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Abstract  

Fluorinated analogues that are related to the 5-hydroxytryptamine (5-HT1A) 

antagonist, N-{2-[4-(2-methoxyphenyl)piperazin-1-yl]ethyl}-N-(pyridin-2-yl)cyclohexane 

carboxamide (WAY-100635), have been synthesized and their binding affinity for the 5-

HT1A receptor and other neurotransmitter receptors (adrenoceptors, sigma receptors, and 

dopamine receptors), and serotonin transporters was examined in vitro. These ligands 

were designed to provide a possible potential positron emission tomography (PET) ligand 

with high metabolic stability. To this end, the cyclohexyl moiety in WAY-100635 and in 

O-desmethyl WAY-100635 was replaced by a bridge-fused ring (BFR) such as adamantyl, 

cubyl, bicyclo[2.2.2]octyl and bicyclo[2.2.1]heptyl to reduce the metabolic rate of the 

amide bond hydrolysis, while a fluoromethyl group was introduced on the other bridge-

head of the BFR to prevent defluorination by HF-elimination. All synthesized analogues 

displayed high affinity in the (sub)nanomolar range for the 5-HT1A receptor, comparable 

to WAY-100635. In addition, 6b, 6c and 6d were reasonably selective to the 5-HT1A 

receptor over the above mentioned receptors. In human hepatocytes, 6b showed a suitable 

metabolic stability. 

In conclusion, the obtained data provides a promising starting point for the 

synthesis of the corresponding 18F-labeled PET analogues.  
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Introduction  

Among many 5-HT1A receptor ligands, WAY-100635 was developed as the first 

potent, “silent” and selective 5-HT1A receptor antagonist. This compound has a binding 

selectivity of at least >10-fold relative to other 5-HT receptor subtypes, major neuro-

transmitter receptors, re-uptake and ion channel sites, however it showed also high 

affinity for α1-adrenoceptors and D4 receptors.1 Later, WAY-100635 was labeled with 

carbon-11 ([carbonyl-11C] WAY-100635) and evaluated to study in vivo changes in the 

densities of 5-HT1A receptors in several neuropsychiatric disorders, such as major 

depression and anxiety disorders2,3, Alzheimer‟s disease2,4,5 and schizophrenia2,6 using 

PET. Studies of the metabolic pathway of [carbonyl-11C]WAY-100635 in human revealed 

rapid metabolism to WAY-100634 due to the hydrolysis of the amide bond, which 

interfere the PET measurements (Figure 1).7,8,9 In addition, a disadvantage of using 

carbon-11 (t1/2 = 20 min) radiotracers is that these tracers can only be used where both a 

cyclotron and a PET-camera are in close proximity due to it short half-life. Zhuang and 

co-workers have shown in a series of benzamido analogues of WAY-100635 a limited 

tolerance for variations at the amino pyridine position in the native receptor.10 Therefore, 

research has been directed toward WAY-100635 analogues that were labeled with the 

longer lived fluorine-18 (t1/2 = 110 min) isotope with the label outside the WAY-100634 

moiety.8 [18F]fluorinated analogues of WAY-100635 that contain an aromatic moiety in 

the carboxamide part instead of the cyclohexyl moiety such as 4-[18F]fluoro-N-{2-[1-(2-

methoxyphenyl)piperazine-1-yl]ethyl}-N-(pyridine-2-yl)benzamide ([18F]p-MPPF)11,12,13 

and 3-methyl-4-[18F]fluoro-N-{2-[1-(2-methoxyphenyl)piperazine-1-yl]ethyl}-N-(pyridi  

ne-2-yl)benzamide ([18F]MeFBWAY) were prepared11 (Figure 1). [18F]p-MPPF showed 

ca. 4-6 times lower in vivo binding potentials than [carbonyl-11C] WAY-100635.13 

[18F]MeFBWAY showed ca. 7 times lower in vitro binding affinity than WAY-100635.11 

Displacement experiments of [18F]p-MPPF with WAY-100635 in the hippocampus of rats 

showed only 60%11 to 77%12 brain uptake reduction and 80% of [18F]MeFBWAY11. 

[18F]p-MPPF was rapidly metabolized in human subjects13,14, while  [18F]MeFBWAY is 

less selective than [18F]p-MPPF.  [18F]MeFBWAY has a relatively high affinity for α1-

adrenoceptors (Ki = 13.2 nM) compared to [
18

F]p-MPPF (Ki = 151 nM).
11

Alternatively, 

analogues with a saturated moiety such as [18F]-4-fluoro-N-2-[4-(2-methoxyphenyl)pi 
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perazin-1-yl)ethyl]-N-(2-pyridyl)cyclohexanecarboxamide ([18F]FCWAY) were prepared 

(Figure 1).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The trans-isomer of [18F]FCWAY showed higher binding affinity for the 5-HT1A 

receptor than [18F]p-MPPF and [18F]MeFBWAY, but now, in addition to the hydrolysis of 

the amide bond, defluorination was observed.11 This led to a substantial skull uptake in 

human of [18F] amounting to twice that of average uptake in the whole brain at 60 minutes 

post-injection, which hampers clinical applications.15,16,17 Placing fluorine on a primary 

carbon as in N-{2-[4-(2-methoxyphenyl)piperazinyl]ethyl}-N-(2-pyridyl)-N-(4-[18F]fluo 

romethyl-cyclohexane)carboxamide ([18F]MeFWAY) greatly reduced this in vivo 

instability.18 

Recently, we reported the synthesis of bridgehead iodinated WAY-100635 

analogues and the evaluation of their biological properties in vitro as potential SPECT 

tracers for imaging 5-HT1A receptor.19 This study revealed that the bridge-fused rings 

(BFR‟s) are well tolerated with respect to affinity for the 5-HT1A receptor. Furthermore, it 

Figure 1:  WAY-100635, WAY-100634 and WAY-100635 analogues; MPPF, MeFBWAY, FCWAY and 

MeFWAY.  
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confirmed the finding of Wilson20 that a more bulky group reduces the hydrolysis of the 

amide bond. 

The aim of the present study was to synthesize analogues of WAY-100635 and 

O-desmethyl WAY-100635 with a BFR moiety attached to the carboxamide and with a 

fluoromethyl group on the other bridgehead of the BFR (Figure 2). Based on their 

chemical structure, these compounds were expected to have a high affinity for the target 

5HT1A receptor, at least comparable to that of WAY-100635. The rapid in vivo hydrolysis 

of the amide bond is probably reduced due to steric hindrance. Defluorination might be 

prevented because fluorine is placed on a primary carbon and in such a position that 

makes HF elimination chemically impossible. In addition, it is also expected that these 

compounds will have a lipophilicity within the range (log D7.4 = 2-3.5)21, which is 

considered optimal for brain penetration and low non-specific binding. An a-chiral 

structure is maintained which avoid the often difficult separation of enantiomers during 

the chemical synthesis. Moreover, the labeling with fluorine-18 can be performed in a last 

synthesis step when these compounds are being used as radiopharmaceuticals. Herein, 

their synthesis and in vitro binding affinity, selectivity and stability are described.  
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Figure 2:  Novel analogues of WAY-100635 and O-desmethyl WAY-100635.  
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Results  

Chemistry  

A general pathway for the synthesis of compounds 5a-d is outlined in Scheme 1. 

Compounds 1a and 1b were synthesized by mono-saponification of the commercially 

available di-esters, according to literature procedures of Eaton22 and Frazer23.  

 4-(Ethoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid (1c) was obtained 

from diethyl 2,5-dioxocyclohexane-1,4-dicarboxylate in four steps as described by 

Boulerice and Frazer. 23,24,25,26 Compound 1d was synthesized by mono-saponification of 

dimethyl bicyclo[2.2.1]heptane-1,4-dicarboxylate, which was synthesized according to a 

method of Della and Tsanaktsidis.27  

Compound 2 was synthesized starting from a reduction of the appropriate acid 1 

with borane dimethyl sulfide complex.28 In order to obtain the fluorinated compounds, 

both nucleophilic substitution reactions and electrophilic substitution reactions were 

studied carefully. Electrophilic fluorinations of compounds 2 using (dimethylamino)sulfur 

trifluoride (DAST)29 or Yarovenko30 reagent were unsuccessful. Maybe, due to the 

formation of an intermediate cation, a rearrangement has taken place leading to ring 

enlargement. For a nucleophilic substitution reaction, the primary alcohols (2a-d) needed 

to be converted into a good leaving group (LG). Of all tested leaving groups (LG = 

tosylate, triflate, iodide) the triflate gave the best results in the subsequent fluorination 

step. The triflate compounds 3a, 3c and 3d were obtained using triflic anhydride.31 

Fluorination with tetrabutyl ammonium bifluoride (TBABF)32, TBAF (1M in THF), 

TBAF.xH2O
33

, KF
34

, KF in crown ether
35

 or AgF did not give the desired products in a 

reasonable yield. The fluorination of 3a, 3c and 3d (LG = Triflate) with TBAF.(t-BuOH)4 

complex gave 4a, 4c and 4d in good yields.36,37 Subsequent saponification gave the 

corresponding derivatives 5.21,22 

 

 

 

 

                                                        

 4-(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid is nowadays commercially available, see 

Experimental section- chemistry. 
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Compound 3b was totally unstable with all candidates of leaving groups, except 

the bromide. According to COSY and NOSY NMR spectra, this compound (3b) seems to 

rearrange to a homocubyl product (Scheme 2). Therefore, 4b was synthesized by 

bromination of 2b with tetrabromomethane and triphenylphoshine followed by 

fluorination with tetrabutyl ammonium fluoride (TBAF, 1M in THF). This compound was 
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Scheme 1.  General pathway for the synthesis of WAY-100635 and O-desmethyl WAY-100635 analogues:  

(i) Me2S.BH3, THF, 0 
o
C; (ii) conversion to a LG by several methods (see Discussion); (iii) nucleophilic 

fluorination (see Discussion); (iv) KOH, MeOH or EtOH, reflux. (v) thionyl chloride, MeCN, reflux; (vi) 

WAY-100634, NEt3, MeCN, RT.; (vii, for O-desmethyl WAY-100634 analogues) MeOH: NaHCO3: H2O 

(2:1:1), 50 
o
C, 2 h. 
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purified by prep-HPLC instead of normal column chromatography to avoid rearrangement 

to the homocubyl derivatives. The collected fractions were directly converted into the acid 

5b.  

                        

 

 

 

 

 

 

Formation of the acid chlorides of 5a-d was achieved with thionyl chloride in 

MeCN.7 Acylation of WAY-100634 with the appropriate acid chloride gave the four 

analogues 6a-d in moderate to high yields (59-97%). WAY-100634 (Figure 1) was 

prepared according to procedures described by Pike7 and Cliffe.38 For the synthesis of O-

desmethyl WAY-100634 the same route was used. However, it was also prepared by 

demethylation of WAY-100634.39 Upon reaction of the acid chlorides with O-desmethyl 

WAY-100634 a competition was always observed between N- and O-acylation. 

Therefore, this compound was first double acylated after which the O-acyl bond was 

broken with base (mixture of MeOH/saturated NaHCO3/H2O, 2:1:1) to afford the 

analogues 7a-d also in moderate to high yields (32-87%), Scheme 1.  

 All synthesized analogues were stable in solvents like dimethylsulfoxide, ethanol 

and water for at least several days. Even after six months in cold (-20 oC) ethanol no 

decomposition was detected, both by HPLC and 1H-NMR analysis.        

 

Lipophilicity of the investigated compounds  

            The lipophilicity (log D7.4 values) of all compounds was calculated by using 

MarvinSketch (http://www.chemaxon.com). Data are shown in Table 1. The log D7.4 of 

the three selected compounds 6b, 6c, and 6d were determined in comparison to WAY-

100635. The log D7.4 ± S.D. values for 6b, 6c and 6d were 2.94 ± 0.01, 3.37 ± 0.05 and 

2.70 ± 0.01, respectively and 3.03 ± 0.04 for WAY-100635. 

 

Scheme 2. Rearrangement of 3b to a homocubyl compound. R = Tosylate, Nosylate, Triflate. 
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5-HT1A receptor affinity 

Radioligand binding experiments were performed using the 5-HT1A agonist 

[3H]8-OH-DPAT and a membrane suspension of cells expressing the cloned human 5-

HT1A receptor. Inhibition curves were measured for the eight compounds and the 

concentration producing 50% inhibition (IC50) for each were derived from non-linear 

regression curve fitting and apparent equilibrium inhibition constant (Ki) values were 

calculated according to the Cheng-Prusoff equation.40 All compounds revealed affinity for 

the 5-HT1A receptor in the low nanomolar range. Data are shown in Table 1. 

 

Table 1. Calculated log D7.4 value and affinity for the human 5-HT1A receptor of WAY-100635 analogues. 

 

 

 

a
Calculated log D7.4 using MarvinSketch (http://www.chemaxon.com). 

b
Results are presented as concentration 

producing 50% inhibition (IC50) in nM and the mean of three experiments per drug ± SD, (n = 3). 
cKi

 
values were 

calculated as Ki = IC50/(1+ C/KD), with C = 0.5 nM, KD = 1.48 nM
40

. 
d
Probably, these values were not correctly 

calculated, due to the presence of the cubyl moiety.  

 

 

 

 

 

 

 

Compd R BFR clog D7.4
a 

IC50 (nM)
b
 Ki (nM)

c
 

WAY-100635 CH3 --- 4.08  0.91± 0.43 0.39 

6a CH3 Adamantyl 4.48 4.27± 0.15 1.82 

6b CH3 Cubyl 2.04
d 

1.27± 0.10 0.54 

6c CH3 Bicyclo[2.2.2]octyl 4.37  1.53± 0.01 0.65 

6d CH3 Bicyclo[2.2.1]heptyl  3.93  2.02± 0.02 0.86 

O-desmethyl WAY-100635 H ---  3.93  0.77± 0.36  0.33 

7a H Adamantyl  4.33  2.59± 0.20 1.10 

7b H Cubyl 1.89
d 

1.35± 0.04 0.58 

7c H Bicyclo[2.2.2]octyl 4.22 1.76± 0.03 0.75 

7d H Bicyclo[2.2.1]heptyl  3.78 1.74± 0.06 0.74 

NN
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Receptor binding profile  

The selectivity for the 5-HT1A receptor over other relevant receptors of three 

promising WAY-100635 analogues for PET, 6b-d, was determined by NIMH/ 

Psychoactive Drug Screening Program (PDSP). The results are shown in Table 2.  A 

typical inhibition curve is shown in Figure 3. 

 

Table 2. Affinity (Ki value) of WAY-100635 analogues 6b, 6c and 6d for selected receptors.
a,b 

 a
The primary testing of the compounds on a number of receptors, serotonin receptor subtypes 5-HT1E, 5-HT2A, 

5-HT2C, 5-HT3, 5-HT6; adrenoceptor subtypes α2A, α2B; serotonin transporter (SERT) sigma receptor σ1R, σ2R 

showed <50% inhibition at 10 µM. On other receptors (serotonin receptor subtypes 5-HT1B, 5-HT1D, 5-HT5A; 

adrenoceptor subtypes α2C, β1, β2, β3 and dopamine receptor subtype D2) where the compounds showed >50% 

inhibition at 10 µM the Ki values were at least a factor of 100 greater than those for the 5-HT1A receptor. 
b
Results 

are presented as apparent equilibrium inhibition constant (Ki) in nM and are the mean of three experiments. 

c
Data taken from NIMH-PDSP [http://pdsp.med.unc.edu/pdsp.php]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compd 5-HT1A 5-HT2B 5-HT7 5-HT1D α1A-A α 1B-A α 1D-A D4 

WAY-100635
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Figure 3: The inhibition curves of 6b and WAY-100635 using the 5-HT1A receptor agonist [
3
H]8-OH-DPAT.  
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Metabolic stability 

The metabolic stability study was performed using radiolabeled [18F]6b (see 

Supporting information) and was compared with [18F]p-MPPF19. The preliminary study 

showed that incubation of [18F]6b with human hepatocytes demonstrated a better 

metabolic stability than [18F]p-MPPF.  Results are depicted in Table 3. 

 

Table 3. Stability of [
18

F]6b and [
18

F]MPPF in a medium with human hepatocytes. 

 t = 0 min t = 15 min t = 60 min t = 150 min 

[
18

F]6b 99.6% 73.2% 30.7% 17.4% 

[
18

F]MPPF 99.2% 45.2% 22.7% 8.4% 

 

 

Discussion 

Similar to central nervous system drug discovery, PET radiotracers should be 

developed to have high affinity and selectivity for the target protein. To reliably visualize 

the 5-HT1A receptor, which exist in human brain at concentrations up to 100 fmol/mg 

protein (equivalent to 10 pmol/mL or 10 nM), a radioligand should have a KD value in the 

low or (sub)nanomolar range.5 Almost without exception all PET radiotracers for the 5-

HT1A receptor such us [18F]MPPF and [18F]FCWAY were sharing the same WAY-100634 

moiety to guarantee this high affinity as well as selectivity. For imaging purposes the 

letter can be expressed as the ratio of Bmax/KD for the target receptor over that of the other 

receptors. This ratio should be as high as possible. Translated to in vitro this means in 

practice that the Ki for the receptor of interest is preferably a factor of 100 lower than for 

the others with a comparable density. For a low-density non-target receptor this factor 

may of course be lower. 

In this study, we were conscious to design and synthesize fluorinated compounds 

(Figure 2) that have a similar or even higher affinity and a similar or even better 

selectivity than WAY-100635, but we mainly focussed our attention on the metabolic 

stability by using BFR groups. Defluorination is a major metabolic problem for some 18F-

labeled radiotracers. Unfortunately, there is no specific rule to enhance the metabolic 

stability and to prevent HF elimination. Species (rats, monkeys and human) differences in 

the ability to radiodefluorination exist for many radiotracers.21 18F-labeling at an aromatic 



Bridgehead fluoromethyl analogues of WAY-100635 

78 

carbon atom within a phenyl or pyridinyl group showed less to no defluorination such as 

in [18F]MPPF12,14,21, while 18F-labeling at an aliphatic carbon atom is often prone to 

defluorination such as in [18F]FCWAY.17,21 This is not unexpected since a fluorine-carbon 

bond tends to an axial position due to fluorine‟s electronegativity, which in turn facilitates 

elimination. For this reason, the corresponding cis-compound, in which fluorine is always 

axial, defluorinates even much faster. It is interesting to note that by placing fluorine on a 

primary carbon as in [18F]MeFWAY, the defluorination rate was greatly reduced.18  

A variety of bridgehead WAY-100635 derivatives (6a-d and 7a-d) with a 

fluoromethyl-BFR, such as -adamantyl, -cubyl, -bicyclo[2.2.2]octyl and -bicyclo[2.2.1] 

heptyl, attached to the carboxamide were synthesized in moderate to good yields. The 

attachment of a –CH2F moiety on the bridgehead carbon is expected to hardly influence 

the biological activity, but has the advantage that HF elimination is no longer possible. As 

also the carboxamide function is at a bridgehead carbon, the proposed molecules have the 

advantage that no enantiomeric mixtures are formed and that the amide bond is more 

stable toward in vivo hydrolysis. Hence, the novel analogues are aliphatic, a-chiral and 

expected to be stable toward HF elimination.  

The eight fluoromethyl WAY-100635 analogues have been tested in an in vitro 

radioligand binding assay to determine their affinity for 5-HT1A receptors. All compounds 

showed a similar high affinity for the 5-HT1A receptor as that of the parent compounds 

WAY-100635 and O-desmethyl WAY-100635. The presence of a hydroxyl group instead 

of the methoxy group in the aromatic moiety does not lead to a substantial better in vitro 

binding to the 5HT1A receptor or a real decrease in clog D7.4. Since on the other hand, this 

will complicate the radiolabeling with 18F (the hydroxyl group must be protected before 

and deprotected after the fluorination step), we excluded compounds 7 for further 

extensive evaluation.  

           Of the other fluoromethyl-BFR analogues of WAY-100635, compound 6a was 

found to have the lowest affinity for the 5HT1A receptor and the highest lipophilicity (clog 

D7.4 = 4.48), confirmed by a tR on HPLC (see Experimental) which was more than twice 

that of the other compounds, which might be too high for in vivo application. Therefore, 

we further focused our attention on the BFR analogues of WAY-100635, 6b-d. The log 

D7.4 of 6b-d and of WAY-100635 for comparison was determined experimentally. The 
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lipophilicity of all three compounds was comparable to that of WAY-100635. These 

measured log D7.4 values differ from the calculated values, but are now within the optimal 

range (2-3.5). Furthermore, it confirmed our assumption that the calculating software is 

not capable for handling a cubane structure. 

The selectivity of 6b-d for the 5-HT1A receptor over other relevant receptors was 

determined at NIMH/ Psychoactive Drug Screening Program (PDSP). The PDSP labs 

have used the same human (HEK-293 EBNA)-cells but other practical conditions, which 

explains the differences in Ki values between Table 1 and Table 2. For in vivo application, 

compound 6c might show a better selectivity than WAY-100635 because of its lower 

binding affinities for α1A-adrenoceptors receptor and the D4 receptor. Compounds 6b and 

6d might also show a better in vivo selectivity than WAY-100635 because of their lower 

binding affinities for the D4 receptor.  On the other hand, 6b, 6c and 6d show higher 

affinity for the subreceptors 5-HT7 and 5-HT1D than WAY-100635 itself, albeit to be over 

30-200 times lower than the affinity for the 5-HT1A receptor.  

A metabolic stability study with human hepatocytes was performed using 

radiolabeled [18F]6b and compared with that of [18F]p-MPPF. This preliminary study 

showed that at 15 minutes of incubation >73% of the parent compound [18F]6b was still 

present, whereas under the same conditions [18F]MPPF was more rapidly metabolized as 

only 45% was left. This better metabolic stability of [18F]6b compared to [18F]MPPF must 

for a large part be due to the expected decrease in rate of the amide hydrolysis. In vivo 

studies with the radiolabeled compounds of 6 are planned to give a decisive answer.  

  

Conclusions 

Eight novel fluoromethyl-BFR analogues of WAY-100635 were synthesized 

successfully. They all bind to the 5-HT1A receptor with high affinity (Ki values in the 

(sub)nanomolar range). The binding affinity and selectivity of the three selected 

analogues 6b, 6c and 6d and preliminary stability of 6b make them worthwhile for further 

in vivo investigation as potential 5-HT1A receptor binding ligands and promising 18F-

labeled PET tracers.  
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Experimental section  

Chemistry: General procedures.       

 The solvents were dried according to standard procedures. Reactions involving 

moisture sensitive compounds were performed under an anhydrous atmosphere of dry 

argon, unless indicated otherwise. Commercially available chemicals were used without 

further purification. Reactions were monitored by using thin-layer chromatography (TLC) 

on silica-coated plastic sheets (Merck silica gel 60 F254) with the indicated eluent. The 

compounds were visualized by UV light (254 nm), I2, Ceric Ammonium Molybdate 

(CAM), Bromocrysol or potassium permanganate staining, followed by charring at 130 

oC. Flash chromatography refers to purification using the indicated eluent and Acros silica 

gel (0.030-0.075 mm). All other reagents were purchased from Fluka, Sigma-Aldrich, and 

Acros. Nuclear magnetic resonance spectra (1H NMR and 13C NMR) were determined in 

the indicated solvent using a Bruker AC 200 MHz (200.13 MHz and 50.32 MHz, 

respectively), a Bruker Avance 250 MHz (250.13 and 62.90 MHz, respectively) or a 

Bruker MSL 400 MHz (400.13 and 100.61 MHz, respectively). Chemical shifts (δ) are 

given in ppm downfield from tetramethylsilane (1H, 13C) and coupling constants J in Hz. 

Mass spectra were recorded on a Finnigan MAT-90 mass spectrometer. Products were 

detected at λ = 254 nm. All tested compounds have a purity of at least 95% according to 

NMR and HPLC analysis. Analytical HPLC was performed on a C18 - 10 μm column 

(kromasil, 4.6 mm x 250 mm), using MeOH/H2O/DIPA, 65:35:0.02) as eluent and a flow 

of 1 mL.min-1.  

 

General procedure for the synthesis of compounds 6a, 6b, 6c and 6d.  

In a flame dried flask under argon atmosphere, compound 5 was dissolved in 

MeCN and thionyl chloride (1 equivalent) was added. The reaction mixture was refluxed 

at 70 oC in MeCN for 45 minutes to 1 hour and the excess of thionyl chloride was totally 

evaporated at room temperature (because of volatility of the acid chlorides) under reduced 

pressure, then coevaporated with MeCN. Afterwards, WAY-100634 (1 equivalent) in 

MeCN and NEt3 (2 equivalents) were added to the corresponding acid chloride and stirred 

at room temperature for 1 hour. The solvent was evaporated and the residue was dissolved 
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in water and extracted with CH2Cl2. The organic phase was collected, dried over 

anhydrous Na2SO4 and evaporated to dryness.  

 

4-(Fluoromethyl)-N-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

adamantane-1-carboxamide (6a). 

Starting with 5a (50 mg, 0.24 mmol) and WAY-100634 (73.8 mg, 0.24 mmol) 

gave 116 mg (95%) of 6a as colorless glass after column chromatography (EtOAc/NEt3, 

1:0.01). 1H NMR (400.13 MHz, CDCl3): δ 1.28-1.44 (m, 4H, 2 x CH2), 1.48-1.55 (m, 4H, 

2 x CH2), 1.67 (q, J = 12 Hz, 4H, 2 x CH2), 1.95 (s, 2H, 2 x CH), 2.64 (m, 6H, N(CH2)3), 

2.90-3.10 (m, 4H, N(CH2)2), 3.80-3.86 (m, 5H, CH3, NCH2), 3.84 (d, J = 49 Hz, 2H, 

CH2F), 6.81-7.01 (m, 4H, 4 x CH), 7.23-7.37 (m, 2H, 2 x CH), 7.75 (dt, J = 7.6 Hz, 1H, 

CH), 8.50 (d, J = 4.9 Hz, 1H, CH).13C NMR (100.61 MHz, CDCl3): δ 28.07, 34.62, 34.79, 

35.74, 37.02, 37.06, 39.34, 40.56, 40.61, 44.27, 49.06, 50.61, 53.51, 55.33, 55.76, 91.33, 

93.05, 111.25, 118.08, 120.94, 122.79, 123.13, 126.11, 138.23, 141.35, 148.85, 152.24, 

156.88, 178.13. HRMS (EI) m/z calcd for C30H39FN4O2; 506.3057; found: 507.3127 (M + 

H), tR:  48.8 minutes. 

 

4-(Fluoromethyl)-N-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

cubane-1-carboxamide (6b). 

Starting with 5b (300 mg, 1.09 mmol) and WAY-100634 (346 mg, 1.11 mmol) 

gave 441 mg (84%) of 6b as colorless glass after column chromatography (EtOAc/NEt3, 

1:0.01). 1H NMR (200.13 MHz, CDCl3): δ 2.46-3.20 (m, 10H, N(CH2)3 and N(CH2)2), 

3.51-3.85 (m, 9H, 6 x CH and CH3), 3.90-4.12 (m, 2H, NCH2), 4.40 (d, J = 48 Hz, 2H, 

CH2F), 6.70-7.05 (m, 4H, 4 x CH), 7.15-7.30 (m, 2H, 2 x CH), 7.60 (dt, J = 7.6 Hz , 1H, 

CH), 8.50 (dd, J = 4.9 Hz, 1H, CH). 13C NMR (50.32 MHz, CDCl3): δ 43.63, 43.83, 

44.98, 47.34, 50.42, 53.18, 54.55, 54.96, 55.14, 56.01, 59.34, 81.13, 84.41, 110.96, 

117.87, 119.93, 120.72, 121.61, 122.65, 137.96, 141.09, 148.79, 152.01, 155.23, 171.49. 

HRMS (EI) m/z calcd for C28H31FN4O2; 474.2431; found: 475.2505 (M + H), tR:  15.8 

minutes. 
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4-(Fluoromethyl)-N-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

bicyclo[2.2.2]octane-1-carboxamide (6c).  

Starting with 5c (25 mg, 0.13 mmol) and WAY-100634 (42 mg, 0.13 mmol) 

gave 38 mg (61%) of 6c after column chromatography (EtOAc/MeOH, 1:0.07). 1H NMR 

(400.13 MHz, CDCl3): δ 1.23-1.40 (m, 6H, 3 x CH2), 1.58-1.73 (m, 6H, 3 x CH3), 2.60-

2.70 (m, 6H, N(CH2)3), 3.03 (bs, 4H, N(CH2)2), 3.82-3.91 (m, 5H, CH3 and NCH2), 3.93 

(d,  J = 49 Hz, 2H, CH2F), 6.83-7.02 (m, 4H, 4 x CH), 7.24-7.32 (m, 2H, 2 x CH), 7.77 

(dt, J = 7.6 Hz, 1H, CH), 8.52 (d, J = 4.9 Hz, 1H, CH).13C NMR (100.61 MHz, CDCl3): δ 

26.95, 27.00, 28.60, 32.28, 32.46, 42.44, 48.88, 50.58 53.48, 55.35, 55.71, 89.85, 91.54, 

111.27, 118.11, 120.96, 122.66, 122.82, 123.44, 138.20, 141.36, 149.00, 152.27, 156.88, 

178.05. HRMS (EI) m/z calcd for C28H37FN4O2; 480.2901; found: 481.2967 (M + H), tR:  

23.6 minutes. 

 

4-(Fluoromethyl)-N-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

bicyclo[2.2.1]heptane-1-carboxamide (6d).  

Starting with 5d (50 mg, 0.29 mmol) and WAY-100634 (90.48 mg, 0.29 mmol) 

gave 88 mg (65%) of 6c after column chromatography (EtOAc/MeOH, 1:0.07). 1H NMR 

(250.13 MHz, CDCl3): δ 1.10-1.40 (m, 4H, 2 x CH2), 1.40-1.70 (m, 4H, 2 x CH2), 1.78-

1.98 (m, 2H, CH2), 2.50-2.75 (m, 6H, N(CH2)3), 2.80-3.10 (m, 4H, N(CH2)2), 3.88 (s, 3H, 

CH3), 3.90-3.40 (m, 2H, NCH2), 4.33 (d, J = 48 Hz, 2H, CH2F), 6.78-7.08 (m, 4H, 4 x 

CH), 7.20-7.40 (m, 2H, 2 x CH), 7.75 (dt, J = 7.4 Hz, 1H, CH), 8.52 (dd, J = 4.9 Hz, 1H, 

CH).13C NMR (50.32 MHz, CDCl3): δ 31.42, 31.50, 34.15, 44.77, 44.85, 46.98, 47.29, 

50.36, 53.24, 55.16, 55.48, 55.69, 84.92, 88,53, 110.98, 117.93, 120.75, 122.72, 122.89, 

123.56, 137.97, 141.05, 148.98, 152.03, 155.53, 175.42. HRMS (EI) m/z calcd for 

C27H35FN4O2; 466.2744; found: 467.2811 (M + H), tR:  16.6 minutes. 

 

General procedure for synthesis of compounds 7a, 7b, 7c and 7d.  

The acid chlorides of 5a-d were synthesized as mentioned above. Then O-

desmethyl WAY-100634 (0.5 equivalent) and NEt3 (2 equivalents) were dissolved in 

MeCN and added to the corresponding acid chloride. This new reaction mixture was 

stirred at room temperature for 30 minutes. Then the solvent was evaporated, the residue 
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was dissolved in a mixture of MeOH/saturated NaHCO3/H2O, 2:1:1 and heated at 50 oC 

for 2 hours, unless stated otherwise. The solution was evaporated and the residue was 

dissolved in water, extracted with EtOAc, unless noted otherwise, dried over Na2SO4, 

filtered and evaporated to dryness.  

 

4-(Fluoromethyl)-N-(2-(4-(2-hydroxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

adamantane-1-carboxamide (7a). 

Starting with 5a (50 mg, 0.24 mmol) and O-desmethyl WAY-100634 (35 mg, 

0.12 mmol) in MeCN (4 mL) gave after column chromatography (EtOAc/n-hexane, 5:2) 

47 mg (80%) of 7a as colorless glass. 1H NMR (400.13 MHz, CDCl3): δ 1.30-1.80 (m, 

12H, 6 x CH2), 2.09 (s, 2H, 2 x CH), 2.60-2.72 (m, 6H, N(CH2)3), 2.79-2.89 (m, 4H, 

N(CH2)2), 3.83-3.90 (m, 2H, N(CH2)), 3.86 (d, J = 50 Hz, 2H, CH2F), 6.72-6.89 (m, 2H, 2 

x CH), 6.94-7.08 (m, 2H, 2 x C), 7.17-7.25 (m, 2H, 2 x CH), 7.70 (dt, J = 7.6 Hz, 1H, 

CH), 8.44 (d, J = 4.9 Hz, 1H, CH). 13C NMR (62.90 MHz, CDCl3): δ 28.10, 34.61, 34.89, 

35.91, 37.21, 37.28, 39.39, 40.62, 40.70, 44.33, 49.10, 52.54, 53.98, 55.73, 90.86, 93.59, 

114.04, 119.99, 121.34, 122.85, 123.02, 126.39, 138.20, 139.02, 148.95, 151.52, 156.90, 

178.27. HRMS (EI) m/z calcd for C29H37FN4O2; 492.2901; found: 493.297 (M + H), tR:  

24.9 minutes. 

 

4-(Fluoromethyl)-N-(2-(4-(2-hydroxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

cubane-1-carboxamide (7b).
                       

Starting with 5b (50 mg, 0.27 mmol) and O-desmethyl WAY-100634 (41 mg, 

0.14 mmol) in MeCN (4 mL) gave after column chromatography (EtOAc/MeOH, 1:0.1 to 

only EtOAc) 38 mg (59%) of 7b as white solid. 1H NMR (400.13 MHz, CDCl3): δ 2.50-

2.90 (m, 10H, N(CH2)3 and N(CH2)2), 3.60-3.89 (m, 6H, 6 x CH), 4.05-4.12 (m, 2H, 

NCH2), 4.46 (d, J = 4.9 Hz, 2H, CH2F), 6.80-7.30 (m, 6H, 6 x CH), 7.81 (dt, J = 7.6 Hz, 

1H, CH), 8.54 (d, J = 4.9 Hz, 1H, CH).13C NMR (100.61 MHz, CDCl3): δ 43.91, 44.01, 

45.17, 47.58, 52.53, 53.81, 54.91, 55.11, 56.16, 59.58, 82.15, 83.79, 114.04, 119.96, 

121.28, 121.75, 126.37, 138.11, 138.98, 140.46, 149.07, 151.49, 155.48, 171.75. HRMS 

(EI) m/z calcd for C27H29FN4O2; 460.2275; found: 461.2344 (M + H), tR:  11.6 minutes. 
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4-(Fluoromethyl)-N-(2-(4-(2-hydroxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

bicyclo[2.2.2]octane-1-carboxamide (7c). 

Starting with 5c (50 mg, 0.27 mmol) and O-desmethyl WAY-100634 (35 mg, 

0.13 mmol) in MeCN (4 mL) gave after column chromatography (EtOAc) 20 mg (33%) 

of 7c as colorless glass. 1H NMR (400.13 MHz, CDCl3): δ 1.20-1.38 (m, 6H, 3 x CH2), 

1.59-1.74 (m, 6H, 3 x CH2), 2.49-2.72 (m, 6H, N(CH2)3), 2.74-2.90 (m, 4H, N(CH2)2), 

3.83-3.90 (m, 2H, CH2), 4.00 (d, J = 49 Hz, 2H, CH2F), 6.79-7.17 (m, 4H, 4 x CH), 7.23-

7.31 (m, 2H, 2 x CH), 7.77 (dt, J = 7.6 Hz, 1H, CH), 8.50 (d, J = 4.9 Hz, 1H, CH).13C 

NMR (100.61 MHz, CDCl3): δ 26.95, 26.99, 28.62, 32.29, 32.47, 42.47, 48.94, 52.32, 

53.95, 55.65, 89.83, 91.53, 114.02, 119.97, 121.34, 122.71, 123.31, 126.42, 138.26, 

138.96, 149.08, 151.51, 156.86, 178.06. HRMS (EI) m/z calcd for C27H35FN4O2; 

466.2744; found: 467.2817 (M + H), tR:  16.5 minutes. 

 

4-(Fluoromethyl)-N-(2-(4-(2-hydroxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-yl) 

bicyclo[2.2.1]heptane-1-carboxamide (7d). 

Starting with 5d (50 mg, 0.19 mmol) and O-desmethyl WAY-100634 (28 mg, 

0.09 mmol) in MeCN (5 mL) and subsequent hydrolysis in a mixture of MeOH/saturated 

NaHCO3/H2O, 4:1:1, the solvent was evaporated and the residue was extracted with 

CH2Cl2 (3 x 1 mL). Column chromatography (CH2Cl2/MeOH, 1:0.025) afforded 7d (20 

mg, 49%). 1H NMR (250.13 MHz, CDCl3): δ 1.08-1.35 (m, 4H, 2 x CH2), 1.40-1.66 (m, 

4H, 2 x CH2), 1.75-2.00 (m, 2H, CH2), 2.48-2.90 (m, 10H, N(CH2)3 and N(CH2)2), 3.83-

4.00 (m, 2H, NCH2), 4.34 (d, J = 48 Hz, 2H, CH2F), 6.77-7.33 (m, 6H, 6 x CH), 7.79 (dt, 

J = 7.6 Hz, 1H, CH), 8.54 (d, J = 4.9 Hz, 1H, CH). 13C NMR (100.61 MHz, CDCl3): δ 

31.56, 31.59, 34.32, 44.92, 44.95, 47.25, 47.40, 53.73, 55.38, 55.80, 59.05, 86.00, 87.32, 

114.12, 120.07, 121.40, 123.19, 123.51, 126.57, 138.31, 141.09, 149.21, 151.36, 155.53, 

175.48. HRMS (EI) m/z calcd for C26H33FN4O2; 452.2588; found: 453.2658 (M + H), tR:  

11.7 minutes. 

 

In vitro receptor binding  

Materials: [3H]8-OH-DPAT (154.2 Ci/mmol, 5.71 TBq/mmol), membrane preparations 

of HEK-293 EBNA-cells expressing the cloned human serotonin 5-HT1A receptor (HEK-
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293 EBNA-cells, 1 unit = 2.5 μL), the 96-well microplates and a UniFilter-96 GF/C filter 

plate were obtained from Perkin Elmer Life Sciences (Wellseley, MA). Tris-

(hydroxymethyl)-aminomethane was purchased from AppliChem (Darmstadt, Germany). 

HCl and MgSO4 were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands). 

The filtration was carried out with a MicroBeta FilterMate-96 Harvester (PerkinElmer) 

and the radioactivity was quantified using a Wallac MicroBeta TriLux counter 

(PerkinElmer). 

 

5-HT1A receptor binding 

Binding experiments were performed using the 5-HT1A agonist [3H]8-OH-DPAT 

and a cell membrane suspension containing the human  5-HT1A receptor. A quality control 

of the radioligand and the membrane preparation was done by performing radioligand 

saturation binding experiments. The membrane suspension was diluted (factor 1:40) in 

binding buffer (50 mM Tris-HCl, pH 7.4, 5 mM MgSO4) and incubated in the dark on 96-

well microplates for 1 hour at 37 oC with the following radioligand concentrations: 0.25, 

0.5, 0.75, 1.00, 2.00, 2.50, 3.00, 4.00, 5.00, 6.00, 8.00, and 10.00 nM in a volume of 200 

μL. Non-specific binding was measured at each radioligand concentration in the presence 

of 10 μM WAY-100635. Incubation was rapidly terminated by filtration over an 

UniFilter-96 GF/C filter plate presoaked in 0.3% polyethyleneimine (PEI), followed by 

three rapid washes with ice-cold washing buffer (50 mM Tris-HCl, pH 7.4, 5 mM 

MgSO4) using a MicroBeta FilterMate-96 Harvester. Filter plates were dried for 2 hours 

in an oven at 54 oC. Radioactivity was quantified with 10 μL of liquid scintillation fluid 

using a Wallac MicroBeta TriLux counter. The measured KD value for the 5-HT1A 

receptor in this membrane preparation was comparable to the one provided by the 

manufacturer (1.48 nM and 1.86 nM, respectively). 

For the competitive binding experiments, an assay volume of 200 µL per well 

was used containing 100 µL of the diluted cell membrane suspension, 50 μL of 2 nM of 

[3H]8-OH-DPAT radioligand dissolved in binding buffer, 10 μL of each novel analogue in 

increasing concentrations (range 10-11 to 10-6 M) and 40 μL of the binding buffer. 

Incubation in the 96-well microplates was carried out in the dark for 2 hours at 37 oC. 

Incubation was rapidly terminated (vide supra). Filter plates were dried overnight in an 
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oven at 54 oC. Radioactivity was quantified (vide supra). IC50 values were derived from 

non-linear regression curve fitting using computer program Graphpad Prism® (version 

4.00) and Ki values were calculated according to Cheng-Prusoff equation using the 

measured KD of [3H]8-OH-DPAT radioligand. 

 

Receptor binding profile  

  The receptor binding profile of compound 6b, 6c and 6d was investigated by 

radioligand binding by NIMH/ psychoactive Drug Screening Program (PDSP). For assay 

conditions and assay protocol see http://pdsp.med.unc.edu/pdspw/binding.php. 

 

Lipophilicity of the investigated compounds  

           The lipophilicity of the investigated compounds was determined by measuring the 

partition of the compounds between 1-octanol and water (buffer), and is expressed as the 

log D7.4 value. The investigated compounds were dissolved in 1-octanol (3 mL) in a 

concentration of 1 mg/mL. The phosphate buffer (25 mM, pH 7.4) was made of 1.160 g of 

NaH2PO4 and 2.175 g of NaHPO4 in 1 L water. The HPLC eluent of a mixture of 

methanol: phosphate buffer; 80:20 was used for further dilutions.   

           The HPLC samples were made as follows: the same amounts of the buffer and the 

1-octanol stock (250 µL) were added to each other in a mixing vial and the mixture was 

shaken for 1 minute. After resting for 30 minutes, a sample was taken from the 1-octanol 

layer (50 µL) and diluted with 450 µL of the HPLC eluent in a new vial. Another 50 µL 

was taken from this new mixture and diluted again with 450 µL of the HPLC eluent. This 

mixture was again diluted in the same previous manner and 50 µL of this sample was 

injected into the HPLC. A 50 µL sample of the buffer layer was also injected into the 

HPLC. This whole procedure was repeated 5 times.  

As a reference, the partition of WAY-100635 between 1-octanol and water (buffer) was 

measured in a similar way. The log D7.4 was calculated according to the formula: The log 

D7.4 = log10(Aoct/Abuffer), where Aoct is the average concentration of the five octanol 

samples and Abuffer is the average concentration of the five buffer samples. 

 

 

http://pdsp.med.unc.edu/pdspw/binding.php
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Stability toward human hepatocytes 

Approximately 4 million of cryopreserved human liver cells (In vitro 

Technologies, Leipzig, Germany) were thawed rapidly and suspended in RPMI 1640 

supplemented with 10% fetal bovine serum and 1% penicillin/streptomycin. Cells were 

maintained at 5% CO2 humidified atmosphere and at 37 °C, and washed with phosphate 

buffered saline (PBS). Viability was determined by trypan blue exclusion. After 

centrifugation, cells were washed and dissolved in the same medium as above. The viable 

cell concentration was adjusted to 1.0 million per mL. To 1 mL of this cell suspension 75 

μL of [18F]6b (50 MBq) or [18F]MPPF (50 MBq) was added. After incubation for 15, 60 

and 150 minutes at 37 °C, a 200 μL sample was taken, added to 200 μL of MeOH, 

sonicated and centrifuged. The composition of the supernatant was determined using 

HPLC combined with online radioactivity detection. 

 

Supporting Information: 

Experimental and elemental analysis data of non-key compounds: 1d, 2a-d, (3a, 

3c, 3d- LG = Triflate), 3b- LG = Bromine, (3a, 3c- LG = Tosylate), (3a, 3c- LG = 

Iodine), 4a-d, 5a-d and [18F]6b. 

 

Chemistry: General procedures.       

 The solvents were dried according to standard procedures. All reactions 

involving moisture sensitive compounds were performed under an anhydrous atmosphere 

of dry argon, unless indicated otherwise. THF was distilled from LiAlH4 freshly prior to 

use or anhydrous purchased from Sigma-Aldrich. All other commercially available 

chemicals were used without further purification. Reactions were monitored by using 

thin-layer chromatography (TLC) on silica-coated plastic sheets (Merck silica gel 60 F254) 

with the indicated eluent. The compounds were visualized by UV light (254 nm), I2, Ceric 

Ammonium Molybdate (CAM), Bromocrysol or potassium permanganate staining, 

followed by charring at 130 oC. Flash chromatography refers to purification using the 

indicated eluent and Acros silica gel (0.030-0.075 mm). Dimethyl 1,3-

adamantanedicarboxylate and diethylsuccinyl succinate were purchased from Sigma-

Aldrich (Zwijndrecht, The Netherlands). 4-Methoxycarbonylcubanecarboxylic acid was 
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purchased from Boron Molecular (North Caroline, USA). 4-(Methoxycarbonyl) 

bicyclo[2.2.2]octane-1-carboxylic acid was purchased from Atlantic research chemicals 

Ltd (Bude, UK). N-(2-Hydroxyphenyl)piprazine was purchased from ABCR.GmbH & 

Co. KG (Karlsruhe, Germany). All other reagents were purchased from Fluka, Sigma-

Aldrich, and Acros and used without further purification unless stated otherwise. Nuclear 

magnetic resonance spectra (1H NMR and 13C NMR) were determined in the indicated 

solvent using a Bruker AC 200 MHz (200.13 MHz and 50.32 MHz, respectively), a 

Bruker Avance 250 MHz (250.13 and 62.90, 235.36 MHz, respectively) or a Bruker MSL 

400 MHz (400.13 and 100.61 MHz, respectively). Chemical shifts (δ) are given in ppm 

downfield from tetramethylsilane (1H, 13C) and coupling constants J in Hz. Mass spectra 

were recorded on a Finnigan MAT-90 mass spectrometer. Analytical HPLC was 

performed on a C18-10 μm column (kromasil, 4.6 mm x 250 mm), using 

MeOH/H2O/DIPA, 65:35:0.02 as eluent and a flow of 1 mL.min-1. Products were detected 

at λ = 254 nm. All tested compounds have a purity of at least 95% according to NMR and 

HPLC analysis. 

 

4-(methoxycarbonyl)bicyclo[2.2.1]heptane-1-carboxylic acid (1d) 

Dimethyl bicyclo[2.2.1]heptane-1,4-dicarboxylate (1.07 g, 5.051 mmol) was 

dissolved in THF (35 mL) and a solution of NaOH (202 mg, 5.051 mmol) in MeOH (2 

mL) was added dropwise. The reaction mixture was stirred at room temperature 

overnight. Solvents were evaporated under reduced pressure without heating. The residue 

was dissolved in water and extracted with CH2Cl2 (3 x 10 mL) and the alkaline aqueous 

extraction was acidified with 6 N HCl until pH 3. Compound 1d was obtained as a white 

solid 1.02 g (95%). 1H NMR (250.13 MHz, CDCl3): δ 1.71 (d, J = 6.6 Hz, 4H, 2 x CH2), 

1.95 (s, 2H, CH2), 2.05 (d, J = 6.6 Hz, 4H, 2 x CH2), 3.73 (s, 3H). 

 

General procedure for synthesis of compounds 2a-d. 

In flame dried three-necked flask under argon atmosphere, the appropriate acid 

was dissolved in freshly distilled THF. This reaction mixture was cooled to 0 oC, 2 M 

borane dimethyl sulfide in THF was added dropwise and the reaction mixture was stirred 

at this temperature for 20 minutes then further stirred for 2.5 hours at room temperature. 
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This reaction mixture was quenched with water and stirred for 2 hours at room 

temperature. The solvent was evaporated under reduced pressure and the residue was 

extracted with EtOAc. The organic layer was washed with saturated NaHCO3, collected, 

dried over anhydrous MgSO4 and evaporated in vacuo to dryness. 

 

Methyl 4-(hydroxymethyl)adamantane-1-carboxylate (2a).  

 Starting with 4-(methoxycarbonyl)adamantane-1-carboxylic acid (3.02 g, 12.50 

mmol) in THF (100 mL) and 2 M borane dimethyl sulfide in THF (10 mL) gave 2.60 g 

(92%) of 2a as a colorless oil. 1H NMR (250.13 MHz, CDCl3): δ 1.47-1.59 (m, 4H, 2 x 

CH2), 1.65-1.77 (m, 4H, 2 x CH2), 1.87 (q, J = 12 Hz, 4H, 2x CH2), 2.15 (s, 2H, 2 x CH), 

3.28 (d, J = 5.7 Hz, 2H, CH2OH), 3.67 (s, 3H, CH3). 

 

Methyl 4-(hydroxymethyl)cubane-1-carboxylate (2b).   

 Starting with 4-(methoxycarbonyl)cubane-1-carboxylic acid (2.00 g, 9.7 mmol) 

in THF (70 mL) and of 2 M borane dimethyl sulfide in THF (7.8 mL) gave 953 mg (51%) 

of 2b as a colorless oil.1H NMR (200.13 MHz, CDCl3): δ 3.60 (s, 3H, CH3), 3.70 (s, 2H, 

CH2), 3.78-3.90 (m, 3H, 3 x CH), 4.00-4.20 (m, 3H, 3 x CH). 

 

Ethyl 4-(hydroxymethyl)bicyclo[2.2.2]octane-1-carboxylate (2c).  

 Starting with 4-(ethoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid (1.177 g, 

5.23 mmol) in THF (50 mL) and of 2 M borane dimethyl sulfide in THF (4.2 mL) gave 

1.061 g (96%) of  2c as a colorless oil. 1H NMR (250.13 MHz, CDCl3): δ 1.23 (t, J = 7 

Hz, 3H, CH3), 1.36-1.51 (m, 6H, 3 x CH2), 1.72-1.86 (m, 6H, 3 x CH2), 3.28 (s, 2H, 

CH2OH), 4.10 (q, J = 7 Hz, 2H, CH2). 

 

Methyl 4-(hydroxymethyl)bicyclo[2.2.1]heptane-1-carboxylate (2d).  

 Starting with 4-(methoxycarbonyl)bicyclo[2.2.1]heptane-1-carboxylic acid (1.66 

g, 8.37 mmol) in THF (66 mL) and of 2 M borane dimethyl sulfide in THF (6.7 mL, 13.39 

mmol) to give 960 mg (70%) of 2d as a colorless oil.1H NMR (250.13 MHz, CDCl3): δ 

1.25-1.50 (m, 4H, 2 x CH2), 1.62-1.77 (m, 4H, 2 x CH2), 1.92-2.10 (m, 2H, CH2), 3.65 (s, 

3H, CH3), 3.70 (s, 2H, CH2). 



Bridgehead fluoromethyl analogues of WAY-100635 

90 

General procedure for synthesis of compounds 3a, 3c and 3d (LG = Triflate). 

 In a flame dried three-neck flask under argon atmosphere, alcohol 2 was 

dissolved in CH2Cl2 at room temperature. Pyridine was added to the solution via syringe 

and the reaction mixture was cooled to -10 oC with ice: MeOH bath. Triflic anhydride was 

added dropwise to the reaction mixture in a way that the temperature remained below -2 

oC. Upon completion of the addition, the reaction mixture was stirred for 1 hour at -10 oC, 

and thereafter was stirred further for 6-8 hours at room temperature, quenched with water 

and stirred for 15 minutes at room temperature. The organic phase was washed with 0.2 N 

HCl, water and brine. The organic phase was collected, dried (Na2SO4) and concentrated 

under vacuo to dryness. 

 

4-(Methoxycarbonyl)adamantan-1-yl)methyl trifluoromethanesulfonate (3a- LG = 

Triflate).        

 Starting with compound 2a (300 mg, 1.32 mmol) in CH2Cl2 (10 mL), pyridine 

(114 μL, 1.45) and triflic anhydride (239 μL, 1.43 mmol) gave 391 mg (80%) of 3a (LG = 

Triflate) as a yellow oil.1H NMR (250.13 MHz, CDCl3): δ 1.44-2.00 (m, 12H, 6 x CH2), 

2.18 (bs, 2H, 2 x CH), 3.67 (s, 3H, CH3), 4.12 (s, 2H, CH2OTf). 

 

4-(Methoxycarbonyl)bicyclo[2.2.2]octan-1-yl)methyl trifluoromethanesulfonate (3c- 

LG = Triflate).        

 Starting with compound 2c (513 mg, 2.59 mmol) in CH2Cl2 (20 mL),  pyridine 

(218 μL, 2.84 mmol) and triflic anhydride (457 μL, 2.79 mmol) gave 680 mg (80%) of 3c 

(LG = Triflate) as yellow oil.1H NMR (400.13 MHz, CDCl3): δ 1.48-1.58 (m, 6H, 3 x 

CH2), 1.74-1.88 (m, 6H, 3 x CH3), 3.65 (s, 3H, CH3), 4.16 (s, 2H, CH2OTf). 

 

4-(Methoxycarbonyl)bicyclo[2.2.1]heptan-1-yl)methyl trifluoromethanesulfonate (3d 

- LG = Triflate).         

 Starting with compound 2d (480 mg, 2.60 mmol) in CH2Cl2 (20 mL), pyridine 

(232 μL, 2.87 mmol) and trifilic anhydride (468 μL, 2.87 mmol) gave 634 mg (77%) of 

3d (LG = Triflate) as yellow oil. 1H NMR (250.13 MHz, CDCl3): δ 1.44-1.60 (m, 2H, 
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CH2), 1.63-1.81 (m, 6H, 3 x CH2), 1.97-2.14 (m, 2H, CH2), 3.70 (s, 3H, CH3), 4.60 (s, 2H, 

CH2OTf).  

 

Methyl 4-(bromomethyl)cubane-1-carboxylate (3b- LG = Bromine).  

 In a flame dried flask under argon atmosphere, alcohol 2b (910 mg, 4.73 mmol) 

and triphenylphosphine (2.50 g, 9.53 mmol) were dissolved in CH2Cl2 (10 mL). This 

reaction mixture was cooled to 0 oC. Then, tetrabromomethane (CBr4) (1.81 g, 5.46 

mmol) in CH2Cl2 (8 mL) was dropwise added and  slowly warmed to room temperature, 

the reaction mixture was stirred at room temperature for 5 hours. Then, the reaction 

mixture was poured into 50 ml cold pentane (-10 oC), filtered and triturated with cold 

pentane (3 x 20 mL) to get rid of the triphenylphosphine and evaporated to dryness. 

Compound 3b was further purified by column chromatography (n-hexane/EtOAc/NEt3, 

1:0.2:0.02), followed by crystallisation in n-hexane affording 543 mg (45%) of 3b. 1H 

NMR (200.13 MHz, CDCl3): δ 3.60 (s, 2H, CH2Br), 3.70 (s, 3H, CH3), 3.71-3.90 (m, 3H, 

3 x CH), 4.00-4.20 (m, 3H, 3 x CH). 

 

General procedure for synthesis of compounds 3a and 3c (LG = Tosylate).

 

 In a flame dried flask under argon atmosphere, the appropriate alcohol 2 was 

dissolved in pyridine and 4-methylbenzene-1-sulfonyl chloride was added. This reaction 

mixture was stirred overnight at room temperature. Then pyridine was evaporated, the 

residue was dissolved in water and extracted with EtOAc. The organic phase was 

separated, washed with unsaturated NaHCO3, collected, dried over anhydrous Na2SO4 and 

evaporated under reduced pressure to dryness. 

 

4-(Methoxycarbonyl)adamantan-1-yl)methyl 4-methylbenzenesulfonate (3a- LG = 

Tosylate).         

 Starting with 2a (2.60 g, 11.46 mmol) and 4-methylbenzene-1-sulfonyl chloride 

(2.62 g, 13.75 mmol) in pyridine (15 mL) gave 3.91 g (90%) of 3a (LG = Tosylate) as 

                                                        

 Holtz HD, Stock LM. Rates of reduction of 4-substituted bicycle[2.2.2]octylmethyl tosylates with sodium 

thiophenolate. The role of polar effects in the displacement reaction. J Am Chem Soc 78 2404-2409; 1965. 
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white crystals after column chromatography (CH2Cl2/n-hexane, 1:1). 1H NMR (250.13 

MHz, CDCl3): δ 1.46-1.50 (m, 4H, 2 x CH2), 1.58-1.68 (m, 4H, 2 x CH2), 1.80 (q, J = 12 

Hz, 4H, 2 x CH2), 2.10 (s, 2H, 2 x CH), 2.45 (s, 3H, CH3), 3.60 (s, 2H, CH2OTs), 3.64 (s, 

3H, CH3), 7.34 (d, J = 8 Hz, 2H, 2 x CH), 7.77 (d, J = 8 Hz, 2H, 2 x CH). 

 

4-(Ethoxycarbonyl)bicyclo[2.2.2]octan-1-yl)methyl 4-methylbenzenesulfonate (3c- 

LG = Tosylate).        

 Starting with 2c (2.11 g, 10.01 mmol) and 4-methylbenzene-1-sulfonyl chloride 

(1.91 g, 10.01 mmol) in pyridine (15 mL) gave 3.60 g (98.5%) of 3c (LG = Tosylate) as 

white crystals. 1H NMR (250.13 MHz, CDCl3): δ 1.21 (t, J = 7 Hz, 3H, CH3), 1.35-1.46 

(m, 6H, 3 x CH2), 1.68-1.84 (m, 6H, 3 x CH2), 2.45 (s, 3H, CH3), 3.65 (s, 2H, CH2), 4.07 

(q, J = 7 Hz, 2H, CH2OTs), 7.34 (d, J = 8 Hz, 2H, 2 x CH), 7.77 (d, J = 8 Hz, 2H, 2 x 

CH). 

 

General procedure for synthesis of compounds 3a and 3c (LG = Iodine).

  

 In closed vial, the tosylated compound was dissolved in methoxy ethanol, also 

known as „methylcellosolve‟, an excess of NaI was added and the reaction mixture was 

heated to 130 oC overnight. Then, the solution was allowed to reach room temperature and 

the solvent was evaporated under reduced pressure. The residue was dissolved in water, 

extracted with ether. The organic layer was collected, dried (Na2SO4), filtered and 

evaporated to dryness. 

 

Ethyl 4-(iodomethyl)adamantane-1-carboxylate (3a- LG = Iodine).  

 Starting with 3a (LG = Tosylate) (157 mg, 0.404 mmol) and NaI (727 mg, 4.850 

mmol) in methoxy ethanol (10 mL) gave 120 mg (89%) of 3a (LG = Iodine) as white 

solid after column chromatography (n-hexane/EtOAc, 1:0.04 to only EtOAc). 1H NMR 

(250.13 MHz, CDCl3): δ 1.37-1.89 (m, 12H, 6 x CH2), 2.08 (bs, 2H, 2 x CH), 3.03 (s, 2H, 

CH2I), 3.45(s, 3H, CH3). 

                                                        

 Grob CA, Schweizer T, Wenk P, Wild RS. Steric effects on the dissociation constants of acyclic, mono- and 

bicyclic carboxylic acids. Helv 60 482-494; 1977. 
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Ethyl 4-(iodomethyl)bicyclo[2.2.2]octane-1-carboxylate (3c- LG = Iodine).  

 Starting with 3c (LG = Tosylate) (500 mg, 1.37 mmol) and NaI (2.46 g, 16.42 

mmol) in methoxy ethanol (25 mL) gave 300 mg (68%) of 3c (LG = Iodine) as white 

solid after column (n-hexane/EtOAc, 1:0.04). 1H NMR (250.13 MHz, CDCl3): δ 1.22 (t, J 

= 7 Hz, 3H, CH3), 1.43-1.55 (m, 6H, 3 x CH2), 1.74-1.85 (m, 6H, 3 x CH2), 3.05 (s, 2H, 

CH2I), 4.09 (q, J = 7 Hz, 2H, CH2). 

 

General procedure for synthesis of compounds 4a, 4c and 4d.   

 In closed vial, compound 3 (LG = Triflate) was dissolved in MeCN and a 

complex of tetrabutyl ammonium fluoride in t-butanol (TBAF.(t-BuOH)4), which was 

synthesized according to procedure of Kim32,33, was added. The reaction mixture was 

stirred at 70 oC for 1.5 hours. The reaction mixture was allowed to reach room 

temperature, the solvent was evaporated under reduced pressure and pentane was added. 

Product was dissolved in pentane while TBAF.(t-BuOH)4 not. The organic phase was 

collected, washed with water, dried (Na2SO4), filtered and evaporated to dryness. Extra 

attention was paid when esters are formed due to volatility. 

 

Methyl 4-(fluoromethyl)adamantane-1-carboxylate (4a).   

 Starting with 3a (LG = Triflate) (1.325 g, 3.58 mmol) in MeCN (60 mL) and a  

complex of TBAF.(t-BuOH)4 (5.38 g, 9.69 mmol) gave 734 mg (91%) of 4a as a yellow 

oil. 1H NMR (400.13 MHz, CDCl3): δ 1.36-1.74 (m, 8H, 4 x CH2), 1.85 (q, J = 12 Hz, 4H, 

2 x CH2), 2.14 (bs, 2H, 2 x CH), 3.65 (s, 3H, CH3), 3.90 (s, 1H, CH2F), 4.09 (s, 1H, 

CH2F). This compound could be also synthesized by using TBAF.xH2O at room 

temperature, albeit in lower yield (15%). 

 

Methyl 4-(fluoromethyl)bicyclo[2.2.2]octane-1-carboxylate (4c).  

 Starting with 3c (LG = Triflate) (580 mg, 1.76 mmol) in MeCN (25 mL) and a 

complex of TBAF.(t-BuOH)4 (1.950 g, 3.51 mmol) gave 188 mg (53%) of 4c as a 

colorless oil. 1H NMR (400.13 MHz, CDCl3): δ 1.43-1.54 (m, 6H, 3 x CH2), 1.72-1.86 (m, 

6H, 3 x CH2), 3.66 (s, 3H, CH3), 3.97 (s, 1H, CH2F), 4.09 (s, 1H, CH2F).  

 



Bridgehead fluoromethyl analogues of WAY-100635 

94 

Methyl 4-(fluoromethyl)bicyclo[2.2.1]heptane-1-carboxylate (4d).  

 Starting with 3d (LG = Triflate) (634 mg, 2.00 mmol) in MeCN (9 mL), and a 

complex of TBAF.(t-BuOH)4 (2.2 g, 4.00 mmol) gave 226 mg (61%) of 4d as a colorless 

oil. 1H NMR (400.13 MHz, CDCl3): δ 1.36-1.50 (m, 2H, CH2), 1.59-1.76 (m, 6H, 3 x 

CH2), 1.96-2.07 (m, 2H, CH2), 3.69 (s, 3H, CH3), 4.40 (s, 1H, CH2F), 4.52 (s, 1H, CH2F).  

 

Methyl 4-(fluoromethyl)cubane-1-carboxylate (4b).    

 In a closed vial and under dry conditions, compound 3b (LG = Bromine) (70 mg, 

0.28 mmol) was dissolved in MeCN (1 mL), TBAF (1 M in THF, 330 μL, 0.30 mmol) 

was added and the reaction mixture was heated to 110 oC for 3 hours. The reaction 

mixture was slowly allowed to reach room temperature. The solvents were cold 

evaporated because of their volatility and the residue was dissolved with n-hexane, the n-

hexane layer was collected and the solvent was again cold evaporated. Two methods were 

applied to purify this compound. Column chromatography (n-hexane/EtOAc/NEt3, 

1:0.14:0.002) was applied but it was irreproducible on larger scales. Then, a preparative 

HPLC (MeCN/H2O/DIPA, 50:50:0.2- kromasil 100 C18 column, λ 229 nm) was applied 

to yield 24.47 mg (45%) of 4b. 1H NMR (200.13 MHz, CDCl3): δ 3.70 (s, 3H, CH3), 3.85-

4.00 (m, 3H, 3 x CH), 4.10-4.25 (m, 3H, 3 x CH), 4.51 (s, 1H, CH2F), 4.65 (s, 1H, CH2F). 

13C NMR (62.90 MHz, CDCl3):  δ 44.25, 44.45, 46.36, 51.36, 56.14, 58.12, 81.04, 84.33, 

172.80.  

 

General procedure for synthesis of compounds 5a, 5c and 5d.  

 To a solution of KOH (1 equivalent) in alcohol, compound 4 was added and this 

reaction mixture was refluxed overnight. Then, the reaction mixture was allowed to reach 

room temperature and the solvent was evaporated under reduced pressure. The residue 

was dissolved in water and extracted with diethyl ether. The organic phase was collected 

to get rid of the starting material if any remained. The aqueous phase was collected and 

subsequently acidified with 6 N HCl until white solid started to form, which was collected 

and dried in the oven at 53 oC. The filtrate was extracted with CH2Cl2, the organic phase 

was collected, dried (Na2SO4) and evaporated to dryness affording the rest of the product 

as white solid. 
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4-(Fluoromethyl)adamantane-1-carboxylic acid (5a).    

 Starting with a solution of KOH (297 mg, 5.31 mmol) in MeOH (20 mL) and 4a 

(1.2 g, 5.31 mmol) gave 787 mg (70%) of  5a as white solid. 1H NMR (250.13 MHz, 

CDCl3): δ 1.52-1.77 (m, 8H, 4 x CH2), 1.89 (q, J = 12 Hz, 4H, 2 x CH2), 2.16 (bs, 2H, 2 x 

CH), 3.91 (s, 1H, CH2F), 4.1 (s, 1H, CH2F). 

 

4-(Fluoromethyl)bicyclo[2.2.2]octane-1-carboxylic acid (5c).  

 Starting with a solution of KOH (57.8 mg, 1.03 mmol) in 96% ethanol (10 mL) 

and 4c (207 mg, 1.03 mmol) afforded 143 mg (75%) of a pure 5c as white solid. 1H NMR 

(250.13 MHz, CDCl3): δ 1.42-1.56 (m, 6H, 3 x CH2), 1.74-1.90 (m, 6H, 3 x CH2), 3.95 (s, 

1H, CH2F), 4.14 (s, 1H, CH2F). 

 

4-(Fluoromethyl)bicyclo[2.2.1]heptane-1-carboxylic acid (5d).  

 Starting with a solution of KOH (67.8 mg, 1.20 mmol) in MeOH (10 mL) and 4d 

(205 mg, 1.10 mmol) gave 157 mg (83%) of 5d as white solid. 1H NMR (250.13 MHz, 

CDCl3): δ 1.35-1.50 (m, 2H, CH2), 1.58-1.79 (m, 6H, 3 x CH2), 1.95-2.15 (m, 2H, CH2), 

4.37 (s, 1H, CH2F), 4.56 (s, 1H, CH2F). 

 

4-(Fluoromethyl)cubane-1-carboxylic acid (5b).    

 Extra attention was paid to synthesize this compound due to the volatility and a 

possible rearrangement to the homocubyl alcohol of 4b. The HPLC fractions of 4b in 

eluent (n-hexane/EtOAc/NEt3, 1:0.14:0.002) were not evaporated. These fractions, which 

contain almost 500 mg, 2.58 mmol of 4b, were added to a solution of NaOH (750 mg, 

3.86 mmol) in MeOH (10 mL) and stirred at room temperature overnight. The solvent was 

cold evaporated and the residue was dissolved in water (10 mL). The aqueous phase was 

neutralised with HCl (2 N) and cold filtered to give 418.38 mg (90%) of 5b. 1H NMR 

(250.13 MHz, CDCl3): δ 3.85-4.10 (m, 3H, 3 x CH), 4.12-4.32 (m, 3H, 3 x CH), 4.40 (s, 

1H, CH2F), 4.69 (s, 1H, CH2F). 
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Radiosynthesis of [
18

F]6b: 

           4-(Bromomethyl)-N-(2-(4-(2-methoxyphenyl)piperazin-1-yl)ethyl)-N-(pyridin-2-

yl)cubane-1-carboxamide (2 mg, 3.7 µmol, prepared from 4-bromomethylcubylcarboxyl 

chloride and WAY-100634) was dissolved in dry MeCN (500 µL) and added to the 

trapped water-free radiofluoride (22 GBq), 2,2,2- kryptofix (13 mg) and K2CO3 (2 mg) in 

a closed vial. This reaction mixture was heated at 110 oC for 15 minutes. [18F]6b was 

isolated with HPLC using a C18-10 μm column (kromasil, 4.6 mm x 250 mm) and 

(MeOH/H2O/DIPA, 60:40:0.02) as eluent with a flow of 1 mL/min (tR = 18.9 minutes).   
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