
UvA-DARE is a service provided by the library of the University of Amsterdam (https://dare.uva.nl)

UvA-DARE (Digital Academic Repository)

Photo- and electro- activation of hydrogen bonded rotaxanes

Haraszkiewicz, N.

Publication date
2004

Link to publication

Citation for published version (APA):
Haraszkiewicz, N. (2004). Photo- and electro- activation of hydrogen bonded rotaxanes.
[Thesis, fully internal, Universiteit van Amsterdam].

General rights
It is not permitted to download or to forward/distribute the text or part of it without the consent of the author(s)
and/or copyright holder(s), other than for strictly personal, individual use, unless the work is under an open
content license (like Creative Commons).

Disclaimer/Complaints regulations
If you believe that digital publication of certain material infringes any of your rights or (privacy) interests, please
let the Library know, stating your reasons. In case of a legitimate complaint, the Library will make the material
inaccessible and/or remove it from the website. Please Ask the Library: https://uba.uva.nl/en/contact, or a letter
to: Library of the University of Amsterdam, Secretariat, Singel 425, 1012 WP Amsterdam, The Netherlands. You
will be contacted as soon as possible.

Download date:26 May 2023

https://dare.uva.nl/personal/pure/en/publications/photo-and-electro-activation-of-hydrogen-bonded-rotaxanes(c6f1481f-aa85-4b8a-9430-40d491186c8c).html


5 5 
Photoisomerizationn of rotaxanes 
containingg the coumaric amide 
chromophore. . 
MimicsMimics of Photoactive Yellow Protein. 

History:History: "When searching through a number of different organisms for different 
typestypes of cytochromes Terry Meyer (...) found a peculiar yellow fraction that did not 
seemseem to be related to any other previously known colored protein, so Terry named his 
newnew find simply for what it was: yellow protein (...) Terry Meyer together with 
GordonGordon TolUn found to their surprise that the new protein showed a sequence of tran-
sientsient changes in absorption spectra characteristic of biological light sensors (...). 
StickingSticking with their straightforward naming style they renamed the protein to Photo-
activeactive Yellow Protein." 

FROMM H T T P : / / W W W . S C R I P P S . E DU 

5.11 Introductio n 

Inn the previous Chapters we discussed the direct and sensitized isomerization of fumaric and 

maleicc amide threads and rotaxanes. The isomerization of these molecules led to the E-Z 

interconversion,, which led to larger amounts of the Z-isomers at the photostationary state for 

thee threads than for the corresponding rotaxanes. The measurements of the isomerization 

quantumm yields for the E —> Z reactions showed, however, that the process was not very effi-

cient,, nor for the threads nor for the rotaxane systems. It came out that the ring does not pre-

ventt E -> Z photoisomerization but enhances Z —» E photoisomerization. Picosecond 

transientt absorption experiments showed that the excited state lifetimes are generally longer 

forr the rotaxanes than for the threads. Assuming that the isomerization process occurs via a 

twistedd intermediate (which is however, not clarified at this moment) the results are not sur-

prising.. The rigid structure of rotaxanes (due to hydrogen bonding between the macrocycle 

andd the thread) makes it more difficult for excited molecules to enter decay channels includ-

ingg the twisted conformation of the thread. The ring protects the thread to some degree also 

fromm external stimuli such as energy transfer from a sensitizer, which was shown in triplet 

sensitizedd isomerization experiments (see Chapter 4). 

125 5 

http://WWW.SCRIPPS.EDU


1266 I CHAPTER 5 

Inn this Chapter we wil l discuss the photochemistry of series of compounds which are 

derivativess of coumaric acid. They resemble the chromophore of Photoactive Yellow Protein 

(PYP).. The structure of the free coumaric acid and the motif which is present in the native 

PYPP are shown in Figure 5-1. The threads and rotaxanes studied here can be subjected to E 

-^^ Z photoisomerization due to the presence of the C=C double bond. In PYP the photoin-

ducedd E —> Z isomerization initiates a complex photocycle that includes structural changes as 

welll  as multiple proton transfer steps. In this cascade of reactions several intermediates are 

involvedd possessing lifetimes ranging from picoseconds to seconds (see Figure 5-2 on 
11 ""* 

pagee 128).  Along this sequence of steps, an early intermediate with a highly distorted 

geometry,, involving the flipping of the thioester group and a partial isomerization of the C=C 

bondd was identified as a precursor (I0) of the Z-isomer.2 

HOO protein S 

Figuree 5-1. Structures of (left) free coumaric acid, (right) the native PYP chromophore. 

Inn this Chapter we wil l characterize the absorption properties of different threads and rotax-

aness (see Figure 5-3 on page 129). A comparison with the native PYP protein and other mod-

ell  systems known from the literature will be made. Furthermore, the ratio of E and Z isomers 

att the photostationary state wil l be determined using ]H NMR. Moreover we wil l try to an-

swerr the question how the macrocycle affects the coumaric amide chromophores and how the 

introductionn of additional groups in the ra-position in the phenyl ring of the thread may 

changee the photophysical properties of threads and corresponding rotaxanes. 

Inn biochemistry one encounters small light-harvesting molecules (chromophores) that 

triggerr sequences of steps after photoexcitation. A specific example of such chromophores is 

thee relatively small conjugated molecule 11-Z retinal possessing a carbon backbone of five 

C=CC units, which are bound inside the protein opsin to form the light-sensitive rhodopsin. 

Rhodopsinn is present in membranes of the rod cells of vertebrate retina, and enables one of 

thee most important senses: vision. Photoexcitation of this chromophore leads to an interme-

diatee state (which is called bathorhodopsin) on an extremely short time scale, of the order of 

twoo hundred femtoseconds. On this time scale the chromophore undergoes a Z —> E isomer-

ization.. In the idealized picture, the isomerization essentially amounts to a twist of the mol-

eculee around the 11-12 bond. 
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Another,, interesting protein is a small, 125 residue protein called Photoactive Yellow 
Proteinn (PYP). Its structure is well known, PYP is water soluble and forms a simpler structure 
thann the retinal proteins (e.g. rhodopsin3). High resolution crystallography has shown that the 
PYPP chromophore consists of a deprotonated f-coumaric acid connected covalently to the 
uniquee cysteine group of the protein via a thioester bond (Figure 5-1). ' 

PYPP belongs to a family of blue-light photoreceptors - the xanthopsins that were 
foundd in several other photosynthetic bacteria. This protein is probably involved in mediation 
andd response of the negative phototaxis of the halophilic purple bacteria Ectothiorhodospira 

halophilahalophila induced by blue light. Due to the double bond, PYP can be subjected to E -> Z pho-
toisomerization.66 Like in the case of rhodopsin, the photoisomerization of the chromophore 
iss the first step of the PYP photocycle. An early intermediate with a highly distorted geome-
try,, involving the flipping of the thioester group and a partial isomerization of the double 
bond,, was reported to be trapped at low temperature and identified as a precursor of the Z-
isomer.. The last step is the formation of a long-living intermediate state, pB355, which differs 
significantlyy from the ground state (pG446).

7,8,9 It is supposed that this difference is detected 
byy the organism and leads to a signal for the flagella. 

Thee compounds studied in the present work all contain a coumaric amide chromo-
phore.. The amide carries a 2,2-diphenylethyl stopper group. The benzene ring contains a 
secondd stopper group in order to allow the interlocked rotaxane architecture. In compounds 
11 (thread) and 5 (corresponding rotaxane) this is a 4-(3,3-diphenylpropoxy) group. Com-
poundd 2 and rotaxane 6 have a 4-hydroxy group, the stopper is a 3-(3,3-diphenylpropoxy) 
group.. In thread 3 and rotaxane 7 the 4-hydroxy group is blocked by a methoxy-ethylsilane 
groupp and the stopper is the 3-(3,3-diphenylpropoxy) group (see Figure 5-3). In rotaxanes 5, 
6,, and 7 the dibenzylic amide macrocycle is present, which is the same as in most other rotax-
aness studied in this Thesis. 
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Figuree 5-2. PYP photocycle with several intermediates involved. 

Inn all compounds, which were synthesized in the laboratory of Prof. Leigh (Edin-

burgh,, UK), the double bond is in the E configuration. They can undergo isomerization form-

ingg Z-isomers. However, the double bond could be strongly influenced by the ring 

surroundingg it and the supramolecular rotaxane structure may behave in a completely differ-

entt way than its single components. 
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Figuree 5-3. Building blocks of coumaric amide derivatives of thread and rotaxanes studied 
inn this Chapter. Rotaxanes E-5 and Z-5 result from the combination of macrocyclic ring 4 
withh threads E-1 and Z - 1 , respectively, e.g. 5 = 1 c 4. Analogously, 6 = 2 <z 4, 7 = 3 <z 4. 

5.22 Results and discussion 

5.2.11 Electroni c absorptio n spectr a 

Thee optical absorption spectra of coumaric threads and rotaxanes are presented in Figure 5-4. 

Thee spectra are characterized by a strong absorption at ca. 250-350 nm. The very broad band 

iss composed of two peaks of different intensities. 

Thee molar absorption coefficients in dichloromethane are 23700 M" cm" at A.max = 293 nm 

forr thread E-1 and 19600 IVT'cirf 1 at Xmax = 300 nm for rotaxane E-5. The second peak maxi-

maa are shifted to longer wavelength and e = 23000 M"'cm_1 at 308 nm for E-1 and e = 21300 

M"'cm"'' at 313 nm for £-5. The absorption spectrum of Z-1 was derived from that of apho-

tostationaryy EIZ mixture (see below). It is structureless and as compared to E-1 it is weaker 

andd blue shifted by ca. 22 nm (in the main maximum). Since the absorption of thread E-1 ex-

tendss to longer wavelength than that of Z-1, the £-isomer probably has the lower singlet and 

triplett excitation energy. This is an important feature, showing that selective triplet sensitized 

isomerizationn might be possible in this system. By analogy with the fumaric/maleic methyl-



1300 I CHAPTER 5 

atedd threads (Chapter 4) we can assume that the triplets of £ and Z-isomers should differ 

enoughh to find a suitable sensitizer. The spectrum of rotaxane £-5 possesses a slightly differ-

entt shape than that of the thread E-l. The band at short wavelengths is now less intensive than 

thee long-wavelength band (see molar absorption coefficient values in Table 5-1 on 

pagee 131). Xmax of rotaxane £-5 is shifted to longer wavelengths (ca. 5 nm) in comparison 

withh thread E-l, which is consistent with hydrogen bonding between the macrocycle and 

C=00 group in the thread. This fact shows that the benzylic amide macrocycle affects the dou-

blee bond chromophore in the thread and changes its photophysical properties. The intensity 

off  the rotaxane Z-5 absorption band (as reconstructed from the absorption of a photostation-

aryy mixture) is smaller than that of £-5. The maxima of absorption bands of £-5 are shifted 

too the longer wavelength in comparison with Z-5, like it was for E-l thread in respect to Z-l . 
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Figuree 5-4. UV-Vis absorption spectra in dichloromethane of threads and rotaxanes studied 
inn this Chapter. 
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Thee absorption spectra of E-2 thread and £-6 rotaxane also differ from each other. The molar 
absorptionn coefficients are 14700 M'cm"1 at 292 nm and 13200 M^cm"1 at 294 nm for E-2 

andd £-6, respectively. The red bands possess molar coefficients of E = 16600 M^cm"1 at 317 
nmm for E-2 and e = 16700 M^cm"1 at 322 nm for rotaxane E-6. Again the ^-isomers of 
threadss and rotaxanes absorb more strongly than their Z-isomers. E-2 thread possesses 
absorptionn maxima shifted more to the red than the corresponding Z-2 (ca. 15 nm). In these 
systemss the bands at higher energy are less intensive both for the thread and the rotaxane. The 
structuress of these bands are more pronounced in £-2 and £-6 than in £-1 and £-5. 

Finallyy for the thread £-3 with the protected OH group, the molar absorption coeffi-
cientss aree= 17900 M"1 cm"1 at 292 nm and 17500 M^cm1 at 317 nm, and the corresponding 
rotaxane£-77 has the absorption maxima at 286 nm (e = 14300 M^cm'1), 295 nm (e = 14500 
M^cm"1)) and 322 nm (e = 16700 ivr'cm"1). £-isomers absorb consistently more strongly 
thann Z-isomers. Absorption maxima of £-3 are shifted to a longer wavelength than that of Z-
33 (ca. 30 nm for the "blue" band of the £-3 and Z-3). 

Knowingg the range of the absorption of thread and rotaxanes we decided to irradiate 

themm at 313 nm wavelength for photochemical studies. 

Tablee 5-1. Molar absorption coefficients of the threads and rotaxanes in 
dichloromethane. . 

Compound d 

E-1 1 

E-2 2 

E-3 3 

Z-1 1 

Z-2 2 

Z-3 3 

E-5 5 

E-6 6 

E-7 7 

Z-5 5 

*-max(nm) ) 

293 3 
308 8 

292 2 
317 7 

292 2 
317 7 

278 8 

268 8 
296 6 

269 9 
294 4 

300 0 
313 3 

294 4 
322 2 

286 6 
295 5 
322 2 

309 9 

EE (̂ -max) 

(M- 1cnT1) ) 

2370 0 0 
2300 0 0 

14700 0 
16600 0 

17900 0 
17300 0 

13100 0 

7800 0 
7300 0 

9400 0 
8000 0 

19900 0 
2130 0 0 

12900 0 
16700 0 

14100 0 
14700 0 
16700 0 

15600 0 

e(^313nm) ) 

(M-'cm -1 ) ) 

2140 0 0 

16500 0 

17100 0 

6700 0 

5500 0 

5900 0 

2130 0 0 

15600 0 

15400 0 

1540 0 0 
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Itt is interesting to compare the absorption spectra of our compounds with those of 

denaturatedd and native PYP. The enormous red shift of PYP (^max = 446 nm) with respect to 

ourr model compounds can be attributed to a number of factors: 

-- deprotonation of the 4-OH group, in our compounds this leads to a red shift of 45 nm 

forr the thread E-l and 53 nm for the rotaxane £-6, respectively.11 

-- stabilization of the excited state by the protein environment, e.g. denaturated (depro-

tonated)) PYP has the absorption maximum at \nax = 400 nm. The native PYP absorption 

spectrumm shows an additional 50-nm red-shift (PYP, Xmax = 446 nm),12 which could be 

attributedd to the specific interactions with the protein environment. 

-- thioester instead of amide (see Figure 5-5); the difference in the absorption maxi-

mumm of deprotonated coumaramide (A,max = 350 nm) and deprotonated thioester ( \nax = 395 

nm)) is ca. 45 nm.13-'4'15 

Figuree 5-5. The structure of a derivative of the PYP chromophore.14 

'MM NMR spectra differ for E and Z-isomers. Especially suitable for analysis are hydrogens 

closee to the C=C motif (see Table 5-2 on page 138). The vicinal couplings in alkenes are 

biggerr for E than for Z isomers. Typically Jab(£) = 12-18 Hz, whereas Jab(Z) = 7-11 Hz, 

whichh is in agreement with our results, where ca. 15.5 Hz was found for £-isomers, and 12.5 

Hzz for the Z-isomers. 

Thee ]H resonances of the E and Z-isomers are well resolved, as shown in Figure 5-6. The EIZ 

ratioo at the photostationary state was measured by lH NMR integration. Using this ratio, the 

absorptionn spectra of Z-isomers were constructed from the absorption spectra of the EIZ mix-

turee at the photostationary state by substraction of the absorption spectrum of the pure ^ i so-

mer. . 
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Threadd E-1 in CDCI3 

irradiationn time - 0 min. 

JL L 
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Figuree 5-6 . 1H NMR (400 MHz in CDCI 3 at 298 K) of E-1 and of the photostationary E-1/Z-1 
mixturee (see Figure 5-3 on page 129 for structure). 
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Figuree 5-7. H NMR (400 MHz in CDCI3 at 298 K) of £-5 and of the photostationary E-5/Z-5 
mixturee (see Figure 5-3 on page 129 for structure). 
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Figuree 5-8. H NMR (400 MHz in CDCI 3 at 298 K) of E-2 and of the photostationary E-2/Z-2 
mixturee (see Figure 5-3 on page 129 for structure). 
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Figuree 5-9. H NMR (400 MHz in CDCI3 at 298 K) of E-3 and of the photostationary E-3/Z-3 
mixturee (see Figure 5-3 on page 129 for structure). 
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Figuree 5-10. H NMR (400 MHz in CDCI 3 at 298 K) of E-6 and E-7 (see Figure 5-3 on 
pagee 129 for structure). 
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Comparisonn of the 'H NMR spectra in deuterated chloroform (Figure 5-6 - Figure 5-10) 

showss that the co-conformations adopted in the solution by the mechanically interlocked 

singlee components are similar for all three rotaxanes, 5, 6, and 7. The macrocycle is located 

overr the olefin, which can be concluded from the strong shielding of HA and HB. The reso-

nancess of HA and HB of the rotaxanes are shifted to higher field with respect to the same sig-

nalss in thread (see Table 5-2 and Table 5-3). This shielding effect of the olefinic protons is 

duee to the presence of the aromatic xylylene units of the macrocycle. 

Inn all cases HB is shielded slightly less than HA (AÖHB is ca. -1.0 ppm, whereas A8HA 

iss ca. -1.2 ppm in rotaxanes £"-5 and E-l and ca. -1.5 ppm in rotaxane E-6) (see Table 5-3). 

Thee smaller upfield shifts for rotaxanes Z-5 and Z-7 (A5HB is ca. -0.7 ppm) indicate that the 

macrocyclee does not shield the double bond as strongly as in Z-6 and £-rotaxanes. Interest-

ingly,, AÖHB for Z-6 is virtually identical with E-6 (A8HB is ca. -1 ppm). The bigger upfield 

shiftt for compounds 6 must be caused by stronger shielding effect of the macrocyclic ring, 

whichh resides over the olefinic protons. The interactions between the macrocycle and the 

threadd could be stronger than in other rotaxanes (especially in a non-hydrogen-bond disrupt-

ingg solvent like CDC13). because of an additional hydrogen bond between 4-OH group in the 

threadd and the macrocycle. 

Unfortunatelyy the signal of HA could not be observed as a separate resonance in the 

spectraa of Z-rotaxanes. It probably overlaps with the signals of the macrocycle at 4.3 ppm. 

Tablee 5-2.1H NMR chemical shifts, 6 (ppm) of vicinal HA and HB hydrogens 
inn E and Z-isomers. 

Compound d 

1 1 

2 2 

3 3 

5 5 

6 6 

7 7 

£ £ 
S(ppm) ) 

HAA =  6. 1 
HBB =  7. 5 

HAA =  5.9 6 
HBB =  7.4 3 

HAA =  5. 9 
HBB =  7.4 5 

HAA =  4. 9 
HBB =  6.4 5 

HAA =  4. 5 
HB=6. 4 4 

H A - 4 . 7 5 5 

H BB =  6.4 5 

Z Z 
88 (ppm ) 

HAA =  5.7 5 
HBB =  6. 6 

HAA =  5. 7 
HBB =  6.5 2 

HAA =  5.7 5 
HBB =  6.5 3 

HA-n.d . . 
HBB =  5.8 5 

HA-n.d . . 
HBB =  5. 5 

HAA -  n.d . 
HBB =  5. 8 

n.d.. - not determined 
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Tabl ee 5-3. The difference of olefinic proton shifts H A and H B of threads and 

rotaxanes. . 

Compounds s 

£-1,, E-5 

E-2,, E-6 

E-3,, E-7 

Z--\,Z-5 Z--\,Z-5 

Z-2,, Z-6 

Z-3,, Z-7 

A5(HA)) ppm 

-1.2 2 

-1.46 6 

-1.15 5 

n.d. . 

n.d. . 

n.d. . 

A8(HB)) ppm 

-1.05 5 

-1.03 3 

-1.0 0 

-0.75 5 

-1.02 2 

-0.73 3 

n.d.. - not determined 

5.2.22 Photostationar y stat e 

Photoisomerizationn upon 313 nm irradiation is reversible and after a period of exposure, usu-

allyy 1.5 - 2 h, a photostationary E-Z equilibrium is obtained, where the ratio of both isomers 

doess not change after further prolongation of the irradiation. The isomerization at 313 nm of 

solutionss placed in the ]H NMR glass tubes was performed using an Oriel Hg 200 W high 

pressuree lamp in combination with a monochromator (Oriel 7240) set to 313 nm. The con-

centrationn of samples was typically 1 mM (suitable for [H NMR analysis). In all cases the 

sampless were purged with argon for 15 min. before the irradiation experiments. 

Likee in the case of fumaric and maleic amide derivatives (see Chapter 3) the E —> Z 

conversionn at the photostationary state is higher for threads than for the corresponding rotax-

aness (see Table 5-4). 

Tabl ee 5-4. E and Z composition at the photostationary state determined from 
integrationn of 1H NMR signals in deuterated chloroform, irradiation wavelength 
3133 nm. 

Compound d 

E-1 1 

E-2 2 

E-3 3 

E-5 5 

E-6 6 

E-7 7 

Irradiation n 
time e 

1.55 h 

1.55 h 

2h h 

1.55 h 

2 h h 

2h h 

% E E 

23 3 

37 7 

32 2 

63 3 

ca.ca. 90 

ca.ca. 90 

%Z %Z 

77 7 

63 3 

68 8 

37 7 

ca.ca. 10 

ca.ca. 10 
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Thee conversion from £ to Z is higher for E-l than for the other threads. Only 23% of 

thee initial E-l isomer was found in the mixture of E and Z-isomers at the photostationary 

state.. Much lower E -> Z conversion is detected for rotaxane £-5, where ca. 40% of £-5 was 

convertedd into Z-5. The macrocycle apparently "protects" the thread from the isomerization 

andd plays the role of capsule for E-l, like it was found for fumaric amide threads and rotax-

anes.. The macrocycle cannot "protect" the double bond chromophore from light absorption, 

becausee it absorbs only at shorter wavelengths than the 313 nm used for irradiation. However, 

thee macrocycle could prevent the C=C double bond from adopting a twisted conformation, 

becausee of hydrogen bonding between the thread and the macrocycle and the steric con-

straintss it imposes. As shown in Chapter 3 the macrocycle may also enhance the efficiency 

off  Z —> E photoisomerization. 

Thee £-2 -»Z-2 conversion is ca. 63%, which is 14% smaller than the conversion of £-

11 to Z-l . The additional 3,3-diphenylpropoxy group in m-position of the benzylic ring could 

bee a steric hindrance, and the Z conformation could be less favorable. 

Wee expect that the hydrogen bonding pattern is different for rotaxane £-6 than for E-5. The 

rotaxanee £-6 possesses an additional 4-hydroxy group in the benzene ring, so that an addi-

tionall  hydrogen bond between the macrocycle and the thread could be created. The hydrogen 

bondingg in the latter system should be stronger than in £-5. This is why the isomerization 

processs is limited in rotaxane £-6 more than in E-5, although not completely blocked, ca. 

10%% of £-6 ^ Z - 6 conversion was detected (see Table 5-4). The stronger hydrogen bonding 

causess a high rigidity of the rotaxane molecule and the additional large group attached to 

phenyll  could hinder reaching the Z-conformation in 6. 

Thee £-3 -» Z-3 conversion is only 5% higher than for that from £-2 to Z-2, which is not sig-

nificant.. It could be that the Z-isomers of 2 and 3 are less stable than Z-l , because of their 

highh energy. Quantum chemical calculation showed that the Z configuration of the chromo-

phoree in native PYP is 25 kcal/mol higher in energy than the £ configuration. '5 However, the 

ZZ configuration of free deprotonated coumaric acid is only 5 kcal/mol higher in energy than 

thee £ form. This difference was attributed to the local constraints of the protein environment 

thatt strongly destabilizes the Z configuration.16 

Isomerizationn experiments of E-l, which is very similar to £-6, (in 7 the OH group is 

blockedd by a methoxy-ethylsilane group, so the hydrogen bonding must be weaker than in £-

6)) showed only ca. 10% of E-l -» Z-l conversion at the photostationary state. The changes 

inn the UV absorption and NMR spectra of 6 and 7 upon irradiation were too small to allow 

constructionn of the UV absorption spectra of the Z-isomers. The Z-isomer of rotaxane 7 could 

bee destabilized by steric hindrance due to the bulky groups on the phenyl ring. It should be 
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noted,, however, that in derivatives of the PYP chromophore such as that shown in Figure 5-5, 

containingg a thioester group steric hindrance is not present and nevertheless the Z-isomer is 

nott formed. 

Fromm !H NMR we have evidence that the rotaxanes E-6 and E-l suffer some decom-

positionn during the irradiation experiments. The intensity of  !H NMR peaks of the thread 

weree decreasing with irradiation time, and only peaks from the macrocycle remained the 

same.. Examples of such decomposition have been reported in the literature e.g. for stilbene 

rotaxanes. . 

Thee conversion from E to Z was also evidenced by decreasing of the intensity of the 

absorptionn spectra in dichloromethane (the concentration of samples was typically about 10" 
44 M) of ^-isomers with the irradiation time (15 min. for threads E-l, E-2, E-3, and 6 min. for 

rotaxanee £-5), the absorption spectra were recorded after every 30 s. The results of irradiation 

aree shown in Figure 5-11. 

1.0 0 

0.8 8 

0.6 6 

0.4 4 

0.2 2 

no o 

11 i i i i i i —i 

Threadd £-1 in CH2CI, 
Irradiationn time: 0-15 min. 

i/\^\ \ \ " " 

-y^w w 
WW \ i 
-- I I I I ^ * ~ - I I H 

2800 300 320 340 360 380 400 

Wavelength,, nm 

Rotaxanee ES in CH2CI2 

Irradiationn time: 0 - 6 min. 

2600 280 300 320 340 360 380 400 

Wavelength,, nm 

Threadd E-2 in CH?CI2 

Irradiationn time: 0-15 min. 
Threadd E-3 in CH2CI2 

Irradiationn time: 0-15 min. 

2600 280 300 320 340 360 380 400 

Wavelength,, nm 

Figuree 5-11. The progress of E-Zconversion followed by absorption changes in UV-Vis 
absorptionn spectra of E-isomers of threads E-1, E-2, E-3 and rotaxane E-5 in CH2CI2 . 
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Knowingg the molar absorption coefficients (see Table 5-1 on page 131) and the ratio of the 

twoo isomers, E and Z, at the photo stationary state (see Table 5-4 on page 139), the ratio of 

isomerizationn quantum yields was calculated (analogously like for fumaramide and maleam-

idee derivatives, see Chapter 3) from Equation 5-1: 

§E^Z§E^Z _ Zz[Z]pPS 

§z^>E§z^>E ZE[E}PPS Equatio n 5-1. 

wheree [Z] PPS/[£]ppS is the ratio of Z-isomer to E-isomer at the photostationary state and 

ezz and eE are the molar absorption coefficients. 

Tablee 5-5. Ratio of quantum yields of direct photoisomerization of 
studiedd coumaric amide threads and rotaxanes determined from the 
photostationaryy state composition (Equation 5-1). 

Reactio n n 

E-11 <-> Z-1 

E-22 <-» Z-1 

E-3^Z-3 3 

E-55 <-> Z-5 

(<t>E^Z /(t>Z^E ) ) 

1.05 5 

0.57 7 

0.73 3 

0.42 2 

5.2.33 Conclusions and perspectives 

Wee were able to show that the presence of the macrocycle on the threads changes the effi-

ciencyy of the isomerization reactions, which is especially pronounced in rotaxanes E-6 and 

E-1. E-1. 

Furtherr the 4-hydroxy group in the thread E-2 could be involved in hydrogen bonding 

betweenn the macrocycle and the thread, as a consequence such a rotaxane structure could be 

moree rigid, and adopting a twisted conformation could be impeded. The stronger upfield shift 

off  olefinic protons in rotaxane E-6 and Z-6 in comparison with rotaxanes 5 and 7 supports 

thiss hypothesis. Also groups causing steric hindrance might protect somehow the thread from 

adoptingg the twisted conformation. 

Thereforee it would be interesting to characterize the circumrotation of the macrocycle in the 

rotaxaness studied in this Chapter to check whether different hydrogen bonding patterns con-

nectt the ring with the dumbbell molecule in rotaxanes 5, 6 and 7. Similar experiments were 
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alreadyy performed on fumaramide and maleamide rotaxanes. The rate of rotation of the in-
terlockedd components of fumaramide-derivatives of rotaxanes can be accelerated, by > 6 or-

11 8 

derss of magnitude, by isomerizing them to the corresponding maleamide rotaxanes (see 
Chapterr 1). Due to stronger hydrogen bonding in fumaramide rotaxanes than in maleamide 
rotaxaness (four hydrogen bonds between the macrocycle and thread in ^-isomer instead of 
twoo hydrogen bonds in Z-isomer) the energy barrier for the rotation is 13.4 kcal/mol for E, 

whichh corresponds to a rate of macrocycle rotation of ca. 1/s at 223 K, and the energy barrier 
iss 6.8 kcal/mol (1.2xl06/sec at 223 K) for the Z-rotaxane.18 If the 4-hydroxy group is in-
volvedd in hydrogen bonding in the rotaxane 6 the barrier for the circumrotation should be 
higher,, and the rate of rotation should be smaller than for rotaxanes 5 and 7. 

Itt seems a logical next step to perform femtosecond transient absorption experiments 
inn order to determine the decay lifetimes of threads and respective rotaxanes, and to compare 
thee excited state decays to that of the native PYP. Time resolved picosecond transient absorp-
tionn experiments,2 steady state fluorescence,19 and time resolved fluorescence of PYP were 
alreadyy reported20 and the results were compared with those obtained for the free coumaric 
acid144 and the derivative with a thioester group. It was found that some derivatives with 
thioesterr possess kinetics more similar to the native PYP than free coumaric acid since they 
providee a better representation of the charge distribution of the native PYP chromophore than 
freee deprotonated coumaric acid. 

Furtherr it would be interesting to incorporate the thioester linkage in coumaric rotax-

aness similar to that found in PYP. Suchh compounds would be more similar to the native cou-

maricc chromophore covalently linked to the unique cysteine of the apoprotein. It was shown 

byy Larsen and coworkers that the environment of the coumaric chromophore plays a very 

importantt role in the whole cascade process of multiple reactions.1 Therefore they incorpo-

ratedd in the model compound a methyl group, which replaces and mimics this protein linkage. 

Inn this way it is possible to create an environment more similar to the native PYP where 

unfoldingg and refolding processes should occur in the same way as in PYP. The dumbbell 

moleculess could be compared with the rotaxanes, where these processes could be limited, or 

occurr via different mechanisms. However, a thioester group is probably not a good template 

forr the macrocycle, since the macrocycle does not possess high affinity for binding to ester 

groups,, which makes the synthesis of such a compound by the Leighh clipping strategy impos-

sible. . 

Thee isolation of Z-isomers in order to compare the kinetics of £ and Z compounds and 

too determine the isomerization quantum yield could be also done. For these applications it is 

moree convenient to use HPLC in order to determine the isomerization at low conversion. 
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Alsoo sensitized isomenzation is worthwhile to be done, since it seems that the differences 
betweenn triplet energies of E and Z-isomers with modified coumaric chromophores are suf-
ficientt to find a suitable triplet sensitizer for selective E -> Z conversion. 
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