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High Affinity of Crowned Bis(Spirobenzopyran) 
for Multi-Valent Metal Ions Based on Doubly 

Armed Ionic Interaction 
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HIDEFUMI SAKAMOTOb and KEIICHI KIMURAb 

aChemical Process Engineering, Faculty of Engineering, Osaka University, 
Yamada-oka 2-1, Suita, Osaka 565-0871, Japan and bDepartment of Applied 
Chemistry, Faculty of Systems Engineering, Wakayama University, Sakae-dani 

930, Wakayama 640-8510, Japan 

Crowned bis(spirobenz0pyran) 1 can bind a divalent metal ion Ca2+ more powerfully than 
monovalent alkali metal ions due to the doubly armed ionic interaction. The Ca2+ complexa- 
tion and selectivity between Ca2+ and K+ can be controlled by turning on and off visible 
light. 

Keywords: crown ether; spirobenzopyran; double ionic interaction; calcium ion complexa- 
tion; ion selectivity; photocontrol 

Spirobenzopyran derivatives are typical photochromic compounds that 
undergo reversible isomerization to their corresponding zwitterionic 
merocyanine form. We have studied on crown ether derivatives that can 
switch their metal-ion complexing ability photochemically. We have al- 
ready reported l ,  3,3-trimethylindolino-6'-nitrobenzopyryrospuan de- 
rivatives incorporating a monoazacrown ether at I'-position, which we 
call crowned spirobenzopyran. A phenolate anion in the metal ion com- 
plexes of merocyanine form of crowned spirobenzopyran can interact by a 
monovalent metal ion complexed with its crown ether moiety selectively. 

Such a phenomenon prompted us to design crowned bis(spir0benz.o- 
pyran) 1, which is an 18-crown-6 derivative bearing two spirobenzo- 
pyran units at the nitrogen atoms. We determined the complexing ability 
of 1 with monovalent, divalent and trivalent metal ions by using'H- 
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1 

NMR and electrospray-ionization mass spectroscopy (ESI-MS), and 
found that 1 binds much more strongly multivalent ions than monovalent 
ions. A significant peak assigned to the merocyanine form was 
observed in visible absorption spectra of solution containing equimolar 
amounts of 1 and a metal ion in acetonitrile under dark conditions. This 
implies that isomerization from the spiropyran form into the merocyanine 
form is induced by complexation of a multivalent metal ion by the crown 
ether moiety, the two phenolate anions interacting the central metal ion 
(Scheme 1). We have already reported that the crowned bis(spiro- 
benzopyran) binds a trivalent metal ion La3' more powerfully than 
monovalent metal ions such a alkali metal ions.' The metal ion 
complexation can be switched by visible-light irradiation. ESI-MS 
under dark conditions afforded a huge peak assigned to [LaNoJ-1]2' as 
compared to that for [K-11'. Visible-light irradiation increased the peak 
intensity of the LA complex, while decreasing that of the K complex. 

Here we report the higher affinity of crowned bis(spirobenmpyran) 1 
to a divalent metal ion Ca2' than alkali metal ions and photoinduced control 
of metal ion complexation and ion selectivity between the divalent metal 
ion and an alkali metal ion. Addition of an equimolar amount of an alkali 
or alkaline-earth metal salt to an acetonitrile solution of crowned 
bis(spir0benzopyran) 1 allowed the solution to turn dark red. This 
means that cation complexation of 1 by its crown ether moiety induced the 
isomerization of its spirobenmpyran moiety to the merocyanine isomer. 
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CROWNED BIS(SPIR0BENZOPYRAN) 

The coloration was more remarkable with Ca" than monovalent metal 
ions such as K'.**' 'H-Nh4R spectroscopy indicated that the isomen- 
zation degree was much greater in the complexation with Ca2' than with 
K+.2 Also, both of the two spirobenzopyran units in a crowned bis- 
(spirobenzopyran) molecule isornerjze to the corresponding merocyanine 
moiety in the Ca2' system, while only a spirobenzopyran unit does so in 
the K' system. 

Visible-light irradiation led to the isomerization of the merocyanine 
moiety back to its corresponding spirobenzopyran form. Turning off 
the visible light caused the thermal coloration reaction based on the iso- 
merization to the merocyanine form. The coloration reaction rates for 
various metal ions were measured spectrophotometrically by following 
the absorbance for the merocyanine isomer.3 The rate constant of 
thermal coloration is much higher for Ca2+ than for alkali metal ions. 
Also, the thermal coloration rate for the other divalent metal ions, Mg2+, 
S?', and Ba2' are considerably lower than for Ca". This may show 
that the size fit of the metal ions into the crown ether moiety also con- 
tributes to the high rate constants of thermal coloration. Probably, the 
fast thermal coloration is reflected in the high stability of metal ion 
complexes of 1. Thus, the absorption spectroscopy under dark 
conditions, NMR spectroscopy, and the thermal coloration rate 
measurements suggests that crowned bis(spirobenzopyran) 1 forms 
much more stable complexes with Ca2' than the other alkaline-earth metal 

ions and alkali metal ions. Thus, the high coloration rate and therefore 
the high complex stability for crowned bis(spirobenzopyran) 1 - Ca" 
system can be attributed to a combination of the relatively high Caz+ 
affinity of it$ crown ether moiety itself and the counterbalance of the 
positive charges of Ca" with two negative charges of 1 mrocyanine 
form. The complex formation in turn causes efficient intramolecular 
interaction of the metal ion with two phenolate anions of the merocyanine 
moiety, probably, one above and the other below the crown ether ring, as 
demonstrated in the scheme 1 .  

213 

D
ow

nl
oa

de
d 

by
 [

U
ni

ve
rs

ity
 o

f 
H

ai
fa

 L
ib

ra
ry

] 
at

 0
8:

56
 1

6 
A

ug
us

t 2
01

2 



274 TAKASHI TERANISHI et ul. 

Fig. I .  
metal ions (LP, Na’, K’) under dark conditions. 
[ I ]  : I X 

ESI-MS for acetonitrile solution containing 1 and mixture of Ca2+ and alkali 

M; [metal nitrate]: I X 10.’ M each. 

ESI-Ms for an acetonitrile solution containing a mixture of Ca” and 
alkali metal ions confirms the high stability of the 1 -Caz+ complex (Fig. 
1). The mass spectrum shows an intense peak for Ca2+ complex 
([ 1 +CaI2+) and only tiny peaks for the alkali metal complexes ([ 1 +Mr) , 
although the system contains an equal amount of metal ions. 

Visible-light irradiation on an acetonitrile solution containing an equal 
amount of crowned bis(spirobenzopyran) 1 and Caz+ caused isomeriza- 
tion of the merocyanine form of 1 back to the spirobenzopyran form. 
Turning off the light again allowed the spiropyran to merocyanine 
forms. That is to say, the crowned bis(spirobenzopran) is photoiso- 
merized between the spiropyran and merocyanine forms even in the pres- 
ence of Ca”. Since the photoisomerkition of crowned bis(spiro- 
benzopyran) 1 can proceed almost reversibly, photochemical control of 
Ca” complexation is expected to be feasible with 1. FSI-MS for an 
acetonitrile solution containing 1 and CaZ+ was measured under dark 
conditions and after visible-light irradiation (Fig. 2). There is a 
significant peak for 1 -Ca2+ complex under dark conditions, which shows 
that 1 binds CaZ+ powerfully. The photoirradiation decreased dramati- 
cally the peak intensity for the Caz+ complex, thus resulting in metal ion 
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CROWN ED B IS (SPIROBENZOPY RAN) 275 

[l+G$ (485) 

1000 1100 1200 

[1+H] (931) 

- - 
[l+C4' (485) 

100 200 300 400 500 600 700 800 900 loo0 1100 1200 
m l z  

Fig. 2. 
Ca". 
[ I ]  : I X l o 5  M; [Ca(NO,h]: I X 1O'M . 

Photoindiced change in ESI-MS for acetonitrile solution containing 1 and 
a: under dark conditions; b:after visible-light (A00 nrn) irradiation for 20rnin. 

release from the complex. This verifies the photochemical control of 
Ca2' complexation by 1. 

The spiropyran and memyanine isomers of 1 are very different in the 
metal-ion comeplexation and selectivity. The spiropyran isomer prefers 
monovalent metal ions like K' to divalent metal ions because the 
spirobenzopyran moiety hardly participates in the metal ion binding. 
The ion selectivity of the spiropyran isomer is essentially based on that 
for the parent crown ether, diaza-18-crown-6. On the other hand, the 
merocyanine isomer of 1 binds divalent metal ions like Ca" more 
strongly than monovalent ions due to the powerful interaction with its 
two phenolate anions. Photoinduced selectivity switching between 
divalent and monovalent metal ions was thus realized with crowned 
bis(spiro-benzopyran) 1 (Scheme 2) . The photoinduced change of ESI- 
Ms for a solution of CaZ+, K', and 1 is indicative of the ion selectivity 
switching between Caz' and K'. Photoirradiation decreased the peak 
intensity for the 1-Ca2+ complex. while increasing that for 1-K' 
complex. 
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[14.12'(485) .t 
[ltlq. (969) - E 

100 200 300 400 500 600 700 800 900 loo0 1100 1200 
m l z  

Fig. 3. 
andK+. a: underdarkconditions;b:aflervisible-light(~400nm)irradiationfor2Omin. 
111 : I X 10' M; [Ca(NO,)J: 1 X 10.' M ; [KNO,]: 1 X 1O'M. 

Photoinduxd change in ESI-MS for acetonitrile solution containing 1 ,  Ca2' 

Scheme 2 

visible light 
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