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Coumarin (2H-1-benzopyran-2-one) is an oxygen containing heterocycle and belongs to the subcategory of lactones.
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1. Introduction

Coumarin (2H-1-benzopyran-2-one) is named after the French word for tonka bean (Dipteryx odorata) Coumarou as

Vogel first extracted coumarin from tonka beans in 1820 . Later, coumarin was also isolated from sweet clover, bison

grass, and woodruff . There exist six different basic natural types of coumarin: (a) simple coumarin derivatives, (b)

dihydrofurano coumarin derivatives, (c) furano coumarin derivatives, (d) pyrano coumarin derivatives (linear and angular),

(e) phenyl coumarin derivatives, and (f) bicoumarin derivatives (Figure 1) .

Figure 1. Structures of the different coumarin classes.

As they are secondary metabolites of bacteria, plants, and fungi , coumarins appear in many different natural sources

such as essential oils, fruits, green tea, and other foods . Although these natural compounds occur in various parts of

different plants, their highest concentration can be found in fruits, roots, stems, and leaves. However, their concentration

distribution is influenced by environmental and seasonal changes . Apart from plants, microorganisms are also a natural

source of coumarins. For instance, novobiocin and coumermycin have been extracted from Streptomyces and aflatoxins

from Aspergillus species . While aflatoxins are very toxic fungal metabolites , novobiocin and coumermycin are

members of an antibiotics group as they are able to inhibit DNA gyrase. All members of this antibiotics group feature a 3-

amino-4-hydroxy-coumarin moiety and a substituted deoxysugar .

The isolated coumarins are mostly biologically active and show antimicrobial, antibacterial, antifungal 

, and antiviral activity . Others reveal antioxidant , anti-inflammatory , and/or

anticorrosive  activity. There are also reports about the usage of coumarin derivatives for medical application. For
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example, some types of coumarin are used for Alzheimer disease treatment due to their ability to inhibit

acetylcholinesterase (AchE) . Moreover, authors reported anti-HIV , anticancer , and

anticoagulant  activity.

Coumarins are not only interesting because of their bioactivity but also due to their photoreactivity. In 1902, Ciamician and

Silber investigated the photodimerization of coumarin under UV light exposure (>300 nm), in ethanol, or in aqueous

solutions (Figure 2) .

Figure 2. Photodimerization of coumarin.

During photoirradiation, four different types of dimers are being formed: anti head-to-head, anti head-to-tail, syn head-to-

head, and syn head-to-tail. Krauch et al. investigated the photocleavage of anti-head-to-head dimers in dioxane with

wavelength <310 nm, in 1966 (Figure 2) . Additionally, coumarin and its derivatives are highly fluorescent in the visible

light range. Researchers started their studies on photophysics of coumarin moieties in the 1940s. In the late 1950s,

Wheelock and his coworkers showed a shift of the fluorescence band by substitutions on the coumarin structure .

These properties enable the use of coumarin molecules in numerous different application fields such as organic light

emitting diodes (OLEDs) , optical data storages , laser dyes , or drug delivery systems 

.

Researchers from different areas, such as medicine, polymer science, or biology, are working on coumarins due to their

versatile properties . However, the isolation from natural resources is time consuming and not profitable. Therefore, the

research regarding the synthesis of coumarin and its derivatives has gained increased attention. Lončarić et al. published

a review of numerous synthesis strategies in 2020 involving Perkin reaction, Knoevenagel condensation, Pechmann

condensation, Wittig reaction, Baylis-Hillman reaction, Claisen rearrangement, and Vilsmeier–Haack or Suzuki cross-

coupling reaction, to name only a few examples .

Trenor et al. reviewed the use of coumarin moieties in the design of functional polymers in 2004. They focused on

coumarin-containing polymers in electro-optical studies, the development of photoreversible systems, coumarin in

biopolymers, polymerizations, chiral stationary phases for HPLC, and fluorescent tags and fluoroprobes . Since 2004,

there has been a steadily growing interest in using the versatility of coumarin chromophores in the design of functional

polymers. This current contribution serves as an update to the previous review from Trenor et al. and will focus on the

latest developments in coumarin functional polymers.

2. Photoreaction Mechanisms of Coumarin and Its Derivatives

Due to the excellent electronic, photophysical, and photochemical properties of coumarin and its derivatives, these

chromophores can undergo various photoreactions and play a key role in different fields of applications. Prominent

examples are photoactive surfaces relying on photofuses, controlled release of biochemical substances based on caged

compounds, introduction of (reversibly) cross-linkable moieties in polymers, and generation of reactive chemical species

by exploiting coumarin compounds as photoinitiators. Based on the relevant applications, this chapter has been divided

into three parts in accordance with its reactivity and mechanisms involved.

2.1. Photocleavage of Coumarin-Caged Compounds and Photolabile Surfaces Bearing Functional
Coumarin Groups (Photofuses)

The irreversible response of (coumarin-4-yl)methyl derivatives upon light exposure has been particularly exploited as a

tool for temporally and spatially controlled probes of cell-based processes  as well as for the generation of patterned

surfaces in different field of applications including bioanalytical science, cell biology, tissue engineering, etc. 

. Moreover, its ability to undergo photolysis by nonresonant two-photon excitation (Figure 3), at high light intensity,

facilitates salient properties of this chromophore such as: (a) “phototherapeutic window” between 650 and 950 nm with

lower scattering and reduced phototoxic effect  and (b) orthogonal protecting group based on wavelength-selective

response .
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Figure 3. Excited singlet state (S )* of coumarin-4-yl derivatives by one-photon (UV light) and two-photon transfer (visible

and near-IR light). The asterisk (*) denotes the excited state of the molecules.

The caged compounds and photofuses are constituted from a wide range of functional groups: thiol, phosphate,

carboxylate, anhydride, sulfate, alcohol as carbonate, amine as carbamate, etc.  (Figure 4). Recently, the scope of

these derivatives has grown, improving their long-wavelength absorption and uncaging efficiency (GM) by extending π-

conjugation at 3-position on the coumarin ring  (Figure 5).

Figure 4. Coumarin-4-yl derivatives employed as caged compounds and photofuses.

Figure 5. Coumarin-caged compounds undergoing two-photon absorption (TPA).

From the mechanistic point of view, after one-photon absorption (UV light) or two-photon absorption (visible or near-IR

light), the relaxation to the lowest level of the excited singlet state (S ) takes place  ( [Coum-X]* in Figure 6). This

intermediate might progress in one of three ways: (a) fluorescence, (b) nonradiative process, and (c) cleavage of the C-X

bond forming a singlet ion pair (Figure 6a–c). The factor that determines the subsequent path is the reaction rate constant

(k). When k  (fluorescence rate constant ~10  s )  and k  (nonradiative rate constant ~10  s )  are smaller than k
(cleavage rate constant ~10  s ) , the photolysis predominates. In this case, any possible photophysical deactivation

(a) or (b) is hampered due to the higher stability of the excited state and its subsequent separated species. These

pathways have been well studied by Bendig et al. in ester and amide derivatives .
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Figure 6. Mechanism of the photocleavage reaction of coumarin derivatives. The asterisk (*) denotes the excited state of

the molecules.

There is evidence that the cleavage of the C-X bond in coumarin derivatives follows a heterolytic route. A study carried out

with O-labeled water, also by Bendig et al., pointed the generation of ionic species by S 1 mechanism, after isolating 4-

( O-hydroxymethyl)coumarin out. This mechanism is evidenced by the higher efficiencies obtained using polar protic

solvents and good leaving groups (X with low pk  values) in the coumarin derivatives  (solvent-assisted

photoheterolysis, Figure 6). Additionally, 4-methylcoumarin is only detected in trace amounts, which is expected to be the

main product in a homolytic cleavage and favors the heterolytic hypothesis . However, the possibility of a homolytic

route should not be entirely excluded, since a singlet electron transfer from the homolytic bond cleavage could drive to the

ion pair as well .

There is also a controversy regarding a possible intersystem crossing (Figure 6d). Studies by Arai et al., carried out with

7-aminocoumarins, showed a weak transient band in the range of 500–700 nm (Figure 6e) that was ascribed to the triplet

state. This result suggests that the photolysis of caged compounds bearing this chromophore partially proceeds from the

triplet excited state, which is convenient since the deactivation by recombination of the separated species is not allowed

from a quantum mechanics point of view [61]. On the contrary, Bendig et al. postulated that this process proceeds only

from the excited singlet state, based on the lack of phosphorescence (Figure 6f) characteristic for triplet states, and the

trace amount of 4-methylcoumarin, which should be formed from the radical species generated in the triplet state after the

intersystem crossing (Figure 6d) .

Once the singlet ion pair is formed after photolysis, according to Bendig et al., the ions can escape from the solvent cage

and the (coumarin)methylium cation reacts with any nucleophile found in the medium.

2.2. [2πs + 2πs] Photocycloaddition Reaction of Coumarin Groups

The [2πs + 2πs] photocycloaddition of coumarin derivatives upon irradiation with UV light (>300 nm), to generate

cyclobutane derivatives with itself or even with another double bond in the reaction medium, has been widely employed in

the synthesis of polymeric networks . The advantages of this method are the creation of a network

without extra monomers or photoinitiators  and the possibility to reverse the process (by regenerating the double bonds

using radiation wavelength <290 nm). This reversible process provides networks with diverse properties such as self-

healing , reversible wettability , reversible thickness , and reversible assembly in supramolecular

architectures , which makes the photodimerization of coumarin a useful reaction pathway in the field of polymers.

Apart from a few exceptions , thermal [2πs + 2πs] cycloaddition processes are forbidden due to conservation of

orbital symmetry . Therefore, the photo-induced reaction (exposure with wavelengths in the UVA spectral region)

takes place between the excited antibonding orbital π of one double bond (excited HOMO = SOMO = π*) and the
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antibonding orbital π (LUMO = π*) of another double bond (Figure 7). This way, the cyclobutane ring/the two new sigma

bonds is/are formed from two π bonds (Figure 8).

Figure 7. Conservation of orbital symmetry for [2πs + 2πs] cycloaddition of coumarin. The asterisk (*) denotes the excited

state of the molecules.

Figure 8. Energy and correlation diagram of the [2πs + 2πs] photodimerization of coumarin. The asterisk (*) denotes the

excited state of the molecules.

The mechanistic approach of the [2πs + 2πs] photocycloaddition of coumarin can be rationalized by comparing the

hypothetical mechanism between enones and alkenes , since coumarin derivatives are formally enones. After one- or

two-photon absorption of the ground state of coumarin ( Coum) , the excited singlet state [Coum]* is produced by

either n → π* or π → π* transition (Figure 9) . This intermediate might progress in one of the following four

pathways: (a) fluorescence, (b) nonradiative process, (c) intersystem crossing to an excited triplet state [Coum]*, and (d)

the formation of a singlet exciplex [ Coum- Coum]* (Figure 6). Since the intersystem crossing in six-membered cyclic

enones is an efficient process, path (c) is most common .
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(a) Unimolecular system (photocleavable PI, Type I): upon absorption, the excited state of the PI undergoes a homolytic

cleavage to produce free radicals. Subsequently, an electron transfer from one of these radicals to a monomer generates

the radical anion species responsible for the polymerization . In contrast to the photocleavage mechanism in

(coumarin-4-yl)methyl derivatives, the radical species are generated from the triplet state after the intersystem crossing

. This type of coumarin-based 2PIs is generally constituted by conjugated carbonyl groups (photocleavage of a

double bond in α-carbonyl position)  or by oxime-ester (photocleavage of an N-O bond)  (Figure 10).

Figure 9. Possible mechanism of cyclobutane formation from [2πs + 2πs] photodimerization of coumarin. The asterisk (*)

denotes the excited state of the molecules.

In turn, the triplet state [Coum]* can either (c) decay back to the ground state or (f) combine with the ground state of

coumarin ( Coum) to generate a triplet exciplex [ Coum- Coum]*. The exciplex can form a carbon–carbon bond and

produce a triplet 1,4-diradical, [1,4-diradical]*, which must undergo spin inversion to the singlet diradical, [1,4-diradical]*,

before a closure to the cyclobutane ring occurs (Figure 9).

In a more recent work, Bach et al. studied the role of a Lewis acid in the intramolecular [2πs + 2πs] photocycloaddition of

coumarin derivatives and dihydropyridones . In this study, it was pointed out that the uncatalyzed [2πs + 2πs]

photocycloaddition of coumarin derivatives goes through its singlet state, while the use of a Lewis acid seems to stabilize

the singlet state and facilitates the intersystem crossing (ISC), and therefore, the coumarin photocycloaddition in this case

occurs via the triple state.

In [2πs + 2πs] photocycloadditions, four possible products could be obtained: syn head-to-head, syn head-to-tail, anti
head-to-head, and anti head-to-tail (Figure 8). Their stereoselectivity and regioselectivity depends on several factors

(polarity of solvents, addition of a sensitizer, crystal packing, and distances between double bonds) and is related to the

reaction medium (in solution, in solid, or even in inclusion complex). A review published by Trenor et al. details the effects

of radiation doses, solvent, and concentration over the [2πs + 2πs] photocycloadditions in coumarin derivatives in different

media .

Reversible [2πs + 2πs] photocycloaddition, leading to the cleavage of the cyclobutane rings, can be symmetric (the same

double bonds are generated) or asymmetric (two different types of doubles bonds). The photocleavage of cyclobutane

coumarin dimers was studied by Hasegawa et al., concluding that the photocleavage, in this case, is symmetric  since

the cleavage of cyclobutanes attached to five- or six-member ring takes place and maintains the more stable ring. On the

other hand, Görner et al. proposed, on the basis of their studies in presence and absence of triplet state sensitizers, that

the photocleavage occurs via a nonfluorescent and short-lived singlet state . In addition, in turn, Motzkus et al.

corroborated Görner’s results and proposed a ring scission by steps with the formation of intermediates .

Joy et al., reported two different mechanisms for coumarin chromophores in photoresponsive and biodegradable

functional polyesters . In this case, irradiation (350 nm) of the coumarin chromophores bearing good leaving groups

(ester or phosphate group) in the 4-methyl position leads to the cross-linked network, while the scission of the coumarin

photodimers is obtained upon irradiation at 254 nm.

2.3. Coumarin Derivatives Serving as Photoinitiators

In pursuit of photopolymerization reactions  involving novel photoinitiators (PIs), which possess strong two-photon

absorption (TPA) in the visible/near-IR region , and with the aim of providing better features for 3D printing ,

three-dimensional optical data storage , and microfabrication , research into coumarin and its derivatives

has been growing up to now. These applications, which use TPA, benefit from the localized excitation of the photocurable

resin near to the focal volume of the laser, due to its probability of being proportional to the square of light intensity .

Different types of coumarin-based two-photon photoinitiators (2PIs) have been developed: (a) unimolecular, (b)

bimolecular, and (c) multicomponent systems .
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(b) Bimolecular system (PI/coI (co-initiator) or PI/PS (photosensitizer), Type II) : Once the PI is excited in the PI/coI

system, a transfer of an electron/proton takes place between both compounds (see Figure 11a), thus resulting in radicals

or ions that initiate the polymerization reaction. Some examples of typical coIs, employed in combination with

ketocoumarins as PIs, are bis-(4-tert-butylphenyl)iodonium hexafluorophosphate (Iod or SpeedCure 938), N-phenylglycine

(NPG), and ethyl 4-(dimethylamino)benzoate (EDB) . The triplet state pathway is also possible in the mechanism of

bimolecular system (KC/Iod), since free energy change for an electron transfer (∆G ) from the aforementioned state is

favorable .

Figure 10. Unimolecular coumarin-based photoinitiators (PIs). The asterisk (*) denotes the excited state of the

molecules.

Figure 11. Bimolecular coumarin-based PIs. (a) Photoreduction process where the coI transfers an electron and a

proton into the excited state of the PI, and photooxidation process where the excited state of PI transfers an electron

into the coI; (b) The excited PS might transfer energy or an electron into the PI. The asterisk (*) denotes the excited

state of the molecules.

In contrast, in the PI/PS system, a transfer of energy or an electron occurs from the excited PS to the PI after irradiation,

thereby generating radical or ions , as shown in Figure 11b. To the best of our knowledge, there are cases of coumarin

derivatives used as photosensitizers, albeit only in multicomponent systems .
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(c) Multicomponent system (three or more compounds): this system involves combinations that allow an improvement in

the performance of PIs under the conditions required by the applications . Thus, its mechanism is rather complex.

Lalevée et al. studied in depth the mechanism of trimolecular systems , concluding that its advantage over bimolecular

systems is its ability to convert terminating species (PHI  radicals) into initiating species (coI  and A ), which increases

the yield of the initiating species (see Figure 12). Another valuable aspect of this system, highlighted by Lalevée, is the

regeneration of the PI. The performance of the PI as a photocatalyst (PC) allows the use of low light intensity as well as

low amounts of PI.

Figure 12. Multicomponent coumarin-based PIs. Mechanistic pathway of the systems: (a) Coum/Iod, (b) NPG/Iod, (c)

Coum/NPG, and (d) Coum/Iod/NPG. The asterisk (*) denotes the excited state of the molecules.

In a more recent work, Lalevée et al. established the mechanism for the trimolecular photoinitiating system

Coum/Iod/NPG , as shown in Figure 12. Separately studying each of the three biomolecular combinations: Coum/Iod,

Iod/NPG, and Coum/NPG (Figure 12a–c), they postulated a mechanism based on the analysis of these systems and the

active species obtained from them (Figure 12d).

The first mechanistic pathway (Figure 12a) is exactly the same as in the bimolecular system, i.e., upon absorption, the

excited coumarin (Coum*) transfers an electron to the Iod (the acceptor agent). This transfer is allowed from the singlet

state as well as from the triplet state. Then, the iodonium salt (Ar I ) decomposes into an aryl radical (Ar ) and aryl iodine.

The formation of this radical (Ar ) was confirmed by detection of the radical adduct Ar /NPG (N-phenylglycine) by ESR-ST

(electron spin resonance spin trapping) experiments.

In the second mechanistic pathway (Figure 12b), the formation of a Charge Transfer Complex (CTC)  between

NPG (donor component) and iodine (acceptor component) was proposed. This complex might also release the aryl

radicals, since some photopolymerizations were carried out with high conversions using this bimolecular system.

The third mechanistic pathway (Figure 12c), also follows a bimolecular system. The interaction of the excited coumarin

(Coum*) with NPG leads to the generation of a radical. This radical is obtained following the next sequences: (a) PNG

transfers an electron to Coum*, (b) then a proton, and (c) in the last, step it undergoes decarboxylation. Since the

decarboxylation step is irreversible, this radical might be considered as the initiating species in the trimolecular system.

After this analysis and doing a recombination of the active species, the mechanism postulated by Lavelée et al. for the

trimolecular system is described in the fourth mechanistic pathway (Figure 12d). The first initiating radical, generated from

Coum/NPG system, reacts with the iodonium salt to generate a cation (NPG ) and the aryl radical (Ar ). On the
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other hand, the protonated coumarin radical also reacts with the iodonium salt regenerating the PI (Coum) and yielding an

aryl radical (Ar ) and a proton. Therefore, this trimolecular systems is able to catalyze free radical polymerizations as well

as cationic polymerizations.
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