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ABSTRACT 

Although crizotinib demonstrates robust efficacy in ALK positive NSCLC patients, progression 

during treatment eventually develops. Resistant patient samples revealed a variety of point 

mutations in the kinase domain of ALK, including the L1196M gatekeeper mutation. In addition, 

some patients progress due to cancer metastasis in the brain. Using structure based drug design, 

LipE, and physical property based optimization, highly potent macrocyclic ALK inhibitors were 

prepared with good ADME, low propensity for Pgp-mediated efflux and good passive 

permeability. These structurally unusual macrocyclic inhibitors were potent against wild-type 

ALK and clinically reported ALK kinase domain mutations. Significant synthetic challenges 

were overcome, utilizing novel transformations to enable the use of these macrocycles in drug 

discovery paradigms. This work led to the discovery of 8k (PF-06463922), combining broad 

spectrum potency, CNS ADME and a high degree of kinase selectivity. 

 

INTRODUCTION 

Anaplastic lymphoma kinase (ALK) is a member of the insulin receptor (IR) sub-family of 

receptor tyrosine kinases. It is primarily expressed in adult brain tissue and plays an important 

role in the development and function of the nervous system.1 ALK knockout mice live a full life-

span without obvious abnormalities, but are described as having an “anti-depressive” 

phenotype.2 
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The ALK name was derived from the discovery of the driving role this kinase plays in 

anaplastic large cell lymphoma (ALCL), a subtype of non-Hodgkin lymphoma, in which the 

t(2;5)(p32;q35) chromosomal translocation involving the ALK gene was first described.3 The 

finding that this translocation results in the fusion of nucleophosmin (NPM) to a truncated form 

of anaplastic lymphoma kinase (ALK) led to the first suggestion that this fusion could result in a 

constitutively active cytoplasmic tyrosine kinase that could be acting as an oncogenic driver.4 

Subsequently, other ALK-fusion proteins have been identified in diffuse large B-cell lymphoma 

(DLBCL),5 inflammatory myofibroblastic tumors (IMT)6 and non-small-cell lung carcinoma 

(NSCLC).7 Over the last 20 years, more than a dozen fusion partners for ALK have been 

identified in a variety of cancer types (typically rare childhood cancers). Like NPM, the fusion 

partners replace the ALK protein domains responsible for ligand binding and crossing the 

membrane with a domain that results in constitutive dimerization/oligomerization activation of 

ALK tyrosine kinase in the cytoplasm. However, it was the discovery of a fusion of echinoderm 

microtubule associated protein-like 4 with ALK (EML4-ALK) in 3-7% of NSCLC patients that 

enabled the rapid clinical development and validation of ALK inhibitors as a viable, new cancer 

therapy.7c,7d In addition to chromosomal translocations leading to fusion-proteins, amplification 

of ALK and activating point mutations in full length protein have been described in 

neuroblastoma,8 inflammatory breast cancer9 and ovarian cancer patients.10 Similar to ALK, c-ros 

oncogene 1 (ROS1) chromosomal translocations define a unique, albeit smaller, subset of non-

small-cell lung cancers.11
 

Compound 1 (PF-02341066, crizotinib),12 a MET, ALK and ROS1 kinase inhibitor at 

clinically relevant drug exposures, was in early clinical trials when the EML4-ALK translocation 

was identified.13 The marked efficacies from two clinical trials led to US Food and Drug 

Page 4 of 82

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

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



4 

 

Administration (FDA) approval in 2011 based on an objective response rate of approximately 

60% and progression-free survival (PFS) times of approximately 10 months.14 Xalkori was the 

first ALK inhibitor approved by the US FDA as a first-line treatment for ALK-positive lung 

cancer patients. 

Although compound 1 demonstrates initial robust efficacy in ALK-positive tumors, patients 

eventually develop resistance. Emerging data from the analysis of patient tumor tissue collected 

after progression suggests that resistance develops through point mutations in the ALK gene, 

which may be as frequent as that seen in the EGFR setting (gatekeeper mutation frequency over 

40%).15 Additionally, a common site of metastases in NSCLC patients is in the brain where 

current standard of care (SOC) and recent experimental agents have only limited effectiveness, 

thus identifying an area of unmet medical need. A sample taken at steady state from a single 

patient at the recommended 250 mg BID dose of compound 1 showed a CSF to free plasma ratio 

of 0.03.16 The high level of asymmetric distribution indicates poor blood-brain barrier 

penetration of the drug. 

Approximately 200,000 brain metastases (BM) are diagnosed annually in the United States, 

accounting for 20% of cancer mortality. Across tumor types, lung cancers and breast cancers 

constitute the majority of brain metastases, with the next most prevalent being melanoma.17 

Among the cohort of lung cancer patients with brain metastases, 10–25% of patients exhibit 

brain metastases at diagnosis, another 40–50% during the course of disease, and more at 

autopsy.18 Overall, patients presenting metastatic brain cancer have a poor prognosis with a 

median survival of 2.5 months,19 which may be due partly to the poor blood-brain-barrier (BBB) 

permeability of the drugs developed for treating systemic disease. Treatment of peripheral 
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disease with CNS excluded drugs may extend progression free survival times, but could enhance 

the proportion of patient mortality due to uncontrolled brain metastases. 

Recently, several inhibitors of ALK have become a new and promising class of therapeutics 

for treatment-naive and relapsed ALK-positive NSCLC patients, highlighted by AP26113 

(Ariad; undisclosed structure exemplified as 2),20 3 (CH5424802, Roche/Chugai),21 4 (ASP3026, 

Astellas),22 and 5 (LDK378, Novartis)23 (Figure 1). The clinical impact on metastasis in the brain 

and relation to preclinical CNS exposure or brain tumor models are not well-established for these 

compounds. 

 

 

Figure 1. Structures of ALK inhibitors marketed or currently in the clinic. 

 

RESULTS AND DISCUSSION 

In vitro resistance. Compound 1 phospho-ALK IC50 values in NIH-3T3 cell lines engineered 

with mutations reported from the clinic have been previously described.24 The mutant cell IC50 
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data for compound 1 ranged from 165-3039 nM, which represented a 2 to 38-fold shift relative to 

wt potency (pALK cell IC50 80 nM) in the same engineered line. 

Objectives. The goal of this next generation ALK inhibitor program was to develop a small 

molecule inhibitor that combined CNS exposure with broad spectrum ALK potency. A 

compound with these properties has potential utility in the treatment of patients who exhibit 

tumor progression, overcoming both resistance mutations and brain metastases. 

By avoiding transporter-mediated efflux at the BBB and tumor cell surface, the increased CNS 

availability of this next generation inhibitor could provide significant efficacy benefits. The 

benefits include higher free brain and tumor intracellular concentrations for better target 

modulation, critical for patients who relapse due to brain metastases or over-expression of efflux 

transporters in tumor cells. To mitigate cell toxicity associated with off-target activities and 

improve therapeutic indices, a high degree of kinase selectivity was required to avoid potential 

liabilities associated with the inhibition of closely related kinases. 

Critical parameters to meet objectives: LipE and MW. Ligand interactions with most 

proteins are substantially influenced by lipophilicity.25 To monitor the progress of optimization, 

lipophilic efficiency (LipE = pKi (or pIC50) – log D) was used as a numerical index of binding 

effectiveness per unit lipophilicity.26 Drug design aimed at improving LipE results in parallel 

optimization for desirable ADME and greater likelihood of safe drug profiles by increasing the 

ratio of potency to lipophilicity. Since log D within a series also tends to correlate with oxidative 

clearance,27 increasing LipE will raise the chance for a lower dose through improvements in IC50 

and clearance, assuming the introduction of structural features do not impart greater metabolic 

liabilities.28 
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Since molecular weight is inversely correlated with permeability within a series,27,29 reducing 

ligand size was crucial to provide the smallest, most potent ligands with the greatest chance of 

possessing desired drug-like properties, including CNS exposure. 

Acyclic aminopyridine/aminopyrazine ALK inhibitors. Optimization to address emerging 

resistance to compound 1 was previously described.24a,30 Table 1 highlights some key 

compounds from the first- and second-generation ALK inhibitor programs. Compound 1 lacks 

sufficient potency against resistant clinical mutants and shows high P-glycoprotein 1 (Pgp) efflux 

as measured by the MDR BA/AB ratio (>2.5), consistent with CNS exclusion.31 Structure-based, 

property-based, and efficiency-focused drug design efforts culminated in broadly potent, 

permeable, and metabolically stable second-generation ALK inhibitors, highlighted by 

compound 6a (PF-06439015).24a This compound improved wild-type and gatekeeper (L1196M) 

mutant potencies by 105- and 128-fold relative to compound 1 and showed robust in vivo 

efficacy in the same gatekeeper-mutant cell line. While significant improvements in potency 

were achieved, the overall higher lipophilicity required introduction of polar groups to lower the 

lipophilicity of the whole molecule for acceptable LipE and good metabolic stability. This added 

polarity and molecular weight resulted in high efflux potential and very low rat CSF drug levels. 

Other analogues were pursued that lacked excess hydrogen bond donors and polarity. Compound 

6b and 6c both had improved in vitro clearance and permeability relative to compound 1. The 

MDR efflux ratios for both compounds are less than or equal to 2.5 and consistent with good 

predicted brain availability in humans. Unfortunately, both wild-type and L1196M ALK cellular 

IC50 values suffered. Compound 6d also displayed a desirable, low MDR efflux ratio, but lacked 

the required potency and in vitro clearance. 
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The amide substituents on the phenyl ring of compounds 6e, 6f and 6h were designed to lower 

lipophilicity and improve efficiency. Indeed, the amide group in 6e and 6f lowered the 

lipophilicity significantly relative to the triazole 6d. Insights into the impact of the amide on 

potency and efficiency were gained by highlighting matched molecular pairs. The secondary 

amide 6e showed roughly a 10-fold reduction in cellular potencies against both wild-type and 

mutant ALK and a slight improvement in LipE compared to the aminopyridine 1,2,3-triazole 6d. 

Addition of a methyl group provided the tertiery amide analogue 6f, which lost more than 100-

fold potency relative to the triazole analogue 6d, presumably due to steric clash of the pyrazole 

and N,N-dimethylamide in the preferred bound conformation The aminopyrazine matched 

molecular pair demonstrated a similar trend. N-methyl amide 6h showed a 6-fold loss in mutant 

cell potency but a modest gain in LipE relative to the triazole analogue 6g. Although acyclic 

phenyl sulfone analogue 6i came the closest to meeting our lab objectives, it lacked the required 

potency and selectivity (data not shown). 

These acyclic compounds represented the difficulty in overlapping potency (L1196M IC50 <25 

nM) and low MDR BA/AB ratios (<2.5) to afford the highest probability of reaching efficacious 

exposures in the CNS. To overlap the required properties, new design efforts targeted neutral 

inhibitors with improved lipophilic efficiency that fell within property space commensurate with 

low efflux. This strategy required a novel approach, which is the focus of this manuscript. 

 

Table 1. Potency and ADME of compound 1 and other key acyclic leads 

Compound # Structure 

ALK Ki 

(nM) 

ALK-

L1196M 

Ki (nM) 

pALK 

cell IC50 

(nM) 

pALK-

L1196M 

cell IC50 

Log 

D
a
 

LipE
b
 

HLM Cl 

(mL/min/kg)
c
 

MDR 

BA/AB 

(ratio)
d
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(nM) 

1 

NH2N

O

Cl

Cl

F
N

N

NH

 

0.74 

8.2 

80 

843 
2.0 4.1 44 

12.5/0.28 

(44.5) 

6a 

(PF-

06439015) 

 

<0.1 

0.2 

0.76 

6.6 
2.9 5.3 13 

30.6/2.8 

(10.9) 

6b 

 

4.0 

38 

95 

3,200 
2.4 3.1 25 

16.3/20.0 

(0.82) 

6c 

 

9.0 

70 

249 

2,650 
2.4 3.2 8.0 

27.5/11.0 

(2.5) 

6d 

 

<0.2 

2.6 

14 

176 
3.4 3.4 66 

16.5/10.9 

(1.5) 

6e 

 

2.8 

35 

116 

1,665 
2.1 3.7 28 

12.6/0.74 

(17.0) 

6f  

 

22 

310 
-- 2.1 -- 58 

18.8/2.5 

(7.6) 
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6g 

 

<0.2 

0.7 

9.7 

53 
4.0 3.3 41 

5.1/3.2 

(1.6) 

6h 

 

0.85 

8.2 

16 

312 
3.0 3.5 76 

33.8/7.7 

(4.4) 

6i 

 

<0.2 

1.4 

4.6 

54 
3.4 3.9 10 

15.6/11.4 

(1.4) 

aLog D was measured at pH 7.4. bLipE = -log(pALK L1196M cell IC50) – log D. cClint,app refers to the total intrinsic 

clearance obtained from scaling in vitro half-lives in human liver microsomes. dMDCK-MDR1 BA/AB efflux at 2 

µM substrate concentration and pH 7.4. 

 

Acyclic ligands bound to the ALK kinase domain provided key structural information which 

revealed protein ligand interactions and facilitated the design of ligands with improved binding 

affinity and efficiency. Methyl ether 6b was one of the earliest co-crystal structures obtained in 

the wild-type kinase domain of ALK (Figure 2, left panel). The aminopyridine core interacted 

with the hinge portion of the protein via an acceptor-donor motif. The benzylic fragment adopted 

a conformation with the benzylic hydrogen coplanar to the methoxy substituent that minimized 

A-1,3 strain. Both the benzylic methyl and fluorophenyl filled lipophilic pockets. In addition, the 

aryl fluoride polarized the ortho aryl C-H groups, which provided close contact and electrostatic 

complementarity with backbone carbonyls at Gly1269 and Arg1253. The orientation of the 

triazole ring was at a 30 degree torsion with a close contact to the CH of the Gly1202 residue, 

approximating a C-H donor-pi interaction. Finally, the Leu1256 residue beneath the ligand filled 

the hydrophobic pocket created by the U-shaped structure of the inhibitor. 
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The co-crystal structure of the ALK kinase domain with amide 6h (Figure 2, right panel, cyan 

structure) revealed that the amide N-H formed a hydrogen bond to water and the carbonyl group 

of the secondary amide interacted with the carbonyl group of His1124 via a water molecule. The 

amide carbonyl did not seem optimal for interaction with structural waters to Lys1150, which 

would have required a more perpendicular dihedral angle. Overlay of 6h with 6i (a similar 

analog having the 2-triazol-2-yl head group – green structure) illustrated the orientation of the 

amide away from the surface of the triazole group (Figure 2, right panel). The dihedral angle of 

the amide (CCCO) was 45 degrees while the angle for the triazole (CCNN) was 64 degrees, 

representing an approximate 20 degree rotation difference. Consequently, the methyl group did 

not point to the desired direction for a stronger hydrophobic interaction with Val1130, Gly1123 

and Leu1122 in the G-loop. Overall, the G-loop backbone was displaced away from the N-

methyl amide 6h relative to triazole 6i. 

Structural data in Figure 2 showcased specific interactions driving binding, but also presented 

opportunities to enhance lipophilic efficiency. The bound structures of these U-shaped binders 

underscored the proximity of the substituted fluorophenyl head group to the hetero-aromatic tail, 

which was directly linked to the aminopyridine or aminopyrazine hinge-binding motif. Two 

general designs were pursued to provide novel macrocyclic33,34 templates and a means to control 

conformations for further optimization. Specifically, macrocycles were formed by linking the 

two groups from the triazole 4-carbon to the methoxy carbon of 6b or the pyrazole carbon and 

amide nitrogen of 6e and 6f. These templates were expected to reinforce the binding 

conformation and provide additional protein ligand interactions in the linker region. 

Additionally, they significantly reduced the number of rotatable bonds and were more compact 

with increased buried surface area than acyclic analogues, which we postulated would provide 
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permeability advantages. Furthermore, we envisioned that designing macrocyclic based 

inhibitors driven by LipE and MW optimization would provide the highest probability to achieve 

desirable CNS ADME properties without sacrificing potency. 

 

   

Figure 2. Left panel: Compound 6b co-crystal structure in ALK kinase domain (purple, PDB 
4CNH) highlighting Type I U-shaped binding conformation and proximity of methoxy-
fluorophenyl head group and triazole tail group. Right panel: ALK co-xtl of 6h (cyan, PDB 
4CMO) overlaid with 6i (green, PDB 4CMT) showing triazole, amide and G-loop 
conformations. 

 

Macrocyclic ALK Inhibitors. To evaluate the macrocycle design concept, a variety of 12- to 

14-membered ether-linked macrocycles were prepared based on the co-crystal structure analysis 

of acyclic methyl ether 6b and the data is summarized in Table 2. According to matched 

molecular pairs, the smaller ring sizes consistently provided the most lipophilic efficient 

macrocycles. For example, cyclic ethers 7a, 7c and 7e had higher LipE than their corresponding 

larger-ring matched molecular pairs 7b, 7d and 7f. The 12-membered macrocycle 7e displayed 

the highest LipE (4.4) with picomolar binding affinities and good cellular potencies (ALK IC50 

1.0 nM; ALK-L1196M IC50 20 nM). Although some of the more efficient analogues provided 

improved potency and lipophilic efficiency relatively to the acyclic analogue 6b, the macrocyclic 
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ethers were generally too lipophilic and still lacked the required efficiency for more facile 

overlap of potency, ADME and CNS availability. 

 

Table 2. Ether-linked macrocycles 

Compound 

# 
Structure 

ALK Ki (nM) 

ALK-L1196M Ki 

(nM) 

pALK cell IC50 (nM) 

pALK-L1196M cell IC50 

(nM) 

Log 

D
a
 

LipE
b
 

7a 

 

0.36 

1.6 

22 

101 
3.0 4.0 

7b 

 

0.22 

<0.1 

15 

112 
3.6 3.4 

7c 

 

3.8 

29 

86 

654 
3.4 2.8 

7d 

 

5 

36 

524 

3,655 
3.1 2.3 

7e 

 

<0.1 

0.57 

1.0 

20 
3.3 4.4 

7f 

 

<0.1 

0.62 

0.9 

21 
3.8 3.9 
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aLog D was measured at pH 7.4. bLipE = -log(pALK L1196M cell IC50) – log D. 

 

The second template followed a design strategy to harness the increased LipE of the 12-

membered ether macrocycles while lowering lipophilicity with a lactam linker. Modeling (Figure 

3) suggested a single carbon atom linking the amide with the proximal pyrazole moiety leading 

to a proposed 12-membered lactam that would have minimal binding strain (see modeling 

methods section). In addition, the N-methyl group may provide close contact with Val1130, 

Leu1122, and Gly1123 of the G-loop and the lactam carbonyl oxygen may act through a 

structural water to stabilize Lys1150 (Figure 3). Importantly, the amide macrocycles would 

significantly lower lipophilicity, placing them in optimal log D space. 

A set of amide-linked macrocycles was prepared to test the hypothesis. The co-crystal structure 

of the ALK kinase domain with the cyclic amide 8a supported the design hypothesis and 

molecular modeling, superimposing well with the original docking result (Figure 3, right panel). 

As expected, the N-methyl group in 8a was pulled tighter toward the G-loop by 1.2 Å from the 

open amide position, and therefore had a closer contact with the carbonyl group of Leu1122 (3.4 

Å) and nearby side chains of Leu1122 (4.1 Å), Gly1123 (4.7 Å), and Val1130 (4.7 Å). The 

amide carbonyl of macrocycle 8a formed a water bridge with Lys1150, and a second water 

bridge to His1124. It was expected that interaction of the lactam carbonyl oxygen with waters in 

the bound state may effectively lower binding desolvation penalties. 
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Figure 3. Left panel: Acyclic amide 6h co-crystal structure in ALK (cyan, PDB 4CMO) overlaid 
with modeled macrocycle 8a (purple) in ALK (see modeling methods section). Right panel: 8a 
co-crystal structure in ALK- kinase domain (green, PDB 4CMU) overlaid with modeled ligand 
(purple). 

 

Improvement in key parameters was realized upon cyclization to the amide macrocyle 8a 

(Table 3) from acyclic analogues 6d-f (Table 1). Compound 8a improved cellular potencies 

against ALK and L1196M ALK by 10-fold relative to compound 6d and also lowered 

lipophilicity by one unit, without additional molecular weight. As a result, macrocycle 8a had 

more than two units higher LipE. Relative to 6e, compound 8a improved cellular potency against 

the gatekeeper mutant protein by 119-fold while maintaining log D, which also translated to a 

two unit increase in LipE. In addition, molecular weight was low. Improvments in potency and 

efficiency were even more pronounced relative to the closest matched pair 6f. A reduction of the 

in vitro clearance from 56 mL/min/kg (high) to the lower limit of detection for this assay 

demonstrated the inherent metabolic stability of the cyclic structure. Finally, the permeability of 

8a, measured by Pgp efflux potential, was superior to the acyclic analogue 6f. Overall, there was 

a dramatic and compelling improvement in overall properties for 8a relative to 6f. These results 

clearly positioned the macrocyclic amides as an attractive series for the generation of ALK 
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inhibitors capable of brain penetration. The higher LipE and lower MW allowed navigation to 

desired CNS ADME space without sacrificing potency and safety. 

 

Table 3. Impact of macrocyclization, benzylic methyl, aminopyrazine vs. pyridine and different 
tail groups on potency and efficiency 

Compound 

# 
Structure 

ALK Ki 

(nM) 

ALK-

L1196M 

Ki (nM) 

pALK 

cell IC50 

(nM) 

pALK-

L1196M 

cell IC50 

(nM) 

Log 

D
a
 

LipE
b HLM Cl 

(mL/min/kg)
c
 

MDR 

BA/AB 

(ratio)
d
 

8a 

 

<0.2 

0.29 

0.70 

14 
2.2 5.7 8.6 

28.3/8.1 

(4.2) 

8b 

 

17 

61 

-- 

-- 
2.2 -- 8.0 

34.6/5.8 

(6.0) 

8c 

 

<0.2 

1.9 

6.4 

97 
2.0 5.0 8.4 

25.4/4.6 

(5.5) 

8d 

 

<0.2 

0.10 

0.21 

1.4 
2.5 6.4 8.0 

26.5/11.9 

(2.2) 

8e 

 

17 

61 

156 

1,230 
2.5 3.4 9.7 

29.6/9.6 

(3.1) 

Page 17 of 82

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

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



17 

 

8f 

 

<0.2 

0.10 

0.18 

2.1 
2.4 6.3 8.3 

19.9/7.2 

(2.8) 

8g 

 

<0.08 

<0.02 

0.11 

0.75 
2.7 6.4 23.5 

40.3/20.1 

(2.0) 

8h 

N

O

H2N

O

N

F

S

O O

 

<0.07 

0.40 

1.3 

21 
1.8 5.9 9.1 

22.1/2.4 

(9.2) 

8i 

 

<0.1 

0.12 

0.34 

1.9 
2.2 6.5 8.0 

8.0/1.2 

(6.7) 

aLog D was measured at pH 7.4. bLipE = -log(pALK L1196M cell IC50) – log D. cClint,app refers to the total intrinsic 

clearance obtained from scaling in vitro half-lives in human liver microsomes. dMDCK-MDR1 BA/AB efflux at 2 

µM substrate concentration and pH 7.4. 

 

Table 3 highlights important ALK protein sensitivities to subtle structural changes within the 

amide macrocycle series. The stereochemical sensitivity was determined by the eutomer 

distomer ratio. Both 8a and 8d improved potency relative to their enantiomeric pairs 8b and 8e 

by 210 and 610-fold, respectively, based on gatekeeper mutant biochemical potencies. The des-

methyl analogue, 8c, lost potency and LipE relative to the more potent methyl analogue 8a. 

Three matched molecular pairs highlighted the tolerance of the aminopyrazine core. Several 

examples (8a/8d and 8f/8g and 8h/8i) showed an improvement in potency for the aminopyrazine 

analogues, but the LipE improvement was attenuated as this change was accompanied by an 

increase, rather than a decrease, in lipophilicity. The additional buried nitrogen atom was not 
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well-solvated and also decreased the basicity of the aminopyrazine leading to an increase in 

lipophilicity. Table 3 also highlights the tolerability of both substituted 5- and 6-membered 

aromatics adjacent to the aminopyridine or aminopyrazine cores. The methanesulfonyl-benzene 

substituent on the aminopyrazine inhibitor 8i was one of the most lipophilic efficient analogues 

(L1196M cell IC50 LipE 6.5). A comparison of sulfones 8h and 8i with the dimethylpyrazoles 8a 

and 8d revealed that both inhibitors possess almost identical potencies. The increased LipE of 

the sulfone is partly due to the polarity of the sulfone exposed to solvent, which maintained 

potency and lowered log D without incurring additional desolvation penalties. 

In addition to providing potent inhibtors of ALK within the desired range of log D (2-3), the 

amide macrocycles generally diplayed low clearance and low MDR BA/AB efflux ratios. With 

the initial encouraging results, lead optimization on the macrocyclic amide 2-

aminopyridine/pyrazine series was carried out to achieve the best overall balance of potency, 

CNS availability, ADME and selectivity in a single compound. 

Designing for selectivity. There are 27 residues in the ATP binding pocket of ALK and to 

gain selectivity against other kinases, residues were targeted that differed from ALK. The ALK 

Leu1198 residue is conserved in 26% of the kinome at this position and is most often Phe or Tyr 

in other kinases (Figure 4). This smaller Leu residue is potentially an avenue to gain selectivity 

against a majority of kinases (60%) by building into this pocket to bump into the larger Phe and 

Tyr residues. 

As a surrogate for kinases containing a Phe/Tyr residue at the position corresponding to ALK 

Leu1198, TrkB (PDB 4AT3)34 and ALK proteins were aligned by superposition based on a set of 

residues in the active site. Several macrocyclic amides were prepared and ALK co-crystal x-ray 

structures were solved for 8a, 8j, 8k and 8m (Figure 4). The closest distance between ALK co-
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crystallized compounds and the Tyr635 atoms of TrkB was measured. Sub-van der Waals 

distances reflect the need for protein or ligand movement to accommodate the ALK compounds 

in kinases with Phe/Tyr residues at this selectivity position. 

 

 

 

Figure 4. Left panel: 8a and ALK bound structure (green, PDB 4CMU) and TrkB (purple, PDB 
4AT3) with selectivity residues highlighted. Right panel: Ligands from ALK co-crystal 
structures aligned with TrkB demonstrated the potential for clash between ligand and Tyr635; 8a 
(Me, green, PDB 4CMU), 8j (cyPr, yellow, PDB 4CTC), 8k (CN, cyan, PDB 4CLI), 8m 
(orange, PDB 4CTB). Distances shown are between 8a methyl carbon (shown as a ball) and 
TrkB Tyr635. PDB atom names for the terminal atoms are shown on Tyr635 (OH, CZ, CE). 

 

Substituents at the ortho position of the pyrazole in ALK structures can approach atoms in the 

TrkB Tyr635 residue at distances below the sum of van der Waals radii for the pair of atoms. 

The methyl on the pyrazole group of 8a in the ALK structure begins to reach the contact distance 

to TrkB Tyr635 since it is 3.2-4.1 Å away from the three terminal atoms of the Tyr (terminal OH 

group (OH), terminal carbon (CZ), and adjacent carbon (CE), see Figure 4, right panel) in the 

aligned TrkB structure. The cyclopropyl group on 8j had similar distances ranging from 3.2 to 

3.7 Å away. The cyano group on 8k pointed toward the terminal carbon (CZ) of Tyr635 and was 
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2.1-3.1 Å from the three terminal Tyr atoms. The carbon of the cyano group in 8m would 

approximate the position of the terminal methyl of 8l which is estimated to be 2.0-2.3 Å from 

Tyr635. The nitrile of compound 8m was measured to be 1.0-1.8 Å from the terminal two atoms 

indicating a greater potential clash than with smaller substituents. Further, the macrocycle 

restricts rotation and the groups are unable to rotate away from the Tyr/Phe residues as might be 

hypothesized with acyclic compounds. 

Macrocyclic amides 8a and 8j-m were tested against TrkB (Table 4). Both the pyrazoles 

substituted at C3 with methyl and cyclopropyl (8a and 8j, respectively) retained picomolar 

enzymatic potencies against TrkB and provided little to no selectivity based on ALK-L1196M Ki 

(approximately 2-fold). However, the cyano-pyrazole 8k and the methyl substituted imidazo-

pyrimidine 8l displayed significantly attenuated potency in TrkB and provided reasonable 

selectivity ratios (approximately 40-fold). Finally, the cyano-imidazopyridine 8m afforded the 

most robust selectivity ratio (93-fold). This selectivity data was consistent with our previous 

modeling analysis. 

 

Table 4. Potency, ADME and selectivity of macrocyclic analogues 

Compound # Structure 

ALK-

L1196M 

Ki (nM) 

pALK-

L1196M 

cell IC50 

(nM) 

Log 

D
a
 

HLM 

Clint,app
b
 

MDR 

BA/AB 

(ratio)
c
 

TrkB Ki 

(nM) 

(selectivity)
d
 

8a 

 

0.29 14 2.2 8.6 
28.3/8.1 

(4.2) 

0.5 

(1.7x) 
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8j 

 

<0.1 5.8 2.9 14.6 
16.3/8.0 

(2.0) 

0.4 

(2.0x) 

8k 

(PF-

06463922) 

 

0.70 21 2.3 <8 
28.0/19.3 

(1.5)
e
 

23 

(38x) 

8l 

 

2.0 365 1.7 <8 
32.4/1.74 

(20.2) 

77 

(39x) 

8m 

 

0.56 45 2.4 <8 
22.1/3.8 

(5.8) 

65 

(93x) 

 

aLog D was measured at pH 7.4. bClint,app refers to the total intrinsic clearance obtained from scaling in vitro half-
lives in human liver microsomes. cMDCK-MDR1 BA/AB efflux at 2 µM substrate concentration and pH 7.4. dTrkB 
Ki and ratio relative to ALK-L1196M Ki. eRRCK-BCRP BA/AB is 37/28 (1.8); determined at 2 µM substrate 
concentration and pH 7.4. 

 

The pyrazole cyano moiety in 8k was efficient for obtaining selectivity because the cyano 

contains only one more heavy atom than the unselective methyl analogue (8a) and gains >35x 

selectivity, similar to the bulkier methyl-substituted imidazo-pyrimidine (8l). It is hypothesized 

that the nitrile makes an unfavorable contact with the CE atom of the Tyr635 in TrkB, closer to 

the mid-point of the side chain rather than at the terminus (Figure 4, right panel). Unfavorable 

desolvation penalties or electrostatics due to the proximity of the electron-rich nitrile nitrogen 

atom and tyrosine may further enhance selectivity. 

Designing for CNS availability. Previous publications highlighted the importance of 

minimizing efflux in Pgp over-expressing cell lines (MDCK-MDR1) to maximize both CSF to 
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free plasma ratios and free brain to free plasma ratios.35 Compounds that exhibited MDR BA/AB 

efflux ratios (ER) of less than 2.5 did not demonstrate significant BBB efflux in vivo and have 

higher probability for achieving pharmacologically relevant brain to plasma ratios. To elucidate 

the physicochemical properties that provide low MDR efflux, we performed an analysis of the 

Pfizer MDR data set that contains greater than 115,000 compounds evaluated in the same MDR 

permeability model.36 A combination of experimental HPLC-based and shake-flask methods 

were used to measure log D. Figure 5 depicts a sub-set of this data that focuses within a range of 

molecular weight and lipophilicity values to encompass the majority of the inhibitors in our ALK 

program. Often authors discuss the influence of a single physicochemical descriptor in the 

analysis of efflux and permeability. However, similar to the CNS MPO37 algorithm, the 

dependence of a given ADME property is multidimensional and it is more appropriate to 

consider several factors simultaneously.27 

Along with plotting binned values for molecular weight on the y-axis and lipophilicity on the 

x-axis, we also examined further segmentation by hydrogen bond donor (HBD) count. The 

independent influence of molecular weight, lipophilicity and hydrogen bond donor count was 

clearly demonstrated in the outcome of binned MDR ratios performance, confirming these as 

first principles. The chance of increased efflux was observed with elevated molecular weight or 

HBD counts, and the chance of decreased efflux was seen with increased lipophilicity. This type 

of data visualization also provided the opportunity to readily evaluate the influence of multiple 

first-principle operators and determine the trade-offs that can be utilized in compound design. 

For example, the impact of increased HBD count on efflux within defined molecular weight and 

lipophilicity bins was clearly demonstrated by the comparison of binned efflux ratios. Trade-offs 

between physicochemical properties were observed as with the comparison of areas A and B 
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(Figure 5) where for molecules with 2 HBD counts, similar distributions of binned efflux were 

observed between groups of compounds with higher molecular weight and log D (A) and lower 

molecular weight and log D (B). This, and other property-based analyses, reinforced the 

importance of molecular weight and lipophilicity efficiency indices as a means to drive to the 

design of small molecule inhibitors within a focused log D range of 2-3 and with minimal 

introduction of hydrogen bond donors. 

 

 

Figure 5. Effect of log D, HBD count and MW on MDR BA/AB ratio (blue <2.5; red >2.5). 
Percent of each sector shown and total count per bin highlighted in center of pie. 

 

The selection of the aminopyridine as a kinase hinge binding motif provides a minimum 

requirement of two HBDs and a constraint for inhibitor design. As outlined earlier, one of the 

NH2 group hydrogen atoms provides a key interaction with the carbonyl of hinge-residue 

Glu1197 within the protein-ligand complex.24a However, the potential for the second NH2 
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hydrogen to participate in an intramolecular hydrogen bond (IMHB) with the adjacent ether 

oxygen may provide lower MDR ratios than other molecules with two HBDs and similar 

physicochemical properties.38 In this program, it was observed that the presence of even a 

moderately basic nitrogen when combined with elevated molecular weight and HBD count can 

increase MDR ratios and limit CNS exposure, as observed with compound 1. 

While the analysis of large data sets against physicochemical properties is a valuable method 

to assess general probabilistic odds for defined outcomes, it can also furnish comparison sets for 

new hypothesis generation. The pie charts of Figure 6 illustrate that macrocyclic inhibitors 

display lower levels of binned MDR efflux when compared to acyclic molecules with similar 

molecular weight, measured log D and HBD count. The macrocycles may afford the potential 

benefits for permeability and efflux by reducing rotatable bonds and achieving a highly compact 

shape for a given molecular weight. The box & whisker plots of Figure 6 illustrate that, on 

average, solvent accessible surface areas (SASA)39 for macrocyclic molecules are almost 10% 

smaller than non-macrocycles within defined molecular weight ranges. Replacing molecular 

weight with SASA may provide a more accurate descriptor for molecular size and increase the 

probabilistic assessment in the future design of macrocyclic inhibitors. 
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Figure 6. Top panel: Comparison of acyclic and macrocyclic compounds binned MDR ratios 
(blue <2.5; red >2.5) for compounds within the same MW, log D and HBD count (2) bins. 
Percent of each sector shown and total count per bin highlighted in center of pie. Bottom panel: 
Acyclic and macrocyclic compound SASA differences within the same MW, log D, and HBD 
count (2) bins. 

 

The cohort of potent and low clearance compounds shown in Table 4 were also tested in vitro 

for their Pgp-mediated efflux potential. Compounds 8a, 8l and 8m showed MDR BA/AB ratios 

significantly above 2.5 and are predicted to be substrates of Pgp with the inability to adequately 

cross the BBB. Both compounds 8j and 8k displayed MDR BA/AB ratios less than 2.5, and are 

predicted to access the CNS. This data was consistent with the Pfizer comprehensive dataset 

analysis describing the impact of MW (or SASA), log D, and HBD count on binned MDR ratios 

(Figure 5). 

To appreciate the efficiency differences between macrocyclic and acyclic analogues, two plots 

were constructed. The LipE plot (Figure 7, left panel), with log D on the x-axis and potency on 

the y-axis, showed that many of the macrocyclic compounds (colored aqua), some that display 
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LipE values of greater than 6, out-performed the acyclics in both potency and LipE. Importantly, 

many macrocycles were able to access optimal log D space (2-3) coupled with improvements in 

potency. Evaluation of both LipE and HACNT on the same plot (Figure 7, right panel) clearly 

demonstrated that the macrocycles were able to achieve the highest lipophilic efficiency 

measures in heavy atom count cohorts, indicating the economical use of each atom in exploiting 

complementarity to the binding pocket of the kinase with minimal ligand strain. Consequently, 

property overlap was made more facile. 

 

  

Figure 7. Left panel: LipE plot comparing macrocyclic (aqua) and acyclic (light gray) 
analogues. Right panel: LipE vs. HACNT plot with macrocyclic and acyclic analogues. 

 

Potency, selectivity and PK of 8k (PF-06463922). Based on outstanding potency, low in 

vitro clearance, good selectivity and low efflux potential, macrocycle 8k (Table 4) emerged as a 

candidate for further profiling. As revealed in Table 5, 8k demonstrated significantly improved 

cell activity against ALK and a large set of ALK clinical mutations compared to compound 1. In 

the engineered NIH-3T3 ALK wild-type phosphorylation assay, the potency of 8k was improved 

62-fold (from 80 nM IC50 vs. wt ALK for compound 1 to 1.3 nM for 8k). In addition, it was 
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potent against all available clinical ALK mutants showing a 40- to 825-fold potency 

improvement compared to compound 1. 

 

Table 5. pALK inhibition (IC50) values for compounds 1 and 8k against ALK and clinical 
mutants of ALK 

 
pALK IC50 (nM) in 3T3-EML4-ALK Engineered cell lines 

Compound # ALK F1174L C1156Y G1269A S1206Y L1196M L1152R G1202R 1151Tins 

1 80 165 478 605 626 843 1026 1148 3039 

8k 1.3 0.2 1.6 15 4.2 21 9.0 77 38 

 

 

To investigate kinase selectivity of 8k relative to its target kinases ALK and ROS1, it was 

evaluated in biochemical kinase screening assays against a panel of 206 recombinant kinases. In 

these preliminary biochemical kinase selectivity screens, only 10 off-target kinases were 

identified that exhibited enzyme-based activity and showed selectivity margins less than 100-

fold compared to the ALK-L1196M gatekeeper mutant (Table 6). 

 

Table 6. Enzyme-based selectivity of 8k 

Enzyme IC50
a
 or Ki

b
, nM 

fold shift vs. 

ALK-L1196M 

ROS1 <0.02
b
 <0.03 

ALK <0.07
b
 <0.10 

ALK-L1196M 0.7
b
 1.0 

LTK (TYK1) 2.7 3.9 

FER 3.3 4.7 

FES (FPS) 6.0 8.6 
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PTK2B (FAK2) 14 20 

TNK2 (ACK) 17 24 

PTK2 (FAK) 17 24 

NTRK2 (TRKB) 23
b
 33 

NTRK1 (TRKA) 24 34 

NTRK3 (TRKC) 46 66 

FRK (PTK5) 53 76 

aIC50 values by Invitrogen Z’-LYTETM assays using KM-levels of ATP, unless specified otherwise. bKi by off-chip 
mobility shift assays conducted in-house. 

 

Table 7 summarizes rat pharmacokinetic data. Compound 8k displayed low plasma clearance, 

a moderate volume of distribution, reasonable half-life and bioavailability of 100%. This very 

good preclinical PK and low protein binding provided high free plasma exposures. In addition, 

CNS penetration of 8k was evaluated in rats. After a single 10 mg/kg oral dose, samples of CSF, 

brain and plasma were collected at 1, 4, 7, 12 and 24 h with the PK parameters shown in Table 8. 

AUC ratios of CSF/free plasma (0.31) and free brain/free plasma40 (0.21) suggest 8k distributes 

into the CNS. The rat in vivo data was further supported by in vitro data in Table 4, which 

indicated a lack of transporter-mediated efflux in both Pgp and breast cancer resistance protein 

(BCRP) over-expressing cell lines. 

In vivo efficacy data on 8k was generated in a variety of wild-type and resistant ALK and 

ROS1 engineered cell lines, and was disclosed previously.24b-d Additionally, a detailed 

pharmacology manuscript is currently in preparation. 

 

Table 7. Preclinical rat PK of 8k 

Route
a,b

 
Cmax 

(ng/mL) 

Free
c
 

Cmax 

(nM) 

Tmax (hr) 
AUCinf/AUC(0-24) 

(ng*hr/mL) 

Free 

Cave 

(nM) 

CLp 

(mL/min/kg) 

Vss 

(L/kg) 
T1/2 (h) F (%) 
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i.v. -- -- -- 1,150 - 15.5 2.7 2.7 -- 

p.o. 1,727 1,530 1.3 14,933 551 -- -- -- 100 
aFormulation for the i.v. and p.o. routes was ethanol:PEG200:water (10:40:50) in solution. bDose: po 10  mg/kg QD; 
iv 1 mg/kg QD. cRat plasma protein binding fraction unbound of 0.36 (determined at 2.4 µM). 

 

Table 8. Preclinical in vivo CNS availability data of 8k 

 Matrices AUC (nM*hr) Free AUC (nM*hr)
b
 

rat
a
 

CSF 3,475 3,475 

Brain 19,621 2,355
a
 

Plasma 30,700 11,052 
aDose: po 10 mg/kg. bFree brain AUC was calculated using brain (fu) of 0.12 and free plasma AUC was calculated 
using PPB (fu) of 0.36. 

 

CHEMISTRY 

Ring closure presents a unique synthetic challenge in devising routes to access macrocycles.41 

Eight to eleven-membered rings are typically the most challenging to prepare with a modest 

increase in intramolecular rate of ring closure for rings ≥12 members. As well as ring size, other 

factors influence the intramolecular ring closure such as the strain present in preferred pre-

cyclization conformations42 and the reaction conditions employed. Given the structural diversity 

and highly engineered nature of the macrocyclic inhibitors described herein, a range of ring 

closure methods were evaluated for each series to ensure efficient access to the desired target. 

Ether-linked macrocycles. The route to compounds 7a and 7b is shown in Scheme 1 

(described herein for 7a, n = 0). The starting materials (9, 10) were prepared from 5-fluoro-2-

hydroxybenzoic acid via a three step esterification, alkylation and reduction sequence. Treatment 

of the alkyne 9 with ethyl diazoacetate in a sealed tube afforded the pyrazole 11 as a 4:1 mixture 

of regioisomers favoring the desired C3 ethyl ester.43 The ester was converted to the nitrile 

through a two step amidation-dehydration process to afford compound 13.44 Iodination of the 4-
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position of the pyrazole proceeded cleanly to give alcohol 15 followed by a Mitsunobu reaction45 

with the Boc-protected 2-amino-3-hydroxy-5-iodo-pyridine 17 to provide 18. The ring closure 

was achieved by a one-pot Suzuki coupling46 with the boronate being generated in situ using 

bispinacolatodiboron (B2pin2) to give the intermediate protected macrocycle (not shown). 

Removal of the Boc group under standard acid-mediated conditions47 afforded the desired 

macrocycle 7a. Compound 7b was prepared via an identical sequence starting with the alkyne 

10. 

 

Scheme 1. Synthesis of Ether-Linked Macrocycles 7a and 7b 

 

Reagents and conditions (yields for n = 0): (a) 1.1 eq ethyl diazoacetate, 100 °C, sealed tube, 18 
h, 49%; (b) NH4OH, MeOH, 60 °C, 12 h; (c) 4 eq TFAA, pyridine, 0 °C, 1 h, 81% over 2 steps; 
(d) 0.70 eq I2, 0.70 eq CAN, MeCN, 60 °C, 2 h, 66%; (e) 1.25 eq Ph3P, 1.25 eq DIAD, 1 eq Boc-
2-amino-3-hydroxy-5-iodopyridine 17, THF, 1 h, 16%; (f) 5 eq B2pin2, 5 eq CsF, 6 mol% 
Pd(amphos)Cl2, MeOH, H2O, 60 °C, 1 h; (g) 25 eq HCl (4 M in dioxane), CH2Cl2, 12 h, rt, 29% 
over two steps. 
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Compounds 7c and 7d were synthesized in an alternative manner with the ring closure being 

achieved through ether bond formation as shown in Scheme 2 (described herein for 7c, n = 1). 

The pyrazole 20 was obtained from Suzuki coupling of the 5-substituted boronic acid of methyl-

pyrazole with Boc-protected 2-amino-3-hydroxy-5-bromopyridine, followed by regioselective 

iodination at the 4-position of the pyrazole. The iodide 20 was coupled with the alkyne 21 under 

standard Sonagashira conditions48 with concomitant cyclization between the Boc moiety and the 

adjacent alcohol to afford the cyclic carbamate 22. Hydrogenation of 22 to give 24 followed by 

hydrolysis provided 26. Activation of 26 gave mesylate 28, which was then cyclized via a mesyl-

transfer49 process to afford the desired macrocycle 7c. Compound 7d was prepared via an 

identical sequence starting with the alkyne 9. 

 

Scheme 2. Synthesis of Ether-Linked Macrocycles 7c and 7d 
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Reagents and conditions (yields for n = 1): (a) 1 eq Ph3P, 20 mol% CuI, 20 mol% PdCl2(PPh3)2, 
piperidine, 90 °C, 5 h; (b) 10 wt% Pd(OH)2 (20% on carbon), EtOH, 50 °C, 4 bar H2, 18 h; (c) 
15% aq NaOH, EtOH, 85 °C, 12 h, 34% over 3 steps; (d) 10 eq pyridine, 1 eq MsCl, cat. DMAP, 
CH2Cl2, 1 h; (e) 1 eq NaH (60 wt%), DMF, 50 °C, 2 h, 37% over 2 steps. 

 

The methyl-substituted macrocycles 7e and 7f incorporated a similar strategy shown in Scheme 

3 but utilized a direct arylation50 ring closing process (described herein for 7e, n = 1). Initial 

[3+2] condensation of the alkyne 30 with ethyl diazoacetate formed the pyrazole 32,43 followed 

by methylation, and ester group elaboration through an amidation-dehydration sequence44 that 

resulted in the nitrile group in 36. Reduction and activation of the alcohol followed by reaction 

with 2-amino-3-hydroxy-5-bromo-pyridine allowed access to the cyclization precursor 40. Direct 

arylation was achieved under Pd-catalyzed conditions to give 42 as a mixture of enantiomers, 

which were separated by chiral SFC to afford 7e. Compound 7f was prepared via an identical 

sequence starting with the alkyne 31. 

 

Scheme 3. Synthesis of Ether-Linked Macrocycles 7e and 7f 
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Reagents and conditions (yields for n = 1): (a) 1.1 eq ethyl diazoacetate, sealed tube, 100 °C, 18 
h, 76%; (b) 1.2 eq Me2SO4, toluene, 80 °C, 12 h, 46%; (c) NH4OH, MeOH, 60 °C, 18 h, 74%; 
(d) 2 eq TFAA, 4 eq pyridine, CH2Cl2, 0 °C, 1 h, 94%; (e) 1.1 eq NaBH4, MeOH, 0 °C, 1 h; (f) 
1.1 eq MsCl, 1.5 eq TEA, CH2Cl2, 0 °C, 1 h, 94% over two steps; (g) 1.2 eq 2-amino-3-hydroxy-
5-bromopyridine, 2 eq Cs2CO3, DMF, 80 °C, 40 h, 18%; (h) 20 mol% cataCXium A, 20 mol% 
Pd(OAc)2, 5 eq KOAc, t-AmOH, 140 °C, 2 h, 24%; (i) Chiral SFC, Whelk-O1 (R,R) 30% 
MeOH @ 120 bar, 4 mL/min. 

 

Amide-linked macrocycles. The approach to the amide-based macrocycles featuring the 

aminopyridine hinge-binding motif (8a-c, 8f, 8h, 8j-l) is shown for 8k and illustrated in Scheme 

4. A Suzuki coupling between 44 and the heteroaryl halide 45 provided 46. Subsequent studies 

on this coupling reaction indicated that optimal yields were obtained carrying out the borylation 

and coupling as separate processes using different palladium-ligand combinations. Ester 

hydrolysis gave 47, which underwent acid-mediated Boc deprotection to provide the macrocycle 

precursor 48. The ring closure to form 8k was achieved by a HATU-mediated 

macrolactamization reaction in DMF.51 In general, high dilution conditions were employed with 

the slow addition of a solution of the hydrochloride salt of 48 and base in DMF being added to a 

solution of HATU in the same solvent at 0 °C. The reaction was observed to be complete by the 
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end of the addition, and yields ranged from 2 - 45% across the analogues prepared with higher 

yields being obtained for compounds featuring the chiral benzylic methyl. 

 

Scheme 4. Synthesis of Pyridine Amide Macrocycle, 8k  

 

Reagents and conditions: (a) 20 mol% CataCXium A, 10 mol% Pd(OAc)2, 1.24 eq 45, 1.5 eq 
B2pin2, 5 eq CsF, MeOH, H2O, 60 °C, 3 h, 43%; (b) NaOH, MeOH, H2O, 40 °C, 3.5 h, 87%; (c) 
4 M HCl in dioxane, MeOH, 40 °C, 2.5 h, 87%; (d) for compound 8k, 1.4 eq HATU, 10 eq 
DIPEA, DMF, 0 °C, 30 min, slow reverse addition, 29%. Macrocycles 8a-c, 8f, 8h, 8j and 8l 
were prepared in an analogous manner. 

 

The importance of the conformation of the precursor to cyclization in the overall success of the 

macrocyclization is illustrated in the case of 8a and 8c (Table 3). The presence of the chiral 

methyl in compound 8a provided a 10-fold improvement in yield of the cyclization (22% vs. 

2%), and this is observed as a trend throughout the series. Preliminary conformational studies on 

these two molecules indicate that the benzylic chiral center methyl substituent enables a 

preferred conformation by A-1,3 strain,52 which allows the acid and amine termini of the 

molecule to be in close proximity for cyclization to take place. Interestingly, 8c exists as a pair of 
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atropisomers53 in this case, which can be separated by chiral SFC. The atropisomerism is 

observed by 1H NMR, but after SFC separation the distinct atropisomers convert back to an 

equilibrium 50/50 mixture upon standing for several weeks at room temperature. 

An alternative approach was developed to the amide-macrocycles featuring the aminopyrazine 

hinge-binding motif (8d, 8e, 8g, 8i, 8m). For these molecules, the critical ring closure step is 

achieved through formation of the aryl-aryl bond as shown in Scheme 5 either via an 

intramolecular Suzuki coupling54 or a direct arylation type process.50 Selective amino-

carbonylation55 of (rac)-49 with pyrazole 50 afforded amide 52. Ring closure via an in situ 

Suzuki coupling approach lead to the racemic product, which after chiral separation gave 

compounds 8d and 8e. A similar amino-carbonylation of 49 with 51 gave intermediate amide 53, 

which was subjected to a direct arylation type process to afford 8g. From reaction screening 

studies, it was determined that cataCXium A was crucial to enable this reaction to take place in 

DMF. Subsequent optimization indicated that solvent played a crucial role and that t-AmOH as 

solvent56 with the reaction performed in a pressure vessel avoided the need for high dilution 

conditions. The yields within the program varied depending on the substrate employed with the 

best yields being observed with substrates possessing an adjacent C3 substituent capable of 

directing C-H activation.57 Carbonylation of the iodide 49 in the presence of methanol followed 

by hydrolysis provided the intermediate 54. Condensation of 54 with 55 under standard amide 

coupling conditions provided amide 56, which was converted to compound 8m by a direct 

arylation process. In a similar manner, condensation of 54 with 57 provided amide 58, which was 

converted to compound 8i by an in situ Suzuki coupling. 

 

Scheme 5. Synthesis of the Pyrazine Amide Macrocycles 8d, 8e, 8g, 8i and 8m  
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Reagents and conditions: (a) for synthesis of 52, 1.25 eq 50, 10 mol% Pd(PtBu3)2, 5 eq DIPEA, 
toluene, 85 °C, 4 bar CO, 18 h, 21%; (b) 20 mol% cataCXium A, 10 mol% Pd(OAc)2, 5 eq 
B2pin2, 5 eq CsF, MeOH, H2O, 90 °C, 6 h, 11%; (c) Chiral SFC, Chiralcel OD-H 25% MeOH @ 
140 bar, 3 mL/min; (d) 20 mol% cataCXium A, 10 mol% Pd(OAc)2, 5 eq KOAc, 0.25 eq PivOH, 
DMF, 150 °C, 1 h, 8%; (e) 5 mol% Pd(OAc)2, 10 mol% DPE-Phos, 5 eq DIPEA, MeOH, 50 °C, 
4 bar CO, 3 h, 77%; (f) 5 eq NaOH, MeOH/THF/H2O (5 : 2 : 1), rt, 15 h, 89%; (g) 1.1 eq 55, 1.5 
eq EDCI, 1.5 eq HOBt, 5 eq DIPEA, DMF, -30 °C to rt, 15 h, 46%; (h) 20 mol% cataCXium A, 
10 mol% Pd(OAc)2, 10 mol% t-AmOH, 5 eq KOAc, DMA, 110 °C, 12 h, 12%; (i) 1.1 eq 57, 1.1 
eq HATU, 4 eq DIPEA, DMF, rt 12 h, 94%; (j) 20 mol% cataCXium A, 10 mol% Pd(OAc)2, 3 
eq B2pin2, 5 eq K2CO3, THF, 80 °C, 6 h, 8%.  
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This methodology has also been extended to the analogous pyridine-based macrocycles (such 

as 8k) though judicious protection of the aminopyridine is required in order to effect the directed 

arylation as shown in Scheme 6. The iodide 59 can be accessed in three steps from readily 

available starting materials. Amino-carbonylation in the presence of 60, under similar conditions 

to those employed for the transformation of 49 to 53 (Scheme 5), allowed access to 61. 

Bromination using a slight excess of NBS at -10 °C formed the desired cyclization precursor 62 

in a regioselective fashion. Attempts to directly cyclize 62 led to only minor amounts of the 

desired product 8k with the major product resulting from des-halogenation. To overcome this 

unproductive reaction pathway, the aminopyridine was protected as the bis-acetamide derivative. 

Heating 62 with acetic anhydride as solvent allowed 63 to be obtained after solvent evaporation 

and azeotropic distillation with toluene. The optimal conditions for the direct arylation described 

previously utilized t-AmOH as the solvent (0.1 M concentration) with no additive being 

required.58 The reaction went to completion in a sealed vessel on heating overnight with a 

mixture of 8k, and the corresponding mono- and bis-protected derivatives of the desired product 

were obtained. The crude mixture of products was subjected to exhaustive acid-mediated 

deprotection to provide 8k in a 42% yield over two steps. 

 

Scheme 6. Synthesis of 8k by Directed Arylation. 
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Reagents and conditions: (a) 5 mol% Pd(PtBu3)2, 3 eq DIPEA, 1.1 eq 60, toluene, 80 °C, 4 bar 
CO, 18 h, 70%; (b) 1.1 eq NBS, THF, -10 °C, 2 h, 86%; (c) Acetic anhydride, 100 °C, 8 h, 
quant.; (d) 20 mol% cataCXium A, 10 mol% Pd(OAc)2, 5 eq KOAc, t-AmOH, 130 °C, 14 h; (e) 
10 eq 4 N HCl in dioxane, MeOH, 60 °C, 14 h, 42% over 2 steps. 

 

CONCLUSION 

The challenges associated with overlapping potency against resistant mutants of ALK and 

CNS exposure in kinase inhibitor chemical space required a special approach. Utilizing structure 

based drug design, a unique macrocyclic template was discovered leading to the development of 

amido-linked 12-membered macrocycles possessing significantly increased lipophilic 

efficiencies relative to acyclic analogues. This increase in efficiency was the foundation for 

overlapping broad spectrum potency and desirable ADME, including CNS availability. Diverse 

synthetic approaches were adopted to access the novel macrocycles, and reactivity trends 

emerged which guided efforts toward optimal methods to close the ring. In addition, we believe 

this to be the first report of a macrocyclic ring closure achieved by a palladium-catalyzed direct 

arylation. This work culminated in 8k, a novel macrocyclic ALK inhibitor with excellent 
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potency, selectivity, ADME and CNS availability. Compound 8k is currently in Phase 1/2 

clinical trials (http://clinicaltrials.gov/ct2/show/NCT01970865). 

 

EXPERIMENTAL METHODS 

Starting materials and other reagents were purchased from commercial suppliers and were 

used without further purification unless otherwise indicated. Compound 6a (PF-06439015) is 

now commercially available from Sigma Aldrich. The syntheses of 6a, 6b, 6c, 6d, 6g and 6i 

have been reported in the literature.24a,30 The syntheses of 6e, 6f and 6h and the intermediates 

utilized here (9, 10, 17, 20, 21, 30, 31, 44, 45, 49, 50, 51, 55, 57, 59, 60, 69 – 75) are described in 

the Supporting Information. All reactions were performed under a positive pressure of nitrogen, 

argon, or with a drying tube, at ambient temperature (unless otherwise stated), in anhydrous 

solvents, unless otherwise indicated. Analytical thin-layer chromatography was performed on 

glass-backed Silica Gel 60_F 254 plates (Analtech (0.25 mm)) and eluted with the appropriate 

solvent ratios (v/v). The reactions were assayed by high-performance liquid chromatography 

(HPLC) or thin-layer chromatography (TLC) and terminated as judged by the consumption of 

starting material. The TLC plates were visualized by UV, phosphomolybdic acid stain, or iodine 

stain. Microwave assisted reactions were run in a Biotage Initiator. 1H NMR spectra were 

recorded on a Bruker instrument operating at 400 MHz unless otherwise indicated. 1H NMR 

spectra are obtained as DMSO-d6 or CDCl3 solutions as indicated (reported in ppm), using 

chloroform as the reference standard (7.25 ppm) or DMSO-d6 (2.50 ppm). Other NMR solvents 

were used as needed. When peak multiplicities are reported, the following abbreviations are 

used: s = singlet, d = doublet, t = triplet, m = multiplet, br = broadened, dd = doublet of doublets, 

dt = doublet of triplets. Coupling constants, when given, are reported in hertz. The mass spectra 
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were obtained using liquid chromatography mass spectrometry (LC-MS) on an Agilent 

instrument using atmospheric pressure chemical ionization (APCI) or electrospray ionization 

(ESI). High resolution mass measurements were carried out on an Agilent TOF 6200 series with 

ESI. All test compounds showed > 95% purity as determined by combustion analysis or by high-

performance liquid chromatography (HPLC). HPLC conditions were as follows: XBridge C18 

column @ 80 °C, 4.6 mm x 150 mm, 5 µm, 5%-95% MeOH/H2O buffered with 0.2% formic 

acid/0.4% ammonium formate, 3 min run, flow rate 1.2 mL/min, UV detection (λ = 254, 224 

nm). Combustion analyses were performed by Atlantic Microlab, Inc. (Norcross, Georgia). 

Ethyl-3-{2-[4-fluoro-2-(hydroxymethyl)phenoxy]ethyl}-1H-pyrazole-5-carboxylate (11). Ethyl 

diazoacetate (1.18 mL, 11.1 mmol) and 9 (2 g, 10.3 mmol – see Supporting Information) were 

heated at 100 °C in a sealed tube for 18 h. The crude product was purified by flash 

chromatography on silica gel eluting with EtOAc/heptanes (0 - 80%) to give 11 (1.56 g, 49% 

yield) as a cream solid, with a second fraction being eluted as a yellow gum (451 mg) containing 

40% of the desired regioisomer. 1H NMR (400 MHz, DMSO-d6) δ 13.29 (br s, 1 H), 7.13 (dd, J 

= 9.4, 2.6 Hz, 1 H), 7.06 - 6.89  (m, 2 H), 6.63 (br s, 1 H), 5.34 - 4.95 (m, 1 H), 4.40 (s, 2 H), 

4.25 (d, J = 6.6 Hz, 2 H), 4.22 - 4.13 (m, 2 H), 3.07 (br s, 2 H), 1.28 (t, J = 7.0 Hz, 3 H). 

Ethyl 3-{3-[4-fluoro-2-(hydroxymethyl)phenoxy]propyl}-1H-pyrazole-5-carboxylate (12). The 

procedure used to prepare compound 11 was used to prepare compound 12 as a 4:1 

regioisomeric mixture of pyrazoles from compound 10 (see Supporting Information), which was 

used without further purification. 

3-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]ethyl}-1H-pyrazole-5-carbonitrile (13). In a 

sealed tube, a solution of 11 (1.55 g, 5.0 mmol) in MeOH (20 mL) was heated at 60 °C for 1 h. 

Ammonium hydroxide (10 mL) was added and the solution was heated at 60 °C overnight. The 
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reaction mixture was concentrated, cooled to 0 °C and the solids collected by vacuum filtration 

to give the intermediate primary amide (933 mg, 67% yield). To a cooled (0 °C) mixture of the 

intermediate primary amide (930 mg, 3.33 mmol) in pyridine (16.6 mL) was added TFAA (1.87 

mL, 13.3 mmol) in a drop-wise manner. After 1 h at 0 °C the solution was diluted with EtOAc 

(100 mL), washed with saturated NaHCO3 (2 x 25 mL), 1 N HCl (2 x 25 mL), brine (25 mL), 

dried (Na2SO4), filtered and concentrated under reduced pressure. The resulting solid was 

slurried in 50% EtOAc/heptanes, and filtered to afford 13 (703 mg, 81% yield) as a cream solid. 

1H NMR (400 MHz, DMSO-d6) δ 13.77 (br s, 1 H), 7.13 (dd, J = 9.6, 3.0 Hz, 1 H), 7.05 – 6.91 

(m, 2 H), 6.82 (s, 1 H), 4.37 (s, 2 H), 4.19 (t, J = 6.3 Hz, 2 H), 3.10 (t, J = 6.2 Hz, 2 H). 

3-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]propyl}-1H-pyrazole-5-carbonitrile (14). The 

procedure used to prepare compound 13 was used to prepare compound 14. 1H NMR (400 MHz, 

DMSO-d6) δ 13.71 (br s, 1 H), 7.14 (dd, J = 9.4, 3.1 Hz, 1 H), 7.03 - 6.94 (m, 1 H), 6.94 - 6.88 

(m, 1 H), 6.76 (s, 1 H), 4.48 (s, 2 H), 3.96 (t, J = 6.0 Hz, 2 H), 2.82 (t, J = 7.7 Hz, 2 H), 2.12 - 

1.96 (m, 2 H). 

3-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]ethyl}-4-iodo-1H-pyrazole-5-carbonitrile (15). To 

a solution of 13 (650 mg, 2.5 mmol) and cerium ammonium nitrate (954 mg, 1.74 mmol) in 

MeCN (25 mL) was added a solution of iodine (442 mg, 1.74 mmol) in MeCN (5 mL). The 

reaction was heated at 60 °C and stirred for 2 h. The reaction mixture was diluted with EtOAc 

(100 mL), washed with saturated Na2S2O3 (2 x 25 mL) and brine (25 mL), dried (Na2SO4), 

filtered and concentrated. The resulting solids were triturated with 30% EtOAc/heptanes to 

afford 15 (632 mg, 66% yield) as a cream solid, which contained ~5% of the aldehyde. 1H NMR 

(400 MHz, DMSO-d6) δ 7.13 (dd, J = 9.4, 3.2 Hz, 1 H), 7.05 - 6.91 (m, 2 H), 4.34 (s, 2 H), 4.20 

(t, J = 6.2 Hz, 2 H), 3.10 (t, J = 6.2 Hz, 2 H). 
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3-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]propyl}-4-iodo-1H-pyrazole-5-carbonitrile (16). 

The procedure used to prepare compound 15 was used to prepare compound 16. 1H NMR (400 

MHz, DMSO-d6) δ 7.15 (dd, J = 9.4, 3.1 Hz, 1 H), 7.02 - 6.94 (m, 1 H), 6.91 - 6.87 (m, 1 H), 

4.50 (s, 2 H), 3.94 (t, J = 5.9 Hz, 2 H), 2.81 (t, J = 7.6 Hz, 2 H), 2.08 - 1.99 (m, 2 H). 

tert-Butyl [3-({2-[3-(5-cyano-4-iodo-1H-pyrazol-3-yl)ethoxy]-5-fluorobenzyl}oxy)-5-

iodopyridin-2-yl]carbamate (18). To a solution of 15 (625 mg, 1.65 mmol), tert-butyl (3-

hydroxy-5-iodopyridin-2-yl)carbamate 17 (624 mg, 1.86 mmol) and triphenylphosphine (635 

mg, 2.42 mmol) in THF (6.7 mL) was added DIAD (494 µL, 2.42 mmol) drop-wise over 1 h. 

Once the reaction was complete by LC-MS, the solution was concentrated and purified by flash 

chromatography eluting with EtOAc/heptanes (0 - 50%). The fractions containing the desired 

product were concentrated and the solids were triturated with Et2O to give 18 (181 mg, 16% 

yield) as a white solid. 1H NMR (400 MHz, DMSO-d6) δ 14.23 (br s, 1 H), 9.03 (s, 1 H), 8.17 (d, 

J = 1.8 Hz, 1 H), 7.74 (d, J = 1.8 Hz, 1 H), 7.33 (dd, J = 9.3, 3.0 Hz, 1 H), 7.19 – 6.96 (m, 2 H), 

5.00 (s, 2 H), 4.25 (t, J = 6.3 Hz, 2 H), 3.16 (t, J = 6.2 Hz, 2 H), 1.41 (s, 9 H). 

tert-Butyl [3-({2-[3-(5-cyano-4-iodo-1H-pyrazol-3-yl)propoxy]-5-fluorobenzyl}oxy)-5-

iodopyridin-2-yl]carbamate (19). The procedure used to prepare compound 18 was used to 

prepare compound 19. 1H NMR (400 MHz, DMSO-d6) δ 14.14 (br s, 1 H), 9.00 (s, 1 H),  8.15 

(d, J = 1.5 Hz, 1 H), 7.80 (d, J = 1.5 Hz, 1 H), 7.35 (dd, J = 9.2, 3.2 Hz, 1 H), 7.13 (td, J = 8.8, 

3.2 Hz, 1 H), 7.02 (dd, J = 9.2, 4.4 Hz, 1 H), 5.12 (s, 2 H), 4.02 (t, J = 5.7 Hz, 2 H), 2.85 (t, J = 

7.4 Hz, 2 H), 2.15 – 1.99 (m, 2 H), 1.40 (s, 9 H). 

7-Amino-12-fluoro-16,17-dihydro-1H,10H-8,4-(metheno)pyrazolo-[3,4-

d][1,11,8]benzodioxazacyclotetradecine-3-carbonitrile (7a). To a sealed vial was added 18 (175 

mg, 0.25 mmol), B2pin2 (315 mg, 1.24 mmol), and CsF (188 mg, 1.24 mmol) in MeOH (12 mL) 
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and water (1.2 mL), and the mixture was bubbled with nitrogen. A solution of bis(di-tert-butyl(4-

dimethylaminophenyl)phosphine)dichloropalladium (II) (26 mg, 0.037 mmol) in toluene (0.8 

mL) was added. The mixture was heated at 60 °C for 1 h then diluted with EtOAc (100 mL), 

washed with brine (2 x 25 mL), dried (Na2SO4), filtered, and concentrated. The residue was 

dissolved in CH2Cl2 (2 mL) and HCl was added (4 N in dioxane, 2 mL, 4.2 mmol). After stirring 

at room temperature overnight, the reaction was concentrated and purified by flash 

chromatography on silica gel eluting with 7 N NH3 MeOH/ CH2Cl2 (0 - 10%). The fractions 

containing the desired product were concentrated and the resultant solids were triturated with 

Et2O to give 7a (25 mg, 29% yield) as a yellow solid. LC-MS (ESI), m/z 352 [M+H]+; 1H NMR 

(400 MHz, DMSO-d6) δ 13.46 (s, 1 H), 7.86 (d, J = 1.8 Hz, 1 H), 7.67 (d, J = 1.8 Hz, 1 H), 7.37 

(dd, J = 9.1, 3.0 Hz, 1 H), 7.19 – 7.02 (m, 2 H), 5.54 (br s, 2 H), 5.19 (br s, 2 H), 4.51 (br s, 2 H), 

3.17 - 3.06 (m, 2 H). 

7-Amino-12-fluoro-1,16,17,18-tetrahydro-10H-8,4-(metheno)pyrazolo[3,4-

e][1,12,9]benzodioxazacyclopentadecine-3-carbonitrile (7b). The procedure used to prepare 

compound 7a was used to prepare compound 7b from 19. LC-MS (APCI) m/z 366 [M+H]+; 1H 

NMR (400 MHz, DMSO-d6) δ 13.88 (br s, 1 H), 7.75 (d, J = 1.8 Hz, 1 H), 7.38 (d, J = 2.0 Hz, 1 

H), 7.30 (dd, J = 8.9, 2.4 Hz, 1 H), 7.16 - 7.04 (m, 2 H), 5.90 (s, 2 H), 5.21 (br s, 2 H), 4.55 - 

3.55 (m, 2 H), 3.03 (br s, 2 H), 2.23 (br s, 2 H). 

6-(4-{4-[4-Fluoro-2-(hydroxymethyl)phenoxy]prop-1-yn-1-yl}-1-methyl-1H-pyrazol-5-

yl)[1,3]oxazolo[4,5-b]pyridin-2(3H)-one (22). A mixture of 20 (270 mg, 0.65 mmol - see 

Supporting Information), 21 (176 mg, 0.97 mmol - see Supporting Information), cuprous iodide 

(6 mg, 0.032 mmol), triphenyl phosphine (17 mg, 0.065 mmol) and PdCl2(PPh3)2 (23 mg, 0.032 

mmol) in piperidine (4.3 mL) was bubbled with nitrogen, and then heated in an oil bath to 90 °C. 
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After 5 h, the reaction was allowed to cool, and diluted with EtOAc (100 mL). The solution was 

washed with saturated aqueous NH4Cl (2 x 50 mL), brine (25 mL) and the organics dried over 

MgSO4. The solution was filtered, concentrated, and the residue subjected to column 

chromatography over silica gel (0 - 5% MeOH/ CH2Cl2) to afford 22 as a gummy solid 

contaminated with excess piperidine. This material was used without further purification in the 

following step.  

6-(4-{4-[4-Fluoro-2-(hydroxymethyl)phenoxy]but-1-yn-1-yl}-1-methyl-1H-pyrazol-5-

yl)[1,3]oxazolo[4,5-b]pyridin-2(3H)-one (23). The procedure used to prepare compound 22 was 

used to prepare compound 23 from 9 (see Supporting Information). LC-MS (APCI), m/z 409 

[M+H] +; 1H NMR (400 MHz, DMSO-d6) δ 9.22 (s, 1 H), 8.06 (d, J = 2.01 Hz, 1 H), 7.64 (s, 1 

H) 7.45 (d, J = 1.76 Hz, 1 H), 7.13 (dd, J = 9.32, 2.77 Hz, 1 H), 7.01 – 6.92 (m, 2 H), 5.13 (br s, 

1 H), 4.48 (d, J = 2.27 Hz, 2 H), 4.06 (t, J = 6.67 Hz, 2 H), 3.82 (s, 3 H), 2.78 (t, J = 6.55 Hz, 2 

H). 

6-(4-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]propyl}-1-methyl-1H-pyrazol-5-

yl)[1,3]oxazolo[4,5-b]pyridin-2(3H)-one (24). Compound 22 (256 mg, 0.65 mmol) was 

dissolved in ethanol (50 mL), and palladium hydroxide (50 mg, 20% on carbon) added. The 

mixture was flushed with nitrogen, followed by being pressurized under 3-4 bar of hydrogen gas. 

The reaction was agitated, and heated at 50 °C for 18 h. The reaction vessel was allowed to cool, 

and LC-MS indicated that the major product was the desired 24 accompanied by minor amounts 

of the ethyl carbamate. The reaction was filtered through a Celite cartridge to remove the 

catalyst, and washed with MeOH. The filtrate was concentrated to afford crude 24, which was 

used without further purification. 
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6-(4-{3-[4-Fluoro-2-(hydroxymethyl)phenoxy]butyl}-1-methyl-1H-pyrazol-5-

yl)[1,3]oxazolo[4,5-b]pyridin-2(3H)-one (25). The procedure used to prepare compound 24 was 

used to prepare compound 25, which was used without further purification. 

2-Amino-5-(4-{4-[4-fluoro-2-(hydroxymethyl)phenoxy]propyl}-1-methyl-1H-pyrazol-5-

yl)pyridin-3-ol (26). Compound 24 was dissolved in ethanol (5 mL), and 15% aqueous NaOH (5 

mL) was added. The reaction was heated at 85 °C for 12 h, and allowed to cool. The mixture was 

neutralized with 1 N aqueous HCl, and extracted with EtOAc (3 x 100 mL). The organics were 

dried over MgSO4, concentrated, and purified by column chromatography over silica gel (0 - 

10% MeOH/CH2Cl2) to afford 26 (82 mg, 34% yield over 3 steps) as a colorless solid. LC-MS 

(APCI), m/z 372.2 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 9.72 (br s, 1 H), 7.41 (s, 1 H), 

7.33 (s, 1 H), 7.12 (dd, J = 9.6, 3.0 Hz, 1 H), 7.00 - 6.89 (m, 1 H), 6.83 (dd, J = 9.1, 4.5 Hz, 1 H), 

6.80 (d, J = 1.5 Hz, 1 H), 5.75 (s, 2 H), 5.11 (br. s, 1 H), 4.43 (br s, 2 H), 3.87 (t, J = 6.2 Hz, 2 

H), 3.64 (s, 3 H), 2.49 - 2.42 (m, 2 H), 1.85 (q, J = 6.9 Hz, 2 H). 

2-Amino-5-(4-{4-[4-fluoro-2-(hydroxymethyl)phenoxy]butyl}-1-methyl-1H-pyrazol-5-

yl)pyridin-3-ol (27). The procedure used to prepare compound 26 was used to prepare compound 

27. LC-MS (APCI), m/z 387 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 9.72 (br s, 1 H), 7.41 (d, 

J = 1.76 Hz, 1 H), 7.33 (s, 1 H), 7.12 (dd, J = 9.44, 3.15 Hz, 1 H), 7.02 – 6.91 (m, 1 H), 6.85 (dd, 

J = 8.81, 4.53 Hz, 1 H), 6.79 (d, J = 2.01 Hz, 1 H), 5.75 (s, 2 H), 5.13 (br s,1 H), 4.45 (s, 2 H), 

3.87 (t, J = 6.04 Hz, 2 H), 3.64 (s, 3 H), 2.35 (t, J = 7.30 Hz, 2 H), 1.74 - 1.47 (m, 4 H). 

2-Amino-5-(4-{4-[4-fluoro-2-(hydroxymethyl)phenoxy]propyl}-1-methyl-1H-pyrazol-5-

yl)pyridin-3-yl methanesulfonate (28). To a cooled (0 °C) solution of 26 (80 mg, 0.22 mmol) in 

CH2Cl2 (1.4 mL) was added pyridine (200 µL, 2.5 mmol), and a catalytic amount of DMAP (2-3 

mg), followed by a solution of MsCl (17 µL, 0.22 mmol) in CH2Cl2 (0.5 mL). The reaction was 
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allowed to slowly warm to room temperature. After 2 h, the reaction was diluted with EtOAc (10 

mL), and washed with saturated aqueous NH4Cl (5 mL) and brine (5 mL). The organics were 

dried (MgSO4), filtered and concentrated. After being dried overnight under high vacuum, 28 (96 

mg) was isolated as a slightly yellow gum, which was used without purification in the cyclization 

step. 

2-Amino-5-(4-{4-[4-fluoro-2-(hydroxymethyl)phenoxy]butyl}-1-methyl-1H-pyrazol-5-

yl)pyridin-3-yl methanesulfonate (29). The procedure used to prepare compound 28 was used to 

prepare compound 29, which was used without purification in the cyclization step. 

12-Fluoro-3-methyl-3,16,17,18-tetrahydro-10H-8,4-(metheno)pyrazolo[4,3-

e][1,12,9]benzodioxazacyclopentadecin-7-amine (7c). To a solution of 28 (96 mg, 0.21 mmol) in 

DMF (4.1 mL) was added NaH (9.1 mg, 60% dispersion in mineral oil, 0.23 mmol). The reaction 

was heated at 50 oC for 30 min. The reaction was diluted with EtOAc (10 mL), washed with 

saturated aqueous NH4Cl/water mixture (1 : 1, 5 mL), brine (5 mL), dried (MgSO4), filtered and 

concentrated. The residue was purified by column chromatography over silica gel (0 - 10% 

MeOH/CH2Cl2) to afford 7c (27 mg, 37% yield over 2 steps) as a cream solid. LC-MS (APCI), 

m/z 355 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.65 (d, J = 1.5 Hz, 1 H), 7.38 (s, 1 H), 7.36 

- 7.25 (m, 2 H), 7.16 – 6.99 (m, 2 H), 5.68 (br s, 2 H), 5.22 (s, 2 H), 4.14 - 3.97 (m, 2 H), 3.78 (s, 

3 H), 2.65 (t, J = 6.8 Hz, 2 H), 2.20 - 2.04 (m, 2 H). 

12-Fluoro-3-methyl-16,17,18,19-tetrahydro-3H,10H-8,4-(metheno)-pyrazolo[4,3-

f][1,13,10]benzodioxazacyclohexadecin-7-amine (7d). The procedure used to prepare compound 

7c was used to prepare compound 7d from 29. LC-MS (APCI), m/z 369 [M+H]+; 1H NMR (400 

MHz, 80 °C, DMSO-d6) δ 7.57 - 7.50 (m, 2 H), 7.33 - 7.29 (m, 2 H), 7.09 - 7.00 (m, 1 H), 7.00 - 
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6.92 (m, 1 H), 5.77 (br s, 2 H), 5.28 (s, 2 H), 4.02 (t, J = 5.54 Hz, 2 H), 3.69 (s, 3 H), 2.34 - 2.18 

(m, 2 H), 1.89 - 1.71 (m, 4 H). 

Ethyl 3-[2-(2-acetyl-4-fluorophenoxy)ethyl]-1H-pyrazole-5-carboxylate (32). 1-[2-(But-3-yn-

1-yloxy)-5-fluorophenyl]ethanone 30 (1.43 g, 6.94 mmol - see Supporting Information) and ethyl 

diazoacetate (0.87 g, 7.63 mmol) were combined in a sealed tube, and heated at 100 °C for 36 h. 

The reaction was allowed to cool, and the mixture purified by column chromatography on silica 

gel (0 - 50% EtOAc/heptanes) to afford 32 (2.22 g, 76% yield) as an amber gum. LC-MS 

(APCI), m/z 321.1 [M + H]+; 1H NMR (400 MHz, DMSO-d6) δ 13.43 (br s, 1 H), 7.45 - 7.36 (m, 

1 H), 7.32 (dd, J = 9.1, 3.3 Hz, 1 H), 7.24 (dd, J = 9.2, 4.4 Hz, 1 H), 6.69 (s, 1 H), 4.38 (t, J = 6.5 

Hz, 2 H), 4.30 - 4.17 (m, 2 H), 3.15 (t, J = 6.4 Hz, 2 H), 2.38 (s, 3 H), 1.32 - 1.23 (m, 5 H). 

Ethyl 3-[2-(2-acetyl-4-fluorophenoxy)propyl]-1H-pyrazole-5-carboxylate (33). The procedure 

used to prepare compound 32 was used to prepare compound 33 from 31 (see Supporting 

Information). LC-MS (APCI), m/z 335.1 [M + H]+; 1H NMR (400 MHz, DMSO-d6) δ 13.23 (br 

s, 1 H), 7.43 - 7.28 (m, 2 H), 7.17 (dd, J = 8.8, 4.3 Hz, 1 H), 6.55 (s, 1 H), 4.34 - 4.17 (m, 2 H), 

4.16 - 4.04 (m, 2 H), 2.82 (t, J = 7.6 Hz, 2 H), 2.58 (s, 3 H), 2.12 (t, J = 7.2 Hz, 2 H), 1.33 - 1.21 

(m, 3 H). 

Ethyl 3-[2-(2-acetyl-4-fluorophenoxy)ethyl]-1-methyl-1H-pyrazole-5-carboxylate (34). 

Dimethyl sulfate (1.35 mL, 14.2 mmol) was added in a drop-wise manner to a solution of 32 (3.8 

g, 11.9 mmol) in toluene (47.5 mL). Upon completion of addition, the reaction was heated at 80 

°C for 12 h. The reaction was allowed to cool, concentrated in vacuo, and purified by column 

chromatography on silica gel (0 - 25% EtOAc/heptanes) to afford 34 (1.83 g, 46% yield) as a 

colorless gum, which solidified on standing. LC-MS (APCI) m/z 335.1 [M + H]+; 1H NMR (400 

MHz, DMSO-d6) δ 7.40 - 7.35 (m, 1 H), 7.30 (dd, J = 9.2, 3.4 Hz, 1 H), 7.23 (dd, J = 9.1, 4.3 
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Hz, 1 H), 6.81 (s, 1 H), 4.36 (t, J = 6.5 Hz, 2 H), 4.28 (q, J = 8 Hz, 2 H), 4.02 (s, 3 H), 3.06 (t, J 

= 6.4 Hz, 2 H), 2.41 (s, 3 H), 1.29 (t, J = 8 Hz, 3 H). 

Ethyl 3-[2-(2-acetyl-4-fluorophenoxy)propyl]-1-methyl-1H-pyrazole-5-carboxylate (35). The 

procedure used to prepare compound 34 was used to prepare compound 35. LC-MS (APCI) m/z 

349.1 [M + H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.42 - 7.30 (m, 2 H), 7.22 - 7.12 (m, 1 H), 

6.71 (s, 1H), 4.27 (q, J = 7.1 Hz, 2 H), 4.11 (t, J = 6.3 Hz, 2 H), 4.01 (s, 3 H), 2.73 (t, J = 7.6 Hz, 

2 H), 2.56 (s, 3 H), 2.17 - 2.03 (m, 2 H), 1.29 (t, J = 7.1 Hz, 3 H). 

3-[2-(2-Acetyl-4-fluorophenoxy)ethyl]-1-methyl-1H-pyrazole-5-carbonitrile (36). A solution 

of 34 (2.65 g, 7.93 mmol) in MeOH (20 mL) was heated in a sealed tube for 1 h at 60 °C before 

being allowed to cool. Aqueous 33% ammonium hydroxide (10 mL, 260 mmol) was added, and 

the tube was re-sealed and heated for 18 h at 60 °C. The reaction was cooled, and concentrated in 

vacuo. The residue was slurried in water, and the solids collected by filtration to afford the 

primary amide (1.79 g) as a colorless solid. The amide (1.74 g, 5.7 mmol) was taken up in 

CH2Cl2 (38 mL), pyridine (1.84 mL, 22.8 mmol) was added, and the mixture cooled to 0 °C 

using an ice-water bath. Trifluoroacetic anhydride (1.60 mL, 11.4 mmol) was added in a drop-

wise manner leading to the formation of a clear solution. The reaction was stirred for 1 h before 

being diluted with EtOAc (100 mL). The organic solution was washed with 1 M aqueous 

Na2CO3 (2 x 25 mL), brine (25 mL), 1 M HCl (2 x 25 mL), brine (25 mL), dried over MgSO4, 

and concentrated to afford 36 (1.54 g, 70% yield over two steps) as a yellow solid. LC-MS 

(APCI), m/z 288.2 [M + H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.41 - 7.36 (m, 1 H), 7.32 (dd, J 

= 9.1, 3.3 Hz, 1 H), 7.22 (dd, J = 9.1, 4.3 Hz, 1 H), 7.07 (s, 1 H), 4.36 (t, J = 6.3 Hz, 2 H), 3.95 

(s, 3 H), 3.11 (t, J = 6.3 Hz, 2 H), 2.41 (s, 3 H). 
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3-[2-(2-Acetyl-4-fluorophenoxy)propyl]-1-methyl-1H-pyrazole-5-carbonitrile (37). The 

procedure used to prepare compound 36 was used to prepare compound 37. LC-MS (APCI), m/z 

302.1 [M + H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.42 - 7.30 (m, 2 H), 7.18 (dd, J = 9.1, 4.3 

Hz, 1 H), 6.99 (s, 1 H), 4.12 (t, J = 6.3 Hz, 2 H), 3.94 (s, 3 H), 2.77 (t, J = 7.6 Hz, 2 H), 2.56 (s, 3 

H), 2.16 - 2.00 (m, 2 H). 

1-{2-[2-(5-Cyano-1-methyl-1H-pyrazol-3-yl)ethoxy]-5-fluorophenyl}ethyl methanesulfonate 

(38). Sodium borohydride (223 mg, 5.9 mmol) was added to a solution of 36 (1.54 g, 5.36 mmol) 

in MeOH (26.8 mL) cooled to 0 °C. After being stirred for 2 h, the reaction was diluted with 

EtOAc (25 mL). The organic solution was washed with water (10 mL), brine (10 mL), and dried 

over MgSO4. The reaction was concentrated in vacuo, and the residue purified by column 

chromatography over silica gel (eluting with 0 - 60% EtOAc/heptanes) to afford the intermediate 

alcohol (1.48 g) as a viscous gum. The alcohol (400 mg, 1.38 mmol) was dissolved in CH2Cl2 

(6.92 mL), and TEA (289 µL, 2.08 mmol) was added. The mixture was cooled to 0 °C using an 

ice-water bath, and MsCl (118 µL, 1.52 mmol) was added in a drop-wise manner. After 1 h, LC-

MS indicated that the starting material had been consumed. The reaction was diluted with EtOAc 

(15 mL), washed with water (5 mL), brine (5 mL), and dried over MgSO4. The reaction was 

filtered and concentrated in vacuo to afford 38 (508 mg, 94% yield over two steps) as a viscous 

gum, which was used without further purification. LC-MS (APCI), m/z 272.1 [M – OSO2Me]+. 

1-{2-[2-(5-Cyano-1-methyl-1H-pyrazol-3-yl)propoxy]-5-fluorophenyl}ethyl methanesulfonate 

(39). The procedure used to prepare compound 38 was used to prepare compound 39. LC-MS 

(APCI), m/z 286.1 [M – OSO2Me]+. 

3-[2-(2-{1-[(2-Amino-5-bromopyridin-3-yl)oxy]ethyl}-4-fluorophenoxy)ethyl]-1-methyl-1H-

pyrazole-5-carbonitrile (40). 2-Amino-3-hydroxy-5-bromopyridine (313 mg, 1.66 mmol), 38 
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(507 mg, 1.38 mmol) and cesium carbonate (899 mg, 2.76 mmol) were combined in DMF (6.9 

mL), and the reaction mixture heated at 80 °C for 40 h. The reaction was allowed to cool, diluted 

with EtOAc (15 mL), washed with water (10 mL), brine (5 mL), and dried over MgSO4. The 

reaction was filtered, concentrated in vacuo, and the residue purified by column chromatography 

over silica gel (0 - 50% EtOAc/heptanes) to afford 40 (115 mg, 18% yield) as a brown solid, 

which was used without further purification. LC-MS (APCI), m/z 460.2 [M + H]+. 

3-[2-(2-{1-[(2-Amino-5-bromopyridin-3-yl)oxy]propyl}-4-fluorophenoxy)ethyl]-1-methyl-1H-

pyrazole-5-carbonitrile (41). The procedure used to prepare compound 40 was used to prepare 

compound 41. LC-MS (APCI), m/z 474.1/476.1 [M + H]+. 

(10R)-7-Amino-12-fluoro-2,10-dimethyl-16,17-dihydro-2H,10H-8,4-(metheno)pyrazolo[3,4-

d][1,11,8]benzodioxazacyclotetradecine-3-carbonitrile (7e). Potassium acetate (123 mg, 1.25 

mmol), 40 (115 mg, 0.25 mmol), cataCXium A (18.5 mg, 0.05 mmol), Pd(OAc)2 (5.6 mg, 0.025 

mmol) and t-amyl alcohol (5 mL) were combined in a microwave vial. Nitrogen was bubbled 

through the solution for 10 min, and then the vial was sealed and heated in the microwave for 1 h 

at 140 °C. Additional portions of both cataCXium A (18.5 mg, 0.05 mmol) and Pd(OAc)2 (5.6 

mg, 0.025 mmol) were added, and the vial re-sealed and heated in the microwave at 140 °C for 1 

h. LC-MS indicated the starting material had been consumed. The reaction was diluted with 

EtOAc (20 mL), and the organic phase washed with water (10 mL) and brine (10 mL) before 

being dried over MgSO4. The solution was filtered, and concentrated in vacuo with the residue 

being purified by column chromatography over silica gel (0 - 100% EtOAc/heptanes) to afford 

42 (23 mg, 24% yield) as a white solid. LC-MS m/z 460.2 [M + H]+. Chiral separation was 

carried out by SFC using an Whelk-O1 (R,R) 5 µm column (4.6 x 100 mm) eluting with 30 % 

MeOH @ 120 bar with a flow rate of 4 mL/min. 7e was obtained as peak 1 (Rt = 1.36 min). 
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[α]20
D = + 22.1° (c = 0.1, CHCl3); LC-MS (APCI), m/z 380.1 (M + H)+; 1H NMR (400 MHz, 80 

°C, DMSO-d6) δ 7.82 (d, J = 1.8 Hz, 1 H), 7.65 (s, 1 H), 7.43 (dd, J = 9.7, 3.1 Hz, 1 H), 7.10 - 

6.95 (m, 2 H), 6.01 - 5.86 (m,1 H), 5.62 (s, 2 H), 4.62 - 4.47 (m, 1 H), 3.97 (s, 3 H), 3.34 - 3.18 

(m, J = 16.1 Hz, 1 H), 2.98 (br s, 2 H), 1.69 (d, J = 6.5 Hz, 3 H). The inactive enantiomer was 

obtained as peak 2 (Rt = 1.60 min) 

(10R)-7-Amino-12-fluoro-2,10-dimethyl-16,17-dihydro-2H,10H-8,4-(metheno)pyrazolo[3,4-

d][1,11,8]benzodioxazacyclotetradecine-3-carbonitrile (7f). The procedure used to prepare 

compound 42 was used to prepare compound 43. Chiral separation of 43 was carried out by SFC 

using a Chiralcel OD-H 5 µm column (4.6 x 100 mm) eluting with 30 % MeOH @ 120 bar with 

a flow rate of 4 mL/min. 7f was obtained as peak 2 (Rt = 1.27 min). [α]20
D = - 18.76° (c = 0.1, 

MeOH);  LC-MS (APCI),  m/z 394.2 (M + H)+; 1H NMR (400 MHz, 80 °C, DMSO-d6) δ 7.82 

(d, J = 1.8 Hz, 1 H), 7.65 (s, 1 H), 7.43 (dd, J = 9.6, 3.0 Hz, 1 H), 7.11 - 6.94 (m, 2 H), 6.01 - 

5.88 (m, 1 H), 5.62 (s, 2 H), 4.61 - 4.48 (m, 1 H), 3.98 (s, 3 H), 3.26 (br s, 2 H), 2.71 (s, 2 H), 

1.69 (d, J = 6.3 Hz, 3 H). The inactive enantiomer was obtained as peak 1 (Rt = 1.11 min). 

Methyl 2-[(1R)-1-{[2-amino-5-(3-{[(tert-butoxycarbonyl)(methyl)amino]methyl}-5-cyano-1-

methyl-1H-pyrazol-4-yl)pyridin-3-yl]oxy}ethyl]-4-fluorobenzoate (46). Pd(OAc)2 (53 mg, 0.24 

mmol) and cataCXium A (180 mg, 0.5 mmol) were mixed together in toluene (1.5 mL, de-

gassed) and the resulting solution was added via pipette to a stirred solution of 44 (0.9 g, 2.4 

mmol - see Supporting Information), 45 (1.0 g, 3.0 mmol - see Supporting Information) B2pin2 

(0.9 g, 3.6 mmol) and CsF (1.9 g, 12.6 mmol) in MeOH/H2O (9:1, 12 mL, de-gassed) at 60 °C. 

The resulting mixture was then stirred at reflux for 3 h. A further portion of Pd(OAc)2 (26 mg, 

0.12 mmol) and cataCXium A (90 mg, 0.25 mmol) in toluene (1.5 mL, de-gassed) was added, 

and the yellow reaction mixture stirred at 60 °C overnight. After cooling to room temperature, 
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the mixture was diluted with EtOAc (150 mL) and filtered through Celite. The filtrate was 

washed with water (100 mL), then brine (100 mL), dried (Na2SO4) and evaporated. The residue 

was purified by flash chromatography over silica gel, which was eluted with 50% 

EtOAc/cyclohexane, and gave 46 (570 mg, 43% yield) as a yellow oil. TLC (Rf = 0.40, 50% 

EtOAc/cyclohexane). LC-MS (ESI), m/z 539 [M+H]+. 1H NMR (400 MHz, CDCl3) δ 8.03 (m, 1 

H), 7.65 (s, 1 H), 7.27 (dd, J = 9.9, 2.7 Hz, 1 H), 7.01 (m, 1 H), 6.68 (m, 1 H), 6.40 (m, 1 H), 

4.90 (br s, 2 H), 4.30 - 4.20 (m, 2 H), 3.96 (s, 3 H), 3.94 (s, 3 H), 2.85 - 2.55 (m, 3 H), 1.68 (d, J 

= 6.6 Hz, 3 H), 1.24 (s, 9 H). 

2-[(1R)-1-{[2-Amino-5-(3-{[(tert-butoxycarbonyl)(methyl)amino]methyl}-5-cyano-1-methyl-

1H-pyrazol-4-yl)pyridin-3-yl]oxy}ethyl]-4-fluorobenzoic acid (47). To a solution of 46 (69% 

purity, 0.95 g, assumed 1.05 mmol) in MeOH (20 mL) was added a solution NaOH (1.0 g, 25 

mmol) in water (2 mL). The mixture was stirred at 40 °C for 3.5 h. The reaction was diluted with 

water (80 mL), concentrated by 20 mL to remove MeOH on the rotovap, and washed with 

TBME (100 mL). The aqueous layer was then acidified carefully with 1 M aq HCl to approx pH 

2 (pH paper). Sodium chloride (15 g) was added to the mixture and the mixture was extracted 

with EtOAc (100 mL). The organic layer was separated, dried (Na2SO4) and evaporated to give 

47 (480 mg, 87% yield) as a pale yellow solid. LC-MS (ESI), m/z 525 [M+H]+; 1H NMR (400 

MHz, CD3OD) δ 8.05 (m, 1 H), 7.45 (s, 1 H), 7.37 (dd, J = 10.4, 2.8 Hz, 1 H), 7.10 (dt, J = 8.5, 

2.4 Hz, 1 H), 6.60 - 6.50 (m, 2 H), 4.30 - 4.05 (m, 2 H), 3.99 (s, 3 H), 2.80 - 2.60 (m, 3 H), 1.72 

(d, J = 6.5 Hz, 3 H). 

2-{(1R)-1-[(2-Amino-5-{5-cyano-1-methyl-3-[(methylamino)methyl]-1H-pyrazol-4-yl}pyridin-

3-yl)oxy]ethyl}-4-fluorobenzoic acid (48). A solution of HCl in dioxane (4 M, 6.0 mL) was 

added to a solution of 47 (480 mg, 0.91 mmol) in MeOH (6 mL) and the reaction was stirred at 

Page 53 of 82

ACS Paragon Plus Environment

Journal of Medicinal Chemistry

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



53 

 

40 °C for 2.5 h. The reaction mixture was then concentrated to dryness under reduced pressure. 

The residue was taken-up in MeOH (50 mL) and acetonitrile (100 mL) was added and the 

mixture was then again evaporated to dryness, to give 48 (400 mg, 87% yield) as an off-white 

solid. LC-MS (ESI), m/z 425 [M+H]+; 1H NMR (400 MHz, CD3OD) δ 8.07 (dd, J = 8.9. 5.9 Hz, 

1 H), 7.51 (d,  J = 1.7 Hz, 1 H), 7.42 (dd, J = 9.8, 2.6 Hz, 1 H), 7.23 (d, J = 1.6 Hz, 1 H), 7.16 

(dt, J = 8.5, 2.7 Hz, 1 H), 6.73 (dd, J = 11.9, 6.9 Hz, 1 H), 4.22 (d, J = 14.7 Hz, 1 H), 4.14 (d, J = 

14.7 Hz, 1 H), 4.07 (s, 3 H), 2.75 (s, 3 H), 1.75 (d, J = 5.5 Hz, 3 H). 

 (10R)-7-Amino-12-fluoro-2,10,16-trimethyl-15-oxo-10,15,16,17-tetrahydro-2H-8,4-

(metheno)pyrazolo[4,3-h][2,5,11]benzoxadiazacyclotetradecine-3-carbonitrile (8k). A solution 

of 48 (400 mg, assumed 0.91 mmol) as the HCl salt and DIPEA (1.17 g, 9.1 mmol) in DMF (5.0 

mL) and THF (0.5 mL) was added drop-wise to a solution of HATU (482 mg, 1.27 mmol) in 

DMF (10.0 mL) at 0 oC over 30 min. After complete addition, the mixture was stirred at 0 °C for 

a further 30 min. Water (70 mL) was added and the mixture was extracted into EtOAc (2 x 60 

mL). The combined organics were washed with saturated aqueous NaHCO3 (2 x 100 mL), brine 

(100 mL), dried over Na2SO4, and evaporated. The residue was purified by column 

chromatography over silica gel, which was eluted with 70% EtOAc/cyclohexane giving 205 mg 

of a pale yellow residue (semi-solid). The solids were dissolved in TBME (7 mL) and 

cyclohexane (20 mL) was added slowly with good stirring to precipitate the product. After 

stirring for 30 min, the mixture was filtered, and 8k (110 mg, 29% yield) was collected as a 

white solid. TLC (Rf = 0.40, 70% EtOAc in cyclohexane). LC-MS (ESI), m/z 407 [M+H]+; 1H 

NMR (400 MHz, CDCl3) δ 7.83 (d, J = 2.0 Hz, 1 H), 7.30 (dd, J = 9.6, 2.4 Hz, 1 H), 7.21 (dd, J 

= 8.4, 5.6 Hz, 1 H), 6.99 (dt, J = 8.0, 2.8 Hz, 1 H), 6.86 (d, J = 1.2 Hz, 1 H), 5.75 - 5.71 (m, 1 H), 
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4.84 (s, 2 H), 4.45 (d, J = 14.4 Hz, 1 H), 4.35 (d, J = 14.4 Hz, 1 H), 4.07 (s, 3 H), 3.13 (s, 3 H), 

1.79 (d, J = 6.4 Hz, 3 H). 

7-Amino-12-fluoro-1,3,10,16-tetramethyl-16,17-dihydro-1H-8,4-(metheno)pyrazolo[4,3-

h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8a and 8b). Compounds 8a and 8b were 

prepared in a similar manner to 8k using rac-(44) (see Supporting Information) and tert-butyl 

[(4-bromo-1,3-dimethyl-1H-pyrazol-5-yl)methyl]methylcarbamate (70) (see Supporting 

Information) as the reagents in the initial coupling step. Chiral separation was performed on the 

final compounds using a Chiralcel OD-3 3 µm column (4.6 x 100 mm) eluting with 30% MeOH 

@ 120 bar with a flow rate of 5 mL/min. Compound 8a, peak 1 (Rt = 0.75 min). LC-MS (ESI), 

m/z 397.0 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.62 (dd, J = 10.3, 2.5 Hz, 1 H), 7.43 - 

7.33 (m, 2 H), 7.23 - 7.15 (m, 1 H), 6.76 (d, J = 1.5 Hz, 1 H), 5.81 (s, 2 H), 5.60 (br s, 1 H), 4.62 

(d, J = 15.1 Hz, 1 H), 4.08 (d, J = 15.1 Hz, 1 H), 3.88 (s, 3 H), 2.99 (s, 3 H), 2.21 (s, 3 H), 1.65 

(d, J = 6.0 Hz, 3 H). Compound 8b, peak 2 (Rt = 1.3 min). LC-MS (ESI), m/z 397.0 [M+H]+; 1H 

NMR (400 MHz, DMSO-d6) δ 7.65 - 7.57 (m, 1 H), 7.44 - 7.33 (m, 2 H), 7.23 - 7.12 (m, 1 H), 

6.76 (s, 1 H), 5.80 (s, 2 H), 5.61 (br s, 1 H), 4.62 (d, J = 15.4 Hz, 1 H), 4.09 (d, J = 15.1 Hz, 1 

H), 3.88 (s, 3 H), 2.99 (s, 3 H), 2.21 (s, 3 H), 1.66 (d, J = 6.0 Hz, 3 H). 

7-Amino-12-fluoro-1,3,16-trimethyl-16,17-dihydro-1H-8,4-(metheno)pyrazolo[4,3-

h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8c). Compound 8c was prepared in a 

similar manner to 8k using methyl 2-{[(2-amino-5-bromopyridin-3-yl)oxy]methyl}-4-

fluorobenzoate (71) (see Supporting Information) and tert-butyl [(4-bromo-1,3-dimethyl-1H-

pyrazol-5-yl)methyl]methylcarbamate (70) (see Supporting Information) as the reagents in the 

initial coupling step. LC-MS (ESI), m/z 382 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.56 (dd, 

J = 9.6, 2.4 Hz, 1 H), 7.44 - 7.38 (m, 2 H), 7.22 (td, J = 8.4, 2.8 Hz, 1 H), 6.73 (d, J = 1.6 Hz, 1 
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H), 5.82 (br s, 2 H), 5.30 (d, J = 13.6 Hz, 1 H), 5.17 (d, J = 13.6 Hz, 1 H), 4.65 (d, J = 15.2 Hz, 1 

H), 4.20 (d, J = 15.2 Hz, 1 H), 3.89 (s, 3 H), 2.97 (s, 3 H), 2.54 (s, 1 H),  2.22 (s, 3 H). 

(5R)-7-Amino-12-fluoro-3-methoxy-1,10,16-trimethyl-16,17-dihydro-1H-8,4-

(metheno)pyrazolo[4,3-h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8f). Compound 8f 

was prepared in a similar manner to 8k using 44 (see Supporting Information) and tert-butyl [(4-

bromo-3-methoxy-1-methyl-1H-pyrazol-5-yl)methyl]methylcarbamate (72) (see Supporting 

Information)  as the reagents in the initial coupling step. LC-MS (ESI), m/z 412 [M+H]+; 1H 

NMR (400 MHz, CD3OD) δ 7.62 (d, J = 1.6 Hz, 1 H), 7.50 (dd, J = 6.4, 2.6 Hz, 1 H), 7.43 (dd, J 

= 5.6, 3.2 Hz, 1 H), 7.16 - 7.11 (m, 1 H), 6.90 (d, J = 1.2 Hz, 1 H), 5.64 - 5.60 (m, 1 H), 4.84 (d, 

J = 15.2 Hz, 1 H), 4.37 (d, J = 15.6 Hz, 1 H), 3.92 (d, J = 9.2 Hz, 6 H), 3.17 (s, 3 H), 1.78 (d, J = 

6 Hz, 3 H). 

(5R)-8-Amino-3-fluoro-5,17-dimethyl-13-(methylsulfonyl)-16,17-dihydro-7,11-

(metheno)dibenzo[g,l][1,4,10]oxadiazacyclotetradecin-18(5H)-one (8h). Compound 8h was 

prepared in a similar manner to 8k using 44 (see Supporting Information) and tert-butyl [2-

bromo-4-(methylsulfonyl)benzyl] methylcarbamate (73) (see Supporting Information)  as the 

reagents in the initial coupling step. LC-MS (ESI), m/z 456 [M+H]+. [α]22
D

 = + 52.5° (c = 0.52, 

MeOH). 1H NMR (400 MHz, DMSO-d6) δ 7.92 - 7.84 (m, 3 H), 7.69 (dd, J = 10.4, 2.8 Hz, 1 H), 

7.51 (d, J = 2.0 Hz, 1 H), 7.36 (dd, J = 8.8, 6.0 Hz, 1 H), 7.14 (dt, J = 8.4, 2.4 Hz, 1 H), 7.09 (d, J 

= 2.0 Hz, 1 H), 6.13 (s, 2H), 5.71 - 5.67 (m, 1 H), 4.45 (d, J = 13.2 Hz, 1 H), 4.22 (d, J = 13.2 

Hz, 1 H), 3.29 (s, 3 H), 3.01 (s, 3 H), 1.69 (d, J = 6.4 Hz, 3 H). 

(5R)-7-Amino-3-cyclopropyl-12-fluoro-1,10,16-trimethyl-16,17-dihydro-1H-8,4-

(metheno)pyrazolo[4,3-h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8j). Compound 8j 

was prepared in a similar manner to 8k using 44 (see Supporting Information)  and tert-butyl [(4-
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bromo-3-cyclopropyl-1-methyl-1H-pyrazol-5-yl)methyl]methylcarbamate (74) (see Supporting 

Information)  as the reagents in the initial coupling step. LC-MS (ESI), m/z 422 [M+H]+; 1H 

NMR (400 MHz, CDCl3) δ 7.76 - 7.75 (m, 1 H), 7.25 (dd, J = 7.2, 2.8 Hz, 1 H), 7.10 (dd, J = 

5.6, 2.8 Hz, 1 H), 6.93 - 6.90 (m, 1 H), 6.80 (br s, 1 H), 5.69 (s, 1 H), 4.54 (s, 2 H), 4.40 (d, J = 

15.2 Hz, 1 H), 4.22 (d, J = 15.2 Hz, 1 H), 3.85 (s, 3 H), 3.06 (s, 3 H), 1.85 (m, 1 H), 1.70 (d, J = 

6.4 Hz, 3 H), 1.02 - 1.01 (m, 1 H), 0.95 - 0.93 (m, 1 H), 0.81 - 0.79 (m, 1 H), 0.63 (m, 1 H). 

(5R)-8-Amino-3-fluoro-5,14,19-trimethyl-18,19-dihydro-7,11-(metheno)-

pyrimido[2',1':2,3]imidazo[4,5-h][2,5,11]benzoxadiazacyclotetradecin-20(5H)-one (8l). 

Compound 8l was prepared in a similar manner to 8k with the modification that the initial 

Suzuki coupling was performed utilizing the pre-formed protected boronate 69 (see Supporting 

Information), as described below. 

Nitrogen was bubbled through a suspension of 69 (489 mg, 0.56 mmol - see Supporting 

Information), tert-butyl [(3-bromo-6-methylimidazo[1,2-a]pyrimidin-2-

yl)methyl]methylcarbamate (75) (197 mg, 0.57 mmol - see Supporting Information) and CsF 

(253 mg, 1.66 mmol) in toluene (3.7 mL) for a period of 10 min. To the mixture was added 

PdCl2.dppf (45.7 mg, 0.06 mmol), and the reaction heated at reflux for 14 h. The reaction was 

allowed to cool, and diluted with EtOAc (20 mL). The organic phase was washed with water (2 x 

5 mL), brine (5 mL), and dried over MgSO4. The solution was filtered, and concentrated and the 

residue purified by column chromatography on silica gel eluting with 0 - 100% EtOAc/heptanes 

to afford methyl 2-[(1R)-1-({3-[bis(tert-butoxycarbonyl)amino]-6-(2-{[(tert-

butoxycarbonyl)(methyl)amino]methyl}-6-cyanoimidazo[1,2-a]pyridin-3-yl)pyrazin-2-

yl}oxy)ethyl]-4-fluorobenzoate (288 mg, 66% yield) as a viscous oil. LC-MS (APCI), m/z 765.3 

[M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 8.46 (s, 1 H), 8.20 (s, 2 H), 7.97 (dd, J = 8.7, 6.2 Hz, 
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1 H), 7.44 - 7.33 (m, 2 H), 7.28 - 7.21 (m, 1 H), 6.41 - 6.30 (m, 1 H), 4.45 - 4.25 (m, 2 H), 3.82 

(s, 3 H), 2.74 (s, 3 H), 2.28 (s, 3 H), 1.61 (d, J = 6.3 Hz, 3 H), 1.47 (s, 18 H), 1.30 (br s, 9 H). 

The ester hydrolysis, exhaustive Boc-deprotection, and HATU-mediated macrolactamization 

were performed in a similar manner to 8k to afford 8l. LC-MS (APCI) m/z 433 [M+H]+. [α]22
D

 = 

- 199.2° (c = 0.57, MeOH). 1H NMR (400 MHz, DMSO-d6) δ 8.79 (dd, J = 2.1, 1.2 Hz, 1 H), 

8.45 (d, J = 2.2 Hz, 1 H), 7.82 (d, J = 1.7 Hz, 1 H), 7.66 (dd, J = 10.3, 2.6 Hz, 1 H), 7.47 (dd, J = 

8.5, 5.8 Hz, 1 H), 7.17 (dt, J = 8.4, 2.7 Hz, 1 H), 6.88 (d, J = 1.6 Hz, 1 H), 6.22 (s, 2 H), 5.73 - 

5.63 (m, 1 H), 4.50 (d, J = 13.9 Hz, 1 H), 4.31 (d, J = 13.8 Hz, 1 H), 3.06 (s, 3 H), 2.31 (s, 3 H), 

1.69 (d, J = 6.2 Hz, 3 H). 

2-{1-[(3-Amino-6-bromopyrazin-2-yl)oxy]ethyl}-N-[(4-bromo-1,3-dimethyl-1H-pyrazol-5-

yl)methyl]-4-fluoro-N-methylbenzamide (52). To a solution of rac-(49) (266 mg, 0.607 mmol - 

see Supporting Information), 1-(4-bromo-1,3-dimethyl-1H-pyrazol-5-yl)-N-methylmethanamine 

(50) (166 mg, 0.759 mmol - see Supporting Information) and DIEA (211 µL, 1.21 mmol) in 

toluene (60 mL) was added Pd(PtBu3)2 (32 mg, 0.06 mmol). The reaction mixture was heated at 

100 °C under 4 bar CO overnight and then concentrated to afford 52, which was used without 

further purification.  

2-{1-[(3-Amino-6-bromopyrazin-2-yl)oxy]ethyl}-N-[(4-bromo-3-methoxy-1-methyl-1H-

pyrazol-5-yl)methyl]-4-fluoro-N-methylbenzamide (53). The procedure used to prepare 

compound 52 was used to prepare compound 53 (from 49 and 51 - see Supporting Information), 

which was used without further purification. LC-MS (APCI), m/z 493.0/495.0 [M+H]+. 

7-Amino-12-fluoro-1,3,10,16-tetramethyl-16,17-dihydro-1H-8,4-(azeno)-pyrazolo[4,3-

h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8d and 8e). The residue of crude 52 was 

taken-up in MeOH (12 mL) and water (1.3 mL) and added to a vial containing B2pin2 (771 mg, 
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3.04 mmol) and CsF (461 mg, 3.04 mmol). The vial was sealed and the reaction mixture was 

bubbled with nitrogen before adding a solution of Pd(OAc)2 (14 mg, 0.06 mmol) and cataCXium 

A (45 mg, 0.12 mmol) in toluene (0.5 mL). After heating for 30 min at 60 °C, the temperature 

was increased to 90 °C for 6 h. The reaction was allowed to stand at room temperature overnight 

then additional Pd(OAc)2 (14 mg, 0.06 mmol) and cataCXium A (45 mg, 0.12 mmol) in toluene 

(0.5 mL) were added. After heating for 2 h at 100 °C, the reaction mixture was cooled to room 

temperature and filtered. The mother liquor was diluted with EtOAc (50 mL), washed with water 

(2 x 20 mL) and brine (10 mL), dried (MgSO4), filtered and concentrated. The crude product was 

purified by flash chromatography eluting with MeOH/CH2Cl2 (0 - 8%) followed by a second 

column eluting with EtOAc/heptanes (50 - 100%) then MeOH/CH2Cl2 (0 - 6%), and finally 

chiral separation by SFC to afford both enantiomers of the title compound. The chiral separation 

was performed by SFC on a Chiralcel OD-H 5 µm column (4.6 mm x 250 mm), which was 

eluted with 25% MeOH in CO2 at 140 bar with a flow rate of 3.0 mL/min. Compound 8d, peak 1 

(Rt = 4.23 min). [α]20
D

 = -77.1° (c = 0.23, MeOH), 14 mg, > 99% ee, 6% yield. LC-MS (ESI), 

m/z 397 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.51 (s, 1 H), 7.51 - 7.46 (m, 1 H), 7.36 (dd, 

J = 8.3, 5.8 Hz, 1 H), 7.17 (dt, J = 8.6, 2.5 Hz, 1 H), 6.29 (s, 2 H), 5.95 - 5.84 (m, 1 H), 4.47 (d, J 

= 14.7 Hz, 1 H), 4.27 (d, J = 14.4 Hz, 1 H), 3.87 (s, 3 H), 2.87 (s, 3 H), 2.26 (s, 3 H), 1.62 (d, J = 

6.6 Hz, 3 H). Compound 8e, peak 2 (Rt = 5.60 min). [α]20
D

 = + 78.6° (c = 0.24, MeOH), 13 mg, 

99% ee, 5% yield. LC-MS (ESI), m/z 397 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.51 (s, 1 

H), 7.49 (dd, J = 10.2, 2.7 Hz, 1 H), 7.36 (dd, J = 8.5, 5.7 Hz, 1 H), 7.17 (dt, J = 8.5, 2.5 Hz, 1 

H), 6.29 (s, 2 H), 5.95 - 5.82 (m, 1 H), 4.47 (d, J = 14.7 Hz, 1 H), 4.27 (d, J = 14.4 Hz, 1 H), 3.87 

(s, 3 H), 2.87 (s, 3 H), 2.26 (s, 3 H), 1.62 (d, J = 6.6 Hz, 3 H).  
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(10R)-7-Amino-12-fluoro-3-methoxy-1,10,16-trimethyl-16,17-dihydro-1H-8,4-

(azeno)pyrazolo[4,3-h][2,5,11]benzoxadiazacyclotetradecin-15(10H)-one (8g). KOAc (89.3 mg, 

0.91 mmol), pivalic acid (4.6 mg, 0.05 mmol) and 53 (90 mg, 0.018 mmol) were combined in a 

microwave vial, and DMF (1.82 mL) was added. Nitrogen was bubbled through the solution, 

followed by the addition of Pd(OAc)2 (4 mg, 0.018 mmol) and cataCXium A (13.3 mg, 0.036 

mmol). The vial was sealed, and heated at 120 °C in the microwave for 1 h. LC-MS indicated no 

reaction had taken place. Pd(OAc)2 and cataCXium A were added again, and the vial re-sealed, 

and heated in the microwave at 150 °C for 1 h. The solution was diluted with EtOAc (10 mL), 

washed with water (5 mL), brine (5 mL), and dried over MgSO4. The solution was filtered, 

concentrated and purified by reverse phase HPLC (3-Hydroxyphenol column, no additive) to 

afford 8g (5.6 mg, 8% yield) as a colorless solid. LC-MS (APCI), m/z 413.1 [M+H]+; 1H NMR 

(400 MHz, DMSO-d6) δ 7.79 (s, 1 H), 7.44 (dd, J = 10.1, 2.5 Hz, 1 H), 7.38 (dd, J = 8.6, 5.8 Hz, 

1 H), 7.23 - 7.13 (m, 1 H), 6.21 (s, 2 H), 5.83 - 5.68 (m, 1 H), 4.46 (d, J = 14.4 Hz, 1 H), 4.29 (d, 

J = 14.4 Hz, 1 H), 3.87 (s, 3 H), 3.81 (s, 3 H), 2.89 (s, 3 H), 1.61 (d, J = 6.5 Hz, 3 H). 

2-{(1R)-1-[(3-Amino-6-bromopyrazin-2-yl)oxy]ethyl}-4-fluorobenzoic acid (54). Compound 

49 (1.00 g, 2.28 mmol - see Supporting Information) was partially dissolved in MeOH (10 mL), 

then DIPEA (2.00 mL, 11.41 mmol), DPE-Phos (147 mg, 0.274 mmol) and Pd(OAc)2 (31 mg, 

0.137 mmol) were added. The mixture was then heated at 50 °C under 4 bar of CO pressure for 3 

h. After being allowed to cool to room temperature, the mixture was filtered through Celite and 

eluted with EtOAc (80 mL). The filtrate was concentrated to one third volume (30 mL), then 

washed with saturated NaHCO3 solution (2 x 15 mL) and brine (20 mL), dried over MgSO4 and 

concentrated. The crude material was purified by flash chromatography on silica gel (1 : 2 

EtOAc:heptanes) to give methyl 2-{(1R)-1-[(3-amino-6-bromopyrazin-2-yl)oxy]ethyl}-4-
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fluorobenzoate (0.65 g, 77% yield) as a colorless solid. 1H NMR (400 MHz, CDCl3) δ 7.94 (dd, 

J = 8.7, 5.8 Hz, 1 H), 7.57 (s, 1 H), 7.24 (dd, J = 9.9, 2.7 Hz, 1 H), 7.00 (ddd, J = 8.8, 7.7, 2.7 

Hz, 1 H), 6.89 (qd, J = 6.5, 1.4 Hz, 1 H), 4.89 (s, 2 H), 3.95 (s, 3 H), 1.72 (d, J = 6.4 Hz, 3 H). 

Methyl 2-{(1R)-1-[(3-amino-6-bromopyrazin-2-yl)oxy]ethyl}-4-fluorobenzoate (0.65 g, 1.76 

mmol) was suspended in MeOH (10 mL) and a solution of NaOH (0.35 g, 8.80 mmol) in H2O (1 

mL) was added. THF (2 mL) was subsequently added to aid solubility and the reaction mixture 

stirred at room temperature overnight. The reaction was diluted with H2O (15 mL) and washed 

with TBME (2 x 10 mL). The basic aqueous phase was then acidified to pH ~3 with 2 M HCl 

solution and extracted with EtOAc (3 x 10 mL). The combined organic extracts were dried over 

MgSO4 and concentrated to give 54 (0.56 g, 89% yield) as a colorless solid. LC-MS (ESI), m/z 

356.0, 357.9 [M+H]+; 1H NMR (400 MHz, DMSO-d6) δ 7.92 (dd, J = 8.7, 6.0 Hz, 1 H), 7.67 (dd, 

J = 10.5, 2.7 Hz, 1 H), 7.52 (s, 1 H), 7.19 (td, J = 8.4, 2.7 Hz, 1 H), 6.88 (q, J = 6.4 Hz, 1 H), 

6.68 (s, 2 H), 1.57 (d, J = 6.3 Hz, 3 H). 

2-{(1R)-1-[(3-Amino-6-bromopyrazin-2-yl)oxy]ethyl}-N-[(6-cyanoimidazo[1,2-a]pyridin-2-

yl)methyl]-4-fluoro-N-methylbenzamide (56). To a mixture of compound 54 (0.217 g, 0.611 

mmol), 2-[(methylamino)methyl]imidazo[1,2-a]pyridine-6-carbonitrile (55) (0.15 g, 0.673 mmol 

- see Supporting Information) in DMF (20 mL) was added EDCI (0.176 g, 0.916 mmol), HOBt 

(0.124 g, 0.916 mmol) and DIPEA (0.531 mL, 3.055 mmol) at -35 °C. The resulting mixture was 

stirred at -30 °C for 30 min and stirred at room temperature overnight. TLC (petroleum 

ether/EtOAc 1 : 1) indicated that the majority of the starting material had been consumed. The 

mixture was diluted with EtOAc (50 mL) and H2O (10 mL). The organic layer was separated and 

the aqueous layer was extracted with EtOAc (2 x 20 mL). The organic layers were combined, 

washed with brine (5 x 10 mL), dried over Na2SO4, filtered and concentrated in vacuo to give the 
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crude product, which was purified by prep. TLC to obtain 56 (150 mg, 46% yield) as a white 

solid, which was used without further purification. LC-MS (APCI), m/z 524/526 [M+1]+.  

(5R)-8-Amino-3-fluoro-5,19-dimethyl-20-oxo-5,18,19,20-tetrahydro-7,11-

(azeno)pyrido[2',1':2,3]imidazo[4,5-h][2,5,11]benzoxadiazacyclotetradecine-14-carbonitrile 

(8m). To a mixture of 56 (0.15 g, 0.29 mmol), cataCXium A (22 mg, 0.058 mmol), t-AmOH (6 

mg, 0.06 mmol) and KOAc (140 mg, 1.43 mmol) in freshly distilled DMA (15 mL) was added 

Pd(OAc)2 (7 mg, 0.029 mmol) at room temperature under a nitrogen atmosphere. The resulting 

mixture was sealed and heated at 110 °C for 12 h. LC-MS showed the reaction was complete. 

The mixture was diluted with EtOAc (50 mL) and then washed with brine (4 x 10 mL). The 

organic layer was separated and dried over Na2SO4, filtered and concentrated in vacuo to give 

the crude product, which was purified by prep. TLC and then re-purified by reverse phase 

preparative HPLC to obtain 8m (15.4 mg, 12% yield) as a yellow solid. LC-MS (APCI), m/z 444 

[M+H]+. [α]23
D

 = - 177.0° (c = 0.5, MeOH). 1H NMR (400 MHz, DMSO-d6) δ 9.28 (s, 1 H), 8.03 

(s, 1 H), 7.79 (d, J = 9.3 Hz, 1 H), 7.61 - 7.49 (m, 2 H), 7.42 (dd, J = 8.6, 5.8 Hz, 1 H), 7.17 (dt, J 

= 8.5, 2.6 Hz, 1 H), 6.80 (s, 2 H), 6.10 - 5.99 (m, 1 H), 4.51 - 4.32 (m, 2 H), 2.95 (s, 3 H), 1.67 

(d, J = 6.5 Hz, 3 H).  

2-{(1R)-1-[(3-Amino-6-bromopyrazin-2-yl)oxy]ethyl}-N-[2-bromo-4-(methylsulfonyl)benzyl]-

4-fluoro-N-methylbenzamide (58). To a mixture of compound 54 (0.300 g, 0.842 mmol), 1-[2-

bromo-4-(methylsulfonyl)phenyl]-N-methylmethanamine (57) (0.291 g, 0.926 mmol - see 

Supporting Information) in DMF (5.61 mL) was added HATU (0.363 g, 0.926 mmol), followed 

by DIPEA (0.586 mL, 3.37 mmol) at room temperature. The mixture was stirred for 12 h, then 

diluted with EtOAc (50 mL), and washed with saturated Na2CO3 solution (2 x 20 mL), and brine 

(20 mL). The organic layers were dried over Na2SO4, filtered and concentrated in vacuo to give 
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the crude product, which was purified by column chromatography on silica gel (0 – 75 % 

EtOAc/heptanes to afford 58 (487 mg, 94% yield) as a cream solid, which was used without 

further purification. LC-MS (APCI), m/z 614.9/616.9/618.9 [M+H]+. 

(5R)-8-Amino-3-fluoro-5,17-dimethyl-13-(methylsulfonyl)-16,17-dihydro-7,11-

(azeno)dibenzo[g,l][1,4,10]oxadiazacyclotetradecin-18(5H)-one (8i). Compound 58 (485 mg, 

0.787 mmol) was taken-up in THF (15.7 mL), and added to a vial containing B2pin2 (600 mg, 

2.36 mmol) and K2CO3 (544 mg, 3.94 mmol). The vial was sealed and the reaction mixture was 

bubbled with nitrogen before adding Pd(OAc)2 (17.7 mg, 0.08 mmol) and cataCXium A (58 mg, 

0.157 mmol), and the reaction was heated to 80 °C for 6 h. The reaction was diluted with EtOAc 

(100 mL), washed with saturated NH4Cl solution (40 mL) and brine (40 mL), dried (MgSO4), 

filtered and concentrated. The crude product was purified twice by flash chromatography on 

silica gel eluting with EtOAc/heptanes (0 – 100 %) to afford 8i (28 mg, 8% yield) as a white 

solid. LC-MS (APCI), m/z 457.1 [M+H]+. 1H NMR (400 MHz, DMSO-d6) δ 7.96 (s, 1 H), 7.93 - 

7.81 (m, 2 H), 7.77 (s, 1 H), 7.57 (d, J = 10.6 Hz, 1 H), 7.35 (dd, J = 8.1, 5.8 Hz, 1 H), 7.22 - 

7.10 (m, 1 H), 6.71 (br s, 2 H), 6.05 - 5.91 (m, J = 6.3 Hz, 1 H), 4.47 (d, J = 12.3 Hz, 1 H), 4.32 

(d, J = 12.3 Hz, 1 H), 3.29 (br s, 3 H), 2.87 (s, 3H), 1.66 (d, J = 6.0 Hz, 3 H). 

2-{(1R)-1-[(2-Aminopyridin-3-yl)oxy]ethyl}-N-[(5-cyano-1-methyl-1H-pyrazol-3-yl)methyl]-

4-fluoro-N-methylbenzamide (61). To a solution of 59 (1 g, 2.8 mmol - see Supporting 

Information), 60 (573 mg, 3.07 mmol - see Supporting Information) and DIPEA (1.94 mL, 11.2 

mmol) in toluene (28 mL) was added Pd(PtBu3)2 (146 mg, 0.28 mmol). The reaction mixture was 

heated at 85 °C under 4 bar CO for 18 h, and then concentrated. The residue was taken-up in 

EtOAc, and the organic solution was washed with water and brine before being dried over 

MgSO4. The solution was filtered, concentrated, and the residue purified by column 
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chromatography on silica gel (0 - 5% MeOH/ CH2Cl2) to afford 61 (1.08 g, 95% yield) as a 

yellow gummy solid, which was used without further purification (contains ca. 15% tert-butyl 

phosphine oxide by NMR). LC-MS (APCI), m/z 409.2 [M+H]+. 

2-{(1R)-1-[(2-Amino-5-bromopyridin-3-yl)oxy]ethyl}-N-[(5-cyano-1-methyl-1H-pyrazol-3-

yl)methyl]-4-fluoro-N-methylbenzamide (62). To a -10 °C (ice-salt bath) solution of 61 (4.6 g, 11 

mmol) in THF (115 mL) was added a solution of NBS (2 g, 11 mmol) in THF (35 mL). The 

reaction was stirred for 1 h with the reaction temperature being maintained below 0 °C. LC-MS 

indicated that ~35% of 61 remained. Solid NBS (682 mg, 3.83 mmol) was added in a portion-

wise manner with the reaction temperature being maintained below 0 °C. After being stirred for 

15 min, LC-MS indicated that the reaction was complete. The reaction was diluted with EtOAc 

(250 mL), washed with 1 M Na2CO3 (2 x 100 mL) and brine (100 mL), dried over MgSO4, 

filtered and concentrated. The residue was purified by column chromatography over silica gel 

(eluting with 25 - 75% EtOAc/heptanes) to afford 62 as a slightly yellow solid, which was used 

without any further purification. LC-MS (APCI), m/z 487.0/489.0 [M+H]+. 

2-[(1R)-1-{[5-Bromo-2-(diacetylamino)pyridin-3-yl]oxy}ethyl]-N-[(5-cyano-1-methyl-1H-

pyrazol-3-yl)methyl]-4-fluoro-N-methylbenzamide (63). Compound 62 (6.38 g, 13.1 mmol) was 

taken up in acetic anhydride (26.2 mL), and heated at 100 °C for 24 h. The reaction was allowed 

to cool, and the solvent evaporated. The residue was azeotroped with toluene (2 x 100 mL) 

followed by being dried in the vacuum oven to afford 63 (7.48 g, 100%) as a gummy solid, 

which was used without any further purification. LC-MS (APCI), m/z 571.0/573.0 [M+H]+. 

(10R)-7-Amino-12-fluoro-2,10,16-trimethyl-15-oxo-10,15,16,17-tetrahydro-2H-8,4-

(metheno)pyrazolo[4,3-h][2,5,11]benzoxadiazacyclotetradecine-3-carbonitrile (8k). KOAc 

(6.43 g, 65.5 mmol) and 63 (7.48 g, 13.1 mmol) were combined in a 500 mL Parr vessel, and t-
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AmOH (1.82 mL) was added. Nitrogen was bubbled through the solution, followed by the 

addition of Pd(OAc)2 (294 mg, 1.31 mmol) and cataCXium A (968 mg, 2.62 mmol). The vessel 

was sealed, and heated at 130 °C for 14 h. The solution was diluted with EtOAc (500 mL), 

washed with water (2 x 250 mL) and brine (250 mL), and dried over MgSO4. The solution was 

filtered, concentrated and the residue dissolved in MeOH (100 mL), and HCl (4 M in dioxane, 

32.8 mL) added. The reaction was heated at 60 °C for 18 h. The solution was diluted with EtOAc 

(250 mL), washed with saturated NaHCO3 solution (3 x 100 mL) and brine (100 mL), and dried 

over MgSO4. The solution was filtered, concentrated and the residue purified by column 

chromatography over silica gel eluting with 15 - 100% EtOAc/heptanes to afford 2.3 g of a light 

foamy solid. This solid was slurried in MeOH/water for 1 h. The solid was isolated by filtration, 

and dried overnight in the vacuum oven to afford 8k (2.25 g, 42% yield) as a colorless powder. 

LC-MS (ESI) m/z 407 [M+H]+; 1H NMR (400 MHz, CDCl3) δ 7.83 (d, J = 2.0 Hz, 1 H), 7.30 

(dd, J = 9.6, 2.4 Hz, 1 H), 7.21 (dd, J = 8.4, 5.6 Hz, 1 H), 6.99 (dt, J = 8.0, 2.8 Hz, 1 H), 6.86 (d, 

J = 1.2 Hz, 1 H), 5.75 - 5.71 (m, 1 H), 4.84 (s, 2 H), 4.45 (d, J = 14.4 Hz, 1 H), 4.35 (d , J = 14.4 

Hz, 1 H), 4.07 (s, 3 H), 3.13 (s, 3 H), 1.79 (d, J = 6.4 Hz, 3 H); 13C NMR (101 MHz, DMSO-d6) 

δ 168.26, 163.09, 149.73, 144.18, 143.45, 138.97, 137.43, 132.13, 128.26, 127.51, 118.42, 

115.42, 114.69, 114.55, 112.35, 110.66, 71.64, 47.56, 38.94, 31.66, 22.47; 19F NMR (377 MHz, 

DMSO-d6) δ −110.12 (note that it is negative relative to the reference CFCl3 at 0 ppm for 19F). ~ 

99.5% ee. [α]20
D = - 90.8° (c = 0.58, MeOH). Chiral analysis by SFC on a Whelk O-1 (R,R) 5 

µm column (4.6 mm x 250 mm), which was eluted with 30% MeOH in CO2 at 140 bar with a 

flow rate of 3.0 mL/min. 8k was eluted as peak 1 (Rt = 2.99 min). Under these conditions, the 

enantiomer elutes as peak 2 (Rt = 4.33 min). 
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Co-crystal Structures. The co-crystal structures described for the first time here have been 

deposited to the Protein Data Bank (wwPDB) and the details of the methods used can be found 

under accession codes: 4CNH (wt ALK+6b, 1.84 Å), 4CMO (wt ALK+6h, 1.83 Å), 4CMT (wt 

ALK+6i, 1.73 Å), 4CMU (wt ALK+8a, 1.80 Å), 4CTC (wt ALK+8j, 2.14 Å), 4CLI (wt 

ALK+8k, 2.05 Å), 4CLJ (L1196M ALK+8k, 1.66 Å), 4CTB (wt ALK+8m, 1.79 Å). Non-

phosphorylated human wt and L1196M mutant ALK kinase domain proteins (amino acids 1093-

1411) were crystallized by the hanging drop vapor diffusion method at 13 °C by mixing equal 

volumes of a purified protein (11-15 mg/mL)-inhibitor (0.001 M) complex solution with a 

crystallization solution containing 0.15 M ammonium sulfate, 9 - 10.5% (w/v) monomethylether 

polyethylene glycol (MW 5 K) and 0.1 M MES buffer in a pH range of 5.3-5.6 for wt ALK, or 

0.2 M lithium sulfate, 18% (w/v) polyethylene glycol (MW 5 K) and 0.1 M Tris at pH 8.5 for 

L1196M ALK. 

Modeling Methods. Compound 8a was built from the crystal structure of compound 6h using 

in house software. The resulting ligand was minimized in the rigid protein structure of co-crystal 

6h using the OPLS2001 force field.59 The strain calculations were based on three calculations. A 

restrained minimization was performed for the given conformation where torsion angles were 

fixed with a force constant of 500 kJ/mol while bond lengths and angles were relaxed (energy 

A). Second, the given conformation was minimized to the nearest local minimum (energy B). 

Third, the given conformation was subjected to a Monte Carlo conformational search followed 

by minimization to locate the global energy minima (energy C). The minimization and searches 

were performed with BatchMin MCMM search routine using the OPLS2001 force field.60 The 

local strain energy was reported as the difference of energies A and B, and the global strain 

energy was reported as the difference between energies A and C. 
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Biochemical Kinase Assays. Recombinant human wild-type and mutant ALK kinase domain 

proteins (amino acids 1093-1411) were produced in house using baculoviral expression, pre-

activated via auto-phosphorylation with MgATP, and assayed for kinase activity using a 

microfluidic mobility shift assay, essentially as previously reported.24a,30 The reactions contained 

1.3 nM wild-type ALK or 0.5 nM mutant ALK (appropriate to produce 15 - 20% 

phosphorylation of peptide substrate after 1 h reaction), 3 µM 5-FAM-KKSRGDYMTMQIG-

CONH2), 5 mM MgCl2 and the Km-level of ATP in 25 mM Hepes, pH 7.1. The inhibitors were 

shown to be ATP-competitive from kinetic and crystallographic studies. The Ki values were 

calculated by fitting the % conversion to a competitive inhibition equation (GraphPad Prism, 

GraphPad Software, San Diego, CA). ROS1 enzyme was assayed as described above for ALK, 

except using 0.25 nM recombinant human ROS1 catalytic domain (amino acids 1883-2347) 

(Invitrogen Inc., Carlsbad, CA). Kinase inhibitor selectivity was evaluated using a 206-kinase 

Invitrogen panel (Carlsbad, CA). 

Kinase selectivity enzyme assays. The experiments were conducted at Invitrogen Inc. 

(Carlsbad, CA) at their Madison, WI, facility. Most of the kinase panel assays were the FRET-

based Z´-LYTE® assays that employ a fluorescence-based, coupled-enzyme format, taking 

advantage of the differential sensitivity of phosphorylated and non-phosphorylated peptides to 

proteolytic cleavage. Other assays were the TR-FRET-based Adapta® assay format that employs 

an Alexa Fluor® 647 labeled ADP tracer and Eu-labeled anti-ADP antibody. The assays of the 

above two formats were normally conducted with ATP near the KM,app. Another assay format 

used were the TR-FRET-based LanthaScreen® binding assays utilizing an Alexa Fluor® tracer 

and Eu-labeled anti-tag antibody that binds to the respective affinity tag of the target kinase. 
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Details of these assay procedures are described on the vendor’s website 

(https://www.lifetechnologies.com/us/en/home/brands/invitrogen.html). 

Cell-based Phospho-ALK ELISA Assay. Cells were seeded at 20,000 cells/well in a 96-well 

plate in growth media with 0.5% serum and incubated overnight.  Compounds were diluted in 

media without serum, added to the cells, incubated for one hour, and then removed by aspirating 

the media by vacuum suction. Cell lysates were generated and the phospho-ALK (Tyr1604) 

levels were determined by using the PathScan® Phospho-ALK (Tyr1604) Chemiluminescent 

Sandwich ELISA Kit (Cell Signaling, Cat#: 7020) or PathScan® Total ALK Chemiluminescent 

Sandwich ELISA Kit (Cell Signaling, Cat#: 7084) as described in the manufacturer’s protocol. 

The IC50 values were calculated by concentration-response curve fitting utilizing a four-

parameter analytical method. 
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ABBREVIATIONS 

ABC, ATP-binding cassette; ADME, absorption, distribution, metabolism, and excretion; ALCL, 

anaplastic large cell lymphoma; ALK, anaplastic lymphoma kinase; ATP, adenosine 

triphosphate; BBB, blood-brain-barrier; BCRP, breast cancer resistance protein; BM, brain 

metastases; CAN, ceric ammonium nitrate; c-MET, mesenchymal epithelial transition factor; 

Ceff, efficacious concentration; Clu, unbound clearance; CNS, central nervous system; Ctox, 

toxic concentration; CSF, cerebrospinal fluid; DIAD, diisopropyl azodicarboxylate; DIPEA, 

N,N-diisopropylethylamine (Hunig’s base); DLBCL, diffuse large B-cell lymphoma; EDCI, 1-

ethyl-3-(3-dimethylaminopropyl)carbodiimide; ER, efflux ratio; EML4, echinoderm microtubule 

associated protein-like 4; F, % bioavailability; FDA, Food and Drug Administration; G-loop, 

glycine loop; HACNT, heavy atom count; HATU, O-(7-azabenzotriazole-1-yl)-1,1,3,3-

tetramethyluronium hexafluorophosphate;  HBD, hydrogen bond donors; HLM, human liver 

microsome; HOBt, 1-hydroxybenzotriazole; HPLC, high-performance liquid chromatography; 

IC50, 50% inhibitory concentration; IMHB, intramolecular hydrogen bond; LipE, lipophilic 

efficiency; log D, octanol:buffer (pH 7.4) distribution coefficient; IMT, inflammatory 

myofibroblastic tumor; IR, insulin receptor; MDR, multiple drug resistance; MPO, multiple 

parameter optimization; MsCl, methanesulfonyl chloride; MW, molecular weight; NBS, N-
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bromosuccinimide; NPM, nucleophosmin; NSCLC, non-small-cell lung carcinoma; pALK, Pgp, 

p-glycoprotein 1, phospho-ALK; PFS, progression-free survival; PK, pharmacokinetic; ROS1, c-

ros oncogene 1; RTK, receptor tyrosine kinase; SASA, solvent accessible surface area; SBDD, 

structure based drug design; SFC, supercritical fluid chromatography; SOC, standard of care; wt, 

wild-type; TFAA, trifluoroacetic anhydride; wt, wild-type. 
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