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Originally recognized as a key regulator of a form of programmed cell death termed necroptosis, receptor-interacting protein kinase 
1 (RIPK1) is now appreciated for a broader role across a variety of inflammatory pathways.1–5 RIPK1 has been implicated in pathologic 
conditions ranging from ischemic brain or kidney injury, myocardial infarction, and intestinal inflammation.6–12 Accordingly, there has 
been a surge of interest in developing small molecule inhibitors of RIPK1 as potential therapeutics. In fact, three RIPK1 inhibitors have 
entered clinical trials so far (GSK’772, GSK’095, and DNL-747).1

The first published RIPK1 inhibitor, known as Nec-1 (1, Fig. 1), was disclosed in 2005 by Degterev et al.7 An X-ray co-crystal 
structure of a refined analog Nec-1a (2) revealed that the molecule has an allosteric binding mode with the indole ring occupying a 
hydrophobic back pocket near the ATP-binding site.14 Additionally, a carbonyl of the hydantoin ring accepts a hydrogen bond from the 
N–H of residue Asp-156. Because these compounds do not display the hinge-binding contacts normally present in most kinase 
inhibitors, they exhibit extreme kinome selectivity for RIPK1. 

More recently, a number of new RIPK1 inhibitors have been discovered (Fig. 2). 15–20 Interestingly, these molecules all share the 
structural features of a lipophilic aromatic ring at one end 
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Receptor-interacting protein kinase 1 (RIPK1), a key component of the cellular necroptosis 
pathway, has gained recognition as an important therapeutic target. Pharmacologic inhibition or 
genetic inactivation of RIPK1 has shown promise in animal models of disease ranging from 
acute ischemic conditions, chronic inflammation, and neurodegeneration. We present here a 
class of RIPK1 inhibitors that is distinguished by a lack of a lipophilic aromatic group present in 
most literature inhibitors that typically occupies a hydrophobic back pocket of the protein active 
site. Despite not having this ubiquitous feature of many known RIPK1 inhibitors, we were able 
to obtain compounds with good potency, kinase selectivity, and pharmacokinetic properties in 
rats. The use of the lipophilic yet metabolically stable pentafluoroethyl group was critical to 
balancing the potency and properties of optimized analogs

2009 Elsevier Ltd. All rights reserved.
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Figure 1. Structures of Nec-1 and Nec-1a, with a 2D representation highlighting key interactions observed in the Nec-1a-RIPK1 co-crystal structure.

Figure 2. Published non-hinge binding RIPK1 inhibitors with key lipophilic aromatic ring highlighted in blue and hydrogen bond acceptor to Asp-156 
highlighted in red.

linked to a carbonyl hydrogen bond acceptor by a spacer of varying  length. Crystallographic studies have confirmed that the 
compounds have similar binding modes, with the aromatic ring always slotting into the allosteric back pocket that is exposed in the 
DLG-out conformation and the carbonyl making contact with the N–H of DLG’s Asp156.15–20 

Given the improvements in physicochemical properties that can come from reducing the number of aromatic rings, we wanted to 
assess whether having a lipophilic aromatic present in the enzyme back pocket was in fact an absolute requirement for potent and 
selective RIPK1 inhibition. We noted that previous reports had not described bicyclic heterocycles, which led us to consider 
tetrahydroindazole 9. We tested compound 9 in a human RIPK1 biochemical inhibition assay as well as an HT29 human colorectal 
carcinoma cellular assay which tested the ability to prevent cell death induced by the combination of TNF, zVAD-fmk, and BV6 (see 
Supplementary Material). Compound 9 showed a Ki

app of 3.4 M, which translated to reasonable ligand efficiency22 and 
physicochemical properties as a starting point for further elaboration (LE = 0.31, cLogP = 1.7), despite lacking any sort of aromatic that 
could occupy the back pocket of RIPK1 (Table 1). It also demonstrated a measurable cellular EC50 of 15 M; this biochemical to cell 
shift in the five- to ten-fold range was typical of this chemical series. The activity of tetrahydroindazole 9 was noteworthy because the 
simple unsubstituted triazole 10 did not show any inhibition up to the top concentration tested. Reasoning that the saturated ring of the 
tetrahydroindazole might be contributing to potency by partially occupying the hydrophobic back pocket, we investigated the effect of 
placing small alkyl groups around the ring to hopefully probe further into the cavity. Gratifyingly, a properly oriented methyl group at 
the 5-position of the tetrahydroindazole (compound 11 vs. epimer 12) rendered a remarkable improvement in potency by over two 
orders of magnitude. Notably, addition of alkyl groups at other positions of the ring did not furnish the same improvement, nor did 
fused cyclopropane rings (compounds 13–16). Additionally, geminal substitution (16) resulted in a small loss of potency. 

Based on the SAR and the activity of compound 11, we hypothesized that the exocyclic methyl group was directed into the 
hydrophobic back pocket of the protein. Fortunately, we were able to test this hypothesis by obtaining an X-ray co-crystal structure of 
11 bound to a RIPK1 construct based on the human enzyme (1–294, C34A, C127A, C233A, C240A). Fig. 3 depicts this data overlaid 
with the published co-crystal structure of inhibitor 4 (PDB code: 5HX6).15 The protruding methyl group of 11 indeed appears to be 
occupying a similar (albeit smaller)

Table 1. Activity of various substituted heterocyclic analogs
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ahuman RIPK1 activity measured using ADP Transcreener assay; see Supplementary Material.
bHT29 human colorectal carcinoma cell viability measured after 18 h following treatment with TNF, zVAD-fmk, BV6, and inhibitor; see Supplementary 
Material.
cCompound is a 1:1 mixture of diastereomers where no stereochemistry is specified. 

space in the pocket as the phenyl ring of 4. The pyrazole ring of 11 also appears to be slightly displaced relative to the isoxazole of 4, 
possibly to better position the methyl group into the back pocket. 

One final piece of information from the X-ray structure was that there was likely more room to grow beyond a methyl group to better 
fill the back pocket. Consistent with this notion, trifluoromethyl-substituted analog 18 had improved biochemical and cellular activity 
(Table 2). However, larger substituents such as tert-butyl (19), phenyl (20), or 1-pyrazolyl (21) were not well tolerated, which was also 
predicted by the co-crystal structure of 11. Finally, methylation to mask the pyrazole N–H also led to a loss in potency, probably 
because it presents a steric clash with the protein. 

Figure 3. Overlay of 11 (yellow) with 4 (green) bound to RIPK1 based on X-ray crystallographic data, with H-bond to Asp156 highlighted (dashed line). 

Although potent, 18 suffered from moderate liver microsomal stability that limited its potential for advancement. To address this 
liability, a variety of hetero-bicyclic replacements for the tetrahydroindazole were explored (Table 3). Many unsaturated and partially 
saturated ring systems were tolerated by the protein pocket. As might be expected, heterocycles with better distribution of polar atoms 
throughout the bicycle showed



  

Table 2. Activity of 5-substituted tetrahydroindazole analogs 

aCompound is a 1:1 mixture of diastereomers where no stereochemistry is specified 

Table 3. Activity and liver microsomal stability of differing trifluoromethyl-substituted bicyclic cores 

N NH

18 0.007 0.043

N NH

N NH

0.048 0.29

0.028 0.52

N NH

0.75 4.1

N N

0.063 0.5

19

20a

21a

22

FF
F

Ph

NN

FF
F

N

O

O

NH
R

O

Compound R =
RIPK1

Ki
app (M)

HT29 viability
EC50 (M)

N

O

O

NH
R

O

Compound R =
RIPK1

Ki
app (M)

HT29 viability
EC50 (M)

N NH

23 0.005 0.028

N N
N

LM CLhep
(ml/min/kg)
human / rata

N NH

18 0.007 0.043

FF
F

8.6 / 33

FF
F

14 / 25

FF
F

0.064 0.21 7.8 / 37

26

27

N

N

25

0.005 0.012

FF
F

14 / 44

N N

N
N

FF
F

0.57 2.4 <3.9 / <11

N NH

N24 0.098 0.58

FF
F

9.7 / 18



  

aPredicted hepatic clearance based on 1 h time course incubation with liver microsomes (1 M compound, 0.5 mg/mL microsomes, 1 M NADPH). 

improved stability in liver microsomes. However, some of the most stable examples like 27 sacrificed too much potency to be useful. 
Other heterocycle permutations (23, 25, and 26) offered no improvement in microsomal stability relative to 18, so we proceeded to 
examine the pharmacokinetics of 18 in an in vivo rat study. Unfortunately, the observed clearance was under predicted by the liver 
microsomes and in fact was greater than liver blood flow (132 mL/min/kg).23 Thus 18 was not progressed any further. 

The next most promising analog in terms of balancing potency and metabolic stability was 7-azaindazole 24, although further 
improvements in potency were necessary. While we knew that dramatically enlarging the back pocket substituent beyond 
trifluoromethyl would likely be deleterious based on earlier phenyl and tert-butyl-substituted analogs 19 and 20, we wondered whether 
a more modest increase in the size could improve the potency by better filling the space. Isopropyl-substituted analog 28 represented an 
improvement in potency of about two-fold, but at the cost of metabolic stability (Table 4). Searching for a moderately-sized yet 
potentially metabolically stable fragment, we considered the pentafluoroethyl moiety.24 Incorporation of this piece to provide compound 
29 improved the Table 4. Comparison of pentafluoroethyl examples with trifluoromethyl and isopropyl analogs 

aCompound is a 1:1 mixture of diastereomers where no stereochemistry is specified. 
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cellular potency tenfold relative to the trifluoromethyl analog 24 without adversely affecting liver microsome stability. We also tried 
adding the pentafluoroethyl group to some of our other scaffolds and found that it consistently boosted the potency dramatically relative 
to trifluoromethyl substitution (matched pairs 25 vs. 30, 27 vs. 31). Importantly, we observed either no or only a small loss of liver 
microscome stability. The increase in LogD ranged from 0.5 to 0.8 relative to the trifluoromethyl matched pairs, and although the 
kinetic solubility did decrease somewhat, the solubility was better than the isopropyl matched pair (28 vs. 29). 

It does not escape our attention that compound 29 contains a (hetero)aromatic group near the region of the inhibitor that binds in the 
back pocket of RIPK1, which stands in seeming contradiction to the fact that we began this study by looking for potent inhibitors that 
did not have a back pocket aromatic moiety. However, the crystallographic structure overlay in Fig. 3 clearly shows that the six-
membered portion of the bicyclic ring system corresponding to the pyridyl portion of 29 does not occupy the same space and is oriented 
orthogonally to the phenyl moiety of GSK’481. Furthermore, the similar potencies of matched pair 18 (partially saturated) and 23 
(aromatic) indicate that the six-membered portion of the bicycle is serving a scaffolding or linker role, whereas it is the exocyclic 
(fluoro)alkyl group that drives the potency by occupying the hydrophobic back pocket of RIPK1. Thus, we believe this work 
illuminates some heretofore unpublished structure-activity relationships of this important class of RIPK1 inhibitors. 

On the basis of its RIPK1 potency and liver microsomal stability, pentafluoroethyl azaindazole 29 was progressed to an in vivo rat 
PK study. We were quite pleased to find that it exhibited low clearance (7.1 mL/min/kg) and moderate volume of distribution (2.8 L/kg) 
that translated into a 4.8-hour half-life, by far the best we had seen on this series.23 Oral bioavailability was also reasonable at 63%. In 
addition to its other favorable attributes, 29 exhibited excellent kinase selectivity, with no level of inhibition >30% observed when 
tested at a single point concentration of 10 µM in a 219 human kinase panel (Thermo Fisher, see Supplementary Material). As was the 
case for other published inhibitors in the benzoxazepinone series, 29 showed dramatically lower potency against mouse RIPK1, with an 
EC50 in mouse L929 cell viability assay of 11 M. 

The synthesis of 29 is outlined in Scheme 1. Commercially available methyl 5-bromo-1H-pyrazolo[3,4-b]pyridine-3-carboxylate 
(32) was protected at its N–H with a 2-tetrahydropyranyl group. Next, the bromide was swapped to a more reactive iodide in a copper-
promoted reaction to set up the key pentafluoroethylation reaction. The desired fluoroalkyl cross-coupling was achieved by another 
Cu(I)-catalyzed reaction utilizing the pentafluoroethyl version of the Ruppert-Prakash reagent ((CH3)3SiCF2CF3). Deprotection and 
ester saponification completed the preparation of the acid 37, which was coupled under EDC/HOBt conditions to amino-
benzoxazepinone 38 to finish the synthesis.

Scheme 1. Synthesis of pentafluoroethyl azaindazole 29. Reagents and conditions: (a) 3,4-dihydro-2H-pyran, pyridinium p-toluenesulfonate, 
dichloromethane, 40 ºC, 6 h, 90%; (b)  trans-N,N′-dimethylcyclohexane-1,2-diamine, copper(I) iodide, sodium iodide, dioxane, 110 ºC, 20 h, 97%; 
(c) trimethylpentafluoroethylsilane, copper(I) iodide, potassium fluoride, N,N-dimethylformamide, 80 ºC, 20 h, 42%; (d) trifluoroacetic acid, 
dichloromethane, rt, 2 h, 69%; (e) lithium hydroxide, tetrahydrofuran, water, rt, 10 h, 79%; (f) N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 
hydrochloride, 1-hydroxybenzotriazole, (S)-3-amino-5-methyl-2,3-dihydrobenzo[b][1,4]oxazepin-4(5H)-one (38), N,N-dimethylformamide, rt, 1 h, 
52%. THP = 2-tetrahydropyranyl



  

Needless to say, balancing potency gains by adding lipophilicity without introducing metabolic or other liabilities is a general 
challenge. We believe the present case study offers an interesting example of productive use of the infrequently utilized 
pentafluoroethyl fragment, which is in the rare position of having moderate size and lipophilicity while being resistant to oxidative 
metabolism. Contemporary synthetic methods have made incorporation of this group more easily accessible by cross-coupling,25,26 and 
many more pentafluoroethylated building blocks are now commercially available. In summary, we discovered a series of RIPK1 
inhibitors that derive potency from small lipophilic alkyl groups occupying the protein back pocket, which is normally exploited by 
aromatic substituents in published inhibitors. Through judicious use of the pentafluoroethyl motif, we were able to find a compound 
with good potency and pharmacokinetic properties.
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