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Abstract

In this paper, we present the phospholipidosis-inducing potential (PLIP) of forty fragment-sized 

diamines derived from N-benzyl-4-(methylamino)piperidine and discuss the relationship between 

their PLIP and the physicochemical properties. Our results demonstrate that the previously reported 

methods are not suitable for predicting the PLIP of fragment-sized diamines; the second basic pKa 

can distinguish PLIP-positive diamines from PLIP-negative diamines more accurately than ClogP or 

most basic pKa. To the best of our knowledge, this is the first report describing the relationship 

between PLIP and second basic pKa.

Keywords: phospholipidosis, diamine, second basic pKa

We have identified a novel heterocyclic pyrimidine derivative SUN13837, which exhibits biological 

activities similar to that of basic fibroblast growth factor (bFGF). This is possible because of the 

modulation of the signal transduction pathway of the fibroblast growth factor receptor by the 

pyrimidine derivative.1 Although SUN13837 exhibited significant pharmacological activities that 

could aid the treatment of neurodegenerative diseases, in vitro examination showed that one of its 

major metabolites, N-benzyl-4-(methylamino)piperidine (BMP, 1), had high phospholipidosis-

inducing potential (PLIP) (Figure 1). Phospholipidosis is a pathological condition in which 

phospholipids accumulate in tissues, and this is characterized by the formation of lysosomal lamellar 

bodies. The accumulated phospholipids interfere with cellular functions and may sometimes prove 

fatal.2 In our efforts to develop the follow-up compounds of SUN13837, we realized that it is necessary 

to identify the factors influencing the PLIP of BMP-like diamines, so that alternative diamines with 

reduced PLIP can be developed.
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Figure 1. Carboxylesterase-catalyzed hydrolysis of SUN13837.

A number of central nervous system (CNS) drugs, such as SUN13837, that can produce diamines 

by hydrolysis have been reported (Figure 2). Therefore, we also considered that studying the PLIP of 

fragment-sized diamines should help assess the risk of phospholipidosis caused by these drugs and 

guide the selection and development of a drug candidate.
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Figure 2. CNS drugs that can produce diamines by hydrolysis

Physicochemical approaches are a useful way of predicting the PLIP of newly designed compounds, 

and various methods have been reported for this purpose.3 One of the simplest models was described 

by Ploemen et al., in which they used only two descriptors, ClogP and the most basic pKa, to represent 

the lipophilicity and basicity, respectively, of a compound.4 Tomizawa et al. modified Ploemen’s 

model to include the net charge at the lysosomal pH, instead of the most basic pKa, and suggested that 

diamines are highly likely to exhibit high PLIP.5 It should, however, be noted that each prediction 

model was constructed using different datasets, and hence, the application of these models to different 

datasets may not give the same accuracy as originally reported. 

In this study, we evaluated the PLIP of forty fragment-sized diamines derived from 1 and found that 

there were diamines with low PLIP. Furthermore, a new criterion based on the second basic pKa was 

introduced, which could distinguish PLIP-positive diamines from PLIP-negative diamines more 

accurately than ClogP or most basic pKa.

According to the study conducted by Kasahara et al,6 the PLIP can be evaluated using normalized 

value (NV), which indicates the amount of phosphatidylcholine-conjugated dye taken up per living 

cell. NV is correlated to the degree of pathological changes and compounds with NV greater than 1.5 

are likely to induce cytoplasmic lamellar bodies. With the aim of obtaining diamines with lower PLIP 

even at higher concentrations, we measured NV at the concentration of 300 μM, which is ten times 

higher than that in Kasahara’s study. Thus, in this study, high-PLIP diamines are defined as those with 

NV greater than 1.5 at 300 μM. 

We began our study by examining the PLIP of diamines 1–7,7,8 in order to understand the behavior 

of the PLIP of BMP-like compounds and also to investigate the relationships between their PLIP and 

physicochemical properties such as ClogP, pKa1, and pKa2 (Table 1).9 Furthermore, we examined the 

scope of application of the previously reported prediction methods.10 The NV of 1 was more than 1.5, 



indicating that 1 has high PLIP. The NV of the tert-butyl derivative 2 was lower than that of 1 but still 

higher than 1.5. The NV of the cyclopropyl derivative 3 was as high as that of 1, despite its very low 

lipophilicity. The NVs of 4 and 5, which are regioisomers of 1, were as high as that of 1. However, 

the NVs of 3-aminopiperidine 6 and fused-ring piperidine 7 were less than 1.5, despite their high 

lipophilicity. The PLIP of 3–7 observed in the in vitro assay could not be accurately predicted by 

previously reported models, suggesting that these methods are not suitable for predicting the PLIP of 

BMP-like diamines. Based on the above results, we hypothesized that pKa2 would be a more accurate 

predictor of the PLIP, especially for fragment-sized diamines, because the pKa2 values of 6 and 7 were 

lower than those of compounds 1–5. Thus, to verify our hypothesis, we examined other BMP-like 

diamines which have low pKa2 values.

Table 1. Normalized values and physicochemical properties of BMP-like diamines.
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(1)
NH

N

1.3 10.2 6.3 3.3 positive negative positive

2 a NH
N

1.2 10.3 7.6 2.3 positive negative positive

3 a NH
N

0.3 10.2 7.5 3.2 negative negative positive

4 a,b

NH
N

0.7 9.8 6.4 3.0 negative negative positive

5 a,b

N
NH

0.7 9.8 6.4 2.7 negative negative positive

6 NH N
2.8 10.2 5.0 1.4 positive positive positive

7 a,b

NNH
2.0 9.3 2.8 1.1 positive positive positive

a 2 HCl salt. 
b Racemate. 



c Calculated using ChemBioDraw Ultra 12.0. 
d Calculated using ADMET predictor, version 7.2.0001.

The pKa2 value of 1 corresponds to the basicity of the piperidyl nitrogen, because the benzyl group 

acts as an electron-withdrawing group (EWG). Generally, introduction of EWGs in the vicinity of an 

amine center or relocation of EWGs closer to an amine center reduces its basicity.11 Thus, we designed 

and synthesized some diamines with reduced basicity of the piperidyl nitrogen, according to the 

options shown in Figure 3.
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Figure 3. Design of diamines with lower pKa2 values

Table 2 shows the NVs and physicochemical properties of the diamines in which EWGs stronger than 

the phenyl group are introduced (Option 1 in Figure 3). It is worth noting that the pKa1 values of the 

newly designed compounds 8–24 are almost similar to that of compound 1, while the pKa2 values are 

different from each other. For the heteroaromatic derivatives such as pyridine (8, 9), pyrazine (10), 

pyridazine (11), and pyrimidine (12, 13), the pKa2 values are lower than that of 1, and the NVs are 

lower than 1.5. Introduction of alkyne functionality as an EWG (14, 15) also reduced the pKa2 values, 

and the NVs were lower than 1.5. For the fluoroalkyl derivatives, the pKa2 value changes depending 

on the number of fluorine atoms and the distance between fluorine and the piperidyl nitrogen atom. 

At the γ-position of the piperidyl nitrogen (16, 17), at least two fluorine atoms were required to make 

the pKa2 value lower than that of 1. The NV was lower than 1.5 only for 17. At the β-position of the 

piperidyl nitrogen (18-20), only one fluorine atom was enough to make the pKa2 value lower than that 

of 1. The NVs of these diamines were not higher than 1.5. Since the capacity of oxygen to lower the 

basicity is weaker than that of fluorine, the pKa2 values of the oxyalkyl derivatives (21-24) were higher 

than that of 1. The NVs of 21 and 22 were higher than 1.5, despite their very low lipophilicity, 



indicating that lowering the lipophilicity alone does not decrease the NV. Contrary to our expectation, 

the NVs of 23 and 24 were less than 1.5.

Table 2. Normalized values and physicochemical properties of diamines shown in Option 1 (Figure 3).

NH

N

Compd. Structure ClogP d pKa1
 e pKa2

 e Normalized value

1 1.3 10.2 6.3 3.3

8 a F

N

0.1 9.9 5.1 1.0

9
F
F

F

N

0.9 10.0 5.4 1.2

10
N

N -1.1 9.8 5.4 1.1

11
N N

-1.4 9.7 5.3 1.1

12
N

N -1.1 9.8 5.2 0.9

13 Cl

N

N -0.4 9.6 5.1 0.8

14 b H 0.0 10.1 6.1 0.8

15 b
F
F

F 0.3 10.1 4.9 1.1

16 b

γ
F

0.6 10.2 6.8 1.7

17 b,c γ

F
F

-0.3 10.1 5.9 1.0

18
β

F

0.6 10.2 6.2 1.4

19 b F

F

0.0 10.1 4.7 1.0



20 b
FF

F

0.2 10.0 3.2 0.9

21
O H

-0.2 10.2 7.2 2.7

22 b

O H
-0.5 10.2 7.0 2.5

23
O

-1.0 9.8 6.4 1.2

24 Me

O

-0.5 9.9 6.8 1.0

a 3 HCl salt. 
b 2 HCl salt. 
c Racemate
d Calculated using ChemBioDraw Ultra 12.0. 
e Calculated using ADMET predictor, version 7.2.0001.

Table 3 shows the NVs and physicochemical properties of the diamines in which EWGs are introduced 

on the piperidine ring (Option 2 in Figure 3). Introduction of one fluorine atom reduced the pKa2 value 

by 1.4, and the NV of 25 was below 1.5. Difluorination of piperidine ring further reduced the pKa2 

value, and the NV of 26 was less than 1.5. In cyclic ether 27, the basicity of the piperidyl nitrogen is 

reduced due to the two σ-bonds connected to the nitrogen atom, while the basicity of the methylamino 

group at 4-position is mostly unaffected. Therefore, the pKa2 value of 27 could be rendered lower than 

that of 1, with the pKa1 value remaining unchanged. The pKa2 value of 27 was similar to that of mono 

fluorinated compound 25, and the NV was lower than 1.5.

Table 3. Normalized values and physicochemical properties of diamines shown in Option 2 (Figure 3). 

Compd. Structure ClogP d pKa1
 e pKa2

 e Normalized value

1 NH
N

1.3 10.2 6.3 3.3

25 a,b,c

NH
N

F 1.6 8.6 4.9 1.2

26 b,c
NH

N

F F 2.5 7.4 3.8 1.1



27 b

NH

ON

0.3 9.7 4.6 0.9

a A mixture of cis/trans isomers (cis/trans = 4/1)
b Racemate
c HCl salt
d Calculated using ChemBioDraw Ultra 12.0.
e Calculated using ADMET predictor, version 7.2.0001.

Table 4 shows the NVs and physicochemical properties of the diamines exemplified in Option 3 in 

Figure 3, in which methyl group is replaced with an EWG to increase the inductive effect of the amino 

group at the 4-position of the piperidine ring. In silico calculations suggest that the protonation mode 

of these diamines are different from that of 1 (Figure 4).12 The nitrogen atoms of 1 are protonated in a 

stepwise manner, because the difference in the basicities of the two nitrogen atoms are relatively large. 

On the contrary, those in 28 or 29 will be protonated almost simultaneously, because their basicities 

are similar to each other.13 In 30, protonation will occur in a stepwise manner, though the order will 

be reverse of that in 1. The decrease in both pKa2 values and NVs, regardless of the protonation 

behavior, suggests the universality of the pKa2-based hypothesis.

Table 4. Normalized values and physicochemical properties of diamines shown in Option 3 (Figure 3).

N

Compd. Structure ClogP b pKa1
 c pKa2

 c Normalized value 

1 Me
NH

1.3 10.2 6.3 3.3

28

NH

O 1.6 8.6 5.8 1.0

29

NH

O 2.2 8.6 5.9 1.5

30 a
O
NH

1.5 8.1 2.9 0.8

a 2 HCl salt.
b Calculated using ChemBioDraw Ultra 12.0. 
c Calculated using ADMET predictor, version 7.2.0001.
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Figure 4. Protonation behaviors of diamines 1, 28, and 30

Table 5 shows the NVs and physicochemical properties of the diamines in which the intramolecular 

nitrogen atoms are closer to each other (Option 4 in Figure 3). Replacement of piperidine (1) with 

pyrrolidine (31) reduced both the pKa2 value and NV, while no significant reduction in ClogP and 

pKa1 were observed. This supports our pKa2-based hypothesis. Introduction of a fluorine atom or 

hydroxyl group on the pyrrolidine ring (32, 33) further reduced the pKa2 values, and their NVs 

decreased below 1.5. Methylation of the hydroxyl group in 33 increases its lipophilicity by 0.9, but no 



changes were observed in the pKa2 value or NV. For the azetidine derivative 35, both pKa2 and the 

NV were lower than that of 1. Introduction of a fluorine atom on the benzene ring (36) reduced both 

pKa2 and the NV, although there were no significant changes in ClogP and pKa1 as compared with 

35. These observations also support our pKa2-based hypothesis. Furthermore, the pKa2 values of ring-

expansion analogs such as homopiperazine derivative 37, [3,2,0]diazabicycloheptane derivatives 38 

and 39, and spiro compound 40 were also lower than that of 1, and the NVs of these diamines were 

less than 1.5.

Table 5. Normalized values and physicochemical properties of diamines shown in Option 4 (Figure 3).

Compd. Structure ClogP c pKa1
 d pKa2

 d Normalized value

1
N

NH 1.3 10.2 6.3 3.3

31 a,b
NH

N
1.7 10.0 5.2 1.6

32 b
NH

F
N

2.2 8.7 3.8 1.0

33 a,b
NH

OH
N

1.4 9.4 4.6 0.9

34 a,b
NH

O
N

2.3 9.4 4.4 0.8

35 NH
N

2.1 9.5 4.5 1.5

36 a
NH

N
F 2.3 9.3 3.9 1.0

37

N
N
H 1.9 9.9 5.3 1.3

38 b

H

H
NH N

1.8 9.6 5.1 1.3



39

H

HN
H

N

1.6 9.5 4.1 1.1

40 a

N
N
H

2.2 9.7 4.2 1.4

a 2 HCl salt. 
b Racemate.
c Calculated using ChemBioDraw Ultra 12.0.
d Calculated using ADMET predictor, version 7.2.0001.

To further verify our hypothesis, we analyzed the relationship between the NV and the 

physicochemical properties for the forty diamines examined in this study (Figure 5). No definite 

correlation between NV and ClogP or pKa1 was observed. However, it was clear that the NVs were 

greater than 1.5 when the pKa2 values exceed 6.2 with the exception of 23 and 24. Since both these 

compounds have an oxetane moiety, we speculate that the basicity-lowering effect of oxetane moiety 

may be underestimated in the in silico calculations performed in this study.



Figure 5. Relationships between NV and ClogP, pKa1 or pKa2

In order to verify the above speculation and confirm the accuracy of the in silico predicted pKa values, 

we compared the calculated and experimentally obtained basic pKa values of the representative 

aliphatic amines (Table 6).14 For the amines with and without fluorine or oxygen atom, the ΔΔpKa 

values were 0.4 and 0.3, respectively, indicating that the in silico calculations can predict the basicity-

lowering effects of these atoms almost accurately. On the other hand, the ΔΔpKa value for oxetanyl 

group was as high as 1.9, indicating that the basicity-lowering effect of an oxetanyl group was grossly 

underestimated in the in silico calculations performed in this study. Assuming that the pKa2 values of 

23 and 24 are reduced by 1.9, the corrected pKa2 values would be 4.5 and 4.9, respectively; thus, these 

compounds will no longer be an exception to our hypothesis. 

Table 6. Difference in pKa-lowering effect as obtained from the calculated and experimental values.



Compd. Structure pKacalculated 

a

ΔpKacalculated pKaexperimental 

b

ΔpKaexperimental ΔΔpKa 

c

42 10.4 10.7

43 F
NH2 9.1

-1.3
9.0

-1.7 0.4

44 N 9.8 10.2

45
O

N 8.9

-0.9

9.0

-1.2 0.3

46
Ph

N 9.6 9.9

47 Ph
N

O

8.8

-0.8

7.2

-2.7 1.9

a calculated using ADMET predictor, version 7.2.0001.
b experimentally measured pKa values reported in ref. 13
cΔΔpKa is defined as ΔpKacalculated – ΔpKaexperimental. It gives the difference in basicity-lowering effects 

as obtained from the calculated and the experimental values.

Phospholipidosis is caused by lysosomal accumulation of a compound.2 For a compound to be 

accumulated into lysosomes, it first need to enter the lysosomes, which is typically driven by the 

lipophilicity of a compound. Once incorporated into the lysosome, the compound is protonated under 

lysosomal pH and cannot leave the lysosome, because cationic species are unlikely to passage across 

biological membrane. Therefore, the more basic a compound is, the more accumulated in lysosomes. 

Indeed, almost all prediction models are based on lipophilicity and basicity of a compound. That is 

why ClogP and pKa1 are considered to be the key physicochemical attributes of phopholipidosis 

inducers. However, our results showed that there are little correlation between NV and ClogP or pKa1. 

Although we have no convincing explanation, we speculate that the differences in the dataset would 

be one of the reasons, That is, we focus on the fragment-sized diamines, while the previous studies 

have investigated the marketed drugs and their derivatives. Some monocationic amines have been 

reported to passively traverse the lysosome membranes if they are small and not very hydrophilic.15 

In such a situation where monocations could escape from lysosomes, lysosomal accumulation of 

diamines will depend on their tendency toward the formation of dicationic state, since dications are 

much less permeant than monocations. This further predicts that pKa2 is the dominant predictor for 

the PLIP of the fragment-sized diamines.



In conclusion, we have revealed that the previously reported methods to predict the PLIP are not 

suitable for fragment-sized diamines. Then, we have proposed a new descriptor, pKa2, which can 

distinguish PLIP-positive diamines from PLIP-negative diamines more accurately than ClogP or pKa1. 

To the best of our knowledge, this is the first report focusing the relationship between pKa2 and the 

PLIP. The pKa2-based prediction might be adopted only when examining small diamines; however, 

their toxicological behavior is worth investigating in the drug discovery process. Synthetic methods 

for conformationally restricted small diamines have been frequently reported recently,16 and some of 

these diamines are commercially available.17 Under these circumstances, it is expected that 

compounds that release a small diamine as a metabolite are frequently synthesized during drug 

discovery programs,18 and our study can contribute in evaluating the toxicological potentials of these 

compounds. 
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