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Abstract Three types of host molecules 1-3 based on a
phenolphthalein (one of the most popular pH indicators)
and two crown ethers were prepared for use in colorimetric
recognition of linear diamines, triamines, sequence of non-
protected dipeptides in methanol or water solution.
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Introduction

A living system contains molecules of all sizes, ranging
from tiny metallic ions such as Na* and K* to enormously
large molecules like proteins, polysaccharides, and
nucleic acids, and these constituents are strictly and
tactfully recognized by biological receptors. This recog-
nition is the basis for vital functions in cells.
Supramolecular chemistry and/or host—guest chemistry
based on molecular recognition has attracted the attention
of organic chemists as well as researchers in other aca-
demic fields, and recent progress in supramolecular
chemistry is remarkable. Relatively weak non-covalent
forces, for example, hydrogen bonding, van der Waals
interaction, and electrostatic interaction, or a combination
of these weak non-covalent forces, have been utilized as
key interactions in these studies. To date, studies on host—
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guest chemistry have revealed numerous features of guest
molecules, including shapes, size, length, and chirality. If
weak signals derived from such molecular interactions
could be transformed into visible information, then it will
be feasible to directly gather precise and abundant
information about these interactions [1-5]. Some known
functional dyes, which possess the ability to selectively
capture metallic cations with a simultaneous color change,
have been practically applied as sensors [6—8]. In this
paper, we report the colorimetric recognition of guest
molecules using functional phenolphthalein derivatives
(hosts 1-3), which consist of a phenolphthalein skeleton
and two crown rings (Fig. 1) [9-16].

Mechanism of color development
of phenolphthalein

Because these host molecules inherit the properties of the
mother phenolphthalein, it is prudent to discuss the
mechanism of color development by phenolphthalein in the
aqueous alkaline region reported by Tamura et al.
(Scheme 1) [17]. They reported the following mechanism:
(i) The monoanion of phenolphthalein is colorless. (ii) Two
types of dianions (the colored carboxylate form and col-
orless lactone form) are present [18, 19], but (iii) in the
strong alkaline region, a Michael addition of the hydroxide
occurs to form the corresponding colorless trianion. Thus,
the dianionic carboxylate form, which spreads the n-con-
jugated system over two phenolic rings, is sole colored
species. Moreover, the equilibrium between the two types
of dianions (colored carboxylate and colorless lactone) has
been observed in our host molecules 1-3. Hence, this
equilibrium makes visual recognition unique, but compli-
cated, as described later.
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Scheme 1 Mechanism of color development of phenolphthalein in
the aqueous alkaline region

Bidirectional recognition of sodium and potassium
ions [14]

Initially the equilibrium between the colored carboxylate
form and the colorless lactone form was examined.
Because host—guest interactions, in general, are enhanced
as the temperature decreases, our systems, which used
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Fig. 2 (a, b) The variable-temperature UV-Vis spectra of host 1 with
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Metal-OH in methanol. [host 1] =17 x 107* M, [Metal-
OH] = 6.7 x 107* M. (a) for NaOH, (b) for KOH. Light path
length = 10 mm. (c, d) Color development by host 1 with NaOH and
KOH at (¢) 0 °C and (d) 60 °C. [host 1] = 1.3 x 10~* M, [Metal-
OH] = 5.0 x 107* M

hosts 1-3 and various guests, showed typical behaviors.
However, using host 1 and changing the temperature in the
presence of sodium and potassium ions resulted in inter-
esting, but opposite behaviors for the equilibrium of the
colored carboxylate form and colorless lactone. Figure 2
shows the variable temperature UV-Vis spectra and pho-
tographs of host 1 and Na* or K*. The absorbance near
565 nm by the complex of 1 and NaOH increased as the
temperature decreased (Fig. 2a). In contrast, the coloration
between 1 and KOH decreased as the temperature
decreased (Fig. 2b). In addition, these phenomena could be
detected by the naked-eye (Fig. 2c, d).

Because these phenomena cannot be accounted for by
normal unidirectional host—guest interactions, we assumed
bidirectional complexation [20]. Thus, complexation
between host 1 and NaOH preferentially gives the colored
carboxylate complex, while that between host 1 and KOH
leads to the colorless lactone complex due to a high affinity
of K* for the pseudo phenol 18-crown-6 rings (Scheme 2).

To verify this assumption, variable temperature IR
spectra were performed. Host 1 has lactone carbonyl
absorption near 1,755 cm™', while carboxylate carbonyl
absorption appears near 1,655 cm™'. In Fig. 3a, in the
presence of NaOH, the absorption (around 1,655 cm*])
corresponding to the carboxylate carbonyl group increased
relative to the lactone carbonyl (1,755 cm_l) as the tem-
perature decreased. In contrast, the opposite behavior was
observed between host 1 and KOH. These spectral
behaviors indicate the equilibrium between the colorless
lactone complex and the colored carboxylate complex.
Thus, we confirmed that the equilibrium relation of the
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Fig. 3 (a, b) Variable temperature IR spectra of host 1 and Metal-OH
(NaOH for (a) and KOH for (b)) in methanol. Conditions: [host
1] = [Metal-OH] = 1.5 x 1072 M. CaF, liquid cell, light path
length = 0.025 mm (GL Science)
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Fig. 4 Color development by the host 1 and o,w-diamines (4-10).
Conditions: [host1] = 2.5 x 10~* M, [diamine4-10] = 2.5 x 107> M
in methanol. Room temperature

dianionic colored carboxylate form and dianionic colorless
lactone form exists even in host 1.

Colorimetric recognition of «,w-diamines [9]

Researchers at Osaka University have reported a series of
hybrid molecules with phenol crown ring and azobenzene,
and they revealed that these phenol crown ethers can trap
primary amines [21-28]. Appling this feature to our mol-
ecules, we assumed that host 1 could discriminate the
length of linear diamines by the formation of a bridged-

AAbs. at 570 nm

0 0.5 1
[Guest]/[Guest]+[Host]

Fig. 5 Job’s plots of host 1 and a,m-diamines (7-10) in the presence
of NEP in MeOH at 25 °C. Conditions: [host 1] + [o,-diamine 7—
10] =50 x 100*M, 570 nm, [NEP]=50x 107°M (a) 7
mn="7), b 8n=28),()9 n=29), ()9 (n=9) without NEP,
(e) 10 (n = 10). Light path length = 10 mm

type complex. Consequently, we could “see” the molecu-
lar length using the naked-eye. Therefore, interactions of
host 1 with a,m-diamines (4—10) with various chain lengths
(n = 4-10) were examined (Fig. 4).

Actually, host 1 could recognize the length of diamines,
and transformed this information into a purple color. The
most significant color development occurred with 1 and
guest diamines 8 and 9. Moreover, the degree of coloration
was much smaller with either longer or shorter diamines. It
is noteworthy that diamines shorter than 1,5-diaminopen-
tane (5) did not cause a color change, which the naked-eye
could detect. Next, the stoichiometry of the colored com-
plex formed by host 1 and guest diamine 9 (n = 9) was
determined by Job’s plot (Fig. 5) [29]. Job’s plot exhibited
a peak at approximately 0.6, which suggests that the host—
guest ratio was 1:2 or 2:3 (Fig. 5, blue dotted-line d). To
clarify the stoichiometry of complex formation, Job’s plot
was measured in the presence of a large excess of N-eth-
ylpiperidine (NEP). Under these conditions, NEP acted as
only a source of the counter cation for the carboxylate, and
the peak of Job’s plot shifted to 0.5 (Fig. 5, blue solid line
c). This behavior indicates that the component of the col-
ored complex (host 1: guest = 1:2 or 2:3) should be shifted
to that with host 1: guest: NEP = 1:1:1 (Fig. 6). Job’s plots
of host 1 and diamines 7, 8, and 10 in the presence of a
large excess of NEP also gave peaks at 0.5.

The apparent association constants (K,p,) of the com-
plexes and molar absorption coefficients (¢) were
determined by the UV-Visible titration method in the
presence of a large excess of NEP (Table 1) [30, 31].
Table 1 indicates that the degree of coloration caused by
the interaction between 1 and diamines is due to both the
difference in the molar absorption coefficients (&) and the
difference in the association constant (K,pp). Although the
molar absorption coefficient (¢) should be constant for a
given complex, the observed &’s changed. Thus, for this
system, the change in ¢ reflects the equilibrium between the
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Table 1 The apparent association constant (K,p,) of the complexes
of 1 with o,w-diamines (7-10) and molar absorption coefficients (&)

o,w-Diamines Kapp ™M™ hH &

Tn="17) 910 £ 60 5,830 + 120
8 (n=23) 1,270 £ 50 8,930 + 100
9(n=9) 2,020 £ 100 7,940 £+ 130
10 (n = 10) 1,370 + 80 5,280 + 70

Conditions: [host 1] = 5.0 x 107 M, [o,o-diamine 7—10]y = 1.0 x
1072 M, [NEP] = 5.0 x 107> M, methanol, T = 25 °C

colored complex and the colorless complex. Hence, this is
the first example of a colorimetric recognition of o,w-dia-
mines by artificial host molecule.

Colorimetric recognition of linear triamines [10]

Host 1 can also discriminate the length of linear triamines
(11-15) in methanol (Fig. 7). Considering the bridged-type
complexation between host 1 and linear amines, host 1
should be better adapted for linear triamines than o,w-
diamines. Host 1 can trap linear triamines through a three
point interaction; that is, two interactions occur between
the phenol crown moieties of host 1 and the terminal
amines of linear triamines, and the third interactions occurs
between the carboxylate of 1 and the imine part of linear
triamines. Job’s plot indicates that the host—guest ratio was
1:1 without NEP (Fig. 8) and the association constants (K,)
as well as the molar absorption coefficients (&) were
determined by UV—Vis titration and analyzed by the Rose—
Drago method (Table 2) [30, 31].
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Fig. 7 Color development of the host 1 with linear triamines 11-15.
The concentrations of host 1 and guests (11-15) were 1.0 x 107> M
in methanol. Room temperature
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Fig. 8 Job’s plots of host 1 and linear triamines (11-15) in MeOH at
25 °C. Conditions: [1] 4+ [11] = 1.7 x 107> M, [1] + [12] = 1.3 x
107°M, 11 +[13] =14 x 107> M, [1] + [14] =5.1 x 107* M,
1] +[15]1=2.6 x 107> M. (a) 11 (m=n=3), (b) 12 (m = 3,
n=4),)13m=n=4),(d)14 (m=n=>5),()15(m =n = 6).
Light path length = 10 mm

In these cases, variable molar absorption coefficients (¢)
were also observed. Compared to triamines 14 and 15, the ¢
can provide a sharper discrimination than its association
constant (K,). To obtain the conformational information,
the 'H-"H NOESY spectrum of host 1 and triamine 13 was
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Table 2 The association constants (K,) of complexes of the host 1 (0] COOCH Host 1
with triamines 11-15 H,N_ 1 3 -5 7 08
N
1 PNTON S N, > Puele
Guest K, M) e é H
1 720 + 40 2,250 + 50 AA-(L)Lys
Spermidine (12) 1,140 £+ 40 4,530 £ 60 0 COOH
13 2,270 + 30 5,080 + 20 HoN w S Host 1
14 5,300 £ 160 6,59 + 70 2747 N R =——>  Colorless
15 2,360 + 150 390 £ 10 NHp
(L)Lys-AA

Solvent: methanol, T = 25.0 £ 0.1 °C

Fig. 9 Proposed colored complex between host 1 and guest 13

measured. Intermolecular cross peaks between the aromatic
proton of host 1 and the methylene protons adjacent to that
of imino group of triamine 13 were observed. Based on the
data, we propose a canonical structure for the colored
complex where the terminal amino groups of guest 13 is
bridged between two phenolic crown rings of host 1 and
the protonated central imino group captures the carboxylate
generated from the y-lactone (Fig. 9).'

Colorimetric sequence-selective recognition
of non-protected dipeptides [12]

For more complicated and useful colorimetric recognition
using host 1, we applied it to sequence-selective recogni-
tion of non-protected dipeptide in methanol-water system
[32-36]. Because host 1 can develop purple color by

' In Fig. 9, the proposed colored complex between host 1 and guest
13 is shown as canonical structure. Therefore, there may be some
irrational interaction between the quinoid form of the phenolic crown
ether of the host and the neutral amino group of the guest. We can
interpret the actual complex as follows: (i) the guest amine reacts with
free host 1 to generate two kinds of dianions, (ii) with regard to
“colored” complex, one anion preferentially locates on the carbox-
ylate, and another anion spreads over the two phenolic rings, and (iii)
one proton is exchanged between the corresponding two amines
through surrounding methanol, and thus both amines acquire a
cationic character (No coloration was observed in a protic polar
solvents, such as CHCl3;, DMSO, and DMF, see Fig. 16).

Fig. 11 Image of the colored complex

recognizing the distance between an N-terminal amino
group of 1,8-diaminooctane (8) or 1,9-diaminononane (9),
we assumed that host 1 can distinguish AA-(L)Lys among
other dipeptides. For instance, dipeptide AA-(L)Lys has
eight atoms between the terminal amino groups. On the
other hand, (L)Lys-AA has only five carbons between them.
Thus, the color development of 1 is expected in the pres-
ence of AA-(L)Lys, but not in the presence of (L)Lys-AA,
which has the reverse amino acid sequence (Fig. 10).

To screen the proper dipeptide sequence, we speculated
that receptor 1 has vague recognition against bulkiness that
extends from the inner carboxyl group of the guest
dipeptide based on putative host—guest complex (Fig. 11).
Therefore, we examined the interaction between receptor 1
and 400 polymer supported dipeptides. Figure 12 depicts
the results. Strong color development was observed for
only six of the 400 dipeptides (Gly-Lys, Ala-Lys, Ser-Lys,
Thr-Lys, Arg-Lys, and Lys-Lys). Those six dipeptides were
classified into three groups. The first group has small side
chains (Gly-Lys and Ala-Lys), the second group has a
hydroxy group on the side chains (Ser-Lys and Thr-Lys),
and the third group has a relatively large, but remote
functional group on the side chains (Arg-Lys and Lys-Lys).
Moreover, Fig. 12 demonstrates several important points.
One is Lys at the C-terminus is an essential factor. Because
color development was observed for Gly-Lys and Ala-Lys,
but Val-Lys did not produce color, color development is
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Fig. 12 Color development between host 1 and 400 polymer
supported dipeptides. Polymer supported dipeptides were rinsed with
a solution of host 1 (1.0 x 107> M) and NEP (2.5 x 1072 M) in

methanol
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Fig. 13 Visible recognition of the sequence of dipeptides (18-37) by
the host 1. The concentration of 1 was 1.0 x 107> M and those of
dipeptides were 1.5 x 107> M in the presence of NEP (2.5 x
1072 M) in methanol/water = 10/1. 1, Host 1 only; 18, Gly-Gly; 19,
Lys-Gly; 20, Lys-Ala; 21, Lys-Arg; 22, Lys-Met; 23, Lys-Lys; 24,
Lys-Trp; 25, Lys-Glu; 26, Lys-Pro; 27, Lys-Val; 28, Lys-Tyr; 29,
Gly-Lys; 30, Ala-Lys; 31, Arg-Lys; 32, Met-Lys; 33, Trp-Lys; 34,
Glu-Lys; 35, Pro-Lys; 36, Val-Lys; 37, Tyr-Lys

sensitive to the steric bulkiness of the substituent on the N-
terminal.

Next, the interactions between the host 1 and dipeptides
containing Lys (not polymer supported) in solution were
studied. Figure 13 shows typical examples. In the metha-
nol-water solution, color development and discrimination
clearly depend on the size of the side chain at the N-ter-
minus (Fig. 14). However, color barely developed with
Ser-Lys (16) and Thr-Lys (17), although these sequences
showed a purple color in the polymer supported screening
(Fig. 12). These findings indicate that the hydroxy group
on the side chain acts as steric repulsion rather than an
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Table 3 The apparent association constants (K,pp) and &

Guest Kapp ™M™h &

Gly-Lys (29) 930 + 30 1,780 £ 30
Ala-Lys (30) 1,100 + 30 1,200 + 20
Lys-Lys (23) 1,020 £ 20 2,120 £ 20
Arg-Lys (31) 830 £ 40 1,230 £ 30

Solvent: methanol/water = 10/1, T = 25.0 £ 0.1 °C

30
e 1 =
(] OHOJ
rx Oﬁo_\ ¥
OoH o
oo = D-) vy L » 4 b
— 0;}, o s Lt
HO:MeOH=1:19 \;\"D 55
[Host] = 1.0 x 1073 Mm S Pq"\’
Guest] = 1.5 x 10-3 ™ v
[Guest] = 1.5 x 1073 M ® X
at 25 °C

Fig. 15 Visible recognition of the diastereomeric dipeptides by the host
1. Conditions: [host 1] = 1.0 x 107> M, [dipeptides 30 and 38] =
15 x 10°M, [NEP] =25 x 10>M, methanol/water = 10/1.
T=25°C

attractive interaction through hydrogen bonding. Conse-
quently, only four of the 400 dipeptides (Gly-Lys, Ala-Lys,
Arg-Lys, and Lys-Lys) have a large affinity for host 1. The
apparent association constants (Kp,,) as well as the molar
absorption coefficients (¢) were determined by UV-Vis
titration under methanol/water = 10/1 in the presence of a
large excess of NEP at 25 °C (Table 3).

It is worthwhile to note that host 1 can discriminate not
only a sequence of the dipeptides, but also the diastereo-
meric relationship of the dipeptides. Figure 15 shows a
typical example. This diastereomeric recognition can be
explained by the steric repulsion around the N-terminus of
(p)Ala-(L)Lys (38), which is slightly larger than that of
(L)Ala-(L)Lys (30).
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Colorimetric recognition of a,mw-diamines in water [15]

One distinctive characteristic feature of host 1 is its full
potential in methanol. From the standpoint of driving for-
ces for complexation, a combination of hydrogen bonding
and electrostatic interactions (such as Coulomb force and
dipole—dipole interaction) is used, these interactions are
generally disturbed and weakened by surrounding solvent
molecules in protic solvent [37]. Figure 16 illustrates the
color development of host 1 and spermidine (12) in a
variety of mixed solvents, which consisted of different
ratios of methanol and chloroform. The coloration drasti-
cally decreased as the proportion of chloroform increased.
To take advantage of the feature of host 1, the quaternary
ammonium part of water-soluble host 2 was introduced
into host 1, and the coloration ability of the synthesized
compound against various length of o,w-diamines (5-10)
in a completely aqueous medium was examined (Fig. 17).
Figure 17a shows the UV-Vis spectra of host 2 and var-
ious lengths of diamines (5-10) at pH 7.9. Although, host 2 is
slightly affected by the pH of the solution in the absence of a
guest diamine, host 2 unambiguously recognized the length
of a,w-diamines with a change in the color that depended on
the length of the diamine. Guest diamine 9 with host 2 pro-
duced the deepest color. Furthermore, the degree of
coloration was much smaller with either a longer or shorter
diamine, and these phenomena could be detected by the
naked-eye (Fig. 17b). Although the sensitivity and selec-
tivity are unsatisfactory compared to the methanol solution
system as mentioned above, the molecular recognition sys-
tem in a completely aqueous medium can be constructed
based on hydrogen bonding and electrostatic interactions.

Development of a highly sensitive host molecule [16]

To increase the sensitivity for o,w-diamines, we further
modified host 1. After much trial and error, we created host

MeOH : CHCl3

500 600
wavelength (nm)

Fig. 16 UV-Vis spectra of host 1 with spermidine (12) in MeOH-
CHCl;. Conditions: [host 1] = 1.0 x 1073 M, [spermidine 12] =
1.0 x 1073 M. T = 25.0 & 0.1 °C. Light path length = 10 mm
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Fig. 17 Structure of water-soluble host 2. (a) UV-Vis spectra of host
2 with o,w-diamines (5-10) in HEPPSO buffer. Conditions: [host
2] =10 x 107> M, [w,w-diamine 5-10] = 1.0 x 107> M. pH =
7.9. HEPPSO = 0.32 M, titrant = NaOH, T = 10 °C, Light path
length = 10 mm. (b) Color development by host 2 with o,w-
diamines. [host 2] =10 x 1072M, [«,w-diamine 5-10] =
1.0 x 107 M. pH = 7.7
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Fig. 18 Structure of host 3. (a) UV—Vis spectra of host 3 with o,m-
diamines in methanol. Conditions: [host 3] = 5.0 x 1075 M, [ot,0-
diamine] = 2.5 x 107* M, T = 20 °C, Light path length = 10 mm.
(b) Color development by host 3 with a,w-diamines. [host
31=50x 10°M, [o,o-diamine] = 2.5 x 107* M. T =20 °C.
39; NH(CH,),,NH,

3 with a dimethylamino group at the meta position of the
carbonyl group, which had a stronger affinity to «,w-dia-
mines compared to host 1. The colorations of host 3
(5 x 107° M) and o,w-diamines (2.5 x 107* M) were
almost at the same level as host 1 (2.5 x 1074 M) and o,
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o-diamines (2.5 x 107* M), as can be seen by comparing
Figs. 18 and 4. Hence, we are currently trying to develop
more sensitive host molecules based on host 3, which may
be applicable for practical use, especially for rapid quan-
tification of biogenic polyamines.

Conclusion

In this paper, we describe three phenolphthalein-based
hosts with two crown ethers developed in our laboratory.
Despite their simple structures, these hosts show various
functions such as visualization of linear o,w-diamines and
triamines, and colorimetric recognition of sequences of
non-protected dipeptides, etc. It should be noted that these
molecular recognitions, which are derived from hydrogen
bonding and electrostatic interactions, were accomplished
in a protic solvent (methanol or methanol-water). Further
studies to improve the sensitivity and selectivity for bio-
genic polyamines are underway.
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