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Abstract

An expansive set of N-aryl-N’-(3-(substituted)phenyl)-N’-methylguanidines was prepared in a 

search for new leads to prospective PET ligands for imaging of the open channel of the N-methyl-

D-aspartate (NMDA) receptor in vivo. The N-aryl rings and their substituents were varied, 

whereas the N-methyl group was maintained as a site for potential labeling with the positron-

emitter, carbon-11 (t1/2 = 20.4 min). At micromolar concentration, over half of the prepared 

compounds strongly inhibited the binding of [3H]TCP to its binding site in the open NMDA 

receptor in vitro. Four ligands displayed affinities that are similar or superior to those of the 

promising SPECT radioligand ([123I]CNS1261). The 3’-dimethylamino (19; Ki 36.7 nM), 3’-

trifluoromethyl (20; Ki 18.3 nM) and 3’-methylthio (2; Ki 39.8 nM) derivatives of N-1-naphthyl-

N’-(phenyl)-N’-methylguanidine were identified as especially attractive leads for PET radioligand 

development.
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Dysfunction in N-methyl-D-aspartate (NMDA) receptors has been linked to several 

debilitating neurological and psychiatric illnesses, such as epilepsy, stroke, Parkinson's 

disease, Alzheimer's disease, and schizophrenia.1–4 The NMDA receptor is a voltage and 

ligand gated ion channel regulated by at least five binding sites for endogenous ligands, 

namely glutamate, glycine, Mg2+, Zn2+, and polyamines. NMDA receptors are involved in 

long-term potentiation, memory, neuroplasticity, neurodevelopment, and 

neuroprotection.3,5,6 Dysfunction in these receptors is typically characterized by over-

activation, allowing for a high concentration of cation influx causing neuronal death.7–9 
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Several experimental drugs have been synthesized for the purpose of attenuating NMDA 

receptor activation. Many of these have been targeted at the phencyclidine (PCP) binding 

site located within the open ion channel.4 The development of a radioligand for imaging the 

PCP binding site in vivo would allow for the quantification of activated NMDA receptors in 

both diseased and healthy brain, thereby providing a useful tool for neuropsychiatric 

research. In addition, such a radioligand would be useful for the further development of 

drugs intended to act on the PCP binding site, for example, by allowing acquisition of data 

on target engagement.

Candidate radioligands from various structural classes have been considered for imaging the 

PCP binding site of the NMDA receptor in vivo.7,10–16 As recently reviewed,17 all of these 

radioligands display high affinity for the PCP binding site in vitro, as would be required for 

a prospective in vivo imaging agent. Among these radioligands, the single photon emission 

computed tomography (SPECT) radioligand [123I]CNS1261 ([123I]1) probably has the 

strongest evidence for receptor-specific signal in human brain in vivo (Chart 1), although the 

putative signal is small.9,15 We considered that this structure might be modified to produce a 

more effective radioligand for imaging the PCP binding site in living human brain with 

positron emission tomography (PET). With a view to developing such a PET radioligand, 

we synthesized a series of N-aryl-N’-phenyl-N’-methylguanidines that are all amenable to 

labeling with the short-lived positron-emitter carbon-11 (t1/2 = 20.4 min) or, potentially in 

some cases, with longer-lived fluorine-18 (t1/2 = 109.8 min).18 We focused on preparing N’-

naphthyl and bicyclic analogs of CNS1261 (1). From this set of compounds, nearly half 

exhibited high binding to the PCP binding site at micromolar concentration, and a few 

exhibited binding affinities in the nanomolar range on par with that of 1.

All the new N-aryl-N’-phenyl-N’-methylguanidines were prepared by reactions between 

arylamine hydrochlorides and aryl cyanamides by one of two methods (Scheme 1).19–21 In 

method 1, an N-methyl-N-aryl cyanamide was heated to 130 °C with the requisite arylamine 

hydrochloride salt for 21 h in toluene. In method 2 an N-methyl arylamine was used instead 

of an N-methyl-N-aryl cyanamide in order to reduce steric bulk at the cyanamide. This 

change led to increased yield, as demonstrated by the synthesis of 20, where Methods 1 and 

2 gave 14 and 35% isolated yields, respectively. When the N’-methylguanidines could not 

be made by Method 1, we used Method 2 (see supplementary data).

The requisite N-aryl cyanamides were synthesized by refluxing cyanogen bromide (5 M in 

acetonitrile) with the appropriate arylamine in diethyl ether. The purified N-aryl cyanamides 

were used either directly or converted into their respective N-methyl-N-aryl cyanamides by 

treatment with sodium hydride and then iodomethane in tetrahydrofuran.21

Ligands were screened for affinity at the PCP site of the NMDA receptor in rat brain 

membrane suspensions with an assay using [3H]TCP as radioligand (Caliper Life Sciences). 

Initially ligands were tested at 1.0 μM concentration. Usually, if the inhibition of [3H]TCP 

binding exceeded 80%, a Ki value was determined, also with [3H]TCP as radioligand. In this 

assay, 1 inhibited [3H]TCP binding fully at 1.0 μM concentration with a Ki of 31.9 nM 

(Table 1). This value is appreciably higher than that reported when using [3H]MK801 as 

radioligand (4.65 nM).14,15
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Initially, we focused on preparing non-iodinated derivatives of 1 where the metabolically 

labile 3-iodo substituent9,15 was replaced with another. We noted that a few such 

compounds have been reported previously, where the substituent at 3 position is Me, Et, 

NO2, NH2, or azido.20 However, only the 3-ethyl analog had shown a quite high IC50 value 

(36 nM) against [3H]MK801 binding to NMDA receptors. We first considered methylthio as 

an alternative to an iodo substituent because of its similar size and polarizability. The direct 

methylthio analog (2) was synthesized and was found to inhibit 93.1% of [3H]TCP binding 

at micromolar concentration and to exhibit a Ki value of 39.8 nM, which is very similar to 

that of 1 (31.9 nM) in the same assay (Table 1). Thus, a methylthio substituent was well 

tolerated in place of iodine.

Subsequently, the methylthio group was retained while changes were made to the N’-(1-

naphthyl) group of 2. First, the 1-naphthyl group was changed to a 2-naphthyl group, as in 3, 

but this change was highly detrimental to binding affinity (Table 2).

We next explored whether other bicyclic aryl groups, namely an isoquinolinyl or a 

quinolinyl group, would be advantageous over the 1-naphthyl group in 2. Five compounds 

that were formally isosteric with 2 were prepared in which the position of the 

benzopyridinyl nitrogen atom was varied (4–8) (Table 2). Compound 4 showed weaker 

inhibition than 2. Compounds 5–8, and especially 5 and 6, showed high inhibition of 

[3H]TCP binding at micromolar concentrations. The Ki values of 5 and 6 were however 

found to be much higher than that of 2 (Table 2).

We noted that the computed lipophilicities of compounds 3−8 (Table 2) were lower than 

those of 1 and 2 (Table 1). Therefore, we attempted to compensate for this lower 

lipophilicity by adding a halogen to the heterobicyclic rings, as in compounds 9– 11. 

Insertion of chlorine in ortho position to the isoquinolinyl nitrogen of 6, as in compound 9, 

retained some affinity, but insertion of halogen (Cl or Br) into the benzenoid ring, as in 10 
and 11, was highly detrimental to affinity (Table 2).

Among compounds 1−8 no relationship between affinity and lipophilicity emerged. 

Therefore, we next explored replacing the naphthyl substituent in 2 with monocyclic aryl 

substituents. The compound 12 having a 2,4-dibromophenyl substituent, intended to mimic 

the bulkiness of the naphthyl group in 2, displayed 69.7% inhibition of [3H]TCP binding at 

micromolar concentration (Table 2), but clearly had lower affinity than 2. When the 

naphthyl substituent was replaced with a 4-bromopyridin-3-yl substituent, as in 13, binding 

affinity was even lower (23.7% inhibition; Table 2). Therefore no improvement over the 1-

naphthyl ring of 2 was found.

Our attention returned to varying substitution on the N’-phenyl ring of 1. Following on from 

the methylthio group replacement described earlier, we explored the effect of introducing 

various other substituents at the 3-position.20 Commercially available 3-substituted anilines 

were used to prepare compounds 14–33 (Table 3). From the assay data, it is apparent that 

many other substitutions are well tolerated at the 3-position. At micromolar concentration, 

over 60% of the monosubstituted compounds displayed appreciable (> 50%) inhibition of 

[3H]TCP binding at the PCP site of the NMDA receptor (15–17, 19–26, and 28–29). Lower 
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affinity was observed in compounds with bulky aromatic (30–33) or small alcoholic 

substituents (18, 27). Also small and highly electronegative substituents were not well 

tolerated as shown in the halo derivatives (14–16 and 1); % inhibition/affinity increased 

across this series with halogen size

From the Ki data, the preferred substituent at the 3-position is a CF3 group (20, 18.3 nM), 

which gave a nearly two-fold increase in binding affinity over 1. The Ki for the compound 

with an N(Me)2 substituent (19, 36.7 nM) is on par with that of both 1 and its methylthio 

analogue, 2. Compounds with other substituents, such as Br (16, 53.7 nM), Ac (24, 152 nM), 

and SCF3 (22, 447 nM), were less well tolerated (Table 3).

We were further curious to see the effect of introducing fluorine as an extra substituent on 

the phenyl ring, primarily because this might be a future site for labeling with fluorine-18 to 

give a PET radioligand. Moreover, fluorine-18 attached to an aryl carbon would be expected 

to be resistant to undesirable defluorination in vivo.22 As already noted, direct replacement 

of the 3-iodo substituent of 1 with a much smaller and highly electronegative 3-fluoro 

substituent, as in 14, decreased affinity substantially (Table 3). Nonetheless, because 

replacement of an aryl H with F causes little steric perturbation, we expected that some aryl 

fluoro derivatives might display binding affinities similar to those of their non-fluorinated 

counterparts.

A single fluoro substituent was added to the 3-chlorophenyl ring of 15, as in compounds 34–
36 (Table 3). No appreciable effect on inhibition of binding was seen in 35, but beneficial 

effects were seen in the isomers, 34 and 36, which were then found to display Ki values of 

701 and 78.4 nM, respectively. When fluoro substituents were added to 15 in both the 2- and 

6-positions, as in 37, binding inhibition was greatly lowered. Addition of a single 4- or 6-

fluoro substituent to the 3-bromo compound 16, as in 38 and 39, respectively, lowered 

affinity, whereas addition of a single 4-fluoro substituent to the 3-cyano compound 17, as in 

40, left affinity unchanged. Finally, the prepared 3-methyl-4-fluoro and 3-methoxy-5-fluoro 

compounds, 41 and 42, respectively, displayed moderate binding inhibition. The 4-fluoro-3-

nitro compound, 43, displayed negligible binding affinity.

Lipophilicity is an important parameter influencing many properties of PET radioligands, 

including plasma protein binding,23 and brain entry after intravenous administration.24 High 

plasma free fraction and moderate lipophilicity tend to promote good radioligand brain entry 

and brain uptake.24 Compound 1 is already known to readily enter animal and human brain 

after intravenous administration.9,15 Our computed logD value for 1 is 2.76 and quite close 

to the measured14 value of 2.19. Most of the prepared compounds, because of their close 

structural similarities to 1, have quite similar computed lipophilicity (Tables 1−3), and 

therefore they would be expected to be brain-penetrant after intravenous administration.

In conclusion, changes in the naphthyl group of 1 did not improve affinity towards the PCP 

site of the NMDA receptor. However, substitutions at the 3-position of the N’-aryl group of 

1 led to new high-affinity ligands. Thus, two ligands, 2 (Ki, 39.8 nM) and 19 (Ki, 36.7 nM) 

were found to have affinities to the PCP site of the open NMDA receptor that are similar to 

that of 1 (Ki = 31.9 nM), and one was found with higher affinity (20, Ki = 18.3 nM). 
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Moreover, the clogD values of 2, 19 and 20 are 2.49, 2.07 and 2.23, respectively, and 

notionally within the preferred range for PET radioligands for brain imaging. We have 

previously demonstrated that the labeling of 1 in its N-methyl group with carbon-11 is 

readily accomplished by treatment of desmethyl-1 with [11C]iodomethane,25 a technique 

that would be applicable to labeling any of the series of compounds reported here. 

Compounds 2, 19 and 20 therefore seem particularly attractive candidates for future labeling 

with carbon-11 for evaluation as PET radioligands for the open NMDA receptor.
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Chart 1. 
Structure of [123I]CNS1261 ([123I]1).
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Scheme 1. 
Syntheses of N-aryl-N’-(3-substituted)-N’-methylphenylguanidines. Reagents and 

conditions: (a) 1.5 eq. trimethylorthoformate, cat. H2SO4, 120 °C, 2 h; (b) 170 °C, 30 min; 

(c) 1. 10% aq. HCl, reflux, 3 h; 2. Et2O/HCl; (d) 0.67 eq. CNBr, Et2O, reflux, 24 h; (e) 1. 

1.5 eq. NaH, THF, reflux, 3 h; 2. 1.5 eq. MeI, r.t., overnight; (f) toluene, 130 °C, 21 h.
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Table 1

Inhibitions of [3H]TCP binding (%) at the PCP site of the NMDA receptor, binding affinities (Ki), and clogD 

values for 1 and 2.

Ligand R Inhibition (%)
a

[3H]TCP Ki (nM)
b

cLogD
c

1 (CNS1261) I 106 31.9 2.76

2 SMe 93.1 39.8 2.49

a
Inhibition at 1.0 μM concentration (mean from two experiments).

b
Mean from two experiments.

c
Calculated using ACD Labs program.
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Table 2

Inhibitions of [3H]TCP binding at the PCP site of the NMDA receptor (%), binding affinities (Ki), and clogD 

values for N-aryl-N’-(3-methylthiophenyl)-N’-methylguanidines.

Ligand R Inhibition (%)
a

[3H]TCP Ki (nM)
b

cLogD
c

3 3.4 1.86

4 25.3 2.00

5 80.7 >1000 1.92

6 91.2 110 1.82

7 73.8 2.04

8 72.2 2.40

Bioorg Med Chem Lett. Author manuscript; available in PMC 2016 January 15.



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Naumiec et al. Page 11

Ligand R Inhibition (%)
a

[3H]TCP Ki (nM)
b

cLogD
c

9 91.7 540 2.51

10 8.6 2.31

11 14.4 2.69

12 69.7 2.92

13 23.7 1.87

a
At 1.0 μM concentration. Mean from two experiments.
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b
Binding affinities were measured for compounds whose inhibitions were ≥ 80%. Mean from two experiments.

c
Calculated with ACD Labs program.
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Table 3

Inhibitions of [3H]TCP binding at the PCP site of the NMDA receptor (%), binding affinities (Ki), and clogD 

values for N-1-naphthyl-N’-(3-substituted-phenyl)-N’-methylguanidines and compound 30.

Ligand X Y Inhibition (%)
a

[3H]TCP Ki (nM)
b

cLogD
c

14 F H 36.9 1.80

15 Cl H 69.2 2.23

16 Br H 104 53.7 2.40

17 CN H 62.9 1.13

18 OH H 11.9 0.83

19 N(Me)2 H 94.6 36.7 2.07

20 CF3 H 107 18.3 2.23

21 OCF3 H 79.2 2.49

22 SCF3 H 80.0 447 2.98

23 OCF2H H 66.4 1.80

24 Ac H 82.3 152 1.07

25 CH=CH2 H 73.9 2.38

26 CH≡CH H 74.3 1.61

27 CH2OH H 20.0 0.81

28 SCH2CH2F H 76.7 2.40

29 SCH=CH2 H 88.4 2.04

30 d 55.0 4.15

31 OPh H 30.0 3.33

32 Bn H 16.2 3.52

33 OBn H –2.5 3.52

34 Cl 2-F 84.0 701 2.20

35 Cl 4-F 65.8 2.35

36 Cl 5-F 86.8 78.4 2.06

37 Cl 2,6-F 37.6 2.33

38 Br 4-F 56.5 2.29

39 Br 6-F 13.8 2.13

40 CN 4-F 62.1 1.02

41 Me 4-F 46.5 1.77

42 OMe 5-F 32.9 1.48

43 NO2 4-F 0.7 1.35

a
At 1.0 μM concentration. Mean from two experiments.
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b
Binding affinities were measured for compounds having inhibition ≥ 80%, except for 29. Mean from two experiments.

c
Calculated with ACD Labs program.

d
This compound has 2-naphthyl as the N’-aryl group.
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