equiv) in NMP 
(1.5 mL) was added tert-butyl (3S)-3-aminopyrrolidine-1-
carboxylate (186 mg, 0.40 mmol, 2.0 equiv) and the mixture 
was stirred at 110 °C for 16 h. The reaction was cooled to rt 
and quenched with water (10 mL). The precipitated solid 
was collected by filtration, washed with water (10 mL), and 
dried under vacuum at 50 °C to afford the title compound 
(140 mg, 0.15 mmol, 73% yield) as an off-white solid. 1H 
NMR (400 MHz, DMSO-d6) δ 8.49 (s, 1H), 7.73 (d, J = 2.4 Hz, 
1H), 7.41 (d, J = 8.9 Hz, 1H), 7.19 (d, J = 9.1 Hz, 1H), 7.06 – 
6.93 (m, 1H), 6.81 – 6.67 (m, 1H), 4.63 – 4.41 (m, 3H), 4.16 
(t, 1H), 3.90 (s, 3H), 3.66 (br s, 1H), 3.55 – 3.43 (m, 1H), 3.25 
– 3.06 (m, 1H), 2.85 (br s, 2H), 2.12 – 1.99 (m, 1H), 1.97 – 
1.85 (m, 1H), 1.83 – 1.67 (m, 4H), 1.65 – 1.47 (m, 6H), 1.43 
– 1.27 (m, 21H), 0.83 – 0.55 (m, 2H); one proton is missing 
due to broadening or overlapping with the residual solvent 
signal; LC-MS (ESI+) m/z: 848.4 [M + H]+. 

tert-Butyl 4-[(3Z)-18-5-[(Z)-[3-[4-[[cis-4-(tert-
butoxycarbonylamino)cyclohexyl]amino]-3-hydroxy-bu-
tyl]-7-chloro-4-methoxy-1,3-benzothiazol-2-yli-
dene]amino]sulfonyl-2-methoxy-benzoic acid-butoxycar-
bonylamino)cyclohexyl]-7-chloro-10-(methoxymethoxy)-
2,2,19-trioxo-2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-21-yl]piperazine-1-carboxylate (69c). To a solu-
tion of 68b (see Supporting Information) (150 mg, 0.20 
mmol, 1.0 equiv) in DMF (1 mL) was added tert-butyl piper-
azine-1-carboxylate (662 mg, 1.94 mmol, 10.0 equiv). The 
mixture was irradiated at 100 °C for 3 h. DIPEA (0.14 mL, 
0.777 mmol, 4.0 equiv) was added and the mixture irradi-
ated for a further 4 h. The cooled reaction was diluted with 
ice water and the resulting precipitate collected by filtra-
tion, washed with water (2 x 5 mL) and dried under vacuum 
to afford the title product as an impure (~33% UV purity) 
off-white solid (110 mg) which was engaged in the next step 
without further purification. LC-MS (ESI+) m/z: 777.8 [M-
Boc + H]+. 

tert-Butyl N-[4-[(3Z)-21-[5-[(Z)-[3-[4-[[cis-4-(tert-
butoxycarbonylamino)cyclohexyl]amino]-3-hydroxy-bu-
tyl]-7-chloro-4-methoxy-1,3-benzothiazol-2-yli-
dene]amino]sulfonyl-2-methoxy-benzoic acid-butoxycar-
bonylamino)cyclohexyl]amino]-7-chloro-10-methoxy-
2,2,19-trioxo-2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-18-yl]cyclohexyl]carbamate (69d). The title com-
pound was synthesized according to the procedure for 69c 
using 68a and tert-butyl N-(cis-4-aminocyclohexyl)carba-
mate. The desired product was isolated as an impure solid 
(125 mg, ~75% UV purity) that was engaged in the next 
step without further purification. LC-MS (ESI+) m/z: 878.2 
[M + H]+. 

tert-Butyl N-[1-[(3Z)-18-[cis-4-(tert-butoxycarbonyla-
mino)cyclohexyl]-7-chloro-10-methoxy-2,2,19-trioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-21-yl]-4-piperidyl]-N-[2-(tert-butoxycarbonyla-
mino)ethyl]carbamate (69e). The title compound was syn-
thesized according to the procedure for 69g using tert-butyl 
N-[2-[(cis-4-aminocyclohexyl)amino]ethyl]carbamate and 
omitting the chromatographic step. The desired product 
was isolated as an impure solid (150 mg, ~45% UV purity) 
that was engaged in the next step without further purifica-
tion LC-MS (ESI+) m/z: 919.5 [M + H]+. 

tert-Butyl N-[2-[[4-[[(3Z)-18-[cis-4-(tert-butoxycar-
bonylamino)cyclohexyl]-7-chloro-10-methoxy-2,2,19-tri-
oxo-2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6(11),7,9,20(24),21-
heptaen-21-yl]amino]cyclohexyl]amino]ethyl]carbamate 
(69f). The title compound was synthesized according to the 
procedure for 69g using tert-butyl N-[2-[tert-butoxycar-
bonyl(methyl)amino]ethyl]-N-(4-piperidyl)carbamate 87. 
The desired product was isolated omitting the chromato-
graphic step as an impure solid (~80% UV purity) (180 mg) 
that was engaged in the next step without further purifica-
tion LC-MS (ESI+) m/z: 919.3 [M + H]+. 

tert-Butyl N-[1-[1-[(3Z)-18-[cis-4-(tert-butoxycarbonyla-
mino)cyclohexyl]-7-chloro-10-methoxy-2,2,19-trioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(24),3,6(11),7,9,20,22-hep-
taen-21-yl]-4-piperidyl]-4-piperidyl]carbamate (69g). To a 
solution of 68a (300 mg, 0.40 mmol, 1.0 equiv) in DMSO (3.0 
mL) was added tert-butyl N-[1-(4-piperidyl)-4-pi-
peridyl]carbamate (229 mg, 0.81 mmol, 2.0 equiv) and 
DIPEA (0.28 mL, 4.0 equiv) and the mixture stirred at 100 
°C for 22 h. The reaction was cooled to rt and quenched with 
water (10 mL). The precipitated solid was collected by fil-
tration, washed with water (10 mL), and dried on the filter. 
The solid product was solubilised in DCM (10 mL), dried 
(MgSO4) and filtered through a hydrophobic frit. Organics 
were dry loaded under reduced pressure and purified by 
flash column chromatography (SiO2, gradient elution with 
MTBE/(EtOAc:EtOH 3:1) = 100/0 to 0/100) to afford the ti-
tle compound (73.0 mg, 0.077 mmol, 19% yield) as a light-
brown solid. 1H NMR (400 MHz, CDCl3) δ 8.66 (d, J = 2.5 Hz, 
1H), 7.88 (d, J = 2.5 Hz, 1H), 7.14 (d, J = 8.8 Hz, 1H), 6.82 (d, 
J = 8.8 Hz, 1H), 4.99 (br s, 1H), 4.76 – 4.60 (m, 1H), 4.55 – 
4.37 (m, 2H), 4.25 (d, J = 13.2 Hz, 2H), 3.98 – 3.81 (m, 4H), 
3.38 (br s, 2H), 3.15 – 2.98 (m, 1H), 2.96 – 2.77 (m, 5H), 2.49 
(s, 1H), 2.42 – 2.13 (m, 4H), 1.99 – 1.78 (m, 6H), 1.72 – 1.32 

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2 ORCID: https://orcid.org/0000-0003-0401-2693 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-nsd7r-v2
https://orcid.org/0000-0003-0401-2693
https://creativecommons.org/licenses/by-nc-nd/4.0/


 

(m, 29H), 1.15 (br s, 2H), 0.43 – 0.26 (m, 1H); LC-MS (ESI+) 
m/z: 945.7 [M + H]+. 

(3Z)-21-amino-18-(4-aminocyclohexyl)-7-chloro-10-hy-
droxy-2,2-dioxo-2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one;hydrochloride (30). The title compound 
was synthesized from 69a according to general procedures 
GP1 and GP2. The desired compound was isolated as a 
white solid (3 mg, 0.005 mmol, 5% yield). 1H NMR (400 
MHz, DMSO-d6) δ 10.87 (s, 1H), 8.39 (d, J = 2.4 Hz, 1H), 7.96 
– 7.77 (m, 3H), 7.73 (d, J = 2.4 Hz, 1H), 7.25 (d, J = 8.7 Hz, 
1H), 6.93 (d, J = 8.7 Hz, 1H), 6.75 (br s, 2H), 4.51 (t, J = 6.0 
Hz, 2H), 4.19 (br s, 1H), 2.89 (br s, 2H), 1.97 – 1.83 (m, 2H), 
1.81 – 1.68 (m, 6H), 1.65 – 1.55 (m, 2H), 1.55 – 1.43 (m, 2H), 
0.82 – 0.65 (m, 2H); One proton is missing due to overlap 
with the residual water peak LC-MS (ESI+) m/z: calcd for 
[C24H29ClN6O4S2+H]+ 565.1; found 565.51. 

(3Z)-18-(4-aminocyclohexyl)-7-chloro-10-hydroxy-2,2-
dioxo-21-[[(3S)-pyrrolidin-3-yl]amino]-2λ6,5-dithia-
3,12,18,22-tetrazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6,8,10,20(24),21-heptaen-19-one;dihydrochloride 
(31). The title compound was synthesized from 69b accord-
ing to general procedures GP1 and GP2. The desired com-
pound was isolated as a light-brown solid (40 mg, 0.06 
mmol, 21% yield). 1H NMR (600 MHz, DMSO-d6) δ 11.07 (s, 
1H), 9.34 – 9.26 (m, 1H), 9.26 – 9.17 (m, 1H), 8.51 (d, J = 2.3 
Hz, 1H), 8.28 – 8.17 (m, 3H), 7.78 (d, J = 2.4 Hz, 1H), 7.25 (d, 
J = 8.7 Hz, 1H), 7.03 (d, J = 8.7 Hz, 1H), 6.94 (d, J = 6.9 Hz, 
1H), 4.75 – 4.67 (m, 1H), 4.50 (t, J = 5.8 Hz, 2H), 4.30 – 4.23 
(m, 1H), 3.44 – 3.34 (m, 2H), 3.34 – 3.26 (m, 1H), 3.19 – 3.11 
(m, 1H), 3.11 – 3.04 (m, 1H), 2.90 (br s, 2H), 2.25 – 2.14 (m, 
1H), 1.99 – 1.77 (m, 5H), 1.77 – 1.67 (m, 4H), 1.59 (quint, J = 
6.5 Hz, 2H), 1.56 – 1.47 (m, 2H), 0.77 – 0.66 (m, 2H); 13C NMR 
(151 MHz, DMSO) δ 166.65, 163.43, 154.66, 144.34, 144.32, 
134.15, 125.21, 125.03, 124.67, 124.49, 118.46, 116.20, 
115.52, 52.55, 49.87, 48.69, 46.69, 44.91, 44.37, 43.76, 
30.41, 29.86, 29.14, 27.74, 23.44, 23.08; HRMS (ESI+) calcd 
for [C28H36ClN7O4S2 + H]+ 634.2032; found 634.2037. 

(3Z)-18-(4-aminocyclohexyl)-7-chloro-10-hydroxy-2,2-
dioxo-21-piperazin-1-yl-2λ6,5-dithia-3,12,18,22-tetrazatet-
racyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6,8,10,20(24),21-heptaen-19-one;dihydrochloride 
(32). To a solution of 69c (110 mg, 0.13 mmol, 1.0 equiv) in 
DCM cooled to 0 °C was added 4.0 M HCl in 1-4-dioxane 
(0.14 mL, 4.0 equiv). The mixture was stirred for 21 h allow-
ing to warm to rt. A further 4.0 equiv of 4.0 M HCl in 1,4-
dioxane was added and the mixture stirred for a further 21 
h. Methanol was added, and the mixture loaded onto an ion-
exchange cartridge pre-equilibrated with 10% acetic acid in 
methanol. The cartridge was flushed with methanol (ap-
proximately 1 CV) then the product eluted with 2 N ammo-
nia in MeOH. Solvent from the basic eluent was removed un-
der reduced pressure and the residue purified by reverse 
phase preparative HPLC. The title compound was then ob-
tained according to general procedure GP2. The desired 
compound was isolated as a white solid (18 mg, 0.026 
mmol, 13% yield over 3 steps). 1H NMR (600 MHz, DMSO-
d6) δ 11.12 (s, 1H), 9.51 – 9.41 (m, 2H), 8.61 (d, J = 2.4 Hz, 
1H), 8.28 – 8.16 (m, 3H), 7.84 (d, J = 2.4 Hz, 1H), 7.25 (d, J = 
8.6 Hz, 1H), 7.05 (d, J = 8.7 Hz, 1H), 4.58 – 4.51 (m, 1H), 4.50 
– 4.44 (m, 1H), 4.19 – 4.12 (m, 1H), 3.46 – 3.32 (m, 2H), 3.16 
– 3.07 (m, 4H), 2.78 – 2.69 (m, 1H), 2.02 – 1.88 (m, 4H), 1.80 
– 1.67 (m, 3H), 1.66 – 1.56 (m, 2H), 1.55 – 1.45 (m, 2H), 1.29 

– 1.21 (m, 1H), 0.97 – 0.87 (m, 1H), 0.39 – 0.29 (m, 1H); four 
protons are missing due to overlap with the residual water 
peak and/or broadening; 13C NMR (151 MHz, DMSO-d6) δ 
168.31, 163.91, 155.63, 144.44, 143.83, 137.39, 127.17, 
125.23, 124.67, 124.60, 120.59, 116.26, 115.47, 53.50, 
47.10, 44.86, 44.82, 43.74, 42.27, 30.13, 29.41, 27.77, 27.52, 
23.86, 23.64, 22.20; HRMS (ESI+) m/z: calcd for 
[C28H36ClN7O4S2+H]+ 634.2032; found 634.2032. 

(3Z)-18-(4-aminocyclohexyl)-21-[(4-aminocyclo-
hexyl)amino]-7-chloro-10-hydroxy-2,2-dioxo-2λ6,5-dithia-
3,12,18,22-tetrazatetracyclo[18.3.1.04,12.06,11]tetracosa-
1(23),3,6,8,10,20(24),21-heptaen-19-one;dihydrochloride 
(33). The title compound was synthesized from 69d ac-
cording to general procedures GP1 and GP2. The desired 
compound was isolated as a white solid (13 mg, 0.018 
mmol, 13% yield over 3 steps). 1H NMR (600 MHz, DMSO-
d6) δ 10.99 (s, 1H), 8.48 (d, J = 2.3 Hz, 1H), 8.17 (d, J = 5.9 Hz, 
3H), 8.01 (d, J = 5.6 Hz, 3H), 7.82 (d, J = 2.4 Hz, 1H), 7.25 (d, 
J = 8.7 Hz, 1H), 6.99 (d, J = 8.7 Hz, 1H), 5.80 (d, J = 6.9 Hz, 
1H), 4.51 (t, J = 5.9 Hz, 2H), 4.27 – 4.20 (m, 1H), 4.14 – 4.07 
(m, 1H), 3.16 (br s, 1H), 3.04 (br s, 2H), 1.99 – 1.87 (m, 4H), 
1.84 – 1.50 (m, 16H), 0.80 – 0.72 (m, 2H); one proton over-
laps with the residual water peak (confirmed by HSQC ex-
periment); HRMS (ESI+) m/z: calcd for [C30H40ClN7O4S2+H]+ 
662.2345; found 662.2341. 

(3Z)-18-(4-aminocyclohexyl)-21-[[4-(2-aminoethyla-
mino)cyclohexyl]amino]-7-chloro-10-hydroxy-2,2-dioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one;trihydrochloride (34). The title compound 
was synthesized from 69e according to general procedures 
GP1 and GP2. The desired compound was isolated as a 
white solid (26 mg, 0.032 mmol, 16% yield over 3 steps). 1H 
NMR (600 MHz, DMSO-d6) δ 11.04 (s, 1H), 9.58 – 9.46 (m, 
2H), 8.48 (d, J = 2.4 Hz, 1H), 8.46 – 8.37 (m, 3H), 8.27 – 8.17 
(m, 3H), 7.80 (d, J = 2.4 Hz, 1H), 7.25 (d, J = 8.7 Hz, 1H), 7.02 
(d, J = 8.7 Hz, 1H), 5.75 (d, J = 6.4 Hz, 1H), 4.51 (t, J = 5.7 Hz, 
2H), 4.26 – 4.19 (m, 1H), 4.17 – 4.11 (m, 1H), 3.37 (s, 1H), 
3.29 – 3.16 (m, 5H), 2.05 – 1.44 (m, 22H), 0.80 – 0.71 (m, 
2H); 13C NMR (151 MHz, DMSO-d6) δ 167.32, 163.35, 
154.91, 144.63, 144.30, 133.97, 125.23, 124.90, 124.72, 
124.45, 117.75, 116.16, 115.54, 54.67, 53.14, 46.79, 45.51, 
45.04, 44.83, 41.46, 35.39, 30.63, 29.06, 27.57, 26.58, 23.99, 
23.40, 23.21; HRMS (ESI+) calcd for [C32H45ClN8O4S2+H]+ 
705.2767; found 705.2771. 

(3Z)-18-(4-aminocyclohexyl)-7-chloro-10-hydroxy-21-
[4-[2-(methylamino)ethylamino]-1-piperidyl]-2,2-dioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one;trihydrochloride (35). The title compound 
was synthesized from 69f according to general procedures 
GP1 and GP2. The desired compound was isolated as a light-
brown solid (21 mg, 0.026 mmol, 13% yield over 3 steps). 
1H NMR (600 MHz, DMSO-d6) δ 11.08 (s, 1H), 9.73 (ddd, J = 
16.7, 12.0, 6.4 Hz, 2H), 9.46 – 9.35 (m, 2H), 8.56 (d, J = 2.4 
Hz, 1H), 8.27 – 8.16 (m, 3H), 7.77 (d, J = 2.4 Hz, 1H), 7.25 (d, 
J = 8.7 Hz, 1H), 7.04 (d, J = 8.7 Hz, 1H), 4.58 – 4.44 (m, 2H), 
4.22 – 4.15 (m, 1H), 4.15 – 4.05 (m, 2H), 3.50 – 3.41 (m, 1H), 
3.41 – 3.33 (m, 2H), 3.33 – 3.23 (m, 4H), 3.03 – 2.92 (m, 2H), 
2.74 – 2.64 (m, 1H), 2.58 (t, J = 5.3 Hz, 3H), 2.15 – 2.05 (m, 
2H), 2.04 – 1.86 (m, 4H), 1.84 – 1.46 (m, 9H), 1.29 – 1.16 (m, 
1H), 0.97 – 0.87 (m, 1H), 0.37 – 0.27 (m, 1H); 13C NMR (151 
MHz, DMSO-d6) δ 169.14, 164.30, 156.16, 144.88, 144.41, 
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137.93, 126.62, 125.73, 125.17, 125.02, 120.63, 116.72, 
115.97, 54.36, 54.21, 47.60, 45.78, 45.61, 45.33, 45.14, 
44.70, 39.04, 32.77, 30.51, 29.96, 28.27, 28.19, 28.05, 27.95, 
24.44, 24.30, 22.79; carbon at 39.04 ppm overlaps with the 
DMSO solvent peak (observed in HSQC experiment); HRMS 
(ESI+) m/z: calcd for [C32H45ClN8O4S2+H]+ 705.2767; found 
705.2772. 

(3Z)-18-(4-aminocyclohexyl)-21-[4-(4-amino-1-pi-
peridyl)-1-piperidyl]-7-chloro-10-hydroxy-2,2-dioxo-
2λ6,5-dithia-3,12,18,22-tetrazatetracy-
clo[18.3.1.04,12.06,11]tetracosa-1(23),3,6,8,10,20(24),21-
heptaen-19-one;trihydrochloride (36). The title compound 
was synthesized from 69g according to general procedures 
GP1 and GP2. The desired compound was isolated as a 
white solid, (101 mg, 0.12 mmol, 75% yield. 1H NMR (600 
MHz, DMSO-d6) δ 11.16 – 11.04 (m, 1H), 10.92 (t, J = 11.0 
Hz, 1H), 8.60 – 8.57 (m, 0.44H), 8.55 (d, J = 2.4 Hz, 1H), 8.41 
(d, J = 5.4 Hz, 2.57H), 8.32 – 8.18 (m, 3H), 7.76 (d, J = 2.4 Hz, 
1H), 7.25 (d, J = 8.7 Hz, 1H), 7.07 – 7.02 (m, 1H), 4.58 – 4.43 
(m, 2H), 4.29 – 4.07 (m, 3H), 3.55 – 3.42 (m, 4H), 3.42 – 3.34 
(m, 2H), 3.34 – 3.24 (m, 1H), 3.11 – 2.89 (m, 4H), 2.75 – 2.66 
(m, 1H), 2.16 – 2.07 (m, 3H), 2.07 – 1.90 (m, 6H), 1.81 – 1.48 
(m, 9H), 1.29 – 1.19 (m, 1H), 0.98 – 0.85 (m, 1H), 0.39 – 0.29 
(m, 1H); 13C NMR (151 MHz, DMSO-d6) δ 169.19, 164.27, 
155.85, 144.90, 144.39, 137.84, 126.40, 125.73, 125.15, 
125.02, 120.29, 116.72, 115.95, 62.67, 54.09, 47.55, 47.13, 
45.84, 45.66, 45.52, 45.43, 45.35, 43.75, 30.67, 29.97, 28.27, 
28.00, 27.42, 26.32, 26.13, 24.30, 24.22, 22.62; one carbon 
is missing due to overlapping or broadening; HRMS (ESI+) 
m/z: calcd for [C34H47ClN8O4S2+H]+ 731.2923; found 
731.2932. 

1H NMR determined solubilities. All spectra to measure 
compound solubilities were acquired using a Varian 400 
MHz NMR spectrometer with a 5 mm OneNMR probe and 
VnmrJ 4.2 software. Samples were made up at 0.5 mM with 
5% DMSO-d6 in D2O and 20 mM Tris-d11. Spectra were rec-
orded with a recycle delay of 60 s and 64 scans (400 MHz). 
The spectrometer was calibrated using DMSO-d6 stocks 
made from three weighings of caffeine and averaged from 
three solutions made from each of these weighings. Data 
was analysed in ACD version 12 NMR processing software 
to determine the compound concentration. 

1H-15N HSQC NMR Experiments. 1H-15N HSQC NMR ex-
periments were acquired using 40–130 µM uniformly 15N-
labeled KRasG12D·GDP or KRas-G12D·GMPPNP in 20 mM Tris, 
50 mM NaCl, 5 mM MgCl2, pH 7.5. KD determination was car-
ried out by collecting 1H-15N HSQC spectra at 5 ligand con-
centrations. The stock solution of the ligand (50 or 100 mM 
in DMSO-d6,) was previously checked and passed all the in-
ternal quality control checkpoints with regard to purity, 
buffer solubility and structure confirmation. Prior to any 
ligand titration a reference 1H-15N HSQC spectrum was ac-
quired. For this study a 600 MHz Varian VNMRS instrument 
equipped with a HCN cold probe was used. All spectra were 
acquired using 256 t1 increments at 298 K and processed 
with VnmrJ 4.2 and analysed using CCPN 1.3 and 2.544. 

NMR CSP Measurements and KD. Regions of interest in 
the spectra individuated as strong changes in both 15N and 
1H dimensions were annotated, and the chemical shift of 
both nuclei was recorded for each point during titration 
starting from the reference with no ligand present. Changes 
in the spectra were consistent with the fast exchange 

regime. This allows the calculation of the KD for the ligands 
in a straightforward way.  

Briefly the differences obtained for those peaks that 
change position in a straight line where there is no suspi-
cion of a possible conformational analysis were calculated 
using the following equation using Graphpad or within the 
CCPNMR software. 

CSP(H/N) = [(0.15 δN)2 + δH2]1/2 

The data obtained were fitted using the following equa-
tion: 

Δδobs = Δδ∞ [b + a + KD – ((b + a + KD)2 – 4ab))1/2]/2a 

a = [P] + [PL], b = [L] + [PL] 
Δδobs = δobs - δfree, Δδ∞ = δbound - δfree 

The KD was shared between the datasets for different res-
idues that were mapped previously as regions of interest 
obtaining the KD by optimising it globally or by averaging 
the KD determined for multiple residues. The standard devi-
ations quoted are calculated from the variability for multi-
ple residues or from the global fit.  

Mapping CSP on the Protein Structure. The CSP values 
obtained from the last titration point (0.8 or 1 mM) were 
collected in order to map them onto the protein. For this an 
iterative threshold was used by calculating the SD of all the 
chemical shifts iteratively44 and keeping only the ones that 
were higher than the SD at each iteration. The process was 
repeated three times and the bands were assigned a gradi-
ent colour. PyMOL45 was used to colour the respective per-
turbation categories and to visualise the binding site of the 
ligands.  

SPR Binding Assay. SPR experiments for all elaborated 
compounds were conducted on a Biacore 8K+ instrument 
(Cytiva). Purified KRas proteins were captured via the bio-
tinylated Avi-tag on Biacore Series S streptavidin sensor 
chips in running buffer containing 50 mM HEPES, pH 7.5, 
150 mM NaCl, 0.5 mM MgCl2, 0.1% Tween20, 10 µM nucle-
otide, and either 2% (compounds 15–17, 20–23, 26–29, 
31, 32) or 5% (compounds 18, 19, 24, 25, 33–36) DMSO to 
obtain capture levels of approximately 2000 RU. Protein 
was captured on flow cell 2 across all 8 channels using 200 
nM stock solutions, with flow cell 1 used as the reference 
surface (biotin blocked streptavidin). Remaining streptavi-
din binding sites were then blocked with 3 x 60 s injections 
of biotin. Analysis and sample compartment temperatures 
were set to 25 °C.  

Compounds were screened in an 8-point titration, 3-fold 
concentration series from either 50 µM or 5 µM top concen-
tration, depending on compound affinity, with blanks sam-
ples (0 µM) run before and after each compound. Control 
compounds were run at the start and end of every assay to 
confirm protein activity over time. Flow rate was set to 30 
µL/min. Association was measured for 60 s and dissociation 
for 60–120 s. A solvent correction curve was run from ei-
ther 1.5%–2.5% DMSO, or 4%–6% DMSO for 2% DMSO and 
5% DMSO running buffers respectively, at the start and end 
of each run, as well as every 48 cycles.  

The sensorgrams were reference and blank subtracted, 
and solvent corrected prior to fitting to a Langmuir 1:1 
binding model, using Biacore Insight Evaluation software 
(Cytiva). KD measurements were performed in duplicate, 
with affinities measured at steady state for compounds that 
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did not show significant curvature in the association and 
dissociation phases. Kinetic 1:1 fits were performed for 
compounds where sufficient curvature in the sensorgrams 
was present. 

 KRas-Raf Homogenous Time-Resolved Fluorescence 
(HTRF) Assay. Purified recombinant KRasG12D(1–169)-
His10-Avi·GMPPNP and RafRBD(51–131)-3xFLAG proteins 
were diluted in 1x assay buffer containing 30 mM HEPES, 
pH 7.0, 2 mM MgCl2, 25 mM NaCl, 1% v/v glycerol, 0.01% 
v/v bovine serum albumin (BSA) and 2.5 mM dithiothreitol 
(DTT) for a final assay concentration of 100 nM and 50 nM 
respectively. The KRasG12D(1–169)-His10-Avi and 
RafRBD(51–131)-3xFLAG proteins were subsequently 
combined with the corresponding donor fluorophore Strep-
tavidin-d2 (PerkinElmer-Cisbio; 610SADLF) and acceptor 
fluorophore MAb (IgG1) Anti-FLAG M2-Tb cryptate (Perki-
nElmer-Cisbio; 61FG2TLF) to attain a final assay fluoro-
phore concentration of 50 ng·well-1 and 1.3 ng·well-1 re-
spectively. In addition, a control protein 3xFLAG-RafRBD-
Avi incubated with both donor and acceptor fluorophores 
was included in all compound screening assays. The recom-
binant proteins and their associated donor/acceptor fluor-
ophores were incubated on ice for 60 min. For compound 
screening, 10-point (3-fold) serial dilution of compounds 
were prepared in DMSO with a final top concentration of 
100 µM. The diluted compounds were subsequently trans-
ferred to the relevant wells of a 384-well microplate, fol-
lowed by the addition of both protein-fluorophore combi-
nations. Streptavidin-d2 only and Streptavidin-d2 plus anti-
FLAG M2-Tb cryptate were included as negative controls. 
The assay plates were incubated at ambient temperature 
for 60 min prior to an end-point fluorescent read using a 
Tecan Infinite M1000 PRO microplate reader. Excitation 
wavelength for the donor fluorophore was 340 nm and 
emission wavelengths for the acceptor fluorophore were 
620/655 nm.  

HTRF selectivity assay were set up using the above meth-
odology and the following panel of Ras single point mutants 
and isoforms; KRas(2–169)-His10-Avi, KRasG12D(2–169)-
His10-Avi, KRasG13D(1–169)-His10-Avi, KRasG12C(1–169)-
His10-Avi, KRasG12V(1–169)-His10-Avi, KRasQ61K(2–169)-
His10-Avi, NRas(2–167)-His10-Avi and HRas(2–166)-His10-
Avi. 

Nucleotide Exchange Assay (NEA): Nucleotide load-
ing. Purified recombinant KRasG12D(1–169) protein was 
loaded with a fluorescently labelled nucleotide (MANT-
GDP) by incubating the protein with a 20-fold molar excess 
of labelled nucleotide in a buffer composed of 20 mM Tris-
HCl, pH 7.5, 50 mM NaCl, 4 mM EDTA and 1 mM DTT for 1.5 
h at 4 °C. Nucleotide loading reactions were supplemented 
with 10 mM MgCl2 and incubated for a further 1 h at 4 °C. 
Unbound fluorescently labelled nucleotide was removed via 
buffer exchange using a NAP-5 DNA purification column 
(Cytiva) pre-equilibrated with the NEA reaction buffer (40 
mM HEPES-KOH, pH 7.5, 10 mM MgCl2 and 1 mM DTT). 

NEA. MANT-GDP-loaded KRasG12D(1–169) and the GEF 
SOS1(546–1049) recombinant proteins were diluted in 1x 
NEA buffer (55.5 mM HEPES, pH 7.5, 13.8 mM MgCl2 and 
1.38 mM DTT) to attain a final assay concentration of 1 µM 
and 100 nM respectively. For compound screening, 10-
point (3-fold) serial dilution of compounds were prepared 
in DMSO with a final top concentration of 100 µM. The di-
luted compounds were subsequently transferred to the 

relevant wells of a 96-well microplate, followed by the ad-
dition of KRasG12D(1–169) and SOS1(546–1049) proteins. 

Initial fluorescence (F1) was measured using a Tecan In-
finite M1000 PRO microplate reader (excitation at 360 nm, 
emission at 430 nm, bandwidth 20 nm). Nucleotide ex-
change was initiated via the addition of the non-hydrolysa-
ble nucleotide analog GTPγS at a final assay concentration 
of 200 µM. Assay plates were incubated on a microplate 
shaker for 1.5 h at ambient temperature prior to a second 
fluorescence read (F2) using the aforementioned emis-
sion/excitation wavelengths. The percentage effect was cal-
culated by dividing F2 by F1 and multiplying by 100. 

Nucleotide Exchange Assay with Ras-Raf HTRF 
Readout (NEA w HTRF). Purified recombinant KRasG12D(1–
169)-His10-Avi·GDP, RafRBD(51–131)-3xFLAG and 
SOS1(546–1049) proteins were diluted in 1x assay buffer 
(30 mM HEPES, pH 7.0, 2 mM MgCl2, 25 mM NaCl, 1% v/v 
glycerol, 0.01% v/v BSA and 2.5 mM DTT) for a final assay 
concentration of 200 nM, 50 nM and 1 nM respectively. The 
KRasG12D(1–169)-His10-Avi and RafRBD(51–131)-3xFLAG 
proteins were combined with the corresponding donor 
fluorophore Streptavidin-d2 (PerkinElmer-Cisbio; 
610SADLF) and acceptor fluorophore MAb (IgG1) Anti-
FLAG M2-Tb cryptate (PerkinElmer-Cisbio; 61FG2TLF) to 
attain a final assay fluorophore concentration of 50 ng·well-

1 and 1.3 ng·well-1 respectively. The recombinant proteins 
and their associated donor/acceptor fluorophores were 
pre-incubated on ice for 60 min. For compound screening, 
10-point (3-fold) serial dilution of compounds were pre-
pared in DMSO with a final top concentration of 100 µM. The 
diluted compounds were transferred to the relevant wells 
of a 384-well microplate, followed by the addition of both 
Ras and Raf protein-fluorophore combinations. Nucleotide 
exchange was initiated via the addition of SOS1 and the non-
hydrolysable nucleotide analogue GMPPNP at a final assay 
concentration of 100 µM. The assay plates were incubated 
at ambient temperature for 60 min prior to an end-point flu-
orescent read using a Tecan Infinite M1000 PRO microplate 
reader. Excitation wavelength for the donor fluorophore 
was 340 nm and emission wavelengths for the acceptor 
fluorophore were 620/655 nm. 

Protein Production. (Proteins used in NMR, SPR, NEA 
and crystallography) Genes for production of recombinant 
KRas4BG12D(1–169), Avi-KRas4BG12D(1–169), 
KRas4AC118S(1–169), Avi-NRas(1–169) and Avi-HRas(1–
166) were synthesised by Genewiz (Suzhou, China) as E. coli 
optimised DNA sequences and cloned to the NcoI and XhoI 
sites of pBDDP-SPR3 to contain an N-terminal double-His8 
affinity tag followed by a TEV protease cleavage site 
(ENLYFQG).46 The “Avi” constructs contained an additional 
Avi-tag (GLNDIFEAQKIEWHE) downstream of the TEV 
cleavage site. 

The constructs without Avi-tag were expressed in E. coli 
Rosetta2 (DE3) pLysS cells (Merck) cultured overnight at 
37 °C in autoinduction media (AIM) LB broth (Formedium). 
For in vivo biotinylation, the constructs containing an Avi-
tag were expressed in E. coli CVB101 cells (Avidity, Inc.) 
previously lysogenized with the λ phage DE3 by using the 
λDE3 Lysogenization Kit (Merck) and cultured in Terrific 
Broth (Formedium) supplemented with 50 μM biotin. Once 
the culture reached an O.D. 600 of 0.6, the incubator 
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temperature was reduced to 18 °C, and the expression was 
induced by the addition of isopropyl-β-D-1-thiogalactopy-
ranoside (IPTG) to a final concentration of 0.5 mM. The cells 
were pelleted after 18 h and stored at -80 °C.  

To produce 15N-labelled KRas4BG12D(1–169), trans-
formed Rosetta2 (DE3) pLysS cells were cultured at 37 °C in 
3 L Terrific Broth to O.D. 600 of 0.6, then centrifuged, 
washed and resuspended in 1 L minimal medium contain-
ing 1 g of 15NH4Cl and 4 g of glucose. Before induction, cells 
were shaken for 1 h at 23 °C and then protein expression 
was initiated by the addition of IPTG to a final concentration 
of 0.5 mM. Cells were harvested by centrifugation after 18 h 
and stored at -80 °C. 

Cell pellets were resuspended in lysis buffer (50 mM Tris-
HCl, pH 7.5, 300 mM NaCl, 5% glycerol, 10 mM imidazole, 1 
mM phenylmethylsulphonyl fluoride (PMSF) and DNase I 
(Sigma)) and lysed by mechanical homogenization. The ly-
sate was centrifuged at 20,000 rpm for 90 min, 4 °C. The 
clarified lysate was applied to a 5 mL HisTrap FF column 
(Cytiva) pre-equilibrated with 50 mM Tris-HCl, pH 7.5, 500 
mM NaCl, 5% glycerol, 10 mM imidazole. After washing the 
column, the protein of interest was eluted on a linear gradi-
ent of same buffer containing 1 M imidazole and treated 
with TEV protease for removal of the double-His8 tag. The 
sample was applied to a HiLoad 26/60 Superdex 75 pg size 
exclusion chromatography column (Cytiva) pre-equili-
brated with 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 2 mM 
MgCl2. At this point, the final purified Ras proteins were 
mainly GDP bound, as confirmed by HPLC analysis (previ-
ously described in Gray et al, 2017)47. 

(Proteins used in the HTRF assays) Genes for production 
of recombinant HRas(1–166), NRas(1–169) and KRas4B(1–
169), both wild-type and single-point mutants (G12D, G12C, 
G12V, G13D and Q61K), were synthesised by ATUM, Inc. as 
E. coli optimised DNA sequences with flanking Gateway 
attB1 and attB2 sites. Sequences containing C-terminal 
His10-Avi tags had the sequence 
ASGSHHHHHHHHHHGSENLYFQGSGGGGLNDIFEAQKIEWH
E appended to the C-terminus, while the N-terminus of all 
constructs contained an optimized E. coli ribosome-binding 
site. Synthetic templates were recombined using Gateway 
BP cloning into pDonr-255 to generate Entry clones and 
were subsequently recombined using Gateway LR cloning 
into pDest-521 (Addgene #159688) to generate bacterial 
T7 promoter-based expression clones.  

3xFLAG-tagged Raf Ras-binding domain (RafRBD, amino 
acids 51–131) was synthesized by ATUM, Inc. as noted 
above, with an N-terminal TEV protease cleavage site fol-
lowed by a 3xFLAG tag (DYKDHDGDYKDHDIDYKDDDDK) 
and a C-terminal Avi-tag. Entry clones of this construct were 
recombined using LR recombination into pDest-566 
(Addgene #11517) to generate E. coli expression constructs 
with an N-terminal His6-MBP (maltose-binding protein) fu-
sion tag. 

Proteins were expressed in E. coli BL21 StarTM (Thermo 
Fisher Scientific) harbouring the pRARE plasmid (express-
ing rare tRNAs) and pBirA (expressing biotin ligase; Avidity, 
Inc.) using the Dynamite protocol as outlined in Taylor et al 
(2017)48 with overnight induction at 16 °C. 0.2 mM D-biotin 
was added 1 h prior to induction to support biotinylation in 
vivo. All proteins were purified as outlined in Kopra et al 

(2020)49 for KRas(1–169), with modifications for the C-ter-
minal tagged Ras constructs. Specifically, steps pertaining 
to TEV protease digestion were omitted for these con-
structs, the SEC load sample was adjusted to 10 mM EDTA 
(to prevent dimer formation), and the SEC running buffer 
was at 2 mM MgCl2. Ras proteins were exchanged into 
GMPPNP as described in Bonsor et al (2022).50 

Protein crystallization and diffraction data collec-
tion. All crystallisation experiments were carried out by sit-
ting-drop vapour diffusion at 19 °C using drops of a 1:1 mix-
ture of a liganded protein sample and the reservoir solution. 
Liganded protein was obtained by supplementing protein 
stock at ≈25 mg/mL with 10% compound stock in DMSO 
(50 mM stock concentration for 8, 9, 11, 14 and 15; 10 mM 
stock concentration otherwise) and incubation on ice for 
one hour. 

KRas4AC118S(1–169)∙GDP ligand complexes were crystal-
lised in 1.7 µL drops over a reservoir containing 25–28% 
polyethylene glycol 8000, 300–500 mM LiCl and either no 
buffer or 100 mM bis-tris propane, pH 6.2–8.7. In general, 
microseeding was used to improve reproducibility. Clusters 
of needles or plates would generally appear within 24 hours 
and continue to grow for several days. Crystals were har-
vested by rapid addition of 0.4 µL ethylene glycol directly to 
a crystallisation drop, followed immediately by flash-cool-
ing in liquid nitrogen. 

KRas4AC118S(1–169)∙GMPPNP ligand complexes were 
crystallized in 1.0 µl drops over a reservoir of 16–28% pol-
yethylene glycol 3350, 100–150 mM MgCl2, 10 mM CoCl2 
and 100 mM HEPES, pH 7.5. Small but single crystals would 
appear within three days. Crystals were harvested by brief 
transfer to a droplet consisting of 0.28 µL ethylene glycol 
and 0.9 µL of the relevant mother liquor followed by flash-
cooling in liquid nitrogen. 

All data were collected at 100 K and automatically pro-
cessed/scaled at Diamond Light Source (Didcot, UK), using 
XDS51, DIALS52 and AIMLESS53 under control of xia254, 
fast_dp55 or autoPROC56; see Table S10 for data collection 
details. 

Structure determination and refinement. Data trunca-
tion and general handling were carried out using CCP4.57 In-
itially, structures were solved by molecular replacement 
with MOLREP58 using search models derived from PDB en-
tries 4DSU26 (for KRas∙GDP) or 3GFT (for KRas∙GMPPNP). 
Additional structures in the same crystal form were phased 
by rigid body refinement of the protein component of an 
earlier structure using REFMAC5.59 Cycles of model build-
ing and refinement were carried out using Coot60 and 
REFMAC5, ligand topologies were generated using 
PRODRG.61 The quality of final models was assessed using 
PROCHECK62 and MolProbity.63 Figures depicting struc-
tures were produced using PyMOL 2.3.0.45 Data and model 
statistics are summarised in Table S10. 

pERK HTRF assay. MIA PaCa-2 cells (ATCC, LGC Stand-
ards, Teddington, UK) were cultured in DMEM medium 
(Thermo Fisher Scientific) supplemented with 10% FBS 
and 2 mM L-glutamine. NCI-H1437 cells were maintained in 
RPMI medium (Thermo Fisher Scientific) supplemented 
with 10% FBS, 2 mM L-glutamine, 1 mM sodium pyruvate 
and 10 mM HEPES. 
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Cellular HTRF technology for phosphorylated ERK1/2 
(Thr202/Tyr204) (Cisbio, Oxford Biosystems, Abingdon, 
UK) was used accordingly to manufacturer instructions. 
Briefly, MIA PaCa-2 cells were seeded in clear 96-well plates 
at a density of 1.2 x 104 cells per well and were incubated 
overnight at 37 °C. The day after, indicated drug dilutions 
were added with a final DMSO concentration of 0.5%. Cells 
were then incubated at 37 °C for 3 h. Media was removed, 
cells were washed twice with PBS, then lysed with supple-
mented lysis buffer and incubated for 30 min at room tem-
perature on a plate shaker at 400 rpm. Premixed antibody 
was added and incubated at room temperature in the dark 
for 16 h. The plate was read on a Tecan Infinite M1000 PRO 
at two different wavelengths (665 nM and 620 nM). The ra-
tio of the acceptor and donor emission signals for each well 
was calculated according to the following formula: sig-
nal(665 nm) / signal(620 nm) x 104. The HTRF ratio was 
normalised to the DMSO-treated control cells.  

Ras-Raf NanoBiT assay. HEK293A containing SmBiT-
Raf and LgBiT-Ras clones (generated in house) were plated 
in phenol-free RPMI medium supplemented with 5% FBS, 2 
mM L-glutamine, 1 mM sodium pyruvate and 10 mM HEPES. 
HEK293t SmBiT-NRF2, LgBiT-KEAP1 negative control cell 
line was cultured in phenol-free DMEM medium supple-
mented with 5% FBS, 2 mM L-glutamine, 1 mM sodium py-
ruvate and 10 mM HEPES. All clones were seeded in Colla-
gen I coated 96-well white plates (Corning, Arizon, USA) at 
a density of 15,800 cells per well. The following day dilu-
tions were carried out to give a final DMSO concentration of 
0.1%. Cells were then stimulated with 100 ng/ml EGF di-
luted in OptiMEM (Thermo Fisher Scientific). For the Nano-
BiT assay the manufacturer instructions were followed 
(Nano-Glo Live cell assay system, Promega). Plates were 
further incubated for 23 min at room temperature and lu-
minescence was measured using the Tecan Infinite M1000P 
RO plate reader with an integration time of 300 ms.  

Generation of KRas mutant NanoBiT cells. pFN28A 
CMV_Neo flexi vector containing LgBiT-KRasWT (gift from 
Novartis) was used as a template to generate the mutant-
expressing plasmids (Genewiz, Essex, UK). HEK293A 
SmBiT-Raf cells (gift from Novartis) cells were transfected 
with 100 ng per well of the appropriated mutant plasmid 
using Fugene HD (Promega, Southampton, UK) according to 
the manufacturer’s protocol. Following 5–7 d of culture in 
selection antibiotic monoclonal populations of cells were 
isolated by performing standard limiting dilution proce-
dure. LgBiT-KRasWT mutant levels were determined by 
western blot using an anti-LgBiT antibody (Promega). 
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Binding Domain; SAR, Structure-activity relationships; SBDD, 
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Src Homology-2 domain-containing Protein Tyrosine Phospha-
tase-2; SmBiT, Small BiT; SOS1, Son of Sevenless homolog 1; 
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