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Chapterr  3 

Asymmetricc Indolylmaleimide Derivatives and 

theirr  Complexation with Zinc (Il̂ cyclen1^ 

Abstract t 

inin this Chapter, the spectroscopic properties of two asymmetric indolylmaleimide 

derivatives,derivatives, 4-bromo-3-(l 'H-indol-3 '-y!)-maleimide and 4-methyl-3-(I 'H-indol-3 '-yl)-

maleimide,maleimide, are investigated. Both compounds are strongly coloured even though their 

components,components, the indole moiety and the maleimide unit, absorb in the UV region only. The 

donordonor and acceptor capability of the indole and the imide respectively suggests that their 

colourcolour is due to the presence of a charge transfer (CT) absorption band. The photophysical 

propertiesproperties of the nvo compounds in solution are studied in detail by steady state and time-

resolvedresolved absorption and emission spectroscopy. Their solvatochromic behavior was 

investigatedinvestigated by using the Kamlet-Taft approach, which indicates CT character of the excited 

state.state. Nano- and femtosecond transient absorption spectroscopy was used for the 

identificationidentification and investigation of the CT state. Furthermore, the effect of the complexation 

withwith Zinc (11) 1,4.7,1 l-tetraazacyclododecane (Zn (Ii)-cyclen) on the photophysical 

propertiesproperties of these two compounds was studied. An enhancement of the fluorescence intensity 

uponupon self-assembly (up to 80-90 fold) and high association constants were observed, which 

illustrateillustrate the potential use of these compounds as luminescent sensors. DFT calculations 

indicateindicate that HOMO-1 to LUMO excitation is mainly responsible for the charge transfer and 

thatthat this transition changes its character drastically when Zn (H)-cyclen complexation occurs. 

++ Part of this chapter has been published in: B. Kiikrer Kaleta$, R. M. Williams. B. König. L. De Cola 

Chem.Chem. Commun. 2002, 7. 776-777. 

B.. Kükrer Kaletas. R. M. Williams. G. van der Zwan. H. Joshi, M. Fanti, F. Zerbetto, B. König, L. De 

Cola,, in preparation. 



Asymmetricc Indolylmaleimide Derivatives 

3.11 Introductio n 

Thee reversible formation of assemblies that results in changes of the photophysical 

properties,, relative to the separate components, is a very exciting research area1'1 that 

cann lead to the use of molecular recognition for the design of luminescent sensors.4'5'1 

Uponn molecular recognition a quenching or enhancement of emission can be 

observed,, in general. The concept of chelation-enhanced fluorescence has been used 

byy several research groups6'1" to design chelating ftuorophores of which the emission 

quantumm yield increases upon the addition of metal ions. This concept was used as an 

efficientt tool in analytical detection13 because the emission enhancement is much 

moree sensitive than the quenching process. Fluorophores based on quinoline,14 

dansyl,1"166 fluorescein17 and anthracene1*  have been reported earlier for these 

purposes. . 

Bisindolylmaleimidess are common substructures of natural products.iy Their 

biologicall  activity as potent inhibitors of protein kinase C (PKC)2t)"22 stimulated their 

applicationn as lead structures in drug design. The imide function can be used as a 

coordinationn site for Lewis acidic Zn (II) azamacrocycles: Kimura and others have 

studiedd the ground state properties of Zn (II) in zinc enzymes with macrocyclic 

polyaminee model complexes, such as Zn (Il)-cyclens.2325 A number of Zn (II) 

containingg azamacrocycles have been used to mimic metallocatalysts in the hydrolysis 

off  carboxyl esters26 including DNA and ribonucleotides."7 The complex formation of 

Znn (ll)-cyclen with biologically important imides has also been investigated.:K"," The 

coordinationn of the deprotonated imide nitrogen with the Zn (II) azamacrocycle has 

beenn confirmed by X-ray structures11 and is believed to be supported by hydrogen 

bondss between the imide oxygen and the NH's of the azamacrocycle.12 Such a 

bindingg motif was also used for the recognition of anions33 and neutral molecules.34 2y 

Thee application of imides as red emitting components in organic light-emitting 

diodess (OLED)3? as well as potential maleimide-based fluorophores16 have been 

reportedd recently. Despite the huge number of indolylmaleimide derivatives that have 

beenn synthesized"*1""2'3'"42 and used for a broad variety of purposes, very little is 

knownn about their photophysical properties. Asymmetrically substituted indole-

maleimidee systems have been studied even less intensively. Only very recently some 
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3.22 Results and Discussion 

naphthalimidee derivatives and their use in fluorescence signaling appeared in the 

literature.. ' 

Inn this chapter the spectroscopic properties of two asymmetric indole-maleimide 

derivatives.. 4-bromo-3-( 1 'H-indol-3'-yl)-maleimide (IM-Br ) and 4-methyl-3-(l'H-

indoI-3'-yl)-maleimidee (IM-Me) , are discussed in detail. Furthermore, their non-

covalentt assemblies with Zn (ll)-cyclen (Zinc (Il)-1.4.7.l I-tetraazacyclododecane, 

Schemee 1) were studied. 

IM-Br r IM-M e e 

CrzCPQ CrzCPQ 

H ' \ _ / \ l l 

RR = Br,CH3 

22 CIO/ 

Znn (H)-cvclen 

2CIO, , 

II,() ) 

IM-R/Zn n 

Schemee 1. The compounds studied in this chapter f IM-Br and IM-Me) and their complex 

formationformation with Zn (ll)-cyclen (IM-R/Zni. 

Evenn though the investigated systems look rather simple, their spectroscopic 

behaviorr is quite complicated. In order to fully characterize the photophysics of the 

compoundss and their assemblies with Zn (ll)-cyclen. several experimental techniques 

havee been applied including UV-Vi s absorption, emission, time-resolved spectroscopy 

fromm the nano- to the femtosecond time regime and computational analysis. 

3.22 Results and Discussion 

3.2.11 Synthesis of IM-B r  and IM-M e 

Severall  research groups are working on the synthesis of maleimide derivatives 

becausee of their potential application as new drugs. The general preparation of 
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Asymmetricc Indolylmaleimide Derivatives 

maleimidess starts with the corresponding maleic anhydrides that arc treated with 

ammoniaa or ammonium sources. _> While the synthesis of symmetric maleic 

anhydridess and the conversion to the corresponding maleimides are generally high 

yieldd reactions, this is not the case for unsymmetrically substituted maleimides. 

4-Bromo-3-(( 1 'H-indol-3'-yl)-maleimide (IM-Br ) was prepared according to a 

slightlyy modified procedure described by Brenner and Faul el al. ' and involves the 

condensationn of an indole Grignard reagent with dibromomaleimide (1) (Scheme 2). 

4-Methyl-3-- (1 'H-indol-3'-yl)-maleimide (IM-\Ic ) was prepared according to the 

generall  procedure described by Faul et al.2 IM-M e was synthesized by condensation 

off  methyl indole-3-glyoxylate (3) with propionamide (4) using potassium tert-

butoxidee in TI IF. as depicted in Scheme 2. The detailed synthetic procedures, 

includingg purification and characterization are given in the experimental section. 

H H 

NN Toluene " s i ^ N 
HH  reflux, overnii 

MgBrr N 

22 H 
IM-Br r 

oo o 
lii II 

1)1) Cl — C —C —CI i n E t20. 0 °C 

033 -
HH 2] NaOMe. -65 C 

2 2 

Schemee 2. Synthetic route for the preparation of IM-Br and IM-Me. 

3.2.22 Molecular Structure of IM-B r 

Thee crystal structure of IM-B r  is given in Figure I (crystals obtained from 

acetonee hexane solution). Selected bond lengths and torsion angles are presented in 

Tablee l. More detailed information about the crystal structure is given at the end of 

thiss Chapter in the experimental section. The crystal structure of this simple 

compoundd reveals that there is a significant torsion angle between the indole and the 

maleimidee unit. Due to this angle, the interaction between the two chromophoric units 

wil ll  be less than in a perfectly flat structure. Clearly there is no possibility for a fully 

conjugatedd flat structure, partly because of steric interactions with the large bromo-

a*V" -- -*. KOBu'' in THF, 0 C 

IM-Me e 
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3.22 Results and Discussion 

atom.. This geometrical arrangement will affect the electronic properties and the 

spectroscopyy of the compound. 

Figur ee 1. Crystal structure of IM-Br, view from two different sides. 

Notee that the bond between the two chromophobe groups (C4 - C6) has single 

bondd character. The torsion angle between e.g. C5 - C4 - C6 - C7 is -32 °, indicating 

thatt the indole is not coplanar with the maleimide ring. Unfortunately, no suitable 

crystalss could be obtained for 1M-Me. 

Tablee 1. Selected bond lengths (A) and torsion angles (") of IM-Br, with standard deviations 

inin parenthesis. 

Bonds" " 

Brr  - C3 

Oll  -C2 

0 2 - C5 5 

N1-H1N N 

N8-H8N N 

C22 - C3 

C33 - C4 

C44 - C5 

C44 - C6 

1.861(15) ) 

1.19(2) ) 

1.20(3) ) 

0.9996 6 

1.0026 6 

1.49(3) ) 

1.33(2) ) 

1.54(3) ) 

1.42(2) ) 

TorsionTorsion Angles'' 

OlOl -C2 -C3 

Oll  -C2 -C3 

MM -C2 -C3 

MM -C2 -C3 

Brr -C3 -C4 

C33 -C4 -C6 

C55 -C4 -C6 

C55 -C4 -C6 

C66 -C4 -C5 

-C4 -C4 

-Br r 

-Br r 

-C4 4 

-C6 6 

-C14 4 

-C7 7 

-CI4 4 

-02 2 

177.8(18) ) 

2(2) ) 

-176.6(11) ) 

-0.5(18) ) 

0(3) ) 

-33(3) ) 

-32(2) ) 

148.2(16) ) 

-5(3) ) 

"See"See Figure I. 
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Asvmmctricc InJolvlmaleimide Derivatives 

3.33 Steady State Spectroscopy 

Ass can be seen in Scheme 1, the compounds lM-Br  and IM-M e consist of two units, 

thee well-known electron acceptor maleimide. "H1 and the electron donor, indole.'1 For 

strongg electron donor-acceptor systems a charge transfer can be expected in the 

groundd and/or excited state, which will be reflected in their spectroscopic behavior. In 

Figuree 2. room temperature UV-Vis absorption and emission spectra (inset) of the 

compoundss IM-B r  and IM-M e together with the absorption spectra of the two main 

ehromophoricc units, indole and maleimide, are presented. As can be seen from the 

spectraa (Figure 2), the components, indole and maleimide. do not show absorption at 

energyy lower than 300 and 325 nm, respectively. Linking them in a covalent way 

resultss in the compounds ÏM-B r  and IM-Me , and induces mixing of the electronic 

statess thus creating other low lying excited state levels. This gives rise to low energy 

absorptionn bands and results in coloured compounds. 

Forr LM-Br  and IM-Me , the band at 275 nm clearly belongs to the indole Tt-Jt*"2'""1 

(majorr contribution) and the maleimide n-7c*54'" (minor contribution) transitions. The 

absorptionn bands between 325 and 500 nm characterize the spectra of both 

compounds.. The visible absorption band gives them their distinct orange-yellow 

colourr in their solid form as well as new spectroscopic properties. Since the strong 

electronn donor (indole) and electron acceptor (maleimide) units are present in the 

systems,, such broad structureless bands could, in principle, be attributed to n—K 

transitionss with charge transfer (CT) character. The low energy band has a different 

maximumm for the two compounds. In particular compound IM-B r  has a lower energy 

transitionn than IM-Me . Such behavior can be due to the electron donating effect of 

thee methyl group that weakens the electron acceptor ability of the imide unit. 

4X X 



3.33 Steady State Spectroscopy 

u.uu r—, ,—-r— ' 1 < 1  1 «-=»T  1 
2000 250 300 350 400 450 500 550 

XX (nm) 

Figur ee 2. The UV-Vis absorption spectra of the compounds IM-Br (solid). IM-Me (dashed), 

indoleindole (dotted) and maleimide (dash doited) in acetonitrile. Emission spectra (inset) ofIM-Br 

II  solid) and IM-Me (dashed) in aerated acetonitrile. Xa = 350 nm. corrected for absorption. 

Thee structureless emission bands (see Figure 2. inset) were recorded upon 

excitationn into the lowest absorption band of the compounds. Surprisingly, the 

emissionn of these asymmetric compounds is extremely weak as compared to the 

symmetricc bisindolyl-maleimide systems (see Chapter 4). Absorption and emission 

maximaa (>.). molar extinction coefficients (s) and emission quantum yields (<t>) were 

obtainedd in a series of solvents with different polarities and are summarized in Table 

7 7 
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Tablee 2. Absorption and Emission maxima, ami Emission Quantum Yields (0) for IM-Br and 

IM-Me. IM-Me. 

solvents s 

TOL L 

DBE E 

DIE E 

EA A 

THF F 

DCM M 

DMM  F 

EtOH H 

ACN N 

'K&J'K&J  nm|E) 

417 7 

414 4 

413 3 

416 6 

418 8 

422(7907) ) 

424(7528) ) 

426(8229) ) 

416(7460) ) 

IM-B r r 

k,.k,.mm;;  nm 

510 0 

499 9 

500 0 

528 8 

530 0 

554 4 

543 3 

535 5 

530 0 

<I> > 

0.072 2 

0.063 3 

0.084 4 

0.009 9 

0.007 7 

0.014 4 

0.0024 4 

0.0022 2 

0.0009 9 

A.ahs-
:: nm(e) 

390 0 

388 8 

385 5 

390(7827} } 

391(7170) ) 

393(5111) ) 

398(6936) ) 

401(7060) ) 

390(5308) ) 

M-M e e 

A „̂,// nm 

487 7 

477 7 

477 7 

505 5 

506 6 

528 8 

520 0 

516 6 

546 6 

<D D 

0.328 8 

0.253 3 

0.277 7 

0.086 6 

0.0287 7 

0.0287 7 

0.0049 9 

0.0007 7 

0.001 1 

££ is the molar extinction coefficient in M cm . Data are in increasing order of the 

polaritypolarity of the solvents. TOL: toluene, DBE: di-n-butyl ether, DIE: di-isopropy! 

ether,ether, EA: ethyl acetate, THF: tetrahydrofuran. DCM: dichloromethane, DMF: N.N-

dimethylformamide,dimethylformamide, EtOH: ethanol, ACI\: acetonitrile. 

Whenn we compare the compound IM-B r  with IM-Me . the latter has higher 

quantumm yields in most of the (non-polar) solvents. One of the possible explanations 

forr this result is the heavy atom effect due to the Br atom in IM-B r  that favors 

intersystemm crossing to a low-lying non-emitting triplet state. Another possible 

explanationn is that the lowest excited state in IM-B r  is a CT level and is a very 

weaklyy emitting state. In fact, we would expect a K-K* state with charge transfer (CT) 

characterr to be the lowest excited state. The blue shift of the emission maximum upon 

goingg from room temperature to 77 K in a butyronitrile matrix (1819 cm for 

compoundd IM-B r  and 999 cm'1 for IM-Me ) and the enhancement of the emission 

quantumm yields upon going to less polar solvents (see Table 2) suggests the same 

result. . 

50 0 



3.33 Steady State Spectroscopy 

3.3.11 Solvatochromism 

Byy studying the solvent dependence of the spectroscopic properties of compounds, 

informationn can be obtained on the nature of their excited state. Polar solvents will 

stabilizee polar excited or ground states. Thus, the properties of the compounds IM-B r 

andd IM-M e in different solvents were studied. By comparing the absorption and 

emissionn maxima in Table 2, a red shift in absorption and emission upon going from 

lesss polar to more polar solvents is observed, but the trend is not completely clear. 

Thiss could be due to the fact that we are simply considering the dielectric constants of 

thee solvents employed while a more complex and complete treatment of the 

parameterss characterizing the solvents must be taken into account. By using the 

solventt polarity scale developed in 1976 by Kamlet and Taft/6 a better understanding 

off  the behavior could be achieved. The treatment is based on the use of a 

multiparameterr equation, called linear solvation energy relationship (LSER):"̂  

XY22 = (XYZ)o + s(jr> d.8) + aa + bp + m5H
2 

wheree (XYZ)o, s, a, b, and m are solvent independent coefficients characteristic of 

thee process under study and indicative of its susceptibility to the solvent properties TC\ 

a,, p\ and SH". The three solvatochromic parameters, n , a, and P have been derived 

fromm UV-Vis spectroscopy for a great number of solvents. The Kamlet-Taft n value 

iss known as the index of solvent dipolarity/polarizability, i.e. the ability of solvent to 

stabilizee a charge. By using this parameter it is possible to obtain a correlation 

betweenn the energy maxima of both absorption and emission and the properties of 

solvents.. The n scale is derived from solvent effects on the K-K absorption of the 

sevenn nitroaromatic compounds employed as primary probe molecules.57"60 

Otherr solvatochromic parameters, a and p are also given in Table 3. The a scale of 

thee solvent describes the hydrogen bond donor acidity and the p scale describes the 

hydrogenn bond acceptor basicity of the solvents. The 8H is the Hildebrand solubility 

parameter.. It is a measure of the solvent/solvent interactions that are interrupted in 

creatingg a cavity for the solute (the cavity teim).wi6i 

Inn Table 3, the absorption and emission maxima and the Stokes shifts for IM-B r 

andd IM-M e are given in solvents of different polarity and are sorted according to the 

increasingg order of it. As can be seen in Table 3, the absorption maximum undergoes 

51 1 
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aa modest red shift for both compounds upon going from di-butyl ether to DMF (from 

4144 to 424 nm for IM-Br , from 388 to 398 nm for IM-Me) . This indicates a weak CT 

characterr in the ground state. However, the emission maxima suggest a stronger 

chargee transfer character in the excited state. In Table 3. the Stokes shifts (A/em-1) are 

presentedd as well. Both the emission maxima and Stokes shifts increase with 

increasingg K parameter, which suggest a positive solvatochromic effect. 

Tablee 3, Solvent Parameters and Spectroscopic data for compound IM-Br and IM-Me in 

variousvarious solvents at room temperature. 

slvnts. . 

DBE E 

DIE E 

T O L L 

EtOH H 

EA A 

THE E 

ACN N 

DCM M 

D M F F 

(30) ) 

33.0 0 

34.1 1 

33.9 9 

51.9 9 

38.1 1 

37.4 4 

45.6 6 

40.7 7 

43.2 2 

Kam le t -Ta f t t 

parameters s 

jt'' a [i 

0.244 0 0.46 

0.277 0 0.49 

0.544 0 0.11 

0.544 0.83 0.77 

0.555 0 0.45 

0.588 0 0.55 

0.755 0.19 0.31 

0.822 0.30 0 

0.888 0 0.69 

^ ' n m m 

414 4 

413 3 

417 7 

426 6 

416 6 

418 8 

416 6 

422 2 

424 4 

IM-Br r 

A.em/nm m 

499 9 

500 0 

510 0 

535 5 

528 8 

530 0 

530 0 

554 4 

543 3 

A;; cm 

4114 4 

4213 3 

4373 3 

4782 2 

5099 9 

5056 6 

5170 0 

5646 6 

5169 9 

KbJKbJ nm 

388 8 

385 5 

390 0 

401 1 

390 0 

391 1 

390 0 

393 3 

398 8 

IM-Me e 

^* ] IT ; '' n m 

477 7 

477 7 

487 7 

516 6 

505 5 

506 6 

546 6 

528 8 

520 0 

A// cm'1 

4809 9 

5010 0 

5107 7 

5558 8 

5839 9 

5813 3 

7326 6 

6506 6 

5895 5 

DataData are in increasing order of IT. The parameter Erf 30) fsee text) is in kcal/mol and 

JJ is the Stokes shift in cm' . 

Thee following results were obtained by a linear regression analysis of the relation 

betweenn the emission maxima of IM-B r  and IM-M e and the independent parameters 

TC**  and a (without taking fï into account): 

E™** (IM-Br) = (59.2 6  1.2)7t* - (2.0  ().9)a in Kcal (1) 

EEmAKmAK (IM-Me ) = (62.4 - (9.6  2.0)JI' - (2.7  1.6)a in Kcal (2) 

Whenn p* is taken into account as well, the fit  does not improve, suggesting that the 

influencee the hydrogen bond acceptor basicity on the data is rather small. 



3.33 Steady Slate Spectroscopy 

Whenn the emission maxima of I.M-B r  and IM-M e are plotted versus equations 1 

andd 2 containing the Kamlet-Taft parameters, the plots depicted in Figure 3 are 

obtainedd by using the multiple regression method. 

59.22 - 7.6n*  - 2.0a (Kcal) 62.4 - 9.6n*  - 2.7a (Kcal) 

Figuree 3. The emission energy maxima of IM-Br and IM-Me fitted vs. eqs. I and 2. 

Whenn the emission maxima of IM-B r  and IM-M e are plotted versus the Kamlet-

TaftTaft 71 parameter, slightly better fits with negative slopes are obtained by using the 

least-squaress regression method: 

En mm (IM-Br ) = 59.09 Kcal - 8.03 K 

RR = -0.91. SD = 0.92 

Emaxx (IM-Me ) = 62.4 Kcal - 10.2 n 

RR = -0.86, S D= 1.4 

Inn either case, the negative coefficients for the n* values in these equations 

indicatee a positive solvatochromism. As the n" value of the solvent increases, a red 

shiftt for the absorption and/or emission maximum is observed. These results show 

thatt the polarizability (n*) is the major contribution to the observed shift. 

Forr comparison the Ei(30) values arc also given in Table 3. The Ej(30) values are 

basedd on the pyridinium A'-phenolate betaine dye as probe molecule (Reichardts dye) 

thatt shows negative solvatochromism. Its intramolecular CT absoiption band is 

hypsochromicallyy shifted with increasing polarity. The multiple regression analysis 
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Asymmetricc Indolvimaleimide Derivatives 

obtainedd by Taft et al. using absorption data of E-|(30) in 39 different solvents is 

reportedd as: 

ET(30)) = -0.51 - 14.3(7i*  - 0.238)-15.5a 

R== 0.986. n = 39 

Inn the light of these results we can conclude that the excited state of IM-B r  and 

IM-M ee is strongly polar and has a strong charge transfer character. Especially if we 

comparee the coefficients of the n" parameter for IM-B r  (7.6) and for IM-M e (9.6). 

withh that of EK30)( 14.3). 

3.3.22 Complex format ion wi th Zn (I l )-cyclen 

Thee coordination of the imide group with the Zn (Il)-cyclen has been intensively 

studied4'14'00 and the formation of a bond between the deprotonated imide nitrogen 

atomm and the zinc (II) ion was confirmed by X-ray analyses."' In order to study the 

assemblyy process via formation of the coordinative bond between Zn (H)-cyclen and 

thee systems IM-B r  and IM-Me . titration experiments were performed. 

Uponn addition of stochiometric amount of Zn (ll)-cyclen to a solution of 2.5 x 10"" 

moll  L'1 of IM-Br , the formation of the assembly IM-Br/Z n (see Scheme 1) was 

observedd in aerated acetonitrile. The adduct formation was followed by UV-Vis 

absorptionn and emission spectroscopy (Figure 4). 

5500 600 
X(nm) ) 

Figuree 4. Changes in the absorption I left) and emission (right) spectra oj IM-Br upon 

additionaddition oj Zn (Il)-cyclen in acetonitrile. (a) IM-Br (2.5 x /0'J mol L ) , (hi Complex obtained 

byby 1:1 equiv. of IM-Br and Zn (ll)-cyclen in the presence of 1 equiv. of TEA. 

54 4 



3.33 Steady State Spectroscopy 

Inn order to favor the deprotonation of the imide to form the Zn-nitrogen bond, a 

weakk base (1 equivalent of triethylamine, TEA) was added. Upon addition of the Zn 

(ll)-cyclenn a blue shift (775 cm') of the absorption band centered at 416 nm was 

observed.. The shift is accompanied by a decrease in the molar extinction coefficient 

off  the band and by the appearance of a new band in the UV region (Figure A). The 

formationn of the assembly IM-Br/Z n obtained by coordination of IM-B r  with Zn 

(Il)-cyclenn has a 1:1 stoichiometry. The changes in emission properties of IM-B r 

uponn binding are even more interesting, since a strong increase in emission intensity 

wass observed. In order to quantify the emission enhancement, the solution was 

excitedd in the isosbestic point (380 nm). The complex formation resulted in an -80 

foldd increase in the emission intensity. The association constant calculated by the 

changee in emission is 2 x I0fi L mol'. 

Similarr titration experiments were performed with IM-Me under the same 

conditions,, and adduct formation was followed by UV-Vis absorption and emission 

spectroscopyy (Figure 5). The addition of the Zn (II) azamacrocycle resulted in a blue 

shiftt (333 cm'1) of the 390 nm absorption band as observed for IM-Br . An 

accompanyingg decrease in the molar extinction coefficient of this band and a 

broadeningg of the UV band at 275 nm indicates the assembly formation (Figure 5). 

Thee adduct obtained by coordination of IM-M e with the Zn (Il)-cyclen also has a 1:1 

stoichiometry.. An even stronger increase in emission intensity with a blue shift (1107 

cm"1)) of the maximum was observed for the binding of IM-M e with Zn (Il)-cyclen. 

Thee solutions were excited in the isosbestic point (333 nm). The complex exhibits an 

emissionn that is about 90 times more intense (Ojvi-Mc/zn = 0,09) than the separate 

component.. The association constant calculated by the change in emission is 1.3 x 10{' 

Lmol'. . 
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0.4--

Figuree 5. Changes in the absorption (left) and emission (right) spectra of IM-Me upon 

additionaddition of Zn (Il)-cyclen in acetonitrile. (a) IM-Me (2.5x Iff' mol L '). (b) complex obtained 

byby 1:1 equiv. of IM-Me and Zn (ll)-cyclen in the presence of I equiv. of TEA. 

Inn order  to understand whether  the spectroscopic changes are due to more general 

phenomena,, the absorption and emission spectra of IM-Br were recorded in 

acetonitrilee in the absence and presence of a strong base, potassium carbonate (Figure 

6).. We observed the same trend in the photophysical behavior as upon coordination 

withh Zn (Il)-cyclen, even though the emission enhancement upon deprotonation with 

potassiumm carbonate was more moderate. 
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Figuree 6. Changes in the absorption (left) and emission (right) spectra (Xex = 355 nm) of IM-

BrBr upon addition of K:CO, in acetonitrile. Solid line: without K:CO„ dashed line: with 

KyCOv KyCOv 

Thereforee we can conclude that coordination with other Lewis-type acidic metal 

ionss could lead to similar results as observed for the Zn (Il)-cyclen. 
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3.44 Time-resolved Spectroscopy 

Time-resolvedd spectroscopy was performed to get more information about the nature 

off  the excited states both for the individual compounds and for the assemblies with 

thee Zn (II) azamacrocycle. The emission lifetimes, as well as the emission maxima, 

aree summarized in Table 4. 

Forr both compounds, the excited state lifetimes show a similar trend as the 

emissionn quantum yields (see Table 2). The shorter lifetimes suggests once again that 

aa deactivation path through a non-radiative state is present for both systems in polar 

solvents.. In some solvents a second decay component is observed for IM-Br. 

Tablee 4. Emission lifetimes far IM-Br and IM-Me in several solvents. 

solvents s 

DBE E 

DIE E 

TOL L 

EtOH H 

EA A 

THE E 

MeCN N 

DCM M 

DMF F 

mm 'nm 

499 9 

500 0 

510 0 

535 5 

528 8 

530 0 

530 0 

554 4 

543 3 

IM-B r r 

T|| . i / / ns {Amp%) 

1.10 0 

1.20 0 

0.98 8 

0.04 4 

0.30(95).. 2.10(5) 

0.92 2 

0.033 (97). 0.53 (3) 

0.044 (60), 0.64 (40) 

0.05(94),, 0.64(6) 

IM-M e e 

/.em/nmm T /ns" 

477 7 

477 7 

487 7 

516 6 

505 5 

506 6 

546 6 

528 8 

520 0 

4.20 0 

4.50 0 

5.40 0 
h h 

3.10 0 

0.74 4 

0.12 2 

1.47 7 

0.19 9 

DataData are ordered following the increasing value of the K parameter of the solvents. 

ExcitationExcitation wavelength is 324 nm. h Signal too weak. 

Iff  an equilibrium between two excited states is present, the biexponential decay can 

bee due to the equilibration rate (see discussion at the end of the chapter). Upon 

compfexationn only a monoexponential decay was detected with a value of 690 ps {see 

Figuree 7). Similar but more dramatic changes in the lifetime were observed for IM-

Me.. The lifetime increased from 120 ps to 6300 ps upon complexation with Zn (II)-

cyclenn (Figure 8). Similar decay values have been measured in non-polar solvents 

(Tablee 4). 
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6.0x10"-i i 

4.0x10 ;--

Figuree 7. Time resolved emission for (a) IM-Br (r = 30 and 530 ps), (b) IM-Br/Zn (r  = 690 

ps)ps) in aerated aceionitrile at room T. Aex=420 nm, Ajc-,= 550 nm. 

4.0x104--

2.0x10'--

l-ïguree 8. Time resolved emission of (a) IM-Me <T= 120ps), (h) IM-Me/Zn (T= 6.3 ns), in 

aeratedaerated acetonitrile at room T A,,,= 280 nm. Xile,= 520 run. 

3.4.11 Redox Properties and Cosensitization 

Knowledgee of the electrochemical potentials of the compounds could lead to a better 

understandingg of the interaction between the donor and acceptor groups and the 

spectroelectrochemicall  experiments could give information about the radical anion 

andd radical cation absorption. However, the cyclic voltammetry of IM-B r  in 
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acetonitrilee showed irreversible oxidation and reduction processes. Changing the 

solventt and the electrodes employed did not improve the results. This is not so 

surprisingg because also in literature indole and its monomelic derivatives show 

irreversiblee oxidation peaks with a first oxidation occurring at 1.26 V vs. SCE.Wl In 

ourr case the oxidation peak potential is estimated at 1.43 V and the reduction peak at -

0.599 V vs. SCE.1 The slightly higher value for the oxidation of the indole is due to the 

presencee of the electron-withdrawing group (imide) in the system that makes the 

compoundd more difficult to oxidize. The irreversible electrochemical behavior 

impairedd the performance of the spectroelectrochemical experiments. 

0.4 4 

0.3 3 

< < 

<< 0.2-

0.11 -

I M I - — ii 1 , 1 , 1 , 1 , 1 ' 

4000 500 600 700 800 
X(nm) ) 

Figuree 9. Transient absorption spectra of the radical cation (c) of the indole (indole I in 

aeratedaerated acetonitrile produced using the cosensitization method. The spectra are recorded 

withwith excitation at 355 nm. Shown are a) 200 mM hiphenyl and 10 mM 1.4-

dicvanonaphthalenedicvanonaphthalene after 300 ns delay; b) after addition of ImM indole and 100 ns delay, 

andand c) 300 ns delay after the laser pulse. 

Inn order to gain information about the spectral features of the oxidized indole, the 

cosensitizationn technique6 "w has been employed to create the radical cation of the 

TT Cyclic voltammogram (v = 100 mV s'1) of IM-Br (4.9 x I0"4 M) recorded at a Pi disk electrode in 

acetonitrile.. See experimental section for detail. 
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indolee moiety. The decay of the radical was followed by nanosecond transient 

absorptionn spectroscopy (see Figure 9). 

Inn this experiment, 1,4-dicyanonaphthalene and biphenyl were used as 

cosensitizerss for the indole (see experimental for details). As can be seen in Figure 9. 

excitationn of 1.4-dicyanonaphthalene at 355 nm created the biphenyl radical cation at 

withh bands at 375 and 665 nm/'*  This signal disappeared when indole was added to 

thee solution and a broad signal formed between 520-620 nm (Figure 9. b and c). This 

neww broad band was attributed to the indole radical cation and can be confirmed by 

comparisonn with the data reported in the literature. 'fl 

3.4.22 Femtosecond Transient Absorption Spectroscopy 

Duee to the very short excited state lifetimes of the compounds, transient absorption 

spectroscopyy did not show any special features on the time scale of the nanosecond 

equipment.. In order to gain detailed information on the nature and kinetics of the 

excitedd states, femtosecond transient absorption measurements were performed. 

Ass observed in the steady state emission for 1M-Br, there is a change in the 

propertiess of this system upon going from non-polar to polar solvents. For 

comparison,, transient absorption measurements were performed in acetonitrile as a 

polarr medium and also in the relatively less polar solvent, THF. 

Thee transient of IM-B r  in acetonitrile is characterized by an instantaneous 

absorptionn at 500 nm (attributed to S|—*-S„  absorption) and a ground state bleaching 

observedd at 420 nm (Figure 10). These two features are observed both in acetonitrile 

andd THF. An accurate analysis of the spectrum in acetonitrile shows a rise time at 570 

nm,, which is formed within a few picoseconds (1-2 ps) and decays with a time 

constantt of ca. 27 ps (see Figure 10). The latter time constant is in accordance with 

thee short component observed in time-resolved emission spectroscopy. The transient 

absorptionn band at 570 nm is assigned to the formation of the radical cation of the 

indole,, the electron-donating component in the system (see also the cosensitization 

experiment.. Figure 9). 
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3500 400 450 500 550 600 650 700 750 800 

Mnm ) ) 

Figur ee 10. Femtosecond transient absorption spectra oj IM-Br in aerated acetonitrile. 

IncrementalIncremental time delays are given on the right. The first four traces show the formation of a 

CTCT state (A,., = 435 run, A 43$ = 1.3, 130 fs FWHM). Inset: Kinetic profile of the transient 

absorptionabsorption determined at 570 nm. 

AA  comparison wit h the spectra in TH F (Figure I I ) shows that the positive 

absorptionn band at 570 nm is not formed in this solvent. This result suggests that in a 

lesss polar solvent the photoinduced electron transfer does not occur. The estimated 

AGG in acetonitrile is -0.3 eV. The small exergonicity (together with the temperature 

effects)) suggests that the electron transfer process is possible only in polar solvents. 

Thesee results are in agreement with the higher emission quantum yield in THF (see 

'fablee 2) and the fact that the radical cation is not observed in THF. 
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Figuree 11. Femtosecond transient absorption spectra oflM-Br in aerated TIIF. time delays 

correspondingcorresponding to frames are written in the spectra (A,t= 435 run, 130fs FWHM). 

Thee femtosecond transient absorption spectra for IM-.Me were also recorded (see 

Figuree 12). The major observation for this spectrum is the broad transient absoiption 

bandd between 425 and 525 ran, which has a shoulder like structure around 540 nm. As 

thee emission of IM-M e in acetonitrile starts at 450 nm (sec Figure 2) there is a strong 

overlapp of the "negative" emission band and the "positive" absorption bands 

belongingg to the radical cation of the indole, expected between 500 and 600 nm. The 

kineticc analysis performed at 540 nm resulled in 1.7 ps rise time and 84 ps decay. 

Thee stimulated emission can be seen between 530 and 750 nm. Probing at 640 nm 

showedd 2 ps and 72 ps decay times. The lifetime of IM-M e measured with time-

resolvedd emission spectroscopy gave a similar decay value (120 ps). 

< < 
< < 
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Figuree 12. Femtosecond transient absorption spectra of IM-Me in aerated acetonitrile; 

incrementsincrements are 0 (baseline). 4. 10, 15. 25. 40. 60, 100, 150ps. (/...,= 390 nm, 130fs FWHM). 

Inset:Inset: Kinetic profile of the transient absorption determined at 5411 nm. 

AA summary of the decay times obtained from the kinetic analysis for both 

compounds.. IM-B r  and IM-M e in acetonitrile. is provided in Table 5. 

Tablee 5. Decay times oj IM-Br and IM-Me in acetonitrile observed by femtosecond transient 

spectroscopy. spectroscopy. 

IM-B r r 

A.deI(nm) ) 

Trivcc (PS) 

t„cc:nn (PS) 

420 0 

1.0 0 

20 0 

500 0 

1.7/22 2 

570 0 

1.0 0 

27 7 

480 0 

80 0 

IM-Me* * 

540 0 

1.7 7 

84 4 

640 0 

2.00 / 72 

"A"Acxcx = 435 nm. A,,x = 390 nm. in aerated acetonitrile. 

Thee femtosecond transient absorption spectrum of the assembly of IM-B r  with Zn 

(Il)-cyclenn was recorded in acetonitrile. As can be seen in Figure 13. the shoulder 

aroundd 570 nm is not observed and only the band at 500 nm is present. The analysis 

off  the kinetics of the decav of both transient signals showed that the eround state is 
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reformedd within 550 ps. This value is in very good agreement with the lifetime 

measuredd with single photon counting (690 ps. Figure. 7(b)). 

Figuree 13. Femtosecond transient absorption spectra of IM-Br/Zn (+ 10 jul TEA) in aerated 

acetonitrile.acetonitrile. time delays corresponding to frames are written in lite spectra ('A,.,- 415 nm. 

AA4IS4IS=0.53.=0.53. 130/s FWHM). 

3.55 Computational Results 

Inn order to gain more insight into the experimental results and to make a better 

comparisonn with the symmetric indole-maleimide systems discussed in Chapter 4. 

calculationss were performed on IM-B r  and IM-M e at the University of Bologna by 

Dr.. Marianna Fanti. Besides a structure optimization, also the excited states are 

calculatedd and the frontier molecular orbitals are visualized. 

Thee molecules were optimized with density functional theory (DFT) at the 

B3LYP/6-31G**  level, using the package Gaussian-98. The optimized structures are 

shownn in Figure 14. Although it has been found that the spectroscopic properties of 

thee systems show a strong solvent dependence, the calculations were performed on 

isolatedd molecules in the gas phase. 
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Figur ee 14. The optimized structures of IM-Br and IM-Me. 

Thee excited states were calculated with Time Dependent (TD)-DFT 

B3LYP/631G*.. The simulation gives for each excited state the oscillator strength ƒ of 

thee So—*Sn transition. The UV-Vi s stick spectrum obtained was broadened with a 

Gaussiann function (broadening constant of 2000 cm", results not shown) to compare 

withh the experiments. All the main features of the experimental spectra are very well 

reproduced.. In Table 6 a comparison is made between the experimental and the 

computationall  main peak positions and the value of the ground state dipole moments 

iss indicated. 

Tablee 6. Comparison of the main peak positions between experiments (Exp} and DFT plus 

broadeningbroadening simulations (Calc). The differences (AE) are in cm', ground state dipole 

moments.moments. J.1. in Debye. 

IM-B r r 

IM-M e e 

F.xp(nm)" " 

417 7 

3>)() ) 

Calc(nm) ) 

445 5 

425 5 

AE(cnf') ) 

1509 9 

2112 2 

UU (Debye) 

4.31 1 

4.56 6 

""  Recorded in toluene. 

Inn Table 7 the energies and the composition of the first two excited states are given 

andd in Figure 15 the representation of the main molecular orbitals (MO) involved in 

thesee excitations is depicted. HOMO is the highest occupied MO and LUMO is the 

lowestt unoccupied MO. Orbital calculations were also performed on the deprotonated 

structuree of the bromo-derivative. the anionic IM-B r  . to simulate the complex with 

Znn (Il)-cyclen. Due to the size of the Zn (Il)-cyclen a direct DFT calculation was out 
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off  reach. The geometry of IM-B r  was not re-optimized after the charge addition (see 

Figuree 15). 

Tablee 7. Calculated energies (eV) and oscillator strengths (J) of the first two excited states. 

ForFor each state, the composition of the wavefunction (WF) in terms of MO excitations is 

indicated,indicated, together with their coefficients in the WF expansion. 

Molecule e 

IM-B r r 

IM-M e e 

S.. /si* 

2.7666 eV 0.1722 

HOMO^HJMO(0.82) ) 

2.9188 eV 0.1465 

HOMO^LUMO(0.85) ) 

s2 2 

3.2288 eV 

HOMO-1^LUMO(0.97) ) 

3.4144 eV 

HOMO-1—LUMOO (0.92) 

/S2 2 

0.0114 4 

0.0098 8 

"fare"fare roughly proportional to molar extinction coefficients e. 

Inspectionn of Table 7 shows that the excitation to the S| state is characterized by a 

HOMO—  LUMO excitation. Other excitations are also involved but their 

contributionn is negligible. 

AA most striking feature of the orbitals depicted in Figure 15 is the fact that the 

HOMO-11 of both neutral compounds is fully indole (donor) localized. In the LUMO 

off  IM-B r  and IM-M e on the other hand, almost all electron density (= 80 %) is 

localizedd on the maleimide (acceptor) part. This implies that upon HOMO-1 to 

LUM OO excitation (attributed to S:, see Table 7) a strong charge transfer occurs from 

thee indole to the maleimide. In the HOMO orbitals the electron density is delocalized 

overr the whole molecules. 

Itt has to be realized now, that the calculations were performed on isolated 

moleculess and that the presence of polar solvent molecules can results in an energetic 

re-orderingg of the states. Not only due to polarization and stabilization effects, also 

slightt conformational changes can have an influence. Thus, it is postulated here that in 

mostt (polar) solvents the transitions of HOMO-l->LUMO and of HOMO-»LUMO 

becomee almost iso-energetic or the former transition even becomes the lowest in 

energy.. The HOMO-»LUMO transition than corresponds to the emissive n-n* excited 

statee described in the experimental parts of this Chapter, and the HOMO-1—»LUMO 

transitionn to the "dark" charge transfer state (see also next section. Scheme 3). 
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IIOMO-11 HOMO LUMO 

-6.3866 eV -5.736 eV -2.568 eV 

-6.2533 cV -5.6 ll eV -2.24 I eV 

ii  m A» <*c 
-2.l20eVV -l.724eV 2.089 eV 

Figuree 15. IIOMO-1, HOMO and LUMO ofIM-Br, IM-Me and IM-Br (the anion). MO 

energiesenergies are written below the orbital representations. I/OMO-LUMOgaps in el'are: IM-Br 

==  3.167; IM-Me = 3.370 and IM-Br = 3.831. 

Interestinglyy this argumentation holds if we consider the effects of Zn (ll)-cyclen 

complexationn on IM-B r  (or IM-Me . see previous sections of this Chapter). Clearly, 

thee HOMO-1 totally changes its character upon deprotonation (= complexation. see 

HOMO-11 of IM-Br "  (the anion)). The charge transfer character of the HOMO-

l->LUM OO transition disappears, and thus the HOMO—>LUMO transition 

correspondingg to the formation of the strongly emissive K-K excited state becomes 

dominantt and a =100 fold increase of emission is experimentally observed. 

3.66 Overall Discussion 

Thee rather complicated spectroscopic properties of these two simple compounds can 

bee explained by the presence of several close lying excited states. It is clear that for 

bothh compounds, the emitting excited states are quenched in polar solvents and that 
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thee pathway responsible for this quenching is removed upon coordination to the Zn 

(Il)-cyclenn moiety. 

Duee to the presence of an electron donor (indole) and an electron acceptor 

(maleimide)) unit, the lowest excited state is expected to have a strong charge transfer 

character.. The data collected suggest indeed (see sections on computational results 

andd on solvatochromism) that both the ground and the excited states have relatively 

largee dipole moments. The emitting state, however, is strongly quenched in polar 

solventss by a charge-separated state that is almost isoenergetic with the emitting state. 

Inn a very simple energy diagram (Scheme 3) the charge-separated state can be 

thermallyy populated leading to a non-emitting state decaying to the ground state in a 

feww picoseconds (see femtosecond section). This electron transfer process is possible 

onlyy in very polar solvents because of the low exergonicity of the process. Upon 

deprotonationn of the imide for the coordination of Zn (Il)-cyclen the electron-

withdrawingg ability of the imide unit is strongly decreased. In fact, upon 

deprotonationn the imide unit becomes an electron rich moiety and this causes a 

decreasee of the oscillator strength of the visible band of the absorption spectrum. Also 

thee emission spectra for both compounds are strongly affected by the new electronic 

situationn since the charge-separated state cannot be populated anymore (see Scheme 

3bb and 3d). For IM-Br , the low lying triplet excited state due to the presence of a 

heavyy atom (Br) could represent a further deactivation path for the singlet emitting 

excitedd state. This would explain why IM-M e has a higher emission quantum yield 

andd longer excited state lifetime than IM-Br . It is interesting to notice that for IM -

Me,, coordination with Zn leads to an even more dramatic enhancement than for IM -

Br.. We think that for IM-M e the energy scheme is almost identical to the scheme for 

IM-B rr  but the emitting excited state is higher in energy (-0.12 eV higher) and 

thereforee the charge-separated state can be more easily populated since the process is 

slightlyy more exergonic (see femtosecond section). Upon complexation with the zinc 

moiety,, the emitting state is not quenched anymore and the emission quantum yield 

increasess up to 100 fold. 
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(a) ) ( l . i i 

IM-Br r 

(c)) ( d) 

'lndd \ ! „ : 

IM-Me e 

Schemee 3. Schematic diagram of the energy levels of IM-Br and IM-Me (a) IM-Br in polar 

solvents,solvents, (b) IM-Br upon coordination by 7.n (ll)-cyclen (or at low temperature), (c) IM-Me 

inin polar solvents, (d) IM-Me upon coordination by Zn (ll)-cyclen. 

3.77 Conclusions 

UV-Vi ss absorption and steady state emission measurements were performed to 

charaeterizee the properties of the compounds, their extinction coefficients and their 

quantumm yields in several solvents. The solvatochromic behavior of the compounds 

wass investigated using the Kamlet-Taft solvatochromic parameters. Additionally, the 

associationn constants for the formation of the assemblies with Zn (ll)-cyclen were 

determinedd using steady state emission spectroscopy. 

Forr the identification of the excited state properties and especially the charge 

transferr character of the excited state and the corresponding changes upon self-

assembly,, time-resolved emission spectroscopy has been used. The femtosecond 

transientt absorption measurements showed the sub-picosecond formation of the 

charge-separatedd state in IM-B r  in acetonitrile. The band formed in a few 

picosecondss around 560 nm was assigned to the radical cation of the indole unit (the 

absorptionn of this species was also recorded using the cosensitization me(hod). In the 

relativelyy non-polar solvent the absence of this band also supports this interpretation. 

Computationall  studies support the presence of another state close to the first 

excitedd singlet state for IM-Br . Inspection of the molecular orbitals of IM-B r 

indicatess that the charge separation occurs upon HOMO-1 to LUMO excitation. The 

computationall  results clearly show that, in the gas phase. HOMO-1 to LUMO 

excitationn is accompanied by a large translocation of electron density from the indole 
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too the maleimide unit, for IM-B r  and for IM-Me . Furthermore, the deprotonation of 

thee imide results in the disappearance of the charge transfer character of the HOMO-1 

too LUMO excitation. These computational results are in excellent agreement with the 

experimentall  observations: the quenched emission quantum yield of IM-B r  has been 

interpretedd as the population of a non-emitting state with substantial charge transfer 

character.. Also the observation that upon going to non-polar solvents the strongly 

emittingg n-n* state starts to dominate for IM-M e is in line with this reasoning. 

Thee complexation of IM-B r  and IM-M e with Zn (Il)-cyclen is accompanied by a 

dramaticc increase in the emission intensity. Such strong perturbation introduced by 

thee Zn is most likely due to the shift towards higher energy of the charge-separated 

statee since the coordination of the metallomacrocycle causes the decrease of the 

electronn withdrawing ability of the imide part. We are not able to estimate the position 

off  the CS state upon formation of the adduct accurately, but a qualitative picture is 

depictedd in Scheme 3 b and d. 

Asymmetricc indolylmaleimide systems have suitable functional groups that can be 

usedd in the generation of supramolecular constructs and contain tunable photophysical 

propertiess that make them good candidates for molecular sensors. 

3.88 Experimental Section 

3.8.11 Material s 

Alll  solvents used are spectroscopic grade and purchased from ALTOS and Merck Uvasol, and 

usedd as received unless otherwise indicated. Commercially available deuterated solvents were 

usedd as received for the characterization of the compounds. NMR spectra were recorded on a 

Bnikerr AC-200 and Bruker AC-300 MHz instrument at ambient temperature. Data were 

recordedd as follows: chemical shift in ppm from internal standard TMS on the 8 scale, 

multiplicityy (s = singlet, d = doublet. t= triplet) and assignment. For column chromatography. 

Merckk silica gel 60 was used. TLC was performed on TLC aluminum sheets silica gel 60 F;? .̂ 

Electronn Impact (El) and Fast Atom Bombardment (FAB+) mass spectra were carried out 

usingg a JEOL JMS SX/SXI02A four-sector mass spectrometer. The samples were introduced 

viaa the direct insertion probe into the ion source. 

Alll  reagents used were obtained from available commercial sources and used without 

additionall  purification unless otherwise indicated. The synthesis of 4-Bromo-3- (1'H-indol-

3'-yl)-maleimidee (IM-Br ) was synthesized according to the adapted procedure described by 
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Brennerr and Faul e! a/.46'1 4-Methyl-3- (1 'H-indol-3'-yl)-maleimide (IM-Me ) was prepared 

accordingg to the adapted procedure described by Faul et al.A~ t,4,7,1I-tetraazacyclododecane 

zincc (II) has been synthesized in the group of Prof. B. König at the University of Regensburg 

{Germany). . 

3.8.22 Synthesis 

4-Bromo-3-- (1 'H-indol-3'-yl)-maleimid e (IM-Br ) 

Too an aqueous solution of maleimide (50.4 mg, 5.2 mmol, in 4-5 ml H;0) 1 ml {19.5 mmol, 6 

equiv.)) of Br: was added. The reaction mixture was irradiated (Philips IR 250 W 13352 

E/44*3B)) for 2-3 h. The precipitated product was filtered off and washed with water and 

hexanee to yield 60 % of 3.4-dibromo-maleimide (1). 'H-NMR (200 MHz. CDCU): ö - 7.26 

(NH,, s. br). 

Too a solution of indole (2) (115 mg, 9.8 mmol. 5 equiv.) in 16 ml of toluene, EtMgBr (9.8 

mmol.. 5 equiv, 9.8 ml of a I M solution in THF) was added under nitrogen atmosphere. 

Afterr heating to 60° C for 1 h, a solution of 3,4-dibromo-maIeimide (1) (0.5 g, 1.96 mmol, 1 

equiv)) in 7 ml of Et:Oand 1.5 ml of THF was added dropwise. The mixture was refluxed (91-

94°C)) overnight. The reaction mixture was cooled to room temperature and diluted with 100 

mll  of ethyl acetate. The organic layer was washed with aq. 1 N HC! (50 ml), water (50 ml) 

andd brine (50 ml) and dried over MgS04. The solvent was removed in vacuum giving a dark 

redd solid. The crude product was purified by column chromatography (SiOi. 1. hexane/ethyl 

acetatee I: I; 2. hexane/ethyl acetate 2:1). 

4-bromo-3-(ll  'H-indol-3'-yl)-maleimide (IM-Br ) was obtained in 40 % yield (227 mg) as 

ann orange solid. 'H-NMR (200 MHz, DMSO-dJ: ö = 12.1 (s. 1 H, NH), 11.4(s, 1 H, NH). 

8.066 (d, IH. aromatic H). 7.94 (d. I H, J = 7.4 Hz. aromatic H). 7.55 {d, 1 H. J = 7.4 Hz. 

aromaticc H), 7.26 -7.11 (2H, complex). MS(EI+): m/z = 289.9682 (100%). 

X-RayX-Ray Crystal Structure Determination of IM-Br 

Crystall  structure determination is performed by Kees Goubitz at the University of 

Amsterdam.. Laboratory for Crystallography. 

C,:H7BrN:0;,, Mr=291.1, orthorhombic, P2,2l2l, a = 7.483( 1). b = 7.636(2), c = 18.212(3) 

A.. V=1040.6(4)A\ Z=4. Dx =1.86 gcnv. A(CuK.a)=M.54IXA, u(CuKa)=53.2 cm', 

F(()00)=576.. room temperature. Final R=0.087 for 1390 observed reflections. 

AA crystal with dimensions 0.05 x 0.20 x 0.80 mm approximately was used for data 

collectionn on an Enraf-Nonius CAD-4 diffractometer with graphite-monochromated CuKu 
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radiationn and «-2Ü scan. A total of 1425 unique reflections was measured within the range 0< 

hh <9, 0< k <9. 0< 1 <22. Of these. 1390 were above the significance level of 4o (F,*,). The 

rangee of (sin 0)/X was 0.055-0.625A (4.9 < B < 74.6°). Two reference reflections ([1 1 0]. 12 0 

3])) were measured hourly and showed no decrease during the 20 h collecting time. In 

addition.. 150 "Friedel" reflections were measured, which were used in the determination of 

thee absolute configuration. Unit-cell parameters were refined by a least-square fitting 

proceduree using 23 reflections with 40.20 < fl < 43.97. Corrections for Lorentz and 

polarisationn effects were applied. . Absorption correction was performed with the program 

PLATON7'.. following the method of North et al.?: using T-scans of five reflections, with 

coefficientss in the range 0.440-0.947. The structure was solved by the PATTY option of the 

DIRDIF999 program system. ' 

Thee hydrogen atoms were calculated. Full-matrix least-squares refinement on F. 

anisolropicc for the non-hydrogen atoms and isotropic for the hydrogen atoms, keeping the 

latterr fixed on their calculated positions, converged to R=0.087, Rw=0.126. (A/o)max=0.88. 

S=0.95.. A weighting scheme w=[25+0.01*(a(F,lhs))
: + 0.0001/(a(Fobs))]" ' was used. The 

absolutee structure parameter74 refined to Xabs=-0.08 thus confirming the correct enantiomer. A 

finalfinal difference Fourier map revealed a residual electron density between -2.65 and 2.50 eA~ 

inn the vicinity of the Br atom. Scattering factors were taken from Cromer and Mann ;̂ 

Internationall  Tables for X-ray Crystallography.'fl The anomalous scattering of Br was taken 

intoo account.77 All calculations were performed with XTAL3.7* . unless stated otherwise. 

4-Methyl-3-- (l'H-indol-3'-y])-maleimid e (IM-Me ) 

Too a solution of indole (2) (2 g, 17.1 mmol) in 20 ml of Et;0. oxalyl chloride (1.5 ml. 17.2 

mmol)) was added dropwise at 0-5° C in an ice bath. The solution was allowed to stir for 30 

minn at that temperature and the obtained yellow slurry was further cooled to -65-70° C. Then 

NaOMee {34.1 mmol, 6.5 ml of a methanol solution; 30 Wt %) was added dropwise to this 

solution.. The mixture was allowed to warm up to room temperature and was quenched by 

additionn of 10 ml of water. The solid was collected by filtration and washed with water and 

diethyll  ether several times. The product was dried in vacuum and recrystallized from 

THF/hexanee (1/1) to yield 3.1 g (89 %) of methyl indolyl-3- glyoxylate (3). 'H-NMR (200 

MHz,, DMSO-d„): 5= 12.43 (s, NH), 8.48-8.46 (d. 1H). 8.20-8.16 (q. 1H). 7.59-7.53 (m. IH). 

7.37-7.255 (m,2H). 3.91 (s. 3H>. 

Methyll  indolyl-3-glyoxylate (3) {8.2 mmol, 1.66 g. 2 eq) and propionamide (4) (4.1 mmol, 

3000 mg, 1 eq) were dissolved in 30 ml of THF and the mixture was cooled to 0 ° C. To this 

solutionn potassium rtj/7-butoxide (16.4 mmol, 16.4 ml of a 1.0 M solution in THF. 4 eq.) was 
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addedd dropwise and the mixture was left to stir overnight. After quenching with 8 ml of 35% 

HCII  the mixture was diluted with ethyl acetate, washed with sat. NaHC03 solution and the 

organicc phase was collected and dried over MgSOj. The solvent was evaporated in vacuum 

andd the crude product was recrystallized from THF/CH;Ch(l/l) yielding 0.83 g (90 %) of 4-

Methy]-3-(rH-tndol-3'-yl)-ma]eimidee (IM-Me) . as a yellow solid. 'H-NMR (300 MHz. 

acetone-d„):: 8= 10.957 (s. NH). 9.577 (s. imide-NH), 7.795- 7.752 (m, 2R aromatic H). 

7.538-- 7.512 (d, 2H, aromatic H). 7.243- 7.126 (m, 2H, aromatic H). 2.165 (s. 3H). 

3.99 Instrumentation 

3.9.11 Steady State Spectroscopy 

Electronicc absorption spectra were recorded on a Hewlett Packard, diode array 8453 

spectrophotometer. . 

Steadyy state emission spectra were obtained from SPEX 1681 Fluorolog 

spectrofluorometerr equipped with two double monochromators (excitation and emission). 

Emissionss are not corrected. Quinine bisulfate solution in 1 N H:S04 (Osm = 0.546)'' was 

usedd for the emission quantum yield calculations of IM-B r  in di-n-buty! ether, 

tetrahydrofuran,, di-isopropyl ether, toluene, diethyl ether and ethyl acetate. For the solutions 

inn other solvents. [Ru(bpyh]  : (<t>em = 0.016 in aerated acetonitrile)so was used as a standard. 

Forr quantum yield of IM-Me . quinine bisulfate in 1 N H:S04 solution was used as standard 

forr ail solvents, 

3.9.22 Cyclic Voltammetry 

Cyclicc voltammetric scans were performed with a gas-tight single-compartment cell under an 

atmospheree of dry nitrogen or argon. The cell was equipped with a Pt disk working- (apparent 

surfacee area of 0.42 mm"). Pt wire auxiliary-, and Ag wire pseudoreference-electrode. The 

workingg electrode was polished with a 0.25 jjm-grain diamond paste between scans. The 

potentiall  control was achieved with a PAR model 283 potentiostat. The redox potentials are 

calculatedd against ferrocene-ferrocenium (Fc'Fc') redox couple used as an internal standard*1 

(£|ii  = 0.38 V vs. SCE in acetonitrile)*2 and reported in SCE. Tetrabutylammonium 

hexafluorophosphatee (Bu4NPFh) was used as supporting electrolyte. 

3.9.33 Time-resolved Spectroscopy 

Time-resolvedd fluorescence measurements were performed on a picosecond single photon 

countingg (SPC) setup. The frequency doubled (300-340 nm. 1 ps. 3.8 MHz) output of a cavity 
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dumpedd DCM dye laser (Coherent mode! 700) pumped by a mode-locked Ar-ion laser 

(Coherentt 486 AS Mode Locker, Coherent Innova 200 laser) was used as the excitation 

source.. A (Hamamatsu R3809) micro channel plate photomultiplier was used as detector. The 

instrumentt response (-17 ps FWHM) was recorded using the Raman scattering of a doubly 

deionisedd water sample. Time windows (4000 channels) of 5 ns (1.25 ps/channel) - 50 ns 

(12.55 ps/channel) could be used, enabling the measurement of decay times of 5 ps - 40 ns. 

Thee recorded traces were deconvolved with the system response and fitted to an exponential 

functionn using the Fluofit (PicoQuant) windows program. 

Inn the nanosecond pump-probe experiments, for excitation a (Coherent) Infinity Nd: YAG-

XPOO laser was used. The laser illuminated a slit of 10 x 2 mm. Perpendicular to this, the 

probee light provided by an EG&G (FX504) low pressure Xenon tamp, irradiated the sample 

throughh a 1 mm pinhole. The overlap of the two beams falls within the first two millimeter of 

thee cell, after the slit. The probe light from both the signal and the reference channels is then 

collectedd in optical fibers which are connected to an Acton SpectraPro-150 spectrograph 

whichh is coupled to a Princeton Instruments ICCD-576-G/RB-EM gated intensified CCD 

camera.. Using a 5 ns gate this camera simultaneously records the spectrally dispersed light 

fromm both optical fibers on separate stripes of the CCD. 

Inn the femtosecond transient absorption measurements, a Spectra-Physics Hurricane 

Titanium:: Sapphire regenerative amplifier system was used as the laser system. The full-

spectrumm setup was based on an optica! parametric amplifier (Spectra- Physics OPA 800) as a 

pump.. A part of the fundamental 800 nm light was used for white light generation, which was 

detectedd with a CCD spectrograph. The OPA was used to generate excitation pulses at 345 

andd 575 nm. The laser output was typically 5 \xi pulse"1 (130 fs FWHM) with a repetition rate 

off  1 kHz. A circular cuvette {d = 1.8 cm, I mm, Hellma), with the sample solution, was 

placedd in a homemade rotating ball bearing (1000 rpm), to avoid local heating by the laser 

beam.. The solutions of the samples were prepared to have an optical density at the excitation 

wavelengthh of ca. 0.5 in a 1 mm cell. The absorbance spectra of the solutions were measured 

beforee and after the experiments, to check for degradation. 

Cosensitizationn experiments were performed with 1,4-dicyanonaphthalene and 

biphenyl.61*'' " Aim of this experiment is to create the radical cation of the donor in a 

chemicall  way. For this purpose, 1.4- dicyanonaphtalene was excited at 355 nm. From that an 

electronn is accepted from biphenyl to generate the radical anion of DCN and the radical cation 

off  biphenyl, which readily accepts an electron from the donor compound to create its radical 

cationn as the final step (see Chapter 2 for details). 
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Thee DCN, excited at 355 run. created the bipheny! radical cation at 375 and 665 nm. This 

peak.. then, quenched when indole was added and a broad signal formed between 520-620 nm. 

whichh was assigned to the indole radical cation in acetonitnle according to the literature. " 

3.9.44 Determination of Ka!(S of IM-B r  and IM-M e using Fluorescence 

Spectroscopy y 

Too a 2.5 ml solution of 2.5 x 10"5 M compound and 10 (il TEA of 6.25 x 10"" M in 

acetonitnle.. a solution of 1.1 x 10"1 M of Zn {II)-cyclen in acetonitrile is added in aliquots of 

13.7-- 27.4 uj (13.7 jtl contains 0.25 equivalents of Zn (Il)-cyclen). The fluorescence spectra 

aree recorded after each addition of Zn (Il)-cyclen, while exciting at the isosbestic point, 380 

andd 333 nm for IM-B r  and IM-Me , respectively. The integral of the emission spectra is 

plottedd against the concentration of the Zn (Il)-cyclen. by which the association constant can 

bee calculated. 
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