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Abstract

A series of methoxy naphthyl substituted cyclopenta[d]pyrimidine compounds, 4–10, were 

designed and synthesized to study the influence of the 3-D conformation on microtubule 

depolymerizing and antiproliferative activities. NOESY studies with the N,2-dimethyl-N-(6ʹ-
methoxynaphthyl-1ʹ-amino)-cyclopenta[d]pyrimidin-4-amine (4) showed hindered rotation of the 

naphthyl ring around the cyclopenta[d]pyrimidine scaffold. In contrast, NOESY studies with N,2-

dimethyl-N-(5ʹ-methoxynaphthyl-2ʹ-amino)-cyclopenta[d]pyrimidin-4-amine (5) showed free 

rotation of the naphthyl ring around the cyclopenta[d]pyrimidine scaffold. The rotational 

flexibility and conformational dissimilarity between 4 and 5 led to a significant difference in 

biological activities. Compound 4 is inactive while 5 is the most potent in this series with potent 

microtubule depolymerizing effects and low nanomolar IC50 values in vitro against a variety of 

cancer cell lines. The ability of 5 to inhibit tumor growth in vivo was investigated in a U251 

glioma xenograft model. The results show that 5 had better antitumor effects than the positive 
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control temozolomide and has identified 5 as a potential preclinical candidate for further studies. 

The influence of conformation on the microtubule depolymerizing and antitumor activity forms 

the basis for the development of conformation-activity relationships for the 

cyclopenta[d]pyrimidine class of microtubule targeting agents.

Graphical Abstract
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1. Introduction

Microtubules are dynamic cellular structures formed by the polymerization of αβ-tubulin 

heterodimers in a polarized longitudinal manner to form protofilaments that associate 

laterally to form a tubule.1, 2 Microtubules play essential roles in intracellular trafficking and 

transport, cellular migration and mitosis.3 The ability of diverse natural products to bind 

directly to tubulin/microtubules and inhibit microtubule dynamics led to the development of 

several successful microtubule targeting anticancer drugs.3 Microtubule targeting agents 

(MTAs) (Figure 1) inhibit microtubule dynamics to alter cellular microtubules and their 

diverse functions in both mitosis and interphase.2, 4, 5 MTAs can be divided into two major 

classes, microtubule stabilizers that promote tubulin polymerization and increase the density 

of cellular microtubules and microtubule destabilizers that inhibit tubulin polymerization 

and cause loss of cellular microtubules. Clinically utilized microtubule stabilizers include 

the taxanes, paclitaxel, docetaxel and carbazitaxel, as well as the epothilone, ixabepilone. 

The clinically active microtubule stabilizers all bind within the taxane site in the lumen of 

microtubules.3, 6 A second microtubule stabilizer binding site was identified, the laulimalide/

peloruside A site, that is localized at the exterior surface of the microtubule.7 Although 

peloruside A had promising antitumor effects in multiple xenograft models, it has not yet 

been evaluated clinically due to challenges in supply.8 The first microtubule destabilizing 

agents identified were plant-derived, colchicine and the vinca alkaloids. These compounds 

defined two discrete tubulin binding sites, the colchicine and vinca sites, respectively. 6 The 

vinca site is located on β-tubulin at the inter-dimer interface between two tubulin 

heterodimers. Multiple vinca site binding drugs have found clinical utility including 

vincristine, vinblastine, vinorelbine and eribulin.3 Compounds that bind to this site have 

additionally found utility as the payloads of antibody drug conjugates.9 The colchicine site is 

a deep pocket in β-tubulin located near its interface with α-tubulin within a tubulin 
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heterodimer.6 A wide variety of natural and synthetic compounds bind within this site, 

including colchicine and combretastatin A-4.10, 11 Multiple colchicine site agents have been 

evaluated for anticancer activities in preclinical models and in clinical trials, but, to date, 

none have provided sufficient activity with acceptable toxicities to obtain FDA approval for 

anticancer indications. The major challenge in the field has been to develop an FDA-

approved colchicine site agent for anticancer indications. Two additional microtubule 

destabilizer sites on tubulin were recently identified, the maytansine and pironetin sites.6 A 

maytansine analog has found utility as the payload of an antibody drug conjugate Kadcyla®, 

which is approved to treat advanced HER2-positive breast cancer.12

The success of clinically used MTAs, including taxanes and vincas, are hampered by innate 

and acquired drug resistance.3, 13 Two well-established drug resistance mechanisms include 

the expression of the ABC transporter, P-glycoprotein (Pgp) that functions as a drug efflux 

pump and the expression of the βIII-isotype of tubulin that has also been associated with 

drug resistance to MTAs.3, 14, 15 An advantage of many colchicine site agents is their ability 

to circumvent both of these clinically relevant forms of drug resistance.16, 17 However, to 

date no colchicine site agent has received FDA approval for anticancer indications,6 attesting 

to the necessity to develop viable colchicine site agents for evaluation as potential cancer 

chemotherapeutic drugs.

2. Rationale

We18 reported compound 1 (Figure 2A) as a potent antiproliferative (IC50 = 25.7 nM) and 

microtubule depolymerizing agent (EC50 = 282 nM), while its corresponding N4-desmethyl 

analog 2 (Figure 2A) was almost inactive. The shielding effect of the phenyl on the 6-CH3 

moiety in 1 compared with 2 (δ 0.86 ppm in 1, and 1.12 ppm in 2) indicates that the phenyl 

ring in 1 resides above the cyclopenta ring and the phenyl ring in 2 resides away from the 

cyclopenta ring (Figure 2B). However, the dramatic difference in antiproliferative and 

microtubule depolymerizing activities of 1 and 2 could also be attributed to lipophilic and/or 

the 3-D conformational differences of the phenyl ring dictated by the N4-methyl moiety. In 

an attempt to influence both lipophilicity and conformational preferences, we reasoned that 

the addition of a napththyl ring on the N4-position along with the N4-methyl would provide 

increased lipophilicity as well as conformational variations. Hence, we designed a series of 

N-methyl-N-methoxynaphthyl cyclopenta[d]pyrimidin-4-amines (4–10) (Figure 3) based on 

the potent MTA 3 (IC50 = 7.0 nM).19 These compounds (4–10) possess an N4-methyl and 

also have a naphthyl ring at the N4-position with different positions of attachment and 

location of the substitution on the naphthyl ring.

In addition, we20, 21 have reported that the 2-position substituent influences the 

antiproliferative activity of similar cyclopenta[d]pyrimidines with microtubule 

depolymerizing abilities. Thus, it was of interest to also synthesize and evaluate the 2-H and 

2-NH2 substituents of selected compounds 8–10 to ascertain the effect of the 2-position 

substituent on biological activity.

Starting with the 2,4-dimethyl-4-(4′-methoxy)phenyl cyclopenta[d]pyrimidine 3 as the 4′-

phenyl substituted analog, proposed compounds 4–10 were docked in the X-ray crystal 
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structure of colchicine in tubulin at the colchicine site (PDB: 4O2B,22 2.30 Å) using 

Maestro in Schrödinger.23 All the proposed analogs 4–10 are N4-naphthyl substituted 

analogs. Multiple low energy conformations were obtained on docking. Figure 4 shows the 

docked conformation of 5 (tan) as a representative example in the colchicine site of tubulin. 

The cyclopenta[d]pyrimidine scaffold of 5 overlaps the A-ring of colchicine (cyan) and 

forms hydrophobic interactions at the αβ tubulin interface with Leuβ252, Leuβ255, 

Alaβ316, Alaβ354, Ileβ318 and Ileβ378. The N1 of the cyclopenta[d]pyrimidine scaffold of 

5 forms a hydrogen bond with a water molecule in the crystal structure that is bonded to 

Valβ238 and Cysβ241. The N4-CH3 interacts with Leuβ255 through hydrophobic 

interactions. The 5-methoxynaphthyl ring of 5 occupies the region where the C-ring of 

colchicine binds, and this allows hydrophobic interactions with Alaα180, Valα181 Thrβ314 

and Lysβ352 to a greater extent than 1, which contains a N4-phenyl.

The best docked pose of compound 5 had a docked score of −7.59 kcal/mol, comparable to 

that of the lead compound 3 (−7.35 kcal/mol). The key binding interactions indicated by the 

docking study of compound 5 in the colchicine site of tubulin (Figure 4) are retained by 

target compounds 4 and 6–10 with docked scores (−8.13, −7.92, −7.43, −7.71, −6.94 and 

−7.25 kcal/mol, respectively) similar to that of target compound 5 (Figures S2–S6). Thus, on 

the basis of our molecular modeling, we anticipated potent activity of the proposed 

compounds as MTAs acting at the colchicine site. In addition, in keeping with previous 

colchicine site agents,16 these analogs were expected to circumvent tumor resistance via 

both Pgp and βIII-tubulin-isotype and hence afford advantages over some currently used 

clinical agents like paclitaxel.24

3. RESULT AND DISCUSSION

3.1 Chemistry

Formyl protection of the amine in hydroxyaminonaphthalenes 11a-d (Scheme 1) with 

formic acid and acetic anhydride afforded N-formyl hydroxynaphthylamines 12a-d. 

Dimethylation of 12a-d using sodium hydride and methyl iodide in DMF at 0 °C gave N-
methyl-N-formyl methoxynaphthylamines 13a-d in 71–90% yield in two steps. 

Deformylation of 13a-d in concentrated HCl at reflux afforded N-methyl 

methoxylnaphthylamines 14a-d in 90–95% yield. Nucleophilic displacement of 4-

chlorocyclopenta[d]pyrimidines 15a–15c (Scheme 2) by the secondary amine in compounds 

14a-d afforded target compounds 4–10 in 71–93% yield. The corresponding HCl salts of the 

target compounds were precipitated in MtBE in 90–97% yield.

3.2 Biological Evaluation

Compounds 3–10 were tested for their antiproliferative and cytotoxic effects against the drug 

sensitive MDA-MB-435 cancer cell line using a sulforhodamine B (SRB) assay as 

previously described18 with CA-4 as the positive control. The microtubule depolymerizing 

effects of these compounds were evaluated in a cell-based phenotypic screen using A-10 

cells. The data (Table 1) indicate that compound 4 had no microtubule depolymerizing 

activity at 10000 nM. Compound 5 was about 3-fold more potent than CA-4 in its 

microtubule depolymerizing activity and equipotent to CA-4 for its antiproliferative effects. 
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Compound 6 was more than 100-fold less potent than 5 for microtubule depolymerizing and 

antiproliferative activities. These results suggest that free rotation of the naphthyl ring is 

required for potent microtubule depolymerizing and antiproliferative effects of this class of 

compounds. Compound 7 was less potent than 5 and 6, which is consistent with our 

previous19 SAR that a methoxy group at the para-position of the aromatic ring is essential 

for optimal activity. The corresponding 2-H and 2-NH2 compounds 9 and 10, respectively, 

were less potent than the 2-CH3 compound 5, which emphasizes the importance of the 2-

CH3 group for antitubulin activity, as reported previously for compound 3 and its analogs.18 

Compound 8, which is a 2-H analog of 4 also had no microtubule depolymerizing activity at 

10000 nM.

We further tested these compounds in the U251 cancer cell line for their cytotoxic effects 

(Table 2). Compound 5, the most potent analog, was 5-fold more potent than 4 and 2-fold 

more potent than 6 and 7 in the U251 cytotoxicity assay. Compounds 8 and 9 were 7- and 4-

fold less active, respectively, than 5.

The effects of 4–6, 8 and 9 on the inhibition of the polymerization of purified tubulin were 

evaluated (Table 3). This allows for a study of the direct interaction of these compounds with 

their intracellular target. The ability of these compounds to bind to the colchicine site on 

tubulin was evaluated by measuring inhibition of [3H]colchicine binding to tubulin. The data 

show that 3, 5–6 and 9 were effective and potent inhibitors of tubulin assembly and that at 1 

μM and 5 μM concentrations, 3, 5 and 9 strongly inhibited the binding of [3H]colchicine, 

comparable to the inhibition observed with the standard CA-4. It is therefore likely that 3, 5 
and 9 bind to the colchicine site on tubulin. However, since the colchicine binding studies 

were not performed at equilibrium, we are unable to make specific conclusions about 

relative affinities of these compounds for tubulin. In contrast to 5, compounds 4 and 8 had 

IC50 values > 20 μM in the tubulin assembly assay. Compound 6 had reduced inhibitory 

activity as compared with 3, 5 and 9. The corresponding 2-H compound 9 had less 

colchicine inhibitory activity as compared with the 2-CH3 compound 5.

3.3 Conformational Study and Molecular Modeling

Compounds 4–10 possess comparable docking scores in silico23 in the colchicine site of 

tubulin. However, the inactivity of compounds 4 and 8 in the microtubule depolymerization 

assay and the colchicine binding assay prompted us to conduct a conformational study to 

decipher possible reasons for the in vitro inactivity of 4.

In 4 and 6, the two 5-position protons have different chemical shifts (Figure 5) in the 1H 

NMR, indicating a restricted rotation of the naphthyl ring as the two 5-position protons are 

under different influences of the naphthyl ring. However, in 5, the chemical shifts of the two 

5-position protons are identical. This suggests free rotation of the 5-methoxynaphthyl ring in 

5,19 in that both 5-position protons are equally influenced by the anisotropy of the naphthyl 

ring in 5.

We conducted a conformational search of compounds 4 and 5 using MacroModel in 

Schrödinger.23 The number of conformations within 5 kcal/mol obtained for 4 and 5 were 15 
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and 29 respectively. This suggests compound 4 to be a conformationally restricted analog 

compared with 5.

In order to better understand the spatial relationship of the 5-position protons with the 

naphthyl ring protons, we conducted NOESY experiment for compounds 4, 5 and 6.25–28

In the NOESY spectrums of 4 (Figure 6A), only one of the 5-position protons (5a) resides in 

the NOE effective range of the 8ʹ-proton, but not the 2ʹ-proton. The other 5-position proton 

(5b) resides in the NOE effective range of the 2ʹ-proton, but not the 8ʹ-proton. If the 

naphthyl ring could rotate freely around the cyclopenta[d]pyrimidine via the N4-C1ʹ bond 

and the C4-N4 bond, the two 5-position protons would reside in an identical chemical 

environment (chemical shift) and have an identical spatial relationship with both the 2ʹ- and 

8ʹ-protons. Hence, in 4 the NOESY experiment suggests a hindered rotation of the naphthyl 

ring around the cyclopenta[d]pyrimidine scaffold, under conditions in which the study was 

conducted (room temperature, DMSO and D2O solution).

In compound 5 (Figure 6B), both 5-position protons lie within the range of NOE effect of 

both 1ʹ and 3ʹ protons on the naphthyl ring. These data, together with overlapped peaks of 

the 5-position protons in 1H NMR, suggest that the naphthyl ring resides above the 5-

position protons and that the σ-bonds (C4-N4 and N4-C2’) are freely rotatable in 5.

In compound 6 (Figure 6C), both 5-position protons reside in the NOE effective range of the 

2ʹ- and 8ʹ-protons. However, unlike in 5, the two 5-position protons in 6 are not identical. 

This suggests partially or slowly rotatable σ-bonds (C4-N4 and N4-C1ʹ) in 6.

The intensity of NOE cross peaks is a direct indication of inter-proton spatial distance. 

Based upon a reference NOE peak corresponding to a known distance, the distance of other 

protons can be calculated. The following equation measures the relationship of NOE 

intensities and inter-proton distances: R = Rref6 Iref
I .29 In this equation, R is the distance 

of protons; I is the intensity of the NOE peak; Rref and Iref are the distance and intensity of 

the reference protons, respectively.

We integrated the NOESY spectra of 4–6 (Figure 7) and calculated the spatial distances 

between the 5-position protons and the protons on the naphthyl ring, using two protons on 

the naphthyl ring as a reference peak. The lowest energy conformations of 4–6 were also 

calculated by Maestro in Schrödinger.23 The result demonstrated that the minimum energy 

conformation of compound 4 in DMSO/D2O solution extrapolated from NOESY is close to 

the conformation predicted by Maestro in silico (Figure 7). For compounds 5 and 6, a 

discrepancy between the NOE conformation and the Maestro predicted minimum energy 

conformation was observed. This is probably due to the fact that 5 and 6 exist in multiple 

stable conformations and NOESY only shows the cumulative effects of these multiple 

conformations.

Figure 8 shows the docked pose of compound 4 in the colchicine site of tubulin. The lowest 

energy conformations of compounds 4 and 5 are different from the corresponding predicted 

docked conformations of the compounds in the colchicine site of tubulin.
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We superimposed the lowest energy conformations and the docked conformations of 

compounds 4 and 5 by overlapping the cyclopenta[d]pyrimidine rings of the compounds 

(Figure 9). The image illustrates that, for both 4 and 5, the naphthyl ring needs to rotate 

around the cyclopenta[d]pyrimidine ring, from its lowest energy conformation to attain the 

docked conformation.

We calculated the rotational energy barrier from the minimum energy conformation to the 

docked conformation of compounds 4 and 5 using MacroModel in Schrödinger.23 For 

compound 4, the rotational energy barrier was found to be > 8.4 kcal/mol, whereas, for 

compound 5, the rotational energy barrier was found to be < 8.4 kcal/mol. Thus, we propose 

that the higher rotational energy barrier for compound 4 favors the energy minimized 

conformation and is unable to attain the docked conformation. Compound 5, however, can 

freely rotate from its energy minimized form to obtain its docked conformation in the 

colchicine site of tubulin.

It is this rotational energy barrier that could explain the fact that compound 4 was inactive 

whereas compound 5 was found to be the most potent compound in this series. Figures S2A 

and S2B illustrate the rotational energy barrier for compounds 4 and 5, respectively.

Thus, the lower activity of 4 can be attributed, in part, to the higher energy barrier to adopt 

the bound conformation in the colchicine binding site compared with the most potent analog 

5 with a lower energy barrier between the minimum energy conformation and the bound 

conformation.

Our purpose was to determine a minimum energy conformation, in solution, for 4 and 5 and 

to relate this to the energy required to bind to the colchicine site. This energy difference 

allows for an estimation of the energy difference between the minimum energy conformation 

and the bound conformation and suggests a reason for the difference in biological activity of 

4 and 5 as detailed above.

One of the mechanisms of drug resistance that leads to chemotherapy failure with 

microtubule targeting agents is the overexpression of the βIII-isotype of tubulin.14, 15 An 

isogenic HeLa cell line pair30 was used to evaluate the effects of βIII-tubulin expression on 

the antiproliferative and cytotoxic activities of 5–7, 9, and 10 as compared with paclitaxel 

and CA-4. Compounds 5–7, 9, and 10 all displayed a relative resistance (Rr) value of 0.7 to 

0.8 and CA-4 had an Rr value of 1.2 (Table 4) in this cell line pair, suggesting that they 

overcome drug resistance mediated by βIII-tubulin. In contrast, paclitaxel, which had an Rr 

of 4.7, is susceptible to resistance mediated by βIII-tubulin (Table 4). Thus, compounds 5–7, 

9 and 10 can circumvent a clinically relevant mechanism of drug resistance with advantages 

over paclitaxel.

In addition, the ability to circumvent Pgp-mediated drug resistance was also evaluated using 

an SK-OV-3 isogenic cell line pair30 (Table 5). Cells expressing Pgp were over 800-times 

more resistant to paclitaxel, a known Pgp substrate, as compared with the parental cells. As 

with 3 and CA-4, cells with Pgp were only 1.0 to 2.1-times more resistant to compounds 5–
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7, 9 and 10. These data indicate that 5–7, 9 and 10 are poor substrates for Pgp and therefore 

may also have advantages over clinically used MTAs such as paclitaxel.

Compound 5, the most potent microtubule depolymerization agent in the current study, was 

selected by the National Cancer Institute for evaluation in the NCI 60 cell line panel. It 

showed potent GI50s against most of the NCI 60 cancer cell lines (Table S2). Moreover, 

compound 5 was more potent than paclitaxel (Table S3) across the NCI 60 cell line panel.

In light of its low nanomolar potency in vitro in the NCI 60 cell line panel and its potent 

microtubule depolymerization activity, compound 5 was selected for an in vivo xenograft 

study. Compound 5 was tested for in vivo antitumor effects in the U251 xenograft model. 

The effect of systemic treatment of 5 in human U251 glioma cells implanted into nude mice 

in comparison to the standard agent temozolomide was examined (Fig. 10). Compound 5 
inhibited tumor growth as compared with the carrier or temozolomide without significant 

toxicity and with less toxicity than temozolomide as measured by animal weight.

4. Summary

Thus, on the basis of our results, cyclopenta[d]pyrimidine analog 5 not only circumvents two 

mechanisms of clinical drug resistance and demonstrates across the board antiproliferative 

activity in a wide range of cancer cells in vitro but also demonstrates in vivo antitumor 

activity in a U251 glioma xenograft model superior to temozolomide. In addition, the 

significant difference of antitubulin activity between 4 and 5 was shown, in part, to be due to 

conformational rigidity vs flexibility. Compound 5 is being further evaluated in preclinical 

studies as a potential candidate for clinical trials as an anticancer agent.

5. Experimental Section

Analytical samples were dried in vacuum (0.2 mm Hg) in a CHEM-DRY drying apparatus 

over P2O5 at 50 °C. Melting points were determined on a digital MEL-TEMP II melting 

point apparatus with a FLUKE 51K/J electronic thermometer and are uncorrected. Nuclear 

magnetic resonance spectra for protons (1H NMR) were recorded on a Bruker Avance II 400 

(400 MHz) or on a 500 (500 MHz) NMR system. The chemical shift values are expressed in 

ppm (parts per million) relative to tetramethylsilane as an internal standard: s, singlet; d, 

doublet; t, triplet; q, quartet; quint, quintet; m, multiplet; br, broad singlet. The coupling 

constants and NOE peak intensities were measured by the software MestreC and 

MestReNova. Thin-layer chromatography (TLC) was performed on Whatman Sil G/UV254 

silica gel plates with a fluorescent indicator, and the spots were visualized under 254 and 

365 nm illumination. Proportions of solvents used for TLC are by volume. Column 

chromatography was performed on a 230–400 mesh silica gel (Fisher Scientific) column. 

Elemental analyses were performed by Atlantic Microlab, Inc., Norcross, GA. Elemental 

compositions are within ± 0.4% of the calculated values and indicate > 95% purity of the 

compounds. Fractional moles of water or organic solvents found in some analytical samples 

could not be prevented despite 24 – 48 h of drying in vacuo and were confirmed where 

possible by their presence in the 1H NMR spectra. HPLC-MS was analyzed with an Acquity 

system. A linear gradient of 90% of 0.1% formic acid in water, 10% of 0.1% formic acid in 
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ACN over 10 min, and then 100% ACN for 5 min was used. All final compounds were > 

95% pure as established by elemental analysis, HPLC, or both. All solvents and commercial 

chemicals were purchased from Sigma-Aldrich or Fisher Scientific and were used as 

received.

General synthesis for formylation of hydroxy naphthylamine 12a-d.

Formic acid (2 eq.) and acetic anhydride (2 eq.) were stirred in dichloromethane at 0 °C for 

0.5 h. The appropriate hydroxy naphthylamine (11a-d, 1 eq.) was added to the above 

solution and stirred at rt overnight.31 The reaction mixture was diluted with EtOAc (30 mL) 

and washed with aqueous NaHCO3 (2 × 10 mL) and water (10 mL). The organic layer was 

dried with 4 Å MS and concentrated with a rotatory evaporator to yield a yellow solid, 

which was directly used for the next step.

General synthesis for dimethylation of N-formyl hydroxylnaphthylamines 13a-d.

N-Formyl hydroxynaphthylamine 12a-d was dissolved in DMF at −5 °C. To the above 

solutions, NaH (60% in mineral oil, 3 eq.) was added in portions. After 15 min., MeI (3 eq.) 

was added, and the reaction mixtures were stirred at the same temperature for another 4 h. 

The reaction was carefully quenched with water (30 mL), and EtOAc (60 mL) was added. 

The organic layer was separated, washed with water (3 × 20 mL), dried over Na2SO4 and 

concentrated with 1 g silica gel to directly make a dry plug. This plug was placed on the top 

of a silica gel column and eluted with hexanes and EtOAc. Fractions containing the product 

were pooled and evaporated to afford the N-methyl-N-formyl methoxynaphthylamine 

compounds 13a-d.

N-Methyl-N-formyl 6-methoxynaphthyl-1-amine (13a).

Compound 13a was synthesized from 11a following the general procedure in 71% yield as a 

semisolid: TLC Rf 0.38 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 3.47 (s, 3H, NCH3), 

4.03 (s, 3H, OCH3), 6.84 (d, J = 8.0 Hz, 1H, ArH), 7.28 (dd, J = 2.0 Hz, 8.0 Hz, 1H, ArH), 

7.40 (m, 2H, ArH), 7.54 (d, J = 2.0 Hz, 1H, ArH), 8.31 (d, J = 8.0 Hz, 1H, ArH), 8.63 (bs, 

1H, CHO); Anal. calcd. for (C13H13NO2) C, H, N.

N-Methyl-N-formyl 5-methoxynaphthyl-2-amine (13b).

Compound 13b was synthesized from 11b following the general procedure in 79% yield as a 

semisolid: TLC Rf 0.42 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 3.39 (s, 3H, NCH3), 

4.03 (s, 3H, OCH3), 6.89 (d, J = 7.2 Hz, 1H, ArH), 7.23 (d, J = 9.0 Hz, 1H, ArH), 7.59 (m, 

2H, ArH), 7.61 (d, J = 2.8 Hz, 1H, ArH), 8.19 (d, J = 8.0 Hz, 1H, ArH), 8.73 (bs, 1H, CHO); 

Anal. calcd. for (C13H13NO2) C, H, N.

N-Methyl-N-formyl 4-methoxynaphthyl-1-amine (13c).

Compound 13c was synthesized from 11c following the general procedure in 80% yield as a 

semisolid: TLC Rf 0.39 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 3.43 (s, 3H, NCH3), 

4.08 (s, 3H, OCH3), 6.80 (d, J = 8.0 Hz, 1H, ArH), 7.57–7.92 (m, 3H, ArH), 7.74 (d, J = 7.5 

Hz, 1H, ArH), 8.27 (bs, 1H, CHO), 8.36 (d, J = 9.0 Hz, 1H, ArH); Anal. calcd. for 

(C13H13NO2) C, H, N.
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N-Methyl-N-formyl 5-methoxynaphthyl-1-amine (13d).

Compound 13d was synthesized from 11d following the general procedure in 90% yield as a 

semisolid: TLC Rf 0.43 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 3.39 (s, 3H, NCH3), 

4.05 (s, 3H, OCH3), 6.91 (d, J = 7.5 Hz, 1H, ArH), 7.39 (t, J = 8.5 Hz, 2H, ArH), 7.49–7.53 

(m, 2H, ArH), 8.30 (bs, 1H, CHO), 8.34 (d, J = 8.5 Hz, 1H, ArH); Anal. calcd. for 

(C13H13NO2) C, H, N.

General synthesis of methoxy N-methylnaphthylamines.

The appropriate N-methyl-N-formylmethoxynaphthylamine 13a-d was dissolved in 10 mL 

concentrated HCl and kept at reflux for 2 h. The reaction mixture was cooled in an ice-water 

bath, and the pH was adjusted to above 12 with NH4OH. The solution was treated with 

EtOAc (25 mL) and the phases separated. The organic layer was washed with water (3 × 10 

mL), dried with anhydrous Na2SO4 and concentrated with 1 g silica gel to make a plug. This 

plug was placed on the top of a silica gel column and eluted with hexanes and EtOAc. 

Fractions containing the product were pooled and evaporated to provide the methoxy N-
methylnaphthylamine compounds 14a-d.

N-Methyl 6-methoxynaphthyl-1-amine (14a).

Compound 14a was synthesized from 13a following the general procedure in 90% yield as a 

pale white solid: mp 65.0–67.3 °C; TLC Rf 0.52 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 
1.63 (bs, 1H, NH), 3.28 (s, 3H, NCH3), 3.95 (s, 3H, OCH3), 7.22 (m, 1H, ArH), 7.39 (m, 

1H, ArH), 7.47 (m, 1H, ArH), 7.73 (m, 1H, ArH), 7.81 (m, 1H, ArH), 8.37(m, 1H, ArH); 

Anal. calcd. for (C12H13NO. 0.1H2O) C, H, N.

N-Methyl 5-methoxynaphthyl-2-amine (14b).

Compound 14b was synthesized from 13b following the general procedure in 93% yield as a 

pale white solid: mp 63.2–64.0 °C; TLC Rf 0.53 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 
3.04 (s, 3H, NCH3), 4.03 (s, 1H, NH), 4.04 (s, 3H, OCH3), 6.62 (d, J = 7.2 Hz, 1H, ArH), 

6.90 (d, J = 2.2 Hz, 1H, ArH), 6.93 (dd, J = 9.0 Hz, 2.2 Hz, 1H, ArH), 7.20 (m, 1H, ArH), 

7.32 (d, J = 8.2 Hz, 1H, ArH), 8.07 (d, J = 9.0 Hz, 8.2 Hz, 1H, ArH); Anal. calcd. for 

(C12H13NO. 0.05EtOAc) C, H, N.

N-Methyl 4-methoxynaphthyl-1-amine (14c).

Compound 14c was synthesized from 7c following the general procedure in 95% yield as a 

pale white solid: mp > 270 °C; TLC Rf 0.53 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 
3.12 (s, 3H, NCH3), 3.47 (bs, 1H, NH), 4.03 (s, 3H, OCH3), 6.75 (m, 1H, ArH), 7.33–7.74 

(m, 3H, ArH), 8.13 (d, J = 8.2 Hz, 1H, ArH), 8.31 (d, J = 8.2 Hz, 1H, ArH); HPLC > 95%; 

ESIMS m/z [M+H]+, calcd 188.10, found 188.22.

N-Methyl 5-methoxynaphthyl-1-amine (14d).

Compound 14d was synthesized from 13d following the general procedure in 90% yield as a 

pale white solid: TLC Rf 0.52 (Hexanes/EtOAc, 3:1); 1H NMR (CDCl3) δ 3.04 (s, 3H, 

NCH3), 4.03 (s, 3H, OCH3), 4.42 (bs, 1H, NH), 6.68 (m, 1H, ArH), 6.86 (m, 1H, ArH), 

7.39–7.43 (m, 3H, ArH), 7.72 (m, 1H, ArH); Anal. calcd. for (C12H13NO) C, H, N.
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General Procedure for Nucleophilic Displacement from 4-
Chlorocyclopenta[d]pyrimidines.—4-Chlorocyclopenta[d]pyrimidines 15a-c and the 

appropriate methoxy N-methylnaphthylamine 14a-d were dissolved in dioxane (3 mL). To 

this solution was added a 2 N HCl ether solution (1–2 drops). The mixture was heated at 

reflux for 3–6 h. Then the reaction mixture was cooled and evaporated at reduced pressure. 

The residue was diluted with chloroform, neutralized with NH4OH, washed with water (2 × 

10 mL), dried with anhydrous Na2SO4, and evaporated with 1 g silica gel under reduced 

pressure to give a dry plug. This plug was placed on the top of a silica gel column and eluted 

with CHCl3 and MeOH. Fractions containing the product were pooled and evaporated to 

afford pure compound.

General Method for the HCl Salt from Base.—HCl ether solution (2 N) was added 

dropwise to a solution of the free base of 4–6 in MtBE until no further solid precipitated. 

The solid was collected by filtration and dried to yield the HCl salt.

N-(6’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine 
hydrochloric acid salt (4·HCl).: 86% yield, off-white solid. mp 233.4–233.9 °C; TLC Rf 
0.63 (CHCl3/MeOH/TEA, 10:1:0.1); 1H NMR (DMSO-d6) δ 1.02 (m, 1H, CH2), 1.56 (m, 

3H, CH2), 2.57 (s, 3H, 2-CH3), 2.87 (m, 2H, CH2), 3.65 (s, 3H, NCH3), 3.91 (s, 3H, OCH3), 

7.26 (dd, J = 2.4 Hz, 6.79 Hz, 1H, ArH), 7.46 (d, J = 7.0 Hz, 1H, ArH), 7.53 (d, J = 2.4 Hz, 

1H, ArH), 7.57 (t, J = 8.0 Hz, 1H, ArH), 7.64 (d, J = 9.0 Hz, 1H, ArH), 7.99 (d, J = 8.0 Hz, 

1H, ArH), 14.90 (bs, 1H, NH+); Anal. calcd. for (C20H22ClN3O. 0.25H2O) C, H, N, Cl.

N-(5’-methoxynaphthyl-2’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine 
hydrochloric acid salt (5·HCl).: 91% yield, off-white solid. mp 222.3–222.5 °C; TLC Rf 
0.62 (CHCl3/MeOH/TEA, 10:1:0.1); 1H NMR (DMSO-d6) δ 1.69–1.71 (m, 4H, CH2), 2.56 

(s, 3H, 2-CH3), 2.85 (m, 2H, CH2), 3.66 (s, 3H, NCH3), 4.00 (s, 3H, OCH3), 7.07 (d, J = 7.2 

Hz, 1H, ArH), 7.57 (m, 3H, ArH), 7.93 (d, J = 2.0 Hz, 1H, ArH), 8.23 (d, J = 9.0 Hz, 1H, 

ArH); Anal. calcd. for (C20H22ClN3O. 0.25H2O) C, H, N, Cl.

N-(4’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine (6).: 76% 

yield, off-white solid. mp 145.1–145.6 °C; TLC Rf 0.62 (CHCl3/MeOH, 10:1); 1H NMR 

(DMSO-d6) δ 1.17 (m, 1H, CH2), 1.40–1.62 (m, 3H, CH2), 2.48 (m, 2H, CH2), 2.56 (s, 3H, 

2-CH3), 3.43 (s, 3H, NCH3), 3.98 (s, 3H, OCH3), 6.96 (d, J = 8.2 Hz, 1H, ArH), 7.39 (d, J = 

8.0 Hz, 1H, ArH), 7.54 (m, 2H, ArH), 7.64 (dd, J = 2.6 Hz, 7.6 Hz, 1H, ArH), 8.25 (dd, J = 

6.2 Hz, 2.0 Hz, 1H, ArH); Anal. calcd. for (C20H21N3O) C, H, N.

N-(5’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine 
hydrochloric acid salt (7·HCl).: 89% yield, off-white solid. mp 178.3–179.9 °C; TLC Rf 
0.55 (CHCl3/MeOH, 10:1); 1H NMR (DMSO-d6) δ 1.07 (m, 1H, CH2), 1.52–1.66 (m, 3H, 

CH2), 2.68 (s, 3H, 2-CH3), 2.80 (m, 2H, CH2), 3.66 (s, 3H, NCH3), 4.02 (s, 3H, OCH3), 

7.01 (d, J = 8.0 Hz, 1H, ArH), 7.27 (d, J = 8.2 Hz, 1H, ArH), 7.55–7.60 (m, 2H, ArH), 7.67 

(dd, J = 3.6 Hz, 6.2 Hz, 1H, ArH), 8.32 (d, J = 7.6 Hz, 1H, ArH); Anal. calcd. for 

(C20H22ClN3O. 0.5EtOAc.0.45HCl) C, H, N, Cl.
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N-(6’-methoxynaphthyl-1’)-N-methyl-cyclopenta[d]pyrimidin-4-amine (8).: 75% yield, 

off-white solid. mp 114.1–114.9 °C; TLC Rf 0.58 (CHCl3/MeOH, 10:1); 1H NMR (DMSO-

d6) δ 1.48–1.55 (m, 3H, CH2), 2.01 (m, 1H, CH2), 2.56 (m, 2H, CH2), 3.47 (s, 3H, NCH3), 

3.89 (s, 3H, OCH3), 7.19 (dd, J = 2.4 Hz, 9.0 Hz, 1H, ArH), 7.29 (d, J = 7.2 Hz, 1H, ArH), 

7.45 (d, J = 2.4 Hz, 1H, ArH), 7.50 (t, J = 8.0 Hz, 1H, ArH), 7.63 (d, J = 9.5 Hz, 1H, ArH), 

7.89 (d, J = 8.2 Hz, 1H, ArH), 8.50 (s, 1H, ArH); Anal. calcd. for (C19H19N3O. 0.15EtOAc) 

C, H, N.

N-(5’-methoxynaphthyl-2’)-N-methyl-cyclopenta[d]pyrimidin-4-amine hydrochloric 
salt (9·HCl).: 76% yield, off-white solid. mp 215.7–216.5 °C; TLC Rf 0.53 (CHCl3/MeOH/

TEA, 10:1:0.1); 1H NMR (DMSO-d6) δ 0.90 (m, 1H, CH2), 1.73 (m, 3H, CH2), 2.66 (m, 

2H, CH2), 3.66 (s, 3H, NCH3), 4.00 (s, 3H, OCH3), 7.07 (d, J = 7.2 Hz, 1H, ArH), 7.51–

7.67 (m, 3H, ArH), 7.92 (d, J = 2.2 Hz, 1H, ArH), 8.26 (d, J = 8.2 Hz, 1H, ArH), 8.91 (s, 

1H, 2-H); Anal. calcd. for (C19H20ClN3O. 0.45H2O) C, H, N, Cl.

N-(5’-methoxynaphthyl-2’)-N-methyl-2-amino-cyclopenta[d]pyrimidin-4-amine 
(10).: 82% yield, off-white solid. mp 203.7–204.5 °C; TLC Rf 0.56 (CHCl3/MeOH, 10:1); 
1H NMR (DMSO-d6) δ 1.55 (m, 2H, CH2), 1.66 (m, 2H, CH2), 2.43 (m, 2H, CH2), 3.44 (s, 

3H, NCH3), 3.97 (s, 3H, OCH3), 6.07 (bs, 2H, 2-NH2), 6.93 (dd, J = 5.0 Hz, 3.6 Hz, 1H, 

ArH), 7.33 (dd, J = 2.0 Hz, 9.0 Hz, 1H, ArH), 7.43 (m, 2H, ArH), 7.58 (d, J = 2.0 Hz, 1H, 

ArH), 8.14 (d, J = 9.2 Hz, 1H, ArH); Anal. calcd. for (C19H20N4O. 0.25EtOAc) C, H, N.

Molecular Modeling.—Docking of compounds 4–10 was carried out in the published X-

ray crystal structure of colchicine in tubulin (PDB: 4O2B, 2.3 Å)22 using Schrödinger.23 The 

ligands were sketched, minimized in energy and prepared using the LigPrep module of 

Maestro, using the default parameters. The crystal structure of tubulin was obtained from the 

protein database and prepared using the default parameters of Maestro and the protein 

preparation wizard. The receptor grid was generated using colchicine as the reference ligand. 

The docking was carried out with the GLIDE module with SP, flexible ligand sampling and 

with an output maximum of 5 poses per ligand. The docking method was validated by 

performing re-docking of the native ligand colchicine into the crystal structures with a 

RMSD of 1.04 Å. The centroid around the ligands was defined as the ligand binding site. 

Using prepared ligands from the Ligprep files, a conformational search was carried out to 

determine the number of low energy conformations within 5 kcal/mol from the minimum 

energy conformation. The conformational Search panel from MacroModel was used, and the 

settings were as follows: Force Field: OPLS3e, Solvent: water, Conformation search 

method: Mixed Torsional/Low-Mode sampling, and the rest of the settings were kept at 

default. The rotational energy barrier was calculated using the Coordinate Scan panel of 

Maestro. The Plot of Two-Coordinate Scan panel was used to plot the rotational energy 

barrier for compounds 4 and 5. The settings were as follows: Force Field: OPLS3e, Solvent: 

water, Coordinate to Scan: dihedral angles around the cyclopenta[d]pyrimidine scaffold and 

the naphthyl ring (C4-N4 bond and N4-C1ʹ bond). The rest of the settings were kept at 

default.
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Cell Culture.—Details about the culture of cells used in these evaluations have been 

described previously. 32 U251 human glioblastoma cells (PMID: 3564901) were grown in 

Dulbecco’s modification of minimal essential media containing 10% cosmic calf serum at 

37 °C with 5% CO2 in a water jacketed incubator.

Microtubule Depolymerizing Effects.—The ability of the compounds to initiate 

changes in cellular microtubules was evaluated in A-10 cells because these cells arrest in 

interphase without the confounding effects of significant mitotic accumulation that occurs in 

cancer cells. Cells were treated with the compounds for 18 h and then microtubules 

visualized using indirect immunofluorescence. EC50 values were calculated as previously 

described33 and represent a minimum of three independent experiments.

SRB Assay.—The SRB assay34 was used to evaluate the antiproliferative and cytotoxic 

activities of the compounds in MDA-MB-435 melanoma cells as previously described.30 

The IC50 values represent an average of at least three independent experiments, each 

conducted in triplicate, plus or minus the standard deviation.

Quantitative Tubulin Studies.—Purified bovine brain tubulin was used in these studies 

to determine IC50 values for tubulin polymerization and compound inhibition of colchicine 

binding. The techniques used in both assays have previously been described in detail.35 In 

brief, in the polymerization assay, 10 μM (1.0 mg/mL) tubulin was preincubated for 15 min 

at 30 °C with varying compound concentrations in 0.8 M monosodium glutamate, taken 

from a 2.0 M stock solution adjusted to pH 6.6 with HCl. Reaction mixtures also contained 

4% (v/v) DMSO (compound solvent). Following the preincubation, reaction mixtures were 

placed on ice, and 10 μL of 10 mM GTP (0.4 mM final concentration) was added to each 

mixture. Reaction volume was 0.24 mL prior to GTP addition, and all concentrations are in 

terms of the final reaction volume of 0.25 mL. Reaction mixtures were transferred to 0 °C 

cuvettes in Beckman DU7400/7500 recording spectrophotometers equipped with electronic 

temperature controllers. Polymer formation was measured turbidimetrically at 350 nm. After 

baselines were established at 0 °C, temperature was rapidly jumped to 30 °C (less than 1 

min), and the IC50 was defined as the compound concentration inhibiting the extent of 

assembly by 50% after 20 min at 30 °C. In the colchicine binding assay,36 0.1 mL reaction 

volumes contained 1.0 μM tubulin, 5.0 μM [3H]colchicine (from Perkin-Elmer), and 

potential inhibitors at 1.0 or 5.0 μM, together with reaction components that strongly 

stabilize the colchicine binding activity of tubulin. Reaction mixtures also contained 5% 

DMSO (compound solvent). Tubulin was the last component added to the reaction mixtures, 

which were prepared on ice. Binding of colchicine was initiated by transferring the reaction 

mixtures to a 37 °C water bath, and the mixtures were incubated for 10 min (a time when the 

reaction without inhibitor is 40–60% complete). Reactions were stopped with ice water, and 

the diluted reaction mixtures were each filtered through a stack of two Whatman DEAE-

cellulose filters obtained from GE Healthcare Life Sciences. Radiolabel bound to the filters 

was quantitated by scintillation counting.

Xenograft Study.—500,000 U251 human glioma cells were implanted into the lateral 

flank of NCr athymic nu/nu nude mice (equal numbers male/female; 8 wk age from NCI 
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Frederick-Charles River APA breeding stock). Maximal tolerated doses (MTDs) of 

compounds were determined using a 4+4 (2 male, 2 female) crossover dose escalation study 

starting at 5 and 10 mg/kg and escalating bi-weekly until >5% weight loss was observed. 

Once tumors were visible, mice were treated with the carrier (5% DMSO, 5% Kolliphor-15, 

90% normal saline), MTD of temozolomide (50 mg/kg/wk) or MTD of compound 5 (17.5 

mg/kg/2x wk) until the end of the experiment. Data were obtained from 6–8 animals. Tumor 

size was assessed by measuring tumor length, width, and depth twice weekly using Vernier 

calipers. Tumor volume was calculated with the ellipsoid formula: volume = 0.52 (length × 

width × depth). Animal weights were assessed twice weekly in all treatment groups until the 

end of the study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS

CA-4 Combretastatin A-4

Pgp P-glycoprotein

SRB sulforhodamine

B MTA Microtubule Targeting Agent

DMSO dimethyl sulfoxide
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Figure 1. 
Structures of microtubule targeting agents.
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Figure 2. 
A. Compounds 1 and 2 and their antiproliferative activities and disassembly effects on 

microtubules. B. The general conformation of the aniline ring towards (1) and away (2) from 

the cyclopenta[d]pyrimidine ring from 1H NMR.
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Figure 3. 
Compound 3 and the designed analogs 4–10.
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Figure 4. 
Superimposition of the docked pose of 5 (tan) in the colchicine site (colchicine in cyan) of 

tubulin (PDB: 4O2B22).
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Figure 5. 
Chemical shift and coupling pattern (1H NMR, DMSO-d6 and D2O (1:1)) of the 5-CH2 in 

compounds 4–6.
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Figure 6A. 
NOESY study of 4 and spectrum interpretation.
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Figure 6B. 
NOESY study of 5 and spectrum interpretation.
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Figure 6C. 
NOESY study of 6 and spectrum interpretation.
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Figure 7. 
Lowest energy conformations of 4–6 simulated by Maestro 2020–1. The distance measured 

by Maestro in Å is in magenta. The distance in blue is the NOE calculated distance.
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Figure 8. 
Superimposition of the docked pose of 4 (magenta) in the colchicine site (colchicine in cyan) 

of tubulin (PDB: 4O2B22).
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Figure 9. 
A. Superimposition of the energy minimized conformation (red) of 4 and the docked 

conformation of 4 (green) in the colchicine site of tubulin (PDB: 4O2B22). B. 

Superimposition of the energy minimized conformation of 5 (cyan) and the docked 

conformation of 5 (tan) in the colchicine site of tubulin (PDB: 4O2B22).
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Figure 10. 
Treatment with compound 5 inhibited tumor growth with little change in animal weight in a 

U251 flank xenograft model. *, P < 0.05; **, P < 0.01; ***, P < 0.001. U251 human glioma 

cells (500,000) were implanted into the lateral flank of NCr athymic nu/nu nude mice, and 

the mice were treated with carrier (5% DMSO, 5% Kolliphor-15, 90% normal saline), 

temozolomide (50 mg/kg/wk) or compound 5 (17.5 mg/kg twice week, the previously 

defined MTDs, until the end of the experiment. Data were obtained from 6–8 animals. (Left 

Panel) Tumor size was assessed by measuring tumor length, width, and depth twice weekly 

using Vernier calipers. Tumor volume was calculated with the ellipsoid formula: volume = 

0.52 (length × width × depth) and graphically represented as days after implantation. 

Statistical analysis was performed using a two-way ANOVA with repeated measures post-

test. (Right Panel) Graphical representation of percent change in animal weight at the 

beginning and end of the experiment. Statistical analysis was performed using a one-way 

ANOVA with a Bonferroni post-test. Drug administration was initiated 7 days after tumor 

implantation and continued until the end of the study.
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Scheme 1. 
Synthesis of methoxy N-methyl naphthylamines 14a-d.

Reagents and conditions: (a) HCOOH, Ac2O, DCM, rt, 18 h; (b) NaH, MeI, DMF, 0 °C, 4 h, 

71–90% (2 steps); (c) HCl (conc.), reflux, 2 h, 90 – 95%.
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Scheme 2. 
Synthesis of target compounds 4–10.

Reagents and conditions: (a) Dioxane, 110 °C, 3–6 h, 71–93%; (b) MtBE, HCl (2 N in 

Et2O), 90–97%.
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Table 1.

EC50 values for the microtubule depolymerization and IC50 values for the inhibition of proliferation of MDA-

MB-435 cancer cells.

Compound EC50 (nM) IC50 ± SD (nM)

3 26 7.0 ± 0.7

4 >10000
ND

a

5 4.5 2.8 ± 0.2

6 500 230 ± 20

7 3700 820 ± 72

8 >10000
ND

a

9 184 34.0 ± 3.4

10 26 8.7 ± 0.6

CA-4 13 3.4 ± 0.6

a
ND: Not determined
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Table 2.

Cytotoxicity of compounds 4–9 in the U251 cancer cells.

Compound IC50 ± SD (nM) in U251 cells

4 88.3 ± 14.2

5 17.6 ± 2.1

6 35.1 ± 5.0

7 38.9 ± 5.9

8 132.6 ± 15.0

9 72.5 ± 8.8
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Table 3.

Inhibition of tubulin assembly and colchicine binding by CA-4 and 4–10.

Compound Inhibition of tubulin assembly IC50 (μM) ± SD
Inhibition of colchicine binding % Inhibition ± SD

5 μM inhibitor 1 μM inhibitor

3 1.6 ± 0.1 92 ± 0.7 70 ± 2

4 > 20
ND

a
ND

a

5 0.98 ± 0.04 98 ± 0.3 86 ± 0.7

6 1.4 ± 0.007 72 ± 0.6
ND

a

8 > 20
ND

a
ND

a

9 1.2 ± 0.04 93 ± 0.6 77 ± 1

CA-4 1.3 ± 0.1 98 ± 0.6 87 ± 0.2

a
ND: Not determined
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Table 4.

Compound 3, 5–7, and 9–10 circumvent βIII-Tubulin Mediated Resistance.

Compd.
IC50 (nM) ± SD

HeLa βIII Expressing HeLa Rr*

3 12.0 ± 1.2 9.6 ± 0.9 0.8

5 3.4 ± 0.4 2.6 ± 0.4 0.8

6 250 ± 14 180 ± 11 0.7

7 1200 ± 110 780 ± 60 0.7

9 56.4 ± 8 43 ± 2 0.8

10 12.6 ± 0.6 9.6 ± 0.6 0.8

CA-4 4.7 ± 0.2 5.7 ± 0.4 1.2

Paclitaxel 1.6 ± 0.2 7.7 ± 0.2 4.7

*
Relative resistance. The Rr was calculated by dividing the IC50 of the βIII expressing HeLa cell line (WTβIII) by the IC50 of the parental HeLa 

cells
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Table 5.

Compound 3, 5–7, and 9–10 circumvent Pgp Mediated Resistance.

Compd.
IC50 (nM) ± SD

SK-OV-3 SK-OV-3 MDR-1-6/6 Rr*

3 11.3 ± 0.2 16.4 ± 0.4 1.5

5 2.7 ± 0.1 5.7 ± 1.7 2.1

6 330 ± 27 400 ± 74 1.2

7 1200 ± 110 1300 ± 100 1.1

9 37 ± 7 74 ± 19 2.0

10 14.9 ± 0.6 19.6 ± 1.5 1.3

CA-4 4.5 ± 0.2 6.6 ± 1.3 1.5

Paclitaxel 3.0 ± 0.06 2600 ± 270 864

*
Relative resistance. The Rr was calculated by dividing the IC50 of the Pgp expressing cells (SK-OV-3 MDR-1–6/6) by the IC50 of the parental 

SK-OV-3 cells

Bioorg Med Chem. Author manuscript; available in PMC 2022 January 01.


	Abstract
	Graphical Abstract
	Introduction
	Rationale
	RESULT AND DISCUSSION
	Chemistry
	Biological Evaluation
	Conformational Study and Molecular Modeling

	Summary
	Experimental Section
	General synthesis for formylation of hydroxy naphthylamine
12a-d.
	General synthesis for dimethylation of N-formyl hydroxylnaphthylamines
13a-d.
	N-Methyl-N-formyl 6-methoxynaphthyl-1-amine (13a).
	N-Methyl-N-formyl 5-methoxynaphthyl-2-amine (13b).
	N-Methyl-N-formyl 4-methoxynaphthyl-1-amine (13c).
	N-Methyl-N-formyl 5-methoxynaphthyl-1-amine (13d).
	General synthesis of methoxy N-methylnaphthylamines.
	N-Methyl 6-methoxynaphthyl-1-amine (14a).
	N-Methyl 5-methoxynaphthyl-2-amine (14b).
	N-Methyl 4-methoxynaphthyl-1-amine (14c).
	N-Methyl 5-methoxynaphthyl-1-amine (14d).
	General Procedure for Nucleophilic Displacement from 4-Chlorocyclopenta[d]pyrimidines.
	General Method for the HCl Salt from Base.
	N-(6’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine hydrochloric acid salt (4·HCl).
	N-(5’-methoxynaphthyl-2’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine hydrochloric acid salt (5·HCl).
	N-(4’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine (6).
	N-(5’-methoxynaphthyl-1’)-N,2-dimethyl-cyclopenta[d]pyrimidin-4-amine hydrochloric acid salt (7·HCl).
	N-(6’-methoxynaphthyl-1’)-N-methyl-cyclopenta[d]pyrimidin-4-amine (8).
	N-(5’-methoxynaphthyl-2’)-N-methyl-cyclopenta[d]pyrimidin-4-amine hydrochloric salt (9·HCl).
	N-(5’-methoxynaphthyl-2’)-N-methyl-2-amino-cyclopenta[d]pyrimidin-4-amine (10).

	Molecular Modeling.
	Cell Culture.
	Microtubule Depolymerizing Effects.
	SRB Assay.
	Quantitative Tubulin Studies.
	Xenograft Study.


	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Figure 5.
	Figure 6A.
	Figure 6B.
	Figure 6C.
	Figure 7.
	Figure 8.
	Figure 9.
	Figure 10.
	Scheme 1.
	Scheme 2.
	Table 1.
	Table 2.
	Table 3.
	Table 4.
	Table 5.

