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Chapterr  3 

Ultrafas tt  Photoinduce d Electro n Transfe r acros s Hydroge n 

Bond ss of a Self-Assemble d Donor-Accepto r System 

Abstract::  The hydrogen-bonded complex H1-G2 consisting of a methyl viologen-functionalized 

barbituratebarbiturate host (HI) (l-(N-(3,5-bis[l(6-tert-butylacerylamino-2-pyridvl)amino]carbon\'ll)-

phenylacetamide)-r-methyl-4A'-bipyridium;phenylacetamide)-r-methyl-4A'-bipyridium; counterions: 2 BArj or 2 PF6~) and a 

[Re(Br)(CO)[Re(Br)(CO)33(barbi-bpy)J(barbi-bpy)J (barbi-bpy = 5-{4-(4'-methyl)-2,2 '-bipyridyIJmethyl-2,4,6-

(iH,3H,5H)-pyrimidinetrione)(iH,3H,5H)-pyrimidinetrione) complex as the guest (G2) has been characterized in acetonitrile 

usingusing lH NMR and diffusion ordered NMR spectroscopy (DOSY). From lH NMR, the binding 

constantconstant (Kass) was determined to be 4.3 x l(Jr M'1 in acetonitrile. The average molecular radii 

ofof the separate species HI (10.9 A), G2 (7.6 A), and PF6H1G2 (9.3 A) were calculated from the 

diffusiondiffusion coefficients determined with DOSY for an equimolar (2.5 mM) solution of PF6-H1 and 

G2.G2. The rather large molecular radius ofPF6-Hl alone was attributed to the formation of small 

aggregatesaggregates of PF6-H1, which upon binding of the guest G2 dissociate. The photophysical 

propertiesproperties of BArfHl, G2, and BArfHlG2 have been studied in CH2CU using time-resolved 

fluorescencefluorescence and transient absorption spectroscopy. Fast electron transfer was absented in the 

host-guesthost-guest complex BArfHlG2 (kfet = J x 1012 sl (lower limit); kbe{] = 3.4 x JO10 s'* (higher 

limit);limit);  khel2 = 4x10 s'1 (lower limit)) and a high binding constant could be determined (Kass > 

2x2x 105 M-1). 

A.. Dirksen, C. J. Kleverlaan, J. N. H. Reek. L. De Cola, submitted. 
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Chapte rr  3 

3.11 Introductio n 

Thee assembly of supramolecular systems using non-covalent interactions, such as hydrogen 

bonds,, ionic interactions, and hydrophobic interactions, is still an emerging field in modern 

chemistry.1"100 Molecular recognition is based on these interactions enabling the selective 

assemblyy of host and guest molecules in a predefined way, which can be applied for the detection 

off  specific molecules or ions in solution or for the construction of very large nanostructures.11"15 

Similar,, but far more complex forms of supramolecular organization based on multiple 

non-covalentt interactions are found in nature. This is for example the case in cytochromes (a class 

off  heme-containing proteins), which are essential for processes such as photosynthesis and 

respiration.166 The specific organization of photoactive components in these systems is required to 

obtainn high efficiencies for charge separation (long-range electron transfer). To gain more insight 

inn electron transfer processes as they occur in nature and in photo-induced electron transfer (PET) 

inn non-covalently linked systems in general, several supramolecular assemblies have been 

synthesizedd and studied. 

Especially,, hydrogen-bonding has been applied to create a variety of electron donor-electron 

acceptorr dyads to study PET.21"30 In order to gain a good understanding of electron transfer 

processess within such an assembly and to determine the rates of the electron transfer reactions, a 

highh binding constant between the host and the guest species is required. This can be achieved by 

usingg multiple hydrogen-bonding interactions between host and guest. Already in 1988 Hamilton 

etet al. published a receptor that binds barbiturate and its derivatives via six hydrogen bonds.-

Subsequently,, this receptor has been used to extract barbiturates from serum,32,33 as a binding site 

inn a model for enzyme catalysis,34,35 as a building block in supramolecular materials,36 and as a 

functionalizedd receptor in hydrogen bond-based photoactive assemblies.24,37 The association 

constantt of the hydrogen-bonded complexes between the barbiturate receptor and barbiturates is 

inn the order of 105-108 M"1 in chlorinated solvents and further optimization is possible via 

substitutionn of the receptor.-

Inn previous studies focusing on PET across hydrogen bonds, the efficiency of the electron 

transferr was found depend strongly on the nature of the host-guest binding motive. In addition 

moree subtle factors, such as configuration, linker orientation, and directionality play a key-role for 

thee electron donor-electron acceptor interaction.21 The development of more flexible systems in 

whichh the distance between the electron-donor and the electron-acceptor is reduced and in which 

secondaryy interactions between donor and acceptor might help to pre-assemble the host-guest 

complexx in a conformation optimal for electron transfer, may lead to systems where the electron 

transferr rates are very similar to or even faster than those found in the covalently linked systems. 

Inn order to create an assembly able to perform PET. a suitable electron donor and electron 

acceptorr must be part of the host and of the guest of the supramolecular system. [Ru(bpy)3] and 

[Os(bpy)3]]  derivatives have been studied intensively in electron and energy transfer 

processes,39"444 and also [Re(X)(CO)3(bpy)] (X = CI, Br. I) derivatives provide viable photoactive 
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Ultrafas tt  Photoinduce d Electro n Transfe r 

componentss suitable for this purpose. [Re(X)(CO)3(bpy)] (X = CI, Br, I) derivatives as electron 

donorr in combination with various suitable electron acceptors, such as quinones and 

viologens.4 4 

Heree we report a flexible supramolecular electron donor-electron acceptor system that can be 

assembledd via hydrogen bonds by using the barbiturate receptor and a barbiturate as 

complementaryy units. To enable comparison with systems containing a similar rhenium complex, 

whichh is covalently linked to a methyl viologen acceptor, such as the [Re(MQ+)(CO)3(dmb)]~+ 

complexx described by Vlcek, Jr. et ah, ' the barbiturate receptor is functionalized with a methyl 

viologenn rendering the host HI and [Re(Br)(CO)3(dmb)] (dmb = 4,4'-dimethylbipyridine) with a 

barbituratee moiety giving [Re(Br)(CO)3(barbi-bpy)] (barbi-bpy = 

5-[4-(4'-methyl)-2,2'-bipyridyl]methyl-2,4,6-(l//,3//,5//)-pyrimidinetrione)) as the guest G2 

(Schemee 3-1). Flexibility is introduced in the host-guest system by the CH2Tinkers between the 

electronn donor and the substrate moiety and between the electron acceptor and the receptor 

moiety. . 

Schemee 3-1. The assembly of HI and G2 to form the host-guest complex H1-G2 (A = Br/I, PF6, BArA 

Thee photophysical properties of the components and of the assembly have been studied in 

dichloromethane.. An efficient and fast electron transfer is observed upon excitation of the donor 

moietyy (G2). The kinetics of the electron transfer process within the host-guest complex H1-G2 

weree investigated in dichloromethane using time-resolved emission and transient absorption 

techniques.. Our findings are discussed focusing on the relation between the conformation of the 

assemblyy H1-G2 and the kinetics of the photo-induced electron transfer. 
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Chapterr 3 

3.22 Results and Discussion 

3.2.11 Synthesis and Characterization of Guest and Host Molecules 

Thee host-guest system in this study is based on a barbiturate receptor, which forms a very strong 

host-guestt complex based on six hydrogen bonds with barbiturate and its derivatives. The 

barbituratee receptor is functionalized with an electron acceptor moiety, namely a methyl viologen 

unit,, according to Scheme 3-2. Compound 4, which was prepared according to literature 

procedures s 37.52 2 wass functionalized by reaction with bromoacetyl chloride and subsequent 

alkylationn of 5 with a methyl viologen group, rendering HI . 

44 5 

Schemee 3-2. The synthesis of X-Hl starling from the amine-functionalized receptor. 

X-H1 1 

HII  was obtained as a halide salt, X-Hl , and the halides were exchanged for PF6 by 

precipitationn from water upon addition of a concentrated solution of NH4PF6 in water giving 

PF6-H1,, which is soluble in acetonitrile. Furthermore, the halides were exchanged for 

{B[3,5-(CF3)2C6H3]4} ""  (BArf~) via extraction of X-H l from the aqueous layer to a diethyl ether 

layerr containing 1.8 equivalents of NaBArf, giving BAr t-Hl , which is soluble in less polar 

solventss such as dichloromethane. 

[Re(Br)(CO)3(barbi-bpy)]]  was used as a guest molecule and synthesized by refluxing 

[Re(Br)(CO)5]]  overnight with the barbituric acid-functionalized bipyridine ligand (barbi-bpy) 

inn acetonitrile. Subsequent extensive washing with dichloromethane and pentane yielded the 

desiredd guest [Re(Br)(CO)3(barbi-bpy)] (G2). 

Al ll  compounds were characterized using H NMR, C NMR, and high-resolution FAB mass 

spectrometry.. In addition ground state UV-Vi s absorption and emission spectra were recorded for 

bothh BAr t-Hl and G2 in dichloromethane. 

3.2.22 Photophysical Properties of BArrH1 and G2 

Thee ground-state UV-Vi s absorption spectrum of BAr^H l shows an absorption maximum at 302 

nmm (e = 34000 M cm ) in dichloromethane (Figure 3-la), which is in good agreement with the 

absorptionn at 304 nm reported by Hamilton et al. for a barbiturate receptor. In addition a very 
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weakk absorption around 400 nm was observed. Excitation in this weak absorption band at 400 nm 

resultss in a short-lived (< 3 ns) emission with a maximum at 560 nm (Figure 3-la, inset). 

(b)(b) i.5 

5000 300 350 400 450 500 

X(nm) ) 

Figuree 3-1. Absorption and emission spectra (inset; Xexc = 435 nm) of (a) BArt-Hl and (b) G2 in 

dichloromethane. dichloromethane. 

Thee ground-state UV-Vi s absorption and emission spectra of G2 are very similar to those of 

[Re(Br)(CO)3(bpy)]]  . It shows a characteristic metal-to-ligand charge transfer (MLCT) 

absorptionn band at 372 nm (e - 1900 M cm ) (Figure 3-lb). The emission from the MLCT 

statee has a maximum at 590 nm (Figure 3-lb, inset) with an excited state lifetime of 60 ns in 

dichloromethane. . 

3.2.33 Characterization of PF6-H1G2 in Acetonitrile-d3 by 1H NMR 

Havingg fully characterized the separate components PF6-H1 and G2, the assembly PF6-H1'G2 

wass studied using H NMR techniques in order to gain more insight in the structure of the 

host-guestt complex in solution. Unfortunately, the solubility of the separate components, in 

particularr that of G2, was too low in chlorinated solvents to carry out a NMR titration. However, 

inn acetonitrile the solubility and the binding constant were found to be sufficient to characterize 

thee PF^-H1*G2 assemblv. TJnon addition of PF--H1 to G2 three sets of proton signals appeared, 

onee set originating from free PF6-H1, one from free G2. and one from the assembly PF6-H1,G2. 

Thee aromatic region of the free components. PF6-H1 and G2. and of the host-guest complex 

PF6-H1-G22 are displayed in Figure 3-2. 

Thee appearance of distinct signals shows that the exchange between the free components and 

thee host-guest complex is slow on a NMR timescale. Characteristic for the formation of the 

assemblyy PF6-H1-G2 is the clear shift of the proton signals originating from H-5.5' of the 

bipyridinee ligand from 7.52 and 7.51 ppm in free G2 to 7.58 and 7.41 ppm in PF6-H1-G2. From 

thee ratio between the integrals of the peaks corresponding to free G2 and those corresponding to 
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Chapterr  3 

PF6-H1-G22 adduct at different concentrations, the binding constant in acetonitrile-d3 was 

calculatedd to be 4.3 x 102 NT1. 

PF6-H1 1 

11.5 5 11.0 0 10.5 5 10.0 0 9.5 5 9.0 0 8.5 5 8.0 0 7.55 8 (ppm) 

Figuree 3-2. lH NMR spectra (aromatic region) of PF6-H1, G2 and PF6-H1G2 (2.5 mM in 

acetonitrile-dacetonitrile-d33););  characteristic NMR signals corresponding to the host-guest complex are marked (*). 

3.2.44 Diffusio n Ordere d NMR Spectroscop y (DOSY) 

DOSYY is a NMR technique that has proven to be a valuable tool for the characterization of 

supramolecularr complexes. Mixtures of compounds can be "separated" based on their difference 

inn diffusion coefficients and information about the molecular radius of molecules or assemblies in 

solutionn can be obtained.55"56 The formation of a host-guest complex results is a significant 

decreasee in the diffusion coefficients of both components and can be probed with DOSY. 
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Figuree 3-3. A Stejskal-Tanncr p/of57,58 of the experimental peak areas of the proton signals 

correspondingcorresponding to bpy-H5,5' of free G2 (7.51 and 7.52 ppm) and of bound G2 (7.41 and 7.58 ppm). The 

solidsolid lines represent linear least square fits to the data (R > 0.99): the slope of the line corresponds to the 

diffusiondiffusion coefficient D. 
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AA DOSY experiment was performed for an equimolar (2.5 mM) solution of PF6-H1 and G2 in 

acetonitrile-d3.. At these concentrations the free components as well as the host-guest complex are 

presentt at sufficient amounts for detection by NMR. A Stejskal-Tanner plot57,58 of the H5.5'-bpv 

signalss both of free G2 and of the host-guest complex PF6-H1-G2, shows that the peaks 

correspondingg to the assembly PF6-H1-G2 are at a lower diffusion coefficient as compared to the 

freee components (Figure 3-3; the b value corresponds to yld1G2(A~Ö/?>)51). 

Accordingg to the Stokes-Einstein equation59 the molecular radius of PF6-H1, G2, and 

PF6-H1-G22 are 10.9 A, 7.6 A, and 9.3 A respectively. In separate DOSY experiments, i. e. in the 

absencee of the other component, the molecular radii of PF6-H1 and G2 were determined for 

comparison.. These were found to be in good agreement with the molecular radii of the free 

componentss in the mixture, namely 10.1 A vs. 10.9 A for PF6-H1, and 7.0 A vs. 7.6 A for G2. As 

expectedd the diffusion coefficient of PF( rHl-G2 was lower than that of free G2. Surprisingly, the 

molecularr radius of the assembly PF6-H1-G2 (9.3 A) was found to be smaller than that of free 

PF6-H11 (10.9 A), suggesting that PF6-H1 forms aggregates at these concentrations. Indeed, a 

dilutionn study of PF6-H1 using 'H NMR spectroscopy revealed that PF6-H1 self-aggregates at the 

concentrationn of 2.5 mM. A broadening of the aromatic signals of the pyridine rings and a shift in 

thee signals corresponding to the NH-groups within the binding motive are observed at 

concentrationss higher than 0.5 mM. In addition, from DOSY a smaller molecular radius (9.2 A) 

wass calculated for PF6-H1 measured at a concentration of 0.1 mM. From the reduction of the 

molecularr radius going from free PF6-H1 (10.9 A) to the host-guest complex PF6-H1-G2 (9.3 A) 

itt appears that the small aggregates of self-associated PF6-H1, existing at a concentration of 2.5 

mM,, dissociate upon binding to G2. 

3.2.55 Photophysica l Stud y for BAr rH1G2 

Inn order to gain more insight in the photophysical processes between BAr r Hl and G2 in the 

host-guestt complex BAr rHl*G 2 and to have a quantitative measurement of those processes, 

transientt absorption (TA) spectroscopy has been performed. First, the transient absorption 

spectrumm of G2 has been recorded (Figure 3-4). The spectral properties of G2 are similar to those 

previouslyy reported for [Re(Br)(CO)3(bpy)].54 Adding 1 equivalent of BAr r Hl to this solution 

neww absorption bands are formed with maxima at 400 nra and 610 nm, respectively. By 

comparisonn with the TA spectrum of reduced viologen,60 the new signals can be assigned to the 

radicall  cation of the methyl viologen moiety attached to the receptor (Figure 3-4). Since free 

B A r r H ll  does not give any TA upon excitation at 435 nm, excitation in the MLCT band of G2 

resultss indeed in a photoinduced electron transfer from the excited metal complex to the methyl 

viologenn moiety attached to the receptor within the laser pulse (2 ns FWHM). 
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%% 0.06 

4000 500 600 700 
X(nm) ) 

Figuree 3-4. The full TA spectrum ofG2 and of the host-guest complex BAr^-Hl-Gl recorded 10 ns after the 

laserlaser pulse (CH2CU; Xexc = 435 nm; 50 accumulations). 

Thee kinetics of the back electron transfer process were studied using single wavelength 

emissionn and single wavelength nanosecond TA measurements. Both the excitation and the 

probingg occur at one wavelength only. To exclude bimolecular electron transfer processes in the 

kineticss measurements, a reference system was used consisting of a 5 x 10' M solution of 

dimethyll  viologen with 1 equivalent of G2 in acetonitrile. Excitation of the sample with 435 nm 

laserr light with an energy of 4 mJ/pulse did not result in the formation of the radical cation of 

dimethyll  viologen. 

Thee measurements for pure solutions of BAr rHl , G2. and BArt-Hl-G2 were performed under 

thee same conditions (at 5 x 10"4 M concentration) as used for the reference system. Traces have 

beenn recorded at Aprobe = 600 nm for emission and A,probe = 470 nm for transient absorption. These 

wavelengthss are typical for G2, since 600 nm is the maximum of the 3MLCT emission and 470 

nmm of the TA spectrum of the excited state. The traces recorded for G2 in the absence and in the 

presencee of BAr(-Hl are compared in Figure 3-5. 

Fromm the emission decay at 600 nm the lifetime of the 3MLCT state of G2 was determined to be 

600 ns. The addition of 1 equivalent of BAr rHl resulted in a quenching of more than 90 % of the 

G22 excited state. The lifetime of the excited state of G2 in BAr rHl-G2 is now reduced to < 3 ns. 

Assumingg that the quenching of the excited state of G2 in the host-guest complex B Ar rHl-G2 is 

1000 % efficient, the binding constant was calculated to be > 2 x 105 M"1. 

Alsoo the decay measured for the TA spectrum probed at 470 nm shows for G2 the lifetime of 60 

nss originating from the 3MLCT state. In case of BAr,-Hl-G2 the intensity of the signal is reduced 

too less than 10 % of the original signal, supporting the observations in the emission lifetime 

measurements.. The residual absorption originates from the radical cation of the methyl viologen 

moiety,, which also has a weak absoiption at 470 nm as can be noticed from Figure 3-4. The 

negativee signal present in the transient absorption trace probed at 470 nm is the result of some 
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residuall  emission from BAr r Hl . The same negative trace is observed for the sample containing 

BAr r Hll  only. 

(a) (a) 
G2 2 

-H1-G2 2 

f ? ,, I 

^ - ' - l ii  M l ) .... ^ ^ K W ^ - ^ 

02 2 
H1G2 2 

00 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 
time(ns)) time (ns) 

Figuree 3-5. The emission decay probed at 600 nm (a) and the transient absorption trace probed at 470 nm 

(b)for(b)for G2 and BArfHl-G2 (CH2CI2; Xexc = 435 nm). 

Too further support that the excited state of G2 is quenched in BAr r Hl-G2 as a result of an 

electronn transfer to the methyl viologen moiety, a TA trace is measured probing at 400 nm 

(Figuree 3-6). This is in the maximum of the absorption of the reduced methyl viologen moiety. 

18--

00 50 100 150 200 250 300 350 

timee (ns) 

Figuree 3-6. The transient absorption trace probed at 400 nm for BArf-Hl-G2 (CH2Cl2; Xexc = 435 nm). 

Thee TA trace (^probe = 400 nm) measured for BAr rHl-G2, can only be the result of the 

formationn of the reduced methyl viologen moiety. This proves indeed that an electron is 

transferredd from (barbi-bpy"') to the methyl viologen moiety. The trace shows a double 

exponentiall  decay with one component of 25 ns (85 %) and one component of -40 |ls (15 %). 

Bothh refer to the lifetime of the charge-separated state. The rate of the back electron transfer is 4 x 
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1077 s"1. The long-lived component is attributed to complex dissociation. The rate of the back 

electronn transfer is in the same order of magnitude as in the covalently linked system 

[Re(MQ+)(CO)3(dmb)]2++ (dmb = 4,4'-dimethyl-2,2'-bipyridine; MQ+ 

/V-methyl-4,4'-bipyridinium),, where the methyl viologen is one of the ligands of the rhenium 

complex.. In that case the lifetime of the charge-separated state was found to be 44 ns in 

1,2-dichloroethanee and < 4 ns in acetonitrile. 

Thee forward electron process was monitored using femtosecond TA spectroscopy, exciting at 

4000 nm and probing at 625 nm, which is close to the maximum of the absorption of the reduced 

methyll  viologen. Figure 3-7 shows the full TA spectra of G2 and of the host-guest complex 

BAr rHl-G22 2.5 ps after the laser pulse (CH2C12; Xexc = 400 nm). 

H1-G2 2 
G2 2 

4500 500 550 600 650 700 750 800 

X(nm) ) 

Figuree 3-7. The full TA spectra ofG2 and of the host-guest complex BAiyHl-G2 recorded 2.5 ps after the 

laserlaser pulse (CH2Cl2; Xexc = 400 nm). 

AA significant part (57 %) of the 625 nm transient is formed instantaneously, i. e. within the 

instrumentt time resolution (k f e tl > 7 x 10l 2 s_l). A slower rise then ensues of which the kinetics 

fitt the equation AA = A0' + Aj'(l-exp(-x/Tr)), with a rise time xr of 400 fs (43 %), indicating that 

thee rate of the forward electron transfer (kfe l2) is 2.5 x 1012 s"1 (lower limit) . So, the formation of 

thee radical cation of the methyl viologen moiety occurs via two different processes (Figure 3-8a). 

Thee rates of the forward electron transfer are very similar to those found for 

[Re(MQ+)(CO)3(dmb)]2+.48-511 Also in that case a significant part of the transient is formed within 

thee laser pulse, followed by a slower rise with a rise time xr of 8 ps and 14 ps in acetonitrile and 

ethyleneglycol.. respectively.48'51 The fastest component is attributed to direct excitation in the 

charge-separatedd state and the slower component to an intraligand (IL) transition, which concerns 

thee transfer of an electron from the reduced bipyridine ligand (dmb"') to the methyl viologen 

ligand.311 Since the slow component (400 fs) of the forward electron transfer is similar to the 

intersystemm crossing from the !MLCT state of G2, which is formed instantaneously upon 
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excitation,, to the 3MLCT of G2 (Figure 3-8a), the IL transition is likely to occur from the 3MLCT 

statee of G2. Another possibility is that BAr t-Hl-G 2 can have two different conformations in 

solution;; one in which the methyl viologen unit is in very close proximity of G2. and one in which 

thee methyl viologen unit points away from G2. In the first case the electron transfer is expected to 

bee extremely fast, since the electron donor and the electron acceptor are in very close proximity of 

eachh other. In the latter case the electron transfer should be slower due to the larger distance 

betweenn the electron donor and the electron acceptor. 
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Figuree 3-8. The transient absorption trace probed at 625 nut (a) on a very short timescale (0-10 ps) and 

(b)(b) on a longer timescale (0 - 800 ps) for G2 and BArfHlG2 (CH2CI2: Xexc = 400 nm). 

Thee formation of the charge separated state is followed by a bi-exponenlial decay with a 

lifetimee corresponding to 29 ps (27 %) and 1.32 ns (23 %) (Figure 3-8b). and a subsequent decay 

too the ground state with a lifetime of 25 ns (50 %). The short-lived component of 29 ps is most 

probablyy due to the decay of the CT state, that is not yet stabilized by the solvent. The long-lived 

componentt of 25 ns is attributed to the solvent-stabilized CT state. The results are summarized in 

Schemee 3-3. 

Thee kinetics of both the forward and the back electron transfer resemble closely the kinetics of 

thee PET in [Re(MQ")(CO)3(dmb)J2".s: The differences in kinetics of the PET found here and 

thosee found for [Re(MQ+)(CO),(dmb)]2+ can be attributed to the different solvents used. In 

generall  the rates of electron transfer processes depend strongly on the polarity of the solvent, 

whichh determines its ability to stabilize the charge-separated state. 

Thee great similarities in the kinetics of the PET of the covalently linked system and the 

supramolecularr system and the DOSY experiments imply that the distance between the methyl 

viologenn moiety and G2 is very small in BAr r Hl-G2 . Vlcek. Jr. et al. suggested that in the case 

off  [Re(MQ+)(CO)3(dmb)]-+ the electron transfer could proceed via a through-solvent tunneling 

mechanism.. Since the through space distance between and the (barbi-bpy"') donor and the 
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methyll  viologen acceptor moiety can be significantly shorter than the through bond distance, the 

tunnelingg mechanism could provide a reasonable explanation for the ultrafast kinetics measured 

inn dichloromethane for the hydrogen-bonded complex. 

Schemee 3-3. Photoinduced election transfer (PET) in BArt-Hl-G2: a schematic representation of the 

speciesspecies involved. 

3.33 Conclusions 

Inn this Chapter it has been demonstrated that ultrafast photoinduced electron transfer processes 

cann occur between an electron donor and an electron acceptor, which are assembled via hydrogen 

bonds.. The kinetics of the electron transfer in the hydrogen-bonded system. BAr,-Hl-G2, are 

similarr to the electron transfer kinetics in the covalently linked system. [Re(MQ+)(CO)3(dmb)]*-+. 

Thiss emphasizes that the introduction of a reversible connection between the electron donor and 

thee electron acceptor, which does not only imply a weaker connection, but also a longer 

through-bondd distance between donor and acceptor, does not necessarily result in slower kinetics 

off  the electron transfer processes as compared to the corresponding covalently linked system. The 
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overalll  conformation of the assembly, which may be such that the electron donor and acceptor are 

inn close proximity of each other, proves to be of great importance for the electronic coupling 

betweenn the donor and the acceptor. The design of the receptor, the substrate, the electron donor 

andd acceptor, and the linkers used to attach the electron donor and acceptor to the recognition 

unitss are crucial for the final conformation and flexibility of the entire system. Especially, 

potentiall  secondary interactions within the supramolecular system should be taken into account. 

Furthermore,, a through-solvent electron transfer mechanism may promote an efficient electron 

transferr within the assembly. Since the charge separation is four orders of magnitude faster than 

thee charge recombination, this type of systems could be an interesting building block in 

electron-transportt chains. The electron donor-acceptor system presented in this Chapter is one of 

thee few examples of hydrogen-bonded assemblies, for which the electron transfer kinetics 

resemblee those of the covalently linked system. The supramolecular approach offers the 

possibilityy to make libraries of donor-acceptor couples to search for the most efficient 

combinationss and to create even larger multi-component systems in which electron transfer 

processess can occur. This will certainly result in a larger variety and a greater complexity of 

hydrogen-bondedd donor-acceptor systems in the future. 
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3.44 Experimental Section 

3.4.11 Solvents and Starting Materials 

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

purificationn unless otherwise indicated. CH2C12 was distilled from CaH2 and THF from Na/benzophenone 

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

compounds.. Acetonitrilc-d̂  was distilled from CaH2 to 4A molecular sieves prior to use for the binding 

study. . 

3.4.22 Synthesis 

Preparationn of the Methyl Viologen-Functionalized Barbiturat e Receptor. l-Methyl-4.4'-bipyridinium 

(iodide)) was prepared according to a literature procedure. 

5-Nitroisophtaloyll  Dichloride (1). A slurry of 5-nitroisophtalic acid (0.45 g, 2.14 

mmol),, 1 mL of chloroform, 10 ml_ of thionyi chloride, and 2 drops of DMF was heated 

att reflux under N2 for 5h. 5-Nitroisophtaloyl dichloride was precipitated from the 

reactionn mixture using «-hexane and was, after decanting of the solvents, directly used without further 

purification. . 

l,3-Bis[[(6-aminopyrid-2-yl)aminolcarbonyll-5-nitrobenzenee (2). To a solution 

off  2,6-diaminopyridine (2.22 g, 20.3 mmol) and triethylamine (0.51 g, 5.04 mmol) 

inn 100 mL THF was added dropwise a solution of (1) in 20 mL of THF at room 

temperaturee under N2. The reaction mixture was stirred for 3h, after which the 

NH22 solvent was removed under reduced pressure. The residue was washed with water 

too remove the excess of 2,6-diaminopyridine and triethylamine hydrochloride. The crude product was 

purifiedd further by crystallization from THF//;-hexane, yielding 0.44 g (1.11 mmol, 52%) of (2) as a yellow 

powder.. 'H NMR (dmso-d6): S (ppm) = 5.86 (s. two NH2), 6.30 (d../ = 8.10 Hz, ffpy-3), 7.39 (d,./ = 7.80 

Hz,, ffpy-5), 7.47 (t, J = 7.80 Hz, ffpy-4), 8.80 (s, Hdr-2,H.dr6), 8.92 (s, #ar-4), 10.61 (s. two CpyCONfl). 
13CC NMR (dmso-d6): 5 (ppm) = 102.0, 104.6, 125.6, 132.8, 135.9, 139.1, 147.9, 150.1, 158.7, 163.0. 

HRMSS (FAB) calcd. for C18H1604N7 (MH+): 394.1264, found 394.1274. 

3,5-Bis[[(6-tert-butylacetylamino-2-pyridyl)amino]carbonyl]-nitro --

benzenee (3). To a solution of (2) (0.59 g, 1.50 mmol) and 1.0 mL 

triethylaminee in 50 mL of anhydrous THF was added dropwise 

?ert-butylacety]]  chloride (0.46 g, 3.05 mmol). The reaction mixture was 

stirredd overnight, after which the solvent was removed in vacuo. The crude 

productt was purified using column chromatography on A1203 (neutral) 

withh 95:5 v/v DCM/MeOH as the eluent. Crystallization from 

THF/rc-hexanee yielded 0.58 g (0.99 mmol, 65.6 %) of (3) as a slightly yellowish powder, 'H NMR 

(dmso-d6):: 6 (ppm) = 1.02 (s, C((Cff3)3), 2.31 (s, Cff2C((CH3)3), 7.84 (m, Hpy-3.Hpy-4,Hpy-5), 8.91 (s. 

tfar-4),tfar-4), 8.92 (s, //ar-2,«ar-6), 10.07 (s, two CLCONfl), 10.96 (s, two CarCONtf). I3C NMR (dmso-d6): 8 
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(ppm)) = 29.6, 30.9. 49.1. 110.3. 110.6. 125.7, 133.6, 135.8. 140.1. 147.7, 149.9, 150.6. 163.5, 171.0. 

HRMSS (FAB) calcd. lor C30H36O6N7 (MH+): 590.2727, found 590.2746. 

NHH 3,5-Bis[[(6-tert-butylacetyIamino-2-pyridyI)amino]carbonyl]-aniline 

(4).. To a stirred suspension of (3) (0.50 g, 0.85 mmol) and 10% Pd-C (0.08 

g)) in 25 mL ot' ethanol abs. 0.5 mL of hydrazine monohydrate was added. 

Thee reaction mixture was refluxed for 4h under N2. The catalyst was 

removedd by filtration through a Celite path and washed with ethanol abs.. 

Thee solvent was removed in vacuo, yielding 0.46 g (0.83 mmol, 98 %) of 

(4)) as a bright yellow solid. 'H NMR (dmso-d6): 5 (ppm) = 1.01 (s, 

C((Cff3)3),, 2.30 (s, Ctf2C((CH3)3), 5.67 (s. NH2), 7.33 (s, /Yar-2,//al.-6), 7.68 (s, War-4), 7.81 (m, 

HHpypy-3,H-3,Hpypy-4,H-4,Hpypy-5),-5), 10.04 (s, two CpyCONH), 10.22 (s. two CarCON//). I3C NMR (dmso-d6): 5 (ppm) = 

29.7.31.0,49.2,, 109.8. 110.2, 114.0, 116.4. 135.0, 140.1. 149.4, 150.3. 150.6, 165.9. 171.0. HRMS (FAB) 

calcd.. for C30H38N7O4 (MH+): 560.2985, found 560.2971. 

2-Bromo-AM3,5-bis[[(6-rert-butylacetylamino-2-pyridyl)amino] --

carbonyl])-phenylacetamidee (5). To a solution of bromoacetyl chloride 

(2344 mg, 1.32 mmol) in 10 mL of dry THF cooled at 0 °C was added 

dropwise.. under vigorous stirring, a solution of (4) (0.49 g, 0.88 mmol) and 

4-(dimethylamino)pyridinee (50 mg, 0.41 mmol) in 20 mL of dry THF. After 

2hh the reaction mixture was quenched with H70 and extracted with 3 x 30 

mLL of CH2C12. The organic extract was washed with 3 x 10 mL of a 

saturatedd NaHC03 solution, dried with anhydrous MgS04, and concentrated under reduced pressure, 

yieldingg 0.53 g of (5) (0.78 mmol, 88.6 %) as a white solid, 'H NMR (dmso-d6): S (ppm) = 1.02 (s, 

C((C//,)3),, 2.31 (s, O^COCH.M. 4.11 (s. CH.Br). 7.80 (m. ffnv-3,#nv-4,flrnv-5), 8.28 (s, Har-4), 8.35 (s, 

tftf arar-2,-2, Hm-6). 10.00 (s, two CpyCON«), 10.42 (s, two C.drCONH), 10.82 (s, CarCONH). 13C NMR 

(dmso-dg):: 8 (ppm) = 29.6, 30.2, 30.9, 49.1, 110.1, 110.4. 121.9. 122.3, 134.9, 139.1. 140.1. 150.0, 150.5. 

165.0,, 165.4, 170.9. HRMS (FAB) calcd. for C32H39N705
79Br (MH+): 680.2196. found 680.2141; HRMS 

(FAB)) calcd. for C32H39N705
8lBr (MH+): 682.2182. found 682.2155. 

__ l-(A'-(3,5-Bis[[(6-/ert-butylacetylamino-2-pyridyl)amino]carbony I 

])-phenylacetamide)-r-methyl-- 4,4'-bipyridiu m (Br'  / I" ) (X-Hl) . 

l-Methyl-4,4'-bipyridiumm (iodide) (184 mg, 0.619 mmol) was 

relluxedd overnight with 1 equivalent of (5) (420 mg, 0.617 mmol) in 

acetonitrile.. The halide salt was filtered from the cooled solution and 

washedd with a small amount of acetonitrile, yielding 0.38 g of X-Hl 

(0.3888 mmol, 62.6 % ) as a red-brownish powder. !H NMR (dmso-d6): 

55 (ppm) = 1.01 (s, C((Cff3)3), 2.30 (s. C#2C((CH3)3), 4.46 (s. 

bpy-CHbpy-CH33).). 5.87 (s, bpy-C//2), 7.79 (m. Hpy-4), 7.84 (m, Hpy-3,Hpy-5). 

8.333 (s, tfar-4), 8.37 (s, «ar-2.H-6). 8.82 (d, J = 5.50 Hz. //bpv-3',//bpv-5'), 8.90 (d. J = 5.50 Hz, 

HHbpybpy-2\H-2\Hbpybpy-6'),-6'), 9.34 (d. J = 5.50 Hz. Hhpy-3,Hbpy-5), 9.40 (d, J = 5.50 Hz, Hbpy-2, H-6). 9.98 (s, two 
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CpyCONff),, 10.46 (s, two CarCON//), 11.41 (s, CarCON//). 13C NMR (dmso-d6): 8 (ppm) = 29.6, 30.9, 

48.1.49.1,62.2.. 110.1, 110.4, 122.0. 122.5. 126.1, 126.3, 134.9, 138.8, 140.2, 146.7. 147.5. 148.1, 149.4, 

150.0,, 150.5. 163.7, 164.9, 171.0. HRMS (FAB) calcd. for C43H49N905
79Br (MH+-F): 852.3030. found 

852.3044;; HRMS (FAB) calcd. for C43H49N905
81Br (MH+-D: 850.3040, found 850.3055. 

l-(A'-(3,5-bisf[(6-fÉ'rt-but.vlacetylamino-2-pyridyl)amino]carbonyl]) --

phenylacetamide)-ll  '-methyl- 4,4'-bipyridiu m (2PF6" ) (PF6-H1). 

X-H ll  (0.38 g, 0.388 mmol) was dissolved in water and then precipitated 

byy adding a concentrated solution of NH4PF6 in water to yield 296 mg 

(0.2766 mmol, 72.6 %) of PF6-H1. 'H NMR (acetonitrile-d,): 5 (ppm) = 

1.055 (s, C((CW3)3), 2.26 (s, CH2C((CH3)3), 4.42 (s, bpy-CH3), 5.58 (s. 

bpy-CHbpy-CH22),), 7.85 (m, Hpy-3,#py-4,#py-5), 8.13 (s. Hal-4), 8.26 (s, 

H^-lM^-6),H^-lM^-6), 8.42 (d, J = 7.00 Hz, Hhpy-3',Hbpy-5'), 8.47 (d, J = 7.00 Hz, 

hihi -7' hi 

bpyy - ' b p y 

ffff bpybpy-3,ff-3,ffbpybpy-5),-5), 8.92 (d, J = 7.00 Hz, tfbpy-

6'),, 8.55 (s, two CpyCONH), 8.87 (d, J = 7.00 Hz, 

ffff bpybpy-6),-6), 9.09 (s, two CarCON//), 9.26 (s, CarCON#). 13C 

NMRR (dmso-d6): 5 (ppm) = 29.9, 31.8, 49.7, 50.8, 63.5, 110.6, 110.7. 123.1, 123.4, 127.7, 128.0. 136.6, 

139.4,, 141.6, 147.5, 148.3, 150.6, 150.9, 151.4, 152.0, 163.6, 165.7, 172.1. HRMS (FAB) calcd. for 

C43H49N905PF66 (MH+-PF6): 916.3498, found 916.3452. 

Na{B[3,5-(CF3)2C6H3]4}}  (NaBArf) has been prepared according to a literature procedure.62 

,, , l-(A'-(3,5-bisff(6-tert-butylacetylamino-2-pyridyl)amino] -

©//={{  \ carbonyl])-phenylacetamide)-l'-methyI-4,4'-bipyridium (2BArf~) 

V-\V-\ J (Bar r Hl) . X-Hl (256.5 mg, 0.262 mmol) was dissolved in water 

andd extracted with diethyl ether containing 1.8 equivalents of 

NaBArff (440.7 mg, 0.50 mmol). The diethyl ether layer was 

collectedd and the solvent was removed in vacuo to yield 0.56 g 

(0.2244 mmol. 89.7 %) of BarrHl . ]H NMR (dmso-d6): 5 (ppm) = 

1.011 (s. C((C//3)3). 2.29 (s, CH2C((CH3)3), 4.46 (s. bpy-Ctf3), 5.81 

;H;H pypy-5),-5), 8.33 (s, HMA), 8.37 (s, (s,, bpy-Ctf2), 7.83 (m, H -3,H 

Har-2,//ar-6),, 8.: 
py y 

ii  (d, J = 7.00 Hz, Hbpy-3',#bpy-5'), 8.88 (d, J = 7.00 Hz, ffbpy-

Hz,, Hbpy-3,Hbpy-5), 9.36 (d, J 

\H\Hbpybpy-&),-&),  9.32 (d, J = 7.00 

7.000 Hz, //bpy-2,«bpy-6), 9.95 (s, two CpyCONfl), 10.45 (s, two 

CarCON//),, 11.20 (s, CarCON/f). 13C NMR (dmso-d6): 5 (ppm) = 29.5, 29.5, 30.8, 48.1, 49.1, 110.2, 

110.3,, 117.6 (septet, J./(13C,I9F) = 3.77 Hz). 122.0, 124.0 (q, 77(13C,19F) = 271.5 Hz), 126.3, 127.2, 128.5 

(m,, 4/(13C,l l B) = 2.9Hz, 2i( 13C,l9F) = 31.8 Hz). 134.0, 135.0. 138.7. 140.1, 146.7, 147.5, 148.2, 149.5, 

149.9,, 150.5, 161.0 (q. 2,/(l3C,nB) = 49.7 Hz). 161.0 (t. 2/( l3C.l0B) = 50.3 Hz), 163.6, 164.8, 170.9. 

HRMSS (FAB) calcd. for C107H74N9O,B2F48 (MH+): 2497.5262, found 2498.5107. UV-Vis Xm.AX (e in 

M~~ W ) (CH2C12): 302 nm (34000). 

5-[4.(4'.Methyl)-2,2'-bipyridyi]methy!-2,4,6-(( 1 Z/,3#,5ff )-pyrimidinetrion e (barbi-bpy) was prepared 

accordingg to a literature procedure.D_ 
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[Re(Br)(CO),(barbi-bpy)]]  (G2). A solution of [Re(Br)(CO)5] (0.41 g, 1.01 mmol) 

andd (barbi-bpy) (0.29 g. 0.93 mmol) in 50 mL of acetonitrile was heated at reflux 

underr N2 overnight. After the evaporation of acetonitrile and washing with pentane. 

^^ ether and dichloromethane, 0.34 g (55.4 c7c. 0.52 mmol) of G2 was obtained as a 

Re(CO)3Brr yell 0w powder. 'H NMR (acetonitrile-d,): 8 (ppm) = 2.57 (s. bpy-4'-C//3). 3.50 (d, 

JJ = 5.0 Hz. bpy-4-Ctf2), 4.07 (t, J = 5.0 Hz, CH), 7.45 (d, J = 5.5 Hz, Hbpy-5'), 7.48 

(d,, J = 5.5 Hz, tfbpy-5). 8.27 (s, ffbpy-3'), 8.32 (s, ffbpy-3), 8.84 (d, J = 5.5 Hz, ffbpy-6'), 8.87 (d, J = 5.5 Hz. 

Hbpy-6),, 9.02 (2xs, two NH). 13C NMR (acetonitrile-d,): 8 (ppm) = 21.6, 32.3. 49.8, 125.6, 125.7, 126.6, 

126.7.. 128.9. 129.2. 153.5, 153.6. 156.2, 156.5, 169.1. 172.5, 190.5, 198.5. IR (CH2C12): v(C=0) 2033 

cm'11 (s), 2023 cm ' (s), 1918 cm"1 (s). HRMS (FAB) calcd. for Ci9Hi 406N4
79BrRe (MH+): 659.9637, 

foundd 659.9659. UV-Vis Xmilx (e in M r W 1 ) (CH2C12): 372 nm (1900). 

3.4.33 Instrumentation 

'HH NMR and 13C NMR spectra were recorded on a Varian Inova500 at 499.86 and 125.70 MHz, 

respectively.. Diffusion measurements were carried out on a Varian Inova500 equipped with a Performa II 

pulsedd gradient unit able to produce magnetic field pulse gradients of about 30 Gem"1 in the z-direction. 

Thee DOSY experiments were carried out in a 5 mm inverse probe at 295 K. The magnetic field pulse 

gradientss were of 1 ms duration followed by a stabilization time of 2 ms. The diffusion delay was set to 0.1 

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

spinn echo experiment was performed with compensation for convection. The pulse sequence was 

developedd by Evans and Morris (University of Manchester).63 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. 

Fluorescencee spectra were recorded on a SPEX fluorometer. Full transient absorption spectra were 

obtainedd 10 ns after the laserpulse (1 frame. 50 accumulations. 4 mj/pulse) exciting with a 2 ns (FWHM) 

Coherentt YAG laser (10 Hz repetition rate) at 435 nm and using an OMA detection system. Nanosecond 

flashh photolysis emission kinetics was measured by irradiating the sample at 435 nm with a 2 ns (FWHM) 

Coherentt YAG laser (10 Hz repetition rate). In case of the nanosecond flash transient kinetics a pulsed 

Xe-lampp perpendicular to the laser beam was used as probe light. The 450 W Xe lamp was equipped with 

aa Muller Electronik MSP05 pulsing unit giving pulses of 0.5 ms. 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, lamp, shutter and trigger were externally controlled with a 

homemadee digital logic circuit, which allowed synchronous timing. The absorption transients were plotted 

ass A4 = log(/Q//t) versus time, where /0 was the monitoring light intensity prior the laser pulse and It the 

observedd signal at delay time t. The femto second TA setup used to probe the processes occurring within 1 
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nss has been described previously. Details on the experimental set-ups used to study the photophysical 

processess presented in this Chapter are given in the Appendix of this Thesis. 

3.4.44 Determinatio n of the Associatio n Constant  (KaSS) of PF6-H1G2 in Acetonitrile-d 3 

Thee association constant of PF6-H1-G2 in acetonitrile-d̂ was calculated from the ratio between the 

integralss of proton signals corresponding to the free components and the assembly. Since the ratio between 

thee free components and the complex depends on the concentration, solutions containing 2.5 mM, 1.0 mM, 

0.55 mM and 0.1 mM PF6 H1-G2 have been measured subsequently to obtain an accurate value for Kass. 

3.4.55 Determinatio n of the Associatio n Constant  (KaSS) of BAr r H1G2 in CH2CI2 

Time-resolvedd fluorescence measurements were performed for a solution containing 5 x 10" M 

BAr rHl-G22 to determine the association constant in CH2CI2. The association constant was calculated 

fromm the amount of G2 emission quenched in the presence of \ equivalent of BAr rHl , assuming that the 

electronn transfer from G2 to the methyl viologen moiety is 100% efficient. 
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