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Chapterr  5 

Simultaneou ss Selectiv e Bindin g of Differen t Guests withi n 

Dendrimers ::  toward s Well-Define d Functiona l 

Supramolecula rr  Assemblie s 

Abstract::  Two generations (G2 and G3) of "Hamilton" receptor-functionalized 

poly(propyleneamine)poly(propyleneamine) dendrimers ("HR-dendrimers") have been employed as template molecules 

toto create well-organized photoactive supramolecular assemblies. Both the "Hamilton" receptors 

locatedlocated at the periphery and the "Meijer" receptors within the branches are used to bind two 

differentdifferent types of guest molecules simultaneously. The binding of urea guest molecules bearing a 

carboxyliccarboxylic acid-urea binding motif to the "Meijer" receptors was proven using H NMR, nuclear 

OverhauserOverhauser spectroscopy (NOESY), F NMR, and F diffusion ordered spectroscopy (DOSY) 

employingemploying fluorinated guest molecules. Upon addition of a barbiturate guest, binding to the 

"Hamilton"Hamilton " receptors, the urea guest remains bound to the "Meijer" receptor site. This is further 

supportedsupported by the DOSY experiments performed for fluorinated guest molecules. The diffusion 

coefficientscoefficients of both the barbiturate guest and the urea guest decrease strongly in the presence of 

thethe dendrimer. In addition, the transverse relaxation T2 of the F nuclei of both the barbiturate 

andand the urea guest molecules becomes two orders of magnitude shorter in the presence of the 

dendrimer.dendrimer. Finally, an assembly consisting of photoactive components was created with the 

templatetemplate dendrimer by using an anthraquinone derivative (AQ) as a urea guest and 

[Re(Br)(CO)[Re(Br)(CO)33(barbi-bpy)](barbi-bpy)] (barbi-bpy = 5-[4-(4'-methyl)-2,2'-bipyridyl]methyl-2,4,6-

(lH,3H,5H)-pyrimidinetrione)(lH,3H,5H)-pyrimidinetrione) as a barbituric acid guest molecule. No electron transfer is 

observedobserved from the excited rhenium complex to AQ, probably due to the low exergonicity of the 

processprocess and the weak interaction between the electron donor ([Re(Br)(CO)j(barbi-bpy)]) and the 

electronelectron acceptor (AQ). 
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Chapterr 5 

5.11 Introduction 

Ann important feature in supramolecular chemistry is the assembly of multiple components in a 

predefinedd way in order to perform a specific function, such as photoinduced energy or electron 

transferr processes. In general, self-assembly and molecular recognition involve the use of a 

mono-- or bifunctionalized host or guest, while multiple binding events in artificial systems within 

thee same molecule are very rare, especially when hydrogen bonds are used for the recognition 

process.. Dendrimers have proven to be suitable supramolecular hosts for guest molecules, 

includingg multiple recognition. Due to their monodisperse, highly branched three 

dimensionall  structure, a microenvironment is created where guest molecules can be encapsulated 

basedd on topological entrapment (hydrophilic, hydrophobic interactions). 

Figuree 5-1. A schematic representation of the photoinduced electron transfer process within a 

supramolecularsupramolecular assembly formed by a HR-dendrimer (G2), and (selectively bound) electron donor (D) and 

electronelectron acceptor (A) guest molecules. 

Sincee dendrimers are build up very regularly, it is possible to implement receptor sites in the 

core,, in the branches or at the periphery. These receptors can be based on acid-base, 

electrostatic,, or hydrogen-bonding interactions. The organization of binding sites in a specific part 

off  a dendritic structure allows the formation of multiple stable host-guest systems within one 

molecule.. Until now, a large range of (dendritic) host-guest systems has been developed, in which 

thee recognition of one specific class of molecules is possible. Implementation of two or more 
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Selectivee Binding within Dendrimers 

significantlyy different receptor sites within the dendritic framework, leads to selective binding 

withinn one molecule and a controlled construction of supramolecular assemblies of higher 

complexity. . 

Thee concept of selective binding can be used to synthesize highly functional materials via a 

supramolecularr approach. For example, by choosing appropriate chromophore couples, e. g. an 

electronn donor and an electron acceptor, functionalized with proper binding motifs to make them 

guestt molecules, the dendrimers can be employed as template molecules for the formation of 

supramolecularr assemblies in which multiple electron transfer processes can occur. The electron 

transferr can be directed from the periphery to the core, as depicted in Figure 5-1, or vice versa. 

Inn this Chapter we explore the usage of "Hamilton" receptor-functionalized dendrimers 

(HR-dendrimers)) as template molecules for the construction of well-defined assemblies, 

complyingg the selective and simultaneous binding of two different classes of (functional) guest 

molecules. . 

5.22 Results and Discussion 

5.2.11 Desig n of the Dendriti c Templat e 

Inn search of two significantly different binding motifs, suitable to be implemented in 

dendrimers,, the urea receptors, which we wil l refer to as "Meijer" receptors in this Chapter, 

introducedd in dendritic systems previously by Meijer et al., and the barbiturate receptor, also 

calledd the "Hamilton" receptor, developed in 1988 by Hamilton et a!.,45 caught our interest 

(Figuree 5-2). Both receptor sites exhibit reasonably high binding constants in chlorinated solvents 

(typicallyy 103-104 M~' for the "Meijer" receptor and 103-105 M"1 for the "Hamilton" receptor), 

whilee the great difference in structure of the binding pocket suggests a high binding selectivity 

withh respect to their own classes of guest molecules. The "Meijer" receptor is complementary to 

guestt molecules bearing a urea-carboxylic acid binding motif, while the "Hamilton" receptor is 

complementaryy to barbiturates. 

II YY II 

2,4.. 8, 16.32 

Figuree 5-2. The structures of the "Meijer" receptor (left) and the "Hamilton" receptor (right) with 

theirtheir complementary units. 
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Chapterr 5 

Basedd on these two receptor sites, we used "Hamilton" receptor-functionalized dendriiners 

(HR-dendrimers)) as supramolecular hosts, to which two different classes of guest molecules can 

bee selectively bound (Figure 5-3). 

,, =N H 

j^Nj^N  H .0 
OO i - N H' 

receptorr site 1 

© ; © \ \ 
II I 

receptorr site 2 

Figuree 5-3. The structures of a HR-dendrimer (G2) and the receptor sites 1 ("Hamilton " receptor) and 

22 ("Meijer" receptor) with their complementary units. 

Thee first binding site, the "Hamilton" receptor is located at the periphery of the dendrimer and 

formss stable host-guest complexes with barbiturates and its derivatives. The second site, the 

"Meijer""  receptor,38 is able to bind guest molecules bearing a urea-carboxylic acid binding motif 

(ureaa guests) and is located within the branches. The large difference in binding motif between the 

twoo sites should enable selective binding of the two different types of guest molecules to the 

dendriticc framework; the barbiturates wil l be directed to the receptor sites located at the periphery, 

whilee the urea guests wil l be associated to the receptor sites within the dendritic branches. 

Firstt the host-guest complexes consisting of the HR-dendrimers and the two different types of 

guestt molecules have been characterized using NMR spectroscopy. 

rVH H 

o o 
CF,B B 

O O 

HH H 

CF,U U 

Figuree 5-4. The structures of 5-(4-trifluoromethyl-benzyl)-2,4,6-(]H,3H,5H)-pyrimidinetrione 

(CFjB)(CFjB)  and [3-(3-trifhioromethyl-benzyl)-ureido]-acetic acid (CFjU). 

Forr this purpose, two different fluorinated guest molecules have been synthesized, namely 

5-(4-trifluoromethyl-benzyl)-2,4,6-(l//,3//,5//)-pyrimidinetrionee (CF3B) as a barbiturate guest 
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Selectivee Binding within Dendrimers 

andd [3-(3-trifluoromethyl-benzyl)-ureido]-acetic acid (CF3U) as a urea guest (Figure 5-4). which 

providee via their ' F nuclei an alternative strategy to study the host-guest binding by NMR 

spectroscopy.. Control experiments are performed in order to exclude competition between the 

twoo different classes of guest molecules for each others binding site. 

3-UU -Methyl- l'-ethylureido-4.4'-bipyridine) acetic acid (MV) and 

3-(2-methylureido-anthraquinone)) acetic acid (AQ) (Figure 5-5) have been synthesized as 

suitablee guest molecules for the composition of a photoactive assembly. 

,e e 
o o 

©© y 

MVV H H O O AQ 

Figuree 5-5. The structures of the electron acceptor guest molecules, MV and AQ, functionalized with an 

ureaurea binding motif. 

Thee host-guest complex formation between MV and AQ. and the HR-dendrimers has been 

investigatedd using NMR spectroscopy. In addition. [Re(Br)(CO)3(barbi-bpy)] is introduced to 

formm the photoactive supramolecular complex, including now both an electron donor and an 

electronn acceptor. The photophysical properties of this complex have been investigated and the 

conditionss for a successful electron transfer process within such a complicated supramolecular 

assemblyy wil l be discussed. The annotation used for the host-guest complexes in the following 

paragraphss (Host-xGuest; x = 1,2....) reflects the ratio of the components, rather than the true 

compositionn of the assemblies. 

5.2.22 Synthesis and Characterization of the Guest Molecules 

5-(4-Trifluoromethyl-benzyl)-2,4,6-(( l//,3/y.5//)-pyrimidinetrione (CF3B) was synthesized via 

thee reaction of 4-trifluoromethyl-benzaldehyde with barbituric acid, followed by the 

hydrogenationn of the double bond (Scheme 5-1). 

0 0 
I I 

HNN NH 

EIOHH abs., reflux 

o.nn , under N2 

NY

V V 
H2(40bar).. 10

THF F 

== Pd-C 

NY

If If yy  821, 
Schemee 5-1. The synthesis ofCF3B. 

[3-(3-Trifluoromethyl-benzyl)-ureido]-aceticc acid (CF3U) was synthesized by reacting 

3-trifluoromethyl-anilinee with ethyl isocyanatoacetate and subsequent saponification of the ester 

(Schemee 5-2). 

o o OO 1. NaOHd.1 eq) O 

^ N ^ V 0 BB THF/H20 4:1,o.n. / - ^ ^ ^ . . A . . ^ ^ ^ O H 

OHCI33  2. HC! (aq). H20 

CF-.. o n . under N2 CF3 97.9% CF3 99.6% 

Schemee 5-2. The synthesis ofCF3U. 
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3-(l-Methyl-r-ethylureido-4.4'-bipyndine)) acetic acid (MV) . was synthesized according to 

Schemee 5-3. First. 2-bromoethylamine hydrobromide is reacted with ethyl isocyanatoacetate in 

thee presence of NEt3. rendering 3-( 1-bromoethylureido) acetic acid ethyl ester. Nucleophilic 

substitutionn of 3-( 1-bromoethylureido) acetic acid ethyl ester with methyl viologen and 

subsequentt saponification of the ethyl ester yields MV. 

,NH2»HCI I 
0=C=NN O ','-:. ','-:. 

CH2CI2 2 

on . ,, under N2 

.A. . 

MeCN,, reflu» 

on. ,, under N 

Schemee 5-3. The synthesis oj'MV. 

MVV was obtained as a halide salt, which is well soluble in water. The addition of a concentrated 

NH4PF66 solution in water, leads to the precipitation of the PF6-salt of MV, which shows good 

solubilityy in acetonitrile. Neither the halide salt, nor the PF6-salt of MV is soluble in chlorinated 

solvents.. Unfortunately, the ion exchange with Na{B[3,5-(CF3)2C6H3] 4}
46 (NaBArf) to form the 

BAr rsaltt of MV as performed in Chapter 4 for the methyl viologen-functionalized "Hamilton" 

receptorr or with Ag{B[3.5-(CF3)2C6H3] 4}
47 (AgBAr,) to render a higher solubility in more 

apolarr solvents was not successful. This may be attributed to the highly polar structure of MV. 

Alsoo the HR-dendrimers could not provide the right microenvironment for the PF6-salt of MV to 

solubilizee MV in chlorinated solvents. Apparently, the charged, polar structure of MV prevents 

thee formation of the host-guest complex with the HR-dendrimers. Therefore. MV is unsuitable for 

thee current investigations. 

Inn order to improve the solubility of the viologen guest in chlorinated solvents and to enable its 

bindingg to the HR-dendrimers. a nonyl chain is introduced instead of the methyl group. 

l-Nonyl-4.4'-bipyridiniumm (bromide) was synthesized via the reaction of 4.4'-bipyridinium with 

1-bromononanee in dichloromethane. Nucleophilic substitution of 3-( 1-bromoethylureido) acetic 

acidd ethyl ester with l-nonyl-4,4'-bipyridinium (bromide) renders 

3-(l-nonyl-r-ethylureido-4,4'-bipyridinium)) acetic acid ethyl ester. Subsequent saponification 

didd not result in the desired product. 3-( 1-nonyl-l'-ethylureido-4.4'-bipyridinium) acetic acid. 

3-(2-Methylureido-anthraquinone)) acetic acid (AQ) was synthesized starting from 

2-bromomethyl-anthraquinone.. that was converted via the Gabriel-phtalimide synthesis to 

2-aminomefhyl-anthraquinone.. Subsequently. 2-aminomethyl-anthraquinone was reacted with 

ethyll  isocyanatoacetate. to give the ethyl ester of AQ, which upon saponification yielded AQ in 

56.22 % overall yield (Scheme 5-4). 
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,,©Q. . 

DMF.. K! (cat.) 

.. 2h. underN2 

H,NNH,.H?0 0 

EIOHH abs.. reflux 

o.n.,, under N2 

CH2CI2 2 

OO on. , under N2 O 

Schemee 5-4. The synthesis of'AQ. 

5.2.33 Selective Binding of Guests in Model Systems 

Inn order to verify that the two binding sites, namely the "Hamilton" receptor on one hand and the 

"Meijer""  receptor on the other hand, do not compete for the same class of guest molecules, two 

controll  experiments have been performed using H NMR spectroscopy. In the first experiment a 

firstt generation "Meijer" receptor-functionalized dendrimer (G1U) (Figure 5-6). lacking the 

"Hamilton""  receptors along the periphery, was used as a reference compound. Two "Meijer" 

receptorss are located at the periphery of G1U. 

(EtO)3Si--
-Si(OEt)3 3 

HN N 

.A. . 

(Etohsr r 

G<U U -Si(OEt) 3 3 

Figuree 5-6. The structure of the reference compound GIL'. 

Uponn addition of Barbital as a barbiturate guest to a solution of Gi l l no shifts were observed in 

thee ' H NMR spectra of either the guest, nor the host (Figure 5-7). This indicates that there is no 

bindingg between these two components. Subsequent addition of the urea guest CF3U to the 

solutionn containing both Barbital and G1U. results in a change in chemical shift of protons 

correspondingg to the urea binding motif (Figure 5-7). 

AA downfield shift from 2.43 ppm to 2.93 ppm of the methylene protons adjacent to the tertiary 

aminess of the "Meijer" binding pocket is observed upon formation of the complex G1U-2CF3U. 

Thiss shift is indicative for the protonation of the tertiary amine nitrogens of G1U. A downfield 

shiftt from 4.92 and 5.03 to 5.83 ppm of the NH protons of CF,U and from 5.34 to 6.33 and from 
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5.733 to 6.63 ppm of the NH protons of G1U confirm the H-bond formation of CF3U to G1U in 

thee presence of Barbital in a similar fashion as previously reported by Meijer et al.. These 

experimentss show that the "Meijer" binding site recognizes exclusively the guest molecule 

bearingg a urea-carboxylic acid binding motif, also in the presence of Barbital. 

Barbitall n 

G1U U AA , 

G1UU + 2Barbital „ j 

vv / / 

G1U-2CF3UU + 2Barbital \ / / v 

CF3UU \ \j 
ii ' 

I I 

j k _ _ 
11 ' 1 

JL_L L 

11 .!_ 

j j j 
JUAJ J 

11 ' 

— — 
1 1 

... A 

1 0 99 8 7 6 5 4 3 2 1 ó(ppm) 

Figuree 5-7. The 'H NMR spectra of Barbital tin CDCl3), G1U (in CDCl3), GIL1 + Barbital (in CD2CI2>. 

GWCFGWCF33UU + Barbital {in CD2Cl2), and CF3U (in CD2Cl2) ([G1U] = / mM; I Barbital I = 2 mM; [CF3U] 

==  2 mM; * = Barbital;? = CF3U) 

Forr the second experiment, the monomelic "Hamilton" receptor GO. which lacks the "Meijer" 

receptorr site, has been employed as a model receptor. Surprisingly, upon the addition of the urea 

guestt CF3U to a solution of GO. a change in chemical shift is observed for the aromatic protons of 

thee pyridine rings of GO. for the NH protons of GO. for the aromatic protons of CF3U. and for the 

NHH protons of CF3U (Figure 5-8). showing that CF3U does bind to GO. This binding interaction 

iss most likely based on the protonation of the pyridine units of the receptor by the carboxylic acid 

groupp of CF3U, and H-bonds of the urea moiety of CF"3U to the amide carbony] units of the 

"Hamilton""  receptor. 

Uponn addition of Barbital to a solution of GO and CF^U. a downfield shift of the NH protons of 

thee "Hamilton" receptor and of the NH protons of Barbital is observed. These shifts are 

characteristicc of the formation of a host-guest complex consisting of GO and Barbital. 

Interestingly,, the proton signals corresponding to CF3U shifted back to the position of free CF^U. 

Thiss indicates that the binding interactions between GO and Barbital are much stronger than the 

interactionss between GO and CF3U. At the same time the intensity of the CF3U signals is 

significantlyy lower, because CF3U partly precipitated from the solution upon addition of Barbital. 
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Selectivee Binding within Dendrimers 

Thus,, the '"Hamilton" receptor does bind urea guest molecules, but these complexes dissociate in 

thee presence of barbiturate guest molecules, because the guest molecules bind much stronger their 

ownn binding site, supposingly due to better complementarity. 

Barbital l 

GO-Barbital+tFajJ J 

GOO H I 

GOO  CF3U J Ü L 

kk , 

l i i 

iJfil l 

VV V 
........ . 1. 1 1 

AA J 

1 1 
VV V 

LL . 1 li _ . 1 

_ _ 

«. . 

l_ _ 
'' 1 1 1 1 1 

111 10 9 8 7 6 5 4 3 2 1 8(ppm) 

Figuree 5-8. 77ze ' // NMR spectra of Barbital (in CDCl3), G0-2Barbital + CF3U (in CD2Cl2). GO (in 

CDCIj).CDCIj). GO + CF3U (in CD2Cl2). and CF3U (in CD2Cl2) ([GO] = 2 mM; [Barbital]  = 2 mM: [CF3U] = 

22 mM; * = Barbital;? = CF3U) 

Fromm these two control experiments, we can assess that in the HR-dendrimers, the binding of 

ureaa guest molecules and barbiturate guest molecules wil l be selective. Barbiturate guest 

moleculess wil l not compete with the urea guest molecules for the "Meijer" receptor sites and wil l 

blockk the "Hamilton" receptor from binding urea guests. For the characterization of the host-guest 

complexess based on the HR-dendrimers. both G2 and G3 have been used as template molecules. 

Thee characteristic features in NMR for the host-guest complex formation are similar for both 

generations.. The results wil l be discussed based on the host-guest complex of which the spectra 

aree shown, but similar spectra have been obtained with the other generation. 

5.2.44 Characterization of the Assemblies Formed between the HR-Dendrimers and the Fluorinated 

Ureaa Guest Molecules by NMR Spectroscopy 

Bothh the barbiturate guest CF3B and the urea guest CF3U are soluble in chlorinated solvents in 

concentrationss sufficient for NMR experiments. Due to the introduction of the CF3-groups to the 

guestt molecules also l 9F NMR can be used to monitor host-guest complex formation. The 

formationn of the hydrogen-bonded assemblies with the HR-dendrimers has first been studied 

usingg ]H NMR spectroscopy. Upon addition of the urea guest to the HR-dendrimers to form the 

host-guestt complex G3-8CF3U. a broadening of the 'H NMR signals corresponding to the guest 
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moleculess is observed. Furthermore, the H NMR signals of the protons of the binding motif, both 

off  the dendritic host and of the urea euest. are shifted (Figure 5-9). 

10.55 10.0 9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 6 (ppm) 

Figuree 5-9. The 'H NMR spectra qf'G3. G3-8CF3U, and CF3U in CD2Cl2 recorded at 22  0.5 "C. 

AA downfield shift from 2.63 to 2.81 ppm of the methylene protons adjacent to the tertiary 

aminess of the "Meijer" binding pocket is observed upon formation of the complex G3-8CF3Ü. 

Thiss shift is indicative for the protonation of the tertiary amine nitrogens of the dendritic host. 

-T—I—|—I—i—I—I—j—I—I—I—r~ ~ 

99 8 7 

lull lull 

66 5 4 3 2 1 8 (ppm) 

Figuree 5-10. 'H.'H-NOESY spectrum (obtained at 499.86 MHz) ofG3 in CD2Cl2 recorded at 22  0.5 

'C. 'C. 
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Selectivee Binding within Dendrimers 

Too verify that the urea guest is located in the "Meijer' receptor site within the branches, 

'H.'H-NOESYY experiments have been performed. First the ' H ' H - N O E SY spectrum of G3 has 

beenn recorded as a reference (Figure 5-10). 

f n == 2,4.8. 16) 

RR = 0^12(0^13)3 

Figuree 5-11. A schematic representation of the structure of a HR-dendrimer; 1 represents the most likely 

NOENOE interaction between the "Hamilton " receptors at the periphery and the aliphatic chains. 

NOEE interactions are observed between the aromatic protons of the "Hamilton" receptors at the 

peripheryy and the aliphatic protons in the branches (1). This can be attributed to magnetization 

transferr between the benzyl ring and the aliphatic chains (Figure 5-11), but it is also possible that 

magnetizationn transfer takes place between the pyridine rings of the "Hamilton" receptor and the 

aliphaticc chain through back-folding, or even between these groups of different branches. 

Thee 'H.'H-NOESY spectrum of the complex G3-8CF3U shows several additional NOE 

interactionss (Figure 5-12). These NOE interactions concern magnetization transfer between the 

CH2-groupss of CF3U and the aliphatic chains of the dendrimer (3 and 4) and between the 

aromaticc protons of CF3U and the aliphatic chain of the dendrimer (2), indicating clearly that the 

CF3UU guest is located in the "Meijer" binding pocket, and not in the "Hamilton" receptor. The 

NOEE interactions between the urea guest and the HR-dendrimers are similar to the NOE 

interactionss observed by Meijer et air 

Inn addition to interaction 2, also interaction 1 concerning magnetization transfer between the 

"Hamilton""  receptors along the periphery and the aliphatic chains may still be present, as 

observedd for the dendrimer alone. 
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"D= = 

1/2 2 

P' P' 

ö(ppm) ) 

lulu h Figuree 5-12. 'H.'H-NOESY spectrum (obtained at 499.86 MHz) ofG3-8CF3U in CD2Cl2 recorded at 22 

 "C. 

[h=[h=  2,4.8, 16) 

RR — CHp{CH-,i-, 

Figuree 5-13. The structure of a host-guest complex consisting of a HR-dendrimer and CF^U as a urea 

guest;guest; 1. 2. 3, and 4 represent the NOE interactions within the assembly. 

Inn the following experiment, the second guest (CF3B) is introduced to the complex G3-8CF3U 

too form the complex G3-8CF3U-16CF3B. In the 'H NMR spectrum additional shifts are observed 

duee to the binding of CF3B to the "Hamilton" receptors at the periphery of the HR-dendrimers 

(Figuree 5-14). These shifts are similar to those observed in the monomeric model compound and 

thosee previously reported. 
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10 0 11 S(ppm ) 

Figuree 5-14. The ' H NMR spectra of HRG3, HRG3-8CF3U, and G3-8CF3U-16CF3B in CD2Cl2 (* = 

CFCF33U;vU;v = CFjB; inset: expansion of the 'H NMR spectrum oj G3-8CF'3U-16CF3B from 9 - 13 ppm). 

Mostt indicative for the binding of CF3B to the "Hamilton" receptors at the periphery are the 

downfieldd shifted NH proton signals of the receptor from 9.0 ppm to 9.5-10.6 ppm, and the 

presencee of the characteristic NH signal at 11.7 ppm corresponding to the NH-groups of the 

barbituratee moiety of CF3B.48" 56 The 'H NMR signals of CF3U are not shifted in the complex 

G3-8CF3U16CF3BB with respect to G3-8CF3, which suggests that the binding of the CF3U to the 

dendrimerr is not hampered by the barbiturate guest. Interestingly, a further downfield shift from 

2.812.81 to 2.96 ppm of the methylene protons adjacent to the tertiary amines in the core is observed. 

Thiss shift is attributed to the deprotonation of the barbituric acid unit of CF3B by the remaining 

freee basic tertiary amines in the core (Scheme 5-5). 

} } 
^k k 

CF, , 

YNH H 

keto o 

pola rr  solven t 

non-pola rr  solven t 

,,© © 

,,© © 

CF33 enol 

Schemee 5-5. The keto-enol-enolate equilibrium ofCF3B. 

Too verify that the urea guest is also located in the "Meijer" receptor site of the complex 

G3-8CF3U-16CF3B,, a 'H.'H-NOESY experiment has been performed. The NOE interactions 

betweenn the CH2-groups of CF3U and the aliphatic chains of the HR-dendrimer were found to be 

similarr to those observed in the absence of CF3B (Figure 5-15 and Figure 5-16). 
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ii i i | 

1 1 1 00 9 8 7 6 5 4 3 2 8 (ppm) 

Figuree 5-15. 'HJH-NOESY spectrum (obtained at 499.86 MHz) of G3-8CF3U16CF3B in CD2Cl2 

recordedrecorded at 22  °C. 

n == 2,4, ,16 6 

RR = CH2(CH3)3 

Figuree 5-16. The structure of a host-guest complex consisting of a HR-dendrimer, CF3U as a urea guest, 

andand CF^B as a barbiturate guest; 1. 2. 3. and 4 represent the NOE interactions within the assembly. 

Too substantiate the formation of the supramolecular assembly consisting of the three 

components,, namely the HR-dendrimers. the barbiturate guest, and the urea guest. 19F NMR has 

beenn employed. As in 'H NMR. also in '9F NMR a strong broadening of the ! F signals is 

observedd as a result of the formation of the supramolecular assembly G2-4CF3U-8CF3B 

(Figuree 5-17). Furthermore, the 19F signals are shifted due to the formation of the host-guest 

complex.. The free barbiturate guest CF3B exists in solution predominantly in its keto form ( F 
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NMR:: 8 = -63.3 ppm) and partly in its enol form (19F NMR: 5 = -63.4 ppm) (see also 

Schemee 5-5). Upon addition of the HR-dendrimer. the enolate form of the barbiturate guest, 

whichh can be formed due to deprotonation of the barbituric acid moiety (19F NMR: 8 = -62.7 

ppm)) (see also Scheme 5-5), wil l most likely bind the strongest to the "Hamilton" receptor, 

followedd by its keto form (19F NMR: 8 = -63.2 ppm). The l9F signal of the urea guest CF3U is 

alsoo shifted significantly from -63.3 ppm to -63.1 as a result of its binding to the dendrimer. 

ii i i i i i i i i i i i i i i | i i i — i — | — i — i — i — , — | — i — , — i — i — | — , — , — , 

-62.200 -62.40 -62.60 -62.80 -63.00 -63.20 -63.40 5 (ppm) 

Figuree 5-17. 19F spectra ofCF3B, CF3U, andG2-4CF3U-8CF3B in CD2CI2. 

Thee transverse relaxation time (T2) of the 19F nulcei of the urea guest CF3U and the barbiturate 

guestt CF3B should also decrease as a result of complexation. A decrease in T2 is indicative of a 

decreasee in molecular motion of the guest molecules. Indeed, the transverse relaxation T2 of the 

FF nuclei of both guest molecules is shortened by two orders of magnitude from 1.39  0.12 s 

andd 1.10  0.10 s to 0.015 1 s and 0.013  0.001 s respectively for CF3B. At the same time, 

thee T2 of the l 9F nuclei of CF3U decreases from 1.04 6 s to 0.013 1 s, as a result of the 

host-guestt complex formation with the HR-dendrimer. The decrease in T2 explains also the 

broadeningg of the 19F signals in the presence of the dendrimer. 

Additionall  evidence for the simultaneous binding of the two different guest molecules to the 

HR-dendrimerss was obtained by diffusion ordered spectroscopy (DOSY). DOSY is a NMR 

techniquee that has proven to be a valuable tool for the characterization of supramolecular 

complexes.57'588 Mixtures of compounds can be "separated" based on their difference in diffusion 

coefficientss and information about the molecular radius of molecules or assemblies in solution 

cann be obtained.5758 The formation of a host-guest complex, consisting of a large host and a 

smalll  guest should significantly decrease the diffusion coefficient of the guest. Due to the 

broadenedd proton signals of the HR-dendrimers (G1-G4) and the host-guest complexes formed 

withh the different guest molecules, and the overlap between the signals of the various 

components,, it was impossible to obtain accurate data from *H DOSY experiments. For this 

purposee the CF3-groups of the guest molecules provide an elegant probe to study the changes in 

diffusionn coefficient as a result of the host-guest binding via l 9F DOSY, since the HR-dendrimer 

wil ll  not give any signals. 
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First,, two separate 19F DOSY experiments were performed in order to determine the diffusion 

coefficientss of the free components in solution. For this purpose a 2 mM solution of CF3U in 

CD2CFF and a 4 mM solution of CF3B in CD2C12 were used. The same experiment was repeated 

forr the host-guest complex G2-4CF3U-8CF3B ([CF3B] = 4 mM; [CF3U] = 2 mM; [G2] = 0.5 

mM)) in CD2C1?. These three experiments are combined for comparison in a Stejskal-Tanner

plot,, showing CF3B and CF3U as free components and as part of the supramolecular assembly 

G2-4CF3U-8CF3B.. The Stejskal-Tanner'9'60 plot demonstrates the decrease in the diffusion 

coefficientss of the guest molecules as a result of their binding to the large dendritic host; the 

steeperr the slope, the larger the diffusion coefficient (Figure 5-18; the b value corresponds to 

?c?G?c?G22(A-S/y)(A-S/y)5959). ). 
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Figuree 5-18. A Stejskal-Tanner plor of the experimental peak areas of the F signals (obtained at 

470.32470.32 MHz) corresponding to the CFrgroups of free CF3B, free CF3U, and ofCF3B and CF }U in the 

host-guesthost-guest complex (HG) G2-4CF3U-8CF3B. The dotted lines represent linear least square fits to the data 

(R(R > 0.98); the slope of the line corresponds to the diffusion coefficient D. 

Thee diffusion coefficient of a molecule is directly related to the molecular radius of the 

moleculee via the Stokes-Einstein equation.61 According to this equation, the molecular radius of 

CF3BB increases from 5 A (keto) and 5 A (enol), when free in solution, to 21 A in the 

supramolecularr assembly G2-4CF3U-8CF3B, while the molecular radius for CF3U increases 

fromm 5 A, when free in solution, to 14 A in the host-guest complex G2-4CF3U-8CF3B. This 

dramaticc increase in molecular radius of the guest molecules in the presence of a HR-dendrimer 

verifiess that both the guest molecules are bound simultaneously to the dendrimer. Of course, one 

shouldd consider that the molecular radius is calculated as a molecular sphere and that it also 

compliess the solvent shell. In a reference experiment, a *H DOSY spectrum was recorded for G2 

inn CD2C12. Based on the *H NMR signals of the "Hamilton" receptors, a diffusion coefficient 

similarr to that of CF3B in the host-guest complex G2-4CF3U-8CF3B was calculated, 

correspondingg to a molecular radius of -21 A. The differences in diffusion coefficient of the guest 
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moleculess in the complex G2-4CF3U-8CF3B can be explained by the difference in binding 

constant.. Based on the molecular radii of the free comonents and the average molecular radius of 

thee host-guest complex, the amount of guest molecules bound to the dendritic framework was 

calculatedd to be -56 % for CF3U and -99 % for CF3B under the experimental conditions. 

5.2.55 Characterization of the Host-Guest Complex between the HR-Dendrimers, AQ, and Barbital 

Usingg NMR Spectroscopy 

Inn the previous paragraph we demonstrated that it possible to use a dendrimer as a template 

moleculee to which two different guest molecules are simultaneously bound in a selective manner. 

Inn this section we describe the introduction of functional guest molecules to create a photoactive 

assembly.. In Chapter 5 [Re(Br)(CO)3(barbi-bpy)] was successfully used as a barbiturate guest for 

thee "Hamilton" receptors along the periphery of the HR-dendrimers. A suitable candidate to form 

ann electron donor - electron acceptor combination with [Re(Br)(CO)3(barbi-bpy)] for the 

photoactivee assembly is AQ. In this paragraph the characterization using NMR spectroscopy of 

thee host-guest complexes based on the HR-dendrimers and AQ wil l be described. Unfortunately, 

[Re(Br)(CO)3(barbi-bpy)]]  is not soluble enough in chlorinated solvents to perform an accurate 

NMRR study. Upon binding to the HR-dendrimers, the rhenium complex also reduces the solubility 

off  the host-guest complex formed. For the binding studies we used Barbital as a model to mimic 

thee binding of [Re(Br)(CO)3(barbi-bpy)]. 

Inn contrast to the fluorinated guest molecules, AQ is not soluble in chlorinated solvents in a 

concentrationn sufficient to record a NMR spectrum. However, upon addition of an HR-dendrimer 

thee AQ guest is drawn into solution, indicating that the supramolecular complex is well-soluble. 

Thee 'H NMR signals of AQ appear strongly broadened in the 'H NMR spectrum of G3-8AQ 

(Figuree 5-19). 

Figuree 5-19. The 'H NMR spectra of G3, G3-8AQ, and G3-8AQ-16Barbital in CD2Cl2 (* = AQ; v = 

Barbital). Barbital). 

AA downfield shift from 2.63 to 2.74 ppm of the methylene protons adjacent to the tertiary 

aminess of the "Meijer" binding pocket is observed upon formation of the complex G3-8AQ. This 
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shiftt is indicative for the protonation of the tertiary amine nitrogens of the dendritic host, and 

suggestss that AQ is indeed bound in the "Meijer' binding site. 

22 1 ö(ppm) 

Figuree 5-20. !H, 'H-NOESY spectrum (obtained at 499.86 MHz) oj'G3-8AQ in CD2C12 recorded at 22

0.50.5 "C. 

(( n = 2 ,4 .8 , 16) 

RR = CH2(CH3)3 

Figuree 5-21. The structure of a host-guest complex consisting of a HR-dendrimer and AQ as a urea guest; 

1.1. 2. 3. and 4 represent the NOE interactions within the assembly. 

Too verify that AQ is located in the -'Meijer" binding pocket, a 'H.'H-NOESY experiment has 

beenn performed for G3-8AQ (Figure 5-20). NOE interactions are observed between the 

CH2-groupss of AQ and the aliphatic protons of the dendrimer (3 and 4) and between the aromatic 
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protonss of AQ and the aliphatic protons of the dendrimer (2) (Figure 5-20 and Figure 5-21). 

Thesee NOE interactions between the AQ guest and the dendritic host indicate that the AQ guest is 

locatedd in the "Meijer" binding pocket between the branches. Also in this case the magnetization 

transferr between aromatic protons of the "Hamilton" receptors at the periphery and the aliphatic 

protonss of the branches might give NOE cross-peaks (1). 

Subsequently,, the stability of the complex G3-8AQ in the presence of Barbital, and the 

possibilityy to form the multicomponent supramolecular assembly G3-8AQ-16Barbital were 

investigated.. Upon the addition of Barbital to a solution of G3-8AQ. the 'H NMR signals 

characteristicc of AQ remain unchanged (Figure 5-19). indicating that the urea guest molecules are 

nott released due to the binding of the barbiturate guest to the "Hamilton" receptors. A shift is 

observedd for the NH protons of the "Hamilton" receptor site as a consequence of the binding of 

Barbitall  (Figure 5-19). In contrast to our observations for the fluorinated guest molecules, in this 

casee no further downfield shifting of the methylene groups adjacent to the tertiary amines in the 

coree is observed. This is due to the fact that Barbital, in contrast to CF3B, does not posses any 

acidicc protons, and is therefore unable to protonate the remaining free basic tertiary amines in the 

core. . 

Too verify that AQ is still located in the "Meijer" binding pocket between the dendritic branches, 

aa H. H-NOESY experiment was performed for G3*8AQ-16Barbital. The NOE interactions 

betweenn AQ and G3 observed in this experiment, were found to be similar to those observed 

withinn the complex G3-8AQ, indicating that AQ is still positioned at the "Meijer" binding site, 

whilee Barbital is bound to the "Hamilton" receptors along the periphery (Figure 5-22 and 

Figuree 5-23). 

9 8 7 6 5 4 3 2 11 8 (ppm) 

Figuree 5-22. 'H,1 H-NOESY spectrum (obtained at 499.86 MHz) of G3-8AQ16Barbital in CD2Cl2 

recordedrecorded at 22  "C. 
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nn = 2 ,4 .8 . 16 

RR — CH^lCH ), 

Figuree 5-23. The structure of a host-guest complex consisting of a HR-dendrimer and AQ as a urea guest, 

andand Barbital as a barbiturate guest; 1, 2, 3, and 4 represent the NOE interactions within the assembly. 

5.2.66 Approach for the Construction of the Photoactive Assembly 

Bothh the binding properties and the photophysical properties of the peripheral "Hamilton" 

receptorss of the HR-dendrimers have been extensively described in Chapter 5. The interactions 

betweenn the HR-dendrimers and [Re(Br)(CO)3(barbi-bpy)] (barbi-bpy 

5-[4-(4'-methyl)-2,2'-bipyridyl]methyl-2,4,6-(( l//.3//,5//)-pyrimidinetrione), and in particular the 

energyy transfer between those two components, have been studied in detail {see also Chapter 

5).444 Moreover. [Re(L)(CO)3(bpy)] (L = halide or /V-ligand) complexes are widely used in 

electronn donor-acceptor systems. 62-69 9 Electronn transfer is observed from the triplet 

metal-to-ligandd charge transfer (^MLCT) of the [Re(L)(CO)3(bpy)] complex to a good electron 

acceptor,, such as methyl viologen or anthraquinone. being part of the ligand (L) 

(Schemee 5-6) 62.63 3 

[Re'(CO),(L)(bpy-)] ] 

MLCT T 

[Re'(CO)3(L)(bpy)] ] 

Schemee 5-6. The energy diagram for the electron transfer processes within [Re(CO)j(L)(bpy)J complexes 

wherewhere L is a methyl viologen or an anthraquinone derivative (the energy of the states are arbitrary). 
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Sincee both methyl viologen and anthraquinone have been successfully employed as electron 

acceptorss in covalently linked systems, we want to use them as guest molecules in this study. 

Unfortunately.. MV could not be employed as a guest for the HR-dendrimers (vide supra). We 

knoww that the supramolecular complex G3-8AQ-16Barbital is formed as shown by its 

characterizationn using NMR spectroscopy. To create a photoactive supramolecular assembly 

basedd on the principle of selective binding [Re(Br)(CO)3(barbi-bpy)] wil l be introduced to the 

supramolecularr assembly, instead of Barbital. In the following paragraph the photophysical 

propertiess of the supramolecular complex G2-4AQ-2[Re(Br)(CO)3(barbi-bpy)] wil l be 

described. . 

5.2.77 Photophysical Properties of the Host-Guest Complex G2-4AQ-2[Re(Br)(CO)3(barbi-bpy)] 

Inn order to have a good chance to observe a photoinduced electron transfer process within the 

supramolecularr assembly consisting of the HR-dendrimers, AQ and [Re(Br)(CO)3(barbi-bpy)], 

thee ratio between the three components is carefully chosen. 

Figuree 5-24. The structure of the host-guest complex G2-4AQ-2[Re(Br)(CO)^(barbi-bpy)J, showing the 

occupationoccupation of the "Meijer" receptor sites by AQ and two free basic tertiary amine units in the core, which 

areare eventually available for the deprotonation of the barbiturate moiety of the [Re(Br)(CO)j(barbi-bpy)] 

guestguest molecules located in the "Hamilton " receptors at the periphery ofG2. 
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Thee deprotonation of the barbiturate moiety of [Re(Br)(CO)3(barbi-bpy)] by the 

poly(propyleneamine)) core of the HR-dendrimers an important factor for the strong binding of the 

guestt (see also Chapter 5). On the other hand, protonation of the core can influence to a certain 

extendd the binding of AQ to the dendrimer. To ensure that there are sufficient basic sites present 

inn the dendrimer core, a stoichiometric amount of [Re(Br)(CO)3(barbi-bpy)] with respect to the 

numberr of free basic tertiary amine sites in the core is used. AQ is added in a stoichiometric 

amountt with respect to the number of "'Meijer" sites, because its binding constant is anticipated to 

bee lower than that of the rhenium complex. From the NMR studies decribed above concerning the 

fluorinatedd guest molecules, we know that at least 50 % of the urea guest wil l be bound to the 

dendrimerr under these conditions. Based on these considerations the photophysical investigations 

forr the photoactive assembly are performed for G2-4AQ-2[Re(Br)(CO)3<barbi-bpy)l 

(Figuree 5-24). 

Fromm the NMR experiments it was shown that AQ binds to the "Meijer" binding site within the 

dendriticc branches at a concentration of 1 mM (in AQ and in "Meijer" binding sites). Therefore, 

thee same concentration in AQ and "Meijer" binding sites is used for the photophysical 

measurements. . 

(a)(a) E [Re(Sr)(CO)3(barbi-bpy)] ] 
[Re(Br)(CO)) (barbi-bpy)]/AQ 

(b)(b) E -- G2/[Re(Br)(CO)3(barbi-bpy)] 
G2/[Re(Br)(CO)) (barbi-bpy)]/AQ 

00 50 100150200250300350400450 

timee (ns) 

00 50 100150 200 250 300 350 400 450 

timee (ns) 

Figuree 5-25. The emission decay probed at 600 nm for (a) a 5 x 10' M solution oj 

[Re(Br)(CO)[Re(Br)(CO)33(harbi-bpy)](harbi-bpy)] (+/- 2 eq. AQ) (a) and (b) a 2.5 x 10" 

G2-2[Re(Br)(CO)G2-2[Re(Br)(CO)33(barbi-bpy)](barbi-bpy)] (+/- 4 eq. AQ) (CH2CI2: \ x c = 435 nm). 

MM solution of 

Thee potential electron transfer process between AQ and [Re(Br)(CO)3(barbi-bpy)] within the 

supramolecularr assembly G2-4AQ-2[Re(Br)(CO)3(barbi-bpy)] is studied by probing the 

emissionn lifetime of [Re(Br)(CO)3(barbi-bpy)l at 600 nm. exciting the MLCT transition of 

|Re(Br)(CO)3(barbi-bpy)]]  ( \ ,x c = 450 nm). The addition of 2 equivalents of AQ to a solution of 5 

xx 10"4 M [Re(Br)(CO)3(barbi-bpy)] in CH2C12, does not result in a quenching of the excited state 

off  [Re(Br)(CO)3(barbi-bpy)] (Figure 5-25a). Based on this experiment, bimolecular quenching 
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processess can be excluded. Upon addition of 1 molar equivalent (per "Meijer" receptor) of AQ to 

aa solution containing 2.5 x 10~4 M G2 and 5 x 10"4 M [Rc(Br)(CO)3(barbi-bpy)]. only a slight 

quenchingg of the [Re(BrKCO)^harbi-bpy)] emission is observed (-5 c/r). Although the quenching 

processs is rather inefficient, it shows that it is possible to get photoactive supramolecular 

assembliess based on the principle of selective binding. 

Thee short-lived component of ~5 ns in Figure 5-25b is attributed to emission from the 

HR-dendrimer.. The long-lived component of 109 ns (Figure 5-25b) refers to the 

[RefBrXCOi^fbarbi-bpy)]]  emission, which is significantly longer than the lifetime of 60 ns found 

inn the absence of the HR-dendrimers (Figure 5-25a). The elongation of the lifetime of the excited 

statee of [Re(Br)fCO)3(barbi-bpy)] in the presence of the HR-dendrimer is directly the result of the 

deprotonationn of the barbiturate moiety of the rhenium complex by the poly(propyleneamine) 

core,, as was demonstrated in Chapter 5. 

Althoughh a very small effect of the AQ guest is measured on the excited state lifetime of 

[Re(Br)(CO)3(barbi-bpy)ll  in the presence of a HR-dendrimer. it is not clear whether the charge 

separatedd state is formed. Due to the fact that the charge separated state is hardly populated, a 

transientt spectrum of reduced AQ. which could support the electron transfer between 

[Re(Br)(CO)3(barbi-bpy)ll  and AQ within the assembly, cannot be measured. Furthermore, the 

slightt reduction of the excited state lifetime of fRe(Br)(CO)3(barbi-bpy)] can also be the result of 

reprotonationn of the barbiturate moiety due to the addition of a small excess of the acidic AQ 

guest,, since an increase in the emission intensity and thus in the excited state lifetime, is observed 

uponn deprotonation of the barbiturate moiety (see also Chapter 5). 

Thee fact that no electron transfer occurs, is probably due to the low exergonicity of the electron 

transferr process and the weak interaction between the electron donor ([Re(Br)(CO)3(barbi-bpy)]) 

andd the electron acceptor (AQ) pair. Although the electron transfer between [Re(L)(CO)3<bpy)] 

complexess and anthraquinone proceeds well in covalently linked systems, so far only 

non-covatentlyy linked systems are known consisting of fRuCbpy) ]̂ as an electron donor and 

anthraquinonee as an electron acceptor, in which only 15-25 9c of quenching of the [Rutbpy ]̂ 
3MLCTT excited state is observed.70 

5.33 Conclusions 

Thee "Hamilton" receptor-functionalized dendrimers (HR-dendrimers) were successfully 

employedd as template molecules for the selective and directed binding of two different types of 

guestt molecules via hydrogen bonds, namely urea- and barbiturate guest molecules. The 

introductionn of an extra NMR sensitive nucleus, such as 19F. to the guest molecules proved to be a 

powerfull  tool to probe the formation of the supramolecular assemblies. Based on the two different 

bindingg sites a broad scope of functional molecules can be organized in a predefined way using 

thee supramolecular approach, e. #. well-defined multicomponent photoactive supramolecular 

assembliess can be created. It also enables the rapid variation of the ratio between the different 
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components.. This is particularly interesting, when the synthesis of the covalently linked system is 

extremelyy difficult, or when reversibility of the connection between the components is required. 

Thee first attempt to create a photoactive assembly using the concept of selective binding involves 

ann anthraquinone guest (AQ) functionalized with an urea-carboxylic acid binding motif as an 

electronn acceptor and a [Re(Br)(CO)3(bpy)]-complex functionalized with a barbituric acid moiety 

([RefBrKCOl^barbi-bpy)))) as an electron donor. Although this combination of electron donor -

electronn acceptor had been successfully applied in covalently linked systems to perform 

photoinducedd electron transfer, the driving force for this electron transfer process turned out to be 

insufficientt in the supramolecular system based on the HR-dendrimers. Currently, other suitable 

quencherr molecules functionalized with an "Meijer" binding motif, that can be used for 

photoinducedd electron transfer reactions with [Re(Br)(CO)3(barbi-bpy)]. are under investigation. 

Thee HR-dendrimers provide the first molecular system, in which two different classes o[ 

moleculess can be bound via hydrogen bonds with such a high selectivity and precision. These 

highlyy defined supramolecular systems can be particularly interesting for the development of an 

artificiall  photosynthelic system, in which "refreshing" of the photoactive components is possible. 

Wee also believe that these dendrimers are interesting templates for multicomponent cascade 

reactions,, locating one catalyst at the periphery and the other between the branches. The 

non-covalentt linkage of the active components to the large dendrimer allows the replacement of 

thesee molecules with new ones enabling the dendritic template to be recycled. 

5.44 Experimenta l 

5.4.11 Solvent s and Startin g Material s 

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

purificationn unless otherwise indicated. ChhCU was distilled from CaHi and THF from Na/ben/ophenone 

priorr lo use. Commercial deuterated solvents were used as received for the characterization of the 

compounds.. C D X I T was distilled from CaH2 to 4A molecular sieves prior to use for the binding study. 

5.4.22 Synthesi s 

Thee procedure for  the synthesis of the "Hamilton "  receptor-funetionalized dendrimers 

(HR-dendrimers).. The "Hamilton" receptor-funetionalized dendrimers used in this study were 

synthesizedd according to the procedure described in Chapter 5. 

Thee synthesis of the barbiturat e yuest molecules. Barbital'' and [Re<Bn(COh(barhi-hpy )| (burbi-bpy = 

5-[4-(4'-methyl)-2.2'-bipyridyijmethyl-2.4.6-(( |A/.3//.ü//)-pyriniidinetrione)>^ were prepared according 

literaturee procedures. 

G1U.. The reference compound GllJ was kindly provided by R. -F. Chen from the group of prol', dr. P. W. 

N.. M. van Leeuwen at the Universiteit van Amsterdam. 
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5-(4-Trifluoromethvl-benzvlidene)-2,4,6-(l//,3W,5//)-pvrimidinetrione.. A solution of 

4-trifluoromethvl-benzaldehydee (1.52 2, 8.73 nimol) and barbituric acid (1.12 g, 8.74 
,,NHH J J c 

nimol)) in 20 mL of EtOH abs. is refluxed overnight under N2. The precipitate is collected 

byy filtration, washed with H20 and EtOH abs., and dried under vacuum, rendering 1.96 g 

(6.900 ramol, 80.1 %) of 5-[4-trifluoromethyl-benzylidene]-2,4,6-(l#,3tf,5fl> 

pyrimidinetrionee as a white solid. 'H NMR (dmso-df,): 5 (ppm) = 7.79 (d, J = 8.0 Hz, H.dr). 8.04 (d, J = 8.0 

Hz.. H.M). 8.32 (s. =CH). 11.29 (s. NH). 11.47 (s. NW). '3C NMR (dmso-d,,): 5 (ppm) = 121.6. 124.0 (q, 

'7(13C,19F)) = 272.5 Hz). 124.6 (q, "i( l3C.l9F) = 3.4 Hz). 130.4 (q, :J(I3C,I9F) = 31.8 Hz), 132.1, 150.2, 

152.1,, 161.2, 162.9. l9F NMR (dmso-d6): 5 (ppm) = -61.83. HRMS (FAB) calcd. for C12H80,N2F:, 

(MH+):: 285.0487, found 285.0472. 

HH 5-(4-Trifluoromethvl-benzvl)-2,4,6-(l//,3//,5//)-pvrimidinetrione (CF,B). A solution 

TT of 5-[trifluoromethyl-benzylidene]-2,4,6-(lH,3W,5ff)-pyrimidinetrione (0.51 g. 1.79 

jjj  mmol) in 50 mL of dry THF containing 0.08 g of 10 % Pd-C is stirred overnight under 40 
barr of H2. The reaction mixture is filtered over Cclite and the solvent is removed in vacuo, 

renderingg 0.42 g (1.47 mmol. 82.1 c7,) of CF3B as a white solid. 'H NMR (dmso-d6): 8 

(ppm)) = 3.33 (d. J = 4.5 Hz. CH2 (keto)), 3.64 (s, C//2 (enol)), 4.06 (t, J = 4.5 Hz. CH (keto)) 7.34 (d. J = 

7.55 Hz. HM (keto)). 7.38 (d, J = 7.5 Hz, H.u. (enol)), 7.60 (d. J = 7.5 Hz. H.M. (enol)), 7.64 (d, J = 7.5 Hz. H.a 

(keto)).. 10.70 (s. N/Z (enol)). 11.23 (s. NH (keto)). 13C NMR (dmso-d6): 5 (ppm) = 26.9. 32.3.49.1, 88.1. 

124.44 (q. '/(13C,19F) = 297.3 Hz), 124.9. 125.1. 127.0 (q. 27(13C,19F) = 31.7 Hz). 128.6, 129.7. 130.1. 

130.9,, 143.1, 146.2. 150.0. 150.7. 169.7. I9F NMR (dmso-dft): 5 (ppm) = -61.2 (keto), -61.0 (enol). HRMS 

(FAB)) calcd. lor Ci2H10O3N2F, (MH+): 287.0644, found 287.0644. 

Thee synthesis of the urea guest molecules. Na{B[3.5-(CF?)2C6H1]4) (NaBArf).
46 

Ag(B|3.5-(CF,)->C6H3]4)) (AgBAr,).47 and l-methyl-4.4'-bipyridinium (iodide)72 were prepared 

accordingg to literature procedures. 

[3-(3-Trifluoromethyl-benzyl)-ureido|-aceticc acid ethyl ester. To a cooled (0 

M^j^^^OEtt ° Q solution of 3-tnfluoromethyl-aniline (0.50 g, 2.86 mmol) in 5 mL of CHC13 
HH H o 

iss added dropwise ethyl isocyanatoacetate (0.37 g, 2.86 mmol). The reaction 

mixturee is stirred overnight under N2. Evaporation of the solvent and subsequent 

dryingg under vacuum render 0.85 g (2.79 mmol. 97.9 9<) of [3-(3-trifluoromethyl-benzyl)-ureido]-acetic 

acidd eihyi ester as awhile soiid. !H NMR (dmso-d6): ö (ppm) = 1.18 (t, ./= 7.2 Hz, CH3), 3.78 (d. J = 6.0 

Hz.. CH2). 4.08 (q. J = 7.2 Hz. OC//2). 4.30 (d. J = 6.0 Hz, CH2), 6.41 (t, J = 6.0 Hz. Nfl), 6.83 (t, J = 6.0 

Hz,, NH). 7.56 (m. HM). I3C NMR (dmso-d6): 5 (ppm) = 41.6. 42.4. 122.7 (m, 2C. CF3CCar). 124.8 (q, 

'/(13C,19F)) = 271.9 Hz), 128.7. 129.1 (q, 2/(13C,19F) = 31.7 Hz), 130.5. 142.5. 158.1. 171.2. 19F NMR 

(dmso-d6):: S (ppm) = -61.57. HRMS (FAB) calcd. tor C|,H,50,N2F, (MH+): 304.1035. found 304.1048. 

127 7 



Chapterr 5 

[3-(3-Trifluoromethyl-benzyl)-ureido]-aceticc acid (CF3U). To a solution of 

"NN N'~>r'0H [3-(3-trifluoromethyl-benzyl)-ureido]-acetic acid elhvl ester (0.40 g, 1.32 mmol) 

inn 8 mL of THF is added a solution of NaOH (0.06 g. 1.45 mmol) in 2 niL of 

H20.. The reaction mixture is stirred overnight under N2. After this period of time. 

THFF is removed under vacuum. HC1 (aq) is added dropwise to the reaction mixture until pH4 is reached. A 

whitee solid precipitates and is collected via filtration. Washing with small amounts of water and drying 

underr vacuum yields 0.46 g (1.34 mmol. 99.6 <% ) of CF3U. !H NMR (dmso-d6): 8 (ppm) = 3.72 (d../ = 6.0 

Hz,, CH2), 4.30 (d, J = 6.0 Hz, CH2). 6.30 (t../ = 6.0 Hz, NH), 6.78 (t,,/ = 6.0 Hz, NH), 7.55 (m. /ƒ.„.), 12.44 

(COO//).. 13C NMR (dmso-d6): 8 (ppm) = 41.6, 42.4. 123.2 (q, 3J(13C,19F) = 3.4 Hz). 123.3 (q. V( 13C,19F) 

== 4.0 Hz), 124.3 (q.',/(i : ,C,|yF) = 271.9 Hz). 129.0 (q, 2/(13C,19F) = 31.2 Hz), 129.2. 131.1, 142.5. 158.1, 

172.5.. 19FNMR (dmso-d6): 8 (ppm) = -61.41. HRMS (FAB) calcd. lor C, ,H, ,0,N2F3 (MH+): 276.0722, 

foundd 276.0731. 

3-(l-Bromoethylureido)3-(l-Bromoethylureido) acetic acid ethyl ester. To a suspension of 
Br\_/^N'^--N-'~\f-

0EII 2-bromoethylamine hydrobromide (5.61 a. 27.4 mmol) in 100 mL of 
HH H n 

dichloromethanee is added 1.2 equivalents ot NEt3 (3.35 g, 33.1 mmol) rendering a 

clearr solution. The solution is kept at 0 °C, while ethyl isocyanatoacetate (3.53 g, 27.4 mmol) is slowly 

added.. The reaction mixture is stirred during 3 h at RT. After the addition of 30 mL of a saturated solution 

off  NaHC03 in H20, dichloromethane is evaporated under vacuum. The white precipitate is collected via 

filtrationn and additionally washed with H20, yielding 2.75 g (10.9 mmol, 40.0 %) of 

3-(l-bromoethylureido)) acetic acid ethyl ester 'H NMR (CDC13): 6 (ppm) = 1.28 (t, J = 7.0 Hz. 

OCH2Ctf3),, 3.46 (t. ./ = 6.0 Hz. BrCH2), 3.61 (t. J = 6.0 Hz. BrCH2C//2). 3.99 (s. Ctf2C=0), 4.20 (q. J = 

7.00 Hz. Ctf2CH3), 5.53 (bs. 2 x NH). '3C NMR (CDC13): 8 (ppm) = 14.4, 33.7. 42.4. 42.4. 61.7. 157.8. 

171.6.. HRMS (FAB) calcd. for C7H1303N2
79Br (MH+): 252.0110. found 252.0120. 

3-(l-Methyl-l'-ethylureido-4,4'-bipyridine )) acetic acid ethyl ester 

(halidee salt). A solution of 3-( 1-bromoethylureido) acetic acid ethyl ester 

(1.133 g, 3.38 mmol) and l-methyl-4,4'-bipyridinium (iodide) (l.OOg. 3.36 
OEtt J 1 J e 

mmol)) in 50 mL of acetonitril is rcfluxed overnight under N->. The solvent 

iss evaporated and the red solid is washed with dichloromethane. After drying under vacuum 2.06 g (3.26 

mmol.. 97.0 %) of 3-( l-mcthyl-r-ethylureido-4.4'-bipyridine) acetic acid ethyl ester (halide salt) is 

obtained.. 'H NMR (CD3CN): 8 (ppm) = 1.17 (t, J = 7.5 Hz. OCH2Ctf3), 3.66 (d. ./ = 6.0 Hz. 

NHCtf2C=0),, 3.70 (m. CH2C#2NH), 4.04 (q../ = 7.5 Hz. OC//2CH3), 4.42 (s. Ctf3N), 4.75 (t../ = 5.1 Hz. 

NC//2),, 6.18 (t, ./ = 6.0 Hz, NH). 6.73 (t. i = 6.0 Hz. NH). 8.46 (d, ./ = 6.6 Hz, H.u). 8.52 (d. ./ = 6.6 Hz. 

ft.,,.),ft.,,.), 8.95 (d, J = 6.6 Hz, /ƒ.„.), 9.08 (d,./ = 6.6 Hz. «.„.). 

3-(l-Methyl-r-ethylureido-4,4'-bipyridine )) acetic acid (MV) (halide 

salt).. To a solution of 3-(l-methyl-r-ethylureido-4,4'-bipyridine) acetic 

acidd ethyl ester (halide salt) (1.62 s. 2.94 mmol) in 30 mL of H^O is added 
N A N " V 0 H H 

HH H ^ a solution ol NaOH (0.13 g. 3.25 mmol) in H2Q. The solution becomes 

darkk blue of color. After stirring overnight the solution has changed color again to orange. HCI (37 %, aq) 
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wass added until the solution reached pH5. After 2 h of stirring, the solvent was removed and subsequently 

washedd with acetonitrile and dichloromethane, renders 1.00 g (1.91 mmol. 65.0 %) MV as a halide salt. H 

NMRR (D20): 8 (ppm) = 3.49 (s. NHCH-,C=0). 3.67 (t. J = 4.8 Hz. CH2C/72NH). 4.39 (s. CW-.N). 4.73 (t. J 

== 4.8 Hz. NCW2), 8.41 (d, 7 = 6.3 Hz. 2 x H.M). 8.94 (d. 7 = 6.3 Hz, H.u), 8.98 (d, 7 = 6.3 Hz. «.„.). 

3-(l-Methyl-r-ethylureido-4,4'-bipyridine || acetic acid (MV) 

(PF6-salt).. To a solution of MV (halide salt) (0.29 g. 0.55 mmol) in H20 a 

JLJL ^ \ ,OH saturated solution of NH_,PFh in H->0 is added, resulting in the 
NN N |f ^  u D 

HH H ' 
00 precipitation of MV (PF6-salt). Filtration and additional washing with 

waterr yields 0.25 g (0.41 mmol, 74.6 ck ) of MV (PF6-salt) as a white solid. 'H NMR (CD3CN): 6 (ppm) = 

3.844 (s. CH2C=0). 4.05 (t, J = 5.5 Hz. Ctf2NH), 4.40 (s. CH3), 4.82 (t. 7 = 5.5 Hz, NC/72), 6.11 (bs, 2 x 

N77).. 8.40 (d../ = 7.0 Hz. //.„.). 8.41 (d, J = 7.0 Hz. //; i r). 8.86 (d, J = 7.0 Hz. H.d[), 8.94 (d, 7 = 7.0 Hz, ƒƒ.„.). 
I3CC NMR (CD,CN): 5 (ppm) = 39.6. 47.2. 49.6. 61.3. 127.8. 128.1. 147.2. 147.5. 150.3. 151.3. 158.0. 

173.0. . 
l-Nonyl-4,4'-bipyridiniu mm (bromide). 4.4'-Dipyridyl (1.50 g, 9.60 
mmol)) was relluxed overnight with 1 equivalent of 1-bromononane (1.98 

g,, 9.60 mmol) in 20 mL of dichloromethane. The reaction mixture was 

filteredd and the filtrate was evaporated to dryness. Ether was added to remove residual 4.4'-dipyridyl and 

afterr filtration 1.46 g (4.02 mmol, 41.9 %) of l-nonyl-4,4'-bipyridinium (bromide) was yielded as a slightly 

yelloww powder, 'H NMR (dmso-d6): 6 (ppm) = 0.82 (t, J = 7.0 Hz, CH3), 1.21 (m. 2 x CH2), 1.29 (m. 4 x 

CHCH22),), 1.95 (m, CH2). 4.71 (t../ = 7.0 Hz. NCH2). 8.09 (d. J = 6.0 Hz. H.v), 8.70 (d../ = 6.0 Hz, H.J, 8.85 

(d.. J = 6.0 Hz, Hdl). 9.37 (d../ = 6.0 Hz. War).
 13C NMR (dmso-d6): S (ppm) = 13.9. 22.0. 25.4. 28.4, 28.5, 

28.7.30.8.31.2.60.2.. 121.9. 125.3. 140.8. 145.3. 150.9. 152.1. 

3-(( l-N"onyi-r-ethylureido-4,4'-bipyridine ) acetic acid 

ethyll  ester. A solution of 3-(l-bromoethylureido) acetic 

acidd ethyl ester (0.56 g. 1.68 mmol) and 

l-nonyl-4,4'-bipyridiniumm (bromide) (0.61 g, 1.68 mmol) 

inn acetonitrile is relluxed during 24 h under Ni. The solution is concentrated and cooled to RT The product 

precipitatess from the solution. After filtration and subsequent drying under vacuum 0.77 g (1.25 mmol, 

74.55 ck) of 3-(l-nonyl-r-ethylureido-4,4'-bipyridine) acetic acid ethyl ester is obtained as a yellow 

powder.. ''H NMR (dmso-d6): 5 (ppm) = 0.85 0.7=7.0 Hz, CH3), 1.10 (t. J = 7.0 Hz. CH3), 1.25 (m. 2 x 

CHCH22).). 1.31 (m, 4 x CH2), 3.61 (d, J = 6.0 Hz, NHC//2C=0), 3.65 (q. J = 5.5 Hz. NCH2). 3.97 (q. J = 7.0 

Hz.. C/72CH,). 4.72 (t. J = 7.5 Hz, NC«2). 4.75 (t. J = 7.5 Hz. C/72NH). 6.50 (t. J = 6.0 Hz. N/7). 6.60 (t. J 

==  6.0 Hz. NH). 8.82 (d. J = 7.0 Hz. War). 8.84 (d. J = 6.5 Hz. H.M). 9.29 (d. J = 7.0 Hz. /7ir). 9.54 (d, J = 6.5 

Hz.. H.M). | : iCNMR(CDCI,):5(ppm)= 13.9. 14.1.22.0.25.4.28.4.28.5.28.7,30.8.31.2.40.1.41.3.60.1. 

60.8.61.3.. 126.1. 126.5. 145.8. 146.2, 148.3, 148.4. 157.9. 170.8. 
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oo 2-Phtalimidmethyl-anthraquinone. A solution of 

^^ )— 2-bromomethyl-anthraquinone (1.22 g. 4.05 mmol) and phtalimid (potassium 

oo '\=J derivative: 0.78 g, 4.21 mmol) in 50 mL of DM F is stirred under N̂  at 140 °C. 
o o 

Afterr 2 hours the hot solution is poured into 200 mL of H20 mixed with 100 g of ice. 

2-Phtalimidmethyl-anthraquinonee precipitates from the solution. After filtration the product is washed 

withh H2() and pentane and dried under vacuum, yielding 1.21 g (3.29 mmol. 81.3 %) of 

2-phtalimidmethyl-anthraquinoncc as a white solid. 'H NMR (CDC13): S (ppm) = 5.01 (s. CH2), 7.80 (m. 

H.H.MM).). 7.88 (m, H.lr), 8.30 (m. H.dr).
 13C NMR (CDC13): 5 (ppm) = 41.3. 123.8, 126.8, 127.4, 127.4. 128.1. 

132.1,, 133.0. 133.5. 133.6. 133.8, 133.9. 134.3, 134.3, 134.4, 143.0. 168.0. 182.9. 182.9. HRMS (FAB) 

calcd.. forC23H I404N (MH+): 368.0923, found 368.0920. 

2-Aminomethyl-anthraquinone.. A solution of 2-phtalimidmethyl-anthraquinone 

~NH22 (1.0 g, 2.72 mmol) and 1.7 mL of hydrazine monohydrate in 100 mL of EtOH abs. is 

refluxedd overnight under N2. The solution is poured into 300 mL of brine (pH12) and 

thee product is extracted with 5 x 50 mL of CHCI3. The combined organic layers are dried on 

MgS04.. filtered and the solvent is evaporated in vacuo. The orange-brown solid is washed with 

pentanee and dried under vacuum yielding 0.63 g (2.66 mmol. 97.8 %) of 

2-aminomethyLanlhraquinone.. 'H NMR (CDC13): 5 (ppm) = 4.07 (s, C«2), 7.80 (m, H.M), 8.30 (m, H.M). 
13CC NMR (CDC13): 5 (ppm) = 46.3. 125.6, 127.4, 127.9, 132.4. 132.9. 133.7, 133.8, 134.2, 134.3, 150.2. 

183.1.. 183.4. HRMS (FAB) calcd. forCi5H,202N (MH+): 238.0868. found 238.0870. 

oo 3-(2-Methylureido-anthraquinone) acetic acid ethyl ester. Ethyl 
J^J^  ,--\,OEt 

HH H T isocyanatoacetate (0.30 g. 2.30 mmol) is added dropwise to a solution of 

2-aminomethyl-anthraquinonee (0.55 g, 2.31 mmol) in 50 mL of 2:1 v/v 

THF7CH2C12.. The solution is stirred overnight under N2 at RT. The product precipitates from the solution. 

Filtrationn and subsequent washing with small amounts of CH2C12 yields after drying under vacuum 0.62 g 

(1.699 mmol, 72.3 %) of 3-(2-methylureido-anthraquinone) acetic acid ethyl ester as a yellow powder. H 

NMRR (dmso-d6): 5 (ppm) = 1.18 (t, J = 7.0 Hz, C#3), 3.80 (d, J = 6.0 Hz, NHC//2), 4.09 (d.,/ = 7.0 Hz. 

OCW2CH,).. 4.41 (d. J = 5.5 Hz. NHCW2), 6.50 (t, J = 5.5 Hz. NW). 6.94 (t, J= 6.0 Hz. NW). 7.78 (dd. J = 

8.00 Hz, 4J= 1.4 Hz. H.M). 7.9.3 (m, W.lr). 8.09 (d. 4J = 1.4 Hz. H.„).  8.16 (d. J = 8.0 Hz. HM). 8.20 (m. H.dr). 
I3CC NMR (dmso-d6): 8 (ppm) = 14.1. 41.6, 42.7. 60.2. 124.8. 126.7, 126.7. 127.0, 131.6, 132.9. 133.0, 

133.0,, 134.5, 134.5, 148.4, 158.0, 171.1, 182.2, 182.6. HRMS (FAB) calcd. for C20H19O5N2 (MH+): 

367.1294.. found 367.1292. 
oo o 3-(2-lVlethylureido-anthraquinone) acetic acid (AQ). To a suspension of 

HH H " 3-(2-methylureido-anthraquinone) acetic acid ethyl ester (0.50 g, 1.36 
\ ^ \ ^ \ ^^ o 

JJ mmol) in 25 mL of 4:1 v/v THF/H20 is added 0.09 g (2.25 mmol) of NaOH. 

Thee dark-colored solution is stirred overnight under N2 at RT. After that, HC1 (37 %, aq) is added until the 

solutionn reaches pH4. while the solution turns yellow. The THF is removed in vacuo. The yellow 

precipitatee is filtered off, washed with HTO (pH4) and ether, yielding after drying under vacuum 0.45 g 

(1.333 mmol, 97.8 %) of AQ as a slightly yellow powder, 'H NMR (dmso-d6): 5 (ppm) = 3.72 (d, J = 5.7 
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Hz.. NHCtf2), 4.40 (d, J = 6.0 Hz, NHC//2), 6.38 (t, J = 5.4 Hz, NH), 6.92 (t. J = 6.0 Hz, NH), 7.79 (dd, J 

==  8.3 Hz, 4J = 1.5 Hz, //ar), 7.93 {m, H.J, 8.09 (d, 47 = 1.5 Hz. H^), 8.16 (d, J = 8.1 Hz, / /a r), 8.21 (m, 

//ar)..
 13C NMR (dmso-d6): 8 (ppm) = 42.5. 42.7. 124.8. 126.7, 126.7, 127.0, 131.6, 132.9. 133.0. 133.1. 

134.4,, 134.5, 148.5, 158.0, 172.4, 182.2, 182.6. HRMS (FAB) calcd. for C18H l505N2 (MH+): 339.0981, 

foundd 339.0974. 

5.4.33 Instrumentatio n 

]HH NMR, 19F NMR, and BC NMR spectra were recorded on a Varian Inova500 at 499.86, 470.32, and 

125.700 MHz, respectively. The ' H , ' H - N O E SY spectra are symmetric; the upper part of the spectrum is 

depictedd in the Figures. Diffusion measurements were carried out on a Varian Inova500 equipped with a 

Performaa II pulsed gradient unit able to produce magnetic field pulse gradients of about 30 Gem"1 in the 

^direction.. The 19F DOSY experiments were carried out in a 5 mm SW probe at 295 K. The magnetic 

fieldd pulse gradients were of 1 ms duration followed by a stabilization time of 0.1 ms. The diffusion delay 

wass set to 0.3 s. The magnetic field pulse gradients were incremented from 0 to 25 Gem"1 in ten steps and 

thee stimulated spin echo experiment was performed with compensation for convection. The pulse sequence 

wass developed by Evans and Morris (University of Manchester).73 Fast Atom Bombardment (FAB) mass 

spectrometryy was carried out using a JEOL JMS SX/SX 102A four-sector mass spectrometer coupled to a 

JEOLL MS-MP9021D/UPD system program. Samples were loaded in a matrix solution (3-nitrobenzyl 

alcohol)) on to a stainless steel probe and bombarded with Xe atoms with an energy of 3 keV. During the 

high-resolutionn FAB-MS measurements a resolving power of 10,000 (10 % valley definition) was used. 

UV-Vi ss absorption spectra were recorded on a diode-array HP8453 spectrophotometer at 293 K. 

Nanosecondd flash photolysis emission kinetics was measured by irradiating the sample at 435 nm with a 2 

nss (FWHM) Coherent YAG laser (10 Hz repetition rate). The light was collected in an Oriel 

monochromator,, detected by a P28 PMT (Hamamatsu), and recorded on a Textronic TDS3052 (500 MHz) 

oscilloscope.. The laser oscillator, Q-switch, shutter and trigger were externally controlled with a 

homemadee digital logic circuit, which allowed synchronous timing. Details on the experimental set-ups 

usedd to study the photophysical processes presented in this Chapter are given in the Appendix of this 

Thesis. . 

5.4.44 NMR stud y of the Fluorinate d Guest Molecule s 

Thee H NMR and NOESY experiments were performed for solutions containing 1 mM of CF3U and 2mM 

off  CF3B in CD2CI2. The HR-dendrimer (G3) concentration was 2.5 x 10"4 M, so that is all cases the ratio 

betweenn the receptor and its appropriate guest is always 1:1. For the 19F NMR experiments, including the 
l9FF DOSY and T2 measurements, the concentrations of CF3U, CF3B, and the HR-dendrimer (G2) were 

2mM,, 4mM. and 0.5 mM, respectively, in CD?C12. 
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5.4.55 NMR Stud y of AQ 

Thee ]H NMR and NOESY experiments were performed for solutions containing 1 mM of AQ and 2 mM 

off  Barbital in CD2CI2. The HR-dendrimer (G3) concentration was 2.5 x 10*4 M. so that is all cases the 

ratioo between the receptor and its appropriate guest is always 1:1. 

5.4.66 Photophysica l Stud y of the Host-Gues t Comple x G2-4AQ-2[Re(Br)(CO) 3{barbi-bpy) ] 

Thee photophysical study was performed under the same conditions as the NMR experiments. A solution 

containingg I mM of AQ and 2.5 x 10"4 M of HR-dendrimer (G2) in CH2C12 was prepared, such that the 

ratioo between AQ and "'Meijer" receptors was 1:1. A less than stoichiometric amount of Re was added 

renderingg a final concentration of 5 x 10~4 M in the sample (ratio [Re(Br)(CO)3(barbi-bpy)]/HR is 1:4). 
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