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ABSTRACT 

Atherosclerosis is a chronic inflammatory disease characterized by the buildup of lipid-

rich plaques within the coronary arteries and a leading cause of death worldwide. Given that plaque 

rupture occurs due to molecular changes in plaque composition and is considered the primary 

cause of heart attack and stroke, molecular imaging by positron emission tomography (PET) 

provides the opportunity to assess disease severity and may assist in the prevention of severe 

cardiovascular events and associated fatal outcomes.  

Matrix metalloproteinases (MMPs) represent a class of zinc-chelating enzymes with 

diverse functions in extracellular matrix (ECM) remodeling during normal physiological processes 

and inflammatory diseases. As MMPs possess distinct substrate specificity and differential roles 

in disease progression, selective targeting of individual MMPs should be prioritized for diagnosis 

and therapy. Upregulated MMP-13 activity has been extensively implicated with atherosclerotic 

plaque destabilization due to uncontrolled ECM degradation and formation of thin-capped and 

collagen-poor plaques that are most susceptible to rupture. As such, MMP-13 represents a 

compelling molecular biomarker of unstable atherosclerosis for selective PET radiotracer 

development. This thesis outlines the synthesis, optimization, and evaluation of MMP-13 selective 

PET radiotracers for imaging atherosclerosis. Chapter I introduces atherosclerosis, provides an 

overview of MMPs as therapeutics and diagnostics, and describes available strategies for MMP-

13 selective radiotracer development.  

Chapter II outlines a head-to-head comparison of MMP-13 selective and broad-spectrum 

MMP imaging with existing fluorine-18 labeled PET radiotracers. In this study, the first in vivo 

evaluation of [18F]FMBP and [18F]BR-351, as MMP-13 selective and non-selective MMP-targeted 

radiotracers based on the pyrimidine-dicarboxamide and non-peptidic aryl sulfonamide inhibitor 
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classes, was performed in a mouse model of atherosclerosis. Determination of radiotracer 

pharmacokinetics, target specificity, and sensitivity to atherosclerotic tissue validated the 

feasibility of using an MMP-13 selective PET radiotracer to detect ECM remodeling in 

atherosclerotic plaques and demonstrated several advantages to this strategic imaging approach.    

  Chapter III describes the development and evaluation of novel MMP-13 selective PET 

radiotracers based on the most potent and selective quinazoline-2-carboxamide inhibitor class for 

imaging atherosclerosis. Structure-activity relationship (SAR) studies were performed with a 

particular focus on modifications that would facilitate late-stage radiolabeling with carbon-11 or 

fluorine-18 and pharmacokinetic characterization in atherosclerotic mice. The first biological 

evaluation of three candidate radiotracers [11C]5b, [11C]5f, and [18F]5j was conducted and 

elucidated the structural determinants required to obtain in vivo functional activity, MMP-13 

specificity/selectivity, and desirable pharmacokinetics for vascular imaging. This study further 

highlighted the superiority of the quinazoline-2-carboxamide scaffold for selective MMP-13 PET 

radiotracer development and identified [18F]5j as a promising lead for ex vivo atherosclerotic 

plaque imaging.  

Chapter IV focuses on the synthesis and design of highly functionalized second-generation 

MMP-13 selective PET radiotracers based on the quinazoline-2-carboxamide scaffold with greater 

contrast for non-invasive atherosclerotic plaque imaging. Structural modifications focused on 

restoring critical binding interactions, incorporating a new site for fluorine-18 or carbon-11 

radiolabeling, and reducing lipophilicity. SAR uncovered the optimized inhibitor 29f as a 

promising lead radiotracer candidate with remarkably enhanced MMP-13 potency and off-target 

selectivity. In vivo evaluations of [11C]29f in atherosclerotic mice demonstrated its favorable 

pharmacokinetic properties and assessed its potential utility for atherosclerosis.  
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1.0 INTRODUCTION 

1.1 Positron Emission Tomography 

Positron emission tomography (PET) is a molecular imaging modality used in nuclear 

medicine that harnesses injectable radiolabeled substances, known as radiotracers, to visualize and 

quantify in vivo biochemical processes.1 PET imaging has become an integral part of routine 

clinical practice to diagnose and monitor pathophysiological conditions and continues to have a 

profound impact in cardiology, oncology, and neurology.2–4 PET radiotracers integrate 

radionuclides into small molecules, peptides or antibodies which typically target a protein of 

interest and provide information on its distribution within the body and concentration over time.1 

PET radionuclides are commonly produced using a medical cyclotron which applies an oscillating 

electric field to rapidly accelerate a charged particle (proton) and irradiate a target material.5,6 Upon 

bombardment, the resulting radionuclides are incorporated into biomolecules using various 

radiochemical transformations and purified, yielding the desired radiotracers for subsequent 

intravenous administration. Following radiotracer delivery, the radioactive signal is externally 

tracked using a PET camera containing a full-ring array of detectors surrounding the imaging 

subject (Figure 1.0 A).1 As radioactive decay occurs, commonly through β+ decay, a proton is 

converted to a neutron while releasing a positron.7 The emitted positron annihilates with an 

electron generating two antiparallel (180°) gamma photons of 511 keV energy that are 

simultaneously detected in coincidence (Figure 1.0 A).1,7 Following application of iterative 

reconstruction algorithms to correct for scattering, random coincidence events, and signal 

attenuation, three-dimensional images are assembled, providing fully quantitative and dynamic 

information about the spatial distribution of radioactivity in different organs1,7. To further improve 



 2 

the spatial resolution, multimodal imaging with computed tomography (CT) or magnetic 

resonance imaging (MRI) is routinely performed for anatomical orientation and enables accurate 

quantification of small structures (<1 mm).8  

 

 

Figure 1.0 Positron emission tomography imaging and radionuclides. (A) PET scanner and 

detection method. (B) Reactivity of fluorine-18 and carbon-11. 

1.2 Fluorine-18 Properties and Radiochemistry 

Fluorine-18 represents the most widely utilized positron-emitting radionuclide for 

diagnostic imaging. This radionuclide is readily produced using a cyclotron by proton 

bombardment of oxygen-18 enriched water via the 18O(p,n)18F nuclear reaction.1 The broad utility 

of fluorine-18 stems from its excellent nuclear properties including a short physical half-life of 

109.8 min which permits centralized production with local radiotracer distribution. Furthermore, 

its intrinsic low energy positron emission (Emax = 0.63 MeV), short positron range (Rmax = 2.4 

mm), and high positron branching ratio (96.9%) confer excellent spatial resolution and sensitivity.7 

Due to the increasing prevalence of fluorinated small molecule pharmaceuticals and its 

applicability in medicinal chemistry research, efficient strategies for incorporation of fluorine-18 
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have become vital to drug discovery and PET radiotracer development.9 Synthetic 

radiofluorination methods largely rely on aliphatic nucleophilic substitution (SN2) or nucleophilic 

aromatic substitution (SNAr) of electron-withdrawing precursors possessing a good leaving group 

with [18F]fluoride (Figure 1.0 B).1,10 Nevertheless, such strict electronic requirements along with 

the highly basic conditions and high reaction temperatures (>100 °C) necessary for 

radiofluorination can pose challenges for synthetic accessibility.1,10 

1.3 Carbon-11 Properties and Radiochemistry 

Considering the abundance of carbon in all organic molecules, carbon-11 represents a 

convenient alternative to access isotopically labeled radiopharmaceuticals.11 Carbon-11 is 

typically generated as [11C]carbon dioxide ([11C]CO2) using a cyclotron by proton bombardment 

of nitrogen-14 gas in the presence of trace oxygen (0.1-2%) via the 14N(p,α)11C nuclear reaction.1 

Direct utilization of [11C]CO2 as radiolabeling synthon is an active area of method development to 

access a diverse array of functional groups bearing C-11 labeled carbonyls including carboxylic 

acids, amides, ureas, and carbamates.12 Nonetheless, in clinical radiotracer production, conversion 

of [11C]CO2 to [11C]methyl iodide ([11C]CH3I) or the more reactive [11C]methyl triflate 

([11C]CH3OTf) for 11C-methylation is favored and generally offers greater operational simplicity.12 

Despite its short half-life of 20.4 min necessitating an on-site cyclotron for radiotracer production, 

carbon-11 PET minimizes patient radiation burden, and retains excellent imaging quality as a pure 

positron emitter (99.8%) with relatively low energy (Emax = 0.96 MeV) and short range (Rmax = 

4.2 mm).7 Moreover, methylated heteroatoms are prevalent components of biomolecules and 

synthesis of radiolabeling precursors for 11C-methylation is uncomplicated and efficiently yields 

radiotracers in high molar activity.12 This strategy is particularly useful for accelerating preclinical 

screenings of radiotracer performance in rodents recapitulating human pathologies and identifying 



 4 

lead candidates for clinical translation. Subsequent development of radiofluorinated analogues can 

be advantageous due to the incompatibility of carbon-11 with commercial distribution and delayed 

imaging timepoints required to achieve significant contrast for cancer and cardiovascular 

imaging.13,14  

1.4 Atherosclerosis 

1.4.1 Prevalence 

Cardiovascular diseases, including heart failure and atherosclerosis, represent the second 

leading cause of death in Canada with 5-year survival of only 50% and over 60,000 deaths each 

year.15,16 Atherosclerosis is a chronic inflammatory disease of the coronary arteries and is 

considered the primary cause of myocardial infarction, stroke, and sudden cardiac death.17,18 As 

such, identification of the key molecular targets that contribute to atherosclerotic progression is of 

significant clinical interest to facilitate discovery of novel diagnostic or therapeutic agents that can 

detect early-stage disease and prevent life-threatening outcomes.  

1.4.2 Risk Factors and Plaque Initiation 

Atherosclerosis is a progressive inflammatory disease characterized by the accumulation 

of lipids and fibrous elements within the coronary arteries and aorta (Figure 1.1).19–21 This process 

is initiated within the endothelium, which constitutes the innermost cellular lining of the 

vasculature, and plays a pivotal role in regulating vascular homeostasis, tone, and integrity.22,23 

Chronic exposure to cardiovascular risk factors including hypertension and hypercholesterolemia 

induces endothelial dysfunction, marked by vasoconstriction, increased permeability, and 

inflammation.24 Loss of hemodynamic control causes endothelial damage as high blood pressure 

and disturbed flow applies shear stress on the vessel wall and enables accumulation of circulating 
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cholesterol packaged into low-density lipoprotein (LDL) particles (Figure 1.1 A).19–21 Activated 

endothelial cells elicit production of adhesion molecules such as vascular cell adhesion molecule 

1 (VCAM-1), intercellular adhesion molecule 1 (ICAM-1), and monocyte chemoattractant protein 

1 (MCP-1) that augment monocyte attachment and infiltration (Figure 1.1 A).19–22 Entry and 

retention of LDL particles is mediated by oxidation of LDL and surface-bound apolipoprotein-B 

(ApoB) preventing recognition and clearance by LDL receptors.19–21 

 

Figure 1.1 Mechanisms of atherosclerosis. (A) Initiation of atherosclerosis and plaque 

progression. (B) Plaque rupture and thrombosis. Turbulent blood flow applies shear stress on the 

vessel wall, resulting in endothelial damage and entry of circulating LDL. Recruited monocytes 

differentiate into macrophages and engulf LDL particles, leading to progressive plaque formation 

with a collagen-rich fibrous cap. Persistent inflammation activates MMPs that degrade collagen 

within the fibrous cap, weakening its structural integrity, and leading to plaque rupture. Thrombus 

formation blocks the coronary arteries and limits the supply of blood to the heart or brain, causing 

a heart attack or stroke.   

Macrophage

Apoptosis
Platelet

MMP 

(Collagenase)

VEGF or PDGFTNFα or IL-1/6Foam Cell Calcium

Denatured 

Collagen

LDL Particle
VCAM-1 or 

ICAM-1 or MCP-1
MacrophageMonocyte

Turbulent flow
Collagen matrix

Plaque Initiation & Progression

Arterial Lumen

Endothelium

A Plaque Rupture

Thrombus

Necrotic

core

Endothelium

Arterial Lumen

B



 6 

 

1.4.3 Plaque Progression 

Following differentiation of monocytes into macrophages, surface-expressed scavenger 

receptors bind and internalize ox-LDL forming foam cells and visible fatty steaks (Figure 1.1 

A).19–21,25,26 These foam cells perpetuate the inflammatory response through secretion of cytokines 

such as tumor necrosis factor alpha (TNFα) and interleukin-1/6 (IL-1/6) along with growth factors 

such as vascular endothelial growth factor (VEGF) and platelet-derived growth factor (PDGF) that 

stimulate smooth muscle cell (SMC) proliferation, calcification, and matrix metalloproteinase 

(MMP) activation (Figure 1.1 B).19–21,27,28 Macrophage lipid overload triggers apoptosis while 

impaired efferocytosis contributes to an inflammatory acellular necrotic core (Figure 1.1 B). In 

response to inflammation and oxidative stress, SMCs differentiate into osteoblast-like cells that 

promote deposition of calcification and matrix mineralization (Figure 1.1 B).19–21,29  

1.4.4 Plaque Rupture and Thrombosis 

MMPs facilitate the release of SMC from the basement membrane and allow migration to 

the intima where they proliferate and synthesize a collagen-rich fibrous cap that encapsulates the 

necrotic core.30–32 Elevated MMP activity significantly destabilizes atherosclerotic plaques by 

degradation of ECM components within the fibrous cap, resulting in thinning and weakening of 

its structural integrity (Figure 1.1 B).27,31–33 While large plaques are responsible for myocardial 

ischemia and often accompanied by stable angina, rupture of vulnerable atherosclerotic plaques, 

characterized by thin and collagen-poor fibrous caps overlaying a large lipid-rich necrotic core are 

the primary cause of life-threatening cardiovascular events.17,18,32,34–36 Following erosion of the 

fibrous cap and plaque rupture, circulating platelets adhere to exposed collagen and necrotic core 



 7 

material and aggregate within the arterial lumen, initiating the coagulation cascade (Figure 1.1 

B).37,38 Formation of occlusive thrombin-mediated fibrin-based blood clots within the coronary 

and branching carotid arteries that supply oxygen-rich blood to the myocardium and brain are 

ultimately responsible for myocardial infarction, stroke, and associated fatal outcomes (Figure 1.1 

B).31,32,34,35 As such, early identification of vulnerable atherosclerotic plaques prior to rupture is 

critical for stratifying patients at risk of developing major adverse cardiovascular events.  

1.5 Clinical Diagnosis of Atherosclerosis and Coronary Artery Disease 

1.5.1 Functional Imaging 

Symptomatic patients presenting with intermittent chest pain and suspected coronary artery 

disease (CAD) are first referred for an electrocardiogram (ECG). Concurrently, an initial 

assessment of pre-test probability is conducted to determine the likelihood that a patient has CAD 

based on their age, sex, medical history, and the presence of additional risk factors including 

hypertension, hyperlipidemia, diabetes, and smoking.39 An ECG is used to assess cardiac function 

and identify electrical abnormalities indicative of underlying CAD.40 By comparison of baseline 

and stress ECGs performed under exercise or pharmacological conditions, the capacity of the heart 

to respond to stress can delineate myocardial ischemia.40 Similarly, rest-stress nuclear myocardial 

perfusion imaging (MPI) can assist in diagnosing CAD by identifying defects with reduced blood 

flow due to coronary artery stenosis or occlusion caused by atherosclerosis.41 Absolute 

quantification of myocardial blood flow and myocardial flow reserve have proven to be important 

diagnostic measures of obstructive CAD with practical clinical utility in selecting patients for 

revascularization surgery.41 Despite this, MPI cannot directly assess atherosclerotic plaque burden 

or non-obstructive disease and instead relies on indirect detection of myocardial ischemia as a 

functional consequence of coronary artery obstruction and may underestimate the prevalence of 
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CAD.42 As with MPI, cardiovascular magnetic resonance imaging (CMR) with late gadolinium 

enhancement can be used to assess myocardial perfusion or viability and provides excellent soft 

tissue contrast. Nevertheless, CMR is not a part of routine clinical practice for CAD due to the 

lack of additional diagnostic benefit, limited accessibility, and high cost.43  

1.5.2 Anatomical Imaging 

While functional imaging tests are insufficient in predicting atherosclerosis alone, they are 

indispensable in screening patients with suspected CAD and complementary to anatomical 

imaging.44 Invasive coronary angiography (ICA) was considered the gold standard for clinical 

diagnosis of CAD and involves direct catheterization and contrast-aided imaging of the coronary 

arteries to determine the location and severity of stenosis.45 While ICA possesses high diagnostic 

accuracy, coronary computed tomography angiography (CCTA) has been adopted as a non-

invasive alternative with comparable sensitivity and specificity for the detection of CAD and 

demonstrated improved patient outcomes in addition to standard patient care.44–49 Rather than the 

degree of stenosis, CT can also be used for coronary artery calcium scoring (CAC) to quantify the 

extent and density of calcification and provide a score that reflects total atherosclerotic plaque 

burden.50,51 Higher CAC scores are associated with increased risk of future cardiovascular events, 

however, the absence of coronary calcium does not exclude the presence of obstructive CAD and 

should not be used as a standalone diagnostic test.50,52 Moreover, CAC does not provide 

incremental prognostic value to CCTA, but it can be used to guide clinical decisions regarding the 

initiation of statin therapy.52,53 

1.5.3 Molecular Imaging 

Conventional functional and anatomical assessments of coronary artery stenosis and 

atherosclerotic plaque burden have proven unreliable in the prediction of life-threatening 
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cardiovascular events.54 While CAD risk is most closely related to atherosclerotic plaque stability, 

current diagnostic methods focus nearly exclusively on plaque appearance and size. Considering 

that atherosclerotic plaque rupture is the major cause of heart attack and stroke, early non-invasive 

detection of vulnerable atherosclerotic plaques susceptible to rupture is of critical importance for 

risk stratification and to prevent fatal outcomes.17,18,34,35 Given that molecular changes in 

atherosclerotic plaque composition underlie instability, PET radiotracers targeting specific 

molecular processes associated with plaque vulnerability provide the potential to accurately 

characterize atherosclerosis and predict risk of rupture.55 Beyond nuclear MPI agents, [18F]2-

deoxy-2-fluoro-D-glucose ([18F]FDG) and [18F]sodium fluoride ([18F]NaF) represent the most 

commonly utilized clinical PET radiotracers for atherosclerotic plaque imaging (Figure 1.2).  

 

Figure 1.2 Clinical PET radiotracers for atherosclerosis. (A) Chemical structures and (B) utility 

of [18F]FDG and [18F]NaF. 
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metabolism with widespread clinical applicability for staging cancer, assessing myocardial 

viability, and detecting inflammatory cardiovascular diseases such as atherosclerosis and 

sarcoidosis (Figure 1.2 B).56–59 Similar to glucose, cellular uptake of [18F]FDG uptake is mediated 

by glucose transporter type 1 (GLUT1) but trapped intracellularly as [18F]FDG-6P following 
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phosphorylation by hexokinase-2 (HK2).60 As a deoxyglucose, [18F]FDG is resistant to glycolysis 

and particularly useful for measuring the functional activity of metabolically active tissues such as 

the brain and heart or localizing tumors with elevated glucose utilization (Figure 1.2 B).60 

[18F]FDG is routinely employed in combination with MPI among patients with ventricular 

dysfunction and suspected CAD to distinguish viable from nonviable myocardium (Figure 1.2 B). 

The presence of myocardial segments with decreased perfusion but preserved glucose metabolism, 

referred to as mismatch defects, are deemed ischemic but viable and predictive of functional 

recovery following coronary revascularization surgery.61 Importantly, adherence to [18F]FDG-PET 

guided management recommendations significantly reduced adverse cardiac events compared 

with standard care.62  

[18F]FDG can also be used to non-invasively assess arterial inflammation due to elevated 

macrophage expression of GLUT1 and HK2 activity in atherosclerotic plaques (Figure 1.2 

B).58,63,64 Although [18F]FDG uptake has been shown to strongly correlate with the severity of 

inflammation, the association between radiotracer uptake and risk of plaque rupture has yet to be 

demonstrated.58,64 Moreover, [18F]FDG was unable to discern between culprit and non-culprit 

plaques among patients presenting with acute myocardial infarction.65,66 Considering that 

[18F]FDG is not a specific marker of inflammation and uptake is observed in all metabolically 

active cells, significant challenges exist in distinguishing coronary plaque uptake from physiologic 

radiotracer uptake in the myocardium.67,68 Due to myocardial interference, localization of 

[18F]FDG uptake is largely restricted to the carotid arteries and aorta and further impeded by the 

small anatomical size of coronary artery plaques and coronary motion (Figure 1.2 B).66,69 While 

fusion of PET images with CT or angiography for anatomical referencing has improved the spatial 

resolution and to some extent the feasibility of coronary artery imaging,  myocardial suppression 



 11 

is still required.66,69 High-fat low-carbohydrate diets may be used to reduce physiologic myocardial 

uptake by shifting metabolism toward preferential use of fatty acids, but the need for prolonged 

dietary preparation to obtain interpretable scans is unreliable and rather inconvenient for patients, 

limiting its practical utility.69,70 

1.5.3.2 [18F]Sodium Fluoride ([18F]NaF) 

[18F]NaF (Figure 1.2 A) was originally developed as a PET alternative to 99mTc-labeled 

radiotracers for whole-body planar bone scintigraphy (BS) and single photon emission computed 

tomography (SPECT) imaging.71 Alongside the inherent technological advantages regarding the 

spatial resolution of PET, [18F]NaF exhibits superior diagnostic accuracy than BS or SPECT for 

the detection of metastatic bone lesions due to higher uptake and greater bone-to-soft tissue 

contrast.72–74 [18F]NaF is efficiently extracted from the plasma into the bone extracellular fluid 

where it is deposited as [18F]fluoroapatite following ion exchange with hydroxyl groups of 

hydroxyapatite, a calcium-phosphate mineral that supports bone formation and turnover.75 The 

major application of [18F]NaF remains in detecting metastatic bone disease, but there is growing 

interest in its diagnostic utility for measuring vascular calcification in CAD (Figure 1.2 B).  

Although calcification represents a universal marker of the atherosclerotic plaque, the size 

and pattern of calcium deposition has distinct implications on plaque stability.76 Early-stage, small 

(<60 m) spotty calcium deposits embedded within the fibrous cap, known as microcalcification, 

increase mechanical stress on the plaque surface and contribute to plaque instability.55,76 In 

contrast, end-stage large macroscopic sheets of calcium within the necrotic core are associated 

with plaque stability and inflammation resolution.76 Nevertheless, conventional CAC scoring is 

only capable of detecting macrocalcification due to limited spatial resolution and thus reports on 
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plaque burden but not plaque stability.77 Meanwhile, [18F]NaF preferentially accumulates in 

powdery regions of greatest hydroxyapatite surface area, reflecting active microcalcification, as 

hydroxyapatite crystal is largely inaccessible in the center of the macroscopic deposit (Figure 1.2 

B).75,78  

Owing to its favourable pharmacokinetics including low myocardial uptake and fast 

clearance from the blood pool, clear visualization of coronary artery [18F]NaF uptake is feasible 

and offers the potential for early identification of vulnerable atherosclerotic plaques prone to 

rupture (Figure 1.2 B).65,79 Clinical trials demonstrated that [18F]NaF coronary microcalcification 

activity (CMA) represents a powerful predictor of disease progression and future myocardial 

infarction and outperforms both CAC scores and severity of coronary artery obstruction for risk 

stratification.78,80,81 Moreover, among patients with myocardial infarction, [18F]NaF was found to 

localize at the site of rupture with the highest uptake observed in culprit plaques, whereas [18F]FDG 

was non-discriminatory and commonly obscured by myocardial uptake despite stringent dietary 

protocols.65 Taken together, these finding suggests that molecular characterization of plaque 

composition by PET is a strategic approach toward differentiating vulnerable plaques and 

predicting risk of rupture.  

1.6 Matrix Metalloproteinases (MMPs) 

1.6.1 MMP Structure and Function 

Matrix metalloproteinases (MMPs) represent a family of calcium-dependent, zinc-

containing endopeptidases that are collectively capable of degrading all components of the 

extracellular matrix (ECM) with diverse physiological roles in tissue remodelling, embryonic 

morphogenesis, bone development, and wound repair.82–84 MMPs belong to a larger metzincin 
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superfamily featuring a strictly conserved consensus sequence containing three histidine residues 

which coordinate the catalytic Zn2+ ion, and an essential methionine residue beneath the active site 

that forms a “Met-turn” and creates a structural base for the catalytic center (Figure 1.3 A).83,85 

MMPs are secreted to the extracellular environment and synthesized as inactive zymogens due to 

an intramolecular complex between a critical cysteine residue within the pro-peptide domain and 

the catalytic Zn2+ ion that blocks the active site (Figure 1.3 B).82–86 Enzyme activation follows a 

“cysteine-switch” mechanism whereby the Cys-Zn interaction is disrupted through conformational 

changes and the pro-peptide domain is subsequently cleaved (Figure 1.3 B).82,83,86,87 Once 

activated, the catalytic domain is accessible and works cooperatively with the hemopexin domain, 

connected via a short flexible hinge region, to degrade ECM proteins such as collagen, gelatin, 

elastin, and various proteoglycans.82,83,85 The hinge region correctly orients the hemopexin domain 

to enable initial substrate recognition and unwinding prior to cleavage within the catalytic 

domain.82,83,85,88 The structure of the catalytic domain and surrounding sub-pockets confer 

substrate specificity through distinct binding interactions within and adjacent to the active 

site.82,84,85 
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Figure 1.3 MMP structure and activation. (A) MMP-13 catalytic site (adapted from pdb: 

1XUD). (B) Basic MMP structure and activation. 

1.6.2 MMP Regulation 

 While there is considerable overlap, MMPs are classified according to their substrate 

specificity and functional activity into subgroups including the collagenases (MMP-1,-8,-13), 

gelatinases (MMP-2, -9), metalloelastases (MMP-12), and stromelysins (MMP-3,-10,-11), among 

others (Table 1.0).84,87,89 Under quiescent conditions, MMP expression remains low and is tightly 

regulated by endogenous tissue inhibitors of matrix metalloproteinases (TIMPs) that interact with 

the hemopexin domain to maintain enzyme latency (Figure 1.3 B).83,85,89,90 TIMPs also directly 

bind the active site and inhibit proteolytic activity through formation of 1:1 stoichiometric 

complexes (Figure 1.3 B).83,85,90 TIMP expression is highly dependent on the tissue type and 

location and play a critical role in maintaining tissue homeostasis.90   

Table 1.0 MMP classification and substrate specificity. 91,92 
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1.7 Broad-Spectrum Matrix Metalloproteinase Inhibitors (MMPIs) 

1.7.1 Peptidomimetic MMPIs  

Given their broad implication in pathophysiological processes, MMP inhibitors (MMPIs) 

hold tremendous therapeutic potential to regulate destructive ECM remodelling and 

inflammation.93 Initial drug discovery efforts were prompted by the potential of MMPIs as cancer 

therapeutics due to their pivotal role in remodeling of the tumor microenvironment and promotion 

of invasion, metastasis, and angiogenesis.94 First generation MMPIs were based on 

peptidomimetics that resemble the native substrate and contain a zinc binding group (ZBG) which 

coordinates the catalytic Zn2+ ion to block enzymatic activity.93,95,96 Among ZBGs, the hydroxamic 

acid (HA) is most frequently incorporated into MMPIs due to its relatively high binding affinity 

as compared with carboxylic acids, thiols, and phosphonates.93,97 The HA moiety serves as 

bidentate ligand for the catalytic Zn2+ ion by forming tight binding interactions with its two oxygen 
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atoms in a distorted trigonal pyramidal geometry (Figure 1.4).93,95,96 The hydroxamate oxyanion 

and NH groups are also optimally oriented and contribute two hydrogen bonds with Glu221 and 

Ala186 conserved within the catalytic site (Figure 1.4).93,96 Additional binding interactions are 

established between the peptidomimetic scaffold and nearby amino acid residues which occupy 

adjacent subsites.93,95,96 This binding mode blocks substrate access and renders the enzyme 

incapable of catalyzing peptide hydrolysis, accounting for the low nanomolar potency observed 

for HA-based MMPIs. 

 

Figure 1.4 Representative binding mode of an HA-containing MMPI in the catalytic site of 

MMP-13. Adapted from pdb: 830C. 

1.7.1.1 Batimastat  

Several MMPIs have been designed based on this approach and evaluated for their anti-

tumor activity in experimental mouse models (Figure 1.5).93,95,96 Early preclinical assessments of 

batimastat (Figure 1.5 A) as a potent broad-spectrum MMP inhibitor for breast, ovarian, and 

colorectal cancer successfully demonstrated a decrease in tumor growth, a reduction in local 

invasion, the prevention of distant metastases, and prolonged overall survival.98–102 Such 

promising results prompted phase I human studies among patients with advanced cancer, 

representing the first MMPI to enter clinical trials (Figure 1.5 A).103 Batimastat was generally well 
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tolerated with no systemic toxicity and prolonged plasma circulation. Despite this, batimastat 

exhibits poor oral bioavailability due to limited aqueous solubility and requires intraperitoneal 

drug administration (Figure 1.5 A). As a result, substantial dose-related local peritoneal irritation 

and abdominal pain was observed, limiting its clinical utility.103 

 

 

 

Figure 1.5 Chemical structures of broad spectrum peptidomimetic MMPIs. (A) Batimastat (B) 

Ilomastat (C) Marimastat. The ZBG is highlighted in red. 

1.7.1.2 Ilomastat  

Similarly, the related synthetic peptidyl hydroxamate MMPI, ilomastat (Figure 1.5 B), was 

investigated as a potential therapeutic for cancer metastasis, post-operative ocular scarring, and 

myocardial reperfusion injury.104–107 In vitro, ilomastat reduced collagen degradation and dose 

dependently inhibited MMP activity, confirmed by gelatin zymography and western blot 

analysis.108,109 In a mouse model of breast cancer, ilomastat treatment reduced tumor growth and 

formation and extended symptom-free survival.110 The drug was further proven to modulate wound 

healing and improve surgical outcomes by significantly decreasing scar tissue formation following 
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glaucoma filtration surgery in rabbits.105,106 Cardioprotection was also conferred by reducing 

infarct size before the onset of ischemia or reperfusion in rats.107 A limited number of human 

clinical trials have been initiated, but akin to batimastat, progress was restricted due to poor water 

solubility and oral bioavailability necessitating intraperitoneal or topical drug administration 

(Figure 1.5 B).111 

1.7.1.3 Marimastat  

These studies cumulatively highlighted the need for MMPIs with improved 

pharmacokinetic properties to facilitate clinical translation. Marimastat was developed as an orally 

bioavailable structural analogue of batimastat that possesses a comparable inhibitory profile 

(Figure 1.5 C).95,98,112 Preliminary evaluations in rodents were restricted due high first-pass 

metabolism and challenges associated with sustaining pharmacologically active plasma 

concentrations.98 Nevertheless, initial phase I clinical trials in healthy volunteers demonstrated that 

plasma concentrations were linearly proportional to dose, the elimination half-life was prolonged, 

and tolerability was good.113 Oral doses achieved plasma levels exceeding the inhibitory 

concentration of the target MMPs, validating this route of administration and supporting twice 

daily dosing for subsequent evaluations (Figure 1.5 C). Marimastat has been subject to numerous 

phase I/II/III clinical trials in patients with various metastatic malignancies of the breast, colon, 

lung, pancreas, prostate, ovary, skin, and stomach.114–122  These studies revealed that repeated oral 

dosing resulted in significant dose-dependent musculoskeletal toxicity often requiring 

discontinuation of treatment.95,98,123 Dose modification was performed to control the frequency and 

severity of these side effects, but lower doses failed to demonstrate additional therapeutic benefit 

as a standalone or combination cancer therapy and proved ineffective in prolonging progression 

free survival.121,122 Ultimately, failure in clinical trials has been attributed to inadequate in vivo 
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efficacy, along with the frequent onset of musculoskeletal syndrome (MSS) characterized by joint 

pain and inflammation.95,98,123,124 

 

1.7.2 Non-peptidomimetic MMPIs   

1.7.2.1 CGS-27023A 

Second generation MMPIs were developed based on non-peptidomimetic scaffolds in 

anticipation of improving oral bioavailability and metabolic stability (Figure 1.6). It was proposed 

that peptidic and carboxamide containing MMPIs largely occupy the catalytic site and shallower S2´ 

and S3´ pockets due to their restrictive planar geometry.125,126 In comparison, it was postulated that 

sulfonamides would confer greater metabolic stability, enhance hydrogen bonding capabilities, and 

offer the conformational flexibility required to orient the associated aryl group deep into the 

hydrophobic S1’ pocket to confer additional selectivity. 42,143 Early structure-activity relationship 

(SAR) studies identified the aryl sulfonamide CGS 27023A as an orally active, water soluble, low 

nanomolar affinity and moderately selective gelatinase (MMP-2/-9) and stromelysin (MMP-3) 

inhibitor (Figure 1.6 A).127,128 This inhibitor was initially developed as a potential therapeutic for 

chronic joint diseases. In a rabbit model of osteoarthritis, CGS 27023A preserved cartilage-producing 

chondrocytes and inhibited the release of proteoglycan matrix into synovial fluid following intra-

articular injection.129 Not surprisingly, phase I dose escalation and pharmacokinetics studies revealed 

frequent dose-limiting side effects including rashes and MSS.130,131  
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Figure 1.6 Chemical structures of non-peptidomimetic broad spectrum MMPIs. (A) CGS 

27023A (B) Prinomastat (C) Tanomastat (D) Rebimastat. The ZBG is highlighted in red.  

1.7.2.2 Prinomastat 

MSS related toxicity was suspected to be caused by broad-spectrum inhibition of related 

metalloenzymes and anti-target MMPs.95,112,124,132 Due to concerns surrounding the involvement 

of the interstitial collagenase MMP-1 in the occurrence of MSS, prinomastat (Figure 1.6 B) and 

tanomastat (Figure 1.6 C) were developed sparing this enzyme.95,112,124,132 Several preclinical 

rodent studies of prinomastat demonstrated potent antitumor and antiangiogenic activities 

including cessation of primary tumor growth, prevention of metastasis formation, and improved 

survival.133–137 Yet again, dose-related MSS toxicity was observed in human dose escalation 

studies and clinical trials among patients with small-cell lung cancer and esophageal 

adenocarcinoma.138–140  

1.7.2.3 Tanomastat 

Considering the detrimental effect of the HA moiety on inhibitor selectivity and its in vivo 

lability, this prompted the development of new MMPIs with alternative ZBGs to reduce side effects 

and avoid metabolic susceptibility.96 Tanomastat contains a carboxylic acid for weaker catalytic 

zinc chelation but compensates by extending deeper into the adjacent S1’ side pocket to gain 
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additional binding interactions (Figure 1.6 C).95,112 While such an approach reduced overall MMP 

affinity, it proved effective in enhancing selectivity against MMP-1 and retaining anti-angiogenic 

activity in vitro and in experimental models of colon and breast cancer.141,142 Phase I clinical trials 

demonstrated that tanomastat was generally well tolerated with serum concentrations several 

orders of magnitude greater than its MMP affinity following oral administration and saturable 

absorption at elevated doses.143–145 However, phase III studies among patients with small cell lung 

cancer, pancreatic metastatic adenocarcinoma, and advanced ovarian carcinoma were closed as 

recommended by the Data Safety Monitoring Board of the National Cancer Institute of Canada on 

the basis of inferior efficacy and progression free survival relative to current therapy or placebo 

controls.146–148 Although it the cause of MSS remains unclear, the cumulative studies of 

prinomastat and tanomastat do not strongly comply with the belief that MMP-1 is responsible for 

such toxicity and may actually be required for therapeutic efficacy in cancer.  

1.7.2.4 Rebimastat 

It was further hypothesized that inhibition of specific members of a disintegrin and 

metalloproteinase (ADAM) family involved in the shedding of cell-associated inflammatory 

cytokines including TNFα and IL-1/6 could contribute to MSS.95,124,132,149 To this end, rebimastat 

was designed as a marcaptoacyl containing MMPI with selectivity against ADAM-10 and ADAM-

17 (Figure 1.6 D). Rebimastat was found to dose-dependently inhibit tumor growth and reduce the 

number metastases in an experimental mouse model of lung cancer and prevent endothelial cell 

migration in a matrigel plug angiogenesis model.150 Pharmacokinetic profiles in mice further 

revealed that efficacious plasma concentrations were achieved following a single oral 

administration with no clinical signs of toxicity. Despite this, phase I/II clinical trials among 

patients with Kaposi sarcoma, prostate cancer, or breast cancer were discontinued due to a lack of 
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tumor response or frequent joint stiffness consistent with MSS.151–154 Likewise, phase II/III studies 

using rebimastat in combination with carboplatin or paclitaxel in advanced non-small cell lung 

cancer were stopped as no survival advantage was provided and increased toxicity was 

observed.155,156 Together these studies disproved that MMP-mediated shedding events were linked 

to MSS related toxicity. 

 

1.7.3 Consensus on Broad Spectrum MMPIs 

Despite the continuous effort to optimize broad-spectrum MMPIs, to date, none have been 

clinically approved for human use.95,124 While significant improvements in inhibitor 

pharmacokinetics, alterations in catalytic site binding, and specific enzyme-sparing strategies have 

demonstrated promising preclinical results, human trials have consistently reported a lack of 

therapeutic efficacy and dose-limiting musculoskeletal toxicity.95,96,124 These studies have strongly 

suggested that MSS does not appear to be caused by off-target inhibition of a single MMP or 

related metalloproteinase but rather collective inhibition of several MMPs.124 Moreover, 

considering that MMPs are classified based on their unique substrate specificity and individual 

MMPs can have distinct and potentially opposing roles in disease progression, the development of 

selective MMP inhibitors should be prioritized.124  

1.8 Selective MMPIs  

1.8.1 Collagenase Selective MMPIs 

1.8.1.1 Cipemastat 

Cipemastat is a rationally designed and orally active collagenase-selective inhibitor with 

potent inhibitory activity against MMP-1,-8,-13 and relatively low activity against stromelysin 1 
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and the gelatinases (Figure 1.7).157 As collagen represents the major structural component of 

cartilage and irreversible cleavage by collagenases may lead to loss of join integrity and mobility, 

cipemastat was first evaluated as anti-arthritic agent. Preclinical studies revealed that cipemastat 

possesses dose-dependent anti-inflammatory activity in vitro and prevents articular cartilage 

degradation in rodent models of arthritis in vivo.157,158 Preliminary pharmacokinetic evaluations 

among patients with rheumatoid arthritis revealed that once daily dosing was sufficient to maintain 

effective plasma concentrations.159 Meanwhile, cipemastat was well tolerated with only mild side 

effects occurring at similar frequency to placebo controls and no apparent dose-dependence.159 

While subsequent trials aimed at evaluating treatment efficacy did not prevent the progression of 

joint damage, no musculoskeletal side effects were reported (Figure 1.7).159,160 This suggests that 

collagenase inhibition is not responsible for the onset of MSS toxicity observed among previously 

developed broad spectrum MMPIs and selective inhibition may prove useful for other collagenase-

related disorders. 

 

Figure 1.7 Chemical structure of collagenase selective MMPI Cipemastat. The ZBG is 

highlighted in red. 
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involved in the progression of osteoarthritis (OA).161–165 As such, tremendous efforts have been 

made toward the discovery of selective MMP-13 inhibitors that can prevent cartilage destruction 

within osteoarthritic joints and alleviate inflammation. To confer selectivity and avoid broad-

spectrum inhibition of MMPs containing a catalytic Zn2+ ion, novel inhibitors were designed to be 

non-chelating and instead occupy the unique S1’ and protruding S1” pockets adjacent the active 

site (Figure 1.8).  

 

Figure 1.8 MMP-13 binding pockets and key residues. Adapted from pdb: 1XUD. 

1.9.1 Symmetric S1’ and S1” binding MMP-13 selective inhibitors 

Early efforts identified a few moderately potent and selective MMP-13 inhibitors based on 

benzofuran carboxamide (Figure 1.9 A) and pyrimidinetrione (barbiturate) cores.166–168 These lead 

structures proved critical in uncovering the key binding interactions required to enhance MMP-13 

affinity and elucidating the structural features for the design of subsequent MMP-13 selective 

inhibitors. 
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1.9.1.1 Pyrimidine-dicarboxamide Scaffold 

The first major class of MMP-13 selective inhibitors was reported by Aventis and 

comprised a set of pyrimidine dicarboxamides exhibiting nanomolar activity and exclusive 

inhibition of MMP-13 with no detectable inhibition of related MMPs below 100 M (Figure 1.9 

B).169 Based on x-ray crystallography, the central pyrimidine-dicarboxamide scaffold forms 

several hydrogen-bonding interactions with Thr245, Thr247, Ala238, and Leu239 in the specificity 

loop of the S1’ pocket and exhibits a bent conformation enabling the S1” pocket to deeply 

accommodate the distal that arm of the inhibitor (Figure 1.9 B).169 Importantly, the proximal arm 

pointing toward the entrance of the S1’ pocket does not sufficiently approach the catalytic zinc for 

binding (Figure 1.9 B). These unoptimized inhibitors possessing identical proximal and distal arms 

demonstrated that MMP-13 selectivity can be obtained by exploiting the S1’ specificity loop and 

S1” side pocket not described for other MMPs, rather than the highly conserved catalytic site.  

 

Figure 1.9 Chemical structures of earliest reported MMP-13 selective inhibitors. WAY170523 

(B) Compound 4. The ZBG is highlighted in red. 
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1.9.2 Asymmetric S1’ and S1” Binding Inhibitors 

1.9.2.1 Pyrimidine-dicarboxamide Scaffold 

Subsequent optimization of this inhibitor class by Amgen and Alantos focused on making 

asymmetrical derivatives with different proximal and distal arms to maximize binding interactions 

within the distinct S1’ and S1” subsites (Figure 1.10).170–173 SAR revealed a strong preference for 

a benzoic acid moiety on the distal arm with the potential to form an energetically favourable ionic 

interaction with Lys140 at the back of the S1” pocket. Several pyrimidine-based inhibitors 

possessing this terminal carboxylic acid have been shown to exhibit sub-nanomolar MMP-13 

potencies while maintaining excellent off-target selectivity against other MMPs and zinc 

metalloproteinases below 20 M (Figure 1.10).170,171 Among the most well characterized, ALS 1-

0365 (Figure 1.10 A) dose dependently inhibited bovine and human articular cartilage degradation 

with similar efficacy to broad-spectrum inhibitors, suggesting that MMP-13 inhibition alone is 

sufficient to block collagen degradation.170,174 In vivo, ALS 1-0365 demonstrated a superior 

pharmacokinetic profile than previously reported broad-spectrum inhibitors with by greater oral 

bioavailability and cartilage penetration.170 In various rat models of OA, selective inhibition of 

MMP-13 significantly reduced cartilage degeneration, joint pain, and provided chondroprotection. 

Importantly, no signs of MSS toxicity were detected following administration of ALS 1-0365 at 

200-fold higher concentrations than marimastat, providing a large therapeutic window to achieve 

treatment efficacy (Figure 1.10 A). 
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Figure 1.10 Chemical structures of asymmetric pyrimidine-dicarboxamide MMP-13 inhibitors. 

(A) ALS 1-0365 (B) MMP-13i-A. The deep S1” binding moiety highlighted in blue. 

A structural analogue developed by Amgen, referred to as MMP-13i-A, was also evaluated 

as a therapeutic in atherosclerotic mice with evolving or established plaques (Figure 1.10 B).173 In 

vitro characterization of MMP-13i-A revealed low nanomolar MMP-13 potency, no observable 

off-target inhibition below 20 M, and the ability to block MMP-13 secreted by activated 

inflammatory macrophages. Twice daily oral treatment with MMP-13i-A did not alter plaque size, 

macrophage content, or SMC accumulation, but significantly decreased MMP-13 activity and 

substantially increased interstitial collagen content within the fibrous cap of atherosclerotic 

plaques. Selective inhibition of MMP-13 also afforded larger and thicker fibrous caps, a feature 

consistent with a stable phenotype observed in human atherosclerotic plaques (Figure 1.10 B). 

This study identifies MMP-13 as a major collagenase in atherosclerotic plaques and establishes 

that selective inhibition of MMP-13 in mice reinforces the collagen content of the fibrous cap and 

may confer resistance to rupture. 
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1.9.2.2 Fused-Pyrimidine and Quinazoline-2-Carboxamide Scaffolds  

Extensive high-throughput screenings from Pfizer and Takeda discovered low nanomolar 

potent and remarkably selective (> 100 M) compounds based on fused-pyrimidine (Figure 1.11 

A) and quinazoline (quinazolinone) (Figure 1.11 B) pharmacophores that represented highly 

promising leads for computer-aided drug design and SAR studies.175–178 As with the pyrimidine 

class, co-crystallization with MMP-13 showed that these inhibitors occupy the unique S1’ and S1” 

subsites without binding the catalytic Zn2+ ion. These optimized core scaffolds gain hydrogen 

bonding interactions with the backbone and sidechains of Thr245 and Thr247 within the S1’ 

specificity pocket. SAR of the proximal inhibitor arm revealed a preference for (hetero)aryl rings 

due to participation in co-planar stacking with His222 and tolerance toward small substituents at 

the 3-position which have a minor but beneficial effect on inhibitor potency (Figure 1.11).175,178 A 

3-methoxybenzylamine fragment attached via an amide linker was most optimal due to hydrogen 

bonding with Ala238 and Leu239 flanking the catalytic site and accordingly maintained during 

subsequent SAR.175,177 Molecular modelling indicated that the S1” pocket is largely hydrophobic 

and of sufficient size to accommodate a phenyl ring connected to the quinazoline or fused-

pyrimidine system by a three-atom linker at the 5-position (Figure 1.11).176,177 Owing to an 

additional hydrogen bond with Thr247, ether-based benzyloxymethyl (Figure 1.11 A) or 

phenethyloxy linkers (Figure 1.11 B) are most desirable and afforded a significant improvement 

in MMP-13 potency.176,177 Unique to the quinazoline-2-carboxamide class, introduction of fluorine 

at the 6-position provided a weak interaction with the backbone of Met253 located in the deeper 

region of the S1’ pocket and afforded a slight increase in MMP-13 inhibitory activity (Figure 1.11 

B).177 Structural studies also revealed that additional interactions can be exploited at the bottom of 

the S1” pocket by incorporating appropriate hydrogen bond donor or acceptors at the 4-position of 
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the terminal phenyl ring (Figure 1.11).175–177 Inhibitor derivatives bearing strong hydrogen bond 

acceptors proved to be most potent with a close association to functional group acidity.175 

Carboxylate-containing analogues gain hydrogen bonding and ionic interactions with Asn215 and 

Lys140 critical for driving target affinity down to the sub-nanomolar level and conferring best-in-

class selectivity.175–177 Simultaneously, addition of the carboxylate enhanced physicochemical 

properties such as oral bioavailability and aqueous solubility, largely addressing a previous 

limitation of these inhibitors. Pharmacokinetic profiles favourably displayed good oral absorption, 

moderate clearance, and high metabolic stability across various species.175–177 Importantly, 

preliminary safety assessments revealed no musculoskeletal side effects following repeated oral 

administration at elevated doses in rats.175 Meanwhile, treatment effectively prevented cartilage 

degradation in rabbit or rat models of OA, suggesting the potential for MMP-13 selective inhibitors 

as therapeutics.175–177 

 

Figure 1.11 Chemical structures of fused-pyrimidine and quinazoline-2-carboxamide MMP-13 

inhibitors. (A) Compound 26c (B) Compound 21k. The deep S1” binding moiety is highlighted 

in blue. 
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1.9.2.3 Susceptibility for the Organic Anion Transporter (OAT)  

Translational studies on a number of these carboxylic acid-containing MMP-13 selective 

inhibitors in cynomolgus monkeys consistently revealed nephrotoxicity.179 As organic anions at 

physiological pH, it was determined that the carboxylate functional group rendered these 

molecules a substrate of the organic anion transporter (OAT) and presented the risk of generating 

reactive acyl glucuronide metabolites that accumulate in proximal tubular cells.179 Although the 

carboxylic acid has been shown to greatly improve MMP-13 potency and selectivity, alternative 

non-carboxylate containing inhibitors based on a central pyrimidine scaffold were developed to 

mitigate the potential risk of OAT mediated accumulation.172 While removal of the carboxylate 

significantly reduced target affinity, systematic replacement with neutral functional groups 

including alcohols and amides that could similarly engage with lysine in the S1” pocket adequately 

recovered this loss of affinity.172 Concurrently, incorporation of these stable functional groups 

would suppress concerns of metabolic liability. Indeed, these modifications retained biological 

efficacy in models of OA and toxicology studies in cynomolgus monkeys revealed excellent 

tolerability with no nephrotoxicity detected at exposures exceeding previously reported levels for 

such complications.172,180  

1.9.3 S1’ and S1 Binding Inhibitors 

1.9.3.1 Fused-pyrimidine Scaffold 

As an alternative strategy to circumvent the potential in vivo liability of carboxylate-

containing MMP-13 selective inhibitors without sacrificing target affinity, several novel inhibitors 

which simultaneously occupy the S1’ specificity pocket and S1 site near the catalytic Zn2+ ion have 

been designed (Figure 1.12).181 Although zinc-chelation has generally been associated with poor 

selectivity and deemed responsible for inducing MSS related toxicity, these inhibitors display 
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excellent MMP potency in the single digit nanomolar range.181 As such, it was hypothesized that 

inhibitor potency and selectivity could be maintained by combining interactions in these regions.  

Traditionally, optimization of the proximal inhibitor arm which occupies the opening of 

the S1’ pocket has been a less common approach as only hydrophobic contacts or pi-stacking 

interactions are observed and binding to conserved residues near catalytic Zn2+ ion is 

undesirable.182 Nevertheless, a set of fused-pyrimidine inhibitors were designed to extend toward 

the catalytic Zn2+ ion with a biaryl ring system and incorporate an amide-based spacer for 

attachment of different non-chelating polar residues that bridge over the Zn2+ binding site and 

reach into a solvent accessible area (Figure 1.12 A).181,183–185 These moieties respectively provided 

hydrophobic contacts with Leu184 and Pro242 and several new hydrogen bonding interactions 

with the backbone of Leu185 and Ala186 that significantly contribute to the single digit nanomolar 

MMP-13 affinity and excellent MMP selectivity (> 5 M) of these inhibitors.181,183–185 Moreover, 

many of these optimized compounds dose-dependently inhibited in vitro collagenolysis, displayed 

enhanced aqueous solubility, and possessed favourable membrane permeability.181,184,185 In vivo 

pharmacokinetic studies also revealed cartilage penetration as detected in synovial fluid.181 

 Exceptionally, a number of structurally related compounds were found to exhibit adequate 

MMP-13 potency in the low nanomolar range and to a lesser extent retain selectivity (>100-fold) 

against closely related MMPs, despite the presence of an oxetane (Figure 1.12 B) or triazole ring 

(Figure 1.12 C) which weakly chelates the catalytic Zn2+ ion.181,185–187 To further improve inhibitor 

selectivity, a series of MMPIs were designed to incorporate a linker at the 5-position of the fused-

pyrimidine system and span the S1 to S1” pockets (Figure 1.12 C).186,187 However, introduction of 

a small aryl group was not well tolerated as the core scaffold adopted a slightly shifted binding 

conformation when coupled to the rigid biaryl linker and ZBG.187 Replacement with a flexible 
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ethylenedioxy linker restored the capability to accommodate an S1’’ occupying arene and 

remarkably afforded sub-nanomolar potency and 1500-fold selectivity (Figure 1.12 C).186 Taken 

together, these studies demonstrate that it is possible to design highly potent and selective MMP-

13 inhibitors by simultaneously exploiting interactions within the S1, S1’, and S1” pockets and 

catalytic site. In rare cases, chelating yet selective inhibitors can similarly be designed via a 

combinatorial effect of interactions. 

 

 

Figure 1.12 Chemical structures of S1 binding MMP-13 inhibitors. (A) Compound 2 (B) 

Compound 32 (C) Compound 31f. The ZBG is highlighted in red. 
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Although broad-spectrum MMPIs have consistently suffered from MSS-related toxicity 

and failed to demonstrate therapeutic efficacy during clinical translation, such concerns are largely 
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MMPIs would facilitate detailed pharmacokinetic evaluations that would critically improve our 
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identify in vivo liabilities. Importantly, the development of MMP-targeted radiotracers also offers 

the potential to non-invasively measure in vivo MMP activity and characterize disease severity.188 

1.11.1 [11C]CGS 25966 

Accordingly, several PET and SPECT imaging agents have been designed based on the 

broad spectrum MMPIs CGS 27023A and its close analogue CGS 25966, derived from the non-

peptidic aryl sulfonamide class (Figure 1.13).189–191 These lead structures were selected as 

radiotracer targets due to a combination of their low nanomolar potency across several MMP 

subtypes, favourable pharmacokinetic profiles, and amenability to carbon-11 radiolabeling. 

Original radiosyntheses focused on labeling the hydroxamic acid by 11C-O-methylation with 

[11C]CH3OTf to prepare several methylated CGS 27023A analogs.189,190 This strategy proved to be 

highly efficient, but alteration of the ZBG is less desirable as it can disrupt the inhibitory activity 

or selectivity profile of the inhibitor. As such, subsequent radiosyntheses of [11C]CGS 25966 

(Figure 1.13 A) switched to labeling of the methoxy group on the terminal arene by 11C-

methylation of the corresponding phenol precursor with [11C]CH3OTf to provide the direct 

isotopologue.191 The first in vivo evaluations of [11C]CGS 25966 (cLogD = 3.80, pH 7.4) in breast 

cancer xenograft mouse models showed little tumor uptake (0.42 – 1.53 %ID·g-1), and inadequate 

tumor/blood or tumor/muscles contrast ratios (0.84 – 1.95 and 1.09-1.27) for non-invasive tumor 

visualization by PET imaging.192 
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Figure 1.13 Chemical structures of small molecule broad-spectrum MMP radiotracers. (A) 

[11C]CGS 25966 (B) [123I]HO-CGS 27023A (C) [18F]BR351. 

1.11.2 [123I]HO-CGS 27023A 

Nevertheless, numerous analogues of CGS 27023A and CGS 25966 continued to be 

developed with improved pharmacokinetics and radiolabeled with fluorine-18, carbon-11, or 

iodine-123 for PET and SPECT imaging.193–200 Among the most well-characterized candidates, 

[123I]HO-CGS 27023A (Figure 1.13 B) displayed nanomolar MMP affinities similar to that of the 

parent compound and moderate lipophilicity (clogD = 1.60, pH 7.4).195 Evaluations in healthy 

mice uncovered rapid blood clearance and minimal tissue-specific accumulation, supporting the 

potential suitability of this radioligand in vivo imaging of MMP activity in disease models.195  

Additional studies were conducted in atherosclerotic mice with carotid artery ligation as a 

model of arterial remodeling and MMP-expressing vascular lesions.201 By planar scintigraphic 

imaging, [123I]HO-CGS 27023A was found to steadily accumulate in the carotid lesion up to 0.35 

%ID over 2 hours. In vivo biodistribution studies favourably revealed rapid washout from the 

blood, mixed hepatobiliary and renal clearance, and no appreciable signal in the thoracic cavity. 

These features provide increased target-to-background contrast ratios and offer the potential for 

imaging of MMP activity in the coronary arteries and aorta with little signal interference from the 

myocardium. Critically, pre-administration of excess unlabeled CGS 27023A completely 

abolished carotid lesion radioligand uptake down to levels indistinguishable from wild-type or 

sham-operated controls (0.25 %ID), indicative of MMP-specific binding. Comparative ex vivo 

gamma counting of the ligated and control carotid artery, demonstrated approximately 3-fold 

higher uptake in the ligated carotid artery that was significantly blocked by 87%, further 
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confirming that lesional uptake is specific. Ex vivo autoradiography and immunostaining of ligated 

carotid artery sections displayed intense focal radioligand uptake in regions expressing MMP-9 

and rich in inflammatory macrophages. This provides evidence to support that the measured 

radioligand uptake within these lesions corresponds to the distribution of active MMPs and for the 

first time demonstrates the feasibility of using radiolabeled MMPIs for in vivo imaging MMP 

activity in atherosclerosis. 

1.11.3 [18F]BR351 

Based on these promising results, focus was placed on making derivatives of CGS 27023A 

and CGS 25966 with superior potency which could be radiolabeled with fluorine-18 for PET 

imaging to take advantage of the superior spatial resolution and sensitivity.196 SAR revealed that 

the methoxy group on the terminal arene could be conveniently replaced with a 2-fluoroethoxy 

unit while maintaining inhibitory activity in the low nanomolar range. Accordingly, radiolabeling 

was carried out by aliphatic nucleophilic substitution (SN2) of the corresponding tosylate precursor 

with [18F]fluoride. Comparative biodistribution studies in wild-type mice revealed that the CGS 

25966 fluorinated analogue, later referred to as [18F]BR351 (Figure 1.13 C), exhibited low 

background uptake with no quantifiable differences upon blocking, indicating a lack of specific 

accumulation in healthy tissues. Accordingly, [18F]BR351 was investigated for imaging MMPs in 

disease models including glioma, colorectal cancer, and stroke.202–204  

Most relevantly, ischemic strokes are primarily caused by progressive atherosclerosis in 

which rupture of vulnerable plaques and thrombus formation occludes the cerebral arteries. 

Activation of MMPs contribute to the worsening of post-ischemic stroke outcomes by disrupting 

blood brain barrier integrity, sustaining a pro-inflammatory response, and inducing neuronal 

damage through excessive ECM remodeling.205 Translational studies with [18F]BR351 in a mouse 
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model of transient middle cerebral artery occlusion were conducted to track the spatio-temporal 

distribution of active MMPs in the brain and its association with neuroinflammation.204 In vivo 

PET imaging showed an increase in [18F]BR351 uptake in the infarct core (0.9-1.6 % ID/cc) that 

was most pronounced within the first 7 days post-stroke (1.4-1.5-fold contrast) and peak 

neuroinflammation persisting thereafter. Regions of elevated [18F]BR351 uptake were confirmed 

positive for MMP-9 and overlapping with areas of neuroinflammation identified by PET and 

immunostaining. These results establish the utility of [18F]BR351 for in vivo imaging of active 

MMPs following cerebrovascular events. 

1.11.4 [111In]RP782 and [99mTc]RP805 

To confer greater metabolic stability, macrocyclic hydroxamate-containing MMPIs (Figure 

1.14 A) originally designed by Bristol Meyers Squibb have also been radiolabeled with indium-

111 and technetium-99m for vascular SPECT imaging of MMP activity.206–213 Early 

characterization of [111In]RP782 (Figure 1.14 B) and [99mTc]RP805 (Figure 1.14 C) demonstrated 

broad-spectrum activity with low nanomolar MMP affinities and validated specificity for MMP-2 

in radioligand binding competition assays.207 Favourable biodistributions and clearance kinetics 

for in vivo cardiovascular imaging were observed with little uptake in the liver, and excretion 

primarily through the kidneys. Both radiotracers were subsequently evaluated in mouse models of 

post-infarction myocardial remodeling.207 Ex vivo autoradiographic imaging and quantification of 

myocardial tissue sections displayed increased focal retention in the infarct region (3 %ID·g-1) 

with good contrast over the remote non-infarcted region or healthy controls (1 %ID·g-1). 

Immunofluorescent staining of MMP-2 and -9 and in situ zymography further confirmed 

gelatinase activity and colocalized with the radiotracer distribution observed by autoradiography 

within the infarct zone. In vivo static SPECT/CT imaging of [99mTc]RP805 90 min post injection 
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(p.i.) displayed focal radiotracer uptake in the infarcted myocardium, identified as a perfusion 

defect with 201Tl. This study demonstrates the feasibility of employing [99mTc]RP805 for mapping 

changes in MMP activation and ECM remodelling after myocardial infarction. 

 

Figure 1.14 Chemical structures of radiometalated MMP radiotracers. (A) Macrocyclic MMPI 

(B) [111In]RP782 (C) [99mTc]RP805 (D) [99mTc]RYM1 (E) [64Cu]RYM2. 
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showed a heterogenous pattern of radiotracer uptake (0.1-0.8 cpv·MBq-1) that was highest in the 

proximal aorta and consistent with the distribution of plaque development identified by Oil Red O 

lipid staining. Ex vivo aortic autoradiography and quantification further confirmed the pattern of 

uptake and strongly correlated to in vivo measurements of [111In]RP782 uptake. To investigate the 

temporal pattern of MMP activation during atherosclerotic plaque development, atherosclerotic 

mice fed a high fat diet between 1-3 months underwent SPECT/CT imaging and displayed a 

gradual increase in aortic [111In]RP782 uptake from 0.1 to 0.2 and 0.4 cpv·MBq-1. Pre-

administration of unlabeled RP782 revealed a significant reduction in aortic arch uptake by 75%, 

confirming radiotracer specificity. In a subset of animals which were withdrawn from high-fat diet 

and placed on normal chow, [111In]RP782 uptake was reduced by 60%, as compared to animals 

maintained on diet. Concordantly, dietary intervention led to a significant reduction in MMP 

mRNA expression and correlated to in vivo [111In]RP782 uptake. These results demonstrate that 

[111In]RP782 can detect the heterogenous pattern of MMP activation in atherosclerotic plaques and 

appears sensitive to changes in plaque composition.  

Analogous studies employing [99mTc]RP805, as a close structural analogue of 

[111In]RP782, were conducted in a rabbit model of atherosclerosis induced by balloon de-

endothelization of the abdominal aorta for in vivo molecular imaging of MMP activity in 

atherosclerotic plaques.211 SPECT/CT imaging in atherosclerotic rabbits revealed that aortic 

plaques were most optimally visualized 3 to 4 hours after intravenous administration of 

[99mTc]RP805 as delayed imaging is required to provide sufficient time for radiotracer clearance 

from the blood pool and enhances target tissue contrast. Age-matched atherosclerotic rabbits 

receiving cholesterol lowering treatment with fluvastatin or withdrawn from their 

hypercholesterolemic diet displayed a marked reduction in [99mTc]RP805 uptake. Ex vivo imaging 
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of excised aortas showed intense focal uptake in the abdominal aorta of atherosclerotic animals 

and significantly lower uptake in the diet withdrawal and statin therapy groups, recapitulating in 

vivo observations. Ex vivo quantification of aortic segments confirmed elevated abdominal aortic 

radiotracer uptake (0.1% ID/g) among those on an uninterrupted diet that was 6-fold greater 

than control animals. Moreover, uptake decreased by 45% and 55% to 0.04-0.06% ID/g in the 

statin and diet withdrawal intervention groups, respectively.  Pre-administration of increasing 

doses of unlabeled RP805 dose-dependently decreased [99mTc]RP805 uptake from 35-86%, 

approaching levels observed in control animals and revealing in vivo specificity. Histological 

analysis of aortic segments showed significantly greater MMP-2 and MMP-9 positives areas (5-

8%) in the uninterrupted diet group as compared to the statin or and diet withdrawal groups (1-

3%) which correlated with [99mTc]RP805 uptake. Similarly, in situ gelatin zymography 

demonstrated that MMP-2 and -9 activity was elevated in experimental animals and significantly 

decreased in either treatment group. This data shows that the in vivo [99mTc]RP805 aortic uptake 

reflects the expression level and activity of MMPs in atherosclerotic plaques and that it can utilized 

to monitor response to therapy. 

1.11.5 [99mTc]RYM1 

It was however recognized that [99mTc]RP805 inconveniently requires delayed imaging, 

owing to its relatively prolonged blood circulation and possesses poor water solubility which has 

impeded in vivo blocking studies at suitable concentrations.214 Therefore, macrocyclic 

hydroxamate-containing MMP-targeted radiotracers with improved physicochemical properties 

were developed to facilitate future clinical translation. To overcome such limitations, a structural 

analogue of [99mTc]RP805, [99mTc]RYM1, was designed by maintaining the MMP-targeting 

moiety and incorporating an arginine residue on the linker and a modulatory 
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hydrazinonicotinamide (HYNIC) chelator for radiolabeling to enhance water solubility and 

hydrophilicity (Figure 1.14 D). In vitro characterization of RYM-1 revealed target affinities in the 

low nanomolar range with 6-20-fold selectivity for MMP-12 over MMP-2,-9, and -13. These 

modifications greatly lowered radiotracer lipophilicity as indicated by a logD (octanol/water, pH 

7.4) measurement of -4.0, representing a >10-fold reduction as compared to RP805 with a logD of 

-2.8.  

[99mTc]RYM1 was subsequently evaluated in mouse models of carotid and abdominal 

aortic aneurysm (AAA).215 AAA is most often caused by advanced atherosclerosis and 

characterized by expansive arterial remodeling as an adaptive response to regulate luminal stenosis 

and sheer stress on the vessel wall.216 MMP-12 is extensively implicated in its pathogenesis 

through destructive remodeling of elastin, an integral protein that maintains the structural integrity 

and elasticity of the aortic vessel wall.217 Preliminary assessments of [99mTc]RYM1in healthy mice 

revealed significantly faster clearance from the blood pool (1 %ID·mL-1) as compared with 

[99mTc]RP805 (2.5 %ID·mL-1) at 1 h p.i. Despite lower blood radioactivity, peripheral organ 

[99mTc]RYM1uptake was relatively higher, with little accumulation in the bile (<1% ID·g-1), and 

highest uptake in the kidneys (100 %ID·g-1) and urine (30%ID·g-1), reflecting exclusive renal 

clearance. Aortic autoradiographic imaging and quantification conducted 2 h after IV 

administration of [99mTc]RYM1 in atherosclerotic mice with CaCl2-induced left carotid aneurysm 

revealed elevated uptake at the site of aneurysm (0.3% ID·cm-2). Pre-injection of excess RYM1 

led to a 5-fold decrease in carotid aneurysm radiotracer uptake (0.06% ID·cm-2), confirming 

MMP-specific binding. Blocking also resulted in a 2-fold reduction in aortic vessel wall uptake 

and several peripheral organs, indicating an extent of systemic MMP expression. In vivo 

SPECT/CT imaging conducted in atherosclerotic mice with AAA induced by angiotensin II 
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infusion showed a range of detectable [99mTc]RYM1 uptake in the suprarenal abdominal aorta in 

accordance with the severity of AAA. Categorization by external aortic diameter into low 

remodelling and AAA groups reconciled the observed heterogeneity and uncovered a significant 

difference in [99mTc]RYM1 uptake (0.7 vs 0.4 cpv·MBq-1) that correlated with MMP-12 activity 

detected by zymography. This data validates the utility of [99mTc]RYM1 for the in vivo detection 

and characterization of MMP-12 activity during aneurysm and possesses superior 

pharmacokinetics that facilitates imaging as early as 1 h p.i. 

1.11.6 [64Cu]RYM2 

 Based on the success of [99mTc]RYM1 for SPECT imaging of AAA, [64Cu]RYM2 was 

designed for PET imaging by incorporation of a NOTA chelator for efficient 64Cu radiolabeling 

and maintains a low nanomolar inhibitory profile with preference for MMP-12 (Figure 1.14 E).218 

[64Cu]RYM2 PET offers fully quantitative capabilities, higher sensitivity, and better spatial 

resolution that are critical for imaging small vasculature structures and facilitating eventual clinical 

translation. Evaluations in healthy mice proved that [64Cu]RYM2 behaved similarly to 

[99mTc]RYM1 with low residual blood activity and rapid renal clearance at 1 h p.i. Radio-

metabolite analysis conducted at this timepoint indicated that the intact parent radiotracer 

corresponded to 84 and 94% of blood and urine radioactivity, respectively. By PET/CT imaging 

of ang-II infused AAA mice 50-60 min p.i, focal uptake of [64Cu]RYM2 could be detected at the 

site of aneurysm (SUVmax: 1.8) that was 2- and 3- fold greater than the low remodeling 

(SUVmax: 0.8) or control groups (SUVmax: 0.6), respectively. To establish in vivo specificity, 

blocking studies were conducted in mouse models of AAA and carotid aneurysm by pre-

administration of excess non-radioactive Cu-RYM2, revealing a significant reduction in 

[64Cu]RYM2 uptake by 60% and 90%, respectively, along with several other organs. Ex vivo 
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zymographic evaluations of aneurysmal tissue showed greater activity of MMP-2,-12, and -13 in 

the AAA group than the low remodelling or control groups and correlated with the in vivo 

[64Cu]RYM2 PET/CT aortic signal. To demonstrate the clinical applicability, specific binding to 

human AAA and non-aneurysmal tissue homogenates and aortic sections was quantified by gamma 

counting and autoradiography. When normalized to protein content, [64Cu]RYM2 binding was 

1.5-fold higher than controls and significantly reduced in the presence of excess ilomastat. 

Zymography on this same tissue revealed MMP activity in accordance with the observe radiotracer 

uptake. Future clinical studies are warranted to establish the diagnostic benefit of [64Cu]RYM2 

PET and determine its capability to provide a risk assessment for AAA.  

1.11.7 Limitations of Broad Spectrum MMP Radiotracers 

1.11.7.1 Imaging Contrast 

Based on the collective results from [11C]CGS 25966, [18F]BR351, [123I]HO-CGS 27023A, 

[111In]RP782/ [99mTc]RP805, [99mTc]RYM1, and [64Cu]RYM2 it is well established that PET and 

SPECT radiotracers derived from MMPIs can be utilized for cardiovascular imaging applications. 

While the potential for risk stratification and prediction of rupture remains to be demonstrated, 

these radiotracers strongly correlate with the pathophysiological expression and measured in 

vivo/ex vivo MMP activity in mice. In pursuit of designing successful MMP-targeted radiotracers 

for non-invasive vascular imaging, optimization of physicochemical and pharmacokinetics 

properties is of critical importance. During these preclinical investigations, it has become evident 

that the ideal MMP-targeted radioligand should have low nanomolar affinity with minimal off-

target binding and adequate in vivo metabolic stability to enable accumulation in target tissue.215,218 

Moreover, sufficient hydrophilicity is needed to confer a favourable biodistribution with rapid 

washout of radioactivity from the blood pool and preferential renal clearance such that target-to-
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background contrast is maximized and uptake in nearby metabolic or peripheral organs does not 

interfere with aortic quantification.215,218 

1.11.7.2 Indiscriminate Signal 

While some of these parameters have been achieved with previously developed MMP-

targeted radiotracers, these agents are largely based on broad-spectrum MMPIs and are inherently 

limited by the indiscriminate nature of their signal and suboptimal target tissue contrast.215,219 

Despite the collective role of the MMP family in ECM remodelling, MMPs possess distinct 

substrate specificity and exhibit diverse and potentially opposing pathophysiological functions 

with variable basal expression in healthy tissues.220,221 In vivo uptake of these broad-spectrum 

MMP-targeted radiotracers may therefore not precisely correlate with cardiovascular risk due to 

engagement with multiple MMPs that are concomitantly up- and down-regulated and not related 

to rupture.215,218,219 As such, selective PET imaging of individual MMPs with limited physiological 

expression that are specifically upregulated during atherosclerosis and directly associated with 

plaque vulnerability is advantageous. This strategic approach offers the potential for greater in vivo 

contrast to facilitate non-invasive detection of small atherosclerotic plaques, superior sensitivity 

for stratification of disease severity, and is expected to more accurately reflect destructive ECM 

remodelling for prediction of rupture. 

1.11.7.3 Divergent Role of MMPs in Atherosclerosis 

Although current MMP-targeted imaging agents are non-selective, MMP-2 represents a 

principal target of these radiotracers, leading preclinical investigations to focus on measuring in 

vivo gelatinase activity. Several studies in mice have determined that the activity of this gelatinase 

is indeed upregulated in atherosclerotic plaques, however few have addressed its functional role 

in modulating plaque stability. Comparative histology of aortic plaques from MMP-2 expressing 
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or deficient atherosclerotic mice clearly demonstrate that MMP-2 contributes to plaque formation 

but was accompanied by a thicker fibrous cap with increased SMC- and collagen- positive areas, 

characteristic of plaque stability (Table 1.1).220 Analogous studies following knockout of MMP-3, 

-9, and -12 in atherosclerotic mice, which also comprise major targets of broad-spectrum MMPIs, 

sought to define their pro- or anti-atherogenic functions.221 Genetic deletion of MMP-3 or MMP-

9 resulted in a 4- or 2-fold increase in atherosclerotic plaque area, an 8- or 2-fold increase in the 

number of buried fibrous layers, and a 2-fold reduction in SMC content, respectively (Table 1.1). 

Such changes in plaque composition confer stability and indicate protective roles for these 

enzymes, although other studies have reported variable results for MMP-9.222 In contrast, genetic 

deletion of MMP-12 provided a 2-fold decrease in atherosclerotic plaque area, the number of 

buried fibrous caps, and macrophage content confirming a role in plaque destabilization (Table 

1.1). This demonstrates that specific MMPs can have divergent effects on cellular plaque 

composition and that the contributions of each enzyme to atherosclerotic plaque stability must be 

considered when interpreting radiotracer uptake. 
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Table 1.1 Summary of divergent roles of MMPs on atherosclerotic plaque composition and 

stability.  

 

aUp and down arrows indicate increases or decreases while dashes indicate no change in 

accumulation.   

1.12 Validation of MMP-13 in Atherosclerosis 

1.12.1 Characterization of Unstable Human Atherosclerotic Plaques 

MMP-1, -8, and -13 form a subfamily of collagenases which are frequently targeted by 

broad-spectrum MMPIs and imaging agents. These enzymes are extensively involved in 

cardiovascular remodeling and catalyze the initial rate-limiting step in collagen breakdown.223 

Human carotid atherosclerotic plaques were categorized into fibrous (stable) and atheromatous 

(unstable) phenotypes according to morphological features including their fibrous cap thickness, 

SMC and macrophage positive areas, and lipid content.224 Immunohistochemical analysis revealed 

that MMP-1 and MMP-13 colocalized and exhibited 3- and 5-fold greater uptake in 

atheromatous as compared to fibrous plaques, respectively. In situ hybridization and western 
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blotting additionally confirmed that MMP-13 mRNA and protein expression were predominantly 

elevated in atheromatous tissue, but not normal arteries. To provide evidence of collagenolytic 

activity, immunostaining of collagen fibrils was conducted and revealed an increase in cleaved 

collagen within atheromatous plaques that colocalized with MMP-1 and MMP-13. Quantification 

by western blotting showed 2- and 5-fold more cleaved collagen in atheromatous plaques 

compared with fibrous plaques or healthy tissue and a reciprocal decrease of intact collagen, 

respectively. Proinflammatory cytokines such as IL-1 and TNFα which activate collagenases were 

also uniquely expressed in atheromatous plaques. This data demonstrates that MMP-1 and MMP-

13 are primarily upregulated in inflammatory human atheromatous plaques and their 

collagenolytic activity may increase susceptibility to rupture.  

1.12.2 MMP-13 Selective Knockout  

Additional investigations in MMP-13 knockout mice were performed to evaluate the role 

of this collagenase on the development and structure of atherosclerotic plaques.225 MMP-13 

deficiency did not alter total plaque burden nor the accumulation of macrophages (Table 1.1). 

However, after 10 weeks of atherogenic diet, staining revealed a 2-fold increase in collagen 

content in terms of both absolute and percent area (Table 1.1). Using circularly polarized light, 

collagen fiber morphology could be examined and showed that MMP-13 significantly decreased 

collagen fiber thickness, orientation, and organization by 1.5-2-fold within the fibrous cap (Table 

1.1). These results identify MMP-13 as a major in vivo regulator of destructive arterial collagen 

remodelling and suggest that MMP-13 mediated alterations in collagen content and structure may 

reduce atherosclerotic plaque stability.  
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Considering the lack of a functional rodent ortholog of MMP-1, a separate study sought to 

determine the relative contribution of the collagenase activity of MMP-8 and MMP-13 on 

atherosclerotic plaque composition.226 In line with previous literature, single or double knockout 

of MMP-8 and MMP-13 in atherosclerotic mice did not alter plaque size in the aorta or 

brachiocephalic artery as determined by Oil red O lipid staining (Table 1.1). However, staining 

and analysis of collagen content revealed that a deficiency of MMP-13, but not MMP-8, 

significantly increased collagen accumulation by 70% as compared to atherosclerotic controls 

with early or established plaques (Table 1.1). No additional increase was observed upon double 

knockout of both MMP-8 and MMP-13. Moreover, collagen fiber thickness visualized under 

polarized light, was solely increased in MMP-13 deficient mice and not further enriched by double 

knockout. In situ zymography was used to estimate the relative collagenolytic activity of MMP-8 

and MMP-13. Deletion of MMP-13 alone was sufficient to completely inhibit collagen degradation 

in established plaques to levels indistinguishable from ilomastat blocking. As major sources of 

collagen production and MMPs, staining for SMCs and macrophages was also conducted. In 

established plaques with MMP-13 or combined MMP-8/13 deficiencies, there was a 1.5-fold 

reduction in SMC content and a 1.5-2-fold increase in the ratio of collagen/SMCs (Table 1.1). 

While neither deletion of MMP-13 nor MMP-8 altered macrophage accumulation, there was a 

trend towards decreased necrotic core size. Together this study provides strong evidence that 

MMP-13 predominates over MMP-8 as an interstitial collagenase in atherosclerotic mouse plaques 

and provides the rationale for selective targeting of MMP-13 for therapeutic and diagnostic 

applications. 
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1.12.3 MMP-13 Selective Inhibition  

Accordingly, selective inhibition of MMP-13 was evaluated as therapeutic strategy to 

prevent collagen degradation and stabilize atherosclerotic plaques in mice.173 In vitro incubation 

of murine or human activated macrophages with MMP-13i-A dose-dependently reduced MMP-13 

activity by 75% and 50%, respectively. According to in situ zymography, treatment with MMP-

13i-A blocked collagenolytic activity comparably to broad-spectrum inhibition with ilomastat. To 

assess the effects of MMP-13 inhibition on cellular plaque composition, atherosclerotic mice with 

evolving or established plaques orally received MMP-13i-A for 10 weeks. Ex vivo fluorescent 

resonance imaging of aortic plaques with a fluorescent activatable probe and nanoparticles 

demonstrated that MMP-13i-A reduced MMP-13 activity by approximately 35%, without affecting 

macrophage accumulation. In contrast, staining revealed that MMP-13i-A significantly increased 

collagen accumulation by 1.5-fold in both evolving and established plaques. Differentiation of 

collagen fibril morphology under polarized light further indicated that treatment resulted in thicker 

and larger collagen fibrils. Moreover, the increase in plaque collagen content was largely observed 

within the fibrous cap and contributed to increased fibrous cap area and thickness, features 

consistent with stable atherosclerotic plaques. These results demonstrate that selective inhibition 

of MMP-13 can alter atherosclerotic plaque composition by reinforcing fibrous cap collagen 

content and appears to be a suitable molecular marker and therapeutic target of plaque stability.  

1.13 MMP-13 Selective Radiotracers 

Despite the abundance of MMP-13 selective inhibitors and considerable interest in this 

collagenase as a major molecular biomarker for osteoarthritis, breast cancer, and atherosclerosis, 

very few MMP-13 selective radiotracers have been developed for in vivo PET imaging.227,228 

Nevertheless, MMP-13 targeted radiotracers hold significant potential for early diagnosis of 
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MMP-13 related disorders and monitoring disease progression. Additionally, this approach could 

accelerate the discovery of MMP-13 selective inhibitors as therapeutic agents and assessing 

treatment efficacy. 

1.13.1 Hydroxyproline Scaffold  

To this end, a set of fluorinated small molecule inhibitors were developed based on the 

(hydroxy)proline-rich triple helical structure of collagen to mimic the native substrate of MMP-13 

and radiolabeled for in vivo PET imaging in healthy mice.227 The HA-containing (2S,4S)-

configured 4-hydroxyproline scaffold (Figure 1.15 A) was identified as a lead structure which 

tightly coordinates the catalytic Zn2+ ion and forms key hydrogen bonds with surrounding active 

site residues. Accordingly, this core fragment was maintained during subsequent structural 

optimization. To obtain the desired selectivity profile, emphasis was placed on alterations of the 

N-terminus by attachment of a diphenylacetylene moiety elongated with lipophilic side chain at 

the 4-position of the distal phenyl ring that is oriented toward the S1’ pocket and capable of 

reaching the unique S1” side pocket. Addition of a 5-fluoropentoxy chain afforded sub-nanomolar 

MMP-13 potency and >170-fold selectivity, representing a strong candidate for 18F PET 

radiotracer development. As such, labeling of [18F]4 (Figure 1.15 A) was conveniently performed 

by aliphatic nucleophilic substitution (SN2) of the corresponding tosylate precursor with 

[18F]fluoride. 
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Figure 1.15 Chemical structures of MMP-13 selective PET radiotracers. (A) [18F]4 (B) [18F]2a 

([18F]FMBP). 

  

 

In vitro metabolic stability tests in human and mouse serum remarkably revealed only the 

parent compound with no observable radio-metabolites or decomposition present up to 90 min. In 

vivo dynamic PET imaging (0-90 min) in healthy mice showed rapid washout of radioactivity from 

the blood that stabilized at 2.5% ID/mL. Most significantly, radioactivity in the liver peaked at 

45% ID/mL with prolonged washout to 25% ID/mL and concomitant accumulation into the 

intestines over time from 5-30 % ID/mL. Uptake into the kidneys was largely retained at 10% 

ID/mL with minimal clearance into the urinary bladder. This data collectively reflects a 

hepatobiliary excretion mechanism and excludes a renal elimination pathway. After initial 

perfusion, analysis of peripheral organs revealed no region of interest with relatively increased 

radiotracer accumulation above 5% ID/mL. Altogether, this study exemplifies that MMP-13 

selective inhibitors can be designed for radiolabeling and marks the first reported example of a 

selective MMP-13 targeted PET radiotracer. Importantly, the feasibility of this approach has been 

demonstrated and prompts further translation of non-chelating and highly selective MMP-13 

inhibitors as radiotracers for in vivo imaging applications. 

1.13.2 Pyrimidine-dicarboxamide Scaffold 

Shortly thereafter, a series of radiolabeled MMP-13 selective inhibitors derived from the 

pyrimidine-dicarboxamide class (Figure 1.15 B) were designed and evaluated in healthy mice to 

characterize radiotracer pharmacokinetics and assess the potential to non-invasively measure 

MMP-13 activity in vivo.228 The originally identified pyrimidine-dicarboxamide inhibitor 
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containing symmetrical proximal and distal arms consisting of 4-fluoro-3-methylbenzyl amides 

was selected as a highly potent and selective lead compound for radiotracer design. As the central 

pyrimidine-dicarboxamide core represents the anchoring point of molecule that occupies the S1’ 

specificity loop and forms key binding interactions critical for achieving target affinity, this moiety 

remained invariant. Similarly, as the distal arm extending toward the adjacent S1” pocket is known 

to significantly drive MMP-13 selectivity, this arene was maintained on one side of the molecule. 

Structural modifications instead focus on the arene of the proximal arm as it is particularly tolerant 

toward substitutions at the 4-position and optimally positioned to incorporate reliable handles for 

late-stage radiolabeling with fluorine-18, carbon-11, or gallium-68 without disrupting inhibitor 

potency.  

Among those synthesized, introduction of fluoroethoxy or methoxy groups on the proximal 

arm afforded inhibitors in the low nanomolar range which exhibit 1700 and 3800-fold selectivity 

and represent excellent candidates for fluorine-18 and carbon-11 radiolabeling, respectively. 

Incorporation of a DOTA chelator which was designed to protrude into the solvent accessible space 

via a short linker provided a candidate for gallium-68 labeling but was poorly tolerated and 

accompanied by a loss of MMP-13 selectivity. Radiofluorination of [18F]2a ([18F]FMBP, Figure 

1.15 B) was accomplished via nucleophilic substitution (SN2) of the corresponding tosylate 

precursor with [18F]fluoride Meanwhile, labeling with carbon-11 was achieved by 11C-methylation 

of the corresponding phenol precursor with [11C]CH3I.  

Preliminary evaluations were conducted in healthy mice to characterize pharmacokinetics 

and assess radiotracer performance. In vivo dynamic PET imaging (0-60 min) revealed that the 18F 

and 11C labeled radioligands behave similarly with fast washout at 1-2% ID/mL remaining in the 

blood, predominant retention of radioactivity in the liver and gall bladder between 10-20% 
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ID/mL, and clearance into the intestines over time from 5-15% ID/mL, suggestive of a 

hepatobiliary excretion route. Multi-timepoint ex vivo biodistributions of the 11C derivative 5, 15, 

30, and 60 min after intravenous administration demonstrated that the radiotracer does not 

appreciably accumulate in non-excretory organs above 2% ID/g, normally indicating non-specific 

binding, and recapitulated in vivo findings. Plasma radio-metabolite analysis showed moderate 

metabolic stability with 89 ± 1% and 38 ± 1% remaining intact at 15 and 45 min, respectively. 

These findings suggest that MMP-13 selective radiotracers based on the pyrimidine-

dicarboxamide inhibitor class have significant potential for diagnostic PET imaging and warrants 

further evaluations in disease models overexpressing MMP-13. 
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1.14 Hypotheses and Research Aims 

Project 1: Selective Imaging of Matrix Metalloproteinase-13 to Detect Extracellular Matrix 

Remodeling in Atherosclerotic Lesions (Chapter II) 

Hypotheses: 

1. MMP-13 is a suitable molecular target for PET imaging of atherosclerosis in mice 

2. [18F]FMBP can be used to selectively detect MMP-13 in atherosclerotic mouse plaques 

3. [18F]BR-351 can be used to broadly detect MMPs in atherosclerotic mouse plaques 

4. Selective MMP-13 imaging is superior to broad-spectrum MMP imaging 

Research Aims: 

1. Validate the in vitro uptake and specificity of [18F]FMBP and [18F]BR-351 in 

atherosclerotic plaques by aortic autoradiography and dose-dependent homologous 

blocking 

2. Characterize the in vivo pharmacokinetics of [18F]FMBP and [18F]BR-351 in healthy 

C57Bl/6 mice and atherosclerotic ApoE-/- mice by PET imaging, biodistribution, and 

plasma radio-metabolism 

3. Compare the in vivo uptake, target specificity, and disease sensitivity of [18F]FMBP and 

[18F]BR-351 in atherosclerotic plaques by aortic autoradiography, homologous blocking, 

and Oil Red O staining  

4. Determine the expression of Mac-2, MMP-2, MMP-9, and MMP-13 in atherosclerotic 

plaques detected with [18F]FMBP and [18F]BR-351 by immunofluorescent staining 
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Project 2: Quinazoline-2-Carboxamides as Selective PET Radiotracers for 

Matrix Metalloproteinase-13 Imaging in Atherosclerosis (Chapter III) 

Hypotheses: 

1. MMP-13 selective PET radiotracers derived from the quinazoline-2-carboxamide 

scaffold may offer superior pharmacokinetics for cardiovascular imaging 

2. The ‘best in class’ MMP-13 selective inhibitor 21k represents a promising lead candidate 

for PET radiotracer development  

3. Selective PET radiotracer derived from the quinazoline-2-carboxamide scaffold can be 

used to detect MMP-13 in atherosclerotic mouse plaques 

Research Aims: 

1. Explore the structure-activity relationships of the quinazoline-2-carboxamide inhibitor 

class by synthesizing derivatives with reliable handles for fluorine-18 or carbon-11 

radiolabeling  

2. Characterize MMP-13 potency and selectivity with an in vitro enzyme inhibition assay 

3. Develop radiosyntheses for [11C]21k and 2 other lead candidates by 11C-methylation or 

nucleophilic 18F-fluorination 

4. Evaluate in vivo radiotracer pharmacokinetics in ApoE-/- mice by PET imaging, 

biodistribution, and plasma radio-metabolism 

5. Determine in vivo radiotracer uptake and target specificity in atherosclerotic mouse 

plaques by aortic autoradiography, homologous/heterologous blocking, and Oil Red O 

staining 
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Project 3: Neutral 5-Functionalized Quinazoline-2-Carboxamides as Matrix 

Metalloproteinase-13 Selective PET Radiotracers (IV) 

Hypotheses: 

1. Optimized second-generation MMP-13 selective PET radiotracers derived from the 

quinazoline-2-carboxamide scaffold have the potential for improved imaging contrast and 

in vivo MMP-13 specificity in atherosclerotic mouse plaques 

2. Introducing additional heteroatoms and polar functional groups will reduce radiotracer 

lipophilicity and accelerate blood clearance 

3. Incorporating strong hydrogen bond acceptors that are neutral at physiological pH will 

restore S1” binding interactions to improve MMP-13 potency and selectivity without 

rendering the molecule a substrate for the organic anion transporter 

Research Aims: 

1. Explore the structure-activity relationships of the S1’ pocket (proximal inhibitor arm) by 

synthesizing intermediates containing 2-fluoropyridine regioisomers  

2. Explore the structure-activity relationships of the S1” pocket (distal inhibitor arm) by 

synthesizing functionalized inhibitors containing 5-substituted phenethyl alcohols  

3. Characterize MMP-13 potency and selectivity with an in vitro enzyme inhibition assay 

4. Establish an automated radiosynthesis for the identified lead candidate  

5. Evaluate in vivo radiotracer pharmacokinetics in ApoE-/- mice by PET/CT imaging, 

biodistribution, and plasma radio-metabolism 
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6. Determine in vivo radiotracer uptake and target specificity in atherosclerotic mouse 

plaques by aortic autoradiography, homologous/heterologous blocking, and Oil Red O 

staining 
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2.1 Context 

We initially employed [18F]FMBP, as a previously developed and characterized fluorine-

18 labeled MMP-13 selective PET radiotracer based on the pyrimidine-dicarboxamide inhibitor 

scaffold. As it had only been evaluated in healthy mice, we sought to validate the feasibility of 

using [18F]FMBP for the detection of ECM remodeling in atherosclerotic plaques. To provide a 

comparison to current broad spectrum MMP imaging agents, we also employed [18F]BR-351, as a 

fluorine-18 labeled MMP-targeted PET radiotracer based on the non-peptidic aryl sulfonamide 

inhibitor scaffold. In vivo evaluations in atherosclerotic mice served to demonstrate the potential 

advantages of MMP-13 selective imaging by determining radiotracer pharmacokinetics, 

specificity, and sensitivity.  

2.2 Statement of the Manuscript 

The manuscript entitled “Selective Imaging of Matrix Metalloproteinase-13 to Detect 

Extracellular Matrix Remodeling in Atherosclerotic Lesions” was published in the Journal of 

Molecular Imaging and Biology on February 24, 2022. In this chapter, I developed an automated 

radiosynthesis of [18F]FMBP and assisted Dr. Maxime Munch with an automated radiosynthesis 

of [18F]BR-351. I conducted the in vitro autoradiography with assistance from Dr. Maxime Munch. 

I led the animal studies with assistance from all other authors. Tissue sectioning was conducted by 

Xiaoling Zhao. I performed the histology with assistance from Xiaoling Zhao. I performed all data 

analysis and interpreted the data with guidance from Dr. Benjamin Rotstein. I wrote the manuscript 

with editing from Dr. Benjamin Rostein. All authors approved the final version. 
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2.3 Abstract 

Purpose: Overexpression and activation of matrix metalloproteinase-13 (MMP-13) within 

atheroma increases susceptibility to plaque rupture, a major cause of severe cardiovascular 

complications. In comparison to pan-MMP targeting [18F]BR-351, we evaluated the potential for 

[18F]FMBP, a selective PET radiotracer for MMP-13, to detect extracellular matrix (ECM) 

remodeling in vascular plaques possessing markers of inflammation. 

Procedures: [18F]FMBP and [18F]BR-351 were initially assessed in vitro by incubation with en 

face aortae from 8 month-old atherogenic ApoE-/- mice. Ex vivo biodistributions, plasma metabolite 

analyses, and ex vivo autoradiography were analogously performed 30 minutes after intravenous 

radiotracer administration in age-matched C57Bl/6 and ApoE-/- mice under baseline or 

homologous blocking conditions. En face aortae were subsequently stained with Oil Red O (ORO), 

sectioned, and subject to immunofluorescence staining for Mac-2 and MMP-13. 

Results: High-resolution autoradiographic image analysis demonstrated target specificity and 

regional concordance to lipid-rich lesions. Biodistribution studies revealed hepatobiliary 

excretion, low accumulation of radioactivity in non-excretory organs, and few differences between 

strains and conditions in non-target organs. Plasma metabolite analyses uncovered that [18F]FMBP 

exhibited excellent in vivo stability (≥74% intact) while [18F]BR-351 was extensively metabolized 

(≤37% intact). Ex vivo autoradiography and histology of en face aortae revealed that [18F]FMBP, 

relative to [18F]BR-351, exhibited 2.9-fold greater lesion uptake, substantial specific binding 

(68%), and improved sensitivity to atherosclerotic tissue (2.9-fold vs 2.1-fold). Immunofluorescent 

staining of aortic en face cross-sections demonstrated elevated Mac-2 and MMP-13 positive areas 

within atherosclerotic lesions identified by [18F]FMBP ex vivo autoradiography.  
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Conclusions: While both radiotracers successfully identified atherosclerotic plaques, [18F]FMBP 

showed superior specificity and sensitivity for lesions possessing features of destructive plaque 

remodeling. The detection of ECM remodeling by selective targeting of MMP-13 may enable 

characterization of high-risk atherosclerosis featuring elevated collagenase activity.  

Keywords: matrix metalloproteinases, atherosclerosis, vulnerable plaques, remodeling, 

inflammation, autoradiography, positron emission tomography, radiotracer 

2.4 Introduction 

The extracellular matrix (ECM) is a highly dynamic network responsible for maintaining 

tissue integrity and modulating cellular functions related to proliferation, adhesion and migration.1 

Matrix metalloproteinases (MMPs) are a class of calcium-dependent, zinc-chelating 

endopeptidases which play an important physiological role in ECM remodeling. Typically, the 

catalytic activity of MMPs is tightly controlled through transcriptional alterations, tissue-specific 

MMP release and activation, or inhibition by endogenous tissue inhibitors of metalloproteinases.2 

Contrarily, dysregulation of activated MMPs is associated with several pathologies including 

metastatic cancer, arthritis, and multiple sclerosis through inflammation-induced tissue 

remodeling and degradation.3,4 Of particular interest, uncontrolled ECM remodeling in the 

vasculature is a hallmark of atherosclerosis.5  

Atherosclerotic lesions constitute a distinctive feature of progressive disease and risk of 

acute coronary events is largely associated with molecular markers of remodeling in these 

plaques.6 Nevertheless, clinical imaging investigations focus nearly exclusively on anatomical or 

functional imaging modalities including angiography, computed tomography, and magnetic 

resonance imaging to identify the extent of coronary occlusion.7,8 On a molecular level, 
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inflammatory mediators stimulate MMP recruitment and augment atheroma formation by 

facilitating mononuclear cell infiltration of the vessel wall.9,10 Upon differentiation, macrophages 

mediate MMP secretion and induce proteolytic activity in vascular smooth muscle cells (SMC), 

contributing directly to plaque destabilization through degradation of the fibrous cap.9,11,12 Given 

that thrombosis underlies most adverse clinical outcomes including myocardial infarction and 

stroke, MMPs represent compelling biomarkers of plaque vulnerability for imaging by positron 

emission tomography (PET).13,14  

Specifically, MMP-13 has been identified as a predominant interstitial collagenase in  

ApoE-/- mice and human atheroma. Elevated expression of activated MMP-13 is associated with 

an increase in in vivo collagenolysis primarily in atheromatous compared with fibrous plaques and 

reduces SMC accumulation in both early and established lesions.10,15 Additionally, knockout of 

MMP-13 in mice abolishes lesion collagenolytic activity, while selective inhibition increases local 

collagen content, suggesting that MMP-13 provokes plaque instability.16,17 

Nevertheless, current MMP-targeted nuclear medicine agents including [18F]BR-351, 

[99mTc]RP-805, and [18F]marimastat-ArBF3 exhibit broad-spectrum activity through coordination 

to the active site Zn2+ ion, conserved across the MMP family.18–20 These radiotracers may exhibit 

lower target tissue contrast due to engagement with non-pathologic MMPs expressed in contiguous 

tissue.12 Given that MMP-13 expression is limited in non-infiltrated arteries and myocardium, 

there is tremendous potential for improved imaging contrast, sensitivity, and especially in vivo 

characterization of atherosclerosis with elevated collagenase activity.10,21 Fortunately, selective 

targeting of MMP-13 has been achieved with several small molecule inhibitors by exploiting the 

unique structural features of its S1′ and S1′* specificity pockets, adjacent the catalytic site.22–24 In 
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particular, MMP-13 inhibitors based on the pyrimidine dicarboxamide scaffold have shown no 

detectable inhibition of MMPs-1, -2, -3, -7, -8, -9, -10, -12, -14, and -16 up to 100 µM.25 

The objective of this study was to evaluate the specificity and sensitivity of an MMP-13 

selective radiotracer in comparison to a non-selective MMP radiotracer for the detection of 

atherosclerotic plaques possessing markers of inflammation and remodeling in mice. To facilitate 

this analysis, a radiotracer originally developed by Hugenberg et al. and herein entitled [18F]FMBP 

(IC50 = 56 ± 2 nM, Table 2.0) with reported 103-fold MMP-13 selectivity has been chosen for 

comparison against [18F]BR-351 originally developed by Wagner et al., which is non-selective (2 

≤ IC50 ≤ 50 nM, Table 2.0) and has been previously investigated for imaging MMPs in glioma, 

colorectal cancer, and stroke.18,22,26–28 

Table 2.0 Selectivity profiles of [18F]FMBP and [18F]BR-351 

IC50 (nM)* 

Radiotracer MMP-2 MMP-8 MMP-9 MMP-13 

[18F]FMBP >105 >105 >105 56 ± 2 

[18F]BR-351 4 ± 3 2 ± 1 50 ± 27 11 ± 0.3 

*Values reported in Hugenberg et al.22 and Wagner et al.26 as the mean ± SD of three 

experiments. 
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2.5 Materials and Methods  

2.5.1 Chemical Synthesis and Radiolabeling  

See ESM for chemical synthesis, radiolabeling, and quality control testing (Suppl. Figs. 1 & 2).  

2.5.2 Animal Model 

Male and female C57Bl/6J (strain no. 000664) and ApoE-/- (strain no. 002052) mice were 

obtained from Jackson Laboratory, acclimated upon arrival for 1 week, housed in groups of 4, and 

monitored periodically until 8-12 months of age. C57Bl/6 mice were fed with normal chow while 

ApoE-/- mice were fed a western atherogenic diet (TD.88137, Envigo) for 16 weeks and returned 

to normal chow.29 Both strains were housed in environmentally enriched cages with free access to 

food and water. All housing, handling, and experimental procedures were in strict accordance with 

the guidelines of Canadian Council on Animal Care and with approval of the University of Ottawa 

Animal Care Committee. (Suppl. Fig. 3) 

2.5.3 Aortic En Face 

Procedures for aortic en face preparations were adapted from literature.30 Mice 

anesthetized with isoflurane were sacrificed by myocardial perfusion with 1× phosphate buffered 

saline (PBS, 10 mL), briefly fixed with 10% formalin (10 mL), and immediately flushed with 

additional 1× PBS (5 mL) via left ventricle cannulation. Perfusate was drained from an incision 

within the right atrium. The heart and aorta were harvested by severing branching arteries and 

detaching the descending aorta. Upon removal of the adventitia, the aorta was separated from the 

heart at the root and opened longitudinally. 
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2.5.4 In Vitro Autoradiography  

En face aortae harvested from ApoE-/- mice (n = 4–7 per group) were sequentially washed 

with EtOH and tris buffer (50 mM, pH 7.4) prior to incubation with the selected tracer (45 kBq) 

for 1 hour. In separate experiments, non-specific binding was assessed by incubating these same 

samples with excess non-radioactive standard (2 μM or 10 μM) for 1 hour. Samples were washed 

with buffer (2 × 5 min) followed by water (1 × 5 min). Aortae were immediately exposed to a 

super-resolution Storage Phosphor Screen (BAS-IP SR 2025 E) in an Electrophoresis Systems 

Autoradiography Cassette (FBXC 810) for 15 hours. The screen was scanned with a Cyclone Plus 

Storage Phosphor System and images were analyzed using OptiQuant software by drawing aortic 

arch regions of interest (ROI) which were Oil Red O (ORO) positive.31 Digital light units (DLU) 

were converted to activity (Bq) using a set of calibration standards with known activities on the 

same screen. Activity density (Bq/mm2) was calculated from dividing the sample activity by the 

ROI area. 

2.5.5 In Vivo Studies 

Dynamic PET imaging was performed on ApoE-/- mice over 1 hour (Suppl. Figs. 3 & 4, 

see ESM). For biodistributions, mice (38 ± 2 g, n = 4 per group) were anesthetized with 3% 

isoflurane and administered non-radioactive standard (5 mg/kg, ip, 50/50 DMSO/water) or 

equivalently dosed vehicle control 30 minutes prior to intravenous injection of the selected tracer 

(15 MBq) through a lateral tail vein catheter. After 30 minutes, mice were sacrificed by myocardial 

perfusion, organs of interest were excised, dipped in water, weighed, and counted for radioactivity 

using a Hidex Automatic Gamma Counter (energy window: 350–650 keV). Counts per minute 

(cpm) were converted to activity (Bq) using a set of calibration standards with known activities. 

Percentage injected dose (%ID) was calculated from dividing the organ activity by the injected 
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dose (decay-corrected) and further normalized by sample mass to obtain the percentage injected 

dose per gram tissue (%ID·g-1).  

Aortae were also harvested and en face specimens were imaged and quantified as described 

for the in vitro autoradiography section. Briefly, percentage injected dose (%ID) was calculated 

by dividing the lesion activity by the injected dose (decay-corrected) and further normalized by 

area to obtain activity density (%ID·m-2).31 

2.5.6 Plasma Metabolite Analysis 

Blood samples were further processed and analyzed for plasma metabolites as previously 

described.18 Plasma samples spiked with nonradioactive standard were analyzed using the 

analytical HPLC conditions as described in the quality control protocol (see ESM). Fractions were 

collected every 2 minutes and counted for radioactivity using a gamma counter. Fractions collected 

before and after the parent fraction were considered as polar and non-polar metabolites, 

respectively. Extraction efficiency was defined as the percentage recovery of radioactivity in 

protein-free plasma following precipitation with acetonitrile.  

2.5.7 Histology 

Procedures for ORO staining were adapted from literature.30 En face prepared samples 

were incubated with the freshly prepared ORO solution for 1.5 hours and washed with water (2 × 

5 min). Bright-field images were taken using a Krüss Stereomicroscope (MSL4000-series) adapted 

with a smartphone camera. Aortic arches, defined by the boundary between the aortic root and the 

ascending aorta to the same level on the descending aorta, were cropped using Adobe Photoshop 

CS5. Lesion areas were expressed relative to the total aortic arch surface area (% positive area). 

Quantification was completed by 2 independent observers using ImageJ.  
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2.5.8 Immunofluorescence  

Following ex vivo autoradiography and staining with ORO, en face aortic arches were 

embedded in paraffin wax (TissuePrep), sliced into 5 µm sections, and deparaffinized. Regions 

which were positive during ex vivo [18F]FMBP autoradiography were selected for sectioning (n = 

2 per aorta). Antigen retrieval was performed in citrate buffer (pH 6.0) at 100 °C for 150 seconds. 

Sections were covered in 10% normal goat serum (Vector Laboratories) for 10 minutes and 

incubated with 1:100 MMP-13 or MMP-2 primary antibody (ab39012 or ab97779, Abcam) and 

1:500 Mac-2 primary antibody (CL8942AP, Cedarlane) for 16 hours at 4 °C. Samples were then 

incubated with secondary antibodies at 1:500 dilution for 30 minutes (MMP-13 & MMP-2: A-

11037, Mac-2: A-11006, Invitrogen). Nuclei were counterstained with Hoeschst 33258 (10 mg/mL 

in PBS) for 8 minutes. Slides were coated with fluorescent protective mounting media (Dako), 

dried, and covered until imaging by fluorescent microscopy (Zeiss Axio Imager A2). Isotype 

control antibodies (rabbit IgG ab171870, Abcam and rat IgG CLCR2A00, Cedarlane) were also 

utilized to assess non-specific fluorescence at equivalent concentrations to the primary antibodies. 

Images were acquired with Aperio ImageScope (10× magnification), stitched using Microsoft 

Image Composite Editor, cropped using Adobe Photoshop CS5 and quantified by 2 independent 

observers using ImageJ.  

2.5.9 Statistical Analysis  

Statistical analysis was performed using GraphPad Prism. Data are presented as mean ± 

standard error. Differences between 2 groups were tested using a 2-tailed unpaired Student’s t-test. 

Multiple groups were compared using 1-way ANOVA or 2-way ANOVA with Tukey’s multiple 

comparison test. Data are normally distributed. Significance was set at the 0.05 level. 
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2.6 Results 

2.6.1 Radiosyntheses of [18F]FMBP and [18F]BR-351 

With minor modifications to previously reported conditions, automated radiosyntheses 

were established to produce the target radiotracers.22,26 [18F]FMBP and [18F]BR-351 were obtained 

in decay-corrected radiochemical yields of 28 ± 1% (n = 10) and 27 ± 6% (n = 3), 60 and 80 

minutes after bombardment, with radiochemical purities >99% (Fig. 1). Molar activities were 

determined to be 92 ± 11 GBq/µmol and 90 ± 53 GBq/µmol at the end of synthesis for [18F]FMBP 

and [18F]BR-351, respectively (Fig. 2.0).  

 

Figure 2.0 Structure of target radiotracers. (a) [18F]FMBP (b) [18F]BR-351. 

2.6.2 In Vitro Autoradiographic Validation 

Aortic arch autoradiographic uptake patterns of [18F]FMBP and [18F]BR-351 displayed 

colocalization with ORO-positive lipid-rich atherosclerotic lesions (Fig. 2.1a). At baseline, 

[18F]FMBP exhibited an aortic lesion activity density of 61.45 ± 2.08 Bq/mm2, reducible by 23% 

to 47.57 ± 2.04 Bq/mm2 (P = 0.0363) and 45% to 33.79 ± 4.18 Bq/mm2 (P = 0.0001) upon co-

incubation with 2 μM and 10 μM non-radioactive FMBP, respectively (Fig. 2.1b). At baseline, 
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[18F]BR-351 exhibited aortic lesion activity density of 37.62 ± 5.00 Bq/mm2, reducible by 55% to 

17.05 ± 3.61 Bq/mm2 upon co-incubation with 2 μM non-radioactive BR-351 (Fig. 2.1b, P = 

0.0046). Similarly, incubation with 10 μM non-radioactive BR-351 reduced aortic lesion activity 

density by 56% to 16.54 ± 1.94 Bq/mm2 (Fig. 2.1b, P = 0.0017). 

 

Figure 2.1 In vitro target specificity and co-localization with lipid content in atherosclerotic aortae. 

(a) Representative ApoE-/- aortic en face in vitro autoradiographs 1 h after incubation with 45 kBq 

[18F]FMBP or [18F]BR-351. Homologous blocking was performed by co-incubation of 2 µM and 

10 µM non-radioactive FMBP or BR-351. Corresponding bright-field images of ORO stains are 

shown. Note the slight fold in the [18F]BR-351 aorta under 10 µM blocking conditions. (b) 

[18F]FMBP and [18F]BR-351 aortic lesion uptake. Two-way ANOVA: ****P < 0.0001, ***P = 

0.0001, **P < 0.0046, * P = 0.0363, n = 4–7 per group. 
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2.6.3 PET Imaging and Biodistribution 

Under baseline conditions in ApoE -/- mice, [18F]FMBP predominantly exhibited hepatic 

(17.22 ± 2.56 %ID·g-1), intestinal (4.73 ± 0.78 %ID·g-1), myocardial (4.66 ± 0.11 %ID·g-1), and 

renal (4.04 ± 0.36 %ID·g-1) retention (Fig. 2.2a). Similar to previous reports for C57Bl/6 mice and 

consistent with ex vivo findings, blood time-activity curves revealed rapid washout of radioactivity 

(Tmax: 0.75 min) while myocardial uptake stabilized at 4.82 ± 0.31 %ID·cc-1 with slow clearance 

10 minutes after injection (Suppl. Fig. 4).22 [18F]BR-351 exhibited uptake within these same organs 

with greater accumulation in the intestine (Fig. 2.2b, intestine: 5.79 ± 0.89 %ID·g-1, kidney: 2.88 

± 0.67 %ID·g-1, and liver: 2.72 ± 0.41 %ID·g-1). Low levels of radioactivity (<2 %ID·g-1) were 

observed in all other measured organs and few differences were observed between strains and 

conditions (Fig. 2.2). Particularly, [18F]FMBP and [18F]BR-351 exhibited statistically significant 

differences in the liver (P < 0.0007) and intestine (P < 0.0011), respectively (Fig. 2.2).  
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Figure 2.2. Ex vivo biodistributions 30 min after intravenous radiotracer administration (15 MBq) 

via the lateral tail vein. (a) [18F]FMBP. Two-way ANOVA: ****P < 0.0001, ***P = 0.0007. (b) 

[18F]BR-351.Two-way ANOVA: ****P <0.0001, **P = 0.0011, n = 6-7 per group (n = 2-3 for 

blood, heart, and muscle).  

2.6.4 Plasma Metabolite Analysis 

Following measurement of whole-blood radioactivity, samples were immediately pooled 

for plasma metabolite analysis using fractional radio-HPLC and gamma counting (Table 2.1 & 

Suppl. Fig. 5). In ApoE-/- mice, 79% and 74% of plasma radioactivity corresponded to intact 
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[18F]FMBP under baseline and blocking conditions, comparable to levels observed in C57Bl/6 

mice (Table 2.1). Conversely, 37% of plasma radioactivity corresponded to intact [18F]BR-351 in 

ApoE-/- mice, with a reduction to 16% under blocking conditions and 9% in C57Bl/6 mice (Table 

2.1). In both analyses, remaining radioactivity was mainly attributed to polar radio-metabolites. 

The observed extraction efficiencies (≥75%) suggest representative sampling of plasma 

radioactivity.   

Table 2.1 Plasma metabolite analysis of [18F]FMBP and [18F]BR-351.  

 
*Values expressed as % of total radioactivity obtained for pooled blood samples 30 min after 

intravenous radiotracer administration, n = 2-3.  

2.6.5 Ex Vivo Autoradiography and Oil Red O Quantification 

Following intravenous administration, aortic arch uptake of [18F]FMBP and [18F]BR-351 

was visualized by en face autoradiography and displayed high regional concordance with ORO-

positive lipid-rich atherosclerotic lesions (Figs. 2.3a & 2.3b). At baseline, [18F]FMBP exhibited 

significantly higher lesion activity density in the ApoE-/- cohort (244 ± 37 %ID·m-2) relative to 

C57Bl/6 controls (Fig. 2.3c, 86 ± 22 %ID·m-2, P = 0.0011). Pre-treatment with non-radioactive 

FMBP significantly decreased [18F]FMBP aortic lesion uptake by 68% to 78 ± 24 %ID·m-2 (Fig. 
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2.3c, P = 0.0007), equivalent to levels observed in control mice, absent of vascular lesions. 

[18F]BR-351 also exhibited elevated lesion activity density in the ApoE-/- cohort (84 ± 6 %ID·m-2) 

relative to controls (40 ± 11 %ID·m-2), however, observed differences were not statistically 

significant (Fig. 2.3c, P = 0.6251). No significant change in [18F]BR-351 uptake was observed 

following pre-administration with BR-351 (Fig. 2.3c, P = 0.9935). Quantification of ORO revealed 

that positive areas were significantly elevated within ApoE-/- aortae (25.51 ± 3.74%) and limited 

in C57Bl/6 controls (0.16 ± 0.07%, Fig. 2.3d, P = 0.0002).   

 

Figure 2.3 Ex vivo autoradiographic lesion uptake, specific binding, sensitivity to atherosclerotic 

tissue, and extent of lipid accumulation. (a/b) Representative aortic en face ex vivo autoradiographs 

30 min after intravenous injection of 15 MBq [18F]FMBP or [18F]BR-351 in C57Bl/6 and ApoE-/- 
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mice via the lateral tail vein. Blocking was performed with non-radioactive FMBP or BR-351 (5 

mg/kg, IP, maximum FMBP solubility) 30 minutes prior to tracer administration. Corresponding 

bright-field images of ORO stains are shown. (c) [18F]FMBP and [18F]BR-351 aortic lesion uptake. 

Two-way ANOVA: ****P <0.0001, ns = not significant, n = 3–4 per group.  (d) Quantification of 

percentage positive ORO areas in C57Bl/6 and ApoE-/- (baseline + block) mice. Unpaired t-test: 

***P = 0.0002, n = 7-15 per radiotracer. 

2.6.6 Markers of Inflammation and Remodeling 

Percentage positive Mac-2 (7.16 ± 1.15%), MMP-13 (5.52 ± 1.54%), and MMP-2 (9.44 ± 

2.14%) areas were distinctly increased within atherosclerotic lesions of ApoE-/- mice, as detected 

by immunofluorescence and predicted by [18F]FMBP ex vivo autoradiography (Figs. 2.4a–l & 

Suppl. Fig. 6). Additionally, MMP-13 and Mac-2 positive areas colocalized (Figs. 2.4i & 2.4j). 

Isotype control experiments revealed a moderate extent of non-specific binding within 

atherosclerotic lesions, but none in C57Bl/6 controls (Suppl. Fig. 7).  
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Figure 2.4 Immunofluorescent staining of atherosclerotic lesions detected by [18F]FMBP ex vivo  

autoradiography. (a/b) Selected [18F]FMBP ex vivo autoradiographs in C57Bl/6 and ApoE-/- mice. 

Corresponding composite images of cross-sections following immunofluorescent staining for (c/d) 

Hoescht, (e/f) Mac-2, and (g/h) MMP-13. (i/j) Mac-2 and MMP-13 merge. Scale bar = 100 µm. 

(k/l) Quantification of percentage positive Mac-2 and MMP-13 areas in ApoE-/- and C57Bl/6 mice. 

Unpaired t-test: ***P = 0.0001, *P = 0.0127, n = 6–8 per group. 

2.7 Discussion 

Few MMP-targeted radiotracers have been evaluated in mouse models of atherosclerosis, 

namely [99mTc]RP805, [111In]RP782, [123I]I-HO-CGS 27023A and [68Ga]Ga-DOTA-TCTP-1.32–38 

Investigations with these radiotracers have primarily focused on colocalizing and in some cases 

correlating in vivo and ex vivo uptake in atherosclerosis with markers such as macrophages and 



 117 

MMPs, determined by immunostaining or mRNA expression. Nevertheless, direct evidence 

toward the differentiation of stable from vulnerable plaques remains elusive. Limited availability 

of mouse models recapitulating atherosclerotic plaque rupture contribute to this shortcoming,39 

though it has also been acknowledged that quantification of broad metalloproteinase activity may 

not be appropriate.32,38 The target density of a non-selective radiotracer is subject to dynamic MMP 

expression patterns in various tissues and diseases. While many MMPs have been shown to be 

upregulated in human carotid plaques, these enzymes possess varying pathophysiological roles in 

plaque progression.5,12,40,41 Therefore, imaging specific subtypes which have been shown to 

directly contribute to atherosclerotic plaque rupture may be advantageous. The present study 

sought to evaluate an approach to selective targeting of MMP-13, a predominant collagenase 

implicated in plaque vulnerability, for sensitivity and characterization of atherosclerotic plaques 

possessing markers of inflammation and remodeling, in comparison to a broad-spectrum MMP 

radiotracer.10,15–17 

To facilitate this comparative analysis, automated syntheses were adapted to reliably obtain 

[18F]FMBP and [18F]BR-351 with slightly improved radiochemical yield and molar activity (>90 

GBq/µmol) suitable for high contrast imaging (Fig. 2.0 & Suppl. Fig 1). Initial validations were 

performed by high resolution in vitro autoradiography in en face aortae to visualize and quantify 

radioligand binding in atherosclerotic tissue without potential confounds related to target-tissue 

delivery and metabolism. Given the unavailability of heterologous MMP-selective inhibitors, and 

the aforementioned differences in target engagement, radiotracer binding specificity was assessed 

with the corresponding non-radioactive standard. [18F]FMBP and [18F]BR-351 demonstrated 

moderate levels of specific binding (45% and 56% displaceable, respectively) and evident 

colocalization to ORO-positive areas, representing lipid-laden atheromatous plaques (Fig. 2.1). 
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[18F]FMBP demonstrated dose dependent blocking and lesion activity density was 1.6-fold greater 

than [18F]BR-351 at baseline, while [18F]BR-351 specific uptake was fully saturated at 2 µM (Fig. 

2.1). Taken together, though levels of specificity were suboptimal during in vitro evaluation, these 

findings provided justification for more comprehensive investigations. 

To further establish radioligand localization profiles, ex vivo biodistribution was performed 

in C57Bl/6 and ApoE-/- mice. In vivo PET imaging was conducted in ApoE-/- mice to select an 

optimal timepoint for ex vivo sampling (Suppl. Fig. 4). Subsequent experiments were conducted 

at a 30-minute timepoint following stabilization of [18F]FMBP myocardial and blood time-activity 

curves to sufficiently allow for radiotracer circulation. Both [18F]FMBP and [18F]BR-351 

predominantly undergo renal clearance and hepatobiliary excretion with low accumulation in non-

excretory organs (Fig. 2.2), as previously reported in mice.22,26 While the observed differences in 

hepatic [18F]FMBP uptake are not fully understood, constitutive expression of MMP-13 and 

western-diet induced fibrosis suggest potential explanations.42,43 Observed differences in intestinal 

[18F]BR-351 uptake are suspected to be related to metabolic variations (Table 2.1). Low bone 

uptake indicated that radiodefluorination did not occur, offering the potential for non-invasive 

aortic imaging of calcific vascular lesions in close proximity to the spine in larger species using 

PET/CT. Most notably, distribution patterns were similar among mouse strains and few differences 

were observed under blocking conditions, emphasizing that target expression and specific binding 

are low in organs unassociated with atherosclerosis (Fig. 2.2). 

A metabolic study of [18F]FMBP and [18F]BR-351 was conducted to assess in vivo stability 

(Table 2.1 & Suppl. Fig. 5). Analysis of blood plasma revealed high metabolic stability of 

[18F]FMBP, with the parent fraction representing the major detectable species under all testing 

conditions at a 30-minute timepoint. Although metabolites were not identified, the remaining polar 
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radio-metabolites likely correspond to O-dealkylation or amide hydrolysis products.22 In contrast, 

analysis of blood plasma revealed low metabolic stability of [18F]BR-351, with polar radio-

metabolites representing the major detectable species under all testing conditions at an equivalent 

timepoint. Differences in the extent of [18F]BR-351 metabolism are consistent with the observed 

variability in ex vivo intestinal uptake (Fig. 2.2b). Similarly, polar radio-metabolites likely 

correspond to O-dealkylation with the sulfonamide and hydroxamate moieties representing other 

labile positions.18,44 

Ex vivo autoradiography on en face aortae served to reinforce in vitro findings in 

atherosclerotic tissue (Figs. 2.3a & 2.3b). [18F]FMBP possessed 2.9-fold greater uptake in ApoE-/- 

models compared to C57Bl/6 animals and exhibited regional concordance with lipid-laden ORO-

positive areas. Gratifyingly, pharmacological dosing of non-radioactive FMBP completely 

blocked aortic lesion tracer uptake such that it was indistinguishable from controls (Fig. 2.3c). 

Although [18F]BR-351 seemingly possessed 2.1-fold sensitivity to atherosclerotic tissue, this 

difference along with the slight reduction observed by pre-treatment with non-radioactive BR-351 

were not statistically significant in the sample groups (Fig. 2.3c). The discrepancy between in vitro 

and ex vivo findings is likely attributed to the poor metabolic stability of [18F]BR-351 resulting in 

limited MMP engagement (Table 2.1). Relative to [18F]BR-351, [18F]FMBP further exhibited 2.9-

fold greater aortic lesion uptake (Fig. 2.3c). Quantification of ORO-positive areas highlighted that 

aortic lipid accumulation was elevated in ApoE-/- mice and negligible in C57Bl/6 controls (Fig. 

2.3d). 

En face aortae obtained during ex vivo analyses were subsequently embedded in paraffin, 

sectioned, and stained for immunofluorescent detection of Mac-2 and MMP-13 as markers of 

inflammation and remodeling, alongside nuclear counterstaining with Hoescht (Figs. 2.4a-j). As 
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expected, a negative result was obtained for C57Bl/6 samples lacking aortic lesions (Figs. 2.4a-j). 

In contrast, atherosclerotic lesions which were ORO-positive and detected by [18F]FMBP ex vivo 

autoradiography possessed elevated Mac-2 and MMP-13 positive areas, suggesting that 

radiotracer uptake is sensitive to the presence of these biomarkers (Figs. 2.4a-i). Notably, MMP-

13 density appears to be markedly increased within the outer curvature of the atherosclerotic 

lesion, consistent with localization of this enzyme within the fibrous cap, which is a major 

determinant of plaque destabilization (Figs. 2.4i & 2.4j).10,15 Quantification recapitulated that Mac-

2 and MMP-13 are uniquely expressed in response to atherosclerosis, consistent with macrophage 

mediated secretion and activation of this collagenase (Figs. 2.4k & 2.4l).  

Considering that [18F]BR-351 effectively binds to MMP-2, -8, -9 and -13, the contributions 

of each target to radiotracer uptake must be clearly identified to facilitate interpretation. While, the 

percentage positive area of MMP-2 was also found to be elevated in atherosclerotic plaques as 

detected by immunofluorescence (Suppl. Fig. 6), literature on MMP-2 deficient atherogenic mice 

suggests that this gelatinase imparts stability to atherosclerotic lesions by accumulating SMCs into 

the fibrous cap.45 Likewise for MMP-9, inconsistent findings necessitate further elucidation of its 

diverse effects on cellular plaque composition.45,46 Regarding the interstitial collagenases, MMP-

13 predominates over MMP-8 in degrading intraplaque collagen, and reducing SMC accumulation 

in atherogenic mice.15 Most significantly, MMP-13 colocalizes with MMP-1 in inflamed human 

atheromatous plaques, demonstrating that selective imaging of MMP-13 remains a promising 

strategy for pre-clinical evaluations.10 
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2.8 Limitations 

BR-351 and FMBP bind active site zinc ions or specificity pockets adjacent the MMP 

active site. Although the possibility for engagement with inactive enzymes was not assessed in this 

study, latent MMP active sites are inaccessible to both substrate and aqueous medium prior to 

cleavage of the pro-peptide domain.25,47 Therefore, it is reasonable to infer radiotracer specific 

binding reflects active MMP concentrations. Due to the unavailability of well-characterized 

selective MMP-13 inhibitors, heterologous blocking studies were not possible in the current study 

and target engagement of MMP-13 could not be directly evaluated. Biological variance of MMP-

13 expression was insufficient to establish meaningful correlations using ApoE-/- mice, though may 

be possible with additional model strains.32  

From an imaging perspective, while PET radiotracers inherently hold several advantages 

over SPECT analogues, accurate in vivo localization and quantification of small lesions in mice 

remains challenging due to limited spatial resolution and partial volume effects. In vivo PET 

imaging was conducted in this study to observe dynamic distribution among organs but could not 

be used to localize aortic uptake due to the small physical size of the vessel and significant liver 

uptake. It is also important to acknowledge that the employed atherogenic mouse model may lack 

the underlying biochemical and physiological processes necessary to truly develop rupture-prone 

atherosclerotic plaques.48 As such, the present study sought to co-localize radiotracer uptake with 

biomarkers of inflammation and remodelling consistent with disrupted human plaques. Future 

studies on larger mammals with advanced human-like atherosclerosis are planned to not only 

localize but differentiate stable atherosclerotic plaques from those which are susceptible to rupture. 

Given the promising results of this approach, second generation PET radiotracers derived from 
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alternative inhibitor scaffolds with improved potency and selectivity are under parallel 

development. 

2.9 Conclusion 

The feasibility of imaging extracellular matrix remodeling ex vivo in mouse models of 

atherosclerosis with MMP-13 targeted PET radiotracers has been established. While both 

[18F]BR351 and [18F]FMBP successfully localized atherosclerotic lesions, MMP-13-targeted 

imaging with [18F]FMBP showed improved binding specificity and sensitivity to atherosclerotic 

tissue possessing markers of destructive plaque remodeling relative to pan-selective [18F]BR-351. 

Altogether, [18F]FMBP has proven useful for the ex vivo detection of atherosclerotic lesions 

possessing markers of inflammation and extracellular matrix remodeling, suggesting that selective 

imaging represents a promising approach towards the characterization of high-risk atherosclerosis. 

Selective MMP-13-targeted radiotracers with superior specificity and pharmacokinetics may 

enable in vivo localization of collagenase activity in atherosclerotic plaques. 
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2.11 Supplementary Information 

2.11.1 Supplementary Figures and Schemes 

 

 

Supplemental Figure 1. Radiolabeling Schematic. (a) [18F]FMBP and (b) [18F]BR-351. 
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Supplemental Figure 2. Radiotracer purification and quality control. (a/b) Crude radio-HPLC 

chromatogram of radiolabeling reaction. (c/d) Coinjection with non-radioactive standard following 

isolation of (a) [18F]FMBP and (b) [18F]BR-351. UV and radiation detectors are connected in 

series. 
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Supplemental Figure 3. Timeline of experiments. (a) Animal model dietary intervention (b) In 

vivo PET imaging (c) Ex vivo analyses. 
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Supplemental Figure 4. In vivo [18F]FMBP PET imaging in ApoE-/- mice. (a) Summed coronal 

whole-body PET images. (b) Magnified view within region of interest. (c) Mean [18F]FMBP blood 

pool and myocardial time-activity curves derived from dynamic PET imaging (n = 4). 
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Supplemental Figure 5. Reconstructed fractional HPLC chromatograms of plasma radio-

metabolites. Values represent the % of total plasma radioactivity obtained for pooled blood 

samples 30 min after intravenous administration of (a) [18F]FMBP or (b) [18F]BR-351 via the 

lateral tail vein (n = 2-3 per group). 
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Supplemental Figure 6. Immunofluorescent staining of atherosclerotic lesions detected by 

[18F]FMBP ex vivo autoradiography. Corresponding composite images of C57Bl/6 and ApoE-/- 

aortic en face cross-sections following immunofluorescent staining for (a/b) Hoescht, (c/d) Mac-

2, and (e/f) MMP-2. (g/h) Mac-2 and MMP-2 merge. Scale bar = 100 µm. (i) Quantification of 

percentage positive MMP-2 areas in ApoE-/- and C57Bl/6 mice. Unpaired t-test: **P = 0.0048, n 

= 5-6. 
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Supplemental Figure 7. Immunofluorescence signal specificity. Representative composite 

images of C57Bl/6 and ApoE-/- aortic en face cross-sections following immunofluorescent staining 

for (a/b) Mac-2, (c/d) MMP-13, and (e/f) MMP-2 with the corresponding isotype control antibody 

at an equivalent working concentration to the primary testing antibody. 

2.11.2 Chemistry 

 

Chemical reagents and solvents were obtained from commercial sources and used without 

further purification. Standards and precursors were prepared as previously described.1,2 Compound 

characterization was completed by 1H and 13C NMR using a Bruker AVANCE III 400 or 600 MHz 

spectrometer and analyzed using MestReNova software. 

2.11.3 Radiochemistry 

 

General Radiochemical Methods 

 

High molar activity no-carried-added aqueous [18F]fluoride was prepared on a Siemens 

CTI Eclipse HP/RD Hybrid Cyclotron (11 MeV) via the 18O(p,n)18F nuclear reaction. 

Radiofluorination reactions were carried out on a GE TRACERlab FX2N automation system with 

TRACERlab FX software. In-line radio-HPLC purification was performed with a Phenomenex 
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Synergi Hydro-RP (C18, 80 Å, 10 μm, 250 mm × 10 mm) column. Radioactivity was quantified 

using a Biodex Atomlab 500 Dose Calibrator. 

Synthesis of [18F]FMBP and [18F]BR-351 

 

Radiochemical syntheses were adapted from the literature with minor modifications. [1,2] 

[18F]Fluoride was captured from the [18O]H2O target solution using a Waters Sep-Pak Light 

Accell Plus QMA Cartridge (preconditioned with 10 mL EtOH, 10 mL water, 10 mL 0.5 M 

NaHCO3, 10 mL water, and 1 mL air). Following [18F]fluoride elution with K2CO3 (aq) ([18F]FMBP: 

0.05 M, 530 μL, 27 μmol or [18F]BR-351: 0.075 M, 530 μL, 40 μmol), anhydrous ACN (1 mL) 

containing Kryptofix  2.2.2 ([18F]FMBP: 22.4 mg, 60 μmol or [18F]BR-351: 19 mg, 50 μmol) was 

dispensed into the reactor. The aqueous [18F]K(K222)F solution was evaporated to dryness in vacuo 

(4 min at 80 °C without helium, 4 min at 60 °C with helium, and cooling to 35 °C with helium). 

The tosylate precursor ([18F]FMBP: 4 mg, 6.8 μmol or [18F]BR-351: 3 mg, 5.2 μmol), dissolved 

in anhydrous solvent ([18F]FMBP: DMSO, 500 μL or [18F]BR-351: ACN 1 mL), was added to the 

[18F]K(K222)F residue and the reaction mixture was heated ([18F]FMBP: 140 °C, 10 min or 

[18F]BR-351: 84 °C, 20 min). The reaction was cooled to 40 °C, quenched with HPLC mobile 

phase (2 mL), loaded onto the HPLC loop, and purified by isocratic elution ([18F]FMBP: 50/50, 

v/v, 0.1 M AMF/ACN, flow = 5 mL·min-1 or [18F]BR-351: 55/45, v/v, 0.05 M NaOAc pH 

5.5/EtOH, flow = 3 mL·min-1). The product fraction ([18F]FMBP: ~19 min or [18F]BR-351: ~22 

min) was collected in a bulk vessel pre-loaded with water (25 mL). The contents of the flask were 

transferred over a Waters Sep-Pak Plus Short C18 Cartridge (preconditioned with 1 mL EtOH, 5 

mL water, and 1 mL air) and subsequently flushed with water (10 mL). The product was eluted 

with EtOH (1 mL) and diluted with saline (9 mL).  
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Quality Control Protocol 

 

Radiochemical purity was determined using a Waters 2695 Alliance HPLC equipped with 

a Phenomenex Luna C18(2) (100 Å, 5 μm, 250 mm × 4.6 mm) column, a 996 Photodiode Array 

Detector (PerkinElmer), and a Carroll & Ramsey Associates 105-S high-sensitivity radiation 

detector. The following conditions were utilized for [18F]FMBP: 80/20 for 2 minutes, linear 

gradient to 10/90 over 8 minutes , 10/90 for 2 minutes, linear gradient to 80/20  over 1 minute, 

80/20 for 2 minutes, v/v, 0.1 M AMF/ACN, flow = 1 mL·min-1, retention time: ~12 min and 

[18F]BR-351: isocratic, 0-20 min: 55/45, v/v, 0.1 M AMF/ACN, flow = 1 mL·min-1, retention time: 

~11.5 min. Radiochemical product identity was confirmed by coinjection of the labeled compound 

and corresponding non-radioactive standard. Molar activity was determined by measurement of 

the UV absorbance of a known amount of radioactivity under identical HPLC conditions used to 

generate a calibration curve for the corresponding non-radioactive standard. All quality control 

was completed using Empower software.  

PET Imaging Protocol 

 

Mice (45 ± 2 g, n = 4) were anesthetized with 2-3% isoflurane, positioned in the PET 

scanner, and maintained under anesthesia during the imaging protocol. Following a transmission 

scan, animals were injected with [18F]FMBP (5 MBq) as a bolus over 30 sec via intravenous lateral 

tail vein injection. The whole body was imaged for 60 min (4 × 15 sec frames; 4 × 1 min frames; 

10 × 5 min frames). PET imaging was performed using a Siemens DPET scanner. Emission data 

were corrected for attenuation and scatter, then reconstructed using the 3D-OSEM/MAP 

algorithm. Volumetric regions of interest (ROIs) were drawn for the myocardium and cardiac 

blood pool. Uptake values obtained in nCi/cc were converted to %ID·cc-1 using the injected dose 

and presented as time-activity curves.  
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3.1 Context 

Initial evaluations of [18F]FMBP demonstrated the capability to detect atherosclerotic 

mouse plaques ex vivo using an MMP-13 selective PET radiotracer with superior specificity and 

sensitivity to broad spectrum MMP imaging with [18F]BR351. However, the significant retention 

of radioactivity observed in the liver and heart hindered non-invasive atherosclerotic plaque 

imaging and highlighted a need for new MMP-13 selective PET radiotracers with superior 

pharmacokinetics for vascular imaging. This prompted an exploration of the quinazoline-2-

carboxamide core, representing the most potent and selective inhibitor scaffold reported to date, 

for MMP-13 PET radiotracer development in atherosclerosis.  

3.2 Statement of the Manuscript 

The manuscript entitled “Quinazoline-2-Carboxamides as Selective PET Radiotracers for 

Matrix Metalloproteinase-13 Imaging in Atherosclerosis” was published in the Journal of 

Medicinal Chemistry on May 25, 2023. In this chapter, I completed all the chemical synthesis and 

established automated radiosyntheses. I completed in vitro enzyme assays with assistance from 

Catherine Jany and Christina Bi. Uzair Ismailani performed all radiotracer productions and 

conducted ex vivo biodistributions with assistance from Nicole MacMullin and Myriam Adi. 

Faduma Abdirahman conducted radio-metabolite analyses. I conducted ex vivo aortic 

autoradiography and ORO staining. I performed all data analysis and interpreted the data with 

guidance from Dr. Benjamin Rotstein. I wrote the manuscript with editing from Dr. Benjamin 

Rostein. All authors approved the final version. 
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3.3 Abstract 

Matrix metalloproteinase-13 (MMP-13) plays a critical role in the progression of unstable 

atherosclerosis. A series of highly potent and selective MMP-13 inhibitors were synthesized 

around a quinazoline-2-carboxamide scaffold to facilitate radiolabeling with fluorine-18 or 

carbon-11 positron-emitting nuclides and visualization of atherosclerotic plaques. In vitro enzyme 

inhibition assays identified 3 compounds as promising radiotracer candidates. Efficient automated 

radiosyntheses provided [11C]5b, [11C]5f and [18F]5j and enabled pharmacokinetic 

characterization in atherosclerotic mice. The radiotracers displayed substantial differences in their 

distribution and excretion. Most favourably for vascular imaging, [18F]5j exhibited low uptake in 

metabolic organs with minimal retention of myocardial radioactivity, substantial renal clearance, 

and high metabolic stability in plasma. Ex vivo aortic autoradiography and competition studies 

revealed that [18F]5j specifically binds to MMP-13 within atherosclerotic plaques and localizes to 

lipid-rich regions. This study demonstrates the utility of the quinazoline-2-carboxamide scaffold 

for MMP-13 selective PET radiotracer development and identifies [18F]5j for imaging 

atherosclerosis.  

Keywords 

 

matrix metalloproteinase-13, positron emission tomography, radiotracer, atherosclerosis, 

extracellular matrix, collagenase, aortic autoradiography 
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3.4 Introduction 

Matrix metalloproteinases (MMPs) represent a family of zinc-containing endopeptidases 

that play a critical role in embryonic development, cell migration, and tissue remodeling by 

degradation of extracellular matrix proteins.1,2 Although the catalytic domain of MMPs is highly 

conserved, these enzymes have several physiological roles and are classified based on their distinct 

substrate specificities and cellular localizations.1–3 Typically, MMPs are secreted as zymogens 

whose activation is tightly controlled, while dysregulation of MMP activity is implicated in the 

pathogenesis of several inflammatory processes.3–6 Given the functional diversity observed across 

the MMP family and their variable contribution to disease progression, selective targeting of 

individual MMPs is an advantageous approach for therapy and diagnosis.   

MMP-13, also known as collagenase-3, is highly conserved among humans and mice and 

possesses substrate specificity for fibrillar collagen, a major component of the extracellular matrix 

that imparts biomechanical stability and tensile strength to connective tissues and vasculature.7 

Constitutive physiological expression of MMP-13 is restricted to skeletal tissue where it is secreted 

by chondrocytes and plays an important role in the development of growth plate cartilage and 

ossification.8,9 Meanwhile, aberrant activation of MMP-13 is associated with the progression of 

osteoarthritis10–12, breast cancer13,14, and atherosclerosis.15–18 Several preclinical studies have 

indicated that activation of MMP-13 within atherosclerotic plaques induces an unstable phenotype 

by decreasing fibrous cap thickness, reducing collagen content and organization, and hindering 

smooth muscle cell migration.15,16 Densitometric analysis further revealed that MMP-13 was 

upregulated >5-fold in atheromatous compared with fibrous plaques and non-detectable in healthy 

arteries, supporting the potential for differentiation of stable and unstable forms of disease.15 

Additionally, deletion or selective inhibition of MMP-13 confers plaque stability.17,18 Taken 
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together, these findings suggest that this enzyme represents a potential in vivo biomarker for 

molecular imaging by positron emission tomography (PET) that contributes to pathology and 

could enable early detection of unstable plaques prior to rupture and prevent subsequent acute 

ischemic events.  

Currently, atherosclerosis imaging is most commonly conducted using [18F]FDG and 

[18F]NaF to detect inflammation and microcalcification within the vasculature.19,20 Vascular 

[18F]FDG imaging is hampered by the relatively indiscriminate nature of its signal and significant 

non-specific uptake in other metabolically active cells such as the myocardium, which restricts its 

utility to the carotid arteries.21 In contrast, the feasibility of detecting coronary artery 

atherosclerosis has been successfully demonstrated with [18F]NaF and appears highly promising 

for identification of culprit plaques.21 Previously developed MMP-targeted radiotracers, including 

[99mTc]RYM-122,23 and [18F]BR-351,24,25 and therapeutic agents such as marimastat26 are based on 

hydroxamate-containing inhibitors that coordinate the active site zinc(II) ion, common to all 

MMPs. However, considering that many clinical trials using broad-spectrum MMP inhibitors have 

been discontinued due to the onset of musculoskeletal syndrome attributed to inhibition of non-

pathological MMPs, there is a clear need for inhibitors with improved selectivity.27–29 Substantial 

efforts toward this end have uncovered several highly potent small molecule MMP-13 inhibitors 

that retain significant selectivity by exploiting structural differences in binding pockets adjacent 

to the active site.30–40 Among them, inhibitors based on pyrimidine-dicarboxamide and 

quinazoline-2-carboxamide scaffolds are promising candidates for radiotracer development as 

they possess reliable handles for radiolabeling with fluorine-18 or carbon-11. 

Our group recently substantiated the feasibility of detecting inflammatory plaques in mouse 

models of atherosclerosis with an MMP-13 selective PET radiotracer ([18F]FMBP) derived from 
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the pyrimidine-dicarboxamide inhibitor class.41 In this comparative evaluation, [18F]FMBP 

exhibited substantially greater plaque uptake, improved sensitivity to atherosclerotic tissue, and 

displayed suitable specific binding relative to the aforementioned non-selective radiotracer, 

[18F]BR-351. Nevertheless, significant challenges remain in quantifying atherosclerotic plaques 

non-invasively due to retention of radioactivity in the myocardium and liver, requiring alternative 

MMP-13 targeted radiotracers with improved pharmacokinetics for vascular imaging. 

Lead compounds based on these scaffolds achieve their target affinity through hydrogen 

bonding interactions between their central scaffolds and amino acid residues Ala238, Leu239, 

Thr245, Thr247, and Met253 found within the S1′ specificity pocket (Figure 3.0).30,32 Both 

pyrimidine- and quinazoline-based MMP-13 inhibitors adopt a U-shaped binding mode anchored 

by N-benzylamides occupying a hydrophobic pocket formed by Phe241 and His222. Meanwhile, 

selectivity is further improved by occupying the distal S1″ side pocket, which is not observed 

among other MMPs.32 In particular, the lead quinazoline-2-carboxamide compound originally 

reported by Nara et al. (herein entitled 5b) features a carboxylate that extends deeply within the 

S1″ side pocket, forming additional hydrogen bonding and ionic interactions with Asn215 and 

Lys140 and represents the most potent and selective MMP-13 inhibitor reported to date.32 

Additionally, this compound is metabolically stable in vitro, and possesses favourable clearance 

profiles across various species. As of yet, no quinazoline-based MMP-13 inhibitors have been 

radiolabeled and evaluated as imaging agents.32 
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Figure 3.0 Putative binding mode of lead inhibitors with MMP-13. Hydrogen bonding and ionic 

interactions of (A) a pyrimidine dicarboxamide scaffold inhibitor and (B) quinazoline-2-

carboxamide scaffold inhibitor (5b) within the S1ʹ and S1ʺ pockets are indicated by dashed lines. 

(C) Overlay of FMBP and 5b binding modes to MMP-13. Adapted from MMP-13 – inhibitor 

complexes (PDB: 1XUD and 3WV1). 

 

Here, we describe the development and evaluation of carbon-11 and fluorine-18 labeled 

MMP-13 selective PET radiotracers based on a quinazoline-2-carboxamide scaffold. To expand 

upon the structure-activity relationships of this inhibitor class, 10 novel compounds were generated 

by divergent synthesis with a particular focus on structural modifications that would enable late-
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stage radiolabeling. An enzyme inhibition assay was employed to assess inhibitor potency and 

selectivity against related MMPs. Based on in vitro findings, three candidates including the 

original lead compound 5b, were selected for radiolabeling and in vivo assessment in 

atherosclerotic ApoE-/- mice. Radiotracer pharmacokinetics were characterized by dynamic PET 

imaging, biodistribution, and plasma radio-metabolite analysis, while atherosclerotic plaque 

uptake was quantified by ex vivo autoradiography. The specificity of the radiotracer demonstrating 

the best in vivo performance was further assessed by homologous and heterologous pre-treatment 

experiments. 

3.5 Results and Discussion 

3.5.1 Synthesis of Quinazoline-2-carboxamide Inhibitors  

The central quinazolinone scaffold 3 was obtained as previously outlined with minor 

modifications (Scheme 3.0).32 Initially, tert-butyloxycarbonyl (Boc) protection of 3,4-

difluoroaniline afforded compound 1 (84%). In the presence of 2 equivalents of n-butyllithium, 

ethyl chloroformate was selectively added at the 2-position to generate intermediate 2, upon 

removal of the Boc group (64% over two steps). Under acidic conditions, a cyclization with ethyl 

cyanoformate formed the quinazoline scaffold 3 (73%), which represents a common intermediate 

with reactive handles for further conjugation. 
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Scheme 3.0 Synthesis of Ethyl 5,6-Difluoro-4-oxo-3,4-dihydroquinazoline-2-carboxylate (3) 

 

Reagents and conditions: (a) Boc2O, THF, 60 °C, 16 h (b) n-BuLi, THF, -78 °C, 1 h, ClCO2Et, 

THF, -78–0 °C, 1 h (c) 4 N HCl in dioxane, EtOAc, rt, 4 h (d) NCCO2Et, 1 N HCl in AcOH, 80 °C, 

3 h. 

To investigate the functional group tolerance of the S1′ binding moiety, ethyl ester 

aminolysis of 3 was performed with several benzylamines to produce the amide intermediates 4a-

d (46-51%, Scheme 3.1). Higher benzylamine loadings improved conversion but also promoted 

nucleophilic aromatic substitution at the 5-position and by-products that were difficult to separate 

by chromatography. The 3-hydroxy- and 3-methoxy-substituted derivatives 4a and 4b represent 

intermediates toward the synthesis of phenolic precursor (5a) for subsequent radiolabeling with 

[11C]iodomethane ([11C]CH3I) to obtain [11C]5b and the corresponding standard compound (5b), 

respectively. The 4-methoxybenzyl and 4-fluoro-3-methylbenzyl intermediates 4c and 4d were 

synthesized on the basis of modifications that were well-tolerated for the pyrimidine-

dicarboxamide inhibitor class.25 
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Scheme 3.1 Synthesis of Intermediates (4a-d) and 5-Substituted Derivatives (5a-k) 

 

Reagents and conditions: (a) benzylamine, EtOH, 80 °C, 15 h; (b) alcohol, NaH, DMA, 80 °C, 

1 h. 

To further explore the structure-activity relationships of the S1″ binding moiety, a divergent 

approach was employed based on nucleophilic aromatic substitution (SNAr) at the quinazoline 5-

fluoro position by various ethyl alcohols (18-30%, Scheme 3.1). Coupling of 4-(2-

hydroxyethyl)benzoic acid afforded the carboxylic acid containing derivatives 5a-d, which 

includes the original lead compound 5b and the radiolabeling precursor 5a. Replacement of the 

carboxylic acid with methoxy or hydroxyl groups was envisioned to circumvent potential liability 

for the organic anion transporter (OAT) and simultaneously represents a convenient strategy for 

radiolabeling with [11C]CH3I. Likewise, fluoroethyl derivatives 5i and 5j were proposed as 

alternatives amenable to radiofluorination of the corresponding tosylate precursors. 

3.5.2 In vitro MMP Inhibition Assays 

To establish inhibitor potency, the half-maximal inhibitory concentrations (IC50) of all 

intermediates and 5-substituted derivatives were measured against activated MMP-13 (Table 3.0). 

Carboxamides 4 exhibit IC50 values in the 100 nM range, with the exception of 4-methoxy 

intermediate 4c, which was ~3-fold less potent. In line with previous literature, substitutions at the 
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3-position are well tolerated with a preference toward smaller substituents at the 4-position, as 

demonstrated for the most potent 4-fluoro-3-methylbenzyl intermediate 4d.39 These trends 

persisted across the remaining derivatives with diminished potency among all compounds 

containing 4-methoxybenzylamine (5c, 5e, 5g, 5i) and a marked improvement for compounds 

containing 4-fluoro-3-methylbenzylamine (5d, 5f, 5h, 5j). Regarding the 5-substituted derivatives, 

the carboxylic acid containing compounds 5a, 5b, and 5d were most potent and approached the 

lower limit of detection of the enzyme assay. Under the specified assay conditions, compound 5b 

gave an IC50 of 1.3 ± 0.2 nM, which represents a ~100-fold increase in potency over the 

corresponding unsubstituted intermediate 4b and highlights the contribution of the carboxylate-

Lys140 ionic interaction within the S1″ pocket. Although replacement of the carboxylic acid with 

methoxy or hydroxyl groups decreased potency, inhibitors 5f and 5h were nonetheless still potent, 

displaying IC50 values of 24 ± 1 nM and 12 ± 1 nM, respectively. Furthermore, removal of the 

arene as demonstrated for the fluoroalkyl derivative 5j resulted in an IC50 of 16 ± 3 nM, comparable 

to that of the non-carboxylic acid containing derivatives. Taken together, these findings suggest 

that potent inhibition of MMP-13 can be achieved with quinazoline-2-carboxamides possessing an 

ethyl ether linkage at the 5-position, irrespective of the presence of an arene. Still, phenethyl 

derivatives that incorporate a strong hydrogen bond acceptor at the 4-position with sufficient size 

to deeply occupy the bottom of the S1″ pocket and exploit the Lys140 interaction are optimal. 
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Table 3.0 MMP-13 Inhibitory Activity 

 

 

a Measured as the mean ± SEM from a single experiment performed in triplicate. 

 

Using the pyrimidine-dicarboxamide based inhibitor FMBP as a benchmark (MMP-13 

IC50: 52 ± 5 nM), the selectivity profiles among inhibitors with greater MMP-13 potency were 

evaluated against MMP-1, -2, -8, -9, and -10 (Table 3.1). Remarkably, no appreciable inhibition 

of MMP-1, -2 or -9 was detected below 10 μM. Consistent with previous reports, collagenase 

MMP-8 and stromelysin MMP-10 represent the primary off-targets for this inhibitor class.32 

Among inhibitors with identical substituents at the 5-position, a significant decrease in MMP-13 

selectivity was observed for derivatives containing 4-methoxybenzylamine (i.e., 5c and 5g). 

Regarding modifications at the 5-position, the carboxylic acid and hydroxyl containing derivatives 

5a-d and 5h displayed greater selectivity with respect to MMP-8 (IC50: ≥1400 ± 200 nM), in 

comparison to the methoxyphenyl or fluoroalkyl derivatives 5f and 5j (IC50: 780 ± 80 nM and 

1200 ± 100 nM). While each of the synthesized compounds were highly selective against MMP-

10 (IC50: ≥2500 ± 300 nM), methoxyphenyl and hydroxyl containing derivatives 5f-h (IC50: ≥6800 

± 1000 nM) were least potent towards this off-target. 



 155 

Table 3.1 MMP Selectivity Profiles 

 

aMeasured as the mean ± SEM from a single experiment performed in triplicate.  

bFMBP IC50 values for MMP-2, -8, -9 obtained from the literature under similar assay conditions.30 

cFold selectivity calculated as a ratio of the MMP-13 IC50 / MMP-8 IC50 ± SEM. 

In line with previous reports, the carboxylic acid containing inhibitor 5b represented the 

most promising candidate of the quinazoline-2-carboxamide inhibitor class, with significantly 

greater potency and comparable MMP-13 selectivity to FMBP (1900 vs 1800 ± 300-fold).32 

However, as a potential substrate of the OAT, as discovered for several carboxylate-containing 

MMP-13 inhibitors39,42, non-carboxylic acid derivatives were additionally synthesized. Moreover, 

in pursuit of optimizing radiotracer pharmacokinetics for vascular imaging, we hypothesized that 

evaluating structural diversity and varying lipophilicities would be informative. The remaining 

compounds retained adequate MMP-13 selectivity (32 ± 5 to 183 ± 25-fold) while simultaneously 

providing a robust strategy for radiolabeling with carbon-11 or fluorine-18. Taking these factors 

into consideration, compounds 5b, 5f, and 5j were selected as candidates for radiolabeling and 

subsequent biological evaluations.  

IC50 (nM)a

Compound MMP-1 MMP-2 MMP-8 MMP-9 MMP-10

MMP-13 

Fold 

Selectivityc

5a >104 >104 2100 ± 160 >104 2800 ± 200 1600 ± 175

5b >104 >104 2400 ± 130 >104 3200 ± 240 1800 ± 300

5c >104 >104 1400 ± 140 >104 2700 ± 320 483 ± 96

5d >104 >104 1700 ± 190 >104 2500 ± 220 1400 ± 200

5f >104 >104 780 ± 80 >104 9100 ± 920 33 ± 3.4

5g >104 >104 1500 ± 100 >104 6800 ± 980 32 ± 4.8

5h >104 >104 2200 ± 240 >104 6900 ± 760 183 ± 25

5j >104 >104 1200 ± 70 >104 3100 ± 400 75 ± 15

FMBPb >104 >105 >105 >105 >104 >1900

Marimastat 1.0 ± 0.04 5.6 ± 0.2 1.3 ± 0.1 4.7 ± 0.2 69 ± 2.5 -
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3.5.3 Synthesis of Fluorine-18 Radiolabeling Precursors (9 and 10) 

We proposed to radiolabel 5j by 18F-fluorination of the corresponding tosylate precursor 

(Scheme 3.2). Initially, mono-tetrahydropyranyl (THP) protection of ethylene glycol was 

performed to afford 2-[(tetrahydro-2H-pyran-2-yl)oxy]ethan-1-ol (compound 6, 79%).43 The THP 

protecting group was selected for its stability under strongly basic conditions, as in the following 

SNAr reaction, mediated by sodium hydride. Coupling of 6 to intermediate 4d was conducted under 

identical conditions used for the formation of the 5-substituted derivatives 5a-j to obtain compound 

7 (75%). THP ether hydrolysis was achieved under mild conditions employing catalytic para-

toluenesulfonic acid in methanol to yield compound 8 (75%). Tosylation of the resulting free 

alcohol was completed by activation of tosyl chloride with pyridine to give precursor 9 (84%). A 

DMF-aminal protection strategy was further employed to form an imidazolidine ring under 

Vilsmeier conditions and provide precursor 10 (85%).32 

 

Scheme 3.2 Synthesis of the Fluorine-18 Radiolabeling Precursors (9 and 10) 

 

 

Reagents and conditions: (a) HO(CH2)2OTHP (6), NaH, DMA, 80 °C, 1 h (b) TsOH, MeOH, rt, 

1 h (c) TsCl, pyridine, 0 °C, 4 h (d) (COCl)2, DMF, THF, 0 °C to rt, 2 h. 
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3.5.4 Radiolabeling Optimization 

Radiolabeling of 5b and 5f was proposed by 11C-methylation of the corresponding phenolic 

precursors 5a and 5h with [11C]CH3I (Table 3.2). Regioselective 11C-methylation was achieved 

using predicted pKa values and adjusting the equivalents of tetrabutylammonium hydroxide 

(TBAOH) required to deprotonate the desired phenol. For precursor 5a, addition of 3 equivalents 

of TBAOH was expected to yield [11C]5b in the presence of the unprotected carboxylic acid and 

pyrimidine ring system (Entry 1). Indeed, fewer equivalents of TBAOH was detrimental to 

selectivity (Entry 2) and additional equivalents did not appreciably improve radiochemical 

conversion (RCC, Entries 3 and 4). Maintaining this quantity of base, 80 °C afforded the highest 

conversion, with lower temperatures slowing reaction rates (Entry 5) and higher temperatures 

likely having deleterious effects on precursor stability (Entry 6). Prolonging the reaction time from 

2 to 3 min led to a marginal improvement and optimally afforded [11C]5b in 64% RCC (Entry 7). 

Applying the same approach for precursor 5h, which lacks the carboxylic acid, 2 equivalents of 

TBAOH was predicted to deprotonate the desired phenol. Under the optimal conditions identified 

for the formation of [11C]5b with 1 fewer equivalent of base, [11C]5f was obtained in 69% RCC 

(Entry 1). Additional TBAOH led to selective formation of an unidentified side product (Entry 2). 

Radiochemical identities of [11C]5b and [11C]5f were confirmed using radio-HPLC by co-injection 

of unlabelled 5b and 5f, respectively (Figures S5 & S6).  
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Table 3.2 [11C]5b and [11C]5f Methylation Optimization 

 

a10 mM precursor, 106 μL DMSO, dc. RCC determined by radio-HPLC (n = 1). 

 

As previously indicated, formation of [18F]5j was proposed by radiofluorination of the 

corresponding tosylate precursor 9 (Table 3.3). Initial attempts using K2CO3 and Kryptofix® 

(K222) at varying concentrations were unsuccessful due to base-mediated precursor decomposition 

(Entry 1). To this end, weak bases such as tetrabutylammonium mesylate (Bu4NOMs) and 

tetrabutylammonium triflate (Bu4NOTf) were employed as recommended for base-sensitive 

scaffolds44, but only afforded trace amounts of product (Entries 2 and 3). Attempts at 

radiofluorination of precursor 9 with the fewer equivalents of a moderately weak base such as 

tetraethylammonium bicarbonate (TEAB) proved to be more effective but yields remained 

insufficient (Entry 4). As an alternative strategy, precursor 10 was synthesized with a DMF-aminal 

protecting group to reduce base-sensitivity and improve reactivity towards [18F]fluoride. Using 2 

equivalents of TEAB, the DMF-protected [18F]5j intermediate was optimally formed within 10 

min in 59% RCC and slow progression thereafter (Entry 5). Lesser or greater quantities of TEAB 

had deleterious effects on RCC (Entries 6 and 7). Higher reaction temperatures caused product 

decomposition at prolonged reaction times (Entry 8). Quantitative deprotection was achieved with 

6 M HCl at 100 °C for 10 min, as determined by the disappearance of the DMF-protected radio-

Entry Prec.a
TBAOH

(equiv.)

Temp. 

(°C)

Time 

(min)

RCC 

(%)

1

5a

3 80 2 59

2 2 80 2 10

3 3.5 80 2 61

4 4 80 2 61

5 3 60 2 35 

6 3 100 2 32

7 3 80 3 64

1
5h

2
80 3

69

2 3 0
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fluorinated intermediate and formation of [18F]5j, confirmed by co-injection of unlabelled 5j using 

radio-HPLC (Figure S7). 

Table 3.3 [18F]5j Fluorination Optimization 

 

a13.5 mM precursor, 250 μL DMSO, RCC determined by radio-TLC (n = 1) 

b 1:2.2 molar ratio of K2CO3:K222  

3.5.5 Radiotracer Automation, Formulation Stability and Lipophilicity 

Automated radiosyntheses were developed for [11C]5b and [11C]5f using a Synthra 

MeIPlus Research module, while a two-step production of [18F]5j was performed using the GE 

TRACERlab FX2 N (Figure 3.1). Radiotracers were labelled under the optimized conditions, 

purified with in-line semi-preparative HPLC, and reformulated in 10% EtOH/saline suitable for in 

vivo evaluation. [11C]5b was obtained in radiochemical yields of 32 ± 2% (from [11C]CH3I) within 

48 ± 2 min, >99% radiochemical purity, and a molar activity of 11 ± 2 GBq·μmol-1 at the end of 

synthesis (EoS) (n = 5). [11C]5f was obtained in radiochemical yields of 35 ± 5 % (from [11C]CH3I) 

within 55 ± 10 min, >99% radiochemical purity, and a molar activity of 12 ± 3 GBq·μmol-1 at EoS 

(n = 6). [18F]5j was obtained in radiochemical yields of 44 ± 3% within 92 ± 8 min, >99% 

radiochemical purity, and a molar activity of 53 ± 5 GBq·μmol-1 at EoS (n = 8). Radiotracer 

stability in formulation was assessed up to 75 min with no observable degradation during this 

period (Figure S9). 

Entry Prec.a Base
Base

equiv.

Temp. 

(°C)

RCC (%)

10 

min

20 

min

1

9

K2CO3/K222
b 4 or 8 100 0 0

2 Bu4NOMs 4 or 8 100 <1 <1

3 Bu4NOTf 4 or 8 100 <1 <1

4 TEAB 2 or 4 100 2 2

5

10 TEAB

2 100 59 61

6 1 100 43 45

7 4 100 51 53

8 2 120 56 46
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Radiotracer lipophilicity was assessed by determination of the octanol-PBS distribution 

coefficient (logD, n = 2). Due to the anionic nature of the carboxylate at physiological pH, [11C]5b 

was least lipophilic (1.16 ± 0.03), while sequential increases were observed for [18F]5j (3.09 ± 

0.03) and [11C]5f (3.76 ± 0.32) upon removal and replacement of the terminal arene, respectively. 

 

Figure 3.1 Chemical structures and automated radiosyntheses. (A) [11C]5b, (B) [11C]5f, (C) 

[18F]5j. 

3.5.6 Dynamic PET imaging and Radiotracer Kinetics 

With the target radiotracers in hand, dynamic PET imaging was conducted over 60 minutes 

to establish in vivo pharmacokinetics in atherosclerotic ApoE-/- mice (Figure 3.2). Following 

intravenous administration, [11C]5b, [11C]5f, [18F]5j cleared from the blood pool (tmax = 0.625 

min) with prolonged washout after 30 minutes (Fig. 3.2B). Myocardial retention fell below 0.5 

%ID·cc-1 for all 3 candidates and was greatly reduced relative to the first generation MMP-13 

selective radiotracer [18F]FMBP (~5 %ID·cc-1). Low cardiac activity is an important property for 

reducing spillover and permitting quantification of the surrounding vasculature (Figures 3.2A & 

3.2C). Uniquely, [11C]5b immediately accumulated in the liver with peak uptake reaching 25.29 
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Tsynth: 92 ± 8 min

LogD(exp) = 3.09 ± 0.03 (n = 2)
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± 2.04 %ID·cc-1 (Figures 3.2A & 3.2D). Accelerated washout from the liver was subsequently 

observed with concomitant increase in intestinal uptake over the course of the scan, in accordance 

with a hepatobiliary excretion route (Figure 3.2A). In contrast to [11C]5b and [18F]FMBP, which 

is retained in the liver (~12 %ID·cc-1), peak liver uptake of [11C]5f and [18F]5j reached 9.30 ± 1.33 

%ID·cc-1 and 6.43 ± 0.08 %ID·cc-1, respectively, with continual washout thereafter (Figures 3.2A 

& 3.2D). This marked decrease greatly reduces radioactivity in the thoracic cavity to facilitate 

vascular imaging and addresses a key limitation of MMP-13 targeted radiotracers based on a 

pyrimidine-dicarboxamide scaffold (Figure 3.2A).30 Notably, peak kidney uptake of [11C]5b 

reached 21.01 ± 1.48 %ID·cc-1 and was largely sustained without clearance into the bladder 

(Figures 3.2A & 3.2E). This suggests the possibility for OAT-mediated accumulation, as 

previously demonstrated for several carboxylic acid-containing MMP-13 selective inhibitors39, 

and is consistent with the predominant expression of this transporter in renal proximal tubule 

cells.42 Accordingly, the non-carboxylic acid derivatives [11C]5f and [18F]5j displayed distinct 

kinetics with peak kidney uptake reaching 7.40 ± 0.48 %ID·cc-1 and 4.42 ± 0.44 %ID·cc-1, 

respectively, with substantial clearance over time (Figure 3.2E). Moreover, [18F]5j preferentially 

exhibited renal clearance as demonstrated by urinary excretion (Figure 3.2A). 
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Figure 3.2 Radiotracer distribution in ApoE-/- mice. (A) Representative dynamic PET images 

(summed 0-60 minutes, coronal axis). (B-E) Comparative time-activity curves for the blood, 

heart, liver, and kidney (n = 2 per group). 

3.5.7 Biodistribution and Plasma Metabolism  

The biodistribution of each radiotracer was assessed by dissection at 30-minutes post-

injection in ApoE-/- mice (Figure 3.3A). Consistent with in vivo findings, [11C]5b rapidly cleared 

from the blood with 0.49 ± 0.20 %ID·g-1 remaining while [11C]5f and [18F]5j were relatively 

slower with 1.83 ± 0.19 %ID·g-1 and 3.28 ± 0.42 %ID·g-1, respectively, at this timepoint (*P < 

0.03). In a separate time-course experiment, [18F]5j blood radioactivity continued to decrease 

between 30 and 60 minutes and stabilized thereafter (Figure S11). Minimal accumulation of 

myocardial activity was observed across all radiotracers with ~1 %ID·g-1 remaining. Regarding 

metabolic and excretory organs, [11C]5b liver uptake was moderate at 7.29 ± 0.73 %ID·g-1 with 

predominant accumulation in the kidney and intestine at 30.95 ± 4.64 %ID·g-1 and 53.05 ± 5.95 

%ID·g-1, respectively. In contrast, [11C]5f had significantly decreased uptake in the kidney and 

%
ID

/c
c

0

25

[18F]5j[11C]5f[11C]5bA

0 10 20 30 40 50 60

0

5

10

15

20

25

time (min)

B
lo

o
d

 (
%

ID
/c

c
)

[11C]6b [11C]6f [18F]6j [18F]FMBP

B

0 10 20 30 40 50 60

0

5

10

15

20

25

30

time (min)

H
e
a
rt

 (
%

ID
/c

c
)

C

0 10 20 30 40 50 60

0

5

10

15

20

25

30

time (min)

L
iv

e
r 

(%
ID

/c
c
)

D

0 10 20 30 40 50 60

0

5

10

15

20

25

time (min)

K
id

n
e
y
 (

%
ID

/c
c
)

[11C]6b

[11C]6f

[18F]6j

[18F]FMBP

E

0 10 20 30 40 50 60

0

5

10

15

20

25

time (min)

B
lo

o
d

 (
%

ID
/c

c
)

[11C]5b [11C]5f [18F]5j [18F]FMBP



 163 

intestine (<7 %ID·g-1, **** P < 0.0001). [18F]5j further displayed a significant reduction in liver 

uptake (3.32 ± 0.41 %ID·g-1, ***P < 0.0002). Relatively low levels of radioactivity (~2 %ID·g-1) 

were observed in all other measured organs except for the pancreas ([11C]5f: 3.27 ± 1.12 %ID·g-1 

and [18F]5j: 2.14 ± 0.48 %ID·g-1) and spleen ([11C]5b: 2.11 ± 0.69 %ID·g-1). 

 

Figure 3.3 Radiotracer distribution and plasma stability in ApoE-/- mice. (A) Ex vivo 

biodistribution and (B) plasma radio-metabolite analysis 30 min after intravenous radiotracer 

administration. 2-way ANOVA: *P < 0.039. n = 4 for all groups except [11C]5f, n = 6. 

Considering the favourable distribution of [18F]5j, additional blocking studies were 

conducted by pre-treatment with non-radioactive 5j (2.5 mg/kg, IV) or WAY170523 (7.5 mg/kg, 

IV), a potent and selective commercially available MMP-13 inhibitor.45,46 Only minor differences 

were measured upon homologous blocking with 5j, although limited aqueous solubility restricted 

the administrable dose. Upon heterologous blocking with WAY170523, blood and intestinal 

radioactivity were significantly reduced by 33% and 36% (*P < 0.04) with no further differences 

in peripheral organs, reflecting low target expression in these tissues. 
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In parallel, radiotracer stability in plasma was also assessed at the same timepoint in ApoE-/- 

mice (Figure 3.3B). Radio-metabolite analysis revealed that all 3 tracers were largely intact with 

70–86% of total plasma radioactivity representing the unmetabolized parent fraction after 30 

minutes with an apparent dependence on lipophilicity. Remaining radioactivity was mainly 

attributed to polar radio-metabolites. No differences in [18F]5j metabolism were detected under 

homologous blocking conditions, while a significant increase in the parent fraction was observed 

under heterologous blocking conditions (**P = 0.003). This presumably suggests that homologous 

blocking did not saturate metabolic enzymes, while WAY170523 inhibited degradation or 

modification of [18F]5j. The measured extraction efficiencies (≥76%) suggest representative 

sampling of plasma radioactivity. 

3.5.8 Aortic Autoradiography and Oil Red O Staining 

Considering the challenges associated with accurate non-invasive detection and 

quantification of aortic plaques in mice, ex vivo aortic autoradiography was employed to provide 

higher resolution images and enable histological colocalization (Figure 3.4). [11C]5b did not 

accumulate in atherosclerotic plaques indicated by Oil Red O (ORO) positive lipid-rich regions as 

indicated by homogenous and comparatively low aortic uptake at 52.97 ± 9.83 %ID·m-2. 

Conceivably, rapid excretion provides insufficient time for radiotracer circulation. Replacement 

of the carboxylic acid with a methyl ether, as for [11C]5f, restored in vivo functionality as focal 

uptake could be detected in ORO positive regions, albeit with moderate uptake at 129.8 ± 42.05 

%ID·m-2. While the carboxylic acid has been shown to significantly drive in vitro target affinity 

and selectivity, this molecule is likely susceptible to OAT transport in vivo and is unsuitable as an 

MMP-13 targeted radiotracer for atherosclerosis. Most favourably, [18F]5j displayed the highest 

overall uptake at 270.0 ± 8.06 %ID·m-2 and greatest co-localization to ORO positive regions. To 
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further assess the specificity of the signal, in vivo homologous and heterologous blocking was 

performed. Pre-treatment with non-radioactive 5j, 15 minutes prior to intravenous radiotracer 

administration, resulted in a 23% decrease in aortic plaque uptake to 208.2 ± 13.27 %ID·m-2, 

indicating an extent of saturable binding (*P = 0.047). Gratifyingly, pre-treatment with 

WAY170523 further reduced aortic plaque uptake by 36% to 173.4 ± 27.38 %ID·m-2, providing 

evidence of specific binding to MMP-13 (**P = 0.0041).  

 

Figure 3.4 Autoradiography and Oil Red O (ORO) staining of ApoE-/- aortae. (A) Representative 

ex vivo aortic autoradiographs 30 min after intravenous radiotracer administration with 

corresponding ORO staining. (B) Aortic plaque uptake. 1-way ANOVA: **P = 0.0041, *P = 

0.047. n = 4 per group except [18F]5j, n = 5. 

3.6 Conclusion 

In the current study, we sought to develop and evaluate MMP-13 selective PET radiotracers 

based on quinazoline-2-carboxamide inhibitors for imaging extracellular matrix remodeling in 

atherosclerotic plaques. Several novel inhibitors were synthesized to further explore the structure-

activity relationships of this class of molecules with an eye towards molecular imaging. In vitro 
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enzyme assays revealed that modifications within the S1′-interacting arene are well tolerated, 

except for larger groups at the para-position. In line with other reports, a substantial increase in 

potency and selectivity can be achieved by occupying the S1″ pocket with an ethyl ether linkage 

conjugated to the quinazoline scaffold at the 5-position. Most notably, phenethyl derivatives 

bearing a carboxylic acid at the 4-position are potent and selective in vitro as they can exploit an 

additional interaction with Lys140 at the bottom of the S1″ pocket. However, these molecules can 

be substrates of the OAT in vivo, and alternative inhibitors were synthesized. Despite replacement 

of the carboxylic acid or removal of the terminal S1″-interacting arene, these derivatives still 

retained significant MMP-13 potency and selectivity and facilitated late-stage radiolabeling. Based 

on these findings, high yielding automated radio-syntheses with carbon-11 and fluorine-18 were 

established for inhibitors 5b, 5f, and 5j to enable in vivo assessments in atherosclerotic ApoE-/- 

mice and characterization of radiotracer pharmacokinetics. 

Dynamic PET imaging and ex vivo biodistribution revealed that the carboxylic acid 

containing radiotracer [11C]5b exhibited rapid hepatobiliary excretion with retention of 

radioactivity in the kidney, suggestive of OAT mediated transport. Ex vivo aortic autoradiography 

further revealed that [11C]5b does not accumulate in atherosclerotic plaques, rendering it 

unsuitable as an MMP-13 targeted radiotracer for this application. In contrast, the non-carboxylic 

acid alternatives [11C]5f and [18F]5j exhibited vastly improved pharmacokinetic profiles with low 

uptake in metabolic organs, and minimal retention of radioactivity in the myocardium, addressing 

a previous limitation of first generation MMP-13 targeted radiotracers based on a pyrimidine-

dicarboxamide scaffold. Most importantly, in vivo utility was restored as focal uptake of [11C]5f 

and [18F]5j could be detected in atherosclerotic plaques, with [18F]5j displaying the highest overall 

uptake and greatest colocalization to lipid-rich ORO-positive regions. Furthermore, homologous 
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and heterologous MMP-13 blocking studies with [18F]5j significantly reduced atherosclerotic 

plaque uptake, confirming specific target engagement. Overall, we have demonstrated that the 

quinazoline-2-carboxamide core represents an excellent scaffold for MMP-13 selective PET 

radiotracer development and identified [18F]5j as a promising lead candidate which possesses 

favourable pharmacokinetics properties for vascular imaging. Future studies will focus on 

increasing inhibitor selectivity and reducing lipophilicity to improve the extent of specific binding 

and accelerate blood clearance.  

3.7 Experimental Section 

3.7.1 General Information 

Chemical reagents and solvents were purchased from commercial sources and used without 

further purification. All moisture or air sensitive reactions were performed under inert atmosphere 

in flame dried glassware. Reaction progress was monitored by thin layer chromatography on silica 

gel-coated plates and visualized directly with UV light (254 and 280 nm) or following staining 

with a potassium permanganate solution. Products were purified by flash column chromatography 

using a Biotage Isolera One system. Compound identity was confirmed with a Magritek Spinsolve 

80 MHz Spectrometer and characterization was completed by 1H/13C NMR with a Bruker 

AVANCE III 400 or 600 MHz spectrometer using DMSO-d6 or CDCl3 as a solvent (reference: 

2.54 or 7.26 ppm) and analyzed using Mnova software. High resolution mass spectrometry data 

was acquired using a Waters Synapt G1, HRes and Ion Mobility, Time of Flight Mass 

Spectrometer or a Kratos Concept – Magnetic Sector Electron Impact Mass Spectrometer. All 

target compounds are >95% pure according to analysis using a Waters Xevo TQD with an Acquity 

UPLC H-Class Plus system. 



 168 

3.7.2 Chemical Synthesis 

tert-Butyl N-(3,4-difluorophenyl)carbamate (1). To a solution of 3,4-difluoroaniline (3.00 

mL, 30.3 mmol, 1.0 equiv.) in anhydrous THF (30.0 mL) was added di-tert-butyl dicarbonate (7.65 

mL, 33.3 mmol, 1.1 equiv.). The mixture was refluxed at 60 °C for 16 h. The solution was then 

cooled to room temperature and concentrated under reduced pressure. The residue was re-

suspended in EtOAc and washed with 0.1 M HCl followed by saturated NaHCO3. The organic 

layer was collected, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 

residue was crystallized from hexanes to obtain the title compound as a white solid (5.85 g, 25.52 

mmol, 84%). 1H-NMR (80 MHz, CDCl3): δ 7.57-7.28 (1H, ddd, J = 12.8, 7.2, 3.2 Hz), 7.24-6.78 

(2H, m), 6.44 (1H, br), 1.51 (9H, s) ppm. HRMS (EI, m/z): [M]+ calculated C11H13F2NO2 as 

229.0914, found as 229.0899. Spectrum in accordance with literature.47 

Ethyl 6-amino-2,3-difluorobenzoate hydrochloride (2). To a solution of 1 (3.89 g, 16.98 

mmol, 1.0 equiv.) in anhydrous THF (38.6 mL), was added dropwise n-butyl lithium (1.6 M in 

hexane, 23.4 mL, 37.4 mmol, 2.2 equiv.) at -78 °C. The mixture was stirred at -78 °C for 1 h before 

a solution of ethyl chloroformate (1.79 mL, 18.72 mmol, 1.1 equiv.) in anhydrous THF (11.7 mL) 

was added dropwise over 30 min. The reaction was warmed to 0 °C and stirred for an additional 1 

h. The reaction was then quenched by dropwise addition of saturated NH4Cl (40 mL) and extracted 

with EtOAc. The combined organics were washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure to obtain yellow oil. The crude product was utilized in the 

following reaction without further purification. To a solution of the yellow oil in EtOAc (7.57 mL) 

was added 4 N HCl in dioxane (30.3 mL). The mixture was stirred at room temperature for 4 h 

before diethyl ether was added and the precipitate was collected by filtration to obtain the title 

compound as a white solid (2.59 g, 10.90 mmol, 64% over 2 steps). 1H-NMR (80 MHz, (CD3)2SO): 
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δ 8.16 (3H, br), 7.55-7.19 (1H, m), 6.72-6.53 (1H, ddd, J = 8.8, 4.0, 1.6 Hz), , 4.34 (2H, q, J = 7.2 

Hz), 1.33 (3H, t, J = 7.2 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 164.8, 149.2 (dd, J = 254, 

14 Hz) 146.6, 141.2 (dd, J = 234, 14 Hz) 122.0 (dd, J = 19, 2 Hz), 118.6 (d, J = 19 Hz), 112.1, 

60.9, 14.1 ppm. HRMS (EI, m/z): [M]+ calculated C9H9F2NO2 as 201.0601, found as 201.0610. 

Ethyl 5,6-difluoro-4-oxo-3,4-dihydroquinazoline-2-carboxylate (3). To a solution of 2 

(2.59 g, 10.90 mmol, 1.0 equiv.) in 1 N HCl in acetic acid (52.0 mL) was added ethyl cyanoformate 

(1.18 mL, 11.94 mmol, 1.1 equiv.). The mixture was stirred at 80 °C for 3 h before removal of the 

solvent under reduced pressure. The residue was re-suspended in EtOH and the precipitate was 

collected by filtration. The solid was further washed with EtOH to obtain the title compound as a 

white solid (2.03 g, 7.99 mmol, 73%). 1H-NMR (400 MHz, (CD3)2SO): δ 12.78 (1H, br), 8.05-

7.98 (1H, m), 7.76-7.72 (1H, m), 4.42 (2H, q, J = 7.0 Hz), 1.38 (3H, t, J = 7.0 Hz) ppm. 13C-NMR 

(600 MHz, (CD3)2SO): δ 159.8, 158.3, 148.4 (dd, J = 12.0, 246 Hz), 147.5 (dd, J = 15, 264 Hz), 

144.8 (d, J = 1.5 Hz), 143.8 (d, J = 1.5 Hz), 125.2 (dd, J = 6.0, 7.5 Hz), 123.8 (d, J = 20 Hz), 113.9 

(d, J = 3.0 Hz), 62.8, 13.9 ppm. HRMS (EI, m/z): [M]+ calculated C11H8F2N2O3 as 254.0503, found 

as 254.0522. 

5,6-Difluoro-N-[(3-hydroxyphenyl)methyl]-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(4a). To a solution of 3 (363 mg, 1.43 mmol, 1.0 equiv.) in anhydrous EtOH (7.15 mL) was added 

3-hydroxybenzylamine (264 mg, 2.15 mmol, 1.5 equiv.). The reaction mixture stirred at 80 °C for 

15 h before removal of the solvent under reduced pressure. The residue was re-suspended in EtOAc 

and extracted with 0.1 M HCl. The combined organics were washed with brine, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (10-50% EtOAc/hexane) to obtain the title compound as a white solid (232 mg, 

0.70 mmol, 49%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.46 (1H, br), 9.51 (1H, t, J = 6.4 Hz), 9.36 



 170 

(1H, s), 7.98-7.94 (1H, m), 7.63-7.60 (1H, m), 7.11-7.09 (1H, m), 6.76-6.74 (2H, m), 6.64-6.63 

(1H, m), 4.38 (2H, d, J = 6.4 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 159.1, 158.2, 157.4, 

148.0 (dd, J = 11, 245 Hz), 147.6 (dd, J = 14, 263 Hz), 146.1, 144.7, 140.1, 129.3, 124.3, 123.6 (d, 

J = 19 Hz), 118.1, 114.3, 113.9, 113.6, 42.6 ppm. HRMS (EI, m/z): [M]+ calculated C16H11F2N3O3 

as 331.0768, found as 331.0760. 

5,6-Difluoro-N-[(3-methoxyphenyl)methyl]-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(4b). Following the procedure described for 4a, compound 4b was prepared from compound 3 and 

3-methoxybenzylamine. The crude mixture was purified by column chromatography (10-40% 

EtOAc/hexane) to obtain the title compound as a white solid (314 mg, 0.91 mmol, 46%). 1H NMR 

(600 MHz, (CD3)2SO): δ 9.26 (1H, t, J = 6.0 Hz), 7.62 - 7.59 (1H, m), 7.53 – 7.50 (1H, m), 7.28 – 

7.25 (1H, m), 6.94 – 6.92 (2H, m), 6.85 – 6.83 (1H, m), 4.47 (2H, d, 6.0 Hz), 3.77 (3H, s) ppm. 

13C-NMR (150 MHz, (CD3)2SO): δ 168.8, 165.6, 159.3, 156.7, 149.4, 146.9 (dd, J = 14, 243 Hz), 

145.3 (dd, J = 14, 240 Hz), 141.1, 129.3, 123.0 (dd, J = 3.0, 6.0 Hz), 119.9 (d, J = 18 Hz), 119.5, 

113.4 (d, J = 3.0 Hz), 113.1, 112.1, 55.0, 42.5 ppm. HRMS (EI, m/z): [M]+ calculated 

C17H13F2N3O3 as 345.0925, found as 345.0916. 

5,6-Difluoro-N-[(4-methoxyphenyl)methyl]-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(4c). Following the procedure described for 4a, compound 4c was prepared from compound 3 and 

4-methoxybenzylamine. The crude mixture was purified by column chromatography (10-40% 

EtOAc/hexane) to obtain the title compound as a white solid (563 mg, 1.63 mmol, 47%). 1H-NMR 

(600 MHz, (CD3)2SO): δ 12.43 (1H, br), 9.49 (1H t, J = 6.1 Hz), 7.98-7.93 (1H, m), 7.62-7.59 (1H, 

m), 7.28-7.26 (2H, m), 6.90-6.87 (2H, m), 4.39 (2H, d, J = 6.4 Hz), 3.72 (3H, s) ppm. 13C-NMR 

(150 MHz, (CD3)2SO): δ 159.1, 158.4, 158.2, 147.9 (dd, J = 11, 245 Hz), 147.6 (dd, J = 14, 263 
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Hz), 146.2, 144.7, 130.7, 129.0, 124.3, 123.6 (d, J = 19 Hz), 113.7, 113.6, 55.1, 42.2 ppm. HRMS 

(EI, m/z): [M]+ calculated C17H13F2N3O3 as 345.0925, found as 345.0917.  

5,6-Difluoro-N-[(4-fluoro-3-methylphenyl)methyl]-4-oxo-3,4-dihydroquinazoline-2-

carboxamide (4d). Following the procedure for described 4a, compound 4d was prepared from 

compound 3 and 4-fluoro-3-methylbenzylamine. The crude mixture was purified by column 

chromatography (10-40% EtOAc/hexane) to obtain the title compound as a white solid (524 mg, 

1.51 mmol, 51%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.48 (1H, s), 9.59 (1H, t, J = 6.2 Hz), 8.02-

7.97 (1H, m), 7.66-7.64 (1H, m), 7.30-7.28 (1H, m), 7.24-7.21 (1H, m), 7.14-7.10 (1H, m), 4.45 

(2H, d, J = 6.4 Hz), 2.25 (3H, d, J = 1.7 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 159.8 (d, J 

= 241 Hz), 159.2, 158.2, 148.0 (dd, J = 11, 245 Hz), 147.7 (dd, J = 14, 263Hz), 146.1, 144.7, 134.6 

(d, J = 3.4 Hz), 130.8 (d, J = 5.1 Hz), 126.9 (d, J = 8.1 Hz), 124.3, 123.9 (d, J = 17 Hz), 123.6 (d, 

J = 19 Hz), 114.7 (d, J = 22 Hz), 113.6, 42.1, 14.2 (d, J = 3.3 Hz) ppm. HRMS (EI, m/z): [M]+ 

calculated C17H12F3N3O2 as 347.0882, found as 347.0876. 

4‐{2‐[(6‐Fluoro‐2‐{[(3‐hydroxyphenyl)methyl]carbamoyl}‐4‐oxo‐3,4‐dihydroquinazolin‐

5‐yl)oxy]ethyl}benzoic acid (5a). To a solution of 4-(2-hydroxyethyl)benzoic acid (137 mg, 0.83 

mmol, 1.5 equiv.) in anhydrous DMA (5.53 mL) was added sodium hydride (60% oil dispersion, 

164 mg, 4.09 mmol, 7.5 equiv), and the mixture was stirred at room temperature for 30 min. 

Compound 4a (181 mg, 0.55 mmol, 1.0 equiv.) was added and the mixture was stirred at 80 °C for 

1 h. The reaction was cooled to room temperature, acidified with 0.1 M HCl to pH 3−4 and 

extracted with EtOAc. The combined organics were washed with brine, dried over Na2SO4, 

filtered, and concentrated under reduced pressure. The crude mixture was purified by preparative 

TLC (10% MeOH/DCM + 1% formic acid) to obtain the title compound as a white solid (58 mg, 

0.12 mmol, 22%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.87 (1H, br), 12.19 (1H, br), 9.50 (1H, t, 
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J = 6.4 Hz), 9.39 (1H, br), 7.92-7.90 (2H, m), 7.84-7.81 (1H, m), 7.58-7.56 (1H, m), 7.51-7.49 

(2H, m), 7.16-7.13 (1H,m), 6.80-6.77 (2H, m), 6.68-6.66 (1H, m), 4.43 (2H, d, J = 6.4 Hz), 4.36 

(2H, t, J = 6.9 Hz), 3.23 (2H, t, J = 6.9 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 167.3, 159.3, 

158.8, 157.4, 153.8 (d, J = 245Hz), 145.3, 145.2, 145.1, 143.6, 140.1, 129.3, 129.1, 129.0, 128.9, 

124.3, 123.1 (d, J = 22Hz), 118.2, 118.0, 114.2, 113.9, 75.2, 42.6, 35.7 ppm. HRMS (ESI+, m/z): 

calculated [M+Na]+ C25H20FN3O6Na as 500.1234, found as 500.1222. 

4‐{2‐[(6‐Fluoro‐2‐{[(3‐methoxyphenyl)methyl]carbamoyl}‐4‐oxo‐3,4‐dihydroquinazolin‐

5‐yl)oxy]ethyl}benzoic acid (5b). Following the procedure described for 5a, compound 5b was 

prepared from compound 4b and 4-(2-hydroxyethyl)benzoic acid. The crude reaction mixture was 

purified by preparative TLC (10% MeOH/DCM + 1% formic acid) to obtain the title compound 

as a white solid (79 mg, 0.16 mmol, 28%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.86 (1H br), 12.18 

(1H, s), 9.54 (1H, t, J = 6.4 Hz), 7.92-7.90 (2H, m), 7.84-7.81 (1H, m), 7.58-7.56 (1H, m), 7.51-

7.49 (2H, m) 7.30-7.27 (1H, m), 6.95-6.94 (2H, m), 6.87-6.85 (1H, m), 4.48 (2H, d, J = 6.4 Hz), 

4.35 (2H, t, J = 6.9 Hz), 3.77 (3H, s), 3.22 (2H, t, J = 6.9 Hz) ppm. 13C-NMR (150 MHz, 

(CD3)2SO): δ 167.3, 159.4, 159.3, 158.8, 153.8 (d, J = 245Hz), 145.3, 145.2, 145.1, 143.6, 140.3, 

129.4, 129.3, 129.2, 128.8, 124.3, 123.1 (d, J = 21 Hz), 119.6, 118.2, 113.3, 112.3, 75.2, 55.0, 

42.6, 35.7 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C26H22FN3O6Na as 514.1390, found as 

514.1412. 

4‐{2‐[(6‐Fluoro‐2‐{[(4‐methoxyphenyl)methyl]carbamoyl}‐4‐oxo‐3,4‐dihydroquinazolin‐

5‐yl)oxy]ethyl}benzoic acid (5c). Following the procedure described for 5a, compound 5c was 

prepared from compound 4c and 4-(2-hydroxyethyl)benzoic acid. The crude reaction mixture was 

purified by preparative TLC (10% MeOH/DCM + 1% formic acid) to obtain the title compound 

as a white solid (36 mg, 0.073 mmol, 25%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.83 (1H, br), 
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12.12 (1H, br), 9.45 (1H, t, J = 6.1 Hz), 7.87-7.86 (2H, m), 7.79-7.76 (1H, m), 7.53-7.51 (1H, m), 

7.46-7.45 (2H, m), 7.28-7.25 (2H, m), 6.90-6.87 (2H, m), 4.39 (2H, d, J = 6.4 Hz), 4.31 (2H, t, J 

= 6.9 Hz), 3.72 (3H, s), 3.17 (2H, t, J = 6.9 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 167.3, 

159.2, 158.8, 158.4, 153.8 (d, J = 244 Hz), 145.3, 145.2, 145.1, 143.6, 130.7, 129.3, 129.2, 129.0, 

128.8, 124.2 (d, J = 6.8 Hz), 123.1 (d, J = 22 Hz), 118.2, 113.7, 75.2, 55.1, 42.1, 35.7 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C26H22FN3O6Na as 514.1390, found as 514.1387. 

4-{2-[(6-Fluoro-2-{[(4-fluoro-3-methylphenyl)methyl]carbamoyl}-4-oxo-3,4-

dihydroquinazolin-5-yl)oxy]ethyl}benzoic acid (5d). Following the procedure described for 5a, 

compound 5d was prepared from compound 4d and 4-(2-hydroxyethyl)benzoic acid. The crude 

mixture was purified by preparative TLC (10% MeOH/DCM + 1% formic acid) to obtain the title 

compound as a white solid (30 mg, 0.061 mmol, 21%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.87 

(1H, br), 12.18 (1H, br), 9.56 (1H, t, J = 6.0 Hz), 7.92-7.88 (2H, m), 7.85-7.81 (1H, m), 7.58-7.56 

(1H, m), 7.51-7.49 (2H, m), 7.30-7.28 (1H, m), 7.24-7.22 (1H, m), 7.14-7.11 (1H, m), 4.46 (2H, 

d, J = 6 Hz), 4.36 (2H, t, J = 6 Hz), 3.22 (2H, t, J = 6 Hz), 2.26 (3H, d, J = 6 Hz) ppm. 13C-NMR 

(150 MHz, (CD3)2SO): δ 167.3, 159.8 (d, J = 240 Hz), 159.4, 158.8, 153.8 (d, J = 245 Hz), 145.3, 

145.2, 145.1, 143.6, 134.6 (d, J = 4.5 Hz), 130.8 (d, J = 6.0 Hz), 129.3, 129.2, 128.8, 126.8 (d, J = 

9 Hz), 124.3 (d, J = 7.5 Hz), 123.9 (d, J = 17 Hz), 123.1 (d, J = 21 Hz), 118.2, 114.7 (d, J = 23 Hz), 

75.2 (d, J = 1.5 Hz), 42.0, 35.8, 14.2 (d, J = 3.0 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C26H21F2N3O5Na as 516.1347, found as 516.1365. 

6‐Fluoro‐5‐[2‐(4‐methoxyphenyl)ethoxy]‐N‐[(4‐methoxyphenyl)methyl]‐4‐oxo‐3,4‐

dihydroquinazoline‐2‐carboxamide (5e). Following the procedure described for 5a, compound 5e 

was prepared from compound 4c and 2-(4-methoxyphenyl)ethanol. The crude mixture was 

purified by preparative TLC (20% EtOAc/hexane + 1% formic acid) to obtain the title compound 
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as a white solid (42 mg, 0.088 mmol, 30%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.10 (1H, br), 

9.44 (1H, t, J = 6.4 Hz), 7.80-7.77 (1H, m), 7.52-7.50 (1H, m), 7.28-7.26 (2H, m), 7.23-7.20 (2H, 

m), 6.90-6.87 (2H, m), 6.85-6.82 (2H,m), 4.39 (2H, d, J = 6.4 Hz), 4.22 (2H, t, J = 7.3 Hz), 3.72 

(3H, s), 3.71 (3H, s), 3.02 (2H, t, J = 7.3 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 159.2, 

158.8, 158.8, 158.4, 157.8, 153.8 (d, J = 244 Hz), 145.4, 145.3, 145.2, 130.7, 129.9, 129.8, 129.0, 

124.1 (d, J = 7.5 Hz) 123.1 (d, J = 22Hz), 118.2, 113.7, 75.9, 55.1, 55.0, 42.1, 34.9 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C26H24FN3O5Na as 500.1598, found as 500.1602. 

6-Fluoro-N-[(4-fluoro-3-methylphenyl)methyl]-5-[2-(4-methoxyphenyl)ethoxy]-4-oxo-

3,4-dihydroquinazoline-2-carboxamide (5f). Following the procedure described for 5a, compound 

5f was prepared from compound 4d and 2-(4-methoxyphenyl)ethanol. The crude mixture was 

purified by preparative TLC (30% EtOAc/hexane + 1% formic acid) to obtain the title compound 

as a white solid (40 mg, 0.083 mmol, 29%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.10 (1H, s), 9.51 

(1H, t, J = 6.2 Hz), 7.80-7.77 (1H, m), 7.53-7.51 (1H, m), 7.25-7.24 (1H, m), 7.23-7.20 (2H, m), 

7.19-7.17 (1H, m), 7.09-7.06 (1H, m), 6.85-6.83 (2H, m), 4.41 (2H, d, J = 6.2 Hz), 4.22 (2H, t, J 

= 7.3 Hz), 3.71 (3H, s), 3.03 (2H, t, J = 7.3 Hz), 2.21 (3H, d, J = 1.7 Hz) ppm. 13C-NMR (150 

MHz, (CD3)2SO): δ 159.8 (d, J = 240 Hz), 159.4, 158.8, 157.8, 153.8 (d, J = 244 Hz), 145.4 (d, J 

= 14 Hz), 145.3, 145.2, 134.6 (d, J = 3.0 Hz), 130.8 (d, J = 4.5 Hz), 129.9, 129.8, 126.8 (d, J = 8.3 

Hz), 124.1 (d, J = 7.0 Hz), 123.9 (d, J = 18 Hz), 123.1 (d, J = 21 Hz), 118.2, 114.7 (d, J = 23 Hz), 

113.7, 75.9, 55.0, 42.0, 34.9, 14.2 (d, J = 3.0 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C26H23F2N3O4Na as 502.1554, found as 502.1581. 

6-Fluoro-5-[2-(4-hydroxyphenyl)ethoxy]-N-[(4-methoxyphenyl)methyl]-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (5g). Following the procedure described for 5a, compound 5g 

was prepared from compound 4c and 2-(4-hydroxyphenyl)ethanol. The crude mixture was purified 
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by preparative TLC (30% EtOAc/hexane + 1% formic acid) to obtain the title compound as a white 

solid (24mg, 0.052 mmol, 18%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.09 (1H, br), 9.44 (1H, t, J 

= 6.4 Hz), 9.19 (1H, s), 7.80-7.77 (1H, m), 7.52-7.50 (1H, m), 7.28-7.26 (2H, m), 7.09-7.07 (2H, 

m), 6.89-6.88 (2H, m), 6.67-6.65 (2H, m), 4.39 (2H, d, J = 6.4 Hz), 4.18 (2H, t, J = 7.4 Hz), 3.72 

(3H, s), 2.97 (2H, t, J = 7.4 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 159.2, 158.8, 158.4, 

155.7, 153.8 (d, J = 244 Hz), 145.4, 145.3, 145.3, 130.7, 129.8, 129.0, 127.8, 124.1 (d, J = 7.2 Hz), 

123.1 (d, J = 21 Hz), 118.2, 115.1, 113.7, 76.1, 55.1, 42.1, 35.0 ppm. HRMS (ESI+, m/z): 

calculated [M+Na]+ C25H22FN3O5Na as 486.1441, found as 486.1452. 

6-Fluoro-N-[(4-fluoro-3-methylphenyl)methyl]-5-[2-(4-hydroxyphenyl)ethoxy]-4-oxo-

3,4-dihydroquinazoline-2-carboxamide (5h). Following the procedure described for 5a, 

compound 5h was prepared from compound 4d and 2-(4-hydroxyphenyl)ethanol. The crude 

reaction mixture was purified by preparative TLC (30% EtOAc/hexane + 1% formic acid) to obtain 

the title compound as a white solid (26 mg, 0.056 mmol, 19%). 1H-NMR (600 MHz, (CD3)2SO): 

δ 12.10 (1H, br), 9.51 (1H, t, J = 6.3 Hz), 9.19 (1H, s), 7.80-7.77 (1H, m), 7.52-7.51 (1H, m), 7.25-

7.23 (1H, m), 7.20-7.17 (1H, m), 7.09-7.06 (3H, m), 6.67-6.65 (2H, m), 4.41 (2H,d, J = 6.4 Hz), 

4.18 (2H, t, J = 7.4 Hz), 2.97 (2H, t, J = 7.4 Hz), 2.21 (3H, d, J = 1.8 Hz) ppm. 13C-NMR (150 

MHz, (CD3)2SO): δ 159.8 (d, J = 240 Hz), 159.4, 158.8, 155.8, 153.8 (d, J = 244 Hz), 145.4, 145.3, 

145.2 134.6 (d, J = 3.4 Hz), 130.8 (d, J = 5.3 Hz), 129.8, 127.8, 126.8 (d, J = 7.9 Hz) 124.1 (d, J = 

7.0 Hz), 123.9 (d, J = 17 Hz), 123.1 (d, J = 21 Hz), 118.2, 115.1, 114.7 (d, J = 22 Hz), 76.1, 42.0, 

34.9, 14.2 (d, J = 3.2 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C25H21F2N3O4Na as 

488.1398, found as 488.1419. 
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6-Fluoro-5-(2-fluoroethoxy)-N-[(4-methoxyphenyl)methyl]-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (5i). Following the procedure described for 5a, compound 5i 

was prepared from compound 4c and 2-fluoroethanol. The crude mixture was purified by 

preparative TLC (20% EtOAc/hexane + 1% formic acid) to obtain the title compound as a white 

solid (30 mg, 0.077 mmol, 27%). 1H-NMR (600 MHz, (CD3)2SO) δ 12.16 (1H, br), 9.45 (1 H, t, J 

= 6.2 Hz), 7.83-7.80 (1H, m), 7.56-7.54 (1H, m), 7.28-7.26 (2H, m), 6.90-6.87 (2H, m), 4.78-4.69 

(2H, m), 4.39 (2H, d, J = 6.4 Hz), 4.36-4.30 (2H, m), 3.72 (3H, s) ppm. 13C-NMR (150 MHz, 

(CD3)2SO): δ 159.2, 158.8, 158.4, 153.8 (d, J = 245 Hz), 145.3, 145.2, 145.1, 130.7, 129.0, 124.5 

(d, J = 7.5 Hz), 123.1 (d, J = 22 Hz), 118.1, 113.7, 83.1 (d, J = 166 Hz), 74.4 (d, J = 18 Hz), 55.1, 

42.1 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C19H17F2N3O4Na as 412.1085, found as 

412.1098. 

6-Fluoro-N-[(4-fluoro-3-methylphenyl)methyl]-5-(2-fluoroethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (5j). Following the procedure described for 5a, compound 5j 

was prepared from compound 4d and 2-fluoroethanol. The crude mixture was purified by 

preparative TLC (20% EtOAc/hexane + 1% formic acid) to obtain the title compound as a white 

solid (29 mg, 0.074 mmol, 26%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.17 (1H, s), 9.52 (1H, t, J 

= 6.2 Hz), 7.84-7.80 (1H, m), 7.56-7.54 (1H, m), 7.25-7.24 (1H, m), 7.20-7.17 (1H, m), 7.09-7.06 

(1H, m), 4.78-4.69 (2H, m), 4.41 (2H, d, J = 6.4 Hz), 4.36-4.30 (2H, m), 2.21 (3H, d, J = 1.7 Hz) 

ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 159.8 (d, J = 240 Hz), 159.4, 158.8, 153.8 (d, J = 245 

Hz), 145.3, 145.2, 145.0 (d, J = 14 Hz), 134.6 (d, J = 3.3 Hz), 130.8 (d, J = 4.7 Hz), 126.8 (d, J = 

8.3 Hz), 124.5 (d, J = 6.5 Hz), 123.9 (d, J = 17 Hz), 123.1 (d, J = 21 Hz), 118.1, 114.7 (d, J = 22 

Hz), 83.1 (d, J = 165 Hz), 74.4 (d, J = 19 Hz), 42.0, 14.2 (d, J = 3.3 Hz) ppm. HRMS (ESI+, m/z): 

calculated [M+Na]+ C19H16F3N3O3Na as 414.1041, found as 414.1056. 
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2-[(Tetrahydro-2H-pyran-2-yl)oxy]ethan-1-ol (6). To a solution of p-toluenesulfonic acid 

monohydrate (312 mg, 1.64 mmol, 5 mol%) in ethylene glycol (14.0 mL, 250 mmol, 7.6 equiv.) 

was added dihydropyran (3.00 mL, 32.9 mmol, 1.0 equiv.) dropwise over 30 min at 0 °C. The 

solution was stirred at 0 °C for 2 h and then at room temperature for an additional 4 h. The reaction 

was then diluted with DCM and extracted with 0.1 M NaOH. The combined organics were dried 

over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was purified 

by column chromatography (0-50% EtOAc/hexane) to obtain the title compound as a colorless oil 

(3.80 g, 26.0 mmol, 79%). 1H-NMR (600 MHz, CDCl3): δ 4.56-4.55 (1H, m), 3.93-3.89 (1H, m), 

3.78-3.67 (4H, m), 3.55-3.51 (1H, m), 2.90 (1H, br), 1.85-1.80 (1H, m), 1.77-1.73 (1H, m), 1.60-

1.50 (4H, m) ppm. 13C-NMR (150 MHz, CDCl3): δ 100.3, 70.9, 63.4, 62.4, 30.9, 25.3, 20.1 ppm. 

HRMS (EI, m/z): [M-H]+ calculated C7H14O3 as 145.0859, found as 145.0846. Spectrum in 

accordance with literature.43  

6-Fluoro-N-[(4-fluoro-3-methylphenyl)methyl]-5-[2-(oxan-2-yloxy)ethoxy]-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (7). Following the procedure described for 5a, compound 7 

was prepared from compound 4d and compound 6. The crude mixture was purified by column 

chromatography (0-40% EtOAc/hexane) to obtain the title compound as a white solid (376 mg, 

0.79 mmol, 75%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.14 (1H, br), 9.55 (1H, t, J = 6.0 Hz), 7.84-

7.81 (1H, m), 7.57-7.55 (1H, m), 7.29-7.27(1H, m), 7.23-7.21 (1H, m), 7.13-7.10 (1H, m), 4.65-

4.63 (1H, m), 4.45 (2H, d, J = 6.0 Hz), 4.32-4.25 (2H, m), 3.96-3.93 (1H, m), 3.78-3.72 (2H, m), 

3.45-3.36 (1H, m), 2.24 (3H, d, J = 6.0 Hz), 1.68-1.55 (2H, m), 1.51-1.36 (4H, m). 13C-NMR (150 

MHz, (CD3)2SO) 159.8 (d, J = 240 Hz), 159.4, 158.9, 153.8 (d, J = 245 Hz), 145.7 (d, J = 14 Hz), 

145.3, 145.2, 134.6 (d, J = 4.5 Hz), 130.8 (d, J = 4.5 Hz), 126.9 (d, J = 7.5 Hz), 124.1, 123.9 (d, J 

= 17 Hz), 123.0 (d, J = 23 Hz), 118.1, 114.7 (d, J = 21 Hz), 98.0, 74.4 (d, J = 3.0 Hz), 66.4, 61.1, 
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42.1, 30.1, 25.0, 18.9, 14.2 (d, J = 3.0 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C24H25F2N3O5Na as 496.1660, found as 496.1653. 

6-Fluoro-N-[(4-fluoro-3-methylphenyl)methyl]-5-(2-hydroxyethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (8). To a solution of compound 7 (376 mg, 0.79 mmol, 1.0 

equiv.) in MeOH (7.94 mL) was added p-toluenesulfonic acid monohydrate (12.2 mg, 0.064 mmol, 

8 mol%). The solution was stirred at room temperature for 1 h before removal of the solvent under 

reduced pressure. The residue was re-suspended in DCM and extracted with water. The combined 

organics were dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude 

mixture was purified by column chromatography (20-60% EtOAc/hexane) to obtain the title 

compound as a white solid (230 mg, 0.59 mmol, 75%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.27 

(1H, br), 9.56 (1H, t, J = 6.0 Hz), 7.87-7.84 (1H, m), 7.59-7.57 (1H, m), 7.29-7.27 (1H, m), 7.24-

7.21 (1H, m), 7.13-7.10 (1H, m) 4.95 (1H, t, J = 6.0 Hz), 4.45 (2H, d, J = 6.0 Hz), 4.20 (2H, t, J = 

6.0 Hz), 3.76 (2H, q, J = 6.0 Hz), 2.25 (3H, d, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 

δ 159.8 (d, J = 240 Hz), 159.7, 159.3, 153.8 (d, J = 245 Hz), 145.7 (d, J = 14 Hz), 145.3, 145.1, 

134.6 (d, J = 3.0 Hz), 130.8 (d, J = 4.5 Hz), 126.8 (d, J = 9.0 Hz), 124.0, 123.9 (d, J = 18 Hz), 

123.3 (d, J = 21 Hz), 117.7, 114.7 (d, J = 21 Hz), 77.0 (d, J = 3.0 Hz), 60.2, 42.1, 14.2 (d, J = 3.0 

Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C19H17F2N3O4Na as 412.1085, found as 

412.1069. 

2-[(6-Fluoro-2-{[(4-fluoro-3-methylphenyl)methyl]carbamoyl}-4-oxo-3,4-

dihydroquinazolin-5-yl)oxy]ethyl 4-methylbenzene-1-sulfonate (9). To a solution of compound 8 

(200 mg, 0.51 mmol, 1.0 equiv.) in pyridine (1.14 mL) was added p-toluenesulfonyl chloride (294 

mg, 1.54 mmol, 3.0 equiv.) portionwise at 0 °C over 30 min. The solution was stirred for 4 h at 0 

°C, diluted with EtOAc and extracted with 1 M HCl followed by water. The combined organics 
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were dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by column chromatography (20-70% EtOAc/hexane) to obtain the title compound as a 

white solid (233 mg, 0.43 mmol, 84%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.19 (1H, br), 9.57 

(1H, t, J = 6.0 Hz), 7.84-7.81 (1H, m), 7.78-7.76 (2H, m), 7.59-7.57 (1H, m), 7.48-7.46 (2H, m), 

7.29-7.28 (1H, m), 7.24-7.21 (1H, m), 7.13-7.10 (1H, m), 4.45 (2H, d, J = 6.0 Hz) 4.40-4.39 (2H, 

m), 4.30-4.29 (2H, m), 2.42 (3H, s), 2.25 (3H, d, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 

δ 159.8 (d, J = 240 Hz), 159.4, 158.8, 153.6 (d, J = 246 Hz), 145.3, 145.2 145.0, 144.7 (d, J = 14 

Hz), 134.6 (d, J = 4.5 Hz), 132.2, 130.8 (d, J = 6.0 Hz), 130.1, 127.6, 126.9 (d, J = 9.0 Hz), 124.6, 

123.9 (d, J = 17 Hz), 123.2 (d, J = 23 Hz), 117.9, 114.7 (d, J = 23 Hz), 72.5 (d, J = 1.5 Hz), 70.2, 

42.1, 21.1, 14.2 (d, J = 3.0 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C26H23F2N3O6SNa 

as 566.1173, found as 566.1166. 

2-{[1-(Dimethylamino)-7-fluoro-2-[(4-fluoro-3-methylphenyl)methyl]-3,9-dioxo-

1H,2H,3H,9H-imidazo[4,3-b]quinazolin-8-yl]oxy}ethyl 4-methylbenzene-1-sulfonate (10). To a 

solution of compound 9 (71 mg, 0.13 mmol, 1.0 equiv.) in anhydrous DMF (0.20 mL) and THF 

(0.42 mL) was added oxalyl chloride (33 uL, 0.39 mmol, 3.0 equiv.) dropwise at 0 °C. The solution 

was stirred at room temperature for 2 h before removal of the solvent under reduced pressure. The 

residue was re-suspended in EtOAc and extracted with water. The combined organics were dried 

over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was purified 

by column chromatography (0-60% EtOAc/hexane) to obtain the title compound as a bright yellow 

solid (66 mg, 0.11 mmol, 85%). 1H-NMR (600 MHz, (CD3)2SO): δ 7.90-7.86 (1H, m), 7.78 (2H, 

d, J = 8.2 Hz), 7.71-7.69 (1H, m), 7.47 (2H, d, J = 8.2 Hz), 7.33-7.30 (1H, m), 7.27-7.23 (1H, m), 

7.17-7.14 (1H, m), 6.15 (1H, s), 4.87 (1H, d, J = 15 Hz), 4.42-4.28 (5H, m), 2.43 (3H, s), 2.34 (6H, 

br), 2.26 (3H, s) ppm. 13C-NMR (150 MHz, CDCl3): δ 161.4 (d, J = 245 Hz), 157.4, 157.3, 154.8 
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(d, J = 250 Hz), 146.5, 145.8 (d, J = 14 Hz), 145.0, 144.4, 133.0, 132.3 (d, J = 6.0 Hz), 130.5 (d, J 

= 3.0 Hz), 129.9, 128.2, 128.1, 126.0 (d, J = 7.5 Hz), 125.9 (d, J = 18 Hz), 123.6 (d, J = 21 Hz), 

117.6, 115.6 (d, J = 23 Hz), 105.8, 87.0, 72.6 (d, J = 3.0 Hz), 68.9, 43.2, 21.8, 14.7 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C29H28F2N4O6SNa as 621.1595, found as 621.1578. 

3.7.3 MMP Enzyme Inhibition Assay 

Inhibitor potency against human recombinant MMP-1,-2,-8,-9, and -13 (R&D Systems) 

was measured using the fluorogenic substrate Mca-Lys-Pro-Leu-Gly-Leu-Dpa-Ala-Arg-NH2 

(Sigma Aldrich, MMP-13 KM = 5.2 μM)48 or Mca-Arg-Pro-Lys-Pro-Val-Glu-Nval-Trp-Arg-

Lys(Dnp)-NH2 (R&D Systems) for human recombinant MMP-10 (R&D Systems). Enzymes were 

activated with para-aminophenylmercuric acetate (1 mM) at 37 °C for the time indicated by the 

provider and diluted in assay buffer (pH 7.5) containing Tris (50 mM), NaCl (0.15 M), CaCl2 (5 

mM), ZnSO4 (20 μM) and Brij 35 (0.05% w/v). Inhibitor solutions (45 μL) were prepared in 

DMSO, diluted to varying concentrations spanning 2 orders of magnitude in assay buffer (<5% 

DMSO final), and incubated with the active enzyme (45 μL, 4.44 nM) at 37°C for 30 min. The 

reaction was initiated with the addition of substrate (10 μL, 50 μM). Final concentrations of the 

enzyme and substrate were 2 nM and 5 μM, respectively. Changes in fluorescence were monitored 

using a BioTek Synergy Mx multi-mode plate reader with excitation and emission wavelengths of 

320 and 405 nm, respectively. Initial rates were measured over the linear range (0-10 min), 

normalized to the observed reaction rates for no enzyme (0% activity) and no inhibitor (100% 

activity) control wells, and plotted as a function of inhibitor concentration on a logarithmic scale. 

The IC50 values were calculated by nonlinear regression analysis according to the following 

equation using GraphPad Prism software:  

𝑌 =
100

1+10(LogIC50−X)∗HillSlope
  (1) 
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3.7.4 Radiochemistry 

Automated Radiosynthesis – [11C]5b. A fully automated sequence including the generation 

of [11C]CH3I and radiolabeling were performed on a Synthra MeIPlus Research system. [11C]CO2 

was prepared on a Siemens CTI Eclipse HP/RD Hybrid Cyclotron (11 MeV) via the 14N(p,α)11C 

nuclear reaction. [11C]CO2 (~27 GBq) was transferred from the target,  delivered into the module, 

and trapped on a steel coil at -180 °C. The trap was then heated to 50 °C, [11C]CO2 was released 

by H2 gas flow (40 mL·min-1) and reduced using a nickel catalyst (99.999% purity, C < 100 ppm) 

at 425 °C. The generated [11C]CH4 was trapped on a Carboxen® column (60-80 mesh) at -140 °C. 

The trap was then heated to 160 °C, [11C]CH4 was released by He gas flow (100 mL·min-1), 

directed over iodine at 95 °C (99.999% purity, -10 mesh, anhydrous beads) and heated in a high 

temperature oven at 720 °C. The generated [11C]CH3I was trapped on a PorapakTM Q column (50-

80 mesh), while unreacted [11C]CH4 was re-circulated in a closed system with a gas pump. When 

conversion was complete, the PorapakTM Q column was heated at 200 °C, [11C]CH3I was released 

by He gas flow (30 mL·min-1) and bubbled into the reactor containing precursor (10 mM) and 

TBAOH (6.29 μL, 3 equiv.) dissolved in anhydrous DMSO (209 μL). The reactor was then heated 

at 80°C for 3 min, immediately cooled to 30 °C, and quenched with water (500 μL). The crude 

mixture was purified with a Phenomenex Synergi Hydro-RP column (C18, 80Å, 10 μm, 250 mm 

× 10 mm), mobile phase: 65/35 0.1 M ammonium formate / ACN (isocratic), flowrate: 5 mL·min-

1. The product fraction (retention time: ~9.5 min) was collected into a bulk vessel containing water 

(40 mL). The contents of the flask were transferred over a Waters Sep-Pak Plus Short C18 cartridge 

(preconditioned with 1 mL EtOH, 5 mL water, and 1 mL air) and subsequently washed with water 

(10 mL). The product was eluted with EtOH (1 mL) and diluted with saline (9 mL, 0.9%). 
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Automated Radiosynthesis – [11C]5f. An automated synthesis of [11C]5f was performed 

according to the procedure described for [11C]5b with TBAOH (4.19 μL, 2 equiv.). The crude 

mixture was purified with a Phenomenex Synergi Hydro-RP column (C18, 80Å, 10 μm, 250 mm 

× 10 mm), mobile phase: 35/65 0.1 M ammonium formate / ACN (isocratic), flowrate: 5 mL·min-

1. The product fraction (retention time: ~11 min) was collected and reformulated in 10% 

EtOH/saline (0.9%).  

Automated Radiosynthesis – [18F]5j. A fully automated sequence was developed on a GE 

TRACERlab FX2N automation system. No-carrier-added aqueous [18F]fluoride was prepared on 

a Siemens CTI Eclipse HP/RD Hybrid Cyclotron (11 MeV) via the 18O(p,n)18F nuclear reaction. 

[18F]Fluoride (~13 GBq) was captured from the [18O]H2O target solution using a Waters Sep-Pak 

Light Accell Plus QMA Cartridge (preconditioned with 10 mL EtOH, 10 mL water, 10 mL 0.5 M 

NaHCO3, 10 mL water, and 1 mL air) and eluted into the reactor with aqueous 

tetraethylammonium bicarbonate (800μL 3.23 mg/mL). Anhydrous ACN (1 mL) was also added 

and the reactor was heated at 80 °C for 5 min and 120 °C for 3 min under a nitrogen stream to 

yield dried [18F]TEAF. The reactor was then cooled to 40 °C with compressed air, before adding 

the precursor (3.66 mg) in anhydrous DMSO (500 μL). The radiofluorination was performed at 

100 °C for 10 min, and returned to 50 °C. Subsequently, hydrochloric acid (6M, 500 μL) was 

added and the deprotection was performed at 100 °C for 10 min. Following cooling with 

compressed air, the reaction was quenched with sodium hydroxide (6M, 400 μL) and HPLC mobile 

phase (1 mL) and loaded onto the HPLC loop. The crude mixture was purified with a Phenomenex 

Synergi Hydro-RP column (C18, 80Å, 10 μm, 250 mm × 10 mm), mobile phase: 50% 0.1 M 

ammonium formate / ACN (isocratic), flowrate: 5 mL·min-1. The product fraction (retention time: 

~15 min) was collected into a bulk vessel containing water (25 mL). The contents of the flask were 
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transferred over a Waters Sep-Pak Plus Short C18 cartridge (preconditioned with 1 mL EtOH, 5 

mL water, and 1 mL air) and subsequently washed with water (10 mL). The product was eluted 

with EtOH (1 mL) and diluted with saline (9 mL, 0.9%). 

Manual Optimization – [11C]5b and [11C]5f. 11C-Methylation conditions were optimized 

on the Synthra MeIPlus Research system. [11C]CH3I was generated as previously described and 

bubbled into the reactor containing precursor (0.5 mg) and the indicated amount of TBAOH (1-4 

equiv.) dissolved in anhydrous DMSO (10 mM). The reactor was then heated at the indicated 

temperature for the indicated time, immediately cooled to 30 °C, and quenched with water (250 

μL). The crude reaction mixture was transferred to a sealed vial and analyzed by radio-HPLC using 

the conditions in the radiotracer quality control section. Radiochemical conversion was defined as 

the percentage of total radioactivity corresponding to the desired product (decay-corrected). 

Radiochemical identity was confirmed by co-injection of the corresponding non-radioactive 

standard.  

Manual Optimization – [18F]5j. Radiofluorination conditions were manually optimized in 

sealed conical vials. Azeotropic drying of aqueous [18F]fluoride (~37 MBq) containing the 

indicated amount of base (1-8 equiv.), and anhydrous ACN (3 × 1 mL) was performed at 100 °C 

under nitrogen gas dried over a P2O5 column. A solution of the precursor (13.5 mM) in anhydrous 

DMSO (250 μL) was then added and the reaction mixture was heated at the indicated temperature 

(100 or 120 °C). Samples were withdrawn for radio-TLC analysis after 10, and 20 min, spotted on 

a silica-coated TLC plate, and developed in a chamber containing EtOAc until the solvent front 

reached 2 cm from the top of the plate. Incorporation of [18F]fluoride was quantified using a 

Bioscan AR-2000 radio-TLC imaging scanner and WinScan software by integration of product 

peaks and unreacted [18F]fluoride. Quantitative deprotection was observed with hydrochloric acid 
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(6M, 500 μL) at 100°C for 10 min by radio-HPLC using the conditions in the radiotracer quality 

control section. Radiochemical identity was confirmed by co-injection of the corresponding non-

radioactive standard. 

Radiotracer Quality Control – [11C]5b, [11C]5f, and [18F]5j. Radiochemical purity and 

identity were confirmed by analytical radio-HPLC using a Phenomenex Luna C18 column (100 

Å, 5 μm, 250 mm × 4.6 mm), a 996 Photodiode Array Detector (PerkinElmer), and a Carroll & 

Ramsey Associates 105-S high-sensitivity radiation detector. HPLC solvent A: 0.1 M ammonium 

formate, HPLC solvent B: ACN, flowrate: 1 mL·min-1. [11C]5b method: 0-2 min 25% B, 2-10 min 

25-95% B, 10-12 min 95% B, 12-13 min 95-25% B, 13-15 25% B, retention time: 9.5 min. [11C]5f 

method: 0-2 min 50% B, 2-8 min 50-95% B, 8-10 min 95% B, 10-13 min 95-50% B, 13-15 min 

50% B, retention time: 9.5 min. [18F]5j method: 0-2 min 20% B, 2-10 min 20-90% B, 10-12 min 

90% B, 12-13 min 90-20% B, 13-15 min 20% B, retention time: 11.5 min. Molar activity was 

determined by measuring the UV absorbance of a known amount of radioactivity under identical 

HPLC conditions used to generate a calibration curve for the corresponding non-radioactive 

standard. The ratio of radioactivity (GBq) to moles (μmol) provided the molar activity (GBq·μmol-

1), which was decay corrected to the end of synthesis (EoS). 

3.7.5 Formulation Stability 

Radiotracer stability in 10% EtOH/saline (0.9%) was assessed at room temperature up to 

75 min by analytical radio-HPLC using the conditions described in the radiotracer quality control 

section. Radiochemical purity was >99% for all radiotracers immediately following reformulation. 
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3.7.6 Distribution Coefficient (logD) 

Radiotracer lipophilicity was measured by determination of the 1-octanol - 1× PBS (pH 

7.4) distribution coefficient (logD) as previously described49. Data represent the mean ± standard 

error of two independent experiments performed in quadruplicate. 

3.7.7 Animal Model 

Male ApoE−/− (strain no. 002052) mice were obtained from Jackson Laboratory and housed 

in groups of 4. Mice were fed a western atherogenic diet (TD.88137, Envigo) beginning at 8 weeks 

of age for a total of 13-16 weeks. Animals were monitored periodically and housed in 

environmentally enriched cages with free access to food and water. All housing, handling, and 

experimental procedures were in strict accordance with the guidelines of Canadian Council on 

Animal Care and with approval of the University of Ottawa Animal Care Committee. 

3.7.8 PET Imaging 

ApoE-/- mice (41 ± 2 g, n = 2 per group) were anesthetized with 2% isoflurane, positioned 

in the PET scanner, and maintained under anesthesia during the imaging protocol. Following a 10 

min transmission scan, animals were intravenously injected with radiotracer (~7.5 MBq) as a bolus 

over 30 sec via the lateral tail vein. The whole body was imaged for 60 min (4 × 15 sec frames; 4 

× 1 min frames; 11 × 5 min frames). PET imaging was performed using a Siemens DPET scanner. 

Emission data were corrected for attenuation and scatter, then reconstructed using the 3D-

OSEM/MAP algorithm. Volumetric regions of interest (ROIs) were drawn over target organs. 

Uptake values obtained in nCi·cc-1 were converted to %ID·cc-1 using the injected dose (nCi) and 

presented as time-activity curves. 
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3.7.9 Biodistribution 

ApoE-/- mice (39 ± 5 g, n = 4-6 per group) were anesthetized with 2% isoflurane and 

intravenously injected with radiotracer (~7.5 MBq, 100-200 μL) as a bolus over 30 sec via the 

lateral tail vein. For pharmacological treatments, 5j (2.5 mg/kg, 3 mg/mL, 16% DMA/ 32% 

propylene glycol/ 32% PEG400/ 20% sterile water), or WAY170523 (7.5 mg/kg, 3.5 mg/mL, 10% 

DMSO, 40% PEG400, 50% sterile water), were intravenously administered 15 min prior to the 

radiotracer. Isoflurane was maintained for 30 min, blood was collected by cardiac puncture, and 

animals were sacrificed by myocardial perfusion (10 mL 1× PBS, 10 mL 10% formalin, 5 mL 1× 

PBS). Perfusate was drained from an incision within the right atrium. Organs of interest were 

harvested, weighed, and counted for radioactivity using a Hidex Automatic Gamma Counter 

(energy window: 480−558 keV). Counts per minute (CPM) were converted to activity using a set 

of calibration standards with known activities. Percentage injected dose (%ID) was calculated by 

dividing the organ activity by the injected dose (decay-corrected) and further normalized by 

sample mass (g) to obtain the percentage injected dose per gram tissue (%ID·g-1). 

3.7.10 Plasma Radio-Metabolite Analysis 

Blood samples were withdrawn by cardiac puncture into K2EDTA-coated blood collection 

tubes 30 minutes after intravenous radiotracer administration. Protein-free plasma samples were 

obtained as previously described.25 Pooled plasma samples were then spiked with non-radioactive 

standard and analyzed by radio-HPLC using the analytical methods described in the radiotracer 

quality control section. Fractions were collected each minute and counted for radioactivity using 

a gamma counter. Polar and non-polar radio-metabolites were defined by the radioactivity 

collected before and after the parent fraction, respectively. Extraction efficiency was defined as 

the percentage recovery of radioactivity in plasma following protein precipitation. 
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3.7.11 Autoradiography and Oil Red O Staining 

Following removal of residual blood by myocardial perfusion, aortae and branching 

arteries were carefully dissected under a microscope and exposed to a super-resolution GE Storage 

Phosphor Screen (BAS-IP SR 2025 E) for 10 half-lives. The screen was scanned with a Cyclone 

Plus Storage Phosphor System and quantified using OptiQuant software by drawing aortic arch 

regions of interest (ROI) which were Oil Red O (ORO) positive. Digital light units (DLU) were 

converted to activity (Bq) using a set of calibration standards with known activities on the same 

screen. Percentage injected dose (%ID) was calculated by dividing the ROI activity (Bq) by the 

injected dose (Bq) and further normalized by ROI area (mm2) to obtain ROI activity density 

(%ID·mm-2). ORO staining was performed as previously described.50 Bright-field images were 

taken using a Krüss Stereomicroscope (MSL4000-series) adapted with a smartphone camera and 

cropped. 

3.7.12 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Data are presented as mean ± 

standard error. Multiple groups were compared using 1-way or 2-way ANOVA with Dunnett’s or 

Tukey’s multiple comparison test. Significance was set at the 0.05 level. 
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3.9 Supporting information 

3.9.1 1H NMR and 13C NMR spectra for all synthesized compounds (1–10) 
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Compound 2 
1H-NMR (80 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO)  
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Compound 3 
1H-NMR (400 MHz, (CD3)2SO) 

 

13C-NMR (150 MHz, (CD3)2SO) 
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Compound 4a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 4b 
1H-NMR (600 MHz, (CD3)2SO) 

 

13C-NMR (150 MHz, (CD3)2SO) 
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Compound 4c 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 4d 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5b 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5c 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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 Compound 5d 
1H-NMR (600 MHz, (CD3)2SO) 

 
 

13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5h 
1H-NMR (600 MHz, (CD3)2SO) 
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Compound 6 
1H-NMR (600 MHz, CDCl3) 

 
13C-NMR (150 MHz, CDCl3) 
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Compound 7 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 8 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 9 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 10 
1H-NMR (600 MHz, (CD3)2SO) 

 

13C-NMR (150 MHz, CDCl3) 
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3.9.2 Supplementary Figures and Tables 

 
 

Figure S1. 13C NMR spectrum of 4-fluoro-3-methylbenzylamine (20 MHz, (CD3)2SO)) 

 

Table S1. 13C NMR assignments for 4-fluoro-3-methylbenzylamine.a 

 

Carbon 

Position 

δ Chemical 

Shift (ppm) 

J Value 

(Hz) 

C-F 

Coupling  

1 140.0 3.3 para 

2 125.9 7.7 meta 

3 123.5 17 ortho 

4 159.4 241 ipso 

5 114.2 22 ortho 

6 130.1 5.1 meta 
a For C–F coupling constants of fluorobenzenes, see reference 2. 
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Table S2. 13C NMR assignments for compound 5d. 

 

 
Carbon 

Position 

δ Chemical 

Shift (ppm) 

J Value(s) 

(Hz) 

C-F 

Coupling 

B1 134.6 3.4 para 

B2 126.9 8.1 meta 

B3 123.9 17 ortho 

B4 159.8 241 ipso 

B5 114.7 22 ortho 

B6 130.8 5.1 meta 

Q2 146.1 - - 

Q4 158.2 - - 

Q4a 113.6 - - 

Q5 147.7 263, 14 ipso, ortho 

Q6 148.0 245, 11 ipso, ortho 

Q7 123.6 19 ortho 

Q8 124.3 br - 

Q8a 144.7 - - 
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Figure S2. HSQC analysis of compound 5d (1H (600 MHz) vs 13C (150 MHz), (CD3)2SO). 13C 

NMR signals from the B ring are maintained. Remaining aromatic carbon signals which are HSQC 

positive correspond to Q7 and Q8 on the Q ring. Q7 (123.6, J = 19 Hz, C-F ortho coupling) 

corresponds to signal at 8.02–7.97 (1H, m). Q8 (124.3, br, C-F meta coupling) corresponds to 

signal at 7.66–7.64 (1H, m).  
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Table S3. 13C NMR assignments for compound 5j. 

 

 
Carbon 

Position 

δ Chemical 

Shift (ppm) 

J Value(s) 

(Hz) 

C-F 

Coupling 

B1 134.6 3.3 para 

B2 126.8 8.3 meta 

B3 123.9 17 ortho 

B4 159.8 240 ipso 

B5 114.7 22 ortho 

B6 130.8 4.7 meta 

Q2 145.3 - - 

Q4 158.8 - - 

Q4a 118.1 - - 

Q5 145.0 14 ortho 

Q6 153.8 245 ipso 

Q7 123.1 21 ortho 

Q8 124.5 6.5 meta 

Q8a 145.2 - - 

 

Q7 and Q8 J-values are consistent with SNAr at the 5-position on the Q-ring as ortho and meta 

C-F coupling is maintained (J = 21 Hz and 6.5 Hz, respectively). 
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Table S4. 13C NMR assignments for compound 7. 

 

 
Carbon 

Position 

Chemical 

Shift (ppm) 

J Value(s) 

(Hz) 

C-F 

Coupling  

B1 134.6 4.5 para 

B2 126.9 7.5 meta 

B3 123.9 17 ortho 

B4 159.8 240 ipso 

B5 114.7 21 ortho 

B6 130.8 4.5 meta 

Q2 145.3 - - 

Q4 158.9 - - 

Q4a 118.1 - - 

Q5 145.7 14 ortho 

Q6 153.8 245 ipso 

Q7 123.0 23 ortho 

Q8 124.1 br - 

Q8a 145.2 - - 

 

Q7 J-value is consistent with SNAr at 5-position on the Q ring as ortho C-F coupling is 

maintained (J = 23 Hz).  
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Figure S3. UPLC chromatograms for compounds (A) 5b, (B) 5f and (C) 5j (254 nm). Solvent A: 

water, solvent B: ACN, solvent C: 5% formic acid, flowrate: 0.5 mL·min-1. Method: 0-0.5 min 

93% A 5% B 2% C, 0.5-3.5 min gradient to 5% A 93% B 2% C, 3.5-4.0 min 5% A 93% B 2%, 

4.0-4.2 min gradient to 93% A 5% B 2% C, 4.2-5.0 min 93% A 5% B 2% C.  

 

 

Figure S4. MMP-13 inhibition assays. (A) MMP-13 active site titration with TIMP-1 (R&D 

Systems).1 (B) Representative MMP-13 IC50 curves. 
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Figure S5. RadioHPLC chromatograms for synthesis of [11C]5b. (A) Crude [11C]methylation of 

precursor 5a and (B) Purified [11C]5b with co-injection of 5b.  

 

 

Figure S6. RadioHPLC chromatograms for synthesis of [11C]5f. (A) Crude [11C]methylation of 

precursor 5h and (B) Purified [11C]5f with co-injection of 5f. *Note: the retention time of the 

product shifted following HPLC maintenance. 
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Figure S7. RadioHPLC chromatograms for synthesis of [18F]5j. (A) Crude radiofluorination 

of precursor 10 (B) Crude deprotection and (C) Purified [18F]5j with co-injection of 5j.  
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Figure S8. RadioHPLC chromatograms without coinjection. (A) [11C]5b. (B) [11C]5f. (C) 

[18F]5j. 
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Figure S9. Radiotracer stability following reformulation in 10% EtOH/saline (0.9%). (A) [11C]5b. 

(B) [11C]5f. (C) [18F]5j.  
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Figure S10. Representative summed coronal whole-body PET images in ApoE-/- mice. 
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Figure S11. [18F]5j blood radioactivity time-course. Anesthetized ApoE-/- mice were intravenously 

administered with [18F]5j (15 ± 1 MBq) via the lateral tail vein and immediately returned to their 

cages. Mice were sacrificed by CO2 asphyxiation at the indicated time (30, 60 or 120 min) and 

blood was collected by cardiac puncture. Samples were weighed and counted for radioactivity 

using a gamma counter (n = 2–3 per group).  
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4.1 Context 

Our investigation of MMP-13 selective PET radiotracers based on the quinazoline-2-

carboxamide scaffold demonstrated that the most potent and selective carboxylate-containing 

derivative, [11C]5b was susceptible to OAT-mediated transport. Upon replacement of this 

functional group, as conducted for derivatives [11C]5f or [18F]5j, in vivo functionality was restored 

and vascular pharmacokinetics were markedly superior to [18F]FMBP. The identified lead 

candidate [18F]5j, detected atherosclerotic plaques ex vivo and demonstrated MMP-13 specific 

binding. However, non-invasive imaging remained challenging due prolonged circulation of blood 

radioactivity. Moreover, while the carboxylate proved detrimental for in vivo imaging, its removal 

resulted in a significant reduction in vitro MMP-13 potency and selectivity. As such, we sought to 

design optimized second-generation MMP-13 selective PET radiotracers based on the quinazoline-

2-carboxamide.  

4.2 Statement of the Manuscript 

This manuscript has been prepared for submission to the Journal of Medicinal Chemistry. In 

this chapter, I conducted all the chemical synthesis with Myriam Adi. Dr. Marcelo Muñoz assisted 

with preparative HPLC purification. I completed in vitro enzyme assays with assistance from 

Myriam Adi and Christina Bi. Uzair Ismailani conducted molecular docking experiments. Braeden 

Mair performed all radiotracer productions and plasma radio-metabolite analyses. Myriam Adi 

conducted ex vivo biodistributions. I conducted ex vivo aortic autoradiography and ORO staining. 

I performed all data analysis and interpreted the data with guidance from Dr. Benjamin Rotstein. I 

wrote the manuscript with editing from Dr. Benjamin Rostein. All authors approved the final 

version. 
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4.3 Abstract 

Matrix metalloproteinase-13 (MMP-13) has been implicated with the development of 

unstable atherosclerosis and represents a molecular biomarker for positron emission tomography 

(PET) radiotracer development. A series of neutral 5-functionalized MMP-13 inhibitors based on 

a quinazoline-2-carboxamide scaffold were designed and synthesized to incorporate a potential 

site for radiolabeling within the S1’ pocket and establish S1” binding interactions while 

maintaining favourable pharmacokinetics for atherosclerotic plaque imaging. In vitro enzyme 

assays identified compound 29f as a promising lead radiotracer candidate with an MMP-13 IC50 

of 2.6 ± 1.9 nM and >3800-fold selectivity over related MMPs. A high-yielding automated 

radiosynthesis of [11C]29f was established to enable characterization of radiotracer 

pharmacokinetics in atherosclerotic mice. In vivo PET/CT imaging and ex vivo biodistributions 

revealed accelerated washout of [11C]29f from the blood and myocardium with mixed 

hepatobiliary and renal clearance mechanisms. Radio-metabolite analyses showed that [11C]29f 

was highly stable in plasma. Despite these properties, quantification of ex vivo aortic 

autoradiography under baseline and MMP-13 blocking conditions revealed relatively low and non-

specific uptake in atherosclerotic plaques. Although [11C]29f is unsuitable for atherosclerotic 

plaque imaging, it may find an alternative application in other MMP-13 related diseases such as 

osteoarthritis. 

Keywords 

matrix metalloproteinase-13, positron emission tomography, radiotracer, atherosclerosis, 

extracellular matrix, collagenase, aortic autoradiography 

 



 235 

4.4 Introduction 

Matrix metalloproteinases (MMPs) constitute a class of zinc-dependent enzymes that 

collectively process and degrade extracellular matrix (ECM) proteins.1–3 Matrix 

metalloproteinase-13 (MMP-13), also known as collagenase 3, efficiently cleaves fibrillar collagen 

which represents a major structural component of joint cartilage and the vasculature.4–6 

Dysregulation of MMP-13 activity in atherosclerosis increases susceptibility to plaque rupture 

through uncontrolled collagen degradation within the fibrous cap and weakening of its structural 

integrity.7–10 Given that rupture of atherosclerotic plaques is closely associated with heart attack 

and stroke,11–14 characterization of disease severity with an MMP-13 targeted positron emission 

tomography (PET) radiotracer could assist in the prevention of acute cardiovascular events.  

Extensive high-throughput screenings and structure-activity relationship (SAR) studies 

have discovered several highly potent and selective MMP-13 inhibitors.15–25 Most notably, small 

molecules based on pyrimidine-dicarboxamide and quinazoline-2-carboxamide scaffolds are 

highly potent MMP-13 inhibitors with minimal off-target binding, representing promising leads 

for PET radiotracer development.16,19,23 To obtain selectivity over related MMPs, these inhibitors 

occupy the unique S1’ and S1” specificity pockets adjacent the active site without coordination to 

the highly conserved catalytic Zn2+ ion.16,19,23 The pharmacophores serve as the central anchoring 

point and form key hydrogen bonding interactions with the backbones and sidechains of Ala238, 

Leu239, Thr245, Thr247 and Met253 spanning the S1’ pocket.16,19,23 The proximal inhibitor arm, 

directed toward the entrance of the S1’ pocket, appears less influential but demonstrates a 

preference for (hetero)aryl rings due to participation in hydrophobic stacking with 

His222.16,19,22,23,26,27 To obtain selectivity, both inhibitor classes adopt bent conformations that 

enable their distal inhibitor arms to deeply occupy the S1” side pocket, not described for other 



 236 

MMPs.16,19,23 Molecular modelling indicated the possibility to exploit additional interactions at the 

bottom of the S1” pocket.19 Distinctive of the quinazoline-2-carboxamide class, this was 

performed by attachment of a phenethyl linker at the 5-position and incorporation of appropriate 

functional groups at the 4-position on the terminal phenyl ring. The lead compound previously 

identified by Nara et al. possesses a carboxylate which gains hydrogen bonding and ionic 

interactions with Asn215 and Lys140 critical for achieving sub-nanomolar IC50 values and 

conferring best-in-class selectivity across a panel of related MMPs.19  

Our group has previously developed and evaluated fluorine-18 and carbon-11 labeled 

radiotracers based on these two major MMP-13 selective inhibitor classes and conducted the first 

in vivo PET imaging studies in mouse models of atherosclerosis (Figure 4.0).28,29 Evaluation of 

[18F]FMBP, a previously developed MMP-13 selective pyrimidine-dicarboxamide radiotracer 

(MMP-13 IC50: 52  5 nM, >1900-fold selectivity), demonstrated the feasibility and superior ex 

vivo performance of MMP-13 selective imaging as compared to broad-spectrum MMP imaging 

for atherosclerosis.28 However, significant radiotracer accumulation in the heart and liver 

prompted the discovery of alternative MMP-13 selective PET radiotracers based on the 

quinazoline-2-carboxamide class.29   

A carbon-11 radiosynthesis was originally established for the most potent (MMP-13 IC50: 

1.3  0.2 nM) and selective (1800  300-fold) lead carboxylate-containing quinazoline-2-

carboxamide inhibitor 21k (therein entitled [11C]5b). Preliminary in vivo evaluations in 

atherosclerotic mice revealed rapid hepatobiliary excretion and extensive uptake in the kidneys, 

without accumulation in plaques. These findings align with reports that the anionic nature of 

carboxylate-containing MMP-13 selective inhibitors renders these molecules substrates of the 
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organic anion transporter (OAT) and are consistent with the predominant expression of this 

transporter in the kidneys.22,30 To circumvent this in vivo liability, a series of non-carboxylate 

containing quinazoline-2-carboxamide inhibitor derivatives were synthesized with reliable handles 

for radiolabeling.29 Among them, derivative [18F]5j (MMP-13 IC50: 16  3 nM, 75  15-fold 

selectivity), bearing a fluoroethyl linker, possessed a vastly improved pharmacokinetic profile for 

vascular imaging including minimal retention of radioactivity in the heart, low uptake in metabolic 

or off-target organs, and renal clearance. Importantly, functionality was successfully restored as 

focal radiotracer uptake in atherosclerotic plaques was observed and MMP-13 target engagement 

was confirmed by ex vivo aortic autoradiography. Still, in vivo imaging was hindered by 

suboptimal clearance of radioactivity from the blood pool, and the relatively moderate extent of 

specific binding may be attributed to the observed reduction in potency and selectivity upon 

removal of the carboxylic acid and lack of S1” pocket interactions. 

 

Figure 4.0 Chemical structures of previously developed MMP-13 selective PET radiotracers. 

 

Accordingly, we hypothesized that second-generation MMP-13 selective PET radiotracers 

based on the quinazoline-2-carboxamide core with reduced lipophilicity and superior potency and 

selectivity would accelerate blood clearance to enhance contrast for in vivo imaging and improve 

the extent of MMP-13 specific uptake in atherosclerotic plaques (Figure 4.1). We envisioned that 

the former could be accomplished by adding heteroatoms and polar functional groups into the 

proximal and distal inhibitor arms, while also providing sites for 18F or 11C radiolabeling. 
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Meanwhile, the latter could be achieved by reincorporating phenethyl linkers bearing strong 

hydrogen bond acceptors that are neutral at physiological pH to restore critical interactions with 

Asn215/Lys140 at the back of the S1” pocket and avoid OAT-mediated transport.  

 

Figure 4.1 Strategy for structural modification of MMP-13 quinazoline-2-carboxamide 

inhibitors. 

 

In this study, we synthesized several novel compounds based on the quinazoline-2-

carboxamide scaffold and conducted SAR studies to optimize the proximal inhibitor and distal 

inhibitor arms which occupy the S1’ and S1” pockets, respectively. We employed an in vitro 

enzyme inhibition assay to characterize MMP-13 potency and determine the selectivity profiles of 

the most potent inhibitors. Based on these screenings, a promising lead candidate was selected for 

carbon-11 radiolabeling and in vivo evaluations in atherosclerotic ApoE-/- mice. Radiotracer 

pharmacokinetics were assessed by dynamic PET/CT imaging. Organ accumulation and plasma 

stability were determined by ex vivo biodistributions and radio-metabolite analysis. 

Atherosclerotic plaque uptake and specificity were quantified under baseline and MMP-13 

blocking conditions.  
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4.5 Results and Discussion 

4.5.1 Synthesis of Amide Intermediates 5a-e 

The central quinazoline scaffold 1 was initially synthesized over 4 steps according to 

previously published protocols and possesses reactive handles that enable rapid structural 

diversification by successive attachment of proximal and distal inhibitors arms (Scheme 4.0).19,29 

As the S1’ pocket is largely hydrophobic and generally more tolerant toward modifications, it was 

hypothesized that the proximal arm would be a suitable site for eventual incorporation of fluorine-

18 and additional heteroatoms that would reduce lipophilicity. Accordingly, various (2-

fluoropyridine)methanamine regioisomers and (3-(2-fluoroethoxy)phenyl)methanamine 4 were 

coupled by ethyl ester aminolysis to produce the amide derivatives 5a-e (Scheme 4.0). 2-

fluoropyridines 5a-d were selected due to their widespread utility in radiopharmaceuticals as 

prosthetic groups for direct incorporation of fluorine-18 by nucleophilic aromatic substitution of 

reactive 2-halo, 2-nitro-, or 2-trimethylammonium-substituted pyridine precursors.31 

Concurrently, pyridine is a common nitrogen-containing and water soluble isostere of benzene, 

offering a convenient approach to reduce lipophilicity by replacement of the benzylamine found 

in earlier quinazoline-2-carboxamide inhibitors.32 Based on previously tolerated aryl substitutions, 

a meta-substituted 2-fluoroethyloxy derivative 5e was also obtained from 4, separately synthesized 

over 4 steps (Scheme 4.1).19,23,29 Tert-butyloxycarbonyl (Boc) protection of 3-

hydroxybenzylamine with di-tert-butyl dicarbonate afforded 2 (98%). Coupling of 2-

fluoroethyltosylate under basic conditions provided 3 (69%), followed by acidic Boc deprotection 

to give 4 (90%). This linker was envisioned to provide an indirect and robust method for 

incorporation of fluorine-18 by nucleophilic substitution of the corresponding tosylate precursor 

and to a lesser extent, contribute to lowering lipophilicity.33  
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Scheme 4.0 Synthesis of amide intermediates (5a-e) 

 

Reagents and Conditions: (a) RNH2, Et3N, DMA, 80 °C, 16 h.  

Scheme 4.1 Synthesis of (3-(2-fluoroethoxy)phenyl)methanamine hydrochloride (4) 

 

 

Reagents and Conditions: (a) Boc2O, NaHCO3, THF, rt, 2 h (b) F(CH2)2OTs, K2CO3, DMF, 120 

°C, 16 h (c) 4 M HCl in dioxane, rt, 2 h. 

4.5.2 Structure-Activity Relationships of Amide Intermediates (5a-e)  

To assess whether these structural modifications were well-tolerated, the half-maximal 

inhibitory concentrations (IC50) of all amide intermediates 5a-e were measured against active 

recombinant human MMP-13 (Table 4.0).29 Interestingly, initial screenings revealed a stark 

preference for the (2-fluoropyridin-4-yl)methanamine derivative 5d which displayed an IC50 of 

121 ± 11 nM, while all other 2-fluoropyridine regioisomers were not tolerated (IC50: > 1000 nM). 

The determined MMP-13 potency of derivative 5d is comparable to that of previous compounds 

containing 4-fluoro-3-methyl (IC50: 106 ± 8 nM) or 3-methoxy benzylamines (IC50: 118 ± 10 nM), 
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while greatly reducing the calculated lipophilicity (cLogP) to 1.68 from 3.03 and 2.26, representing 

22- and 4-fold changes, respectively.29 While the extent of intolerance for other 2-fluoropyridine 

regioisomers is surprising, electronic and steric repulsion in the hydrophobic S1’ pocket could 

explain these observations. Additionally, these findings align with others reports suggesting that 

the 4-position is the preferred site for the pyridine nitrogen on this arene.27,34 Derivative 5e was 

also identified as a hit with an IC50 of 193 ± 5 nM, albeit with slightly lower potency and higher 

lipophilicity (cLogP: 2.45) as compared to 5d. 

Table 4.0 MMP-13 inhibitory activity of amide intermediates (5a-e) 

Compound Ar 
MMP-13 

IC50 (nM)a cLogPb 

5a 

 

>1000 2.10 

5b 
 

>1000 1.68 

5c 
 

>1000 1.68 

5d 

 

121 ± 11 1.68 

5e 

 

193 ± 5 2.45 

4b from refc 

 

118 ± 10 2.26 

4d from refc  

 

106 ± 8 3.03 

 

aMeasured as the mean ± SEM from a single experiment performed in triplicate. 

bCalculated using Chemdraw Professional 22.0. 

cIC50 values obtained under identical conditions as previously described.29  
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As the most potent and least lipophilic intermediate identified, the (2-fluoropyridin-4-

yl)methanamine moeity of 5d was maintained throughout subsequent structure-activity 

relationship studies focusing on the distal inhibitor arm. Several functionalized phenethyl alcohols 

bearing neutral and strong hydrogen bond acceptors were synthesized to obtain S1” interactions 

without rendering these molecules substrates for the OAT. To verify that they are well-

accommodated in the presence of the newly introduced 2-fluoropyridine moiety, phenethyl alcohol 

was coupled to 5d by nucleophilic aromatic substitution to provide compound 6, under previously 

reported conditions (Scheme 4.2).19,29 Indeed, this unfunctionalized control compound possesses 

an IC50 of 46 ± 12 nM, suggesting that the MMP-13 binding conformation has not been 

significantly altered by the proximal 2-fluoropyridine and that further functionalization of the 

distal arene may offer additional improvements.  

Scheme 4.2 Synthesis of the 5-phenethyl alcohol substituted quinazoline-2-carboxamide 

inhibitor (6) 

 

Reagents and conditions: (a) Phenethyl alcohol, NaH, DMA, 80 °C, 1 h. 

4.5.3 Synthesis of the Phenethyl Alcohol Derivatives (9, 12a, 12b, 14, 17, 18 and 20) 

In total, 7 phenethyl alcohols bearing amide, sulfonamide, N-acetyl, and benzyl alcohol 

functionalities were separately synthesized (Schemes 4.3-4.7). The primary amide 9 was 

synthesized by tetrahydropyranyl (THP) protection of 4-(2-hydroxyethyl)benzonitrile with 3,4-

dihydropyran and catalytic para-toluenesulfonic acid (PTSA) to afford 7 (73%, Scheme 4.3). The 
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nitrile was then oxidized to the primary amide using hydrogen peroxide to give 8 (94%). THP 

ether hydrolysis using catalytic PTSA in methanol provided 9 (70%). Secondary and tertiary 

amides 12a and 12b were synthesized using a common strategy (Scheme 4.4). Dual tert-butyl(di-

methyl)silyl (TBS) protection of 4-(2-hydroxyethyl)benzoic acid with tert-butyldimethylsilyl 

chloride and imidazole followed by selective removal of the silyl ester using potassium carbonate 

in methanol gave 10 (93% over two steps). Thereafter, the carboxylic acid was converted to the 

acyl chloride with thionyl chloride and activated with pyridine prior to addition of the 

corresponding alkylamine to obtain 11a (methylamine, 83% over two steps) and 11b 

(dimethylamine, 88% over two steps). Cleavage of the TBS ether with PTSA in methanol provided 

12a (92%) and 12b (86%). N-acetyl and N-mesyl compounds 14 and 17 were synthesized from 

the same starting material (Scheme 4.5). For the N-acetyl derivative, dual acetylation of 2-(4-

aminophenyl)ethanol using acetic anhydride with pyridine afforded 13 (84%) before removal of 

the acetyl ester with potassium carbonate in methanol to yield 14 (70%). The N-mesyl derivative 

was produced by TBS protection of the alcohol to afford 15 (85%). The sulfonamide 16 was then 

formed by pyridine-mediated addition of methanesulfonyl chloride to the aniline (85%). The 

sulfonamide was then Boc protected using DMAP before selective TBS ether cleavage with PTSA 

in methanol to give 17 (60% over two steps). The tertiary sulfonamide 18 was directly obtained 

by reduction of 2-(4-(N,N-dimethylsulfamoyl)phenyl)acetic acid with lithium aluminum hydride 

(LiAlH4) (42%, Scheme 4.6). The benzyl alcohol 20 was synthesized by dual TBS protection of 

2-(4-(hydroxymethyl)phenyl)acetic acid and selective removal of the silyl ester to give 19 (80% 

over two steps, Scheme 4.7). Then, the carboxylic acid was reduced with LiAlH4 to provide 20 

(71%). 
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Scheme 4.3 Synthesis of the primary amide fragment (9) 

 

Reagents and conditions: (a) 3,4-Dihydropyran, PTSA, DCM, rt, 12 h (b) 30% H2O2 (aq), K2CO3, 

DMSO, 0 °C to rt, 12 h (c) PTSA, MeOH, rt, 2 h.  

Scheme 4.4 Synthesis of the secondary and tertiary amide fragments (12a and 12b) 

 

Reagents and conditions: (a) TBSCl, imidazole, THF, 0 °C to rt, 2 h (b) K2CO3, MeOH, rt, 2 h (c) 

SOCl2, reflux, 3 h, 2 M NHMe or NMe2 in THF, pyridine, DCM, rt, 1 h (d) K2CO3, MeOH, rt, 2 

h.  

Scheme 4.5 Synthesis of the N-acetyl and N-mesyl fragments (14 and 17) 

 

Reagents and conditions: (a) Ac2O, pyridine, DCM, 0°C to rt, 1 h (b) K2CO3, MeOH, rt, 1 h (c)  

TBSCl, imidazole, DCM, rt, 12 h (d) MsCl, pyridine, DCM, 0°C to rt, 12 h (e) Boc2O, DMAP, 

DCM, rt, 2 h (f) PTSA, MeOH, rt, 1 h. 
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Scheme 4.6 Synthesis of the tertiary sulfonamide fragment (18) 

 

Reagents and conditions: (a) 1 M LiAlH4 in THF, 0 °C to rt, 1 h.  

Scheme 4.7 Synthesis of the benzyl alcohol fragment (20) 

 

Reagents and conditions: (a) TBSCl, imidazole, THF, rt, 2 h (b) K2CO3, MeOH, rt, 2 h (c) 1 M 

LiAlH4 in THF, 0 °C to rt, 1 h. 

With the functionalized phenethyl alcohol derivatives in hand, coupling of 9 at the 5-fluoro 

position was attempted by nucleophilic aromatic substitution (SNAr), as reported for previously 

developed inhibitors of this class.19,29 However, low conversion and poor selectivity were observed 

during preliminary small-scale reactions as determined by ultra-performance liquid 

chromatography mass spectrometry (UPLC-MS, data not shown). In line with previous reports, 

this harsh reaction requires the use of a large excess of sodium hydride at elevated temperature 

and is notoriously inefficient with isolated yields often below 30%.19,29 It is presumed that 

competing side reactions including -elimination of phenethyl alcohols and SNAr at the 2-

fluoropyridine ring, as well as limited tolerance for unprotected acidic functional groups, and poor 

stability under highly basic conditions contributed to this observation. To test whether the 

unprotected quinazoline scaffold was problematic, a DMF-aminal protecting group was installed 

under Vilsmeier conditions with the potential to reduce base sensitivity and enhance reactivity 

(data not shown).19,29 Nevertheless, reaction conversion remained low, demonstrating that this 
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approach is unsuitable, particularly for highly functionalized molecules, and an alternative is 

needed. 

Mitsunobu etherification represents a highly versatile method for dehydrogenative 

coupling of an alcohol (nucleophile) and phenol (pronucleophile) using an azodicarboxylate and 

phosphine.35 Importantly, this reaction is revered for its wide functional group tolerance by virtue 

of the mild conditions employed at room temperature. Good reaction yields rely on a 

pronucleophile of sufficient acidity (pKa < 10) to minimize competing side reactions with the 

azodicarboxylate.36,37 As several phenethyl alcohols had already been synthesized, it was 

envisioned that this strategy could be conveniently employed by producing the 5-hydroxy (5-OH) 

derivative of 5d. As the phenol is flanked by electron-withdrawing fluoro and carbonyl groups, it 

was expected to serve as an excellent pronucleophile (calculated pKa of 6). To provide confidence 

in this new strategy, Mitsunobu etherification was performed using phenethyl alcohol and Boc-

protected 5-amino-2-fluorophenol as a model substrate of the quinazoline scaffold (Scheme S1). 

The desired product, tert-butyl (4-fluoro-3-phenethoxyphenyl)carbamate, was obtained in an 

isolated yield of 77%. Despite these promising results, numerous efforts to directly introduce a 

hydroxyl group at the 5-fluoro position on the original quinazoline scaffold failed. Conditions 

employing strong nucleophiles such as sodium hydroxide, tetrabutylammonium hydroxide 

(TBAOH), or sodium methoxide and forcing conditions to add and eliminate phenethyl alcohol or 

2-bromoethanol were attempted but proved unsuccessful. As such, a novel synthesis of the 

quinazoline-2-carboxamide scaffold already bearing a 5-OH group was required. 
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4.5.4 Synthesis of the 5-Hydroxy Quinazoline-2-Carboxamide Scaffold (27) 

Analogous to the original route, a synthesis starting from 4-fluoro-3-methoxyaniline was 

proposed to obtain the 5-OH containing quinazoline-2-carboxamide scaffold (Scheme 4.8). This 

starting material was selected as it features an aryl methyl ether protecting group for late-stage 

demethylation to the desired phenol. Additionally, its general stability toward acidic or basic 

conditions is desirable and its relatively small size does not impose significant electronic or steric 

constraints on subsequent reactions. After Boc protection of 4-fluoro-3-methoxyaniline, selective 

lithiation and addition of ethyl chloroformate at the 2-position proved ineffective. Based on the 

predicted acidity of the 2-position (pKa 47), it was suspected that n-butyl lithium (pKaH 50) 

could not sufficiently deprotonate the desired site. Utilization of the more reactive tert-butyl 

lithium (pKaH 53) was also unproductive. Instead, pivaloyl (Piv) protection of 4-fluoro-3-

methoxyaniline was conducted by treatment with trimethylacetyl chloride catalyzed by 4-

dimethylaminopyridine (DMAP) to afford 21 (84%). Together with the comparably greater 

withdrawing effect of Piv, which lowered the predicted acidity of the 2-position (pKa 42), and 

its role as a strong directing group for ortho-metalation, selective addition of ethyl chloroformate 

was achieved using 2 equivalents of n-BuLi to provide 22 (82%).38,39 Cleavage of the pivaloyl 

ester by refluxing with concentrated hydrochloric acid (HCl) in ethanol afforded 23 (66%).38 

Under previously described conditions, the quinazoline scaffold 24 was formed by acid-catalyzed 

cyclization with ethyl cyanoformate (71%) and the identified proximal arm was conjugated to core 

by ethyl ester aminolysis with (2-fluoropyridin-4-yl)methanamine to give 25 (90%). A DMF-

aminal protecting group was then installed to fully protect the quinazoline core and yield 26 (85%) 

and avoid the potential for multiple sites of addition during subsequent Mitsunobu etherification. 

While boron tribromide and trimethylsilyl iodide were initially tested as common reagents for O-
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demethylation, 26 was unstable or unreactive to these conditions, respectively. However, the aryl 

methyl ether was effectively cleaved by refluxing with lithium chloride in dimethylformamide to 

finally obtain the desired 5-hydroxy quinazoline-2-carboxamide scaffold 27 (50%). 

Scheme 4.8 Synthesis of the 5-hydroxy quinazoline-2-carboxamide scaffold (27) 

 

Reagents and conditions: (a) PivCl, DMAP, pyridine, DCM, rt, 1 h (b) 1.6 M n-BuLi in 

hexanes, THF, 0 °C, 4 h, (c) ClCO2Et, THF, -78 °C to -50 °C, 2 h (d) 12 M HCl, EtOH, reflux, 16 

h (e) NCCO2Et, 4 M HCl in dioxane, 80 °C, 3 h (f) (2-fluoropyridin-4-yl)methanamine, Et3N, 

EtOH, 80 °C, 12 h (g) (COCl)2, DMF, THF, 0 °C to rt, 2 h (h) LiCl, DMF, reflux, 16 h.  

4.5.5 Synthesis of the 5-Substituted Inhibitor Derivatives (29a-g) 

Now that a synthesis of the 5-hydroxy quinazoline-2-carboxamide scaffold 27 was 

achieved, the functionalized phenethyl alcohol derivatives (distal inhibitor arms) could be coupled 

via Mitsunobu etherification. This was accomplished using diisopropyl azodicarboxylate (DIAD) 

and triphenylphosphine to give intermediates 28a-g in moderate to good yields (39-73%, Scheme 

4.9). Finally, deprotection of the DMF-aminal protecting group was carried out using a mixture of 
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6 M HCl and acetic acid to provide the final inhibitors 29a-g (19-46%). Reaction progress had to 

be closely monitored as the 2-fluoropyridine was gradually hydrolyzed to the corresponding 2-

hydroxypyridine after DMF-aminal deprotection, as detected by UPLC-MS. As such, the reaction 

needed to be stopped within a narrow time frame, during which maximum conversion to the 

desired product occurred (50-60% by UPLC-MS, Figure S1). Ultimately, this two-step procedure 

provided critical access to the desired products in sufficient quantities that were previously 

unattainable with existing methods.  

Scheme 4.9 Synthesis of the 5-substituted quinazoline-2-carboxamide inhibitors (29a-g) 

 

Reagents and conditions: (a) ROH, DIAD, PPh3, THF, 0 °C to rt, 1 h (b) 6 M HCl, AcOH, 40 °C, 

4 h.  
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To evaluate the structure-activity relationships of the distal inhibitor arm occupying the 

S1” pocket and determine the potency of all 5-substituted inhibitor derivatives 29a-g, the IC50 

values for MMP-13 were measured (Table 4.1). Strikingly, most of the functionalized inhibitors, 
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improvements in potency up to 50- and  20-fold, respectively. Comparison of the amide 

derivatives 29a-c revealed a trend towards improved potency with increasing methylation of the 

terminal amide (29a IC50: 14 ± 2 nM vs 29b IC50: 6.6 ± 0.4 nM vs 29c IC50: 5.4 ± 1.3 nM). 

Successive N-methylation of the amide is expected to increase electron density at the carbonyl 

oxygen and provide stronger interactions with Lys140 or Asn215. The N-acetyl derivative 29d, 

containing an amide in the reversed orientation, exhibits similar potency (IC50: 5.5 ± 1.8 nM) to 

amides 29b and 29c. Analysis of the N-mesyl derivative 29e and tertiary sulfonamide 29f provided 

further evidence to support the trend that increased methylation confers superior potency (29e IC50: 

5.2 ± 0.4 nM vs 29f IC50: 2.6 ± 1.9 nM). Gratifyingly, the potency of 29f approached that of 

previous carboxylic acid containing inhibitors (IC50: 1.2-1.3 ± 0.1 nM) characterized under 

identical assay conditions.  

This validates the inhibitor design strategy and confirms the hypothesis that appropriate 

functional groups, such as sulfonamides, which are neutral at physiological pH, can achieve similar 

binding efficiency to anionic carboxylates. To rationalize these trends, molecular docking of 29a-

g with MMP-13 was performed (Figure S2 and S3). Based on the expected binding conformation 

of 29a-e, the benzylic carbonyl and sulfonyl groups are optimally positioned to form a single 

hydrogen bond with the side chain of either Asn215 or Lys140 (Figure S3). Uniquely, the tertiary 

sulfonamide derivative 29f contains a benzylic sulfonyl group along with an electron-rich terminal 

dimethylamine moiety, making it optimally positioned to interact with both Asn215 and Lys140 

via its two oxygen atoms (Figure S3). The benzyl alcohol derivative 29g exhibits weaker potency, 

comparable to that of the primary amide 29a (IC50: 11 ± 2 nM). The absence of functionality in 

the benzylic position and relatively lower electron-density of the alcohol are possible explanations 

for this finding (Figure S3). 
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Table 4.1 MMP-13 inhibitory activity of 5-Subsituted quinazoline-2-carboxamide inhibitors 

(29a-g) 

Compound R 
MMP-13 

IC50 (nM)a cLogPb 

6 H 46 ± 12 3.40 

29a 
 

14 ± 2 2.31 

29b 
 

6.6 ± 0.4  2.55 

29c 
 

5.4 ± 1.3 2.78 

29d 
 

5.5 ± 1.8 2.31 

29e 
 

5.2 ± 0.8 1.63 

29f 
 

2.6 ± 1.9 2.68 

29g  11 ± 2 2.83 

5b from refd 

 
1.3 ± 0.2 1.16 ± 0.03c 

5j from refd - 16 ± 3 3.09 ± 0.03c 

 

aMeasured as the mean ± SEM from a single experiment performed in triplicate. 

bCalculated using Chemdraw Professional 22.0. 

cLogD determined experimentally. 

dIC50 and LogD values obtained under identical conditions as previously described.29,40  

Compounds 29c-f were identified as the most potent MMP-13 inhibitors and selected for 

further determination of their selectivity against MMP-1, -2, -8, -9, and -10 (Table 4.2). 

Remarkably, no appreciable inhibition of MMP-1, -2, or -9 was detected below 10 μM. 

Meanwhile, inhibition of MMP-8 and -10 only was observed at elevated inhibitor concentrations 

(IC50’s > 6100 nM). Consistent with earlier reports, the collagenase MMP-8, and stromelysin 

MMP-10, have been identified as the major off-targets for the quinazoline-2-carboxamide inhibitor 

class.19,29 This new series of compounds 29c-f significantly reduced off-target affinity for MMP-
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8 and MMP-10.29 Together with the improved MMP-13 potency, this marks a tremendous increase 

in MMP selectivity, similar to carboxylate-containing inhibitors (1100-3800-fold selectivity). 

While the structural basis for this selectivity is not fully understood, it is possible that the 2-

fluoropyridin-4-yl ring occupying the S1’ is not tolerated by other MMPs, as exemplified by the 

selectivity of MMP-13 for only a single 2-fluoropyridine regioisomer. It is also reasonable to 

suggest that the newly introduced amides and sulfonamides on terminal phenyl ring deeply 

occupying the S1” pocket, unique to MMP-13, cannot be accommodated by other MMPs 

possessing shallower binding pockets.41 Nevertheless, these marked improvements are expected 

to enhance the extent of MMP-13 target engagement and specificity.  

Table 4.2 MMP selectivity profiles of 29c-f 

IC50 (nM)a 

Compound MMP-1 MMP-2 MMP-8 MMP-9 MMP-10 
MMP-13 

fold-selectivityb 

29c >104 >104 7900 ± 920 >104 6100 ± 870 1100 ± 320 

29d >104 >104 7400 ± 1100 >104 8000 ± 1100 1300 ± 480 

29e >104 >104 >104 >104 8700 ± 740 1700 ± 300 

29f >104 >104 >104 >104 >104 >3800 

5bc >104 >104 2400 ± 130 >104 3200 ± 240 1800 ± 300 

5jc >104 >104 1200 ± 70 >104 3100 ± 400 75 ± 15 

 

aMeasured as the mean ± SEM from a single experiment performed in triplicate. 

bCalculated as a ratio of the MMP-13 IC50/MMP-10 IC50 ± SEM. 

cIC50 values obtained under identical conditions.29 
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As the most potent (IC50: 2.6 ± 1.9 nM) and selective (3800-fold) MMP-13 inhibitor 

identified, 29f was advanced as a lead candidate for radiolabeling. This discovery represents a 6-

fold and 50-fold improvement in MMP-13 potency and selectivity over the aforementioned 

fluorine-18 labeled radiotracer based on this scaffold [18F]5j.29 The tertiary sulfonamide is 

desirable as its high polarity further contributed to lowering lipophilicity (cLogP: 2.68) which is 

anticipated to accelerate blood clearance for non-invasive PET imaging. Conveniently, this 

methylated functional group is also amenable to robust and late-stage carbon-11 N-methylation 

strategies and would expedite in vivo assessment of radiotracer pharmacokinetics.42  

4.5.7 Synthesis of the Carbon-11 Radiolabeling Precursor 32 

We proposed that synthesis of [11C]29f could be accomplished by 11C-methylation of the 

corresponding secondary sulfonamide precursor. Using the same approach, the carboxylic of 2-(4-

(N-methylsulfamoyl)phenyl)acetic acid was reduced with LiAlH4 to afford the corresponding  

phenethyl alcohol 30 (55%, scheme 4.10). Under established Mitsunobu conditions, this fragment 

was coupled to the 5-hydroxy quinazoline-2-carboxamide scaffold to give 31 (67%, Scheme 4.11). 

Acidic removal of the DMF-aminal protecting group afforded the desired radiolabeling precursor 

32 (40%).  

Scheme 4.10 Synthesis of the secondary sulfonamide phenethyl alcohol (30) 

 

Reagents and conditions: (a) 1 M LiAlH4 in THF, 0 °C to rt, 1 h.  
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Scheme 4.11 Synthesis of the carbon-11 radiolabeling precursor (32) 

Reagents and conditions: (a) 30, DIAD, PPh3, THF, 0 °C to rt, 1 h (b) 6 M HCl, AcOH, 40 °C, 4 

h.  

4.5.8 Radiotracer Automation, Formulation Stability, and Lipophilicity 

As optimized for other 11C-labeled quinazoline-2-carboxamides, methylation can be 

achieved using [11C]methyl iodide ([11C]CH3I) and TBAOH in DMSO at 80 °C in under 3 min.29 

Regioselective 11C-methylation can be achieved using predicted pKa values without protecting 

groups by adjusting the equivalents of TBAOH required to deprotonate the desired position. In the 

presence of the unprotected pyrimidine ring system, 2 equivalents of TBAOH were expected to 

fully deprotonate the secondary sulfonamide. Unlike previous carbon-11 O-methylations for this 

inhibitor class, N-methylation of arylamines and less nucleophilic conjugated amines such as 

sulfonamides, can be sluggish using [11C]CH3I.43 In such cases, [11C]methyl triflate is frequently 

employed due its greater reactivity, and accordingly utilized for this synthesis. Indeed, an initial 

attempt with this strategy proved highly effective as the desired [11C]29f was produced with 

[11C]methyl triflate and 2 equivalents of TBAOH in DMSO at 80 °C for 1 min in decay-corrected 

radiochemical conversions of 82% (n = 1, Figure S4). Next, an automated radiosynthesis for 

[11C]29f was developed using a GE TracerLab FXC module (Scheme 4.12). [11C]29f was labeled 

under these conditions, purified by semi-preparative high-performance liquid chromatography, 

and reformulated as a 10% ethanol solution in saline, suitable for intravenous injection. [11C]29f 
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was obtained in radiochemical yields of 29 ± 3 % within 30 ± 1 min, >99% radiochemical purity, 

and a molar activity of 65 ± 5 GBqμmol−1 at the time of injection (n = 6, Figure S5). Radiotracer 

stability in formulation was assessed up to 75 min with no observable decomposition (Figure S6). 

The logD of [11C]29f is 2.37 ± 0.05 (n = 2), determined experimentally as the octanol-PBS 

distribution coefficient (pH 7.4). This represents a >5-fold reduction in lipophilicity as compared 

to [18F]5j (LogD: 3.09 ± 0.03) and is expected to markedly improve contrast for cardiovascular 

imaging.29   

Scheme 4.12 Radiosynthesis and quality control of [11C]29f 

 

Reagents and conditions: [11C]CH3OTf, 1 M TBAOH, DMSO, 80 °C, 1 min.  

4.5.9 In Vivo Dynamic PET/CT Imaging 

Initial in vivo pharmacokinetic screenings were conducted by dynamic PET/CT imaging 

over 60 min following intravenous administration of [11C]29f in atherosclerotic ApoE−/− mice via 

the lateral tail vein (n = 4, Figure 4.2). Radioactivity rapidly cleared from the blood pool (tmax: 

0.625 min) stabilizing at 1% %IDcc-1 after 10 min. This marks a 3-fold reduction in blood 

radioactivity, critical for enhancing vessel/blood contrast for cardiovascular imaging applications 

and addresses a previous limitation of the first-generation quinazoline-2-carboximde radiotracer 

[18F]5j.29,44,45 Myocardial kinetics were similar with relatively slower washout to 1%IDcc-1 after 
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facilitates quantification of radiotracer uptake within the coronary arteries.46 The observed 

washout of radioactivity from the liver (8.67 ± 1.57 %IDcc-1 at peak) and corresponding increases 

in the gall bladder and intestine over time suggest that [11C]29f is predominantly eliminated via a 

hepatobiliary clearance route. Washout from the kidneys (7.82 ± 0.7 %IDcc-1 at peak) into the 

urinary bladder was also observed, indicating an extent of renal clearance. While renal clearance 

is generally considered preferable for aortic imaging as it reduces radioactivity within the thoracic 

cavity, [11C]29f experiences significant clearance from the liver down to 5.94 ± 0.32 %IDcc-1 and 

the observed intestinal uptake within the abdominal cavity is not expected to impede 

quantification. Overall, [11C]29f retains the low myocardial and liver retention characteristic of 

the quinazoline-2-carboxamide class, and maintains superior pharmacokinetics over the first-

generation pyrimidine-dicarboxamide radiotracer [18F]FMBP.28  

 

Figure 4.2 Dynamic PET/CT [11C]29f imaging in ApoE-/- mice. (A) Representative PET/CT 

maximum intensity projection (MIP, coronal axis). (B) Time−activity curves for the blood, heart, 

liver, and kidney (n = 4 per group). 
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4.5.10 Ex Vivo Biodistribution and Plasma Metabolism 

To provide additional support for these in vivo findings, ex vivo biodistributions were 

conducted by counting organs of interest for radioactivity 30 min after intravenous administration 

of [11C]29f in atherosclerotic ApoE−/− mice via the lateral tail vein (n = 4-5 per group, Figure 

4.3A). In line with the PET images, [11C]29f blood and myocardial radioactivity cleared quickly 

with 1.06 ± 0.07 %IDg-1 and 1.13 ± 0.41 %IDg-1 remaining at this timepoint, respectively. 

Meanwhile, liver and kidney uptake were comparable to [18F]5j at 4.26 ± 0.99 %IDg-1 and 2.85 ± 

0.74 %IDg-1, respectively. Intestinal accumulation was significantly higher with 7.93 ± 0.87 

%IDg-1, confirming hepatobiliary clearance as the major route of excretion. Elevated, albeit 

variable, urinary uptake was also detected at 4.71 ± 2.13 %IDg-1, indicating a lesser extent of renal 

clearance. Relatively low levels of radioactivity (∼2 %IDg−1) were observed in all other measured 

organs. To assess the specificity of [11C]29f in these tissues, heterologous blocking with 

WAY17053, representing a commercially available and structurally unrelated MMP-13 selective 

inhibitor, was administered intravenously (7.5 mg/kg) 10 min prior to the radiotracer.15,29,47,48 No 

statistical differences were observed upon blocking, reflecting low target expression in these off-

target organs.  

Simultaneously, in vivo radiotracer stability was evaluated by analyzing plasma for radio-

metabolites (Figure 4.3B). [11C]29f demonstrated excellent stability with 86 ± 6% remaining intact 

after 30 mins. This is mainly attributed to the reduced lipophilicity of [11C]29f and possible lower 

affinity for metabolic enzymes due to their propensity to metabolize lipophilic compounds. No 

differences were detected under WAY17053 blocking conditions with 88 ± 2% corresponding to 

the parent radiotracer (P > 0.05). The measured extraction efficiencies (89 ± 1%) suggest 

representative sampling of plasma radioactivity. 
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Figure 4.3 [11C]29f biodistribution and metabolism in ApoE-/- mice. (A) Ex vivo biodistribution 

and (B) plasma radio-metabolite analysis 30 min after intravenous radiotracer administration. 

ANOVA. n = 4 - 5 per group. The biodistribution of [18F]5j is provided for comparison.29  

4.5.11 Ex Vivo Aortic Autoradiography and Oil Red O Staining 

Despite significant improvements over previous MMP-13 selective PET radiotracers, non-

invasive atherosclerotic plaque imaging in mice remains an ongoing challenge due to the small 

anatomical size of the aorta which approaches the spatial resolution limit of PET.49–51 To obtain 

high-resolution images and ensure accurate quantification of aortic plaque uptake, ex vivo aortic 

autoradiography was performed (Figure 4.4). Under baseline conditions, [11C]29f primarily 

accumulated within the aortic arch and carotid arteries and significantly colocalized with Oil Red 

O (ORO) positives areas, indicating lipid-rich atherosclerotic plaques. Quantification of [11C]29f 

uptake in ORO-positive regions revealed 67 ± 3 %IDm−2, which is ∼4-fold lower than [18F]5j. No 

statistical differences were observed under WAY170523 blocking conditions with [11C]29f uptake 

remaining at 79 ± 11 %IDm−2 (P > 0.05). This data suggests that the observed [11C]29f uptake in 

atherosclerotic plaques is likely non-specific. While clearance from the blood is critical to achieve 
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sufficient contrast for vascular imaging, this approach relies on high affinity radioligands to enable 

rapid target binding. Despite the tremendous improvements in potency and selectivity, and 

favorable pharmacokinetics of [11C]29f, it appears that fast blood clearance provided insufficient 

time for radiotracer circulation and MMP-13 specific accumulation in atherosclerotic plaques.  

 

Figure 4.4 Ex vivo aortic autoradiography in ApoE-/- mice. (A) Representative autoradiographs 30 

min after intravenous radiotracer administration with corresponding Oil Red O staining. (B) Aortic 

plaque uptake. Unpaired t-test: P > 0.05, n = 4 - 5 per group. 
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MMP-13 potency and provided a convenient strategy to simultaneously reduce lipophilicity and 

introduce a site for eventual fluorine-18 radiolabeling. To deeply occupy and restore interactions 

with Lys140/Asn215 at the back of the S1” pocket without susceptibility for the OAT, several 

distal inhibitor arms, comprised of neutral functionalized phenethyl alcohols were synthesized. As 

conventional methods employing SNAr for attachment of these fragments to the 5-position on the 

quinazoline scaffold were ineffective, an alternate synthesis of the quinazoline core was 

developed. Mitsunobu etherification provided access to highly functionalized 5-substituted 

quinazoline-2-carboxamide inhibitors in suitable yields. Among them, derivatives 29c-f, bearing 

amides and sulfonamides, possessed MMP-13 IC50’s between 2.6 – 6.6 nM, superior to first-

generation inhibitors and in range of best-in-class carboxylate-containing inhibitors. SAR and 

docking experiments further indicated a preference for benzylic carbonyl or sulfonyl groups and 

an electron-rich terminal dimethylamine moiety to increase the strength of interaction with Asn215 

or Lys140. Remarkably, these inhibitors displayed exceptional selectivity against a panel of related 

MMPs. Notably, affinity for MMP-8 and MMP-10, representing the primary off-targets for this 

inhibitor class, was greatly reduced, and significantly enhanced MMP-13 selectivity (1100-3800-

fold). Based on these findings, 29f was selected as a lead candidate for radiolabeling and in vivo 

evaluations in atherosclerotic mice. Most conveniently, the tertiary sulfonamide of 29f was an 

excellent candidate for carbon-11 methylation and a high-yielding automated radiosynthesis was 

established. In vivo PET imaging and ex vivo biodistributions revealed that [11C]29f exhibits 

accelerated clearance from the blood and minimal retention in the myocardium, offering improved 

vascular contrast, and addressing a significant limitation of previous MMP-13 selective PET 

radiotracers. [11C]29f is primarily excreted via a hepatobiliary route, albeit with low liver 

accumulation. Some contribution from renal clearance was also observed. Plasma radio-metabolite 
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analysis demonstrated that [11C]29f is highly stable in vivo. Despite these collective improvements, 

ex vivo aortic autoradiography under baseline and heterologous blocking conditions revealed 

relatively low and non-specific uptake of [11C]29f in atherosclerotic plaques. Therefore, [11C]29f 

is not suitable for selective imaging of MMP-13 in atherosclerosis. Nevertheless, [11C]29f may 

prove useful for alternative disease applications in which MMP-13 is the primary target. 

4.7 Experimental Section 

4.7.1 General Information 

Chemical reagents and solvents were purchased from commercial sources and used without 

further purification. All moisture or air sensitive reactions were performed under inert atmosphere 

in flame dried glassware. Reaction progress was monitored by thin layer chromatography on silica 

gel-coated plates and visualized directly with UV light (254 and 280 nm) or following staining 

with a potassium permanganate solution. Products were purified by flash column chromatography 

using a Biotage Isolera One system or by preparative HPLC using an Agilent 1290 Infinity II 

Preparative LC/MSD System (Solvents: ACN / water). Compound characterization was completed 

by 1H/13C NMR with a Magritek Spinsolve 80 MHz Spectrometer, or Bruker AVANCE III 

400/600 MHz spectrometers using DMSO-d6 or CDCl3 as a solvent (reference: 2.54 / 39.52 or 7.26 

/ 77.16 ppm) and analyzed using Mnova software. High resolution mass spectrometry data was 

acquired using a Waters Synapt G1, HRes and Ion Mobility, Time of Flight Mass Spectrometer or 

a Kratos Concept – Magnetic Sector Electron Impact Mass Spectrometer. All target compounds 

are >95% pure according to analysis using a Waters Xevo TQD with an Acquity UPLC H-Class 

Plus system. 
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4.7.2 Chemical Synthesis 

Ethyl 5,6-difluoro-4-oxo-3,4-dihydroquinazoline-2-carboxylate (1) 

Synthesized over 4 steps under previously established conditions.19,29 Spectra in accordance with 

literature.1H-NMR (600 MHz, (CD3)2SO): 12.83 (1H, br), 8.04-7.99 (1H, m), 7.75-7.73 (1H, m), 

4.42 (2H, q, J = 6.0 Hz), 1.39 (3H, t, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 159.8, 

158.3, 148.4 (dd, J = 12, 246 Hz), 147.5 (dd, J=15, 264 Hz), 144.8 (d, J = 1.5 Hz), 143.8 (d, J =1.5 

Hz), 125.2 (dd, J = 6.0, 7.5 Hz), 123.8 (d, J = 20 Hz), 113.9 (d, J = 3.0 Hz), 62.8, 13.9 ppm. HRMS 

(EI+, m/z): calculated [M]+ C11H8F2N2O3 as 254.0503, found as 254.04856. 

tert-butyl (3-hydroxybenzyl)carbamate (2) 

To a solution of 3-hydroxybenzylamine (250 mg, 2.03 mmol, 1.0 equiv.) in THF (4.1 mL) was 

added NaHCO3 (501 mg, 6.09, 3.0 equiv.) in water (4.06 mL), followed by Boc2O (0.52 mL, 2.23 

mmol, 1.1 equiv.). The mixture was stirred at room temperature for 2 h, diluted with EtOAc and 

extracted with water. The combined organics were washed with brine, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (0-40% EtOAc/hexane) to obtain the title compound as a colorless oil (469 mg, 

2.24 mmol, 98%).1H-NMR (600 MHz, DMSO-d6) 9.35 (1H, s), 7.37 (1H, t, J = 6.2 Hz), 7.14-7.10 

(1H, m), 6.68-6.62 (3H, m), 4.07 (2H, d, J= 6.2Hz), 1.43 (9H, s) ppm. 13C-NMR (150 MHz, 

DMSO-d6): 157.8, 156.2, 142.1, 129.6, 117.9, 114.2, 114.0, 78.2, 43.7, 28.7 ppm. HRMS (EI+, 

m/z): calculated [M-C5H8O2]+ C7H9NO as 123.0684, found as 123.0691. 

tert-butyl (3-(2-fluoroethoxy)benzyl)carbamate (3) 

To a solution of 2-fluoroethyltosylate (189 mg, 0.848 mmol, 1.0 equiv.) in DMF (4.6 mL) was 

added K2CO3 (234 mg, 1.70 mmol, 2.0 equiv.), followed by 2 (185 mg, 0.848 mmol, 1.0 equiv.). 
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The mixture was stirred at 120 °C for 16 h, diluted with EtOAc and extracted with water. The 

combined organics were washed with brine, dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The crude mixture was purified by column chromatography (0-25% 

EtOAc/hexane) to obtain the title compound as a white solid (158 mg, 0.587 mmol, 69%).1H-NMR 

(600 MHz, (CD3)2SO): δ 7.42 (1H, t, J = 6 .1 Hz), 7.29-7.25 (1H, m), 6.87-6.85 (3H, m), 4.84-

4.82 (1H, m), 4.72-4.70 (1H, m), 4.28-4.26 (1H, m), 4.21-4.19 (1H, m), 4.13 (2H, d, J = 6.1 Hz), 

1.43 (9H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): 158.2, 141.9, 129.4, 119.4, 113.2, 112.5, 82.2 

(d, J = 166 Hz), 77.8, 66.9 (d, J = 19 Hz), 43.3, 28.3 ppm. HRMS (EI+, m/z): calculated [M-

C5H8O2]+ C9H12FNO as 169.0903, found as 169.0910.  

(3-(2-fluoroethoxy)phenyl)methanamine hydrochloride (4) 

A solution of 9 (151 mg, 0.561 mmol, 1.0 equiv.) in 4 M HCl in dioxane (4.3 mL) was stirred at 

room temperature for 2 h. The solvent was removed under reduced pressure to afford the title 

compound without further purification as a white solid (113 mg, 0.550 mmol, 98%).1H-NMR (600 

MHz, (CD3)2SO): δ 8.53 (3H, br), 7.39-7.35 (1H, m), 7.22-7.21 (1H, m), 7.12-7.10 (1H, m), 7.03-

7.00 (1H, m), 4.86-4.84 (1H, m), 4.74-4.72 (1H, m), 4.33-4.31 (1H, m), 4.26-4.24 (1H, m), 4.02 

(2H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): 158.2, 135.7, 129.8, 121.3, 115.2, 114.4, 82.1 (d, J 

= 166 Hz), 67.1 (d, J = 19 Hz), 42.1 ppm. HRMS (EI+, m/z): calculated [M-HCl]+ C9H12FNO as 

169.0903, found as 169.0911. 

5,6-difluoro-N-((6-fluoropyridin-2-yl)methyl)-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(5a)  

To a solution of 1 (110 mg, 0.433 mmol, 1.0 equiv.) in DMA (2.2 mL) was added (6-fluoropyridin-

2-yl)methanamine hydrochloride (98 mg, 0.477 mmol, 1.1 equiv.), followed by triethylamine (72 

μL, 0.520 mmol, 1.2 equiv.). The mixture was stirred at 80 °C for 12 h. The reaction was cooled 
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to room temperature, diluted with EtOAc and extracted with 0.1 M HCl and water. The combined 

organics were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure.The crude mixture was purified by column chromatography (30% EtOAc/CHCl3) to 

obtain the title compound as a pale-yellow solid (29 mg, 0.086 mmol, 22%).1H-NMR (600 MHz, 

(CD3)2SO): 12.53 (1H, br), 9.65 (1H, t, J = 6.3 Hz), 8.04-7.98 (2H, m), 7.69-7.67 (1H, m), 7.36-

7.35 (1H, m), 7.11-7.10 (1H, m), 4.58 (2H, d, J = 6.3 Hz). 13C-NMR (150 MHz, (CD3)2SO): 162.4 

(d, J = 234 Hz), 159.5, 158.1, 157.0 (d, J = 14 Hz), 148.1 (dd, J = 12, 246 Hz), 147.6 (dd, J = 14, 

263 Hz), 145.8, 144.7, 142.7 (d, J=7.5 Hz), 124.4, 123.7 (d, J =18 Hz), 119.0 (d, J=4.5 Hz), 113.7, 

107.7 (d, J = 37 Hz), 43.9 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C15H9F3N4O2Na as 

357.0575, found as 357.0575. 

5,6-difluoro-N-((2-fluoropyridin-3-yl)methyl)-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(5b) 

Following the procedure described for 5a, compound 5b was prepared from compound 1 and (2-

fluoropyridin-3-yl)methanamine hydrochloride. The crude mixture was purified by preparative 

HPLC to obtain the title compound as a pale-yellow solid (41 mg, 0.123 mmol, 25%).1H-NMR 

(600 MHz, (CD3)2SO): δ 12.52 (1H, s), 9.66 (1H, s), 8.19-8.18 (1H, m), 8.03-7.94 (2H, m), 7.67-

7.65 (1H, m), 7.39-7.37 (1H, m) 4.55 (2H, d, J = 6.2 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 

160.6 (d, J = 236 Hz), 159.6, 158.1, 148.0 (dd, J = 246, 11 Hz), 147.6 (dd, J = 263, 14 Hz), 146.1 

(d, J = 15 Hz), 145.8, 144.7, 140.7 (d, J = 5.0 Hz), 124.4, 123.7 (d, J = 19 Hz), 122.1 (d, J = 4.0 

Hz), 120.2 (d, J = 30 Hz), 113.7, 36.6 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C15H9F3N4O2Na as 357.0575, found as 357.0575. 
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5,6-difluoro-N-((6-fluoropyridin-3-yl)methyl)-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(5c)  

Following the procedure described for 5a, compound 5c was prepared from compound 1 and (6-

fluoropyridin-3-yl)methanamine dihydrochloride with an additional equivalent of Et3N (2.2 

equiv.). The crude mixture was purified by column chromatography (20-30% EtOAc/DCM) to 

obtain the title compound as a pale-yellow solid (27 mg, 0.081 mmol, 21%).1H-NMR (400 MHz, 

(CD3)2SO): 12.51 (1H, br), 9.70 (1H, t, J=6.3 Hz), 8.27-8.26 (1H, m), 8.04-7.97 (2H, m), 7.66-

7.63 (1H, m), 7.22-7.19 (1H, m), 4.53 (d, 2H, J = 6.3 Hz).13C-NMR (100 MHz, (CD3)2SO): 162.2 

(d, J = 235 Hz), 159.4, 158.2, 148.1 (dd, J =12, 246 Hz), 147.6 (dd, J=14, 263 Hz), 146.7 (d, J=15 

Hz), 145.9, 144.7, 141.7 (d, J = 8.0 Hz), 132.6 (d, J = 4.0 Hz), 124.4, 123.7 (d, J = 18 Hz), 113.7, 

109.3 (d, J = 37 Hz), 39.6 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C15H9F3N4O2Na as 

357.0575, found as 357.0575. 

5,6-difluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(5d) 

Following the procedure described for 5a, compound 5d was prepared from compound 1 and (2-

fluoropyridin-4-yl)methanamine hydrochloride. The crude mixture was purified by column 

chromatography (10-40% EtOAc/DCM) to obtain the title compound as a pale-yellow solid (39 

mg, 0.117 mmol, 30%).1H-NMR (400 MHz, (CD3)2SO): 12.54 (1H, br), 9.74 (1H, t, J = 6.3 Hz), 

8.23-8.22 (1H, m), 8.05-7.98 (1H, m), 7.69-7.65 (1H, m), 7.36-7.34 (1H, m), 7.16-7.15 (1H, m), 

4.59 (2H, d, J = 6.3 Hz). 13C-NMR (100 MHz, (CD3)2SO): 163.4 (d, J = 234 Hz), 159.7, 158.2, 

154.5 (d, J = 8.0 Hz), 148.1 (dd, J = 11, 246 Hz), 147.7 (dd, J =14, 263 Hz), 147.5 (d, J = 16 Hz), 

145.8, 144.7, 124.4, 123.7 (d, J = 20 Hz), 120.6 (d, J = 3.8 Hz), 113.7, 107.6 (d, J = 39 Hz), 41.7 

ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C15H9F3N4O2Na as 357.0575, found as 357.0575. 
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5,6-difluoro-N-(3-(2-fluoroethoxy)benzyl)-4-oxo-3,4-dihydroquinazoline-2-carboxamide 

(5e) 

Following the procedure described for 5a, compound 5e was prepared from compounds 1 and 4. 

The crude mixture was purified by column chromatography (20-60% EtOAc/hexane) to obtain the 

title compound as a white solid (39 mg, 0.103 mmol, 24%).1H-NMR (400 MHz, (CD3)2SO): δ 

12.49 (1H, br), 9.59 (1H, t, J=6.3 Hz), 8.03-7.96 (1H, m), 7.67-7.63 (1H, m), 7.31-7.27 (1H, m), 

6.98-6.96 (2H, m), 6.91-6.88 (1H, m), 4.83-4.82 (1H, m), 4.72-4.70 (1H, m), 4.49 (2H, d, J = 6.3 

Hz), 4.29-4.27 (1H, m), 4.22-4.20 (1H, m). 13C-NMR (150 MHz, (CD3)2SO): 160.1, 159.8, 158.2, 

147.7, 147.6 (dd, J = 12, 246 Hz), 147.5 (dd, J = 14, 263 Hz), 145.2, 140.5, 129.5, 123.9, 123.0 (d, 

J = 19 Hz), 120.0, 113.9, 113.6, 112.7, 82.2 (d, J = 167 Hz), 67.0 (d, J = 19 Hz), 42.6 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C18H14F3N3O3Na as 400.0885, found as 400.0885. 

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-5-phenethoxy-3,4-dihydroquinazoline-2-

carboxamide (6) 

To a solution of 2-phenylethanol (13 μL, 0.112 mmol, 1.5 equiv.) in DMA (0.50 mL) was added 

sodium hydride (60% oil dispersion, 22 mg, 0.561 mmol, 7.5 equiv.), and the mixture was stirred 

at room temperature for 30 min. Compound 5d (25 mg, 0.075 mmol, 1.0 equiv.) was added and 

the mixture was stirred at 80 °C for 1 h. The reaction was cooled to room temperature, acidified 

with 0.1 M HCl to pH 3−4 and extracted with EtOAc. The combined organics were washed with 

brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture 

was purified by preparative HPLC to obtain the title compound as a white solid (10 mg, 0.023 

mmol, 30%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.21 (1H, br), 9.70 (1H, t, J = 6.3 Hz), 8.23-8.22 

(1H, m), 7.86-7.83 (1H, m), 7.60-7.57 (1H, m), 7.37-7.32 (5H, m), 7.26-7.23 (1H, m), 7.15-7.14 

(1H, m), 4.59 (2H, d, J = 6.3 Hz), 4.32 (2H, t, J=7.2 Hz), 3.15 (2H, t, J=7.2 Hz). 13C-NMR (150 
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MHz, (CD3)2SO): 163.4 (d, J = 235 Hz), 160.0, 158.8, 154.6 (d, J = 7.8 Hz), 153.0, 147.5 (d, J= 

16 Hz), 145.4 (d, J =14 Hz), 145.3, 145.1, 138.0, 128.9, 128.3, 126.3, 124.2, 123.1 (d, J = 22 Hz), 

120.6 (d, J = 3.8 Hz), 118.3, 107.6 (d, J = 38 Hz), 75.7, 41.6 (d, J = 3.0 Hz), 35.8 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C23H18F2N4O3Na as 459.1245, found as 459.1245. 

4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)benzonitrile (7) 

To a solution of 4-(2-hydroxyethyl)benzonitrile (50 mg, 0.340 mmol, 1.0 equiv.) in DCM (1.4 mL) 

was added p-toluenesulfonic acid monohydrate (70 mg, 0.374 mmol, 1.1 equiv.) and 3,4-dihydro-

2H-pyran (34 μL, 0.374 mmol, 1.1 equiv.). The mixture was stirred at room temperature for 12 h, 

diluted with DCM and extracted with 1 M NaOH. The combined organics were washed with brine, 

dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by column chromatography (0-20% EtOAc/hexane) to obtain the title compound as a 

yellow oil (57 mg, 0.248 mmol, 73%).1H-NMR (400 MHz, CDCl3): δ 7.57 (2H, d, J = 8.3 Hz), 

7.35 (2H, d, J = 8.3 Hz), 4.57-4.56 (1H, m), 3.99-3.93 (1H, dt, J = 9.9, 6.8 Hz), 3.70-3.58 (2H, m), 

3.47-3.41 (1H, m), 2.95 (2H, t, J = 6.6 Hz), 1.82-1.44 (6H, m) ppm. 13C-NMR (100 MHz, CDCl3): 

145.3, 132.2, 130.0, 119.2, 110.2, 98.9, 67.4, 62.3, 36.6, 30.7, 25.5, 19.5 ppm. HRMS (EI+, m/z): 

calculated [M]+ C14H17NO2 as 231.1259, found as 231.1268. 

4-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethyl)benzamide (8) 

To a solution of 7 (190 mg, 0.821 mmol, 1.0 equiv.) in DMSO (0.3 mL) was added K2CO3 (34 

mg, 0.246 mmol, 0.3 equiv.) and a 30% hydrogen peroxide solution in water (0.12 mL). The 

mixture was stirred at room temperature for 12 h, quenched with water and extracted with DCM. 

The combined organics were washed with brine, dried over Na2SO4, filtered, and concentrated 

under reduced pressure to obtain the title compound as a white solid (192 mg, 0.772 mmol, 

94%).1H-NMR (80 MHz, CDCl3): δ 7.74 (2H, d, J=8.2 Hz), 7.31 (2H, d, J=8.5 Hz), 5.95 (2H, br), 
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4.57 (1H, s), 4.12-3.35 (4H, m), 3.03-2.86 (2H, m), 1.60-1.45 (6H, m) ppm. 13C-NMR (100 MHz, 

CDCl3): 169.5, 144.0, 131.3, 129.4, 127.5, 98.9, 67.8, 62.3, 36.4, 30.7, 25.5, 19.6 ppm. HRMS 

(EI+, m/z): calculated [M]+ C14H19NO3 as 249.1365, found as 249.1372. 

4-(2-hydroxyethyl)benzamide (9) 

To a solution of 8 (236 mg, 0.947 mmol, 1.0 equiv.) in MeOH (9.5 mL) was added p-

toluenesulfonic acid monohydrate (14 mg, 0.076 mmol, 0.08 equiv.). The mixture was stirred at 

room temperature for 2 h, before removal of the solvent under reduced pressure. The residue was 

resuspended in 3:1 CHCl3:IPA and extracted with brine. The combined organics were dried over 

Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was purified by 

column chromatography (0-8% MeOH/DCM) to obtain the title compound as a yellow oil (110 

mg, 0.665 mmol, 70%).1H-NMR (400 MHz, (CD3)2SO): δ 7.94 (2H, br), 7.82 (2H, d, J = 8.3 Hz), 

7.32 (2H, d, J = 8.2 Hz), 3.65 (2H, q, J = 6.9 Hz), 3.39 (1H, br), 2.80 (2H, t, J = 6.9 Hz) ppm. 13C-

NMR (100 MHz, (CD3)2SO): 167.8, 143.1, 132.0, 128.7, 127.4, 61.8, 38.8 ppm. HRMS (EI+, 

m/z): calculated [M]+ C9H11NO2 as 165.0790, found as 165.07883. 

4-(2-((tert-butyldimethylsilyl)oxy)ethyl)benzoic acid (10) 

To a solution of 4-(2-hydroxyethyl)benzoic acid (125 mg, 0.752 mmol, 1.0 equiv.) in THF (1.9 

mL) was added imidazole (128 mg, 1.88 mmol, 2.5 equiv.). The mixture was cooled to 0 °C and 

tert-butyldimethylsilyl chloride (238 mg, 1.58, 2.1 equiv.) was added dropwise in THF (0.4 mL). 

The reaction was stirred at room temperature for 2 h, before removal of the solvent under reduced 

pressure. The residue was re-suspended in THF (0.40 mL) and MeOH (0.75 mL), and K2CO3 (375 

mg, 2.71 mmol, 3.6 equiv.) was added. The reaction was stirred at room temperature for another 

2 h, before removal of the solvent under reduced pressure. The residue was re-suspended in DCM 

and washed with 1 M HCl. The combined organics were washed with brine, dried over Na2SO4, 
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filtered, and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (0-15% EtOAc/hexane) to obtain the title compound as a yellow oil (196 mg, 

0.70 mmol, 93%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.88 (1H, br), 7.89-7.88 (2H, m), 7.38-7.27 

(2H, m), 3.84 (2H, t, J = 6.6 Hz), 2.85 (2H, t, J = 6.6 Hz), 0.84 (9H, s), -0.03 (6H, s) ppm. 13C-

NMR (150 MHz, (CD3)2SO): 167.3, 144.6, 129.3, 129.1, 128.6, 63.3, 38.7, 25.8, 17.9, -5.5 ppm. 

HRMS (EI+, m/z): calculated [M-C4H9]+ C11H15O3Si as 223.0790, found as 223.0804. 

4-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N-methylbenzamide (11a) 

A solution of 10 (125 mg, 0.446 mmol, 1.0 equiv.) in thionyl chloride (1.8 mL) was refluxed for 

3 h at 90 °C, before removal of the solvent under reduced pressure. The residue was resuspended 

in DCM (1.8 mL) and cooled to 0 °C before addition of pyridine (47 μL, 0.579 mmol, 1.3 equiv.) 

and 2 M methylamine in THF (0.45 mL, 0.891 mmol, 2.0 equiv.). The reaction was stirred at room 

temperature for 1 h, quenched with saturated NH4Cl and extracted with water. The combined 

organics were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude mixture was purified by column chromatography (0-20% EtOAc/DCM) to 

obtain the title compound as a yellow oil (108 mg, 0.368 mmol, 83%). 1H-NMR (80 MHz, CDCl3): 

δ 7.73-7.63 (2H, m), 7.31-7.20 (2H, m), 6.14 (1H, br), 3.81 (2H, t, J = 6.0 Hz), 3.0 (d, J = 6.0 Hz), 

2.84 (2H, t, J = 6.0 Hz), 0.85 (9H, s), -0.04 (6H, s) ppm. HRMS (EI+, m/z): calculated [M-C4H9]+ 

C12H18NO2Si as 236.1107, found as 236.1112. 

4-(2-((tert-butyldimethylsilyl)oxy)ethyl)-N,N-dimethylbenzamide (11b) 

Following the procedure described for 11a, compound 11b was prepared from compound 10 and 

2 M dimethylamine in THF. The crude mixture was purified by column chromatography (0-20% 

EtOAc/DCM) to obtain the title compound as a yellow oil (116 mg, 0.377 mmol, 88%).1H-NMR 

(80 MHz, (CD3)2SO): δ 7.33 (4H, s), 3.83 (2H, t, J = 6.0 Hz), 2.97 (6H, br), 2.81 (2H, t, J = 6.0 
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Hz), 0.84 (9H, s), -0.03 (6H, s) ppm. HRMS (EI+, m/z): calculated [M-C4H9]+ C13H20NO2Si as 

250.1263, found as 250.1270. 

4-(2-hydroxyethyl)-N-methylbenzamide (12a) 

To a solution of 11a (103 mg, 0.351 mmol, 1.0 equiv.) in MeOH (3.5 mL) was added p-

toluenesulfonic acid monohydrate (6.7 mg, 0.035 mmol, 0.01 equiv.). The mixture was stirred at 

room temperature for 2 h, before removal of the solvent under reduced pressure. The crude mixture 

was directly purified by column chromatography (0-5% MeOH/DCM) to obtain the title 

compound as a white solid (58 mg, 0.323 mmol, 92%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.38 

(1H, s), 7.77 (2H, d, J = 8.3 Hz), 7.32 (2H, d, J = 8.3 Hz), 4.70 (1H, t, J = 5.2 Hz), 3.67-3.64 (2H, 

m), 2.81-2.78 (5H, m) ppm. 13C-NMR (150 MHz, (CD3)2SO): 167.0, 143.4, 132.7, 129.3, 127.4, 

62.3, 39.3, 26.7 ppm. HRMS (EI+, m/z): calculated [M]+ C10H13NO2 as 179.0946, found as 

179.0945. 

4-(2-hydroxyethyl)-N,N-dimethylbenzamide (12b) 

Following the procedure described for 12a, compound 12b was prepared from compound 11b. 

The crude mixture was directly purified by column chromatography (0-5% MeOH/DCM) to obtain 

the title compound as a white solid (60 mg, 0.310 mmol, 86%).1H-NMR (600 MHz, (CD3)2SO): δ 

7.34 (2H, d, J = 8.1 Hz), 7.30 (2H, d, J = 8.1 Hz), 4.70 (1H, br), 3.66 (2H, t, J = 7.0 Hz), 3.00 (3H, 

s), 2.95 (3H, s), 2.79 (2H, t, J = 7.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 170.2, 141.0, 

134.0, 128.7, 126.9, 61.9, 38.8, 34.8 ppm. HRMS (EI+, m/z): calculated [M]+ C11H15NO2 as 

193.1103, found as 193.1111. 
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4-acetamidophenethyl acetate (13) 

To a solution of 4-aminophenethyl alcohol (250 mg, 1.82 mmol, 1.0 equiv.) in DCM (0.91 mL) 

was added pyridine (0.44 mL, 5.47 mmol, 3.0 equiv.). The mixture was cooled to 0 °C and acetic 

anhydride (0.52 mL, 5.47 mmol, 3.0 equiv.) was added dropwise. The reaction was allowed to stir 

at room temperature for 1 h, before removal of the solvent under reduced pressure. The residue 

was resuspended in EtOAc and consecutively washed with 1 M HCl and NaHCO3. The combined 

organics were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure to obtain the title compound as a white solid (338 mg, 1.53 mmol, 84%).1H-NMR (600 

MHz, (CD3)2SO): δ 9.91 (1H, s), 7.53 (2H, d, J = 8.4 Hz), 7.19 (2H, d, J = 8.4 Hz), 4.20 (2H, t, J 

= 7.0 Hz), 2.85 (2H, t, J = 7.0 Hz), 2.06 (3H, s), 2.01 (3H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): 

170.3, 168.1, 137.7, 132.4, 129.0, 119.0, 64.4, 33.8, 24.0, 20.7 ppm. HRMS (EI+, m/z): calculated 

[M]+ C12H15NO3 as 221.1052, found as 221.1065. 

N-(4-(2-hydroxyethyl)phenyl)acetamide (14) 

To a solution of 13 (330 mg, 1.49 mmol, 1.0 equiv.) in MeOH (6.0 mL) was added K2CO3 (309 

mg, 2.24 mmol, 1.5 equiv.). The mixture was stirred at room temperature for 1 h, before removal 

of the solvent under reduced pressure. The residue was resuspended in EtOAc and extracted with 

water. The combined organics were wash with brine, dried over Na2SO4, filtered, and concentrated 

under reduced pressure. The crude mixture was purified by column chromatography (50% 

EtOAc/DCM) to obtain the title compound as a white solid (188 mg, 1.05 mmol, 70%). 1H-NMR 

(600 MHz, (CD3)2SO): δ 9.87 (1H, s), 7.49 (2H, d, J = 8.4 Hz), 7.15 (2H, d, J = 8.4 Hz), 4.64 (1H, 

t, J = 5.2 Hz), 3.61-3.58 (2H, m), 2.69 (2H, t, J = 7.1 Hz), 2.05 (3H, s) ppm. 13C-NMR (150 MHz, 

(CD3)2SO): 168.0, 137.3, 134.1, 129.0, 118.9, 62.3, 38.5, 23.9 ppm. HRMS (EI+, m/z): calculated 

[M]+ C10H13NO2 as 179.0946, found as 179.0948. 
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4-(2-((tert-butyldimethylsilyl)oxy)ethyl)aniline (15) 

To a solution of 4-aminophenethyl alcohol (250 mg, 1.82 mmol, 1.0 equiv.) in DCM (4.5 mL) was 

added imidazole (136 mg, 2.00 mmol, 1.1 equiv.) and tert-butyldimethylsilyl chloride (275 mg, 

1.82, 1.0 equiv.). The mixture was stirred at room temperature for 12 h, diluted with DCM and 

extracted with water. The combined organics were washed with brine, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (10% EtOAc/hexane) to obtain the title compound as a colorless oil (386 mg, 

1.54 mmol, 85%).1H-NMR (600 MHz, (CD3)2SO): δ 6.88 (2H, d, J = 8.3 Hz), 6.51 (2H, d, J = 8.3 

Hz), 4.89 (2H, s), 3.69 (2H, t, J = 7.1 Hz), 2.60 (2H, t, J = 7.1), 0.88 (9H, s), 0.00 (6H, s) ppm. 

13C-NMR (150 MHz, (CD3)2SO): 146.7, 129.4, 125.7, 113.8, 64.5, 38.2, 25.8, 18.0, -5.4 ppm. 

HRMS (EI+, m/z): calculated [M]+ C14H25NOSi as 251.1705, found as 251.1710. 

N-(4-(2-((tert-butyldimethylsilyl)oxy)ethyl)phenyl)methanesulfonamide (16) 

To a solution of 15 (359 mg, 1.43 mmol, 1.0 equiv.) in DCM (14 mL) was added pyridine (0.28 

mL, 3.43 mmol, 2.4 equiv.). The mixture was cooled to 0 °C and methanesulfonyl chloride (0.12 

mL, 1.57 mmol, 1.1 equiv.) was added. The reaction was allowed to stir at room temperature for 

12 h, before quenching with 1 M HCl and extracted with EtOAc followed by water. The combined 

organics were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure to obtain the title compound as a white solid (401 mg, 1.22 mmol, 85%). 1H-NMR (80 

MHz, (CD3)2SO): δ 9.60 (1H, s), 7.18 (1H, s), 3.78 (2H, t, J = 6.0 Hz), 2.95 (3H, s), 2.73 (2H, t, J 

= 6.0 Hz), 0.85 (9H, s), -0.02 (6H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 138.2, 135.4, 129.7, 

120.3, 62.1, 39.0, 38.3, 25.8, 17.8, -5.4 ppm. HRMS (EI+, m/z): calculated [M-C4H9]+ 

C11H18NO3SSi as 272.0777, found as 272.0781. 
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tert-butyl (4-(2-hydroxyethyl)phenyl)(methylsulfonyl)carbamate (17) 

To a solution of 16 (460 mg, 1.40, 1.0 equiv.) in DCM (28 mL) was added DMAP (188 mg, 1.54 

mmol, 1.1 equiv.) and Boc2O (0.35 mL, 1.54 mmol, 1.1 equiv.). The solution was stirred at room 

temperature for 2 h and extracted with 1 M HCl followed by water. The combined organics were 

washed with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. The solid 

was resuspended in methanol (14 mL) and p-toluenesulfonic acid monohydrate (27 mg, 0.14 

mmol, 0.1 equiv.) was added. The mixture was stirred at room temperature for 1 h, before removal 

of the solvent under reduced pressure. The crude mixture was purified by column chromatography 

(0-15% EtOAc/DCM) to obtain the title compound as a white solid (265 mg, 0.84 mmol, 60% over 

2 steps). 1H-NMR (600 MHz, (CD3)2SO): δ 7.31-7.30 (2H, m), 7.25-7.23 (2H, m), 4.72 (1H, t, J = 

6.0 Hz), 3.68-3.65 (2H, m), 3.55 (3H, s), 2.79 (2H, t, J = 6.0 Hz), 1.45 (9H, s) ppm. 13C-NMR (150 

MHz, (CD3)2SO): δ 151.0, 140.4, 133.7, 129.4, 129.3, 83.9, 61.8, 41.5, 38.5, 27.5 ppm. HRMS 

(EI+, m/z): calculated [M-C5H8O2]+ C9H13NO3S as 215.0616, found as 215.0641. 

4-(2-hydroxyethyl)-N,N-dimethylbenzenesulfonamide (18) 

To a solution of 2-(4-(N,N-dimethylsulfamoyl)phenyl)acetic acid (100 mg, 0.41 mmol, 1.0 equiv.) 

in THF (0.82 mL) was added 1 M lithium aluminum hydride in THF (0.45 mL, 0.45 mmol, 1.1 

equiv.) at 0 °C. The mixture was stirred at room temperature for 1 h, quenched slowly with 

methanol, and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (0-20% EtOAc/hexane) to obtain the title compound as a colorless oil (40 mg, 

0.17 mmol, 42%). 1H-NMR (600 MHz, (CD3)2SO): δ 7.70-7.69 (2H, m), 7.68-7.67 (2H, m), 4.75 

(1H, t, J = 6.0 Hz), 3.71-3.68 (2H, m), 2.86 (2H, t, J = 6.0 Hz), 2.63 (6H, s) ppm. 13C-NMR (150 

MHz, (CD3)2SO): δ 145.5, 132.3, 129.8, 127.4, 61.4, 38.6, 37.6 ppm. HRMS (EI+, m/z): calculated 

[M]+ C10H15NO3S as 229.0773, found as 229.0755. 
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2-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)acetic acid (19) 

To a solution of 2-[4-(hydroxymethyl)phenyl]acetic acid (250 mg, 1.50 mmol, 1.0 equiv.) in THF 

(3.8 mL) was added imidazole (256 mg, 3.76 mmol, 2.5 equiv.). The mixture was cooled to 0 °C 

and tert-butyldimethylsilyl chloride (476 mg, 3.76, 2.1 equiv.) was added dropwise as a solution 

in THF (0.75 mL). The reaction was stirred at room temperature for 2 h, before removal of the 

solvent under reduced pressure. The residue was resuspended in THF (0.75 mL) and MeOH (1.5 

mL), and K2CO3 (750 mg, 5.43 mmol, 3.6 equiv.) was added. The reaction was stirred at room 

temperature for another 2 h, before removal of the solvent under reduced pressure. The residue 

was resuspended in DCM and washed with 1 M HCl. The combined organics were washed with 

brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture 

was purified by column chromatography (0-15% EtOAc/hexane) to obtain the title compound as 

a white solid (338 mg, 1.20 mmol, 80%). 1H-NMR (80 MHz, CDCl3): δ 10.68 (1H, br), 7.31 (4H, 

s), 4.77 (2H, s), 3.68 (2H, s), 0.98 (9H, s), 0.14 (6H, s) ppm. 13C-NMR (100 MHz, CDCl3): 177.7, 

140.7, 132.0, 129.4,126.5, 64.8, 40.9, 26.1, 18.6, -5.1 ppm. HRMS (EI+, m/z): calculated [M-

C4H9]+ C11H15O3Si as 223.0790, found as 223.0803. 

2-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenyl)ethan-1-ol (20) 

To a solution of 19 (291 mg, 1.04 mmol, 1.0 equiv.) in THF (1.0 mL) was added 1 M lithium 

aluminum hydride in THF (2.08 mL, 2.08 mmol, 2.0 equiv.) at 0 °C. The mixture was stirred at 

room temperature for 1 h, quenched with saturated NH4Cl and extracted with 3:1 CHCl3:IPA. The 

combined organics were washed with brine, dried over Na2SO4, filtered, and concentrated under 

reduced pressure. The crude mixture was purified by column chromatography (0-20% 

EtOAc/hexane) to obtain the title compound as a colorless oil (197 mg, 0.738 mmol, 71%). 1H-

NMR (600 MHz, (CD3)2SO): δ 7.24-7.20 (4H, m), 4.70 (2H, s), 4.65 (1H, d, J = 6.0 Hz), 3.64-
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3.60 (2H, m), 2.74 (2H, t, J = 6.0 Hz), 0.94 (9H, s), 0.11 (6H, s) ppm. 13C-NMR (150 MHz, 

(CD3)2SO): δ 138.6, 138.1, 128.6, 125.9, 64.2, 62.2, 38.8, 25.8, 18.0, -5.3 ppm. HRMS (EI+, m/z): 

calculated [M-C4H9]+ C11H17O2Si as 209.0998, found as 209.0987. 

N-(4-fluoro-3-methoxyphenyl)pivalamide (21) 

To a solution of 4-fluoro-3-methoxyaniline (5.0 g, 35.4 mmol, 1.0 equiv.) in DCM (44 mL) was 

added pyridine (5.7 mL, 70.9 mmol, 2.0 equiv.) and 4-dimethylaminopyridine (432 mg, 3.54 

mmol, 0.1 equiv.), followed by trimethylacetyl chloride (4.4 mL, 36.1 mmol, 1.02 equiv.). The 

mixture was stirred at room temperature for 1 h and extracted with 1 M HCl. The combined 

organics were washed brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. 

The crude mixture was recrystallized from DCM/hexane to obtain the title compound as a light-

purple solid (6.7 g, 29.9 mmol, 84%). 1H-NMR (400 MHz, CDCl3): δ 7.64-7.61 (1H, m), 7.31 (1H, 

br), 7.01-6.95 (1H, m), 6.74-6.70 (1H, m), 3.89 (1H, s), 1.31 (9H, s) ppm. 13C-NMR (100 MHz, 

CDCl3): 176.8, 149.1 (d, J = 241 Hz), 147.8 (d, J = 14 Hz), 134.7 (d, J = 2.4 Hz),115.8 (d, J = 19 

Hz), 111.5 (d, J = 7.0 Hz), 106.3, 56.3, 39.8, 27.7 ppm. HRMS (EI+, m/z): calculated [M]+ 

C12H16FNO2 as 225.1165, found as 225.1194. 

Ethyl 3-fluoro-2-methoxy-6-pivalamidobenzoate (22) 

To a solution of 21 (3.1 g, 13.7 mmol, 1.0 equiv.) in anhydrous THF (31 mL), was added n-

butyllithium (1.6 M in hexane, 19.0 mL, 30.1 mmol, 2.2 equiv.) dropwise at 0 °C. The mixture 

was stirred for 4 h before a solution of ethyl chloroformate (1.4 mL, 15.1 mmol, 1.1 equiv.) in 

anhydrous THF (9.4 mL) was slowly added at -78 °C. The reaction was stirred at -78 °C for 15 

min, warmed to -50 °C, and stirred for an additional 2 h. The reaction was then quenched by 

addition of saturated NH4Cl (40 mL) and extracted with EtOAc. The combined organics were 

washed with brine, dried over Na2SO4, filtered, and concentrated under reduced pressure. The 
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crude mixture was purified by column chromatography (0-10% EtOAc/hexane) to obtain the title 

compound as a white solid (3.3 g, 11.2 mmol, 82%). 1H-NMR (400 MHz, CDCl3): δ 9.66 (1H, br), 

8.14-8.10 (1H, m), 7.21-7.16 (1H, m), 4.45-4.39 (2H, m), 3.93 (3H, s), 1.44-1.40 (3H, m), 1.29 

(9H, s) ppm. 13C-NMR (100 MHz, CDCl3): 177.4, 167.3 (d, J = 3.0 Hz), 152.2 (d, J = 243 Hz), 

147.1 (d, J = 13 Hz), 135.1 (d, J = 3.0 Hz), 120.2 (d, J = 19 Hz), 117.4 (d, J = 7.0 Hz), 116.4 (d, J 

= 5.0 Hz), 62.2, 62.1, 40.1, 27.6, 14.3 ppm. HRMS (EI+, m/z): calculated [M]+ C15H20FNO4 as 

297.1376, found as 297.1347. 

Ethyl 6-amino-3-fluoro-2-methoxybenzoate hydrochloride (23) 

To a solution of 22 (392 mg, 1.32 mmol, 1.0 equiv.) in EtOH (1.3 mL) was added 12 M HCl (0.43 

mL). The mixture was stirred at 80 °C for 16 h before addition of diethyl ether. The precipitate 

was collected by filtration to obtain the title compound as a white solid (218 mg, 0.873 mmol, 

66%). 1H-NMR (400 MHz, (CD3)2SO): δ 7.33-7.28 (1H, m), 6.80-6.77 (1H, m), 6.80 (2H, br), 

4.34 (2H, q, J = 4.0 Hz), 3.86 (3H, d, J = 4.0 Hz), 1.34 (3H, t, J = 8.0 Hz) ppm. 13C-NMR (100 

MHz, (CD3)2SO): δ 165.2, 148.8 (d, J = 235 Hz), 146.1 (d, J = 13 Hz), 139.8, 120.1 (d, J = 21 Hz), 

113.8, 113.6, 61.8 (d, J = 4.0 Hz), 61.09, 14.0 ppm. HRMS (EI+, m/z): calculated [M-HCl]+ 

C10H12FNO3 as 213.0801, found as 213.0809. 

Ethyl 6-fluoro-5-methoxy-4-oxo-3,4-dihydroquinazoline-2-carboxylate (24) 

To a solution of 23 (215 mg, 0.862 mmol, 1.0 equiv.) in 4 M HCl in dioxane (7.2 mL) was added 

ethyl cyanoformate (0.10 mL, 1.03 mmol, 1.2 equiv.). The mixture was stirred at 80 °C for 3 h, 

diluted with EtOAc and extracted with water. The combined organics were washed with brine, 

dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by column chromatography (20-50% EtOAc/hexane) to obtain the title compound as a 

white solid (163 mg, 0.612 mmol, 71%).1H-NMR (400 MHz, CDCl3): δ 10.08 (1H, br), 7.69-7.66 
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(1H, m), 7.60-7.54 (1H, m), 4.56 (2H, q, J = 8.0 Hz), 4.08 (3H, s), 1.47 (3H, t, J = 8.0 Hz) ppm. 

13C-NMR (100 MHz, CDCl3): 160.4, 158.8, 155.2 (d, J = 250 Hz), 147.6 (d, J = 13 Hz), 145.5, 

141.4, 125.5 (d, J = 7.0 Hz), 123.8 (d, J = 21 Hz), 118.5, 64.3, 62.9 (d, J = 4.0 Hz), 14.3 ppm. 

HRMS (EI+, m/z): calculated [M]+ C12H11FN2O4 as 266.0703, found as 266.0714. 

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-5-methoxy-4-oxo-3,4-dihydroquinazoline-2-

carboxamide (25) 

To a solution of 24 (500 mg, 1.88 mmol, 1.0 equiv.) in EtOH (9.4 mL) was added (2-fluoropyridin-

4-yl)methanamine hydrochloride (459 mg, 2.82 mmol, 1.5 equiv.), followed by triethylamine (0.45 

mL, 3.20 mmol, 1.7 equiv.). The mixture was stirred at 80 °C for 12 h and cooled to room 

temperature. The precipitate was collected by filtration and washed with cold diethyl ether to 

obtain the title compound as a white solid (588 mg, 1.69 mmol, 90%). 1H-NMR (80 MHz, 

(CD3)2SO): δ.12.21 (1H, br), 9.70 (1H, m), 8.26-8.20 (1H, m), 7.89-7.61 (2H, m), 7.44-7.27 (1H, 

m), 7.15 (1H, m), 4.63 (2H, d, J = 6.4 Hz), 3.94 (3H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 

164.1 (d, J = 234 Hz), 160.8, 160.0, 155.2 (d, J = 7.5 Hz), 154.6 (d, J = 246 Hz), 148.2 (d, J = 15 

Hz), 147.1 (d, J = 14 Hz), 145.9, 145.4, 125.4 (d, J = 5 Hz), 124.4 (d, J = 21 Hz), 121.4 (d, J = 3.0 

Hz), 118.5, 108.3 (d, J = 38 Hz), 63.2 (d, J = 3.0 Hz), 42.4 (d, J = 3.0 Hz) ppm. HRMS (ESI+, 

m/z): calculated [M+H]+ C16H13F2N4O3 as 347.0956, found as 347.0956. 

1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-8-methoxy-1,2 

dihydroimidazo[5,1-b]quinazoline-3,9-dione (26) 

To a solution of 25 (250 mg, 0.722 mmol, 1.0 equiv.) in THF (2.35 mL) was added oxalyl chloride 

(0.185 mL, 0.x mmol, 3.0 equiv.) and DMF (1.13 mL) at 0 °C. The mixture was stirred at room 

temperature for 2 h, before removal of the solvent under reduced pressure. The residue was 

resuspended in EtOAc and extracted with water. The combined organics were washed with brine, 
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dried over Na2SO4, filtered, and concentrated under reduced pressure. The crude mixture was 

purified by column chromatography (0-20% EtOAc/DCM) to obtain the title compound as a pale-

yellow solid (246 mg, 0.614 mmol, 85%).1H-NMR (600 MHz, (CD3)2SO): δ 8.26-8.25 (1H, m), 

7.94-7.91 (1H, m), 7.73-7.70 (1H, m), 7.42-7.41 (1H, m), 7.26 (1H, s), 6.36 (1H, s), 4.94-4.91 (2H, 

m), 3.96 (3H, s), 2.38 (6H, br) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 164.2 (d, J = 236 Hz), 

158.5, 157.6 (d, J = 4.5 Hz), 154.8 (d, J = 245 Hz), 152.3 (d, J = 7.5 Hz), 148.3 (d, J = 15 Hz), 

147.5 (d, J = 14 Hz), 146.8 (d, J = 1.5 Hz), 145.3 (d, J = 3 Hz), 125.6 (d, J = 7.5 Hz), 124.5 (d, J = 

21 Hz), 122.0 (d, J = 3 Hz), 117.8 (d, J = 3 Hz), 109.0 (d, J = 38 Hz), 88.7, 63.2 (d, J = 3 Hz), 43.1 

(d, J = 3 Hz) ppm. HRMS (ESI+, m/z): calculated [M+H]+ C19H18F2N5O3 as 402.1378, found as 

402.1378. 

1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-8-hydroxy-1,2-

dihydroimidazo[5,1-b]quinazoline-3,9-dione (27) 

To a solution of 26 (226 mg, 0.563 mmol, 1.0 equiv.) in DMF (9.1 mL) was added lithium chloride 

(72 mg, 1.69 mmol, 4.0 equiv.). The solution was refluxed for 16 h and cooled to room 

temperature. The mixture was diluted with EtOAc and extracted with 10% aqueous LiCl followed 

by saturated NH4Cl. The combined organics were washed with brine, dried over Na2SO4, filtered, 

and concentrated under reduced pressure. The crude mixture was purified by column 

chromatography (0-25% EtOAc/DCM) and further washed with ethanol to obtain the title 

compound as a white solid (109 mg, 0.282 mmol, 50%). 1H-NMR (600 MHz, CDCl3): δ 11.16 

(1H, s), 8.25-8.24 (1H, m), 7.60-7.57 (1H, m), 7.46-7.43 (1H, m), 7.18-7.17 (1H, m), 6.92 (1H, 

m), 6.08 (1H, s), 5.13 (1H, d, J = 12 Hz), 4.39 (1H, d, J = 12 Hz), 2.46 (6H, br) ppm. 13C-NMR 

(150 MHz, CDCl3): δ 163.4 (d, J = 240 Hz), 163.4 (d, J = 4.5 Hz), 157.5, 149.6 (d, J = 7.5 Hz), 

149.2 (d, J = 249 Hz), 148.8 (d, J = 15 Hz), 148.0 (d, J = 14 Hz), 144.3 (d, J = 3.0 Hz), 142.5 (d, J 
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= 1.5 Hz), 124.4 (d, J = 20 Hz), 121.1 (d, J = 3.0 Hz), 119.5 (d, J = 6.0 Hz), 109.5 (d, J = 38 Hz), 

109.4 (d, J = 6.0 Hz), 87.6, 42.6 (d, J = 3.0 Hz) ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C18H15F2N5O3Na as 410.1041, found as 410.1041. 

4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)benzamide (28a) 

To a solution of 9 (26 mg, 0.16 mmol, 1.0 equiv.) in THF (1.6 mL) was added 5d (75 mg, 0.19 

mmol, 1.2 equiv.) and triphenylphosphine (102 mg, 0.39 mmol, 2.4 equiv.). The mixture was 

cooled to 0 °C and diisopropyl azodicarboxylate (76 μL, 0.39 mmol, 2.4 equiv.) was added 

dropwise. The reaction was stirred at room temperature for 1 h and concentrated under reduced 

pressure. The crude mixture was partially purified by column chromatography (50-100% 

EtOAc/hexane) to remove unreacted starting materials and easily separable byproducts before 

complete purification by preparative HPLC to obtain the title compound as a white solid (59 mg, 

0.110 mmol, 69%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.20 (1H, m), 8.03, (1H, br), 7.81-7.76 (3H, 

m), 7.65-7.63 (1H, m), 7.42-7.41 (2H, m), 7.35-7.34 (1H, m), 7.24 (1H, br), 7.17 (1H, m), 6.33 

(1H, s), 4.84 (2H, d, J = 18 Hz), 4.61 (2H, d, J = 18 Hz), 4.39-4.35 (2H, m), 4.33-4.29 (2H, m), 

3.15 (2H, t, J = 6.0 Hz), 2.31 (6H, br) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 169.7, 164.2 (d, J 

= 234 Hz), 158.5, 154.8 (d, J = 246 Hz), 152.3 (d, J = 7.5 Hz), 148.3 (d, J = 14 Hz), 146.8 (d, J = 

1.5 Hz), 146.3 (d, J = 14 Hz), 145.2 (d, J = 1.5 Hz), 143.1, 132.3, 129.8, 128.3, 125.7 (d, J = 7.5 

Hz), 124.4 (d, J = 21 Hz), 121.9 (d, J = 3.0 Hz), 117.9 (d, J = 3.0 Hz), 109.0 (d, J = 38 Hz), 88.6, 

76.1, 43.1 (d, J = 3.0 Hz), 36.3, 31.1 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C27H24F2N6O4Na as 557.1725, found as 557.1725. 
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4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)-N-methylbenzamide (28b) 

Following the procedure described for 28a, compound 28b was prepared from compound 12a and 

5d. The crude mixture was partially purified by column chromatography (50-85% EtOAc/hexane) 

to remove unreacted starting materials and easily separable byproducts before complete 

purification by preparative HPLC to obtain the title compound as a white solid (51 mg, 0.093 

mmol, 58%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.41-8.40 (1H, m), 8.25-8.24 (1H, m), 7.90-7.87 

(1H, m), 7.79-7.77 (2H, m), 7.70-7.68 (1H, m), 7.45-7.44 (2H, m), 7.41-7.40 (1H, m), 7.25 (1H, 

m), 6.36 (1H, s), 4.92 (1H, d, J = 18 Hz), 4.61 (1H, d, J = 18 Hz), 4.41-4.32 (2H, m), 3.19 (2H, t, 

J = 6.0 Hz), 2.80  (3H, d, J = 6.0 Hz), 2.38 (6H, br) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 166.8, 

163.6 (d, J = 234 Hz), 157.8, 157.0 (d, J = 3.0 Hz), 154.2 (d, J = 245 Hz), 151.8 (d, J = 7.5 Hz), 

147.8 (d, J = 15 Hz), 146.5 (d, J = 3.0 Hz), 145.7 (d, J = 14 Hz), 144.8 (d, J = 1.5 Hz), 141.6, 132.6, 

129.0, 127.2, 125.1 (d, J = 7.5 Hz), 123.6 (d, J = 21 Hz), 121.2 (d, J = 4.5 Hz), 117.5 (d, J = 1.5 

Hz), 108.2 (d, J = 38 Hz), 87.6, 75.6 (d, J = 3.0 Hz), 42.3 (d, J = 3.0 Hz), 35.7, 26.4 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C28H26F2N6O4Na as 571.1881, found as 571.1881. 

4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)-N,N-dimethylbenzamide (28c) 

Following the procedure described for 28a, compound 28c was prepared from compound 12b and 

5d. The crude mixture was partially purified by column chromatography (50-100% 

EtOAc/hexane) to remove unreacted starting materials and easily separable byproducts before 

complete purification by preparative HPLC to obtain the title compound as a white solid (65 mg, 

0.116 mmol, 66%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.20 (1H, J = 6.0 Hz), 7.81-7.78 (1H, m), 

7.65-7.62 (1H, m), 7.38-7.37 (2H, m), 7.35-7.34 (1H, m), 7.31-7.30 (2H, m), 7.17 (1H, m), 6.34 
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(1H, s), 4.84 (1H, d, J = 18 Hz), 4.62 (1H, d, J = 18 Hz), 4.40-4.36 (2H, m), 4.34-4.30 (2H, m), 

3.13 (2H, t, J = 6.0 Hz), 2.97 (3H, s), 2.89 (3H, s), 2.32 (6H, br) ppm. 13C-NMR (150 MHz, 

(CD3)2SO): δ 171.6, 164.2 (d, J = 234 Hz), 158.5, 157.6 (d, J = 4.5 Hz), 154.8 (d, J = 246 Hz), 

152.3 (d, J = 7.5 Hz), 148.3 (d, J = 15 Hz), 146.8 (d, J = 1.5 Hz), 146.3 (d, J = 14 Hz), 145.2 (d, J 

= 1.5 Hz), 140.6, 134.7, 129.6, 127.7, 125.6 (d, J = 6.0 Hz), 124.4 (d, J = 23 Hz), 121.9 (d, J = 4.5 

Hz), 117.9 (d, J = 3.0 Hz), 109.0 (d, J = 38 Hz), 88.6, 76.2 (d, J = 3.0 Hz), 43.1 (d, J = 3.0 Hz), 

36.3, 35.7 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C29H28F2N6O4Na as 585.2038, found as 

585.2038. 

N-(4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)phenyl)acetamide (28d) 

Following the procedure described for 28a, compound 28d was prepared from compound 14 and 

5d. The crude mixture was partially purified by column chromatography (50-80% EtOAc/hexane) 

to remove unreacted starting materials and easily separable byproducts before complete 

purification by preparative HPLC to obtain the title compound as a white solid (86 mg, 0.157 

mmol, 73%). 1H-NMR (600 MHz, (CD3)2SO): δ 9.97 (1H, s), 8.19 (1H, m), 7.80-7.76 (1H, m), 

7.62-7.60 (1H, m), 7.43-7.41 (2H, m), 7.35-7.34 (1H, m), 7.22-7.21 (2H, m), 7.17 (1H, m), 6.33 

(1H, s), 4.83 (1H, d, J = 18 Hz), 4.61 (1H, d, J = 18 Hz), 4.30-4.27 (2H, m), 4.25-4.21 (2H, m), 

3.02 (2H, t, J = 6.0 Hz), 2.31 (6H, br), 2.02 (3H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 170.1, 

164.1 (d, J = 234 Hz), 158.5, 157.6 (d, J = 4.5 Hz), 154.8 (d, J = 246 Hz), 152.3 (d, J = 9.0 Hz), 

148.3 (d, J = 15 Hz), 146.8 (d, J = 1.5 Hz), 146.3 (d, J = 14 Hz), 145.2 (d, J = 1.5 Hz), 137.8, 134.0, 

129.9, 125.5 (d, J = 7.5 Hz), 124.3 (d, J = 23 Hz), 121.9 (d, J = 3.0 Hz), 120.2, 117.8 (d, J = 1.5 

Hz), 109.0 (d, J = 38 Hz), 88.6, 76.6 (d, J = 3.0 Hz), 43.1 (d, J = 3.0 Hz), 35.8, 24.4 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C28H26F2N6O4Na as 571.1881, found as 571.1881. 
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tert-butyl (4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-

1,2,3,9-tetrahydroimidazo[5,1-b]quinazolin-8-

yl)oxy)ethyl)phenyl)(methylsulfonyl)carbamate (28e) 

Following the procedure described for 28a, compound 28e was prepared from compound 17 and 

5d. The crude mixture was partially purified by column chromatography (0-5% MeOH/DCM) to 

remove unreacted starting materials and easily separable byproducts before complete purification 

by preparative HPLC to obtain the title compound as a white solid (56 mg, 0.0818 mmol, 51%). 

1H-NMR (600 MHz, (CD3)2SO): δ 8.26 (1H, m), 7.92-7.89 (1H, m), 7.72-7.70 (1H, m), 7.44-7.42 

(3H, m), 7.28-7.26 (3H, m), 6.38 (1H, s), 4.94 (d, J = 18 Hz), 4.61 (1H, d, J = 18 Hz), 4.42-4.33 

(2H, m), 3.55 (3H, s), 3.19 (2H, t, J = 6.0 Hz), 2.40 (6H, br), 1.44 (9H, s) ppm. 13C-NMR (150 

MHz, (CD3)2SO): δ 163.5 (d, J = 233 Hz), 157.6, 156.9 (d, J = 4.5 Hz), 154.0 (d, J = 245 Hz), 

151.7 (d, J = 7.5 Hz), 150.9, 147.6 (d, J = 17 Hz), 146.4 (d, J = 1.5 Hz), 145.6 (d, J = 14 Hz), 144.7 

(d, J = 3.0 Hz), 138.9, 134.0, 129.5, 129.4, 124.9, 123.4 (d, J = 21 Hz), 121.0 (3.0 Hz), 117.4 (d, J 

= 1.5 Hz), 108.1 (d, J = 38 Hz), 87.4, 83.9, 75.5 (d, J = 1.5 Hz), 41.6, 35.3, 30.4, 27.5 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C32H34F2N6O7SNa as 707.2075, found as 707.2075. 

4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)-N,N-dimethylbenzenesulfonamide (28f) 

Following the procedure described for 28a, compound 28f was prepared from compound 18 and 

5d. The crude mixture was partially purified by column chromatography (50-70% EtOAc/hexane) 

to remove unreacted starting materials and easily separable byproducts before complete 

purification by preparative HPLC to obtain the title compound as a white solid (50 mg, 0.084 

mmol, 52%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.26-8.25 (1H, m), 7.91-7.87 (1H, m), 7.71-7.69 

(3H, m), 7.67-7.65 (2H, m), 7.42-7.41 (1H, m), 7.26 (1H, m), 6.36 (1H, s), 4.94 (1H, d, J = 18 Hz), 
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4.61 (1H, d, J = 18 Hz), 4.47-4.38 (2H, m), 3.26 (2H, t, J = 6.0 Hz), 2.62 (6H, s), 2.39 (6H, br) 

ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 163.5 (d, J = 234 Hz), 157.6, 156.8 (d, J = 3.0 Hz), 154.0 

(d, J = 240 Hz), 151.7 (d, J = 7.5 Hz), 147.6 (d, J = 15 Hz), 146.4 (d, J = 1.5 Hz), 145.5 (d, J = 14 

Hz), 144.7 (d, J = 1.5 Hz), 144.0, 132.6, 129.9, 127.5, 125.0 (d, J = 7.5 Hz), 123.4 (d, J = 21 Hz), 

121.0 (d, J = 4.5 Hz), 117.3 (d, J = 1.5 Hz), 108.1 (d, J = 38 Hz), 87.4, 75.1 (d, J = 3.0 Hz), 42.1 

(d, J = 3.0 Hz), 37.6, 35.6 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C28H28F2N6O5SNa as 

621.1708, found as 621.1708. 

8-(4-(((tert-butyldimethylsilyl)oxy)methyl)phenethoxy)-1-(dimethylamino)-7-fluoro-2-((2-

fluoropyridin-4-yl)methyl)-1,2-dihydroimidazo[5,1-b]quinazoline-3,9-dione (28g) 

Following the procedure described for 28a, compound 28g was prepared from compound 20 and 

5d. The crude mixture was partially purified by column chromatography (50-100% 

EtOAc/hexane) to remove unreacted starting materials and easily separable byproducts before 

complete purification by preparative HPLC to obtain the title compound as a white solid (40 mg, 

0.063 mmol, 39%). 1H-NMR (600 MHz, (CD3)2SO): δ 8.26-8.25 (1H, m), 7.92-7.89 (1H, m), 7.71-

7.69 (1H, m), 7.42-7.41 (1H, m), 7.33-7.32 (2H, m), 7.26-7.25 (2H, m), 6.37 (1H, s), 4.94 (1H, d, 

J = 18 Hz), 4.70 (2 H, s), 4.61 (1H, d, J = 18 Hz), 4.38-4.29 (2H, m), 3.14 (2H, t, J = 6.0 Hz), 2.39 

(6H, br), 0.93 (9H, s), 0.10 (6H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 163.5 (d, J = 234 Hz), 

157.6, 156.8 (d, J = 4.5 Hz), 154.0 (d, J = 246 Hz), 151.7 (d, J = 7.5 Hz), 147.6 (d, J = 15 Hz), 

146.4 (d, J = 1.5 Hz), 145.6 (d, J = 14 Hz), 144.7 (d, J = 1.5 Hz), 139.1, 136.5, 128.7, 126.1, 124.8 

(d, J = 6.0 Hz), 123.4 (d, J = 23 Hz), 121.0 (d, J = 3.0 Hz), 117.3 (d, J = 1.5 Hz), 108.1 (d, J = 38 

Hz), 87.4, 75.8 (d, J = 1.5 Hz), 64.1, 42.0 (d, J = 3.0 Hz), 35.5, 25.8, 18.0, -5.3 ppm. HRMS (ESI+, 

m/z): calculated [M+Na]+ C33H39F2N5O4SiNa as 658.2637, found as 658.2637. 
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5-(4-carbamoylphenethoxy)-6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29a) 

To compound 28a (51 mg, 0.0954 mmol, 1 equiv.) was added 6 M HCl (0.64 mL) and glacial 

acetic acid (0.64 mL). The mixture was heated at 40 °C for 4 h with careful monitoring by UPLC-

MS. The mixture was diluted with 3:1 CHCl3:IPA and extracted with water. The combined 

organics were washed with brine, dried over Na2SO4, filtered, and concentrated under reduced 

pressure. The crude mixture was purified by preparative HPLC to obtain the title compound as a 

white solid (21 mg, 0.044 mmol, 46%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.17 (1H, br), 9.71 

(1H, t, J = 6.0 Hz), 8.22 (1H, m), 7.97 (1H, br), 7.84-7.81 (3H, m), 7.61-7.59 (1H, m), 7.45-7.43 

(2H, m), 7.34-7.31 (2H, m), 7.13 (1H, s), 4.59 (2H, d, J = 6.0 Hz), 4.34 (2H, t, J = 6.0 Hz), 3.18 

(2H, t, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 168.1, 163.5 (d, J = 234 Hz), 160.1, 

159.1, 154.0 (d, J = 245 Hz), 154.7 (d, J = 7.5 Hz), 147.7 (d, J = 15 Hz), 145.5, 145.4 (d, J = 14 

Hz), 145.2, 141.9, 132.3, 129.0, 127.7, 124.5, 123.3 (d, J = 21 Hz), 120.7 (d, J = 3 Hz), 118.4, 

107.7 (d, J = 38 Hz), 75.5, 41.8 (d, J = 3.0 Hz), 35.7 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C24H19F2N5O4Na as 502.1303, found as 502.1303. 

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-5-(4-(methylcarbamoyl)phenethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29b) 

Following the procedure described for 29a, compound 29b was prepared from compound 28b. 

The crude mixture purified by preparative HPLC to obtain the title compound as a white solid (14 

mg, 0.028 mmol, 36%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.17 (1H, br), 9.71 (1H, t, J = 6.0 Hz), 

8.43-8.40 (1H, m), 8.22-8.21 (1H, m), 7.83-7.8 (1H, m), 7.79-7.78 (2H, m), 7.60-7.58 (1H, m), 

7.45-7.43 (2H, m), 7.34-7.33 (1H, m), 7.13 (1H, m), 4.59 (2H, d, J = 6.0 Hz), 4.34 (2H, t, J = 6.0 

Hz), 3.18 (2H, t, J = 6.0 Hz), 2.81 (3H, d, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 
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164.3, 163.5 (d, J = 235 Hz), 160.2, 159.3, 154.7 (d, J = 7.5 Hz), 153.9 (d, J = 245 Hz), 147.7 (d, 

J = 15 Hz), 145.4, 145.3 (d, J = 14 Hz), 145.2, 141.7, 132.6, 129.0, 127.2, 124.4, 123.3 (d, J = 23 

Hz), 120.7 (d, J = 4.5 Hz), 118.3, 107.7 (d, J = 38 Hz), 75.5 (d, J = 3.0 Hz), 41.8 (d, J = 3.0 Hz), 

35.7, 26.4 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C25H21F2N5O4Na as 516.1459, found as 

516.1459. 

5-(4-(dimethylcarbamoyl)phenethoxy)-6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29c) 

Following the procedure described for 29a, compound 29c was prepared from compound 28c. The 

crude mixture purified by preparative HPLC to obtain the title compound as a white solid (20 mg, 

0.039 mmol, 40%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.18 (1H, br), 9.71 (1H, t, J = 6.0 Hz), 

8.22-8.21 (1H, m), 7.83-7.80 (1H, m), 7.60-7.58 (1H, m), 7.42-7.41 (2H, m), 7.35-7.33 (3H, m), 

7.13 (1H, m), 4.59 (2H, d, J = 6.0 Hz), 4.35 (2H, t, J = 6.0 Hz), 3.17 (2H, t, J = 6.0 Hz), 2.99-2.93 

(6H, m) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 170.4, 163.5 (d, J = 233 Hz), 160.1, 159.1, 154.7 

(d, J = 7.5 Hz), 153.9 (d, J = 245 Hz), 147.7 (d, J = 15 Hz), 145.5, 145.4 (d, J = 14 Hz), 145.2, 

139.8, 134.5, 128.9, 127.1, 124.5, 123.3 (d, J = 21 Hz), 120.7 (d, J = 4.5 Hz), 118.3, 107.7 (d, J = 

38 Hz), 75.6 (d, J = 3.0 Hz), 41.8 (d, J = 3.0 Hz), 35.7, 34.9 ppm. HRMS (ESI+, m/z): calculated 

[M+Na]+ C26H23F2N5O4Na as 530.1616, found as 530.1616. 

5-(4-acetamidophenethoxy)-6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29d) 

Following the procedure described for 29a, compound 29d was prepared from compound 28d. 

The crude mixture purified by preparative HPLC to obtain the title compound as a white solid (30 

mg, 0.061 mmol, 41%).1H-NMR (600 MHz, (CD3)2SO): δ 9.98 (1H, s), 9.74 (1H, t, J = 6.0 Hz), 

8.17 (1H, m), 7.78-7.75 (1H, m), 7.62-7.6 (1H, m), 7.44-7.42 (2H, m), 7.30 (1H, m), 7.25-7.23 
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(2H, m), 7.08 (1H, s), 4.57 (2H, d, J = 6.0 Hz), 4.26 (2H, t, J = 6.0 Hz), 3.03 (2H, t, J = 6.0 Hz), 

2.03 (3H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 170.2, 164.1 (d, J = 234 Hz), 160.8, 160.0, 

155.2 (d, J = 7.5 Hz), 154.7 (d, J = 246 Hz), 148.2 (d, J = 15 Hz), 146.0 (d, J = 14 Hz), 145.3, 

145.2, 137.7, 134.1, 130.0, 125.4, 124.2 (d, J = 21 Hz), 121.3 (d, J = 4.5 Hz), 120.3, 118.6, 108.3 

(d, J = 38 Hz), 76.6, 42.4, 35.9, 24.4 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ 

C18H15F2N5O3Na as 516.1459, found as 516.1459.  

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-5-(4-(methylsulfonamido)phenethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29e) 

Following the procedure described for 29a, compound 29e was prepared from compound 28e. The 

crude mixture purified by preparative HPLC to obtain the title compound as a white solid (16 mg, 

0.023 mmol, 41%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.19 (1H, br), 9.69 (1H, t, J = 6.0 Hz), 

9.64 (1H, br), 8.23-8.22 (1H, m), 7.86-7.82 (1H, m), 7.59-7.57 (1H, m), 7.35-7.34 (1H, m), 7.33-

7.31 (2H, m), 7.18-7.16 (2H, m), 7.14 (1H, m), 4.59 (2H, d, J = 6.0 Hz), 4.30 (2H, t, J = 6.0 Hz), 

3.10 (2H, t, J = 6.0 Hz), 2.97 (3H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 163.4 (d, J = 233 

Hz), 159.9, 158.8 (d, J = 3.0 Hz), 154.6 (d, J = 9.0 Hz) 153.8 (d, J = 243 Hz), 147.5 (d, J = 15 Hz), 

145.4 (d, J = 14 Hz), 145.3, 145.0 (d, J = 3.0 Hz), 136.5, 133.7, 129.7, 124.2 (d, J = 7.5 Hz), 123.1 

(d, J = 21 Hz), 120.6 (d, J = 3.0 Hz), 120.1, 118.3, 107.5 (d, J = 38 Hz), 75.7 (d, J = 3.0 Hz), 46.5 

(d, J = 3.0 Hz), 35.1, 30.4 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C24H21F2N5O5SNa as 

552.1129, found as 552.1129. 

5-(4-(N,N-dimethylsulfamoyl)phenethoxy)-6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-4-oxo-

3,4-dihydroquinazoline-2-carboxamide (29f) 

Following the procedure described for 29a, compound 29f was prepared from compound 28f. The 

crude mixture purified by preparative HPLC to obtain the title compound as a white solid (17 mg, 
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0.0316 mmol, 42%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.22 (1H, br), 9.69 (1H, t, J = 6.0 Hz), 

8.23-8.22 (1H, m), 7.83-7.80 (1H, m), 7.71-7.70 (2H, m), 7.66-7.65 (2H, m), 7.59-7.56 (1H, m), 

7.35-7.34 (1H, m), 7.14 (1H, m), 4.59 (2H, d, J = 6.0 Hz), 4.40 (2H, t, J = 6.0 Hz), 3.26 (2H, t, J = 

6.0 Hz), 2.62 (6H, s) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 163.4 (d, J = 233 Hz), 160.0, 159.1, 

154.6 (d, J = 7.5 Hz), 153.7 (d, J = 245 Hz), 147.5 (d, J = 15 Hz), 145.4, 145.3, 145.2 (d, J = 14 

Hz), 144.1, 132.5, 129.8, 127.5, 124.3 (d, J = 7.5 Hz), 123.1 (d, J = 21 Hz), 120.6 (d, J = 4.5 Hz), 

118.2, 107.5 (d, J = 38 Hz), 75.0 (d, J = 1.5 Hz), 41.6 (d, J = 3.0 Hz), 37.6, 35.6 ppm. HRMS 

(ESI+, m/z): calculated [M+Na]+ C25H23F2N5O5SNa as 566.1286, found as 566.1285. 

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-5-(4-(hydroxymethyl)phenethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (29g) 

Following the procedure described for 29a, compound 29g was prepared from compound 28g. The 

crude mixture purified by preparative HPLC to obtain the title compound as a white solid (5 mg, 

0.011 mmol, 19%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.18 (1H, br), 9.69 (1H, t, J = 6.0 Hz), 

8.23-8.22 (1H, m), 7.86-7.83 (1H, m), 7.60-7.57 (1H, m), 7.37-7.33 (1H, m), 7.31-7.30 (2H, m), 

7.28-7.26 (2H, m), 7.14 (1H, m), 5.15 (1H, t, J = 6.0 Hz), 4.59 (2H, d, J = 6.0 Hz), 4.50 (2H, d, J 

= 6.0 Hz), 4.30 (2H, t, J = 6.0 Hz), 3.13 (2H, t, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): 

δ 163.4 (d, J = 233 Hz), 160.0, 158.8 (d, J = 3.0 Hz), 154.5 (d, J = 7.5 Hz), 153.8 (d, J = 245 Hz), 

147.5 (d, J = 15 Hz), 145.4 (d, J = 14 Hz), 145.3 (d, J = 1.5 Hz), 145.1 (d, J = 1.5 Hz), 140.3, 136.2, 

128.6, 126.5, 124.2 (d, J = 7.5 Hz), 123.1 (d, J = 23 Hz), 120.6 (d, J = 3.0 Hz), 118.3 (d, J = 1.5 

Hz), 107.5 (d, J = 38 Hz), 75.8 (d, J = 1.5 Hz), 62.7, 41.6 (d, J = 3.0 Hz), 35.5 ppm.  HRMS (ESI+, 

m/z): calculated [M+Na]+ C24H20F2N4O4Na as 489.1350, found as 489.1350. 
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4-(2-hydroxyethyl)-N-methylbenzenesulfonamide (30) 

To a solution of 2-(4-(N-methylsulfamoyl)phenyl)acetic acid (250 mg, 1.09 mmol, 1.0 equiv.) in 

THF (2.18 mL) was added 1 M lithium aluminum hydride in THF (2.18 mL, 2.18 mmol, 2.0 equiv.) 

at 0 °C. The mixture was stirred at room temperature for 1 h, quenched slowly with methanol, and 

concentrated under reduced pressure. The crude mixture was purified by column chromatography 

(0-20% EtOAc/hexane) to obtain the title compound as a colorless oil (130 mg, 0.60 mmol, 

55%).1H-NMR (600 MHz, (CD3)2SO): δ 7.72-7.70 (2H, m), 7.49-7.47 (2H, m), 7.40 (1H, q, J = 

6.0 Hz), 4.74 (1H, t, J = 6.0 Hz), 3.70-3.67 (2H, m), 2.84 (2H, m), 2.44 (3H, d, J = 6.0 Hz) ppm. 

13C-NMR (150 MHz, (CD3)2SO): δ 144.7, 136.9, 129.7, 126.5, 61.5, 38.6, 28.7 ppm. HRMS (EI+, 

m/z): calculated [M]+ C9H13NO3S as 215.0616, found as 215.0618. 

4-(2-((1-(dimethylamino)-7-fluoro-2-((2-fluoropyridin-4-yl)methyl)-3,9-dioxo-1,2,3,9-

tetrahydroimidazo[5,1-b]quinazolin-8-yl)oxy)ethyl)-N-methylbenzenesulfonamide (31) 

Following the procedure described for 28a, compound 31 was prepared from compound 30 and 

5d. The crude mixture was partially purified by column chromatography (0-50% EtOAc/DCM) to 

remove unreacted starting materials and easily separable byproducts before complete purification 

by preparative HPLC to obtain the title compound as a white solid (308 mg, 0.53 mmol, 67%). 1H-

NMR (600 MHz, (CD3)2SO): δ 8.26-8.25 (1H, m), 7.91-7.88 (1H, m), 7.74-7.73 (2H, m), 7.71-

7.69 (1H, m), 7.62-7.61 (2H, m), 7.42-7.40 (2H, m), 7.26 (1H, m), 6.36 (1H, s), 4.94 (1H, d, J = 

18 Hz), 4.61 (1H, d, J = 18 Hz), 4.45-4.36 (2H, m), 3.24 (2H, t, J = 6.0 Hz), 2.43 (3H, d, J = 6.0 

Hz), 2.39 (6H, br) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 163.5 (d, J = 233 Hz), 157.6, 156.9 

(d, J = 3.0 Hz), 154.0 (d, J = 245 Hz), 151.7 (d, J = 7.5 Hz), 147.6 (d, J = 15 Hz), 146.4 (d, J = 1.5 

Hz), 145.5 (d, J = 14 Hz), 144.7, 143.2, 137.2, 129.7, 126.6, 125.0 (d, J = 7.5 Hz), 123.4 (d, J = 23 

Hz), 121.0 (d, J = 4.5 Hz), 117.3 (d, J = 3.0 Hz), 108.1 (d, J = 38 Hz), 87.5, 75.1 (d, J = 1.5 Hz), 
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42.1 (d, J = 3.0 Hz), 35.6, 28.7 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C27H26F2N6O5SNa 

as 607.1551, found as 607.1551. 

6-fluoro-N-((2-fluoropyridin-4-yl)methyl)-5-(4-(N-methylsulfamoyl)phenethoxy)-4-oxo-3,4-

dihydroquinazoline-2-carboxamide (32) 

Following the procedure described for 29a, compound 32 was prepared from compound 31. The 

crude mixture purified by preparative HPLC to obtain the title compound as a white solid (109 

mg, 0.205 mmol, 40%). 1H-NMR (600 MHz, (CD3)2SO): δ 12.18 (1H, br), 9.68 (1H, t, J = 6.0 Hz), 

8.23-8.22 (1H, m), 7.83-7.80 (1H, m), 7.74-7.73 (2H, m), 7.62-7.61 (2H, m), 7.59-7.56 (1H, m), 

7.43-7.40 (1H, m), 7.35-7.34 (1H, m), 7.14 (1H, m), 4.59 (2H, d, J = 6.0 Hz), 4.38 (2H, t, J = 6.0 

Hz), 3.23 (2H, t, J = 6.0 Hz), 2.44 (3H, d, J = 6.0 Hz) ppm. 13C-NMR (150 MHz, (CD3)2SO): δ 

163.6 (d, J = 233 Hz), 160.2, 159.4, 154.6 (d, J = 7.5 Hz), 153.6 (d, J = 245 Hz), 147.5 (d, J = 17 

Hz), 145.6, 145.4, 145.2 (d, J = 12 Hz), 143.3, 137.2, 129.8, 126.6, 124.1, 123.0 (d, J = 21 Hz), 

120.6 (d, J = 4.5 Hz), 118.2, 107.5 (d, J = 38 Hz), 75.0 (d, J = 1.5 Hz), 41.6 (d, J = 3.0 Hz), 35.6, 

28.7 ppm. HRMS (ESI+, m/z): calculated [M+Na]+ C24H21F2N5O5SNa as 552.1129, found as 

552.1129. 

4.7.3 MMP Enzyme Inhibition Assay 

Inhibitor potency against human recombinant MMP-1,-2,-8,-9,-10, and -13 (R&D 

Systems) was measured as previously described.29 Final concentrations of the enzyme and 

substrate were 2 nM and 5 μM, respectively. Changes in fluorescence were monitored using a 

BioTek Synergy H1 multimode microplate reader with excitation and emission wavelengths of 

320 and 405 nm, respectively. The half-maximal inhibitory concentration (IC50) values were 

calculated by nonlinear regression analysis using GraphPad Prism software.  
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4.7.4 Molecular Docking 

Docking was performed with Molecular Operating Environment (MOE) software. Human 

MMP-13 was prepared with MOE QuickPrep prior to docking of inhibitors 29a-g, 6, and 5b. 75 

binding poses were sampled for each inhibitor within the MMP-13 binding pocket under the rigid 

docking model. Poses were scored using the Generalized-Born Volume Integral/ Weighted Surface 

Area (GBVI/WSA) dG force-field function and the top results (lowest S value, kcalmol-1) were 

visually inspected to ensure sensible binding. 2-dimensional ligand interaction maps were 

extracted for visual interpretation of the optimized binding pose.   

4.7.5 Radiochemistry 

Automated Radiosynthesis of [11C]29f - A fully automated sequence including the 

generation of [11C]CH3OTf and radiolabeling were performed on a GE TRACERlab FXC Pro 

module. [11C]CO2 was prepared on a Siemens CTI Eclipse HP/RD Hybrid Cyclotron (11 MeV) 

via the 14N(p,α)11C nuclear reaction. [11C]CO2 (20-27 GBq) was transferred from the target,  

delivered into the module, and trapped on a steel coil at room temperature. The trap was then 

heated to release [11C]CO2 with H2 gas flow (70 mL·min-1) and reduced using a nickel catalyst 

(99.999% purity, C < 100 ppm) at 380 °C. The generated [11C]CH4 was trapped on a CarbopackTM 

column (60-80 mesh) at -90 °C. The trap was then heated to 90 °C, [11C]CH4 was released by He 

gas flow (100 mL·min-1), directed over iodine at 100 °C (>99.8% purity, EMSURE®) and heated 

in a high temperature oven at 720 °C. The generated [11C]CH3I was trapped on a PorapakTM Q 

column (50-80 mesh), while unreacted [11C]CH4 was re-circulated in a closed system with a gas 

pump. When conversion was complete, [11C]CH3I was released at 190 °C and passed over a AgOTf 

column (>99.95% purity, trace metals basis) at 190 °C with He gas flow (15 mL·min-1). 

[11C]CH3OTf was directly bubbled into the reactor (15 mL·min-1) containing precursor (10 mM) 
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and TBAOH (3.77 μL, 2 equiv.) dissolved in anhydrous DMSO (185 μL). The reactor was then 

heated at 80 °C for 1 min, immediately cooled to 30 °C, and quenched with 50/50 ACN / water 

(500 μL). The crude mixture was purified with a Phenomenex Synergi Hydro-RP column (C18, 

80Å, 10 μm, 250 mm × 10 mm), mobile phase: 50/50 0.1 M ammonium formate / ACN (isocratic), 

flowrate: 5 mL·min-1. The product fraction (retention time: ~8 min) was collected into a bulk vessel 

containing water (25 mL). The contents of the flask were transferred over a Waters Sep-Pak Plus 

Short C18 cartridge (preconditioned with 1 mL EtOH, 5 mL water, and 1 mL air) and subsequently 

washed with water (10 mL). The product was eluted with EtOH (0.5 mL) and diluted with saline 

(4.5 mL, 0.9%). 

[11C]29f Quality Control. Radiochemical purity and identity were confirmed by analytical 

radio-HPLC using a Phenomenex Luna C18 column (100 Å, 5 μm, 250 mm × 4.6 mm), a 996 

Photodiode Array Detector (PerkinElmer), and a Carroll & Ramsey Associates 105-S high-

sensitivity radiation detector. HPLC solvent A: 0.1 M ammonium formate, HPLC solvent B: ACN, 

flowrate: 1 mL·min-1. Method: 0-2 min 30% B, 2-10 min 30-90% B, 10-12 min 90% B, 12-13 min 

90-30% B, 13-15 min 30% B, retention time: 10 min. Molar activity was determined by measuring 

the UV absorbance of a known amount of radioactivity under identical HPLC conditions used to 

generate a calibration curve for the corresponding non-radioactive standard. The ratio of 

radioactivity (GBq) to moles (μmol) provided the molar activity (GBq·μmol-1), which was decay 

corrected to the end of synthesis (EoS). 
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4.7.6 Formulation Stability 

Radiotracer stability in 10% EtOH/saline (0.9%) was assessed as previously described.29 

See the analytical radio-HPLC method outlined in the quality control section. Radiochemical 

purity was >99% for [11C]29f immediately following reformulation. 

4.7.7 Distribution Coefficient (LogD) 

Radiotracer lipophilicity (logD, 1-octanol - 1× PBS, pH 7.4) was determined as previously 

described.29,40 Data represent the mean ± standard error of two independent experiments performed 

in quadruplicate. 

4.7.8 Animal Model 

Male ApoE−/− (strain no. 002052) mice were obtained from Jackson Laboratory and housed 

in groups of 4.  Mice were fed a western atherogenic diet (TD.88137, Envigo) beginning at 8 weeks 

of age for a total of 24-30 weeks. Animals were monitored periodically and housed in 

environmentally enriched cages with free access to food and water. All housing, handling, and 

experimental procedures were in strict accordance with the guidelines of Canadian Council on 

Animal Care and with approval of the University of Ottawa Animal Care Committee. 

4.7.9 PET/CT Imaging 

ApoE-/- mice (41 ± 2 g, n = 4) were anesthetized with 2% isoflurane, positioned in the PET 

scanner, and maintained under anesthesia during the imaging protocol. Animals were 

intravenously injected with [11C]29f (20 ± 1 MBq, 100-200 μL) as a bolus over 30 sec via the 

lateral tail vein. The whole body was imaged for 60 min (4 × 15 sec frames; 4 × 1 min frames; 10 

× 5 min frames). PET/CT Imaging was performed using a Bruker Si78 scanner. Emission data 

were reconstructed using the using 3D maximum-likelihood expectation-maximization (3D-
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MLEM) algorithm. Uptake values were quantified using PMOD software and expressed as the 

percentage of injected dose per cubic centimeter (%ID·cc-1) over time.  

4.7.10 Biodistribution 

ApoE-/- mice (39 ± 2 g, n = 4-5 per group) were anesthetized with 2% isoflurane and 

intravenously injected with [11C]29f (52 ± 4 MBq, 100-200 μL) as a bolus over 30 sec via the 

lateral tail vein. For blocking experiments, WAY170523 (7.5 mg/kg, 3.5 mg/mL, 10% DMSO, 

40% PEG400, 50% sterile water), was intravenously administered 10 min prior to the radiotracer. 

Mice were maintained on isoflurane for 30 min and sacrificed by myocardial perfusion following 

blood collection by cardiac puncture as previously described.29 Organs of interest were harvested, 

weighed, and counted for radioactivity using a Hidex Automatic Gamma Counter (energy window: 

480−558 keV). Uptake values are expressed as the percentage injected dose per gram tissue 

(%ID·g-1). 

4.7.11 Plasma Radio-Metabolite Analysis 

Pooled plasma samples were processed and analyzed as previously described.29 See the 

analytical radio-HPLC method outlined in the quality control section. Polar radio-metabolites were 

defined by the radioactivity collected before the parent fraction, identified by co-injection of non-

radioactive 29f. Values represent the percentage of total plasma radioactivity (%).   

4.7.12 Autoradiography and Oil Red O Staining 

Aortic samples were harvested and exposed to a super-resolution GE Storage Phosphor 

Screen (BAS-IP SR 2025 E) for 3 hours. The screen was scanned with a Cyclone Plus Storage 

Phosphor System and quantified using OptiQuant software as previously described.29 Uptake 

values are expressed as the percentage injected dose per square millimeter (%ID·mm-2). ORO 
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staining was performed as previously described.55 Bright-field images were acquired using a Krüss 

Stereomicroscope (MSL4000-series) adapted with a smartphone camera. 

4.7.13 Statistical Analysis 

Statistical analysis was performed using GraphPad Prism. Data are presented as mean ± 

standard error. Groups were compared using an unpaired t-test. Significance was set at the 0.05 

level. 
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4.9 Supporting information 

4.9.1 Supplemental Figures  

 

Tert-butyl (4-fluoro-3-phenethoxyphenyl)carbamate 

To a solution of 2-phenylethanol (22 μL, 0.183 mmol, 1.0 equiv.) in THF (0.44 mL) was 

added tert-butyl (4-fluoro-3-hydroxyphenyl)carbamate (50 mg, 0.220 mmol, 1.2 equiv.) and 

triphenylphosphine (67 mg, 0.256 mmol, 1.4 equiv.). The mixture was cooled to 0 °C and 

diisopropyl azodicarboxylate (50 μL, 0.256 mmol, 1.4 equiv.) was added dropwise. The reaction 

was stirred at room temperature for 1 h, diluted with EtOAc and extracted with NaHCO3, followed 

by 1 M HCl. The combined organics were washed with brine, dried over Na2SO4, filtered, and 

concentrated under reduced pressure The crude mixture was purified by column chromatography 

(0-8% EtOAc/hexane) to obtain the title compound as a white solid (47 mg, 0.141 mmol, 77%).1H-

NMR (400 MHz, CDCl3): δ 7.35-7.23 (6H, m), 6.99-6.94 (1H, m), 6.65-6.62 (1H, m), 6.41 (1H, 

br), 4.26-4.22 (2H, m), 3.16-3.12 (2H, m), 1.51 (9H, s) ppm.  
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1H-NMR (400 MHz, CDCl3) 

 

 

 

Scheme S1.  Mitsunobu etherification screening. 

 

 

Reagents and conditions: (a) phenethyl alcohol or 9, DIAD, PPh3, THF, 0 °C to rt, 1 h.  
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Figure S1. Representative UPLC chromatogram for the deprotection of intermediate 28d to the 

final inhibitor 29d. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Starting material (28d)

ESI+: 549.36

Desired product (29d) 

ESI+: 494.26

2-Hydroxypyridine byproduct 

ESI+: 494.28 
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Figure S2. Molecular docking of lead quinazoline-2-carboxamide inhibitors with MMP-13. (A) 

5b (from ref: J Med Chem. 2014 Nov 13;57(21):8886-902). (B) 29f. Only residues participating in 

binding interactions are shown.  
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Figure S3. (A-G) Binding interactions of inhibitors 29a-g within the S1” pocket of MMP-13. Only 

residues participating in binding interactions are shown. (H) Docking scores for all inhibitors. 

Compound 6 and 5b (from ref: J Med Chem. 2014 Nov 13;57(21):8886-902) are provided as 

controls. Alternate binding conformations with Asn215 are possible with similar docking scores. 

Docking score 

(S, ΔG kcal·mol-1)
Compound

-10.0229a

-10.43 29b

-10.6729c

-10.4029d

-10.49 29e

-11.44 29f

-10.81 29g

-9.986

-11.175b from ref

H

A B C

D E F G

29a

29b

29c

29d 29e

29f

29g
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Figure S4. Crude RadioHPLC chromatogram for the synthesis of [11C]29f.  

 

 

 

 

 

 

 

 

Figure S5. [11C]29f quality control. (A) Purified [11C]29f without co-injection. (B) Purified 

[11C]29f with co-injection of 29f. 

 

 

 

Figure S6. [11C]29f stability following reformulation in 10% EtOH/saline (0.9%). 
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Figure S7. HPLC chromatograms for compounds (A) 29c (B) 29d (C) 29e (D) 29f (254 nm). See 

quality control section for HPLC method. 
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4.9.2 1H NMR and 13C NMR spectra for all synthesized compounds 

Compound 1 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 2 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO)  
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Compound 3 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 4 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 5b 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, (CD3)2SO) 
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Compound 5c 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, (CD3)2SO) 
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Compound 5d 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, (CD3)2SO) 
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Compound 5e 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 6 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 7 
1H-NMR (400 MHz, CDCl3) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 8 
1H-NMR (80 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 9 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, (CD3)2SO) 
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Compound 10 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 11a 
1H-NMR (80 MHz, CDCl3) 

 
 

Compound 11b 
1H-NMR (80 MHz, (CD3)2SO) 
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Compound 12a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 12b 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 13 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 14 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 15 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 16 
1H-NMR (80 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 17 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 18 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 19 
1H-NMR (80 MHz, CDCl3) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 20 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 21 
1H-NMR (400 MHz, CDCl3) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 22 
1H-NMR (400 MHz, CDCl3) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 23 
1H-NMR (400 MHz, (CD3)2SO) 

 
13C-NMR (100 MHz, (CD3)2SO) 

 
 

 

-1.0-0.50.00.51.01.52.02.53.03.54.04.55.05.56.06.57.07.58.08.59.09.510.0
f1 (ppm)

3
.3

8

3
.2

9

2
.0

0

2
.7

7

1
.1

1

1
.3

3
1
.3

4

1
.3

6

3
.8

5

3
.8

6

4
.3

1
4
.3

3

4
.3

5

4
.3

6

6
.7

7

6
.7

8
6
.7

9

6
.8

0
7
.2

8

7
.3

0
7
.3

0
7
.3

3

O

O

O

F

H2NHCl

-100102030405060708090100110120130140150160170180

f1 (ppm)

1
3
.9

8

3
8
.9

0

3
9
.1

0

3
9
.3

1
3
9
.5

2

3
9
.7

3

3
9
.9

4
4
0
.1

5

6
1
.0

9

6
1
.7

7

6
1
.8

1

1
1
3
.6

5

1
1
9
.9

5
1
2
0
.1

6

1
3
9
.8

1

1
4
6
.0

0

1
4
6
.1

3

1
4
7
.5

9

1
6
5
.2

0



 341 

Compound 24 
1H-NMR (400 MHz, CDCl3) 

 
13C-NMR (100 MHz, CDCl3) 
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Compound 25 
1H-NMR (80 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 26 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 27 
1H-NMR (600 MHz, CDCl3) 

 
13C-NMR (150 MHz, CDCl3) 
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Compound 28a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28b 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28c 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28d 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28e 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28f 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 28g 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29a 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29b 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29c 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29d 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29e 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 29f 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 

 



 358 

Compound 29g 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 30 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 31 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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Compound 32 
1H-NMR (600 MHz, (CD3)2SO) 

 
13C-NMR (150 MHz, (CD3)2SO) 
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5.0 Chapter V: General Discussion  

5.1 Context 

CAD, characterized by atherosclerotic plaque formation within the coronary arteries, is the 

most common form of heart disease and a leading cause of death worldwide. While progressive 

atherosclerotic plaque formation can occlude the coronary arteries and limit blood flow to the 

heart, rupture of atherosclerotic plaques is considered causal in most fatal acute myocardial 

infarction events, strokes, and non-fatal acute coronary syndromes. Nevertheless, current 

diagnostic methods primarily focus on functional imaging by MPI or anatomical imaging by 

ICA/CCTA/CAC to assess total plaque burden and the extent of hemodynamic obstruction. These 

methods either rely on indirect measurements of myocardial ischemia caused by CAD, involve 

invasive procedures, or solely detect the presence of plaques and underestimate the risk of rupture.  

PET imaging provides the opportunity for non-invasive molecular profiling of 

atherosclerotic plaque composition and direct assessments of plaque stability. Beyond 

measurements of microcalcification activity with [18F]NaF, there is an unmet clinical need for 

specific and sensitive PET radiotracers capable of differentiating stable from unstable plaques and 

predicting risk of rupture. As central regulators of ECM remodeling, MMPs have been extensively 

implicated with atherosclerotic plaque destabilization. By degradation of the fibrous cap, MMPs 

contribute to formation of thin and collagen-poor atherosclerotic plaques that are most susceptible 

to rupture. Accordingly, MMPs represent promising biomarkers of atherosclerotic plaque 

vulnerability, suitable for the development of molecularly targeted PET radiotracers. As MMPs 

possess diverse and distinct (patho)physiological functions, current MMP-targeted radiotracers 

including [18F]BR-351, [99mTc]RYM-1 or [64Cu]RYM-2 which are based on broad-spectrum 

MMPIs are rather indiscriminate and have limited target tissue contrast. To this end, developing 
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selective PET radiotracers for MMP-13, the predominant interstitial collagenase found in 

atherosclerotic plaques, is poised to uniquely reflect destructive ECM remodeling and more 

accurately predict risk of rupture to prevent life-threatening outcomes.  

5.2 Chapter II Discussion 

5.2.1 Rationale and Objectives  

Currently, very few MMP-13 selective radiotracers have been developed for in vivo PET 

imaging and none have been employed for atherosclerosis.1,2 Outlined in chapter II of this thesis, 

we first sought to demonstrate the feasibility of utilizing an MMP-13 selective PET radiotracer for 

detecting ECM remodeling in atherosclerotic plaques and provided a head-to-head comparison of 

MMP-13 selective and broad-spectrum MMP imaging.3 To accomplish this, [18F]FMBP and 

[18F]BR-351 were employed as previously developed MMP-13 selective and non-selective 

fluorine-18 labeled PET radiotracers and conducted their first in vivo evaluations in atherosclerotic 

mice. [18F]FMBP (IC50: 55 nM) is derived from the pyrimidine-dicarboxamide inhibitor class 

and represented the most selective MMP-13 targeted radiotracer developed to date (>1800-fold).2 

Meanwhile, [18F]BR-351 is based on an HA-containing broad-spectrum MMPI from the non-

peptidic aryl sulfonamide class and selected for its excellent potency (IC50’s: 4-50 nM), 

synthetically accessibility, and prior validation.4–7   

5.2.2 Key Findings and Significance 

This study validated the approach of using an MMP-13 selective PET radiotracer for 

molecular imaging of ECM remodeling in atherosclerotic mouse plaques.3 While both [18F]FMBP 

and [18F]BR-351 could detect atherosclerotic plaques by ex vivo aortic autoradiography, 

[18F]FMBP uptake was 3-fold greater than [18F]BR-351 or healthy controls. Blocking 
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experiments conducted by pre-treatment with non-radioactive FMBP completely reduced 

[18F]FMBP uptake to levels indistinguishable from healthy controls. Analogous experiments with 

[18F]BR-351 revealed no significant differences. These results demonstrate that MMP-13 selective 

imaging with [18F]FMBP exhibits a greater extent of specific binding in atherosclerotic plaques. 

Immunofluorescent staining of lipid-rich atherosclerotic plaques identified by [18F]FMBP 

autoradiography revealed elevated levels of macrophages (Mac-2) and MMP-13. Notably, MMP-

13 expression was markedly increased within the outer curvature of the atherosclerotic plaque, 

consistent with its role in degrading collagen within the fibrous cap. No expression of Mac-2 or 

MMP-13 was observed in healthy control tissue. These findings provide evidence to suggest that 

[18F]FMBP uptake is sensitive to markers of inflammation and destructive ECM remodeling.  

5.2.3 Limitations 

While this foundational study critically showed the ex vivo utility of [18F]FMBP, we were 

unable to detect atherosclerotic mouse plaques non-invasively by PET imaging. Beyond the small 

physical size of the aorta and the lack of CT imaging for anatomical referencing, [18F]FMBP 

possessed a suboptimal in vivo distribution. Biodistributions indicated a hepatobiliary excretion 

route with significant retention of radioactivity in the heart (5 %IDg-1) and liver (17 %IDg-1). 

These features pose challenges for quantification of nearby structures such as aortic plaques within 

the thoracic cavity. Moreover, accurate quantification of CAD would be difficult due to myocardial 

spillover, highlighting a need for new MMP-13 selective radiotracers with improved 

pharmacokinetics for cardiovascular imaging.8–10  
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5.3 Chapter III Discussion 

5.3.1 Rationale and Objectives 

The need for MMP-13 selective PET radiotracers with more desirable cardiovascular 

pharmacokinetics prompted an investigation of an alternative inhibitor scaffold, disclosed in 

chapter III.11 Owing to their optimized structure, MMP-13 inhibitors based on the quinazoline-2-

carboxamide core bind more tightly to the S1’ pocket and are capable of deeply occupying the S1” 

side pocket.12 This binding mode enables exploitation of additional interactions not observed 

among other pyrimidine dicarboxamide inhibitors, such as FMBP, and accounts for the greater 

MMP-13 potency and selectivity of this inhibitor class.2,12 In particular, the previously identified 

lead quinazoline-2-carboxamide inhibitor (21k) features a carboxylic acid which forms additional 

hydrogen bonding and ionic interactions with Asn215 and Lys140 at the back of the S1” pocket, 

responsible for conferring best in class potency and selectivity.12 Conveniently, compound 21k 

also possessed a reliable handle for 11C-methylation, representing an excellent radiolabeling 

candidate for initial evaluations to assess its potential for atherosclerotic plaque imaging.  

However, as some reports have indicated, the anionic nature of the carboxylic acid at 

physiological pH may render the molecule an OAT substrate.13,14 To circumvent this potential 

liability and enhance structural diversity in pursuit of optimizing radiotracer pharmacokinetics, we 

sought expand upon the SAR of the quinazoline-2-carboxamide inhibitor class, focusing on non-

carboxylate containing derivatives and incorporating functionality amenable to carbon-11 or 

fluorine-18 radiolabeling. This study details the first radiosynthesis and in vivo characterization of 

three MMP-13 selective PET radiotracers based on the quinazoline-2-carboxamide inhibitors and 

demonstrates their utility for atherosclerotic plaque imaging.11  
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5.3.2 Key Findings and Significance  

Ex vivo experiments with [11C]21k ([11C]5b) revealed rapid excretion into the intestine 

(53 %IDg-1) with elevated and sustained uptake in the kidneys (31 %IDg-1), and no apparent 

atherosclerotic plaque uptake. This data confirmed that while the carboxylic acid significantly 

drives in vitro potency (MMP-13 IC50: 1 nM) and selectivity (1800-fold), the molecule is likely 

susceptible to OAT transport and unsuitable for in vivo imaging.  

Direct replacement or removal of the terminal arene bearing the carboxylic acid, as 

respectively performed for [11C]5f and [18F]5j, revealed a marked reduction in metabolic organs, 

highlighting the detrimental impact of this functional group on radiotracer pharmacokinetics. 

Importantly, the optimal candidate [18F]5j, favourably exhibited renal clearance and was not 

significantly retained within the heart (1 %IDg-1) or liver (3 %IDg-1), addressing previous 

limitations of [18F]FMBP. Importantly, in vivo functionality was restored as [18F]5j could detect 

atherosclerotic plaques by ex vivo aortic autoradiography. Blocking experiments conducted by pre-

treatment with either non-radioactive 5j or WAY170523 as a commercially available and 

structurally unrelated MMP-13 selective inhibitor displayed a significant reduction in 

atherosclerotic plaque uptake, demonstrating specificity to MMP-13 for the first time. 

Altogether, these in vivo studies have greatly improved our understanding of quinazoline-

2-carboxamide inhibitor SAR and demonstrated that it is an excellent scaffold for MMP-13 PET 

radiotracer development. We uncovered that non-carboxylate containing radioligands, such as 

[18F]5j, offer superior pharmacokinetics for cardiovascular imaging compared to the pyrimidine 

dicarboxamide scaffold and can be utilized for ex vivo detection of atherosclerotic plaques. These 
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findings are expected to inform and expedite future development of MMP-13 targeted radiotracers 

and efficacious selective inhibitors for diagnosis and therapy.  

5.3.3 Limitations 

Irrespective of these improvements, non-invasive atherosclerotic plaque imaging by PET 

was not possible with [18F]5j due insufficient clearance from the blood (3 %IDg-1). Although 

late-time point imaging can be performed to provide adequate time for radiotracer circulation and 

clearance, [18F]5j is rather lipophilic (LogD: 3.1) and exhibits prolonged washout over time 

which increases background radioactivity and reduces atherosclerotic plaque imaging contrast.15–

19 Moreover, while removal of the carboxylic acid was imperative to maintain functionality, in 

vitro characterization revealed that all other derivatives including 5j were comparatively less 

potent (IC50: 16 nM) and selective (75-fold) and may have contributed to the moderate extent 

of MMP-13 specific binding observed. As such, iterative optimization of MMP-13 selective PET 

radiotracers based on the quinazoline-2-carboxamide is needed to facilitate non-invasive imaging.   

5.4 Chapter IV Discussion  

5.4.1 Rationale and Objectives 

To this end, second-generation MMP-13 selective PET radiotracers based on the 

quinazoline-2-carboxamide core were developed, as described in chapter IV. To simultaneously 

maintain the favourable characteristics of [18F]5j and overcome its existing limitations, structural 

modifications were conducted to accelerate blood clearance by reducing lipophilicity and enhance 

potency and selectivity by restoring S1” interactions with Asn215/Lys140. To accomplish this, 

additional heteroatoms and polar functional groups were incorporated into the proximal and distal 

inhibitor arms which occupy the S1’ and S1” pockets, respectively.18 Concurrently, inhibitors 
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bearing the para-substituted phenethyl linker found in 21k were designed with neutral and strong 

hydrogen bond acceptors that mimic the carboxylate, to enable deep S1” binding interactions 

without OAT-mediated transport.13  

5.4.2 Key Findings and Significance 

SAR of the proximal inhibitor arm revealed a striking preference for a 2-fluoropyridin-4-

yl ring in the S1’ pocket with equal MMP-13 potency to previously characterized intermediates 

(IC50: 100 nM). At the same time, the 2-fluoropyridine significantly lowered lipophilicity and 

provided a convenient method for eventual fluorine-18 labeling.20 To explore the SAR of the distal 

inhibitor arm, several functionalized phenethyl alcohols were synthesized. As conventional SNAr 

proved ineffective for conjugation of these fragments to the quinazoline core, Mitsunobu 

etherification was employed. To enable this transformation, a novel synthetic route for the 

corresponding 5-OH quinazoline-2-carboxamide core was developed and afforded the desired 

functionalized inhibitors, that were previously inaccessible with existing methods, in good yields.  

SAR of the distal inhibitor arm revealed that restoring interactions with Asn215/Lys140 at 

the back of the S1” pocket using neutral hydrogen bond acceptors was an effective strategy to 

improve MMP-13 potency. A trend toward phenethyl linkers containing benzylic carbonyl or 

sulfonyl groups and a terminal dimethylamine moiety was uncovered. Molecular docking provided 

further support and indicated that the most potent derivative 29f (IC50: 2.5 nM), containing a 

tertiary sulfonamide, utilizes its two oxygen atoms for simultaneous interaction with Asn215 and 

Lys140. Interestingly, the terminal dimethylamine is predicted to orient away from these residues 

and does not directly participate in hydrogen bonding interactions. Instead, its electron donating 

properties likely increase electron density at the sulfonyl oxygens, thereby strengthening their 
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hydrogen bonding capabilities and accounting for its remarkable potency, comparable to that of 

the carboxylic acid. Selectivity profiles of the most potent derivatives further revealed no 

appreciable inhibition of MMP-1,-2,-9 (IC50’s > 10 M) and only minimal inhibition of MMP-8 

and -10 (IC50 > 6 M). Molecular docking suggests that the 2-fluoropyridin-4-yl regioisomer is 

not well tolerated by other MMPs and that the larger S1” functional groups cannot be 

accommodated by these enzymes with shallower binding pockets.21 Along with the increased 

potency, these inhibitors represent some of the most selective MMP-13 inhibitors reported to date. 

These discoveries mark significant advances that are anticipated to improve the synthetic 

availability and rationale design of highly potent and selective MMP-13 inhibitors from the 

quinazoline-2-carboxamide class. 

A high-yielding automated radiosynthesis of [11C]29f was developed using [11C]CH3OTf 

to expedite screenings of radiotracer performance in atherosclerotic mice. Ex vivo experiments 

with [11C]29f revealed accelerated clearance from the blood (1 %IDg-1) with minimal retention 

of radioactivity in the myocardium (2 %IDg-1) and liver (4 %IDg-1), maintaining superior 

pharmacokinetics over [18F]FMBP. Overall, the distribution of [11C]29f appears similar to [18F]5j, 

albeit with a 3-fold reduction in blood radioactivity, demonstrating that lowering lipophilicity 

(Log D: 2.4) was an effective strategy to reduce background signal and enhance imaging contrast. 

While atherosclerotic plaques were detected with [11C]29f by ex vivo aortic autoradiography, 

uptake was 4-fold lower than [18F]5j. Under WAY170523 blocking conditions, [11C]29f uptake 

was not significantly reduced, suggesting that the observed uptake was likely non-specific. 

Considering that [18F]5j exhibited greater atherosclerotic plaque uptake and demonstrated an 

extent of specific binding to MMP-13 in identical experiments, the higher blood radioactivity and 

prolonged systemic circulation of this radioligand may have been necessary to provide adequate 
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time for specific plaque accumulation. Nevertheless, this same pharmacokinetic property only 

permitted ex vivo detection and quantification of atherosclerotic plaque uptake. Rapid clearance of 

blood radioactivity is needed to achieve contrast for non-invasive vascular imaging but also 

requires a high affinity radioligand and a high-density molecular target to provide adequate plaque 

uptake. As [11C]29f exhibits excellent MMP-13 potency and selectivity and possesses favourable 

pharmacokinetics, the expression of MMP-13 in atherosclerotic plaques of the ApoE-/- mouse 

model is likely insufficient for in vivo imaging. 

Taken together, this study elucidated the essential structural features of the quinazoline-2-

carbomaxide scaffold for the design of highly potent and selective MMP-13 inhibitors amenable 

to radiolabeling with fluorine-18 or carbon-11. The discovery of compound 29f, bearing a tertiary 

sulfonamide, uncovered an optimized binding conformation that provides exceptional MMP-13 

potency and selectivity, comparable to carboxylate-containing inhibitors, without risk of OAT 

liability. Translational PET studies with [11C]29f demonstrated a favourable pharmacokinetic 

profile for vascular imaging, but atherosclerotic plaque uptake was found to be non-specific. 

Overall, while [11C]29f is the most potent and selective MMP-13 PET radiotracer developed to 

date, it is unsuitable for atherosclerotic plaque imaging in ApoE-/- mice. Additional studies of 

[11C]29f may uncover its utility for alternative applications in which MMP-13 is the primary target 

and greatly overexpressed.  

5.4.3 Limitations 

In the current study, 11C-methylation of 29f was performed as a robust and convenient 

method to take advantage of the dimethylamine on the tertiary sulfonamide and facilitate in vivo 

imaging without the need for significant optimization.22 While this strategy proved efficient and 
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enabled characterization of radiotracer pharmacokinetics, the short half-life of carbon-11 is not 

well-suited for atherosclerotic plaque imaging and radiofluorination of the 2-fluoropyridine, 

together with its longer half-life and shorter positron range, may provide additional contrast and 

resolution at later imaging time points. As previously conducted for [18F]5j, a time-course study 

up to 120 min with [18F]29f would show if blood radioactivity continues to washout over time and 

better contrast can be expected with late imaging.11  

5.4.4 Mouse Models of Atherosclerosis  

5.4.4.1 ApoE-/- and LDLR-/- mice 

Apoplipoprotein E deficient (ApoE-/-) and low-density lipoprotein receptor deficient 

(LDLR-/-) mice represent the two most widely utilized mouse models of atherosclerosis that operate 

through a related mechanism.23 ApoE is a protein found on the surface of cholesterol-rich LDL 

particles that plays an important role in the transport and clearance of LDL from the bloodstream.24 

ApoE is a recognized ligand of LDLR, a cell-surface receptor primarily expressed in the liver that 

is responsible for LDL internalization and cholesterol usage or storage.24 Deficiencies in either 

ApoE or LDLR lead to elevated levels of circulating LDL and initiation of atherosclerosis, either 

due to impaired uptake of LDL or the lack of the receptor needed for its clearance.23 These genetic 

models exhibit significant atherosclerotic plaque formation in the aortic root aortic arch and carotid 

arteries. Differences in the lipid profiles and size of the developing atherosclerotic plaques exist, 

with ApoE-/- mice possessing higher levels of circulating cholesterol, triglyceride-rich VLDL 

particles, and larger plaques more characteristic of those observed in humans.23,25,26 Moreover, 

unlike LDLR-/- mice which require a high-fat diet (HFD) to induce atherosclerotic plaque 

development, ApoE-/- mice spontaneously develop plaques on standard diet, with plaque 

progression further accelerated on HFD.25 Accordingly, ApoE-/- mice were selected for preclinical 
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evaluations of radiotracer performance as the most reliable and well-established mouse model of 

atherosclerosis. 

5.4.4.2 Limitations of the ApoE-/- model 

While the availability of these mouse models has been instrumental in improving our 

understanding of the mechanisms of atherogenesis they differ from human atherosclerosis in terms 

of their plaque distribution and stability. Unlike in humans where CAD is most frequently detected 

and associated with future risk of myocardial infarction and heart failure, analyses of the coronary 

arteries in mice is precluded by their small size and the fact that neither model exhibits significant 

coronary artery atherosclerosis.25 Additionally, these mouse models do not manifest unstable 

atherosclerotic plaques with evident rupture and overlying thrombosis that are considered causal 

in most life-threatening cardiovascular events.25 This phenotype has only been observed 

sporadically in ApoE-/- mice after more than one year of HFD in the brachiocephalic artery and not 

considered a feasible or reproducible model of plaque rupture.27 As such, studies to assess whether 

the developed MMP-13 selective PET radiotracer is capable of characterizing of high-risk 

atherosclerosis and differentiating stable from unstable plaques were not possible.  

5.5 Future Directions 

5.5.1 Correlative Imaging with MMP-13 and Collagen 

 

While we initially conducted immunofluorescent staining to determine the percent positive 

areas of MMP-2, -9, and -13 in atherosclerotic plaques from ApoE-/- mice, absolute quantification 

of MMP activity and expression at the protein level by zymography and western blot at various 

stages in atherosclerotic plaque progression would be informative.3,28 Considering that 

atherosclerotic plaque composition is highly dynamic and MMP-13 levels may evolve over time, 

correlations of ex vivo radiotracer plaque uptake with MMP-13 activity and collagen content would 
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demonstrate its sensitivity.29,30 To accomplish this, ApoE-/- mice can be fed a high fat diet for 4-

16 weeks to reproduce early, intermediate, and advances staged atherosclerosis and the ability of 

the radiotracer to track molecular changes in MMP-13 can be assessed.31   

5.5.2 Larger Animal Models of Atherosclerosis 

 

Notwithstanding the substantial achievements in radiotracer optimization, non-invasive 

detection of atherosclerotic mouse plaques with [11C]29f is still unreliable. As such, it is believed 

that small anatomical size of the aortic vessel, which is at the limit in spatial resolution of PET/CT 

(1 mm), is an inherent barrier for atherosclerotic plaque imaging in mice.32–34 Outside [18F]FDG 

and [18F]NaF, few radiotracers have clearly shown non-invasive atherosclerotic plaque imaging in 

ApoE-/- mice and have largely relied on preclinical validation by ex vivo autoradiography or larger 

animals.19,35–40 To this end, future imaging studies in larger animal models, such as atherosclerotic 

rabbits, may be warranted.41   

5.5.3 Mouse Model of Plaque Rupture and MMP Activation 

 

More recently, atherosclerotic ApoE-/- mice with a mutation (C1039G+/-) in the fibrillin-1 

(Fbn1) gene, which leads to elastin fragmentation, have been generated as a model of plaque 

instability and rupture, that more closely replicates human disease.42,43 When fed a western 

atherogenic diet these ApoE-/-Fbn1C1039G+/- hybrid mice develop atherosclerotic plaques with 

markedly increased necrotic core size, T-cell infiltration, decreased collagen content, extensive 

neovascularization, and intraplaque haemorrhage, compared with age matched ApoE-/- mice.43 

Most relevantly, these atherosclerotic plaques also possess significantly elevated levels of MMP-

2,-9,-12 and -13 activity and rupture was frequently observed in the ascending aorta and 

brachiocephalic artery.43 Therefore, this model appears suitable to differentiate radiotracer uptake 
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in stable and unstable atherosclerotic plaques and predict risk of rupture. As a significant 

proportion of these mice suddenly die between 15-30 weeks due to myocardial infarction (75%), 

treatment with the MMP-13 selective inhibitor 29f, could also serve to demonstrate its efficacy as 

a plaque stabilizing therapy and ability to improve survival outcomes.  

5.5.4 Alternative Application 

 

As discussed, the initial discovery of selective MMP-13 inhibitors was motivated by its 

potential as an OA treatment. MMP-13 preferentially degrades type II collagen in chondrocytes, 

which represents the major structural component of joint cartilage, and plays a prominent role in 

growth plate development and bone remodeling.44–46 Chondrocyte-selective MMP-13 knockout or 

inhibition has been shown to decelerate OA progression and increases articular cartilage area and 

thickness, accompanied by greater collagen content.47,48 As briefly demonstrated for the 

carboxylate-containing quinazoline-2-carboxamide inhibitor, the rat model of monoiodoacetate 

(MIA)-induced OA can be employed to evaluate the efficacy of MMP-13 selective inhibition with 

29f.12 Diagnostic [11C]29f PET/CT imaging can be used to non-invasively monitor articular MMP-

13 activity and 29f treatment efficacy. Histological analyses of OA joint collagen content can be 

performed to support these findings. Sufficient in vivo OA imaging contrast is anticipated as 

[11C]29f uptake in the primary structures surrounding the joint, including bone and muscle, remain 

low (0.5 %IDg-1). 

5.5.5 Working Hypothesis 

 

Despite our efforts, non-invasive atherosclerotic mouse plaque imaging with an MMP-13 

selective PET radiotracer has not yet been demonstrated. Given the destructive role of MMP-13 in 

collagen remodeling and the development of unstable atherosclerotic plaques, it remains an 
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imaging target of interest. As insufficient imaging contrast was achieved with [11C]29f possessing 

excellent target affinity, selectivity, and pharmacokinetic properties for vascular imaging, it is 

conceivable that MMP-13 expression and activity in atherosclerotic mouse plaques is inadequate. 

MMP-13 may be differentially expressed in humans, but absolute quantification is necessary to 

confirm this possibility and remains an ongoing endeavor. Nevertheless, as MMPs can have 

distinct and opposing roles toward atherosclerotic plaque stabilization, selective MMP imaging is 

strategic and offers the potential for superior in vivo specificity, at the expense of sensitivity due 

to lower target density. To this end, it is hypothesized that targeting specific MMP subfamilies, 

rather than individual MMPs, with overlapping substrate specificity and pathophysiological 

functions may be advantageous. As each of the collagenases (MMP-1,-8, and -13) contribute to 

destructive collagen remodeling, perhaps to varying extents, and are known to colocalize together 

with cleaved collagen in unstable atherosclerotic plaques, their collectively greater target density 

may enhance sensitivity and ultimately facilitate non-invasive imaging of thin-capped and collagen 

poor atherosclerotic plaques most prone to rupture.28,49,50 
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