
Subscriber access provided by UNIVERSITY OF ADELAIDE LIBRARIES

Journal of the American Chemical Society is published by the American Chemical
Society. 1155 Sixteenth Street N.W., Washington, DC 20036
Published by American Chemical Society. Copyright © American Chemical Society.
However, no copyright claim is made to original U.S. Government works, or works
produced by employees of any Commonwealth realm Crown government in the course
of their duties.

Article

Wavelength Dependence of Light-Induced Cycloadditions
Jan Philipp Menzel, Benjamin B. Noble, Andrea Lauer, Michelle

L. Coote, James P. Blinco, and Christopher Barner-Kowollik
J. Am. Chem. Soc., Just Accepted Manuscript • DOI: 10.1021/jacs.7b08047 • Publication Date (Web): 12 Oct 2017

Downloaded from http://pubs.acs.org on October 12, 2017

Just Accepted

“Just Accepted” manuscripts have been peer-reviewed and accepted for publication. They are posted
online prior to technical editing, formatting for publication and author proofing. The American Chemical
Society provides “Just Accepted” as a free service to the research community to expedite the
dissemination of scientific material as soon as possible after acceptance. “Just Accepted” manuscripts
appear in full in PDF format accompanied by an HTML abstract. “Just Accepted” manuscripts have been
fully peer reviewed, but should not be considered the official version of record. They are accessible to all
readers and citable by the Digital Object Identifier (DOI®). “Just Accepted” is an optional service offered
to authors. Therefore, the “Just Accepted” Web site may not include all articles that will be published
in the journal. After a manuscript is technically edited and formatted, it will be removed from the “Just
Accepted” Web site and published as an ASAP article. Note that technical editing may introduce minor
changes to the manuscript text and/or graphics which could affect content, and all legal disclaimers
and ethical guidelines that apply to the journal pertain. ACS cannot be held responsible for errors
or consequences arising from the use of information contained in these “Just Accepted” manuscripts.



Wavelength Dependence of Light-Induced Cycloadditions 

Jan P. Menzel,†,§ Benjamin B. Noble,∥ Andrea Lauer,†,§,‡ Michelle L. Coote,*,∥ James P. Blinco*,§ and Christopher Barner-

Kowollik*,†,‡,§ 

§School of Chemistry, Physics and Mechanical Engineering, Queensland University of Technology (QUT), Brisbane, 

QLD 4000, Australia 
 

†Macromolecular Architectures, Institut für Technische Chemie und Polymerchemie, Karlsruhe Institute of Technolo-

gy (KIT), Engesserstr. 18, 76131 Karlsruhe, Germany 
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ABSTRACT: The wavelength-dependent conversion of two rapid photoinduced ligation reactions, i.e. the light activa-

tion of o-methylbenzaldehydes, leading to the formation of reactive o-quinodimethanes (photoenols) and the photol-

ysis of 2,5-diphenyltetrazoles, affording highly reactive nitrile imines, is probed via a monochromatic wavelength 

scan at constant photon count. The transient species are trapped by cycloaddition with N-ethylmaleimide and conver-

sion is traced by high resolution mass spectrometry and nuclear magnetic resonance spectroscopy. The resulting 

conversion vs. wavelength correlations are assessed in the context of Beer-Lambert’s law and provide combined with 

time-dependent density functional theory and multireference calculations an in-depth understanding of the under-

pinning mechanistic processes, including conical intersections. The π � π* transition of the carbonyl group of o-

methylbenzaldehyde correlates with a highly efficient conversion to the cycloadduct, showing no significant wave-

length dependence, while conversion following the n � π* transition proceed markedly less efficient at longer wave-

lengths. The influence of absorbance and reactivity has critical consequences for an effective reaction design: At high 

concentrations of o-methylbenzaldehydes (c = 8 mmol L-1), photoligations with N-ethylmaleimide (possible for λ ≤ 

390 nm) are ideally performed at 330 nm, whereas at high light penetration regimes at lower concentrations (c = 0.3 

mmol L-1), 315 nm irradiation leads to the highest conversion. Activation and trapping of 2,5-diphenyltetrazoles (pos-

sible for λ  ≤ 322 nm) proceeds best at a wavelength shorter than 295 nm, irrespective of concentration.   

INTRODUCTION 

Efficient photochemical synthetic protocols are highly 

sought-after, whenever spatiotemporal control is de-

sired. Applications, such as 3D laser lithography take 

advantage of the precise control of photochemical pro-

cesses by a monochromatic light source. Nevertheless, 

the most common light sources used in synthetic photo-

chemistry emit a spectrum of wavelengths. While filters 

can provide irradiation with a relatively narrow inci-

dent spectrum, studies of wavelength-dependent pho-

tochemistry often lack the precision or versatility of 

wavelength-tunable lasers.1-8 A relatively small propor-

tion of phototriggered reactions, such as the intramo-

lecular [5+2] cycloaddition of N-pentenyl dimethylma-

leimides,9 the isomerization of cytosine,10 the photolysis 

of phenol,11 the phototransformation of anethole12 and 

6-methoxyindole13 as well as the photochemical reac-

tion pathways of aminotetrazoles14 have been investi-

gated by a monochromatic wavelength assessment. 

Some of these studies have focused on the photochemis-

try in an argon matrix or employ a tunable laser as a 

photodissociation light source in a coupled mass spec-

trometric setup.15 However, only two systematic studies 

of solution photochemistry at ambient temperature 

employing tunable laser light have been reported. We 

recently applied monochromatic tunable laser light to 

systematically investigate the wavelength-dependent 

conversion of methyl methacrylate polymerizations 

initiated by oxime ester photoinitiators.16 Furthermore, 

action plots were reported for the visible-light-induced 

ligation via pyreneacyl sulfides.17 Specifically, light-

induced ligation methods involving cycloadditions have 

found widespread interest.18-20 The Diels-Alder reaction 

between a photochemically generated o-quino-
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dimethane (photoenol) and an electron deficient al-

kene,21 as well as the 1,3-dipolar cycloaddition between 

a photolytically formed nitrile imine and an alkene (Ni-

trile Imine mediated Tetrazole Ene Cycloaddition, 

NITEC) are arguably two of the most important recent 

examples of highly efficient light-induced ligation reac-

tions.22-26   
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Scheme 1: Schematic overview of the experimental and theo-

retical approach followed in the current study. (a) Compounds 

investigated herein. (b) Methodologies: TD-DFT calculations 

provide energy levels of the excited states for each reaction 

type; action plots based on monochromatic wavelength scans 

were determined by NMR or ESI MS and the molar attenua-

tion coefficient was obtained from UV Vis spectra. (c) The 

relationship between absorptivity, electronic energies and 

reactivity is explored, enabling the summary of the findings in 

a Jablonski-inspired diagram. The characteristic excitation 

energy of each wavelength (E = hcλ−1, blue top curve and blue 

arrows), combined with contributions of vibrational energy 

from the ground state (red arrows) leads to specific excited 

states (S2 via a π � π* transition and S1 via a n � π* transition) 

and subsequent reactivity (conversion). 

Their applications include surface functionalization,27 

the synthesis of sequence defined macromolecules,28,29 

λ-orthogonal ligation,30,31 light-induced in situ self-

assembly of polymers,32 photoresists design for 3D 

laser lithography,33 synthesis of hydrogels34 and func-

tionalization of biomolecules such as labeling of pro-

teins35-38 or microRNA.39 In addition, nitrile imines are 

susceptible to reactions with nucleophiles, which was 

exploited for site selective surface patterning40 as well 

as single chain nanoparticle synthesis.41 The bioorthog-

onality of the nitrile imine mediated tetrazole ene cy-

cloaddition – even though limited in some instances – is 

of high value for biological applications.42  

To date, however, the reactivity of tetrazoles and  

o-methylbenzaldehydes has not been mapped as a func-

tion of wavelength to provide an encompassing picture 

of their photochemical behavior. Such an in-depth un-

derstanding is essential for their application in the 

above noted fields and, critically, to enable the targeted 

design of their photochemistry including highly sought-

after red-shifting making these systems amenable to in 

vivo chemistry. Herein, we carefully map the reactivity 

of the compounds (refer to Scheme 1) as a function of 

wavelength applying an identical photon count. We 

quantify the effects of absorptivity as well as the energy 

dissipation after light impact by DFT and multireference 

calculations to arrive at an encompassing picture of 

their photochemical reactivity.  

RESULTS AND DISCUSSION 

Wavelength dependence of photoenolization 

Previously, o-methylarylketones were shown to be acti-

vated by UV light and to form a reactive o-

quinodimethane species, which can subsequently un-

dergo a Diels-Alder reaction with a dienophile.43-45 The 

reaction has been widely adopted as an efficient pho-

toligation.21,24,46-49 Herein, we initially probe the conver-

sion of the photoinduced reaction of the o-

methylbenzaldehyde-containing model compound A1 

with N-ethylmaleimide (refer to Figure 1a) in its photo-

active range of 285 nm to 390 nm. A 1.1-fold excess of 

the dienophile was used to ensure that the transiently 

generated photoenols are quantitatively trapped. Pho-

toreactions were performed in sealed cylindrical flasks 

in deoxygenated solutions at ambient temperature (re-

fer to the Supporting Information, chapter 4 and 5 for 

details). Identical samples were irradiated with mono-

chromatic nanosecond laser pulses (spectral width < 

0.3 nm, 100 Hz) of wavelengths in the range of 285 nm 

to 405 nm. Conversion was determined by 1H-NMR 

spectroscopy using the resonances A1d, A1Pc and A1Pf 

(refer to Figure 1a-c).  

Inspection of Figure 1c indicates the formation of prod-

uct A1P at all probed wavelengths except 405 nm. The 

wavelength dependent conversion, with values between 

1 % at 390 nm and 11.5 % at 330 nm, is depicted in 

Figure 1c (action plot). Quantum yields were deter-

mined numerically by simulation of the photoreaction 

with spatiotemporal precision using the experimental 

parameters, molar attenuation coefficients of all ab-

sorbing species in the solution and the observed con-

version by application of a modified custom written 

algorithm (refer to the Supporting Information, chapter 

7).50 Critically, Figure 1c further indicates that the plot 

of conversion vs. wavelength does not adhere to the 

absorption spectrum of the reactant. Previously, we 

observed similar significant deviations between absorp-

tivity and reactivity in photoinitiating systems.16,51 The 

interpretation of these results is only possible by con-

sidering – besides the molecular energy dissipation 
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mechanisms (see below) – how light is attenuated in 

each sample solution. Thus, Beer-Lambert’s law is em-

ployed to calculate the light attenuation as a function of 

the wavelength for all photochemical ligations reported 

herein.  

285 300 315 330 345 360 375 390 405

0

20

40

60

80

100

λλλλ / nm

p
e
n
e
tr
a
te
d
 p
a
th
le
n
g
th
 /
 % 1E-03

10

20

30

40

50

60

70

80

90

100

residual 

intensity / %

a)

b)

c)

d)

285 300 315 330 345 360 375 390 405

0

2

4

6

8

10

12  conversion by NMR

c
o
n
v
e
rs
io
n
 /
 %

λλλλ / nm

0

1x10
3

2x10
3

3x10
3

4x10
3

  

 εεεεA1

 εεεεA1P

 εεεεNEM

εε εε
 /
 L
 m

o
l-
1
 c
m

-1

 

Figure 1: (a-d) Analysis of wavelength dependent reactivity of 

individual samples of 1.98 µmol (7.92 mmol L-1) A1 with  

2.19 µmol N-ethylmaleimide (NEM) in 0.25 mL CD3CN using 

monochromatic light (285 - 405 nm, 15 nm steps; 0.30 ± 0.02 

µmol photons; 1000 pulses; pulse frequency 100 Hz; 18 °C). 

(a) Reaction of A1 and NEM. (b) Expansion of an example 

NMR spectrum (400 MHz, CD3CN) of a sample irradiated at 

315 nm and resonance assignments. (c) Observed conversion 

(action plot) and molar attenuation coefficient of A1, NEM and 

A1P. (d) Light attenuation map: The residual light intensity of 

the penetrating laser beam (first laser pulse, color coded 

intensity) in the sample solution containing A1 and NEM is 

depicted as a function of the wavelength of the incident light. 

Details of the underpinning Beer-Lambert’s law calculations 

can be found in the Supporting Information. 

Figure 1d shows the residual light intensity at any point 

along the axis of the laser beam in the sample solutions 

during the first laser pulse. The molar attenuation coef-

ficients of the reactants have a strong influence on the 

penetration depth of the incident beam. Figure 1d sug-

gests that over a broad wavelength range virtually all 

incident photons are absorbed in only a small part of 

the solution, while at long wavelengths and thus low 

molar attenuation coefficients, the beam penetrates 

further into the solution. It needs to be emphasized that 

in the case of full absorption of the light in the solution 

and no competing absorption of other species than the 

reactant, the conversion should be independent of the 

wavelength. This is despite a varying molar attenuation 

coefficient and is because each wavelength is assumed 

to trigger an equally efficient pathway to the transient 

species. Consequently, considering absorption effects in 

the performed experiment, the observed conversion 

values (refer to Figure 1) can be related to the efficiency 

of the reaction as a function of the wavelength.  

In the following, the relationship between the absorp-

tion spectrum and the action plot is discussed with 

increasing wavelength. At the high energy end of the 

spectrum, i.e. at 285 nm, conversion is lower in compar-

ison to the samples irradiated with wavelengths 300 - 

345 nm, although the identical number of photons was 

applied to, and absorbed by the sample solution. How-

ever, the UV Vis spectrum of the Diels-Alder cycload-

duct shows a significant absorption at 285 nm, poten-

tially contributing to a lowered conversion due to com-

peting absorption. Yet only a conversion of five percent 

was observed in the sample, indicating that another 

process potentially lowers the conversion efficiency. It 

is hypothesized that excitation into the third singlet 

excited state S3 could lead to parasitic photophysical 

processes that consume energy without leading to the 

product.  

From the action plot, it can qualitatively be concluded 

that reactivity is highest and nearly constant in the 

wavelength range from 300 nm to 345 nm. Differences 

within the observed conversion values (300 nm to  

345 nm) are partly due to the absorption of light by N-

ethylmaleimide. This wavelength range correlates with 

a broad absorption band (λmax = 316 nm), which can be 

assigned to a π � π* transition into the S2 state. Within 

this wavelength range no significant wavelength de-

pendence of the reactivity is observed, indicating that 

any excess energy in the S2 state is dissipated by vibra-

tional relaxation, leading to the vibrational ground state 

of S2 prior to further processes. At 330 nm, the quantum 

yield of the reaction was numerically calculated from 

the observed conversion as 0.93 ± 0.10, considering 

competing absorption of NEM as well as the mean devi-

ation in the conversion and the mean deviation in the 

measured transmittance of the glass vials used for the 

tunable laser experiments (refer to the Supporting In-

formation, chapter 5.1 and 7). Already in 1961, Yang 

and Rivas estimated the quantum yield of the photoe-

nolization of o-methylbenzophenone and subsequent 

trapping with an electron poor dienophile to be higher 

than 0.5.43 The high quantum yield of the reaction re-

ported here is thus not entirely unexpected, as mono-

chromatic 330 nm irradiation of a second generation 
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photoenolizable o-methylbenzaldehyde24 constitutes an 

optimized and efficient photoligation.  

Further in the longer wavelength regime, from 360 nm 

up to 390 nm, the low absorption can be assigned to a 

symmetry forbidden n � π* transition into the S1 state, 

potentially competing with a long wavelength tail of the 

π � π* transition in the case of the wavelengths 360 and 

375 nm. Time-dependent density functional theory 

calculations with the M062X functional predict the S2 to 

S1 gap to be 75 kJ mol-1. This supports the explanation 

that reactivity at these wavelengths is due to excitation 

into the S1 state. Considering the light attenuation map 

shown in Figure 1d, it is concluded that, in the case of 

390 nm irradiation, half of the incident photons are 

absorbed by the sample solution initially. With only one 

percent conversion in this sample, a quantum yield of 

0.15 ± 0.04 is calculated numerically. The quantum 

yield plotted against wavelength is included in the Sup-

porting Information, chapter 7. 

The significant decrease of efficiency that occurs from 

the wavelength 345 nm to 390 nm can be rationalized 

mainly by two pathways. On the one hand, relaxation 

from S2 after internal conversion to S1 may proceed 

along a different geometric pathway in comparison to 

relaxation after direct excitation into S1. The rate of 

radiationless deactivation consequently depends on the 

geometry that the excited molecule is in. ISC is the high-

ly preferred pathway compared to radiationless deacti-

vation and the quantum efficiency of the reaction is thus 

higher, when absorption is caused by the π � π* transi-

tion in contrast to the n � π* transition. A similar ob-

servation was made experimentally with femtosecond 

time-resolved photoelectron spectroscopy in the case of 

the excitation of styrene.52 On the other hand, ISC from 

S1 would presumably occur significantly more rapidly, if 

the molecule carries excess energy, either gained from 

excitation into high vibrational levels of S1 or from the 

excess energy that is freed after internal conversion 

from the S2 state. Excitation into the Franck-Condon 

point rather than into the equilibrium excited state may 

lead to a comparably more efficient ISC and thus quan-

tum yield. 

Since the experimental determination of wavelength-

dependent conversions only affords information re-

garding directly excited states, theoretical calculations 

were carried out to map the energies of all relevant 

electronic and transition states both for the photochem-

ical mechanism as well as a hypothetical thermal path-

way of the reaction. Relative energy levels of excited 

and transition states, calculated with time-dependent 

density functional theory are depicted in Figure 2. 

Without photochemical activation, the barrier of both 

intramolecular H-transfer and isomerization of photoe-

nol species is insurmountable at ambient temperature. 

The observed full retention of A1 under irradiation with 

405 nm light shows that the reaction only proceeds 

when the sample is irradiated with light of a suitable 

wavelength. Here, the mechanism of the processes fol-

lowing intersystem crossing is discussed based on theo-

retical calculations. An intramolecular [1,5]-H-shift, 

exhibiting a low activation barrier, first exclusively 

leads to the (E)-photoenol, which can subsequently 

isomerize to the (Z)-photoenol with a similarly low 

activation barrier. We found that the triplet and singlet 

surface appear to be close at the transition state of the 

photoenol isomerization, indicating a potential conical 

intersection. For similar enol molecules, conical inter-

sections at transition states of the enol isomerization 

were proposed and investigated theoretically.53 Thus, 

we studied the relative energy of the triplet and singlet 

surfaces of (E)- and (Z)-photoenol during rotation of the 

respective C-C bond in detail using complete active 

space (CAS) calculations (refer to Figure 3). The results 

strongly indicate that the triplet (E)-photoenol can be 

transformed via a conical intersection during rotation 

to the singlet (Z)-photoenol. The process is almost bar-

rier free, highly efficient and potentially a very selective 

pathway towards the singlet (Z)-photoenol. This species 

cannot undergo re-isomerization due to the double 

bond character of the diene and consequently gets 

trapped by NEM in the Diels-Alder reaction. 

O
R

OO

OH

R

O
R

OH

O
R

O

O
R

O

N

O

O

NEM

O

OH

R

Triplet

Singlet

aldehyde (E)-enol (Z)-enol DA adduct

H

O
R

O
H

h

(IC)

(ISC)

CI

[H]

a)

b)

 

Figure 2: (a) Mechanism of the reaction of A1 with NEM. The 

species (triplet – blue, singlet – red and black) relate to the 

diagram below. (b) Relative energy levels for the photochemi-

cal (blue) and thermal (red) reaction pathway, calculated with 

G3(MP2)RAD//M06-2X/6-31+G(d,p). Relevant energy levels 

are shown for the excitation, intramolecular H-transfer to 

yield the (E)-photoenol species, isomerization between (E) 

and (Z)-photoenol via a conical intersection (CI) at the transi-

tion state and subsequent Diels-Alder reaction of the (Z)-

photoenol with NEM.  
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a) b) c)

 

Figure 3: (a) Relative SA-CASSCF electronic energies of the T1 surface (kJ mol-1) of a model (E)- and (Z)-photoenol, plotted as a 

function of the respective C-C dihedral angle and bond length. (b) The S0-T1 energy gap (kJ mol-1) over the same region is depicted. 

A conical intersection seam is clearly visible in the C-C dihedral angle range of 90 – 100 °. (c) Relative SA-CASSCF electronic ener-

gies of the S0 surface (kJ mol-1) of the model (E)- and (Z)-photoenol plotted over the same region. 

While the action plot of A1 (refer to Figure 1c and 1d) 

was obtained with near complete absorption of photons 

in the solution, conditions under which the sample solu-

tion is more thoroughly penetrated can be a valuable 

model for photo-flow chemical synthesis. Yet, analysis 

of the conversion by NMR is challenging for very low 

sample concentrations. The amount of required sub-

strate can be reduced drastically by employing high 

resolution electrospray ionization mass spectrometry 

for the relative quantitative analysis of well-ionizing 

macromolecular samples. O-methyl-benzaldehyde ter-

minal poly(ethylene glycol) (PEG) A2 was prepared to 

qualitatively determine the wavelength dependent effi-

ciency of the reaction at a concentration of 0.28 mmol L-

1 (28-fold dilution compared to the previous experi-

ments employing A1, refer to Figure 2 and 3). A 4.2-fold 

excess of NEM was employed to facilitate the trapping 

of the transient species at the lowered concentration. 

The progress of the reaction was traced by high resolu-

tion ESI MS (refer to Figure 4 and the Supporting In-

formation, chapter 5.2, for details). 

We have previously shown that mass spectra of mac-

romolecules with a well ionizing lateral chain such as 

poly(meth)acrylates51,54-57 can be employed for quanti-

tative analysis. In the field of proteomics, a range of 

tools also exist for the relative quantitative evaluation 

of peptide mass spectra.58 A sophisticated evaluation 

procedure (refer to the Supporting Information, chapter 

6) is employed here to reduce potential ionization bias-

es. By applying an identical analysis procedure to each 

sample, the obtained (apparent) mole fractions – re-

gardless of a potential systematic error – are a measure 

of the efficiency of the reaction. Although formation of 

the product was observed in samples irradiated with 

light in the wavelength range of 285 nm to 390 nm, the 

action spectrum appears to follow the absorbance of the 

o-methylbenzaldehyde moiety closely. The light attenu-

ation map of the irradiation of the samples at the low 

concentration (refer to Figure 2d) reveals that within 

the wavelength range of 360 nm to 405 nm initially 

more than 90 % of the incident light passes through the 

solution. Consequently, only a fraction of the photons of 

these wavelengths are absorbed and can trigger the 

reaction, leading to a strongly decreased conversion 

relative to the samples irradiated with light of shorter 

wavelengths. 
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Figure 4: Example mass spectra of samples irradiated in the 

wavelength range of 285 - 405 nm (see Figure 5 and the Sup-

porting Information, chapter 5.2 for details and ion assign-

ments). 

With no complete absorption of the beam at any wave-

length, the conversion plot necessarily resembles the 

absorption plot to a first approximation. The two wave-

length-dependent conversion plots shown in Figure 1c 

and 5c have a different shape based on how light is 

absorbed in the respective sample solutions and are not 

in contradiction to each other. Importantly, only in the 

case of strong absorption of the incident beam can 

statements be made about the wavelength dependent 

efficiency of photoreactions. We conclude that on a 

practical level, the absorption spectrum can be used as 

a wavelength selection guide only for experiments that 
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are conducted with deep penetration of the solution 

with light. On the experimental level, this can be the 

case for photo-flow reactions. In contrast, in batch ex-

periments even a weakly allowed n � π* transition can 

become a significant pathway, allowing the efficient use 

of longer wavelengths.  
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Figure Figure Figure Figure 5555:::: (a-d) Analysis of wavelength-dependent reactivity of 

samples each containing 0.028 µmol (0.28 mmol L-1) A2 and 

0.118 µmol NEM in 0.1 mL CD3CN using monochromatic light 

(285 - 405 nm, 15 nm steps; 30 ± 2 nmol photons; 100 pulses; 

pulse frequency 100 Hz; 18 °C). (a) Reaction of A2 and NEM. 

(b) Expansion of an example high-resolution mass spectrum 

of the sample irradiated at 315 nm. (c) Observed apparent 

mole fraction χapp by ESI MS (action plot, χapp = IA2P IA2-1 IA2P-1) 

and molar attenuation coefficient of A1, NEM and A1P. (d) 

Light attenuation map: Residual light intensity of the pene-

trating laser beam (first laser pulse, color coded intensity) in a 

sample solution containing A2 and NEM is depicted as a func-

tion of the wavelength of the incident light. 

Considering the ongoing quest for visible light activata-

ble functionalities, this observation underpins the sig-

nificance of theoretical calculations of excited state 

energies of proposed red-shifted o-methylaryl-

aldehyde species. 

 

Wavelength dependence of nitrile imine mediated 

tetrazole ene cycloaddition 

By analogy to the photoenol-based experiments the 

small molecule 2,5-diphenyltetrazole model compound 

B1 and the polymer bound analogue B2 were synthe-

sized and subjected to a wavelength dependent con-

stant photon count assessment.  
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Figure 6: (a-d) Analysis of wavelength-dependent reactivity 

of samples each containing 2.40 µmol (9.6 mmol L-1) B1 and  

2.70 µmol NEM in 0.25 mL CD3CN/C6D6 1:1 (v/v) using mono-

chromatic laser light (285 - 330 nm, 7 and 8 nm steps;  

0.6 ± 0.04 µmol photons; 2000 pulses; pulse frequency 100 

Hz; 18 °C). (a) Reaction of B1 and NEM. (b) Expansion of a 

typical 1H-NMR spectrum (400 MHz, CDCl3) of the sample 

irradiated at 285 nm. (c) Observed conversion (action spec-

trum) and molar attenuation coefficient of B1, NEM and B1P. 

(d) Light attenuation map: The residual light intensity of the 

penetrating laser beam (first laser pulse, color coded intensi-

ty) in the sample solution containing B1 and NEM is depicted 

as a function of the wavelength of the incident light. 

The wavelengths were adjusted to the range of 285 nm 

to 330 nm, as reactivity was only observed up to 322 

nm. Conversion of B1 with NEM to B1P was determined 
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by 1H-NMR spectroscopy (via the resonance B1a-c, 

B1Pa, B1Pb and B1Pd-g, refer to Figure 6b) after irra-

diation of samples drawn from a stock solution of B1 

and NEM in a 1:1 mixture of benzene and acetonitrile 

(refer to Figure 6 a-c). The solvent mixture was selected 

to dissolve both reactants and products as well as to 

ensure that no competing absorption of the incident 

light by the solvent occurs. 

As observed for the o-methylbenzaldehyde species A1, 

conversion of the small molecular tetrazole B1 does not 

adhere to the respective absorbance (refer to Figure 

6c). With full absorption of the laser beam in the solu-

tions at all wavelengths (refer to Figure 6d) and a simi-

lar degree of absorption due to the pyrazoline product 

at the varied wavelengths, the action plot depicted in 

Figure 6c can be employed to estimate the efficiency of 

the involved photochemical processes qualitatively. 

Interpretation of the results is more challenging than in 

the case of the photoenolization, as the product of the 

photoreaction, a pyrazoline, absorbs photons at every 

wavelength under consideration. While the reaction 

progresses, the formation of product causes competing 

absorption, which is more relevant for larger ratios of 

the molar attenuation coefficient of the pyrazoline 

product to the tetrazole reactant. As light in the solution 

is strongly attenuated as calculated with Beer Lambert’s 

law, diffusion of the formed product from a volume with 

high light intensity to the dark volume segments de-

creases the effect of competing absorption of the prod-

uct at low conversion values.  

The mechanism and relative energies of all involved 

transition states can assist in the interpretation of the 

results. Thus, a potential correlation of the experimen-

tally observed conversion and theoretically calculated 

energy levels of excited states59 (refer also to Figure 7) 

is discussed in the following with increasing wave-

length. Irradiation of a solution of 2.4 µmol B1 and 2.7 

µmol NEM with 0.6 ± 0.04 µmol photons (refer to Fig-

ure 6) can theoretically yield not more than 25 % con-

version. Further, an unknown fraction of the incident 

photons is, over the course of the experiment, absorbed 

by the product of the reaction or NEM. Thus, the ob-

served conversion values after excitation with 285 nm 

and 292 nm light evidence that the NITEC reaction pro-

ceeds with a remarkably high efficiency in this wave-

length regime, the minimum quantum yield at 285 nm is 

estimated as 0.55 ± 0.06.  

a)

b)

 

Figure 7: (a) Mechanism of the reaction of B1 with NEM. 

Triplet species are highlighted in blue, while singlet species 

are shown in red and black. (b) Relative energy levels for the 

photochemical (blue) and thermal (red) reaction pathway, 

calculated with TD-DFT and G3(MP2)RAD/M06-2X/6-

31+G(d,p). Relevant energy levels are shown for the excita-

tion, decomposition to the nitrile imine species and the 1,3-

dipolar cycloaddition with NEM. 

A correlation with an excitation into the S1 state with a 

potentially very efficient intersystem crossing into a 

triplet state is proposed here. The T3 state was previ-

ously estimated as having a relative energy of ∆GT3 = 

406 kJ mol-1 (4.21 eV, 295 nm).59 We reported that the 

tetrazole B1 has a vertical S1 state close to the T3 state 

and can thus be expected to exhibit a fast ISC. Further, 

the T4 state is found to be very close in energy to S1 

(refer to Figure 7). Excitation into lower vibrational 

levels of S1, which could lead by a presumably slower 

ISC to the T2 or T1 state potentially correlates with a 

lowered conversion at wavelengths longer than 295 nm. 

The relative energy of the optimized S1 state was re-

ported earlier as ∆GS1, opt = 384 kJ mol-1 (3.98 eV, 312 

nm).59 Reactivity at 322 nm, relating to an activation of 

the tetrazole with photons not carrying sufficient ener-

gy to excite into the S1, according to aforementioned 

quantum chemical calculations, can thus be explained 

by a vibrational energy contribution to the excitation. 

Given that the triplet state is a crucial intermediate in 

the NITEC reaction,59 further quantum chemical calcula-

tions were performed with the aim to arrive at a com-

plete picture of the reaction path (refer to Figure 7). 
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Figure 8: (a-d) Analysis of wavelength-dependent reactivity 

of samples each containing 0.12 µmol (1.2 mmol L-1) B2 with  

0.20 µmol NEM in 0.1 mL CH3CN using monochromatic laser 

light (285 - 330 nm, 7 and 8 nm steps; 60 ± 4 nmol photons;  

200 pulses; pulse frequency 100 Hz; 18 °C). (a) Reaction of B2 

and NEM. (b) Expansion of a typical high-resolution mass 

spectrum of the sample irradiated at 300 nm. (c) Observed 

apparent mole fraction (action plot, χapp = IB2P IB2-1 IB2P-1) and 

molar attenuation coefficient of B1, NEM and B1P. (d) Light 

attenuation map: The residual light intensity of the penetrat-

ing laser beam (first laser pulse, color coded intensity) in the 

sample solution containing B2 and NEM is depicted as a func-

tion of the wavelength of the incident light. 

The thermal activation, known to proceed only at tem-

peratures exceeding 150 °C,60 was calculated to proceed 

via a concerted decomposition with a barrier of 150 kJ 

mol-1. Excitation leads to a singlet excited state, which 

subsequently undergoes ISC to a triplet state. On the 

triplet surface, a step-wise decomposition is possible 

with low barriers via a diradical intermediate. Prelimi-

nary calculations indicate that the nitrile imine can 

relax from its T1 to S0 state via a conical intersection, 

through straightening of the core C-N-N group. The 

formed singlet species is trapped in the rapid  

1,3-dipolar cycloaddition with NEM. 

While relative energies of excited states could be de-

rived from action spectra in case of the  

o-methylbenzaldehyde activation, such an approach is 

not directly possible for the NITEC reaction due to the 

competing absorption effects of the pyrazoline product. 

Due to Beer-Lambert’s law a closer correlation between 

absorptivity and reactivity of the activatable group in 

experiments with a deeper light penetration should be 

expected, although the absorption due to the pyrazoline 

potentially affects the action spectrum. Thus, in analogy 

to the previous experiments employing the o-methyl-

benzaldehyde-terminal PEG A2, a 2,5-diphenyl-

tetrazole-terminal PEG B2 was prepared and investi-

gated (refer to Figure 8 a-d). Apparent mole fractions 

were obtained by evaluation of high resolution elec-

trospray ionization mass spectra (refer to the Support-

ing Information, chapter 5.4 and 6). The obtained action 

spectrum is discussed as a qualitative measure of the 

NITEC efficiency at varied wavelengths. The associated 

action plot mirrors the absorbance of the tetrazole moi-

ety more closely than in the experiments conducted at 

higher concentration, emphasizing the influence of  

absorption effects at lowered concentrations  

(1.2 mmol L-1 vs. 9.6 mmol L-1).  

The observed relationship between absorbance and 

action spectrum at good light penetration appears to be 

valid to a first approximation for both light induced 

ligations. With this largely being an absorption effect, a 

relation of energy levels of electronic excited states with 

the wavelength dependent conversion can only be es-

tablished within reasonably strong absorbing solutions. 

In the case of the NITEC reaction, the action spectrum 

(refer to Figure 6c) supports previously reported quan-

tum chemical calculations and the significance of an 

efficient intersystem crossing from the excited singlet 

state to the triplet surface. A practical implication is that 

2,5-diphenyltetrazoles perform best at a wavelength 

below 295 nm, but can be employed for photoligation 

up to a wavelength of 322 nm. 

CONCLUSIONS 

We quantify the wavelength dependence of two key 

photochemical ligation protocols, i.e. the photoenoliza-

tion of o-methylbenzaldehydes and the photolysis of 

tetrazoles using a sophisticated wavelength-tunable 

laser system. The reactions are found to proceed with 

remarkably high efficiency after excitation with suitable 

wavelengths. Correlations between the absorptivity of 

the reactive moieties, their electronic properties and 

reactivity are probed, leading to an in-depth under-

standing of their wavelength-dependent reactivity and 

mechanism. O-methylbenzaldehydes can be excited into 

the S2 by a π � π* transition (300 nm ≤ λ ≤ 345 nm), or 

the S1 by an n � π* transition (360 nm ≤ λ ≤ 390 nm), 

with reactivity in the latter wavelength range being 

strongly wavelength-dependent in contrast to the π � 

π* transition. By ISC a triplet o-methylbenzaldehyde is 

formed, which rearranges into the triplet (E)-enol. 

Through a conical intersection at the transition state of 
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the (E)-(Z) isomerization, the singlet (Z)-photoenol is 

efficiently formed, allowing the Diels-Alder cycloaddi-

tion to proceed. The highest efficiency of the NITEC 

reaction was observed at wavelengths close to the max-

imum of the tetrazole absorption, correlating with an 

excitation into S1 with subsequent ISC to the triplet 

surface. Detailed information regarding the wavelength 

dependence of photoreactions reported here aids in the 

design of λ-orthogonal ligation systems31 and advanced 

photoligation protocols. Consequently, a flow chemistry 

setup that guarantees full penetration of the passing 

solution with the incident light is ideally equipped with 

a light emission source that has an emission maximum 

of λ = 315 nm in case of the o-methylbenzaldehydes 

reported here and an emission maximum of λ ≤ 295 nm 

in case of 2,5-diphenyltetrazoles. In contrast, suitable 

wavelengths for irradiation of batch experiments on a 

preparative scale are performed with the highest effi-

ciency of photoenolization of o-methylbenzaldehydes in 

the wavelength range of 300 nm to 345 nm. A weakly 

allowed n � π* transition can be used to design λ-

orthogonal systems involving activation of o-

methylbenzaldehydes at wavelengths up to 390 nm, 

although efficiency of the reaction is decreased. Estab-

lishing the wavelength dependent efficiency of two key 

rapid light-induced cycloaddition reactions with control 

of irradiation geometry, wavelength and photon count 

is critical for developing and tailoring photoreactive 

materials such as advanced photoresists.61-63 Access to 

precision photochemical orthogonal ligation systems is 

of critical importance for enabling the fabrication of 

multifunctional spatially resolved surfaces, for example 

by microarray printing and subsequent photopattern-

ing of biomolecules on hydrogels.64  
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