
 

 

 University of Groningen

Donor-Acceptor Stenhouse Adducts
Lerch, Michael Markus

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2018

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Lerch, M. M. (2018). Donor-Acceptor Stenhouse Adducts. [Thesis fully internal (DIV), University of
Groningen]. Rijksuniversiteit Groningen.

Copyright
Other than for strictly personal use, 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), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 25-05-2023

https://research.rug.nl/en/publications/767323c2-b25f-4c22-b0f3-dc23e5c9ca11


4





108

4



109

Chapter 4 
Shedding Light on the Photoisomerization 
Pathway of Donor–Acceptor Stenhouse 
Adducts

Published as: 
J. Am. Chem. Soc., 2017, 139 (44), 15596–15599 
DOI: 10.1021/jacs.7b09081

Mariangela Di Donato,1 Michael M. Lerch,1 Andrea Lapini, Adèle D. Laurent, Alessandro 
Iagatti, Laura Bussotti, Svante P. Ihrig, Miroslav Medveď, Denis Jacquemin, Wiktor Szymański, 
Wybren Jan Buma, Paolo Foggi, Ben L. Feringa*

1 These authors contributed equally. 

4



110

Chapter 4

ABSTRACT: Donor-acceptor Stenhouse adducts (DASAs) are negative photochromes that 
hold great promise for a variety of applications, ranging from supramolecular chemistry to 
smart materials. Key to optimizing their switching properties is a full understanding of the 
photoswitching mechanism, which, as yet, is absent. In this chapter, we fully characterize the 
actinic step of DASA-photoswitching and of its key intermediate. The intermediate was trapped 
and studied using a combination of ultrafast visible and IR pump-probe spectroscopies and TD-
DFT calculations. Comparison of the time-resolved IR spectra with DFT computations allowed 
to unambiguously identify the structure of the intermediate, confirming that light absorption 
induces a sequential reaction path in which Z–E photoisomerization of C2–C3 is followed by a 
rotation around C3–C4 and a subsequent thermal cyclization step. First and second-generation 
DASAs share a common photoisomerization mechanism in chlorinated solvents with notable 
differences in kinetics and life-times of the excited states. The photogenerated intermediate of 
the second-generation DASA was photo-accumulated at low temperature and probed with 
time-resolved spectroscopy, demonstrating the photo-reversibility of the isomerization process. 
Taken together, these results provide a detailed picture of the DASA isomerization pathway on 
a molecular level. 

4.1 Introduction

Molecular photoswitches1 allow reversible optical control in a plethora of applications.2–7 Each 
photoswitch has its own favorable and adverse properties that ultimately determine how well 
it is suited for photoregulating a particular responsive system. Highly desirable properties 
include switching with visible light8,9 and negative photochromism.10 

Donor-acceptor Stenhouse adducts (Figure 4.1a) are an emerging class of photoswitches.11,12 

They are particularly attractive due to their modular nature and rapid synthesis and undergo 
a large structural change upon photoswitching with visible light. Theoretical studies have 
provided a first effort to rationalize their photoswitching characteristics.13,14 Structural 
improvements of these adducts have led to a second-generation of DASAs.15,16 Successful 
applications of DASAs have already emerged for smart materials,17–22 sensors,23,24 catalysis25 
and drug-carriers.11,26 Although such applications are promising and highlight the potential of 
DASAs, the understanding of their photoswitching behaviour is far from complete. 
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C3–C4 
rota�on

Figure 4.1 | Photoswitching of DASAs: (a) photoswitches used in this study; (b) refined 
mechanistic proposal; and (c) findings of this work. The red (blue) relative energy levels 
correspond to DASA 1 (2). In the electron density differences (EDD) plot, the blue (red) 
regions correspond to decrease (increase) in electron density upon electronic transition for 
DASA 1.
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Initial insights into the DASA photoswitching mechanism stem from the observation of an 
intermediate, presenting a bathochromically shifted transient absorption band in the UV/vis 
spectrum with respect to the main absorption band upon light irradiation (Chapter 3).27 Time- 
and temperature-dependent studies revealed a strong dependence on temperature and light 
intensity, and suggested that this intermediate results from a photoinduced Z−E isomerization 
followed by a thermal conrotatory 4π-electrocyclization (Figure 4.1b).27 This observation 
suggests the separation of the mechanism into an actinic step and a thermal step. Intermediate 
A’’ (Figure 4.1b) is needed for successful cyclization, but a simple Z−E isomerization leads only 
to intermediate A’. Intermediate A’’ could result from a photoisomerization around C2−C3 
followed by a rotation around C3−C4 or from a concerted hula-twist movement as commonly 
observed in confined spaces such as protein cavities.28 

Time-resolved spectroscopy in both the UV/vis and IR region has proven very successful 
in elucidating structural changes occurring on the femto/picosecond time-scale29,30 and in 
characterizing the electronic properties of short-lived reaction intermediates. In this chapter, 
we report in-depth studies on the photoswitching mechanism of DASAs using ultrafast 
visible and Mid-IR spectroscopy, elucidating the timescale of the photoinduced isomerization 
process and the structure of the intermediate resulting from the actinic step. This intermediate 
was trapped and manipulated at low temperature and could be structurally confirmed to be 
A’. Comparison between the experimental transient infrared and DFT-computed spectra 
supports a sequential photoswitching mechanism (Figure 4.1b and c), showing that in the 
analyzed solvents (chloroform/dichloromethane) isomerization between the elongated triene 
form A and the twisted intermediate form A’’ does not occur through a hula-twist mechanism. 
Furthermore, we provide evidence that – even though the same intermediate is formed for 
both first and second-generation DASAs – the second-generation isomerizes at least ten times 
slower. 

4.2 Results and Discussion

Compound 2 was synthesized analogously to DASA 1 with 5-methoxy-2,3-dihydroindoline 
as donor. 

 

Scheme 4.1 | Synthesis of DASA 2. 

DASA 1 does not cyclize in chlorinated solvents (Figure 4.2), while 2 undergoes a reversible 
cyclization reaction to form a neutral cyclic form reminiscent of B (Figure 4.3).15,16 
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Figure 4.2 | Photoisomerization of compound 1: a) absorption spectra (λmax = 541 nm; ~8 μM 
in chloroform; 293 K) and b) corresponding time-evolution. Photoswitching with white light 
observed at 541 nm and 590 nm. 
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Figure 4.3 | Photoisomerization of compound 2: a) absorption spectra (λmax = 605 nm; ~6 μM 
in chloroform; 293 K) and b) corresponding time-evolution. Photoswitching with white light  
observed at 605 nm and 660 nm. 
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Figure 4.4 | Evolution-associated difference spectra obtained from global analysis31 of time 
resolved visible data recorded for 1 (a) and 2 (b) in chloroform. 

Figure 4.4 reports the evolution-associated difference spectra (EADS) obtained by global 
analysis31 of visible pump-probe data recorded for DASA 1 and 2 in chloroform. Similar 
spectra with comparable EADS life-times are obtained for 1 in toluene, where reversible 
cyclization occurs (Figure 4.5). 
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Figure 4.5 | Evolution-associated difference spectra obtained from global analysis31 of time 
resolved visible data recorded for sample 1 in toluene. Spectral range omitted due to scattering. 
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Table 4.1 | Comparison of life-times associated to the measured EADS.

Entry Measurement τ1 (ps) τ2 (ps) τ3

1 1, VIS 2.21±0.02 10.0±0.3 4.76±0.01 ns
2 1, TRIR 2.11±0.01 10.2±0.1 712±2 ps
3 2,VIS 2.05±0.05 27.8±0.1 3.12±0.02 ns
4 2, TRIR 2.01±0.03 24.1±0.3 537±1 ps

Table 4.2 | Spectral maxima and minima associated with the measured EADS.

Entry Compound Excited 
State

EADS 1
 (black)

EADS 2
 (red)

EADS 3
 (blue)

1 1 460 nm 537 nm 567 nm 586 nm
2 2 482 nm 610 nm 607 nm 649 nm

Upon photoexcitation, bleaching of the ground state absorption (Figure 4.4, black lines) is 
observed as a negative signal peaking at 537 nm for 1 and 610 nm for 2. Importantly, this 
short living component exhibits a blue-shifted excited state absorption, peaking at 460 and 
482 nm for 1 and 2, respectively. At long pump-probe delays, the appearance of a positive 
band (Figure 4.4, blue lines), red-shifted compared to the bleaching signal, identifies the 
formation of a photogenerated intermediate corresponding to the transient absorption band 
previously identified for 1.27 For sample 1, the A→A’ photoreaction happens on a 2 ps timescale 
as indicated by the appearance of a positive band peaking at 567 nm in the second EADS (red 
lines in Figure 4.4a) while both the ground state bleaching of A and its excited state absorption 
band, peaked at 460 nm, significantly decrease. On the following 10 ps timescale, the induced 
absorption band associated with the photoproduct is subject to a spectral evolution due to a 
vibrational cooling process in the ground state of the non-isomerized form A (vide infra). In 
case of sample 2 (Figure 4.4b) the 2 ps component is mostly associated with an excited state 
relaxation of A, while the appearance of the intermediate band (peaked at 649 nm) occurs on a 
longer 27 ps timescale (red to blue curve evolution in Figure 4.4b). The quantum yield for the 
intermediate formation estimated from the residual bleaching signal in transient absorption 
spectra constitutes ~10% for 1 and ~17% for 2. 

In order to get detailed insight into the conformation of the intermediate, visible-pump/
Mid-IR probe spectra were measured for both samples in the 1100–1750 cm-1 spectral range. 
Figure 4.6 shows the EADS obtained by global analysis31 of the time-resolved infrared (TRIR) 
spectra for sample 1 and 2, together with their steady-state FTIR spectra, which identify the 
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Figure 4.6 | EADS obtained from global analysis31 of the TRIR spectra of 1 (a) and 2 (b) in 
chloroform. The black spectrum on top of each panel is the FTIR spectrum of the linear A 
form. 

vibrational bands of the elongated form. The time constants obtained from the analysis of 
TRIR spectra match those obtained from the visible pump-probe experiments except for 
the long timescale. This is due to the larger error on the long time constant in the TRIR 
measurements, for which a smaller acquisition time window was used. 

The long-living component (blue line in Figure 4.6a and b) allows to identify the structural 
changes that occur during the formation of the intermediate. For both samples, major spectral 
changes occur in the 1150 and 1450 cm-1 region, mainly associated with triene chain C–C/
C=C stretching and C–H rocking/scissoring vibrations according to our DFT calculations. 
In particular, in the long-lived spectral component (blue lines in Figure 4.6a and b) negative/
positive bands are present at 1154/1188 cm-1 for 1 and at 1160/1170 cm-1 for 2. A differential 
band pattern in the same regions has been previously observed in different molecules 
undergoing cis/trans photoisomerization such as rhodopsin32,33 and the Photoactive Yellow 
Protein (PYP).34 This pattern strongly suggests that a similar process occurs in the present 
compounds. We have compared the long living experimental TRIR spectral component with 
computed IR difference spectra obtained at the B3LYP/6-31++G(d,p)/SMD level35–38 for 
isomerizations leading to both A’ and A’’. For both samples the best match between computed 
and experimental spectra is obtained for the A→A’ transition (Figure 4.7). We thus conclude 
that for both DASAs, photoexcitation leads to the formation of the A’ photoproduct, which, 
in turn, excludes the hula-twist mechanism. 

The TRIR spectra confirm the timescale of photoisomerization: the intermediate bands in the 
1100–1200 cm-1 fingerprint region appear on a 2 ps timescale for 1 and on a 24 ps timescale 
for 2. In case of 1 additional positive bands appear in the second EADS, as for instance at 1139 
and 1331 cm-1. These signals decay in the following 10 ps evolution, suggesting that they are not 
attributable to A’ but possibly to the hot ground state of the A species. Target analysis31 of both 
the visible and IR transient data of 1 assuming a branched decay of A* in both A’ and the hot 
ground state of A successfully disentangles the individual spectra of these two species (scheme 
4.2). In contrast, the initial (vibrational) relaxation of 2 occurs on the A* excited state surface. 
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a) 

1 

 

b) 

2 

Figure 4.7 | A comparison of the experimental and DFT-computed long-lasting IR spectral 
component of 1 (a) and 2 (b) in chloroform. The conversion of A→A’ (blue) and A→A’’ (hula 
twist, red) are depicted. 
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Notably, in the first spectral component of both samples, assigned to the A*–A difference 
spectrum, only a few low intense positive bands are noticed, indicating much weaker IR 
absorption in A*. The most prominent band shifts in the initial EADS are in the 1600 cm-1 

region, attributable to carbonyl stretch vibrations according to the DFT calculations. 

Besides the analysis of the IR spectra, our calculations of relative energies, electron density 
differences (EDD) and geometrical changes upon excitation provide additional information 
supporting the proposed mechanism. The EDD plots (Figure 4.1c and 4.8) show that for 
both samples the electron density changes upon excitation are localized on the π-conjugated 
linker. In the excited state electron density flows towards the carbon atom functionalized by 
an OH group, resulting in decreased electron density on “double” bonds. Upon excitation, the 
structure remains planar (Figure 4.9), but the bond lengths increase by ca. 0.01–0.02 Å along 
the chain, except for the central C3–C4 bond, in line with the EDD analysis. The experimental 
and theoretical red shift of 2 vs. 1 in the excitation energy for A→A* (Figure 4.4) is related 
to an extension of the π-conjugation to the indoline moiety. The energy level diagram also 
reveals that the A’→A’’ barrier is ca. 2 kcal/mol lower for 2 suggesting faster kinetics for the C3–
C4 bond rotation step, which is related to a less distorted transition state structure (difference 
of ca. 5°) for this derivative. 

Figure 4.8 | Electronic density difference plots between the ES and the GS of A for DASA 1 
(left) and 2 (right) obtained in chloroform at the M06-2X/6-311++G(2df,2p) level of theory. 
The blue (red) regions correspond to decrease (increase) in electron density upon electronic 
transition. A contour threshold of 0.001 a.u. has been applied. 
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Figure S6.10 | Optimized ES geometries of the A form of DASA 1 (a) and 2 (b), and geometry difference 
plots between the ES and the GS of A for DASA 1 (c) and 2 (d) obtained in chloroform at the SMD/M06-
2X/6-31+G(d) level of theory. The red/blue values correspond to the increase/decrease of the bond 
lengths (in Å) with respect to the ground state structure.  
 
  

Figure 4.9 | Optimized ES geometries of the A form of DASA 1 (a) and 2 (b), and geometry 
difference plots between the ES and the GS of A for DASA 1 (c) and 2 (d) obtained in 
chloroform at the SMD/M06-2X/6-31+G(d) level of theory. The red/blue values correspond 
to the increase/decrease of the bond lengths (in Å) with respect to the ground state structure. 

Finally, we attempted to photo-accumulate intermediate A’ of compound 2 at 233 K and  to 
study its behaviour. Irradiation of compound 2 at 233 K showed that photo-isomerization is 
still possible, but proceeds more slowly (Figure 4.10). When A’ was photo-accumulated at 
233 K under continuous illumination at 520 nm in deuterated dichloromethane, excitation 
at 660 nm resulted in back-switching to the elongated A species as assessed by TRIR spectra 
(Figure 4.11). These results suggest that reversible isomerization can be induced by selectively 
pumping A or A’, while ring-closure to form B is only possible via thermal pathway. 
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Figure 4.10 | a) EADS obtained from global analysis of kinetic traces recorded by performing 
a transient absorption measurement with visible excitation (centred at 580 nm) and mid-IR 
probe. Measurements have been performed in deuterated dichloromethane. The sample has 
been cooled to 233  K. The analysed spectral region is that showing the marker bands for 
the intermediate formation. It is evident that the reaction occurs also at low temperature, 
however the kinetics for the Z–E isomerization is slower. The formation of the A’ band peaked 
at 1167 cm-1 is highlighted in the normalized EADS (panel b). 
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Figure 4.11 | a) EADS obtained from global analysis of kinetic traces recorded by performing 
a transient absorption measurement with visible excitation and mid-IR probe. Measurements 
have been performed in deuterated dichloromethane. The sample has been cooled to 233 K 
and kept under continuous green light illumination (520 nm). In this way, the isomerized 
form is trapped and can be selectively excited. The ultrafast pump pulse has been centred 
at 660  nm. The analysed spectral region is again the one where the marker bands for the 
intermediate formation are observed. In this case, by pumping the intermediate, the recovery 
of the elongated form can be observed (the band of the intermediate is bleached and that of 
the elongated form appears with positive sign on a 44 ps timescale). The formation of the 
elongated form A band peaked at 1140 cm-1 is highlighted in the normalized EADS (panel b). 

4.3 Conclusion

The electrocyclization is several orders of magnitude slower than the actinic step, thus 
being the rate-determining step, as tentatively concluded before.27 Our study identifies key 
factors for improving switching characteristics, for instance, increasing the photochemical 
quantum yield by optimizing A’ properties and disfavor the reverse isomerization process. 
It also suggests that the reason why first-generation DASAs do not cyclize in chloroform or 
dichloromethane, as opposed to second-generation DASAs, is solely a question of energy 
levels and barriers involved in the thermally induced 4π-electrocyclization, and is not due to 
the actinic step. The presented results elucidate the timescale of the actinic step and bode well 
for implementation of photoswitch improvement. 
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4.6 Experimental Data

4.6.1 Materials and Methods

For the general methods section, please refer to section A, Materials and Methods. For further 
details, please refer to the supporting information of the published article (DOI: 10.1021/
jacs.7b09081). 

Chemicals: Furfural was purchased from Sigma Aldrich. 5-Methoxyindole and 2,2-dimethyl-
1,3-dioxane-4,6-dione were purchased from Combi Blocks. 

Visible transient absorption measurements: The apparatus used for the transient absorption 
spectroscopy (TAS) measurements has been described in detail before.39 Briefly, 100  fs 
pulses centred at 795 nm were produced by an integrated Ti:sapphire oscillator-regenerative 
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amplifier system (Spectra Physics Tsunami-BMI Alpha 1000). The excitation wavelength was 
set at 520 nm for compound 1 (first-generation DASA) and 580 nm for compound 2 (second-
generation DASA) and the excitation power was set at 30-50 nJ for all measurements. Visible 
pulses were generated by pumping a home-made non-collinear optical parametric amplifier 
(NOPA) with a portion of the fundamental 795 nm. The pump beam polarization has been 
set to magic angle with respect to the probe beam by rotating a λ\2 plate, to exclude rotational 
contributions. The white light probe pulse was generated by focusing a small portion of the 
fundamental laser radiation on a 2 mm thick sapphire window. A portion of the generated 
white light was sent to the sample through a different path and used as a reference signal. After 
passing through the sample, the white light probe and reference pulses were both directed to 
a flat field monochromator coupled to a home-made CCD detector [http://lens.unifi.it/ew]. 
Transient signals were acquired in a time interval spanning up to 500 ps. The sample was 
contained in a 2  mm quartz cuvette, mounted on a movable holder in order to minimize 
photodegradation. Measurements were performed at room temperature. Concentrations were 
adjusted to an absorbance of 0.9–1.0 OD (for the respective optical path) at the absorption 
maximum which amounted to about 0.3–0.5 OD at excitation wavelength. Before and after 
the measurements, the integrity of the sample was checked on a PerkinElmer LAMBDA 950 
spectrophotometer. 

Infrared transient absorption measurements: The experimental setups used for time-
resolved infrared measurements have been previously described.40 Briefly, a portion of the 
output of a Ti:sapphire oscillator/regenerative amplifier, operating at 1  kHz and centered 
at 800  nm (Legend Elite, Coherent), was split in order to generate the mid-IR probe and 
the Visible (VIS) pump. The infrared beam was generated by pumping a home built optical 
parametric amplifier (OPA) with difference frequency generation. The output of the OPA was 
split into two beams of equal intensity, which were respectively used as probe and reference. 
Broadband visible pulses were obtained by a pumping home-made non-collinear optical 
parametric amplifier (NOPA). The wavelength used for transient measurements were selected 
using appropriate cut-off filters. The polarization of the pump beam was set to magic angle 
with respect to the probe beam by rotating a λ\2 plate. Time resolved spectra were acquired 
within a time interval spanning from -5 to 300 ps. After the sample, both probe and reference 
were spectrally dispersed in a spectrometer (TRIAX 180, HORIBA JobinYvon) and imaged 
separately on a 32 channels double array HgCdTe detector (InfraRed Associated Inc., Florida 
USA). In order to obtain the complete transient infrared spectrum in the 1100–1700 cm-1 

region six spectral windows were separately recorded and then overlapped. The sample cell 
consisted of two calcium fluoride windows separated by a Teflon spacer of 100  μm. FTIR 
spectra were recorded in the same cell used for transient measurements using a Bruker 
Alpha-T. Integrity of the sample was checked before and after the transient measurements. 
All measurements were performed at room temperature unless noted otherwise. 

Low-temperature measurements: Time resolved infrared measurements at low temperature 
were performed using the setup described above. The sample was contained in a home-made 
cooling cell provided of a Peltier element. Temperatures down to 233 K could be reached at 
the sample position. Transient infrared spectra were recorded in the 1100–1250 cm-1 region 
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for two excitation conditions for sample 2 dissolved in deuterated dichloromethane. In 
the first case, the excitation wavelength was set at 580 nm, and the evolution of the excited 
elongated triene form of the molecule was probed in a time interval spanning up to 300 ps. In 
the second experiment, the sample was kept under continuous green light illumination, such 
as to photoaccumulate the intermediate A’ species. The continuous source was provided by 
an Argon laser (LaserPhysics 300m). The photoaccumulated intermediate was pumped with 
a 660 nm pulse, generated from the NOPA mounted in the transient infrared setup. Transient 
spectra of the photoaccumulated intermediate were acquired in the same time interval used 
for previous measurements. 

Data analysis: Femtosecond transient spectra, both in the visible and infrared spectral 
ranges, have been analysed by global analysis, allowing a simultaneous fit at all the acquired 
frequencies.31 The parameterization of the spectral evolution was accomplished by assuming 
first-order kinetics, and describing the temporal dynamics as the sum or combination of 
exponential functions. Global analysis was performed using the GLOTARAN package 
(http://glotaran.org/),41,42 employing a linear unidirectional “sequential” model. The number 
of kinetic components to be used in the global fit was determined by a preliminary singular 
value decomposition (SVD) analysis.43,44 The output of the global analysis procedure retrieved 
both kinetic constants and the associated spectral components (EADS, evolution associated 
decay spectra). In case of sample 1 an additional target analysis was performed, using the 
kinetic scheme depicted in Scheme 4.2, producing the SADS (species associated decay 
spectra) depicted in Figure 4.12 and the kinetic constants reported in Table 4.3. 

4.6.2 Synthesis and Characterization

Synthesis of second-generation donor-acceptor Stenhouse adduct (DASA, 2):

 

5-methoxyindoline (3):45,46

 

5-methoxyindoline (800 mg, 5.44 mmol) was dissolved in glacial acetic acid (50 mL). Then, 
sodium cyanoborohydride (1.02 g, 16.3 mmol) was added in small portions to the stirring 
solution at room temperature. The reaction mixture was stirred for 2 h and monitored by 
TLC. Upon completion of the reaction, water (4 mL) was added to the reaction mixture and 
all volatiles were evaporated. Aq. NaOH-solution was added to the residue (adjust to pH >9) 
and the aqueous phase extracted with dichloromethane (3 x 50 mL). The combined organic 
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extracts were washed with water (100 mL) and sat. aq. NaHCO3-solution (100 mL), then dried 
over MgSO4, filtered and concentrated under reduced pressure to afford 5-methoxyindoline 
(3, 732 mg, 90% yield) as a yellow oil. Spectral properties matched previously reported 
values.45,46 1H NMR (400 MHz, CDCl3) δ 3.01 (t, J = 8.3 Hz, 2H, NCH2CH2Ar), 3.25 (s, 1H, 
NH), 3.54 (t, J = 8.3 Hz, 2H, NCH2CH2Ar), 3.75 (s, 3H, OCH3), 6.61–6.59 (m, 2H, 2 x ArH), 
6.76 (s, 1H, ArH); 13C NMR (101 MHz, CDCl3) δ 30.4, 47.7, 55.8, 110.0, 111.4, 112.0, 131.0, 
145.3, 153.4; HRMS (ESI+) calc. for C9H12NO [M + H]+: 150.0913, found: 150.0913. 

5-((2Z,4E)-2-hydroxy-5-(5-methoxyindolin-1-yl)penta-2,4-dien-1-ylidene)-2,2-
dimethyl-1,3-dioxane-4,6-dione (2):15

 

4 (1.00  g, 4.50  mmol) was suspended in tetrahydrofuran (10  mL). Subsequently, 
5-methoxyindoline (3, 671 mg, 4.50 mmol) was added to the suspension at room temperature. 
The reaction mixture was heated to 50 °C for 4 h. Upon completion of the reaction as assessed 
by TLC, the reaction mixture was cooled down to room temperature and then further to 
-20 °C for 30 min. The formed blue precipitate was filtered off and washed thoroughly with 
cold diethyl ether (5 x 30 mL) and cold pentane (5 x 30 mL) to yield dark blue crystals (776 mg, 
46% yield). Mp. gradual decomposition above 160 °C; 1H NMR (400 MHz, DMSO-d6) δ 1.62 
(s, 6H, C(CH3)2), 3.27 (t, J = 7.7 Hz, 2H, NCH2CH2Ar), 3.78 (s, 3H, OCH3), 4.28 (t, J = 7.6 
Hz, 2H, NCH2CH2Ar), 6.16 (app t, J = 12.2 Hz, 1H, vinylH), 6.77 (s, 1H, vinylH), 6.96 (dd, J 
= 8.8, 2.6 Hz, 1H, ArH), 7.02 (d, J = 2.4 Hz, 1H, ArH), 7.15 (dd, J = 12.8, 1.5 Hz, 1H, vinylH), 
7.52 (d, J = 8.9 Hz, 1H, ArH), 8.58 (d, J = 11.7 Hz, 1H, vinylH), 11.38 (d, J = 1.3 Hz, 1H, OH). 
13C NMR (101 MHz, DMSO-d6) δ 26.1 (1, 1’), 27.3 (12), 49.8 (11), 55.7 (19), 87.9 (5), 102.6 
(2), 106.3 (9), 111.2 (14), 112.8 (17), 114.2 (16), 133.9 (6), 134.8 (13), 136.2 (18), 144.4 (7), 
148.1 (10), 150.6 (8), 158.8 (15), 163.8 (3/4), 166.5 (3/4); formation of some B within the time-
course of the 13C-NMR experiment. HRMS (ESI+) calc. for C20H22NO6 [M + H]+: 372.1442, 
found: 372.1415. Matches previously reported values.15

1H NMR (400 MHz, CDCl3) δ 1.73 (s, 6H, C(CH3)2), 3.30 (t, J = 8.0 Hz, 2H, NCH2CH2Ar), 
3.82 (s, 3H, OCH3), 4.13 (t, J = 7.9 Hz, 2H, NCH2CH2Ar), 6.15 (app t, J = 12.3 Hz, 1H, vinylH), 
6.71 (d, J = 12.3 Hz, 1H, vinylH), 6.83 (d, J = 8.2 Hz, 1H, ArH), 6.84 (s, 1H, vinylH), 7.04 (d, J 
= 8.5 Hz, 1H, ArH), 7.25 (s, 1H), 7.63 (d, J = 12.5 Hz, 1H, vinylH), 11.40 (s, 1H, OH). 

1H NMR (400 MHz, CD3CN) δ 1.66 (s, 6H, C(CH3)2), 3.27 (t, J = 7.8 Hz, 2H, NCH2CH2Ar), 
3.79 (s, 3H, OCH3), 4.19 (t, J = 7.7 Hz, 2H, NCH2CH2Ar), 6.18 (app t, J = 12.3 Hz, 1H, vinylH), 
6.89 (dd, J = 8.9, 2.5 Hz, 1H, ArH), 6.92 – 6.97 (m, 2H, vinylH, ArH), 7.02 (d, J = 12.7 Hz, 1H, 
vinylH), 7.26 (d, J = 8.9 Hz, 1H, ArH), 8.06 (d, J = 12.0 Hz, 1H, vinylH), 11.41 (s, 1H, OH). 
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4.6.3 Target analysis for DASA 1

A*

A’Hot GS

A

k2 k1

k3 k4

Scheme 4.2 | Kinetic scheme used for target analysis of the time resolved data for sample 1 
recorded both in the visible and IR spectral range. 

Table 4.3 | Comparison of kinetic constants associated to the species associated spectra (SAS) 
obtained from target analysis. 

Entry Measurement k1 (ps-1) k2 (ps-1) k3 (ps-1) k4 (ps-1)

1 1, VIS 0.657 1.53 0.115 0.000259
2 1, TRIR 0.638 1.489 0.105 0.00155
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Figure 4.12 | Species Associated Spectra (SAS) retrieved from a target analysis employing the 
kinetic scheme depicted in Scheme 4.2 of the time resolved data recorded both in the visible 
(a) and IR (b) spectral range for sample 1.  
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