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Abstract: Unsymmetrical aza-macrocycle and its zinc complex, which were designed with the aim of exhibiting
the hybrid properties of planar and nonplanar macrocycles, were newly synthesized and showed the attractive
property of being color-switching molecules. The colors of the solutions, which contain these compounds
with a facile hydrogen atom, can be controlled easily by changing the solvent or the acid and base system.
The color of the solution containing the free base macrocycle was orange. Importantly, the color of the solution
containing the zinc complex of macrocycle depended on the solvent; the solution of zinc complex, which was
formed in dichloromethane, showed colorless, and the solutions of acetonitrile and methanol showed yellow
and red, respectively. The color of the solution containing the zinc complex was changed by the addition of
acids or bases, and the transformation between the colors of the solutions was reversible. This color-switching
phenomenon is considered to be related to the change of the conjugation system with the positional change of
a facile hydrogen atom on the aza-macrocycle. This facile hydrogen atom would arise from the unsymmetry

and the distorted nonplanarity of the macrocyclic ring. Furthermore, this new macrocycle exhibited a high
selectivity for binding of lithium ion among alkali and alkaline earth metal ions, and the color of its solution
changed from orange to colorless with the formation of lithium complex.

Introduction

interaction between aza-macrocycle and metal ions are of
interest for numerous potential applications, such as chemical

The macrocyclic compounds including pyridine rings are an ggnsors.
interesting and important class of compounds, and numerous  The most successful aza-macrocycles for practical applica-
studies about this topic have been carried out in a variety of tions exhibited the possibility of applying the switching system,
research field$. The discovery by Blau of chelating reagents thereby meeting an important requirement for new systems of
Containing blpyrldlnes has stimulated major efforts to understand d|5p|ay§‘3 However, this Cha”enging and fascinating pr0b|em
the details of the chemical and physical properties of macro- js interesting primarily from a fundamental rather than a

cycles containing bipyridiné:4 In particular, studies on the
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technological point of view because the aza-macrocycles studied
to date do not have enough properties to enable the construction
of practical system. This fact has encouraged us to synthesize
new aza-macrocycles having more attractive functionality. Our
approach to developing new molecules for the switching system
is based on the utilization of unique properties of aza-
macrocycled and2, which we synthesized several years &go.
The molecular structures of macrocy@léaving the conjugation
system over the whole molecule, macrocy@ebeing the
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A Color Switching Molecule

Chart 1
N NC._R NC._R
CN R CoN CN
1 (dark red) 2 ( colorless ) 3 (orange)
(R=n-butyl) a (R =n-dodecyl)

b (R = n-butyl)

dialkylation substitute of macrocycle and newly synthesized
macrocycle3 are shown in Chart 1.

A characteristic of macrocycld is the planarity of the
macrocyclic ring, which is enhanced by conjugation between
the macrocyclic ring and the cyano groups at the bridging
positions. In contrast, macrocy@ehas a distorted nonplanarity,
which was clarified by X-ray structure determinaticrighe new
macrocycle3 we present has been designed with the aim of
exhibiting the hybrid properties of macrocyclésand 2; the
2-pyridyl-2(1H)-pyridylideneacetonitrile moiety of macrocycle
1 has been linked to the alkyl di(2-pyridyl)acetonitrile moiety
of macrocycle2. Therefore, the hydrogen atom in the ring is
expected to afford ideal functionality for this purpose because
the hydrogen atom of the designed macrocy&le facile due
to the unsymmetry and the distorted nonplanarity, which are
produced by the combined structures of planar macrocycle
and nonplanar macrocycle Additionally, two types of mac-
rocycles3a (with a dodecyl group) andb (with a butyl group)
were synthesized in an attempt to probe the effect of the side
chains on the conformation of unsymmetrical macrocyclic ring.

An attractive approach to elucidating the chemical nature of
new hybrid macrocycl8 is the clarification of the effect of the

solvent on the new compound, because the hydrogen atom in

the macrocyclic ring might be affected by the properties of the
solvent. Accordingly, the solvent effect has been investigated
and the following facts were found: (1) The formation reaction
of the zinc complex of macrocycl@ depended on the solvent,
and three types of complexes were formed by the difference in
the properties of three solvents (dichloromethane, methanol,
acetonitrile).

(2) The color of the solution and the UWisible spectrum
of the zinc complex itself depended on the solvent. Furthermore,

we have examined the effect of acid and base on the property

of the zinc complex in order to probe the interaction between
the zinc complex and the hydrogen atom. It was found that the
color of the solution and U¥visible spectrum of the zinc
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The key to exhibiting the spectroscopically attractive phe-
nomenon for the macrocycl@ zinc complex is to control the
binding site of the hydrogen atom with the solvent; the
conjugation system of the macrocyclic ring of the zinc complex
is changed by the binding site of the hydrogen atom on the
macrocyclic ring, and as a result, the color of the solution and
UV —visible spectrum of the zinc complex were dependent on
the solvent.

Eventually, the combination of the characteristic structure of
macrocyclel and that of macrocycl2 has afforded new color-
switching molecules, which exhibit the solvent-responsive
property with a positional change of the hydrogen atom as an
antenna.

In this paper, we describe the syntheses and properties of
new unsymmetrical aza-macrocycle and its zinc complex, of
which the color of the solution is capable of being controlled
easily by the solvent or the acid and base.

Results

The synthetic route of macrocycl used in this study is
shown in Scheme 1.

More detailed synthetic methods and spectroscopic data for
macrocycle 3 and its zinc complex are described in the
Experimental Section. The complexation reaction of macrocycle
3 with zinc ion depended on the solvent and the resulting
solutions showed various colors. The color of the solution
containing the zinc complex itself also depended on the solvent
and was changed by the addition of acids or bases. The
transformation between the colors of the solutions was revers-
ible. The drastic change of the color observed in this experiment
was summarized in the followingolor cycle

ZnCly (in CHy0H ) Orange ZnCly (in CH3CN )
( metal free 3 )
ZnCly
{in CHyCly ) )

) R CH;CN or base
Red acid (in CHOH)_ | Colorless (inCHCh) _  vellow

~——————| (Complex 6} l~—————— (complex 8

Lecmpled) C?isr?é{nﬂfcﬁﬁf e b | acid (inCHyCN) ficeuinla)

i 2Cl2

CH;0H or base (in CH;CN )

The detailed data of U¥visible spectra of macrocyclga
and its zinc complex in various solvents were summarized in
Table 1.

Discussion

Characterization and Properties of Unsymmetrical Mac-
rocycle 3.The molecular structure of macrocy@evas assigned
by using IR,"H NMR, and MS measurements. In IR spectrum,

complex were changed by the addition of acids or bases, andthe absorption of nitrile group was observed at 2179%nfihe

this transformation was reversible.

IH NMR spectrum of macrocycld8ain CDCl; was presented

Scheme 1

. CN Ne. R

(1) CyHgLi (1) NaH (1) NaH

7 N\ _g, (2) CuCl, AN (2) NCCH,CONH, (2) R-Br

=N in ether SN N= in DMF in DMF

Br Br Br
CN CN
1 (dark red) 3 (orange)

a ( R = n-dodecyl )
b (R = n-butyl)
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Table 1. UV—Visible Data for the Macrocycl8a-Zinc Complexes and Free Base Macrocy8&in Various Solvents

compd solvent color Amax M € x 1004 M~1cm?)
CH.ClI, colorless 303 (2.75)
3a—Zn CH:CN yellow 298 (2.25) 357 (1.81) 440 (1.05) -
CH;OH red 287 (2.50) 381 (2.63) 468 (0.85)
3a CH.Cl, orange 281 (1.49) 359 (1.42) 378 (1.07) 464 (0.45)
CHsCN orange 283 (1.42) 355 (1.39) 378 (1.07) 458 (0.53)
CH;OH orange yellow 282 (1.34) 351 (1.41) 378 (0.97) 452 (0.50)

a2The concentrations of the solutions containing compounds measured are as follaw&n] = 5.45 x 1075 M; [3a] = 5.45x 105 M.

H‘.N HLH

Hl.ll HJ.IJ HLIJ

H 1.9
\k M Hy,
3 I
LEN 2 S S A SELSLENL A S RALENLI SR n T ”TrmeT
7.9 1.8 1.7 1.6 1.15 2.80 2.70

H 10-2% H 3

—

PPM
T N T T T T
16 8 6 4 2
Figure 1. *H NMR spectrum (270 MHz) of macrocyclga recorded in CDGl at 298 K.
Table 2. H NMR Data for the Free Base Macrocy@a and its Zinc Complexess(and 7)2
0 (ppm)
compound H, Hi4 Hs, His Ha, Hiz Hs, Hi1 He, Hio Hz, Ho Hi7 Hs Hio Hao-Ha29 Hso
macrocycle3a 7.69 7.81 7.92 7.59 7.60 7.16 15.65 2.76 1a831 0.85
complex6 8.23-8.43 6.71 3.18 1.181.28 0.86
complex7 8.14-8.34 7.55-7.81 3.12 1.131.29 0.86

a Spectra were recorded in CDCIt 298 K with SiMg as internal reference. Chemical shifts downfield from SjiMee defined as positive.
Numbering scheme is shown in Figure 1.

in Figure 1, and its data are summarized in Table 2. A particular a first-order AMX systenf. Surprisingly, the resonances of
noteworthy characteristic of this spectrum is that a single peak 2-pyridyl-2(1H)-pyridylideneacetonitrile protons appear at much
is observed at 15.65 ppm and this position is extremely low. higher field than that of pyridine protons. The loss of aromaticity
This means that this peak corresponds to the proton signal dueof pyridine itself in the pyridylideneacetonitrile moiety could
to the strong intramolecular hydrogen bond. This chemical shift possibly explain such a result. The resonances pahtl H»
observed for the intramolecular hydrogen bond is very close to appear at much lower field than those of, Find Hy,
that (17.20 ppm) previously described for macrocytlen respectively, and those ofsHand H; appear at much lower
trifluoroacetic acic® The proton resonances for the macrocyclic field than those of Hand H, respectively, because of the steric
ring give two distinct parts of signals in CD£the protons of (9) The assignment of these peaks (pyridylideneacetonitrile and pyridine
the 2-pyridyl-2(H)-pyridylideneacetonitrile moiety appear at moieties) was confirmed by variable-temperattiieNMR measurements.
higher field (7.14-7.64 ppm) and the type of signals shows an Upon cooling, H and H protons of the 2-pyridyl-2(#)-pyridylidene-

; - acetonitrile moiety moved to lower field. On the other hand, the position
ABX pattern. l_n contrast, the signals at lower _flpfld (7_67794 of the Hs proton was nearly independent of the temperature. As a result,
ppm) are assigned to the protons of two pyridine moieties of the H; and H; protons appeared at a similar position at room temperature
the alkyldi(2-pyridyl)acetonitrile part and exhibit the pattern of ~and this spectrum showed an ABX pattern. In contrast, §ertd H; protons
appeared at different positions at low temperature, and this spectrum showed
(8) This macrocyclel is insoluble in the usual organic solvents. a first-order AMX pattern (Figures 15 and 16).
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Scheme 2
+
NC.__R NC_ R
LiCi
in CH2C|2
R CN R CN
2 4
(colorless) (colorless)

( non-fluorescent ) ( fluorescent )

[ Enhancement of Fluorescence |"

crowdings between Hand H and between IH and Hj. One

of the most remarkable features of this structure is to include a
pyridylideneacetonitrile moiety, which is conjugated with the
adjacent pyridine ring. Since this 2-pyridyl-2(}-pyridylidene-
acetonitrile moiety consists of long conjugation systems, the
orange color for the solution of macrocy@ean be explained

by this structure.

H. H.

= N7 N7 Z "N NT
CN CN

2-Pyridyl-2(1H)-pyridylideneacetonitrile moiety

Macrocycle 3a exhibited high solubility in most organic
solvents. The color of its dilute solutior-(0~° M) was orange,
and its U\-visible spectrum showed one strong absorption band
at 281-283 nm, two absorption bands (a sharp band at351
359 nm and a weak band at 378 nm), and a broad absorption
band at 436-590 nm in CHCl,, CH;CN, and CHOH. When
UV —visible spectra of macrocyclga were measured in these
solvents, it was found that there was no difference in the
intensity, and shape of absorption bands, except for a hypso-
chromic shift, with increasing solvent polarity (Table'®).

Characteristic Ability of Macrocycle 3 To Form the
Lithium Complex. Macrocycle3 has the hybrid property of
planar macrocyclel and nonplanar macrocycz Since the
ability to form the complex with metal is expected to be affected
by this characteristic property of macrocy8leghe complexation
reaction of macrocycl8 with alkali or alkaline earth metal ions
was carried out and a pronounced feature in the complexation
reaction was found. That is, macrocy@dormed the complex
only with lithium ion, and the color of the solution changed
from orange to colorless, but did not form the complex with
alkali or alkaline earth metal ions. The velocity of macrocycle
3 to take up lithium ion in CHCI, was much slower than that
of macrocycle2, which we described previoushyin this case,
the UV—visible spectrum of the macrocycBithium complex
resembled much that of the macrocy@dithium complex in
CH,Cl,. This observation leads us to postulate that the structure
of complex 5, which is formed by the complexation of
macrocycle3 with lithium ion, is similar to that of lithium
complex4 of nonplanar macrocyclg2 as shown in Scheme 2.
This fact was confirmed by NMR measurements of complexes
4 and 5. The aromatic region in théH NMR spectrum of
complex5 (R = butyl) prepared from macrocycBb, as shown

(10) Reichardt, CSobents and Sekent Effects in Organic Chemistrg
nd ed.; VCH Publishers: Veinheim, Germany, 1988.
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+
NC._R NC._R 1
LiCl
in CH2CI2
N HCN o
3 5
(orange) (colorless)

[ Change of Color ]

IIIIIIITIITTTI—[II]I—I
8.1 80 PPM

Figure 2. *H NMR spectrum (270 MHz) of macrocyc@a—Ilithium
(complex5) recorded in CDGlat 298 K.

15

1.2 e |-

Absorbance
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Figure 3. UV—uvisible spectra of macrocyclga and its zinc complex
6 in CH.Cl,: macrocycle3a (1); zinc complex6 (2).

in Figure 2, was similar to that of complekx (R = butyl)
reported previously by usMoreover, the signal (15.65 ppm)

of the proton of the inside of the ring of macrocychb
disappeared, and a new singlet peak corresponding to the proton
of the outside of the ring of compleéx(R = butyl) was observed

at 7.65 ppm.

Therefore, it is considered that the hydrogen atom in the ring
is pushed to the outside of the ring and four pyridine moieties
are formed in a macrocyclic ring like nonplanar macrocyZle
The experimental fact that the solution changes from orange to



12178 J. Am. Chem. Soc., Vol. 122, No. 49, 2000 Ibrahim et al.

Py-H
H,
|:‘xl|vuwl-||r|vvul/ T "‘P‘""’T‘”"T""
8.4 8.3 8.2 6.7 3.25 3.15 H
1029

A "/)HL__

T 1 I T T T
8 7 [ 5 4 3

-

Figure 4. 'H NMR spectrum (270 MHz) of macrocyclga—zinc (complex6) recorded in CDGl at 298 K.

colorless can be explained by the disappearance of the conjuga- '

tion system of the macrocycle.

As described above, macrocycdedid not form any com- 12
plexes with sodium, potassium, and alkaline earth metal ions.
This indicates that macrocycl® has a high selectivity for 0
binding of lithium ion, and the color of the solution changes ’ l ‘

\

with the formation of the lithium complex. Therefore, there is
a possibility that macrocyclg is an excellent reagent to detect
lithium ion. This isa new finding in lithium chemistr?
Structural Changes of the Zinc Complex of Macrocycle 5
3 in Various Solvents and Its Color-Switching Property. | ‘ AN
Macrocycle3 formed the complex with zinc ion and exhibited 5 : ; N
spectroscopically interesting behavior during the process of 0.0 T : i : T

T
. . . . . . .. 270 300 00
complexation in various solvents. While absorption in the visible 400 P~ 600 80

region (439'59_0 nm) of macrocycl8ain CH,Cl, disappeared, Figure 5. UV —uvisible spectra of macrocyclga and its zinc complex

a new absorption of Zn complex appeared at 303 nm (Table 1,7 j5 cH,0H: macrocycle3a (1); complex7 (2).

Figure 3). Finally, the solution became colorless, and the trend

of the change of the spectrum during the reaction of macrocycle

3aand zinc ion was very similar to that of macrocy8keduring signal broadening far-methylene protons of the dodecyl group

uptake of lithium ion in CHCly. In the IH NMR spectrum  (3.18 ppm). This shift is typical of macrocycle coordinated by

(Figure 4) of this Zn complex in CDg|the signal (15.65 ppm)  metal, owing to the decrease of electron density. The signals

of the proton assigned to the intramolecular hydrogen bond of of other methylene groups{CH;)10—)] were also observed

free base macrocycl@a disappeared, and a new singlet peak, atlower field (1.08-1.31 ppm) compared to those (1-12.27

which is correspondent to the proton of the outside of the ring Ppm) for the free base macrocy@da

of complex6, was observed at higher field (6.71 ppm). When the zinc complex was formed in gbH, the absorption
Additionally, the signals at higher field (7.24.64 ppm) that intensity of macrocycle3a at 378 nm increased with the

correspond to the protons of the 2-pyridiyl-B{tpyridylidene- disappearance of the absorption at 351 nm. The broad band in

acetonitrile moiety of free base macrocy8edisappeared, and  the visible region was red-shifted from 452 to 468 nm and the

signals that correspond to four pyridine moieties appeared atorange solution turned to red (Table 1, Figure 5).

lower field (8.23-8.43 ppm) (Table 2, Figure 4). This indicates The observation for the experiments in &H, and CHOH

that four pyridine moieties, which are almost equivalent, are leads us to conclude that the complexation reaction of macro-

formed by coordination of zinc ion. This is evidence for the cycle 3 with zinc ion is affected by the property of the solvent.

reason the color of the solution changes from orange to colorlesswhen complexation with zinc proceeds in the solvents where

with the formation of the zinc complex. The coordination of the basicity is comparatively small, the hydrogen atom in the

zinc to macrocycleainduces significant downfield shifts and  ring is extruded on the ring outside, the conjugation system of

- . the macrocycle is lost, and the complex having a structure like

83 8%?1\';?‘5 ';,Ijt‘fg'_ya;%'lgg‘;hg&ﬁ?%f‘; ang?iey’ N.Ghem Rev. complex6 is formed (Scheme 3). On the other hand, when the

1991, 91, 137. more basic solvents are used, compfexvhich has more an

Absorbance

=~
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Figure 6. *H NMR spectrum (270 MHz) of macrocycBa—zinc (complex?) recorded in CDGlat 218 K. This compleX was formed in CHOH.

Scheme ¥
B _ 2+
NC.__R
ZnClg
in CH,Clp 6 (colorless)
L H”TCN
+
ZnCl,
3 (orange)
in CHgoH
7 (red)

enhanced conjugation system compared with macroS;dke
formed (Scheme 3). The reason complékas the structure
shown in Scheme 3 is as follows. The free base macrodcle

shows the orange color due to the long conjugation system. The

coordination by zinc induces the increase of planarity over the
macrocyclic ring and the formation of longer conjugation system
with pyridine moieties of alkyl di(2-pyridyl)acetonitrile part.
As a result, the UV-visible spectrum is red-shifted and the
solution shows the red color. The reason comples formed

in the solvent with high basicity is that the hydrogen atom on
the ring of complex6 is removed by the solvent, the longer
conjugation system is formed, and the complex is stabilized.
This structure of compleX is also supported by théd NMR
spectrum for complex, which is presented in Figure 6. This
indicates the appearance of peaks (#B®B1 ppm) assigned

to the protons of 2-pyridyl-2)-pyridylideneacetonitrile moi-
ety. The'H NMR spectrum of comple® did not exhibit these
peaks (Figure 4).

1.0

0.8

0.6

Absorbance

0.4

0.2

0.0

300 650

500
A (nm)
Figure 7. UV-—uvisible spectral changes of macrocycBa-zinc
(complex6) in CH,Cl,. The amounts of CkOH added to the solution
were 0 (1), 2.47x 1074 (2), 7.41x 1074 (3), 9.88x 1074 (4), 14.82
x 1074 (5), and 19.76x 104 mol (6). The concentration of complex
6 in CH,Cl, used in this experiment was 2.50107° M.

Of particular interest is the role of the solvent in changing
from complex6 to complex7. Attempts were therefore made,
using the solvents with various basicities, to explore this effect.
The solvents with low basicity were selected in order to probe
the sensitive behavior. Dimethyl sulfoxide (DMSO), €bH,
and tetrahydrofuran (THF) were used for this experiment. The
spectral change of the compléxn CH,CI, by addition of CH-

OH are shown in Figure 7. The relationship between the

absorbance ratio at 390 nm and the amount of each solvent
added is shown in Figure 8. This figure suggests that there is
the correlation between the basicity of the solvent added and



12180 J. Am. Chem. Soc., Vol. 122, No. 49, 2000 Ibrahim et al.

1.0 2.0
0.9
0.8

0.7 15 [ S

0.6
05

04

03

Absorbance

0.2

Relative Absorbance A/ A, at 390 nm

0.1

0.0

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Amount of the solvent added ( X10° mol )

Figure 8. Relationship between the absorbance ratio at 390 nm and
the amount of the solvent added. DMSO)( CH;OH (d), and THF
(a). The solvents were added to the solution of macroc@elezinc
(complex6) in CH,Cl,, and the concentration of compléxwas 2.50 20
x 1075 M. B

T
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Scheme 4?°

1.5~ : -
2+ + : N : -

NC.__R NC._ R

Absorbance

basic solvent

1.0

in CH2C|2
R CN CN 0.5 -
6 (colorless) 7 (red)
the spectral change; the change of the spectrum by DMSO with O'OSOO o A oo
the higher basicity is more intense than that by THF with lower ‘o0 2 (om)
baS|(_:|ty.l3 The spectrum o_btamed by adding this b.aS'C medium Figure 9. (A) UV —visible spectral changes of macrocy@a—zinc
was in good agreement with that of compleformed in MeOH. (complex6) in CH.Cl,. The amounts of pyridine added to the solution

These experimental results indicate that compeis trans- were 0 (1), 0.34« 1074 (2), 1.02x 1074 (3), 1.36x 1074 (4), 1.71x
formed to complex7 by adding the basic solvent. Therefore, 104 (5), 2.05x 104 (6), and 2.73x 10~* mol (7). The concentration
the solvent exhibits a large effect in the transformation from of complex6 in CH.Cl, used in this experiment was 4.9310°5 M.
complex6 to complex7 as shown in Scheme 4. (B) UV —visible spectral changes of macrocy8&-zinc (complex6)

In addition, we need to explore the interconversion between in CHCl.. The amounts of CGJ£OOH added to the solution after
complex6 and complex? by adding the acid or the base to the ~2addition of 2.73x 10~* mol of pyridine were 0 (7), 0.3% 107 (8),
solution of the zinc complex of macrocycan order to confirm ~~ 0:75 % 107 (9), 0.96x 10°# (10), 1.17x 107 (11), 1.39x 107
the protonation and deprotonation behavior. The experimental (12): 1.81x 107 (13), and 2.24< 10°* mol (14).
procedures and the results are shown in Scheme 5.

Initially, the addition of pyridine to the colorless solution of  this yellow solution, and when HCOOH was added to this red
zinc complex in CHCI, was red, and another addition of €F  solution, it became colorless. The changes of +¥isible
COOH to this solution returned it to colorless (Figure 9). In spectra accompanied by these operations are shown in Figures
MeOH, zinc complex’ showing a red color was obtained. The 12 and 13, respectively, and the structural changes that
succesive addition of the acid and the base to this red SO|Uti0ncorrespond to the change of spectra are presented in Scheme 6.
gave the change of colors to colorless and to red again (Figure|n this case, the spectra of the colorless and red solutions are
10). very similar to the spectra of zinc complex obtained in,CH

The formation reaction of zinc complex in acetonitrile and CHOH, respectively. These spectroscopic findings have
provides another series of color changes. The intensity of theed the consideration about the structure of the complex in the
shorter wavelength band (355 nm) for two absorption bands of yellow solution; this complex has a conjugation system spread-
macrocycle3aitself increased and that of the longer wavelength ing over the macrocycle and a hydrogen atom in the ring.
band (378 nm) diminished. Moreover, the broad band in the Therefore, macrocycl8 shown in Scheme 6 is considered to
visible region is blue-shifted from 458 to 440 nm and the color pe the structure of this complex.
of the solution became yellow (Table 1, Figure 11). Experiments  Fjyorescence measurements of free base macroSale
using the acig-base system were also made as well as the caseorange), comple® (colorless), complex (red), and complex
of CH;Cl, and CHOH in order to characterize the complex, g (yellow) were carried out in an attempt to obtain supporting
which was formed in CECN. Initially, when HCOOH was  jnformation about each structures. The fluorescence spectra of

added to the yellow solution, it changed to colorless. Addition- hese complexes are presented in FigurdIFhe pronounced
ally, it became red when the base was added to this solution.
In the reverse order, it became red when pyridine was added to_ (14) Takano, K.; Furuhama, A.; Ogawa, S.; Tsuchiya). &hem Soc,
Perkin Trans 21999 1063.

(13) Riddick, J. A.; Bunger, W. A.; Sakano, T. KQrganic Solents (15) This fluorescence spectrum of macrocy&tewas almost the same
4th ed.; Techniques of chemistry 2; John Wiley & Sons: New York, 1986. as that of comple), and the two spectra appeared to be superimposable.
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feature of these spectra is that the fluorescence intensity of As stated above, the position of the hydrogen atom in the
complex6 is very large and, in contrast, that of compi@xs zinc complex of macrocycl8 depends on the property of the
almost the same as that of free base macrocyaldt seems solvent, and its conjugation system changes largely with this
rather difficult to explain this result by a simple mechanism. binding site. As a result, the color of the solution containing
However, some explanation might be found by using results this zinc complex dramatically changes to colorless, yellow, and
previously reported. By using lithium compldxwe were able red® This phenomenon is exhibited distinctly by Table 3, which
to observe the great enhancement of fluorescéht®eThe contains the shifts of hydrogen atoms of some compounds as a
structure of comple® is very similar to that of lithium complex  function of conditiong”

4, exhibiting large intensity of fluorescence. Thus, the large  Both structures of macrocycldsand? are fully symmetrical,
fluorescence intensity observed for compléx might be but macrocycle3 takes an unsymmetrical structure, possibly
explained in terms of the similarity of the system of macrocyclic taking a highly distorted structure, which produces various
rings. Additionally, this explanation was confirmed by the conformations. There is a possibility that this fact is confirmed

experimental result about lithium compl&xlithium complex by the variable-temperatutel NMR spectroscopy. Therefore,
5 exhibited the enhanced fluorescence intensity. A similar expla-
nation would be applied for comple the structure of complex (16) The complexation reaction was attempted by using other solvents.

; As a result, the following colors were observed: (i) colorless in benzene,
8 'SﬁlmOSt the Sahme as that of free basi macroc%am shown -l iene and CHG (i) yellow in acetone, and (i) red in DMSO and THF.
in the above schemes, and compkshows a fluorescence (17) The cleatH NMR spectrum of comple8 was not obtained by our

intensity similar to that of free base macrocy8a NMR system.
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Figure 10. (A) UV —visible spectral changes of macrocy8a-zinc
(complex 7) in CH3;OH. The amounts of GEOOH added to the
solution were 0 (1), 0.3% 1074 (2), 0.53x 1074 (3), 0.75x 1074 (4),
0.96 x 10 (5), 1.28x 1074 (6), 2.13x 107* (7), 4.26 x 1074 (8),
and 10.6x 107 mol (9). The concentration of complé&xin CH;OH
used in this experiment was 8.0610°° M. (B) UV —visible spectral
changes of macrocycga—zinc (complex7) in CHsOH. The amounts
of pyridine added to the solution after addition of 1&6&L0~“ mol of
CRCOOH were 0 (9), 0.85¢< 107“ (10), 1.71x 104 (11), 2.56x
107*(12), and 3.41x 104 mol (13).
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Figure 11. UV —visible spectra of macrocycaand its zinc complex
8 in CHi:CN: macrocycle3a (1), complex8 (2).
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Figure 12. (A) UV —visible spectral changes of macrocy8e-zinc
(complex8) in CHsCN. The amounts of HCOOH added to the solution
were 0 (1), 0.20< 107°(2) and 1.57x 107> mol (3). The concentration
of complex8 in CH;CN used in this experiment was 5.4510°° M.
(B) UV —visible spectral changes of macrocy8&-zinc (complex8)
in CH3CN. The amounts of pyridine added to the solution after addition
of 1.57 x 107> mol of HCOOH were 0 (3), 0.34 10“ (4), 1.02x
1074 (5), 1.71x 1074 (6), 2.39x 1074 (7), and 4.09x 104 mol (8).

change of temperature; upon cooling, the signals seen for the
Hs (Hi0) and H (Hg) protons of the pyridylideneacetonitrile
moiety moved to lower field, while that of thesHH11) proton
was virtually invariant as shown in Figure 16. This unusual shifts
of protons H (Hig) and H (Hg) must be due to the increases
of planarity of the 2-pyridyl-2(H)-pyridylideneacetonitrile and
the effect of the ring current of the cyano group; at low
temperature, the degree of planarity of the 2-pyridylF2¢L
pyridylideneacetonitrile moiety increases, this leads to an
increasing degree of conjugation with the cyano group and
increasing effect of the ring current, and this affords the
appearance of these signals at lower field.

This macrocycle3 formed complexes with some other metal
ions (CU#*, Co*™, Fet, EL®T, Srtt) in CH,Cl, or CHCk. The
shapes of the UVvisible spectra of these complexes resembled
that of the zinc complex/ obtained in CHOH, and their
solutions showed a red-shift compared with that of comlex
The solutions of these complexes were very sensitive to the
addition of acid or base; when acid was added to the deeply

this measurement was carried out and the temperature depeneolored solutions, they became colorless. Additionally, when

dence of théH NMR spectra was found. TH&l NMR spectrum

the base was added to this, the solution returned to its original

of macrocycle3aas a function of temperature is shown in Figure color. These processes were found to be reversible and occur
15. This result indicates some variations of conformation with repeatedly with good reproducibility.
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Figure 13. (A) UV —visible spectral changes of macrocy8a-zinc
(complex8) in CH;CN. The amounts of pyridine added to the solution
were 0 (1), 2.21x 1074 (2), 3.06x 10°“(3), and 3.40x 10~*mol (4).
The concentration of comple& in CHsCN used in this experiment
was 5.45x 1075 M. (B) UV —visible spectral changes of macrocycle
3a—zinc (complex8) in CHsCN. The amounts of HCOOH added to
the solution after addition of 3.4 10~* mol of pyridine were 0 (4),
0.98 x 1074 (5), 3.32x 1074 (6), 5.09x 107“ (7), 9.80x 104 (8),
and 11.76x 10~* mol (9).
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Figure 14. Fluorescence spectra of macrocy8kand its zinc com-
plexes6, 7, and8 in CH,Cl,: macrocycle3aand complex8 (1), com-
plex 7 (2), and complex (3). The excitation wavelength was 285 nm.

Conclusion

Unsymmetrical aza-macrocyc& which has the combined
structures of planar macrocycleand nonplanar macrocyck

J. Am. Chem. Soc., Vol. 122, No. 49, 202283

Table 3. Chemical Shifts of the Facile Hydrogen Atoms

compound solvent chemical shift
1 trifluoroacetic acid 17.20
3a CDCl; 15.65
5 (R = butyl) CDCk 7.65
6 (R = dodecyl) Cchd 6.71

was newly synthesized and found to exhibit a new functionality;
a zinc complex of this macrocychas various conformations
due to its unsymmetric and distorted structure, giving a facile
hydrogen atom. As a result, this hydrogen atom on the
macrocyclic ligand moves easily by complexation with Zn ion.
The binding site of this facile hydrogen atom is also changed
by the property of the solvent. In other words, the binding site
of the hydrogen atom on the macrocyclic ring is capable of
being controlled by the solvent. The conjugation system of the
macrocycle changes with the binding site of the hydrogen atom,
and as a consequence, the colors of the solutions containing
these compounds are capable of being controlled by solvent. It
was also found that the conjugation system of the macrocyclic
ring is changed reversibly by using the aclthse system.

The characteristic color change by this color-switching
molecule was summarized in the color cycle given above.

In summary,a new azamacrocycle and its zinc complexes
of which the colors of the solutions are controlled easily by the
solvent or the acieg-base systenwere synthesized his color-
switching molecule has some advantages over the previously
known compound$,because the facile hydrogen atom as an
antenna is very sensitive to the chemical environment, such as
solvent and pH. The results observed in this experiment provide
an important strategy for syntheses of new cawitching
moleculesin addition to providing the color-switching molecule,
this method to design the unsymmetrical and distorted system
generates considerable activation of the development of a
molecule to catch the lithium ion easily.

Experimental Section

Chemicals. All reagents and solvents were purchased from Wako
Chemical Co. and used as received. Dimethylformamide (DMF) used
in the synthesis was dried over 3-A molecular sieves and distilled under
vacuum. For column chromatography, Wakogel (silica gel) C-300
(particle size 4575 um) was used. Macrocycle was prepared by a
literature proceduré.

Instrumentation. UV —visible spectra were obtained on a Shimadzu
UV-2200 spectrophotometer at room temperature in 1-cm quartz cell.
IR spectra were measured on a Perkin-Elmer FT-IR 1720 X spectrom-
eter with a KBr method. The fluorescence spectra were collected by
using a Shimadzu RF-5300PC spectrometer under an argon atmosphere
at room temperature. Mass spectra were taken in a JEOL JMS-700
spectrometer*H NMR spectra were measured on a JEOL JNM GX
—270 spectrometer (270 MHz). When variable-temperatbdr&élMR
measurements were carried out, a liquid nitrogen-cooled variable-
temperature controller was used. Chemical shifts are reported with ppm
units with SiMe as an internal standard. Since the solutions of free
base macrocycl@, its Zn complexes/ and 8, and its other metal
complexes described above were photosensitive, these solutions were
kept in the dark.

Syntheses. Macrocycle 3aA dispersion of 60% sodium hydride
in mineral oil (0.6 g, 1.50x 102 mol) was placed in a 100-mL four-
necked flask under an argon atmosphere. After the mineral oil had been
removed by washing with ethyl ether, anhydrous DMF (50 mL) was
charged at room temperature, and then, macrocy¢®@3 g, 7.77x
10 mol) was added. The reaction mixture was stirredZd at 50
°C. While hydrogen gas was evolved, the color of the reaction mixture
turned to deep red. After cooling to 3C, 1-bromododecane (3 mL,
1.30x 10t mol) in 25 mL of DMF was added to its reaction mixture,
and the reaction temperature was raised to°T35At this temperature,
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Figure 15. 'H NMR (270 MHz) spectra of the macrocycBa in CDCl; at various temperatures.

the reaction mixture was stirred for 16 h. The reaction was stopped by third fraction as bright-red needles in 55% yielttl NMR (CDCls,
adding of water, and DMF was removed under vacuum to give a crude 298 K) 6 15.65 (s, Hy), 7.92 (d, H.1), 7.81 (t, H.19, 7.69 (d, H.14),
product as a red oil. This product was extracted by chloroform and 7.60 (H10), 7.59 (Hs11), 7.16 (H.9), 2.76 (Hg), 1.08-1.31 (M, Ho-29),
purified by silica gel (particle size 4575 um) column chromatography  0.85 (t, H), Jos = Jiz14~ 7.56 Hz,J34 = J1213= 7.29 HZ,J56 = J1017=
by using chloroform as elute. MacrocycBa was isolated from the 7.31 Hz,Js7 = Jo10 = 8.91 Hz,J57 = Jo11 = 0.79 Hz;m/z 554 (M"),
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333 o . 3b was isolated from the third fraction by column chromatography and
. - J/ e o " obtained as pale red powder in 65% yielH NMR (CDCls, 298 K)

0 15.65 (s, Hy), 7.94 (d, H12), 7.83 (t, H19, 7.72 (d, H.19), 7.61
303 (He,10, 7.60 (H5.11), 7.18 (Hy,9), 2.77 (Hyg), 1.23-1.33 (M, Ho-21), 0.78

(t, H22), Joz = d1z1a = 7.56 Hz,J34 = Jizis= 7.29 HZ,J56 = 1011 =

7.31 HZ,J57 = Jo10 = 8.91 HZ,J57 = Jo11 = 0.79 Hz;m/z 442 (W),

273 385 (M" — (—=CHy)3—CHzs); UV—vis (CHCl) Amax (€) 281 nm
(14 500), 359 (14 000), 378 (10 700), 464 (4100); IR (KBr) (ém
2935, 2183, 1628, 1582, 1518, 1465, 1434, 1180, 795.

243 Zn Complex 6 of Macrocycle 3aA mixture of macrocycle3a (0.05
28 g, 9.02x 10" mol) and ZnC} (0.25 g, 1.83x 10~* mol) in 15 mL of
CHCI, were stirred for 10 min at room temperature. By complexation
23 with ZnCl,, the orange solution changed to colorless solution. The
77 76 75 14 73 72 7 resulting solution was used for Uwisible and'H NMR investiga-
8 ceevy tion: *H NMR (CDCls, 298 K) 6 8.23-8.43 (m, 12 H, Py-H), 6.71 (s,
Figure 16. Variable-temperaturéH NMR (270 MHz) data for the 1 H, Hg), 3.18 (br. 2 H, Hg), 1.18-1.28 (m, 20 H, Ho-20), 0.86 (t, 3
2-pyridyl-2(1H)-pyridylideneacetonitrile group of free base macrocycle  H, Hag); UV —vis (CH:Cl2) Amax (€) 303 nm (27 500).

3ain CDCls. Zn Complex 7 of Macrocycle 3aA mixture of macrocycléga (0.05

g, 9.02x 105 mol) and ZnC} (0.25 g, 1.83x 10~ mol) in 15 mL of
385 (M" - (—CH,)1,—CHg). Anal. Calcd (%) for GeHsaNe: C, 77.98; CH;OH was stirred for 10 min at room temperature. The complexation
H, 6.86; N, 15.16. Found (%): C, 77.19; H, 7.34; N, 14.49.-tNs of macrocycle3a gave a red solution, the reaction mixture was stood
(CHClz) Amax (€) 281 ?m (14 900), 359 (14 200), 378 (10 700), 464 ¢4 30 min at room temperature, and a red solid was precipitated. The
(4500); IR (KBr) (cn™) 2925, 2186, 1625, 1572, 1501, 1458, 1423, o 5ojid was collected by filtration and washed with water. After drying

1171, 784. . . .
! 18 . I under vacuum, the red solid was obtained as a zinc compleX
Macrocycle 3b!® The synthesis and the procedure of purification NMR (CDCh, 218 K) 6 8.35 (d, 2 H, H1), 8.22-8.31 (M, 4 H, H.15

were similar to the preparation of macrocy8ke though 1-bromobutane
- ) : - 319, 7.78 (d, 2 H, H11), 7.71 (t, 2 H, H10), 7.57 (d, 2 H, Hy), 3.12
was substituted for 1-bromododecane. The reaction mixture was heateof(_t', 2 M, the), 1.16-1.38 (M, 20 H, Ho_ss), 0.85 (t, 3 H, Ho); UV—vis

at 100°C for 8 h with stirring. Tetraazadicyanomonobutyl macrocycle
g y y YE® (CH/OH) Amax (€) 287 (25 000), 381 (26 300), 468 (8500). IR (KBr)

(18) The properties of macrocyclégb were very similar to those of (cm™1) 2924, 2168, 1595, 1553, 1467, 1421, 1387, 1013, 795.
macrocycleda.
(19) R = dodecyl. JA994005B
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