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Synthesis Strategies for Non-symmetric, Photochromic 
Diarylethenes  

Alvaro D. Sponza,a Di Liu,a Emily P. Chen,a Allison Shaw,a Lassana Diawara,a and Melanie Chiu*a 

Diarylethenes (DAEs) represent an imporant class of photochromes with notable characteristics, like thermally irreversible 

photoisomerization and high fatigue resistance. Structural diversification of the DAE scaffold has enabled further refinement 

of photochromic properties and realization of new applications, ranging from advanced materials to tools for studying 

biological systems. In particular, methods for synthesizing non-symmetric DAE scaffolds, which are typically more 

challenging to synthesize than their symmetric counterparts, have grown over the past 20 years. These developments are 

surveyed in this review, with discussion of how access to these compounds has contributed to the improvement of 

photochromic properties and paved the way for exploring new applications of DAEs. First, non-symmetric DAE structures 

are classified and their uses and applications are overviewed. Subsequent sections discuss the main strategies that have 

been used to access non-symmetric DAEs with examples illustrating the impact of non-symmetric DAEs in the growing field 

of light-controlled molecular systems. 

1 Introduction 

Diarylethenes were first highlighted in 1988 by Irie and co-

workers as one of only a few classes of P-type photochromes, 

which are defined by thermally irreversible 

photoisomerization.1 DAEs undergo a reversible photochemical 

6 electrocyclizaton between a ring-open and a ring-closed 

isomer (Scheme 1a). Generally, in the ring-open isomer, the 

aromatic rings are not conjugated to one another because they 

are non-coplanar. Upon cyclization, -conjugation extends 

across the bridge with concomitant dearomatization, resulting 

in substantial changes in molecular geometry and photophysical 

properties (Scheme 1a). In solution, the ring-open isomer of a 

DAE can adopt two conformations: a photoactive one in which 

the aryl groups are antiparallel to one another, and a 

photoinactive confomation in which the aryl groups are parallel 

(Scheme 1b). The relative abundance of these two conformers 

dictates the quantum yield of the electrocyclization. The 

orientation of C1 and C1’ in the antiparallel conformation 

enables the electrocyclization and the conrotatory process 

results in the creation of two stereocenters, producing two ring-

closed enantiomers (Scheme 1a).  

Continued optimization of photochromic properties has 

expanded the usage of DAEs, with applications ranging from 

optoelectronic devices2,3 to tools for super-resolution 

bioimaging.4 Growing areas that feature DAEs include light-

controlled homogeneous catalysis of small molecule reactions,5 

as well as supramolecular6-8 and macromolecular systems.9-14 

Recent advances in DAE-containing supramolecular systems 

include catenanes and rotaxanes with photoswitchable 

components,6 porphyrin complexes with photocontrolled 

release-and-report capabilities,7 and a light-gated molecular 

motor.8 Within the last decade, incorporating DAEs in polymers 

or polymerization systems has enabled photocontrol of 

polymerization rate9, 10 or polymer dispersity,11 optimization of 

optoelectronic properties in conjugated polymers,12 and 

exploration of potential platforms for sensing mechanical stress 

in polymeric materials.13,14 

Given the broad appeal of DAEs, a number of reviews have 

surveyed their applications15,16 and structural diversity,17,18 as 

well as their use in multi-responsive systems19 and multi-

photochromic systems.20,21 However, focused review of 

synthetic strategies to access these scaffolds has been relatively 

rare.22  Most surveys focus on symmetric DAEs; these are more 

commonly encountered due to their relative ease of access.15 

a. Department of Chemistry, Stony Brook University, Stony Brook, NY 11794, USA. 
Email: melanie.chiu@stonybrook.edu 

Scheme 1 a) Photoactive and photoinactive conformations of a ring-open 
diarylethene isomer b) Reversible, photochemical 6-electrocyclization of a 
diarylethene.  
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Yet, there are compelling motivations for synthesizing non-

symmetric DAEs, such as access to bifunctional systems and fine 

control over the spatial orientation of constituent aryl groups to 

achieve desired photophysical properties (see Section 2). This 

review focuses on synthetic strategies to access non-symmetric 

DAEs with a variety of aryl groups and cyclic bridges, and 

emphasizes developments since 2000 that have not previously 

been reviewed.  

2 Uses of non-symmetric DAEs 

The first non-symmetric DAE was reported by Irie and co-

workers in 1995 as part of a systematic study of how 

photophysical properties of the closed isomers are affected by 

the position at which each thiophene ring is bound to the 

perfluorocyclopentene bridge (Scheme 2).23 In these cases, 

substitution position affects the length of the conjugated 

systems in the closed isomers, and therefore, their absorption 

maxima.15 Early efforts toward DAE-based, light-responsive 

materials also often required anchoring of non-symmetric, 

monofunctionalized DAEs to macromolecular substrates, such 

as polymers24, 25 and multilayer films.26 

Access to non-symmetric DAEs facilitated fundamental 

studies on how the chemical reactivity of an appendant 

functional group is photochemically modulated due to changes 

in conjugation. The primary mode of control involves systems 

where two functionalities are attached to different aryl groups, 

and ring-closing results in enhanced electronic communication 

between them (Scheme 3a). In another scenario, two 

functionalities are located on the same aryl group, and ring-

closing results in decreased electronic communication between 

them (Scheme 3b). These systems have enabled photocontrol 

over chemical reactivity, including Brønsted acidity (Section 

5.1),27,28,11 Lewis basicity (Section 5.1),29, 30 and electrophilicity 

(Section 3.1),31, 32  as well as the rate of release of small 

molecules (Section 5.3).33 

 Non-symmetric DAEs have also been used to tune the 

torsional angle between the aryl groups. This control over the 

relative spatial arrangement of DAE substituents has been 

exploited to optimize cyclization quantum yields (o-c) by 

stabilizing the photoreactive, antiparallel conformation via 

intramolecular, non-covalent interactions (Section 3.2).34-36 

Such DAEs often exhibit other desirable photochromic 

properties, such as high fatigue resistance and thermal 

stability.15 Finally, the spatial control afforded by non-

symmetric DAEs has also been used to induce stereoselective 

electrocyclizations (Section 3.1).37-40  

In the following sections, we discuss the main synthetic 

strategies that have been used for the synthesis of non-

symmetric DAEs. We classify non-symmetric DAEs into three 

structural types as illustrated in Fig. 1:  a) two different aryl 

groups attached to a symmetric bridge (left); b) two identical 

aryl groups attached to a non-symmetric bridge (middle); and c) 

two different aryl groups attached to a non-symmetric bridge 

(right). These three types of non-symmetric DAEs have been 

accessed using three main synthetic strategies: a) consecutively 

coupling aryl groups to a symmetric or non-symmetric bridge 

precursor (Scheme 4a); b) ring-closing a diaryl intermediate in 

Figure 1 Classification of non-symmetric DAEs. 
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Scheme 4 Synthesis strategies for non-symmetric DAEs:  a) coupling of aryl 
groups to bridge precursors; b) intramolecular (left) or intermolecular 
cyclization (right) of diaryl intermediates; and c) modification of a symmetric 
intermediate by functionalizing one aryl group (left) or bridge (right). 

Scheme 2 Effect of the position at which thiophene rings are bound to the 
perfluorocyclopentene bridge on max of DAE closed isomers. 

Scheme 3 Changes in electronic communication between substituents A and 
B upon photoelectrocyclization. 
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an intra- or intermolecular fashion (Scheme 4b); and c) 

desymmetrizing a symmetric DAE or DAE precursor (Scheme 

4c). Each of these strategies are discussed below, with examples 

of their recent applications in achieving notable photochromic 

properties or chemical reactivity.  

3 Coupling aryl groups to a bridge precursor 

3.1 Substitution of octafluorocyclopentene using aryllithiums 

The hexafluorocyclopentene bridge is incorporated into DAEs 

because the resulting compounds often exhibit high fatigue 

resistance and thermal stability.16, 41 Non-symmetric DAEs 

incorporating the hexafluorocyclopentene bridge are usually 

prepared by sequentially attaching two distinct aryl groups to 

commercially available octafluorocyclopentene via nucleophilic 

substitution (Scheme 5).  

The first substitution usually results in a mixture of mono- 

and disubstituted products, and to maximize the yield of the 

desired monosubstituted product, an excess of 

octafluorocyclopentene is often used. This can be 

disadvantageous, given the high cost and volatility of 

octafluorocyclopentene (bp = 27 °C). Additionally, electrophilic 

or acidic functional groups on the aromatic rings, such as 

carbonyl32 and hydroxyl groups,42 must be protected prior to 

lithiation. Despite these drawbacks, this method has been a 

workhorse for accessing DAEs bearing the 

hexafluorocyclopentene bridge with a variety of aryl groups 

attached. Furthermore, this method is amenable to 

implementation in a flow microreactor system.43 

Representative examples of arenes that have been 

incorporated into DAEs using the sequential substitution 

method include pyrrole,44 thiazole,44-46 benzosilole,47 

pyridine,44, 48 indazole,49 pyrimidine,50 benzopyrrole,32 benzofu-

ran,32, 47 benzothiophene,32,51,47 benzene,32, 44 and isoxazole.42,52 

In general, the two aryl groups can be appended to the bridge 

in either order, but the second substitution reaction typically 

proceeds in lower yields (<50%). Aryl groups bearing functional 

groups that are tolerated, such as ferrocene,53 alkyne,53 

nitrile,44 tertiary amines,32 and ethers,37,38,40 can be directly 

coupled with the bridge.  

The versatility of this synthetic tactic has enabled systematic 

studies on how reactivity of a given functional group changes 

upon photoelectrocyclization. For example, in the development 

of photoswitchable sensors, Hecht and co-workers prepared a 

series of aldehyde-substituted DAEs and evaluated the effect of 

photoisomerization on their reactivity with amines.32 Some of 

the non-symmetric DAEs used in this study (1–7, Scheme 6) 

were prepared by coupling protected arylaldehydes to 

monoarylated heptafluorocyclopentene intermediates. The 

closed DAE isomers reacted differently depending on the 

position of the aldehyde group. When the aldehyde 

functionality was located at the outer 2-position (1, Scheme 6a), 

reaction with octylamine resulted in the formation of imine 8. 

In contrast, when the aldehyde was located at the inner 2-

position (2–5, Scheme 6b) and treated with spermidine, the 

proposed hemiaminal intermediate underwent fragmentation 

to yield colourless products. The rate of amine-induced reaction 

Scheme 7 Effect of aromatic stabilization energies of the aryl groups on the 
thermal stability of closed DAEs isomers. 

Scheme 5 Sequential nucleophilic substitutions of octafluorocyclopentene with 
aryllithiums. 

Scheme 6 Variations in reactivity according to the substitution position.  
Photoelectrocyclization followed by: a) imine formation after reacting aldehyde 
located at the outside 2-position with octylamine; or b) amine-induced 
fragmentation after reacting aldehyde located at the inside 2-position with 
spermidine. c) Changes in fluorescence properties upon light-induced 
fragmentation of closed aldehyde-DAEs in the presence of amines. 

Figure 2 Effect of combining aryl groups with different aromatic stabilization 
energies on the photoelectrocyclization quantum yield and fatigue resistance 
of DAE closed isomers. Quantum yield measurements were performed in n-
hexane. 
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could be accelerated by placing an EWG close to the aldehyde 

functionality (3), at the other aryl group (4), or a combination of 

both (5). Finally, DAEs 6 and 7 demonstrated potential as a 

platform for fluorescence-based sensors, as their fragmentation 

products, 6r and 7r, exhibited changes in their fluorescence 

spectra (Scheme 6c). 

The aromaticity of the aryl groups has important effects on 

the thermal stability of closed DAE isomers. The thermal 

stability of the closed isomer of a symmetric DAE decreases 

when the aromatic stabilization energies (ASEs) of its 

constituent aryl groups increase.16 This correlation also holds in 

non-symmetric DAEs, as demonstrated in the series of pyrrole-

containing DAEs (9–13, Scheme 7).44 The closed isomer of 

symmetric DAE 9 exhibited poor thermal stability (50% thermal 

ring-opening after 37 s at rt)54 relative to non-symmetric 

scaffolds, each incorporating one aryl group with lower ASE (10 

and 11, no thermal electrocyclic ring-opening observed after 

400 s at 20 ˚C). On the other hand, non-symmetric DAEs 

incorporating one aryl group of higher ASE (12 and 13) showed 

~30% and >99% thermal electrocyclic ring-opening after 400 s 

and 150 s, respectively, under the same conditions.     

Symmetric DAEs incorporating aryl groups with low ASEs 

typically exhibit modest photochromic properties, but 

replacement of one aryl group with a group of higher ASE to 

form a non-symmetric DAE can sometimes result in enhanced 

photochromic properties, such as increased cyclization 

quantum yield, ring-opening quantum yield, or fatigue 

resistance (Fig. 2).55 For example, while symmetric dithiazole 14 

exhibited a o-c value of 0.16,56 a much higher value, o-c = 0.42, 

was measured for non-symmetric DAE 15 containing a phenyl 

group.57 Similarly, while symmetric DAE 16 exhibited a c-o value 

of 0.013, non-symmetric DAE 17, containing a pyrimidine group 

(high ASE), exhibited a c-o value of 0.26.50 Improvement in 

fatigue resistance by tuning aryl group ASEs is exemplified by 

comparing symmetric DAE 18 vs DAE 19. While DAE 18 

underwent ~50% decomposition after 10 UV/Vis irradiation 

cycles, DAE 19, incorporating a high ASE pyridine group 

underwent 12 irradiation cycles with less than 1% 

decomposition.48 

Non-symmetric DAEs also present an opportunity to study 

stereoselectivity in DAE photoelectrocyclization. Yokoyama and 

co-workers prepared a variety of non-symmetric, 

enantioenriched DAEs in which the constituent thiophenes 

were functionalized with point (20),38 axial (21)37 and planar 

(22)40 chiral substituents (Fig. 3). These chiral substituents were 

installed on the thiophenes prior to attachment to the 

octafluorocyclopentene bridge and were unaffected by the 

nucleophilic substitution. Typically, the cyclization of DAEs 

produces a mixture of two enantiomers in a ratio that reflects 

the population distribution of the two antiparallel, helical 

conformers. The presence of a chiral group on the DAE scaffold 

Scheme 9 a) Nucleoside (23) and oligonucleotide (24)-functionalized DAEs synthesized by sequential coupling of aryl groups to 1,2-dibromocyclopentene. b) 
Base-pair formation of DAE 23 with thymidine (bottom left). c) Light-induced change in the transcription rate of dsDNA incorporating DAE 24.  

Scheme 8 Synthetic approaches to access DAEs with a) symmetric; b) non-
symmetric; and c) functionalizible bridge, using palladium-catalyzed cross 
coupling.  

Figure 3 Chiral DAEs that undergo diasteresoselective photoelectrocyclization. 
deo-c = diastereomeric excess of photoelectrocyclization product. 
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introduces a bias in the ratio of the two conformers, resulting in 

a diastereoenriched closed isomer upon cyclization. Steric bias 

can be introduced by 1,3-allylic strain, as in DAEs 20 and 21, 

resulting in diastereomeric excesses (de’s) of 88% and 90%, 

respectively. In planar chiral DAE 22, the bulky triethyleneglycol 

(Teg) bridge attached to one of the thiophene rings prevents 

approach of the other thiophene from the bridge face. 

Therefore, only one antiparallel conformer was able to undergo 

cyclization with 100% de and 88% conversion.    

 
3.2 Palladium cross-coupling of bridge precursors 

Despite the variety of aryl groups that can be incorporated 

in non-symmetric DAEs using the nucleophilic substitution 

method described previously, the bridge precursor is limited to 

octafluorocyclopentene, which is electron-deficient enough to 

undergo substitution reactions. In contrast, palladium-

catalyzed cross-coupling methods expand the types of bridges 

that can be incorporated (Scheme 8). We can classify the 

products obtained using this method into three types based on 

their bridge architectures: a) symmetric (Scheme 8a); b) non-

symmetric (Scheme 8b); and c) functionalizible bridges (Scheme 

8c). Suzuki cross-coupling is the most commonly used 

transformation, where vinyl or aryl dibromides are typical 

bridge precursors. However, cycloketones can also serve as 

bridge precursors when used in combination with other 

coupling strategies. Bridge units incorporated using cross-

coupling reactions include thiazole,58 benzothiophene,35, 36, 59 

azaindole,60 thiophene,61 furan,62 benzindenone,63 

cyclopentene9, 64-66 and cyclohexene.67 

DAEs with symmetric bridges (Scheme 8a) accessed by 

Suzuki cross-coupling are exemplified by nucleoside-

functionalized DAE 2364 and oligonucleotide-functionalized DAE 

24  (Scheme 9).65 As shown in Scheme 9a, the preparation of 

these compounds commences with the coupling of arylboronic 

ester 25 with 1,2-dibromocyclopentene, followed by borylation 

of the resultant monoarylated bromocyclopentene 26. The 

resulting boronic ester 27 is coupled with aryl iodide 28 or 29 to 

yield the final products. Use of this strategy is necessary due to 

the incompatibility of intermediate 28 with organolithiums used 

in the nucleophilic substitution strategy. Preliminary evidence 

suggests that nucleoside-functionalized DAE 30, derived from 

DAE 23, formed a hydrogen-bonded complex with thymidine 

(Scheme 9b). Gel electrophoresis experiments qualitatively 

imply that double-stranded DNA incorporating the closed 

isomer derived from oligonucleotide-functionalized DAE 24 

Scheme 10 Sequential addition of aryl groups to a) cyclopentanone and b) L-menthone. c) Photocontrol of the rate of polymerization in the ring-opening 
polymerization of L-lactide, and monomer incorporation in the random copolymerization of -valerolactone and trimethylcarbonate. d) Switchable 
photoelectrocyclization diastereoselectivity. 

Figure 4 DAEs prepared by coupling aryl groups to a non-symmetric bridge.  
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underwent transcription at a slower rate than the counterpart 

incorporating the corresponding open isomer (Scheme 9c). 

Suzuki cross-coupling has also permitted the incorporation 

of non-symmetric bridges (Scheme 8b), which have led to 

remarkably high cyclization quantum yields. This outcome is 

due to the fact that a given DAE exists in solution as an 

equilibrium mixture of conformational isomers: an antiparallel 

conformer that is photoactive, and a parallel conformer that is 

photoinactive (Scheme 1b). For symmetric DAEs, the relative 

abundance of these isomers is typically 1:1, from which a 

maximum o-c of 0.5 is expected.15 However, non-symmetric 

DAEs introduce a bias in the relative abundance of 

conformational isomers by stabilizing the photoreactive, 

antiparallel conformation via intramolecular, non-covalent 

interactions,34-36, 58-60 leading to o-c values above 0.5. Kawai and 

co-workers illustrated this concept using a series of DAEs, 31–

34, in which non-symmetric bridges are thought to participate 

in non-covalent, intramolecular interaction(s) to stabilize the 

antiparallel conformer and increase its population in solution 

(Fig. 4). The higher cyclization quantum yield of DAE 32 

compared to DAE 31 (o-c = 0.6 and 0.4, respectively) was 

attributed to the presence of a CH2-H··N-H stabilizing 

interaction.58 Using a benzothiophene bridge, as in DAE 33, was 

postulated to enable a stronger putative S··N heteroatom-

contact interaction68 and N··H hydrogen bonding, which 

resulted in a remarkably high cyclization quantum yield (o-c = 

0.98 in n-hexane).35 A high cyclization quantum yield (o-c = 

0.90) in a polar solvent (methanol) was reported for the first 

time by using non-symmetric DAE 34,60 featuring N··H and CH2-

H··N intramolecular hydrogen bonding between the bridge and 

aryl groups. Similar stabilization effects were observed in the 

regioisomeric pair, 35 and 36, with o-c = 0.99 and 0.91 in 

methanol, respectively (Fig. 4).59  

 Non-symmetric DAEs 37 and 38 are examples of 

functionalizible DAE bridges (Scheme 8c), as reported by Yam 

and co-workers. These compounds possess a 2,3-substituted 

furan62 or thiophene bridge61 (Fig. 4), which could be further 

derivatized at the reactive 5-position to achieve extension of -

conjugation or attachment of chelating agents.61, 69,70 For 

example, p-trifluoromethylpyridine-substituted DAE 39 was 

used for the formation of a platinum(II) complex where the ring-

closed isomer exhibited near-infrared absorption.61 

Cycloketones can be incorporated as bridges using the 

approaches depicted in Schemes 10a and 10b. For example, 

palladium-catalyzed -arylation of cyclopentanone with aryl 

bromide 40 produced monocoupled intermediate 41, which 

was subsequently transformed into triflate 42 (Scheme 10a).9 

Pinacol ester 43 underwent cross-coupling with triflate 42 in the 

final step, producing DAE 44. Methoxy-substituted DAE 44 was 

converted to the photoswitchable hydroxy-substituted DAE 45, 

whose ring-closed isomer, 45c, rapidly tautomerizes into the 

more stable ketone, 45k (Scheme 10c). This light-induced keto-

enol tautomerization was exploited to control the rate of ring-

opening polymerization of L-lactide using light. When DAE 45 

was used as a catalyst, monomer activation was possible via 

hydrogen bonding, but the absence of a hydrogen donor in DAE 

45k made it an inactive catalyst. Using these catalysts in the 

copolymerization of -valerolactone (VL) and 

trimethylcarbonate (TMC) enabled photocontrol of monomer 

reactivity ratios. While use of DAE 45 yielded a random 

copolymer with greater VL incorporation, use of DAE 45k 

favored TMC incorporation. 

-Arylation was also used to access chiral DAE 46 (Scheme 

10b), in which the resulting diastereomeric outcome upon 

photoelectrocyclization could be manipulated by taking 

advantage of the differences in absorption profile and acid 

stability between the closed diastereomers 46a and 46b 

(Scheme 10d).67  DAE 46 was prepared by -arylation of L-

menthone with bromide 47, followed by nucleophilic addition 

of  ketone 48 with lithiated derivative of bromide 47. 

Chlorination of the resulting alcohol, 49, and subsequent 

elimination generated the bridge double bond. Upon UV 

irradiation, DAE 46 formed diastereomer 46b with a dr = 85:15. 

In contrast, UV irradiation of 46, either under acidic conditions 

or with simultaneous red light irradiation, produced 

diastereomer 46a with diastereomeric ratios of  99:1 and 74:26, 

respectively. In the latter scenario, the inversion in 

diastereoselectivity is due to the fact that TFA and red light 

preferentially open diastereomer 46b over 46a, leading to an 

accumulation of 46a over time. This system is a rare example of 

light-driven chiral resolution. 

4 DAE bridge formation via ring-closing reaction 

Scheme 11 Synthesis of DAEs via intramolecular McMurry reaction of a non-symmetric diketone intermediate. Diketone intermediates obtained either by a) 
sequential Friedel-Crafts reactions or b) nucleophilic substitution followed by oxidation. 
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In the strategies discussed previously, non-symmetric DAEs 

are prepared by attaching aryl groups to a cyclic bridge 

precursor. Another strategy involves the transformation of a 

diaryl precursor to form the bridge in a convergent fashion. 

Notably, compounds with unusual bridges have been obtained 

using this strategy. Below, we present the two main examples 

of this ring-forming strategy: the intramolecular cyclization of 

diaryldiketones (Sections 4.1 and 4.2) and the intermolecular 

cyclization of diarylacetylenes (Section 4.3). 

 
4.1 Intramolecular McMurry reaction of diaryldiketones 

Intramolecular McMurry coupling of 1,5-diaryl-1,5-diketones is 

an established strategy to access symmetric DAEs.71 This 

strategy was used to access non-symmetric DAEs 50 and 51 

from diaryldiketone intermediates 52 and 53, respectively 

(Scheme 11a).72 These key intermediates were prepared using 

two consecutive Friedel-Crafts reactions between glutaric 

anhydride and the corresponding arenes. DAE 51 was the first 

example of a cyclopentene-bridged DAE that exhibited single 

crystal photochromism. Access to the diarylketone 

intermediate is not limited to Friedel-Crafts disconnections. An 

alternative synthesis of the diaryldiketone intermediate is 

exemplified in  the synthesis of DAE 54 (Scheme 11b).73 

Reaction of thienyl lithium 56 with hemiacetal 55 was followed 

by treatment with PPh3=CH2 and oxidation of the corresponding 

diol 57 to form diaryldiketone 58. These compounds represent 

the first uses of the intramolecular McMurry reaction to access 

non-symmetric DAEs. 

 

4.2 Aldol condensation 

DAEs with bridges that are either five- or six-membered 

rings can be accessed using intramolecular aldol condensation. 

The key diketone intermediates are prepared from: a) -

ketoesters and bromomethyl aryl ketones for accessing 

cyclopentenone-bridged DAEs 59–69 (Scheme 12);74-76 and b) -

ketoesters and ,-unsaturated ketones for accessing 

cyclohexenone-bridged DAEs 70–75 (Scheme 13).77 The -

ketoester and bromomethyl aryl ketone precursors for these  

reactions are easily prepared from commercially available, 

inexpensive aryl methyl ketones. The aryl groups that have been 

incorporated using this method include thiophene,74, 75, 77 

benzothiophene,74 thiazole,76 oxazole,75, 77 imidazole,77 

imidazo[1,2-a]pyridine,76 and imidazo[2,1-b]thiazole.76 The 

Scheme 12 Synthesis of cyclopentenone-bridged DAEs by reaction of 
bromomethyl aryl ketones and -ketoesters and subsequent aldol 
condensation. 
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76 into spiro-functionalized DAEs with higher photoelectrocyclization 
quantum yields. 

Scheme 16 Synthesis of a benzosilole-bridged DAE by coupling a diarylacetylene 
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presence of the carbonyl group on the bridge enables further 

functionalization.74, 75 In addition, reduction with triethylsilane 

under acidic conditions yielded cycloalkene-bridged DAEs 

(Scheme 14),76 expanding the scope of cycloalkene-bridged 

DAEs that can be accessed compared to those that can be 

obtained via intramolecular McMurry reaction. 

 
4.3 Coupling of diarylacetylenes  

Transition-metal catalyzed/mediated intermolecular cyclization 

of diarylacetylenes is an attractive method to access non-

symmetric DAEs because the precursors can be conveniently 

prepared by Sonogashira reaction. This method has mainly been 

used to prepare structures where identical aryl groups are 

appended to a non-symmetric bridge. DAEs with silole,78 

phosphole,79-82 indenone83 and metallacycle84 bridges have 

been accessed using this approach.  

In an early example, non-symmetric DAEs 76 and 77 

featuring an indenone bridge were obtained via palladium-

catalyzed coupling of diarylacetylenes 78 and 79, respectively, 

with arylboronic acid 80 (Scheme 15a).83 Surprisingly, DAE 77 

exhibited a low o-c value of 0.1, despite the proposed presence 

of C-H··N stabilizing interaction. Modification of the carbonyl 

group yielded spiro-DAEs 81 and 82, for which higher o-c values 

have been measured (0.8 and 0.98, respectively) relative to the 

non-spiro precursor 77 (Scheme 15b).85 These effects have been 

attributed to two factors: a) introduction of a second stabilizing 

C-H··N intramolecular interaction for DAE 81; and b) steric 

hindrance between the substituent on the bridge and one of the 

thiazole groups for DAE 82, which was proposed to stabilize the 

antiparallel conformation. Similar effects have been observed in 

DAEs with bulky bridge substituents.86 

The first example of a DAE incorporating a silole bridge (DAE 

83) was reported by Yam and coworkers. This compound was 

prepared by coupling dithienylacetylene 84 with silane 85 

(Scheme 16)78 via an unusual Si-C activation pathway.87 The o-c 

value measured for DAE 83 was 0.48, which approaches the 

theoretical maximum for a DAE lacking stabilizing 

intramolecular interactions; the corresponding 

photoelectrocyclic ring-opening quantum yield (c-o = 0.42) is 

high compared to those typically measured in DAEs (<0.10). 

Notably, DAEs that exhibit o-c and c-o values that are both 

similar and high are very uncommon. This parity is important in 

certain photochromic applications, such as memory devices. 

The incorporation of phosphine oxide units in DAE bridges 

has been achieved by dehydrogenative annulation of phenyl 

hydrophosphine oxides with diarylacetylenes (Scheme 17a), 

resulting in DAEs 86–95.79-82 An attractive property of DAEs with 

a phosphole oxide bridge is their visible light photochromism. 

Conventionally, visible light photochromism is achieved by 

extending the  system at the DAE aryl groups, but this results 

in reduction of both o-c and c-o values (< 0.01). In contrast, 

DAEs 89–94 possess extended π-conjugation at the phosphole 

bridge, and these underwent cyclization upon irradiation at ca. 

407 nm (violet), with relatively high o-c values (0.23 to 0.87) and 

c-o values (0.084 to 0.44). Additionally, phosphole oxide 

bridged DAE 95 could be converted to phosphole sulfide 96 

(Scheme 17b), which resulted in an increased cyclization 

quantum yield (o-c = 0.47 for 95 and o-c = 0.98 for 96),82 as well 

as an increased cyclization diastereoselectivity (deo-c = 50% for 

95 and deo-c = 67% for 96). Exploring the regioselectivity of this 

transformation and its impact on photochromic properties 

could provide further design insights for DAEs with heteroatom-

containing bridges.88 

Finally, Wolf and co-workers prepared the first DAE with a 

metallacyclobutene bridge84 via zirconaphosphination of 

diarylacetylene 97 (Scheme 18a). Zirconacycle 98 served as an 

intermediate for the preparation of a series of copper(I) 

complexes containing diarylethene-based bidentate phosphine 

ligands. These are the first examples of a transition metal 

incorporated into the bridge of a photoactive DAE. Dinuclear 
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copper(I) complex 99 (Scheme 18b) served as a pre-catalyst in  

the copper(I)-catalyzed hydroboration of alkenes (Scheme 18c). 

Preliminary observations indicated that the ring-open isomer of 

DAE copper complex 100 is a more active catalyst than its ring-

closed isomer, 100c. 

5 Modification of a symmetric intermediate 

Complementary to direct formation of non-symmetric DAE 

scaffolds, symmetric DAE intermediates can be modified to 

access non-symmetric products. This desymmetrization 

strategy takes advantage of many existing methods to 

synthesize symmetric DAEs, and can be used to access DAEs that 

feature either modified bridges or aryl groups that incorporate 

different substituents. Here, we present three commonly used 

approaches for the desymmetrization of symmetric 

intermediates. The first two approaches involve derivatization 

of the aryl groups, and the last approach features modification 

of the bridge. 

 

5.1 Selective functionalization of one DAE aryl group 

Selective functionalization of one of the DAE aryl groups is one 

of the most widely used approaches for DAE 

desymmetrization.22 For instance, a monolithiated 

intermediate generated by lithium-halogen exchange is trapped 

by an electrophile, such as B(OR)3,89 DMF,22, 31 or PPh2Cl.30 This 

method has been commonly used for derivatizing 

cyclopentene-bridged DAEs with thiophene rings. The yields of 

products derived from monolithiated intermediates for DAEs 

with fluorinated bridges typically range from 50 to 60%. 

Corresponding yields for DAEs with non-fluorinated bridges 

tend to be higher (70–80%). Depending on the nature of the 

trapping electrophile, the final monofunctionalized product 

may be difficult to separate from the symmetric, 

bifunctionalized byproduct and the unreacted starting material. 

Nevertheless, a large number of non-symmetric, bifunctional 

DAEs have been obtained using this method and are employed 

in numerous applications, such as photomodulation of Lewis 

basicity,30 Brønsted acidity11 and  supramolecular assembly.90 

Desymmetrization of DAE 101 via lihiation-phosphination, 

or lithiation-boronation and subsequent functionalization, 

yielded DAEs 102–103, and 104–107, respectively, which bear a 

diphenylphosphino group (Scheme 19a).30  The effect of the 

photoelectrocyclization of DAEs 102–107 on the -donating 

ability of the phosphine was studied by preparing the 

corresponding phosphine selenides, 108–113, and analyzing the 

change of the P–Se coupling constant upon ring-closure 

(Scheme 19b, 1JP-Se). All selenides exhibited a positive 1JP-Se, 

indicating reduced -donating ability of the corresponding 

Scheme 19 a) Synthesis of phosphine-substituted DAEs and b) their 
photocontrolled Lewis basicity. 
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phosphines upon ring-closure. Moreover, 1JP-Se increased with 

the electron-withdrawing ability of the peripheral substituents 

of the DAE scaffold.  

Similarly, our group recently reported a series of substituted 

DAE carboxylic acids derived from parent monocarboxylated 

DAE 114, accessed via lithiation of symmetric DAE 115 and 

trapping with CO2 (Scheme 20a).11 DAE 114 and its derivatives 

were studied as initiators for the cationic polymerization of vinyl 

ethers (Scheme 20b). It was found that polymers obtained using 

the ring-open isomers as initiators exhibited higher dispersities 

than those obtained with ring-closed isomers. This change was 

attributed to the formation of a less nucleophilic carboxylate 

upon ring-closure, which was exploited to achieve photocontrol 

of the polymer dispersity for the first time.  

The introduction of new functionalities on a DAE scaffold via 

direct C-H arylation is an attractive strategy that has seldom 

been reported. 90,91 One example is the functionalization of DAE 

115 with aryl halides 116 and 117, used to prepare amphiphilic, 

non-symmetric DAE 118 in a one-pot reaction (Scheme 21a).90 

When dispersed in water, DAE 118 self-assembled into 

microspheres that underwent a reversible phase transition to 

form fibers upon irradiation with UV light (Scheme 21b). The 

morphological change was attributed to the loss of flexibility in 

DAE 118 upon photoisomerization to a more rigid and planar, 

ring-closed isomer, which exhibited stronger - stacking. 

 

5.2   Oxidation of a heteroaryl group 

For DAEs containing heteroaryl rings, desymmetrization can 

be accomplished by heteroatom oxidation. One example of  

using this strategy is the oxidation of symmetric DAEs 119 and  

120 using mCPBA to afford monofunctionalized S,S-dioxide 

DAEs 121 and 122, respectively (Scheme 22a).92 DAEs 121 and 

122 exhibited higher fatigue-resistance (~7 times) compared to 

symmetric DAE precursors 119 and 120, as well as their bis-

oxidized analogues. The higher stability of 122 over 121 (~10 

times) can be attributed to the instability of monofunctionalized 

S,S-dioxide DAEs bearing thiophene groups, which can release 

SO2 upon UV irradiation.93, 94 Using a similar approach, oxidation 

of symmetric DAE 123 with diacetoxyiodobenzene in the 

presence of ammonium carbonate produced DAE 124 bearing a 

sulfoximidoyl group (Scheme 22b).95 This latter transformation 

produced no detectable quantities of the bis-oxidized product, 

even when excess oxidant was added. In contrast to a sulfonyl 

group, the sulfoximidoyl group can be further functionalized. 

Acetylation of DAE 124 proceeded in 98% yield and the resulting 

DAE, 125, exhibited improved cyclization quantum yield (o-c = 

0.0063 for DAE 124, o-c = 0.36 for DAE 125).  

 

5.3 Bridge desymmetrization 

Apart from the derivatization of the aryl groups, 

desymmetrization of DAEs can be achieved by modifying the 

bridge unit. Here, we present three bridges and the 

corresponding transformations that can be used to 

desymmetrize them: N-substitution of imidazoles, addition to 

acenaphthylene, and [4+2] cycloaddition of dienes. 

  N-alkylation and transition-metal catalyzed N-arylation 

have been used to functionalize imidazole-bridged DAEs, which 

are functionally symmetric because they exist as mixtures of 

degenerate tautomers. The general strategy for preparing these 

Scheme 23 a) Synthesis of a symmetric imidazole-bridged DAE. b) N-
substitution of imidazole-bridged DAEs. b) N-alkylation via nucleophilic 
substitution. c) N-arylation via copper-catalyzed coupling. 

Scheme 24 a) Synthesis of symmetric acenaphthylene-bridged DAEs. b) 
Nucleophilic addition of organolithium compounds to DAEs containing 
acenaphthylene bridges. aBnMgBr used instead of nBuLi. 
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symmetric precursors is exemplified in the synthesis of DAE 126  

(Scheme 23a). Diketone 127, obtained via Friedel-Crafts 

acylation of 2,5-dimethylthiophene with oxalyl chloride, was 

reacted with formaldehyde and ammonium acetate in one-pot 

to form DAE 126. Desymmetrization is possible by selectively 

functionalizing one of the nitrogen atoms. For example, Yam 

and co-workers prepared N-alkylated DAEs 128 and 129 from 

DAE 126 and alkyl halides 130 and 131, respectively (Scheme 

23b).96,97 The same group also reported a series of N-arylated, 

imidazole-bridged DAEs, 132–137, which were prepared by 

copper(I)-catalyzed cross-coupling of DAE 126 with electron-

deficient aryl halides (Scheme 23c).  These non-symmetric 

imidazole-bridged DAEs were used for the formation of 

photochromic, N-heterocyclic carbene-ruthenium(II) 

complexes. 

  Guanti and co-workers reported the desymmetrization of 

an acenaphthylene-bridged DAE (Scheme 24). The synthesis of 

the symmetric, non-photochromic acenaphthylene-bridged 

DAEs 138 and 139 commenced with the nucleophilic addition of 

lithiated thiophenes 140 and 141 to dione 142. Pinacol 

rearrangement of the resulting diols 143 and 144, produced 

ketones 145 and 146, respectively (Scheme 24a). Reduction 

with LiAlH4, followed by a Wagner-Meerwein-type 

rearrangement of the resulting alcohols, 147 and 148, yielded 

DAEs 138 and 139, respectively. Treating DAEs 138 or 139 with 

organolithium reagents and trapping with primary alkyl 

bromides produced photochromic DAEs 149–156 (Scheme 

24b).98 The reactivity of DAE 138 under these conditions was 

unexpected, given the presence of chloro groups at the 2- and 

2’-positions. The 3,4-addition to DAEs 138 and 139 proceeded 

with 17–58% yield, and generated the trans adduct, exclusively. 

The photochromic properties of DAE 150 were studied, and o-c 

= 0.49 was measured. 

The last approach we will discuss is the use of [4+2] 

cycloaddition to access non-symmetric DAEs with bicyclic 

bridges (Scheme 25). The cycloaddition products are obtained 

as mixtures of enantiomers. This approach has been mainly 

used to realize photochemical locking-unlocking of the Diels-

Alder adducts. Branda and co-workers reported the synthesis of 

DAEs 157 and 158 via cycloaddition of DAE precursors 159 and 

160, respectively, with diethyl dicyanofumarate (Scheme 

25a).99 Fulvenes 159 and 160 were obtained by oxidizing 

symmetric DAEs 161 and 162, respectively, followed by 

pyrrolidine-catalyzed condensation with cyclohexanone. DAEs 

161 and 162 were prepared using a ring-closing strategy (See 

section 4.1). The closed isomers of DAEs 157 and 158 are no 

longer Diels-Alder adducts, and are therefore thermally stable. 

After photo-induced retroelectrocyclization, dienes 159 and 

160 were released at room temperature. Similarly, McConville 

and co-workers more recently synthesized DAE 163, starting 

with the oxidation of symmetric DAE 164 using bromine, 

followed by cycloaddition of the resulting diene 165 with 1-

hydroxy-3-phenylthiourea in the presence of Pr4NIO4 (Scheme 

25b).100 Similar to DAEs 157 and 158, DAE 163 also exhibited 

photochemical locking-unlocking of the Diels-Alder adduct. The 

thermally released acyl nitroso dienophile may hydrolyze in the 

presence of water, forming nitroxyl, an active pharmacological 

agent. Thus, DAEs are promising scaffolds for photoswitchable 

drug-delivery systems.101  

6 Conclusion 

The unique properties of photochromic DAEs have driven the 

development of synthetic strategies to access DAE structures of 

increasing complexity. In particular, non-symmetric DAEs have  

gained popularity in a variety of research fields. Several 

strategies have been developed and adapted to access these 

scaffolds: coupling aryl groups to a bridge precursor, ring-

closing of diaryl intermediates, and desymmetrizing a 

symmetric DAE or DAE precursor. While desymmetrization has 

enjoyed continued expansion, the development of coupling and 

ring-closing strategies has substantially diversified the types of 

non-symmetric DAEs that are accessible. The easy access to 

symmetric DAEs precursors has been the main advantage for 

Scheme 25 Synthesis of DAEs possessing bicyclic bridges via [4+2] cycloaddition of a diaryl precursor with: a) dicyanofumarate; or b) 1-hydroxy-3-phenylthiourea in 
the presence of Pr4NIO4. 
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desymmetrization strategies, while coupling and ring-closing 

strategies have mainly been used to access hybrid DAEs 

structures with different aryl groups, as well as unusual, 

functionalizible bridges. Together, these strategies have 

contributed to the improvement of DAE photochromic 

properties, and have boosted the development of 

photocontrolled systems. 

There are several directions for continued expansion of the 

library of non-symmetric DAE structures and exploring their 

applications. So far, most non-symmetric DAE applications 

benefit from light-induced changes in electronic conjugation 

between DAE substituents, but there have been few studies 

that take advantage of geometric changes associated with DAE 

photoisomerization. Aryl group functionalization of symmetric 

DAEs is mostly limited to thienylic DAE substrates, but could 

potentially be applied to DAEs with other heteroaryl groups 

with similar reactivity. In addition, emerging C-H and C-F 

activation methods are attractive routes for DAE 

desymmetrization. Continued work on the structural 

diversification of non-symmetric DAEs using current and novel 

synthetic tools will help realize the full potential of DAE systems, 

leading to applications that will benefit from new modes of 

photocontrol. 
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