
1 

 

Quinazoline-2-carboxamides as Selective PET Radiotracers for 

Matrix Metalloproteinase-13 Imaging in Atherosclerosis 

Ariel Buchler,1,2 Uzair S. Ismailani,2,3 Nicole MacMullin,2 Faduma Abdirahman,1,2 

Myriam Adi,1,2 Christina Bi,1,2 Catherine Jany,2 Jeffrey W. Keillor,1 Benjamin H. Rotstein1,2,3* 

1 Department of Chemistry and Biomolecular Sciences, University of Ottawa, Ottawa, Ontario, 

K1N 9B4, Canada. 

2 University of Ottawa Heart Institute, Ottawa, Ontario, K1Y 4W7, Canada. 

3 Department of Biochemistry, Microbiology and Immunology, University of Ottawa, Ottawa, 

Ontario, K1H 8M5, Canada 

 

Correspondence:  Benjamin H. Rotstein, PhD 

   University of Ottawa Heart Institute 

   40 Ruskin Street, H-5219 

   Ottawa, Ontario, Canada 

   K1Y 4W7 

   Phone: 613-696-7324 

   Email: benjamin.rotstein@uottawa.ca 

  



2 

 

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.  
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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 
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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 

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.  
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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 

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 
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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 1).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 1. 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. 

RESULTS AND DISCUSSION 

Synthesis of Quinazoline-2-carboxamide Inhibitors  

The central quinazolinone scaffold 3 was obtained as previously outlined with minor 

modifications (Scheme 1).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 1. 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 2). 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 2. 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 2). 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. 

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 1). 

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 1. 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 2). 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 ± 
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300 nM), methoxyphenyl and hydroxyl containing derivatives 5f-h (IC50: ≥6800 ± 1000 nM) were 

least potent towards this off-target. 

Table 2. 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 

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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into consideration, compounds 5b, 5f, and 5j were selected as candidates for radiolabeling and 

subsequent biological evaluations.  

Synthesis of Fluorine-18 Radiolabeling Precursors (9 and 10) 

We proposed to radiolabel 5j by 18F-fluorination of the corresponding tosylate precursor 

(Scheme 3). 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 
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Scheme 3. 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. 

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). 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). 
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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).  

Table 3. [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 4). 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 

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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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-

fluorinated intermediate and formation of [18F]5j, confirmed by co-injection of unlabelled 5j using 

radio-HPLC (Figure S7). 

Table 4. [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  

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 2). Radiotracers were labelled under the optimized conditions, 

purified with in-line semi-preparative HPLC, and reformulated in 10% EtOH/saline suitable for in 

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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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). 

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 2. Chemical structures and automated radiosyntheses of (A) [11C]5b, (B) [11C]5f, (C) 

[18F]5j. 

A

HN

N

O O

F

H
N

O

O
H3

11C

OH

O

[11C]5b

RCY (from MeI): 32 ± 2% (n = 5)

RCP: >99%

Am: 11 ± 2 GBq/µmol

Tsynth: 48 ± 2 min

LogD(exp) = 1.16 ± 0.03 (n = 2)

B

HN

N

O O

F

H
N

O

O

F

11CH3

[11C]5f

RCY (from MeI): 35 ± 5% (n = 6)

RCP: >99%

Am: 12 ± 3 GBq/µmol

Tsynth: 55 ± 10 min

LogD(exp) = 3.76 ± 0.32 (n = 2)

C

HN

N

O O

F

H
N

O

18F

F

[18F]5j

RCY: 44 ± 3% (n = 8)

RCP: >99%

Am: 53 ± 5 GBq/µmol

Tsynth: 92 ± 8 min

LogD(exp) = 3.09 ± 0.03 (n = 2)



18 

 

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). 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. 3B). 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 3A & 3C). 

Uniquely, [11C]5b immediately accumulated in the liver with peak uptake reaching 25.29 ± 2.04 

%ID·cc-1 (Figures 3A & 3D). 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 3A). 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 3A & 3D). 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 3A).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 3A & 3E). 

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 
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over time (Figure 3E). Moreover, [18F]5j preferentially exhibited renal clearance as demonstrated 

by urinary excretion (Figure 3A). 

 

Figure 3. 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). 

Biodistribution and Plasma Metabolism  

 

The biodistribution of each radiotracer was assessed by dissection at 30-minutes post-

injection in ApoE-/- mice (Figure 4A). 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 
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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 

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 4. 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 
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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. 

In parallel, radiotracer stability in plasma was also assessed at the same timepoint in ApoE-/- 

mice (Figure 4B). 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. 

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 5). [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 
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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 

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 5. 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. 
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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 

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 
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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 

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.  

EXPERIMENTAL SECTION 

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 
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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. 

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 
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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): 

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 
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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 

(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 
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(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 

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, 
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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, 

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 
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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), 

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. 
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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 

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), 
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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 

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 = 
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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. 

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 = 
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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. 

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 
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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, 

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 
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(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 

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, 
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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 

(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. 

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. 
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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) 

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 
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(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%). 

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 
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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 

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 



41 

 

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 

(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). 

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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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. 

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. 

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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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). 

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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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. 

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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ABBREVIATIONS USED 

AM, molar activity; ARG, autoradiography; CPM, counts per minute; DLU, digital light units; 

Dnp, 2,4-dinitrophenol; EoS, end-of-synthesis; %ID, percentage of injected dose; Mca, 7-

methoxycoumarin-4-acetic acid; Nval, norvaline; OAT, organic anion transporter; ORO, Oil Red 

O; QMA, quaternary methyl ammonium; RCC, radiochemical conversion; RCY, radiochemical 

yield; ROI, region of interest; SEM, standard error of the mean; SNAr, nucleophilic aromatic 

substitution; TBAOH, tetrabutylammonium hydroxide; TEAB, tetraethylammonium bicarbonate; 
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