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Abstract
[bookmark: _GoBack]Herein we describe the discovery and optimization of a novel series that inhibits bacterial DNA gyrase and topoisomerase IV via binding to, and stabilization of, DNA cleavage complexes. Optimization of this series led to the identification of compound 25, which has potent activity against Gram-positive bacteria, a favorable in vitro safety profile, and excellent in vivo PK properties.  Compound 25 was found to be efficacious against fluoroquinolone-sensitive Staphylococcus aureus infection in a mouse thigh model at lower doses than moxifloxacin.  An x-ray crystal structure of the ternary complex formed by topoisomerase IV from Klebsiella pneumoniae, compound 25, and cleaved DNA indicates that this compound does not engage in a water-metal ion bridge interaction, and forms no direct contacts with residues in the Quinolone Resistance Determining Region (QRDR). This suggests a structural basis for the reduced impact of QRDR mutations on antibacterial activity of 25 compared to fluoroquinolones. 
Introduction
DNA gyrase and topoisomerase IV are structurally and functionally related targets of enormous importance for antibiotic chemotherapy. Both enzymes are essential for bacterial cell growth and are responsible for regulating the topology of bacterial DNA. Over the past 50 years, several classes of inhibitors have been developed and advanced to either clinical trials or the market.1, 2 By far the most medically and commercially successful of these are the quinolone antibiotics.3-9 The first example of this class, nalidixic acid, can be traced to two parallel discovery efforts at Imperial Chemical Industries (ICI) and Sterling Drug during the late 1950s and early 1960s.10 Since then nearly 30 analogs have been approved for clinical use worldwide. One of the most widely used fluoroquinolones, ciprofloxacin (1, Figure 1), still accounts for over 20 million prescriptions annually in the US despite having been in clinical use for three decades.11
As with all classes of antibiotics, bacterial resistance is a significant and growing problem that has already compromised the utility of quinolone antibiotics and threatens their future clinical use.12, 13 Quinolones act by binding to and stabilizing cleavage complexes formed between DNA gyrase or topoisomerase IV and substrate DNA. This results in inhibition of DNA replication and ultimately leads to chromosome fragmentation, induction of the SOS response, and rapid cell death.14, 15 A series of important biochemical and structural studies over the past several years have shed light on the precise mechanism by which quinolone antibiotics bind to and inhibit DNA gyrase and topoisomerase IV.16-19 In particular, x-ray crystallography has illuminated a crucial interaction formed between the keto-acid motif of quinolones and a chelated Mg2+ cation. The metal cation in turn forms water-mediated hydrogen bonds with key residues in the GyrA and ParC subunits of DNA gyrase and topoisomerase IV, respectively. The amino acids involved in this interaction are generally serine (Ser80 in Staphylococcus aureus GrlA) and an acidic residue 4 positions downstream.20-23 High-level resistance to quinolone antibiotics is usually driven by mutation of these residues in one or both of the target enzymes. These point mutations prevent formation of the crucial water-metal ion bridge interaction and render quinolones ineffective.12, 13 Due to the key role that they play in determining quinolone susceptibility, the portion of the enzyme in which these key residues reside is referred to as the Quinolone Resistance Determining Region (QRDR).24
Given the clinical importance of quinolone antibiotics, the discovery of DNA gyrase and topoisomerase IV inhibitors that can overcome quinolone resistance is an area of significant interest in antibacterial research.1, 2, 25 Interest in this area was further bolstered by reports from Pfizer on a series of quinazolinediones (e.g. compound 3, Figure 1) that are capable of binding to and stabilizing DNA gyrase/topoisomerase IV cleavage complexes but do not rely on formation of a water-metal ion bridge interaction.26-30 To date, there have been no reports of compounds from this series reaching the clinic. More recently, researchers from the Innovative Medicines Initiative European Gram-negative Antibacterial Engine (IMI-ENABLE) consortium reported the discovery of a series of imidazopyrazinones (IPYs) that also occupy the quinolone binding pocket without formation of the water-metal ion bridge.31, 32 As expected, both quinazolinediones and IPYs showed minimal or no loss of susceptibility to strains that are resistant to fluoroquinolones.
As part of our broad efforts to discover new antibiotics for the treatment of resistant infections, we became interested in developing novel inhibitors of DNA gyrase and topoisomerase IV. To this end, we previously reported the discovery of a series of 4-(aminomethyl)quinolin-2(1H)-ones exemplified by compound 4 (Figure 1).33 While structurally related to classical quinolone antibiotics, compounds such as 4 are devoid of both the C3 carboxylic acid and the C4 carbonyl that support the water-metal ion bridge important in quinolone binding. Nevertheless, extensive optimization yielded compounds with activity against relevant Gram-negative pathogens and minimal cross-resistance with quinolone antibiotics (e.g. ciprofloxacin). Unfortunately, insufficient potency and in vitro safety concerns ultimately led to the series being deprioritized.
In a related effort, we initiated an optimization campaign with the goal of identifying agents for the treatment of Gram-positive pathogens. Methicillin-resistant Staphylococcus aureus (MRSA), drug resistant Streptococcus pneumoniae and vancomycin-resistant Enterococcus, for example, have all been identified by the Centers for Disease Control and Prevention (CDC) as serious threats to human health.34, 35 MRSA is recognized as a leading cause of healthcare-associated infections, and the CDC estimates that MRSA infections resulted in an estimated 10,600 deaths in 2017.35 Recent surveys of methicillin and oxacillin-resistant S. aureus clinical isolates indicate that roughly two thirds are fluoroquinolone resistant,36, 37 highlighting the need for new antibiotics in this area.


Figure 1. Structures of fluoroquinolone antibiotics ciprofloxacin (1) and moxifloxacin (2), quinazolinedione PD 0305970 (3, Pfizer) and lead Gram-negative agent 4.

Results and Discussion: Lead Series Optimization
We began by profiling moxifloxacin (2) and compound 4 in addition to several analogs that were synthesized contemporaneously with that series (5–8, Table 1). Compounds 4–6 exhibited good antibacterial activity against both wild-type, fluoroquinolone-sensitive (WT, FQ-S) and fluoroquinolone-resistant (FQ-R) S. aureus. The latter strain is characterized by QRDR mutations in both DNA gyrase and topoisomerase IV, a combination that confers significant resistance to fluoroquinolone antibiotics.  This is exemplified by a 64-fold decrease in potency for moxifloxacin (2) compared to the WT (FQ-S) strain. The potency exhibited by compounds 4–6 against this strain of FQ-R S. aureus was therefore deemed encouraging. However, all 3 compounds were compromised by hERG inhibition and cytotoxicity profiles that were inferior to moxifloxacin (2). In contrast, compound 7 was potent against FQ-S S. aureus but exhibited a moderate shift in the MIC value against the FQ-R strain (16-fold for 7 compared to 64-fold for moxifloxacin, 2). This feature was offset by positive attributes such as reduced logD, cytotoxicity and hERG inhibition compared to 4–6. A small potency boost was subsequently achieved, without compromising in vitro safety parameters, upon introduction of a modified C7 amine (8). We observed that racemic and enantiopure amines provided compounds with nearly identical properties (i.e. (±)-8 and (–)-8). 






Table 1. In vitro profile of moxifloxacin (2) and lead compounds 5–8.


	
	Cmpds

	
	2
	4   
	5
	6
	7
	(±)-8
	(–)-8

	MIC (µg/mL)
	S. aureus FQ-S
	0.06
	-
	≤0.06
	-
	0.125
	0.06
	0.06

	
	S. aureus FQ-Ra 
	4
	0.125
	0.06
	0.5
	2
	1
	1

	
	MIC fold shift (FQ-R/FQ-S)
	64
	-
	≥1
	-
	16
	16
	16

	log D7.4
	-0.63
	1.1
	0.74
	0.32
	-1.7
	-0.97
	-0.34

	pKab
	9.1, 6.7
	8.0, 7.6
	9.6
	10, 8.2
	9.3, 5.2
	8.6, 5.2
	8.6, 5.1

	Cytotoxicity EC50  HepG2, K562 (µM)
	>100
	82, 40
	93, 49
	74, 65
	>100
	>100
	>100

	hERG QPatch              IC50 (µM)
	129c 
	114d
	49e
	25f
	214f
	109f
	136f


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using UV metric method (see Experimental Section for details). c Literature value.38 d Determined using QPatch automated electrophysiology with a long incubation protocol.33 e Determined using manual patch clamp electrophysiology.33 f Determined using QPatch automated electrophysiology (see Experimental Section for details).

With the goal of developing a candidate for use against quinolone-resistant Gram-positive infections we chose to prioritize in vitro safety and thus (–)-8 became our starting point for further optimization. Our medicinal chemistry strategy was guided, in large part, by the requirement for both an excellent safety profile and low efficacious dose to support potential administration of any new drug in the outpatient setting. For example, while compound 8 is not a potent hERG channel inhibitor (IC50 = 109-136 µM), further improvements were required in order to maintain a window of ≥30-fold over the anticipated efficacious plasma free drug concentration (~5-10 µM based upon data from quinolone antibiotics).39 Moxifloxacin (2) provided a useful point of comparison; with similar levels of in vitro hERG inhibition to (–)-8,38 2 has been reported to induce QT prolongation in humans at therapeutic doses.40, 41 
As can be seen from the data in Table 1, compound (–)-8 displayed a 16-fold shift in MIC between WT and FQ-R strains of S. aureus. While this was a modest improvement over moxifloxacin (64-fold), we were interested in further exploring the SAR at the C3 position to either reduce the impact of QRDR mutations on MIC, improve intrinsic potency, or both. This was also attractive from a scientific standpoint given the paucity of SAR at the corresponding position on the classical quinolone scaffold.
Data generated from early analogs suggested that a polar and possibly ionizable group at C3 was preferred from an in vitro safety perspective. Replacement of the C3 carboxylic acid in (–)-8 with neutral, polar groups such as a primary amide or nitrile (9 and 10, respectively) provided compounds with potent activity against WT S. aureus and minimal MIC shift against the FQ-R strain (Table 2). Unfortunately, both compounds proved to be potent hERG binders and thus our focus turned to ionizable groups at this position, including a variety of weak carboxylic acid isosteres. Two notable examples included 11 and 12, which provided potent antibacterial activity against both WT and FQ-R S. aureus. This was interesting in light of the fact that both compounds possessed an acidic functional group with the potential for interaction with QRDR residues in DNA gyrase and topoisomerase IV. The oxadiazolone moiety of compound 11 exhibited a pKa (5.4) that was very close to that measured for the carboxylic acid of (–)-8 (5.1). The isomeric oxadiazolone moiety of compound 12 was less acidic (pKa =7.2). Unfortunately, both 11 and 12 proved to be relatively potent hERG binders. The neutral heterocycles 13 and 14 had excellent antibacterial activity, but with a clear hERG inhibition liability. Compounds 9-14 provide unique insight into the spectrum of functional groups tolerated at this position of the quinolone scaffold, from a relatively small nitrile (10) to more bulky heterocycles (11-14). However, the limits of the binding pocket were realized upon synthesis of 15, which extends the heterocycle of 12 by a single methylene, which proved deleterious to antibacterial activity.
Table 2. Survey of SAR at the C3 position of compound 8. 


	Cmpds
	MIC (µg/mL)
	log D7.4
	pKac
	hERG binding IC50 (µM)d

	
	S. aureus FQ-S
	S. aureus FQ-Ra 
	
	
	

	9  
	

	0.25
	1
	-
	8.4
	10

	10b
	

	0.06
	0.06
	1.19
	8.4
	2.7

	11 
	

	0.125
	0.125
	-0.32
	8.5, 5.4
	29

	12 
	

	0.125
	0.06
	-
	8.5, 7.2
	10

	13b
	

	0.25
	0.5
	1.46
	8.4
	12

	14 
	

	0.125
	0.125
	-
	8.3
	8

	15 
	

	32
	32
	0.87
	8.8
	-


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Compound was prepared using racemic C7 amine. c Determined using UV metric method (see Experimental Section for details). d Determined by hERG radioligand displacement assay with [3H]dofetilide (see Experimental Section for details).

With these results in hand, we moved to examine the SAR at the C4 position in the hopes of identifying potent compounds with an improved in vitro safety profile. Several acidic heterocycles were screened with direct attachment to the C4 position, providing 16-18 (Table 3). These compounds were less potent than their C3-substituted counterparts and hERG binding was not improved. We were pleased to find, however, that by inserting a methylene spacer between the heterocycle and the core we were able to generate compounds with reduced hERG binding (IC50 >30 µM) that maintained reasonable antibacterial activity (19-22). This small series of analogs featured pKa values for the acidic moiety ranging from 2.5 (20) to 7.2 (22) with the latter proving optimal for antibacterial activity. In addition, a number of analogs with neutral substituents at C4 were examined, including dimethyl amide 23. While larger alkyl substituents were tolerated on the amide nitrogen, none provided any benefit in terms of antibacterial activity (data not shown). Compound 23 was found to exhibit an in vitro profile very similar to that seen for 22; indeed, from the compounds presented in Table 3, 22 and 23 provided the best overall balance of antibacterial activity and in vitro safety. Both compounds were subsequently advanced to in vivo PK experiments and further in vitro safety profiling.
Table 3. Survey of SAR at the C4 position of compound 8. 


	Cmpds
	MIC (µg/mL)
	log D7.4
	pKac
	hERG binding IC50 (µM)e

	
	S. aureus FQ-S
	S. aureus FQ-Ra 
	
	
	

	16b
	

	1
	2
	0.29
	8.6, 4.7
	17

	17 
	

	4
	4
	-
	8.7, 2
	18

	18 
	

	0.5
	1
	-
	8.6, 6.4
	13

	19 
	

	8
	8
	-0.9
	8.5, 3.9
	>30

	20 
	

	8
	8
	-0.3
	8.6, 2.5
	>30

	21 
	

	4
	32
	-0.74
	8.5, 5.1
	>30

	22 
	

	1
	0.5
	0.24
	8.4, 7.2d
	>30

	
	
	
	
	
	
	

	23 
	

	2
	1
	0.27
	8.5
	>30


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Compound was prepared using enantiopure C7 amine. c Determined using UV metric method (see Experimental Section). d Determined using solution potentiometry method (see Experimental Section). e Determined by hERG radioligand displacement assay with [3H]dofetilide (see Experimental Section for details).

We were pleased to find that compounds 22 and 23 showed reduced hERG inhibition relative to (±)-8, with moderate levels of plasma protein binding (PPB, Table 4). Unfortunately, both 22 and 23 suffered from moderately high in vivo clearance, relatively low exposure, and poor oral bioavailability in rats. This profile was representative of compounds in this series, and our attempts to identify analogs with improved PK were not successful. In contrast, (±)-8 possessed an excellent PK profile, which prompted us to re-examine our strategy of replacing the C3 carboxylic acid. Although compounds which lacked the C3 carboxylic acid were often potent against both WT and FQ-R Gram-positive bacteria, it proved challenging to balance this activity with adequate in vitro safety and/or PK properties. 
Table 4. hERG inhibition data, plasma protein binding and PK of 22, 23 and (±)-8 in rats.a
	
	22 
	23 
	(±)-8 

	hERG Qpatch IC50 (µM)
	188
	293
	109

	PPB % Bound (m/r/h)
	60/85/73
	42/67/43
	52/75/78

	CL (mL/min•kg)
	46.2
	49.3
	7.05

	Vss (L/kg)
	1.3
	3.3
	0.69

	t1/2term. iv (h)
	0.99
	1.61
	1.32

	AUCinf (µM*h) / dose (mg/kg) iv
	0.82
	0.80
	6.24

	AUCinf (µM*h) / dose (mg/kg) po
	0.12
	0.26
	7.62

	Cmax (µM) / dose (mg/kg) po
	0.051
	0.078
	2.0

	Tmax po (h)
	0.5
	1.17
	1.0

	Oral BA (%F)
	14.9
	32.5
	Quantitative


a All compounds were administered as solutions of the corresponding hydrochloride salt. Dose = 2.5 mg/kg (IV) and 5 mg/kg (PO). Vehicle = 20% PEG300 + 5% Solutol in D5W.  
Returning to 8 as a starting point for optimization, two major liabilities needed to be addressed: hERG inhibition and plasma protein binding. With respect to plasma protein binding, we anticipated that values in the range of 70-80% bound drug would make it challenging to achieve efficacious free plasma exposure with reasonable doses. It thus became a priority to identify compounds with reduced plasma protein binding that did not sacrifice the otherwise good PK profile of compound 8, and further improved upon the hERG inhibition profile. We found limited success in addressing these parameters in the context of the core scaffold present in 8, and this prompted us to examine alternate cores. A number of candidates were profiled, among them compounds 24 and 25. Both featured a tricyclic core that was adapted from levofloxacin, a fluoroquinolone which is widely recognized as having a favorable safety profile and has found much clinical success.43 This scaffold morphing approach yielded compounds with an excellent in vitro and in vivo profile (Table 5). Antibacterial potency for 24 and 25 was very similar to (–)-8, with all three compounds exhibiting a spectrum of activity that included coverage of S. aureus, S. pneumoniae and E. faecalis. For both matched pairs (i.e. 7 and 24, (–)-8 and 25) the tricyclic core afforded a remarkable improvement in terms of hERG inhibition, PPB, and solubility. Further profiling of 24 and 25 revealed no liabilities with respect to sodium or calcium channel inhibition. Cytotoxicity was assessed against HepG2 and K562 cell lines,  and the EC50 of both 24 and 25 exceeded 100 μM. 
Table 5. In vitro profile of 5, 7, (–)-8, 24  and 25.


	
	5     
	7    
	(–)-8  
	24  
	25

	MIC (µg/mL)

	S. aureus FQ-S        
	≤0.06
	≤0.06
	0.06
	0.125
	0.25

	
	S. aureus FQ-Ra
	0.06
	2
	1
	2
	2

	
	S. aureus FQ-R    clinical isolate
	≤0.03
	2
	0.5
	1
	0.5

	
	E. faecalis FQ-S
	0.125
	0.25
	0.25
	0.25
	0.5

	
	S. pneumoniae FQ-S
	≤0.03
	0.015
	≤0.03
	≤0.03
	0.06

	log D7.4
	0.74
	-1.7
	-0.34
	-1.1
	-0.90

	pKab
	9.6
	9.3, 5.2
	8.6, 5.1
	9.6, 5.0
	8.6, 4.9

	Solubility (PBS, µg/mL)
	498
	161
	623
	675
	1268

	CACO-2 (A-B, ER)
	16.7 (1.5)
	2.51 (7.5)
	23.1 (0.91)
	2.70 (1.7)
	20.0 (0.90)

	PPB (% bound m/r/h)
	81/75/90
	34/46/46
	51/70/79
	6/28/20
	13/37/24

	hERG Qpatch IC50 (µM)  (%inh. @ 300 µM)c
	49d
	181
	136
	>300 (8.3)
	>300 (27)

	Nav1.5, Cav1.2 IC50 (µM)
	>50, NT
	>50, NT
	92, >500
	>500, >500
	>500, >500

	Cytotoxicity EC50        HepG2, K562 (µM)
	93, 49
	>100, >100
	>100, >100
	>100, >100
	>100, >100


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using UV-metric method (see Experimental Section). c Determined using QPatch automated electrophysiology except for compound 5 (see Experimental Section for details). d Determined using manual patch clamp electrophysiology.33 

With these data in hand, the tricyclic scaffold exemplified by 24 and 25 became the lead series, and we moved rapidly to explore the SAR at all available positions with the primary goal of improving antibacterial activity. We began by making modifications to the morpholine ring embedded in the structure of 25. Inverting the methyl branch stereocenter led to significant loss of potency (26, Table 6) while expanding to a 7-membered ring was better tolerated but did not offer any apparent benefit (27). Replacing the ether oxygen with a methylene led to compound 28, which was two-fold more potent than the parent compound but was somewhat more lipophilic with slightly increased hERG inhibition. Truncating this embedded ring to a 5-membered heterocycle provided 29, which displayed antibacterial activity similar to 27. Further substitution on the methyl branch was not well tolerated (data not shown), thus establishing the core structure of 25 as optimal.
Table 6. SAR exploration of the central morpholine ring of 25.


	Cmpds
	MIC (µg/mL)
	log D7.4
	hERG QPatch IC50 (µM)b

	
	S. aureus FQ-S
	S. aureus FQ-Ra 
	
	

	25 
	0.25
	2
	-0.90
	>300

	26 
	16
	>32
	-0.92
	NT

	 27 
	0.25
	8
	0.01
	>30c

	28 
	0.06
	1
	-0.27
	297

	29 
	0.25
	8
	-0.51
	>30c


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using QPatch automated electrophysiology (see Experimental Section for details). c Measured up to 30 M.
Exploration of the SAR at C5 and C6 uncovered several interesting trends. We found that addition of a fluorine or chlorine at C5 (30 and 31, respectively) led to an increase in potency that tracked with a gradual increase in logD but was accompanied by an increase in hERG inhibition (Table 7). Polar groups at C5 were also tolerated (32 and 33) but offered no significant improvement over 25. Removing the prototypical C6 fluorine (which is nearly ubiquitous in modern quinolone antibiotics) from 25 provided 34. This simple modification was tolerated in terms of antibacterial activity but had a surprising effect on hERG inhibition (IC50 = 90 µM for 34 vs. >300 µM for 25). Introducing a single fluorine or chlorine at C5 provided compounds with slightly improved potency but led to a surprisingly large increase in hERG inhibition (35 and 36). Nitrile analogs 37 and 38 offered a similar profile to 25, but without sufficient differentiation to warrant further follow up. Replacing the C6 fluorine with chlorine or methoxy (39 and 40) was poorly tolerated in terms of antibacterial activity.
Table 7. Survey of SAR at the C5 and C6 positions of the compound 25 scaffold.


	Cmpds
	MIC (µg/mL)
	log D7.4
	hERG QPatch IC50 (µM)b

	
	R5
	R6
	S. aureus FQ-S
	S. aureus FQ-Ra 
	
	

	25 
	H
	F
	0.25
	2
	-0.90
	>300

	30 
	F
	F
	0.06
	1
	-0.85
	211

	31 
	Cl
	F
	0.03
	0.5
	-0.46
	150

	32 
	NH2
	F
	0.5
	8
	-0.97
	NT

	33 
	CN
	F
	0.125
	1
	-1.86
	>30c

	34 
	H
	H
	0.25
	4
	-0.69
	90

	35 
	F
	H
	0.25
	2
	-0.40
	126

	36 
	Cl
	H
	0.125
	1
	0.46
	42

	37 
	CN
	H
	0.25
	2
	-0.55
	>300

	38 
	H
	CN
	0.25
	4
	-1.77
	NT

	39 
	H
	Cl
	2
	32
	-1.12
	NT

	40 
	H
	OMe
	32
	>32
	-1.22
	NT


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using QPatch automated electrophysiology (see Experimental Section for details). c Measured up to 30 M.

Of all the positions on the classical quinolone scaffold, C7 has historically been most amenable to modification. This is clearly reflected by the enormous number of analogs that have been synthesized and reported in the primary and patent literature.44 We surveyed this position broadly in the context of compound 25, and a selection of analogs is presented in Table 8. We found that, in general, antibacterial activity was optimal with analogs that retained the 3-(aminomethyl)pyrrolidine substructure found in 24 and 25. Subtle changes, such as expanding the cyclopropylamine of 25 to give cyclobutylamine 41 were tolerated, as was additional substitution at the C4 position of the pyrrolidine ring (e.g. 42). Amine moieties derived from fluoroquinolones either on the market or reported in the literature often displayed moderate to poor antibacterial activity (43-45).45 Analogs which featured a C7 pyrrolidine with a heteroatom directly attached were poorly active, particularly against FQ-R S. aureus (46 and 47).


Table 8. Survey of SAR at the C7 position of the compound 25 scaffold.


	Cmpds
	MIC (µg/mL)
	log D7.4
	pKab

	
	S. aureus FQ-S
	S. aureus FQ-Ra  
	
	

	24 
	

	0.125
	2
	-1.1
	9.6, 5

	25 
	

	0.25
	2
	-0.90
	8.6, 4.9

	41 
	

	0.125
	2
	-1.42
	9.5, 4.9

	42 
	

	0.125
	2
	-0.66
	9.8, 5.2

	43 
	

	16
	>32
	-1.99
	8.3, 4.5

	44 
	

	1
	32
	-1.46
	9.7, 5

	45 
	

	4
	>32
	-0.39
	NT

	46 
	

	2
	>32
	<-2.00
	9.2, 4.8

	47 
	

	0.5
	>32
	-0.46
	5.2


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using UV metric method (see Experimental Section).

A significant boost in potency was realized with the cis-fused bicyclic amine of 48 (Table 9). This resulted in 8-fold improved activity against fluoroquinolone-resistant S. aureus relative to 25. This particular bicicyclic amine, along with a series of related structures, have found use previously as C7 substituents in antibacterial fluoroquinolones.46, 47 Up to this point, the most potent C7 moiety had been that associated with compound 24. Accumulated SAR suggested that correct placement of the basic amine was important for antibacterial activity, and it may be that 48 derived additional potency through conformational restriction of the C7 moiety. Comparison of small molecule crystal structures of 24 and 48 showed the basic amine occupying nearly identical positions for the two compounds (see Supplementary Figure 11). The other three possible stereoisomers of 48 (featuring a cis-fused junction between the 5- and 6-membered rings) were prepared, but all were less potent than 48 (data not shown). Interestingly, trans-fused bicyclic amine 49 was nearly equipotent to 48. Overlay of the corresponding small molecule x-ray crystal structures revealed nearly identical placement of the basic amine in 48 and 49 (see Supplementary Figure 12). Similar to 48, the other 3 possible stereoisomers of 49 with a trans-fused ring junction were markedly less potent (data not shown). 
The added lipophilicity and higher amine pKa associated with 48, however, lead to a significant increase in hERG inhibition (hERG QPatch IC50 = 127 µM, assessed using a long incubation protocol48). Assessment of 49 in the QPatch assay indicated an IC50 >300 µM, however the dose-response curve from this experiment suggested possible solubility issues at the upper concentration points. In order to reduce lipophilicity, the corresponding cyclic ethers 50 and 51 were prepared. These compounds were characterized by lower logD7.4 and reduced basicity relative to the parent analogs 48 and 49, and this translated into reduced hERG inhibition. Unfortunately, both compounds suffered from a 2-4 fold loss of antibacterial potency. Returning to the carbocyclic structure of 48, introduction of polar and electron-withdrawing substituents at the γ-position relative to the basic amine drove similar reductions in hERG inhibition (52-55). Assessment of 52 in the hERG QPatch assay indicated possible solubility issues at higher concentrations (similar to 49), although the IC50 was judged to be >300 µM. Difluoromethyl ether 53 provided a similar reduction in hERG inhibition, but was found to be 4-fold less potent than 48 against FQ-R S. aureus. A single fluorine atom (compound 54) was subsequently found to be sufficient to drive a simultaneous reduction in hERG inhibition as well as an increase in antibacterial potency. The gem-difluorinated derivative 55 provided a similarly excellent in vitro profile, accompanied by a further reduction in amine pKa as expected (measured pKa 48/54/55: 9.8 → 8.9 → 8.1). Substitution at the δ-position (relative to the basic amine) with polar and electron-withdrawing groups also provided potent compounds with negligible hERG inhibition (e.g. compounds 56 and 57).

Table 9. SAR of compounds with fused bicyclic amines at C7.


	Cmpds
	MIC (µg/mL)
	logD7.4
	pKab
	hERG QPatch IC50 (µM)c

	
	S. aureus FQ-S
	S. aureus FQ-Ra
	
	
	

	48 
	

	≤0.03
	0.25
	-0.68
	9.8, 5.2
	127d

	49 
	

	0.06
	0.5
	-1.03
	9.6, 5.2
	>300e

	50 
	

	0.125
	1
	-1.66
	8.6, 5.2
	>300

	51 
	

	≤0.03
	1
	-1.72
	8.4, 4.8
	>300

	52 
	

	≤0.03
	0.25
	-1.50
	8.9, 5.2
	>300 e

	53 
	

	0.06
	1
	-0.40
	8.6, 5.2
	>300

	54 
	

	≤0.03
	0.06
	-1.04
	8.9, 5.07
	>300

	55 
	

	≤0.03
	0.06
	-0.26
	8.1, 5.1
	>300

	56 
	

	≤0.03
	0.25
	-1.28
	9.0, 4.9
	>300

	
57
	

	≤0.03
	0.125
	-0.78
	8.5, 5.1
	>300


a GyrA (S84L); GrlA (S80F); GrlB (E471K). b Determined using UV metric method (see Experimental Section). c Determined using QPatch automated electrophysiology except for compound 48 (see Experimental Section for details). d Determined using QPatch automated electrophysiology using a long incubation protocol (see Experimental Section for details). e Possible solubility issues at higher concentrations.

Structural Characterization of the Binding Mode of 25 to K. pneumoniae topoisomerase IV 
We previously described the use of a crystallization system based on a ParE-ParC fusion protein from K. pneuomoniae.19 This system yielded co-crystal structures with several small molecule ligands from the quinolin-2(1H)-one series including compound 4.33 With the identification of the tricyclic series exemplified by 25, which unlike 4 features a C3 carboxylic acid, it became a priority to understand how the binding mode of such compounds compared to classical fluoroquinolone antibiotics.
Toward this end, the ternary complex formed between the ParE-ParC fusion protein, DNA and compound 25 provided crystals that diffracted to 3.3 Å (Figure 2 and Supplementary Table 1). A symmetric 26bp duplex DNA, doubly nicked at the DNA cleavage site and lacking the 5′-phosphates, was used. Similar to the structure obtained previously with compound 4, the asymmetric unit contained two copies of the ParE-ParC fusion protein dimer. Each copy of the fusion protein dimer was bound to one doubly-nicked DNA duplex, providing two sites for ligand binding. Unbiased electron density was observed for 25 in all four compound binding sites in the asymmetric unit (see Supplementary Figure 1). Small differences in binding pose and electron density were observed between the four binding sites. The observations described below correspond to the binding site which provided the best electron density.
As expected, compound 25 intercalates between adjacent base pairs at the DNA cleavage site and engages in π-π stacking interactions with the DNA bases (see Figure 2A, 2B and Supplementary Figure 2). The basic amine of compound 25 forms interactions with the side chain of E461 and the backbone carbonyl of K442 located in the ParE subunit of the fusion protein. It should be noted that different orientations for the C7 pyrrolidine substituent were observed for compound 25 bound to the other copies of the cleavage site in the asymmetric unit. In one other case, the interactions between the basic amine of 25 and the side chain of E461 and the backbone carbonyl of K442 were conserved, whereas in the other two cases the interactions were lost.  The C3 carboxylate is poised to form an interaction with the side chain of R119 albeit at a relatively long distance (3.2 Å). Electron density for the R119 side chain was only observed in one of the four compound binding sites, suggesting that this interaction may not contribute significantly to binding affinity.
The crystal structure of levofloxacin bound to topoisomerase IV from K. pneumoniae provides an instructive comparison.19 While levofloxacin chelates a Mg2+ cation that in turn forms water-mediated interactions with E84, no metal ion chelation is observed for compound 25. The core of compound 25 is also shifted significantly away from E84, with no direct interactions to either S80, E84 or surrounding residues in the QRDR region (see Figure 2C). This may provide a structural basis for the reduced impact of QRDR mutations on the antibacterial activity of compound 25. Sequence comparison between ParE and ParC from K. pneumoniae, S. aureus, E. faecalis and S. pneumoniae shows that the key residues highlighted in Figure 2 are well conserved between species (see Supplementary Figure 3). This suggests that inferences made from the structure obtained with Gram-negative K. pneumoniae topoisomerase IV may also be relevant to the complex formed with the enzyme in common Gram-positive pathogens.
[image: ]
Figure 2. Panels A and B show the binding site view of the topoisomerase IV ternary complex from K. pneumoniae with compound 25 bound (PDB code 7LHZ). DNA nucleotides close to the cleavage site are shown in gray cartoon representation. ParE and ParC residues of one ParE-ParC fusion protein are shown in cyan and green, respectively. ParC residues from the second ParC-ParE fusion protein, which provides R119, are shown in magenta. Residues further out from the binding site were omitted for clarity. Panel C shows an overlay with the crystal structure of levofloxacin bound to the topoisomerase IV ternary complex from K. pneumoniae (PDB code 5EIX). Levofloxacin and the associated DNA and amino acid residues are shown in blue, with the chelated Mg2+ cation shown as a green sphere. 


In Vivo Profiling
The low in vitro clearance, high permeability, and good solubility associated with compound 25 (see Table 5) translated to favorable PK properties in preclinical species (Table 10). Compound 25 exhibited low in vivo clearance and high bioavailability in mouse, rat, and dog; dose-normalized exposure was high and was observed to increase in the order dog > rat > mouse. By comparison, (–)-8 demonstrated good PK in rats although both IV and oral exposures were somewhat lower than 25. Compound 24, which differs from 25 only in the nature of the C7 amine, had significantly lower exposure in rats likely as a result of increased clearance. Compound 55, on the other hand, displayed a rat PK profile which was very similar to 25, with excellent oral bioavailability.
Table 10. Pharmacokinetic parameters of (–)-8, 24, 25 and 55 in preclinical species.
	
	(–)-8 
	24    
	25                                                    
	55 

	Species
	Rata
	Ratb
	Mousec
	Ratd
	Doge
	Ratf

	CL (mL/min•kg)
	5.49
	18.5
	8.36
	3.26
	2.48
	2.16

	Vss (L/kg)
	0.75
	1.75
	1.88
	1.09
	1.91
	0.52

	t1/2term. iv (h)
	2.56
	3.02
	3.36
	4.64
	9.95
	3.46

	AUCinf (µM*h)/dose (mg/kg) iv
	8.35
	2.41
	4.68
	13.3
	17.4
	18.6

	AUCinf (µM*h)/dose (mg/kg) po
	5.85
	1.60
	4.30
	8.68
	19.0
	17.5

	Cmax (µM) / dose (mg/kg) po
	1.71
	0.54
	0.49
	1.35
	1.35
	1.70

	Tmax p.o. (h)
	0.67
	0.83
	2.0
	2.7
	4.0
	2.0

	Oral BA (%F)
	70
	66
	92
	65
	Quant.
	97


All compounds were administered as solutions in the indicated vehicle (see Experimental Section for details). a Hydrochloride salt. Dose = 3.35 mg/kg (iv and po). Vehicle = 20% PEG300 + 5% Solutol in D5W. b Hydrochloride salt. Dose = 2.5 mg/kg iv and 5 mg/kg po. Vehicle = 20% PEG300 + 10% Solutol in D5W. c Hydrochloride salt. Dose = 2.5 mg/kg iv and 5 mg/kg po. Vehicle = 10% Solutol in D5W. d  Trifluoroacetate salt. Dose = 2.5 mg/kg iv and 5 mg/kg po. Vehicle = 20% PEG300 + 5% Solutol in D5W. e Hydrochloride salt. Dose = 0.125 mg/kg iv and 1 mg/kg po. Vehicle = 10% Solutol in D5W. f Hydrochloride salt. Dose = 1 mg/kg iv and 3 mg/kg po. Vehicle = 20% PEG300 + 20% Solutol in D5W.

When combined with low plasma protein binding, the excellent PK properties of 25 translated to very high free plasma exposures. This in turn drove remarkable in vivo efficacy for compound 25 as demonstrated in the neutropenic murine thigh infection model when administered subcutaneously (Table 11). Against FQ-S S. aureus infection in mice, 25 was efficacious at lower doses than (–)-8, 55 or moxifloxacin, despite the fact that the latter three compounds are at least 4- to 8-fold more potent in vitro than 25. Compound 25 also achieved efficacy against infections caused by a FQ-R S. aureus clinical isolate at doses that were substantially lower than that observed with 24, which again was two-fold more potent than 25 in vitro.
Table 11. In vivo efficacy of (–)-8, 24, 25, 55 and moxifloxacin against fluoroquinolone-sensitive S. aureus and a fluoroquinolone-resistant S. aureus clinical isolate in a neutropenic murine thigh infection model.a
	
	(–)-8
	24
	25
	55
	moxifloxacin

	PPB                         (% bound, m/r/h)
	51/70/79
	6/28/20
	13/37/24
	59/58/82
	24/31/19

	S. aureus FQ-S MIC (µg/mL)
	0.06
	0.25
	0.25
	0.03
	0.06

	Static Dose (mg/kg/day)
	4
	-
	3
	7
	14

	S. aureus FQ-R clinical isolate MIC (µg/mL)
	1
	2
	4
	0.5
	8

	Static Dose (mg/kg/day)
	-
	68
	27
	-
	-


a Compounds were administered subcutaneously. See experimental section for details on in vivo studies. See Table 13 for a description of bacterial strains used. 




Chemistry
Scheme 1. Synthesis of compound 6.


Compounds 5 and 7 were prepared according to procedures described previously.33 The synthesis of 6 commenced with known intermediate 58, which was condensed with 2-methoxyethyl acetate followed by cyclization to furnish 59 (Scheme 1). Buchwald–Hartwig coupling49-52 with pyrrolidine 60 gave 61, which was globally deprotected using BBr3 to afford 6.
Analogs of 6 featuring variations at the quinolone C3 position were prepared from the key bromide intermediate 62 (Scheme 2).33 Buchwald–Hartwig coupling53, 54 with 63 provided 64 in good yield, which was subjected to ester hydrolysis and Boc deprotection, thus establishing a scalable route to compound 8. Intermediate acid 65 could also be converted to the primary amide 9 using conventional methods. Alternatively, coupling of 65 with formic hydrazide followed by cyclodehydration mediated by p-toluenesulfonyl chloride and Et3N yielded the corresponding 1,2,4-oxadiazole 14 in excellent yield following deprotection with TFA.55 The oxadiazolone 12 was accessed via formation of the C3 acylhydrazide (66), cyclization with triphosgene, and Boc deprotection with HCl in dioxane.






Scheme 2. Synthesis of compounds 8, 9, 12, and 14.


Several C3-analogs such as 10, 11 and 13 were accessed from a common C3 nitrile intermediate (69) as shown in Scheme 3. Conversion of carboxylic acid 67 to the corresponding primary amide was followed by dehydration with TFAA in pyridine to provide nitrile 68. Buchwald–Hartwig coupling with (±)-63 yielded 69, which after Boc deprotection delivered 10. Nucleophilic addition of hydroxylamine to the nitrile group of 69 gave 70, which could be cyclized in one of two different ways. Reaction with CDI followed by Boc deprotection produced 11 in modest yield, while reaction with trimethyl orthoformate and p-toluenesulfonic acid provided the 1,2,4-oxadiazole 71 in good yield. This intermediate was smoothly deprotected to give 13 in 58% yield.56 
Scheme 3. Synthesis of compounds 10, 11, and 13.


The preparation of 15 required a different approach in order to install the necessary methylene spacer at C3. Beginning with the carboxylic acid 67, iododecarboxylation using the conditions developed by Montoir et al.57 provided the C3 iodide in good yield, which could be readily displaced with dimethyl malonate to give 72 (Scheme 4). Ester hydrolysis, decarboxylation, and subsequent re-esterification proceeded smoothly and provided access to 73. Buchwald–Hartwig coupling with 63 and subsequent formation of the acylhydrazide using hydrazine in EtOH/water provided 74 in 75% yield over the two steps. Final cyclization with triphosgene and Boc deprotection gave compound 15.
Scheme 4. Synthesis of compound 15. 


Synthesis of the C4-substituted analogs described in Table 3 utilized triflate 75 as a common intermediate (Scheme 5).33 This C4 triflate proved to be highly reactive and chemoselectivity in cross-coupling reactions over the C7 bromide was readily achieved. In this way, Sonogashira coupling58, 59 with ethyl propynoate provided 76, which upon treatment with hydroxylamine and NaOH at 0 °C formed the desired 3-hydroxyisoxazole 77 in high yield.60 Temporary protection of the acidic hydroxyl was necessary to enable Buchwald–Hartwig coupling with 63. Final deprotection with HCl gave 16.
Scheme 5. Synthesis of intermediate 16.


The synthesis of related analogs 17 and 18 is shown in Scheme 6, depicted as parallel sequences. Beginning with the C4 triflate 75, Negishi cross coupling with Zn(CN)2 cleanly provided nitrile 78.61 Buchwald–Hartwig coupling with 63 gave 79, which then underwent nucleophilic addition of hydroxylamine to C3 nitrile group. Cyclization with thio-CDI led to 80 and final Boc deprotection afforded 17. Alternatively, Pd-catalyzed carbonylation62 of 75 gave ethyl ester 81, which underwent the usual Buchwald–Hartwig coupling with 63. Formation of the C4 acyl hydrazide intermediate and cyclization with triphosgene in a manner analogous to compound 15 provided the desired oxadiazolone heterocycle (73). Final deprotection with HCl delivered 18.
Scheme 6. Synthesis of intermediate 17 and 18.



Synthesis of C4-susbtituted analogs featuring a methylene spacer is described in Schemes 7-9. Stille coupling63, 64 between 75 and vinyl stannane 84 provided 85 in 84% yield (Scheme 7).65 The enol ether was cleaved with TFA to reveal the corresponding aldehyde, which was subsequently converted to the methyl ester (86) via Pinnick oxidation and esterification.66-69 Introduction of the C7 amine proceeded in modest yield, before hydrolysis generated the requisite carboxylic acid (88). Compound 88 was then subjected to a Masamune–Claisen condensation, providing keto-ester 89 in reasonable yield.70 Condensation with hydroxylamine generated the hydroxyisoxazole ring (90),71 and deprotection with HCl completed the synthesis of 19.
Scheme 7. Synthesis of intermediate 19.


Once again utilizing key intermediate 75, Suzuki–Miyaura72, 73 coupling with vinylboronic acid pinacol ester generated 91, which was subjected to oxidative cleavage, reduction and TBS protection to give 92 (Scheme 8a). Buchwald–Hartwig coupling with 63 produced 93, followed by TBS removal with TBAF and formation of the benzylic mesylate 94. Displacement of the mesylate with cyanide was effected by the hypervalent cyanosilicate derived from TMSCN and TBAF,74 and subsequent reaction with hydroxylamine gave amidoxime 95. A two-step procedure was employed to generate the 5-thioxo-1,2,4-oxadiazole ring.75 The amidoxime was first treated with acetic anhydride and triethylamine to effect O-acylation. The intermediate was then reacted with carbon disulfide and NaH to give 96, before Boc deprotection with HCl to afford 20. Compound 21 was also prepared from 95 using an analogous route, using CDI instead to form the 1,2,4-oxadiazolone ring in 97 prior to Boc deprotection with TFA (Scheme 8b).
Scheme 8. Synthesis of intermediate 20 and 21.



The synthesis of 22, containing a 1,3,4-oxadiazol-2-one heterocycle, was initiated from intermediate 87 and employed the same sequence of steps that was used to access 18 (i.e. 82→83→18, Scheme 9a). Finally, amide 23 was derived from the corresponding carboxylic acid (88) using conventional methods (Scheme 9b).







Scheme 9. Synthesis of compounds 22 and 23. 


Initial studies of compound 24 and related analogs made use of a 17-step synthetic route outlined in Scheme 10a. Key intermediate 99 (described previously)33 was subjected to a copper-catalyzed Ullman coupling with NaOMe in MeOH to introduce the necessary oxygenation at what would become the C8 position.76 This reaction was accompanied by significant ester hydrolysis, necessitating an esterification step to provide 101. Sandmeyer reaction77, 78 under aqueous conditions afforded iodide 102, which underwent methyl ether cleavage in the presence of BBr3 to provide phenol 103. Synthesis of the benzoxazine derivative 106 leveraged methodology developed previously by Bower et al. for the synthesis of levofloxacin.79 Thus, deprotonation of 103 with NaH and alkylation with chiral sulfamidate 104 cleanly provided 105, which in turn underwent an intramolecular Buchwald–Hartwig amination to yield 106. Acylation of the aniline with methylmalonyl chloride was carried out in the absence of base to generate morpholine 107; subsequent cyclization was then realized with Cs2CO3 in acetonitrile to afford tricycle 108 in good yield. Triflate 109 was then obtained following brief treatment with triflic anhydride and triethylamine. The labile nature of this intermediate necessitated immediate Pd-catalyzed reduction to provide 110.80-83 Buchwald–Hartwig coupling with 60 was followed by ester hydrolysis and Boc deprotection to furnish 24. Compound 25 was obtained in an analogous manner (Scheme 10b). 
Scheme 10. Initial synthesis of compounds 24 and 25.


While the route described in Scheme 10 offered substantial flexibility and was amenable to gram-scale synthesis of 25, we required a shorter and more scalable route for ongoing studies of this compound. To this end, we devised and implemented an improved synthetic approach shown in Scheme 11. Bromination of 115 provided 116, which was alkylated as before with cyclic sulfamidate 104 using modified conditions (t-BuOK, DMF, 40 °C) and subjected to intramolecular Buchwald–Hartwig amination that proceeded in 69% yield. A second bromination with NBS provided 119. Lithium-halogen exchange followed by formylation using N-formylmorpholine as a formyl donor gave the desired aldehyde 120 in 51% yield, along with recovered starting material.84 Condensation with dimethyl malonate directly provided the key tricyclic intermediate 121 in good yield. Introduction of the C7 amine was now performed by simple SNAr reaction with pyrrolidine 63. Standard hydrolysis and Boc deprotection delivered 25 in 88% yield over the final 3 steps, and only 9 total steps from 115. As a testament to the much improved efficiency of the newly developed strategy, this route proved amenable to the preparation of >700 g of 25.

Scheme 11. Process chemistry route to 25. 
Subsequently, and in anticipation of future material needs, we developed a shorter and more efficient synthesis of key intermediate 121 (Scheme 12). To this end, it was found that by maintaining the temperature of the initial bromination reaction at –35 °C the isolated yield of 116 could be improved to 67%. Conversion of 116 to 117 proceeded uneventfully as before. Reducing the duration of heating for the subsequent intramolecular Buchwald–Hartwig reaction resulted in an improved yield of 81% for compound 118 following silica gel chromatography. At this stage, the new route diverged from that described in Scheme 11. Acylation of 118 with methyl malonyl chloride provided 122, which was not isolated but submitted directly to a condensation reaction with paraformaldehyde to give 123. Electrophilic aromatic cyclization could be induced in the presence of AlCl3 at ambient temperature to produce the corresponding dihydropyridone, which was immediately oxidized with DDQ to the desired product 121. The sequence of reactions from 118 → 121 could be effectively telescoped and thus provided 121 in 16% overall yield from 115 with only two chromatography steps (116 and 118). This route ultimately enabled the synthesis of >1 kg of key intermediate 121.

Scheme 12. Alternative process chemistry route to intermediate 121 for the synthesis of 25. 
The synthesis of analogs with modifications to the lower ring of the tricyclic core relied on slight modifications of the route described in Scheme 10. For example, compounds 26 and 27 were accessed using this protocol and simply substituting 104 with the appropriate cyclic sulfamidate. Compound 28 required more extensive modifications to the route (Scheme 13a). Thus, Sonogashira coupling between iodide 99 and alkyne 124 provided 125 in high yield. Reduction of the alkyne proved remarkably challenging in the presence of the Boc group; as such, the protecting group was removed prior to hydrogenation with Adams’ catalyst then re-installed to give 127.  Diazotization of the aniline was carried out under neutral conditions with nitrosonium tetrafluoroborate; treatment of the resulting diazonium salt with KI in the presence of dibenzo-18-crown-6 furnished the desired iodide in reasonable yield. Removal of the Boc group once more allowed for a high-yielding intramolecular Buchwald–Hartwig amination to provide 129. The remaining steps in the sequence mirrored those in Scheme 10 for the preparation of 25. The 5-membered ring analog 29 was subsequently prepared as shown in Scheme 13b. Sonogashira coupling with propyne gave 134, which underwent smooth hydroamination/cyclization to provide the desired indole 135.85 Ionic reduction of the indole86, 87 led to 136, which was carried through a 7-step sequence analogous to 28 to afford compound 29.
Scheme 13. Synthesis of compounds 28 and 29.


Introduction of functionality at the C5 position of 25 was realized by taking advantage of the innate nucleophilicity at this position in the tricyclic scaffold. In this way, nitration of 110 gave 137, which could be converted to the fluorinated derivative 138 upon treatment with TMAF in DMF at room temperature. Notably, TMAF was found to be far superior to other sources of fluoride for this transformation.88, 89 Reduction of the nitro group to aniline 139 and re-esterification of the intermediate provided 140 (Scheme 14). Both 138 and 140 underwent the three-step sequence including Buchwald–Hartwig amination, ester hydrolysis, and Boc deprotection as described for 25 (see Scheme 10b) to produce 30 and 32, respectively. Similarly, halogenation of 110 at C5 was successful with either NCS or NIS to afford 141 and 142, respectively (Scheme 15). Negishi cross-coupling with 142 and Zn(CN)2 gave 143. Once again, chloride 141 and nitrile 143 were progressed to the final analogs 31 and 33 using the previously described sequence (see Scheme 10b).
Scheme 14. Synthesis of compounds 30 and 32.



Scheme 15. Synthesis of compounds 31 and 33.



Scheme 16. Synthesis of compound 34.


Preparation of the C6 des-fluoro analog 34 required starting from phenol 144, which underwent alkylation with 104 as expected in good yield. In this case, following removal of the Boc group the resulting amine underwent intramolecular SNAr reaction upon warming in DMF, providing 146. Redox manipulation of the ester proceeded uneventfully to give aldehyde 148, which was condensed with dimethyl malonate to provide 149. Final compound 34 was accessed in three steps as previously described (see Scheme 10b). This general route was applied to the synthesis of C6-H analogs featuring substituents at C5 (Scheme 17). Bromination of phenol 150 provided 151, which was in turn subjected to the sequence outlined in Scheme 16, delivering compound 35. Likewise, compounds 36 and 37 were accessed in the same manner, simply substituting the appropriate starting material for 150.
Scheme 17. Synthesis of compounds 35–37.


During the synthesis of compounds 30 and 32 it was observed that the C6 fluorine in intermediate 137 could be readily displaced by a variety of nucleophiles. This reactivity was harnessed to access C6 analogs 38–40. For example, treating 137 with ammonium carbonate at elevated temperatures provided access to aniline 152 (Scheme 18). Diazotization of the aniline90 followed by reaction with CuCN provided nitrile 154 in reasonable yield. The C5 nitro group was then eliminated in 3 steps: reduction to the aniline (155), diazotization, and finally hydrodediazonation of 156 with FeSO4 in DMF.91 The resulting intermediate 157 was advanced to 38 using the standard protocols previously described (see Scheme 10b). Diazonium salt 153 could also be successfully converted to the corresponding chloride (158), which provided the basis for synthesis of compound 39 (Scheme 19). Compound 40, on the other hand, was accessed by displacement of the C6 fluorine in 137 with sodium methoxide. The resulting intermediates (158 and 159) were advanced to 39 and 40, respectively, using the sequence described for 38 (i.e. 154 → 38, Scheme 18).
Scheme 18. Synthesis of compound 38.


Scheme 19. Synthesis of compounds 39 and 40.


The C7 analogs described in Table 8 (i.e. 41-47) were uniformly prepared by Buchwald–Hartwig coupling reactions between 110 and the appropriate cyclic amine, as described for 25. In all cases the amines used were commercially available, with the exception of compound 45. In this case, the cross coupling partner 161 was prepared from known compound 16045 as shown in Scheme 20. Coupling with 110 proceeded in 84% yield to give 162, and was followed by silyl group removal with TBAF. Mesylation of the resulting allylic alcohol and displacement with azide then gave 164. Staudinger reduction of the azide and ester hydrolysis then provided allylic amine 45.


Scheme 20. Synthesis of compound 45.


Compounds containing bicyclic amines at C7 were generally assembled by first constructing the 5-6-fused bicyclic systems using different synthetic strategies and appending the resulting pyrroldines to the fluoroquinolone core at a late stage. For instance, the cis-fused bicyclic framework of pyrrolidine 170 was built from cyclohexenone (166) via a 1,3-dipolar cycloaddition reaction with N-benzylazomethine ylide, generated in situ by treatment of N-benzyl-1-methoxy-N-((trimethylsilyl)methyl)methanamine with catalytic TFA (Scheme 21).92, 93 The resulting ketone 167 was subjected to a reductive amination with ammonium acetate, which after boc-protection, afforded a 3:1 mixture of diastereomers at C3′, separable by column chromatography. At this stage, the major diastereomer was again purified by chiral SFC to obtain 168 as a single enantiomer, from which the benzyl group was removed under transfer hydrogenation conditions to reveal the free pyrrolidine. Buchwald–Hartwig amination with 170 then proceeded smoothly under the previously established conditions with bromide 110 to afford methyl ester 171 in 66% yield. A final hydrolysis and Boc-deprotection then provided the C7-bicyclic amine derivative  48.






Scheme 21. Synthesis of compound 48.


	Synthesis of the trans-fused bicyclic amine required an entirely different synthetic approach. Here, the 1,3-dipolar cycloaddition reaction was carried out with E-butadiene 172, thus providing N-benzyl pyrrolidine 173 with the desired trans configuration between the vinyl and ester groups (Scheme 22). We observed that the basic amine in 173 frequently contributed to difficult purifications and accompanying low product recovery in subsequent reactions. To circumvent this problem, it was found that conversion of 173 to benzyl carbmate 174 much improved downstream compound handling. Next, redox manipulation of the ester afforded aldehyde 175, which enabled condensation with rac-tert-butanesulfinamide and 1,2-addition of allyl magnesium bromide into imine 176. After Boc-protection of the resulting primary amine, C3′ diastereomers 178 and 179 were separated by column chromatography in a combined 79% yield over the three steps. The minor diastereomer was then engaged in a ring-closing metathesis reaction to forge the trans-fused 5,6-bicyclic system, which after hydrogenation delivered deprotected pyrrolidine 181. This racemic intermediate was then installed on the enantiopure fluoroquinoline core via SNAr with difluoroarene 121 to produce a mixture of diastereomers that were separated by chiral SFC following ester hydrolysis. A final Boc-deprotection afforded 49 as the stereochemical complement to 48. 


Scheme 22. Synthesis of compound 49.
	Introducing oxygen into the 6-membered ring necessitated yet another synthetic route re-design to construct the bicyclic system. Aldehyde 183 underwent condensation and chlorination to give nitrile oxide-precursor 184, which engaged in a dipolar cycloaddition reaction with dipolarophile 185 to afford dihydroisoxazole 186 (Scheme 23). Reductive cleavage of the N-O bond in the newly-formed ring and imine reduction revealed the primary amine, which was boc-protected before separating the diastereomers formed at C3′. The minor diastereomer 188 was treated with TBAF to afford diol 190, in which the primary alcohol was selectively mesylated and attacked by the pendant secondary alcohol to form the cis-fused pyran ring system. Hydrogenolysis using Pearlman’s catalyst gave pyrrolidine 192 that engaged in an SNAr reaction with 121, as before. The resulting diastereomers of 193 were separated by chiral SFC, hydrolyzed, and deprotected to furnish cis-fused pyran 50.




Scheme 23. Synthesis of compound 50.


	The trans-fused pyran bicycle was accessed from commercially available pyrrolidine 194 (Scheme 24). Treatment with vinyl magnesium chloride in the presence of CuBr•DMS effected epoxide opening to afford 195 in 94% yield. The resulting secondary alcohol was alkylated with allyl bromide, thus enabling dihydropyran formation via ring-closing metathesis. The double bond in 197 was leveraged to install the remaining neccessary oxidation state at C3′. To this end, epoxidation with m-CPBA delivered 198 as a 2:1 mixture of diastereomers, favoring the desired configuration. The epoxide was opened with DIBAL at the less hindered site and the resulting alcohol 199 was mesylated and displaced with sodium azide; inversion via this sequence ensured the desired stereochemistry would be obtained at C3′. Azide 200 was then reduced under hydrogenation conditions to reveal the primary amine, which was subsequently protected as the allyl carbamate in order to allow orthogonal deprotection of 202 to afford free pyrrolidine 203. SNAr, chiral SFC separation, and hydrolysis proceeded as before, followed by a final alloc-deprotection mediated by Pd(PPh3)4 to deliver trans-pyran 51.  


Scheme 24. Synthesis of compound 51.


Functional groups at C5′ of the 6-memebered ring were introduced by utilization of a Diels–Alder reaction between N-benzylmaleimide and siloxy diene 206, prepared from (E)-4-methoxybut-3-en-2-one (205, Scheme 25).94, 95 This strategy permitted rapid access to cis-fused bicycle 208, containing both an oxidative handle at C5′, as well as amine functionality with the desired stereochemistry at C3′. Selective double debenzylation and re-protection as the boc carbamate provided imide 209, which was sequentially reduced over two steps to pyrrolidine 210 in 94% yield. Following the established SNAr and silyl deprotection, alcohol 211 proved a versatile intermediate that could be advanced in a divergent fashion. First, methylation of 211 with methyl iodide in the presence of silver oxide led to methoxy derivative 52. Second, fluorine was incorporated in a variety of ways: difluoromethoxy derivative 53 was prepared from 211 by reaction with difluorocarbene, generated from 2,2-difluoro-2-(fluorosulfonyl)acetic acid,96, 97 to give intermediate 213 in 52% yield. Alternatively, treatment of 211 with DAST effected deoxyfluorination, albeit in low yield, leading to monofluoride 54, while oxidation to ketone 214 allowed synthesis of the corresponding gem-difluoro analog 55.


Scheme 25. Synthesis of compound 52–55.


Protected enone 216 provided a convenient starting point to incorporate 1,4-functionality across the 6-membered ring. Luche reduction and methylation provided methoxy enone 217, which was engaged as before in a 1,3-dipolar cycloaddition to afford a 3:1 mixture of diasteromers 219 and 218, respectively (Scheme 26). The primary amine was again installed via reductive amination with ammonium acetate, however the resulting diastereomers at C3′ required HPLC purification to achieve separation, even after Boc-protection. Nonetheless, 6′-methoxy-substituted bicycle 221 was debenzylated in high yield to give pyrrolidine 222, which was elaborated through the usual late-stage sequence to furnish 56.






Scheme 26. Synthesis of compound 56.


Finally, 57 was also constructed from 216, this time with the dipolar cycloaddition reaction proceeding at the outset of the synthetic sequence (Scheme 27). Reductive amination from the convex face of 224, followed by acidic deprotection of the dioxolane provided amino ketone 225 as a single diastereomer. Boc-protection, 1,2-reduction, and hydrogenolysis proceeded uneventfully under standard conditions to afford pyrrolidine 228, which after SNAr with 121, provided a similarly useful alcohol intermediate analogous to 211 that was leveraged for further functional group manipulations at C6′ (not shown). Lastly, the endgame strategy used for 55 was applied, wherein DMP oxidation provided ketone 229, which underwent deoxyfluorination, hydrolysis and deprotection to furnish gem-difluoro analog 57. 
Scheme 27. Synthesis of compound 57.




Conclusion
The need for novel antibiotics to treat serious, resistant bacterial infections continues to grow as mainstay therapies see their efficacy eroded with each passing year. Quinolones have proven to be one of the most successful classes of antibiotics to emerge from the 20th century’s golden age of discovery. Identification of small molecule inhibitors of their targets enzymes, DNA gyrase and topoisomerase IV, which can overcome resistance to quinolones therefore represents a promising avenue for drug discovery. By applying a scaffold morphing approach, we have documented the development of a unique series of antibacterial agents that combine elements of both quinazolinedione and fluoroquinolone antibiotics. Early lead compounds such as 7 and 8 showed good activity against both FQ-S and FQ-R S. aureus, and set the stage for investigation of compounds with more drastic modifications to the substituents at the C3 and C4 positions of the scaffold (see Tables 2 and 3). Compounds in this series were devoid of both the C3 carboxylate and C4 carbonyl that characterize classical quinolones, and thus provided a unique platform to investigate SAR in a region of the quinolone binding pocket that has remained largely underexplored after decades of research. While a number of analogs exhibited good antibacterial activity, it proved challenging to identify compounds with appropriate in vitro safety and/or PK properties. Ultimately, merging features of (–)-8 with levofloxacin resulted in 25, a compound with an excellent overall profile including good antibacterial activity, low in vitro hERG inhibition, and good ADME properties. Optimization of the C7 substituent led to the discovery of a series of 5,6-fused bicyclic amines that provided enhanced antibacterial potency without sacrificing in vitro safety or PK properties (e.g. compound 55). 
An x-ray co-crystal structure of 25 bound to a K. pneumoniae topoisomerase cleavage complex provided clarity on the binding mode, and highlighted key differences with quinolones such as levofloxacin. In this structure, compound 25 does not engage in direct or water-metal ion bridge-mediated interactions with residues in the Quinolone Resistance Determining Region (QRDR) of K. pneumoniae topoisomerase IV. This binding mode suggests a rationale for the reduced impact of QRDR mutations in DNA gyrase and topoisomerase IV on the antibacterial activity of compound 25 compared to classical fluoroquinolones. The favorable PK profile of 25 translated into remarkable in vivo efficacy at doses lower than those required for moxifloxacin, even though the latter compound exhibits greater in vitro potency. These results demonstrate that bacterial DNA gyrase and topoisomerase IV continue to represent highly valuable targets for the discovery of novel antibiotics. Further profiling of 25 will be reported in due course.

EXPERIMENTAL SECTION
All key compounds possessed a purity of at least 95% as assessed by analytical reversed phase HPLC (see Supporting Information for details). For MIC data, the most frequently occurring value from three or more replicates is reported. In cases where two values occurred with identical frequency the higher of the two values is reported. MIC data for the following compounds is the result of a single replicate: 6, 7, 10, 12 – 19, 23, 26 – 28, 31 – 33, 36 – 40, 42 – 47, 51, 56.

Antibacterial Susceptibility Testing
Antibacterial activity was determined by broth microdilution assay following the recommended CLSI methodology (CLSI document M07)98 against strains of Staphylococccus aureus, Eneterococcus faecalis and Streptococcus pneumoniae (Table 12 and 13).




Table 12.  Bacterial strains used for in vitro experiments
	Novartis Strain Code
	Referred to as
	Description
	Source or Reference

	S. aureus 
	
	
	

	NB01006
	S. aureus FQ-S
	ATCC 49951
	ATCC

	NB01006-AVR0005
	S. aureus FQ-R
	Resistant mutant of  ATCC 49951 selected on ciprofloxacin
	This study

	NB01080
	S. aureus FQ-R     clinical isolate
	Multidrug-resistant MRSA clinical isolate
	JMI Laboratories

	E. faecalis
	
	
	

	NB04001
	E. faecalis FQ-S
	ATCC 29212
	ATCC

	S. pneumoniae
	
	
	

	NB01007
	S. pneumoniae FQ-S
	ATCC 49619
	ATCC



Table 13.  Bacterial strains used for in vivo studies (see Table 11)
	Novartis Strain Code
	Referred to as
	Description
	Source or Reference

	S. aureus
NB01001
	S. aureus FQ-S
	ATCC 29213
	ATCC

	NB01058
	S. aureus FQ-R     clinical isolate
	MRSA clinical isolate
	AKH Vienna, Austria



Protein X-ray Crystallography Studies
Cloning, expression, and purification of the K. pneumoniae topoisomerase IV ParE-ParC fusion protein was published previously. 19, 33  Briefly, the ParE-ParC fusion gene was made by fusing the C-terminal domain of parE (residues 390-631) and the N-terminal domain of parC (residues 1-490) linked by a 2 amino acid Glu-Phe linker and followed by a C- terminal 6x-histidine tag. The ParEC fusion protein (MW ~84 kDa) was purified and concentrated to 7.6 mg/mL in 20 mM Tris pH 7.5, 100 mM NaCl, and 2 mM TCEP and stored at –80 °C for up to 6 months. HPLC purified DNA oligos, 5′-TTACGTTGTAT-3′ and 5′-GATCATACAACGTAA-3′, were ordered from IDT and each dissolved in 10 mM Tris-HCl pH 7.5 and 50 mM NaCl to form a 2mM solution. Equal volumes of each oligo were mixed and annealed by denaturing at 95 °C followed by slow cooling to room temperature in a thermos flask over 48 hours to form a 0.5 mM solution of symmetric doubly nicked duplex DNA. The protein-DNA-compound ternary complex was formed by mixing 23 M (3.8 mg/mL) ParEC dimer, 34.5 µM symmetric doubly nicked duplex DNA, and 0.2 mM compound 25 in protein storage buffer supplemented with 10 mM MgCl2. Crystals of the complex were grown by mixing ternary complex solution with crystallization solution (20 % MPD, 10mM MgCl2 0.5 mM spermine, 100mM sodium cacodylate, pH 6.6) using a 2:1 drop ratio and crystals appeared within 24 to 48 hours at 17 °C. Crystals were frozen in liquid nitrogen directly from the drop. Diffraction data were collected at the IMCA-CAT beamline at the Advanced Photon Source and processed with XDS. The structure was solved by molecular replacement using PDB 6WAA as starting model using Phaser.99 The model was improved to convergence by iterative rounds of model rebuilding in Coot100, 101 and refinement using phenix.refine of the Phenix suite.102, 103 

Small Molecule X-ray Crystallography Studies
Crystallization: Crystals suitable for diffraction experiments were obtained from amorphous material by slow evaporation of the solvent mixtures given in Supplementary Tables 2-8.
Data collection: Intensity data were collected at 100 K on a Bruker AXS three-circle diffractometer with monochromated Cu(Kα)-radiation, microfocus rotating anode generator and a Smart 6000 CCD detector. Data processing and global cell refinement were performed with Saint. A semi-empirical absorption correction was applied, based on the intensities of symmetry-related reflections measured at different angular settings (SADABS). Crystal data, data collection parameters, and convergence results are listed in Supplementary Tables 2-8.
Structure solution and refinement: All structures were solved by dual space-recycling methods and subsequent DF syntheses and refined based on full-matrix least-squares on F2. Anisotropic displacement parameters were used for all non-hydrogen atoms. Hydrogen atoms were located in DF maps and refined in idealized positions using a riding model. 24 crystallizes with one equivalent of water, the chloride ion is disordered over two positions (ratio 0.85:0.15). 25 crystallizes with with two indepedent molecules in the asymmetric unit. 48 crystallizes with one equivalent of water and one equivalent of methanol. 49 contains a cavity of approximately 346 Å3, located at (0,0,½) and filled with disordered solvent, presumably the solvent of crystallization, ethanol. The contribution of the disordered solvent to the scattering factors was taken into account with PLATON/SQUEEZE.104 A total of 114 electrons was found in the cavity, corresponding to approximately six molecules of ethanol. Where relevant, the crystal data reported in Supplementary Table 5 are given without the contribution of the disordered solvent. 50 crystallizes with four equivalents of water. 52 crystallizes with one equivalent of water, the OMe group is disordered over two positions (ratio 0.69:0.31). Additionally, there is a cavity of approximately 154 Å3, located at (0,0,½) and filled with disordered solvent, presumably the solvent of crystallization, ethanol. The contribution of the disordered solvent to the scattering factors was taken into account with PLATON/SQUEEZE.104 A total of 38 electrons was found in the cavity, corresponding to approximately two molecules of ethanol. Where relevant, the crystal data reported in Supplementary Table 7 are given without the contribution of the disordered solvent. 54 crystallizes with with two indepedent molecules in the asymmetric unit, which also contains three water molecules and one isopropanol. Hydrogen atoms at the water molecules could not be located in the DF maps. The chloride ion is disordered over two positions (ratio 0.84:0.16).
Crystallographic data (excluding structure factors) have been deposited with the Cambridge Crystallographic Data Centre as supplementary publication numbers CCDC 2059545 (24), CCDC 2059541 (25), CCDC 2059546 (48), CCDC 2059544 (49), CCDC 2059547 (50), CCDC 2059542 (52), and CCDC 2059543 (54). Copies of the data can be obtained free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK. Email: deposit@ccdc.cam.ac.uk. 

In Vivo PK Studies
All animal studies were conducted under a Novartis-Emeryville IACUC approved protocol in compliance with Animal Welfare Act regulations and the Guide for the Care and Use of Laboratory Animals. Animals were fasted overnight and dosed IV and PO at the targeted doses in a solution of the indicated vehicle (see Table 4 and Table 10). The whole blood was collected into vials containing EDTA at post-dose 0.083, 0.25, 0.5, 1, 2, 4, 6, 8 and 24 hours, and immediately placed on dry ice until all samples were stored in a –80 °C freezer. Prior to analysis, the samples were thawed on ice.  Ten microliters of each blood sample were added to 80 µL of acetonitrile containing Internal Standard (CHIRO73911) and centrifuged 3450 xg at 10°C for 20 minutes. A 70 µL aliquot of the supernatant was transferred into a microtiter plate and dried down at 40 °C, and the residue was reconstituted with 100 µL of 0.1% FA in water.  An aliquot of each sample was injected into the liquid chromatography/mass spectrometry/mass spectrometry (LC-MS/MS) system for analysis. Non-compartmental PK analysis was conducted using Phoenix WinNonLin 6.4 professional TM (6.4) (Certara, inc., Menlo Park, CA) to generate pharmacokinetic parameters.
 
Animal Infection Models
All animal experiments were approved by and conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee of Novartis. Animals were maintained under controlled conditions with free access to food and water.
Thigh Infection Model: Mice were rendered neutropenic by two injections of cyclophosphamide (Sigma Chemical Co., St. Louis, Mo.) at doses of 150 mg/kg intraperitoneally (i.p.) and 100 mg/kg i.p. 4 and 1 day prior to infection, respectively. Animals were infected with either NB01001 or NB01058 with the inoculum prepared at 2x107 CFU/mL from an overnight culture.  Thigh infections were established by intramuscular injection of 50 μL of the bacterial suspension into the left hind thigh of female CD1 mice (Envigo, n = 4, 20 to 25 g). Novel compounds were formulated in PEG/Solutol/D5W and administered 2 h post infection via the sub-cutaneous route at doses ranging from from 6.25 to 120 mg/kg. Standard antibiotic moxifloxacin was formulated in deionized water. All compounds were administered as hydrochloride salts with the exception of compound 55, which was administered as a trifluoroacetate salt. Control mice were treated with vehicle only. Twenty-four hours after start of treatment, the mice were euthanized and the thighs aseptically excised. Thigh muscles were homogenized in 5 mL saline, and appropriate dilutions were plated onto blood agar plates to determine the number of viable bacteria per thigh. The static dose (mg/kg/day) is the dose of drug which maintains the level of bacteria at the start of treatment (0H). Dose/day was plotted against log10 CFU and analyzed using a four parametric logistic curve (SigmaPlot 12.0, SyStat Software, San Jose, California). The static dose was calculated using the following equation: log10 static dose = {log10[E/(Emax – E)]/N} + log10 ED50, where E is the control growth (log10 change in CFU per thigh in untreated controls after the 24-h period of study), Emax is the maximum effect, ED50 is the dose required to achieve 50% of Emax, and N is the slope of the dose effect curve. E+1 and E+2 were used to calculate 1-Log kill effect and 2-Log kill effect, respectively.

Additional In Vitro Assays
LogD7.4 Determination: 10 μL of compound stock solutions (10 mM in DMSO) were placed in each well of a 96 well plate. 5 μL of 2 mM halodipine (logD = 3.00) was added to each well as an internal standard (IS) and mixed. DMSO was removed using a lyophilizer (overnight). 250 μL of water (PBS, pH = 7.4)-saturated octanol was added to each well followed by 250 μL of octanol-saturated water (PBS, pH = 7.4) and the plate was vortexed overnight. 100 μL of the octanol phase was removed from each well, diluted 1:100 with DMSO and 1 μL was injected into a LC/UV/qTOF system (RP column). 100 μL of the water phase was removed from each well and 10 μL was injected into the LC/UV/qTOF system (RP column). Data was processed with ProfileLynx. Mass chromatograms were integrated, corrected for dilution and injection volumes and, finally, corrected using area ratio of internal standard. IS peak areas were adjusted to fit the theoretical concentration for aqueous and octanol phases for the known logD value. 
LogD was calculated according to the following:
Analyte logD = log(Ratio_oct/Ratio_aq)
Ratio_oct = (Undiluted analyte_peak area/Adjusted IS_peak area)oct
Ratio_aq = (Undiluted analyte_peak area/Adjusted IS_peak area)aq
Solubility Determination: 20 µL of 10 mM DMSO compound stock solution was transferred into a 96 deep well “sample plate”. 5 µL of 10 mM DMSO stock solution was transferred to a second “compound standard plate”. The sample plate was placed in a Multi-Tainer MT-4 container (FTS Systems) and freeze-dried overnight to remove DMSO. 100 µL of PBS (pH 7.0) was added to the dried compound in the sample plate and 95 µL of DMSO to the standard plate. The sample plate was sonicated in a water bath for 10 minutes. The two plates were then placed onto a VWR orbital shaker to equilibrate for 24 hours at room temperature, then centrifuged at 4000 rpm for 30 min. 10 µL aliquots of supernatant from the sample plate were removed and diluted 5-fold. Compound standard and sample were injected into a UPLC/UV/CLND/MS system to generate multi detector qualitative and quantitive  analytical data. Data was processed with Xcalibur. CLND equimolar response was used for measuring compound concentration of DMSO solution and UV270 nm or MS relative ratio for was used for solubility determination. 
pKa Measurements: pKa values were determined using either the UV-metric or potentiometric method as described previously.105 UV metric method: UV-metric ionization constants were determined on the commercial Spectral Gradient Analyzer (SGA) or T3 instrument (Sirius Analytical Ltd., sirius-analytical.com) as described by Allen et al.106 Test compounds were diluted to 0.04 mM in a cosolvent mixture and titrated three times in 20–40% wt methanol. The titrations were performed at 25 °C and 0.15 M ionic strength, from pH 2 to 12 or 12 to 2 (with delta pH of 0.2) depending on the acidic or basic nature of the test compound. A linear buffer was added to allow fast pH stabilization after each titrant addition. Wavelengths from 230 to 450 nm were typically monitored for UV absorbance change due to the ionization state of the compound. Target factor analysis (TFA) was used to calculate apparent pKas from the multiwavelength absorption data at a given percent of cosolvent (psKa), followed by Yasuda–Shedlovsky extrapolation to 0% methanol to provide the aqueous pKa. Acid/base assignment was performed based on the slope of extrapolation. Potentiometric method: Potentiometric ionization constants were determined on the commercial GlpKa or T3 instruments (Sirius Analytical) as described by Takács-Novák et al.107 Briefly, 0.3 to 1 mM test solutions were titrated from pH 2 to 12 or 12 to 2, depending on the acidic or basic nature of the test compound. Titrations were conducted at 25 °C and 0.15 M ionic strength. Aqueous titrations were performed in triplicate in 0.15 M KCl, while sparingly soluble test compounds were titrated in 10–60% wt methanol, 1,4-dioxane, or dimethyl sulfoxide cosolvent. A minimum of three titrations in varying amounts of cosolvent were performed for Yasuda–Shedlovsky extrapolation to the aqueous pKa. For each titration, initial estimates of pKa values were obtained from Bjerrum difference plots (number of bound protons versus pH) and further refined by a weighted nonlinear least-squares procedure (see Avdeef108, 109) available in the instrument software.  
In vitro plasma protein binding: Compounds were spiked into plasma of selected species (male CD-1 mouse, male Sprague Dawley rat or pooled human plasma, all in lithium heparin preparations, BioreclamationIVT) in the “plasma chamber” of a Rapid Equilibrium Device (RED, Thermo Scientific) plate at a final concentration of 10 µM (1% DMSO in the incubation), and allowed to reach equilibrium between the “plasma chamber” and “buffer chamber” (100 mM PBS) for four hours in a shaking incubator (37 oC, 800 rpm). Compounds were tested in duplicate. At the end of incubation, samples were collected from plasma and buffer chambers followed by bioanalysis using LC-MS/MS. The percent plasma protein binding of a test compound was estimated using the following equation:
PPB (%) = 100 × (1 – Cbuffer / Cplasma)			
Where Cbuffer and Cplasma are compound concentrations in the buffer and plasma chambers at equilibrium, respectively.
Recovery of a compound after the incubation was also calculated as % Recovery:
Recovery (%) = 100 × (Cbuffer  × Vbuffer + Cplasma  × Vplasma) ∕ (C0 × Vplasma)    
Where Vbuffer and Vplasma are incubation volumes in buffer and plasma chambers, respectively.  C0 is the initial compound concentration in plasma at the beginning of the incubation.

CACO-2 Permeability
CACO-2 cells were cultured for 21 days on 96-well transwell plates. Test compound solutions were prepared by diluting 7 µL of 2 mM DMSO stock solution in transport buffer to a final volume of 1.4 mL (final compound concentration was 10 µM). Test compound solutions were transferred to either the apical or basolateral chambers of the 96-well transwell plates (the donor wells). Transport buffer was then added to the respective receiver wells. Plates were then incubated for 2 hours at 37 °C with shaking/vortex. Donor wells were sampled at t = 0. Apical and basolateral wells were sampled at t = 2 hours. Samples were analyzed by LC-MS-MS. Transport from A-B and B-A was measured in triplicate. Apparent compound permeability is calculated as follows:
Papp = (∂Q/∂t)*(1/AC0)
where ∂Q/∂t is the total amount of compound transported to the recipient chamber per unit time (e.g. nmol/sec); A is the surface area of the transport membrane (cm2) and C0 is the initial compound concentration in the donor chamber (e.g. nmol/mL). Papp is expressed as cm/sec.
hERG Radioligand Binding Assay (conducted by Eurofins Scientific): Cell membrane homogenates (about 40 µg protein) were incubated for 60 minutes at 22 °C with 3 nM [3H]dofetilide in the absence or presence of the test compound in a buffer containing 50 mM Tris-HCl (pH 7.4), 10 mM KCl and 1 mM MgCl2. Nonspecific binding was determined in the presence of 25 µM terfenadine. Following incubation, the samples were filtered rapidly under vacuum through glass fiber filters (GF/B, Packard) presoaked with 0.3% PEI and rinsed several times with ice-cold 50 mM Tris-HCl, 10 mM KCl and 1 mM MgCl2 using a 96-sample cell harvester (Unifilter, Packard). The filters were dried then counted for radioactivity in a scintillation counter (Topcount, Packard) using a scintillation cocktail (Microscint 0, Packard). Terfenadine was used as the standard reference compound. 
Automated Electrophysiology: HEK293 cells stably transfected with hNav1.5 channels were obtained from Millipore Corp. and grown in DMEM/F-12 nutrient mixture supplemented with 10% FBS, 1% nonessential amino acids and neomycin (400 mg/mL, Invitrogen). Cells were cryopreserved in liquid nitrogen with 10% v/v DMSO and thawed immediately prior to the experiment. hERG and hCav1.2 expressing cell lines were produced in-house at Novartis using the CHO-K1 T-RexTM inducible plasmid system (Invitrogen) as described previously.110 Cell lines were maintained in Ham’s F12 Nutrient Mixture containing 10% FBS, blasticidin (10 mg/mL; InvivoGen), hygromycin B (200 mg/mL; InvivoGen), Zeocin (200 mg/mL, Invitrogen) and neomycin (200 mg/mL, Invitrogen) using SelecT™ automated cell culture system (TAP Biosystems, Cambridge, UK). hERG and hCav1.2 channels expression was induced with tetracycline (0.25-1 µg/ml, Invitrogen) at least 24 hours prior to the experiment.
hERG currents were recorded using the Qpatch automated patch clamp systems (Sophion Bioscience Inc., North Brunswick, NJ) in the whole (single) cell configuration. hERG expressing CHO-K1 cells were harvested with Detachin (Genlantis) and stored in the modified serum-free SFM-2 media (life Technologies) at room temperature. The extracellular solution contained (in mM) NaCl (145), KCl (4), MgCl2 (1), CaCl2 (2), and HEPES (10), pH 7.4 with NaOH. The intracellular solution contained KCl (135), MgCl2 (1.75), CaCl2 (5.4), EGTA (10), K2-ATP (4), and HEPES (10), pH 7.2 with KOH. After whole cell configuration was achieved, the cell was held at -90 mV, and a 0.1-sec pulse to -50 mV was delivered to measure the leaking current, which was subtracted from the tail current on-line. Then the cell was depolarized to +20 mV for 4 seconds (pre-pulse), followed by a 4-sec test pulse to -50 mV to reveal the hERG tail current. To monitor changes in the current amplitude, this voltage protocol was repeatedly applied every 20 sec. Test compounds were first diluted in DMSO for six dose-response experiments and then dissolved in the extracellular solution using Freedom EVO liquid handling robotic system (Tecan, Männedorf, Switzerland). The final DMSO concentration in samples was 0.3% v/v. Amitriptyline (Sigma) was tested as a positive control. Data were analyzed using in-house developed MatLab-based program (MathWorks, Natick, MA).
hERG QPatch testing for compound 48 was performed using a long incubation protocol (10 minutes per concentration point). To avoid current rundown during prolonged incubation, current was measured in duplicate ([11 and 100 µM] and [33 and 300 µM] concentration pairs) in different cells simultaneously. The results of these measurements were combined into one DR-plot. Data were analyzed manually using Sophion QPatch Assay software.
hNav1.5 and hCav1.2 currents were recorded using the IonWorks Quattro system (Molecular Devices LLC, San Jose, CA) in the population (64 cells/well) patch clamp (PPC) mode. For the hNav1.5 Quattro assay, the extracellular solution contained NaCl (137), KCl (4), MgCl2 (1), CaCl2 (1.8), HEPES (10) and Glucose (10), pH 7.3 with NaOH, and the intracellular solution contained potassium gluconate (100), KCl (40), MgCl2 (1), EGTA (1) and HEPES (10), pH 7.2 with KOH. For the hCav1.2 Quattro assay, the extracellular solution contained sodium gluconate (130), NaCl (20), KCl (5), MgCl2 (2), BaCl2 (10), HEPES (10) and Glucose (5), pH 7.3 with NaOH, and the intracellular solution contained potassium gluconate (100), MgCl2 (0.2), CsCl (40), EGTA (5) and HEPES (10), pH 7.3 with CsOH. Amphotericin B (0.1 mg/ml, Sigma) was used to perforate the patch and gain electrical access to the cell. For the hNav1.5 Quattro assay, the sodium currents were evoked by a train of 12 pulses from the holding potential of -90 mV to -20 mV at 5 Hz. 70 msec before each pulse, a 20 ms voltage pulse to -100 mV was applied for leak subtraction. For the hCav1.2 Quattro assay, cells were clamped for 10 secs at 90 mV, then calcium currents were evoked by a 100 msec depolarizing pulse to -10 mV applied once with the data sampling period of 0.1 msec. 40 ms hyperpolarizing pulse to -90 mV was applied before the main pulse for leak subtraction. Test compounds were first diluted in DMSO for seven dose-response experiments using Tecan Freedom EVO, then dissolved in the extracellular solution with VIAFLO 384 electronic pipette (Integra Biosciences, Hudson, NH). Each compound plate contained 0.3% v/v DMSO vehicle control (for the current rundown estimation), Amitriptyline (positive control for hNav1.5 Quattro assay) and Nicardipine (hCav1.2 Quattro assay). All experiments were performed at room temperature. Data were captured and analyzed using the Novartis in-house Helios application suite.
Cytotoxicity assay: K562 (human leukemia cells) and HepG2 (human hepatocellular carcinoma cells) were used to determine compound cytotoxicity. Cell viability was quantified by using CellTiter-Glo®, which measures ATP release based on the mono-oxygenation of luciferin catalyzed by Mg2+, ATP and molecular oxygen.
Cell line maintenance media: K562 cells were maintained in Iscove's Modification of Dulbecco's Modified Eagle's Medium (IMDM) supplemented with 1% penicillin/streptomycin and 10% heat–inactivated fetal bovine serum (FBS). HepG2 cells were maintained in Dulbecco's Modified Eagle's Medium (DMEM)-F12 supplemented with 1% penicillin/streptomycin and 10% heat–inactivated FBS.
[bookmark: OLE_LINK1]Cells were counted using a hemocytometer and diluted to 2x104 cells/mL for K562 and 5x104 cells/mL for HepG2 in the appropriate culture media. 50 µL of cell suspension were added to each well of the 384-well assay plate containing 1 µL of serial diluted compound (100 µM top concentration, 3.16x dilution factor) using the BioTek Multiflo-Stacker liquid dispenser. Plates were incubated 72 hours at 37 ºC, 5% CO2 and 90% humidity. Twenty five microlitres of 1X CellTiter-Glo® were then added to each well of the assay plate. Plates were incubated for 10 minutes at room temperature before reading on the PolarStar-Omega plate reader using the Luminescence settings and a gain of 3300. The 50% cytotoxic concentrations (CC50) were determined. When multiple CC50 were determined for the same compound the average is reported. If one or more CC50 for the same compound showed a value >100 µM (top concentration tested), 100 µM was used as the value in the average calculation.
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